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Abstract 

Objectives: Many ovarian cancer (OC) patients relapse with chemo-resistant disease, 

necessitating improved therapeutic approaches. Recent studies have determined that long chain 

polyunsaturated fatty acids (LCPUFA) may affect cancer cell growth and metastatic potential; 

however, few studies have tested these in combination with chemotherapy in OC models. Herein, 

we investigated the effects of n-3 LCPUFAs on OC cell growth, and sensitivity to carboplatin, 

both in vitro and in vivo. 

 

Methods: In vitro, eight different OC cell lines were treated with different concentrations of 

fatty acids (0 to 320µM), alone and in combination with carboplatin, to assess the cytotoxicity. 

In vivo, mice transplanted with patient-derived xenograft (PDX) OC models were randomly 

assigned into four groups: basal diet (control), basal diet+carboplatin, docosahexaenoic acid diet 

(DHA, 3.8%), and DHA diet+carboplatin. Mice were fed with basal or DHA enriched diet for 

two weeks prior to weight-based treatment with carboplatin (40mg/kg every 3 days IP) and were 

kept on the same diet during chemotherapy. 

 

Results: In vitro, DHA alone inhibited proliferation of ES2 and A2780cp OC cells. Linear 

regression analysis demonstrated that DHA enhanced the cytotoxic effects of carboplatin on 

ES2, A2780cp, SKOV3, and Kuramochi cells. DHA reduced cell proliferation and induced cell 

cycle alteration in ES2 cells. In vivo, DHA enriched diet significantly reduced the tumor growth 

and increased the sensitivity of PDX tumors to carboplatin. Histological evaluation showed that 
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the combination of DHA with carboplatin increased the area of necrosis and reduced the 

expression of Ki67 without induction of apoptosis.  

 

Conclusions: In vitro and in vivo evidence showed that DHA might increase the sensitivity of 

OC cells to platinum-based chemotherapy. Further studies, as well as clinical trials, are necessary 

to provide a strong rationale for a targeted n-3 LCPUFA intervention, as an adjuvant to the 

antineoplastic drug. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

 

 

 

 

Dedication 

To Ali, Paria, Darya, Mom and Dad 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

Acknowledgments 

I would like to express my deepest gratitude to my supervisor Dr. Lynne-Marie Postovit for her 

academic guidance and support during my master research. I am forever grateful to Lynne for 

her kindness, understanding, and for all of the countless opportunities she has provided me with. 

It has been an absolute privilege working with such a force in oncology research and the 

welcoming and constructive environment she has created in her lab. 

I would like to extend my thanks to my supervisory committee members Dr. Catherine J. 

Field and Dr. Yangxin Fu for their insightful suggestions and their guidance throughout 

the completion of this thesis.  

I would like to thank other defense committee members Dr. Roseline Godbout and Dr. 

Mary Hitt for taking the time to read and critically discuss my thesis with me. 

I would like to thank Dr. Postovit’s lab members, for active collaboration to produce this work, 

for assistance and guiding me through several laboratory techniques, and for their insightful 

discussions throughout cancer research team weekly meetings. Specifically, I would like to thank 

Dr. Olena Bilyk, a postdoctoral fellow in Dr.Postovit’s lab, for her assistance in every step of 

this project, for training me in all the lab basics and for her great job in the animal work. She 

was always available for help with her outstanding knowledge and great technical expertise.  

I also thank the PhD candidate in the Dr. Field’s lab, Marnie Newell, for assisting with the fatty 

acid preparation and phospholipid analysis, the staff of the Flow Cytometry Facility at the 

University of Alberta, Aja Reiger and Sabina Baghirova, for assistance in flow cytometry and 

FlowJo analysis, Microscope Unit at the Department of Pathology, Shalawny Miller, for helping 

with imaging of immunohistochemistry slides, and Imaging Facility at the Cross Caner, 



vi 
 

Geraldine Barron, for helping me in imaging with Confocal Microscope. This research was 

generously supported by a start-up funding donated by the Dr. Anthony Noujaim Legacy. 

I also owe a lot to my husband, Ali, and my daughters, Paria and Darya, for always being there 

by my side. Their love and support have given me the strength to be what I am today. Their 

endless motivation has fuelled in me the desire to work hard. 

I am thankful to my parents for their constant words of encouragement and motivation from 

halfway across the world which has inspired me to do my best. 

 

 

 

 

 

 

 

 

 

 
 

 



vii 
 

 

Table of Contents 
Abstract ....................................................................................................................................... ii 

Dedication .................................................................................................................................. iv 

Acknowledgement ....................................................................................................................... v 

List of tables ................................................................................................................................ x 

List of figures .............................................................................................................................. xi 

Abbreviations ........................................................................................................................... xiii 

 

Chapter one- Introduction .................................................................................. 1 

1. Ovarian cancer .................................................................................................................... 2 

1.1 ovarian cancer epidemiology ........................................................................................................... 2 

1.2 Etiology and risk factors of ovarian cancer ...................................................................................... 2 

1.3 Histotypes and molecular characteristics of ovarian tumors .......................................................... 3 

1.4 Staging of ovarian cancer  ................................................................................................................ 7 

1.5 Treatment approaches to ovarian cancer  ....................................................................................... 8 

1.5.1 Surgical treatment in ovarian cancer  ....................................................................................... 8 

1.5.2 Chemotherapy in ovarian cancer  ............................................................................................. 8 

1.6 Platinum-based chemotherapy  ....................................................................................................... 9 

1.7 Treatment assessment  .................................................................................................................. 12 

1.8 Recurrence and chemotherapy resistance in the EOC  ................................................................. 13 

2. Polyunsaturated fatty acids  ..................................................................................................... 15 

2.1 Chemistry of PUFAs  ....................................................................................................................... 15 

2.2 Digestion and absorption of n-3 PUFAs  ........................................................................................ 16 

2.3 Metabolism of PUFAs  .................................................................................................................... 16 

2.4 n-3 PUFAs’ benefits for human health  .......................................................................................... 20 

2.5 Mechanisms of n-3 PUFAs in cancer  ............................................................................................. 22 

2.5.1 Incorporation of n-3 PUFAs into the tumor cell membrane  .................................................. 23 

2.5.2 Role of n-3 PUFAs on cellular lipid peroxidation and oxidative stress  ................................... 27 

2.5.3 Impact of n-3 PUFAs on inflammatory mediators  .................................................................. 28 

2.5.4 Role of n-3 PUFAs on epigenetic control of genes  ................................................................. 29 



viii 
 

2.5.5 Role of N-3 PUFAs in adhesion, angiogenesis and metastasis  ............................................... 29 

2.6 n-3 PUFAs and ovarian cancer  ...................................................................................................... 30 

3. Rationale and hypotheses  ........................................................................................................ 32 

3.1 Rationale  ....................................................................................................................................... 32 

3.2 Objectives and hypotheses  ...................................................................................................................... 33 

 

Chapter Two- Materials and Methods  ..................................................................................... 35 

1. Cell lines and reagents ................................................................................................................... 36 

2. Cytotoxicity assay  .......................................................................................................................... 37 

3. Preparation of conjugated fatty acids  .......................................................................................... 38 

4. Whole cell phospholipid analysis  .................................................................................................. 38 

5. Flow cytometry  ............................................................................................................................. 39 

5.1  Apoptosis assay ............................................................................................................................................ 39 

5.2 Cell cycle analysis .......................................................................................................................................... 40 

6. Protein extraction  ......................................................................................................................... 40 

7. Western Blot analysis  .................................................................................................................... 41 

8. RNA extraction and RT-PCR analysis  ............................................................................................. 42 

9. Immunofluorescent staining  ......................................................................................................... 43 

10. In vivo tumor implantation ............................................................................................................ 44 

11. Immunohistochemistry staining  ................................................................................................... 46 

12. Analysis of H&E and IHC slides  ...................................................................................................... 47 

13. Data analysis  .............................................................................................................................................. 48 

 

Chapter Three- Results  ............................................................................................................................... 49 

1. n-3 PUFAs have no cytotoxic effects on immortalized epithelial surface ovarian (OSE) and 

fallopian tube cell lines (FT194) ................................................................................................... 50 

2. Effects of DHA on metabolic activity of ovarian cancer cell lines  ............................................... 51 

3. DHA significantly reduces the cell viability and metabolic activity of ES2 and A2780cp ovarian 

cell lines (compared to OA and LA), but the other cell lines were relatively resistant to fatty 

acids. ............................................................................................................................................. 52 

4. DHA increases the efficacy of carboplatin ................................................................................... 54 

4.1 The sensitivity of different ovarian cancer cell lines to carboplatin  ..................................................... 54 



ix 
 

4.2  Combination therapy with fatty acids and carboplatin decreases survival of ovarian cancer cells in 

vitro ........................................................................................................................................................ 55 

5. Lipid Analysis  ............................................................................................................................... 60 

5.1          Effect of DHA and OA treatments on fatty acid content of whole cell phospholipids in ES2,  A2780cp, 

and SKOV3 ovarian cancer cells   ........................................................................................................ 60 

6.  Mechanism of the effect of DHA is by inhibition of proliferation in ES2 ovarian cancer cells .... 68 

6.1 DHA induces cell cycle arrest in ES2 ovarian cancer cells  ..................................................................... 68 

6.2 DHA does not affect apoptosis in ES2 ovarian cancer cells    .......................................................... 72 

7. DHA-rich environment suppresses in vivo tumor growth   .......................................................... 76 

8. DHA induced necrosis and reduced proliferation within the HGSOC PDX model ....................... 78 

9. Effect of DHA treatment alone and in combination with carboplatin on fatty acid contents of 

whole cell phospholipids within the HGSOC PDX tumors and mice liver tissue   ........................ 83 

 

Chapter four- Discussion  ................................................................................................................ 90 

1. DHA exerts cytotoxic effects on ovarian cancer cell lines but is not toxic in immortalized ovarian 

and fallopian tube cells  ................................................................................................................. 91 

2. DHA enhances the carboplatin cytotoxicity................................................................................... 92 

3. Fatty acids incorporated into the tumor cells and changed the composition of whole cell 

phospholipids, in vitro  ................................................................................................................... 94 

4. DHA plays an anti-proliferative role in ES2 cells  ........................................................................... 96 

5. DHA alters the cell cycle distribution of ES2 cells  ......................................................................... 97 

6. DHA does not induce apoptosis in ES2 cells  ................................................................................. 99 

7. DHA decreases the tumor growth rate of human PDX ovarian tumor model without any effects 

on the body weight of mice  ........................................................................................................ 102 

8. DHA induces necrosis and reduces the proliferation rate but does not affect apoptosis and CD95 

expression, in vivo  ....................................................................................................................... 102 

9. Fatty acids incorporated into the tumor and liver cells and change the composition of whole cell 

phospholipids, in vivo  .................................................................................................................. 103 

10. Strengths and limitations of the study......................................................................................... 104 

11. Conclusion and future directions ................................................................................................ 105 

 

 



x 
 

List of Tables: 

Table number and title                                                                                                               Page 

Table 1-1: FIGO 2014 staging classification for the ovarian,  
fallopian tube, and peritoneal cancer        7 
 
Table 1-2: Chemotherapy for advanced stages of ovarian cancer    9 

Table 2-1: List of antibodies used in Western Blot.      41 

Table 2-2: TaqMan human apoptosis plate layout with gene symbols. A1 – 
 A4 is the control genes.         43 
 
Table 2-3: Control vs DHA-enriched mice diet formulation (% W/W).   45 

Table 3-1: Sensitivity of different cell lines to carboplatin (IC50 after  
72h of treatment).          55 
 
Table 3-2: Change in selected fatty acids of whole cell PLs in ES2 
ovarian cancer cells incubated with control (without treatment),  
DHA or OA for 72h.          61 
 
Table 3-3: Change in selected fatty acids of whole cell PLs in A2780cp  
ovarian cancer cells incubated with control (without treatment), 
 DHA or OA for 72h.          62 
 
Table 3-4: Change in selected fatty acids of whole cell PLs in SKOV3 
 ovarian cancer cells incubated with control (without treatment), 
DHA or OA for 72h.           63 
 
Table 3-5: Change in selected fatty acids of whole cell PLs in  
HGSC PDX-550 ovarian cancer model treated with control vs  
DHA diet ± carboplatin.         84 
 
Table 3-6: Change in selected fatty acids of whole cell PLs in the 
 immunocompromised mice liver treated with control vs  
DHA diet ± carboplatin.         85 

 
 

 

 

 

 



xi 
 

List of Figures: 

Figure number and title                                                                                                                Page                                                                                  

Figure 1-1: Chemical structure of Cisplatin and Carboplatin                                                    10                                         

Figure 1-2: Carboplatin hydrolysis inside the cell      12 

Figure 1-3: The metabolism of n-3 and n-6 PUFA and the biosynthesis  

of the eicosanoid and pro-resolving mediators.      18 

Figure 1-4: The possible effects of DHA on cell cycle gene and protein  

expression in different cancer types        27 

Figure 3-1: DHA, OA, and LA do not reduce the viability of immortalized  

ovarian surface epithelium and fallopian tube cells.      50 

Figure 3-2: Concentration-dependent effect of DHA on cell growth and  

metabolic activity of ES2, A2780cp, OV90, SKOV3, Kuramochi,  

JHOS-2, OCI-C1P, and OCI-C4p        51 

Figure 3-3: DHA reduces the viability of ES2 and A2780cp human  

ovarian cancer cells.          52 

Figure 3-4: DHA does not reduce the viability of OV90, Kuramochi,  

JHOS2, OCI-C1p, OCI-C4P, and SKOV3       53 

Figure 3-5: DHA reduces the viability of ES2 (A) human ovarian cancer  

cells but does not reduce the viability of Kuramochi cells     54 

Figure 3-6: DHA in combination with carboplatin reduces the viability of 

ES2 (A) and A2780cp, SKOV3, and Kuramochi human ovarian cancer cells.   56 

Figure 3-7: DHA in combination with carboplatin does not reduce the 

 viability of OV90, JHOS2, OCI-C1P and OCI-C4P human ovarian cancer cells  57 

Figure 3-8: The cytotoxic dose-dependent effect of carboplatin alone or 

 in combination with DHA, OA, and LA.       59 

Figure 3-9: Effect of DHA and OA treatments in ES2 ovarian cancer cells 

 on whole cell total PL content (%w/w) in single fatty acids; SFA, MUFA,  

and PUFA; and  total n3 and n6 PUFAs       64 

Figure 3-10: Effect of DHA and OA treatments in A2780cp ovarian cancer 

 cells on whole cell total PL content (%w/w) in single fatty acids;  SFA,  

MUFA, and PUFA; and total n3 and n6 PUFAs.      65 

Figure 3-11: Effect of DHA and OA treatments in SKOV3 ovarian cancer 

 cells on whole cell total PL content (%w/w) in single fatty acids;  SFA, 

 MUFA, and PUFA; and total n3 and n6 PUFAs.      66 

Figure 3-12: DHA and LA change the cell cycle distribution in ES2 ovarian cancer cells. 69 

Figure 3-13: The effect of DHA and OA on the expression of proteins  

associated with proliferation.         71 



xii 
 

Figure 3-14: Effect of fatty acid treatment on induction of apoptosis both 

 alone and in combination with carboplatin       73 

Figure 3-15: The effect of DHA and OA on the expression of  

proteins associated with apoptosis.        74 

Figure 3-16: The effect of DHA on the expression of genes associated with apoptosis  75 

Figure 3-17: DHA, alone and in combination with carboplatin has  

no effect on the PDX-engrafted mice body weight      76 

Figure 3-18: The growth curve of HGSOC (PDX550) engrafted subcutaneously 

during DHA enriched dietary supplementation in combination with 

standard-of-care carboplatin therapy       77 

Figure 3-19: DHA induces tumor necrosis in Human HGSC-PDX model   79 

Figure 3-20: DHA reduces tumor proliferation in Human HGSC-PDX model.  80 

Figure 3-21: DHA does not affect tumor apoptosis in Human HGSC-PDX model.  81 

Figure 3-22: DHA does not affect the expression of CD95 antigen both 

 in vivo and in vitro.          82 

Figure 3-23: Effect of DHA diet with and without carboplatin in HGSC-PDX 

tumor model on whole cell total PL content (%w/w); single fatty acids; 

SFA, MUFA and PUFA; and total n3 and n6 PUFAs.      86 

Figure 3-24: Effect of DHA diet with and without carboplatin on whole  

cell total PL content of mice liver (%w/w); single fatty acids;  

SFA, MUFA, and PUFA; and total n3 and n6 PUFAs.      87 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 



xiii 
 

Abbreviations 
 
 
 

Acetyl CoA   acetyl coenzyme A  

ADHD   attention deficit hyperactivity disorder 

ALA    alpha-linolenic acid 

ARID1A    AT-Rich Interaction Domain 1A 

AUC   area under curve 

BAK   BCL2 Antagonist/Killer 1 

BAX   BCL2 Associated X 

BCL   B cell lymphoma 

BRAF   B-Raf proto-oncogen 

BRCA1   breast cancer 1 gene  

BRCA2   breast cancer 2 genes 

CA125   cancer antigen 125 

CCC   clear cell carcinoma  

CDKN2A   cyclin-dependent kinase Inhibitor 2A 

CDKs   cyclin-dependent kinases  

COX   cyclooxygenase  

CT     computerized tomography 

CTNNB1   catenin Beta 1 

Ctr    copper transporter 

DHA   docosahexaenoic acid  

EGFR   epidermal growth factor receptor  

EOC   epithelial ovarian carcinomas  

EPA   eicosapentaenoic acid 

ERK   extracellular signal-regulated kinase 

EZH2   zeste homologues 2  

FAS   First apoptosis signal 

FDA   Food and Drug Administration  



xiv 
 

FIGO   International Federation of Gynecology and Obstetrics  

FNA   fine needle aspiration 

H3K27me3   histone 3 lysine 27 trimethylation  

HER-2   human epidermal growth factor receptor-2  

HGSC   high-grade serous carcinoma  

HNF-1β    Hepatocyte nuclear factor -1β  

ICAM-1   intracellular adhesion molecule  

IGF-1R   Insulin-like growth factor-1  

IHC    immunohistochemistry  

INK4a   inhibitors of CDK4    

KRAS   Kirsten rat sarcoma gene 

LA    Linoleic acid 

LCPUFAs   long chain polyunsaturated fatty acids 

LGALS4   lectin galactoside binding soluble 4 

LGSC   low-grade serous ovarian carcinoma  

LOX   lipoxygenase 

LTs    leukotrienes  

MAP   mitogen-activated protein 

MAPKs   mitogen-activated protein kinases  

MEK   MAPK ERK kinase 

MMP-9   matrix metalloproteinase 9 

MRI   magnetic resonance imaging MRI  

m-TOR   mechanistic target of rapamycin 

MTT    3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide  

NF1   Neurofibromatosis type 1 

NFkB   nuclear factor kappa B 

OC    ovarian cancer  

OCT   organic cation transporters  

OSE   varian surface epithelium  



xv 
 

PARP   poly ADP ribose polymerase  

PAX8   Paired box gene 8 

PDX   patient-derived xenograft 

       PET   Positron Emission Tomography 

PFI    platinum-free interval  

PGs   prostaglandins  

PIk3CA   phosphatidylinositol-4,5- bisphosphate 3-kinase catalytic subunit alpha 

PIP3 (PtdInsP3)  Phosphatidylinositol (3,4,5)-trisphosphate     

PPAR-γ    peroxisome proliferator-activated receptor gamma 

PPREs                                   PPAR response elements  

PTEN   Phosphatase and tensin homolog  

RB    retinoblastoma  

RCT   randomized clinical trials  

ROS   reactive oxygen species 

SEER   Surveillance, Epidemiology, and End Results  

STIC   serous tubal intraepithelial carcinoma  

SWI/SNF   switch/sucrose non-fermentable 

TIMP1   tissue inhibitor of metalloproteinases 1 

TP53   Tumor Protein 53  

TXs    thromboxane 

VCAM   vascular cell adhesion protein 1 precursor  

VEGF   vascular endothelial growth factor 



1 
 

 

 

 

 

 

 

Chapter 1 
 

 

Introduction 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 
 

Chapter One- Introduction 

1. Ovarian cancer  

1.1 Ovarian cancer epidemiology  

Ovarian cancer is the second most common gynecological malignancy and the most lethal genital 

tract cancer in the USA and Canada (1, 2).   

According to the Surveillance, Epidemiology, and End Results (SEER) Program 2011-2015, the 

number of new cases and deaths from ovarian cancer were 11.6 and 7.2 per 100,000 women per 

year, respectively (3). Based on the published data on SEER, about 15% of diagnosed ovarian 

cancers are localized and confined to the primary site with a 5-year relative survival rate of 92.3%. 

Regional disease, which spreads to regional lymph nodes, accounts for 20% of the tumors, while 

59% of patients have distant metastasis at the time of diagnosis. The 5-year survival rates of the 

patients significantly decline to 74.5% and 29.2% in regional and metastatic diseases, respectively 

(3). Symptoms of the early-stage disease may be subtle, and this is the reason why most patients 

present with advanced stages of the disease. Even with the standard treatment of cytoreductive 

surgery in combination with taxanes-platinum-based chemotherapy, the majority of patients 

experience a recurrence with poor overall survival (4).  

 

1.2 Etiology and risk factors of ovarian cancer 

Most patients with ovarian cancer present in an advanced stage and consequently, the molecular 

or tissue biomarkers of the disease’s early stages are not entirely determined (5). Moreover, even 

if tissue biomarkers for neoplastic transformation of the ovarian epithelium are known, it is 

difficult to apply this knowledge clinically because of the inaccessibility of ovarian tissue (6). 
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Therefore, the identification of the population at risk for ovarian cancer is primarily based on 

epidemiologic data. 

Among all risk factors, reproductive and hormonal factors are the most established ones for ovarian 

cancer. Increased risk has consistently been associated with the following elements: higher lifelong 

numbers of menstrual cycles, nulliparity, low parity, hormonal replacement therapy, family history 

of breast and ovarian cancer, and the presence of mutations in the breast cancer 1 and breast cancer 

2 genes (BRCA1 and BRCA2) (7 - 9). Breastfeeding, multiparity, tubal ligation, salpingectomy, 

combined oral contraceptive pills, late age at menarche, and early menopause have been inversely 

related to ovarian cancer in different studies (10, 11). 

 

1.3 Histotypes and molecular characteristics of ovarian tumors 

The majority of ovarian tumors are categorized into three different types, based on their anatomical 

structure and origin: epithelial ovarian tumors, sex-cord stromal tumors, and germ cell tumors. 

Epithelial ovarian tumors 

Epithelial ovarian carcinomas (EOC) are the most common malignant ovarian tumors. About 90% 

of malignant ovarian tumors are epithelial in origin but the exact origin of these epithelial cells is 

still obscure. The proposed origins include the ovary, fallopian tube, and peritoneum (12, 13). EOC 

is a genetically heterogeneous disease with distinct molecular and clinical characteristics. It is 

grouped into two general categories. Type I cancers account for a third of ovarian cancers and 

include low-grade serous ovarian carcinoma (LGSC), endometrioid adenocarcinoma, clear cell 

carcinoma, and mucinous adenocarcinoma. This group arises from well-established precursor 

lesions in the ovary such as low-grade lesions, Mullerian inclusion cysts, and endometriosis. The 

other two-thirds of ovarian cancers are serous carcinomas, most commonly high-grade serous 
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carcinoma (HGSC), which are classified as type II tumors and are responsible for the poor 

outcomes associated with this disease (14, 15).  

Serous epithelial ovarian cancer 

For many years, it was believed that the ovarian surface epithelium (OSE) was the origin of HGSC. 

Since the late 1990s, serous tubal intraepithelial carcinoma (STIC), which is a non-invasive tumor 

lesion formed in the distal fallopian tube, was proposed to be the origin of HGSC.  Many clinical 

and pre-clinical study models support the fallopian tube STIC origin of HGSC. For example, 

HGSC cells resemble the secretory cells of the fallopian tube epithelium and express the 

transcription factor PAX8 that is a marker of fallopian tube secretory cells (16, 17). This histologic 

type is most common in the sixth decade of life with a mean age of 59.4.  The tumors may contain 

multiple loculations, cystic and solid areas, as well as abundant papillae (18). Most HGSC tumors 

are disseminated at the time of diagnosis and prognosis is related to the stage of the disease at that 

time. Five-year survival rates vary from 76% to 9% in stages I to IV (12).  

In HGSC of the ovary, the TP53 gene mutation is found in at least 95% of cases (19, 20). Several 

other mutations have been reported in HGSC of the ovary, such as RB1, NF1, CDK12 and 

amplification of MYC with lower frequency (20 - 22). Like HGSC, LGSC cells also express the 

transcription factor PAX8. The common mutations in LGSC of the ovary are KRAS and BRAF 

mutations. These two genes are regulators of the downstream RAS/RAF/MEK/ERK/MAP signal 

transduction pathway and have a significant role in the transmission of growth signals to the 

nucleus and the resulting transformation of neoplastic cells (23). 

Endometrioid carcinoma 

The origin of endometrioid carcinoma may be the malignant transformation of the endometriotic 

cysts or ovarian endometriosis (24, 25). Endometrioid carcinoma accounts for about 10 – 25% of 
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all EOC and is the second most common subtype after serous carcinomas. The malignant tumors 

are predominantly solid and unilateral but may be cystic or bilateral. The five-year survival rates 

vary according to the stage of cancer: 78% for stage I, 63% for stage II, 24% for stage III and 6% 

for stage IV (12).  

Like endometrial cancers, endometrioid carcinoma of the ovary is more prevalent in patients with 

Lynch syndrome, and 13–20% of patients have microsatellite instability. PTEN, as well as 

PIK3CA mutations, are found in about 20% of cases, and as a result, activation of PI3K and 

inhibition of apoptosis happens (26, 27). Mutations in CTNNB1 (Catenin Beta 1) and tumor 

suppressor gene ARID1A (AT-Rich Interaction Domain 1A), are found in endometrioid carcinoma 

and involve the Wnt/ß-catenin signaling pathway and chromatin remodeling as a member of the 

SWI/SNF complex, respectively (26 - 28). 

Clear cell carcinoma 

The majority of patients with clear cell carcinoma (CCC) are in the fifth decade of life with a 

history of nulliparity and endometriosis. Most clear cell tumors are malignant and present with a 

solid or cystic mass forming clear, piglike or hobnail-like cells (29). CCC has a close association 

with endometriosis, similar to endometrioid carcinoma. Progression-free survival for CCC is 

poorer in the advanced stages compared to other types of ovarian cancer (30).  

Hepatocyte nuclear factor -1β (HNF-1β) plays a role in glucose and glycogen metabolism by 

regulating several genes such as glutathione peroxidase 3, annexin A4, and dipeptidyl peptidase 

IV. It may be the reason for the typical morphological characteristics of this tumor which show 

cells with a clear appearance and a glycogen-rich cytoplasm (31 - 33). Other gene mutations are 

the same as endometrioid carcinoma such as PIK3CA, PTEN, ARID1A and KRAS mutations (34).  
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Mucinous carcinoma 

Mucinous tumors of the ovary account for 10-15% of ovarian epithelial tumors and may be primary 

or metastatic. Primary lesions of the ovary are mostly unilateral and large with cystic and 

multilocular features, while the metastatic tumors of the gastrointestinal tract are smaller and 

bilateral (35). The cellular origin of mucinous tumors is not known, as they may resemble the cells 

of the gastric pylorus, intestine, endocervix, germ cell, or transitional cell nests (36, 37). KRAS 

mutation is prevalent in ovarian mucinous tumors and may play a role in ovarian tumorigenesis 

(38). Also, it has been shown that overexpression of LGALS4 is an early step in the molecular 

pathogenesis of ovarian mucinous tumors, and can be found in almost all tumors of this type (39). 

Other mutations such as BRAF, CDKN2A, TP53, and P16/INK4a may also present in these tumors 

(40). 

Other histotypes of ovarian tumors 

Sex cord-stromal tumors are less prevalent than EOC and account for about 3%-5% of all 

malignant ovarian tumors. These tumors originate from theca cells, granulosa cells, and other 

ovarian stromal cells. Granulosa cell tumors, thecomas, fibromas, Sertoli, and Sertoli-Leydig cell 

tumors are different histotypes of this family and are more common in the first menopausal decade 

(12, 42). 

Germ cell tumors are believed to originate from primordial germ cells of the ovaries. They account 

for a relatively small proportion of all malignant ovarian tumors and, compared to EOC, are more 

prevalent in children and adolescents. Because of their sensitivity to chemotherapy, germ cell 

tumors are among the most curable cancers. Dysgerminoma, yolk sac tumors, embryonal 

carcinoma, choriocarcinoma, and teratomas are all different subtypes of germ cell tumors (12). 
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1.4 Staging of ovarian cancer 

According to the updated International Federation of Gynecology and Obstetrics (FIGO) staging 

system, staging is conducted during and after surgical debulking and is based on the extent of 

tumor dissemination and on pathological criteria, assessed by analyzing tissue samples (41, 42). 

The revised version published in 2018, combines the classification for the ovarian, fallopian tube, 

and peritoneum cancer. The currently approved staging of ovarian cancer is shown in Table 1-1. 

 
Table 1-1: FIGO 2014 staging classification for the ovarian, fallopian tube, and peritoneal 
cancer (Revised in 2018, reproduced from Berek et al, 2018 (Ref. 42)). 

T1‐N0‐M0

T1a‐N0‐M0

T1b‐N0‐M0

T1c1‐N0‐M0

T1c2‐N0‐M0

T1c3‐N0‐M0

T2‐N0‐M0

T2a‐N0‐M0

T2b‐N0‐M0

T1/T2‐N1‐M0

T3a2‐N0/N1‐M0

T3b‐N0/N1‐M0

T3c‐N0/N1‐M0

Any T, any N, M1

Stage IVA: Pleural effusion with positive cytology

Stage IVB: Parenchymal metastases and metastases to extra‐abdominal organs (including inguinal lymph nodes and lymph nodes outside of the abdominal cavity)

IIIA1(i) Metastasis up to 10 mm in greatest dimension

IIIA1(ii) Metastasis more than 10 mm in greatest dimension

IIIA2: Microscopic extrapelvic (above the pelvic brim) peritoneal involvement with or without positive retroperitoneal lymph nodes

IIIB: Macroscopic peritoneal metastasis beyond the pelvis up to 2 cm in greatest dimension, with or without metastasis to the retroperitoneal lymph nodes

IIIC: Macroscopic peritoneal metastasis beyond the pelvis more than 2 cm in greatest dimension, with or without metastasis to the retroperitoneal lymph nodes (includes extension 

of tumor to capsule of liver and spleen without parenchymal involvement of either organ)

Stage IV: Distant metastasis excluding peritoneal metastases

IC3: Malignant cells in the ascites or peritoneal washings

Stage II: Tumor involves 1 or both ovaries or fallopian tubes with pelvic extension (below pelvic brim) or peritoneal cancer

IIA: Extension and/or implants on uterus and/or fallopian tubes and/or ovaries

IIB: Extension to other pelvic intraperitoneal tissues

Stage III: Tumor involves 1 or both ovaries or fallopian tubes, or peritoneal cancer, with cytologically or histologically confirmed spread to the peritoneum outside the 

pelvis and/or metastasis to the retroperitoneal lymph nodes

IIIA1: Positive retroperitoneal lymph nodes only (cytologically or histologically proven):

Stage I: Tumor confined to ovaries or fallopian tube(s)

IA: Tumor limited to 1 ovary (capsule intact) or fallopian tube; no tumor on ovarian or fallopian tube surface; no malignant cells in the ascites or peritoneal washings

IB: Tumor limited to both ovaries (capsules intact) or fallopian tubes; no tumor on ovarian or fallopian tube surface; no malignant cells in the ascites or peritoneal washings

IC: Tumor limited to 1 or both ovaries or fallopian tubes, with any of the following:

IC1: Surgical spill

IC2: Capsule ruptured before surgery or tumor on ovarian or fallopian tube surface
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1.5 Treatment approaches to ovarian cancer 

1.5.1 Surgical treatment in ovarian cancer 

Optimal staging and treatment can involve a total hysterectomy, bilateral salpingo-oophorectomy, 

omentectomy, peritoneal cytology, pelvic and para-aortic lymph node biopsy, biopsy of parietal 

peritoneum, Douglas pouch, intestinal tract, mesentery, and examination/sampling of surfaces of 

the diaphragm and any suspected lesions (42). Maximal debulking of the tumor with no residue is 

recommended even for advanced ovarian cancers because of the association with better patients’ 

survival. It may include bowel resection, diaphragm resection, splenectomy and other procedures 

(41). Besides laparotomy, other approaches are also studied in the treatment of ovarian cancer, 

such as laparoscopic-assisted surgery, neoadjuvant chemotherapy, interval-debulking, 

intraperitoneal chemotherapy, and targeted molecular therapy.  

1.5.2 Chemotherapy in ovarian cancer 

Treatment with chemotherapy will depend on the staging and grading of the tumor from the 

pathologic report. It is currently recommended that all patients with ovarian cancer receive 3 to 6 

cycles of combination chemotherapy as soon as 2-4 weeks after surgery, except for patients with 

stage IA/B and/ or Grade1 or 2. Standard first-line chemotherapy in ovarian cancer involves 

platinum and taxane combination therapy. (Table 1-2).  
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Drugs Dose 
Administration 
(hr) 

Interval 
         No.  
of Treatments 

Standard Regimens 

Paclitaxel 
Carboplatin 

175 mg/m2  
AUC = 5-6 

3 Every 3 weeks 6-8 cycles 

Paclitaxel 
Cisplatin 

135 mg/m2 

 75 mg/m2 
3 Every 3 weeks 6-8 cycles 

Alternative Drugs a (Can be given with platinum) 

Topotecan 
1.0-1.25 mg/m2  
 
4.0 mg/m2 

  
Daily × 3-5 days 
Every 3 weeks, 
or weekly 

  

Gemcitabine 800-1,000 mg/m2   Every 3 weeks   

Doxorubicin, 
liposomal 

40-50 mg/m2   Every 4 weeks   

AUC, area under the curve dose by Calvert formula. 

a
 Drugs that can be substituted for paclitaxel if hypersensitivity to that drug occurs. 

Table 1-2: Chemotherapy for advanced stages of ovarian cancer (AUC: area under the curve 

dose, reproduced from Berek et al., Ref. 42 ) 
 

In the current study, we focused on platinum-based chemotherapy in ovarian cancer treatment. 

 

1.6 Platinum-based chemotherapy 

Introduction of cisplatin  

40 years ago, alkylating agents such as melphalan, cyclophosphamide and chlorambucil were the 

main choices of treatment in women having advanced stages of ovarian cancer with the response 

rate of 20-60% (43). The discovery of cisplatin in the early 1980s was one of the most critical 

developments in the treatment of cancer. In ovarian cancer, cisplatin increased the response rate 

to 50-80%, and quickly became one of the components of first-line combination therapies; used 

with cyclophosphamide or doxorubicin (44, 45).  

javascript:void(0)
http://ovidsp.tx.ovid.com.login.ezproxy.library.ualberta.ca/sp-3.32.2a/ovidweb.cgi?targetFrame=1&S=MLIMFPNPNCDDFJLMNCDKKFLBFPOEAA00&Book+Content=BIB.18%7c1%7c%7c%7c/CT%7b06b9ee1beed59419c6634944460427d6acbdf5bc18fb630d74f1016c25c742f9049cc4c97a50a78f034e18c324f49ab1%7d/OVIDBOOK%5b1%5d/TXTBKBD%5b1%5d/DIVISIONA%5b2%5d/CHAPTER%5b4%5d/TBD%5b1%5d/TLV1%5b6%5d/TLV2%5b2%5d#R287-11
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The introduction of paclitaxel in the 1990s changed the standard chemotherapy regimens in 

ovarian cancer, and paclitaxel plus cisplatin, become the standard of treatment (46, 47). 

The taxanes were initially derived from the bark of the Pacific Yew tree, Taxus brevifolia.  

Although the paclitaxel-cisplatin regimen showed a statistical improvement in progression-free 

survival and overall survival, it was accompanied by increased toxicity. Ototoxicity, 

nephrotoxicity, neurotoxicity, gastrointestinal toxicity and myelosuppression were associated with 

this treatment (43).  

Carboplatin, introduced in 1985, had equal effectiveness but fewer side effects and tolerability 

advantages, and it has replaced cisplatin as the standard of treatment in ovarian cancer since 1998 

(48). Carboplatin is a cisplatin derivative with the same mechanism of action but a different 

structure (Figure 1-1). The lower toxicity of carboplatin may be due to pharmacodynamics of the 

drug since 1,1-cyclobutanedicarboxylate is a poorer leaving group than chloride, then, carboplatin 

has lower reactivity rate compared to cisplatin and a lower rate of adduct formation (48). 

  

 

Figure 1-1: Chemical structure of Cisplatin and Carboplatin (Reproduced from Ref. 48). 
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Mechanism of action  

DNA is the primary target of carboplatin. When carboplatin binds to DNA, it inhibits transcription, 

prevents DNA replication and induces cell death (49). Adducts associated with carboplatin can be 

mono-adducts or intra- and inter-chain adducts which affect DNA as well as some transduction 

pathways. Collectively, this induces apoptosis or necrosis in the tumor cells (50). 

To exert its effects, carboplatin must cross the cell membrane to the cytosol and then to the nucleus. 

The cell can uptake carboplatin by passive diffusion, active transport by copper transporter Ctr1, 

or by organic cation transporters (OCTs) OCT1, OCT2, OCT3 (51, 52). Inside the cytosol, 

carboplatin undergoes hydrolysis of 1,1-cyclobutanedicarboxylate and becomes positively 

charged (Figure 1-2). This allows the drug to interact with nucleophilic molecules such as DNA, 

RNA, and proteins. A covalent binding occurs between carboplatin and the N7 site of purine bases 

which forms DNA-DNA or DNA-protein interactions (53, 54). 
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Figure 1-2:   Carboplatin hydrolysis inside the cell (Ctr: copper transporter, adapted from Ref. 

48). 

 

1.7 Treatment assessment 

After optimal cytoreductive surgery and subsequent combination chemotherapy, most patients 

have no evidence of disease. Because of the high recurrence rate, patients should have follow-up 

care to detect any recurrence as soon as possible, and the recommended strategies are tumor 

markers, radiologic assessments, and second-look surgery (42). 

Tumor markers 

CA125 is a surface glycoprotein associated with Mullerian epithelial tissue which is elevated at 

the time of diagnosis in about 80% of the patients with EOC. After optimal surgery and one or two 

cycles of chemotherapy, it often becomes undetectable. After an excellent response to treatment, 

elevated levels of CA125 almost always indicate disease relapse, with a positive predictive value 
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of 100%. Negative levels of CA125 are not conclusive, with a negative predictive value of only 

56% (55).  

Radiologic assessment  

The imaging modalities are useful for assessing response in patients with measurable residual 

disease at the start of chemotherapy. If the patient has no or minimal residual disease after 

cytoreductive surgery, the value of the imaging is limited (56). Abdominopelvic ultrasound, CT-

scan, MRI or FNA under the guide of CT, or MRI and PET scan are the available imaging 

modalities in patient follow up. Ascites, recurrent mass, liver, and omental metastasis may be 

detectable in the radiologic assessment (57).  

Second-look surgery  

As tumor markers and imaging assessment are too insensitive to exclude the subclinical disease, 

second-look surgery may be performed to evaluate the patients after successful cytoreductive 

surgery and chemotherapy. However, due to unproven benefits and possible side effects, this 

surgery is not recommended anymore (55, 58, and 59).  

 

1.8 Recurrence and chemotherapy resistance in the EOC 

In advanced stages of ovarian cancer, even in patients who completely respond to first-line 

chemotherapy, the recurrence rate is about 70% (60). At the time of recurrence, the choice of 

treatment is based on factors such as patient convenience, potential cytotoxicity, and possible 

benefits. The goals of treatment include improving or maintaining the quality of life, delaying 

progression, reducing disease-related symptoms, and prolonging survival. Secondary 

cytoreductive surgery, chemotherapy, hormonal therapy, targeted therapy, poly ADP ribose 

polymerase (PARP) inhibitors, and radiation all are available treatment modalities with different 
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indications and toxicities (61, 62). Although the second line of cytotoxic treatment offers a 

significant benefit in recurrent ovarian cancer, the response rate is generally lower, and the duration 

of remission is shorter compared to primary chemotherapy. It has been shown that the most reliable 

parameter is the platinum-free interval (PFI), which is the interval between the completion of the 

last platinum regimen and the start of new treatment. PFI shorter than six months is classified as 

platinum-resistant, and PFI longer than 12 months is considered to be platinum sensitive. In 

partially platinum-sensitive patients with the PFI between 6 and 12 months, the treatment result is 

controversial because of unsatisfactory results from treatment with platinum (63). If the patient is 

fully sensitive to platinum, then combination chemotherapy after recurrence includes a platinum 

agent. Patients with platinum-resistance and refractory diseases are also treated with chemotherapy 

but the response rates are less than 10%, and the median survival is lower than six months (64). 

Single-agent chemotherapy with active drugs is used to prevent unnecessary toxicity such as 

paclitaxel, docetaxel, gemcitabine, liposomal doxorubicin, oral etoposide, vinorelbine, and 

trabectedin (65).  

 

Overall, chemotherapy efficacy in ovarian cancer is limited by the resistance of cancer cells, and 

as a result, chemoresistance may induce disease progression, reduce patient response to treatment, 

and decrease overall survival.  
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2. Polyunsaturated fatty acids 

Omega-3 polyunsaturated fatty acids (PUFA) are widely recognized as dietary components which 

can improve human health. In this chapter, the chemical structure, dietary sources, absorption, 

metabolism, and health benefits of these fatty acids will be discussed. 

2.1 Chemistry of PUFAs 

Fatty acids are aliphatic monocarboxylic acids derived from an animal or vegetable, are naturally 

occurring, and have a chain of 4 – 28 carbons (66). The two classes of saturated and unsaturated 

fatty acids are defined based on the presence or absence of carbon double bonds. PUFAs are 

distinguished from monounsaturated and saturated fatty acids by the presence of at least two 

carbon double binds. A carboxyl group is present at one end, and a methyl group (the “n” or “ω” 

end) at the other end. In omega-3 or n-3 PUFAs, the first double bond is placed three carbons from 

the methyl end of the carbon chain, and in omega-6 or n-6 PUFAs, it is located six carbons away 

from the methyl end (67). 

Several different omega-3 PUFAs exist, but the three main ones in the diet are: 

1- α – Linolenic acid (C18:3 n-3, ALA) 

2- Eicosapentaenoic acid (C20:5 n-3, EPA) 

3- Docosahexaenoic acid (C22:6 n-3, DHA) 

Two of the major omega-6s fatty acids that can be found in the diet are: 

1- Linoleic acid (C18:2 n-6, LA) 

2- Arachidonic acid (C 20: 4 n-6, AA) 

In the human body, ALA and LA are considered the dietary essential fatty acids as our bodies 

cannot form carbon-carbon double bonds before the 9th carbon from the methyl end. Also, 

consuming EPA and DHA from dietary supplements or marine sources are the only practical way 
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for their bioavailability to the body, as the conversion rate of ALA to EPA and DHA is very limited 

(68). 

ALA is present in canola oil, walnuts, ground flaxseed, and soybeans. EPA and DHA are originally 

synthesized by microalga which is consumed by phytoplankton. When fish consume 

phytoplankton, the n-3 PUFAs accumulate in their tissue, and fish and seafood become the main 

food source of these two fatty acids (69). 

 

2.2 Digestion and absorption of n-3 PUFAs 

Lipids are hydrophobic, and their solubility is the key issue for digestion and absorption. After 

ingestion, short and medium-chain fatty acids are relatively soluble and can pass through the 

epithelial cells of the intestine and enter the circulatory system. However, long-chain fatty acids 

are water-insoluble, and their digestion is greatly aided by bile salts and the pancreatic lipases. 

Their final production, micelles, which is composed of fatty acids, phospholipids, monoglycerides, 

and bile salts, travel through the small intestinal epithelial cells mainly by passive transfusion for 

an overall efficiency of 95% fat absorption in human adults (68). Triglycerides, lipoproteins, 

cholesterols and other lipids are packed in the endoplasmic reticulum of epithelial cells to form 

chylomicrons, which release from enterocytes by exocytosis and enter the circulatory system via 

the thoracic duct (69). 

 

2.3 Metabolism of PUFAs 

After absorption, lipoprotein particles circulate in the bloodstream and deliver lipids to different 

organs for oxidation, metabolism, and storage in adipose tissue (69). Oxidation occurs in 

mitochondria, where long chain fatty acids are transported into mitochondria via a carnitine-
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dependent pathway and undergo β-oxidation. The final products of this cycle are acetyl coenzyme 

A (CoA), carbon dioxide and large quantities of high energy phosphate bonds or ketone bodies 

(when there is limited carbohydrates available)  (70). 

 

n-6 PUFAs: Mamalian cells cannot insert a double bond at the n-6 position of a fatty acid. Thus, 

n-6 PUFAs such as linoleic acids are essential in the diet. Under enzymatic activity of desaturases 

and elongases, linoleic acid forms arachidonic acid (Figure 2-1). n-6 PUFAs are found primarily 

in the cellular membrane phospholipids, and therefore, arachidonic acid is available in animal 

tissue. Arachidonic acid is the precursor to eicosanoids such as leukotrienes (LTs), thromboxane 

(TXs) and prostaglandins (PGs) that are the main components in hemodynamic, vascular tone and 

platelet aggregation (71). 
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Figure 2-1: The metabolism of n-3 and n-6 PUFA and the biosynthesis of the eicosanoid and pro-

resolving mediators. Abbreviations: PG, prostaglandin; HETE, hydroxyeicosatetraenoic acid; HPETE, 

hydroperoxyeicosatetraenoic acid; LOX, lipooxygenase; COX, cyclooxygenase; LT, leukotriene ; LX, 

lipoxin A (Adopted with permission from Ref. 67). 

 

 

 

n-3 PUFAs: Like n-6 PUFAs, the human body is unable to insert a double bond at the n-3 position 

of a long-chain fatty acid, and thus requires a dietary source of these fatty acids. ALA is the main 

dietary source for n-3 PUFAs, and like linoleic acid, it can be further metabolized by elongation 

and desaturation enzymes to form EPA and DHA. EPA is the precursor for series 3 eicosanoids 
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and series 5 leukotrienes (Figure 2-1). DHA is a structural cellular membrane lipid and is enriched 

in some tissues such as the nervous system, retina, and sperm (72, 73). 

 

Intracellular metabolic competition of n-3 PUFAs with arachidonic acid 

In the AA pathway, following a series of stimulations, phospholipase A2 acts to release AA from 

the membrane. Free AA is then metabolized by cyclooxygenase (COX) and lipoxygenase (LOX) 

to eicosanoids (74). These eicosanoids (which are PGs, TXs, LTs and hydro fatty acids) are potent 

mediators of many physiological and pathological processes such as inflammation, survival, 

proliferation and cancer generation (75). Generally speaking, the eicosanoids made from n-6 

PUFAs are more potent than those made from n-3 PUFAs. An increase in the dietary index of EPA 

and DHA results in a decrease in the eicosanoid production of AA, which reduces the response to 

oxidative metabolism of AA in different ways: 

1. Both classes of fatty acids compete for the same desaturation enzymes, and as a result, ALA 

acts as an inhibitor of LA metabolism and vice versa. Additionally, EPA competes with AA 

for COX and 5-LOX with a shift toward the production of EPA-derived eicosanoids, of which 

many are biologically less potent (76, 77). 

2. EPA and DHA can partially replace the AA in the cell membrane. They compete with AA 

for acylation in the sn-2 position of membrane phospholipids (77). 

3. Both n-3 PUFAs (EPA, DHA) may be metabolized to some potent bioactive eicosanoids 

and docosanoids such as resolvins, docosatrienes and protectins with anti-inflammatory and 

protective characteristics (78, 79). 

4. Both EPA and DHA down regulate COX2 expression, which is mainly expressed during 

inflammation and cancer (80). 
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2.4 n-3 PUFAs’ benefits for human health 

n-3 PUFAs have many health benefits. There is no clear set standard for the daily intake of n-3 

PUFAs, but World Health Organization recommended a minimum daily dose of 250 – 300 mg 

combined EPA and DHA for healthy adults (81). Many observational studies have shown the 

potential health benefits of a higher intake of fish and other seafood (82); however, there is 

considerable controversy in scientific research about these positive effects. This section focuses 

on areas of health with possible involvement of n-3 PUFAs, as well as cancer prevention and 

treatment. 

Cardiovascular diseases: The first epidemiological research from the 1970s found that there was 

a lower rate of mortality from cardiovascular diseases of Greenland Inuit, the Japanese and other 

fish-eating populations (82). Since then, many studies have evaluated the effects of n-3 PUFAs on 

cardiovascular risk factors and diseases such as high blood pressure, elevated plasma lipids, heart 

failure, coronary disease and fatal coronary heart disease (83, 84). In 2014, the FDA stated 

“supportive but not conclusive research shows that consumption of EPA and DHA omega-3 fatty 

acids may reduce the risk of coronary heart disease,” and recommended dose of 2 g/day for both 

EPA and DHA. The dose of 2-4 g/day has also been recommended when patients need to decrease 

their triglycerides level (85). 

Neural development and infant health: As mentioned before, high concentrations of DHA are 

present in the cellular membranes of the retina and brain. DHA is an essential factor in fetal growth 

and development. Many observational studies and randomized controlled trials have evaluated the 

effects of high maternal consumption or supplementation of n-3 PUFAs on different fetal growth 

and developmental factors (86 - 89). Although the results are not entirely conclusive, it has been 

shown that n-3 PUFAs supplementation could improve the pregnancy duration and mean birth 
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weight. The Dietary Guidelines for Americans and the American Academy of Pediatrics have 

therefore recommended intakes of 200 -300 mg/day of DHA during pregnancy (90). 

Cognitive function and Alzheimer’s disease: As DHA is an essential component of brain cell 

membrane phospholipids, it was hypothesized that n-3 PUFA might protect cognitive function by 

maintaining cell membrane integrity and neuronal function (91). Several meta-analyses and 

systematic reviews have assessed the effect of n-3 PUFAs on dementia and cognitive function in 

both healthy adults and Alzheimer patients. Overall, they concluded that n-3 PUFA might improve 

the attention, immediate recall, and processing speed in patients with mild cognitive impairment 

but not in the healthy elderly (92). 

Cancer prevention: Many randomized clinical trials (RCTs), case-control studies, and prospective 

cohorts have found that higher intakes of n-3 PUFAs reduce the risk of cancer (mainly breast, 

colorectal and prostate). These hypotheses are based on the possible anti-inflammatory and 

antiproliferative capacity of n-3 PUFAs which has been shown in many in vitro and in vivo studies. 

However, the results are inconsistent. While some researchers have shown no association between 

higher intakes of n-3 PUFAs, some others found an association in negative or even in positive 

directions (93 – 100). 

In breast cancer, evidence from several studies suggests that higher intakes of n-3 PUFAs may 

reduce the risk of cancer (93, 94). Some researchers also found a dose-dependent response between 

n-3 PUFAs intake and the risk of breast cancer (95). 

In colorectal cancer, this association is unclear. A meta-analysis of 19 prospective cohort studies 

published in 2007 did not find any association between n-3 PUFAs intake and colorectal cancer, 

but they found a 12% lower risk of colorectal cancer in the highest fish consumption category 

compared to lowest fish consumption (96). Another cohort study showed that the associations vary 
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based on genetic characteristics and gender (97). More research is needed to clarify this additional 

association. 

In prostate cancer, the relation between serum levels of n-3 PUFAs and the risk of cancer is even 

more inconsistent. Although some studies have shown the protective effects of PUFAs on prostate 

cancer risk (98, 99), some others showed a positive association (100 - 102). 

In other cancers, the evidence is minimal. Overall, data from observational studies are inconsistent 

with the association between n-3 PUFAs and cancer risks, and additional RCTs are needed for 

clarification.  

Others: The benefits of n-3 PUFAs supplementation have been investigated in several conditions 

such as rheumatoid arthritis, depression, inflammatory bowel disease, ADHD, cystic fibrosis and 

childhood allergies. Findings to date suggest that n-3 PUFAs may be helpful in some of the above 

conditions, both alone and in combination with pharmacotherapy, but more research is needed to 

confirm this (81). 

 

2.5 Mechanisms of n-3 PUFAs in cancer 

Several in vitro and in vivo studies have shown the anti-cancer effects of n-3 PUFAs, and different 

mechanisms have been proposed. Overall, it has been hypothesized that the n-3 PUFAs may act 

through a few main cellular pathways and as a result influence the activity level of multiple other 

pathways. The main pathways are: 

a. Incorporation of n-3 PUFAs in the cell membrane and changing the expression of multiple 

enzymes, receptors, proteins, and multiple downstream pathways 

b. Alteration of the oxidative stress-dependent pathway which is related to apoptosis and 

proliferation 
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c. Metabolic conversion to other anti-inflammatory molecules 

d. Alteration of the epigenetic control of genes involved in cell proliferation and survival  

e. Anti-invasion and anti-metastatic effects on cancer cells 

 

2.5.1 Incorporation of n-3 PUFAs into the tumor cell membrane 

Dietary n-3 PUFAs influence fatty acid composition by integrating into the cell membrane 

phospholipids and affecting their fluidity and permeability (103, 104). These n-3 PUFAs-induced 

changes in the cell membrane may significantly affect the signaling process originating from the 

cell membrane. 

 

Role of n-3 PUFAs on lipid raft and signal transduction 

Lipid rafts are highly-ordered, glycolipid-enriched membrane domains which are less fluid than 

the surrounding membranes due to high levels of cholesterol, sphingolipids, and phospholipids 

with saturated fatty acids. Because of this unique environment, lipid rafts are essential domains for 

membrane receptors and key signaling proteins such as apoptotic signaling proteins (105 - 107). 

Cholesterol plays a significant role in maintaining the lipid raft microdomains as it is a spacer for 

the hydrocarbon chain of sphingolipids (108). Incorporation of EPA and DHA into the cell 

membrane alter the composition and disturb the organization of lipid rafts which suppress raft-

associated cell signaling (109 - 111). It has been shown that n-3 PUFAs can modulate different 

intracellular signaling pathways by modulating the activity of some mediators such as epidermal 

growth factor receptor (EGFR), human epidermal growth factor receptor-2 (HER-2), peroxisome 

proliferator-activated receptor gamma (PPAR-γ), mitogen-activated protein kinases (MAPKs), 

and some others (112 - 114). 
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EGFR and HER-2 

EGFR is a receptor tyrosine kinase which is involved in carcinogenesis, cell proliferation and 

survival (115). EGFR is generally activated by phosphorylation in response to extracellular ligands 

such as epidermal growth factor, and its dysregulation causes overexpression of EGFR which has 

been found in different cancers such as breast carcinoma (116 - 117). DHA induces apoptosis by 

inhibiting EGFR activation, which is mediated by caspase-3 or caspase-8 pathways (109, 118). 

HER-2 is also a tyrosine kinase receptor which is overexpressed in 25-30% of invasive breast 

cancers with poor prognoses. HER-2 is a co-receptor for EGFR and Insulin-like growth factor-1 

(IGF-1R) and activates downstream-signaling pathways such as MAPK and phosphatidylinositol 

3-kinase (PI3K/AKT) resulting in cell proliferation and survival (119 - 122). Bcl-2 mediated 

apoptotic pathways also have been inhibited by HER-2, and research has demonstrated that the 

HER-2 receptor is down-regulated by n-3 PUFAs (119, 123).  

Peroxisome proliferator-activated receptor Gamma (PPAR-γ) 

PPAR-γ is a member of the PPAR family which is involved in cell proliferation and differentiation, 

and functions as a ligand-activated transcription factor. PPAR response elements (PPREs) are 

located in the regulatory regions of a variety of genes involved in the inflammatory response. It 

has been found that PUFAs and eicosanoids are PPAR ligands and may induce apoptosis by PPAR-

γ activation in breast cancer cells (124 - 127). It has been shown that dietary supplementation with 

low n-6 / n-3 PUFA ratios could increase PPAR-γ protein content and reduce tumor burden in rat 

breast carcinogenesis models (128).  
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Bax / Bcl2 

Apoptosis is a form of programmed cell death and is a tightly regulated and highly efficient 

process. Bcl2 is a well-known apoptosis-regulator protein, and much clinical and pre-clinical data 

demonstrate that in the majority of cancers, expression of Bcl2-family proteins --both pro- and 

anti-apoptotic-- are changed (129, 130). Treatment with DHA and EPA shifts the balance between 

pro- and anti-apoptotic Bcl2 proteins by downregulating anti-apoptotic Bcl2 and Bcl-xL proteins 

and upregulating pro-apoptotic Bak and Bcl-xS (131). Also, it has been shown that the Bax/Bcl-2 

ratio predicts the cell susceptibility to apoptosis (132). Yip KM et al., in a colon cancer rat model, 

showed that feeding animals with high n-3 PUFAs such as fish oil resulted in down-regulation of 

Bcl2 and induction of apoptosis in cancer cells (133).  

PI3K/Akt and nuclear factor kappa-B transcription factor (NF-κB) 

Phosphatidylinositol 3-kinase (PI3K) is a heterodimeric lipid kinase which plays an essential role 

in cell apoptosis. Activation of the Akt pathway, downstream of PI3K, can function to promote 

anti-apoptotic signaling and to activate NF-κB (114). The primary result of PI3K activation is the 

generation of PIP3 as a second messenger in the cell membrane which activates a downstream 

serine/threonine kinase, Akt (134, 135). Akt acts as an anti-apoptotic signaling protein which 

should be translocated to the cell membrane for phosphorylation at Thr 308 and Ser 473. When 

the tumor cell membrane is enriched with n-3 PUFAs, it might affect the phosphorylation of Akt. 

Additionally, the PI3K/Akt pathway may promote cell survival via NF-κB, which is a critical 

regulator of the proliferation and migration of cancer cells (136, 137). 
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Alteration in the cell cycle and cell proliferation 

Cell proliferation is a fundamental process in carcinogenesis. An unregulated cell cycle and the 

loss of dependency on external signals are characteristics of cancer cells. In a normal cell, the cell 

cycle is regulated by two important categories of regulatory molecules: the cyclins and the cyclin-

dependent kinases (CDKs). In addition, retinoblastoma (RB) protein, p53 transcription factor, and 

CDK inhibitors are all negative regulators of the cell cycle (138, 139). Studies have shown that n-

3 PUFAs could slow down the cell cycle or arrest malignant growth of cancer cells mostly in the 

S phase, or prevent G1/S progression. In cell lines that are sensitive to n-3 PUFAs, treatment 

changes the levels of cell cycle regulators such as cyclins, CDKs, and RB (140). For example, 

treatment with DHA has been shown to induce cell cycle arrest in G1 phase, S phase, and possibly 

G2/M phase and studies suggest that it also decreases the expression of cell cycle regulatory 

markers in a broad spectrum of cancers (141). Figure 2.2 illustrates the effects of DHA on 

regulators of cell cycle. 
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Figure 2-2: the schematic illustrates the possible mechanisms of effects of DHA on cell cycle 

genes and proteins expression in different cancer types (adopted from Ref. 141). 

 

2.5.2 Effect of n-3 PUFAs on cellular lipid peroxidation and oxidative stress 

Lipid peroxidation is a primary n-3 PUFAs anticancer mechanism (142, 143). When n-3 PUFAs 

incorporate into the tumor cell membranes, the cells get more susceptible to lipid peroxidation by 

reactive oxygen species. The outcome of this process is the formation of lipid radicals which react 

with oxygen to form free radicals which can propagate in the cell membrane by attacking the 

adjacent fatty acids (144). The exact mechanism of the fatty acid peroxidation on tumor growth 

inhibition is not clear, but n-3 PUFAs may induce cell death through ROS-induced apoptosis 

pathways (145). For example, in colon adenocarcinoma, DHA has been shown to induce lipid 

peroxidation and, as a consequence, to alter the molecular targets such as caspase-3, caspase-9 and 

MCL-1 anti-apoptotic protein (146). It has also been reported that incorporation of n-3 PUFAs in 

tumor lipids decreases cell survival and proliferation in breast cancer (116, 147 and 148). 
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2.5.3 Impact of n-3 PUFAs on inflammatory mediators 

Eicosanoids are hormone-like lipids and key regulators and mediators of inflammation which 

typically derive from 20 carbon atom PUFAs [eicosa=20] (150). Eicosanoids include 

prostaglandins (PG), thromboxanes (TXs), and leukotrienes (LTs), which play a critical role in 

cellular growth and differentiation, platelet aggregation and modulation of inflammatory and 

immune responses. An important mechanism by which n-3 PUFAs may prevent cancer 

development is through inhibition of eicosanoid synthesis from AA (151). As mentioned before, 

LA and ALA are precursor fatty acids for the formation of eicosanoids and undergo the same 

desaturation/elongation reaction to form the long chain metabolites of AA and DHA, respectively. 

The affinity of delta 6-desaturase for ALA is more significant than for LA. As a result, higher 

intake of ALA and more incorporation of this fatty acid into the cell membrane phospholipids 

reduces the synthesis of AA from LA. Less AA will then be available to produce n-6 derived 

inflammatory eicosanoids (152 - 154). 

To start the pathway (Figure 2.2), phospholipases liberate the PUFAs from membrane 

phospholipids, which supply the substrate for COX-1 and COX-2, LOX and cytochrome p450 

monooxygenases (153). PGs and TXAs are the final products of COX while LOXs produce LTs, 

hydroxyl fatty acids and lipoxins. AA is the majority of PUFAs in the cell membrane, and its 

products have pro-inflammatory properties compared to EPA-derived eicosanoids which have 

mostly anti-inflammatory characteristics (152). 

It has been shown that N-3 PUFA supplementation can reduce the production of LTB4 by 75% 

and PGE2 by 60%  in human peripheral blood mononuclear cells (155). Also, Rose et al. have 

suggested that COX-2 and 5-LOX are down-regulated in mice fed with high n-3 PUFA diets (156). 
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Additionally, it has been shown that n-3 PUFAs act as the precursors of another group of lipid 

mediators (including resolvins, docosatrienes, and protectins) which exert potent anti-

inflammatory actions and may be a potential target for some chronic inflammatory diseases as well 

as cancer (157, 158). 

 

2.5.4 Role of n-3 PUFAs on epigenetic control of genes 

N-3 PUFAs may also drive alterations in the epigenetic control of genes involved in apoptosis and 

proliferation pathways, by altering DNA cytosine methylation and precipitating changes in the 

covalent modification of histones. In 2012, Sadli et al. showed that DHA increases acetylation of 

histone 3 (H3) in the Bcl-2 locus, and decreases the acetylation, methylation, and phosphorylation 

of H3, leading to reduced caspase-3 levels in human neuronal M17 cells (159). In breast cancer, 

DHA may downregulate Zeste homologues 2 (EZH2) through posttranslational mechanisms. The 

downregulation of EZH2 was accompanied by a decrease in histone 3 lysine 27 trimethylation 

(H3K27me3) activity of EZH2, as well  as upregulation of E-cadherin which is a known target of 

EZH2 (160). 

 

2.5.5 Role of N-3 PUFAs in adhesion, angiogenesis and metastasis 

Adhesion and angiogenesis are important processes involved in cancer metastasis (161, 162). DHA 

can inhibit adhesion by inhibiting Rho GTPase mediated cytoskeletal rearrangement and reducing 

intracellular adhesion molecule (ICAM-1) and vascular cell adhesion protein 1 precursor (VCAM-

1) protein expression (163, 164). Also, n-3 PUFAs upregulate expression of E-cadherin ?in what 

type of cells which is vital in maintaining the integrity of intercellular adhesions (165). 
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DHA has been shown to reduce angiogenesis by decreasing the levels of vascular endothelial 

growth factor (VEGF) platelet-derived growth factor, and platelet-derived endothelial cell growth 

factor (161, 162). 

Tumor metastasis and the subsequent growth in distant tissues is one of the major causes of failure 

in the treatment of cancer. AA-derived eicosanoids are involved in different stages of metastatic 

cascades, such as interactions between tumor cells and the formation of aggregates of tumor cells 

and platelets (166). As mentioned earlier, DHA and EPA-derived eicosanoids are less active and 

may inhibit this process (167). Additionally, incorporation of n-3 PUFAs into tumor cell 

membranes may alter the composition of fatty acids which may lead to some membrane alterations 

and reduce the metastatic potential of tumor cells (168 - 170). 

 

2.6 n-3 PUFAs and ovarian cancer 

The effect of n-3 PUFAs on prevention of EOC is not apparent. Based on a meta-analysis published 

in 2015 (171), there is no evidence of a relationship between dietary fat and fatty acid intakes and 

EOC risk. Additionally, Ibiebele et al. did not find any correlation between the intake of n-3 

PUFAs and EOC prevention (172). However, other studies have demonstrated that n-3 PUFAs 

show protective effects against ovarian cancer. High levels of n-3 PUFAs in the diet may reduce 

the risk and severity of ovarian cancer (ref). Hens fed with a flaxseed diet, for example, showed a 

reduction in ovarian cancer severity and incidence and an increase in survival (173, 174).  

It has been illustrated that n-3 PUFAs can induce apoptosis and reduce cell growth and viability 

in ovarian cancer cells (refs). Han et al.(ref) reported that incubation with EPA could induce 

apoptosis in SKOV3 cells. They showed that EPA inhibited phosphorylation of ERK 1/2, down-

regulate ERK1/2, mTOR/ NF-κB pathway, and induce S-phase cell cycle arrest (ref). Also, n-3 



31 
 

PUFAs and especially DHA was shown to suppress the growth of TOV-21G cells by activation of 

PPARγ and P53 (175). Additionally, Zajdel et al. (ref) showed that in SKOV3 and OVCAR3 cell 

lines, DHA suppressed the cell viability and proliferation and induced cell death by activation of 

caspases and apoptosis pathways. They also compared DHA with AA but did not see any 

significant effects with AA (176). Furthermore, evaluation of the effects of n-3 PUFAs on three 

different cell lines -- SKOV3, TOV-21G, and OVCAR3-- showed the induction of apoptosis 

and/or down-regulation of VEGF which causes growth suppression in these cell lines (177).  

Another possible mechanism of n-3 PUFAs on ovarian cancer cells may be through ROS-

dependent MAP kinase activation. Tanaka et al. (ref) examined the effects of n-6 and n-3 PUFAs 

on cell death in two ovarian cell lines: KF28 and HAC2. They showed that DHA and γ-LA induce 

cell death in KF28 but not in HAC2. This effect was correlated with the activation of JNK and p38 

Map kinase, which are stimulated by ROS (178). They also showed that vitamin E, an antioxidant, 

attenuated the response. 

Additionally, the effects of n-3 PUFAs on ovarian cancer growth may be due to their role in 

invasion and metastasis. Researchers investigated the effects of DHA on invasion and metastasis 

of ovarian cancer cell lines A2780, HO8910 and SKOV3 (ref). They showed that DHA inhibited 

the invasion and metastasis of ovarian cancer by up-regulation of WAVE3, VEGF and MMP-9 

expression and down-regulation of KISS, TIMP-1, and PPAR-γ expression, and by modulation of 

NF-κB signaling pathway (179). 
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3. Rationale and hypotheses: 

 

3.1 Rationale 

Ovarian cancer (OC) is the most lethal gynecological malignancy in the USA and Europe (1, 2). 

Due to subtle symptoms of the early-stage disease, and unavailable accepted screening methods, 

most of the patients present with advanced stages of the disease which significantly reduces the 

response rate to the treatments and the overall survival of the patients (3).  In advanced stages of 

ovarian cancer, even in patients who completely respond to first-line chemotherapy, the 

recurrence rate is about 70% (60). Even with the standard treatment of cytoreductive surgery in 

combination with taxanes-platinum-based chemotherapy, the majority of patients experience a 

recurrence with poor overall survival, necessitating improved therapeutic approaches (4). 

There is a strong rationale for studying nutritional interventions in cancer prevention and 

therapy. Recent studies have determined that LCPUFA may affect cancer cell growth and 

metastatic potential; however few studies have tested these in combination with chemotherapy in 

OC models. 

Dietary n-3 PUFAs influence fatty acid composition by integrating into the cell membrane 

phospholipids and affecting their fluidity and permeability (103, 104). These n-3 PUFAs-induced 

changes in the cell membrane may significantly affect the signaling process originating from the 

cell membrane. Overall, it has been hypothesized that the n-3 PUFAs may act through some 

cellular pathways and influence the activity level of multiple other pathways, such as 

incorporation into the cell membranes (109 – 111) and changing the expression of multiple 

enzymes, receptors, and downstream pathways (115 - 133), induction of apoptosis by alteration 

of the oxidative stress-dependent pathway (142 – 154), metabolic conversion to other anti-
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inflammatory molecules (151 – 154), alteration of the epigenetic control of genes (159, 160) as 

well as anti-invasion and anti-metastatic effects on cancer cells (161 – 170). 

Herein, we will investigate the effects of n-3 LCPUFAs on OC cell growth, and sensitivity to 

carboplatin, both in vitro and in vivo. 

 

3.2 Hypothesis and objectives 

Hypothesis: Omega-3 long chain polyunsaturated fatty acids increase the efficacy of carboplatin 

in ovarian cancer cells. 

The overall aim of this study is to determine if DHA enhances the cytotoxic effects of carboplatin 

in ovarian cancer cell models, both in vitro and in vivo. This aim is achieved by addressing the 

following objectives: 

Objective 1: To determine if DHA can enhance the effects of carboplatin on ovarian cancer cells, 

in vitro.  

The study has included two immortalized ovarian surface epithelium (IOSE), and Fallopian tube 

(FT194) cell lines as well as eight ovarian cancer cell lines from different subtypes of epithelial 

ovarian cancer consists of three clear cell carcinoma cell lines (ES2, OCI-C1P, and OCI-C4P), 

three high grade serous ovarian cancer cell lines (OV90, JHOS2, and Kuramochi), one 

endometrioid  carcinoma with resistance to cisplatin (A2780cp), and one serous epithelial ovarian 

cancer cell line (SKOV3). The cell viability and metabolic activity of the different cell lines have 

been analyzed after treatment with DHA, OA, and LA, both alone and in combination with 

carboplatin. 
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Objective 2: To identify potential mechanisms that could explain the effects of n-3 LCPUFA on 

human ovarian cancer cells. 

Incorporation of fatty acids into the whole cell phospholipids has been analyzed by Gas 

Chromatograph. To show the effects of fatty acids on proliferation, cell cycle analysis and 

expression of proteins related to proliferation have been analyzed. Analysis of apoptosis by flow 

cytometery and expression of apoptosis related genes and proteins are performed to realize the 

mechanism of effects of fatty acids. 

 

Objective 3: To determine if DHA can enhance the effects of carboplatin on human ovarian 

HGSC-PDX, in vivo.  

To achieve this aim, Nude mice have been engrafted with ovarian HGSC-PDX tumor and 

grouped to four, based on the treatment. The first group receives basal diet, the second group 

receives basal diet plus carboplatin, the third group is on DHA-enriched diet, and the last group 

is treated with DHA-enriched diet plus carboplatin. Incorporation of DHA into the cell 

membrane of liver and tumor cells were analyzed by Gas chromatograph. We have evaluated the 

effects and the mechanism of effects of DHA treatment on the PDX samples.  
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Chapter Two- Materials and Methods: 

1. Cell lines and reagents: 

Human ovarian cancer cell lines (ES2, SKOV3, and OV90) were obtained from ATCC 

(Manassas, VA, USA) and maintained in culture media according to ATCC recommendations. 

Immortalized ovarian surface epithelial (IOSE) cells and A2780cp OC cells were kindly 

provided by Dr. Fu’s Lab (Department of Oncology, UofA). IOSE cells were cultured in 1:1 

MCBD 105:199 (Sigma; Oakville, Ontario, Canada), 2.2 g/L NaHCO3 plus 10% fetal bovine 

serum (FBS) (Sigma), and A2780cp OC cells were cultured in RPMI/1640 supplemented with 

10% FBS and 2 mM Glutamine (Gibco). Immortalized fallopian tube epithelial cells (FT194) 

were kindly provided by Ronny Drapkin (Department of Obstetrics & Gynecology, University of 

Pennsylvania) and maintained in DMEM/ Ham F12 (Gibco; Grand Island, NY, USA), and 2% 

Ultroser Serum Substitute (Pall Corporation, France). Both IOSE and FT194 cells were 

transformed to immortalized cell lines by telomerase reverse transcriptase and SV40 T-Antigen. 

Kuramochi ovarian cancer cell line was purchased from JCRB cell bank (Sekisui, XenoTech, 

LCC; Kansas City, KS, USA) and maintained in RPMI/1640 and 10% FBS.  The JHOS-2 

ovarian cancer cell line was purchased from RIKEN BRC cell bank (Tokyo, Japan) and cultured 

in DMEM/F12, 10% FBS and 0.1mM non-essential amino acids (Gibco). OCI-C1p and OCI-

C4P ovarian cancer cells were purchased from Sylvester Comprehensive Cancer Center (Miller 

School of Medicine, University of Miami, USA) and maintained in OCMI media (University of 

Miami, USA). 

Among of the ovarian cancer cell lines, OV90, JHOS-2 (BRCA1 mutation), and Kuramochi 

(BRCA2 mutation) are all High-Grade Serous Ovarian Adenocarcinoma cells (HGSOC). ES2, 

OCI-C1p, and OCI-C4p cells are Clear Cell Carcinoma (CCC) histologic subtype. A2780cp is 
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ovarian Endometrioid Carcinoma (EC) (resistant to cisplatin) and SKOV3 is an epithelial ovarian 

carcinoma cell line, unlikely to be HGSOC (180, 181). Based on the previous published data 

(180, 181), A2780cp, JHOS-2, and OCI-C1p ovarian cancer cell lines have wild type P53 genes 

but ES2, OV90, SKOV3, Kuramochi, and OCI-C4p cell lines have mutation in P53 genes. 

Carboplatin (Millipore Sigma; Germany) was used as a chemotherapeutic drug at concentrations 

ranging from 0 to 400 µM. 

2. Cytotoxicity assay:  

In the present study, cytotoxicity was determined by the 3-(4,5- dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay (Roche Diagnostics GmbH; Mannheim Germany). A 

trypan blue exclusion assay was also used as additional cytotoxicity assay.  

For the MTT assay, the cells were cultured at 5 x 10³ cells/well in 96-well flat-bottom plates 

(VWR; Radnor, PA, USA) with 100 µl of media for 24 hours. After 24 hours, the media was 

replaced with 100 µl of fresh media containing DHA, OA or LA at concentrations ranging from 

0 to 320 µM. Each treatment was done in triplicate and in three biological replicates. After 72 

hours, 10 µl/well MTT labeling reagent (final concentration 0.5 mg/ml) was added in each well. 

4 hours later, 100 µl/well solubilization solution was added and plates were incubated for 24 

hours in a humidified atmosphere (+37°C, 5 % CO2). Optical density (OD) was read at 570 nm 

by using Fluostar Omega micro-plate reader (BMG LABTECH; Offenburg, Germany) and the 

absorbance of each treatment was converted to relative cell viability.  

For the trypan blue exclusion assay, cells were cultured in three replicates at a density of 5 x 104 

cells/well in a 24 well flat-bottom cell culture plate (VWR) for 24 hours in 2 ml of culture media. 

After 24 hours, media was replaced, and the cells were treated with different fatty acids with 
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concentrations of 0 µM to 320 µM for 72 hours. Following this incubation period, cells were 

detached with 300 µl of 0.05% trypsin and the reaction was stopped with appropriate media. The 

cells were centrifuged for 5 min at 1500 rpm and suspended in culture media. A 10 µl aliquot of 

cells was mixed with 10 µl of 0.04% trypan blue solution (Invitrogen; OR, USA) and viable cells 

were counted using both automated cell counter (Invitrogen; OR, USA) and a hemocytometer 

under a light microscope. 

3. Preparation of conjugated fatty acids: 

DHA, OA, and LA were prepared based on published protocol (182). Briefly, fatty acids were 

purchased from Matreya LLC (JMS Biolynx, Brockville, ON), dissolved in hexane to obtain 

stock fatty acid solutions (100mg/10ml) and stored in -20°C. Fatty acids were conjugated to 

bovine serum albumin (BSA, Fisher Scientific, Edmonton, Alberta) as follows: 1.2 mL (12mg) 

of the stock solution of fatty acid was dried under Nitrogen gas and re-suspended in 1 mL of 0.1 

M potassium hydroxide (KOH) and incubated at 50°C for 10 min. Conjugation to BSA was 

achieved by drop-wise addition of 9 mL of 7.5% BSA (prepared in sterile double distilled water 

and filtered through a 0.2-micron filter (Fisher Scientific, Edmonton, Alberta) and incubated at 

room temperature for three hours followed by overnight incubation at 4°C. FAs were aliquated 

into sterile 1.5 mL Eppendorf microcentrifuge tubes (Fisher Scientific, Edmonton, Alberta) and 

stored at -20°C until further use. 

4. Whole cell phospholipid analysis: 

Whole cell phospholipids (PL) were extracted by a modified Folch procedure as previously 

described (110, 183). Total PLs were separated on Silica “G” thin layer chromatography (TLC) 

plates (Analtech Inc., Newark, DE) in an 80:20:1 v/v ratio of petroleum ether: diethyl ether: 

glacial acetic acid for 20 minutes (184). 8-anilino-1-naphthalene-sulfonic acid (ANSA) was used 
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to visualize the PL band under ultraviolet light.  PLs were methylated at 110°C with 1.5 mL 

boron trifluoride and 2 mL hexane for 1 hour followed by 1 mL of ddH2O for overnight 

incubation.  The hexane layer from the methylation step was removed, dried down under 

nitrogen gas and reconstituted in 75 µl hexane. Then, fatty acid methyl esters (FAME) were 

separated and quantified with an Agilent 7890A Gas Chromatograph system with a 100m CP-Sil 

88 fused capillary column (Agilent Technologies, Mississauga, ON);  heated to 250°C to 

volatilize fatty acids in order to be carried through the capillary column (highly polar stationary 

phase) by using hydrogen gas (mobile phase). Fatty acids elute through the column based on the 

boiling point, polarity and degree of saturation; smaller, non-polar compounds elute first. The 

retention time and proportion relative to the concentration of different fatty acids in the sample is 

recorded as a chromatogram where the areas of the individual fatty acid peaks can be quantified 

and expressed as a percentage. 

(Both fatty acid preparations and whole cell PL analysis were kindly done at Dr. Field’s 

laboratory). 

5. Flow cytometry: 

5.1 Apoptosis assay: ES2 and Kuramochi cell lines were plated in 75cm2 flasks and after 24 

hours, cells were treated with DHA IC25 (10 µM), 10 µM of OA, carboplatin IC25 (10 µM) or 

combination of DHA + carboplatin or OA + carboplatin. After 72 hours, cells were detached by 

0.05% trypsin and stained for apoptosis. For that, cells were first stained with Zombie Aqua 

viability dye (BioLegend) for 15 – 20 min following the manufacturer’s protocol, washed with 

Annexin-V binding buffer (BioLegend), and stained with Annexin-V FITC (BioLegend) for 15 

min in dark place on ice. Cells were washed and re-suspended in Annexin-V binding buffer and 

immediately subjected to flow cytometry analysis using FACS Canto II (Becton Dickinson, 
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Mississauga, ON, Canada) calibrated and gated with cytometer set-up, unstained and single 

stained samples. FlowJo software (Tree Star, Ashland, OR, USA, version 10.0.8) was used for 

data analysis. 

5.2 Cell cycle analysis: ES2 cells were plated in 75cm2 flasks and treated with 23 µM (DHA 

IC50) of DHA, OA, and LA for 0, 6, 12 and 24 hours. Then, the cells were collected, fixed in 

70% ethanol and stored at -20°C before cell cycle analysis.  

After removal of ethanol, cells were washed with phosphate buffered saline (PBS) twice and 

stained with a solution containing Propidium Iodide (PI, Sigma-Aldrich), Triton X-100 (Fisher 

Scientific; New Jersey, USA) and DNase-free RNase A (Sigma; St. Louis, USA; to 10 ml of 

0.1% Triton X-100 in PBS added 2mg DNase-free RNase A and 200 µl of 1 mg/ml PI)  and 

incubated for 30 min at room temperature. Flow cytometry was done on a FACS Canto II 

(Becton Dickinson, Mississauga, ON, Canada), and analyzed by FlowJo software (Tree Star, 

Ashland, OR, USA, version 10.0.8).  

6. Protein extraction: 

ES2 cell lines were cultured in 75 cm2 flasks and treated with 23 µM of DHA and OA for 24, 48 

and 72 hours. After the incubation time, cells were washed with cold PBS twice and lysed with 

cold RIPA buffer (1ml of buffer per 75 cm2 flask, Thermo Scientific; Rockford, IL, USA) mixed 

1:100 with Halt protease and phosphatase inhibitor cocktail (Thermo Scientific). Cells were kept 

on ice for 5 min, scraped, gathered and transferred to a microcentrifuge tube. Samples were 

centrifuged at ~14,000 x g for 15 min to pellet the cell debris and the supernatant transferred to a 

new tube and stored in -80°C. 
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The protein concentration was determined by Micro BCA ProteinTM Assay Kit (Thermo Fisher) 

according to the manufacturer’s instruction and measured on a Fluostar Omega plate reader 

(BMG LABTECH; Offenburg, Germany). 

7. Western Blot analysis: 

Samples containing 50µg protein, 4x Laemmli sample buffer (Bio-Rad ; Hercules, California, 

USA) and 5% 2-mercaptoethanol (Sigma-Aldrich ; St. Louis, Missouri, USA) were boiled for 10 

min and loaded onto 10% or 12% sodium dodecyl sulfate (SDS) polyacrylamide gel 

electrophoresis (SDS-PAGE) based on the protein of interest molecular weight. After 

electrophoresis, the protein was transferred to polyvinylidene difluoride (PVDF, Bio-Rad) 

membranes using the Trans-Blot Turbo (setting: 25v and 1.5 A for 10 min, Bio-Rad). The 

membranes were blocked by Odyssey blocking buffer (LI-COR; Lincoln, Nebraska, USA) for 1 

hour and then incubated with primary antibody diluted in 3% bovine serum albumin (BSA) in  

TBS-T (Tris-buffered saline, 0.1% Tween 20) at 4°C overnight.  For a list of primary antibodies 

and dilutions refer to Table 2-1. 

Table 2-1: List of antibodies used in Western Blot. 

  Antibody Dilution Molecular weight Company Catalog # 

1 Caspase-3 1/1000 35 KDa Cell signaling technology; Danvers, Massachusetts, USA 9662 

2 Cleaved Caspase-3 1/1000 17, 19 KDa Cell signaling technology; Danvers, Massachusetts, USA 9664 

3 Caspase-9 1/1000 47 KDa Cell signaling technology; Danvers, Massachusetts, USA 9502 

4 Cleaved Caspase-9 1/1000 17, 37 KDa Cell signaling technology; Danvers, Massachusetts, USA 9501 

5 PARP 1/1000 116 KDa Cell signaling technology; Danvers, Massachusetts, USA 9532  

6 Cleaved PARP 1/1000 89 KDa Cell signaling technology; Danvers, Massachusetts, USA 9541  

7 Anti-FADD  1/1000 28 KDa Abcam Inc; Toronto, ON, Canada GR84671-23 

8 Histone H-3  1/1000 ~17 KDa Cell signaling technology; Danvers, Massachusetts, USA 4499 

10 p-Histone 3 (S10) 1/1000 ~17 KDa Cell signaling technology; Danvers, Massachusetts, USA 3377 

11 p-Histone 3 (S28) 1/1000 ~17 KDa Cell signaling technology; Danvers, Massachusetts, USA 9713 

13 Tubulin 1/10000 55 KDa LI-COR Biosciences; Lincoln, NE, USA 926-42213 
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Next, the membranes were washed with TBS-T and probed with horseradish peroxide (HRP)-

conjugated secondary antibodies (LI-COR anti-mouse or anti-rabbit) for one hour at room 

temperature. Then, the membranes were washed to remove excess secondary antibody and      

LI-COR Odyssey CLx infra-red imaging system was used to detect the immunofluorescent 

intensity. 

8. RNA extraction and RT-PCR analysis of apoptotic genes: 

ES2 cells were cultured in 75 cm2 flasks and treated with 23 µM of DHA for 0 and16 hours. 

Then, the RNeasy Plus Mini Kit (Qiagen; Hilden, Germany) was used to extract total RNA 

following the manufacturer’s protocol. 3µl of purified RNA was quantified by Epoch plate 

reader (Biotek; Winooski, Vermont, USA). 

2µg of total RNA was used to make cDNA by using high capacity cDNA reverse transcription 

kit (Applied Biosystems, Foster City, California, USA) following the manufacturer’s instruction. 

15µl of cDNA was mixed with 1080µl of TaqMan gene expression master mix (Applied 

Biosystems) and 1065 µl of water based on the manufacturer’s instruction and Real-time PCR 

analysis was performed by Applied Biosystems 7300 Real-Time PCR System as follow: 

1- Activation: 95°C 10 min 

2- Denaturation 95°C 15 seconds 

3- Annealing/extension 60°C 1 min and returned to step 2 for total cycles of 40. 

Data was collected and analyzed by the Applied Biosystems 7300 software. 

For the list of the gene see Table 2-2. 
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Table 2-2: TaqMan human apoptosis plate layout with gene symbols. A1 – A4 are the control genes 

 

 

9. Immunofluorescence staining: 

ES2 cells were grown overnight on sterile glass slides in the appropriate medium. Cells were 

treated with DHA IC25 (10 µM), 10 µM of OA, carboplatin IC25 (10 µM) for ES2 cells, or 

combination of drugs for 72 hours. After the incubation period, slides were washed in PBS 3 

times and fixed in 4% paraformaldehyde for 10 minutes.  Then, slides were washed 3 more 

times, permeabilized with 0.2% Triton X-100 in PBS for 5 minutes and incubated with FAS 

antibody (1:200 dilution, Santa Cruz Biotechnology; Dallas, Texas, USA) for 3 hours. After 

washing with PBS, slides were incubated with secondary antibody (1:500, Alexa Flour; Cell 

signaling technology) for 1 hour. Slides were counterstained with DAPI nuclear stain (1:5000 

dilution), washed twice and mounted with Dako Fluorescent Mounting Medium (Dako North 

America; Carpinteria, CA, USA) and analyzed by confocal microscope. 

 

 

Gene Symbol
1 2 3 4 5 6 7 8 9 10 11 12

A 18S GAPDH HPRT1 GUSB BIRC2 APAF1 BAD BAK1 BAX BBC3 BCAP31 BCL10

B BCL2 BCL2A1 BCL2L1 BCL2L10 BCL2L11 BCL2L13 BCL2L14 BCL2L2 BCL3 BID BIK NAIP

C BIRC3 XIAP BIRC5,EPR1 BIRC6 BIRC7 BIRC8 BNIP3 BNIP3L BOK NOD2 NOD1 CARD6

D CARD9 CASP1 CASP10 CASP14 CASP2 CASP3 CASP4 CASP5 CASP6 CASP7 CASP8 CASP8AP2

E CASP9 CFLAR CHUK CRADD DAPK1 DEDD DEDD2 DIABLO IFT57 FADD FAS FASLG

F HIP1 HRK HTRA2 CARD18 IKBKB IKBKE IKBKG LRDD LTA LTB MCL1 NLRP1

G NFKB1 NFKB2 NFKBIA NFKBIB NFKBIE NFKBIZ PEA15 PMAIP1 PYCARD REL RELA RELB

H RIPK1 RIPK2 TBK1 TNF TNFRSF10A TNFRSF10B TNFRSF1A TNFRSF1B TNFRSF21 TNFRSF25 TNFSF10 TRADD
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10. In vivo tumor implantation: 

All steps of animal works and experiments were approved by the Animal Use Subcommittee at 

the University of Alberta. (AUP2496). 

Patient-derived xenografts (PDX) model: 

Our PDX-550 model was obtained through a collaboration with Oncotest (Charles River, 

Freiburg, Germany) and is a high grade serous ovarian serous carcinoma (HGSC PDX550). 

Viable pieces of the tumor (~1mm in diameter) were engrafted subcutaneously into the flank 

area of  7-8-week-old female NSG mice. A total of 26 mice (two tumors per mice) was used for 

DHA study plus chemotherapy intervention. Mice were divided into 4 random groups and treated 

as follow: 

Group 1: Control diet - 5 mice 

Group 2: Control diet plus carboplatin - 7 mice 

Group 3: DHA enriched diet - 7 mice 

Group 4: DHA enriched diet plus carboplatin - 7 mice 

The nutritional intervention started 3 weeks after tumor implantation. Mice were fed with control 

or DHA enriched diet two weeks prior to chemotherapy (intraperitoneal carboplatin 40 mg/kg 

every 3 days) intervention and were kept on control or DHA diet during chemotherapy. See 

Table 2-3 for the fatty acid composition of control and DHA diets. 
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Table 2-3: Control vs DHA-enriched mice diet formulation (W/W %) 

Oil Control diet DHA diet 

C12:00 0.00 0.34 

C14:0 1.13 2.19 

C16:0 22.87 21.08 

C16:1n9 1.76 1.80 

C18:0 13.75 12.39 

C18:1n9 36.37 38.66 

C18:1c11 0.23 0.42 

C18:2n6 21.01 15.15 

C20:0 0.01 0.02 

C18:3n3 2.38 3.37 

C20:2n6 0.01 0.01 

C20:3n6 0.03 0.04 

C20:4n6 0.42 0.42 

C20:5n3 0.00 0.00 

C22:0 0.01 0.04 

C22:5n3 0.00 0.04 

C22:6n3 0.00 3.83 

TOTAL 99.97 99.78 

SFA 37.77 36.05 

PUFA 23.85 22.85 

MUFA 38.35 40.88 

total 99.97 99.78 

n-6 21.47 15.61 

n-3 2.38 7.24 

n6/n3 9.02 2.16 

P/S 0.63 0.63 

 

 Tumor size was measured twice weekly with a digital caliper and mice were sacrificed when 

tumors reached 10 mm in diameter (2-3 weeks after chemotherapy). Tumors were collected, 

weighed and one-half of the tumors was fixed with 4% paraformaldehyde, embedded in paraffin, 
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and sent for histology to be sectioned and stained with H & E or used for immunohistochemistry 

(IHC). A small piece of the tumor and liver were sent for fatty acid analysis. 

 

11. Immunohistochemistry staining: 

IHC for Ki67 and FAS: All tumor samples were IHC stained for Ki67 (a marker of proliferation) 

and FAS (as indicator of apoptosis pathway activation), both antibodies were from Santa Cruz 

Biotechnology (Dallas, Texas, USA).  

For Ki67 and FAS staining, formalin-fixed paraffin-embedded tumor tissue sections were placed 

on a slide warmer at 60°C for a minimum of 30 min. De-paraffinization using fresh xylenes 

(Thermo Fisher scientific, Burlington, ON, Canada) and hydration using 100, 95, 70 and 60% 

graded ethanol was done followed by brief incubation in water. 

Antigen retrieval was done at 100°C for 20 min in DAKO target retrieval solution PH 6 (DAKO 

North American Carpinteria, CA, and the USA) and cooled to room temperature. Sections were 

rinsed with water and tissue was circled with an ImmEdge pen (Vector Laboratories; 

Burlingame, CA USA), blocked with one drop of peroxidase block (DAKO) for 5 min and 

washed with Tris-buffered saline and 0.1% Tween (TBS-T) for 5 min.  

After that, sections were blocked with DAKO protein Serum Free for 15 min. Protein block was 

removed and replaced with antibodies, Ki67 or FAS both at 1:200 dilutions, and all made in 

DAKO antibody diluent and kept in a humidified chamber at 4°C overnight. 

Slides were then washed in TBS-T for 5 times and incubated with 100µl of secondary antibody 

DAKO labeled Polymer-HRP anti-mouse for 60 min at room temperature in the humidified 
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chamber. Next, washing was done in TBS-T for 5 times and each section was covered by 75-

100µl 3,3-diaminobenzidine chromogen solution (DAKO) for a maximum of 8 min. Then, the 

reaction was stopped by rinsing the sections with Milli-Q water several times to remove the 

background staining. Hematoxylin (DAKO) was used to counterstain the nucleus followed by 

slide wash in water. Sections were dehydrated using graded ethanol (60, 70, 95, and 100%) and 

cleared with xylenesSlides were dried and coverslips mounted with 15µl of Vecta Mount 

permanent mounting medium (Vector Laboratories). 

TUNEL assay: Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay 

was performed to detect DNA fragmentation as a characteristic of late-stage apoptosis. TUNEL 

staining was done on formalin-fixed paraffin-embedded sections using ApopTag Peroxidase In 

situ Apoptosis Detection Kit (Millipore Corporation; Temecula, CA, USA) following the 

manufacturer’s protocol. As it was optional in the instruction, we used proteinase K (20µg/ml, 

Millipore Corporation) in order to pre-treat the tissue.  

12. Analysis of H&E and IHC slides: 

After staining, the entire cross-sectional area of all the slides was scanned by Aperio Digital 

Pathology slide scanner (Leica Biosystems; Concord, ON, Canada). 

Analysis of H&E tumor sections for necrosis: Histological features were identified manually and 

quantified using image analysis software (Image Scope; Leica Biosystems). To quantitate the 

abundance of the necrotic features (e.g. tumor necrosis) per tumor cross-sectional area (185), the 

whole slide image was opened in Image Scope analysis software and measured (draw around) 

the entire cross-section area of the tumor. Second, identified and measured (draw around) all 

histological necrotic features. When the area of necrosis was determined, a percentage of 
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necrosis and dead cells was calculated (total area of necrosis/ total section area) by Image Scope. 

The data were then subjected to the appropriate statistical analysis. 

 Analysis of IHC sections: For Ki67, the number of positive and negative cells were counted in 

10 high power (40x) fields of each section (necrotic areas were excluded). Then, the percentage 

of positive immunolabeled cells over the total number of the cells and a relative percentage in 

each selected field was calculated following the recommended protocol (186).  For CD95, we 

analyzed at least 10 fields/section for the translocation of CD95 antigen to the cell membrane. 

13. Data analysis: 

Data are shown as mean ± SD of three to five independent experiments. Statistical 

analysis was performed using GraphPad Prism 8. Fatty acid-carboplatin interaction 

analysis was performed by Dr. Maryna Yaskina, Women and Children’s Health Research 

Institute (ECHA, 5-083), University of Alberta, using SAS ver. 9.4. Statistical 

significance between every two independent groups was determined by the unpaired t-

test and between multiple groups by the one-way or two-way ANOVA test, and the P < 

0.05 defined as significant. 
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Chapter Three- Results 

1. n-3 PUFAs have no cytotoxic effects on immortalized epithelial surface ovarian (OSE) 

and fallopian tube cell lines (FT194) 

Chemotherapy treatment kills cancer cells but can also damage healthy cells. Damage to 

normal cells is one of the major side effects of anti-cancer drugs; hence a therapeutic 

window, in which a compound kills cancer, but not normal cells, must be ascertained in order 

to consider it as a therapy. Accordingly, we first determined the effects of n-3 PUFAs on 

normal cells, shown to contribute as the cells of origin (193) to ovarian cancer. For these 

studies, we used immortalized human ovarian surface epithelial and fallopian tube cells 

(IOSE and FT194, respectively).  In both IOSE and FT194 cells, treatment with different 

doses of DHA caused no significant differences in cell viability when compared to control 

groups (OA and LA) as estimated with the MTT assays, p > 0.05 (Figure 3-1). 
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Figure 3-1: DHA, OA, and LA do not reduce the viability of immortalized ovarian surface 

epithelium (A) and fallopian tube cells (B). Cells were treated with 0µM to 320µM of fatty acids for 

72 hours, and the cell viability was measured with MTT assay (as described in materials and methods). 

Cells were cultured in triplicates and for 3 separate passages. Each point represents the mean ± SD. P 

values were not statistically significant in both cell lines (calculated by one-way ANOVA). 
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2. Effects of DHA on metabolic activity of ovarian cancer cell lines. 

We next measured the effects of DHA treatment on ovarian cancer cell lines. All the cell 

lines were treated with different concentrations of DHA from 0 µM to 320 µM for 72 hours. 

As shown in Figure 3-2, DHA significantly decreased ES2 and A2780cp cell metabolic 

activity (as determined by MTT, which was used as a surrogate for cell number) in a 

concentration-dependent manner. The other cell lines (OV90, SKOV3, Kuramochi, JHOS2, 

OCI-C1p, and OCI-C4p) were all resistant to DHA even in high concentrations. 
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Figure 3-2: Concentration-dependent effect of DHA on cell growth and metabolic activity of ES2, 

A2780cp, OV90, SKOV3, Kuramochi, JHOS-2, OCI-C1p, and OCI-C4p. Cells were treated with 

0µM to 320µM of fatty acids for 72 hours, and the cell viability was measured with MTT assay (as 

described in materials and methods). Cells were cultured in triplicates and for 3 separate passages. Each 

point represents the mean ± SD. P value was calculated by unpaired t-test. “*” = p value<0.05; “**” = p 

value<0.01; and “***” = p value<0.001. 
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3. DHA significantly reduces the cell viability and metabolic activity of ES2 and A2780cp 

ovarian cell lines (compared to OA and LA), but the other cell lines were relatively 

resistant to fatty acids. 

The proliferation of ES2 and A2780cp cells were significantly inhibited by DHA in a 

concentration-dependent manner (Figure 3-3). ES2 cell line, which is a clear cell subtype of 

ovarian cancer was sensitive to DHA at very low concentrations (p value= 0.001). Moreover, 

the inhibitory effects of DHA were more pronounced than those of OA and LA. 

When compared to untreated control, 100 µM DHA inhibited cell proliferation by 

approximately 100% and 35% in ES2 and A2780cp cells, respectively (P < 0.05). 
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Figure 3-3: DHA reduces the viability of ES2 (A) and A2780cp (B) human ovarian cancer cells. 

Cells were treated with 0µM to 320µM of fatty acids for 72 hours, and the cell viability was measured 

with MTT assay (as described in materials and methods). Cells were cultured in triplicates and for 3 

separate passages. Each point represents the mean ± SD. P value was calculated by one-way ANOVA, 

followed by Turkey’s multiple comparison tests. Bars that do not share a common letter are significantly 

different (p<0.05). 

 

 

We also evaluated the cytotoxicity of the fatty acids on the other ovarian cancer cell lines 

(OV90, Kuramochi, JHOS-2, OCI-C1P, OCI-C4P, and SKOV3). As it is shown in Figure 3-4, all 

other cells were resistant to the cytotoxic effects of DHA. 
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Figure 3-4: DHA does not reduce the viability of OV90, Kuramochi, JHOS2, OCI-C1p, OCI-C4P, 

and SKOV3 (A-F). Cells were treated with 0µM to 320µM of fatty acids for 72 hours, and the cell 

viability was measured with MTT assay (as described in materials and methods). Cells were cultured in 

triplicates and for 3 separate passages. Each point represents the mean ± SD. P value was calculated by 

one-way ANOVA, followed by Turkey’s multiple comparison tests. Bars that do not share a common 

letter are significantly different (p<0.05). 

 

 



54 
 

Interestingly, we observed that LA induced more cell cytotoxicity than DHA in OV90 and 

JHOS2. Another finding was that DHA increased the viability of OCI-C1P and OCI-C4P cells, 

which all justify the inconsistency between the previous studies. 

To validate the results of MTT assay, Trypan Blue exclusion assay was performed on ES2 and 

Kuramochi cell lines (ES2 as a sensitive and Kuramochi as a resistant one) after treatment with 

different concentrations of fatty acids for 72 hours (Figure 3-5). The results of Trypan Blue assay 

were almost the same as the MTT assay. 
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Figure 3-5: DHA reduces the viability of ES2 (A) human ovarian cancer cells but does not reduce 

the viability of Kuramochi cells (B). Cells were treated with 0µM to 320µM of fatty acids for 72 hours, 

and the cell viability was measured with Trypan Blue exclusion assay. (as described in materials and 

methods). Cells were cultured in triplicates and for 2 separate passages. Each point represents the mean ± 

SD. P value was not calculated due to an inadequate number of replications.  

 

4. DHA increases the efficacy of carboplatin  

4.1 The sensitivity of different ovarian cancer cell lines to carboplatin 

Prior to testing the effects of combination therapy, a cytotoxicity assay was performed to 

determine the IC50 concentration for carboplatin in each ovarian cancer cell line. For that, the 

cells were plated for 24h and treated with different concentrations of carboplatin (0µM–400µM) 

https://www-sciencedirect-com.login.ezproxy.library.ualberta.ca/topics/medicine-and-dentistry/cytotoxicity-assay
https://www-sciencedirect-com.login.ezproxy.library.ualberta.ca/topics/medicine-and-dentistry/ovarian-cancer-cell-line
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for 72h. After the incubation period, the metabolic activity of the cells was evaluated by MTT 

assay. Table 3-1 shows the IC50 of carboplatin in different cell lines. IC50 values ranged from 29-

120 µM. 

Table 3-1: Sensitivity of different cell lines to carboplatin (IC50 after 72h of treatment) 

Carboplatin IC50 (µM) in different ovarian cancer cell lines 

Cell line IC50 Cell line IC50 

ES2 29µM Kuramochi 39µM 

A2780cp 120µM JHOS-2 75µM 

OV90 40µM OCI-C1P 60µM 

SKOV3 42µM OCI-C4P 34µM 

  

 

4.2  Combination therapy with fatty acids and carboplatin decreases survival of ovarian 

cancer cells in vitro. 

We assessed cell viability of ovarian cancer cell lines when treating the cells with a combination 

of fatty acids (DHA vs OA) and carboplatin. First, cells were plated in 96 well plates at 5 x 103 

cells/well for 24h and then treated with IC50 of carboplatin in the presence or absence of different 

concentrations of DHA or OA (0 to 320 µM) for 72h. As shown in Figure 3-6, in ES2, A2780cp, 

SKOV3, and Kuramochi cell lines, cell viability was reduced by combination therapy of DHA 

and carboplatin as compared to either treatment alone. In ES2, A2780cp, SKOV3, and 

Kuramochi cells, DHA enhanced the cytotoxic effects of carboplatin (p value<0.05).  

 As an interesting finding, in ES2 and A2780cp cells, cell viability was suppressed more by the 

co-administration of DHA and carboplatin than by a combination of OA and carboplatin, but in 

SKOV3 and Kuramochi cell lines, OA was as effective as DHA when combined with 

carboplatin. In the other cell lines (OV90, JHOS-2, OCI-C1P, and OCI-C4P), fatty acids did not 

enhance the cytotoxic effects of carboplatin (Figure 3-7). We did not find any relationship 
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between the response to fatty acids (alone and in combination with carboplatin) and p53 

mutation status in the different ovarian cancer cell lines. 

 P-values were calculated by one-way ANOVA, followed by Turkey’s comparison test. 

Statistical analysis to ascertain the correlation between DHA and carboplatin was done by 

biostatistician, Dr. Maryna Yaskina, Women and Children’s Health Research Institute (ECHA, 

5-083), University of Alberta. 
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Figure 3-6. DHA in combination with carboplatin reduces the viability of ES2 (A) and A2780cp (B), 

SKOV3 (C), and Kuramochi (D) human ovarian cancer cells. Cells were treated with 0µM to 320µM 

of fatty acids and IC50 of carboplatin (Table 3-1) for 72 hours, and the cell viability was measured with 

MTT assay. Cells were cultured in triplicates and for 3 separate passages. Each point represents the mean 

± SD. P value was calculated by one-way ANOVA, followed by Turkey’s multiple comparison tests. Bars 

that do not share a common letter are significantly different (p<0.05). 
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Figure 3-7. DHA in combination with carboplatin does not reduce the viability of OV90 (A), JHOS2 

(B), OCI-C1P (C) and OCI-C4P (D) human ovarian cancer cells. Cells were treated with 0µM to 

320µM of fatty acids and IC50 of carboplatin (Table 3-1) for 72 hours, and the cell viability was measured 

with MTT assay. Cells were cultured in triplicates and for 3 separate passages. Each point represents the 

mean ± SD. P value was calculated by one-way ANOVA, followed by Turkey’s multiple comparison 

tests. Bars that do not share a common letter are significantly different (p<0.05). 

 

 

We next sought to determine whether fatty acids could alter the IC50 of carboplatin. We selected 

two cell lines, SKOV3 and Kuramochi, that are resistant to fatty acids and treated them with 

escalating doses of carboplatin (from 0 to 200 µM) in the presence or absence of 160 µM of 

DHA, OA or LA for 72h. After the incubation time, cell proliferation was evaluated by Trypan 

Blue exclusion assay to check the cell viability (and to confirm the accuracy of MTT assay). As 

shown in Figure 3-8, combination therapy with fatty acids reduced the IC50 of carboplatin. In the 
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SKOV3 cell line, IC50 of carboplatin alone is 41.9 µM and in combination with DHA, it is 4.35 

µM. Similarly, in the Kuramochi cell line, the IC50 of carboplatin alone and in combination with 

DHA is 39.11 µM and 5.17 µM, respectively. These data confirm that DHA enhances the 

cytotoxic effect of carboplatin, in vitro (p-value was significant in the concentrations of 100 µM 

and lower of carboplatin). Interestingly, in the SKOV3 and Kuramochi cell lines, treatment with 

OA and LA in combination with carboplatin, reduced the IC50 of carboplatin. Further studies 

should be performed before making any conclusions. 
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Figure 3-8. The cytotoxic dose-dependent effect of carboplatin alone or in combination with DHA, 

OA, and LA. SKOV3 (A), and Kuramochi (B) cell lines were treated with escalating doses of carboplatin 

and 160 µM of DHA, OA or LA for 72 hours, and the cell viability was measured with Trypan Blue 

exclusion assay (as described in materials and methods). Cells were cultured in triplicates and for 3 

separate passages. Each point represents the mean of the separate experiment. P value was calculated by 

one-way ANOVA and p<0.05 considered to be significant. For both cell lines in the carboplatin 

concentrations of 100 µM and lower, the p-value was significant. 

 



60 
 

 

5.   Lipid Analysis 

5.1 Effect of DHA and OA treatments on fatty acid content of whole cell phospholipids 

in ES2, A2780cp, and SKOV3 ovarian cancer cells  

Selective fatty acid profiles for whole cell PL are shown in Tables 5-1 to 5-3 for ES2, A2780cp, 

and SKOV3 ovarian cancer cells, respectively. Cells were treated with 23 µM of DHA or OA for 

3 days and then sent for analysis of whole cell PL.  

The fatty acid profiles for whole cell PL were also analyzed to compare the following:  

1) Saturated fatty acid content (∑SFA): C14:0, C16:0, C17:0, C18:0, C20:0, C24:0  

2) Mono-unsaturated fatty acids (∑MUFA): C16:1, C18:1  

3) Poly-unsaturated fatty acids (∑PUFA): C18:2 n-6, C18:3 n-3, C20:2 n-6, C20:3 n-6, 

C20:4 n-6, C20:5 n-3, C20:4 n-6, C20:5 n-3, and C20:6 n-3. 

4) ∑N-3 PUFAs: C18:3 n-3, C20:5 n-3, C20:5 n-3, and C20:6 n-3. 

5) ∑N-6 PUFAs: C18:2 n-6, C20:2 n-6, C20:3 n-6, C20:4 n-6, and C20:4 n-6.  

The effect of fatty acid treatments on changes in whole cell PLs is summarized in Figures 3-

9, 3-10 and 3-11. 
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Table 3-2: Change in selected fatty acids of whole cell PLs in ES2 ovarian cancer cells 

incubated with control (without treatment), DHA or OA for 72h (% w/w of total fatty 

acids) 

 

ES2 

Fatty acids Control DHA 3 days OA 3 days 

C18:1 n9 (OA) 26.19±7.22 22.30±4.61 29.49±4.45 

C18:2 n6 (LA) 2.94±0.96 2.95±0.69 2.89±0.74 

C20:4 n6 (AA) 6.40±2.30 3.63±0.99 5.15±0.31 

C20:5 n3 (EPA) 0.24±0.10 0.35±0.15 0.22±0.10 

C22:5 n3 (DPA) 1.35±0.25 1.01±0.28 1.18±0.16 

C22:6 n3 (DHA) 2.81±0.57 5.45±0.96** 2.19±0.46 

∑SFA 47.02±3.33 51.86±3.29 46.34±2.74 

∑MUFA 27.57±6.85 23.55±4.23 30.80±4.23 

∑PUFA 16.19±3.96 15.87±1.51 14.51±0.78 

∑N3 4.98±0.83 7.41±1.36* 4.35±0.78 

∑N6 11.20±3.34 8.45±1.09 8.45±1.06 

Values are mean percent composition ± SD (n=4); “OA” = oleic acid; “LA” = linoleic acid; “AA” = 
arachidonic acid; “EPA”=eicosapentaenoic acid; “DPA”= docosapentanoic acid; “DHA”= 
docosahexanoic acid; “SFA”=saturated fatty acids; “MUFA”=monounsaturated fatty acids; 
“PUFA”=polyunsaturated fatty acids. For each FA identified, bold indicate significant difference 
compared to control (without treatment). “*” = p value<0.05; “**” = p value<0.01; and “***” 

= p value<0.001. 
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Table 3-3: Change in selected fatty acids of whole cell PLs in A2780cp ovarian cancer cells 

incubated with control (without treatment), DHA or OA for 72h (% w/w of total fatty 

acids). 

 

A2780cp 

Fatty acids Control DHA 3 days OA 3 days 

C18:1 n9 (OA) 28.03±1.95 13.86±0.87*** 32.36±5.02 

C18:2 n6 (LA) 1.76±0.32 3.40±0.57 1.93±0.39 

C20:4 n6 (AA) 8.02±0.51 5.53±0.73* 7.42±1.01 

C20:5 n3 (EPA) 0.21±0.03 0.41±0.03 0.24±0.10 

C22:5 n3 (DPA) 1.35±0.24 1.12±0.15 1.16±0.24 

C22:6 n3 (DHA) 2.76±0.22 14.60±2.44** 2.57±0.19 

∑SFA 43.19±0.45 48.28±2.39 39.93±2.92 

∑MUFA 30.06±1.92 15.62±0.88*** 34.16±5.08 

∑PUFA 17.06±1.21 27.82±3.83** 16.71±1.75 

∑N3 4.88±0.37 16.43±2.49** 4.66±0.28 

∑N6 12.17±0.85 11.39±1.33 12.04±1.63 

Values are mean percent composition ± SD (n=4); “OA” = oleic acid; “LA” = linoleic acid; “AA” = 
arachidonic acid; “EPA”=eicosapentaenoic acid; “DPA”= docosapentanoic acid; “DHA”= 
docosahexanoic acid; “SFA”=saturated fatty acids; “MUFA”=monounsaturated fatty acids; 
“PUFA”=polyunsaturated fatty acids. For each FA identified, bold* indicate significant 
difference compared to control (without treatment). “*” = p value<0.05; “**” = p value<0.01; 

and “***” = p value<0.001. 
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Table 3-4: Change in selected fatty acids of whole cell PLs in SKOV3 ovarian cancer cells 

incubated with control (without treatment), DHA or OA for 72h (% w/w of total fatty 

acids). 

 

SKOV3 

Fatty acids Control DHA 3 days OA 3 days 

C18:1 n9 (OA) 18.81±1.29 17.77±1.19 26.38±6.05 

C18:2 n6 (LA) 4.15±0.08 4.53±0.18 3.73±0.84 

C20:4 n6 (AA) 10.17±1.20 8.33±0.41 9.59±1.89 

C20:5 n3 (EPA) 0.26±0.04 0.45±0.17 0.20±0.06 

C22:5 n3 (DPA) 1.56±0.35 1.30±0.36 1.36±0.12 

C22:6 n3 (DHA) 1.92±0.12 5.84±2.84 1.60±0.04 

∑SFA 36.69±21.26 36.74±21.21 33.30±19.37 

∑MUFA 15.16±8.82 14.39±8.36 21.09±13.22 

∑PUFA 15.22±8.84 17.01±10.15 14.31±8.60 

∑N3 2.97±1.75 5.84±4.05 2.65±1.53 

∑N6 12.24±7.16 11.17±6.48 11.66±7.16 

Values are mean percent composition ± SD (n=4); “OA” = oleic acid; “LA” = linoleic acid; “AA” = 
arachidonic acid; “EPA”=eicosapentaenoic acid; “DPA”= docosapentanoic acid; “DHA”= 
docosahexanoic acid; “SFA”=saturated fatty acids; “MUFA”=monounsaturated fatty acids; 
“PUFA”=polyunsaturated fatty acids. For each FA identified, bold* indicate significant 
difference compared to control (without treatment). “*” = p value<0.05; “**” = p value<0.01; 

and “***” = p value<0.001.  
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Figure 3-9: Effect of DHA and OA treatments in ES2 ovarian cancer cells on whole cell total PL 

content (%w/w) in (A) single fatty acids; (B) SFA, MUFA, and PUFA; and (C) total n3 and n6 

PUFAs. Bars represent the mean ± SD for ES2 ovarian cancer cells (n=4 separate experiments and 

passages). Differences in fatty acid content with each treatment relative to control were tested using a t-

test. “OA” = oleic acid; “LA” = linoleic acid; “AA” = arachidonic acid; “EPA” =eicosapentaenoic acid; 

“DHA”= docosahexaenoic acid; “SFA”=saturated fatty acids; “MUFA”=monounsaturated fatty acids; 

“PUFA”=polyunsaturated fatty acids. “*” = p value<0.05; “**” = p value<0.01; and “***” = p 

value<0.001. 
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Figure 3-10: Effect of DHA and OA treatments in A2780cp ovarian cancer cells on whole cell total 

PL content (%w/w) in (A) single fatty acids; (B) SFA, MUFA, and PUFA; and (C) total n3 and n6 

PUFAs. Bars represent the mean ± SD for ES2 ovarian cancer cells (n=3 separate experiments and 

passages). Differences in fatty acid content with each treatment relative to control were tested using a t-

test. “OA”= oleic acid; “LA”= linoleic acid; “AA”= arachidonic acid;  “EPA”=eicosapentaenoic acid; 

“DHA”= docosahexaenoic acid; “SFA”=saturated fatty acids; “MUFA”=monounsaturated fatty acids; 

“PUFA”=polyunsaturated fatty acids. “*” = p value<0.05; “**” = p value<0.01; and “***” = p 

value<0.001. 
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Figure 3-11: Effect of DHA and OA treatments in SKOV3 ovarian cancer cells on whole cell total 

PL content (%w/w) in (A) single fatty acids; (B) SFA, MUFA, and PUFA; and (C) total n3 and n6 

PUFAs. Bars represent the mean ± SD for ES2 ovarian cancer cells (n=3 separate experiments and 

passages). Differences in fatty acid content with each treatment relative to control were tested using a t-

test. “OA”= oleic acid; “LA”= linoleic acid; “AA”= arachidonic acid;  “EPA”=eicosapentaenoic acid; 

“DHA”= docosahexaenoic acid; “SFA”=saturated fatty acids; “MUFA”=monounsaturated fatty acids; 

“PUFA”=polyunsaturated fatty acids. “*” = p value<0.05; “**” = p value<0.01; and “***” = p 

value<0.001. 

 

 

 

 

 

 

When DHA was provided to ES2 ovarian cancer cells (Table 3-2 and Fig. 3-9), there was a 

significant increase in both DHA and n-3 PUFAs content in total cell PL relative to control. In this 
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cell line, treatment with DHA decreased the inflammatory mediator of AA, but the difference was 

not statistically significant. 

 

In the A2780cp ovarian cancer cell line, the effect of treatment with fatty acids on whole cell PL 

content was more prominent. As shown in Table 3-3 and Figure 3-10, treatment with DHA 

increased the cell content of DHA, n-3 PUFAs and total PUFAs. In addition to the incorporation 

of DHA in the cell membrane, the levels of OA, AA, and MUFA were reduced in the A2780cp 

cells.  

In SKOV3 which was resistant to DHA treatment (Figure 3-4), the presence of DHA did not appear 

to affect the composition of the cellular PLs (Table 3-4 and Figure 3-11). Although after treatment 

with DHA, the cell content of DHA and n-3 PUFAs were increased, the p-value was not 

statistically significant. Additionally, OA had no significant effect on the whole cell PL content of 

this resistant cell line.  
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6. Mechanism of the effect of DHA is by inhibition of proliferation in ES2 ovarian cancer 

cells 

6.1 DHA induces cell cycle arrest in ES2 ovarian cancer cells 

Cell cycle analysis:  

To uncover the function of DHA, OA, and LA on ES2 ovarian cancer cell growth, cell cycle 

distribution was monitored by flow cytometry. As shown in Figure 3-12, Panel (A), after 12h of 

treatment with 23 µM (IC50) of DHA, 50.2% of ES2 cells were in the G0/G1 phase, 25.5% were 

in S phase and about 14.4% were in G2/M phase, which was significantly different in G0/G1 and 

S phase compared to 6h of treatment (65.3% in G0/G1 phase, 10.5% in S phase and 15.2% in 

G2/M phase). Additionally, there is a significant difference in the G0/G1 phase after 24h of 

treatment with DHA compared to 6h, 53.3%, and 65.3%, respectively.  

Figure 3-12, Panel B shows the same pattern of the cell cycle in ES2 cells after treatment with 23 

µM of OA. Although we can see a reduction in the percentage of the cells in G0/G1 phase (63% 

at 0h, 61.2% at 6h and 52.4% at 12h) and an increase in the number of cells in S phase (15.6% at 

0h, 17.2% at 6h and 26.4% at 12h) up to 12h of treatment with OA, the differences were not 

statistically significant. 

Similar to DHA, the cell cycle distribution of LA treated ES2 cells (23 µM of LA) was 

significantly different at different time points. As shown in Figure 3-12 panel C, there was a 

significant reduction of the percentage of the cells at G0/G1 phase from 6h to 24 h (67% at 6h, 

55.5% at 12h and 53.7% at 24 phase) and a significant increase in the percentage of the cells in S 

phase after 12h of treatment compared to 6h (10.2% compared to 23.9%).  
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In Figure 3-12 (panel D and Table E), the distribution of cells in the cell cycle phases were 

evaluated after 12 hours of treatment by different fatty acids. As it is shown, fatty acids and 

especially DHA, increased the percentage of the cells in S phase and reduced the cell population 

in the G0/G1 phase, but the p-value was not significant. These results suggest that fatty acids 

may be involved in the cell cycle distribution of ovarian cancer cells.                                                                                                                                                                                                                                                                      
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Figure 3-12: DHA and LA change the cell cycle distribution in ES2 ovarian cancer cells. 

The cell cycle in fatty acid treated cells was monitored with fluorescence-activated cell sorting (FACS) 

analysis (A, B, and C). Panel (D) illustrates the percentage of the cells in each phase of the cell cycle after 

12 hours of treatment with 23 µM of different fatty acids. Although the percentage of the cells in the S 

phase increased by fatty acid treatment, the p-value was > 0.05 (calculated by unpaired t-test between 

each treatment compared to control). To further analyze the pattern of the cell cycle, G1 ratio to other cell 

cycle phases were calculated (Table E). After 12 hours of treatment with DHA, the majority of the cells 

arrested in S and G2 phases (although the p-value was not significant for each phase separately). “DHA” 

= docosahexaenoic acid; “OA” = oleic acid; “LA” = linoleic acid. “*” = p value<0.05. 

  

 

Western blot analysis of proliferation protein expression: 

To determine the effects of fatty acids (DHA and OA) on protein expression associated with 

proliferation, we treated ES2 cancer cells with DHA (for 24, 48 and 72 hours of treatment) and 

OA (for 24, 48 and 72 hours). As shown in Figure 3-13, compared with the control without 

treatment, the level of phosphorylated histone H3 Ser10 was reduced after 48h of treatment with 

                 E 

cell cycle 
phase ratio 

 Control DHA, 12h OA, 12h LA, 12h 

G1/S  6.0±1.96 2.09±0.39 2.0±0.17 3.36±1.26 

G1/G2  5.07±1.20 3.92±0.78 4.48±0.82 5.02±1.14 

G1/(S+G2)  2.71±0.77 1.33±0.24* 1.37±0.16* 1.92±0.57 
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DHA, and after 72 hours of treatment with OA. Phosphorylated histone H3 Ser28 was reduced 

by both treatments after only 24 hours.  
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Figure 3-13: The effect of DHA and OA on the expression of proteins associated with 

proliferation. The cells were treated with 27 µM of DHA and OA for 0, 24, 48 and 72 hours. 

Western blot analysis was performed using antibodies against Histone H-3, P-Histone H3 

(Ser10), P-Histone H3 (Ser28). Tubulin and Histone H3 were used as loading controls. 

Panel (B) illustrates the relative p-histone H3 ser10 and ser28 band intensities relative to histone 

H3. The band intensities are calculated by ImageJ software and normalized to Tubulin. n=2 

separate independent experiments. 
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6.2 DHA does not affect apoptosis in ES2 ovarian cancer cells 

 

Annexin V/ZA apoptosis assay:  

To further define the mechanism of cell death in ovarian cancer cells, we extended our 

experiment to examine apoptosis by flow cytometry using Annexin V / Zombie Aqua (ZA) 

staining. Es2 cells were treated with 10 µM of fatty acids (DHA and OA) alone and in 

combination with 10 µM of carboplatin for 72 hours.  Early apoptosis which is represented by 

the Ann V+/ ZA_ cells was evaluated. Figure 3-14, Panel (A), shows a representative example of 

flow cytometry analysis. As it is shown in panel (B), we found that the average percentage of 

ES2 cells in early apoptosis was 20.9% in control group, 27.4% in DHA, 27.2% in OA, 29.4% in 

carboplatin, 33.7% in DHA+carboplatin and 29.5% in OA+carboplatin treatment. The 

differences were not statistically significant. The 20% of early apoptosis in the untreated ES2 

cells may be due to the short doubling time of the cells which was about 19 hours.  

 

Western blot analysis of apoptosis protein expression: 

To detect the effects of fatty acids (DHA and OA) on protein expression associated with 

apoptosis, we evaluated protein expression of markers of apoptosis using ES2 cancer cells 

treated with 23 µM of DHA (for 24, 48 and 72 hours of treatment) and 23 µM of OA (for 24, 48 

and 72 hours). As shown in Figure 3-15, the level of expression of caspase-9, cleaved caspase-9, 

caspase-3, cleaved caspase-3, caspase-7, PARP, and anti-FADD was not significantly different 

between our control and treatment groups (the expression of cleaved caspase-7 and cleaved 

PARP was not detected). 
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Figure 3-14: Effect of fatty acid 

treatment on induction of apoptosis 

both alone and in combination with 

carboplatin. For the experiment shown in 

panel (A), the cells were treated with 

IC25 of DHA and the matched dose of 

OA as well as IC25 of carboplatin. Cells 

were treated for 72h and stained with 

Zombie Aqua (ZA) and Annexin V (Ann 

V). Early apoptotic cells are annexin V 

positive/ZA negative, which are the cells 

on the bottom right quadrant. Positive 

cells for ZA demonstrate dead cells. 

Panel (B) compiled results for five 

independent experiments focusing on 

early apoptosis. P value was not 

significant. 

A 
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Figure 3-15: The effect of DHA and OA on the expression of proteins associated with 

apoptosis. The cells were treated with 27 µM of DHA and OA for 0, 24, 48 and 72 hours. Western 

blot analysis was performed using antibodies against caspase-9, cleaved caspase-9, caspase-3, 

cleaved caspase-3, PARP, cleaved PARP, and FADD. Tubulin was used as the reference gene. No 

significant band was detected for cleaved caspase-3 and cleaved PARP. 

 

 

 
 

 

 

RT-PCR analysis of gene expression of the apoptosis pathway: 

An RT-PCR array was then used in order to determine whether the expression of genes related to 

apoptosis may be affected by treatment with fatty acids. The gene expression array kit evaluated 

the expression of 92 different genes in the apoptosis and related pathways and the results are 

shown in the Figure 3-16 (A). In ES2 ovarian cancer cells, DHA, did not induce a conclusive 

pattern of gene expression alterations. Figure 3-16 panel (B) illustrates the simplified apoptosis 

pathway and the effects of DHA on that pathway based on the RT-PCR results. 
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DHA, 72h DHA, 48h DHA, 24h OA, 72h OA, 48h OA, 24h 
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Figure 3-16: The effect of DHA on the expression of genes associated with apoptosis (A). ES2 cells 

were treated without and with DHA for 16 hours. RT-PCR analysis was performed to assess the relative 

expression of 92 genes which have a role in the apoptosis pathway, by Human apoptosis gene array kit. 

The fold change of gene expression was calculated by LOG 2 fold change and the results of  >1.5 fold 

change, is shown in the graph A. Panel (B) shows a simplified apoptosis pathway diagram and our results 

in panel (A) are applied in order to find a relation between the results. 
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7. DHA-rich environment suppresses in vivo tumor growth  

To conduct a more precise preclinical assessment of the efficacy of DHA in treating ovarian 

tumors, we took advantage of a human HGSC-PDX model (PDX-550, untreated tumor with 70% 

sensitivity to carboplatin), and evaluated the effect of DHA treatment on the in vivo growth of a 

PDX-ovarian cancer model engrafted subcutaneously in immunocompromised mice.  

Engrafted PDX tumors were grown for two weeks before treatment was initiated and then 

divided into four groups and treated with regular vs DHA-enriched diet without and with 

intraperitoneal carboplatin, 40mg/kg every 3 days (n=6 in control diet, n=7 in control 

diet+carboplatin, n=6 in DHA-enriched diet and n=7 DHA diet+carboplatin). Mice were 

monitored for body weight twice weekly (Figure 3-17). There was not a significant difference in 

the body weight of mice between the four treatment groups.  
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Figure 3-17: DHA, alone and in combination with carboplatin has no effect on the PDX-engrafted 

mice body weight. DHA enriched diet alone and in combination with carboplatin had no effect on HGSOC 

PDX-engrafted mice body weight compared to basal diet alone or in combination with the drug. Mice were 

fed with basal or DHA enriched diet for two weeks prior to weight-based treatment with carboplatin 

(40mg/kg every 3 days IP) and were kept on the same diet during chemotherapy. Body weight was not 

significantly altered by DHA treatment (by ANOVA). Error bars are mean ± SEM. 
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Figure 3-18 illustrates the growth curve of HGSC PDX engrafted tumors. In about 35 days of 

follow up, DHA enriched diet and DHA diet+carboplatin significantly reduced the growth of 

tumors compared to control diet and control diet+carboplatin, respectively. The differences 

between the slopes of tumor growth lines were statistically significant (DHA alone vs. basal diet 

F=10.46, p=0.02; DHA plus carboplatin vs. basal diet plus carboplatin F=4.48, p=0.03).  

 

 
 

B                                                                        C 

    
 
Figure 3-18. The growth of HGSOC PDX model engrafted subcutaneously during dietary 

supplementation in combination with standard-of-care carboplatin therapy (A). DHA enriched diet 

alone and in combination with carboplatin (B & C) significantly reduced the tumor growth of HGSOC PDX 

model compared to basal diet alone or basal diet in combination with the drug.  

Mice were fed with basal or DHA enriched diet for two weeks prior to treatment with carboplatin (40mg/kg 

every 3 days IP) and were kept on the same diet during chemotherapy. The tumor area was calculated as an 

area of an ellipse. Data represent the linear regression model with each replicate.  
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8.  DHA induced necrosis and reduced proliferation within the HGSOC PDX model: 

To further evaluate the effect of DHA on HGSC tumors in PDX models, resected tumors from 

euthanized animals were formalin fixed and paraffin embedded and sectioned for analysis. H&E 

staining, IHC analysis, and TUNEL assays were performed. 

Examination of the H&E sections confirmed that HGSC tumors had formed in all cases. 

Interestingly, we noted that the area of necrosis relative to the whole tumor area was higher in 

DHA combination therapy with carboplatin compared to carboplatin treatment alone (Figure 3-

19). The IHC analysis with specific antibodies showed that the levels of the proliferation marker, 

Ki67, was markedly decreased in tumors treated with DHA and DHA+carboplatin compared to 

control diet and control diet+carboplatin, respectively (Figure 3-20). On average, about 30% of 

tumor cells stained positive for Ki67 when treated with DHA or the combination of DHA and 

carboplatin compared to 40% and 35% for control diet and control diet plus carboplatin, 

respectively.  

To extend our in vitro findings, TUNEL staining was done to evaluate early apoptosis in the tumor 

cells. The nuclei percentage of nuclei positive for TUNEL was almost the same in all treatment 

groups with a range of 1.7% to 2% (Figure 3-21). These data indicated that DHA alone and in 

combination to carboplatin inhibited PDX tumor growth through inhibition of proliferation 

signaling and induction of necrosis and that apoptosis was not different at the time of sacrifice. 

In order to evaluate the expression of CD95 death receptor after treatment with DHA and 

carboplatin, formalin fixed and paraffin embedded tumor sections were IHC stained with anti-

CD95 antibody (Figure 3-22, Panel A). There were no significant differences in the expression of 

the death receptor in the four treatment groups. In order to show the effects of DHA treatment on 

CD95 antigen expression in vitro, the ES2 cells were treated with 10 µM of DHA alone and in 
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combination with 10 µM of carboplatin for 72h and the expression of CD95 antigen was evaluated 

by immunofluorescent staining (Figure 3-22, Panel B). Like in vivo results, treatment with DHA 

did not alter the expression of CD95 in ES2 cells  
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A 
Control diet                  Control diet plus carbo                             DHA diet 

      
 

 

          DHA diet plus carbo                            B 

   

       
     

 

       
 
 
 
 
 

                   

                 
Figure 3-19: DHA induces tumor necrosis in Human HGSC-PDX model. 

Mice were fed with basal or DHA enriched diet for two weeks prior to weight-based treatment with 

carboplatin (40mg/kg every 3 days IP) and were kept on the same diet during chemotherapy.  

Panel (A)displays the representative H&E staining whole slide images of the four treatment groups. The 

size bars indicate 2mm. Panel (B): quantitative analysis of the necrosis area in all treatment groups. (p-

value between every 2 groups was calculated by unpaired t-test).  p<0.05 is significant. 
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Figure 3-20: DHA reduces expression 

of Ki67 in Human HGSC-PDX model. 

Mice were fed with basal or DHA enriched 

diet for two weeks prior to weight-based 

treatment with carboplatin (40mg/kg every 

3 days IP) and were kept on the same diet 

during chemotherapy. 

Panel (A) displays the representative Ki67 

IHC staining images of the four treatment 

groups. The size bars indicate 50 µm. 

Panel (B): quantitative analysis of the 

positive nuclei for Ki67 in all treatment 

groups (p-value between each 2 groups 

was calculated by unpaired t-test).  
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Figure 3-21: DHA does not affect 

tumor apoptosis in Human HGSC-

PDX model. 

Mice were fed with basal or DHA 

enriched diet for two weeks prior to 

weight-based treatment with 

carboplatin (40mg/kg every 3 days 

IP) and were kept on the same diet 

during chemotherapy. 

Panel (A) displays the representative 

TUNEL staining images of the four 

treatment groups and the red arrows 

show the positive cells. The size bars 

on the lower left side of images 

indicate 50 µm.  

Panel (B): quantitative analysis of 

the positive nuclei for TUNEL in all 

treatment groups.  
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A 

Control diet                                Control diet plus carbo             DHA diet                                  DHA diet plus carbo 

       

B 

Control without Tx                     DHA-treated                              Carboplatin-treated                DHA plus carboplatin 

          

Figure 3-22 DHA does not affect the expression of CD95 antigen both in vivo and in vitro. 

In panel A (in vivo), the treatment schedule consisted of control vs DHA-enriched diet without and with a combination of carboplatin (Mice were 

fed with basal or DHA enriched diet for two weeks prior to weight-based treatment with carboplatin (40mg/kg every 3 days IP) and were kept on 

the same diet during chemotherapy. The expression of CD95 antigen was evaluated in the four treatment groups. There was no gross significant 

difference in the expression of CD95 in the treatment vs the control groups. The size bars indicate 50 µm. In panel B (in vitro), ES2 ovarian 

cancer cells were treated with DHA and carboplatin, alone and in combination, for 72 hours to evaluate the expression of CD95 by 

immunofluorescent staining and confocal microscope. There was no significant difference in the expression of CD95 antigen in the treatment 

groups compared to control.  
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9. Effect of DHA treatment alone and in combination with carboplatin on fatty acid 

contents of whole cell phospholipids within the HGSOC PDX tumors and mice liver 

tissue:  

To further evaluate the incorporation of DHA in HGSC tumors in PDX models as well as in 

livers, a small piece of the resected tumors and livers from euthanized animals were sent for fatty 

acids profile analysis and the results are shown in Tables 3-5 and 3-6.  

The fatty acid profiles for whole cell PL were also analyzed to compare the following:  

Saturated fatty acid content (∑SFA), mono-unsaturated fatty acids (∑MUFA), polyunsaturated 

fatty acids (∑PUFA), ∑N-3 PUFAs and ∑N-6 PUFAs.  

The effect of fatty acid treatments on the alteration of cellular fatty acid components is 

summarized in Figures 3-23 and 3-24. 
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Table 3-5: Change in selected fatty acids of whole cell PLs in HGSC PDX-550 ovarian 

cancer model treated with control vs DHA diet ± carboplatin (% w/w of total fatty acids). 

 

PDX-550 tumor fatty acid composition 

Fatty acids Control diet 
Control diet + 

carbo 
DHA enriched diet DHA diet + carbo 

C18:1 n9 (OA) 11.15±8.44 9.62±8.12 8.14±7.37 8.32±8.35 

C18:2 n6 (LA) 14.92±1.65 14.82±1.37 14.65±1.59 15.53±1.16 

C20:4 n6 (AA) 12.48±1.14 12.80±1.78 8.13±1.25*** 9.33±0.52*** 

C20:5 n3 (EPA) 0.15±0.00 0.19±0.03 0.82±0.20 0.99±0.15 

C22:5 n3 (DPA) 0.20±0.07 0.19±0.06 0.25±0.11 0.23±0.06 

C22:6 n3 (DHA) 2.96±0.54 3.07±0.94 4.62±1.38* 4.80±1.18** 

∑SFA 49.63±7.62 51.72±8.49 54.36±7.96 53.11±8.45 

∑MUFA 14.73±8.00 12.51±7.59 12.28±6.68 11.27±8.24 

∑PUFA 34.46±2.66 34.51±3.39 32.06±3.79 34.50±2.05 

∑N3 4.15±0.42 4.28±0.83 6.64±1.55** 6.94±1.22*** 

∑N6 30.30±2.43 30.22±2.74 25.41±2.42** 27.55±1.47* 

Values are mean percent composition ± SD (n=6 in control diet, n=7 in control diet+carboplatin, n=6 in 

DHA-enriched diet and n=7 DHA diet+carboplatin); “OA”= oleic acid; “LA”= linoleic acid; “AA”= 

arachidonic acid;  “EPA”=eicosapentaenoic acid; “DPA”= docosapentanoic acid; “DHA”= 

docosahexanoic acid; “SFA”=saturated fatty acids; “MUFA”=monounsaturated fatty acids; 

“PUFA”=polyunsaturated fatty acids. For each FA identified, bold* indicate significant difference 

compared to control (without treatment). “*” = p value<0.05; “**” = p value<0.01; and “***” = p 

value<0.001. 
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Table 3-6: Change in selected fatty acids of whole cell PLs in the immunocompromised 

mice liver treated with control vs DHA diet ± carboplatin (% w/w of total fatty acids). 

 

Mice liver fatty acid composition 

Fatty acids Control diet Control diet + carbo DHA enriched diet DHA diet + carbo 

C18:1 n9 (OA) 11.62±3.76 11.83±2.88 8.99±0.73 9.66±0.73 

C18:2 n6 (LA) 12.98±0.90 13.62±0.65 13.49±0.22 12.18±0.59 

C20:4 n6 (AA) 19.10±1.17 17.90±1.81 11.99±0.27*** 13.35±2.81* 

C20:5 n3 (EPA) 0.09±0.03 0.12±0.01 1.48±0.08*** 1.32±0.17*** 

C22:5 n3 (DPA) 0.39±0.03 0.39±0.02 0.39±0.05 0.43±0.09 

C22:6 n3 (DHA) 11.42±1.64 12.27±0.92 17.31±0.55** 17.07±2.88* 

∑SFA 41.20±1.37 40.55±1.25 43.32±0.61 43.12±0.62 

∑MUFA 12.05±3.73 12.28±2.84 9.52±0.75 10.09±0.73 

∑PUFA 46.50±2.32 46.91±1.84 47.06±0.30 46.66±0.52 

∑N3 12.26±1.73 13.12±0.92 19.48±0.57*** 19.11±2.79* 

∑N6 34.23±1.58 33.79±2.74 27.57±0.46*** 27.54±2.82* 

Values are mean percent composition ± SD (n=4); “OA”= oleic acid; “LA”= linoleic acid; “AA”= 

arachidonic acid;  “EPA”=eicosapentaenoic acid; “DPA”= docosapentanoic acid; “DHA”= 

docosahexaenoic acid; “SFA”=saturated fatty acids; “MUFA”=monounsaturated fatty acids; 

“PUFA”=polyunsaturated fatty acids. For each FA identified, bold* indicate significant difference 

compared to control (without treatment). “*” = p value<0.05; “**” = p value<0.01; and “***” = p 

value<0.001. 
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Figure 3-23: Effect of DHA diet with and without carboplatin in HGSC-PDX tumor model on 

whole cell total PL content (%w/w); (A) single fatty acids; (B) SFA, MUFA and PUFA; and (C) 

total n3 and n6 PUFAs. Bars represent the mean ± SD (n=6 in control diet, n=7 in control 

diet+carboplatin, n=6 in DHA-enriched diet and n=7 DHA diet+carboplatin). Differences in fatty 

acid content with each treatment relative to control were tested using a t-test. “OA”= oleic acid; “LA”= 

linoleic acid; “AA”= arachidonic acid;  “EPA”=eicosapentaenoic acid; “DHA”= docosahexaenoic acid; 

“SFA”=saturated fatty acids; “MUFA”=monounsaturated fatty acids; “PUFA”=polyunsaturated fatty 

acids. “*” = p value<0.05; “**” = p value<0.01; and “***” = p value<0.001. 
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Figure 3-24: Effect of DHA diet with and without carboplatin on whole cell total PL content of 
mice liver (%w/w); (A) single fatty acids; (B) SFA, MUFA, and PUFA; and (C) total n3 and n6 
PUFAs. Bars represent the mean ± SD (n=6 in control diet, n=7 in control diet+carboplatin, n=6 in 

DHA-enriched diet and n=7 DHA diet+carboplatin). Differences in fatty acid content with each 

treatment relative to control were tested using a t-test. “OA”= oleic acid; “LA”= linoleic acid; “AA”= 

arachidonic acid;  “EPA”=eicosapentaenoic acid; “DHA”= docosahexaenoic acid; “SFA”=saturated fatty 

acids; “MUFA”=monounsaturated fatty acids; “PUFA”=polyunsaturated fatty acids. “*” = p value<0.05; 

“**” = p value<0.01; and “***” = p value<0.001. 

 

 

 

When the PDX tumors were treated with DHA alone and in combination with carboplatin, there 

was a significant decrease in AA level in the whole tumor phospholipid analysis. At the same time, 
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DHA is effectively incorporated in the tumor cell membrane as the level of DHA significantly 

increased after treatment (Table 3-5 and Figure 3-23). We also showed that treatment with DHA 

increased the whole level of n-3 PUFAs and decreased the level of n-6 PUFAs in the tumor tissue. 

All these changes are in favor of reduction of inflammation as well as DHA incorporation into the 

tumor cell membrane. 

In order to compare the incorporation of DHA in tumor tissue with the normal tissue, and to ensure 

uptake through the digestive system, we also evaluated the whole cell phospholipid composition 

of the mice livers. As it is shown in Table 3-6 and Figure 3-24, liver tissue followed the same 

pattern of phospholipid alterations as in tumor tissue. 

Treatment with DHA increased the level of DHA and n-3 PUFAs and decreased the level of AA 

and n-6 PUFAs in the liver tissue in comparison to without DHA. It may be concluded that tumor 

tissue uptakes DHA at the same rate and efficacy as other normal tissues such as the liver. 

Additionally, DHA can effectively reduce inflammatory mediators such as AA in the tumor and 

liver cells. 
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Chapter four- Discussion 

As most ovarian cancer patients relapse with the chemo-resistant disease, further advances in 

cancer research are needed to improve treatment outcome. There is a strong rationale for studying 

nutritional interventions, such as PUFAs, in cancer prevention and therapy. Although several 

studies have shown the correlation of PUFAs with cancer progression and treatment, the exact 

patho-chemical interactions of n-3 PUFAs and n-6 PUFAs with the tumor tissues are not clear. 

The primary purpose of this study was to investigate the potential anti-cancer effects of fatty acids 

on ovarian cancer cells in vitro. Rather than testing single therapy, we illustrated that DHA 

treatment increased the sensitivity of the cells to carboplatin. Few studies have tested the anti-

cancer effects of DHA in combination with chemotherapy in ovarian cancer models, and this is 

the significance of our study. As the next objective, we attempted to elucidate potential 

mechanisms by which n-3 PUFAs achieve their effects, and as the last goal, we conducted an in 

vivo study with a human PDX ovarian tumor model transplanted into immune-compromised mice 

to investigate if the in vitro findings were applicable in vivo as well. 

 

1. DHA exerts cytotoxic effects on ovarian cancer cell lines but is not toxic in 

immortalized ovarian and fallopian tube cells. 

As the first step, to evaluate the anti-proliferative effects of fatty acids on non-malignant cells, we 

selected two immortalized ovarian surface epithelium (IOSE) and fallopian tube (FT194) cell lines. 

As shown in Figure 3-1, fatty acids did not reduce the cellular growth and viability of the normal 

cells. This was a favorable finding because a therapeutic intervention that could enhance the effects 

of chemotherapy and as a result, improve the clinical outcome of the patients without causing 

additional side effects on non-tumoral cells, would be clinically advantageous. 
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Although ovarian cancer is designated as a single disease, it is characterized by clinical, 

pathological and biological heterogeneity. For this reason, we decided to test if the effects of 

DHA on ovarian cancer cells is limited to a specific subtype. Thus, we selected cell lines from 

different pathologic subtypes of ovarian cancer and evaluated the cytotoxic effects of fatty acids 

on the cells. We found out that between all selected cell lines, just ES2 (clear cell carcinoma) and 

A2780cp (endometrioid carcinoma) cells were susceptible to the cytotoxic effects of DHA        

(Figure 3-3). The ES2 line was the most sensitive to DHA. Therefore, we questioned if the effect 

of DHA is histotype-dependent. To examine that, we evaluated two more clear cell carcinoma 

cell lines (OCI-C1P and OCI-C4P), but those cell lines were completely resistant to the cytotoxic 

effects of DHA, and DHA increased the cell viability in both cells (Figure 3-4). Amongst the 

other cell lines, OV90 (HGSC), SKOV3 (serous carcinoma), and Kuramochi (HGSC) were all 

resistant to DHA as shown in Figure 3-4. It seems that the cytotoxic effect of DHA is not 

histotype-specific and there are some other determinants which should be considered in the 

prediction of sensitivity but are not yet known.  

Previous studies have demonstrated the effects of n-3 PUFAs on ovarian cancer cells both in vitro 

and in vivo. Tanaka et al. (178) examined the effects of n-3 and n-6 PUFAs on cell death in KF28 

and HAC2 ovarian cancer cell lines. They found that KF28 cell line was susceptible to both n-3 

and n-6 PUFAs but that HAC2 was resistant. Some other cell lines such as TOV-21G, SKOV3, 

OVCAR3, A2780, and HO8910 were found to be sensitive to different n-3 PUFAs in a dose and 

time-dependent manner (175, 176, and 179).  

 

This effect is not limited to ovarian cancer cells. Indeed, n-3 PUFAs anti-proliferative effects are 

highlighted in hormone-dependent malignancies such as breast cancer (116, 117). Ewaschuk et al. 
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(182), showed that both DHA and EPA inhibited the cell growth of MDA-MB-231, MCF-7, and 

SKBr-3 breast cancer cell lines. They also concluded that pre-treatment of the estrogen receptor 

negative MDA-MB-231 cells with DHA could increase the effect of anti-cancer drugs. In many 

types of cancers such as prostate cancer (188), colorectal cancer (146), esophageal cancer (189), 

gastric carcinoma (190), and hepatocellular carcinoma (191), n-3 PUFAs showed anti-cancer 

effects. The common point of all these studies is that n-3 PUFAs cause growth inhibition in a  

dose-, time-, and cell line-dependent manner. 

 

2. DHA enhances the carboplatin cytotoxicity 

In spite of the new modalities in the ovarian cancer treatment, the overall survival rate and the 

quality of life of the patients are still poor (4). Carboplatin as an anti-cancer agent is the first-line 

chemotherapy which has broad activity in ovarian cancer; however, the major disadvantage of 

carboplatin is resistance and its low therapeutic response in advanced cancers (63). Improving the 

efficacy of chemotherapy in ovarian cancer is an urgent need for increasing the overall survival 

rate and quality of life for the patients. Therefore, the development of new treatment modalities 

for ovarian cancer is urgently needed.  

 

n-3 PUFAs have consistently been shown to improve the sensitivity of various tumors to 

chemotherapy both in vitro and in vivo. The present study investigated the therapeutic potential of 

DHA as an adjuvant for carboplatin in ovarian cancer. We showed that in some ovarian cancer cell 

lines, n-3 PUFAs increased the cytotoxic effects of chemotherapy. As illustrated in Figure 3-5, in 

ES2 and A2780cp cell lines which were sensitive to DHA alone, combination therapy with DHA 

and the IC50 of carboplatin reduces the cell viability significantly compared to carboplatin alone.  
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Interestingly, in SKOV3, and Kuramochi cell lines, which both were resistant to fatty acids 

alone, a combination of DHA and carboplatin reduced the cell viability significantly (Figure 3-

6).  

We did not find any relationship between the response to fatty acids (alone and in combination 

with carboplatin) and p53 mutation status in the different ovarian cancer cell lines.  

Additionally, in OCI-C1P cells, DHA reduced the cytotoxic effects of carboplatin significantly. 

These findings may explain the reason for inconsistency between different studies. 

In the two last cell lines, we evaluated the effects of combination therapy in two different ways: 

1- As shown in Figure 3-6, cells were treated with different concentrations of fatty acids in 

combination with the IC50 of carboplatin for 72 hours and after the incubation, the 

metabolic activity of the cells was checked by MTT assay. By this method, we showed a 

significant decline in the metabolic activity of the cells in combination therapy compared 

to monotherapy. 

2- To validate our MTT results, we treated SKOV3 and Kuramochi cell lines with 160µM of 

DHA, OA or LA and escalating concentrations of carboplatin (Figure 3-8) for 72 hours and 

evaluated the cell viability by Trypan Blue assay. We observed a significant decrease in 

the IC50 of carboplatin when combined with DHA. In SKOV3 cells, IC50 was 41.9 µM for 

carboplatin alone, but when combined with DHA, the IC50 was reduced to 4.53 µM. The 

same pattern was observed for Kuramochi cells, as the IC50 reduced from 39.11 µM to 5.17 

µM in carboplatin and combination therapy, respectively. 

In both SKOV3 and Kuramochi cell lines (Figure 3-8), fatty acids enhanced the cytotoxic effects 

of carboplatin and this difference was significant at the lower concentrations of carboplatin (less 

than 100 µM). 
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Collectively, our results indicate that combination therapy with DHA and carboplatin enhance cell 

cytotoxicity to carboplatin in some ovarian cancer cell lines.  

Several studies have shown an association between n-3 PUFAs and improvement in the efficacy 

of chemotherapy against cancer. For example, by n-3 PUFAs administration, the efficacy of 

doxorubicin in lung cancer (192), mitomycin-C in colorectal cancer (193), doxorubicin, vincristine 

and fludarabine in chronic lymphoid leukemia (194), and 5-fluorouracil in gastric cancer (190), as 

well as many other anti-cancer drugs, may be enhanced. This effect may be clinically beneficial to 

the patients, as n-3 PUFAs may provide a better outcome for patients treated with standard therapy. 

There is an interesting finding to be considered. As shown in Figure 3-6, in SKOV3 and Kuramochi 

cell lines which were sensitive to the combination of DHA and carboplatin, treatment with OA (a 

monounsaturated omega-9 fatty acid) similarly reduced cell viability. This suggests that just an 

unsaturated fatty acid-enriched environment (and not particularly n-3 PUFAs) might enhance the 

efficacy of anti-cancer drugs in some cell lines, but further investigations are needed before any 

conclusion can be made. 

 

3. Fatty acids incorporated into the tumor cells and changed the composition of whole 

cell phospholipids in vitro 

Incorporation of fatty acids into the cell membrane is an important step in their function as they 

are able to alter the composition of the cell membrane, disturb the organization of lipid rafts, and 

modulate different intracellular signaling pathways (103, 104, and 109). In the present study, 

whole cell PL was examined in ES2, A2780cp, and SKOV3 cell lines after treatment with DHA 

or OA for 72 hours. As the plasma membrane contains most of the cell PLs, we assumed that 

whole cell PL is an appropriate representative of plasma membrane composition of fatty acids. If 
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DHA and OA were successfully incorporated into the plasma cell membrane, it would be expected 

that a significant change in the level of DHA, OA, ∑N3, and ∑N6 fatty acids would occur 

following treatment with these fatty acids. 

As shown in Table 3-2 and Figure 3-9, in the ES2 cell line, DHA significantly increased the 

proportion of DHA and ∑N3 PUFAs in the whole cell PLs. Additionally, it increased the 

concentration of EPA and decreased the total n-6 PUFA levels but the differences were not 

statistically significant. 

In A2780cp cells (Table 3-3 and Figure 3-10), the effect of treatment was even more robust. 

Treatment with DHA increased the percentage of DHA and ∑N3 PUFAs and decreased the cellular 

level of OA and MUFAs. However, in the OA-treated cells, the differences in fatty acid 

composition were not significant.  

In the SKOV3 cell line (which was resistant to fatty acids), treatment with DHA and OA did not 

induce significant changes in the level of whole cell PLs (Table 3-4, and Figure 3-11). Although 

treatment with DHA increased the level of EPA and DHA in SKOV3 cells, the difference was not 

statistically significant. 

Overall, it seems that DHA incorporated more efficiently in the sensitive cell lines (ES2 and 

A2780cp). 

 

Effects of fatty acid treatment on AA: In both sensitive cell lines, A2780cp and ES2 cells, AA 

concentration decreased with DHA treatment. There was a larger decrease in AA level in A2780cp 

ovarian cancer cells than in ES2. Although in ES2 cells the level of AA decreased by about 50%, 

the p-value was not significant (p-value ~ 0.06). In the resistant SKOV3 cells, the level of AA did 

not change (Tables 3-1, 3-2, and 3-3). It is likely that DHA was better able to compete with AA 
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for incorporation into the cell membranes in the sensitive cell lines and this intrinsic characteristic 

of the cells might play a role in the growth inhibition and cell death induced by DHA. 

The AA pathway has been shown to play a key role in carcinogenesis. AA and its metabolites are 

essential modulators of signaling pathways which contribute to proliferation, invasion, and 

angiogenesis (75). DHA can replace AA in the cell membrane and compete for COX and LOX 

enzymes. As a result, DHA plays an anti-inflammatory role in the cancer cells which may 

counteract carcinogenesis (77). 

Taken together, this finding suggests that the decrease observed in total PL AA may have 

contributed to a decrease in cell proliferation and an increase in cell death. 

 

4.  DHA plays an anti-proliferative role in ES2 cells  

As mentioned before, many investigators have demonstrated that n-3 PUFAs have protective 

effects against breast, prostate, and colon cancer. It is generally accepted that n-3 PUFAs integrate 

into the cell membranes, produce lipid mediators, induce oxidative stress, and alter membrane 

conformation and signal transduction. Inhibition of cell proliferation and induction of apoptosis 

are two major accepted mechanisms of these fatty acids that have been investigated in many 

studies. In some cancers such as leukemia (194), colon carcinoma (195), and melanoma (196), cell 

cycle arrest has been shown to be the major mechanism by which n-3 PUFAs impede cancer cell 

growth. However, in some other types such as pancreatic cancer (197), colon cancer (198), 

leukemia (199), and breast cancer (109), induction of apoptosis played a more significant role. In 

our study, we investigated the effects of DHA treatment on both cell proliferation and apoptosis 

induction. 
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5. DHA alters the cell cycle distribution of ES2 cells 

We performed cell cycle analysis to investigate if treatment with DHA, OA, and LA was associated 

with cell proliferation inhibition. The influence of DHA, OA and LA treatment on G0/G1, S and 

G2/M fractions of the cell cycle were assessed by PI staining and flow cytometry. The cell cycle 

phases were evaluated at 0, 6, 12 and 24 hours of treatment with 28µM of DHA, and the matched 

doses of OA and LA compared to control without treatment. Figure 3-12 represents the results of 

the analysis. In DHA-treated cells, the cell cycle changes started after 6 hours of treatment. We 

observed a significant reduction in the percentage of the cells in G0/G1 phase from 65.3% at 6 

hours to 50.2% at 12 hours of treatment. In addition, the population of cells in S-phase significantly 

increased at 12 hours of treatment, from 10.5% to 25.5% at 6 and 12 hours, respectively. We 

observed the same pattern of cell cycle changes in LA-treated ES2 cells which was a reduction in 

G0/G1 phase population from 67.0% at 6 hours to about 55.5% in 24 hours as well as a significant 

increase in the cell population at S phase after 12 hours of treatment. OA had no effect on the cell 

cycle phases. We concluded that DHA and OA might induce cell cycle arrest in ES2 cells line.  

To evaluate if this finding may be translated to a specific phase arrest, we analyzed the cell cycle 

distribution at 12 hours of treatment with fatty acids as well as the ratio of G1/S, G1/G2, and 

G1/(S+G2) in control (without treatment) compared to 12 hours of treatment (the time at which 

the differences in phases were the greatest compared to control). As shown in Figure 3-12 (Panel 

D and Table E), although DHA treatment reduced the cell population in the G0/G1 phase and 

increased the cells in the S-phase, the p-value was not significant. Further studies are needed to 

show the cell cycle alteration by fatty acid treatment. 

Cancer cells are characterized by cell cycle abnormalities which as a result, lead to unregulated 

growth and proliferation (138). The ability of DHA to alter the cell cycle progression in cancer 
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cells is still obscure. Many investigators have shown in cell lines and preclinical models that DHA 

can inhibit proliferation and cell cycle progression in many different types of cancer. In a review 

done by Newell et al. (141), 21 studies were analyzed to evaluate the cell cycle alterations with 

DHA treatment in a broad range of cancers. They reported G1 phase arrest in leukemia, colorectal, 

neuroblastoma and breast cancer, S phase arrest in hepatocellular carcinoma, leukemia, and 

melanoma, and G2/M phase stall in leukemia, pancreatic, breast, and colorectal cancer as well as 

a multi-phase stall in four other studies. They also concluded that treatment with DHA inhibits the 

expression of cyclins and other cell cycle markers. To explain the differences between the studies, 

they concluded that DHA effects may be due to the molecular properties of each cancer, variability 

in the conditions of the different experiments such as time, concentration of fatty acids, methods 

of cell exposure to the fatty acids (free or conjugated with albumin), and synchronization of the 

cells at the beginning of the experiment. All the mentioned points may be applied to our study as 

well. Therefore, as a future direction, we plan to understand how DHA interferes with cell cycle 

and for that, we will analyze the cell cycle progression in synchronized cells to see and compare 

the progression and duration of each phase after treatment with DHA alone and in combination 

with chemotherapy. The cell cycle markers such as cyclins and cyclin-dependent kinases will also 

be analyzed as another step. 

 

DHA treatment reduces markers of proliferation in Western blot: Histone H3 is a nuclear core 

protein of chromatin. It has an important role in chromosome condensation, and after 

phosphorylation of serine-10 and serine-28 residues, induces cell cycle progression during mitosis 

and meiosis (200). Phosphorylation of histone H3 occurs during late G2 phase to early prophase.  

It is shown that phosphorylated histone H3 is a very sensitive and specific marker of mitosis and 
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its expression has a direct correlation with outcome in various types of cancer such as meningioma, 

astrocytoma, and melanoma (201 - 203). 

 In accordance with the results of viability assays and cell cycle analyses, Western blot analyses 

revealed that histone H3 phosphorylation was lower in ES2 cells treated with DHA and OA for 

24, 48 and 72 hours compared to control without treatment (Figure 3-13) which indicated reduction 

of mitosis. 

Collectively, our results suggest that DHA treatment decreases proliferation; however, this should 

be evaluated in other cell lines as well in combination with chemotherapy. 

 

6. DHA does not induce apoptosis in ES2 cells 

Many studies have shown the apoptotic effect of n-3 PUFAs on cancer cells both in vitro and in 

vivo. Incorporation of n-3 PUFAs into the cancer cell membranes is assumed to be the primary 

step in the induction of apoptosis (116, 147). It is known that many cell signaling pathways are 

regulated by DHA and its metabolites, and this effect may be through induction of lipid 

peroxidation (146), inhibition of PI3K/Akt pathway (114), downregulation of BCL2 and BCL-xL, 

and other mechanisms.  To further investigate the mechanism of DHA on ovarian cancer cells, we 

evaluated apoptosis by Annexin V/ZA flow cytometry assays, Western blotting, and apoptosis 

gene pathway analyses. 

Annexin V/ZA assay by flow cytometry: We treated the ES2 cells with IC25 (10 µM) of DHA and 

the matched dose of OA, without and with IC25 (10 µM ) of carboplatin for 72 hours and then 

performed Annexin V/ZA assay to distinguish apoptosis from live and dead cells. As shown in 

Figure 3-14 although combination therapy induces more apoptosis than single drug treatment, the 

differences were not significant.  
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Western blot analysis: To evaluate the effect of DHA on the expression of proteins associated 

with apoptosis, we treated the ES2 cells with DHA and OA for 0, 24, 48 and 72 hours and assessed 

the expression of caspase-3, cleaved caspase-3, caspase-9, cleaved caspase-9, PARP, cleaved 

PARP, and FADD. As it is shown in Figure 3-15 treatment with fatty acids did not change the 

expression of apoptotic pathway proteins up to 72 hours of treatment. This was further evidence 

that apoptosis is not a mechanism of cell death in ES2 cells induced by DHA. 

Apoptotic gene expression: Apoptosis pathway gene expression was performed by TaqMan 

human apoptosis array after 16 hours of treatment of ES2 cells with IC50 (28µM) of DHA. The 

array evaluated 92 different genes in the apoptosis pathway. As shown in Figure 3-16 A, we 

observed multiple alterations in the expression of apoptotic and anti-apoptotic genes. For example, 

treatment with DHA upregulated the expression of BAD, BAK1, BIRC8 and FADD and 

downregulated the expression of BCL2L11, BCL2L14, caspase-4, caspase-8, FAS and FAS 

ligand, TNF and TNFSF10. Some of these changes (such as downregulation of BCL2 and 

upregulation of FADD, BAD, and BAK1) are in favor of apoptosis and some are against apoptosis 

(such as the alteration in FAS, FASL, and caspases). Figure 3-16 B illustrates the results of the 

gene expression array in a diagram to visualize the relation of important genes and their alterations 

in response to DHA treatment in our study. 

Based on the current data, it seems that both categories of apoptosis and anti-apoptosis pathways 

work to compensate each other, and the net final effect is not a significant induction of apoptosis 

in ES2 cell line after DHA treatment. Overall, mechanistically, DHA affected the cells by an 

alteration in the cell cycle phases and did not affect apoptosis in ES2 ovarian cancer cells (in the 

current study). 
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7. DHA decreases the tumor growth rate of human PDX ovarian tumor model without 

any effects on the body weight of mice 

To extend our in vitro findings, we conducted an animal study with human HGSC-PDX tumors 

engrafted in immunocompromised mice. As Figure 3-17 illustrates the mice body weight was 

comparable between control diet, DHA diet, Control+carbo, and DHA+carbo treatment groups.  

In addition, we showed that the tumor growth rate was lower in the DHA group compared to the 

control diet and DHA+carboplatin compared to carboplatin alone (Figure 3-18). We might 

conclude that DHA when combined with chemotherapy did not have negative impacts on body 

weight and food intake. 

 

8. DHA induces necrosis and reduces the proliferation rate but does not affect apoptosis 

and CD95 expression, in vivo 

We evaluated the H&E stained tumor sections to see the area of cell death. As Figure 3-19 shows, 

DHA increased the area of necrosis in the PDX ovarian tumors when combined with carboplatin, 

compared to carboplatin alone. As the dead cells may be the result of apoptosis, necrosis, 

autophagy, or necroptosis, it is not practical to distinguish the mechanism of cell death and 

therefore, we called the area of dead cells as necrosis. 

To assess the anti-proliferation effect of DHA in PDX ovarian tumor tissue, Ki67 (a cell 

proliferation marker) was examined using IHC. As shown in Figure 3-20, tumors from the DHA-

enriched diet group, had fewer Ki67 positive cells than those from the control diet group. In 

addition, DHA+carboplatin reduced the Ki67 expression more effectively compared to carboplatin 

alone. 
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To evaluate the apoptotic effects of DHA on tumor tissue, we performed TUNEL and CD95 

staining by IHC. We determined that DHA might not affect apoptosis and the number of positive 

nuclei in TUNEL assay were comparable in all four treatment groups (Figure 3-21). It should be 

considered that TUNEL staining detects the late stages of apoptosis. For the detection of early 

apoptosis, some other markers such as PARP or cleaved caspases may be more accurate. 

Similarly, CD95 staining did not show any differences between treatment and control groups. 

CD95 is a cytoplasmic marker and it is difficult to quantify and compare its expression in different 

sections. Accordingly, we evaluated multiple fields of different slide sections and did not see any 

significant differences in the intensity of staining (Figure 3-22 (A)). To confirm the equality of the 

expression of CD95 after treatment with DHA as we found in IHC, we performed an in vitro 

experiment. We treated the ES2 cells with DHA, OA as well as combination with chemotherapy 

and evaluated the expression of CD95 by IF using confocal microscopy. As it is shown in Figure 

3-22 (B), expression of CD95 was not significantly different amongst all treatment groups 

compared to control. 

 

9. Fatty acids incorporated into the tumor and liver cells and change the composition of 

whole cell phospholipids, in vivo 

Whole tumor and liver cell phospholipid extraction were analyzed for fatty acid composition. As 

shown in Table 3-5 and Figure 3-23, whole tumor cell PL analysis revealed successful 

incorporation of DHA into the cell membranes. High DHA intake increased the percentage of 

DHA from 2.96% to 4.62% (W/W%) and total n-3 PUFAs from 4.15% to 6.64% in control vs 

DHA diet group but decreased the concentration of n-6 PUFAs in the tumor cells. Figure 3-22 
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illustrates the differences between the amount of n-6 and n-3 PUFAs in the DHA group which was 

inversely correlated, indicating a partial replacement of n-3 by n-6 fatty acids. 

Similar to the in vitro experiment, enrichment of DHA in the diet leads to the partial replacement 

of AA in whole cell PLs. As we mentioned before, a higher concentration of n-3 PUFAs compared 

to AA in the PLs of tumor cells reduces the production of inflammatory mediators from AA and 

increases the production of anti-inflammatory mediators from n-3 PUFAs. Knowing that AA has 

a role in the pathogenesis of cancers, cellular growth, and proliferation, this replacement may 

inhibit carcinogenesis and reduce proliferation in tumor cells. 

In addition, we showed the same pattern of whole cell PLs in the livers of mice treated with DHA 

(Table 3-6 and Figure 3-24). Similar to tumor tissue, treatment with DHA increased the percentage 

of EPA, DHA, and total n-3 PUFAs and decreased the AA and n-6 PUFAs concentration. 

Comparison between tumor and liver PL analysis demonstrate two important facts; first, dietary 

DHA successfully incorporated into the cell membranes, and second, tumors uptake DHA as 

effective as normal tissues such as the liver. 

 

10. Strengths and limitations of the study 

The current study has several strengths as well as limitations. One of the points of power is that 

we analyzed multiple ovarian cancer cell lines from different subtypes of epithelial ovarian cancer 

to reduce the selection bias. We also treated the cells with three different fatty acids DHA, OA, 

and LA (n-3, n-9, and n-6 PUFAs, respectively) in six different concentrations from 0 µM to 320 

µM and with two methods of cell survival analysis (MTT vs trypan blue assay). To evaluate the 

mechanism of DHA in vitro, apoptosis and cell cycle were analyzed by different complementary 

methods (flow cytometery, western blot, and RT-PCR). In the in vivo section of the study, the 
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animal model was well organized by the enough number of mice and appropriate monitoring. The 

PDX tumor might mimic the real tumor condition and response to the treatments as in the humans. 

However, the current study had some limitations which may interfere with the real results. Our 

ovarian cancer cell lines were different based on the specific culture media and the cell 

proliferation rate. These may affect the availability and the uptake of the fatty acids by different 

cell lines. We also treated the cells with single fatty acids which may cause some essential fatty 

acid deficiency in the cells and change the cellular response to the treatments. Combination of LA 

and OA as a control baseline treatment and then adding  DHA to this combination, may be a better 

protocol to evaluate the effects of DHA on the ovarian cancer cells.  

Our study did not have enough power to analyze the synergistic effects of DHA and carboplatin 

combination therapy. To evaluate synergy, multiple replications of cells treated with different 

concentrations of DHA and carboplatin at the same time in needed which will be performed soon. 

As another point, in the in vivo experiments, PDX tumors were engrafted in the mice flank area 

subcutaneously and carboplatin was injected intraperitoneally. Flank area may not be the ideal 

place for ovarian cancer growth and tissue availability of the intraperitoneal carboplatin is not clear 

and all these may interfere with the results of the study. 

 

11. Conclusions and future directions 

In conclusion, DHA might have some promising effects on inhibiting ovarian tumor growth and 

increasing the efficacy of chemotherapy, both in vitro and in vivo. Although these findings provide 

meaningful evidence, they cannot accurately show the real nature of DHA in cancer patients. 

Further investigations should be carried out to demonstrate the anti-cancer activity of DHA in 

preclinical and clinical settings. Based on that, DHA might be used as an adjunct treatment to the 
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standard chemotherapy treatment of ovarian cancer to enhance treatment efficacy and patient 

outcome. 

As a future direction, synergistic effects of DHA on carboplatin in the ovarian cancer cell lines 

will be analyzed by appropriate experiments. Furthermore, cell cycle analysis will be repeated and 

the cells will be synchronized before the experiment. Although synchronization by serum 

starvation may make the cells more vulnerable to cytotoxic effects of DHA, it may provide more 

accurate results on cell cycle progression. To clarify the mechanism of anti-proliferation and cell 

cycle arrest, we will analyze the checkpoints of cell cycle such as cyclins and cyclin-dependent 

kinases at the level of gene expression and protein expression in the ovarian cancer cell lines. 

As another future step, we will establish a new set of animal experiments to evaluate the anti-tumor 

effects of DHA. For that, we will transplant another human high grade serous ovarian PDX into 

mice and the animals will be treated with DHA-enriched diet and IV injections of carboplatin, in 

order to better mimic the clinical application of this drug. Finally, taking together all the results, a 

clinical trial may be justified wherein we shall determine the effects of DHA on ovarian cancer 

patients. 
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