
Am J Cancer Res 2020;10(12):4450-4463
www.ajcr.us /ISSN:2156-6976/ajcr0122905

Original Article
Docosahexaenoic acid (DHA), an omega-3 fatty  
acid, inhibits tumor growth and metastatic  
potential of ovarian cancer

Lindsay West1, Yajie Yin1, Stuart R Pierce1, Ziwei Fang1,2, Yali Fan1,2, Wenchuan Sun1, Katherine Tucker1, 
Allison Staley1, Chunxiao Zhou1,3, Victoria Bae-Jump1,3

1Division of Gynecologic Oncology, Department of Obstetrics and Gynecology, University of North Carolina at 
Chapel Hill, Chapel Hill, NC, USA; 2Department of Gynecologic Oncology, Beijing Obstetrics and Gynecology 
Hospital, Capital Medical University. Beijing, P. R. China; 3Lineberger Comprehensive Cancer Center, University of 
North Carolina at Chapel Hill, Chapel Hill, NC, USA

Received September 22, 2020; Accepted November 9, 2020; Epub December 1, 2020; Published December 15, 
2020

Abstract: Omega-3 polyunsaturated fatty acids (PUFAs), such as those found in fish oil, are thought to have anti-
tumorigenic effects and may help to treat and prevent cancer, including ovarian cancer. Thus, we aimed to evaluate 
the potential of docosahexaenoic acid (DHA), an omega-3 PUFA, as a therapeutic agent in ovarian cancer cell lines 
and a transgenic mouse model of ovarian cancer. DHA significantly inhibited cellular proliferation, induced cell cycle 
arrest and caused apoptosis in Hey and IGROV-1 cells. Pre-treatment with the anti-oxidant, N-acetylcysteine (NAC), 
reversed DHA-induced caspase 3 activity and prevented DHA-reduced cell proliferation. DHA also induced cellular 
reactive oxygen species (ROS) and inhibited adhesion and invasion in IGROV-1 and Hey cells. Furthermore, treat-
ment with DHA demonstrated anti-tumorigenic and anti-invasive activity in a K18-gT121

+/-; p53fl/fl; Brca1fl/fl mouse 
model of ovarian cancer including downregulation of Ki67 and VEGF expression. The data provide a preclinical 
rationale for applying DHA for dietary intervention and therapeutic adjunct in patients with ovarian cancer.
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Introduction

Ovarian cancer remains the highest mortality 
from gynecologic malignancies and ranks fifth 
in overall cancer deaths in women [1]. In 2020, 
nearly 21,750 new cases and 13,940 deaths  
of ovarian cancer are estimated in the US [2]. 
As the symptoms of ovarian cancer tend to be 
insidious, it is a disease most often diagnosed 
in later stages. The mainstay of treatment is 
chemotherapy with surgical debulking, alth- 
ough most patients will experience recurrence 
[3]. Platinum and taxane chemotherapy has 
remained the standard-of-care for primary 
ovarian cancer management. Recurrent and 
platinum resistant disease present additional 
management challenges, further contributing 
to the poor overall outcomes and survival [3-5]. 
With these challenges in mind, investigation 
into novel therapies including targeted therapy 
is needed.

Overweight and obesity have been linked with 
increased risk and unfavorable outcomes in 
many types of cancer including ovarian cancer 
[6, 7]. Our recent study found that diet-induced 
obesity led to more aggressive tumor behavior 
in a K18-gT121

+/-; p53fl/fl; Brca1fl/fl mouse model 
of ovarian cancer and significantly increased 
tumor weight and volume. Metabolomic profil-
ing revealed distinct metabolic differences be- 
tween tumors in obese and non-obese mice. 
Major differences in ovarian tumors of obese  
vs non-obese mice included impairment of gly-
colysis and mitochondrial complex II and up- 
regulation of omega fatty acid oxidation [8, 9]. 
This suggests that nutrition has powerful bio-
logical effects on the simultaneous reprogram-
ming of metabolic features and promotion of 
ovarian tumor growth. 

Omega-3 fatty acids are essential polyunsatu-
rated fat acids that play a crucial role in lipid 
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and cell metabolism, membrane structure, cell 
signaling, gene expression and inflammation in 
the body. Epidemiological studies have demon-
strated that diets rich in omega-3 polyunsatu-
rated fatty acids (PUFAs) have a positive effect 
against many types of cancer including breast, 
colorectal, prostate, and ovarian cancer [10-
14]. Docosahexaenoic acid (DHA), one of most 
important PUFAs from marine sources, has 
exhibited potent in vitro and in vivo anti-tumor 
activities via multiple mechanisms including 
modulating cell cycle distribution, triggering  
cell apoptosis and death, inducing cellular 
stress and inhibiting tumor angiogenesis and 
metastasis in leukemia, breast, endometrial, 
gastric, liver, prostate, and lung cancers [15-
21]. Several studies have recently shown that 
DHA effectively inhibited ovarian cancer cell 
proliferation and invasion in a zebrafish model 
through modulation of the NK-KB, mTOR and 
MAPK pathways [22-24]. Additionally, treat-
ment of ovarian cancer cells with DHA synergis-
tically increases cisplatin-induced proliferation 
inhibition and apoptosis [25]. Long-term con-
sumption of a flaxseed diet (containing rich 
DHA) significantly induces apoptosis and inhib-
its angiogenesis in the ovarian tumors of chick-
ens but not in the normal chicken ovaries [26]. 
Multiple clinical trials have demonstrated that 
DHA is overall well tolerated and supplementa-
tion of DHA (fish oil) during chemotherapy is 
beneficial effects on drug-induced side effects, 
immune function, bone health, inflammation, 
tumor-induced cachexia and chemotherapeutic 
efficacy [27-33]. Collectively, these data sup-
port that DHA could be of value in the manage-
ment of ovarian cancer. With established safe- 
ty profile and promising evidence supporting 
the anti-tumorigenic effects of PUFAs, we in- 
vestigated the anti-proliferative and anti-meta-
static effects of DHA on ovarian cancer cells 
and in a transgenic mouse model of ovarian 
cancer. 

Materials and methods

Cell culture and reagents

IGROV-1 and Hey cells were utilized in all ex- 
periments. The cell lines were cultured in RPMI 
supplemented with 5 or 10% fetal bovine 
serum, L-glutamine and 1% penicillin-strepto-
mycin solution under 5% CO2. DHA of 98%  
purity was obtained from Cayman Chemical 

(Ann Arbor, Michigan), dissolved in sterile abso-
lute ethyl alcohol and stored at -20°C. MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetra-
zolium bromide) and NAC (N-acetyl-l-cysteine, 
Sigma, St. Louis, MO) were dissolved in PBS 
and stored at -20°C. All antibodies were ob- 
tained from Santa Cruz Biotechnology (Dallas, 
TX) and Cell Signaling Technology (Beverly, MA).

Assay of cytotoxicity 

The IGROV-1 and Hey cells were seeded at 5 × 
103 cells per well in a 96-well plate overnight. 
Cells were treated with DHA at indicated con-
centrations. After a 72 hours incubation, the 
cells were incubated with 5 µl MTT per well (5 
mg/ml in PBS) for 1 hour. 100 ul dimethyl sulf-
oxide was added to wells to dissolve the MTT 
formazan crystals and mixed thoroughly by 
pipetting. Color intensity was measured at 570 
nm. DHA-mediated cell inhibition was calculat-
ed as a percentage of control cell growth.

Annexin V assay

Annexin V assay (Biolegend, San Diego, CA)  
was performed to quantitate cell apoptosis 
using Cellometer (Nexcelom, Lawrence, MA). 
Following DHA treatment for 16 hours, cells 
were collected and gently resuspended in stain-
ing solution with Annexin V antibody and prop-
idium iodide (PI). After incubation at 37°C for 
15 minutes, Cellometer was utilized to qu- 
antify apoptosis in the samples. FCS Express 
(Pasadena, CA) was performed to interpret the 
data.

Cell cycle assay

After treatment with different concentrations  
of DHA for 36 hours, cells were typsinized and 
resuspended in 90% methanol overnight at 
-20°C. Cells were washed with PBS and then 
incubated with 50 µL propidium iodide solution 
for 40 minutes at 37°C. Cell cycle distributions 
were detected by the Cellometry Vision CBA 
system. FCS Express was used to analyze the 
results. 

Adhesion assay

Corning® 96-well plates were coated for 3 hours 
at 37°C with Laminin-1. After the overlying fluid 
was aspirated, wells were blocked for 1-2 hours 
with 0.2% BSA in PBS, and then rinsed 2 times 
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with PBS. 6000 cells along with DHA (1, 10 and 
50 uM) were added to wells. After incubation 
for 90 minutes, 5% glutaraldehyde was added 
to wells to fix the cells for 30 minutes. Wells 
were gently washed twice with PBS before add-
ing 0.1% crystal violet and incubating for 30 
minutes. Bound dye was solubilized with acetic 
acid and quantified at 570 nm in the Tecan 
plate reader. 

Transwell invasion assay

DHA-mediated cell invasion in OC cells were 
detected by transwell invasion assay. Transwell 
inserts were coated with 0.5-1 × BME. The 
lower compartment was filled with RPMI 1640 
containing 10% FBS in a 96-well plate. The Hey 
and IGROV-1 cells were starved for 12 hours 
and then plated in the upper chambers of 96- 
wells plates with DHA (1, 10 and 50 uM). The 
plates were incubated for 3.5 hours before 
removing the inserts. After washing the lower 
compartment with PBS, 100 ul of calcein AM 
solution was added to each well and incubated 
in the dark for 30-50 minutes. Fluorescence 
Intensity (EX/EM 485/520 nm) was analyzed 
by a fluorescence reader (Tecan). 

Measurement of intracellular ROS generation 

Intracellular reactive oxygen species (ROS) lev-
els were detected using 2’,7’-dichlorofluores-
cein diacetate (DCFH-DA). The Hey and IGROV- 
1 cells were cultured in a black 96-well plates 
at a seeding density of 1 × 104 cells/well and 
then incubated with DHA at doses of 1, 10 and 
50 uM for 6 hours. Cells were exposed to DC- 
FH-DA for 15 minutes at 37°C. Fluorescence 
depth (EX/EM 485/530 nm) was detected by a 
fluorescence reader (Tecan).

Western immunoblotting

After treating cells with DHA for 8 and 24 hours, 
cells were lysed with RIPA buffer supplement- 
ed with protease and phosphatase inhibitors. 
Protein concentrations were measured by BCA 
assay kit. Equal amounts of protein were sepa-
rated by gel electrophoresis and transferred 
onto a PVDF membrane. After blocking with 5% 
BSA in PBS, the membrane was exposed to a 
primary antibody diluted 1:1,000 overnight in 
cold room. Blots were then treated with HRP-
conjugated anti-mouse, anti-goat, or anti-rabbit 
antibodies for 1-2 hours. Antibody binding was 
detected using SuperSignal™ West Pico on the 

ChemiDoc™ Image System (Bio-Rad, Hercules, 
CA).

Measurement of VEGF levels in serum 

Serum VEGF from DHA and control groups (7 
samples/per group) was measured by VEGF 
ELISA Kit (R&D Systems, Minneapolis, MN) fol-
lowing the manufacturer’s instructions.

Wound healing assay

The cells were plated in 6-well plates at 3.5 × 
105 cells/well for 24 hours and then replaced 
with media with 0.5% charcoal stripped FBS for 
12 hours. A sterile 200 ul pipette tip was used 
to scratch a straight line across the plate in one 
direction. Cells were washed with fresh media 
to remove the detached cells and then treated 
with DHA. The images were acquired after 24 
and 48 hours of treatment. Measurements of 
the width of the wound were performed at ran-
dom intervals with the Adobe Photoshop CS6.

The K18-gT121
+/-; p53fl/fl; Brca1fl/fl mouse model 

of high grade serous ovarian cancer

The KpB (K18-gT121
+/-; p53fl/fl; Brca1fl/fl; KpB) 

transgenic mouse model of high grade serous 
epithelial OC has previously been described 
[34, 35]. Animal protocol was approved by the 
UNC-CH Institutional Animal Care and Use 
Committee (IACUC). KpB mice were kept in a  
12 h:12 h cycle with ad libitum access to food 
and water. 5 ul of 2.5 × 107 P.F.U of Ad5-CMV-
Cre (Transfer Vector Core, University of Iowa) 
was injected into the left ovarian bursa of 6-8 
week old KpB mice. When tumors had reached 
an average size of 0.1-0.2 cm in diameter by 
palpation, the mice (15 per group) were treated 
DHA (15 mg/kg, daily, IP) or vehicle (PBS, daily, 
IP) for 28 days. All mice were sacrificed in ac- 
cordance with IACUC protocol and tumors were 
weighted. Volumes of ovarian tumor were cal-
culated as following: (width2 × length)/2.

Immunohistochemical analysis 

The preparation of ovarian tumor slides was 
performed by IHC Core Facility at UNC. IHC 
slides were stained with antibodies against 
Ki-67, VEGF, Bip, and phosphorylated-S6, re- 
spectively, in a humidified chamber overnight. 
After washing with PBS, the slides were treated 
with a HRP-conjugated secondary antibody for 
1 hour. Color reaction and hematoxylin counter-
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staining was then performed on the sections 
using ABC-Staining Kits (Vector Labs, Burlin- 
game, CA). Digital images were acquired by 
Motic scanner and analyzed by ImagePro soft-
ware (Rockville, MD).

Statistical analysis

Data are formatted as the mean ± SD. Sta- 
tistical significance was analyzed using the 
two-sided unpaired Student’s t-test from at 
least three replicates. Tumor growth between 
treatment arms was analyzed by one-way & 
Two-way ANOVA test. GraphPad Prism 5 (La 
Jolla, CA USA) was used for all graphs and sig-
nificance tests. P values of <0.05 were consid-
ered to be statistically significant.

Results

Effect of DHA on ovarian cancer cell prolifera-
tion

In order to examine the cytotoxic effects of DHA 
on ovarian cancer cells, MTT assay was used in 
IGROV-1 and Hey cell lines to assess for DHA 
induced cytotoxicity. DHA, in a concentration 
range of 0.1-500 uM, decreased cell viability of 
both cells in a concentration dependent man-
ner after 72 hours of treatment. The mean IC50 
value for both cell lines was approximately 40 
uM. DHA at a dose of 100 uM for 72 hours 
resulted in a loss of viability up to 80-90% 
(Figure 1A). Additionally, we treated IGROV-1 
and Hey cells with 75 uM DHA for increasing 
time periods up to 72 hours. DHA also reduced 
cell viability of both cell lines in a time-depen-
dent manner (Figure 1B and 1C, P<0.01). The- 

se results suggests that ovarian cancer cells 
are sensitive to DHA treatment.

Effect of DHA on cell cycle in ovarian cancer 
cells

We characterized DHA-mediated suppression 
of cell growth in IGROV-1 and Hey cells by as- 
sessing cell cycle progression after DHA treat-
ment using the Cellometer. Exposure of both 
cell lines to 1, 10 and 50 uM DHA for 36 hours 
caused G1 phase arrest in the IGROV-1 cells 
and G2 phase arrest in the Hey cells; however, 
this difference was only observed with treat-
ment at a dose of 50 µM DHA (Figure 2A and 
2B). The proportion of G1 accumulation incre- 
ased from 52.8% in the control to 64.7% in 
IGROV-1 cells treated with 50 uM DHA. In Hey 
cells. 50 uM DHA increased G2 phase from 
15.7% in control to 26.3%. Additionally, we 
measured DHA-mediated changes in associat-
ed cell-cycle regulatory proteins using Western 
immunoblotting. Treatment with DHA for 24 
hours clearly down-regulated the expression of 
CDK4, CDK6 and Cyclin D1 in both cells (Figure 
2C). These results indicate that DHA encour-
aged cell cycle arrest at different cell cycle 
checkpoints in ovarian cancer cells.

Effect of DHA on apoptosis in ovarian cancer 
cells

To determine whether the observed decrease 
in cell viability is attributable to apoptosis, we 
investigated the effects of DHA on apoptosis 
proteins using ELISA, western blotting and An- 
nexin V assays. Exposure of IGROV-1 and Hey 
cells to DHA for 16 hours resulted in increased 

Figure 1. DHA induced dose-dependent growth inhibition in ovarian cancer cells. The Hey and IGROV-1 cells were 
treated with various doses of DHA for 72 hours. Cell proliferation was determined by MTT assay (A). Relative survival 
was determined by dividing the number of remaining DHA treated cells by the number of remaining viable DMSO. 
Treatment of the cells with DHA at 75 uM induced inhibition of cell proliferation in time dependent manner (B and 
C). 
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rates of apoptosis, measured by the percent-
age of Annexin V positive cells, with a threefold 
increase in both cells, 15.85% for 50 uM ver-
sus 5.5% for control in Hey cells and 14.6% for 
50 uM versus 5.2% for control IGROV-1 cells 
(Figure 3A and 3B). Furthermore, expression of 
MCL-1 and BCL-2 was notably decreased in 
DHA treated IGROV-1 and Hey cells as detected 
by western blotting (Figure 3C).

To further delineate the role of DHA in apopto- 
tic pathways, a cleaved caspase-3 activity as- 
say was performed in the IGROV-1 and Hey cell 
lines. As shown in Figure 3D, the cells treated 
with DHA exhibited significantly higher cleaved 
caspase 3 activity. DHA at a dose of 50 uM in- 
creased cleaved caspase 3 production by 2.12 
(P<0.01) in IGROV-1 cells and 2.35 (P<0.05) 
times in Hey cells compared with untreated 
groups.

To detect whether caspase activity is required 
for DHA induced apoptosis and cell viability,  
the broad-spectrum caspase inhibitor, Z-VAD-
FMK, was used to block caspase activity in 
both cell lines. The effect of Z-VAD-FMK on 
DHA-mediated apoptosis and cell inhibition 

ment (Figure 4A and 4B, P<0.01). To examine 
whether ROS induced by DHA treatment were 
related to upregulated ER stress related pro-
teins, we performed western blotting to detect 
expression of Bip and PERK in IGROV-1 and Hey 
cells, which are widely accepted markers of ER 
stress. Both cell lines displayed dose-depen-
dent induction of Bip and PERK protein expres-
sion after being treated with DHA for 12 hours 
(Figure 4C). Pretreatment with the ROS scaven-
ger NAC for 2 hours prior to DHA treatment at 
increasing doses for 12 hours showed that 
DHA-induced cleaved caspase-3 activity was 
almost completely blocked and Inhibition of 
DHA-mediated cell proliferation was partially 
rescued by NAC (Figure 4D, P<0.01). This sug-
gests that DHA-induced apoptosis was depen-
dent on cellular stress pathways in ovarian can-
cer cells.

DHA suppressed tumor growth of ovarian can-
cer in transgenic mice

We investigated the potential effects of DHA  
on tumor growth using a K18-gT121

+/-; p53fl/fl; 
Brca1fl/fl; mouse model of ovarian cancer (KpB). 
DHA was injected intraperitoneally (i.p.) at 15 

Figure 2. DHA induced cell cycle G1 arrest in ovarian cancer cells. The Hey 
and IGROV-1 cells were treated with indicated amount of DHA for 36 hours. 
DHA induced cell cycle arrest in G1 phase in the IGROV-1 cells and G2 phase 
in the Hey cells (A and B). Cell lysates from the Hey and IGROV-1 cells were 
subjected to Western blot analysis for CDK4, CDK6 and Cyclin D1 (C). Data 
are representative of one of three repeats. *P<0.05 and **P<0.01. 

was determined by cleaved 
caspase-3 assay and MTT 
assay. DHA induced apopto- 
sis and growth inhibition were 
partially blocked by Z-VAD-
FMK in both cell lines (Figure 
3E and 3F), which demon-
strates that DHA induced inhi-
bition of cell growth, to a cer-
tain extent, was dependent  
on mitochondrial pathway in 
ovarian cancer cells. 

DHA increased cell stress 

Given that DHA induces ap- 
optosis via the endoplasmic 
reticulum (ER) stress pathway 
in breast and gastric cancer 
cells [36, 37], we investigated 
whether DHA induced apopto-
sis was involved in ROS gen-
eration in ovarian cancer cells. 
DHA resulted in significantly 
increased production of ROS 
in a concentration dependent 
manner in IGROV-1 and Hey 
cells after 12 hours of treat-
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mg/kg per day for 4 weeks and had no toxic 
effect on KpB mice. The mean tumor volume in 
the control group was significantly higher than 
that of the DHA treatment group as seen in 
Figure 5A. DHA administration resulted in a 
substantial reduction in tumor weight by 44% 
as compared with control mice (1.36 versus 
2.40 grams, P<0.05; Figure 5B). Histologic 
changes between the DHA-treated and control 
groups were examined using IHC-staining in 
paraffin-embedded ovarian tumors. Compared 
with the control group, expression of Ki-67 and 
BCL-XL was significantly reduced in the DHA-
treated tumors (Figure 5C). In parallel with in 
vitro results, DHA treatment markedly increa- 
sed Bip expression and decreased phosphory-
lated-S6 expression in the tumor tissues. The- 
se data confirm that DHA is highly effective in 
slowing ovarian tumor growth in vivo.

Effect of DHA on cell adhesion and invasion

The role of DHA in cell adhesive and invasive 
potential were investigated using adhesion, 
wound healing and transwell migration assays. 
After treating IGROV-1 and Hey cells with DHA 
for 2 hours in 96-well plates coated with lam-
inin-1, an obvious influence on cell adhesion 
was observed within the DHA treatment cells 
(Figure 6A). In addition, IGROV-1 and Hey cells 
exhibited a similar reduction in cell invasion 
with treatment of DHA, in a concentration-
dependent manner as detected by transwell 
assay (Figure 6B). Wound healing assay dem-
onstrated that a decrease in cell motility was 
also observed in both cells after 24 and 48 
hours of treatment with DHA compared with 
untreated cells (Figure 6C). To explore changes 
in epithelial-to-mesenchymal transition (EMT) 

Figure 3. DHA induced apoptosis in ovarian cancer cells. The expression of annexin V in the Hey and IGROV-1 cells 
was determined by Annexin V/PI analyses after 16 hours of treatment with DHA (A and B). Western blotting results 
showed that DHA reduced BCL-2 and MCL-1 expression after 24 hours of treatment in both cells (C). DHA increased 
cleaved caspase 3 activity in both cell lines (D). Pretreatment of the cells with the pan-caspase inhibitor Z-VAD-FMK 
blocked cell growth inhibition and reduced caspase 3 activity induced by DHA (E and F). The results are shown as 
the mean ± SD and are representative of three independent experiments. *P<0.05 and **P<0.01.
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Figure 4. DHA induced ER stress in ovarian cancer cells. The Hey and IGROV-1 cells were treated with DHA at different concentrations for 12 hours. ROS products 
were measured by DCFH-DA assay. DHA significantly increased the levels of ROS in both cell lines compared to the control cells (A and B). Western blotting results 
showed that DHA increased the expression of cellular stress-related proteins including PERK and Bip in both cell lines after treatment for 24 hours (C). The cells 
were pre-treated with NAC for 3 hours, followed by treatment with DHA for 12 hours. NAC significantly reduced caspase 3 activity and cell growth inhibition induced 
by DHA (D and E). The results are shown as the mean ± SD and are representative of three independent experiments. *P<0.05, **P<0.01.
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Figure 5. DHA inhibited tumor growth in KpB mice. KpB mice were treated with vehicle (control) or DHA (15 mg/kg, daily) for 4 weeks when the tumors reached 
0.1 cm in size. DHA significantly inhibited tumor volume and tumor weight (N=15 animals per group) as compared to the vehicle treated controls (A and B). Immu-
nohistochemistry results showed that DHA decreased the expression of Ki-67, phos-S6 and BCL-XL and increased Bip expression in the ovarian tumor tissues (C). 
*P<0.05; **P<0.01.
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Figure 6. DHA inhibited adhesion and invasion in ovarian cancer cells. DHA inhibited cell adhesion and invasion in the Hey and IGROV-1 cells, assessed by Laminin 
and transwell assays (A and B). Migration was assessed by wound healing assay after treatment with DHA for 48 hours (C). Western blotting results showed that 
DHA increased the expression of E-cadherin and decreased the expression of B-catenin, snail and VEGF in both cell lines (D). DHA reduced serum VEGF production 
in KpB mice treated with DHA for 4 weeks (E). IHC results showed that DHA decreased the expression of VEGF in ovarian tumor tissues from KpB mice (F). *P<0.05, 
**P<0.01.
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in DHA treated cells, several EMT markers 
including E-cadherin, B-Catenin and snail as 
well as VEGF were assessed by western blot-
ting. The expression level of E-cadherin was 
increased, whereas that of B-Catenin and Snail 
were decreased in DHA-treated cells. Addition- 
ally, expression of VEGF protein was reduced in 
DHA treated tumors compared to untreated 
mice (Figure 6D). We next investigated whe- 
ther DHA decreased serum VEGF levels in KpB 
mice. Serum levels of mouse VEGF were deter-
mined after complete of DHA treatment. DHA 
treated mice exhibited an 18% reduction in 
serum VEGF as compared to control (Figure 
6E). IHC staining demonstrated reduced an- 
giogenesis in DHA treated tumors as compar- 
ed to control tumors (Figure 6F). Overall, these 
results confirm that DHA can antagonize EMT 
processes and angiogenesis, thus resulting in 
an inhibition of adhesion and invasion in vitro 
and in vivo. 

Discussion

Given that ovarian cancer has a low five year 
survival rate and is the leading cause of death 
from gynecologic cancer, it is crucial to investi-
gate new therapeutic agents or combination 
regimens that efficiently target ovarian cancer, 
especially for late or recurrent stage disease. 
Accumulating evidence suggests that long-term 
consumption of omega-3 fatty acids is associ-
ated with a significantly reduced risk of some 
cancers [10, 12, 38]. The ability of DHA and  
its analogs to inhibit cell proliferation and tu- 
mor growth in preclinical models was previous-
ly confirmed by multiple studies [16, 17, 39]. 
Recent research has shown DHA’s potential to 
exert anti-tumorigenic activity through multiple 
cell signaling pathways involved in program- 
med cancer cell death in ovarian cancer cells 
[22, 23, 25]. In the current study, we perform- 
ed experiments on ovarian cancer cells and a 
KpB mouse model where we showed that DHA 
exerts anti-tumor effects via several mecha-
nisms including induction of cell cycle arrest, 
cellular stress and apoptosis, as well as anti-
invasive activity via anti-angiogenesis and inhi-
bition of EMT processes. Our results confirmed 
that DHA has anticancer effects in ovarian can-
cer in vitro and in vivo.

Molecular mechanisms involved in the anti-pro-
liferative activities of DHA have been proposed 

to explain the inhibitory effect on tumor cell 
growth. Different cytotoxic effect of DHA on 
tumor cell proliferation may depend on the 
molecular biological background and degree  
of malignant potential of the cancer cells [40]. 
ROS production is often detected during cellu-
lar stress induced by therapeutic agents, which 
subsequently leads to the activation of apop-
totic pathways and causes cancer cell death 
[41]. ROS have an impact on the activation of 
apoptotic signaling pathways and induction of 
cell cycle arrest in cancer cells [40]. DHA 
strongly induced caspase-8-dependent apop-
tosis in the breast cancer MCF-7 cells and cor-
responding MCF-7 xenograft model in athymic 
nude mice via ROS accumulation [36]. Pre- 
treatment with the antioxidant NAC completely 
blocked the cell growth inhibition induced by 
DHA and reduced DHA-induced apoptotic ac- 
tivity in prostate cancer cells [42]. Recently, 
Tanaka et al. found that DHA inhibited prolif- 
eration of ovarian cancer cells via ROS-depen- 
dent MAP kinase activation [22]. Our studies 
confirmed that DHA exerted anti-tumorigenic 
activities through increased ROS accumulation 
and apoptotic signaling pathways. Conversely, 
blocking ROS production significantly rescued 
cell proliferation inhibition and reduced apop- 
tosis caused by DHA in these cells. Overall, 
these data support that ROS mediates DHA-
induced apoptosis in vitro and KpB mouse 
model.

Interrupting cell cycle progression is another 
mechanism by which DHA inhibits proliferation 
of cancer cells. Recent evidence shows that 
DHA induces G1 or G2 phase arrest in different 
types of cancer [43]. DHA-mediated differenc-
es in cell cycle distribution may be phenotype-
specific and dependent on variability in experi-
mental conditions [38, 43]. The role of DHA in 
interference with cell cycle progression has not 
been adequately investigated in ovarian can-
cer. In our study, following exposure to DHA for 
36 hours, the Hey and IGROV-1 cell lines dem-
onstrated cell cycle arrest. Interestingly, the 
Hey cells demonstrated G2 arrest with DHA 
treatment while the IGROV-1 cells demonstrat-
ed G1 arrest, accompanied by downregulation 
of CDK4, CDK6 and cyclin D1. G2 arrest in Hey 
cells was only demonstrated following expo-
sure to high doses of DHA; G2 arrest is often 
closely associated with enhanced apoptosis. 
Cell cycle arrest has limited effects on anti-pro-
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liferation in DHA-treated cells, and apoptosis 
may be a major pathway for inhibition of cell 
proliferation by DHA for Hey cells [44]. Collec- 
tively, these results suggest that DHA-induced 
cell cycle arrest is a cell type-specific event 
within the same type of cancer. However, the 
exact mechanism of cell cycle arrest induced  
by DHA in different types of cancer is worthy of 
further study.

Since DHA has the potential to inhibit angio- 
genesis through various mediators including 
VEGF, PDGF, PDECGF, COX-2, PGE2, nitric oxi- 
de, NFκB, matrix metalloproteinases and β- 
Catenin, anti-invasive and anti-metastatic effi-
cacy of DHA has been investigated in breast, 
lung, pancreatic, prostate, colon, bladder and 
renal cancer [45-47]. DHA has been document-
ed to have anti-invasive and anti-metastatic 
effects pre-clinical cancer models [48]. Using 
an osteolytic and visceral metastasis nude 
mouse model injected with MDA-MB-231-Luc 
cancer cells intra-cardially, DHA inhibited bre- 
ast cancer metastasis specifically to bone and 
reduced the number of osteolytic lesions [49]. 
Epoxydocosapentaenoic acids (EDPs), one of 
DHA’s metabolites, inhibited VEGF and fibro-
blast growth factor 2-induced angiogenesis in 
vivo and decreased lung metastases in the 
Lewis mouse model of lung carcinoma [50]. 
One study by Ligo et al. in a metastatic colon 
carcinoma 26 (Co 26Lu) model found that a 
DHA rich diet exerted significant inhibitory 
effects on tumor growth at the implantation 
site and significantly decreased the numbers  
of lung metastatic nodules. Additionally, pre-
treatment of Co 26 cells with DHA in this mo- 
del also showed a low potential for lung colony 
formation when transferred to new hosts, sug-
gesting that the effect of DHA on tumor metas-
tasis directly affects tumor cells independent 
of the surrounding environment [47, 51]. The 
anti-invasive activity of DHA has also been 
investigated in ovarian cancer cells and trans-
genic zebrafishes, and the results demonstrat-
ed that DHA exhibited inhibitory effects on 
angiogenesis, invasion, and metastasis via NF- 
KB signaling pathway in cancer cells and ani-
mal models [23]. Our study similarly confirmed 
that DHA inhibited cellular adhesion and inva-
sion involving key EMT processes in ovarian 
cancer cells. Furthermore, DHA not only inhib-
ited tumor growth but also decreased VEGF  
levels in serum and ovarian tumor tissues in 
the KpB mice. 

In conclusion, omega-3 supplements have be- 
en previously found to have favorable impacts 
on quality of life, side effects, nutritional-in- 
flammatory risk and immune function in can- 
cer patients receiving chemotherapy and/or 
radiotherapy [27, 29, 33]. We clearly demon-
strated that DHA effectively inhibited cell via- 
bility and decreased the invasive potential of 
ovarian cancer in vitro and in vivo. Similar to 
other studies, our data provides fundamental 
rationale for further investigation of DHA in  
clinical trials and highlights the potential of 
DHA as a novel dietary intervention and a pro- 
mising and easily tolerable adjunct therapy for 
ovarian cancer, a malignancy that is in desper-
ate need of novel interventions. 
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