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Cancer is defined as uncontrolled cell division, which could spread or invade
various tissues. There are more than 200 types of cancer, including breast, skin,
lung, colon, and prostate cancer, and lymphoma, the symptoms and indications of
which vary depending on the type of tissues. Cancer has several treatments with
different applications. For instance, chemotherapy, radiation therapy, surgery or
their combination are common treatment modalities for cancer. However, a complete
cure for cancer has not been achieved yet. On the other hand, novel drugs for cancer
treatment are not efficient due to the ability of cancer cells to develop resistance
against chemotherapeutic agents. Recently, natural compounds have been reported
to improve the efficiency of cancer treatment. Polyunsaturated fatty acids (PUFAs)
are natural compounds that could be used as dietary supplements in cancer patients.
PUFAs are classified into two main categories, including n-3 and n-6 PUFAs. According
to the literature, n-3 PUFAs exert protective effects against cancer through the
induction of apoptotic pathways and suppressing cell proliferation, while n-6 PUFAs
cause tumor formation by inducing cell growth and proliferation. Using PUFAs in
combination with chemotherapeutic agents is considered to be an effective approach
to the treatment of cancer patients through increasing cancer cell death. This review
aimed to discuss the interactive effects of the structure and function of PUFAs on
cancer and cell processes through various signaling pathways.
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Introduction

This review aimed to discuss the current lit-
erature regarding polyunsaturated fatty acids
(PUFAs) and their role in cancer progression and
treatment based on the articles published in da-
tabases such as PubMed-NCBI. Initially, the chem-
istry and structure of PUFAs and their effects on
the function of PUFAs have been elucidated. Fur-
thermore, the interactions between the structure
and function of PUFAs have been discussed by
summarizing the major research articles in this
regard. Following that, the role of PUFAs in cancer
progression has been discussed, as well as their

effects on various signaling pathways. Finally, the
potential usage of PUFAs in cancer treatment has
been explained based on in-vitro, in-vivo, and clin-
ical studies.

Literature Review
Structure and Function of PUFAs

PUFAs are composed of a long carbon chain with
one or a double/triple carbon-carbon bond. These
compounds could be classified into three groups
based on their contained bonds, including mono-
unsaturated, polyunsaturated, and acetylenic fat-
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ty acids (Figure 1) (1,2). PUFAs are found in cell
membrane phospholipids and are also involved
in the cell membrane structure, fluidity, signaling,
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and cell-to-cell interaction (3). With their involve-
ment in these cellular events, PUFAs play a key role
in cancer progression (4,5).
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more double bonds in alkyl chain.
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more trible bondsin alkyl chain.

Figure 1. Types of Fatty Acid as Saturated and Unsaturated Fatty Acids (Fatty acids are classified as saturated and
unsaturated fatty acids; Saturated fatty acids contain saturated hydrocarbon chain, while unsaturated fatty acids have
double or triple carbon-carbon bond chain; Unsaturated fatty acids are saturated with hydrogen.)

Determining the structure of PUFAs clarifies
the function of various PUFAs that needs to be
predicted. In addition, PUFAs could be categorized
into three groups based on the position of
their double bonds, including conjugated, non-
conjugated, and methylene-interrupted PUFAs
(6-8). Conjugated PUFAs contain single bonds
between the two double bonds, and unconjugated
PUFAs consist of more single bonds between their
two double bonds (8,9). In a study, De la Torre et al.
elaborated on the differences between conjugated
and non-conjugated linoleic acid, which are
known as polyunsaturated n-6 fatty acids.
Accordingly, conjugated linoleic acid derivatives
were less efficient compared to unconjugated
linoleic acid derivatives in various cancer cells,
with the exception of MCF-7 (breast cancer cell
line). Moreover, the findings of the mentioned
study indicated that growth inhibitory activity
was significantly regulated depending on the
number of the double bonds in linoleic acid (10).
PUFAs with methylene-interrupted arrangement
are classified based on the methyl groups (-CH2)
that provide flexibility through free rotation. This
feature also affects the function of the membrane
components in embedded proteins (11).

PUFAs could also be divided into various
subclasses depending on the distance of their
double bonds from the methyl side. N-3 and n-6
PUFAs are considered to be essential human
nutrients (6). N-3 PUFAs include alpha-linolenic
acid, eicosapentaenoic acid, and docosahexaenoic
acid (DHA), and n-6 PUFAs include linolenic acid
(LA) and arachidonic acid (AA) (12). Each PUFA
plays a different, key role as a precursor to mediate
inflammation, angiogenesis, and cancer through
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multiple mechanisms (13,14). It is notable that
n-3 and n-6 PUFAs have contrary effects on cancer,
while n-3 PUFAs have antitumor activities, and
n-6 PUFAs induce tumor growth (5,15).

The activity of fatty acids could be determined
based on key factors such as the carbon chain
length, number of the double bonds, and
configuration of the bonds. In a research in
this regard, Costabile M. et al. screened various
structures of fatty acids to assess their function.
Although the correlation of the carbon chain
length and biological activity of monounsaturated
fatty acids could not be clearly established, other
properties were reported to affect the activity of
these acids. This issue was investigated differently
in case of PUFAs as their activity increased with
the lengthening of the carbon chain. Moreover, the
PUFAs in Z configuration were observed to have
higher inhibitory effects compared to the PUFAs in
E configuration, with the exception of 9(Z),12(Z)-
octadecadienoic acid (18:2 n-6), as its activity had
no significant changes (16).

Various formulations of n-3 PUFAs are found as
free fatty acids, ethyl esters, monoacylglycerides,
triacylglycerides, and phospholipids, which
have variable beneficial effects at different
doses. In this regard, the findings of Cruz-
Hernandez C. et al. demonstrated that the
n-3 PUFAs in monoacylglycerides are more
bioavailable and easily delivered in tissues since
monoacylglycerides are not absorbed by lipase
in pre-clinical tests (17). Furthermore, Morin
C. et al. examined the anti-effects of n-3 PUFAs
in monoacylglycerides on colorectal carcinoma
cancer, and the obtained results indicated that
the n-3 PUFAs in monoacylglycerides could
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reduce cell proliferation and induce apoptosis by
decreasing the activtion of nuclear factor kappa-
light-chain-enhancer of activated B cells, which
occurred through the down-regulation of Bcl-2,
cyclin D1, c-myc, and COX-2 proteins (18).

Role of PUFAs in Cancer Progression

N-3 PUFAs have long been considered to
be beneficial for human health. In the early
1980s, studies showed that n-3 and n-6 PUFAs
could regulate the level of blood lipids and
blood pressure, while preventing the risk of
cardiovascular diseases (19). In addition, several
studies have been focused on the role of PUFAs in
cancer. Forinstance, Bartoli G.M. etal.reported that
n-3 PUFAs could decrease the risk of colon cancer
through the reduction of arachidonic acid in cells
(20). Following the mentioned study, Lockwood
K. et al. evaluated the effects of treatment with
n-3 PUFAs and nutritional antioxidants (Vitamin
C, D, and E) on 32 typical breast cancer patients,
who were considered high-risk as cancer had
spread to their axillary lymph nodes. According
to the findings, breast cancer metastasis did not
occur in the patients after combination therapy
with n-3 PUFAs and nutritional antioxidants.
Additionally, none of the patients lost weight, and
use of painkillers decreased as well. Therefore, it
was concluded that n-3 PUFAs could increase the
quality of life of the patients, while reducing the
tumor size (21).

Metastasis and tumor growth could be
regulated by fatty acids. The effects of direct
and indirect pathways in macroenvironments
on microenvironments could be the basis to
determine cancer progression, which is of utmost
importance in the development of new therapeutic
approaches. In a research, You S. et al. proposed a
new hypothesis on the effects of transition from
monounsaturated to polyunsaturated fatty acids
on tumor microenvironment in breast cancer.

Accordingly, the transition level of n-6 PUFAs
from monounsaturated increased in micro and
macroenvironments, which consistent with
the other studies in this regard. In addition, n-6
PUFAs were reported to induce tumorigenesis
by increasing estrogen levels and inducing cell
proliferation and inflammation (22).

Tumor growth is also mediated by angiogenesis
activity. Angiogenesis is the process of blood
vessel formation, which provides the required
nutrients for cancer cells. In a study, Szymczak et
al. elucidated the role of PUFAs in angiogenesis.
Correspondingly, angiopoietin-2 (Ang2) and
matrix metalloproteinase-9 (MMP-9) induced
angiogenesis through endothelial invasion
and tube formation. The obtained results also
indicated that n-3 PUFAs could inhibit Ang2 and
MMP-9 expression, while n-6 PUFAs had opposite
effects. Moreover, the expression of Ang2 and
MMP-9 was modulated by prostaglandin E2 and
prostaglandin E3 in the COX pathway (23).

According to epidemiological and experimental
studies,PUFAs couldbeinvolvedinthedevelopment
and progression of cancer. In this regard, Corsetto
P. A. et al. suggested that PUFAs could mediate cell
growth in breast cancer through the alteration of
the physical and chemical properties of cells and
membrane structure activity. Another similar
research indicated that n-3 PUFAs could modify
the biochemical and physical properties of the
lipid rafts in the membrane, thereby leading to
apoptosis (24). Furthermore, use of arachidonic
acid as a PUFA mediator was reported to induce
cell cycle arrest through increasing ceramide
levels (25). Therefore, it could be inferred that
arachidonic acid is involved in sphingolipid
metabolism, which is also regulated through the
induction of the COX-2 pathway (26).

According to the literature, n-3 and n-6 PUFAs
have anti-inflammatory and pro-inflammatory
effects, respectively (Figure 2). Inflammation is

Polyunsaturated fatty acids (PUFAs)
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Figure 2. Regulation of Two Essential PUFAs (n-6 and n-3). (N-6 and n-3 PUFAs have contrary roles in cellular processes; N-3 PUFAs
mediate anti-inflammation, apoptosis, inhibition of cell proliferation, and angiogenesis; N-6 PUFAs are involved in inflammation, cell

proliferation, and angiogenesis).
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critical in cancer progression since inflammatory
cells regulate the tumor microenvironment
through the regulation of cell proliferation,
survival, invasion, and migration. These processes
are maintained by several signaling pathways,
such as PI3K/PTEN/AKT, Hippo/YAP, PPAR-y/
NF-kB, and COX-2.

Effect of PUFAs on Signaling Pathways
PUFAs are considered critical components

to maintain homeostasis, which is a process
involving several signaling pathways. Although
fats are harmful to health and mightinduce cancer,
cardiovascular diseases, and blood pressure
disruption, PUFAs are considered beneficial
for various organisms. PUFAs could suppress
tumor progression through the inhibition of cell
proliferation, migration, invasion, and metastasis,
which could be regulated by several signaling
pathways (Figure 3).
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Figure 3. Role of PUFAs in Signaling Pathways.

The PI3K/PTEN/AKT pathway is essential to
lipid signaling in many cancer types. This pathway
mainly mediates cell growth, proliferation, and
apoptosis. The epidemiological studies in this
regard have demonstrated that n-3 and n-6 PUFAs
affect cancer development through targeting
multiple molecular pathways. Forinstance, GuZ.et
al. evaluated the correlations between PUFAs and
the localization and signaling of AKT in prostate
cancer. In the mentioned study, the arachidonic
acid (AA) of n-6 PUFAs and docosahexaenoic acid
(DHA) of n-3 PUFAs exerted variable effects on
cancer cells. In addition, PIP3 was detected on the
cell membrane of the AA-treated cells, while PIP3
was located in the cytosol of the DHA-treated cells,
suggesting that the localization of PIP3 could be
mediated by n-3 PUFAs. Furthermore, DHA was
reported to change the location of phospho-AKT
and PIP3, which inhibited the interaction of AKT
and BAD, leading to the suppression of tumor
growth through inducing apoptosis and inhibiting
the tumor progression pathways. Therefore,
it was concluded that a different family of n-3
and n-6 PUFAs could mediate the AKT pathway
distinctly (27). On the same note, Yin Y. et al.
confirmed the inhibition of cell proliferation via
the drastic reduction of AKT, as well as metastasis
through the suppression of HEF1, MMP-9, and

Rev Clin Med 2019; Vol 6 (No 3)

Metastasis

VEG proteins in lung cancer. HEF1, MMP-9, and
VEG protein levels are considered to be the
main mediator in cell migration and invasion,
which regulate metastasis. Use of DHA has been
shown to inhibit cell invasion and migration by
decreasing the expression levels of HEF1, MMP-9,
and VEG proteins (28).

Syndecans (SDC-1) is a type I transmembrane
protein, which mediates cell proliferation,
migration, and adhesion, as well as cell-cell
and cell-matrix interactions. In addition, SDC-
1 is known as the main regulator of tumor
microenvironment, and increased SDC-1
expression could induce apoptosis. In this regard,
the findings of Edwards I. ]. et al. and Hu Y. et al.
demonstrated the role of PUFAs by determining
the SDC-1 expression in prostate cancer. Edwards
I. ]. et al. determined the regulation of SDC-1 by
n-3 PUFA in prostate epithelial cells, reporting
that the use of n-3 PUFA could lead to the up-
regulation of SDC-1. Moreover, the effects of n-3
PUFAs on SDC-1 mRNA expression level was
reported to be twice more significant compared
to the effects of n-6 PUFAs.

SDC-1 is a proteoglycan located on the cell
membrane, which regulates growth factor
signaling and cell-cell interaction. Treatment with
n-3 PUFAs could results in the increased level
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of SDC-1 through the activation of peroxisome
proliferator-activated receptor (PPARy), which
directly affects the involvement of fatty acid
metabolism. Another important factor in this
regard is the association between SCD-1 and
cellular signaling pathways since SCD-1 maintains
the homeostasis of tumor microenvironment
(29). In their study, Hu Y. et al. evaluated the
interactions of SCD-1 and PDK1/AKT/BAD
signaling with the prostate cancer cells treated
with n-3 PUFAs. Accordingly, n-3 PUFA DHA
could induce apoptosis through the suppression
of SDC-1-dependent PDK1/AKT/BAD signaling,
while the increased expression of SDC-1 could
inhibit the phosphorylation of PDK1/AKT/BAD,
thereby leading to apoptosis (30).

The Hippo/Yes-associated protein (YAP)
pathway is known as a tumor suppressor
pathway, which is controlled by G-protein-
coupled receptors (GPRs). GPRs play a pivotal
role in cell proliferation and invasion, as well
as immune cell mediation. In a research in this
regard, Zhang K. et al. examined the interactions
of PUFAs and Hippo/YAP pathway in colorectal
cancer cells. According to the findings, n-3 PUFAs
induced the activation of the Hippo signaling
pathway through gas components such as GPR40
and GPR120, which regulated GPRs. Additionally,
n-3 PUFAs were reported to activate YAP
phosphorylation (31).

Obesity and inflammation are among the other
risk factors for tumor formation. According
to the literature, the consumption of n-3
PUFAs could reduce tumorigenesis, obesity-
related inflammation, and risk of cancer. The
inflammation induced by obesity regulates
tumor formation. In this respect, Chung H. et al.
demonstrated the regulatory role of n-3 PUFAs in
tumor formation in obese mice by determining
thelevels of the tumor necrosis factor (TNF-a) and
GPRs. TNF-a induces the production of cytokines,
which are the main mediator of inflammation.
Furthermore, cytokines as secreted proteins are
involved in cell interaction and communication.
According to the results of the mentioned study,
n-3 PUFAs could inhibit tumor growth with
increased inflammatory cytokines and TNF-a in
obese mice (32,33).

PUFAs are also used in combination therapies
to improve the effects of chemotherapy through
inducing the sensitivity of cancer cells. In a
study, Sharaf I. A. et al. determined the levels
of PPAR-y and NF-kB in breast cancer patients
after treatment with n-3 PUFAs. According to the
obtained results, activation of PPAR-y induced
cell apoptosis and decreased cell proliferation
in breast cancer, while NF-kB could control cell

proliferation and inflammation. In the mentioned
study, treatment with n-3 PUFAs along with
chemotherapy could increase the PPAR -y level
and inhibit the NF-«xB level (34).

In another study, Ma J. et al. demonstrated the
effects of n-3 and n-6 PUFAs on the angiogenesis
of gastric cancer via the COX-2 pathway.
Furthermore, prostaglandin H2 (PGH2) and
prostaglandin H3 (PGH3) were produced from
n-6 and n-3 PUFAs, respectively, and the process
was regulated via the COX-1 and COX-2 pathways.
PGH2 and PGH3 were eventually converted into
prostaglandin E synthase as PGE2 and PGE3,
which played an opposing role in angiogenesis,
inflammation, and tumorigenesis (35).

According to the literature, n-3 and n-6 PUFAs
play a key role in several signaling pathways,
such as the SCD-1/PDK-1/AKT/BAD, PI3K/
PTEN/AKT, Hippo/YAP, PPAR-y/NF-kB, and COX-
2 pathways. These pathways mediate cellular
processes, including cell proliferation, growth,
adhesion, invasion, angiogenesis, metastasis, and
inflammation.

PUFAs in the Clinical Studies

The pre-clinical results of in-vivo and in-vitro
studies have confirmed that n-3 PUFAs could
reduce cell growth and proliferation. Moreover,
clinical trials have been conducted to determine
the effects of PUFAs on cancer patients and
changes in PUFAs on the serum of these patients.

In a study in this regard, Wuryanti S. et al.
assessed the effects of PUFAs on the inflammation
ofan advanced cervical cancer patient undergoing
radiation therapy. According to the findings,
the overall survival rate of cervical cancer was
approximately 40%. In the mentioned study,
chemotherapy and radiation therapies were
applied as the main treatment approaches for
cervical cancer, and their combined application
was reported to cause severe complications.
On the other hand, use of n-3 PUFA instead of
chemical drugs was considered to be beneficial
owing to the associated pro-apoptotic and anti-
inflammatory effects. In the mentioned research,
the effects of n-3 PUFAs were also determined on
45 advanced cervical cancer patients undergoing
radiotherapy for 12 months. According to the
obtained results, PGE2 level decreased by 8.9%
in the treatment group, while it increased by
28.1% in the control group. Additionally, tumor
progression was reported to reduce in the
treatment group. The patients received PUFA
treatment with the ratio of n-6:n-3 PUFAs, and
the level of PGE2 was observed to decrease in
these patients. However, the reduction of PGE2
was observed to be more significant in the
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patients receiving n-3 PUFAs only compared to
those administered with n-6:n-3 PUFAs (36).

In another research, Murff H. J. et al. examined
the association between the consumption of
PUFAs and colorectal cancer development through
the observation of adenomatous and hyperplastic
polyp formation. According to the findings, the
risk of adenomatous and hyperplastic polyps
reduced in the women consuming n-3 PUFAs.
However, the adenomatous and hyperplastic
polyps in men and women were not affected by
the consumption of n-6 PUFAs. The consumption
of n-3 PUFAs by women was also observed to
reduce PGE2 production, which in turn decreased
the risk of colorectal cancer development through
decreasing angiogenesis, inflammation, and
tumorigenesis (37).

Previous findings have confirmed that PUFAs
affect immune cells, as well as cancer cells,
and the activation of immune cells depends on
synthesized n-3 PUFAs. In a study in this regard,
Sibbons C. M. determined the role of n-3 PUFAs in
peripheral blood mononuclear cells (PBMCs) and
Jurkat T cell leukemia cell line using an inhibitor
of PUFA biosynthesized enzyme. According to
the obtained results, n-3 PUFA synthesis was
mediated by elongase and desaturase, which
in turn affected the cell proliferation of PBMCs,
leading to mitosis regulation. However, Jurkat
cells were unaffected by n-3 PUFA synthesis since
the elongation and desaturation processes were
dysregulated in these cells (38).

According to the findings of Guartin M.
H., intake of n-3 PUFAs could influence cell
proliferation and inflammation and quality of life
of patients with prostate cancer. In the mentioned
study, the patients that were administered with
n-3 PUFA monoacylglycerols were followed-up
for one year every three months. The obtained
results confirmed that clinical applications and
quality of life could be improved by nutritional
interventions (39).

Conclusion

Tumor progression starts with uncontrolled
cell division. Removal of cancerous tissue and
growth control of cancer cells are considered
to be the main approaches to the prevention of
cancer development. Some of the treatments
that are commonly used for cancer include
surgery, chemotherapy, and radiotherapy,
which are associated with severe complications.
Cancer cells gain resistant properties due to
prolonged exposure to chemotherapy. As such,
new therapeutic drugs have been developed for
cancer treatment. PUFAs are natural therapeutic
drugs, which are classified into two essential

families of n-3 and n-6 PUFAs. These compounds
could regulate cancer cell processes, including
cell growth, proliferation, invasion, migration,
metastasis, angiogenesis, and inflammatory, via
signaling pathways.

Therole of n-3 and n-6 PUFAs vary depending on
the cancer type. For instance, n-3 PUFAs have been
reported to increase PPAR-y and NF-kB, which
are the main regulators of apoptosis in breast
cancer, while n-3 PUFAs regulate angiogenesis
through the regulation of the COX pathway. PUFAs
are also involved in other signaling pathways,
including SCD-1/PDK-1/AKT/BAD, PI3K/PTEN/
AKT, and Hippo/YAP, which play a key role in
the other cellular mechanisms aiding in the
initiation, development, and prevention of cancer.
Additionally, n-3 and n-6 PUFAs are known as
lipid mediators, which have a potential role in
enzyme regulation for biotransformation. These
data reveal a new treatment application by novel
drug discovery and design (40). Furthermore,
lipid-based drugs (e.g., epoxides and their
derivatives), which are known as types of n-3
PUFAs, are essentially involved in the suppression
of cell growth and induction of apoptosis in breast
cancer cells, as well as the reduction of tumor size,
as reported by the in-vivo studies in this regard.

According to the literature, lipid-based drugs
provide specific targeting in addition to their
use as tolerable drugs in cancer treatment (41).
In a study, Serini S. et al. synthesized solid lipid
nanoparticles encapsulated with n-3 PUFAs in
order to inhibit cancer cell growth. According to
the obtained results, the delivery efficacy of the
synthesized nanoparticles increased in colorectal
cancer cell lines. Moreover, the encapsulated n-3
PUFA nanoparticles were reported to suppress
cell proliferation and induce apoptosis. The role of
this nanoparticle in cell signaling pathways and its
in-vivo applications should be determined so as
to improve the use of PUFAs in cancer treatment
(42).

Acknowledgements
None.

Conflict of Interest
The authors declare no conflict of interest.

References

1.  Bond LM, Miyazaki M, O'Neill LM, et al. Chapter 6 - Fatty Acid
Desaturation and Elongation in Mammals. In: Ridgway ND,
McLeod RS, editors. Biochemistry of Lipids, Lipoproteins
and Membranes (Sixth Edition). Boston: Elsevier; 2016 p.
185-208.

2. Londero VS, da Costa-Silva TA, Gomes KS, et al. Acetylenic
fatty acids from Porcelia macrocarpa (Annonaceae) against
trypomastigotes of Trypanosoma cruzi: Effect of octa-
dec-9-ynoic acid in plasma membrane electric potential.

Rev Clin Med 2019; Vol 6 (No 3) 89
Published by: Mashhad University of Medical Sciences (http://rcm.mums.ac.ir)



Baran Yeal

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

90

Bioorg Chem. 2018;78:307-311.

Shaikh SR, Kinnun J], Leng X, et al. How polyunsaturated fat-
ty acids modify molecular organization in membranes: in-
sight from NMR studies of model systems. Biochim Biophys
Acta. 2015;1848:211-219.

Dai ], Shen ], Pan W, et al. Effects of polyunsaturated fatty
acids on the growth of gastric cancer cells in vitro. Lipids
Health Dis. 2013;12:71.

Huerta-Yépez S, Tirado-Rodriguez AB, Hankinson O. Role of
diets rich in omega-3 and omega-6 in the development of
cancer. Bol Med Hosp Infant Mex. 2016;73:446-456.
Murphy RC, Okuno T, Johnson CA, et al. Determination of
Double Bond Positions in Polyunsaturated Fatty Acids Using
the Photochemical Paterno-Buchi Reaction with Acetone
and Tandem Mass Spectrometry. Anal Chem. 2017;89:8545-
8553.

Sailas B, Kizhakepowathil Nair U, Prakasan P, Andre-Denis
Girard W. Biogenesis of Conjugated Linoleic Acids. In: Sailas
B, editor. Examining the Development, Regulation, and Con-
sumption of Functional Foods. Hershey, PA, USA: IGI Global;
2017 p. 1-28.

Fardin-Kia AR. Preparation, isolation and identification of
non-conjugated C18:2 fatty acid isomers. Chem Phys Lipids.
2016, 201:50-58.

Vannice G, Rasmussen H. Position of the Academy of Nutri-
tion and Dietetics: Dietary Fatty Acids for Healthy Adults. ]
Acad Nutr Diet. 2014;114:136-153.

De la Torre A, Debiton E, Durand D, et al. Conjugated linoleic
acid isomers and their conjugated derivatives inhibit growth
of human cancer cell lines. Anticancer Res. 2005;25:3943-
3949.

Rabinovich AL, Ripatti PO. The flexibility of natural hydro-
carbon chains with non-methylene-interrupted double
bonds. Chem Phys Lipids. 1991;58:185-192.

Egert S, Baxheinrich A, Lee-Barkey YH, et al. Effects of a hy-
poenergetic diet rich in a-linolenic acid on fatty acid compo-
sition of serum phospholipids in overweight and obese pa-
tients with metabolic syndrome. Nutrition. 2018;49:74-80.
Wang W, Yang ], Nimiya Y, et al. -3 Polyunsaturated fatty
acids and their cytochrome P450-derived metabolites sup-
press colorectal tumor development in mice. Nutr Metab
(Lond). 2019; 16: 53.

Nguyen NM, de Oliveira Andrade F, et al. Maternal intake of
high n-6 polyunsaturated fatty acid diet during pregnancy
causes transgenerational increase in mammary cancer risk
in mice. Breast Cancer Research. 2017;19:77.

Funahashi H, Satake M, Hasan S, et al. Opposing effects of
n-6 and n-3 polyunsaturated fatty acids on pancreatic can-
cer growth. Pancreas. 2008;36:353-362.

Costabile M, Bassal NK, Gerber JP, et al. Inhibition of in-
doleamine 2,3-dioxygenase activity by fatty acids and pros-
taglandins: A structure function analysis. Prostaglandins
Leukot Essent Fatty Acids. 2017;122:7-15.
Cruz-Hernandez C, Thakkar SK, Moulin ], et al. Benefits of
structured and free monoacylglycerols to deliver eicosapen-
taenoic (EPA) in a model of lipid malabsorption. Nutrients.
2012;4:1781-1793.

Morin C, Rousseau E, Fortin S. Anti-proliferative effects of a
new docosapentaenoic acid monoacylglyceride in colorec-
tal carcinoma cells. Prostaglandins Leukot Essent Fatty Ac-
ids. 2013;89:203-213.

Mortensen JZ, Schmidt EB, Nielsen AH, et al. The effect of N-6
and N-3 polyunsaturated fatty acids on hemostasis, blood
lipids and blood pressure. Thromb Haemost. 1983;50:543-
546.

Bartoli GM, Palozza P, Marra G, et al. n-3 pufa and a-tocoph-
erol control of tumor cell proliferation. Mol Aspects Med.
1993;14:247-252.

Lockwood K, Moesgaard S, Hanioka T, et al. Apparent partial
remission of breast cancer in ‘High Risk’ patients supple-
mented with nutritional antioxidants, essential fatty acids
and Coenzyme Q10. Mol Aspects Med. 1994;15:5231-240.
You S, Tu H, Zhao Y, et al. Raman Spectroscopic Analysis
Reveals Abnormal Fatty Acid Composition in Tumor Micro-
and Macroenvironments in Human Breast and Rat Mamma-

23.

24,

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

ry Cancer. Sci Rep. 2016;6:32922.

Szymczak M, Murray M, Petrovic N. Modulation of angiogen-
esis by -3 polyunsaturated fatty acids is mediated by cycloo-
xygenases. Blood.2008;111:3514-3521.

Corsetto PA, Cremona A, Montorfano G, et al. Chemical-phys-
ical changes in cell membrane microdomains of breast can-
cer cells after omega-3 PUFA incorporation. Cell Biochem
Biophys. 2012;64:45-59.

Diggle CP, Pitt E, Roberts P, etal. N;-3 and n;-6 polyunsaturat-
ed fatty acids induce cytostasis in human urothelial cells in-
dependent of p53 gene function. ] Lipid Res. 2000;41:1509-
1515.

Nakamura H, Murayama T. Role of sphingolipids in arachi-
donic acid metabolism. ] Pharmacol Sci. 2014;124:307-312.
Gu Z, Wu ], Wang §, et al. Polyunsaturated fatty acids affect
the localization and signaling of PIP3/AKT in prostate can-
cer cells. Carcinogenesis. 2013;34:1968-1975.

Yin Y, Sui C, Meng F, et al. The omega-3 polyunsaturated
fatty acid docosahexaenoic acid inhibits proliferation and
progression of non-small cell lung cancer cells through the
reactive oxygen species-mediated inactivation of the PI3K /
Akt pathway. Lipids Health Dis. 2017;16:87.

Edwards IJ, Sun H, Hu Y, et al. In vivo and in vitro regulation
of syndecan 1 in prostate cells by n-3 polyunsaturated fatty
acids. ] Biol Chem. 2008;283:18441-18449.

Hu Y, Sun H, Owens RT, et al. Syndecan-1-dependent sup-
pression of PDK1/Akt/bad signaling by docosahexaeno-
ic acid induces apoptosis in prostate cancer. Neoplasia.
2010;12:826-836.

Zhang K, Hu Z, Qi H, et al. G-protein-coupled receptors medi-
ate w-3 PUFAs-inhibited colorectal cancer by activating the
Hippo pathway. Oncotarget. 2016;7:58315-58330.

Chung H, Lee YS, Mayoral R, et al. Omega-3 fatty acids re-
duce obesity-induced tumor progression independent of
GPR120 in a mouse model of postmenopausal breast can-
cer. Oncogene. 2015;34:3504-3513.

Zhang JM, An J. Cytokines, Inflammation and Pain. Int Anes-
thesiol Clin. 2007;45:27-37.

Sun H, Berquin IM, Owens RT, et al. Peroxisome prolifera-
tor-activated receptor gamma-mediated up-regulation of
syndecan-1 by n-3 fatty acids promotes apoptosis of human
breast cancer cells. Cancer Res. 2008;68:2912-2919.

Ma ], Ma Y, Guo T, et al. Effect of polyunsaturated fatty acids
-3 and w-6 on angiogenesis formation in human gastric
cancer. Zhonghua Wei Chang Wai Ke Za Zhi. 2017;20:84-89.
Wauryanti S, Andrijono, Susworo, et al. The Effect of High
Poly Unsaturated Fatty Acid (PUFA) Dietary Supplemen-
tation on Inflammatory Status of Patients with Advanced
Cervical Cancer on Radiation Treatment. Acta Med Indones.
2015;47:45-49.

Murff HJ, Shrubsole M]J, Cai Q, et al. Dietary intake of PUFAs
and colorectal polyp risk. Am ] Clin Nutr. 2012;95:703-712.
Sibbons CM, Irvine NA, Pérez-Mojica JE, et al. Polyunsaturat-
ed Fatty Acid Biosynthesis Involving A8 Desaturation and
Differential DNA Methylation of FADS2 Regulates Prolifer-
ation of Human Peripheral Blood Mononuclear Cells. Front
Immunol. 2018;9:432.

Guertin MH, Robitaille K, Pelletier JE et al. Effects of con-
centrated long-chain omega-3 polyunsaturated fatty acid
supplementation before radical prostatectomy on prostate
cancer proliferation, inflammation, and quality of life: study
protocol for a phase IIb, randomized, double-blind, place-
bo-controlled trial. BMC Cancer. 2018;18:64.

Pazderka CW, Oliver B, Murray M, et al. Omega-3 Polyunsat-
urated Fatty Acid Derived Lipid Mediators and Their Appli-
cation in Drug Discovery. Curr Med Chem. 2018; 26.
Garrastazu Pereira G, Rawling T, Pozzoli M, et al. Nanoemul-
sion-Enabled Oral Delivery of Novel Anticancer w-3 Fatty
Acid Derivatives. Nanomaterials (Basel). 2018;8. pii: E825.
Serini S, Cassano R, Corsetto PA, et al. Omega-3 PUFA Load-
ed in Resveratrol-Based Solid Lipid Nanoparticles: Physico-
chemical Properties and Antineoplastic Activities in Human
Colorectal Cancer Cells In Vitro. Int ] Mol Sci. 2018;19. pii:
E586.

Rev Clin Med 2019; Vol 6 (No 3)
Published by: Mashhad University of Medical Sciences (http://rcm.mums.ac.ir)



