Nutrition Research Reviews (2016), 29, 102-125
© The Authors 2016

doi:10.1017/50954422416000044

How plausible is the use of dietary n-3 PUFA in the adjuvant therapy of
cancer?

Simona Serini'*, Renata Ottes Vasconcelos?, Elena Fasano' and Gabriella Calviello"*

nstitute of General Pathology, Universita Cattolica del S. Cuore, L.go F. Vito, 1-00168 Rome, Italy
“Institute of Biological Sciences, Federal University of Rio Grande, Avenida Italia, km 8, Campus Carreiros, Rio Grande/RS.
96201 1-900, Brazil

Abstract

Considerable debate exists regarding the potential antineoplastic effect of dietary long-chain 7-3 PUFA contained in fatty fishes. Since the
majority of published data has proven that their intake does not induce toxic or carcinogenic effects in humans, their possible preventive use
against cancer has been suggested. On the other hand, it is unlikely that they could be effective in cancer patients as a single therapy.
Nevertheless, a considerable effort has been put forth in recent years to evaluate the hypothesis that 7-3 PUFA might improve the
antineoplastic efficiency of currently used anticancer agents. The rationale for this therapeutic combinatory strategy is trying to increase cancer
sensitivity to conventional therapies. This could allow the use of lower drug/radiation doses and, thereby, a reduction in the detrimental health
effects associated with these treatments. We will here critically examine the studies that have investigated this possibility, by focusing
particularly on the biological and molecular mechanisms underlying the antineoplastic effect of these combined treatments. A possible use
of n-3 PUFA in combination with the innovative single-targeted anti-cancer therapies, that often are not completely devoid of dangerous
side-effects, is also suggested.
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troductio The antineoplastic effects of 7-3 PUFA have been studied for

The past few years have seen a renewed interest in dietary over 20 years in our laboratory by performing human trials“®, or
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long-chain 7-3 PUFA (LC-n-3-PUFA) and their possible bene-
ficial effects in numerous chronic diseases™?.

n-3 PUFA are hydrocarbon chains containing two or more
double bonds. They belong to the 7-6 or n-3 class depending
on the position of the first double bond starting from the
terminal methyl group. The parent fatty acids (FA) of the two
n-6 and n-3 PUFA families are linoleic acid (LA; 18 : 2n-6)
and a-linolenic acid (ALA; 18:3n-3), both considered dietary
essential FA, since they cannot be endogenously synthesised by
mammals. High amounts of LA are present in vegetable oils,
seeds and nuts, whereas ALA is especially contained in leafy
vegetables, seeds, walnuts, soyabeans, flaxseed and seed oils.
Once entered into our cells, both FA are metabolised by a series
of elongation and desaturation reactions to LC-PUFA. LA is
converted to arachidonic acid (AA; 20 : 412-6), whereas ALA to
EPA (20 : 51-3), and finally to DHA (22 : 6n-3). However, the
endogenous production of EPA and DHA from ALA is not very
efficient, especially at some ages and conditions; thus, the
consumption of fish represents an alternative and more efficient

route to enrich our tissues with these FA®.

preclinical studies on experimental animals and cultured
cells™ ™19 All the results obtained have concurred to demonstrate
the anti-neoplastic role of EPA and DHA. In particular, two clinical
trials performed in the early 1990s showed that dietary supple-
mentation with both EPA and DHA was able to normalise the
atypical cell proliferation pattern present in the colonic mucosa of
subjects at high risk for colon cancer'®. We also demonstrated
that EPA and DHA treatments delayed the development and
reduced the growth of murine and human cancer cells trans-
planted in syngeneic animals”?’ an,

So far, multiple biological mechanisms have been suggested
to explain the inhibitory effects of LC-n-3 PUFA on cancer cell
growth, and, particularly, their ability to induce apoptosis in
cancer cells7 11214720 - Several
thought to be involved in their growth-inhibitory effect (Fig. 1.
For instance, it has been proven that they induce deep altera-
tions in the composition and function of lipid membrane
microdomains (rafts and caveolae; mechanism A in Fig. 1).
It has been suggested that such perturbations may alter the
function of resident proteins (receptors, enzymes, transporters,

or in nude mice

molecular pathways are

Abbreviations: 5-FU, 5-fluorouracil; AA, arachidonic acid; ALA, a-linolenic acid; COX, cyclo-oxygenase; FA, fatty acid; FO, fish oil; i.v., intravenous; LC-72-3-
PUFA, long-chain 7-3 PUFA; MDR, multidrug resistance; NSCLC, non-small cell lung cancer; PARP, poly(ADP-ribose) polymerase; ROS, reactive oxygen

species; TRAIL, TNF-related apoptosis-inducing ligand.
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Fig. 1. Main mechanisms proposed to explain the inhibitory effect of long-chain (LC)-n-3 PUFA on cancer cell growth. It is possible to hypothesise that the activation of
the molecular mechanisms A and E (in bold boxes, ‘unifying mechanisms’) may be more directly related to the treatment with n-3 PUFA. As a consequence, other
mechanisms (in thin boxes: B, C, D and F) may be induced. MDR, multidrug resistance; ROS, reactive oxygen species.

adaptors; mechanism B in Fig. 1), and, in turn, the intracellular
molecular responses associated with them®?. Moreover, it is
well documented that they are able to deeply alter the cellular
metabolism of eicosanoids (mechanism C in Fig. 1), bioactive
molecules originating from EPA and AA and involved in
cell signalling. These FA are cleaved from cell membrane
phospholipids by phospholipase A,, and further metabolised by
the enzymes cyclo-oxygenases (COX) and lipo-oxygenases,
which convert them into PG, leukotrienes and thromboxanes.
EPA competes with AA for these enzymes, but whereas the
eicosanoids derived from AA have powerful inflammatory and
proliferative activity, those derived from EPA exert scarce
pro-inflammatory activity and, instead, have anti-proliferative
effects®”. Recently, new enzymically derived products of EPA
and DHA (resolvins and protectins) were identified (mechanism
D in Fig. ). They show powerful activity in vitro and in vivo
at nanomolar or picomolar concentrations in the resolution
phase of inflammation or by acting as neuroprotective
agents® 7. Since the pathogenic role of inflammation in the
development of many kinds of tumours*®®
lished, the antineoplastic activity of 7-3 PUFA has also been
related to the action of these bioactive molecules. Furthermore,
although there is still much debate as to whether 7-3 PUFA may
function in our tissues as pro-oxidants or antioxidants®”, most
of the findings concur to demonstrate that 72-3 PUFA are able to
sensitise cells to reactive oxygen species (ROS) through their
high peroxidability, due to the presence in their hydrocarbon
chain of multiple double bonds (mechanism E in Fig. 1B,
This mechanism has been invoked by a number of studies
correlating the cytotoxic action of 7-3 PUFA in cancer cells

was well estab-
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in vitro with their pro-oxidant potential *>* and the formation

of cytotoxic metabolic intermediates®®. Many reports have also
demonstrated the ability of 7-3 PUFA to modulate the expres-
sion of several proteins and transcription factors involved in the
molecular pathways associated with cell proliferation and
survival (mechanism F in Fig. 1)®>. The multiplicity of mechan-
isms activated by these FA may be disorienting. However, it is
possible to hypothesise® that the activation of some of them
(such as mechanisms A and E in Fig. 1) may be more directly
related to 7-3 PUFA. These mechanisms could be considered
as starting points for the activation of further LC-n-3 PUFA-
dependent secondary mechanisms (such as mechanisms B, C, D
and F in Fig. D.

The idea of a possible preventive usage of LC-PUFA against
cancer has become quite acceptable, since within an estab-
lished range of doses (0.5-2g/d), most of the published data
have proven that their intake cannot be considered dangerous,
or induce toxic or carcinogenic effects®®. Since they are usual
components of our diet, a preventive use could be simply
realised by increasing the consumption of 7-3 PUFA-rich foods
or by supplementing them in capsules containing marine oils or
EPA and/or DHA in a purified form. On the other hand, it is
unlikely that dietary supplementation alone could be an effec-
tive therapy for cancer patients. Instead, because of their
pleiotropic effects, and their ability to modulate many biological
processes and molecular pathways in the cells, an interesting
hypothesis has been considered. It suggests that 7-3 PUFA
could be administered in combination with the currently used
anticancer agents, with the main aim to enhance the efficacy
of these therapeutic treatments, as well as to reduce their
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side effects. Several years ago, we reviewed all the studies that
had evaluated this new combined therapeutic strategy up
to that point®”. However, additional and interesting papers
have been published on this subject meanwhile. Moreover, we
are recently witnessing an upsurge of interest in 7-3 PUFA
as anti-inflammatory and anti-neoplastic agents. Thus, in the
present review we will update the analysis of the existing
data regarding the beneficial effects exerted by n-3 PUFA in
combination with anti-neoplastic drugs and radiation.

Methodology
Literature search

A systematic literature search of the PubMed database was con-
ducted in the period from July 2014 to July 2015 to identify
published peer-reviewed original research articles regarding
in vitro studies, and in vivo animal and human interventional
studies on 7-3 PUFA combined with conventional (chemotherapy
or radiotherapy) cancer therapies. The main search terms used for
the search of titles and abstracts were: ‘omega-3 PUFA’ or ‘n-3
PUFA’ or ‘docosahexaenoic acid’ or ‘eicosapentaenoic acid’ or
‘fish oil’; and ‘animal studies’, or ‘human studies’, or ‘in vitro
studies’, or ‘in vivo studies’; and ‘chemotherapy’ or ‘radiotherapy’
or ‘antineoplastic drug’ and ‘cancer’ or ‘tumor’; and ‘combination’
or ‘combined treatment’. We mostly identified full-text articles
written in English. The papers were chosen without restriction of
time. Of course, whatever the criteria used to choose papers to be
analysed, it is useful to be reminded that, as recently emphasised
by Song et al®®, there still remains the tendency of researchers
and journal editors to prefer the outcomes showing significant
findings. This, however, represents a bias in all fields of published
literature.

Presentation of data

The in vitro studies were first considered, followed by the
preclinical animal studies and the human clinical interventional
trials. The results and the molecular mechanisms invoked were
critically analysed. The results were also summarised in several
comprehensive tables reporting the information for each
therapeutic combination studied, the concentrations/dose of
both anticancer drugs/radiation and #-3 PUFA/fish oils (FO),
the cellular/animal models used or the types of clinical trials
performed, and the anticancer as well as the biological and
molecular effects obtained.

In vitro studies

A broad range of experimental in vitro studies, mainly per-
formed on colon and breast cancer cell lines, as well as on
leukaemia cells, have demonstrated an enhanced efficacy of
treatments with conventional antineoplastic agents (either drugs
or radiation) when they were administered in combination with
7n-3 PUFA. Just a few experimental studies were also performed
by using cancer cells originating from other tissues. We will
analyse the studies in four separate paragraphs on the basis of
the cancer cells used (colon cancer cells, breast cancer cells,
leukaemia/lymphoma and myeloma cells, and other kinds of
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cancer cells). This paragraph division is related to the fact that
the antineoplastic treatments administered in combination were
usually specific for each kind of cancer cells, that is, those
generally employed against the human cancers derived from
those cells.

Colon cancer cells

All of the results obtained by adding LC-7#-3 PUFA to colon
cancer cells treated in vitro with anti-neoplastic agents have
concurred to demonstrate a remarkable enhancement in the
ability of cells to undergo apoptosis (Table 1 and Table 2).
In most of the papers analysed, the possible molecular changes
underlying this effect were also investigated. Several years
ago, we demonstrated that DHA was able to enhance the
efficacy of 5-fluorouracil (5-FU), one of the most widely used
drugs in the therapy of this type of cancer. DHA induced a
synergistic growth-inhibitory and pro-apoptotic effect in four
different types of human colon cancer cells, and this effect was
independent on cell p53 status"?. This result is interesting,
since it is known that therapy with 5-FU is less effective in
patients bearing p53-mutant colon cancers, and also because
the anti-tumour effect was observed with concentrations of
5-FU lower than those commonly found in the serum of
patients treated with 5-FU (in the range 0-1-1p)™®. This
finding suggested that n-3 PUFA in vivo could increase the
therapeutic potential of low doses of 5-FU, and, thus, avoid
the undesired side effects associated with high 5-FU doses.
More recently, Granci et al.®” confirmed these results, showing
that a FO emulsion (corresponding to about 45 um-EPA + DHA)
enhanced the pro-apoptotic effect of 1um-5-FU in HT-29
cells, whereas a soyabean oil emulsion was ineffective. The
authors ascribed this effect to the ability of the FO emulsion
to activate the Bax-dependent apoptotic pathway. Also Jordan
& Stein®” investigated the effect of a combination of 5-FU
and a FO-based lipid emulsion rich in 7-3 FA in Caco-2 colon
cancer cells. In agreement with our results, they found that
the combination FO emulsion/5-FU additively inhibited cell
growth, both decreasing cell cycle progression and inducing
apoptosis.

The same n-3 PUFA/5-FU combination was investigated
recently in colon cancer stem-like cells (CSLC). It was observed
that EPA increases the sensitivity of the CD133" CSLC to
5-FU“Y . This may represent a highly innovative frontier in the
field of new possible therapeutic strategies using antineoplastic
agents/n-3 combinations. A growing body of evidence supports
the hypothesis that human cancer is a stem cell disease, and that
only the CSLC fraction possesses cancer-initiating potential, as
well as the ability to sustain a tumour***. Moreover, it has
been shown that these cells have a role in the acquisition of
chemotherapy resistance and tumour relapse. Interestingly, it
has been observed that EPA is able to down-regulate the
expression of CD133“Y a marker used to isolate populations of
colon cancer cells that retain stem cell properties from both
established cell lines and primary cell cultures. On the contrary,
EPA increased the expression of differentiation markers in
colonic epithelium, such as cytokeratin 20 and mucin 2“7
Moreover, in a recent study performed in chemoresistant colon
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Table 1. Colon cancer cells in vitro: effects of n-3 PUFA in combination with conventional antineoplastic agents

Biochemical and

Cell type Antineoplastic drug n-3 PUFA treatment Anticancer effect(s) molecular effects Reference
LS-174, Colo 320  5-FU (0-1-7-5um) DHA (10-50 um) 1 Cell growth inhibition | Bcl-2, Bel-xL expression 12
HSR, Colo 205, 1 Apoptosis induction 1 c-myc expression
HT-29 | Cell cycle progression
HT-29 5-FU (1 pm) FO-based lipid emulsion 1 Apoptosis induction 1l Agm 39
(20-6 g/l EPA and 19 g/l DHA) 1 Caspase-9 activation
to a final concentration of
24 uv-EPA and 20-5 pm-DHA
Caco-2 5-FU (0-25—1 pm) FO-based lipid emulsion 1 Cell growth inhibition Not investigated 40
(21 g/l EPA and 17 g/l DHA) 1 Apoptosis induction
to a final concentration of
10-50 um-EPA and
7-5-37-5 um-DHA
COLO 320 DM 5-FU (0-05—2 mm) EPA (25 um) | Cell viability 1 CK20 and MUC2 41
Oxaliplatin (0-005— expression
0-1mwm) | CD133 expression
Chemoresistant 5-FU (50 mM), oxaliplatin EPA (10—20 um) 1 Inhibition of cell growth and 1t Cleavage of PARP 44
HT-29 and (1-25 mm) colonosphere formation 1 pPTEN expression
HCT-116 1 Sphere disintegration | pAKT expression
| CSC/CSLC population | B-Catenin expression
Caco-2 p-XSC (2:5um) DHA (2:5um) 1 Cell growth inhibition | B-Catenin, COX-2, iINOS, 46
1 Apoptosis induction cyclin D1 expression
HT-29 TRAIL (200 ng/ml) DHA (100 pm) 1 Cell viability 1 ROS production 47
1 Apoptosis induction 1 Pro-caspase 3 and 8
expression
1 Apm

| Bid, PARP expression

cancer cells highly enriched in CSC, it was shown that EPA
improved the ability of 5-FU +oxaliplatin (FuOx) not only in
inhibiting colon cancer cell growth and colonosphere forma-
tion, but also in reducing CSC population. Also in this case the
suppression of cancer cell growth was the result of increased
apoptosis, as evidenced by poly(ADP-ribose) polymerase
(PARP) cleavage““ .

Moreover, on the basis of previous epidemiological and
preclinical studies showing that diets rich in Se had the potential
to reduce the incidence of colon cancer™®, Narayanan et al“4®
evaluated the effect of a combination of DHA with 1,4-
phenylene bis(methylene) selenocyanate, a synthetic organo-
selenium compound less toxic and more effective than
inorganic Se. Interestingly, it was observed that the combined
treatment efficiently inhibited colon cancer cell growth by
enhancing apoptosis(46). They suggested that the effect could
be related to the down-regulation of several genes involved in
colon cancer cell growth (i.e. COX-2, inducible NO synthase,
cyclin Dy, B-catenin and NF-kB-p65).

Of great interest are also the results showing that DHA is able
to sensitise human colon adenocarcinoma HT-29 cells to
the apoptosis induced by TNF-related apoptosis-inducing
ligand (TRAIL)7*® This is a member of the TNF family and
a very promising anti-cancer agent‘49), since it possesses the
unique property to induce cancer cell death while sparing most
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5-FU, 5-fluorouracil; FO, fish oil; Aym, mitochondrial membrane potential; CK20, cytokeratin 20; MUC2, mucin 2; CSC, cancer stem cells; CSLC, cancer stem-like cells;
PARP, poly(ADP-ribose) polymerase; AKT, protein kinase B; PTEN, phosphatase and tensin homolog; p-XSC, 1,4-phenylenebis(methylene)selenocyanate; COX-2,
cyclo-oxygenase-2; iNOS, inducible NO synthase; TRAIL, TNF-related apoptosis-inducing ligand; ROS, reactive oxygen species

normal cells“”. However, its clinical application has been so far
hampered due to the resistance that some cancer cells show to
TRAIL-induced apoptosis®®. For this reason, possible combi-
nations of TRAIL with apoptosis inducers able to synergise with
it and, thus, sensitise apoptosis-resistant cancer cells have been
intensively studied over the last 10 years®". Based on the
results obtained, the combinatory strategy is considered very
promising, even though to be still verified in clinical settings.
Particularly, Skender et al.“*® recently showed that DHA sen-
sitised cancer cells to the pro-apoptotic effect of TRAIL thanks
to its ability to activate Bax and Bak, whose down-regulation
had been associated with resistance to TRAIL®?*®. Moreover,
DHA acted also by activating the endoplasmic reticulum stress
response and up-regulating CCAAT-enhancer-binding protein
homologous protein (CHOP). This is one of the pathways
considered crucial to be targeted in a combinatory treatment
with TRAIL®Y.

The exposure to photodynamic therapy or radiation induces
apoptosis in colon cancer cells, and the combined treatment
with DHA, EPA or conjugated EPA was shown to enhance
it®7 The mechanism proposed to explain the pro-apoptotic
effect of these combinations was increased oxidative stress and
lipid peroxidation, which may also activate the inflammatory
response”*™” as well as the increased DNA damage due to
decreased expression of DNA polymerases®”.
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Table 2. Colon cancer cells in vitro: effects of n-3 PUFA in combination with conventional antineoplastic agents

Cell type Antineoplastic drug n-3 PUFA treatment Anticancer effect(s) Biochemical and molecular effects Reference
SW620, SW480, TRAIL (2-5-25 ng/ml) DHA (50 pm) | Cell viability 1 Cleavage of caspase-8, -9 48
DLD-1 1 Apoptosis induction and -3 and Bid
1 Cytochrome c release
1 CHOP expression
1 Bax and Bak activation
| Aym
1 clAP1 and XIAP level
| PERK expression
HT-29 Hypericin (150nm); PDT  DHA (150 uwm) 1 Cytotoxicity 1 ROS and RNS production 54
(315 mW/em?) 1 Apoptosis induction 1 Lipoperoxidation
HCT116 Radiation (7-8 Gy/min) cEPA (100 um) 1 Radiosensitivity | Pols B, & and & expression 55
1 Apoptosis induction 1 DNA damage
1 Cell survival
HT-29, LS174T Radiation (0—4 Gy) EPA, DHA (20 or 50um) 1 Cell death, apoptosis 1 Lipid peroxidation, Hsp70 expression 56
1 NF-kB p65, COX-2, Bcl-2 expression
HT-29 Radiation (4—8 Gy) EPA (30 um) 1 Radiosensitivity 1 Lipid peroxidation 57
HCT116, LoVo, Sulindac sulfide DHA (15-20 um) 1 Apoptosis 1 PARP cleavage 58
SNU-C4 (100-125 pm) 1 Caspase-8 activation
Caco-2 Paclitaxel (2:5-5 nw) EPA, DHA (50-100puv) 1 Cytotoxicity | P-gp expression 60
1 Apoptosis induction 1 CAR and RXR receptor mRNA
HT29-dx Doxorubicin (5 um); EPA, DHA (50 pm) 1 Cell growth inhibition 1 Trc8 E3 ligase activation 66

Irinotecan (1 um)

1 HMGCoAR ubiquitination
| Cholesterol synthesis
| P-gp and MRP1 expression

TRAIL, TNF-related apoptosis-inducing ligand; CHOP, C/EBP homology protein; Aym, mitochondrial membrane potential; clAP, cellular inhibitor of apoptosis protein; XIAP, X-linked
inhibitor of apoptosis protein; PERK, protein kinase RNA-like endoplasmic reticulum kinase; PDT, photodynamic therapy; ROS, reactive oxygen species; RNS, reactive N
species; cEPA, conjugated EPA; Pols, DNA polymerases; COX-2, cyclo-oxygenase-2; PARP, poly(ADP-ribose) polymerase; P-gp, P-glycoprotein; CAR, constitutive androstane
receptor; RXR, retinoid X receptor; HMGCoAR, 3-hydroxy-3-methylglutaryl-coenzyme A reductase; MRP1, multidrug resistant related protein 1.

In agreement, it was recently shown that treatment of dif-
ferent colon cancer cells with DHA was able to enhance
sulindac-sulfide-induced apoptosis in vitro through an
enhanced cleavage of PARP and caspase-8 activation®®. This
finding is interesting, since sulindac analogues are compounds
belonging to the group of non-steroidal anti-inflammatory
drugs, and are well known for being extremely efficacious in
reducing colon cancer risk®”. This finding was confirmed in
the same paper also in vivo, by showing that the simultaneous
intraperitoneal treatment with sulindac and DHA was able to
suppress the growth of tumours derived from colorectal cancer
cells transplanted in nude mice more efficiently than the treat-
ment of each single compound administered alone.

Finally, the treatment of Caco-2 colon adenocarcinoma with
both EPA + DHA was recently observed®” to significantly
enhance the pro-apoptotic effect of paclitaxel, a well-known
antineoplastic agent used in the treatment of different types of
cancers. The authors found that both DHA and EPA were able
to reduce the expression of the drug transporter protein
P-glycoprotein (P-gp), involved in the development of multi-
drug resistance (MDR) during cancer progression. This findings
is of interest, since the resistance of tumour cells to conven-
tional anticancer drugs represents a problem for the success of
cancer chemotherapy((’l) . It is known that MDR can be caused
in part by the expression of three drug transporter proteins:
ABCB1/P-gp, ABCC1l/multidrug resistance protein-1 (MRP1)
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and ABCG2/breast cancer resistance protein, belonging to the
ATP-binding cassette (ABC) superfamily and possessing the
function of ATP-dependent drug-efflux pumps‘®®. Moreover, it
has been shown that the activity of P-gp and MRP1 is increased
by high amounts of cholesterol in the plasma membrane and
detergent-resistant membranes ®°. In keeping, Gelsomino
et al.*® recently reported that 7-3 PUFA were able to sensitise
MDR colon cancer cells to doxorubicin by a mechanism
involving the down-regulation of endogenous cholesterol
synthesis. These results demonstrate that MDR may be targeted
by 7n-3 PUFA in colon cancer cells, and that the inhibition of
MDR may represent one of the main pathways through which
these FA may enhance the antineoplastic efficacy of some of the
conventional chemotherapeutic drugs.

Breast cancer cells

In contrast to what is observed in colon cancer cells, the
increased sensitivity of breast cancer cells to chemotherapeutic
drugs administered in combination with LC-72-3 PUFA (Table 3)
has been almost totally ascribed to the enhanced cytotoxic
pro-oxidant effect of the drugs. Reasonably, this may be due to
the use of drugs that themselves act mainly through a pro-
oxidant mechanism. In two articles®”*® doxorubicin was used,
and it was observed that DHA enhanced oxidative stress-
dependent cytotoxicity induced by this drug, and increased the
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Table 3. Breast cancer cells in vitro: effects of n-3 PUFA in combination with conventional antineoplastic drugs

Anticancer Biochemical and
Cell type Antineoplastic drug n-3 PUFA treatment effect(s) molecular effects Reference
MDA-MB-231 Doxorubicin (0-1 pm) DHA (29 um) 1 Cytotoxicity 1 Lipid peroxidation 67
MDA-MB-231, MCF-7dox* Doxorubicin DHA (30 uwm) 1 Cytotoxicity 1 Lipid peroxidation 68
(0-1-100 pm)
MDA-MB-231 Doxorubicin (5nm) DHA (30 um) 1 Cytotoxicity 1 ROS production 69
| GPx activity
MDA-MB-231, SK-BR-3, BT-474 Paclitaxel, docetaxel =~ DHA (0—40 pg/ml) 1 Cytotoxicity | Her-2/neu expression 70
(0-25nwm)
MDA-MB-231 Doxorubicin DHA (60 um) 1 Apoptosis induction 1 CD95 surface expression 71
(0-22 ug/ml) 1 Plasma membrane raft
content of CD95
t FADD expression
SK-BR-3 As203 (1 um) EPA (100 pum) | Cell viability 1 Lipid peroxidation 73
MDA-MB-231 DHA-propofol, | Cell adhesion Not investigated 74
EPA—propofol 1 Cell migration
conjugates (25 um) 1 Apoptosis induction
MDA-MB-231 (LOV-DHA) conjugate (1um) 1 Apoptosis induction | Cholesterol synthesis 77

MCF-7dox*, doxorubicin-resistant MCF-7 cells; ROS, reactive oxygen species; GPx, glutathione peroxidase; Her-2/neu, human epidermal growth factor receptor-2; FADD,

Fas-associated death domain-containing protein; LOV, lovastatin.

production of lipid peroxidation products in breast cancer cells
(MDA-MB-231 and MCF-7dox, a doxorubicin-resistant cell line,
derived from the parental MCF-7 cells). These findings were
further confirmed by the observation® that the enhanced
cytotoxicity induced by DHA in anthracycline-treated MDA-
MB-231 breast cancer cells was concomitant with a decreased
activity and expression of glutathione peroxidase, an anti-
oxidant enzyme playing a key role against hydrogen and lipid
peroxides. It was also observed”” that DHA was able to
synergistically enhance the taxane cytotoxicity in the highly
metastatic MDA-MB-231 cells treated with paclitaxel or docetaxel.
In this case, however, the pro-apoptotic effects of 72-3 PUFA could
be involved, since the main mechanism through which taxanes
are believed to exert cytotoxicity and anti-tumour activity is
microtubule stabilisation and induction of cell cycle arrest and
apoptosis. According with all these findings, it has been reported
that DHA is able to improve the growth-inhibitory effect of
doxorubicin in oestrogen receptor-negative MDA-MB-231 cells,
and that the underlying mechanism involved the activation of the
CD95-triggered apoptosis” V. Interestingly, however, it has been
recently reported that also taxanes may exert their cytotoxic
effect through the activation of intracellular oxidative stress'’?.
Nevertheless, in this case it was not the oxidative stress induced
by both PUFA and the taxane, but the decreased expression of
Her-2/neu oncoprotein to be invoked by the authors to explain
the strong synergistic cytotoxic effect exerted by DHA. The
effect was visible also in the taxane-resistant SK-BR-3 and
BT-474 breast cancer cells”®. Instead, lipid peroxidation and
oxidative stress were suggested again to be responsible for the
reduced viability of SK-BR-3 cells treated with EPA in combi-
nation with As,05%.

In some studies on breast cancer cells, n-3 PUFA were
chemically conjugated with other drugs in an effort to examine
new innovative therapeutic strategies. For instance, in an
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additional study, Siddiqui et al”® synthesised a conjugated

EPA or DHA moiety with propofol, and these conjugates
were tested in MDA-MB-231 breast cancer cells for their
ability to modulate cell migration, adhesion and apoptosis.
Propofol (2,6-diisopropylphenoD) is the most extensively used
anaesthetic-sedative agent possessing the characteristic to be
non-toxic to humans also at high levels (50 pg/mbD. It has been
also reported that concentrations of propofol in the range of
20-50 pM possess anticancer proper’[ies(75'76). Interestingly, the
propofol-DHA or propofol-EPA conjugates(74)
significantly inhibit cell adhesion and migration and to induce
apoptosis in the cells more than DHA, EPA or propofol alone,
but the authors did not investigate the molecular mechanism
underlying these effects. Moreover, DHA was recently con-
jugated with lovastatin”’”, and the lovastatin—-DHA (LOV-DHA)
conjugate was able to induce apoptosis in MDA-MB-231 cells at
concentrations as low as 1um. Statins are drugs inhibiting
the activity of the enzyme 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA) reductase, a key enzyme in the synthesis of
cholesterol”. They have also been involved in the regulation of
cell proliferation, differentiation, apoptosis and invasion”*®V,
and they were shown to inhibit the proliferation of different kinds
of cancer cells, including breast cancer®*"_ Interestingly, while
the addition of mevalonate reversed the effect of lovastatin, it
did not modify the growth-inhibitory effects of the LOV-DHA
conjugate, suggesting that the conjugate acted through a
HMG-CoA reductase-independent pathway””.

were able to

Prostate cancer cells

A clear molecular mechanistic approach has been used in the
studies performed on prostate cancer cells treated with LC-7-3
PUFA combined with different drugs, but the mechanisms
proposed are highly variable (Table 4). Narayanan et al.®>
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Table 4. Prostate cancer cells in vitro: effects of n-3 PUFA in combination with conventional antineoplastic drugs

Cell type Antineoplastic drug n-3 PUFA treatment Anticancer effect(s) Biochemical and molecular effects Reference
PC-3 As03 (1 um) EPA (100 uwm) | Cell viability 1 Lipid peroxidation 73
LNCaP, DU145, PC-3 Celecoxib (2-5um)  DHA (2-5um) 1 Cell growth inhibition | COX-2 and NF-kB p65 expression 85
1 Apoptosis induction 1 Caspase-3, Bax, PPARy and RXR expression
1-26 Celecoxib (2-5um)  DHA (2:-5um) 1 Cell growth inhibition 1 hsp70 86
1 p53
LNCaP, DU145, PC3 Docetaxel (0-6nm) DHA (12-5-50 um) 1 Cytotoxicity, | NF-kB signalling 89

1 Apoptosis induction
1 Cell cycle arrest

| FADD, AKT1, MAX
| TRAF3, MAP2k4 expression

COX-2, cyclo-oxygenase-2; RXR, retinoid X receptor; FADD, Fas-associated death domain-containing protein; AKT1, protein kinase B1; TRAF3, TNF receptor-associated factor 3;

MAP2k4, mitogen-activated protein kinase kinases 4.

found that a combination of DHA and celecoxib at low doses
(2-5 pm each) powerfully prevented prostate cancer cell growth.
The authors suggested that DHA could exert its effect through the
modulation of COX-2, NF«B, the nuclear receptors PPAR-y and
retinoid X receptor, all these factors being involved in prostate
carcinogenesis®. The effects induced by DHA/celecoxib were
significantly higher than those obtained with the two compounds
given alone, even at higher concentrations. In an additional
study, these authors® found that DHA in combination with
celecoxib was also able to increase Hsp70 levels and p53 trans-
port into the nucleus in prostate cancer cells, thus providing an
additional COX-2-independent anti-tumour mechanism. This
effect of DHA is in line with what has been observed in previous
studies, which had revealed that the increased expression of heat
shock protein isoforms could induce anti-tumour activities in the
presence of wild-type p53©75%

Interestingly, the down-regulation of NF-kB-related genes was
reported in either hormone receptor-positive or -negative LNCaP,
DU145 and PC3 cells treated with DHA and docetaxel, and it was
associated with the synergistic induction of apoptosis by the two
compounds®”. This kind of combination is of great interest, since
the results of two recent clinical trials have shown taxanes, doc-
etaxel in particular, to be highly efficient drugs for the therapy of
advanced and hormone-refractory prostate cancer®°Y. However,
docetaxel is cytotoxic and can induce deleterious side effects, such
as myelosuppression and granulocytopenia, which limit the dose
that can be administered to patients®®. Thus, it could be hypo-
thesised that the combined treatment with DHA could allow a
decrease in the doses of docetaxel, but still to obtain the growth-
inhibitory effects obtained with higher doses.

Leukaemia, lymphoma and myeloma cells

Similarly to what was observed in breast cancer cells, the main
molecular mechanisms proposed in most of the papers inves-
tigating anti-neoplastic agents/LC-n-3 PUFA combinations in
leukaemia, lymphoma and myeloma cells are enhanced cellular
oxidative stress and lipid peroxidation (Table 5 and Table 6). In
one of these studies®> , n-3 PUFA have been combined with
As,03, which possesses a broad spectrum of antileukaemic
activity due to its ability to induce apoptosis via intracellular
production of ROS“?. Since this compound is not effective at
the same degree in all types of leukaemic cells, the search for
agents enhancing As,Os efficacy has recently gained great
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interest. In this study, Sturlan er al.®® observed that DHA is
able to enhance cytotoxicity of As,O3 in HL-60 cells through the
induction of apoptosis, and the effect was ascribed to the
synergism of the two combined agents in producing intracel-
lular ROS and toxic lipid peroxidation products. In fact, the
enhanced efficacy of the combination was abolished by treat-
ment with vitamin E or by the substitution of DHA with oleic
acid (a non-peroxidisable FA)®?. Other studies confirmed the
synergistic cytotoxic effect of this combination in leukaemic as
well as in solid tumour cells”>** It is important to underline
that in one of these studies®””, where DHA was used in com-
bination not only with As,Os, but also IFN-y and emodin,
clinically achievable doses of DHA and emodin allowed
reduction in As concentrations by 100-fold, preserving high
toxicity in tumour cells®. Similarly, enhanced cytotoxicity was
observed and the pro-oxidant mechanism was invoked in a
range of leukaemia or lymphoma cells when DHA was used in
combination with other antineoplastic drugs (adriamycin,
methotrexate, doxorubicin, dexamethasone, mitomycin and
imatinib) . Similarly, it was shown'%” that treatments with
EPA or DHA enhanced the sensitivity of the B-leukaemic cell
lines to the cytotoxic effect of doxorubicin, vincristine and
fludarabine by promoting their arrest in the cell cycle G,/M
phase and inducing their death.

Another combination recently investigated in lymphoma cells
was hyperthermia together with 1-311D, Hyperthermia has
been used as an anticancer therapeutic strategy for several
years"'?, but an important limitation of this treatment is that it
often does not sufficiently kill neoplastic cells. In their paper,
Cui et al."®Y showed that combining hyperthermia (44°C for
10min) with treatment with 20 uv-DHA induced significant
apoptosis in human myelomonocytic lymphoma U937 cells.
Again, increased ROS production, together with mitochondria
dysfunction, and protein kinase C-§ activation were shown to
be the mechanisms underlining the effects of this combination.

To finish, it is noteworthy, in the recent remarkable finding of
Abdi et al ', that n-3 PUFA are able to sensitise also multiple
myeloma cells to bortezomib. Multiple myeloma is a malignant
neoplasm of terminally differentiated B cells infiltrating the bone
marrow, and most patients, even when treated with more inno-
vative drugs such as this one, develop intrinsic drug resistance or
become chemoresistant in the course of treatment. Both primary
cells from myeloma patients and different human myeloma cell
lines have been shown to develop resistance to bortezomib1 %41,
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Table 5. Leukaemia cells in vitro: effects of n-3 PUFA in combination with conventional antineoplastic drugs

Antineoplastic Biochemical and
Cell type drug n-3 PUFA treatment Anticancer effect(s) molecular effects Reference
HL60 Aso03 (1 um) EPA (50-100 um) | Cell viability 1 Lipid peroxidation 73
HL60 Aso03 (1 um) DHA (25 um) | Cell viability 1 Aym 93
1 Apoptosis induction 1 Bax expression, caspase-3
activation, ROS production,
TBARS production
C8166, MT-2 As,03 (1 um)/IFN-a DHA (10 um)/ 1 Cell growth inhibition | pRb, Aym, Bcl-2, AKT, JunD 95
1185, LAF (100 U/ml) emodin (10 pm) and Jab1 expression
1 Cell cycle arrest 1 Bax expression, ROS production
L1210 Adriamycin (0-4 um) DHA (32 uwm) 1 Cytotoxicity 1 Cell fatty acid composition 96
T27A murine leukaemia Methotrexate (2-7 and DHA | Cell proliferation Not investigated 97
cells 9-5nwm) (150—200 pm)
Ber-Abl HL-60* Imatinib (510 nm) DHA (100 pm) 1 Cytotoxicity Not investigated 98

EHEB, MEC-2 JVM-2 Doxorubicin (0-7-5 pm),
vincristine (0—-250 nw),

fludarabine (0-50 um)

DHA (75 uu),
EPA (50 p)

1 Apoptosis induction
1 Cell cycle arrest

1 Apoptosis induction

1 ROS production, MDA formation 100

Aym, Mitochondrial membrane potential; ROS, reactive oxygen species; TBARS, thiobarbituric acid-reactive substances; IFN-a, interferon a; AKT, protein kinase B; Ber-Abl HL-60%,

Bcer-Abl protein expressing HL-60 cells; MDA, malondialdehyde.

Table 6. Lymphoma and myeloma cells in vitro: effects of n-3 PUFA in combination with conventional antineoplastic drugs

Cell type Antineoplastic drug

n-3 PUFA treatment Anticancer effect(s)

Biochemical and molecular effects Reference

Lymphoma cells
Daudi (Burkitt’s lymphoma) As,O3 (1 um)

L5178Y Doxorubicin, dexamethasone, DHA, EPA
mitomycin-C (1-100 nm) (10-25 pv)
U937 Hyperthermia (44°C; 10 min) DHA (20 um)

Myeloma cells

L363, OPM-2 Bortezomib (5 nm)

EPA (50—100 yn)

DHA, EPA (30 um)

| Cell viability
1 Cytotoxicity

1 Lipid peroxidation 73
Not investigated 99

1 Apoptosis induction 1 ROS production, mitochondria 101
dysfunction, PKC-6 activation

1 Apoptosis induction 1 Caspase 3 activation 103
| NF-kB p65

ROS, reactive oxygen species; PKC-8, protein kinase C6.

The mechanism of antineoplastic action of bortezomib in
multiple myeloma involves the inhibition of the NF-xB signal-
ling pathway(w(’) , and many reports have demonstrated a
marked suppression of this pathway by #-3 PUFA“?”. As a
matter of fact, it was found that EPA and DHA affected multiple
signalling pathways in multiple myeloma cells, including NF-kB,
Notch, Hedgehog, oxidative stress and Wnt"'%. Finally, it is
worth noticing also that EPA and DHA enhanced the sensitivity
of multiple myeloma cells to bortezomib but did not affect the
viability of normal peripheral mononuclear cells.

Other kinds of cancer cells

Besides the studies performed in colon, breast and prostate
cancer cells, and in leukaemia, lymphoma and myeloma cells,
only a few studies have been performed in cells deriving from
other tissues (Table 7). Most of these studies also showed that the
synergistic cytotoxic effect of conventional antineoplastic agents
and LC-n-3 PUFA combined together could be explained on
the basis of their pro-oxidant effect. For instance, a significant
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cytotoxic effect mediated through enhanced lipid peroxidation
and ROS production was observed in drug-resistant neuro-
blastoma cells treated with 7-3 PUFA in combination with
several antineoplastic drugs, such as vineristine™'%®, As,03,
cisplatin, doxorubicin and irinotecan™®”. Similarly, increased
oxidative stress-dependent cytotoxicity was de
in glioblastoma and bronchial carcinoma cells treated with
combinations of DHA and doxorubicin. However, in a more
recent study*V specific oligo-array analyses demonstrated that
the enhanced effectiveness of etoposide administered in com-
bination with DHA to brain tumour cells (medulloblastoma and
glioblastoma) was related to a markedly reduced expression of
several genes involved in cell proliferation, survival, invasion,
DNA damage repair and angiogenesis. Conversely, in agree-

observe

ment with the oxidative stress hypothesis, it has been recently
shown that EPA is able to sensitise U251 human glioblastoma
cells to radiation by a mechanism involving an enhancement of
lipid peroxidation in treated cells""*®.

Moreover, a synergistic activity of DHA and COX-2 inhibitors
(celecoxib and indomethacin) combinations was observed'®’
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Table 7. Cancer cells of different origin* in vitro: effects of n-3 PUFA in combination with conventional antineoplastic drugs

n-3 PUFA Biochemical and molecular
Cell type Antineoplastic drug treatment Anticancer effect(s) effects Reference
Hela cervical adenocarcinoma cells Hypericin (150 nm); PDT (3-15 mW/cm?) DHA (100 pm) 1 Cytotoxicity 1 ROS production 54
1 Apoptosis induction 1 Lipoperoxidation
SKOV-3 ovarian cancer cells As;03 (1 um) EPA (100 pwv) | Cell viability 1 Lipid peroxidation 73
NCG, NCG/VCR1* neuroblastoma cells Vincristine (1-100 ng/ml) DHA (10-50 ug/ 1 Cytotoxicity 1 Lipid peroxidation 108
ml) 1 Vincristine cell uptake
SK-N-DZ, SH-SY5Y, SKN-BE(2), SK-N-AS, Cisplatin (0-5-3 um); DHA (25-150 pm) 1 Cytotoxicity 1 ROS production 109
IMR-32 neuroblastoma cells doxorubicin (2—20 ng/ml); irinotecan 1 Apoptosis induction 1 Agm

(0-2—2 ug/ml); diclofenac (100 um);

Aso03 (1 um)
A-172, U-87 glioblastoma cells, A-427 Doxorubicin (0-5 um) DHA (30 um) 1 Cytotoxicity 1 Lipid peroxidation (only in 110

bronchial carcinoma cells A-427 cells)
Daoy , D283 medulloblastoma cells Etoposide (0-2—1-6 um) DHA (15-60 um) 1 Cytotoxicity | PRKDC, survivin, PIK3R1, 111
| Cell proliferation MAPK14, NF-kB1,
NF-kBIA, BCL2, CD44,
MAT1 expression

U251 glioblastoma cells Radiation (2 Gy/min) EPA (30 uv) 1 Cytotoxicity 1 Lipid peroxidation 112
A375 skin melanoma cells Celecoxib (20 pm), indomethacin (20 pm), DHA (160 pm) 1 Cytotoxicity Not investigated 113

piroxicam (40 um), aspirin (480 uwv)
Sgc7901 gastric carcinoma cells 5-FU (40 pg/ml) DHA (40 ug/ml) 1 Growth inhibition 1 Bax mRNA expression 114

1 Apoptosis induction

| FAS, BCL-2, BCL2L12,
caspase-9 mRNA
expression

01T

10 70 1ULIDS 'S

PDT, photodynamic therapy; ROS, reactive oxygen species; NCG/VCR1, vincristine-resistant NCG cells; Aym, mitochondrial membrane potential; PRKDC, protein kinase, DNA-activated, catalytic polypeptide; PIK3R1, phosphoinositide-
3-kinase, regulatory subunit 1; MAPK14, mitogen-activated protein kinase 14; NF-kB1, NF-kB light polypeptide gene enhancer in B-cells 1; NF-kBIA, NF-kB inhibitor a; 5-FU, 5-fluorouracil; FAS, fatty acid synthase.
* Other than colon, breast, prostate, leukaemia, lymphoma and myeloma cells.


https://doi.org/10.1017/S0954422416000044

Nutrition Research Reviews

o

https://doi

n-3 PUFA and antineoplastic drug combinations 111

in human melanoma cells. Similarly, the synergism of 5-FU and
DHA combination was reported in human gastric carcinoma
(b the combination induced apoptosis by
modulating the expression of several apoptosis-related factors,
including Bax, Fas, Bcl-2, Bcl2L12 and caspase-9.

On the whole, it can be concluded that most of the studies
investigating the beneficial effects of 7-3 PUFA in combination
with antineoplastic agents in vitro indicate increased lipid
peroxidation and oxidative stress as the main mechanisms
involved. Other studies, however, and mainly the most recent
ones, identified also other more specific molecular pathways.
Certainly, the possibility that the oxidative stress-related
cytotoxicity induced by n-3 PUFA may exalt the effect of
antineoplastic agents that by themselves are inducers of
oxidative stress (doxorubicine, taxanes, radiation) is easy to
understand. However, in our opinion, it would be recom-
mendable, when investigating mechanisms in vitro, not to use
high concentrations of 7-3 PUFA (i.e. concentrations that are
able to produce maximal or near-maximal cytotoxicity) to avoid
cytotoxicity exclusively related to necrosis due to high levels of
oxidative stress. Conversely, low levels of ROS production and
oxidative stress may function as specific intracellular signals that
may induce plenty of cellular pathways involved in apoptosis,
differentiation, autophagy and other cellular processes related
to cell growth. Moreover, in future studies it would be important
to focus also on specific effects that 7#-3 PUFA may exert on
molecular pathways already involved in the sensitivity or
resistance to specific antineoplastic agents used in the combi-
nations under study.

cells where

In vivo animal studies

A great effort has also been expended in studying the efficacy of
n-3 PUFA in combination with conventional antineoplastic
drugs in animal models. We will analyse in the two following
paragraphs the results obtained by the animal models mainly
used, that is, human cancer cells transplanted in nude mice
(or murine tumours transplanted in syngeneic rats or mice), and
chemically induced carcinogenesis in rats.

Cancer cells transplanted in animals

Several studies have contributed to demonstrate that the
addition of FO or LC-n-3 PUFA to the diet of animals following
tumour transplantation increases the efficacy of conventional
cancer chemotherapy. Most of them were performed using human
breast cancer cells xenografted in nude mice (Table 8), and
associated the decreased tumour rate with an altered oxidative
status and increased lipid/protein peroxidation™>™7 (for
further details, see Table 8). In some of the studies 111 the
mechanisms underlying the improved anti-tumour effect of the
combination studied were not investigated. However, in
another study??” performed by combining cyclophosphamide
and a FO (menhaden oiD) it was observed that the improved
anti-tumour effect was related to the increased activity of one of
the key cyclophosphamide-activating enzymes, CYP2B1, found
significantly enhanced in the liver and tumour of menhaden
oil-treated animals. It was suggested that this effect could be
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related to the formation of more pharmacologically active drug
metabolites that could enhance cyclophosphamide anti-tumour
response. Interestingly, FO-containing diets were also found to
reduce deleterious intestinal, haematological and cardiac side
effects of various chemotherapeutic treatments?°™?? It has
also been shown that the chemical binding of the 7-3 PUFA
linolenic acid to the moiety of one of the chemotherapic drugs
(doxorubicin) confers to it tumour specificity**?, thus making
linolenic acid a good candidate for possible use as a targeting
molecule also for other chemotherapic agents.

The remaining i vivo transplantation models were mostly
performed by injecting murine colon and lung cancer cells, or
murine leukaemia cells in syngeneic animals treated with FO or
EPA and/or DHA24-130) (Table 9). Again, in two of these
(127128 enhanced oxidative stress and lipid peroxidation
were involved, and several other studies'?*12® were only
observational and, even though they found a positive effect of
1n-3 PUFA combined with epothilone, 5-FU, cyclophosphamide,
doxorubicin or arabinosylcytosine, they did not investigate the
possible molecular mechanisms involved.

An interesting therapeutic approach was the covalent binding
of DHA to different anti-tumour drugs. In a model of implanted
lung cancer DHA was covalently conjugated to paclitaxel ™", The
conjugate, besides being less toxic with respect to paclitaxel
alone, was able to induce a complete tumour regression, while

studies

paclitaxel alone induced only a partial regression. Since
DHA-paclitaxel remained in tumours for long times at high
concentrations, and it was slowly converted to the cytotoxic
metabolites of paclitaxel, it was suggested that the conjugate
could also kill residual tumour cells that eventually re-enter the
cell cycle. Similarly, an enhanced tumour sensitivity was observed
by Wang et al"*® when 10-hydroxycamptothecin was con-
jugated with DHA and administered to mice bearing Lewis lung
carcinoma, L1210 leukaemia and 38 adenocarcinoma cells.

Chemically induced carcinogenesis

The possible adjuvant effect of 7n-3 PUFA in the therapy of
breast cancer has been investigated also using the N-methylni-
trosourea-induced carcinogenesis model in rats (Table 10).
These studies were performed using radiation or drugs that act
mainly through a pro-oxidant effect, and this is probably the
reason why the main mechanisms found to be associated with
the enhanced anti-tumour effects induced by 7-3 PUFA were
the altered oxidative status and/or lipid peroxidation*33~13¢,
It should be noted that this mechanism was observed either
treating the animals with quite low doses of 7-3 PUFA (about
0-7 g/d DHA, see Colas et al ), or with doses several times
higher (about 4-5 g/kg EPA+ DHA, present in the dose of FO
administered by Manni et al (134157 (see United States
Environmental Protection Agency**® for the calculation of the
exact doses of LC-#-3 PUFA administered).

The hypothesis that a pro-oxidant mechanism was involved
also when 7-3 PUFA were supplemented in combination with
radiation™® was also supported by the finding that the
addition of vitamin E to the DHASCO diet inhibited the bene-
ficial effect of DHA in rats bearing breast cancer®>. In a more

recent study™®” performed by supplementing FO alone or in
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Table 8. Animals implanted with cancer cells: effects of n-3 PUFA in combination with conventional antineoplastic drugs

Biochemical and molecular

Cell type Animal model Antineoplastic drug n-3 PUFA treatment Anticancer effect(s) effects Reference
MDA-MB 231 human Athymic nude mice ET-18-OCH3 (10 mg/kg body FO (19 % in the diet for 2 weeks | Tumour growth rate 1 Lipid peroxidation 115
breast carcinoma cells (injected s.c.) weight injected s.c. three before ET-18-OCH3 treatment) 1 Cytotoxicity
times per week for 2 weeks)
MDA-MB 231 human Athymic nude mice Doxorubicin (5 mg/kg body FOC (3 % in the diet, consisting | Tumour growth rate 1 Lipid peroxidation 116
breast carcinoma cells (injected s.c.) weight every 4d i.v.) of 34 % EPA, 24 % DHA, and 1 GPx:SOD ratio
10 % of other n-3 fatty acids,
2 weeks before and for all the
duration of the experiment)
MX-1 human breast Balb/c nu/+ mice Mitomycin C (0-5mg/kg body Menhaden oil (20 % in the diet, | Tumour growth rate 1 Lipid and protein 117
carcinoma (transplanted s.c.) weight i.p., once per week for 20 d before tumour | Mitomycin toxicity peroxidation
for 4 weeks) transplantation) 1 CAT, SOD, GPx, GSTPx
activity
MCF-7 human breast Athymic nude mice Irinotecan (60 mg/kg body FO (3 or 6 % in the diet for 10d | Tumour growth rate Not investigated 118
carcinoma cells (injected s.c.) weight, i.v. once each 4d before irinotecan treatment) | Mitotic figures in the
for 6 weeks) duodenal crypts
1 Apoptotic figures in the
duodenal crypts
MDA-MB 231 human Female SCID mice - DOX-LNA (5 mg/kg body weight | Tumour growth rate Not investigated 119

breast carcinoma cells

(injected s.c.)

once when tumour becomes
palpable and after 7 d)

| Body-weight change
1 Animal survival

491
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1 Drug tumour specificity

Balb/c nu/+ mice
(transplanted s.c.)

Menhaden oil (20 % in the diet for
20d before tumour
transplantation)

| Tumour growth rate
| Cyclophosphamide toxicity

1 CYP2B1 activity in liver 120
and tumour
1 ADH activity in liver

MX-1 human breast
carcinoma

Cyclophosphamide (72-5mg/
kg body weight, as a single
i.p. injection)

s.c., Subcutaneous; FO, fish oil; i.v., intravenous; FOC, fish oil concentrate; GPx, glutathione peroxidase; SOD, superoxide dismutase; i.p., intraperitoneal; CAT, catalase; GSTPx, glutathione S-transferase peroxidise; DOX-LNA,
doxorubicin—a-linolenic acid conjugate; ADH, alcohol dehydrogenase.
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Table 9. Animals implanted with cancer cells: effects of n-3 PUFA in combination with conventional antineoplastic drugs

Biochemical and

Cell type Animal model Antineoplastic drug n-3 PUFA treatment Anticancer effect(s) molecular effects Reference
MAC16 colon NMRI mice EPO (2-5mg/kg body weight), EPA (2 g/kg body weight), DHA | Tumour growth rate (EPO + Not investigated 124
adenocarcinoma (transplanted s.c.) GCB (50 mg/kg body weight), (2-25 g/kg body weight) DHA; 5-FU + EPA or DHA;
5-FU (80 mg/kg body weight), CYC + EPA)
CYC (300 mg/kg body weight) | Cachexia (5-FU + EPA)
A549 human lung cancer Nude mice (injected s.c.) Doxorubicin (3-6 mg/kg body Menhaden oil (19 % in the diet, | Tumour growth rate Not investigated 125
cells weight at days 10, 15, 20 and 10d before doxorubicin
25 after initiation of diet) treatment)
L1210 leukaemia cells BDF1 mice (injected i.v.)  AraC (40 mg/kg i.p. daily, every  DHA (1-8 g/kg body weight/d) 1 Life span Not investigated 126
other day for 10d) | Drug toxicity
Ward colon tumour Fisher 344 rats CPT-11 (50 mg/kg body weight)  FO (2-3 % in the diet: 0-64 % EPA 1 Tumour chemosensitivity | GSH:GSSG ratio 127
(transplanted s.c.) 5-FU (50 mg/kg body weight) and 0-16 % DHA of total diet, | Body-weight loss; anorexia
(once a week for 2 weeks) for 2 weeks before tumour 1 Peripheral leucocyte count
transplantation) normalisation
Lewis lung carcinoma C57BL/6J mice Cisplatin (3mg/kg body weight FO (4 % in the diet, starting 7d | Tumour development and growth 1 Lipid peroxidation 128
3LL i.v.,, at day 1 and 10 after before tumour inoculation) | Metastasis burden
tumour resection) | Anorexia; cachexia
Sarcoma 180 cells Male ICR mice 5-FU (12-5mg/kg per d) orally Carp or tuna oil (0-2 and 0-4ml/ 1 Tumour growth inhibition 1 5-FU plasma level 129
administered starting 12h after mouse/d) starting 12h after | Myelotoxicity (with tuna oil)
tumour cell implantation for 14d nn;our cell implantation for | Body-weight reduction
SK-NSH neuroblastoma  Male SCID mice Sunitinib (20 mg/kg per d by oral Menhaden oil (10 % in the diet, | Tumour growth rate 1 Mitochondrial 130

cells (transplanted s.c. or
orthotopic model)

administration)

3 weeks before tumour
implantation and during
tumour growth)

| Tumour-associated inflammatory
cells

| Tumour cell proliferation

| Microvessel density

dysfunction; tumour
triene/tetraene
| PLA2 expression

s.c., Subcutaneous; EPO, epothilone; GCB, gemcitabine; 5-FU, 5-fluorouracil; CYC, cyclophosphamide; i.v., intravenous;. AraC, arabinosylcytosine; i.p., intraperitoneal; CPT-11, irinotecan; FO, fish oil; GSH, reduced glutathione; GSSG,

oxidised glutathione; PLA2, phospholipase A2.
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Table 10. Animal models of experimental carcinogenesis: effects of n-3 PUFA in combination with conventional antineoplastic agents

Animal model

Carcinogen

Antineoplastic therapy

n-3 PUFA treatment

Antineoplastic effect

Molecular mechanism

Reference

Female Sprague—Dawley rats;
mammary carcinogenesis

Female Sprague—Dawley rats;
mammary carcinogenesis

Female Sprague—Dawley rats;
mammary carcinogenesis

Female Sprague—Dawley rats;
mammary carcinogenesis

Female Sprague—Dawley rats;
mammary carcinogenesis

Female Sprague—Dawley rats;
mammary carcinogenesis

NMU (a single dose by
s.c. injection, 25 mg/
kg body weight)

NMU (a single dose by

i.p. injection, 50 mg/kg

body weight)

NMU (a single dose by
s.c. injection, 25 mg/
kg body weight)

NMU (a single dose by
s.c. injection, 25 mg/
kg body weight)

NMU (a single dose by

i.p. injection, 50 mg/kg

body weight)

NMU (a single dose by
s.c. injection, 25 mg/
kg body weight)

Epirubicin (i.p. weekly
injection, 2-5 mg/kg for
6 weeks)

Tamoxifen (50—-100 ug/
kg body weight, s.c.
injection, 5 d/week)

Radiation (a single
fraction of either 18,
20 or 22 Gy)

Epirubicin (0-8 mg/kg
once per week for
6 weeks by i.v.
injections into the
tail vein)

Tamoxifen (100 ug/kg
body weight, s.c.
5 d/week)

Doxorubicin (0-5 mg/kg
twice per week by i.v.
injections into the
tail vein)

DHASCO oil (1-5g/d
containing 45 % of DHA)
FO (17 % of the diet)

DHASCO oil (40 % of DHA)

DHASCO oil (40 % of DHA)

FO (10 or 17 % of the diet)

DHASCO oil (2 g/d; 40 % of
DHA)

1 Tumour regression
| Tumour vascularisation

| Tumour development
| Tumour multiplicity

1 Tumour regression

| Hyperplasia/carcinoma
transition

| Doxorubicin-induced
weight loss

1 Lipid peroxidation

| GSH oxidation

1 Lipid peroxidation

1 Lipid peroxidation in
tumours but not in normal
tissues

| Ki67 expression

| 8-Isoprostane levels

1 Gpx activity (with 10 % FO)
1 GSH levels (with 10 % FO)

Not investigated

133

134

135

136

137

139

NMU, N-methylnitrosourea; s.c., subcutaneous; i.p., intraperitoneal; FO, fish oil; GSH, reduced glutathione; i.v., intravenous; GPx, glutathione peroxidise.
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combination with tamoxifen the authors evaluated systemic and
preneoplastic mammary gland biomarkers known to play a key
role in the progression to invasive cancer. They found that the
FO-rich diets significantly reduced Ki67 expression in hyper-
plastic lesions, but in this case it was found that dietary FO
and/or tamoxifen did not modify systemic oxidative stress
biomarkers or lipid peroxidation. On the other hand, the
authors observed that in the FO-fed rats the tissue levels of
8-isoprostane were even markedly reduced. Thus, they hypo-
thesised that the effect was related to the FO-induced AA
depletion in the mammary gland, and suggested that the
protective effect of 7-3 PUFA in this experimental model was
not mediated by changes in the levels of oxidative stress but by
the suppression of AA-specific pathways™3”.

Moreover, in a study(139) a DHA-enriched diet was reported
to significantly reduce the doxorubicin-induced body weight
loss, a finding very frequently observed in cancer patients with
advanced disease and associated with a poor prognosis.

In conclusion, our recommendation for future combination
studies in animals is to choose n-3 PUFA doses placed in the
lower range (2-8g/kg body weight EPA+DHA) of all the
dosages used so far'*®. As a matter of fact, we recently
examined*” all the doses of 1-3 PUFA used in animal studies
and concluded that, in more recent times, similarly to what
happened for the clinical studies, there has been a tendency to
use doses comprised in the lower range. These lower doses do
not induce tissue cytotoxicity and necrosis, often driven by high
levels of lipid peroxidation and oxidative stress, but could
modulate in a more specific way crucial molecular pathways/
receptors related to inflammation, cell growth, differentiation,
angiogenesis and cell invasion*?.

Clinical studies

Despite the strong evidences of the beneficial antineoplastic
effect of n-3 PUFA in combination with conventional anti-
neoplastic agents both in cell culture and animal studies, the
number of clinical trials performed so far is still extremely small
(Table 11, Table 12 and Table 13). We are not examining here
the possible reasons as for why more clinical trials have not
been performed, having comprehensively discussed this
important topic in several previous reviews of ours 141142
Moreover, besides the scarce number, most of the trials per-
formed so far did not address the possible ability of 72-3 PUFA to
increase the efficiency of the drug/radiation therapy adminis-
tered simultaneously. On the contrary, they investigated the
potential of the dietary 7-3 PUFA supplementations to reduce
cachexia in advanced stages of cancer, or the toxic side-effects
of the antineoplastic treatments. For instance, four clinical
studies 1371 conducted in patients with advanced non-small
cell lung cancer (NSCLC) fall in this category. The first one*®
(Table 11) was a double-blind study conducted in stage III
NSCLC patients receiving a multimodality treatment in order
to investigate the effects of an oral nutritional supplement
containing both EPA and DHA on nutritional status and
inflammatory markers in patients. The results were promising,
since the oral 7-3 PUFA-containing supplement resulted in
the preservation of body weight and fat-free mass during

org/10.1017/50954422416000044 Published online by Cambridge University Press

chemotherapy (Table 11). The effects were directly related to
the supplementation, since this effect was particularly evident in
those patients showing an increased plasma phospholipid EPA
concentration, which was assessed as an objective marker of
compliance with the intervention. Moreover, the n-3 PUFA-
supplemented group showed lower levels of the circulating
pro-inflammatory cytokine IL-6. Similar results were obtained in
another multicentre, randomised, double-blind trial ¥
NSCLC patients undergoing chemotherapy were treated with an
oral supplementation of EPA and DHA for about 2 months. Also
in this case n-3 PUFA exerted anti-inflammatory effects by
inducing a progressive decrease in C-reactive protein (CRP) and
IL-6 levels during chemotherapy. Moreover, they inhibited the
formation of ROS and lipid peroxidation products taking place
in plasma during chemotherapy. Another human study(MS),
performed in patients with NSCLC from the time of initiation to
the completion of first-line chemotherapy, evaluated the effects
of intervention with an oral supplementation with FO (or gelatin
capsules containing the same amount of EPA present in the FO)
in combination with standard chemotherapy (carboplatin/
vinorelbine or carboplatin/gemcitabine). Body weight, skeletal
muscle and adipose tissue were examined (Table 11), and it
was demonstrated that the patients in the FO/EPA group were
able to maintain their body weight, while the control group
showed an average weight loss of 2:5kg throughout the
chemotherapy period. Also in this case, patients showing the
highest increase in plasma EPA concentration after supple-
mentation had the greatest gain in muscle mass. Only one study
in patients with advanced NSCLC® had the objective to
evaluate whether combining chemotherapy (carboplatin with
vinorelbine or gemcitabine) with a dietary supplementation
with FO could increase the effect of chemotherapy. It was
observed that in the FO patients the chemotherapy efficiency
increased, as demonstrated by the significant increase in the
One-Year Survival Index and in the two parameters Response
Rate and Clinical Benefit (both calculated on the basis of the
complete response, partial response, and stable disease after
four cycles of chemotherapy). An analogous trial '¥” was per-
formed in patients diagnosed with stage IV colorectal cancer
receiving standard chemotherapy and supplemented with EPA
(Table 11). It had the primary goal to evaluate if the dietary EPA
could avoid the side effects of the therapy. Thus, the patients
were assessed for their nutritional status, dietary intake and
chemotherapy compliance. In this case, even though we have to
underline that the sample of patients enrolled was very small
(thirteen patients in total), the results unequivocally showed that
only those receiving the EPA supplement significantly increased
their body weight. Instead, the evaluation of their quality
of life remained unchanged. Interestingly, however, the patients
receiving only the standard chemotherapy had to interrupt the
treatment for its high toxicity, whereas the EPA-supplemented
group continued the treatment, thus suggesting the positive effect
of EPA on chemotherapy tolerability. Nevertheless, for the very
small number of patients, this study would need confirmation by
a larger controlled randomised trial.

Beneficial effects on the general health conditions of cancer
patients dietary supplemented with FO in combination with
standard chemotherapy after surgical removal of several kinds

where
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Table 11. Human clinical trials: effects of n-3 PUFA in combination with conventional antineoplastic drugs

Patients and type of study

Antineoplastic treatment(s)

n-3 PUFA treatment

Primary endpoint

Effects

Reference

Stage Il NSCLC patients (n 40)

Randomised double-blind placebo-
controlled trial

Patients with advanced inoperable
NSCLC (n 27)
Double-blind placebo-controlled trial

Stage Il NSCLC patients (n 40)
Open-label with contemporaneous
control group trial

Stage Il NSCLC patients (n 46)

Part of a larger open-label trial with
contemporaneous control

Stage IV colorectal cancer patients
(n13)

Prospective, randomised, controlled
open-label pilot study

Two courses of induction CIS
chemotherapy, six-weekly courses
of DTX and CIS, or two courses of
induction chemotherapy and
concurrent BV

Concurrent thoracic radiotherapy:
1-8-2 Gy (five fractions/week) up
to a maximum of 45 Gy/patient

Three courses of chemotherapy with
CIS and GCB to the following
schedule: baseline, after 8d, 22d
and after 66 d

Two cycles of: CBCDA/VNB (twenty-
eight patients); CBCDA/GCB (four
patients); CIS with VNB or VP-16
(eight patients)

Two cycles of palliative
chemotherapy: CBCDA/VNB
(thirty-eight patients); CBCDA/
GCB (eight patients)

5-FU + OXA + FOL in eight (61-5 %)
patients and CAP in five (38-5 %)
patients

Oral nutritional supplement
containing 2-02g EPA +
0-92g DHA/d

Capsules containing 510 mg EPA
and 340 mg DHA for 66 d

Oral FO (2-2 G EPA/D)

Oral FO (2:5g EPA + DHA/d)

Commercially available formula
enriched in FO (containing
1g EPA), two packs/d for a
12-week period

Nutritional status and
inflammatory markers

Inflammatory condition and
oxidative and nutritional status

change in muscle between
baseline and the end of
chemotherapy

Chemotherapy response rates

Chemotherapy tolerability

1 Weight maintenance
(P<0-05)

1 Maintenance of fat-free
mass (P<0-05)

1 Mid-upper arm
circumference (P=0-06)

| REE (P=0-01)

| IL-6 (P=0-08)

1 Body weight (P < 0-05)
| CRP (P<0-05)
| IL-6 (P<0-05)
| Plasma ROS (P< 0-05)

1 Weight gain (P=0-05)
1 Muscle mass gain (P=0-01)

1 Response rate (P=0-008)
1 1-year survival (P=0-15)
1 Clinical benefit (P=0-02)

1 Weight gain (P=0-045)
1 GHS/QoL
1 Chemotherapy tolerability

143

144

145

146

147

NSCLC, non-small cell lung cancer; CIS, cisplatin; DTX, docetaxel; BV, bevacizumab; REE, resting energy expenditure; GCB, gemcitabine; CRP, C-reactive protein; ROS, reactive oxygen species; CBCDA, carboplatin; VNB, vinorelbine;

VP-16, etoposide; FO, fish oil; 5-FU, 5-fluorouracil; OXA, oxaliplatin; FOL, folinic acid; CAP, capecitabine; GHS/QoL, global health status/quality of life.
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Table 12. Human clinical trials: effects of n-3 PUFA in combination with conventional antineoplastic drugs

Patients and type of study

Antineoplastic treatment(s)

n-3 PUFA treatment

Primary endpoint

Effects

Reference

Patients who underwent surgical

removal of different kinds of
cancers (n 38)
Randomised trial

Patients with colorectal cancer
(n11)

Randomised, prospective,
controlled clinical trial

Patients with locally advanced
oesophageal squamous cell
carcinoma (n 71)

Randomised, controlled trial

Breast cancer patients (n 25)

Open-label single-arm phase I
study

5-FU (425 mg/m?) and LCV
(20 mg/m?) i.v. three times
per week

CAP, OXA, 5-FU and LCV (dose not
specified)

CCRT (5-FU: 750 mg/m? per d by
continuous i.v. infusion on days
1-4 and days 29-32 + CIS:

75 mg/m? per d by rapid i.v.
infusion on day 1 and day 29;
radiation: 28 fractions of 1-8 Gy
each (five fractions/week), starting
on day 1 concurrent with the
beginning of chemotherapy)

CYC (i.v. infusion: 500 mg/m?), 5-FU
(500 mg/m?), followed by EPI (i.v.
infusion: 75 mg/m?), administered
on day 1 every 3 weeks

Oral FO (2 g/d providing about
0-3g EPA + 0-4g DHA)

Oral FO (2 g/d of fish oil providing

360 mg EPA/d and 240 mg/d
DHA, for 9 weeks)

Enteral immunonutrition
containing n-3 PUFA (20 % of

total fat: corresponding to about

0-56 g n-3 PUFA/100 ml),
glutamine and arginine

Number and function of blood
PMNC

Inflammation markers, CRP:
albumin ratio, nutritional status
and plasma fatty acid profile

Reduction of inflammatory
markers and improvement of
immune function

DHASCO oil (providing 1-8g DHA/  Response rate and safety profile

d) starting 5-10d before
chemotherapy and for all the
duration of chemotherapy

(5 months)

1t PMNC number (P < 0-05)

1 PMNC phagocytosis (P < 0-001)
1 PMNC H,0, production (P<0-001)

| Body-weight loss (P<0-002)

| Serum CRP levels (P=0-04)
| Plasma ARA (P<0-05)

1 Plasma EPA and DHA (P < 0-05)

Serum levels of:
| CRP (P=0-001)
} TNF-a (P=0-014)

1 Time to progression (P=0-02)

1 Overall survival (P=0-07)

148

149

152

153

5-FU, 5-fluorouracil; LCV, leucovorin; i.v., intravenous; FO, fish oil; PMNC, polymorphonuclear cells; CAP, capecitabine; OXA, oxaliplatin; CRP, C-reactive protein; ARA, arachidonic acid; CCRT, concurrent chemoradiotherapy; CIS,

cisplatin; CYC, cyclophosphamide; EPI, epirubicin.
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Table 13. Human clinical trials: effects of n-3 PUFA in combination with conventional antineoplastic drugs

Patients and type of study

Antineoplastic treatment(s)

n-3 PUFA treatment

Primary endpoint

Effects

Reference

Breast cancer patients (n 57)
Randomised, double-blind,
placebo-controlled trial

Postmenopausal breast cancer
survivors (n 38)

Randomised, double-blind, placebo-
controlled, pilot study

Patients with advanced pancreatic

cancer (n 32)
Part of a single-arm, phase |l trial

Patients with head and neck and
oesophageal cancer (n 111)

Randomised, double-blind,
controlled, multicentre trial

Patients with acute myeloid
leukaemia (n 13)

Phase Il trial with a historical control
group

PTX (175 mg/m? over a 3 h infusion
every 3 weeks for four cycles)

Aromatase inhibitors (dose not
specified)

GCB (1000 mg/m?, weekly for
3 weeks)

CCRT (CIS/CBCDA or MMC, with or
without 5-FU, and radiation
therapy: 66 Gy in single fractions
of 1.8-2.0 Gy daily)

CY 200mg/m? + IDA 12mg/m? or
CY 200mg/m? + DRC 45mg/m?
or CY 200 mg/m? + EP or CY
200 mg/m? + MXT, and the
addition of BV 5-10 mg/kg)

n-3 Fatty acid soft gelatin capsules
(1920 mg/d, providing about
1.2g EPA+DHA)

49 EPA + DHA/d (2520 mg EPA,
1680 mg DHA)

Intravenous n-3 fatty acid-rich lipid
emulsion (100 g, corresponding
to about 6 g EPA + DHA, weekly
for 3 weeks)

Enteral nutrition (500 ml
containing 2g of EPA and 0-85g
DHA, via percutaneous
endoscopic gastrostomy)

Intravenous n-3 PUFA formulation
(Omegaven™: 100 ml/d)
containing 10 g FO providing
1.90g DHA and 1-94 g EPA for
4 weeks

Prophylaxis against PTX-
induced neurotoxicity

Anti-inflammatory action,
decreased bone turnover

Link between pro-inflammatory
circulating cytokines and
growth factors and OS and
PFS

Change of body cell mass and
nutritional and functional
status

Protection from chemotherapy-
induced severe neutropenic
enterocolitis

| Incidence of PTX-induced
neuropathy (P=0-029)

| Bone resorption (P<0-05)

| Plasma PDGF (P=0-05) and FGF
(P=0-03
Tendency towards improved OS in

PDGF responders
Significantly improved PFS in FGF

responders

1 Body weight (P=0-05)
1 Nutritional status (Kondrup score)
(P=0-0165)

Little evidence that n-3 PUFA addition
reduces neutropenic enterocolitis

154

156

158

160

161

PTX, paclitaxel; GCB, gemcitabine; OS, overall survival; PFS, progression-free survival; PDGF, platelet-derived growth factor; FGF, fibroblast growth factor; CCRT, concomitant chemotherapy; CIS, cisplatin; CBCDA, carboplatin; MMC,

mytomicin C; 5-FU, 5-fluorouracil; CY, cytarabin; IDA, idarubicin; DRC, daunorubicin; EP, etoposide phosphate; MXT, mitoxantron; BV, bevacizumab; FO, fish oil.
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of tumours (mainly gastrointestinal) were also recently reported
by Bonatto et al e (Table 12). In this case, the authors
analysed neutrophil number and functions and observed that
the FO supplementation was able to prevent the chemotherapy-
induced decrease in these parameters*®, as well as cachexia-
induced body-weight loss. In agreement, a randomised,
prospective, controlled clinical trial** recently performed
demonstrated that the dietary FO supplementation administered
to colorectal cancer patients for 9 weeks was able to sig-
nificantly improve CRP values, CRP/albumin status, and plasma
FA profile during chemotherapy. These findings are of interest,
since they further support the hypothesis that an increased
intake of 7n-3 PUFA may suppress the permanent serum
inflammatory status and the high serum levels of inflammatory
cytokines observed in cancer patients, and related to cachexia
and poor prognosis™>*!*P. Moreover, whereas the FO patients
gained body weight, those receiving only chemotherapy lost it,
even though the difference did not reach significance (P=0-72).
Again, however, this study, even though highly promising, had
the main limitation of having enrolled a very small number of
patients (only eleven patients). However, a further confirmation
of the anti-inflammatory effect of 7-3 PUFA during chemo-
therapy came from a larger recent randomised controlled trial
(Table 12) performed on patients with oesophageal squamous
cell carcinoma treated with chemo- (5-FU and cisplatin) and
radiotherapy*>?, and supplemented with a combination of 7-3
FA, glutamine and arginine. Also in this case a significant
decrease in the levels of serum CRP and TNF-a was reported in
patients receiving enteral nutrition providing PUFA.

n-3 PUFA supplementation has also been investigated in
breast cancer patients with visceral metastases and treated with
an anthracycline-based chemothempy(155 > (Table 12). The trial
was one small (twenty-five patients) open-label single-arm
phase II study analysing as the primary outcome the efficacy of
an oral DHA supplementation. They found that DHA, besides
not inducing adverse side effects, increased both the time to
progression (P=0-02) and the overall survival (P=0-007) of
patients with respect to the control group, and the effects were
particularly remarkable in the women showing the highest DHA
incorporation into plasma phospholipids. Certainly, as the
authors themselves stated, this study also warrants confirmation
through a larger placebo-controlled randomised phase III
clinical trial stratified on patients’ DHA incorporation.

Instead, in another randomised double-blind placebo-
controlled trial, breast cancer patients were subjected to
paclitaxel-based chemotherapy and supplemented with FO all
through the chemotherapy treatment, as well as 1 month after
the end of therapy (Table 13). The authors found a significantly
decreased incidence of chemotherapy-induced peripheral
neuropathy in 7-3 FA-supplemented patients (P=0-029)""".
Even though also this study examined a small sample (fifty-
seven patients), this result is very promising since, in spite of the
increased survival rate of breast cancer patients due to the
recent development of new therapeutic strategies, peripheral
neuropathy associated with paclitaxel chemotherapy often
impairs patients’ quality of life and induces oncologists to
change or even to stop the treatment. Likewise, another
interesting finding was obtained in a recent randomised,
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double-blind, placebo-controlled pilot study (thirty-eight
patients) performed in postmenopausal breast cancer survivors
after chemotherapy with aromatase inhibitors. The authors
demonstrated that a short-term, high-dose 7-3 PUFA-rich FO
supplementation was able to significantly reduce bone resorp-
tion (P<0-05)"°®. This effect is interesting since, together with
decreased bone mineral density, bone resorption represents an
undesired side-effect induced by aromatase inhibitors in breast
cancer patients“zm .

Also patients with advanced pancreatic cancer were treated
with gemcitabine and intravenous (i.v.) 7-3-rich Lipidem®
emulsion (B Braun, Melsungen) in a single-arm phase II trial
(thirty-two patients)(lSS).The authors observed that the serum
concentrations of platelet-derived growth factor and fibroblast
growth factor decreased significantly with treatment over time.
This finding, in spite of the small number of patients examined,
is of note since increased serum concentrations of these pro-
angiogenic factors have been correlated with the development
of most human solid tumours™>®. Moreover, these changes
were associated with an improved overall survival and a sig-
nificantly higher progression-free survival. Positive results were
also obtained in a recent and larger multicentre study
(Table 13), performed on head and neck and oesophageal
cancer patients (111 patients)'®”. They were treated with
enteral 7-3 nutrition and concurrent chemo-radiotherapy, and a
significant improvement in the nutritional status (evaluated as
Kondrup score; P=0-0165) was observed (Table 13).

Conversely, significant differences were not found between the
control and 7-3 groups in one pilot phase II trial recently per-
formed to investigate the protective effect that an iv. supple-
mentation of 7-3 PUFA may exert in reducing the incidence and
severity of enterocolitis developing in thirteen patients with acute
myeloid leukaemia or at high risk of myelodysplastic syndrome
undergoing myeloablative chemotherapy(l(’l) (Table 13). In this
case, an inverse probability of treatment-weighted comparison
with a historical control group of consecutive AML patients was
performed. The authors found that the CI of incidence rate ratios
of serious adverse events comparing experimental and control
were wide. Therefore, they were not able to exclude a clinically
relevant increase or decrease in the rate of serious adverse events.
However, the authors themselves suggested that more adequately
designed randomised trials of moderate to large size could better
determine whether the intervention with 7-3 PUFA may be
beneficial.

Certainly, from the analysis of all the trials performed so far, it is
impressive to notice how the methods used to enrich cells and
tissues of cancer patients with 7-3 PUFA (in the form of dietary
supplements, i.v. inoculation or enteral nutrition) are absolutely
heterogeneous, making the comparison between the outcomes
very complicated. Moreover, most of the studies are small and for
this reason await confirmation by future larger studies. However,
in spite of these limitations, and although the number of these
human clinical trials remains quite scarce, most of the results
analysed strongly suggest multiple advantages deriving from
adding 7n-3 PUFA to anticancer therapies. In particular, some of
these results suggest that this therapeutic approach could be
extremely useful in order to: (a) reduce weight loss and cachexia

in cancer patients receiving chemotherapy > 145,147.148,160),
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(b) decrease inflammation related to either the cancer condition
or the antineoplastic therapy 43144199152, (o) enhance the
tolerability of highly cytotoxic chemotherapeutic drugs(147’148’154’156);
and (d) improve the efficiency of the antineoplastic

treatments 1 40:153:158),

DHA-paclitaxel conjugate studies

Finally, we cannot omit from our analysis another therapeutic
approach used in some clinical trials, which involves the use
of DHA-paclitaxel, a conjugate molecule synthesised by
covalently linking DHA to the chemotherapeutic drug
paclitaxel. One of these studies'®? was a phase 1 trial that
examined the toxicity and pharmacokinetics of DHA-paclitaxel
in patients bearing different kinds of advanced refractory solid
tumours. The patients were treated with DHA-paclitaxel as a
2h iv. infusion every 3 weeks at doses ranging from 200 to
1100 mg/m?. Tt was demonstrated that DHA—paclitaxel was able
to strongly increase the pharmacokinetics of paclitaxel alone at
the dose of 175mg/m® Moreover, the authors found that the
DHA-paclitaxel conjugate was less cytotoxic in terms of
neutropenia, alopecia and peripheral neuropathy. Similarly,
another phase I clinical trial'®® demonstrated that DHA~-pacli-
taxel administered weekly to a maximum dose of 600 mg/m? was
well tolerated, and that a weekly continuous infusion was more
active than a treatment performed with the taxane alone every
3 weeks or weekly. A prospective, open-label, non-randomised,
multi-institutional phase 11 study(164) was also performed to assess
the anti-tumour activity and safety of DHA-paclitaxel (900 and
1100 mg/m?, as i.v. infusion every 3 weeks) as first-line treatment
of patients with advanced NSCLC. However, in this case DHA-
paclitaxel administered as a single-agent showed little activity in
patients with advanced NSCLC, with about 40 % patients
achieving either stable disease or a partial response after treat-
ment. A phase II open-label study(l(ﬁ) was also performed using
DHA—paclitaxel administered at the dose of 1100 mg/m? by i.v.
infusion every 21 d in patients with locally advanced or metastatic
adenocarcinoma of the oesophagus, oesophago-gastric junction
or stomach, which had not been previously treated. However, the
results demonstrated that the DHA—paclitaxel treatment induced
only a partial response (94 %), and that the haematological
toxicity was comparable with that induced by paclitaxel alone
(neutropenia in 93 % of patients). Three similar clinical stu-
dies® 1% were also conducted in melanoma patients. In parti-
cular, Homsi et al "% administered DHA-paclitaxel (900 mg/mz)
or dacarbazine (1000 mg/mz) every 3 weeks in metastatic mela-
noma patients not treated before, and found that its efficacy was
not higher than that of dacarbazine, even though DHA—paclitaxel
was well tolerated. Similarly, Bedikian et al.'°”, in a phase III
study in patients bearing a metastatic malignant melanoma and
treated with DHA-paclitaxel or dacarbazine, did not find any
difference in the patient survival and response rate between the
two treatments. Actually, the authors found higher myelo-
suppression in patients receiving DHA—paclitaxel. Finally, a phase
I open-label study(mg) was conducted by treating patients with
metastatic uveal melanoma (previously treated or not with
standard chemotherapy) with DHA-paclitaxel at the dose of
500 mg/m? per week for 5 consecutive weeks. As a single-agent
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therapy, DHA—paclitaxel was found to be safe and well tolerated,
but its efficacy was observed only in 32 % of patients achieving
stable disease. In conclusion, the outcomes of the clinical studies
performed with the DHA-paclitaxel conjugate appear con-
troversial with respect to both the preclinical studies and the few
clinical studies in which 7-3 PUFA were given in combination
with other chemotherapeutic agents or with paclitaxel itself">?,
but not as a DHA conjugate. It should be noticed, however, that
the reason for covalently binding DHA to paclitaxel in the
conjugate was not for taking advantage of the antineoplastic
properties of DHA, but just for enhancing the cellular uptake of
paclitaxel, thanks to the lipid carrier function of DHA, and for
making slower the paclitaxel release inside the cells. For this
reason, in the trials performed with the DHA—paclitaxel conjugate,
the treatment scheme was quite unusual for a nutritional com-
pound such as DHA. As a matter of fact, in these studies DHA was
always administered at concentrations much lower and at inter-
vals between administrations much longer than those shown to
be effective in the other clinical trials where 7-3 PUFA supple-
mentations were combined to concomitant, but separate, treat-
ments with a variety of antineoplastic agents.

Conclusions

Overall, all the data analysed here concur to support the
hypothesis that 7-3 PUFA used in combination with various
conventional antineoplastic agents may exert beneficial effects,
either by increasing the efficacy of the concomitant therapies,
and/or by reducing their deleterious side-effects. The poten-
tiating action of 7-3 PUFA has been widely demonstrated both
in in vitro and animal studies, thus attracting considerable
interest. Several human studies have recently confirmed their
ability to sensitise cancer cells to the action of chemical and
radiation therapy, even though their number appears still too
small to draw definitive conclusions. Moreover, the number of
patients enrolled in the clinical trials is often too limited. This
highlights the need to undertake further studies evaluating
potential molecular targets for each type of cancer and anti-
cancer agent studied in combination with 72-3 PUFA. Finally, it
could also be hypothesised a therapy combining these FA,
which is safe, quite inexpensive, and provided with pleiotropic
effects and multi-targeted action at molecular levels, with the
innovative single-targeted cancer therapies, which, instead, are
very expensive and, as recently observed, not completely
devoid of dangerous side-effects%17%,
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