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Despite current achievements and innovations in cancer treatment, conventional chemotherapy has several
limitations, such as unsatisfactory long-term survival, cancer drug resistance and toxicity against non-tumoral
cells. In the search for safer therapeutic alternatives, docosahexaenoic acid (DHA) has shown promising ef-
fects inhibiting tumor growth without significant side effects in several types of cancer, but in gastric cancer (GC)
its effects have not been completely described. In this study, we characterized the effects of DHA in GC using in
vivo and in vitro models. Among all of the evaluated Q-3 and Q-6 fatty acids, DHA showed the highest anti-
proliferative potency and selectivity against the GC-derived cell line AGS. 10-100 pM DHA decreased AGS cell
viability in a concentration-dependent manner but had no effect on non-tumoral GES-1 cells. To evaluate if the
effects of DHA were due to apoptosis induction, cells were stained with Annexin V-PI, observing that 75 and 100
pM DHA increased apoptosis in AGS, but not in GES-1 cells. Additionally, levels of several proapoptotic and
antiapoptotic regulators were assessed by qPCR, western blot and activity assays, showing similar results. In
order to evaluate DHA efficacy in vivo, xenografts in an immunodeficient mouse model (BALB/cNOD-SCID) were
used. In these experiments, DHA treatment for six weeks consistently reduced subcutaneous tumor size, ascitic
fluid volume and liver metastasis. In summary, we found that DHA has a selective antiproliferative effect on GC,
being this effect driven by apoptosis induction. Our investigation provides promising features for DHA as po-
tential therapeutic agent in GC.

1. Introduction

Gastric cancer (GC) constitutes one of the most relevant types of
cancer, with more than 700,000 annual deaths, being the fourth most
prevalent cancer worldwide (Ferlay et al., 2015; Ferro et al., 2014;
Kamangar et al., 2006). Generally, this disease is asymptomatic and
diagnosed on advanced or terminal stages, when metastatic foci are
already formed (Subhash et al., 2015). Despite improvements in diag-
nosis and therapy, overall prognosis remains poor (Nienhuser and
Schmidt, 2018), and the molecular mechanisms underlying GC devel-
opment remain unclear (Li et al., 2014). Although surgery is the
preferred treatment, its use is largely associated with significant risks

(Alkhaffaf et al., 2017). On the other hand, conventional cytotoxic
therapies lead to unsatisfactory long-term survival, mainly related to
drug resistance development by tumor cells and toxicity towards normal
cells (D’Eliseo and Velotti, 2016; Tang et al., 2017). Consequently, new
treatments are urgently required for GC treatment and prevention.
Natural products with antitumor activity and mild side effects are
promising candidates to be used as anticancer agents (Haque et al.,
2017; Zhang et al., 2015). Moreover, studies have shown that some
natural compounds are able to increase the efficacy of conventional
chemotherapeutic drugs (Ebrahimifar et al., 2017). Within natural
compounds that have been studied as potential anti-cancer drugs,
omega-3 (Q-3) polyunsaturated fatty acids (PUFAs) have received
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special attention for their varied array of beneficial properties (Vaughan
et al., 2013). PUFAs are essential fatty acids for human health because
mammals lack the desaturases necessary to synthesize alpha linolenic
acid (ALA; 18:3), precursor of eicosapentanoic acid (EPA; 20:5) and
docosahexaenoic acid (DHA, 22:6) (Ostermann et al., 2017). Conse-
quently, these Q-3 PUFAs must be acquired almost exclusively from diet
(Kaur et al., 2014), being found mostly on cold-water fish as EPA and
DHA (Berquin et al., 2008), or consumed as dietary supplements
(Vaughan et al., 2013). Epidemiological studies have linked fish oil
consumption with a decrease in cancer incidence, attributing these ef-
fects to its content of EPA and DHA. However, DHA is often regarded as
the most effective anticancer Q-3 PUFA due to its unique effect altering
membrane composition (Siddiqui et al., 2011). DHA supplementation
has an effective adjuvant action, and it has emerged as a promising
chemosensitizer (Siddiqui et al., 2011). As an antineoplastic agent,
several effects for DHA have been reported, like inhibition of tumor cell
proliferation and viability, apoptosis induction and reactive oxygen
species generation (D’Eliseo and Velotti, 2016; Zhang et al., 2015).

According to this, in the present study we investigated the effects of
DHA in GC using both in vitro and in vivo models. We found that DHA can
efficiently inhibit cell viability on a gastric adenocarcinoma-derived cell
line (AGS) by apoptosis induction, and also reduce tumor growth in a
immunodeficient mice model. Altogether, these results portray DHA as a
promising agent to be used on GC.

2. Materials and methods
2.1. Animal care

All procedures were performed according to the policies set out by
the International Council on Animal Care and were approved by the
Research Ethics Committees from the Faculty of Medicine at Uni-
versidad Catdlica del Norte (CECFAMED-UCN) and Fundacién Ciencia y
Vida.

2.2. Reagents

Q-3 PUFAs docosahexaenoic acid (DHA), eicosapentaenoic acid
(EPA) and alpha linolenic acid (ALA), and Q-6 PUFA arachidonic acid
(AA) ethyl esters were purchased from Nu-Check (Nu-Chek-Prep Inc.,
USA). Geltrex matrix (ThermoFisher, USA) was used as basement
membrane matrix gel for in vivo experiments.

2.3. Cell culture

In vitro experiments were performed using human cell lines derived
from gastric adenocarcinoma (AGS; ATCC® CRL-1739), non-tumoral
gastric epithelia (GES-1; cells kindly donated by Dr. Dawit Kidane from
the University of Texas at Austin, USA) and embryonic kidney (HEK-
293; ATCC® CRL-1573). Dulbecco’s Modified Eagle Medium (DMEM)
was used for maintenance of GES-1 and HEK-293 cells, and Kaighns’
Modified F-12 (F12K) medium was employed for AGS. For both cases,
media were supplemented with 10% fetal bovine serum (Biological In-
dustries, Israel), 100 IU/ml penicillin G and 100 pg/ml streptomycin
sulfate (Sigma-Aldrich, USA). Cell lines were cultured in an incubator at
37 °C with humidified atmosphere containing of 5.0% CO,, and they
were routinely subcultured after 4 days, performing every experiment
between the 8th and 30th passage for each cell line.

2.4. Cell functionality assays

In order to evaluate cell functionality, as an indicator of cell viability,
in gastric cancer-derived and non-tumoral cell lines, MTT assays were
performed in 96-well plates, seeding 5 x 10° cells per well, and incu-
bating overnight to promote cell adhesion. After 24 h, medium was
replaced with supplemented DMEM or F12K solutions containing DHA,
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EPA, AA or ALA at concentrations previously described for anti-
proliferative assessments of these Q-3 PUFAs on lung, ovarian, colo-
rectal and glial carcinoma cell lines (Bai et al., 2019; Kim et al., 2018;
Liu et al., 2018; Sam et al., 2018). After 24-48 h of incubation, an
aliquot of 5 mg/ml 3-(4,5-dimethylthazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT, Sigma-Aldrich, USA) reagent was added to each
well and plates were incubated at cell culture conditions for 1 h before
absorbance measurement. After incubation, plates were shaken for 10
min and absorbance was measured at 490 nm using a NOVOstar®
multiplate reader. Median inhibitory concentrations (ICso) for DHA and
EPA were calculated for every cell batch treated with these PUFAs that
exhibited a concentration-dependent inhibition. Each functionality
curve was adjusted to an exponential fit using GraphPad software, and
final ICso values were obtained calculating the mean + S.E. of all the
batches tested. Each assay was performed at least in triplicate.

2.5. Apoptosis assays

2.5.1. Cell membrane integrity

AGS and GES-1 cells were cultured in 6-well plates, seeding 2 x 10*
cells per well. After an overnight incubation, each well was treated for 6
h with 0, 75 or 100 pM DHA, considering a condition with 50 pM
cisplatin (CisP; Sigma, USA) as positive control for apoptosis. After
treatment, cells were stained with Hoechst 33342, annexin V and pro-
pidium iodide (PI) (Invitrogen, USA) according to manufacturer in-
structions, and analyzed in a Zeiss LSM-800 laser scanning confocal
microscope using a previously described protocol for image acquisition
(Ramirez-Rivera et al., 2018).

2.5.2. Western blot

AGS and GES-1 cells were seeded into 60 mm cell culture plates at
70-80% confluence (4-5 x 10° cells/plate) and incubated for 24 h to
promote cell adhesion. After that, each plate was treated for 6 h with a
solution of supplemented culture medium plus 0, 100, 200 pM DHA or
50 pM CisP. After treatment, cells were harvested on ice using RIPA
buffer, and total protein content was measured using the Pierce BCA
Protein Assay kit (Thermo Scientific, USA). 30 pg of each protein extract
was loaded on 10% SDS-polyacrylamide gels, which were transferred to
PVDF membranes after electrophoresis. Membranes were blocked using
5% non-fat milk for 30 min, and then incubated overnight at 4 °C with
one of the following primary antibodies: caspase-3 pl17 (Santa Cruz
Biotechnology, USA; sc-271028; 1:1000 dilution) or f-actin (Thermo
Scientific, USA; PA-20536-1; 1:1000 dilution), being the later used as
loading control. After primary antibody incubation, membranes were
washed twice with TBS-T and incubated with a horseradish peroxidase
(HRP)-conjugated anti-mouse IgG secondary antibody (Rockland Im-
munochemicals, USA; 610-1302; 1:5000 dilution) at room temperature
for 1 h. Finally, membranes were washed twice with TBS-T at room
temperature and treated with SuperSignal West Pico PLUS Chemilumi-
nescent substrate solutions (Thermo Scientific, USA) for detection in a C-
DiGit blot scanner.

2.5.3. Gene expression of proapoptotic and antiapoptotic regulators

To guarantee quality and reproducibility in our experiments, MIQE
Guidelines were considered in every aspect of the following protocol
(Bustin et al., 2009). In the same way as the cell cultures used for
Western Blot, AGS and GES-1 cell lines were seeded on 60 mm culture
plates in order to achieve a 70-80% confluence after a 24 h incubation
(4-5 x 10° cells/plate). Then, cell were treated for 6 h with the
following experimental conditions using supplemented culture medium
as solvent: 0, 100, 200 pM DHA and 50 pM cisplatin. After treatment,
mRNA was extracted using TRIzol® reagent (Invitrogen, USA) according
to the manufacturer’s protocols. Yield and purity ratios (260 nm/280
nm and 260 nm/230 nm) were established using a NanoDrop One®
microvolume spectrophotometer (Thermo Scientific, USA). Reverse
transcription was performed with an Affinity Script® qPCR cDNA
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Synthesis Kit (Agilent, USA) using 0.5 pg of extracted mRNA, consid-
ering for every sample a no-RT control (-RT). For the qPCR reactions,
Brilliant II SYBR® Green QPCR Master Mix (Agilent, USA) was used
considering 50 ng of cDNA, 300 nM as final concentration for every pair
of primers, and a no-template control (NTC) to each one of the genes
studied. For each experimental condition, Bcl-2, Bcl-XL, Bax and
Smac/DIABLO were established as objective genes, and B2M was used as
referential gene. Primers for B2M were designed using Primer-BLAST
(forward: 5-AAG TGG GAT CGA GAC ATG TAA GCA-3’; reverse:
5-GGA ATT CAT CCA ATC CAA ATG CGG C-3'), and for the objective
genes we used primers previously designed by our group (Ramir-
ez-Rivera et al., 2018). The following thermocycling protocol was
applied: initial denaturation at 95 °C for 10 min, and 40 amplification
cycles at 95 °C for 30s and 60 °C for 60s.

To determine relative gene expression, efficiency curves were ob-
tained for each gene, choosing the most proper calculation method be-
tween the one proposed by Livak and Schimittgen or Pfaffl according to
the differences in the amplification efficiency obtained for each one of
the analyzed genes (Livak and Schmittgen, 2001; Pfaffl, 2001). All these
experiments were done and analyzed using 0 pM DHA condition as basal
expression control.

2.5.4. Caspase 3/7 activity assay

AGS and GES-1 cells were seeded into white opaque 96-well plates at
a density of 5 x 10° cells/well and, after an overnight incubation for cell
adhesion, plates were treated with 0, 50, 100, 200 pM DHA, or 50 pM
CisP. Each condition was incubated for 6 or 24 h, and then treated with
Caspase-Glo 3/7® reagent (Promega, USA) according to manufacturer’s
guidelines. After an incubation of 3 h, caspase 3/7 activity was deter-
mined as luminescent signal in a NovoStar® multiplate reader. Each
assay was performed in triplicate, and caspase 3/7 activity was deter-
mined by a ratio of relative light units (RLU) readings obtained from the
different experimental conditions and a basal cell proliferation control
consisting in cells without treatment.

log [EPA], M

2.6. Preliminary DHA single dose toxicity assessments

In order to establish DHA acute toxicity in vivo, and prior to tumor
growth inhibition experiments, 6-week non-tumoral male BALB/c mice
were used to evaluate single dose DHA toxicity. Animals were injected
intraperitoneally with 100 pl of a DHA solution prepared according to
Trepanier et al. (2014). Doses contained 1.0 g/Kg DHA and 100 mg/ml
bovine serum albumin (BSA). As control condition, animals were
injected with 100 pl of a mixture of 100 mg/ml BSA and saline. After
injection, animals were observed for 15 days, and their main features
were described according to the parameters proposed by Morton and
Griffiths (1985). In parallel to animal observation, blood samples were
collected to evaluate hematologic and biochemical profiles using a
LaserCyte Dx analyzer. Animals were euthanized after toxicological
evaluation.

2.7. In vivo tumor growth inhibition

Xenotransplantation was performed in BALB/c NOD mice with se-
vere combined immunodeficiency (SCID), in which the development of
T and B lymphocytes is suppressed, but their innate immunity is pre-
served, allowing them to be used as a model to assess cancer cell lines
tumorigenic potential in vivo. For this purpose, we applied an ectopic
injection of AGS/Geltrex into subcutaneous space at the right flank re-
gion of female and male BALB/c NOD/SCID mice (weight = 20 + 3 g)
from Jackson Laboratories. A total of 18 mice were used and randomly
divided into three groups. All mice were injected subcutaneously with 5
x 10% AGS cells (1:1 Geltrex-gel in 100 pl) to induce gastric tumori-
genesis. Parallelly, and prior to the treatment period beginning, animals
were treated with a 0.1 g/ml DHA solution in BSA prepared according to
Trepanier et al. (2014). Two groups of mice were treated with DHA at a
dosage of 1.0 g/Kg for 4 or 6 weeks (named as T4 and T6 groups,
respectively), and a third group served as control without DHA treat-
ment. DHA dosage was selected according to previous in vivo in-
vestigations using breast and prostate tumor models, and had proven to
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Fig. 2. DHA is a potent and selective inhibitor of AGS cell functionality. A.
Effects of the fatty acids DHA (black bars), EPA (grey bars), arachidonic acid
(AA, open bars) and alpha linoleic acid (ALA, striped bars) on AGS cell func-
tionality after a 48 h incubation. B. Effects of a 48 h treatment with 25, 50 and
100 pM DHA, or 50 pM cisplatin (CisP) on AGS (black bars), GES-1 (grey bars)
or HEK-293 (open bars) cell proliferation. **P < 0.01, as compared to basal
functionality in untreated cells (represented by the dotted line). Kruskal-Wallis
and Dunn’s tests, n = 8-25.

be safe both for humans and mice (Calviello et al., 1999; Fasano et al.,
2017; Kuriki et al., 2003; Tomaszewski et al., 2020), without effects in
other cell parameters such as membrane fatty acid content (Abbott et al.,
2012) All the animals were euthanized at the sixth week post AGS/-
Geltrex inoculation and tumors were collected, sized and weighed, and
analyzed for signs of spontaneous metastasis. Tumor growth was
monitored by palpation, and its length, width and height was measured
using a digital caliper. Tumor volume (V) was calculated using the
following equation, where w = width, 1 = length, and h = height:

V= %*l*w*h

2.8. Spontaneous metastasis evaluation

In order to confirm metastatic nodules formation on euthanized
mice, tissue analysis was performed on every necropsy. Formation of
macro-metastatic nodules were identified as changes on normal tissue
structure, signs of parenchymal damage, and distinctive coloration
changes in the analyzed organs.

2.9. Statistical analysis

To evaluate cell viability, Kruskal-Wallis nonparametric test and
Dunn post-test were used. All in vitro experiments were repeated at least
three times, using their respective mean as final result. For in vivo
evaluations, comparisons were made between each DHA-treated mice
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group and their respective control condition using an unpaired Student’s
t-test. GraphPad Prism Software v5.0 was used for data analysis.

3. Results
3.1. DHA and EPA decreases cell viability in GC-derived cells

In order to analyze the effects DHA and EPA, we performed
concentration-response experiments on AGS (human gastric adenocar-
cinoma), GES-1 (human non-tumoral gastric mucosa) and HEK-293
(human embryonic kidney) cell lines using the MTT assay. According
to these results, DHA was the most effective and selective Q-3 PUFA,
inhibiting AGS cell functionality in a concentration-dependent manner
in the range of 1-100 pM DHA, at both 24 and 48 h of incubation
(Fig. 1A). On the other hand, no significant effects of DHA were
observed on GES-1 and HEK-293 cells functionality at both 24 and 48 h
of incubation (Fig. 1A). The estimated ICso for DHA were 63.2 + 4.4 at
24 h, and 45.4 + 3.9 uM at 48 h of incubation. On the other hand, EPA
showed less potency and selectivity (Fig. 1B) than DHA for the same cell
lines. ICso for AGS cells treated with EPA were similar at 24 and 48 h
incubation (104.2 + 4.6 and 96.8 + 2.9 pM, respectively), but EPA also
inhibited GES-1 cell functionality at 24 and 48 h (ICsg 24 h = 107.8 +
2.9 pM and IC5p 48 h = 105.5 + 2.3 pM, Fig. 1B), and also inhibited HEK-
293 cell functionality at 48 h of application (ICso = 107.8 + 7.2 pM,
Fig. 1B), therefore exhibiting less selectivity for cancer-derived cells
than DHA. Next, we assessed AGS cell functionality in order to observe if
the effects of DHA and EPA were specific, or they can be achieved using
Q-3 and Q-6 PUFAs metabolic precursors like alpha linolenic acid (ALA)
and arachidonic acid (AA), respectively. After a 48 h incubation, we
found that neither ALA nor AA had any effect on AGS cell functionality
(Fig. 2A). Since our results showed that DHA was the most potent Q-3
PUFA inhibiting AGS cell functionality, we tested its selectivity and
compared it against cisplatin (CisP), a conventional antineoplastic
agent. After a 48 h incubation, DHA proved to have an important
selectivity, with notorious effects on the GC-derived cell line AGS
without affecting the non-tumoral cell lines GES-1 and HEK-293. Effects
of CisP were non selective, inhibiting cell functionality in all the eval-
uated cell lines (Fig. 2B).

3.2. DHA inhibits AGS cells functionality by apoptosis induction

After we determined that DHA is a potent and selective agent for AGS
cells, we evaluated if these effects were due to apoptosis induction. As a
first approach, we used Annexin V-PI staining in AGS and GES-1 cells
after a 6 h treatment with different DHA concentrations. We observed an
important increase of apoptotic cells in AGS treated with 75 and 100 pM
DHA, but no changes on GES-1 cells under the same conditions (Fig. 3B
and C and 3F-G, respectively). In contrast, cisplatin induced apoptosis in
both cell lines (Fig. 3D and H). Next, we evaluated changes in protein
levels of procaspase 3, zymogen of caspase 3, an essential protein in the
execution phase of apoptosis. When apoptosis is induced, procaspase 3
levels diminish because of its cleavage and subsequent dimerization of
its small and large subunits, conforming the active enzyme caspase 3. To
evaluate this, we incubated AGS and GES-1 cells with 100 and 200 pM
DHA, or 50 pM cisplatin for 6 h, and evaluated procaspase 3 protein
levels by Western blot. The 200 pM DHA condition was included in the
experiments of Figs. 4 and 5 in order to compare our results to a previous
study that measured the effects of DHA in the activity apoptosis medi-
ators in a breast cancer model (Xue et al., 2017). In AGS cells, we
observed a decrease in procaspase 3 protein levels using 100 and 200 pM
DHA. This effects were not observed in GES-1, where DHA treatment
had no effect on procaspase 3 protein levels. In contrast, cisplatin
decreased procaspase 3 protein levels in both cell lines (Fig. 4A and B).
Finally, after observing a decrease on procaspase 3 protein levels, we
performed a caspase 3/7 activity assay in order to prove apoptosis in-
duction via executioner caspases. For these experiments, we found
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Fig. 3. DHA induces apoptosis in AGS cells. Cells
were fixed and stained with Hoechst 33342 (blue,

DHA-75uM

DHA-100uM DHA-100uM

caspase 3/7 activity patterns consequent with the ones observed for
procaspase 3 protein levels: a significant DHA-induced increase of cas-
pase activity in AGS, minimal caspase 3/7 activity on DHA-treated
GES-1 cells, and increased caspase activity in both cell lines after
treatment with cisplatin (Fig. 4C and D). Next, we further investigated
the effects of DHA on apoptosis, evaluating changes in mRNA levels of
antiapoptotic (Bcl-2 and Bcl-XL) and proapoptotic (Bax and Smac/-
DIABLO) mediators in order to analyze them from the perspective of
mitochondrial integrity. To evaluate this, we incubated AGS and GES-1
cells with DHA, or 50 pM cisplatin for 6 h, and evaluated Bcl-2, Bcl-XL,
Bax, Smac/DIABLO mRNA levels by qPCR, using B2M as reference gene
and 2722% a5 quantification method. In AGS cells, we observed a
decrease on Bcl-2 and Bcl-XL mRNA levels, and an increase on Bax and
Smac/DIABLO, being this effect similar between both 100 and 200 pM
DHA and 50 pM cisplatin (Fig. 5A). However, DHA treatment on GES-1
cells did not changed Bcl-2, Bcl-XL and Bax mRNA levels, and showed a
mild reduction of Smac/DIABLO levels (Fig. 5B). However, cisplatin was
able to induce changes in the proapoptotic/antiapoptotic balance in
GES-1 cells, indicating again a lack of selectivity of this compound
(Fig. 5B).

3.3. DHA does not induce side effects on mice

Before in vivo tumorigenesis experiments, we evaluated potential
secondary effects of DHA administration on BALB/c mice. Single intra-
peritoneal injection of DHA (1.0 g/Kg) did not induced signs of acute
toxicity after 15 evaluation days (n = 4). An observation battery taken

nucleus), annexin V (green, apoptotic cells) and PI
(red, necrotic cells) in AGS (A to D) and GES-1 (E to
H) dells. Representative images of control (A and E)
cells, or treated with 75 (B and F) or 100 pM DHA (C
and G). Note that annexin V staining is evident in
AGS but not in GES-1 cells. D and H. Representative
images of cells treated with 50 pM cisplatin (CisP),
note that in both cell lines annexin V staining is
observed. Images are representative of at least three
separate experiments.

from Morton and Griffiths’ Guidelines (Morton and Griffiths, 1985) was
applied, and we did not observe any changes in the following parame-
ters: general appearance (including opaque or closing eyes), decreased
food/water intake, dehydration, weight loss, hypoactivity, restlessness
or abnormal aggression, vocalizations or respiratory distress, cranial
deformity or neurological damage signs, coarse or shaggy hair, stooped
posture lordosis or kyphosis, skin pathologies, mobility restrictions,
changes in stool/urine, and ocular and nasal discharges. In addition, we
obtained blood samples from the DHA-injected mice and performed
hematological (Table 1) and biochemical (Table 2) profiles. In general,
we did not observed any substantial alteration in hematological profiles
after DHA administration, with the exception of a diminished platelet
count in every experimental group (Table 1), including control condi-
tion. This situation is probably due to technical limitations associated to
the automated analyzers used for this measurement. These devices
normally underestimate platelet counts in mice due to both the small
size of mice platelets and their propensity to aggregate. This underes-
timation was partially corrected by DHA treatment, which ameliorates
part of the underestimation seen in control group due to its well-known
effect as platelet aggregation inhibitor (O’Connell et al., 2015). We also
observed a decrease in lymphocytes percentage, and an increase in
monocytes and eosinophils percentages in both control and DHA-treated
groups. These changes could be explained as typical hematological re-
sponses to the stress conditions associated with animal manipulation,
because DHA treatment group showed similar values to those observed
for the control group, proving that this alterations are not related with
DHA effects. According to the biochemical profile, most of the evaluated
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Fig. 4. DHA induces caspase 3 and 7 activa-
tion in AGS cells. A. Representative blots
showing procaspase 3 and p-actin protein levels
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parameters stayed at physiological ranges after DHA treatment, except
for calcium and serum albumin levels, which were below their refer-
ential values in DHA-treated animals (Table 2). Serum calcium reduc-
tion can be explained by the decrease of parathyroid hormone levels that
occur after DHA administration (Plas et al., 2019). On the other hand,
lower levels of serum albumin in DHA-injected animals compared to
control animals can be explained by the additional albumin present in
the vehicle injected to control animals that, in the case of DHA-treated
animals, is complexed with DHA and therefore it enters to cell’s
cytoplasm.

3.4. DHA reduces tumor growth and suppress metastasis in xenografted
mice

In a final set of experiments, we tested if DHA treatment was able to
suppress tumor growth and metastasis in BALB/c NOD/SCID mice,
which were subcutaneously injected with AGS cells in order to induce
ectopic tumor formation. Then, animals were routinely treated by
intraperitoneal administration every Monday, Wednesday and Friday
with either vehicle (control group) or with 1.0 g/Kg DHA during four
(T4 group) or six (T6 group) weeks. This DHA concentration was chosen
considering that: i) intraperitoneal and oral bioavailabilities are similar
for this compound (Turner et al., 2011); ii) absorption rate of DHA as
ethyl ester is around 21% (Lawson and Hughes, 1988), making neces-
sary the use of lipid additives like alpha-tocopherol, triacylglycerol or
synthetic phospholipids in order to improve DHA absorption (Hachem
et al., 2020; Libinaki and Gavin, 2017). In all cases, tumor growth was
monitored until day 52, when animals were euthanized (Fig. 6A). Dur-
ing these experiments, we continuously monitored tumor growth using a
digital caliper. With this data, we generated tumor growth curves for
each animal from the three experimental groups (Fig. 6B). In control
group (black circles), we observed a sustained tumor growth in all the
animals tested. In T4 group (Fig. 6B, grey circles), we also observed a
sustained tumor growth, but in a smaller degree as compared to control
group. Also, tumors in T4 group started to grow at day 35, later than
control group. In T6 group (Fig. 6B, open circles), tumor growth was
significantly reduced comparing with the other groups, and one
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specimen barely developed a 10 g tumor (not shown). In order to
compare these results between experimental and control groups, we
used mean tumor volumes from the last 10 and 15 experiment days. This
time range was established to eliminate the variation of the first days of
treatment, when tumor growth did not follow a sustained pattern.
Fig. 5C shows that DHA treatment for 6 weeks (T6 group) significantly
reduced tumor volume in the last 10 and 15 days of experiment in
comparison with control group. For T4 group we found a significant
reduction only at the last 15 days of experiment (Fig. 6C). In both an-
alyses (last 15 and 10 days), mean body weight of mice did not change in
any of the experimental groups, indicating that DHA treatment induced
specific effects on tumor growth (Fig. 6D).

As mentioned before, animals were euthanized after day 52 (see
Fig. 6A) and tumor characteristics and possible metastatic nodules were
analyzed. Fig. 7 shows features of tumor development and metastasis
after AGS cells xenograft in all three experimental groups. All of the
xenografted mice developed tumors: a compact, highly demarked mass
was formed, especially in T6 group (Fig. 7A). In addition, we observed a
significant difference between tumor sizes, as can be deducted from
representative images (Fig. 7A), being the tumors from the T6 group
evidently smaller as compared to other groups. Next, we analyzed the
volume of ascitic fluid present in the peritoneal cavity. In control group,
3 of 5 animals presented a significant volume of ascitic fluid, whereas no
increase was observed in T4 or T6 groups (Fig. 7B). Consonant with this,
the same 3 animals from control group that presented an increased as-
citic fluid volume also showed an increased number of malignant cells
(Fig. 7B). On the contrary, no malignant cells were found in T4 and T6
groups (Fig. 7B). Then, we analyzed in every experimental group the
occurrence of spontaneous liver metastasis. In control condition, 3 of 5
animals developed metastasis having several tumor-like formations in
their livers (Fig. 7C). Liver metastasis on DHA-treated conditions were
noticeable on 1 of 6 mice in the T4 group, but none of the animals from
T6 group (Fig. 7C). According with these results, we observed significant
differences in liver masses from the control group as compared to T4 and
T6 (Fig. 7D).
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Fig. 5. Changes in mRNA levels of antiapoptotic and proapoptotic medi-
ators. A and B. Relative gene expression of Bcl-2, Bcl-XL, Bax and Smac/DIA-
BLO in AGS (A) and GES-1 (B) cells in control conditions (open bars), or treated
by 6 h with 100 uM DHA (grey bars), 200 pM DHA (black bars), or 50 pM CisP
(light grey bars). **P < 0.01; ***P < 0.001, Student’s t-test, n = 4.

Table 1
Hematological profile for control and DHA-treated BALB/c mice.

Parameter Range Control DHA injected
RBC (K/pD) 5.6-12.5 5.6 + 0.6 6.1 +£0.3
HTC (%) 29.0-43.0 27.5+3.1 29.9 +1.3
HGB (mg/dl) 9.3-13.7 8.7 +1.0 10.4 + 0.8
MCV (f) 31.0-61.0 49.3 £0.2 49.0 £ 0.1
MHC (pg) 14.5-16.9 15.8 £ 0.2 159 + 0.3
MCHC (g/dl) 30.5-32.9 32.2+0.1 31.50 + 0.3
PLT (K/pl) 900-1600 10.5 + 2.2 410.0 + 20.2
WBC (K/pl) 2.0-10.0 1.6 £ 0.2 2.3+0.3
Neutrophils (%) 20.0-30.0 19.2 + 3.1 25.6 £ 6.1
Lymphocytes (%) 70.0-80.0 55.0 + 4.7 42.4 £5.2
Monocytes (%) 0.0-2.0 183+ 7.4 19.7 + 8.4
Eosinophils (%) 0.0-7.0 6.6 +29 51+1.6
Basophils (%) 0.0-1.0 0.5+ 0.2 0.9 +0.1

Analyzed parameters in the hematological profile were: hematocrit (HTC), red
blood cells count (RBC), mean cell volume (MCV), hemoglobin (HGB), mean cell
hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC),
platelets (PLT), white blood cells (WBC) and neutrophils, lymphocytes, mono-
cytes, eosinophils and basophils percentages. Reference values were taken from
(O’Connell et al., 2015; Restell et al., 2014; Zaias et al., 2009).
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Table 2
Biochemical profile for control and DHA-treated mice.

Parameter Range Control DHA injected
Glucose (mg/dL) 92-232 134.7 £ 8.9 111.0 +10.1
BUN (mg/dL) 11-17 20.0 £ 2.1 15.0 £ 0.6
Phosphorus (mg/dL) 7.8-14.7 8.5+ 0.6 6.5+ 3.2
Calcium (mg/dL) 5.9-12.5 5.2+0.9 23+12
Total proteins (g/dl) 4.8-8.7 3.4+0.6 29 +0.7
Serum albumin (g/dl) 1.2-2.7 1.1 £0.1 0.5+ 0.3
Globulins (g/dl) 1.3-2.5 2.0 £0.6 2.4+05
Amylase (U/1) 420-2300 922 + 90 444 + 114

Analyzed parameters in the biochemical profile were: glucose, blood urea ni-
trogen (BUN), phosphorus, calcium, total protein, serum albumin, globulins and
amylase. Reference values were taken from (Stechman et al., 2010; Zaias et al.,
2009) and Charles Rivers Laboratories (https://animalab.eu/sites/all/pliki/pro
dukty-dopobrania/balb_c_Mouse_clinical_pathology_data.pdf).

4. Discussion

Gastric cancer (GC) is a relevant disease, being the fourth most
frequent cancer type, and the second cause of cancer-induced deaths
worldwide. However, and despite all the advances achieved, it remains
as a complex disease to diagnose and treat (Dai et al., 2013). Conven-
tional cytotoxic therapies often lead to unsatisfactory long-term sur-
vival, mainly related to drug resistance development by tumor cells, and
toxicity towards normal cells (D’Eliseo and Velotti, 2016). In this
context, Q-3 PUFAs, and particularly DHA, have gained attention of the
scientific community due to their numerous beneficial effects on human
health. Many clinical and epidemiological studies have shown positive
roles for Q-3 long-chain fatty acids in infant development, cancer, car-
diovascular diseases, and, more recently, in various mental illnesses
(Riediger et al., 2009). Q-3 long-chain fatty acids and their mediators
can inhibit inflammation, angiogenesis and cancer via multiple mech-
anisms, including reduced release of arachidonic acid from cell mem-
branes, inhibition of enzymatic activities, and direct competition with
arachidonic acid for enzymatic conversions (Gu et al., 2015). Among
Q-3 long-chain fatty acids, docosahexaenoic acid (DHA) has received
particular attention for its anti-inflammatory, antiproliferative, proap-
optotic, antiangiogenetic, anti-invasion, and antimetastatic properties
(Merendino et al., 2013). Specifically in the case of cancer, several
studies have demonstrated the role of DHA in prevention and treatment
of various types of cancer (Park et al., 2013), including liver (Sun et al.,
2013), colon (Yang et al., 2013), bladder (Parada et al., 2013), breast
(Xue et al., 2014), and lung cancer (Yao et al., 2014). In gastric cancer
there is also evidence about the beneficial effects of DHA (Sheng et al.,
2014). In our study, we evaluated in more detail the effects of DHA on
GC-derived cell lines, as well as its effects in vivo on xenografted mice.

In vitro cell functionality, apoptosis, procaspase 3 protein levels and
caspase 3/7 activity assessments were done on AGS and GES-1 cells in
order to evaluate DHA effects on GC. MTT assays were used to obtain
ICsp, in order to describe potency and selectivity of the antiproliferative
effects, and optimal incubation times of DHA and EPA. These studies
revealed that DHA has a more potent antiproliferative effect than EPA
and, more importantly, these effects appear to be more specific towards
GC-derived cells instead of their non-tumoral counterparts. On the other
hand, precursor molecules, such as arachidonic acid (AA) and alpha
linoleic acid (ALA) did not show any effect on the afore mentioned
gastric cell lines. These effects can be reflected by the ICsy values
observed for AGS cells treated with AA and ALA (ICso > 100 pM), EPA
(ICs0 ~ 100 pM) and DHA (ICsg = 45-60 pM) for 24 and 48 h, showing
that only EPA and DHA are capable to reduce GC-derived cell func-
tionality. For the case of non-tumoral cell lines (GES-1 and HEK-293
cells), DHA treatment showed no effect on them, but EPA showed
antiproliferative effects, in some cases, with similar affinities to those
observed on AGS cells. The lack of effects of 1-100 pM DHA treatment
observed on non-tumoral cells allows the potential use of this molecule
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at high doses without affecting normal cells, contributing to a highly
effective cancer treatment. On the other hand EPA exhibited an anti-
proliferative activity 50% weaker than DHA in AGS cells, but also their
effects were observed in both tumoral and non-tumoral cells. These re-
sults are similar to those obtained by other investigators (D’Eliseo and
Velotti, 2016), sustaining DHA promising characteristics for being a
potential anticancer molecule, since it seems to be capable of causing
cytotoxicity in cancer cells with little or no toxicity in normal cells. As a
particular case, Dai et al. indicated that DHA, at a concentration of 180
pM, exerted little effect on GES-1 cells while inhibiting cell growth on
mucinous gastric adenocarcinoma and papillomavirus-related endocer-
vical adenocarcinoma cell lines (MGC-803 and SGC-7901 cells, respec-
tively) (Dai et al, 2013). It is important to emphasize that the
concentration range in which DHA exerted its effects in this study is in
complete agreement with other works, that tested the effects of DHA on
several types of cancer-derived cell lines (Hannafon et al., 2015;
Jakobsen et al., 2008; Sam et al., 2018).

Comparing the effects of DHA and cisplatin in all the cell lines, we
observed that low doses of DHA (25 pM) already produce a selective
antiproliferative effect on AGS, without affecting GES-1 and HEK-293
cells. This antiproliferative effect of DHA at concentration ranging
50-100 pM is more important than those observed for cisplatin at all the
cell models. According to our results, DHA had a more selective anti-
proliferative effect than cisplatin, a widely used chemotherapeutic
agent. These results are supported by other studies, where authors used
DHA as an adjuvant to improve the efficacy of traditional antineoplastic
drugs like cisplatin (Sheng et al., 2016), or to decrease the detrimental
side effects shown for mitosis inhibitors like docetaxel (Shekari et al.,
2019) in gastric cancer cell lines.

Similar to previously reported data, a selective proapoptotic activity
was found for DHA by our results obtained in Annexin V-PI assay, where
DHA did not induced apoptosis in non-tumoral gastric cells (GES-1) at
75 pM concentration, but caused apoptosis in AGS cells. To further
demonstrate that DHA induces apoptosis, we examined if pro-apoptotic
and anti-apoptotic mediators were involved in this process, as many
studies have shown that caspases play a critical role in apoptosis,
identifying that caspase 3 activation can be driven out by either
dependent or independent of mitochondrial cytochrome C release and
caspase-9 function (intrinsic or extrinsic pathway, respectively).
Consistent with our previous findings in the Annexin V-PI assay, DHA
treatment on AGS cells induces a reduction of procaspase 3 protein
levels, decrease in mRNA levels of anti-apoptotic mediators like Bcl-2
and Bcl-2, and an increase of the same levels of pro-apoptotic media-
tors like Bax and Smac/DIABLO. This proapoptotic situation on AGS
cells is consistent with the increase in executioner caspases 3 and 7 ac-
tivities, whose functionality is decreased both by DHA and cisplatin at
similar extents, differing by their selectivity, where cisplatin portrayed
proapoptotic effects on AGS and GES-1 cells. For GES-1 cells, we did not
observed such aforementioned changes in pro and antiapoptotic medi-
ators, except in the cisplatin-treatment, reflecting again the poor selec-
tivity of this compound. Apoptosis induction via procaspase-3 protein
levels decrease has also been described for DHA at 50-200 pM dosage on
MDA-MB-231 human breast cancer cell line (Pizato et al., 2018). The
absence of proapoptotic effects in GES-1 cells treated with DHA can be
associated with the anti-inflammatory effects of this PUFA reported on
other tissues (Kubo et al., 2020; Mason et al., 2020).

Finally, we tested DHA effects using in vivo models. For that purpose,
we used BALB/c NOD/SCID mice xenografted with AGS cells in order to
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Fig. 7. DHA treatment in xenografted mice reduce
spontaneous metastasis. A. Representative pictures
of mice from control, T4 and T6 groups showing tu-
mors induced in the abdominal cavity (upper pic-
tures), and size of the extracted subcutaneous tumors
after 52 days (lower pictures). B. Individual (circles)
and average (horizontal lines) values of ascitic fluid
volume (left graph) and number of malignant cells
(right graph) are presented for control (black), T4
(grey) and T6 (white) groups. C. Representative pic-
tures of the liver of animals from the 3 groups. Note
the absence of metastasis-type processes in the T6
group liver. Arrows show metastasis examples. D.
Liver mass quantification in control (black circles), T4
(grey circles), and T6 (white circles) groups. **P <
0.01, Dunnett’s Multiple Comparison Test. n = 5-6.
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induce tumors. After that induction, DHA treatment consistently
reduced tumor volume and decreased signs of liver metastasis. These
results suggest that DHA has potential as an anticancer drug, or as a
chemosensitizer that could be administered together with other anti-GC
treatments. Moreover, DHA did not show important side effects on
treated animals, as could be noticed after monitoring the animal weights
and other parameters during these experiments, finding no significant
differences between non-treated and DHA-treated mice. Additionally,
we did not find significant alterations on hematological and biochemical
parameters, supporting the idea that DHA treatment is safe, with mild
side effects. Generally, beneficial effects and no risks in humans has been
associated to Q-3 fatty acids consumption at doses up to 5 g/day

6

(Bozzatello et al., 2016). This work is the first report showing in vivo
effects for DHA on GC, although previous works reported in vivo effects
of DHA on breast and pancreatic cancer models (Kang et al., 2010; Song
et al., 2011), supporting the idea of using DHA as an attractive alter-
native for future treatments. Future experiments should consider the
testing DHA in spheroid formation or clonogenic assays, techniques that
have provided useful information in other types of cancer. In one study,
it was observed that spheres treatment with DHA and EPA alone or
combined for 72 h led to apoptosis, progressive loss of functionality, and
DNA fragmentation in colorectal cancer stem-like cells (Yang et al.,
2013). In prostate cancer models, the therapeutic efficacy of the novel
omega-3 fatty acid conjugated taxoid prodrug DHA-SBT-1214 was
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tested, finding that this nanoemulsion induced toxicity in 3D cultures of
floating spheroids, and viable cells that survived DHA-SBT-1214 treat-
ment from explanted in vivo xenograft were no longer able to induce
floating spheroids and holoclone formation (Ahmad et al., 2017).

In summary, we reported a potent and selective antiproliferative and
proapoptotic effect for DHA in both in vitro and in vivo models for GC.
These effects are not observed for other Q-3 PUFAs like EPA, nor pre-
cursor molecules like AA and ALA, highlighting a specific anti-
proliferative role for DHA. Our results support the idea of using DHA as a
potential therapeutic agent, alone or associated with other chemother-
apeutic drugs, or as preventive agent for gastric cancer as nutraceutical.

CRediT authorship contribution statement

Lorena Ortega: Investigation, Writing - review & editing, Visuali-
zation. Lorena Lobos-Gonzalez: Investigation, Formal analysis,
Writing - review & editing, Visualization. Mauricio Reyna-Jeldes:
Conceptualization, Investigation, Writing - review & editing, Visuali-
zation. Daniela Cerda: Investigation, Formal analysis, Writing - review
& editing, Visualization. Erwin De la Fuente-Ortega: Investigation,
Formal analysis, Writing - review & editing. Patricio Castro: Writing -
review & editing. Giuliano Bernal: Conceptualization, Writing - review
& editing. Claudio Coddou: Conceptualization, Formal analysis,
Writing - original draft, Writing - review & editing, Visualization,
Supervision.

Acknowledgments

We thank to Hervis Galleguillos for technical assistance and Dr.
Arnaldo Gatica for helpful discussions.

References

Abbott, S.K., Else, P.L., Atkins, T.A., Hulbert, A.J., 2012. Fatty acid composition of
membrane bilayers: importance of diet polyunsaturated fat balance. Biochim.
Biophys. Acta 1818, 1309-1317.

Ahmad, G., El Sadda, R., Botchkina, G., Ojima, I., Egan, J., Amiji, M., 2017.
Nanoemulsion formulation of a novel taxoid DHA-SBT-1214 inhibits prostate cancer
stem cell-induced tumor growth. Canc. Lett. 406, 71-80.

Alkhaffaf, B., Glenny, A.M., Blazeby, J.M., Williamson, P., Bruce, L.A., 2017.
Standardising the reporting of outcomes in gastric cancer surgery trials: protocol for
the development of a core outcome set and accompanying outcome measurement
instrument set (the GASTROS study). Trials 18, 370.

Bai, X., Shao, J., Zhou, S., Zhao, Z., Li, F., Xiang, R., Zhao, A.Z., Pan, J., 2019. Inhibition
of lung cancer growth and metastasis by DHA and its metabolite, RvD1, through
miR-138-5p/FOXC1 pathway. J. Exp. Clin. Canc. Res. 38, 479.

Berquin, .M., Edwards, I.J., Chen, Y.Q., 2008. Multi-targeted therapy of cancer by
omega-3 fatty acids. Canc. Lett. 269, 363-377.

Bozzatello, P., Brignolo, E., De Grandi, E., Bellino, S., 2016. Supplementation with
omega-3 fatty acids in psychiatric disorders: a review of literature data. J. Clin. Med.
5.

Bustin, S.A., Benes, V., Garson, J.A., Hellemans, J., Huggett, J., Kubista, M., Mueller, R.,
Nolan, T., Pfaffl, M.W., Shipley, G.L., Vandesompele, J., Wittwer, C.T., 2009. The
MIQE guidelines: minimum information for publication of quantitative real-time
PCR experiments. Clin. Chem. 55, 611-622.

Calviello, G., Palozza, P., Maggiano, N., Piccioni, E., Franceschelli, P., Frattucci, A., Di
Nicuolo, F., Bartoli, G.M., 1999. Cell proliferation, differentiation, and apoptosis are
modified by n-3 polyunsaturated fatty acids in normal colonic mucosa. Lipids 34,
599-604.

D’Eliseo, D., Velotti, F., 2016. Omega-3 fatty acids and cancer cell cytotoxicity:
implications for multi-targeted cancer therapy. J. Clin. Med. 5.

Dai, J., Shen, J., Pan, W., Shen, S., Das, U.N., 2013. Effects of polyunsaturated fatty acids
on the growth of gastric cancer cells in vitro. Lipids Health Dis. 12, 71.

Ebrahimifar, M., Hasanzadegan Roudsari, M., Kazemi, S.M., Ebrahimi Shahmabadi, H.,
Kanaani, L., Alavi, S.A., Izadi Vasfi, M., 2017. Enhancing effects of curcumin on
cytotoxicity of paclitaxel, methotrexate and vincristine in gastric cancer cells. Asian
Pac. J. Cancer Prev. APJCP 18, 65-68.

Fasano, E., Serini, S., Cittadini, A., Calviello, G., 2017. Long-chain n-3 PUFA against
breast and prostate cancer: which are the appropriate doses for intervention studies
in animals and humans? Crit. Rev. Food Sci. Nutr. 57, 2245-2262.

Ferlay, J., Soerjomataram, I., Dikshit, R., Eser, S., Mathers, C., Rebelo, M., Parkin, D.M.,
Forman, D., Bray, F., 2015. Cancer incidence and mortality worldwide: sources,
methods and major patterns in GLOBOCAN 2012. Int. J. Canc. 136, E359-E386.

Ferro, A., Peleteiro, B., Malvezzi, M., Bosetti, C., Bertuccio, P., Levi, F., Negri, E., La
Vecchia, C., Lunet, N., 2014. Worldwide trends in gastric cancer mortality (1980-

10

European Journal of Pharmacology 896 (2021) 173910

2011), with predictions to 2015, and incidence by subtype. Eur. J. Canc. 50,
1330-1344.

Gu, Z., Shan, K., Chen, H., Chen, Y.Q., 2015. n-3 polyunsaturated fatty acids and their
role in cancer chemoprevention. Curr Pharmacol Rep 1, 283-294.

Hachem, M., Nacir, H., Picq, M., Belkouch, M., Bernoud-Hubac, N., Windust, A.,
Meiller, L., Sauvinet, V., Feugier, N., Lambert-Porcheron, S., Laville, M., Lagarde, M.,
2020. Docosahexaenoic acid (DHA) bioavailability in humans after oral intake of
DHA-containing triacylglycerol or the structured phospholipid AceDoPC((R)).
Nutrients 12.

Hannafon, B.N., Carpenter, K.J., Berry, W.L., Janknecht, R., Dooley, W.C., Ding, W.Q.,
2015. Exosome-mediated microRNA signaling from breast cancer cells is altered by
the anti-angiogenesis agent docosahexaenoic acid (DHA). Mol. Canc. 14, 133.

Haque, L., Subramanian, A., Huang, C.H., Godwin, A.K., Van Veldhuizen, P.J.,
Banerjee, S., Banerjee, S.K., 2017. The role of compounds derived from natural
supplement as anticancer agents in renal cell carcinoma: a review. Int. J. Mol. Sci.
19.

Jakobsen, C.H., Storvold, G.L., Bremseth, H., Follestad, T., Sand, K., Mack, M., Olsen, K.
S., Lundemo, A.G., Iversen, J.G., Krokan, H.E., Schonberg, S.A., 2008. DHA induces
ER stress and growth arrest in human colon cancer cells: associations with
cholesterol and calcium homeostasis. J. Lipid Res. 49, 2089-2100.

Kamangar, F., Abnet, C.C., Hutchinson, A.A., Newschaffer, C.J., Helzlsouer, K.,
Shugart, Y.Y., Pietinen, P., Dawsey, S.M., Albanes, D., Virtamo, J., Taylor, P.R.,
2006. Polymorphisms in inflammation-related genes and risk of gastric cancer
(Finland). Cancer Causes Control 17, 117-125.

Kang, K.S., Wang, P., Yamabe, N., Fukui, M., Jay, T., Zhu, B.T., 2010. Docosahexaenoic
acid induces apoptosis in MCF-7 cells in vitro and in vivo via reactive oxygen species
formation and caspase 8 activation. PloS One 5, e10296.

Kaur, N., Chugh, V., Gupta, A.K., 2014. Essential fatty acids as functional components of
foods- a review. J. Food Sci. Technol. 51, 2289-2303.

Kim, S., Jing, K., Shin, S., Jeong, S., Han, S.H., Oh, H., Yoo, Y.S., Han, J., Jeon, Y.J.,
Heo, J.Y., Kweon, G.R., Park, S.K., Park, J.I., Wu, T., Lim, K., 2018. omega3-
polyunsaturated fatty acids induce cell death through apoptosis and autophagy in
glioblastoma cells: in vitro and in vivo. Oncol. Rep. 39, 239-246.

Kubo, Y., Sugiyama, S., Takachu, R., Tanaka, M., Ikeya, M., Sugiura, T., Kobori, K.,
Kobori, M., 2020. Association between serum n-3 polyunsaturated fatty acids and
quadriceps weakness immediately after total knee arthroplasty. PloS One 15,
€0228460.

Kuriki, K., Nagaya, T., Tokudome, Y., Imaeda, N., Fujiwara, N., Sato, J., Goto, C.,
Ikeda, M., Maki, S., Tajima, K., Tokudome, S., 2003. Plasma concentrations of (n-3)
highly unsaturated fatty acids are good biomarkers of relative dietary fatty acid
intakes: a cross-sectional study. J. Nutr. 133, 3643-3650.

Lawson, L.D., Hughes, B.G., 1988. Human absorption of fish oil fatty acids as
triacylglycerols, free acids, or ethyl esters. Biochem. Biophys. Res. Commun. 152,
328-335.

Li, H., Yu, B, Li, J., Su, L., Yan, M., Zhu, Z., Liu, B., 2014. Overexpression of IncRNA H19
enhances carcinogenesis and metastasis of gastric cancer. Oncotarget 5, 2318-2329.

Libinaki, R., Gavin, P.D., 2017. Changes in bioavailability of omega-3 (DHA) through
alpha-tocopheryl phosphate mixture (TPM) after oral administration in rats.
Nutrients 9.

Liu, Y., Gao, S., Zhu, J., Zheng, Y., Zhang, H., Sun, H., 2018. Dihydroartemisinin induces
apoptosis and inhibits proliferation, migration, and invasion in epithelial ovarian
cancer via inhibition of the hedgehog signaling pathway. Cancer Med 7, 5704-5715.

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402-408.

Mason, R.P., Libby, P., Bhatt, D.L., 2020. Emerging mechanisms of cardiovascular
protection for the omega-3 fatty acid eicosapentaenoic acid. Arterioscler. Thromb.
Vasc. Biol. 40 (5), 1135-1147.

Merendino, N., Costantini, L., Manzi, L., Molinari, R., D’Eliseo, D., Velotti, F., 2013.
Dietary omega -3 polyunsaturated fatty acid DHA: a potential adjuvant in the
treatment of cancer. BioMed Res. Int. 2013, 310186.

Morton, D.B., Griffiths, P.H., 1985. Guidelines on the recognition of pain, distress and
discomfort in experimental animals and an hypothesis for assessment. Vet. Rec. 116,
431-436.

Nienhuser, H., Schmidt, T., 2018. Gastric cancer lymph node resection-the more the
merrier? Transl Gastroenterol Hepatol 3, 1.

O’Connell, K.E., Mikkola, A.M., Stepanek, A.M., Vernet, A., Hall, C.D., Sun, C.C.,
Yildirim, E., Staropoli, J.F., Lee, J.T., Brown, D.E., 2015. Practical murine
hematopathology: a comparative review and implications for research. Comp. Med.
65, 96-113.

Ostermann, A.L, Waindok, P., Schmidt, M.J., Chiu, C.Y., Smyl, C., Rohwer, N.,
Weylandt, K.H., Schebb, N.H., 2017. Modulation of the endogenous omega-3 fatty
acid and oxylipin profile in vivo-A comparison of the fat-1 transgenic mouse with
C57BL/6 wildtype mice on an omega-3 fatty acid enriched diet. PloS One 12,
e0184470.

Parada, B., Reis, F., Cerejo, R., Garrido, P., Sereno, J., Xavier-Cunha, M., Neto, P.,
Mota, A., Figueiredo, A., Teixeira, F., 2013. Omega-3 fatty acids inhibit tumor
growth in a rat model of bladder cancer. BioMed Res. Int. 2013, 368178.

Park, J.M., Kwon, S.H., Han, Y.M., Hahm, K.B., Kim, E.H., 2013. Omega-3
polyunsaturated Fatty acids as potential chemopreventive agent for gastrointestinal
cancer. J Cancer Prev 18, 201-208.

Pfaffl, M.W., 2001. A new mathematical model for relative quantification in real-time
RT-PCR. Nucleic Acids Res. 29, e45.

Plas, R.L.C., Poland, M., Faber, J., Argiles, J., van Dijk, M., Laviano, A., Meijerink, J.,
Witkamp, R.F., van Helvoort, A., van Norren, K., 2019. A diet rich in fish oil and
leucine ameliorates hypercalcemia in tumour-induced cachectic mice. Int. J. Mol.
Sci. 20.


http://refhub.elsevier.com/S0014-2999(21)00063-7/sref1
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref1
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref1
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref2
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref2
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref2
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref3
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref3
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref3
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref3
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref4
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref4
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref4
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref5
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref5
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref6
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref6
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref6
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref7
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref7
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref7
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref7
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref8
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref8
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref8
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref8
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref9
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref9
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref10
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref10
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref11
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref11
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref11
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref11
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref12
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref12
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref12
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref13
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref13
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref13
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref14
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref14
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref14
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref14
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref15
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref15
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref16
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref16
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref16
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref16
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref16
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref17
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref17
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref17
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref18
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref18
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref18
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref18
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref19
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref19
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref19
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref19
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref20
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref20
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref20
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref20
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref21
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref21
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref21
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref22
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref22
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref23
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref23
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref23
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref23
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref24
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref24
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref24
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref24
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref25
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref25
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref25
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref25
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref26
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref26
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref26
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref27
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref27
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref28
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref28
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref28
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref29
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref29
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref29
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref30
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref30
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref31
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref31
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref31
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref32
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref32
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref32
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref33
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref33
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref33
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref34
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref34
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref35
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref35
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref35
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref35
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref36
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref36
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref36
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref36
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref36
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref37
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref37
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref37
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref38
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref38
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref38
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref39
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref39
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref40
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref40
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref40
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref40

L. Ortega et al.

Pizato, N., Luzete, B.C., Kiffer, L.F.M.V., Corréa, L.H., de Oliveira Santos, I.,
Assumpcao, J.A.F., Ito, M.K., Magalhaes, K.G., 2018. Omega-3 docosahexaenoic acid
induces pyroptosis cell death in triple-negative breast cancer cells. Sci Rep. 8 (1),
1952.

Ramirez-Rivera, S., Pizarro, S., Gallardo, M., Gajardo, F., Delgadillo, A., De La Fuente-
Ortega, E., MacDonnell, F.M., Bernal, G., 2018. Anticancer activity of two novel
ruthenium compounds in gastric cancer cells. Life Sci. 213, 57-65.

Restell, T.I., Porfirio, L.C., Souza, A.S., Silva, 1.S., 2014. Hematology of Swiss mice (Mus
musculus) of both genders and different ages. Acta Cir. Bras. 29, 306-312.

Riediger, N.D., Othman, R.A., Suh, M., Moghadasian, M.H., 2009. A systemic review of
the roles of n-3 fatty acids in health and disease. J. Am. Diet Assoc. 109, 668-679.

Sam, M.R., Tavakoli-Mehr, M., Safaralizadeh, R., 2018. Omega-3 fatty acid DHA
modulates p53, survivin, and microRNA-16-1 expression in KRAS-mutant colorectal
cancer stem-like cells. Genes Nutr 13, 8.

Shekari, N., Javadian, M., Ghaffari, S., Baradaran, B., Darabi, M., Kazemi, T., 2019. DHA
abolishes the detrimental effect of docetaxel on downregulation of the MICA via
decreasing the expression level of MicroRNA-20a in gastric cancer. J. Gastrointest.
Canc. 51 (2), 545-551.

Sheng, H., Chen, X., Liu, B., Li, P., Cao, W., 2016. Omega-3 polyunsaturated fatty acids
enhance cisplatin efficacy in gastric cancer cells by inducing apoptosis via ADORAL.
Anticancer Agents Med Chem 16, 1085-1092.

Sheng, H., Li, P., Chen, X., Liu, B., Zhu, Z., Cao, W., 2014. Omega-3 PUFAs induce
apoptosis of gastric cancer cells via ADORAL. Front. Biosci. 19, 854-861.

Siddiqui, R.A., Harvey, K.A., Xu, Z., Bammerlin, E.M., Walker, C., Altenburg, J.D., 2011.
Docosahexaenoic acid: a natural powerful adjuvant that improves efficacy for
anticancer treatment with no adverse effects. Biofactors 37, 399-412.

Song, K.S., Jing, K., Kim, J.S., Yun, E.J., Shin, S., Seo, K.S., Park, J.H., Heo, J.Y., Kang, J.
X., Suh, K.S., Wu, T., Park, J.I., Kweon, G.R., Yoon, W.H., Hwang, B.D., Lim, K.,
2011. Omega-3-polyunsaturated fatty acids suppress pancreatic cancer cell growth
in vitro and in vivo via downregulation of Wnt/Beta-catenin signaling.
Pancreatology 11, 574-584.

Stechman, M.J., Ahmad, B.N., Loh, N.Y., Reed, A.A., Stewart, M., Wells, S., Hough, T.,
Bentley, L., Cox, R.D., Brown, p., Thakker, R.V., 2010. Establishing normal plasma
and 24-hour urinary biochemistry ranges in C3H, BALB/c and C57BL/6J mice
following acclimatization in metabolic cages. Lab. Anim. 44, 218-225.

Subhash, V.V., Yeo, M.S., Tan, W.L., Yong, W.P., 2015. Strategies and advancements in
harnessing the immune system for gastric cancer immunotherapy. J Immunol Res
2015, 308574.

11

European Journal of Pharmacology 896 (2021) 173910

Sun, S.N., Jia, W.D., Chen, H., Ma, J.L., Ge, Y.S., Yu, J.H., Li, J.S., 2013. Docosahexaenoic
acid (DHA) induces apoptosis in human hepatocellular carcinoma cells. Int. J. Clin.
Exp. Pathol. 6, 281-289.

Tang, Y., Soroush, F., Tong, Z., Kiani, M.F., Wang, B., 2017. Targeted multidrug delivery
system to overcome chemoresistance in breast cancer. Int. J. Nanomed. 12, 671-681.

Tomaszewski, N., He, X., Solomon, V., Lee, M., Mack, W.J., Quinn, J.F., Braskie, M.N.,
Yassine, H.N., 2020. Effect of APOE genotype on plasma docosahexaenoic acid
(DHA), eicosapentaenoic acid, arachidonic acid, and hippocampal volume in the
alzheimer’s disease cooperative study-sponsored DHA clinical trial. J Alzheimers Dis
74, 975-990.

Trepanier, M.O., Lim, J., Lai, T.K., Cho, H.J., Domenichiello, A.F., Chen, C.T., Taha, A.Y.,
Bazinet, R.P., Burnham, W.M., 2014. Intraperitoneal administration of
docosahexaenoic acid for 14 days increases serum unesterified DHA and seizure
latency in the maximal pentylenetetrazol model. Epilepsy Behav. 33, 138-143.

Turner, P.V., Brabb, T., Pekow, C., Vasbinder, M.A., 2011. Administration of substances
to laboratory animals: routes of administration and factors to consider. J Am Assoc
Lab Anim Sci 50, 600-613.

Vaughan, V.C., Hassing, M.R., Lewandowski, P.A., 2013. Marine polyunsaturated fatty
acids and cancer therapy. Br. J. Canc. 108, 486-492.

Xue, M., Ge, Y., Yu, C., Zheng, Z., He, X., Zhao, J., 2017. Apoptosis is induced by
docosahexaenoic acid in breast cancer cells via death receptor and mitochondria-
mediated pathways. Mol. Med. Rep. 16, 978-982.

Xue, M., Wang, Q., Zhao, J., Dong, L., Ge, Y., Hou, L., Liu, Y., Zheng, Z., 2014.
Docosahexaenoic acid inhibited the Wnt/beta-catenin pathway and suppressed
breast cancer cells in vitro and in vivo. J. Nutr. Biochem. 25, 104-110.

Yang, T., Fang, S., Zhang, H.X., Xu, L.X., Zhang, Z.Q., Yuan, K.T., Xue, C.L., Yu, H.L.,
Zhang, S., Li, Y.F., Shi, H.P., Zhang, Y., 2013. N-3 PUFAs have antiproliferative and
apoptotic effects on human colorectal cancer stem-like cells in vitro. J. Nutr.
Biochem. 24, 744-753.

Yao, Q.H., Zhang, X.C., Fu, T., Gu, J.Z., Wang, L., Wang, Y., Lai, Y.B., Wang, Y.Q.,
Guo, Y., 2014. omega-3 polyunsaturated fatty acids inhibit the proliferation of the
lung adenocarcinoma cell line A549 in vitro. Mol. Med. Rep. 9, 401-406.

Zaias, J., Mineau, M., Cray, C., Yoon, D., Altman, N.H., 2009. Reference values for serum
proteins of common laboratory rodent strains. J Am Assoc Lab Anim Sci 48,
387-390.

Zhang, Y., Han, L., Qi, W., Cheng, D., Ma, X., Hou, L., Cao, X., Wang, C., 2015.
Eicosapentaenoic acid (EPA) induced apoptosis in HepG2 cells through ROS-Ca(2+)-
JNK mitochondrial pathways. Biochem. Biophys. Res. Commun. 456, 926-932.


http://refhub.elsevier.com/S0014-2999(21)00063-7/optMre6geKF1X
http://refhub.elsevier.com/S0014-2999(21)00063-7/optMre6geKF1X
http://refhub.elsevier.com/S0014-2999(21)00063-7/optMre6geKF1X
http://refhub.elsevier.com/S0014-2999(21)00063-7/optMre6geKF1X
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref41
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref41
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref41
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref42
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref42
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref43
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref43
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref44
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref44
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref44
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref45
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref45
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref45
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref45
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref46
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref46
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref46
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref47
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref47
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref48
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref48
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref48
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref49
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref49
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref49
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref49
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref49
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref50
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref50
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref50
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref50
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref51
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref51
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref51
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref52
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref52
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref52
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref53
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref53
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref54
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref54
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref54
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref54
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref54
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref55
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref55
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref55
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref55
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref56
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref56
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref56
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref57
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref57
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref58
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref58
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref58
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref59
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref59
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref59
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref60
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref60
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref60
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref60
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref61
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref61
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref61
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref62
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref62
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref62
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref63
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref63
http://refhub.elsevier.com/S0014-2999(21)00063-7/sref63

	The Ω-3 fatty acid docosahexaenoic acid selectively induces apoptosis in tumor-derived cells and suppress tumor growth in g ...
	1 Introduction
	2 Materials and methods
	2.1 Animal care
	2.2 Reagents
	2.3 Cell culture
	2.4 Cell functionality assays
	2.5 Apoptosis assays
	2.5.1 Cell membrane integrity
	2.5.2 Western blot
	2.5.3 Gene expression of proapoptotic and antiapoptotic regulators
	2.5.4 Caspase 3/7 activity assay

	2.6 Preliminary DHA single dose toxicity assessments
	2.7 In vivo tumor growth inhibition
	2.8 Spontaneous metastasis evaluation
	2.9 Statistical analysis

	3 Results
	3.1 DHA and EPA decreases cell viability in GC-derived cells
	3.2 DHA inhibits AGS cells functionality by apoptosis induction
	3.3 DHA does not induce side effects on mice
	3.4 DHA reduces tumor growth and suppress metastasis in xenografted mice

	4 Discussion
	CRediT authorship contribution statement
	Acknowledgments
	References


