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Abstract

AIM: To explore the synergistic effect of docosahexaenoic
acid (DHA)/5-fluorouracil (5-FU) on the human gastric
cancer cell line AGS and examine the underlying
mechanism.

METHODS: AGS cells were cultured and treated with
a series of concentrations of DHA and 5-FU alone or
in combination for 24 and 48 h. To investigate the
synergistic effect of DHA and 5-FU on AGS cells, the
inhibition of cell proliferation was determined by MTT
assay and cell morphology. Flow cytometric analysis
was also used to assess cell cycle distribution, and the
expression of mitochondrial electron transfer chain
complexes (METCs) I, I and V in AGS cells was
further determined by Western blot analysis.

RESULTS: DHA and 5-FU alone or in combination
could markedly suppress the proliferation of AGS cells
in a significant time and dose-dependent manner.
DHA markedly strengthened the antiproliferative effect
of 5-FU, decreasing the ICso by 3.56-2.15-fold in an
apparent synergy. The morphological changes of the
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cells were characterized by shrinkage, cell membrane
blebbing and decreased adherence. Cell cycle analysis
showed a shift of cells into the GO/G1 phase from the
S phase following treatment with DHA or 5-FU (G0/G1
phase: 30.04% £ 1.54% vs 49.05% % 6.41% and
63.39% = 6.83%, respectively, P < 0.05; S phase:
56.76% = 3.14% vs 34.75% % 2.35% and 25.63% +
2.21%, respectively, £ < 0.05). Combination treatment
of DHA and 5-FU resulted in a significantly larger shift
toward the GO/G1 phase and subsequent reduction in
S phase (G0/G1 phase: 69.06% =+ 2.63% vs 49.05% %
6.41% and 63.39% = 6.83%, respectively, P < 0.05;
S phase: 19.80% * 4.30% vs 34.75% % 2.35% and
25.63% = 2.21%, respectively, P < 0.05). This synergy
was also reflected in the significant downregulation of
the expression of METCs in AGS cells.

CONCLUSION: Synergistic anticancer properties of
DHA and 5-FU may involve interference with energy
production of AGS cells via downregulation of METCs
and cell cycle arrest.

Key words: Docosahexaenoic acid; Gastric cancer;
5-fluorouracil; Cell line; Mitochondria

© The Author(s) 2016. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: We explored the synergistic anticancer
properties of docosahexaenoic acid (DHA) and
5-fluorouracil (5-FU) against gastric cancer cells and
the underlying mechanism. DHA and 5-FU alone or in
combination could markedly suppress the proliferation
of AGS cells in a significant time and dose-dependent
manner. Co-administration of DHA with 5-FU resulted
in a significantly larger shift toward the GO/G1 phase
and a significant downregulation of the expression
of mitochondrial electron transfer chain complexes
in AGS cells. The associated mechanism may involve
interference with energy production of AGS cells via
downregulation of mitochondrial electron transfer chain
complexes and cell cycle arrest in GO/G1 phase.

Gao K, Liang Q, Zhao ZH, Li YF, Wang SF. Synergistic
anticancer properties of docosahexaenoic acid and 5-fluorouracil
through interference with energy metabolism and cell cycle
arrest in human gastric cancer cell line AGS cells. World J
Gastroenterol 2016; 22(10): 2971-2980 Available from: URL:
http://www.wjgnet.com/1007-9327/full/v22/i110/2971.htm DOI:
http://dx.doi.org/10.3748/wjg.v22.i10.2971

INTRODUCTION

Gastric cancer is the fourth most frequently occurring
malignancy worldwide™ and the second leading
cause of cancer-related deaths'®. In particular East
Asia, including Japan, South Korea and China, reports
the highest mortality rates. East Asia accounts for
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approximately 60% of the global prevalence of gastric
cancer and 41% in China alone'. Surgical intervention
remains the only therapeutic modality with a
potentially curative effect™ with increased success
rates following postoperative adjuvant chemotherapy™.
5-fluorouracil (5-FU) is the first-line chemotherapeutic
agent recommended for gastric cancer; however,
its therapeutic effect is often hampered by lower
response rate and considerable adverse effects. The
degree of these side effects often limits the dosage
to a sub-effective range compromising the quality of
life of patients™. Therefore, it is imperative to find
a better solution to improve the efficacy of current
anticancer drugs. Several studies have observed
that docosahexaenoic acid (DHA) has the potential
to augment the efficacy of chemotherapeutics. This
subsequently allowed lower dosages of 5-FU to be
administered in combination with DHA in the human
colorectal cancer cell lines and colon adenocarcinoma
model®”), The studies in cancer cell lines and cancer-
bearing animals showed that DHA supplementation
had a powerful adjuvant activity and has then emerged
as an innovative approach to chemosensitize cancer
cells®®. Although many studies have been performed
at present to investigate the underlying mechanisms
of this synergy, there is still no commonly accepted
answer.

DHA is one of the most important members of the
omega-3 polyunsaturated fatty acids (w-3 PUFAs) which
are essential fatty acids that can not be synthesized
by the body and thus must be obtained from dietary
sources. Omega-3 PUFAs play many physiological
roles in the body including acting as sources of cellular
energy, constructing the phospholipids required for
cell membranes and providing membrane fluidity™.
It was not until recently that evidence from both in
vitro and in vivo studies began to show DHA possesses
anticancer properties against several cancers such
as liver cancer™, colon cancer'', bladder cancer'?,
breast cancer'™® and lung cancer™. In this regard,
DHA not only suppresses carcinogenesis but also
inhibits disease progression. But when it comes to
gastric cancer, there are few studies and little evidence
reviewing the effects of DHA. Meta-analyses examining
an association between DHA consumption and the risk
of gastric cancer are inconclusive™'®, but high-dose
DHA has been shown to induce apoptosis through
activator protein-1 (AP-1) activation in gastric cancer
cells AGS™. The studies further demonstrated that
the mechanisms by which DHA in combination with
5-FU exerts an apoptotic effect are believed to be the
regulation of apoptosis-associated gene expression
in gastric cancer cells SGC7901 and MGC803%,
As a unique cellular organelle, mitochondria play a
major part in apoptosis process and cellular energy
metabolism. Thus, the effect of co-administration of
DHA with 5-FU on mitochondria of human gastric
cancer cells needs to be further investigated.
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The energy metabolism of cancer cells is a heated
topic. The Warburg effect indicates that cancer cells
have faults in mitochondrial oxidative phosphorylation
and therefore rely on chiefly anaerobic glycolysis in
cytosol, even in the presence of plentiful oxygen,
as the major source of ATP to support cellular
proliferation. However, many researchers have
showed that mitochondria have distinct functions in
most cancer cells and are the primary contributors
to ATP production™ 2%, Omega-3 PUFAs are involved
in a variety of mitochondrial processes including
mitochondrial calcium homeostasis, respiratory
function and mitochondrial apoptosis. Thus, competing
influences over mitochondria could be the foundation
for the disruptive effects of DHA on cancer cells,
and further examination of its interaction with the
components of the mitochondrial electron transfer
chain complexes (METCs) is needed.

The present study aimed to investigate a synergistic
effect of DHA together with the chemotherapeutic
agent 5-FU most commonly administrated in stomach
cancer on human gastric cancer cell line AGS and to
identify the probable underlying mechanism.

MATERIALS AND METHODS

Reagents and antibodies

DHA and 5-FU were bought from Sigma Chemical
Company (St. Louis, MO, United States). DHA was dissolved
in ethanol at a concentration of 5 mg/mL. RPMI-1640
medium was bought from GIBCO (Grand Island,
NY, United States). METCs I, T and V monoclonal
antibodies were purchased from Invitrogen (Carlsbad,
United States). MTT [3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide] was purchased from
Beijing Cellchip Biotechnology Corporation (Beijing,
China).

Cell culture and MTT assay for the inhibition of cell
growth

The human gastric adenocarcinoma cell line AGS was
kindly provided by Prof. You-Fen Li (Xi‘an Jiaotong
University, Xi‘an, China). AGS cells were cultured in
RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS) (Hangzhou Biotechnology Co.
Ltd), 100 U/mL penicillin and 0.1 mg/mL streptomycin
in a humidified incubator at 37 °C with 5% CO:..
The cells growing in logarithmic phase were seeded
in 96-well plates at 1.0 x 10* cells per well and
allowed to adhere overnight, after which a series of
concentrations of DHA (7.5, 15, 22.5, 30, 37.5, and
45 pg/mL) and/or 5-FU (1.5625, 3.125, 6.25, 12.5,
25, and 50 pg/mL) were added to the well for 24 or
48 h. Control experiments were carried out by adding
ethanol without DHA to AGS cells. After 24 or 48 h of
incubation, 20 yL MTT (5 mg/mL) was added to each
well and the cells were re-incubated for another 4 h at
37 'C. After removal of the supernatant gently, 200 uL
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of dimethyl sulfoxide (DMSQO) was added to each well
to solubilize the purple formazan crystals completely.
Absorbance values at 570 nm were measured with a
microplate reader and are reported as a percentage of
growth with respect to the control. Inhibition rate of
cell growth was measured using the formula: inhibition
rate (%) = [1 - ODs7 (experiment group)/ODs7o
(control group)] x 100. All experiments were repeated
in triplicate. The drug concentration that produced
50% inhibition of cell proliferation (ICs0) was calculated
and analyzed for 5-FU, DHA and the combination.
Based on the ICso values obtained for DHA and
5-FU from the MTT assay, the optimal treatment
concentrations for DHA and 5-FU were determined to
be 30.00 ug/mL and 12.50 ug/mL, respectively.

Cell cycle distribution

Cell cycle distribution was analysed by flow cytometry.
Briefly, AGS cells were seeded in 6-well plates with
growth medium (control group), DHA in medium (30.00
ug/mL), 5-FU in medium (12.50 pg/mL), or DHA
plus 5-FU in medium (30.00 pg/mL + 12.50 pg/mL).
After incubation for 48 h, the cells were harvested by
trypsinization, washed twice with ice-cold phosphate
buffered saline (PBS) and pelleted in a centrifuge.
Cells were fixed in 70% ethanol at -20 C overnight.
The ethanol was decanted following centrifugation
and the cells were washed once with cold PBS. The
cells were then treated with 1.0 ug/mL RNase for 30
min and stained with propidium iodide. The cell cycle
distribution of the stained cells was then analyzed by
flow cytometry (FACSCalibur; Becton-Dickinson, San
Diego, CA, United States). The data were analyzed
with CellQuest Pro (Becton-Dickinson) and ModFit LT
software (Verity Software House, Inc., Topsham, ME,
United States) to determine the cell distribution in GO/
G1 (stationary phase), S (DNA synthesis phase), and
G2/M.

Western blots analysis

AGS cells were incubated with medium (control
group), DHA in medium (30.00 pg/mL), 5-FU in
medium (12.50 pg/mL) or DHA plus 5-FU in medium
(30.00 ug/mL + 12.5 ug/mL). Following incubation
for 24 or 48 h, the cells from the different treatment
groups were harvested, washed with PBS twice and
lysed with 500 uL of Mito-Cyto (mitochondrial cytosol)
isolation buffer. The BSA assay was used to determine
the concentration of protein samples. Equal amounts
of protein samples were loaded onto a 12% sodium
dodecyl sulfate-polyacrylamide gel for electrophoresis.
After electrophoresis the proteins were transferred
into PVDF membranes. The membranes were blocked
with 5% skim milk in PBST (phosphate-buffered
saline with 0.1% tween 20) for 2 h and incubated
with specific monoclonal antibodies against METCs I,
II and V at 4 °C for 2 h. After three washes with
PBST buffer, the membranes were incubated with
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Table 1 Analysis of the interaction between the inhibitory

effect of docosahexaenoic acid in combination with
5-fluorouracil on cell growth by combination index

Time (h) Combination index P value
24 0.161 + 0.065 <0.05
48 0.057 £ 0.013 <0.05

°P < 0.05 vs the additive combination index of 1 by Student’s t-test.

an anti-mouse secondary antibody (Jackson, United
States) conjugated with peroxidase for 2 h at room
temperature. The bands of proteins were visualized
using the enhanced chemiluminescence detection
system. Quantification of the bands of proteins was
evaluated by densitometric scanning.

Statistical analysis

The results are expressed as the mean + SE. Statistical
analyses were performed using Student’s t test and
one-way ANOVA. Post hoc testing was performed for
inter-group comparisons using the least significance
difference (LSD). Significance was defined as P < 0.05.
The combination index (CI) was calculated using the
formula CI = %AB/%A X %B, where %A and %B
are the inhibition rate of DHA and 5-FU alone on AGS
cell growth, and %AB is the inhibition rate of DHA
and 5-FU in combination on AGS cell growth™. When
combination index is 1, the effect between DHA and
5-FU is considered additive; when combination index
is significantly greater than or less than 1, the effect is
considered subadditive or supraadditive, respectively.

RESULTS

Effects of DHA and 5-FU on the proliferation of AGS
cells

To investigate the synergistic effect of DHA and 5-FU
on AGS cells, the inhibition of cell proliferation was
determined by a MTT assay. The growth inhibition of
AGS cells treated with the two compounds individually
was first measured. The results demonstrated that
DHA and 5-FU could markedly inhibit the proliferation
of AGS cells in a significant time and dose-dependent
manner (Figure 1). Furthermore, the values of IC50 for
DHA or 5-FU administered for 24 and 48 h were 51.60
ug/mL (DHA: 24 h), 34.82 pg/mL (DHA: 48 h), 45.90
pug/mL (5-FU: 24 h), and 16.86 ug/mL (5-FU: 48 h).
When the two compounds were used in combination,
the ICso values for DHA reduced to 34.17 ug/mL and
23.06 ug/mL for 24 and 48 h incubations, respectively.
DHA could notably strengthen the inhibitory effect of
5-FU on the growth of AGS (Figure 1). The ICso values
for 5-FU in the presence of DHA sharply dropped
to 12.90 ug/mL and 7.84 ug/mL at 24 and 48 h,
respectively. The evaluation of the interaction between
DHA and 5-FU on AGS cell growth (Table 1) yielded a
combination index < 1 for different time points (24 h
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and 48 h), suggesting a synergistic effect between the
two drugs.

Morphological changes of AGS cells

The AGS cell morphology following exposure to
the test compounds was evaluated successively
under an inverted-phase microscope. Cells grown in
medium alone appeared spindle-shaped with dense
intercellular gaps and an active proliferative capacity.
Cells treated with DHA or 5-FU exhibited a ring-shaped
appearance, had a lower viability and fewer adhered
cells. Cells exposed to the combination treatment were
characterized by shrinkage, cell membrane blebbing
and the lower level of cell adherence (Figure 2).

Cell cycle analysis

The effect of DHA and 5-FU on the cell cycle
distribution was evaluated by flow cytometry. The
cell cycle distribution of AGS cells in the control group
showed a percentage of cells of 30.04% £ 1.54%
in the GO/G1 phase, and 56.76% % 3.14% in the S
phase. However, exposure of the cells to DHA or 5-FU
brought about a significant increase in the percentage
of cells in the GO/G1 phase (49.05% % 6.41% and
63.39% = 6.83%) while the proportion of cells in the
S phase sharply decreased (34.75% = 2.35% and
25.63% % 2.21%) as compared to the control cells.
On the other hand, the combination treatment led to a
further accumulation of cells in GO/G1 phase (69.06%
+ 2.63%) and reduction in S phase (19.80% = 4.30%)
compared to DHA and 5-FU alone (Figure 3).

Expression of METCs I, Il and V

The effect of DHA and 5-FU on the expression of
METCs 1, 1T and V in AGS cells was investigated by
Western blot analysis. As shown in Figure 4, incubation
of the cells with DHA for 48 h resulted in a significant
decrease in the expression of METCs 1, 1T and V
by 2.0-fold, 1.55-fold and 4.41-fold, respectively, as
compared with control cells. Treatment with 5-FU
for 48 h also led to a remarkable reduction in the
expression of METCs I, I and V by 2.81-fold, 1.67-fold
and 4.94-fold, respectively, as compared with control
cells. The combination treatment of DHA with 5-FU
further exhibited a statistically significant decrease in
the expression of METCs compared to the individual
treatments.

DISCUSSION

Improving the efficacy of chemotherapy in gastric
cancer is a necessity for increasing the overall
survival rate and quality of life for patients™. In spite
of progress in traditional cancer chemotherapy, the
prognosis for patients with advanced gastric cancer
is still very poor. The antineoplastic agent 5-FU is the
first-line chemotherapy which has a broad activity in
gastrointestinal cancers; however, as with most cancer
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Figure 1 Inhibitory effect of docosahexaenoic
acid or/and 5-fluorouracil on the growth of AGS
a,c cells. A-C: Growth inhibition rate of AGS following
24 or 48 h treatment with increasing concentrations
of docosahexaenoic acid (DHA) and 5-fluorouracil
(5-FU) alone or in combination. The inhibition was in a
significant time and dose-dependent manner; D: DHA
notably increased 5-FU cytotoxicity. *P < 0.05 vs cells
treated with DHA (7.50 ng/mL), 5-FU (1.5625 pg/mL),
and DHA (7.5 ug/mL) plus 5-FU (1.5625 pg/mL) for 48
h, respectively; "P < 0.05 vs cells treated with DHA (7.50
ug/mL), 5-FU (1.5625 pg/mL), and DHA (7.50 pg/mL)
plus 5-FU (1.5625 ug/mL) for 24 h, respectively; °P <
0.05 vs cells treated with various concentrations of DHA,
37.5 45 5-FU and DHA plus 5-FU for 24 h, respectively; °P < 0.05
vs cells treated with a series of concentrations of 5-FU
alone for 24 h; °P < 0.05 vs cells treated with a series of

concentrations of 5-FU alone for 48 h.
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Figure 2 Morphological changes in AGS cells treated with docosahexaenoic acid and 5-fluorouracil alone or in combination. AGS cells were treated with
medium only (control, A), docosahexaenoic acid (DHA) alone (30.00 pug/mL, B), 5-fluorouracil (5-FU) alone (12.50 ug/mL, C), or DHA plus 5-FU (30.00 ug/mL + 12.50
ng/mL, D) for 48 h. The cells were observed under an inverted-phase microscope. The photographs were taken at magnification x 200.

drugs, the major disadvantage of 5-FU is its high
toxicity and low therapeutic response®. Therefore,
the development of new treatment modalities for
gastric cancer is urgently needed. The present study
investigated the therapeutic potential of DHA as
an adjuvant for 5-FU in gastric cancer. The present
results demonstrated that DHA worked synergistically
with 5-FU to inhibit the growth of gastric carcinoma
cells. As a result, the addition of DHA decreased the
effective concentration of 5-FU which could translate to
a decreased in vivo dose, thus mitigating the inherent
toxicity concerns.

Various studies have reported that DHA itself
exhibits therapeutic properties across a broad
spectrum of cancer cell lines. However, the effects
of DHA on gastric cancer are notably limited. Initial
research suggests that DHA has the potential to
suppress cancer cell proliferation and induce apoptosis
in cultured human gastric cancer cells™”?”*®, but only
at markedly high concentrations of 100-150 pmol/L
(32.85-49.28 ug/mL) or 180-200 umol/L (59.13-65.70
ug/mL). These concentrations were considerably
higher than those used in the present study. For typical
in vitro drug combination studies, it is necessary to
approximate the ICso values for each compound to
estimate a working dose range®. Therefore, in the
current study a series of concentrations of 5-FU and
DHA were first tested to determine their individual
ICso values against AGS cells. The results showed
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that the ICso values for 5-FU and DHA administered
in combination for 24 h dropped remarkably to 12.90
pug/mL and 34.17 ug/mL, respectively. As a result, the
optimal treatment concentrations for DHA and 5-FU
were determined to be 30.00 ug/mL and 12.50 pg/mL,
respectively, in different groups. Meanwhile, the results
also demonstrated that DHA decreased the ICso value
for 5-FU by 3.56-2.15-fold. The findings indicate
DHA and 5-FU alone or in combination markedly
suppress the proliferation of AGS in both a time and
concentration-dependent manner. These results are
consistent with previous reports®*®!, The combination
of two compounds was also found to be synergistic in
a statistically significant manner.

Cancer cells are often characterized by cell
cycle abnormalities which lead to the unregulated
proliferation. Various experimental studies have
reported that DHA itself could arrest melanoma cells®”
and colon cancer cell line Caco-2"" in the S phase,
while FM3A mammary cancer cells®® were arrested
in the GO/G1 phase. In the present study, cell cycle
analysis showed that treatment of the AGS cells with
DHA brought about an increase of the percentage of
cells in the GO/G1 phase with a concurrent decrease
of cells in the S phase. These findings accounted, at
least in part, for the negative effect DHA has on the
growth of gastric cancer cells. These observations
are consistent with findings from the human colon
adenocarcinoma cell line HT-297%* and human
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A Control DHA 30.00 ng/mL Figure 3 Cell cycle analysis of AGS cell after docosa-

E(SGE% hexaenoic acid or 5-fluorouracil treatment or DHA/5-FU
200 400 co-administration. Docosahexaenoic acid (DHA) enhanced
5-fluorouracil (5-FU)-induced cell cycle arrest at G0/G1
150 300 phase in AGS cells. AGS cells were exposed to medium
only (control), DHA alone (30.00 pg/mL), 5-FU alone (12.5
3 3 pg/mL), or DHA (30.00 pg/mL) plus 5-FU (12.50 pg/mL) for
E 100 £ 200 48 h. A: A representative set of results showing cell cycle
= = distribution in different groups; B: An accumulation of cells in
50 1 100 the GO/G1 phase and a decrease of cells in the S phase after
treatment with DHA or 5-FU, and a significant potentiation
in accumulation of cells in GO/G1 phase and reduction in
0 T e 0 S phase after the combined treatment of 5-FU with DHA.
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the GO/G1 phase; P < 0.05 vs control cells in the S phase;
5-FU 12.50 pg/mL 5-FU 12.50 pug/mL + DHA 30.00 pg/mL  °P < 0.05 vs cells treated with DHA or 5-FU in the GO/G1
phase; °P < 0.05 vs cells treated with DHA or 5-FU in the S
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hepatocellular carcinoma cell lines®"., Our results from
the flow cytometric analysis of cells exposed to 5-FU
showed a marked reduction in the cells in S phase.
After the combined treatment of 5-FU with DHA the
specific GO/G1 phase accumulation was markedly
increased which strongly supports the ability of DHA to
enhance the effects of 5-FU. As a result, the cell cycle
arrest in GO/G1 phase was probably one of underlying
mechanisms of synergistic interactions between DHA
and 5-FU.

Mitochondria are the important site for cellular
energy metabolism. The mitochondrial inner
membrane contains the enzyme complexes of the
electron transport chain. These enzymes play a crucial
role in energy metabolism. The mitochondrial electron
transfer chain consists of five multiprotein complex,
NADH-ubiquinone oxidoreductase (complex 1),
succinate-ubiquinone oxidoreductase (complex 1),

ubiquinone-cytochrome C oxidoreductase (complex
), cytochrome C oxidase (complex IV) and ATP
synthase (complex V). Among them, complexes I and
II are the major entry points for electron transfer, and
complex V is the exit. Normal cells depend principally
on mitochondrial oxidative phosphorylation to produce
ATP for their metabolic activities. It has been hold that
the anaerobic glycolysis in cancer cell is due to a lasting
damage of mitochondrial oxidative phosphorylation
as suggested by Otto Warburg. However, at present
this opinion is challenged by recent studies which have
demonstrated that mitochondria are indeed functional
in most cancer cells and still chiefly contribute to the
ATP supply of cancer cells®??!, Research by Colquhoun
et al®! had indicated that eicosapentaenoic acid,
one member of polyunsaturated fatty acid family,
could cause a significant decrease in the activity of
mitochondrial respiratory chain complexes I, Il and
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Figure 4 Effect of docosahexaenoic acid and 5-fluorouracil alone and in combination on the expression of mitochondrial electron transfer chain
complexes in AGS cells. AGS cells were exposed to medium only (control), docosahexaenoic acid (DHA) alone (30.00 nug/mL), 5-fluorouracil (5-FU) alone (12.50
ug/mL), or DHA (30.00 ug/mL) plus 5-FU (12.50 pg/mL) for 24 and 48 h. The cells were harvested and subjected to Western blot analysis to detect expression of
mitochondrial electron transfer chain complexes |, I and V using specific antibodies for each protein. A-D: Incubation of the cells with DHA or 5-FU for 24 and 48 h
resulted in a significant decrease in the expression of complexes I, I and V as compared with control cells; the combination of DHA with 5-FU exhibited a significant
decrease in the expression of complexes |, II and V in contrast to DHA and 5-FU group. The results presented are the mean + SEM of at least three independent
experiments. °P < 0.05 vs control cells; °P < 0.05 vs cells treated with DHA and 5-FU alone for 24 h, respectively; °P < 0.05 vs cells treated with DHA and 5-FU alone
for 48 h, respectively.
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IV in the Walker 256 rat carcinosarcoma in vitro. This
would have been the major cause of the decrease in
mitochondrial energy. The results of the present study
suggest the expression of complexes I, I and V was
markedly reduced in AGS cells following treatment
with DHA and 5-FU alone or in combination. In other
words, the two test compounds could inhibit both the
major entry and exit points for electron transfer in the
mitochondrial electron transfer chain, which interfered
with mitochondrial oxidative phosphorylation and
cellular energy metabolism.

To sum up, the combination of 5-FU with DHA
showed synergistically enhanced therapeutic anticancer
properties through cell cycle arrest in GO/G1 phase and
interference with the energy metabolism of AGS cells.
The therapeutic combination of these two compounds
is a promising candidate for further in vivo studies as
they offer greater potential outcomes for progression
free survival with an improved toxicity profile.

COMMENTS

Background

Postoperative chemotherapy is an essential part of multi-disciplinary
therapeutic strategies for gastric cancer. 5-fluorouracil (5-FU) is the first-
line chemotherapeutic agent recommended for this malignancy. However, its
considerable adverse effects often limit the dosage to a sub-effective range.
Therefore, it is imperative to find a better solution to improve the efficacy of 5-FU.

Research frontiers

Current studies have demonstrated that docosahexaenoic acid (DHA)
has the potential to augment the efficacy of chemotherapeutics and DHA
supplementation can act as a new solution to chemosensitize cancer cells. The
associated mechanisms involve enhancing the induction of apoptosis of cancer
cells.

Innovations and breakthroughs

Co-administration of DHA with 5-FU synergistically enhanced anticancer
properties against AGS human gastric cancer cell lines. The underlying
mechanism may involve interference with energy production of AGS cells
through downregulation of mitochondrial electron transfer chain complexes,
which is firstly demonstrated, and cell cycle arrest in G0/G1 phase.

Applications

This study presents new therapeutic clues to improve the efficacy of
chemotherapy in gastric cancer. The therapeutic combination of these two
compounds is a promising candidate for further in vivo studies as they offer
greater potential outcomes for progression free survival with an improved
toxicity profile.

Terminology

DHA, one of the most important members of the omega-3 polyunsaturated fatty
acids, has 22 carbon atoms and 6 double bounds. Evidence has shown that
DHA can act as an adjuvant to improve the efficacy of anticancer treatment.

Peer-review

The present study is an informative work. Data show that synergistic anticancer
properties of DHA and 5-FU may involve interference with energy production
of AGS cells through downregulation of mitochondrial electron transfer chain
complexes and cell cycle arrest. Further studies in vivo about the therapeutic
combination of these two compounds may be worth pursuing.
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