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Abstract
Introduction: Gastric cancer is the second most common cause of cancer-related mortality worldwide. 5-fluorouracil (5-FU) is a commonly used
anti-cancer drug. Various polyunsaturated fatty acids (PUFAs) are known to
have tumoricidal action both in vitro and in vivo. Though PUFAs are known
to augment the cytotoxic action of anti-cancer drugs, the exact mechanism
is not clear.
Material and methods: The human gastric cancer cell line MGC (undifferentiated) and human gastric cancer cell line SGC (semi-differentiated) were
either 5-FU alone or a combination of 5-FU + PUFAs and their proliferation,
and ability to secrete tumor necrosis factor-α (TNF-α) and vascular endothelial growth factor (VEGF) and lipid metabolism-related factors lipoprotein lipase (LPL), peroxisome proliferator-activated-γ (PPAR-γ), and CCAAT
enhancer-binding protein (C/EBP) were investigated and analyzed.
Results: It was noted that combined treatment of 5-FU + PUFAs on gastric carcinoma (MGC and SGC) cells produced a significant growth inhibitory action
compared with either agent alone by inhibiting the production of TNF-α and
VEGF and a simultaneous increase in the expression of LPL, PPAR-γ, and C/EBP.
Conclusions: Based on the results of the present study, it is concluded that
PUFAs enhance the tumoricidal action of the anti-cancer drug 5-FU by acting
on anti-angiogenic factors and enzymes involved in lipid metabolism.
Key words: gastric cancer, polyunsaturated fatty acids, nitric oxide,
peroxisome proliferator-activated-γ, lipoprotein lipase.

Introduction
Gastric cancer is one of the most prevalent forms of cancer and is the
second most common cause of cancer-related mortality worldwide [1, 2].
Despite its toxic side effects, 5-fluorouracil (5-FU), a pyrimidine analogue
that interferes with thymidylate synthesis, is widely used in the treatment
of gastric cancer and other neoplasms [3]. One of the major aims of cancer
therapy is to selectively kill tumor cells with little or no effect on normal
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cells. But this is rarely achieved with the current
chemotherapeutic drugs. Hence, newer therapeutic
approaches are needed that can either enhance the
action of anti-cancer drugs such as 5-FU on tumor
cells, reduce their side effects without compromising their anti-cancer action, or both. In this context,
it is interesting to note that previously, we and others showed that certain polyunsaturated fatty acids (PUFAs) have selective tumoricidal action with
little or no action on normal cells [4–10]. But, PUFAs
themselves are not very effective in eliminating
cancer, partly due to the fact that they are tightly
bound to albumin and other proteins and hence
are unavailable to tumor cells to bring about their
tumoricidal action and may also be metabolized
into several eicosanoids that may have other unwanted actions. Hence, it is desirable to develop
methods whereby PUFAs are selectively delivered
to tumor cells to produce their anti-cancer actions
and/or given in combination with anti-cancer drugs
so that the combined anti-cancer drug(s) + PUFAs
may have a significant cytotoxic action on cancer
cells compared to either agent alone. Previously, we
and others observed that PUFAs and some of their
products may also have anti-angiogenic action in
addition to their ability to inhibit mitosis of tumor
cells [11, 12]. Since PUFAs are lipid moieties, it is
likely that they may have actions on enzymes or
factors involved in lipid metabolism such as lipoprotein lipase (LPL), peroxisome proliferator-activated-γ (PPAR-γ) and CCAAT enhancer-binding protein (C/EBP). In the present study, we evaluated the
combined effect of PUFAs + 5-FU on the growth and
mechanism(s) involved in the induction of apoptosis of gastric carcinoma cells in vitro. Cancer is also
a low-grade systemic inflammatory condition in
which enhanced plasma levels of pro-inflammatory
cytokines have been described [13, 14]. Similarly,
vascular endothelial growth factor (VEGF), which
is needed to enhance tumor angiogenesis, is also
increased in the plasma of subjects with cancer
[15–17].
In view of this, we assessed the effect of PUFAs
and 5-FU on the secretion of tumor necrosis factor-α (TNF-α), a pro-inflammatory cytokine, and
VEGF by gastric cancer cells in vitro.

Material and methods
α-Linolenic acid (ALA), docosahexaenoic acid
(DHA), eicosapentaenoic acid (EPA), linoleic
acid (LA), arachidonic acid (AA), g-linolenic acid
(GLA), 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT), and 5-FU were
purchased from Sigma (St. Louis, MO, USA). The
human gastric cell lines MGC and SGC were
kindly provided by Prof. P. Wensheng (Zhejiang
University, China). RPMI medium 1640 was obtained from GIBCO (Grand Island, NY, USA). All

other chemicals were of extra-pure grade or analytical grade.

Cell culture
MGC and SGC cells were maintained in RPMI1640 medium, containing 10% fetal bovine serum
and 100 U/ml penicillin-streptomycin at 37°C. The
DHA, EPA, AA, GLA, ALA, and LA were dissolved in
ethyl alcohol and 0.1 M NaOH respectively and filter-sterilized at a concentration of 10 mg/ml as
a stock solution and diluted with sterile water before use. Fifty mM of 5-FU was dissolved in high
purity water as a stock solution and was filtered
prior to use.

MTT assay
MGC and SGC cells were seeded in 96-well
plates at a density of 10,000 cells per well. After
24 h of seeding, cells were supplemented with
mixed solution containing different concentrations of various PUFAs (ALA, DHA, EPA, LA, AA, and
GLA) and 5-FU. Based on our previous studies, we
selected the lowest dose of PUFAs (50 μM) and
the highest dose (120 μM) that showed no cytotoxic action on normal cells [18] for the present
study. The dose of 5-FU used ranged from 0.004
mM to 2 mM. Following 24, 48 and 72 h of treatment of MGC and SGC cells with various combinations of PUFAs + 5-FU, cell survival was assessed
by MTT assay as described previously [18]. Both
time-course and dose-response studies were performed with 5-FU and PUFAs.

Determination of VEGF and TNF-α level
For this study, MGC and SGC cells were seeded in 6-well culture plates at a density of 10,000
cells per well. After 48 h of addition of various
mixtures of 5-FU + PUFAs, culture supernatant
was collected, centrifuged at 2,000 × g for 5 min
and the supernatant was collected for estimation
of secreted VEGF and TNF-α using commercially
available enzyme-linked immunosorbent assay
(ELISA) kits purchased from Xitang (Shanghai,
China) and BOSTER (Wuhan, China), respectively.
The results obtained were represented as pg/mg
protein.

Determination of PPAR-γ, C/EBP and LPL
levels
MGC and SGC cells were treated with various
mixtures of 5-FU + PUFAs as described above for
48 h. At the end of the incubation period of 48 h,
the cell culture supernatant was collected, centrifuged and re-suspended in PBS and kept overnight at –20°C until analyzed. ELISA kits, obtained
from CUSABIO, were used for the measurement of
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PPAR-γ, C/EBP and LPL. The results obtained were
represented as pg/mg protein.

Statistical analysis
Data obtained from various studies were expressed as mean ± SD. Data were analyzed with
SAS 8.0 software. Significance of differences between groups was evaluated using the t-test.

Results
Effect of 5-FU on cell viability
Cells that were supplemented with different
doses of 5-FU ranging from 0 to 2 mM for 24, 48
and 72 h showed decreased viability, as shown in
Figure 1. Based on these results, we chose 0.004,
0.04, 0.1, 0.2, 0.4, 0.7 mM of 5-FU for the next set
of studies in combination with the lowest and
highest (50 μM and 120 μM) doses of PUFAs [18].

Effect of combination of 5-FU and PUFAs

Effect of 5-FU + PUFAs on VEGF and TNF-α
secretion
Supplementation of MGC and SGC cells with
5-FU and PUFAs for 48 h produced a dramatic decrease in their ability to secrete VEGF and TNF-α,
as shown in Figures 2 and 3.
Significant suppression of the secretion of TNF-α
was noted by both SGC and MGC cells that were
exposed to fatty acids in combination with 5-FU,
except for EPA. Of all the fatty acids tested in combination with 5-FU, GLA showed the highest ability
to suppress TNF-α secretion, whereas EPA showed
the lowest inhibition. On a comparative basis, the
effect of various fatty acids in combination with
5-FU on the secretion of TNF-α was as follows: GLA
> DHA > AA > LA > ALA > EPA. On the other hand,
the effect of various fatty acids in combination with
5-FU on SGC cells in their ability to suppress the
production of TNF-α was as follows: GLA > LA > AA
> ALA > EPA > DHA. g-Linolenic acid (GLA) was the
most potent in inhibiting the secretion of TNF-α
even in SGC cells, as was seen with MGC cells, while
DHA was the least effective fatty acid.
Similar to TNF-α, both MGC and SGC cells
showed significant reduction in the secretion of
VEGF in response to 5-FU + PUFAs. Once again,
of all the fatty acids tested, GLA was found to be
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At all the doses tested (Tables I and II), addition
of PUFAs enhanced the inhibitory action of 5-FU
on MGC and SGC cells. It is evident from these results that optimum combined concentrations of
PUFAs and 5-FU were different for MGC and SGC
cells, as shown in Tables I and II and Figure 1. As
expected, the higher the dose of 5-FU, the higher the inhibitory effect of it on the proliferation
of both MGC and SGC cells. When both MGC and
SGC cells were exposed to a combination of 5-FU
and higher and lower doses of various PUFAs, the
inhibitory action of 5-FU on the proliferation of
cells was enhanced. The effect of a combination
of 5-FU and various PUFAs on the proliferation
of MGC and SGC cells was as follows (taking into
consideration both high and low concentrations
of fatty acids): AA > EPA > DHA > ALA > GLA >
LA on MGC cells; AA > ALA > EPA > DHA > GLA
> LA on SGC cells (see Tables I and II). These results suggest that of all the fatty acids tested in

combination with 5-FU, AA is the most effective in
inhibiting the proliferation of both MGC and SGC
cells in vitro. Based on these results, we used the
most effective doses of 5-FU and various PUFAs.
For MGC, concentrations of ALA, DHA, EPA, LA, AA
and GLA were 120 μM, 50 μM, 50 μM, 120 μM,
50 μM and 120 μM respectively, and concentrations of 5-FU used were 0.2 mM, 0.2 mM, 0.2 mM,
0.7 mM, 0.4 mM, and 0.1 mM respectively. For SGC,
concentrations of ALA, DHA, EPA, LA, AA, and GLA
were 120 μM, 50 μM, 50 μM, 50 μM, 120 μM and
120 μM respectively, and concentrations of 5-FU
were 0.1 mM, 0.1 mM, 0.1 mM, 0.1 mM, 0.4 mM,
and 0.1 mM respectively in all subsequent studies.
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Figure 1. Effect of 5-FU alone on survival of gastric cancer cells in vitro. Three curves in each figure show proliferation trends for cells treated for 24 h, 48 h, and 72 h
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Table I. Viability of MGC cells treated with 5-FU and PUFAs
PUFA

5-FU [mM]
0.004

0.04

0.1

0.2

0.4

0.7

None

0.99 ±0.02

0.97 ±0.02

0.93 ±0.02

0.79 ±0.02

0.68 ±0.03

0.58 ±0.02

ALA(L)

0.85 ±0.04

0.84 ±0.03

0.80 ±0.04

0.72 ±0.08

0.58 ±0.06

0.56 ±0.03

ALA(H)

0.78 ±0.02

0.79 ±0.03

0.75 ±0.03

0.64 ±0.09

0.62 ±0.02

0.58 ±0.04

DHA(L)

0.84 ±0.06

0.81 ±0.03

0.75 ±0.01

0.66 ±0.01

0.58 ±0.01

0.53 ±0.01

DHA(H)

0.80 ±0.01

0.80 ±0.02

0.72 ±0.03

0.64 ±0.03

0.60 ±0.01

0.54 ±0.02

EPA(L)

0.85 ±0.02

0.83 ±0.03

0.78 ±0.01

0.66 ±0.07

0.57 ±0.03

0.53 ±0.04

EPA(H)

0.78 ±0.06

0.78 ±0.03

0.71 ±0.02

0.65 ±0.03

0.55 ±0.03

0.50 ±0.02

LA(L)

1.01 ±0.03

1.00 ±0.06

0.87 ±0.02

0.76 ±0.02

0.65 ±0.01

0.59 ±0.03

LA(H)

0.95 ±0.04

0.94 ±0.02

0.93 ±0.05

0.80 ±0.01

0.70 ±0.02

0.62 ±0.05

AA(L)

0.88 ±0.02

0.88 ±0.02

0.80 ±0.02

0.68 ±0.02

0.55 ±0.01

0.52 ±0.01

AA(H)

0.85 ±0.01

0.87 ±0.01

0.80 ±0.02

0.68 ±0.02

0.56 ±0.02

0.49 ±0.04

GLA(L)

0.91 ±0.04

0.93 ±0.03

0.90 ±0.03

0.79 ±0.05

0.67 ±0.02

0.58 ±0.04

GLA(H)

0.88 ±0.03

0.92 ±0.02

0.84 ±0.06

0.77 ±0.02

0.65 ±0.02

0.61 ±0.02

Table II. Viability of SGC cells treated with 5-FU and PUFAs
PUFA

5-FU [mM]
0.004

0.04

0.1

0.2

0.4

0.7

None

1.01 ±0.05

0.95 ±0.09

0.90 ±0.13

0.69 ±0.10

0.65 ±0.05

0.59 ±0.09

ALA(L)

1.02 ±0.04

0.91 ±0.04

0.80 ±0.03

0.69 ±0.05

0.60 ±0.03

0.54 ±0.06

ALA(H)

0.96 ±0.04

0.92 ±0.05

0.75 ±0.09

0.63 ±0.04

0.54 ±0.04

0.52 ±0.03

DHA(L)

1.11 ±0.11

0.97 ±0.24

0.85 ±0.05

0.72 ±0.11

0.64 ±0.08

0.57 ±0.09

DHA(H)

0.98 ±0.03

0.95 ±0.02

0.77 ±0.02

0.64 ±0.04

0.52 ±0.01

0.54 ±0.06

EPA(L)

1.03 ±0.01

0.91 ±0.06

0.81 ±0.04

0.66 ±0.04

0.60 ±0.02

0.57 ±0.04

EPA(H)

1.07 ±0.08

1.01 ±0.09

0.82 ±0.06

0.61 ±0.03

0.52 ±0.06

0.51 ±0.06

LA(L)

1.04 ±0.05

0.96 ±0.08

0.81 ±0.04

0.71 ±0.03

0.63 ±0.05

0.56 ±0.01

LA(H)

1.10 ±0.04

0.97 ±0.03

0.88 ±0.08

0.76 ±0.06

0.66 ±0.11

0.66 ±0.12

AA(L)

1.11 ±0.06

1.02 ±0.03

0.77 ±0.05

0.63 ±0.06

0.54 ±0.06

0.50 ±0.04

AA(H)

1.02 ±0.08

0.93 ±0.07

0.78 ±0.05

0.61 ±0.11

0.49 ±0.09

0.48 ±0.07

GLA(L)

1.11 ±0.08

1.05 ±0.07

0.86 ±0.01

0.81 ±0.07

0.53 ±0.03

0.52 ±0.02

GLA(H)

1.11 ±0.06

0.93 ±0.04

0.78 ±0.06

0.70 ±0.06

0.63 ±0.05

0.61 ±0.05

Cell viability = (ODtreatment – ODculture medium)/(ODcontrol – ODculture medium).

the most potent in suppressing VEGF secretion by
both MGC and SGC cells in vitro.

Effect of 5-FU + PUFAs on LPL, PPAR-γ
and C/EBP-α activity
Next, we tested the effect of 5-FU + PUFAs on
the activities of LPL, PPAR-γ and C/EBP-α in MGC

and SGC cells in vitro. These results, shown in
Figures 4–6, revealed that there was a significant
change in the levels of LPL, PPAR-γ and C/EBP-α
in both MGC and SGC cells. For instance, it was
found that LA and AA in combination with 5-FU
produced the most significant increase in LPL activity in both MGC and SGC cells compared to all
other fatty acids (Figure 4). On the other hand, AA
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Figure 2. Relative ratio of TNF-α in gastric cancer
cells treated with 5-FU and various PUFAs. (Relative ratio = concentration of TNF-α in gastric cancer cells treated with 5-FU + PUFAs/concentration
of TNF-α in gastric cancer cells treated with 5-FU).
For MGC, concentrations of ALA, DHA, EPA, LA, AA
and GLA were 120 μM, 50 μM, 50 μM, 120 μM,
50 μM and 120 μM respectively; concentrations of
5-FU used were 0.2 mM, 0.2 mM, 0.2 mM, 0.7 mM,
0.4 mM, and 0.1 mM respectively. For SGC, ALA,
DHA, EPA, LA, AA, and GLA were 120 μM, 50 μM,
50 μM, 50 μM, 120 μM and 120 μM respectively; concentrations of 5-FU were 0.1 mM, 0.1 mM,
0.1 mM, 0.1 mM, 0.4 mM, and 0.1 mM respectively

Figure 3. Relative ratio of VEGF in gastric cancer
cells treated with 5-FU and various PUFAs. (Relative
ratio = concentration of VEGF in gastric cancer cells
treated with 5-FU + PUFAs/concentration of VEGF
in gastric cancer cells treated with 5-FU). For MGC,
concentrations of ALA, DHA, EPA, LA, AA and GLA
were 120 μM, 50 μM, 50 μM, 120 μM, 50 μM and
120 μM respectively; concentrations of 5-FU were
0.2 mM, 0.2 mM, 0.2 mM, 0.7 mM, 0.4 mM, and
0.1 mM respectively. For SGC, ALA, DHA, EPA, LA,
AA, and GLA were 120 μM, 50 μM, 50 μM, 50 μM,
120 μM and 120 μM respectively; concentrations
of 5-FU were 0.1 mM, 0.1 mM, 0.1 mM, 0.1 mM,
0.4 mM, and 0.1 mM respectively

For MGC, a, b, c values in the same column with different
letters are significantly different (p < 0.05); for SGC,
a’, b’, c’ values in the same column with different letters
are significantly different (p < 0.05).

For MGC, a, b, c values in the same column with different
letters are significantly different (p < 0.05); for SGC,
a’, b’, c’ values in the same column with different letters
are significantly different (p < 0.05).
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Figure 4. Relative ratio of LPL in gastric cancer cells
treated with 5-FU and various PUFAs. (Relative ratio = concentration of LPL in gastric cancer cells
treated with 5-FU + PUFAs/concentration of LPL
in gastric cancer cells treated with 5-FU). For MGC,
concentrations of ALA, DHA, EPA, LA, AA and GLA
were 120 μM, 50 μM, 50 μM, 120 μM, 50 μM and
120 μM respectively; concentrations of 5-FU were
0.2 mM, 0.2 mM, 0.2 mM, 0.7 mM, 0.4 mM, and
0.1 mM respectively. For SGC, ALA, DHA, EPA, LA,
AA, and GLA were 120 μM, 50 μM, 50 μM, 50 μM,
120 μM and 120 μM respectively; concentrations
of 5-FU were 0.1 mM, 0.1 mM, 0.1 mM, 0.1 mM,
0.4 mM, and 0.1 mM respectively

Figure 5. Relative ratio of PPAR-γ in gastric cancer
cells treated with 5-FU and various PUFAs. (Relative
ratio = concentration of PPAR‑γ in gastric cancer
cells treated with 5-FU + PUFAs/concentration of
PPAR-γ in gastric cancer cells treated with 5-FU).
For MGC, concentrations of ALA, DHA, EPA, LA,
AA and GLA were 120 μM, 50 μM, 50 μM, 120 μM,
50 μM and 120 μM respectively; concentrations
of 5-FU were 0.2 mM, 0.2 mM, 0.2 mM, 0.7 mM,
0.4 mM, and 0.1 mM respectively. For SGC, ALA,
DHA, EPA, LA, AA, and GLA were 120 μM, 50 μM,
50 μM, 50 μM, 120 μM and 120 μM respectively; concentrations of 5-FU were 0.1 mM, 0.1 mM,
0.1 mM, 0.1 mM, 0.4 mM, and 0.1 mM respectively

For MGC, a, b, c, d, e values in the same column with
different letters are significantly different (p < 0.05); for
SGC, a’, b’, c’, d’ values in the same column with different
letters are significantly different (p < 0.05).

For MGC, a, b, c, d, e values in the same column with
different letters are significantly different (p < 0.05); for
SGC, a’, b’, c’, d’ values in the same column with different
letters are significantly different (p < 0.05).
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Discussion
Previous studies showed that PUFAs possess
selective tumoricidal actions both in vitro and
in vivo [4–10]. It was noted that PUFAs enhance
free radical generation and the lipid peroxidation
process and thus bring about their tumoricidal
action [5, 19–22]. It is noteworthy that radiation
and many chemotherapeutic drugs enhance free
radical generation and lipid peroxidation and thus
bring about their anti-cancer actions [reviewed
in 21]. This suggests that selective enhancement
of free radical generation and the lipid peroxidation process in tumor cells could be employed
as a strategy to eliminate them. In this context,
it is noteworthy that both TNF-α and VEGF are
not only pro-inflammatory molecules but are also
capable of enhancing free radical generation [23–
26]. The TNF-α enhances the production of VEGF
and VEGF, in turn increasing that of TNF-α [27–32].
This implies that whenever there is an increase in
the production of TNF-α or VEGF, automatically
the synthesis and release of the other occurs. This
is supported by the observation that, in general,
cancer is associated with an increase in the plasma levels of both TNF-α and VEGF. In other words,
if efforts are made to suppress the production of
TNF-α or VEGF, it is expected that suppression of
the synthesis of the other would also occur. The
increased levels of TNF-α and VEGF are also expected to be responsible for the inflammatory
reaction seen at the site of the cancer mass. In
view of this close interaction between VEGF and
TNF-α, we measured the production of both TNF-α
and VEGF by the gastric tumor cells in response to
PUFAs supplemented.
As expected, the results of the present study
showed that various PUFAs suppressed the secretion of both TNF-α and VEGF by both MGC and
SGC cells in vitro (Figures 2 and 3). Though all the
fatty acids tested were effective in suppressing
the secretion of both TNF-α and VEGF, GLA appears to be the most effective. To a large extent,
AA was also as effective as GLA in suppressing the
release of TNF-α and VEGF. These results are in
agreement with the growth suppressive action
shown by 5-FU + AA and 5-FU + GLA, though other
fatty acids were almost as effective. For instance,
the growth suppressive actions of various PUFAs
in combination with 5-FU were as follows: when
low-dose PUFAs were used, AA > DHA = EPA > ALA
> GLA > LA, and when high-dose PUFAs were used,

4.0

a

3.5
Relative ratio of C/EBPα

is the only fatty acid that produced a significant
increase in PPAR-γ activity in MGC cells but not
in SGC cells (Figure 5). In contrast, both LA and
AA in association with 5-FU induced a significant
increase in the activity of C/EBP‑α in both MGC
and SGC cells.
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Figure 6. Relative ratio of C/EBPα in gastric cancer
cells treated with 5-FU and various PUFAs. (Relative
ratio = concentration of C/EBPα in gastric cancer
cells treated with 5-FU + PUFAs/concentration of
C/EBPα in gastric cancer cells treated with 5-FU).
For MGC, concentrations of ALA, DHA, EPA, LA,
AA and GLA were 120 μM, 50 μM, 50 μM, 120 μM,
50 μM and 120 μM respectively; concentrations
of 5-FU were 0.2 mM, 0.2 mM, 0.2 mM, 0.7 mM,
0.4 mM, and 0.1 mM respectively. For SGC, ALA,
DHA, EPA, LA, AA, and GLA were 120 μM, 50 μM,
50 μM, 50 μM, 120 μM and 120 μM respectively; concentrations of 5-FU were 0.1 mM, 0.1 mM,
0.1 mM, 0.1 mM, 0.4 mM, and 0.1 mM respectively
For MGC, a, b, c, d values in the same column with
different letters are significantly different (p < 0.05);
for SGC, a’, b’, c’, d’, e’ values in the same column with
different letters are significantly different (p < 0.05).

AA > EPA > DHA > ALA > GLA > ALA for MGC cells;
whereas when low-dose PUFAs were used, AA
> GLA > ALA > LA > EPA = DHA, and when highdose PUFAs were used, AA > GLA > EPA > ALA
> DHA > LA for SGC cells. Thus, AA is the best
growth suppressive fatty acid with regard to both
SGC and MGC cells, irrespective of the dose of
fatty acid employed. The second best growth suppressive fatty acid is EPA or DHA for MGC cells,
whereas GLA is the second best fatty acid when
SGC cells are taken into consideration.
On the other hand, GLA was the most effective
fatty acid in suppressing the secretion of both
TNF-α and VEGF by MGC and SGC cells. The next
best fatty acid to suppress the secretion of TNF-α
and VEGF by both MGC and SGC cells is AA. Thus,
it is the n-6 fatty acid AA that is the most effective fatty acid both in terms of growth suppression
and inhibition of VEGF and TNF-α secretion.
The PUFAs being lipids, it is expected that they
could have an effect on lipid metabolism related
factors such as LPL, PPAR-γ and C/EBP-α. Studies
done in this regard clearly showed that all the
PUFAs tested could have considerable action on
LPL, PPAR-α and C/EBP-α. Of all the fatty acids
tested, AA induced the highest increase in the levels of LPL, PPAR-α and C/EBP-α in both MGC and
SGC cells. Since AA is the most effective growth
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suppressive fatty acid and the one that produced
a significant decrease in VEGF and TNF-α secretion in these cells, it is tempting to propose that
a combined action on all these indices is responsible for its tumoricidal action observed in the present study.
Lipoprotein lipase gene and enzyme activity
were found to be increased in lung cancer tissue, musculoskeletal sarcomas, and abdominal
subcutaneous tissue of subjects with advanced
gastric and esophageal cancer [33–35]. High LPL
activity in cancer tissue provides a possible mechanism for increasing the supply of lipid nutrients
to the tumor that is necessary for tumor growth.
For instance, it was reported that compared with
controls or non-responding tumors, expression of
PPAR-γ and LPL activity was elevated in those that
responded to LGD1069, a high-affinity ligand for
the retinoid X receptors in a rat mammary tumor
model, suggesting that tumor regression involves
differentiation induction along the adipocyte lineage [36]. Furthermore, it was reported that LPL,
in the presence of triglyceride-rich lipoproteins,
accelerates the growth of breast cancer and sarcoma cells [37]. It was also noted that providing LPL
to prostate cancer cells, which express low levels
of the enzyme, did not augment growth, but did
prevent the cytotoxic effect of fatty acid synthesis inhibitors. Moreover, LPL knockdown inhibited
HeLa cell growth. These findings indicate that, in
addition to de novo lipogenesis, cancer cells use
LPL to acquire fatty acids from the circulation by
lipolysis, and this can fuel their growth.
In this context, it is interesting to note that
TNF-α has a bifunctional regulatory nature of
both inhibiting tumor cell proliferation and enhancing growth and inducing their differentiation
under some very specific conditions. The TNF-α
is believed to be an essential local and systemic mediator of cancer cachexia. In those with infections, the action of TNF-α on LPL activity to
enhance the secretion of free fatty acids from
adipocytes is probably important to provide additional energy needed by the immune system to
combat invasion. However, the relationship between the ability of TNF-α to suppress the anabolic processes and its cytotoxic action on tumor
cells and their relationship to produce cancer cachexia remains undetermined. In the adipocytes,
TNF-α suppresses LPL, which leads to a reduction
in TG uptake and lipid deposition, contributing to
cachexia [38, 39]. Hence, it has been suggested
that neutralizing the action of TNF-α may reverse
the cachectic processes and potentially improve
the general condition of patients with cancer.
But, subsequent studies using both wild-type and
gene-deficient mice for TNF-α receptor type 1 protein revealed that implantation of Lewis lung car-
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cinoma resulted in a considerable loss of carcass
weight in both these groups, with the wild-type
mice showing loss of both fat and muscle, whereas the TNF-α receptor type 1 gene-knockout mice
showed much less muscle wastage though both
groups of animals showed a significant increase
in circulating TNF-α. Muscle wastage in wild-type
mice was found to be due to an increase in protein
degradation with no changes in protein synthesis, which results in a decreased rate of protein
accumulation, accounting for the muscle weight
loss observed as a result of the tumor burden. In
contrast, gene knockout mice did not show significantly lower rates of protein accumulation as
a result of tumor implantation [40]. These results
suggest that TNF-α is responsible for protein
breakdown in skeletal muscle of tumor-bearing
mice and has much less effect on adipose tissue
loss. Subsequent studies revealed that TNF-α has
a biphasic activation of NF-kB (NF-kB) in differentiated skeletal muscle cells wherein the first
transient phase was terminated within 1 h of cytokine addition, while the second phase persists
for an additional 24–36 h [41]. Biphasic activation
is mediated at both the levels of NF-kB DNA binding and transactivation function, and both phases
are dependent on the IKK/26 S proteasome pathway. It was reported that regulation of the first
transient phase is mediated by the degradation
and subsequent re-synthesis of IkBa, whereas the
second phase activity correlated with persistent
down-regulation of both IkBα and IkBβ proteins
due to a continuous TNF signal. Importantly, inhibition of NF-kB prior to initiation of the second
phase of activity inhibited cytokine-mediated
loss of muscle proteins [41]. These results implicate the biphasic activation of NF-kB in response
to TNF in skeletal muscle wasting associated with
cancer/infection associated cachexia.
Decreased albumin expression is common
in patients who develop cachexia due to chronic diseases, including cancer. In a simulation of
this model, TNF-α treatment of primary mouse
hepatocytes or TNF-α overexpression in a mouse
model of cachexia induced oxidative stress, nitric
oxide synthase (NOS) expression and phosphorylation of C/EBPβ on Ser239, within the nuclear localization signal, thus inducing its nuclear export,
which inhibits transcription of the albumin gene.
3-Morpholinosydnonimine (SIN-1), an NO donor,
duplicated the TNF-α action on hepatocytes. It is
interesting that similar molecular abnormalities
were found in the liver of patients with cancer
cachexia. Treatment of TNF-α-treated mice with
antioxidants or NOS inhibitors prevented phosphorylation of C/EBPβ on Ser239 and its nuclear
export, and rescued the abnormal albumin gene
expression. This suggests that TNF-α suppressed
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Table III. Summary of results obtained on the effect of 5-FU + PUFAs on the activities/levels of TNF-α, VEGF, LPL,
PPAR-γ and C/EBPα
Variable

MGC

SGC

Dose of
5-FU used
[mM]

Relative ratio
TNF-α

VEGF

LPL

PPAR-γ

C/EBPα

120 μM ALA + 0.2 mM 5-FU

0.2

0.45 ±0.04

0.10 ±0.01

1.37 ±0.11

0.92 ±0.04

1.42 ±0.04

50 μM DHA + 0.2 mM 5-FU

0.2

0.28 ±0.03

0.22 ±0.02

1.23 ±0.09

1.18 ±0.05

1.60 ±0.22

50 μM EPA + 0.2 mM 5-FU

0.2

0.79 ±0.12

0.30 ±0.03

1.79 ±0.10

1.46 ±0.08

1.65 ±0.19

120 μM LA + 0.7 mM 5-FU

0.7

0.43 ±0.11

0.14 ±0.07

4.42 ±0.07

1.05 ±0.15

1.89 ±0.05

50 μM AA + 0.4 mM 5-FU

0.4

0.36 ±0.11

0.23 ±0.03

6.73 ±0.40

3.11 ±0.12

3.28 ±0.41

120 μM GLA + 0.1 mM 5-FU

0.1

0.19 ±0.04

0.08 ±0.02

0.75 ±0.04

1.37 ±0.06

1.11 ±0.12

120 μM ALA + 0.1 mM 5-FU

0.1

0.53 ±0.03

0.22 ±0.01

1.39 ±0.08

0.97 ±0.03

1.72 ±0.04

50 μM DHA + 0.1 mM 5-FU

0.1

0.82 ±0.07

0.45 ±0.04

1.09 ±0.05

1.27 ±0.04

1.60 ±0.07

50 μM EPA + 0.1 mM 5-FU

0.1

0.59 ±0.05

0.31 ±0.06

1.39 ±0.14

1.17 ±0.02

1.69 ±0.02

50 μM LA + 0.1 mM 5-FU

0.1

0.31 ±0.02

0.45 ±0.03

1.86 ±0.12

0.93 ±0.04

2.10 ±0.04

120 μM AA + 0.4 mM 5-FU

0.4

0.42 ±0.04

0.27 ±0.05

3.94 ±0.27

1.41 ±0.02

3.12 ±0.08

120 μM GLA + 0.1 mM 5-FU

0.1

0.28 ±0.07

0.31 ±0.03

1.09 ±0.06

1.09 ±0.03

0.85 ±0.01

albumin gene expression (and thus inhibits albumin synthesis) by phosphorylation of C/EBPβ and
enhanced the synthesis of NO [42]. This coupled
with the observation that C/EBPβ can functionally
replace C/EBPα in the liver but not in adipose tissue is not only interesting [43] but also suggests
that the ability of TNF-α to suppress albumin production is due to its action on C/EBPβ in the liver
and induction of lipolysis is by acting on C/EBPα
in adipose tissue.
In this context, it is interesting to note that PPAR-γ
inhibited NO and TNF-α synthesis [44] and has anti-inflammatory and anti-proliferative actions [45].
These results emphasize the close interaction(s)
among TNF-α, LPL, PPAR-γ and C/EBPα and C/EBPβ.
In the present study, we observed that both
LA and especially AA in association with 5-FU
enhanced LPL, PPAR-γ and C/EBPα activities in
both MGC and SGC cells compared to the control
(see Figure 4 and Table III for comparison of actions of various PUFAs on TNF-α, LPL, PPAR-γ and
C/EBPα activities). These actions may explain,
to some extent, the anti-inflammatory, anti-cachectic and anti-tumor activities of PUFAs. Other
PUFAs did enhance the LPL activity and that of
PPAR-γ and C/EBPα but were not as potent as
AA (Figures 4–6). The action of PUFAs on PPAR-γ
and C/EBPα may explain their inhibitory action
on the production of TNF-α and VEGF noted in
the present study.
In conclusion, PUFAs have anti-cancer actions
and are capable of potentiating the tumoricidal action of the anti-cancer drug 5-FU on gastric cancer
cells in vitro. Based on the results of the present
study, it is reasonable to propose that anti-cancer,

anti-inflammatory and anti-cachectic properties
of PUFAs are due to their action on TNF-α, VEGF,
LPL, PPAR-γ, and C/EBPα and thus may be useful to manage cancer-associated hyperlipidemia
[46] and could be used in combination with other
agents to induce apoptosis of various cancer cells,
especially of gastric tumor cells [47].

Conflict of interest
The authors declare no conflict of interest.
References
1. Ferro A, Peleteiro B, Malvezzi M, et al. Worldwide trends
in gastric cancer mortality (1980-2011), with predictions to 2015, and incidence by subtype. Eur J Cancer 2014; 50: 1330-44.
2. Bertuccio P, Chatenoud L, Levi F, et al. Recent patterns
in gastric cancer: a global overview. Int J Cancer 2009;
125: 666-73.
3. Zhang YW, Zhang YL, Pan H, et al. Chemotherapy for
patients with gastric cancer after complete resection:
a network meta-analysis. World J Gastroenterol 2014;
20: 584-92.
4. Begin ME, Ells G. Das UN, Horrobin DF. Differential killing
of human carcinoma cells supplemented with n-3 and
n-6 polyunsaturated fatty acids. J Natl Cancer Inst 1986;
77: 1053-62.
5. Das UN. Tumoricidal action of cis-unsaturated fatty acids and its relationship to free radicals and lipid peroxidation. Cancer Lett 1991; 56: 235-43.
6. Madhavi N, Das UN. Effect of n-6 and n-3 fatty acids on
the survival of vincristine sensitive and resistant human
cervical carcinoma cells in vitro. Cancer Lett 1994; 84:
31-41.
7. Sravan Kumar G, Das UN. Free radical dependent suppression of mouse myeloma cells by alpha-linolenic and
eicosapentaenoic acids in vitro. Cancer Lett 1995; 92:
27-38.

Arch Med Sci 2, April / 2015289

Haining Yu, Yan Liu, Wensheng Pan, Shengrong Shen, Undurti N. Das

8. Ramesh G, Das UN. Effect of free fatty acids on twostage skin carcinogenesis in mice. Cancer Lett 1996;
100: 199-209.
9. Ramesh G, Das UN. Effect of cis-unsaturated fatty acids
on Meth-A ascitic tumor cells in vitro and in vivo. Cancer
Letters 1998; 123: 207-14.
10. Lu X, Yu H, Shen S, Das UN. Linoleic acid suppresses
colorectal cancer cell growth by inducing oxidant stress
and mitochondrial dysfunction. Lipids Health Dis 2010;
9: 106.
11. Das UN. Abrupt and complete occlusion of tumor-feeding vessels by gamma-linolenic acid. Nutrition 2002; 18:
662-4.
12. Das UN. Tumoricidal and anti-angiogenic actions of
gamma-linolenic acid and its derivatives. Current Pharmaceutical Biotech 2006; 7: 457-66.
13. Semesiuk NI, Zhylchuk A, Bezdenezhnykh N, et al. Disseminated tumor cells and enhanced level of some cytokines in bone marrow and peripheral blood of breast
cancer patients as predictive factors of tumor progression. Exp Oncol 2013; 35: 295-302.
14. Das UN. Essential fatty acids and their metabolites as
modulators of stem cell biology with reference to inflammation, cancer and metastasis. Cancer Metastasis
Rev 2011; 30: 311-24.
15. Hyodo I, Doi T, Endo H, et al. Clinical significance of plasma vascular endothelial growth factor in gastrointestinal cancer. Eur J Cancer 1998; 34: 2041-5.
16. Duque JL, Loughlin KR, Adam RM, Kantoff PW, Zurakowski D, Freeman MR. Plasma levels of vascular endothelial
growth factor are increased in patients with metastatic
prostate cancer. Urology 1999; 54: 523-7.
17. Kim HK, Song KS, Park YS, et al. Elevated levels of circulating platelet microparticles, VEGF, IL-6 and RANTES in
patients with gastric cancer: possible role of a metastasis predictor. Eur J Cancer 2003; 39: 184-91.
18. Dai J, Shen J, Pan W, Shen S, Das UN. Effects of polyunsaturated fatty acids on the growth of gastric cancer
cells in vitro. Lipids Health Dis 2013; 12: 71.
19. Das UN. Selective enhancement of free radicals in tumor
cells as a strategy to eliminate Cancer. In: Textbook of
free radical biomedicine, Eds: Kostas Pantopoulos and
Hyman Schipper, Nova Science Publishers Inc., 2010.
20. Lu X, Yu H, Shen S, Das UN. Linoleic acid suppresses colorectal cancer cell growth by inducing oxidant stress and
mitochondrial dysfunction. Lipids Health Dis 2010; 9: 106.
21. Das UN. Essential fatty acids enhance free radical generation and lipid peroxidation to induce apoptosis of
tumor cells. Clin Lipidol 2011; 6: 463-89.
22. Wendel M, Heller AR. Anticancer actions of omega-3 fatty acids: current state and future perspectives. Anticancer Agents Med Chem 2009; 9: 457-70.
23. Bajt ML, Ho YS, Vonderfecht SL, Jaeschke H. Reactive
oxygen as modulator of TNF and fas receptor-mediated apoptosis in vivo: studies with glutathione peroxidase-deficient mice. Antioxid Redox Signal 2002; 4:
733-40.
24. Kastl L, Sauer SW, Ruppert T, et al. TNF-alpha mediates
mitochondrial uncoupling and enhances ROS-dependent cell migration via NF-kappaB activation in liver
cells. FEBS Lett 2014; 588: 175-83.
25. Monaghan-Benson E, Burridge K. The regulation of vascular endothelial growth factor-induced microvascular
permeability requires Rac and reactive oxygen species.
J Biol Chem 2009; 284: 25602-11.
26. Monaghan-Benson E, Hartmann J, Vendrov AE, et al The
role of vascular endothelial growth factor-induced acti-

290

vation of NADPH oxidase in choroidal endothelial cells
and choroidal neovascularization. Am J Pathol 2010;
177: 2091-102.
27. Sun D, Matsune S, Ohori J, Fukuiwa T, Ushikai M, Kurono Y. TNF-alpha and endotoxin increase hypoxia-induced VEGF production by cultured human nasal fibroblasts in synergistic fashion. Auris Nasus Larynx 2005;
32: 243-9.
28. Chu SC, Tsai CH, Yang SF, et al. Induction of vascular
endothelial growth factor gene expression by proinflammatory cytokines in human pulp and gingival fibroblasts. J Endod 2004; 30: 704-7.
29. Malaguarnera L, Imbesi R, Di Rosa M, et al. Action of
prolactin, IFN-gamma, TNF-alpha and LPS on heme
oxygenase-1 expression and VEGF release in human
monocytes/macrophages. Int Immunopharmacol 2005;
5: 1458-69.
30. Wen FQ, Liu X, Manda W, et al. TH2 Cytokine-enhanced and TGF-beta-enhanced vascular endothelial
growth factor production by cultured human airway
smooth muscle cells is attenuated by IFN-gamma and corticosteroids. J Allergy Clin Immunol 2003; 111: 1307-18.
31. Agudo J, Ayuso E, Jimenez V, et al. Vascular endothelial
growth factor-mediated islet hypervascularization and
inflammation contribute to progressive reduction of beta-cell mass. Diabetes 2012; 61: 2851-61.
32. Lu P, Li L, Liu G, et al. Critical role of TNF-alpha-induced
macrophage VEGF and iNOS production in the experimental corneal neovascularization. Invest Ophthalmol
Vis Sci 2012; 53: 3516-26.
33. Cerne D, Melkic E, Trost Z, Sok M, Marc J. Lipoprotein
lipase activity and gene expression in lung cancer and
in adjacent noncancer lung tissue. Exp Lung Res 2007;
33: 217-25.
34. Sakayama K, Kidani T, Tanji N, Yamamoto H, Masuno H.
The synthesis and activity of lipoprotein lipase in the
subcutaneous adipose tissue of patients with musculoskeletal sarcomas. Anticancer Res 2008; 28: 2081-6.
35. Noguchi Y, Yoshikawa T, Marat D, et al. Tumor-associated metabolic alterations in patients with gastric and
esophageal cancer. Hepatogastroenterology 1999; 46:
555-60.
36. Agarwal VR, Bischoff ED, Hermann T, Lamph WW. Induction of adipocyte-specific gene expression is correlated with mammary tumor regression by the retinoid X
receptor-ligand LGD1069 (targretin). Cancer Res 2000;
60: 6033-8.
37. Kuemmerle NB, Rysman E, Lombardo PS, et al. Lipoprotein lipase links dietary fat to solid tumor cell proliferation. Mol Cancer Ther 2011; 10: 427-36.
38. Porat D. The effect of tumor necrosis factor alpha on the
activity of lipoprotein lipase in adipose tissue. Lymphokine Res 1989; 8: 459-69.
39. Tracey KJ, Morgello S, Koplin B, et al. Metabolic effects
of cachectin/tumor necrosis factor are modified by site
of production. Cachectin/tumor necrosis factor-secreting tumor in skeletal muscle induces chronic cachexia, while implantation in brain induces predominantly
acute anorexia. J Clin Invest 1990; 86: 2014-24.
40. Llovera M, García-Martínez C, López-Soriano J, et al.
Role of TNF receptor 1 in protein turnover during cancer cachexia using gene knockout mice. Mol Cell Endocrinol 1998; 142: 183-9.
41. Ladner KJ, Caligiuri MA, Guttridge DC. Tumor necrosis
factor-regulated biphasic activation of NF-kappa B is required for cytokine-induced loss of skeletal muscle gene
products. J Biol Chem 2003; 278: 2294-303.

Arch Med Sci 2, April / 2015

Polyunsaturated fatty acids augment tumoricidal action of 5-fluorouracil on gastric cancer cells by their action on vascular endothelial
growth factor, tumor necrosis factor-α and lipid metabolism related factors

42. Buck M, Zhang L, Halasz NA, Hunter T, Chojkier M. Nuclear export of phosphorylated C/EBPbeta mediates the
inhibition of albumin expression by TNF-alpha. EMBO
J 2001; 20: 6712-23.
43. Chen SS, Chen JF, Johnson PF, Muppala V, Lee YH. C/EBPbeta, when expressed from the C/ebpalpha gene locus,
can functionally replace C/EBPalpha in liver but not in
adipose tissue. Mol Cell Biol 2000; 20: 7292-9.
44. Uchimura K, Nakamuta M, Enjoji M, et al. Activation of
retinoic X receptor and peroxisome proliferator-activated receptor-gamma inhibits nitric oxide and tumor necrosis factor-alpha production in rat Kupffer cells. Hepatology 2001; 33: 91-9.
45. Li MY, Deng H, Zhao JM, Dai D, Tan XY. Peroxisome
proliferator-activated receptor gamma ligands inhibit cell growth and induce apoptosis in human liver
cancer BEL-7402 cells. World J Gastroenterol 2003; 9:
1683-8.
46. Bielecka-Dąbrowa A, Hannam S, Rysz J, Banach M. Malignancy-associated dyslipidemia. Open Cardiovasc
Med J 2011; 5: 35-40.
47. Zhao K, Zhu BS, Gong W, et al. SN50 enhances the effects of LY294002 on cell death induction in gastric cancer cell line SGC7901. Arch Med Sci 2013; 9: 990-8.

Arch Med Sci 2, April / 2015291

