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Abstract
AIM: To investigate the impact of arachidonic acid 
(AA) and docosahexaenoic acid (DHA) and their 
combination on colon cancer cell growth.

METHODS: The LS-174T colon cancer cell line was 
used to study the role of the prostaglandin precursor 
AA and the omega-3 polyunsaturated fatty acid DHA 
on cell growth. Cell viability was assessed in XTT 
assays. For analysis of cell cycle and cell death, flow 
cytometry and DAPI staining were applied. Expression 
of cyclooxygenase-2 (COX-2), p21 and bcl-2 in cells 
incubated with AA or DHA was examined by real-time 
RT-PCR. Prostaglandin E2 (PGE2) generation in the 
presence of AA and DHA was measured using a PGE2-
ELISA.

RESULTS: AA increased cell growth, whereas DHA 

reduced viability of LS 174T cells in a time- and dose-
dependent manner. Furthermore, DHA down- regulated 
mRNA of bcl-2 and up-regulated p21. Interestingly, 
DHA was able to suppress AA-induced cell proliferation 
and significantly lowered AA-derived PGE2 formation. 
DHA also down-regulated COX-2 expression. In 
addition to the effect on PGE2 formation, DHA directly 
reduced PGE2-induced cell proliferation in a dose-
dependent manner. 

CONCLUSION: These results suggest that DHA can 
inhibit the pro-proliferative effect of abundant AA or 
PGE2. 
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INTRODUCTION
Colon cancer i s one of  the l ead ing causes of  
death in Western countries[1]. Increased levels of  
cyclooxygenase-2 (COX-2) were detected in 50% of  
colorectal adenomas and in up to 85% of  colorectal 
cancers[2-4]. Prostaglandin E2 (PGE2) is generated from 
the omega-6 polyunsaturated fatty acid (n-6 PUFA) 
arachidonic acid (AA) via action of  the COX-1 and -2. 
Several studies have established PGE2 as an important 
factor for proliferation of  colon cancer cells in vitro[5-7]. 
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Regular Western diets are highly abundant in n-6 
PUFAs[8]. Since AA is the precursor of  PGE2, this may 
contribute to the high prevalence of  colon cancer in 
the Western world[9]. In contrast, diets rich in omega-3 
polyunsaturated fatty acids (n-3 PUFAs) such as 
docosahexaenoic acid (DHA) and eicosapentaenoic acid 
(EPA), which are mainly found in fish oil, might reduce 
the risk of  colon cancer development, and an inverse 
association of  consumption of  fish and colon cancer 
has been observed epidemiologically[10-12]. EPA was 
found to inhibit colon crypt cell proliferation in vivo[13]. 
A recent study has demonstrated an inverse association 
of  the n-6/n-3 ratio with colon adenoma formation[14]. 
In an animal model system with increased amounts of  
endogenously synthesized n-3 PUFA (the fat-1 mouse), 
two studies have shown a protective effect against colon 
tumor development[15,16].

In vitro studies in Caco-2 colon cancer cells with the 
n-3 PUFA DHA have demonstrated growth-inhibitory 
effects by induction of  apoptosis[17-20]. Other results have 
shown that PGE2 formation and vascular endothelial 
growth factor expression are suppressed, while apoptosis 
is induced by DHA and EPA in the HT-29 colon cancer 
cell line[21]. In contrast, several other studies in colon 
cancer cell lines have demonstrated that AA as well as 
DHA or EPA suppresses growth[22,23]. Other studies 
have found a pro-apoptotic effect of  DHA and AA 
in HT-29 colon cancer cells[24,25] and in the A549 lung 
cancer cell line[26]. These in vitro observations have led to 
uncertainty regarding a differential role of  n-3 and n-6 
PUFA for growth of  tumor cells. Furthermore, they do 
not address the effect of  a changed n-3/n-6 ratio on cell 
proliferation.

In the present study, we used the LS-174T colon 
cancer cell line, for which a potent PGE2-triggered 
activation of  proliferation has been demonstrated 
previously[6,27-29], to test the effect of  DHA co-incubation 
with AA or PGE2 on cell growth, thereby mimicking 
a change in the ratio of  n-3/n-6 fatty acids. We show 
that DHA suppressed cell growth, while AA increased 
proliferation, and that DHA co-incubation suppressed 
AA- and PGE2-induced cell growth.

MATERIALS AND METHODS
Cell culture 
Cells were cultured in a saturated atmosphere of  5% 
CO2 and 95% air at 37℃. LS-174T cells were grown in 
Dulbecco’s modified Eagle’s medium (Gibco, Carlsbad, 
CA, USA) without phenol red, which contained 10% 
heat-inactivated fetal bovine serum (FBS; HyClone, 
Logan, UT, USA), 2 mmol/L glutamine and 100 U/mL 
penicillin and 100 µg/mL streptomycin (Gibco, Carlsbad, 
CA, USA). Medium that contained PUFAs (NuchekPrep, 
Elysian, MN, USA) or PGE2 (Caymanchem, Ann 
Arbor, MI, USA) was prepared with 2% FBS and  
1 mg/mL fatty-acid-free bovine serum albumin (BSA). 
All chemicals used were bought from Sigma (St. Louis, 
MO, USA) except where stated otherwise. 

Cell proliferation assay
Cell viability was determined by XTT (2,3-bis-(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide) assay according to the manufacturer’s  
protocol (Invitrogen, Carlsbad, CA, USA). Briefly, 
2500 LS-174T cells per well were seeded into a 96-well 
plate. After 24 h, medium was removed and replaced by 
medium that contained the appropriate concentration 
of  respective PUFAs. In order to avoid unspecific toxic 
effects of  free long-chain fatty acids, the maximum 
total fatty acid concentration used in the long-term 
incubation cell viability experiments was 100 µmol/L. 
Cell proliferation was assessed photometrically in dual 
wave length measurements at different time points after 
addition of  activated XTT assay solution.

Flow cytometry assays
For cell cycle analysis 5 × 105 cells were plated in 10-cm 
dishes. After 24 h, medium was removed and replaced by 
10 mL medium that contained PUFAs. Cells were harvested 
for flow cytometry after 72 h. For detection of  the 
sub-G1 DNA fraction, cells were stained with 0.1 mg/mL  
propidium iodide, which contained 0.5 mg/mL RNase 
and 0.1% NP40 detergent. Afterwards, cells were analyzed 
on a FACSCalibur (Becton Dickinson, San Jose, CA, 
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Figure 1  Effects of fatty acids on cellular viability. A: Growth of LS-174T 
cells during incubation with different concentrations of fatty acids in the medium 
with 1 mg/mL BSA. Data points represent at least five independent experiments. 
aP < 0.05 versus control, bP < 0.001 versus control. B: Concentration-
dependent effect of DHA and AA on growth of LS-174T colon cancer cells after 
5 d incubation. Data points represent at least 13 independent experiments. cP < 
0.01 versus control, bP < 0.001 versus control.
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USA) flow cytometer. 

4',6'-diamidino-2-phenylindole (DAPI) staining
Cells were fixed using 2% paraformaldehyde and 
permeabilized with 0.1% Triton X 100. Cells were 
stained with DAPI solution and assessed for cell 
morphology and apoptotic bodies. 

Semi-quantitative real-time RT-PCR
Total RNA was isolated from LS-174T cells using 
the RNAeasy mini kit (Qiagen, Valencia, CA, USA), 
following the manufacturer’s instructions. Reverse 
transcription of  mRNA was performed using random 
primers (Promega, Madison, WI, USA) to generate 
cDNA. Real-time RT-PCR was carried out using 
Absolute QPCR SYBR Green Mix (ABgene, Rockford, 
IL, USA) in an ABI Prism 7000 Sequence detection 
system (Applied Biosystems, Foster City, CA, USA), 
following the manufacturer’s protocol. Primers were 
designed with Primer Select 5.00 Software (DNASTAR 
Inc., Madison, WI, USA). Primer sequences were: 
COX-2for CGCTCAGCCATACAGCAAATCCTT, 
COX-2rev AATCCTGTCCGGGTACAATCGCA; 
p21for GTGGGGGCATCATCAAAAACTT, p21rev 
ACCCCACCTTCCCCCTGCCTTCAC; bcl-2for 

CATGCCAAGGGGGAAACACCAGAA, bcl-2rev 
CACGGCCCCCAGAGAAAGAAGAGG; GAPDHfor 
G G T G A AG G T C G G AG T C A AC, G A P D H r e v 
CCATGGGTGGAATCATATTG.

PGE2-ELISA
For PGE2 analysis, cells were treated with PUFAs, as 
described above. The PGE2-ELISA was then performed 
according to the manufacturer’s protocol (R&D Systems, 
Minneapolis, MN, USA). 

Statistical analysis
All results are presented as mean ± SE, except where 
stated otherwise. Student’s t test was used to evaluate the 
difference between two groups. RT-PCR was analyzed 
by using the 2∆Ct method. Statistical significance was 
accepted at the level of  P < 0.05, and Prism 4 for 
Windows Software (GraphPad, La Jolla, CA, USA) was 
used for calculations. 

RESULTS
Opposing effects of AA and n-3 PUFA on colon cancer 
cell proliferation 
LS-174T cells were treated with different concentrations 

Figure 2  Effect of DHA and AA on cell cycle and apoptosis. A: Cell cycle analysis by flow cytometry. Induction of apoptosis is indicated by an increased pre-G1 
fraction. Results represent five independent experiments. B: DAPI staining of LS-174T cells incubated with different concentrations of AA and DHA showed a 
clear increase of apoptotic bodies in cells incubated with DHA. C: RT-PCR demonstrated induction of bcl-2 expression by AA, while DHA suppressed bcl-2 mRNA 
expression. aP < 0.01 versus control. n = 3 for each group. D: DHA induced transcription of p21, while AA did not alter p21 mRNA formation. aP < 0.01 versus control. 
n = 3 for each group.
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of  fatty acids bound to BSA. In XTT assays, DHA 
significantly diminished cell growth and viability in a 
time- and dose-dependent manner. At the same time, 
AA at identical concentrations was found to increase 
proliferation (Figure 1A and B). 

In order to further explain the suppression of  
cell proliferation by DHA, we studied apoptosis by 
flow cytometry and DAPI staining. DHA increased 
the pre-G1 fraction (an indicator of  apoptosis) in LS-
174T cells, while the same concentrations of  AA did 
not significantly alter the pre-G1 fraction compared to 
untreated cells (Figure 2A). DHA-induced apoptosis was 
further confirmed by DAPI staining (Figure 2B). We 
then investigated differential cellular gene expression by 
means of  semi-quantitative RT-PCR. DHA significantly 
down-regulated anti-apoptotic bcl-2 mRNA, while in 
contrast, AA up-regulated bcl-2 (Figure 2C). In addition, 
DHA up-regulated the expression of  p21, while AA did 
not alter the amount of  p21 mRNA (Figure 2D). 

Inhibition of AA- and PGE2-induced cell growth by DHA
LS-174T cells were treated with combinations of  fatty 
acids bound to BSA and proliferation was assessed in 

XTT assays. DHA co-incubation was able to reverse 
the proliferation associated with AA (Figure 3A). The 
anti-proliferative effect of  DHA in the context of  high 
AA concentrations was associated with a significant 
reduction of  PGE2 formation from AA (Figure 3B). 
This may have been caused by decreased presence 
of  COX-2, as DHA incubation significantly reduced 
COX-2 gene expression in a dose-dependent manner 
(Figure 3C). However, the effect of  DHA-associated 
growth inhibition was in part independent from a pure 
blocking effect on PGE2-formation, as co-incubation 
experiments with DHA and PGE2 revealed that DHA 
also suppressed the PGE2-induced induction of  
proliferation (Figure 3D).

DISCUSSION
As far as we are aware, our results demonstrate for the 
first time that DHA can directly suppress AA-induced 
colon cancer cell growth. Our data confirm that AA is 
a potent proliferative agent for colon cancer cells that 
are responsive to PGE2. In contrast, the n-3 PUFA 
DHA down-regulates anti-apoptotic factors, induces 
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Figure 3  DHA suppresses AA- and PGE2-induced proliferation. A: DHA inhibited AA-induced proliferation, aP < 0.001. Results represent six independent 
experiments. B: PGE2 formation was induced by AA treatment and was suppressed by concomitant DHA incubation, aP < 0.001, bP < 0.01. Results represent the 
mean of PGE2 measurements from three independent samples. C: COX-2 transcription was activated by AA, but suppressed by DHA. cP < 0.05 versus control, bP < 0.01 
versus control. Bars represent at least three experiments. D: DHA suppressed PGE2-induced cell proliferation, cP < 0.05, bP < 0.01. Results represent five independent 
experiments.
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apoptosis and decreases PGE2 formation. This leads to a 
potent suppression of  tumor cell growth by DHA. Our 
results confirm several previous studies that have shown 
that DHA is a potent suppressor of  colon cancer cell 
proliferation and stimulates apoptosis[17-19,21,30]. However, 
previous studies have failed to address the differential 
effects of  n-3 PUFA and n-6 PUFA, and of  their 
combination, on cancer cell growth. In light of  several 
studies that have demonstrated cancer cell growth 
inhibition by n-3 PUFA or n-6 PUFA[22,23,26], our data 
help to clarify the issue of  differential effects of  n-6 and 
n-3 PUFAs on apoptosis and cell growth. 

The most important result presented here is that the 
proliferation-stimulating effect of  high concentrations 
of  AA as a precursor of  proliferation-stimulating lipid 
mediators (most notably PGE2) can be suppressed by 
increasing the DHA content of  the cells. Indeed, DHA 
can also directly inhibit PGE2-induced proliferation 
in this context. Although our results are limited to an 
in vitro setup, they add evidence to the argument that 
the ratio of  n-6/n-3 PUFA (and in particular the ratio 
of  AA versus DHA) may be a critical determinant of  
proliferation and tumor growth in the colon, and that 
DHA supplementation can suppress tumor cell growth, 
even in the presence of  high AA- and PGE2-levels.

 COMMENTS
Background
Colon cancer is one of the leading causes of death in Western countries. 
It is known, that prostaglandin E2 (PGE2), generated from the omega-6 
polyunsaturated fatty acid (n-6 PUFA) arachidonic acid (AA) is important in the 
tumorigenesis of colon cancer. 
Research frontiers
Several studies with the LS-174T colon cancer cell line have shown an important 
role of PGE2 for tumor cell growth, but the effect of n-3 and n-6 PUFA has not 
been examined. Here, we used the LS-174T colon cancer cell line to study the 
role of the prostaglandin precursor AA and the omega-3 polyunsaturated fatty 
acid (n-3 PUFA) docosahexaenoic acid (DHA) on cell growth.
Innovations and breakthroughs
The results presented here demonstrate that the n-3 PUFA DHA can directly 
suppress AA- as well as PGE2-induced colon cancer cell growth. The data add 
evidence to the argument that the ratio of n-6/n-3 PUFA (and in particular the 
ratio of AA versus DHA) may be a critical determinant of proliferation and tumor 
growth in the colon, and that DHA supplementation can suppress tumor cell 
growth even in the presence of high AA- and PGE2-levels. 
Applications 
The results suggest that supplementation of DHA may be a powerful tool to 
counteract AA- and PGE2-promoted colon cancer cell growth that might be 
associated with the predominant Western diet.
Terminology
PGE2 is generated from the n-6 PUFA AA via action of cyclooxygenases 1 and 2. 
PGE2 is important for proliferation of colon cancer cells in vitro. In contrast, diets 
rich in n-3 PUFAs, such as DHA and eicosapentaenoic acid, which are mainly 
found in fish oil, might reduce the risk of colon cancer development.
Peer review
The authors show that addition of DHA to cell cultures decreased cell 
proliferation in a dose- and time-dependent manner. Overall, these studies 
establish the importance of the ratio of n-3 to n-6 PUFA and the beneficial 
effect of fish oil in neoplastic growth. Although this is a limited in vitro study, its 
implications are significant.
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