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La inflamación contribuye al microambiente tumoral de manera que los eicosanoides 

sintetizados por diversas células pueden participar en el inicio de la tumorogénesis y promover la 

progresión de la enfermedad. Aunque la relación de algunos eicosanoides proinflamatorios con el CRC 

está ampliamente estudiada (Wang y DuBois, 2008; Dixon et al., 2013), es necesario tener una visión 

holística del papel de los eicosanoides, estudiar la interacción con sus receptores y la posterior 

activación de vías de señalización que pueden estar implicadas en el desarrollo y progresión del CRC 

(Ferrer y Moreno, 2010).  

 

Considerando estos antecedentes, el objetivo general de este trabajo es estudiar el papel de la 

cascada del AA en el control de la proliferación de células epiteliales intestinales humanas.  

 

Para alcanzar este objetivo se proponen los siguientes objetivos específicos: 

 

-    Analizar los eicosanoides sintetizados por células epiteliales intestinales no diferenciadas. 

- Estudiar el efecto de diferentes metabolitos representativos de todas las vías de la 

cascada del AA sobre el crecimiento y la inducción de la apoptosis.  

- Estudiar los receptores y las vías de transducción de señales a través de los cuales los 

eicosanoides regulan el crecimiento celular. 

- Analizar el efecto del EPA y de sus metabolitos derivados más representativos sobre la 

proliferación de las células intestinales epiteliales. 

 

Como modelo experimental se ha utilizado la línea celular Caco-2. Estas células se caracterizan 

porque en preconfluencia presentan un crecimiento celular propio de un adenocarcinoma mientras que 

a partir de la confluencia se diferencian para dar lugar a una monocapa de células que presentan 

características morfológicas, bioquímicas y funcionales similares a las de los enterocitos del intestino 

delgado (Martín-Venegas et al., 2006). 
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                                        Resumen artículo 1: 

 

 Objetivo Estudiar el papel de las vías de la cascada del AA en la proliferación de células epiteliales 

intestinales no diferenciadas procedentes de un adenocarcinoma. 

Material y Métodos Este estudio se ha realizado utilizando células Caco-2 no diferenciadas. Las 

células se incubaron con inhibidores de las vías COX y LOX, así como agonistas o antagonistas 

receptoriales de los principales eicosanoides de estas vías y se determino: los eicosanoides presentes en 

el sobrenadante por HLPC-MS/MS; el crecimiento celular por contaje microscópico usando  bromuro 

de etidio/naranja de acridina y la síntesis de ADN por incorporación de [
3
H]thimidina; el análisis del 

ciclo celular por citometría de flujo y la degradación del ADN cromosómico con el método TUNEL; la 

síntesis de PGE2 y AMPc mediante un inmunoensayo enzimático (EIA); y finalmente la fosforilación 

de Akt1, Akt2, ERK1/2, GSK3, p38, CREB y la desfosforilación de β-catenina por ELISA. 

Resultados El crecimiento de las células Caco-2 y la síntesis de ADN disminuyó significativamente  

en presencia de inhibidores de la COX-1, COX-2, 5- LOX y 12-LOX. Además hemos demostrado que 

el efecto mitogénico inducido por PGE2 es debido a su interacción con EP1 y EP4, el inducido por 

LTB4 es debido a su unión con  BLT1 y BLT2 y el inducido por 12-HETE a su interacción con BLT2. 

Los eicosanoides sintetizados por las células Caco-2 en ausencia de factores de crecimiento fueron 

PGE2, LTB4, 5-HETE, 12-HETE y 15-HETE. No observamos formación de LTD4, 20-HETE, 11,12-

EET, 14,15-EET, 11,12-DHETE o 14,15-DHETE. Los eicosanoides sintetizados por las células Caco-

2 incrementan el crecimiento celular y la síntesis de ADN. Respecto a las vías de señalización, la PGE2 

incrementó la fosforilación de ERK1/2, p38, CREB y GSK. La fosforilación de CREB inducida por 

PGE2 depende de ERK y AMPc-PKA. En cambio, el LTB4 y el 12-HETE solo incrementaron la 

fosforilación de ERK y p38 respectivamente. Finalmente, en este estudio se demostró que tanto el 

LTB4 como 12-HETE, metabolitos representativos de la vía 5-LOX y 12/15 LOX, activan la síntesis 

de PGE2 y que el efecto proliferativo de ambos eicosanoides disminuyó significativamente con la 

utilización de inhibidores de las COXs y antagonistas de EP1 y EP4. 

Conclusión PGE2, LTB4, 5-HETE, 12-HETE y 15-HETE están involucrados en la regulación del 

crecimiento celular y la síntesis de ADN en las células Caco-2 a través de la interacción con receptores 

específicos y la posterior activación de vías de señalización. Además, los efectos proliferativos de 

LTB4 y 12-HETE son, al menos en parte, debidos a la síntesis de PGE2. 

 



 



The International Journal of Biochemistry & Cell Biology 45 (2013) 1620– 1628

Contents lists available at SciVerse ScienceDirect

The  International  Journal  of  Biochemistry
& Cell  Biology

journa l h om epa ge: www.elsev ier .com/ locate /b ioce l

Role  of  arachidonic  acid  metabolites  on  the  control  of
non-differentiated  intestinal  epithelial  cell  growth

Marisol  Cabral,  Raquel  Martín-Venegas,  Juan  J.  Moreno ∗

Departament de Fisiologia, Facultat de Farmàcia, Universitat de Barcelona, Avda Joan XXIII s/n, 08028 Barcelona, Spain

a  r  t  i  c  l  e  i  n  f  o

Article history:
Received 12 December 2012
Received in revised form 26 April 2013
Accepted 9 May  2013
Available online xxx

Keywords:
Prostaglandin
Leukotriene
Hydroxyeicosatetraenoic acid
Colorectal cancer
Cell signaling

a  b  s  t  r  a  c  t

Increasingly  evidence  indicates  that  enzymes,  receptors  and  metabolites  of the  arachidonic  acid  (AA)
cascade  play  a role  in intestinal  epithelial  cell  proliferation  and  colorectal  tumorigenesis.  However,  the
information  available  does  not  provide  a complete  picture  and  contains  a number  of  discrepancies.  For
this reason  it  might  be  appropriate  a thorough  study  into  the impacts  of  the  AA  cascade  on  intestinal
epithelial  cell  growth.  Our  data  show  that  non-differentiated  Caco-2  cells  cultured  with  10%  fetal  bovine
serum  (FBS)  synthesize  appreciable  amounts  of  prostaglandin  E2 (PGE2),  leukotriene  B4 (LTB4) and  5-,  12
and  15-hydroxyeicosatetraenoic  acid  (HETE)  but  not  LTD4, 20-HETE  and  epoxyeicosatrienoic  acids.  We
also found  that  inhibitors  of  PGE2, LTB4 and  5-, 12-,  15-HETE  synthesis  as well  as receptor  antagonists
of PGE2 and  LTB4 blocked  Caco-2  cell  growth  and  DNA  synthesis  induced  by  10%  FBS  without  cytotoxic
or  apoptotic  activity.  Interestingly,  PGE2, LTB4 and  5-,  12-  and  15-HETE  at concentrations  reached  in  10%
FBS  Caco-2  cultures  (1–10  nM)  were  able  to  induce  Caco-2  cell  growth  and  DNA  synthesis.  This was  due
to  the  interaction  of PGE2 with  EP1 and  EP4 receptors  and  LTB4 and HETEs  with  BLT1 and  BLT2 receptors.
Moreover, we  provide  evidence  that  PGE2 stimulates  several  cell  signaling  pathways  such  as  ERK,  P38�,
CREB  and  GSK�/�-catenin  involved  in the  regulation  of Caco-2  growth.  Finally,  we  provide  evidence  that
the  mitogenic  effects  of  LTB4 and  HETEs  can  be dependent,  at least  in  part,  on  PGE2 synthesis.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Arachidonic acid (AA) are found esterified in the phospholipids
of mammalian cell membranes. When AA is released by phospho-
lipase A2 (PLA2) activation in response to physiological stimuli
it is oxidized by oxygenases. The cyclooxygenases (COX), COX-
1 and COX-2, produce prostaglandins (PG) and thromboxanes.
AA is also metabolized by 5-lipoxygenase (5-LOX) yielding 5-
hydroxyeicosatetraenoic acid (5-HETE) and leukotriene A4 (LTA4),
the precursor of LTB4 and cysteinyl leukotrines such as LTC4, LTD4
and LTE4. 12- and 15-LOX produces 12-HETE, 15-HETE and lipox-
ins. Finally, cytochrome P-450 (CYP450) metabolizes AA by one
or more of the following reactions: bis-allylic oxidation to gen-
erate 5-, 8-, 9-, 11-, 12-, and 15-HETEs; �/�-1 hydroxylation
to give 16-, 17-, 18-, 19- and 20-HETEs; and olefin epoxidation
to produce 5,6-, 8,9-, 11,12- and 14,15-epoxyeicosatrienoic acids
(EETs), which can be catalyzed by epoxide hydrolases to produce

Abbreviations: AA, arachidonic acid; COX, cyclooxygenase; CYP450, cytochrome
P-450; DHETE, dihydroxyeicosatetraenoic acid; EET, epoxyeicosatrienoic acid;
HETE, hydroxyeicosatetraenoic acid; LOX, lipoxygenase; LT, leukotriene; NDGA,
nordihydroguaiaretic acid; PG, prostaglandin; PLA2, phospholipase A2.

∗ Corresponding author. Tel.: +34 93 4024505; fax: +34 93 4035901.
E-mail address: jjmoreno@ub.edu (J.J. Moreno).

dihydroxyeicosatetraenoic acids (DHETEs) (Natarajan and Reddy,
2003). Thus, AA is the precursor of many biologically active prod-
ucts, named eicosanoids, which are typically involved directly
in the development of inflammation. However, these bioactive
lipids are also pleiotropic modifiers of biological response and
modulate diverse physiological responses including cell growth,
differentiation and pathological conditions involving altered cel-
lular proliferation (Moreno, 2009; Ferrer and Moreno, 2010).

A well-established connection exists between inflammatory
bowel disease and colon cancer (Ekbom et al., 1999), which is one
of the leading causes of death in western countries. The devel-
opment of colon cancer is a typical multistep process involving
several mutations in key oncogenes such as ki-Ras, APC and p53.
Besides these mutations, as much as 80% of colon carcinomas show
an enhanced COX-2 expression compared with normal intesti-
nal mucosa. Consequently there is excessive production of PGs
(Eberhart et al., 1994). Accumulated evidence from epidemiological
and laboratory studies indicates that chronic ingestion of non-
steroidal anti-inflammatory drugs decreases the incidence of colon
adenomas (Giardiello et al., 1993) and reduces the risk of colorectal
cancer (Thun et al., 1991). Grosch et al. (2001) reported COX-2-
independent induction of cell cycle arrest and apoptosis in these
colon cancer cells by selective COX-2 inhibitors. However, it is not
clear how these effects are mediated predominantly through COX-
dependent or through COX-independent mechanisms, or both.

1357-2725/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.biocel.2013.05.009
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Regarding LOX pathway, Shureiqi and Lippman (2001) reported
that 5-LOX and 12-LOX, through LTs and HETEs production, are
procarcinogenic. On the other hand, Shureiqi et al. (1999, 2005)
reported that 15-LOX-1 is expressed at lower levels in human
colorectal carcinoma tissues, with a decrease of hydroxyoctadeca-
dienoic acids synthesis. With regard to CYP450s, several isoforms
have been described in epithelial colon cells. Yamane et al. (1998)
reported that �-hydroxylation activity appears to be associated
with the presence of CYP450s in Caco-2 cells. However, there are no
studies available on AA-CYP450 metabolites produced by intestinal
epithelial cells and the role of these mediators on cell growth.

Considering the fragmentation of the knowledge in this area, it
might be appropriate a thorough study of AA cascade relevance on
intestinal epithelial cell growth. Therefore, here we  aim to study
the role of the three AA cascade pathways on intestinal epithelial
cell proliferation.

2. Materials and methods

2.1. Materials

LTD4, PGE2, PGE2-d4, LTB4, LTB4-d4, 14,15-DHETE, 11,12-
DHETE, 5-HETE, 5-HETE-d8, 12-HETE, 12-HETE-d8, 12-HETE,
15-HETE, 15-HETE-d8, 20-HETE, 20-HETE-d6, 5,6-EET and 5,6-EET-
d11, 8,9-EET, 11,12-EET, 14,15-EET, 14,15-EET-d11, U 75302, MK
571 and zileuton were purchased from Cayman Chemical (Ann
Arbor, MI). Baicalein, butaprost, carbacyclin, ketoprofen, nordi-
hydroguaiaretic acid (NDGA), LY 171883, MK 886, NS 398, SC
560 and SC 19220, KT 5720, PD 98059, SB 203580, ethidium bro-
mide and acridine orange were purchased from Sigma Chemical
(St. Louis, MO). LY 255283 was from Tocris Biosc. (Bristol, UK).
[Methyl-3H]thymidine (20 Ci/mmol) was from American Radiola-
beled Chemicals Inc. (St. Louis, MO). ONO-329 was  kindly provided
by Ono Pharmaceutical Co. Ltd. (Osaka, Japan) and AH 23838 by
Glaxo-Wellcome (Stevenage, UK).

2.2. Cell culture and cell growth assay

Caco-2 cells were derived from a moderately well-differentiated
primary colon adenocarcinoma and were provided by American
Type Culture Collection (HTB-37, Manassas, VA, USA). The cells
were routinely grown in 75 or 150 cm2 plastic flasks at a density
of 104 cells/cm2 and cultured in DMEM supplemented with 4.5 g/l
d-glucose, 1% (v/v) nonessential amino acids, 2 mM l-glutamine,
10% (v/v) heat-inactivated FBS, 100 U/ml penicillin, and 100 �g/ml
streptomycin at 37 ◦C in a modified atmosphere of 5% CO2 in air. The
growth medium was replaced twice per week and the day before
the experiment.

Table 1
Inhibitors and agonists/antagonists used in this study.

Abbreviation Effect

Ketoprofen Kp COX-1/COX-2 inhibitor
SC 560 SC5 COX-1 inhibitor
NS 398 NS COX-2 inhibitor
Zileuton Z 5-LOX inhibitor
Baicalein B 12-LOX inhibitor
MK  886 MK8 5-LOX inhibitor
Nordihydroguaiaretic acid NDGA non-specific LOX  inhibitor
SC 19220 SC1 EP1 antagonist
AH 23848 AH EP4 antagonist
U 75302 U BLT1 antagonist
LY  255283 LY2 BLT2 antagonist
MK  571 MK5 CysLt1R antagonist
LY 171883 LY1 CysLt1R antagonist
Butaprost EP2/EP4 agonist
Carbacyclin EP1 agonist
ONO-AE-329 EP4 agonist

All the experiments were performed in pre-confluent cultures
and consequently, in non-differentiated cells. Caco-2 cell differenti-
ation started when they reached the confluence and was  completed
after 2 weeks post-confluence, a process which was previously
described (Martin-Venegas et al., 2006).

To perform the cell growth assay, cells were harvested with
trypsin/EDTA and passed to 12 mm plastic clusters at a den-
sity of 104 cells/cm2. After 4 days in culture, pre-confluent cells
(3–4 × 104 cells/cm2) were incubated with treatments (Table 1)
for a period of 48 h. Finally, cells were washed, trypsinized,
and counted with a microscope using ethidium bromide/acridine
orange staining to measure viable cells.

2.3. Analysis of DNA synthesis

DNA synthesis was  measured by a [3H]thymidine incorporation
assay. Caco-2 cell were cultured on 24-well plates in DMEM with
10% FBS at a density of 104 cells/cm2. After 4 days in culture, cells
were incubated for 48 h with the treatments, and [3H]thymidine
(0.1 �Ci/well). Media containing [3H]thymidine were aspirate, cells
were washed and overlaid with 1% Triton X-100 and then scraped
off the wells. Finally, radioactivity present in the cell fraction was
measured by scintillation counting, using a Packard Tri-Carb 1500
counter.

2.4. Fluorescence-activated cell sorting analysis/flow cytometry
cell cycle analysis

Caco-2 cells were seeded in 60 mm dishes (104 cells/cm2).
After 4 days in culture, cells were incubated for 48 h with the

Table 2
Eicosanoid levels in Caco-2 supernatant cultures measured by HPLC-MS/MS.

Without FBS 10% FBS

Kp Z B NDGA

Eicosanoids
PGE2 0.42 ± 0.15 1.98 ± 0.52* 0.51 ± 0.21# 1.85 ± 0.43 1.75 ± 0.38 1.48 ± 0.28#

LTB4 0.37 ± 0.26 2.01 ± 0.13* 1.92 ± 0.17 1.21 ± 0.03# 1.13 ± 0.08 1.54 ± 0.16#

5-HETE 2.61 ± 0.22 7.76 ± 1.12* 7.81 ± 2.33 4.90 ± 0.21# 8.25 ± 0.92 6.12 ± 0.21#

12-HETE 1.34 ± 0.91 3.67 ± 0.21* 3.79 ± 0.28 4.54 ± 0.69 2.71 ± 0.23# 2.43 ± 0.12#

15-HETE 3.41 ± 0.52 7.98 ± 1.42* 7.17 ± 1.75 6.42 ± 1.82 5.80 ± 0.71# 4.70 ± 0.23#

Non-differentiated Caco-2 cells (104 cells/cm2) were cultured with or without 10% FBS in presence or absence of ketoprofen (Kp, 5 �M), zileuton (Z, 5 �M), baicalein (B,
25  �M)  or NDGA (10 �M)  for 24 h. Finally, eicosanoids present in culture supernatants were extracted and measured as we  described in Section 2. Eicosanoid concentrations
are  presented as ng/ml. LTD4, 20-HETE, 11,12-EET, 14,15-EET, 11,12-DHETE and 14,15-DHETE were not detected in our experimental conditions. Results are shown as
means ± SEM of 2–3 experiments performed in duplicate.

* P < 0.05 between Caco-2 cells cultured with and without 10% FBS.
# P < 0.05 vs. Caco-2 cells cultured with 10% FBS.
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treatments. Thereafter, they were trypsinized, fixed with 70%
ethanol, and stored at 4 ◦C for at least 2 days. Low molec-
ular weight DNA was then extracted from the cells, which
were stained for 1 h at room temperature with a 20 �g/ml pro-
pidium iodide solution in PBS containing 0.1% Triton X-100

and 0.2 mg/ml  DNase-free RNase A. Cells were analyzed on
an Epics XL flow cytometer (Coulter Corp., Hialeah, FL). DNA
was analyzed (ploid analysis) on single fluorescence histograms
using Multicycle software (Phoenix Flow Systems, San Diego,
CA).
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Fig. 1. Effect of COX or LOX inhibitors on cell growth, DNA synthesis, cell cycle and apoptosis in Caco-2 cultures. Cells were incubated for 48 h in the absence or presence
of  ketoprofen (Kp, open square, 0.05–5 �M),  SC 560 (SC5, open circle, 0.001–0.1 �M),  NS 398 (NS, open triangle, 0.05–5 �M),  baicalein (B, closed square, 0.5–25 �M),  NDGA
(closed circle, 1–10 �M),  MK 886 (MK, closed triangle, 1–10 �M)  and zileuton (Z, closed rhomb, 0.05–5 �M) in 10% FBS and cells were then counted (A, D). [3H]thymidine
incorporation (B), changes in cell cycle (C) and apoptosis (E) were measured in cells incubated for 48 h in the absence or presence of with Kp (5 �M),  SC5 (0.1 �M),  NS (5 �M),
B  (25 �M), NDGA (10 �M),  MK (10 �M)  and Z (5 �M)  in 10% FBS. Staurosporine (STP, 1 �M)  was  used as a positive control in the apoptosis assay. Results are expressed as
means  ± SEM of 3–5 determinations performed in triplicate. * P < 0.05 vs. 10% FBS Caco-2 cell cultures without treatment.
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2.5. Measurement of DNA fragmentation

Degradation of chromosomal DNA was evaluated with the
TUNEL method. Subconfluent cell cultures (104 cells/cm2) seeded
in 60 mm dishes were incubated in media containing 10% FBS with
treatments for 48 h. Cells present in the medium and attached
trypsinized cells were then collected, fixed with 4% paraformalde-
hyde, and permeabilized with 70% ethanol. Thereafter, 3′-OH
DNA ends generated by DNA fragmentation were labeled with

fluorescein-dUTP, mediated by terminal deoxynucleotidyl trans-
ferase, and then analyzed using an Epics XL flow cytometer (Coulter
Corporation, Hialeah, FL).

2.6. Liquid chromatography/tandem mass spectrometry
measurements of eicosanoids

Cells were seeded in 12 mm plastic clusters (104 cells/cm2) and,
after 4 days, the cultures were incubated with the treatments (48 h).
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Fig. 2. Effect of PGE2 and LTB4 antagonists on cell growth, DNA synthesis, cell cycle and apoptosis in Caco-2 cultures. Cells were incubated for 48 h in the absence or presence
of  SC 19220 (SC1, closed triangle, 6–60 nM), AH 23848 (AH, closed rhomb, 2–20 nM), U 75302 (U, open triangle, 0.1–1 �M)  and LY 255283 (LY2, closed circle, 10–25 �M) in
10%  FBS and cells were then counted (A, C). [3H]thymidine incorporation (B), changes in cell cycle (D) and apoptosis (E) were measured in cells incubated for 48 h in the
absence  or presence of SC1 (60 nM), AH (20 nM), U (1 �M)  and LY2 (25 �M)  in 10% FBS. Staurosporine (STP, 1 �M) was used as a positive control in apoptosis assay. Results
are  expressed as means ± SEM of 3–5 determinations performed in triplicate. *P < 0.05 vs. 10% FBS Caco-2 cell cultures without treatment.
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Then, eicosanoids in the cell culture medium were extracted using
a solid phase method. To simultaneously separate 13 eicosanoids
and deuterated internal standards we used a liquid chromatograph
Perkin Elmer series 200 (Norwalk, CT) equipped with a quarternary
pump and thermostated autosampler. To obtain the MS/MS  data
we used a triple quadrupole mass spectrometer API3000 (ABSciex,
Concord, Ontario, Canada) equipped with a TurboIonspray source
operating in negative ion mode as described previously (Martin-
Venegas et al., 2011).

2.7. PGE2 and cAMP analysis by EIA

Cells maintained in 12 mm plastic clusters at a density of
104 cells/cm2. After 4 days in culture, Caco-2 cells were incu-
bated for 60 min  at 37 ◦C with LTB4 (0.1–1 �M)  and 12-(S)-HETE
(1–10 �M).  Finally supernatants were harvested and PGE2 deter-
mined a by competitive EIA kit (Cayman, Ann Arbor, MI)  following
the manufacturer’s instructions.

Subconfluent cells maintained in flasks were incubated for
30 min  at 37 ◦C with eicosanoids. After they were incubated
for 20 min  at room temperature with 2.5 ml  of 0.1 N HCl and
then harvested and homogenized. The homogenate was then
centrifuged (1000 × g, 10 min) and cAMP was measured in super-
natants using a competitive EIA kit (Cayman, Ann Arbor, MI)
following the acetylation procedure (sensitivity 0.1 pM)  of the
manufacturer’s.

Proteins in cell samples were measured using Bio-Rad
protocol with Coomassie brilliant blue G-250 as a dye
reagent.

2.8. Measurement of the cell signaling pathways activated by
eicosanoids

Cells were seeded in 60 mm plastic clusters (104 cells/cm2) and,
after 4 days, the cultures were incubated with the treatments (5
or 15 min). To measure the kinase activation with total cellular
lysates, Caco-2 cells were lysed using a denaturing cell lysis buffer
containing 6 M urea and protease (leupeptin 2 �g/ml, pepstatin
10 �M,  aprotinin 3 �g/ml) and phosphatase (NaF 5 mM,  Na4P2O7
2 mM,  Na3VO4 1 mM)  inhibitors. The resulting solutions contain-
ing 80–100 �g of proteins were then added to kinase ELISA plate
and the assay was performed following the manufacturer’s rec-
ommendations (Symansis, Auckland, New Zealand). Finally, optical
density was measured at 450 nm.  Thus, we studied the effect
of eicosanoids on the phosphorylation of AKT1 (pS473), AKT2
(pS474), ERK1/2 (pT202/Y204;pT185/Y187), GSK3� (pS9), p38�
(pT180/Y182), CREB (pS133) and on the dephosphorylation of �-
catenin (DP S33/S37/S41).

2.9. Statistics

Results are expressed as mean ± SEM. All data were com-
pared by one-way ANOVA and Student’s t-test using SPSS
software (SPSS Inc., Chicago, IL). P < 0.05 was considered to denote
significance.

3. Results

3.1. Non-differentiated Caco-2 cells synthesize AA metabolites by COX and LOX
pathways

We observed that non-differentiated Caco-2 cells, cultured in the absence of FBS,
synthesized considerable amounts of PGE2, LTB4, 5-HETE, 12-HETE and 15-HETE but
not LTD4, 20-HETE, 11,12-EET, 14,15-EET, 11,12-DHETE or 14,15-DHETE (Table 2).
The  results also showed that 10% FBS, which did not contain appreciable amount
of  these eicosanoids (data not shown), significantly increased the synthesis of all of
them. Moreover, we found that ketoprofen only reduced PGE2, zileuton impaired

LTB4 and 5-HETE, and that baicalein reduced 12-HETE and 15-HETE levels. Finally,
NDGA decreased these eicosanoids in the Caco-2 culture media (Table 2).

3.2. Modulation of COX and LOX pathways affect Caco-2 cell growth and DNA
synthesis

We observed that Caco-2 growth induced by 10% FBS was reduced not only
by  ketoprofen, a COX inhibitor (Sanchez and Moreno, 1999), but also by both SC
560 and NS 398, specific COX-1 (Smith et al., 1998) and COX-2 (Barnett et al., 1994)
inhibitor, respectively (Fig. 1A). Fig. 1B shows how ketoprofen blocked the uptake of
[3H]thymidine in Caco-2 cells cultured in 10% FBS whereas specific COX-1 and COX-
2  inhibitors partially reduce DNA synthesis. We did not find that COX inhibitors
induced an arrest or an appreciable change in the cell cycle (Fig. 1C). Similarly,
to  determine the role of the LOX pathway in Caco-2 growth induced by 10% FBS,
cells were exposed to specific LOX inhibitors. Our results show that Caco-2 prolif-
eration was  inhibited not only by NDGA, a non-specific LOX inhibitor (Tang et al.,
1996), but also by zileuton, a 5-LOX inhibitor (Carter et al., 1991), MK  886, a 5-LOX-
activating protein inhibitor (Dixon et al., 1990), and baicalein, a 12-LOX inhibitor
(Sekiya and Okuda, 1982) (Fig. 1D). Moreover, these LOX inhibitors were able to
inhibit DNA synthesis (Fig. 1B) but did not change the cell cycle, except in the case
of  baicalein (Fig. 1C). The above-mentioned treatments did not cause cell detach-
ment nor a decrease in cell viability at the concentrations tested, as confirmed by
microscopic observation (data not shown). Moreover, significant apoptotic activity
was only observed under the baicalein treatment (Fig. 1E).

Recently, we reported the immunolocalization of PGE2 receptors such as EP1

and EP4 in differentiated Caco-2 cells (Rodríguez-Lagunas et al., 2010). Our results
show that SC 19220, an EP1 antagonist (Funk et al., 1993) and AH 23838, an EP4

antagonist (Nishigaki et al., 1995), inhibited Caco-2 proliferation (Fig. 2A) and DNA
synthesis (Fig. 2B) induced by 10% FBS. Similar results have been obtained with LTB4

antagonists such as U 75302 and LY 255283 (Yokomizo et al., 2000) (Fig. 2B and C)
but  there were no significant effects on cell cycle (Fig. 2D) or apoptosis (Fig. 2E).

3.3. Several eicosanoids have proliferative effect on non-differentiated Caco-2
cells

The above findings suggest a mitogenic effect of PGE2 and LTB4 in Caco-2 cell
growth induced by FBS. As shown in Fig. 3A and B, not only PGE2 and LTB4 but also
5-,  12-S- and 15-HETE significantly increased Caco-2 growth and [3H]thymidine
incorporation, respectively, at 1–100 nM, at the range of concentrations reached in
10% FBS Caco-2 cell supernatant, whereas 12-R-HETE did not have these effects.
Fig. 4A shows that Caco-2 growth induced by PGE2 was  totally inhibited by an
EP1 antagonist (SC 19220) or an EP4 antagonist (AH 23838). Moreover, Caco-2 cell
proliferation was induced by carbacyclin and butaprost, EP1 and EP2/EP4 agonists,
respectively (Sugimoto and Narumiya, 2007) and by ONO-AE-329, which is an EP4

agonist (Yokomizo et al., 2001) (Fig. 4A). Furthermore, Caco-2 cell growth induced
by carbacyclin or butaprost was reverted by their specific antagonist. Caco-2 growth
induced by LTB4 was also inhibited by LTB4 antagonists (U 75302, LY 255283)
(Fig. 4B/C).

Specific HETE receptors have not yet been identified. However, it has been
described that HETEs can bind to the BLT2 described as the low affinity receptor
for  LTB4 (Yokomizo et al., 2001). Moreover, we observed that the effects of 12-HETE
on  Caco-2 proliferation and DNA synthesis were reversed by BLT2 but not by BLT1

antagonists (Fig. 4B/C). Furthermore, CysLT1R antagonists (MK  571 and LY 171883)
did  not modify Caco-2 cell growth induced by 12-HETE, whereas the proliferative
effects of LTB4 and 12-HETE were completely reverted by a COX inhibitor as well as
by  an EP1 antagonist (Fig. 4B/C).

3.4. LTB4 and 12-HETE induce PGE2 synthesis but not cAMP

LTB4 (100 nM)  and 12-HETE (100 nM)  were able to induce a significant PGE2

synthesis in Caco-2 cell cultures (control, 40.6 ± 4.0 pg/ml; LTB4, 82.6 ± 16.2 pg/ml;
12-HETE, 66.7 ± 8.1 pg/ml; P < 0.05 respect to the control condition). Moreover,
PGE2 (10 nM)  increases intracellular cAMP in Caco-2 cells from 23.45 ± 1.58 nM
(control condition) to 64.22 ± 2.15 nM (P < 0.05), whereas LTB4 (up to 1 �M)
and  12-HETE (up to 10 �M) have no effect in this short period of time
tested.

3.5. Eicosanoids activate cell signaling pathways involve in cell growth

Finally, we studied the capacity of these eicosanoids to phosphorylate pivotal
elements in the cell signaling pathways implicated in the regulation of cell growth.
Maximal phosphorylation was  observed after 5 min  incubation for ERK, AKT and
p38, and after 15 min  for GSK� and CREB, as well as for �-catenin dephosphoryla-
tion.  Our results show that PGE2 (1 nM)  was able to increase the phosphorylation
of  ERK1/2, p38�, CREB and GSK� (Fig. 5A). Meanwhile, LTB4 (10 nM)  and 12-HETE
(100 nM)  only increase the phosphorylation of ERK or p38�, respectively, in a lesser
extent than PGE2. Moreover, our results also show that ERK and AMPc-PKA inhibitors
(PD  98059 and KT 5720, respectively) significantly reduced CREB phosphorylation
induced by PGE2 (Fig. 5B).
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Fig. 3. Effect of eicosanoids on Caco-2 cell growth. PGE2 (1 nM), LTB4 (10 nM), 5-HETE (100 nM), 12-HETE (100 nM)  and 15-HETE (100 nM)  were incubated for 48 h in the
absence of growth factors (FBS) and Caco-2 cells were counted (A) and [3H]thymidine uptake measured (B). Results are expressed as means ± SEM of 2–3 experiments
performed in triplicate. * P < 0.05 vs. Caco-2 cell cultured in absence of FBS.

4. Discussion

Previous findings demonstrating that AA released by calcium-
independent PLA2 participates in the signaling pathways involved
in the control of intestinal epithelial proliferation (Sanchez and
Moreno, 2002) also show that its subsequent metabolism by
COX-2 could be involved in the control of intestinal epithelial
cell growth. Several authors also reported that Caco-2 cells were
able to synthesize LTB4 (Wachtershauser et al., 2000) and cys-
teinyl LTs (Paruchuri et al., 2006) while there are contradictory
reports regarding the production of 15-HETE (Kamitani et al.,
1998; Wachtershauser et al., 2000), and there is no information
about HETEs/EETs/DHETEs produced via the CYP450 pathway. Our
data show for the first time an overall picture of the eicosanoids
synthesized by non-differentiated intestinal epithelial cells cul-
tured with 10% FBS, confirm the production of PGE2, LTB4 and
15-HETE together with 5-HETE and 12-HETE by Caco-2 cells. An
important consideration is that Paruchuri et al. (2006) reported
that Caco-2 cells release cysteinyl LTs reached 5 pM concentra-
tion, which is notably lower than the limits of detection (0.3 nM)

for LTD4 in our experimental conditions (Martin-Venegas et al.,
2011).

Our findings also confirm that the COX pathway metabolites
are involved in the control of Caco-2 growth, by both COX isoforms
expressed in Caco-2 cells (Grosch et al., 2001; Martin-Venegas et al.,
2006). Non-specific LOX inhibitors also blocked Caco-2 growth
induced by 10% FBS to a similar extent as COX inhibitors. Micro-
scopic and cytometric studies clearly showed that these effects
were not a consequence of an impairment of cell viability and/or
an apoptotic effect of treatments.

PGE2, LTB4 and HETEs synthesized by LOXs (5-, 12-, 15-HETE) at
concentrations reached in 10% FBS Caco-2 supernatants (5–20 nM)
were able to induce cell proliferation and DNA synthesis. More-
over, we demonstrate that the PGE2 proliferative effect was  a
consequence of the interaction with EP1 and EP4 receptors using
specific receptor. Similarly, we  propose that BLT1 and BLT2 recep-
tors expressed in intestinal epithelial cells (Ihara et al., 2007; Iizuka
et al., 2010) are involved in Caco-2 cell growth induced by LTB4.

Understanding the mechanism by which HETEs are involved
in cell growth may  be a critical issue in cell growth/cancer and



1626 M. Cabral et al. / The International Journal of Biochemistry & Cell Biology 45 (2013) 1620– 1628

Fig. 4. Effect of agonist and antagonist of PGE2 and LTB4 receptors on Caco-2 cell
growth. Caco-2 cells were incubated for 48 h with PGE2 (10 nM) or PGE2 (10 nM)  plus
SC  19220 (SC, 60 nM)  or AH 23848 (AH, 20 nM)  with carbacyclin, carbacyclin plus
SC  19220 (SC, 60 nM), butaprost, butaprost plus AH 23848 (AH, 20 nM)  or ONO 329.
Cells were then counted (A). Caco-2 cells were incubated for 48 h with LTB4 (10 nM)
or  12-HETE (100 nM)  in the absence or presence of U 75302 (U, 5 �M), LY 255283
(LY2, 25 �M),  ketoprofen (Kp, 5 �M),  SC 19220 (SC, 60 nM), MK  571 (MK, 25 �M)  or
LY 171883 (LY1, 25 �M)  and cells were counted (B). The uptake of [3H]thymidine
uptake was also measured (C). Data are expressed in means ± SEM of 3–4 experi-
ments performed in triplicate. *P < 0.05 vs. Caco-2 cell cultures in the absence of FBS,
#P < 0.05 vs. cells incubated without antagonist/agonist.

lipid homeostasis that has not yet been fully elucidated. Recently,
Melstrom et al. (2008) observed that 5-LOX is up-regulated in ade-
nomatous colon polyps and cancer. However, Shureiqi et al. (2010)
reported no significant differences with regard to LTB4, 12- and 15-
HETE levels between normal, polyp, and cancer mucosa. Although
the translation of an in vitro Caco-2 cell data into in vivo situation
necessitates further investigation using colorectal cancer models,

this study proposes that HETEs produced by LOXs together COX
metabolites might be important elements involved in the control
of intestinal epithelial cell growth. Findings in agreement with
Cianchi et al. (2006) who reported that 5-LOX inhibitors could aug-
ment the antitumor activity of COX inhibitor; and with Mohammed
et al. (2011) who observed that dual 5-LOX/COX inhibitor dramat-
ically suppresses colonic tumor formation.

No cellular receptors for HETEs have yet been identified. How-
ever, it has been reported that HETEs bind to the BLT2 receptor
(Yokomizo et al., 2001). Taking into account that both LTB4 recep-
tors are expressed in Caco-2 cells (Ihara et al., 2007; Iizuka et al.,
2010) our findings suggest that BLT2 receptor is involved in the 12-
HETE biological effect on Caco-2 cell growth, whereas BLT1 receptor
has no effect. These results are in agreement with recent data
demonstrating the role of BLT2 in the biological effects of 12-HETE
(Kim et al., 2009).

Although there is evidence supporting the importance of PGE2
in cell growth and colon carcinogenesis, there are few reports delin-
eating the signaling pathways involved. Recently, Pham et al. (2008)
demonstrated that CREB phosphorylation via angiotensin II was
significantly impaired in intestinal epithelial IEC-18 cells when
the expression of prostaglandin dehydrogenase increased and,
consequently, the synthesis of PGE2 was  dramatically impaired.
Regulated activation of CREB has a significant impact on cellu-
lar growth, proliferation and survival (Siu and Jin, 2007). Thus,
phosphorylation of CREB at its critical Ser-133 residue by ERK has
been reported to increase its DNA binding activity (Shaywitz and
Greenberg, 1999). Here, we demonstrate that PGE2 activation of
ERK leads to the phosphorylation of CREB at Ser-133 as reported
by Cherukuri et al. (2007) using HCA-7 colon cancer cells. In addi-
tion, we demonstrate the role of p38� and especially AMPc-PKA in
this event. This role of p38� in CREB phosphorylation was  recently
reported by Pham et al. (2008) using angiotensin II stimulated rat
intestinal epithelial cells. The role of AMPc-PKA has been described
as a consequence of the increase in AMPc induced by PGE2 in
Caco-2 cell cultures (Rodríguez-Lagunas et al., 2010). However,
in disagreement with Tessner et al. (2004), we did not observe a
role for AKT1/2 in cell signaling induced by PGE2. Similarly, we
observed, for the first time, that LTB4 and 12-HETE induced the acti-
vation of ERK and p38� in intestinal epithelial cells. However, both
eicosanoids did not active CREB, event that may  be consequence
that these eicosanoids were unable to increase intracellular AMPc
levels after a short period of incubation. At any rate, we  could not
discard that PGE2 synthesis induced by these two  eicosanoids might
then modify AMPc and consequently CREB. The Wnt  signaling cas-
cade is activated during the regulation of epithelial proliferation
and in the majority of colorectal cancers. In resting cells, �-catenin
forms a complex with APC, axin and GSK-3�.  Failure to phospho-
rylate �-catenin results in its translocation to the nucleus where
it activates Tcf/Lef. Using a human colon cancer cell line with a
mutant APC, Castellone et al. (2005) reported that PGE2 activated
components of the canonical Wnt  signaling cascade and the Tcf/Lef
transcription factors. In the present study, using Caco-2 cells with
an APC mutation in the region responsible for APC binding and con-
sequently an important basal dephosphorylation of �-catenin, we
observed that PGE2 and LTB4 could not induce a significant addi-
tional dephosphorylation of �-catenin.

In conclusion, PGE2, LTB4, 5-HETE, 12-HETE and 15-HETE are
involved in the regulation of Caco-2 cell growth induced by 10%
FBS through the interaction of specific eicosanoid receptors and
the subsequent cell signaling pathways. In addition, we  can sug-
gest that the proliferative effects of LTB4 and 12-HETE are, at
least in part, due to PGE2 synthesis, as we  propose in Fig. 6.
This thorough in vitro study would contribute to establish new
clinical strategies regarding the relevance of the data presented
herein.
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Fig. 5. Effect of PGE2, LTB4 and 12-HETE on cell signaling. Caco-2 cells were incubated with PGE2 (1 nM), LTB4 (10 nM)  and 12-HETE (100 nM)  for 5 or 15 min, cells were
collected and finally phosphorylated AKT1, AKT2, ERK1/2, p38�, CREB and GSK�, and dephosphorylated �-catenin were measured as we described in Section 2 (A). CREB
phosphorylation induced by PGE2 was also assayed in presence of PD 98059 (PD, 1 �M), KT 5720 (KT, 10 �M) or SB 203580 (SB, 1 �M).  These inhibitors were pre-incubated
30  min and finally cultures were incubated with PGE2 (1 nM)  (B). Data are expressed in means ± SEM of 2–4 experiments performed in triplicate. *P < 0.05 vs. Caco-2 cell
cultures in the absence of FBS, #P < 0.05 vs. cells incubated with PGE2.

Fig. 6. Role of PGE2 in the control of Caco-2 cell growth. PGE2 presents a direct effect
on Caco-2 cell growth through its interaction with EP1 and EP4 receptors and the
activation of several cell signaling pathways. Moreover, PGE2 can have an indirect
effect through its synthesis induced after LTB4 and HETEs (12-HETE) interaction
with BLT1 and BLT2 receptors.
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                                         Resumen artículo 2: 

 

Objetivo Investigar el papel de los dos enantiómeros del 13-HODE sobre el crecimiento de las células 

epiteliales intestinales no diferenciadas procedentes de un adenocarcinoma. 

Material y Métodos Este estudio se ha realizado utilizando células Caco-2 no diferenciadas. Las 

células se incubaron con 13-HODE en ausencia y presencia de inhibidores de la COX, así como con 

antagonistas receptoriales de eicosanoides y se determinó: el 13-HODE presente en el sobrenadante 

por HLPC-MS/MS; el crecimiento celular por contaje microscópico usando  bromuro de etidio/naranja 

de acridina y la síntesis de ADN por incorporación de [
3
H]thimidina; el análisis del ciclo celular por 

citometría de flujo y la degradación del ADN cromosómico con el método TUNEL; la síntesis de 

PGE2 mediante un inmunoensayo enzimático (EIA); y finalmente la fosforilación de Akt1, Akt2, 

ERK1/2, GSK3, p38, CREB y la desfosforilación de β-catenina por ELISA. La unión entre los HODEs 

y el receptor PPARγ se determinó por fluorescencia de polarización. 

Resultados El 13-S-HODE no tiene efecto sobre el crecimiento celular ni sobre la síntesis de ADN. 

En cambio, en presencia de FBS, presenta un efecto anti-proliferativo e incrementa el porcentaje de 

células apoptóticas. El 9-S-HODE presenta un comportamiento similar. El efecto antiproliferativo y la 

apoptosis producida por el 13-S-HODE se reducen drásticamente cuando se incuban junto con un 

antagonista de PPARγ y además observamos que el 13-S-HODE se une al PPARγ de forma similar a 

la rosiglitazone, conocido ligando del PPARγ. En cambio, el 13-R-HODE presenta los efectos 

contrarios, ya que incrementa el crecimiento celular y la síntesis de ADN y, además, disminuye el 

efecto apoptótico del 13-S-HODE. El efecto proliferativo del 13-R-HODE es revertido utilizando 

antagonistas de los receptores BLT1 y BLT2. Estos resultados indican que el 13-R-HODE puede 

interacciona con los receptores del LTB4. Por otra parte, el 13-R-HODE incrementa la fosforilación de 

ERK y CREB, y además esta fosforilación de CREB se reduce con un inhibidor de ERK. Nuestros 

resultados muestran también que el efecto proliferativo del 13-R-HODE es revertido por antagonistas 

receptoriales de la PGE2 e inhibidores de las COXs. Así mismo observamos que 13-R-HODE induce la 

síntesis de PGE2. 

Conclusión 13-S-HODE y 13-R-HODE tienen efectos contrarios sobre el crecimiento de células 

epiteliales intestinales. Así, el 13-S-HODE presenta un efecto antiproliferativo a través de su unión con 

PPARγ, mientras que el 13-R-HODE tiene un efecto mitogénico al interactuar con los BLTs y activar 

la vía COX dando lugar a la síntesis de PGE2 que ejerce el efecto proliferativo. 
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Cabral M, Martín-Venegas R, Moreno JJ. Differential cell
growth/apoptosis behavior of 13-hydroxyoctadecadienoic acid enan-
tiomers in a colorectal cancer cell line. Am J Physiol Gastrointest
Liver Physiol 307: G664–G671, 2014. First published July 17, 2014;
doi:10.1152/ajpgi.00064.2014.—Cyclooxygenases (COXs) and lipoxy-
genases (LOXs) are important enzymes that metabolize arachidonic and
linoleic acids. Various metabolites generated by the arachidonic acid
cascade regulate cell proliferation, apoptosis, differentiation, and senes-
cence. Hydroxyoctadecadienoic acids (HODEs) are synthesized from
linoleic acid, giving two enantiomeric forms for each metabolite. The
aim was to investigate the effect of 13-HODE enantiomers on non-
differentiated Caco-2 cell growth/apoptosis. Our results indicate that
13(S)-HODE decreases cell growth and DNA synthesis of nondiffer-
entiated Caco-2 cells cultured with 10% fetal bovine serum (FBS).
Moreover, 13(S)-HODE showed an apoptotic effect that was reduced
in the presence of a specific peroxisome proliferator-activated recep-
tor-� (PPAR�) antagonist. In addition, we observed that 13(S)-HODE
but not 13(R)-HODE is a ligand to PPAR�, confirming the implica-
tion of this nuclear receptor in 13(S)-HODE actions. In contrast,
13(R)-HODE increases cell growth and DNA synthesis in the absence
of FBS. 13(R)-HODE interaction with BLT receptors activates ERK
and CREB signaling pathways, as well as PGE2 synthesis. These
results suggest that the proliferative effect of 13(R)-HODE could be
due, at least in part, to COX pathway activation. Thus both enantiom-
ers use different receptors and have contrary effects. We also found
these differential effects of 9-HODE enantiomers on cell growth/
apoptosis. Therefore, the balance between (R)-HODEs and (S)-
HODEs in the intestinal epithelium could be important to its cell
growth/apoptosis homeostasis.

cyclooxygenase; lipoxygenase; cell growth; apoptosis; PPAR�

THE ARACHIDONIC ACID (AA) cascade is responsible for the
generation of a wide variety of bioactive metabolites in-
volved in many different pathological states, including in-
flammation and cancer (1, 18). Thus these metabolites
regulate cell proliferation, apoptosis, differentiation, and
senescence. Indeed, the functional relationship between
polyunsaturated fatty acid metabolism, inflammation, and
carcinogenesis has been examined in numerous molecular
studies, revealing possible new targets for chemoprevention
and/or treatment of a number of cancers (9).

Cyclooxygenases (COXs) and lipoxygenases (LOXs) are
two important enzymatic groups that metabolize polyunsatu-
rated fatty acids. COX has two isoforms (COX-1 and COX-2)
and produces prostaglandins (PGs) and thromboxanes. LOXs
constitute a family of dioxygenases that insert molecular oxy-
gen into free and/or esterified polyunsaturated fatty acids with

regional specificity and are designated 5-, 8-, 12- and 15-LOX,
accordingly (12, 13). Thus these enzymes metabolize AA to
the biologically active metabolites hydroperoxyeicosatetra-
enoic acids, which on reduction form corresponding hy-
droeicosatetranoic acids (HETEs), while the metabolism of
linoleic acid preferentially results in the formation of hy-
droxyoctadecadienoic acids (HODEs). Therefore, HETEs
are the main AA metabolites formed by mammalian LOXs,
and 9- and 13-HODE are the principal reaction products of
linoleic acid oxygenation by 12-LOX and 15-LOX, respec-
tively. 15-LOX can be subclassified, according to the spec-
ificity of tissue distribution and enzymatic characteristics,
into 15-LOX-1 and 15-LOX-2. While 15-LOX-2 metabo-
lizes AA but not linoleic acid, 15-LOX-1 converts linoleic
acid and AA to their metabolites, 13-HODE and 15-HETE,
respectively, and is expressed preferentially in reticulocytes,
eosinophils, macrophages, tracheobronchial epithelial cells,
skin, and colon (21, 29). Interestingly, 15-LOX-1 prefers
linoleic acid over AA as substrate and produces 13-HODE
in excess when both fatty acids are available. Moreover,
we must consider that there are two stereoisomers of 13-
HODE, 13-sinister-HODE [13(S)-HODE] and 13-rectus-
HODE [13(R)-HODE]. While 13(S)-HODE is only pro-
duced in the metabolism of linoleic acid by 15-LOX-1 (38, 44),
13(R)-HODE can be generated by several LOXs and COXs, as
well as by autooxidation processes (3, 4, 5, 36, 43).

HETEs and HODES are known to modulate inflammation
and may be important factors in carcinogenesis (32, 38, 44). In
this sense, 15-LOX metabolites have been shown to play both
pro- and antitumorigenic actions, whereas COX metabolites
are described to be tumorigenic (42). Thus, while the expres-
sion of 15-LOX-1 inhibited intestinal epithelial cell prolifera-
tion (12, 13), the expression of COXs is mitogenic (15).
Although several studies have implicated the pathways that
synthesize 13-HODE in colorectal cancer (46), the results
obtained appear to be contradictory. Indeed, although 13(S)-
HODE is described as having an antiproliferative effect in
colorectal cancer (35), a recent contradictory reference relates
the racemic mixture of 13-HODE with a proliferative effect in
intestinal epithelial HT-29 culture cells (14), suggesting the
hypothesis that 15-LOX-1 metabolites [13(S)-HODE and 15-
HETE] as well as both 13-HODE enantiomers may have
contrary effects on intestinal epithelial growth. However, few
studies have examined the biological actions of 13(R)-HODE
specifically, and no studies relate this metabolite to cell pro-
liferation. The aim of the present study was to evaluate the role
of 13(R)-HODE and 13(S)-HODE in intestinal epithelial cell
growth and to give a new perspective within the dynamically
evolving research into the role of the two enantiomers in
carcinogenesis.
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MATERIALS AND METHODS

Materials. DMEM, trypsin, penicillin, and streptomycin were sup-
plied by GIBCO (Paisley, UK). Fetal bovine serum (FBS), sterile
phosphate-buffered saline (PBS), 13(R)-HODE, 13(S)-HODE, 9(R)-
HODE, 9(S)-HODE, U-75302, ketoprofen, SC 19220, PD98059,
LY171883, bovine serum albumin (BSA), ribonuclease A from bo-
vine pancreas, ethidium bromide, acridine orange, and propidium
iodide solution were purchased from Sigma Chemical (St. Louis,
MO). LY 255283 was from Tocris Bioscience (Bristol, UK). GW
9662 was purchased from Cayman Chemical (Ann Arbor, MI). AH
23838 was kindly provided by Glaxo-Wellcome (Stevenage, UK).
[3H]thymidine (20 Ci/mmol) was from American Radiolabeled
Chemicals (St. Louis, MO). Tissue culture supplies were obtained
from Costar (Cambridge, MA). Biogreen 3 was supplied by Scharlau
Chemie (Barcelona, Spain).

Cell culture and cell growth assay. Caco-2 cells, derived from a
colon adenocarcinoma, were provided by the American Type Culture
Collection (HTB-37, Manassas, VA). The cells were routinely grown
in plastic flasks at a density of 104 cells/cm2 and cultured in DMEM
supplemented with 4.5 g/l D-glucose, 1% (vol/vol) nonessential amino
acids, 2 mM L-glutamine, 10% (vol/vol) heat-inactivated FBS, 100
U/ml penicillin, and 0.1 mg/ml streptomycin at 37°C in a modified
atmosphere of 5% CO2 in air, as previously described (27). The
growth medium was replaced twice per week and the day before the
experiment.

To perform the cell growth assay, cells were harvested with
trypsin-EDTA and passed to 12-mm plastic clusters at a density of 104

cells/cm2. After 4 days in culture, cells were incubated with treat-
ments for a period of 48 h. Finally, cells were washed, trypsinized,
and counted with a microscope with the use of ethidium bromide-
acridine orange staining to assess the number of viable cells (37).

Analysis of DNA synthesis. DNA synthesis was measured by a
[3H]thymidine incorporation assay. Caco-2 cells were cultured on
24-well plates in DMEM with 10% FBS at a density of 104 cells/cm2.
After 4 days in culture, cells were incubated for 48 h with the
treatments and [3H]thymidine (0.1 �Ci/well). Then media containing
[3H]thymidine were aspirated and cells were washed, overlaid with
1% Triton X-100, and then scraped off the wells. Finally, radioactivity
present in the cell fraction was measured by scintillation counting
with a Packard Tri-Carb 1500 counter (Downers Grove, IL).

Fluorescence-activated cell sorting analysis-flow cytometry cell
cycle analysis. Caco-2 cells were seeded in 60-mm dishes (104

cells/cm2). After 4 days in culture, cells were incubated for 48 h with
the treatments. The culture was then trypsinized, fixed with 70%
ethanol, and stored at 4°C for at least 2 days. Low-molecular-weight
DNA was then extracted from the cells, which were stained for 1 h at
room temperature with a 20 �g/ml propidium iodide solution in PBS
containing 0.1% Triton X-100 and 0.2 mg/ml DNase-free RNase A.
Cells were analyzed on an Epics XL flow cytometer (Coulter, Hialeah,
FL). DNA was analyzed on single-fluorescence histograms by Mul-
ticycle software (Phoenix Flow Systems, San Diego, CA).

Measurement of apoptosis. Degradation of chromosomal DNA as a
final result of apoptosis was evaluated with the TUNEL method.
Subconfluent cell cultures (104 cells/cm2) seeded in 60-mm dishes
were incubated in medium containing 10% FBS with treatments for
48 h. Cells present in the medium and attached trypsinized cells were
then collected, fixed with 4% paraformaldehyde, and permeabilized
with 70% ethanol. Thereafter, 3=-OH DNA ends generated by DNA
fragmentation were labeled with fluorescein-dUTP mediated by ter-
minal deoxynucleotidyl transferase with the MEBSTAIN Apoptosis
Kit (MBL, Woburn, MA) and then analyzed by an Epics XL flow
cytometer (Coulter).

Prostaglandin E2 analysis by enzyme immunoassay. PGE2 was
determined by a competitive enzyme immunoassay kit (Cayman)
according to the manufacturer’s instructions. Briefly, cells were main-
tained in 12-mm plastic clusters at a density of 104 cells/cm2. After 4

days in culture, Caco-2 cells were incubated for 60 min at 37°C with
13(R)-HODE (0.1–10 �M) and BLT antagonists or COX inhibitors.
Finally, supernatants were harvested and PGE2 was determined.

Protein assay. Proteins in cell samples were measured with the
Bio-Rad protocol with Coomassie brilliant blue G-250 as a dye
reagent. The protein amount in each sample was calculated by a
standard curve of BSA.

PPAR� ligand assay. HODE binding to peroxisome proliferator-
activated receptor-� (PPAR�) was studied with a fluorescence polar-
ization-based single-step PPAR� ligand screening assay (Cayman).
The assay was adapted to be performed in a microcuvette with a
luminescence spectrometer (AMINCO-Bowman Series 2, Spectronic
Unicam, Leeds, UK).
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Fig. 1. Effect of 13(S)-hydroxyoctadecadienoic acid (HODE) and 13(R)-
HODE on Caco-2 cell growth. Cells were incubated for 48 h with 13(S)-HODE
and 13(R)-HODE (0.01–1 �M) in the absence of growth factors [fetal bovine
serum (FBS); filled bar]. Caco-2 cells were counted (A), and [3H]thymidine
uptake was measured (B). Results are expressed as means � SE of 5
determinations performed in triplicate. *P � 0.05 vs. Caco-2 cell cultured in
the absence of FBS.
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Measurement of cell signaling pathways activated by eicosanoids.
Cells were seeded in 60-mm plastic clusters (104 cells/cm2), and after
4 days the cultures were incubated with the treatments (5 or 15 min).
To measure the kinase activity with total cell lysates, Caco-2 cells
were lysed with a denaturing cell lysis buffer containing 6 M urea,
protease (2 �g/ml leupeptin, 10 �M pepstatin, 3 �g/ml aprotinin), and
phosphatase (5 mM NaF, 2 mM Na4P2O7, 1 mM Na3VO4) inhibitors.
The resulting solutions containing 80–100 �g of proteins were then
added to a kinase ELISA plate, and the assay was performed accord-
ing to the manufacturer’s recommendations (Symansis, Auckland,
New Zealand). Finally, optical density was measured at 450 nm with
a TECAN absorbance reader (Tecan Austria, Salzburg, Austria). This
methodology provides a qualitatively better alternative to Western
blotting for simultaneous assay for activation of multiple kinases. We
studied the effect of eicosanoids on the phosphorylation of AKT1
(pS473), AKT2 (pS474), ERK1/2 (pT202/Y204; pT185/Y187),
GSK3� (pS9), p38� (pT180/Y182), and CREB (pS133) and on the
dephosphorylation of �-catenin (DP S33/S37/S41). The phosphoryla-
tion of AKT, ERK, and p38 was measured after 5-min incubation with
13(R)-HODE, whereas the phosphorylation of CREB and GSK and
the dephosphorylation of �-catenin were assayed after 15 min.

Statistics. Results are expressed as means � SE. All data were
compared by one-way ANOVA and Student’s t-test with SPSS
software (SPSS, Chicago, IL). P � 0.05 was considered to denote
significance.

RESULTS

The results showed that 13(S)-HODE (0.01–1 �M) had no
effect either on cell growth or on DNA synthesis in the absence
of growth factors. In contrast, 13(R)-HODE (0.01–1 �M)
significantly increased Caco-2 growth and [3H]thymidine in-
corporation compared with cells incubated in the absence of
FBS (Fig. 1). In light of these results, a concentration of 1 �M
was chosen to further investigate the effects of HODE enan-
tiomers. Interestingly, similar effects were found with 9-HODE
enantiomers: 9(S)-HODE has no effect, while 9(R)-HODE had
a proliferative effect without growth factors (Table 1).

Caco-2 cell growth and DNA synthesis induced by FBS
were reverted by 13(S)-HODE, showing the marked antipro-
liferative effect of this metabolite (Fig. 2), while 13(R)-HODE
did not show this effect. Moreover, both in the presence and in
the absence of FBS, 13(S)-HODE significantly increased the
percentage of apoptotic cells (Fig. 3) in Caco-2 cells, as did
9(S)-HODE (Table 1). Thus the two HODE enantiomers have
opposite effects on cell growth and apoptosis. It has been
described that 13(S)-HODE binds to the nuclear PPAR� (7,
34). Thus the incubation of 13(S)-HODE in the presence of a
specific antagonist of PPAR� (GW 9662) (2) significantly
reverted not only the antiproliferative effect (determined by
cell growth and DNA synthesis) but also the apoptosis induced
by this metabolite (Figs. 2 and 3). In contrast, the proliferative

effect of 13(R)-HODE was not inhibited by GW 9662 and,
interestingly, was partially reverted by 13(S)-HODE (Fig. 2).
On the other hand, the apoptotic effect of 13(S)-HODE (Fig. 3)
decreased in the presence of 13(R)-HODE, thus indicating that
one HODE enantiomer reduced the effect of the other one.

Leukotriene B4 (LTB4) binds to BLT1 and BLT2 receptors.
BLT2 is a low-affinity receptor that was also recognized by
HETEs (22, 26). Given the similar structure of LTB4, HETEs,
and HODEs, we tested the role of BLTs in 13(R)-HODE acting
on Caco-2 cell growth. We found that the presence of BLT1 or
BLT2 antagonists (U-75302 or LY 255283) (50) reverted the
effect of 13(R)-HODE on Caco-2 proliferation and DNA
synthesis (Fig. 4). Recently, we reported that the proliferative
effect of HETEs is due to COX pathway activation and PGE2

synthesis (8). In this sense, the proliferative effect of 13(R)-
HODE was completely reverted by a COX inhibitor such as
ketoprofen (40), as well as by an EP4 antagonist (AH 23838)
(33) (Fig. 4). The presence of an EP1 antagonist (SC 19220)
(16) also reduced both cell growth and DNA synthesis induced
by 13(R)-HODE, although this effect was not statistically
significant. In contrast, the antagonism of cysteinyl leukotriene
receptor (LY171883) did not modify cell growth induced by
13(R)-HODE. Moreover, 13(R)-HODE (0.1–10 �M) induced
PGE2 synthesis in Caco-2 cell cultures (Fig. 5). This synthesis
was abolished by ketoprofen and, interestingly, was reduced by
BLT1 and BLT2 antagonists.

Fatty acids and fatty acid metabolites are ligands to PPAR�.
Here we observed that 13(S)-HODE bound to PPAR� in a
form similar to rosiglitazone, whereas 13(R)-HODE did not
(Fig. 6).

To investigate which cell signaling pathways were involved
in the proliferative effect of 13(R)-HODE, we determined the
phosphorylation of AKT1, AKT2, ERK1/2, p38�, CREB, and
GSK�, as well as the dephosphorylation of �-catenin, in the
absence of FBS and after a short incubation period (5 and 15
min) with the metabolite studied. Our results showed that
13(R)-HODE increased the phosphorylation of ERK1/2 and
CREB. Moreover, CREB phosphorylation induced by 13(R)-
HODE is inhibited by PD98059, an ERK inhibitor (Fig. 7).

DISCUSSION

The aim of this study was to investigate the differential role
of 13-HODE enantiomers on nondifferentiated Caco-2 cell
growth. Our results indicate that 13(S)-HODE decreases cell
growth and DNA synthesis, in addition to having an apoptotic
effect, thus confirming the antiproliferative role of this metab-
olite in colonic cells. In this sense, Kamitani et al. (24) and
Yoshinaga et al. (51) indicated that the induction of differen-

Table 1. Effect of 9(S)- and 9(R)-HODE (1 �M) on cell growth, DNA synthesis, and apoptosis

�FBS 	FBS

9(S)-HODE 9(R)-HODE 9(S)-HODE

Cells 
 103/cm2 40.0 � 2.1 35.3 � 2.9 56.1 � 7.4* 80.0 � 6.1 48.2 � 2.8†
[3H]thymidine incorporation, dpm 2,525 � 108 2,031 � 76 3,600 � 195* 7,153 � 402 3,337 � 203†
% Apoptotic cells n.d. n.d. n.d. 2.6 � 0.9 9.0 � 0.7†

Cells were incubated for 48 h in the absence or presence of growth factors [fetal bovine serum (FBS)] and/or 9-hydroxyoctadecadienoic acid (9-HODE)
enantiomers (1 �M). Cells were then counted, and [3H]thymidine uptake and apoptosis were measured in Caco-2 cells. Results are expressed as means � SE
of 5 determinations performed in triplicate. *P � 0.05 vs. Caco-2 cells cultured in absence of FBS; †P � 0.05 vs. Caco-2 cells cultured in presence of FBS.
n.d., Not determined.
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tiation in Caco-2 cells is associated with linoleic conversion to
13(S)-HODE. Since 1999, Shureiqi and collaborators have
been working with different colonic cells and with patients and
have concluded that 13(S)-HODE inhibits cell proliferation
(23, 44, 52).

PPAR� is one of the three PPARs that make up a subfamily
of the nuclear hormone receptor superfamily. 13(S)-HODE has
been described as an agonist for PPAR� in colorectal cell lines
(10, 42). The activation of PPAR�, a transcription factor that is
expressed in epithelial cells and has been shown to inhibit cell
proliferation, induces differentiation and promotes cell cycle
arrest and apoptosis in colon cancer cell lines (13, 19, 30, 49).
Accordingly, our results indicate that 13(S)-HODE binds to
PPAR� and that its antiproliferative effect is reverted in the
presence of a PPAR� inhibitor, which reinforces the data that
the binding of 13(S)-HODE to PPAR� possesses anti-tumor-
promoting properties.

Although there are few studies of 13(R)-HODE biological
effects, Shibata et al. (43) indicate that 13(R)-HODE is a
PPAR� agonist on the atherosclerotic plaques of human carotid
arteries, thus suggesting an antiproliferative role for this me-
tabolite. In contrast, the results given here regarding Caco-2
cell growth and DNA synthesis after incubation with 13(R)-
HODE suggest that this metabolite has a significant prolifera-
tive effect in the absence of any other growth factors and show,
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accordingly, that 13(R)-HODE effects are PPAR� indepen-
dent. Moreover, the proliferative effect of 13(R)-HODE is
confirmed by the activation of certain signaling pathways after
a short incubation of this metabolite. In particular, 13(R)-
HODE activates the ERK and CREB pathways. The Ras/

MAPK/ERK signaling pathway is known to be important for
growth in many cell types (11). Activation of ERK occurs
through phosphorylation of threonine and tyrosine residues.
There are several recent studies that indicate the importance of
the Ras/ERK pathway in colorectal cancer; Ras mutations are
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found in 45% of colon carcinomas (47), and inhibition of the
Ras/ERK pathway also promotes ABCB1 protein degradation
to diminish cellular multidrug resistance in human colorectal
cancer cell lines (25). On the other hand, the activation of
CREB also has a significant impact on cell growth, prolifera-
tion, and survival (39). Thus CREB phosphorylation at its
critical Ser-133 residue by ERK has been reported to increase
its DNA binding activity (31). In this report, we demonstrate
that 13(R)-HODE activation of ERK leads to CREB phosphor-
ylation at Ser-133. In line with this, Sauer et al. (41) indicated
that 13-HODE activates the ERK pathway in colorectal tu-
mors, although they did not refer to 13(S)-HODE or 13(R)-
HODE. Therefore, our results suggest that the stimulation of
cell proliferation by 13(R)-HODE may be mediated, at least in
part, by the activation of the ERK and CREB pathways.

Kim et al. (26) reported that HETEs could bind to BLT1 and
BLT2, LTB4 receptors. Given the similar structure pattern of
LTB4, HETEs, and HODEs, we also investigated the role of
BLTs in Caco-2 growth induced by 13(R)-HODE. The results
obtained indicate that BLT1 and BLT2 are involved in the
proliferative effect induced by 13(R)-HODE. In addition,
13(R)-HODE activates the synthesis of PGE2, and this effect is
reversed by COX inhibitors and, interestingly, by BLT1 and
BLT2 antagonists. We observed that the proliferative effect of
13(R)-HODE is also inhibited by a COX inhibitor and by EP1

and EP4 antagonists. PGE2, known to be high in malignant
tissue, is the predominant prostaglandin found in tumors in
both animal and human models of colorectal cancer (10, 48).
Moreover, we demonstrated that PGE2 synthesized by COX
pathway is involved in the control of Caco-2 cell growth (27). A
recent study in our laboratory (8) concluded that PGE2 induces
Caco-2 cell growth and that PGE2 production by LTB4 and
12-HETE is also involved in the proliferation of undifferentiated
Caco-2 cells. Taken together, our results suggest that the prolif-

erative effect of 13(R)-HODE could be due, at least in part, to
COX pathway activation and, subsequently, to PGE2 synthesis.

Fewer studies on the role of 9(S)-HODE in cell proliferation
were found. Hattori et al. (20) concluded that this metabolite
inhibits keratinocyte proliferation. In line with this, our results also
suggest an antiproliferative effect of 9(S)-HODE in nondifferen-
tiated Caco-2 cells, whereas 9(R)-HODE presents the opposite
action.

There is no information about the HODE enantiomer syn-
thesis by cell cultures or HODE enantiomer tissue concentra-
tions, but we observed that 13-HODE reaches a concentration
around 10 nM (2.96 � 0.22 ng/ml with FBS and 0.96 � 0.02
without FBS) measured by LC-MS/MS technology (28) in
Caco-2 cell culture. Shureiqi et al. (46) reported 13-HODE
levels around 40 ng/�g protein in colorectal mucosa, which
can be equivalent to �0.1–1 �M, the HODE concentrations
used in our experimental conditions. A future chiral separation/
quantification of HODE enantiomers will be necessary to study
HODE enantiomer synthesis by intestinal epithelial cells and
normal and colorectal cancer tissues.

In conclusion, we provide new evidence that 13-HODE
enantiomers have contrary effects on intestinal epithelial
growth (Fig. 8). Our results show that the proliferative effect of
13(R)-HODE is PGE2 synthesis dependent. These findings add
an additional feature to the cross talk between the COX and
LOX pathways, not only because of the activation by them-
selves of different cell signaling pathways, but also because of
COX pathway activation. In fact, many studies show that in
colorectal cancer the expression of 15-LOX-1 [which synthe-
sizes 13 (S)-HODE] decreases while the expression of COX-2
[which can produce 13 (R)-HODE] increases (20, 28, 45, 48).
Thus variations in the activity of these pathways could change
the balance between the two enantiomers. In colorectal cancer,
this balance may be favorable to 13(R)-HODE, which could be
activated PGE2 synthesis, thus causing proliferation. Mean-
while, in differentiated epithelium the balance is pro-13(S)-
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HODE, by reducing cell growth and activating apoptotic pro-
cesses. Moreover, in this study, the effect of one enantiomer
could be reverted by the other, thus reinforcing the importance
of the balance between these different pathways in cell growth
homeostasis in the intestinal epithelium. Further investigations
should be conducted to analyze the presence of both enantiom-
ers along the crypt-villus axis as well as in colorectal cancer
pathogenesis.
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                                        Resumen artículo 3: 

 

Objetivo Estudiar el papel del LTD4 sobre el crecimiento celular en las células epiteliales intestinales 

no diferenciadas procedentes de un adenocarcinoma. 

Material y Métodos. Este estudio se ha realizado utilizando células Caco-2 no diferenciadas. Las 

células se incubaron con LTD4 en ausencia y presencia de inhibidores de la vía COX y antagonistas 

receptoriales de eicosanoides. Se determino: el crecimiento celular por contaje microscópico usando  

bromuro de etidio/naranja de acridina y la síntesis de ADN por incorporación de [
3
H]thimidina; la 

síntesis de PGE2 mediante un inmunoensayo enzimático (EIA); la liberación de AA fue determinada 

por la cantidad [
3
H] AA radiactivo liberado; la expresión de la COX-2 se detectó por Western blot y la 

fosforilación de Akt1, Akt2, ERK1/2, GSK3, p38, CREB y la desfosforilación de β-catenina por 

ELISA. 

Resultados. El LTD4 induce el crecimiento celular y la síntesis de ADN en las células Caco-2. Este 

efecto disminuye significativamente en presencia de antagonistas específicos del Cis-LT1R, así como 

de los receptores de la PGE2, EP1 y EP4 y de inhibidores de las COXs. El LTD4 induce la liberación de 

[
3
H] AA, que fue reducida por un inhibidor inespecífico de las PLA2 y por un inhibidor específico de 

las PLC. Además la liberación de [
3
H] AA inducida por LTD4 fue bloqueada por antagonistas del Cis-

LT1R y por un inhibidor de la PKC. Por otra parte, el LTD4 induce la expresión de la COX-2 y la 

síntesis de PGE2 y ambas son revertidas por antagonistas del Cis-LT1R. Respecto a las vías de 

señalización, el LTD4 activa la fosforilación de ERK, CREB y la desfosforilación de β-catenina. La 

fosforilación de ERK fue revertida por un inhibidor de las COXs, y por antagonistas de los receptores 

EP1, EP4 y Cis-LT1R. La fosforilación de CREB también fue bloqueada por un inhibidor de las COXs. 

Conclusión. El efecto proliferativo del LTD4 es debido a su interacción con Cis-LT1R que activa  la 

COX-2 y por tanto originará un incremento de la síntesis de PGE2, todo lo cual de lugar a la activación 

de diversas vías de señalización mitogénicas. 

 

 

 

 

 



ORIGINAL RESEARCH

Leukotriene D4-induced Caco-2 cell proliferation is mediated
by prostaglandin E2 synthesis
Marisol Cabral, Raquel Mart�ın-Venegas & Juan J. Moreno

Departament de Fisiologia, Facultat de Farm�acia, Universitat de Barcelona, Barcelona, Spain

Keywords

5-lipoxygenase, arachidonic acid cascade,

cell cycle, cell growth, colon cancer.

Correspondence

Juan Jos�e Moreno, Departament de

Fisiologia, Facultat de Farm�acia, Universitat

de Barcelona, Avda. Joan XXIII s/n, 08028

Barcelona, Spain.

Tel: +34 93 402 4505

Fax: +34 93 403 5901

E-mail: jjmoreno@ub.edu

Funding Information

This research was supported by Spanish

Ministry of Science and Innovation (BFU2007-

61727/BFI) and by the Generalitat

(Autonomous Government) of Catalonia

(2009SGR0438). Universitat de Barcelona has

supported open access publication charge.

Received: 11 March 2015; Revised: 5 May

2015; Accepted: 6 May 2015

doi: 10.14814/phy2.12417

Physiol Rep, 3 (7), 2015, e12417, doi:

10.14814/phy2.12417

Abstract

Leukotriene D4 (LTD4) is a pro-inflammatory mediator formed from arachi-

donic acid through the action of 5-lipoxygenase (5-LOX). Its biological effects

are mediated by at least two G-coupled plasmatic cysteinyl LT receptors (Cys-

LT1-2R). It has been reported an upregulation of the 5-LOX pathway in tumor

tissue unlike in normal colon mucosa. Colon tumors generally have an

increased expression of CysLT1R and colon cancer patients with high expres-

sion levels of CysLT1R have poor prognosis. We previously observed that the

cyclooxygenase pathway is involved in the control of intestinal epithelial can-

cer cell growth through PGE2 production. The aim of this study was therefore

to assess the effect of LTD4 binding with CysLT1R on Caco-2 cell growth. We

note a number of key findings from this research. We observed that at a con-

centration similar to that found under inflammatory conditions, LTD4 was

able to induce Caco-2 cell proliferation and DNA synthesis. Moreover, with

the use of a specific receptor antagonist this study has demonstrated that the

effect of LTD4 is a result of its interaction with CystLT1R. We also note the

possible participation of the PLC-IP3-Ca
2+/DAG-PKC signaling pathways in

cytosolic PLA2 and [3H]AA release induced by LTD4-CystLT1R interaction.

Finally, we found that the resulting activation of the AA cascade and the pro-

duction of PGE2 eicosanoid could be related to the activation of cell signaling

pathways such as ERK and CREB. These findings will help facilitate our

understanding of how inflammatory mediators can affect the survival and dis-

semination of intestinal carcinoma cells.

Introduction

Leukotriene D4 (LTD4) is a powerful pro-inflammatory

mediator, which is formed from arachidonic acid through

the action of 5-lipoxygenase (5-LOX) (Samuelsson 1979).

LTD4 mediates its effects through specific cell surface

receptors that belong to the G protein-coupled receptor

family, cysteinyl leukotriene receptors (CysLTR). Two

such receptors have previously been cloned: CysLT1R

(Lynch et al. 1999) and CysLT2R (Heise et al. 2000). Cys-

LT1R has the highest affinity of the two receptors (Heise

et al. 2000). As such it has a higher affinity for LTD4 than

CysLT2R (Lynch et al. 1999).

LTD4 is associated with the pathogenesis of several

inflammatory disorders such as inflammatory bowel

disease (IBD) (Stenton 1990). Not only is there a well-

established connection between IBD and increased fre-

quency of neoplastic transformation (Smalley and Dubois

1997), but a more general link between chronic inflam-

mation and an increased risk of developing cancer has

been suggested in previous studies (Coussens and Werb

2002). A cause-and-effect link has been established

between chronic inflammation and colon cancer, which

occurs via the activation and over-expression of the

enzymes 5-LOX and cyclooxygenase-2 (COX-2). These

enzymes are responsible for regulating the production of
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LTs and prostaglandins (PGs), respectively (Coussens and

Werb 2002; Qiao and Li 2014). Unlike non-transformed

human epithelial cells, CysLT2R is downregulated in the

colon cancer cell lines (Magnusson et al. 2007). In con-

trast, it has been demonstrated that CysLT1R is upregulat-

ed in colon cancer tissue and that the binding of LTD4 to

this receptor facilitates the survival of the cells in this tis-

sue and negatively correlates with patient survival (€Ohd

et al. 2000, 2003). In accordance with this trend, Magnus-

son et al. (2007, 2010) recently observed that colon can-

cer patients with high expression levels of CysLT1R

exhibited a poor prognosis. Moreover, as noted by Yudi-

na et al. (2008), LTD4 upregulates 5-LOX, COX-2, and

CysLT1R levels in intestinal epithelial cells providing a

mechanism for maintaining inflammation and tumor

progression.

In our study, we observed that through CysLT1R bind-

ing, LTD4 increases the release of arachidonic acid (AA)

and the synthesis of PGE2. In addition, we found that this

prostaglandin is responsible for the proliferative effects

induced by LTD4 on intestinal epithelial Caco-2 cells.

Materials and Methods

Materials

LTD4, PGE2 and murine COX-2 were purchased from

Cayman Chemical (Ann Arbor, MI). Non-essential amino

acids, FBS, BSA, Fura-2 acetoxymethylester (Fura-2 AM),

U73122, dantrolene, G€o 6983, ketoprofen, LY 171883,

MK 571, NS 398, SC560 and SC19220, PD98059, ethidi-

um bromide and acridine orange were purchased from

Sigma Chemical (St. Louis, MO). LY 255283 was pur-

chased from Tocris Biosc. (Bristol, UK). Arachidonyl tri-

fluoromethylketone (AACOCF3) and bromoenol lactone

(BEL) were acquired from Alexis Corp. (San Diego, CA).

[Methyl-3H]thymidine (20 Ci/mmol) and [5,6,8,9,11,12,-

14,15-3H] arachidonic acid ([3H]AA) (60-100 Ci/mmol)

were from American Radiolabeled Chemicals Inc. (St.

Louis, MO), and AH 23838 was kindly provided by

Glaxo-Wellcome (Stevenage, UK).

Cell culture and cell growth assay

Caco-2 cells, derived from a colon adenocarcinoma, were

provided by the American Type Culture Collection

(HTB-37, Manassas, VA). The cells were routinely grown

in plastic flasks at a density of 104 cells/cm2 and cultured

in DMEM supplemented with 4.5 g/L D-glucose, 1% (v/

v) nonessential amino acids, 2 mmol/L L-glutamine, 10%

(v/v) heat-inactivated FBS, 100 U/mL penicillin and

0.1 mg/mL streptomycin at 37�C in a modified atmo-

sphere of 5% CO2 in air, as previously described (Mart�ın-

Venegas et al. 2006). The growth medium was replaced

twice per week and the day before the experiment. All the

experiments were performed in pre-confluent cultures

and consequently, in nondifferentiated cells. Caco-2 cell

differentiation began when they reached the confluence

and finished after 2 weeks postconfluence, following a

previously described process (Mart�ın-Venegas et al. 2006).

To perform the cell growth assay, cells were harvested

with trypsin/EDTA and passed to 12 mm plastic clusters

at a density of 104 cells/cm2. After 4 days in culture, cells

were incubated with treatments for a period of 48 h.

Then, cell density was around 40 and 80 9 103 cells/cm2

in absence or presence of FBS, respectively. Consequently

all experiments were performed before reaching cell con-

fluence. Cells were then washed, trypsinized, and counted

with a microscope using ethidium bromide/acridine

orange staining to view the number of viable cells (Parks

et al. 1979).

Analysis of DNA synthesis

DNA synthesis was measured using a [3H]thymidine

incorporation assay. Caco-2 cell cultures were kept on 24-

well plates in DMEM with 10% FBS at a density of

104 cells/cm2. After 4 days in culture, the cells were incu-

bated for 48 h with the treatments; [3H]thymidine

(0.1 lCi/well) was added for the last 24 h. The media

containing [3H]thymidine were then aspirated and cells

were washed, overlaid with 1% Triton X-100 and scraped

off the wells (Cabral et al. 2013). Finally, radioactivity

present in the cell fraction was measured by scintillation

counting, using a Packard Tri-Carb 1500 counter (Down-

ers Grove, IL).

Prostaglandin E2 (PGE2) analysis by enzyme
immunoassay

PGE2 determination was performed using a competitive

EIA kit (Cayman, Ann Arbor, MI) following the manufac-

turer’s instructions. Briefly, following a previously described

process cells were maintained in 12 mm plastic clusters at

a density of 104 cells/well (Cabral et al. 2013). After 4 days

in culture, Caco-2 cells were incubated for 60 min at 37°C
with LTD4 (10 nmol/L) in the absence or presence of Cys-

LT1R antagonists or a COX inhibitor. Finally supernatants

were harvested and PGE2 was determined.

Incorporation and release of [3H]AA

Cells were harvested with trypsin/EDTA and passed to 24-

well plates at a density of 104 cells/cm2. After 4 days, cells

were FBS starvated during 24 h and then the medium was

replaced by 0.5 mL DMEM containing 0.1% fatty acid free

2015 | Vol. 3 | Iss. 7 | e12417
Page 2

ª 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

LTD4 and Intestinal Epithelial Cell Growth M. Cabral et al.



BSA and 0.1 lCi [3H]AA (1 nmol/L) for a period of 6 h.

Cells were then washed three times with 0.5% BSA-con-

taining medium to remove any unincorporated [3H]AA.

After the study period (2 h), the medium was removed to

determine the amount of [3H] radioactivity release. The

amount of [3H]AA released into the medium was

expressed as a percentage of cell-incorporated [3H]AA,

which was determined in solubilized cells, as previously

described (Mart�ın-Venegas et al. 2006).

Western blot analysis

Cells were seeded in 60 mm plastic clusters (104 cells/

cm2) and after 4 days the cultures were washed twice with

ice-cold PBS, scraped off into PBS containing 2 mmol/L

sodium EDTA and pelleted. These pellets were sonicated

in PBS containing 4 mmol/L sodium EDTA, 500 lg/mL

aprotinin, 500 lg/mL leupeptin, 500 lg/mL PMSF, and

400 lg/mL diethyldithiocarbamic acid, then resuspended

in a lysis buffer containing 200 mmol/L Tris-HCl,

200 mmol/L NaCl, 2% Igepal CA-630 and 200 lmol/L

DTT. Finally, an immunoblot analysis for COX-2 was

performed, as previously described (Mart�ın-Venegas et al.

2006). For b-actin immunoblotting, the monoclonal actin

antibody (1:500) was used (Santa Cruz, Dallas, TX).

Measurement of the cell signaling activated
by eicosanoids

Cells were seeded in 60 mm plastic clusters (104 cells/cm2)

and after 4 days the cultures were incubated with the treat-

ments (5 or 15 min) as previously described (Cabral et al.

2013). To measure the kinase activity with total cell lysates,

Caco-2 cells were lysed using a denaturing cell lysis buffer

containing 6 mol/L urea and protease (leupeptin 2 lg/mL,

pepstatin 10 lmol/L, aprotinin 3 lg/mL) and phosphatase

(NaF 5 mmol/L, Na4P2O7 2 mmol/L, Na3VO4 1 mmol/L)

inhibitors. The resulting solutions containing 80–100 lg of
proteins were then added to kinase ELISA plate and the

assay was performed, following the manufacturer’s instruc-

tions (Symansis, Auckland, New Zealand). Optical density

was then measured at 450 nm using a TECAN absorbance

reader (Tecan Austria Gmbh, Salzburg, Austria). This

simultaneous assay for the activation of multiple kinases

provides a qualitatively better alternative to western blot-

ting. We studied the effect of eicosanoids on the phosphor-

ylation of Akt1 (pS473), Akt2 (pS474), ERK1/2 (pT202/

Y204; pT185/Y187), GSK3b (pS9), p38a (pT180/Y182) and

CREB (pS133) on the dephosphorylation of b-catenin (DP

S33/S37/S41). The phosphorylation of Akt, ERK and p38

was measured after 5 min incubation with LTD4, whereas

the phosphorylation of CREB, GSK and the dephosphory-

lation of b-catenin was assayed after 15 min.

Statistical analysis

Results are expressed as mean � SEM. All data were

compared by one-way ANOVA and Student’s t-test using

SPSS software (SPSS Inc., Chicago, IL). P < 0.05 was con-

sidered to denote significance.

Results

Figure 1 shows that LTD4 (1–100 nmol/L) increases the

number of viable cells in Caco-2 cell cultures in compari-

son with the results obtained in the absence of any

growth factor. We note that the effect induced by LTD4

(10 nmol/L) was reduced in the presence of CysLT1R

antagonists (MK 571 and LY 171883), a COX inhibitor

(ketoprofen), a specific COX-2 inhibitor (NS 398), and

EP1 or EP4 antagonists (SC 19220 and AH 23848, respec-

tively) (Fig. 1), whereas the effect of specific COX-1

inhibitor (SC 560) did not reach significance. The men-

tioned treatments did not cause cell detachment nor a

decrease in cell viability at the concentrations tested, as

confirmed by microscopic observation (data not shown).

Figure. 1. The effect of Leukotriene D4 (LTD4) on Caco-2 cell

growth. Cells were incubated for 48 h in the presence of LD4

(1–100 nmol/L) and in the absence of growth factors (FBS); cells

were then counted. Cell growth in control conditions (in the

absence or presence of FBS) was included. LTD4 (10 nmol/L) was

incubated in the presence of MK 571 (MK5, 25 lmol/L), LY171883

(LY1, 25 lmol/L), ketoprofen (Kp, 5 lmol/L), SC 560 (SC5,

60 nmol/L), NS 398 (NS, 5 lmol/L), SC 19220 (SC1, 60 nmol/L) or

AH 23838 (AH, 20 nmol/L). Results are expressed as mean � SEM

of 4-5 determinations performed in triplicate. *P < 0.05 versus

Caco-2 cells cultured without FBS; /P < 0.05 versus Caco-2 cells

cultured with FBS; #P < 0.05 versus Caco-2 cells cultured with LTD4

(10 nmol/L).
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The mitogenic effect observed with LTD4 was con-

firmed using [3H]thymidine incorporation (Fig. 2). We

found that LTD4 (10 nmol/L) induced DNA synthesis,

whereas the above mentioned CysLT1R antagonists

(i.e., MK 571 and LY 171883), the COX inhibitors, and

the EP antagonists significantly inhibited the incorpora-

tion of [3H]thymidine into Caco-2 cells induced by

LTD4.

LTD4 (10 nmol/L) was also able to induce a significant

release of [3H]AA by Caco-2 cells, which was blocked in

the presence of CystLT1R antagonists (MK 571 and LY

171883) (Table 1). Moreover, the release of [3H]AA

induced by LTD4 was blocked by a number of inhibitors:

a PLC inhibitor (U 73122); an inhibitor that prevents the

release of calcium from the endoplasmic reticulum (dan-

trolene), and by a PKC inhibitor (G€o 6983). We observed

that the release of [3H]AA induced by LTD4 was also

inhibited by a nonspecific phospholipase A2 (PLA2) inhib-

itor (AACOCF3) but not by a specific calcium-indepen-

dent PLA2 inhibitor, for example, BEL. In addition, our

study showed that LTD4 (10 nmol/L) increases the

expression of COX-2, and that this effect was reverted by

a CysLT1R antagonist (Fig. 3A). In addition, we found

that LTD4 induced the synthesis of PGE2 and that this

action was reverted by CystLT1R antagonists (MK 571

and LY 171883) and ketoprofen (Fig. 3B).

Finally, we studied the capacity of LTD4 to phosphory-

late pivotal elements in the cell signaling pathways impli-

cated in the regulation of cell growth. For ERK,

phosphorylation was highest after 5 min incubation and

for CREB after 15 min. Dephosphorylation of b-catenin
also increased after 15 min incubation (Fig. 4A). In addi-

tion, our results show that ERK phosphorylation induced

by LTD4 was reverted by a CysLT1R antagonist as well as

by a COX inhibitor (Fig. 4B) and that CREB phosphory-

lation induced by LTD4 was also blocked by ketoprofen

(Fig. 4B).

Discussion

Colorectal cancer is the third most common cancer in the

Western world and almost half of patients die of meta-

static disease. This highlights the importance of research

into the molecular mechanisms involved and their role in

prognosis. Previous findings in our laboratory have dem-

onstrated that the release of AA by PLA2s participates in

the signaling pathways involved in the control of intesti-

nal epithelial cell proliferation (Sanchez and Moreno

2002a), and that its subsequent metabolism by COX-2

could be involved in the control of Caco-2 cell growth.

Research has shown that in tumor tissue, COX and 5-

LOX pathways are upregulated, which is not seen in nor-

mal colon mucosa (Cianchi et al. 2006). Moreover, as

Cianchi et al. (2006) reported, 5-LOX inhibition increases

the antitumor activity of COX inhibitors in human colon

cancer cells. These findings support the hypothesis that

Figure 2. The effect of Leukotriene D4 (LTD4) on DNA synthesis.

Caco-2 cells were incubated for 48 h in the presence of LTD4

(10 nmol/L) and in the absence of growth factors (FBS); [3H]

thymidine incorporation into cells was then measured. DNA

synthesis in control conditions (in the absence or presence of FBS)

was included. LTD4 (10 nmol/L) was incubated in the presence of

MK 571 (MK5, 25 lmol/L), LY171883 (LY1, 25 lmol/L), ketoprofen

(Kp, 5 lmol/L), SC 560 (SC5, 60 nmol/L), NS 398 (NS, 5 lmol/L),

SC 19220 (SC1, 60 nmol/L) or AH 23838 (AH, 20 nmol/L). Results

are expressed as mean � SEM of 4–5 determinations performed in

triplicate. *P < 0.05 versus Caco-2 cells cultured without FBS;
/P < 0.05 versus Caco-2 cells cultured with FBS; #P < 0.05 versus

Caco-2 cells cultured with LTD4.

Table 1. [3H]AA release induced by leukotriene D4 (LTD4).

[3H]AA (%)

Control 4.1 � 0.3

LTD4 23.6 � 1.8*

LTD4 + AACOCF3 (10 lmol/L) 8.2 � 0.7*,#

LTD4 + BEL (10 lmol/L) 21.3 � 1.7*

LTD4 + MK 571 (25 lmol/L) 7.2 � 1.1#

LTD4 + LY 171883 (25 lmol/L) 7.9 � 1.5#

LTD4 + U 73122 (0.1 lmol/L) 11.5 � 2.1*,#

LTD4 + Dantrolene (50 lmol/L) 12.6 � 1.8*,#

LTD4 + G€o 6983 (1 lmol/L) 13.4 � 1.3*,#

[3H]AA was determined in non-differentiated Caco-2 cell cultures,

as described in the Materials and Methods section. Cells were

incubated in the presence of LTD4 (10 nmol/L) or LTD4 plus treat-

ments and [3H]AA was determined 30 min after LTD4 incubation,

respectively. Values are means � SEM of three experiments per-

formed in triplicate, *P < 0.05 versus control; #P < 0.05 versus

LTD4.
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the key elements of the AA cascade are involved in the

regulation of intestinal epithelial structure/function (Fer-

rer and Moreno 2010).

Recently, we reported that pre-confluent Caco-2 cells

were able to synthesize LTB4 and 5-, and 12- and 15-

HETE eicosanoids, which were found to be involved in

the regulation of Caco-2 cell growth (Cabral et al. 2013).

Dreyling et al. (1986) reported that human gastrointesti-

nal tissues could synthesize cysteinyl leukotrienes, how-

ever, we were unable to detect LTD4 in Caco-2 cell

culture supernatants (Cabral et al. 2013). Paruchuri et al.

(2006) reported that cysteinyl LTs released from Caco-2

A

B

Figure 3. The effect of Leukotriene D4 (LTD4) on COX-2 expression

and PGE2 synthesis. (A) Cells were incubated in the absence of FBS

(Control) and in the presence of LTD4 (10 nmol/L) or LTD4 plus

LY171883 (LY1, 25 lmol/L) for 30 min and COX-2 expression was

determined using a specific antibody. Murine COX-2 (20 ng) was

used as standard (St COX-2). Western blot was used in three

experiments. (B) Caco-2 cells were incubated with LTD4

(1–100 nmol/L) for 15 min and PGE2 synthesis was determined.

PGE2 synthesis induced by LTD4 (10 nmol/L) was studied in the

presence of MK 571 (MK5, 25 lmol/L), LY171883 (LY1, 25 lmol/L)

or ketoprofen (Kp, 5 lmol/L). Results are expressed in mean � SEM

of 5 determinations performed in triplicate. *P < 0.05 versus

Caco-2 cell cultures in the absence of growth factors (FBS);
#P < 0.05 versus cells incubated with LTD4 (10 nmol/L).

A

B

Figure 4. The effect of Leukotriene D4 (LTD4) on cell signaling. (A)

Caco-2 cells were incubated with LTD4 (10 nmol/L) for 5 or 15 min

and then cells were collected. Phosphorylated Akt1, Akt2, ERK1/2,

p38a, CREB, and GSKb and dephosphorylated b-catenin were then

measured, as described in the Material and Methods section. (B)

The effect of LTD4 (10 nmol/L) on ERK1/2 and CREB pathways.

Cells were incubated with LTD4 (10 nmol/L) for 5 min in the

presence of LY171883 (LY1, 25 lmol/L) or ketoprofen (Kp, 5 lmol/L).

Values are mean � SEM of triplicate determinations, the

experiment was repeated twice. *P < 0.05 versus Caco-2 cells

cultures in the absence of LTD4 (10 nmol/L); #P < 0.05 versus cells

incubated with LTD4 (10 nmol/L).
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cells reached a concentration of 5 pmol/L, which is nota-

bly lower than the limits of detection (0.3 mmol/L) for

this eicosanoid in our experimental conditions (Mart�ın-

Venegas et al. 2011).

It is important to consider that the tumor microenvi-

ronment has often been associated with infiltrating leu-

kocytes in the tumor tissue and the surrounding stroma

(Negus et al. 1997). Consequently, the activation of mac-

rophages and mast cells in inflammatory processes and

cancer might induce an additional release of cysteinyl

LTs, such as LTD4, in the intestinal mucosa. Thus, our

findings demonstrate that at a concentration range of 1–
100 nmol/L, which is a level likely reached under tumor-

igenic conditions, LTD4 can induce Caco-2 cell prolifera-

tion and DNA synthesis. Moreover, our results have

confirmed, using specific receptorial antagonists, that

this effect is a consequence of the interaction with Cys-

tLT1R.

This effect was also reported by Magnusson et al.

(2007), who demonstrated that unlike CysLT2R, CysLT1R

is involved in intestinal epithelial proliferation. Moreover,

it has been described that this receptor is upregulated in

colon cancer and correlates with a poorer prognosis (€Ohd

et al. 2003; Magnusson et al. 2010). Similarly, we recently

reported that the LTD4-CystLT1R interaction increases

intracellular Ca2+ concentrations in Caco-2 cells, indicat-

ing that PLC activation as well as stores of extracellular

Ca2+ and intracellular Ca2+ are involved in this event

(Rodr�ıguez-Lagunas et al. 2013). Our results indicate that

the PLC-IP3-Ca
2+/DAG-PKC signaling pathways and

cytosolic PLA2 participate in the release of [3H]AA

induced by the LTD4-CystLT1R interaction. Consequently

this also demonstrates their participation in the activation

of the AA cascade and eicosanoid production. These find-

ings are consistent with Parhamifar et al. (2005) who

reported that cytosolic PLA2 was activated and translocat-

ed to the nucleus upon LTD4 stimulation via a Ca2+-

dependent mechanism that involves the activation of PKC

in Caco-2 cells.

Furthermore, we observed that the interaction of LTD4

with the CystL1T receptor stimulated COX-2 expression,

which is consistent with previous research, carried out by

Yudina et al. (2008) using different intestinal epithelial

cells. We can therefore surmise that PGE2 synthesis was

induced by LTD4, which is consistent with the results

obtained by €Ohd et al. (2000) and Massoumi et al.

(2003). Given that Caco-2 cell proliferation induced by

LTD4 was reverted by nonspecific and specific COX

inhibitors as well as EP1 and EP4 antagonists, we propose

that this action is completely dependent of PGE2 synthe-

sized by both COX as well as by PGE2 interaction with

EP1 and EP4 that stimulated cell signaling pathways that

are crucial in the progression of the cell cycle as previ-

ously described in our group (Cabral et al. 2013; Sanchez

and Moreno 2002b). Thus, [3H]AA release, metabolism

by both COXs, and the interaction of PGE2 with EP1 and

EP4 receptors are not only important events of acute and

chronic inflammation, but are also essential regulators of

the proliferation of transformed intestinal epithelial can-

cer cells induced by LTD4.

We recently demonstrated the signaling pathways

involved in Caco-2 cell growth induced by PGE2 to be

ERK, CREB, GSK, and p38, which is consistent with

Pham et al. (2008) and Cherukuri et al. (2007). Our

results also indicate that LTD4 also induces ERK and

CREB phosphorylation and that both signaling pathways

were completely blocked when COX was inhibited. This

therefore indicates that the activation of both ERK and

CREB could be attributed to PGE2 synthesis induced by

LTD4. Furthermore, while Caco-2 cells have a high basal

b-catenin dephosphorylation level, we found that LTD4

induces an additional dephosphorylation, which is consis-

tent with research by €Ohd et al. (2000). A previous study

on Caco-2 cells in our laboratory revealed that this signal-

ing pathway was not activated by a mitogenic factor such

as PGE2. Thus, since the mitogenic effect of LTD4 is com-

pletely PGE2-dependent, it is unlikely that the activation

of the b-catenin pathway by LTD4 is directly related to

cell proliferation, and so as reported by Salim et al.

(2014), the dephosphorylation of b-catenin induced by

LTD4 could be linked to the migration of colon cancer

cells.

In conclusion, the effects of LTD4 appear to occur

through the increased expression and activation of COX-

2, the production of PGE2, and the interaction of PGE2
with its cell-surface receptors. These findings will help

improve our understanding of how inflammatory media-

tors can affect the survival and dissemination of intestinal

carcinoma cells.
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                                        Resumen artículo 4: 

 

Objetivo. Investigar el efecto del EPA y de eicosanoides derivados del EPA sobre el crecimiento de 

las células epiteliales intestinales no diferenciadas procedentes de un adenocarcinoma. 

Material y Métodos. . Este estudio se ha realizado utilizando células Caco-2 no diferenciadas. Las 

células se incubaron con EPA y sus derivados, tanto en presencia como ausencia de inhibidores de las 

vías COX y LOX, así como agonistas o antagonistas receptoriales de eicosanoides y se determino: el 

crecimiento celular por contaje microscópico usando  bromuro de etidio/naranja de acridina y la 

síntesis de ADN por incorporación de BrdU, y la fosforilación de Akt1, Akt2, ERK1/2, GSK3, p38, 

CREB  y la desfosforilación de β-catenina por ELISA. 

Resultados. Aunque a concentraciones altas (100µM)  el EPA presenta un efecto apoptótico, a 10µM 

induce el crecimiento celular y la síntesis de ADN en las células Caco-2. Este efecto mitogénico se 

reduce significativamente con la utilización de inhibidores de las COXs, de la 5-LOX, 12-LOX y 

antagonistas de los receptores EP4 y BLT2. Los eicosanoides derivados del EPA como la PGE3 y el 12-

HEPE inducen la proliferación celular. El efecto inducido por la PGE3 disminuye significativamente 

cuando se utilizan antagonistas específicos de EP1 y EP4, pero no cuando se utiliza un antagonista del 

EP3. En el caso del 12-HEPE el crecimiento celular es inhibido por antagonistas de los receptores 

BLT1 y BLT2 y por un inhibidor de las COXs. La PGE3 activa la fosforilación de ERK, CREB, GSKβ y 

p38. Según estos resultados, los efectos de la PGE3 y el 12-HEPE fueron similares a los observados con 

los metabolitos correspondientes del AA. En cambio el LTB5 no induce el crecimiento celular a 

diferencia del LTB4, que tiene un marcado efecto mitogénico.  

Conclusión. El EPA a concentraciones bajas tiene un efecto proliferativo y a concentraciones altas un 

efecto apoptótico. La PGE3 y el 12-HEPE inducen la proliferación celular de forma similar a la PGE2 y 

al 12-HETE y estos metabolitos pueden estar implicados en el efecto proliferativo del EPA.  En 

cambio el LTB5 no induce el crecimiento celular. El efecto mitogenico del 12-HEPE se produce al 

menos en parte por la activación de la vía de las COXs. 
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Abstract 

Numerous studies have suggested that n-3 fatty acids, such as 

eicosapentaenoic acid (EPA), have a considerable protective effect against 

colorectal cancer. It is unclear how this phenomenon is triggered and what 

mechanisms are implicated, but it could be due, at least partly, to the synthesis 

of EPA-derived eicosanoids. Although EPA can induce apoptosis, we show that 

low EPA concentrations (5-15 µM) induced Caco-2 cell proliferation, and that 

this effect was reverted by cyclooxygenase and lipoxygenase inhibitors, as well 

as by prostaglandin (PG) and leukotriene (LT) receptor antagonists. This 

suggests that EPA-derived eicosanoids are involved in these effects. We 

observed that PGE3 (1-10 nM) and 12-S-hydroxyeicosapentaenoic acid (12-S-

HEPE) (100-1000 nM) induced Caco-2 cell growth through interaction with 

EP1/EP4 PGE2 receptors and BLT1/BLT2 LTB4 receptors, respectively. 

Moreover, the mitogenic action of 12-S-HEPE was dependent on prostaglandin 

synthesis. However, LTB5 did not have a mitogenic effect induced by LTB4. 

Finally, we reported that the mitogenic effect of PGE3 could be related with the 

activation of several cell signalling pathways, such as ERK 1/2, CREB, GSKβ 

and p38. In conclusion, EPA and EPA metabolites such as PGE3 and 12-S-

HEPE have a mitogenic effect on intestinal epithelial cells. 

 

Keywords: eicosanoids, EPA, prostaglandin E3, leukotriene B5, 12-
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1. Introduction 

    Colorectal cancer (CRC) is the second leading cause of cancer-related death 

in developed countries, and dietary factors can account for the considerable 

differences in incidence observed around the world [1]. CRC can develop 

sporadically or when there is a background of well-characterised familial 

syndromes. Importantly, patients with inflammatory bowel diseases (IBD) have 

an increased risk of developing colitis-associated CRC. Thus, it is now well-

established that inflammation plays a key role in colon carcinogenesis in both a 

sporadic and IBD setting [2]. Eicosanoids produced by arachidonic acid (AA) 

play a pivotal role in inflammation and cancer. AA is the substrate for the 

production of eicosanoids such as 2-series prostaglandins (PGs), 4-series 

leukotrienes (LTs) or hydroxyeicosatetraenoic acids (HETEs) that may facilitate 

colon cancer progression by stimulating cell proliferation and survival, tumour 

cell invasiveness, and angiogenesis [3,4]. Thus, overexpression of 

cyclooxygenase-2 (COX-2) has been reported in 90% of colon tumours and 

premalignant colorectal adenomas [5]. More recently, Melstrom et al. [6] 

observed that 5-lipoxygenase (5-LOX) is also upregulated in adenomatous 

colon polyps and cancer. However, Shureiqi et al. [7] reported no significant 

differences in eicosanoids levels between normal, polyp, and cancer mucosa. 

Thus, this aspect is controversial and needs additional studies for clarification. 

    Mammals are unable to synthesize n-3 and n-6 PUFAs, and must obtain 

them from their diet. Both n-3 and n-6 PUFAs are important constituents of cell 

membranes and may affect many membrane properties, such as permeability, 

gene expression, activity of specific proteins, or signal transduction [8, 9]. Some 
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of these changes could ultimately drive the antineoplastic effect of n-3 PUFAs. 

Thus, several epidemiologic and case-control studies have suggested a 

decrease in CRC risk among individuals who consume diets high in n-3 PUFA 

[10-13]. A genetic model that produces endogenous de novo n-3 PUFAs 

showed reduced colonic tumours [14]. Furthermore, multiple reports using a 

variety of rodent models of early-stage colorectal carcinogenesis have 

demonstrated the efficacy of eicosapentaenoic acid (EPA) [15,16], and a recent 

study has shown that this PUFA is effective as a chemopreventive agent in 

familial adenomatous polyposis [17]. However, effects of n-3 PUFAs in patients 

and experimental models of IBD have yielded conflicting data [18,19], and 

prospective studies have revealed little evidence of protection against colon 

cancer risk [20]. Thus, the effects of dietary n-3 PUFAs on cancer prevention in 

colitis-associated CRC are far from completely elucidated. 

    It is hypothesised that the beneficial effects of n-3 PUFA on colorectal 

tumours may partly be related to the inhibition of AA-derived eicosanoid 

synthesis and the release of EPA-derived eicosanoids, such as 3-series PGs, 5-

series LTs and hydroxyeicosapentaenoic acids (HEPE). This study was 

conducted to investigate the role of EPA and EPA-derived eicosanoids on 

intestinal epithelial cell proliferation. Human colon adenocarcinoma Caco-2 cells 

were used because they produce a wide eicosanoid spectrum [21] and may 

represent a stage of colorectal carcinogenesis. 
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2. Materials and methods 

2.1. Materials  

      EPA, PGE2, PGE3, PGD2, LTB4, LTB5, 12-S-HETE, 12-S-HEPE, ketoprofen, 

baicalein, MK571, MK886 and U75302 were purchased from Cayman Chemical 

(Ann Arbor, MI). SC19220, ethidium bromide and acridine orange were 

purchased from Sigma Chemical (St. Louis, MO). LY255283 was from Tocris 

Biosc. (Bristol, UK). ONO-AE3-240 was kindly provided by Ono Pharmaceutical 

Co. Ltd. (Osaka, Japan) and AH23838 by Glaxo-Wellcome (Stevenage, UK). 

Stock solutions of EPA, eicosanoids and treatments were made in 

dimethylsulfoxide (DMSO) and were stored away from light exposure at -20ºC. 

Working dilutions were made directly in cell culture medium. Control conditions 

contained a DMSO concentration similar to those present in EPA/eicosanoid 

conditions and never higher than 0.1%. 

2.2. Cell culture and cell growth assay 

      Caco-2 cells were derived from a moderately well-differentiated primary 

colon adenocarcinoma and were provided by American Type Culture Collection 

(HTB-37, Manassas, VA, USA). The cells were routinely grown in plastic flasks 

at a density of 104 cells/cm2 and cultured in DMEM containing 2 mM L-

glutamine supplemented with 4.5 g/l D-glucose, 1% (v/v) non-essential amino 

acids, 2 mM L-glutamine, 10% (v/v) heat-inactivated FBS, 100 U/ml penicillin, 

and 100 µg/ml streptomycin at 37ºC in a modified atmosphere of 5% CO2 in air.  

     All the experiments were performed in pre-confluent cultures and, 

consequently, in non-differentiated cells [22]. To perform the cell growth assay, 
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cells were harvested with trypsin/EDTA and passed to 12 mm plastic clusters at 

a density of 104 cells/cm2. After 4 days in culture, pre-confluent cells (3-4 x 104 

cells/cm2) were incubated with treatments for a period of 48 h without FBS. 

Finally, cells were washed, trypsinised, and counted with a microscope using 

ethidium bromide/acridine orange staining to measure viable cells. 

2.3. Analysis of DNA synthesis 

DNA synthesis was assayed using a colorimetric immunoassay based on the 

measurement of BrdU incorporation during DNA synthesis (Cell proliferation 

ELISA, BrdU Kit, from Roche). Caco-2 cells were cultured at 1000-1500 

cell/well in 96 well plates for 4 days in DMEM medium supplemented with 10% 

FBS. Then, cells were washed and incubated for 48 h in DMEM without FBS 

but with the test compounds. Thereafter, cell cultures were treated following the 

manufacturer’s instructions. Final absorbance was measured at 450 nM in a 

plate reader.   

2.4. Measurement of apoptosis    

Degradation of chromosomal DNA as a final result of apoptosis was evaluated 

with the TUNEL method. Sub-confluent cell cultures (104 cells/cm2) were 

seeded in 60 mm dishes for 4 days and were then incubated in media 

containing the treatments for 48 h. Cells present in the medium and attached 

trypsinised cells were then collected, fixed with 4% paraformaldehyde and 

permeabilised with 70% ethanol. Thereafter, 3’-OH DNA ends generated by 

DNA fragmentation were labelled with fluorescein-dUTP mediated by terminal 

deoxynucleotidyl transferase using a MEBSTAIN Apoptosis Kit (MBL, Woburn, 
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MA) and then analysed by an Epics XL flow cytometer (Coulter Corp., Hialeah, 

FL). 

2.5. Measurement of cell signalling pathways  

    Cells were seeded in 60 mm plastic clusters (104 cells/cm2). After 4 days, the 

cultures were incubated with the treatments (5 or 15 min). To measure the 

kinase activation with total cellular lysates, Caco-2 cells were lysed using a 

denaturing cell lysis buffer containing 6 M urea and protease (leupeptin 2 µg/ml, 

pepstatin 10 µM, aprotinin 3 µg/ml) and phosphatase (NaF 5 mM, Na4P2O7 2 

mM, Na3VO4 1 mM) inhibitors. The resulting solutions containing 80-100 µg of 

proteins were then added to a kinase ELISA plate and the assay was performed 

following the manufacturer’s recommendations (Symansis, Auckland, New 

Zealand). Finally, optical density was measured at 450 nm. Thus, we studied 

the effect of eicosanoids on the phosphorylation of AKT1 (pS473), AKT2 

(pS474), ERK1/2 (pT202/Y204;pT185/Y187), GSK3β (pS9), p38α (pT180/Y182) 

and CREB (pS133). 

2.6. PPARγ ligand assay 

EPA binding to peroxisome proliferator-activated receptor γ (PPARγ) was 

studied with a fluorescence polarization-based single step PPARγ ligand 

screening assay (Cayman chemical Co., Ann Arbor, MI) as we previously 

described [23]. In this assay, a ligand of PPARγ was conjugated to fluorescein 

and is used as the displacement probe measuring as mP units. 
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2.7. Statistics 

    The results are expressed as mean ± SEM. All data were compared by one-

way ANOVA and the Student’s t-test, using SPSS software (SPSS Inc., 

Chicago, IL). Significance was taken as p < 0.05 

3. Results 

3.1. EPA has a proliferative effect that is dependent on its metabolism by 

cyclooxygenase and lipoxygenase pathways  

    EPA induced DNA synthesis and Caco-2 cell growth between 5-15 µM. 

Interestingly, this effect disappeared when EPA concentrations were increased 

(Table 1). Indeed, Caco-2 cells incubated with EPA 100 µM for 48 h produced 

apoptosis in 82.4 ± 3.1 % of cells (data not shown). Thus, at high 

concentrations (≥ 50 µM), EPA reduces cell number as a consequence of the 

apoptotic effect of this fatty acid. Moreover, this EPA-induced mitogenic effect 

was reverted by ketroprofen (COX inhibitor), MK886 (5-LOX inhibitor), baicalein 

(12-LOX inhibitor), AH23838 (EP4 antagonist), and LY255283 (BLT2 

antagonist). In contrast, SC19220 (EP1 antagonist) and U75302 (BLT1 

antagonist) decreased the mitogenic effect of EPA, but this decrease was not 

significant. Interestingly, the mitogenic effect of EPA was inhibited by a cysteinyl 

leukotriene antagonist (MK571). 
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3.2. PGE3 has a proliferative effect on Caco-2 cells 

     Previously we observed that PGE2 (0.1-10 nM) and 12-HETE (10-1000 nM) 

were mitogenic on Caco-2 cells, concentrations that could be reached in these 

cell cultures [21]. We did not measure PGE3 and 12-HEPE but the replacement 

of AA by EPA in membrane phospholipids can result in a decrease of AA 

derived eicosanoids and the increase of EPA derived eicosanoids [24] that can 

reach concentrations similar to those used in this study. Here, we observed that 

PGE3 increased Caco-2 growth and DNA synthesis in a concentration-

dependent manner up to 10 nM (Fig. 1), with similar values to those observed 

with PGE2 (Fig. 2). Fig. 1 also shows that Caco-2 growth and DNA synthesis 

induced by PGE3 was totally inhibited by an EP1 antagonist (SC19220) and by 

an EP4 antagonist (AH23838). However, an EP3 antagonist (ONO-AE3-240, 

2nM) did not have any effect on Caco-2 cell growth. Therefore, the results 

indicate that PGE3 acts through EP1 and EP4 receptors, but not through the EP3 

receptor. 

 

3.3. PGD2 does not have a proliferative effect on Caco-2 cells 

    Our results show that PGD2 (1-100 nM) did not modify cell growth and DNA 

synthesis in Caco-2, while PGE2 (10 nM) had a strong proliferative effect (Fig. 

2).  
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3.4. 12-S-HEPE has a proliferative effect on Caco-2 cells 

    Our results show that 12-S-HEPE (100-1000 nM) induced significant cell 

growth and DNA synthesis in Caco-2 cell cultures in the absence of growth 

factors, in a similar way to 12-S-HETE (100 nM). The mitogenic action of 12-S-

HEPE was blocked by a COX inhibitor and by BLT1 and BLT2 antagonists (Fig. 

3). 

 

3.5. LTB5 does not have a proliferative effect on Caco-2 cells 

    Previously we observed that LTB4 has a mitogenic effect on Caco-2 cells 

[21]. However, our findings show that LTB5 derived from EPA did not induce 

proliferation in the range of 1-100 nM (Fig. 4).  

 

3.6. PGE3 induces mitogenic cell signalling pathways 

    Finally, we studied the capacity of PGE3 to phosphorylate pivotal elements in 

the cell signalling pathways implicated in the regulation of cell growth. Maximal 

phosphorylation was observed after 5 min incubation for ERK, AKT and p38, 

and after 15 min for GSKβ and CREB. Our findings show that PGE3 presents a 

similar pattern to PGE2. Thus, PGE3 (10 nM) could increase the phosphorylation 

of ERK 1/2, CREB, GSKβ and p38 (Fig. 5). 
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4. Discussion 

    There is a great debate about the role of n-3 and n-6 PUFAs in colorectal 

carcinogenesis. However, few studies have been conducted on the potency of 

PUFAs and/or PUFA metabolites in modulating human colon cancer cell line 

growth. Dommels et al. [25] reported that AA and EPA (10-100 µM) induced 

Caco-2 cell growth inhibition and cytotoxicity through peroxidation products 

generated during lipid peroxidation and COX activity. However, our findings 

indicate that although EPA, at 25-100 µM, decreases cell numbers and induces 

apoptosis in Caco-2 cells at the highest concentration, this PUFA has a 

mitogenic effect at 10 µM that is COX- and LOX-pathway dependent. This 

suggests that some EPA metabolites synthesised by both pathways could 

induce Caco-2 cell growth. Recently, EPA at low concentrations has been 

proposed as FFA4/GPR120 ligand [26], receptor abundantly expressed in the 

intestine [27]. These events could be involved in the mitogenic action observed 

in our experimental conditions, as also observed on chondrocyte growth [28]. 

However, EPA at 100 µM binds to PPARγ (Control: 113.7 ± 3.5 mP; 

Rosiglitazone 10 µM: 43.2 ± 2.1 MP; EPA: 68.1 ± 1.9) and these results can 

explain, at least in part, the decrease of Caco-2 cell growth and the apoptotic 

effects of this n-3 fatty acid at high concentrations.  

    Virtanen and co-workers [29] studied the association between fish, n-3 PUFA 

consumption, and the risk of total major chronic disease. In this large, 

prospective cohort study, no significant associations were seen between EPA 

consumption and cancer incidence. Higurashi et al. [30] proposed the first 

randomised controlled trial to explore the effect of EPA against CRC, but 

unfortunately the findings have not yet been published. However, Cockbain et 
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al. [13] recently observed that EPA did not change the CRC proliferation index, 

but reduced vascularity in patients undergoing liver resection surgery for 

colorectal cancer liver metastases.  

    Experimental studies have shown that diets rich in fish oil significantly reduce 

the amount of AA present in membrane phospholipids [31] and consequently 

the synthesis of AA metabolites such as PGE2 [32], but increase the release of 

EPA metabolites. Even though the theory of formation of the 3-series PGs by 

EPA has been studied for decades, we still do not fully understand the role of 

PGE3 in cancer cells. The literature has little information on this specific aspect 

[33], but Yang et al. [34] show that PGE3 has anti-tumorigenic activity on human 

lung cancer cells. However, our data show, for the first time, that PGE3 

increased cell growth and DNA synthesis in non-differentiated intestinal 

epithelial cells cultured without FBS, and that this effect was similar to the 

proliferative action of PGE2. These data are, apparently, in disagreement with 

Fan et al. [35] who reported that PGE3 diminished the ability to support colonic 

stem cell expansion, compared to PGE2 effects. However, we must consider 

that these authors used a non-physiological PGE3 concentration (10 µM). 

    PGE3 shares the same EP receptor system as PGE2, with similar binding 

affinities and potencies [36]. Thus, we demonstrated that the PGE3 proliferative 

effect was a consequence of interaction with the PGE2 receptor EP1 and EP4. 

Our results are in agreement with the affinities of these prostanoids to their EP 

receptors, and with a recent report showing similar effects of PGE2 and PGE3 

on the disruption of the intestinal epithelial barrier function [37].  

    Although there is evidence supporting the importance of PGs in cell growth 

and colon carcinogenesis, there are few reports delineating the signalling 
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pathways involved. Recently, we reported that the activation of ERK 1/2, CREB, 

GSKβ and p38 pathways by PGE2 are involved in its mitogenic effects on 

intestinal epithelial Caco-2 cells [21]. Now, we observed that the same cell 

signalling pathways are also involved in the mitogenic action of PGE3 on Caco-

2 cell cultures.  

    Whereas PGE2 has been linked with the promotion of proliferation cells, the 

role of PGD2 in colon cancer has not been clarified. PGD2 is also a metabolite of 

AA formed by the prostaglandin D2 synthetase. The disruption of the PGD 

synthase gene in ApcMin/+ mice accelerates intestinal tumour growth, while 

ApcMin/+ mice with transgenic human hematopoietic PGD synthase exhibit 

fewer intestinal adenomas than controls [38], which suggests that PGD2 serves 

as a tumour suppressor in colorectal cancer. In our experimental conditions, 

PGD2  did not have any effect on Caco-2 cell growth.  

    12-LOX produces 12-HETE from AA and 12-HEPE from EPA. 12-S-HETE 

has a proliferative effect and our data show, for the first time, that 12-S-HEPE 

also has similar cell growth action on intestinal epithelial cell cultures. 

Numerous studies have suggested that there is a pro-tumorigenic impact of 12-

S-HETE on CRC, related to both the proliferation of colonic mucosa cells and 

the formation of colorectal carcinoma [39, 40]. By contrast, the effect and 

mechanism of 12-S-HEPE has hardly been studied. No cellular receptors for 

HETEs have been identified to date. However, 12-S-HETE has been found to 

bind to the orphan receptor GPR31 [41]. Moreover, it has been reported that the 

binding of 12-HETE to the BLT2 receptor may be involved in its mitogenic action 

[21]. Talking into account the similar structure of 12-HETE and 12-HEPE, we 

hypothesised that both eicosanoids may have a similar mitogenic mechanism. 

http://pt.wikipedia.org/w/index.php?title=Prostaglandina_D2_sintetase&action=edit&redlink=1
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Here, we demonstrate that Caco-2 cell growth induced by 12-S-HEPE can be 

reverted by BLT1 and BLT2 antagonists and a COX inhibitor, which suggests, for 

the first time, that this 12-S-HEPE mitogenic action is at least partly due to PGs 

synthesis after 12-S-HEPE interaction with both BLT receptors; a mechanism 

previously described for LTB4 and 12-HETE [21] as well as 13-R-HODE [23]. 

    LTB4 synthesis has been associated with inflammatory diseases, promotion 

of carcinogenesis, tumour progression, and apoptosis resistance [6,42,43]. The 

major metabolite of 5-LOX from EPA is LTB5. Ikehata et al. [44] reported that 

EPA administered to patients with Crohn’s disease can increase the generation 

of LTB5 and increase the LTB5-LTB4 ratio, which produces an improvement in 

these patients. EPA has already been shown to have an anti-inflammatory 

effect in psoriasis [45] and ulcerative colitis [46] that could be due to the 

formation of LTB5 from EPA. In our study, LTB5 had no proliferative effect, while 

LTB4 significantly induced Caco-2 cell growth. These findings are in agreement 

with Bortuzzo et al. [39] who found a lower affinity of LTB5 to the receptor of 

LTB4, using HT-29 and HCT-15 human colon carcinoma cells. Moreover, LTB5 

showed 10% of the chemotactic potency of LTB4 [47, 48], and did not induce 

polymorphonuclear transmigration across endothelial cell cultures [49], in 

agreement with the different action of LTB4 and LTB5 on Caco-2 cell 

proliferation. Furthermore, since both the treatment with 5-LOX inhibitor and 

cysteinyl LT receptor antagonist reduced the mitogenic effect of EPA, our 

results indirectly suggest that 5-serie cysteinyl LTs could also be involved in this 

event. There are little literature about the affinity of EPA derived LTs and 

cysteinyl LT receptors but Wallace and McKnight [50] reported that LTC5 or 

LTD5 have biological activity although several times less potent than LTs 

http://www.ncbi.nlm.nih.gov/pubmed?term=Ikehata%20A%5BAuthor%5D&cauthor=true&cauthor_uid=1329484
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derived from AA. Caco-2 cell line expresses a lot of AA enzyme cascade and 

consequently produces a great number of eicosanoids as we previously 

reported [21, 23], being a suitable cellular model to study the role of EPA and 

EPA eicosanoids synthetized by COX and LOX pathways on intestinal epithelial 

cell growth. However, we believe that future research should analyse the role of 

EPA and EPA eicosanoids on non transformed intestinal epithelial cells. 

    In conclusion, although LTB5 did not have the mitogenic effect of its AA-

derived partner, several EPA metabolites such as PGE3 and 12-S-HEPE have 

considerable mitogenic effects on intestinal epithelial Caco-2 cells, and may be 

involved in cell proliferation induced by EPA. 
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Figure legends 

Fig. 1. Effect of PGE3 on Caco-2 cell growth. Caco-2 cells were incubated for 48 

h with PGE3 (0.1-10 nM) or PGE3 (10 nM) plus SC19220 (SC, 60 nM) or AH 

23848 (AH, 20 nM) or ONO-AE3-240 (ONO, 2 nM). Cells were then counted (A) 

and DNA synthesis was measured (B). Data are expressed as means ± SEM of 

3-4 experiments performed in triplicate. * P < 0.05 vs. Caco-2 cell cultures in the 

absence of FBS, ≠ P < 0.05 vs. cells incubated with 10 nM PGE3. 

Fig. 2. Effect of PGD2 on Caco-2 cell growth. Caco-2 cells were incubated for 

48 h with PGD2 (1-100 nM) or PGE2 (10 nM). Cells were then counted (A) and 

DNA synthesis was also measured (B). Data are expressed as means ± SEM of 

3-4 experiments performed in triplicate. * P < 0.05 vs. Caco-2 cell cultures in the 

absence of FBS. 

Fig. 3. Effect of 12-S-HEPE on Caco-2 cell growth. Caco-2 cells were incubated 

for 48 h with 12-S-HEPE (10-1000 nM) or with 12-S-HEPE (100 nM) plus U 

75302 (U, 5 µM) or LY 255283 (LY, 25 µM) or ketoprofen (Kp, 5 µM). Caco-2 

cells were also incubated with 12-S-HETE (100 nM). Cells were then counted 

(A) and DNA synthesis was measured (B). Data are expressed as means ± 

SEM of 3-4 experiments performed in triplicate. * P < 0.05 vs. Caco-2 cell 

cultures in the absence of FBS, ≠ P < 0.05 vs. cells incubated with 12-S-HEPE 

(100 nM). 
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Fig. 4. Effect of LTB5 on Caco-2 cell growth. Caco-2 cells were incubated for 48 

h with LTB5 (1-100 nM) or LTB4 (10 nM). Cells were then counted (A) and the 

uptake of [3H]thymidine incorporation was also measured (B). Data are 

expressed as means ± SEM of 3-4 experiments performed in triplicate. * P < 

0.05 vs. Caco-2 cell cultures in the absence of FBS. 

Fig. 5. Effect of PGE3 on cell signalling. Caco-2 cells were incubated with PGE2 

or PGE3 (10 nM) for 5 or 15 min, cells were then collected and finally 

phosphorylated. ERK 1/2, CREB, GSKβ, p38α, Akt1 and Akt2 were measured 

as described in the Material and methods section. Data are expressed as 

means ± SEM of 2-4 experiments performed in triplicate. * P < 0.05 vs. Caco-2 

cell cultures in the absence of FBS. 
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Table 1. Effect of EPA on Caco-2 cell growth and DNA synthesis 

Cells (x 10
3
/cm

2
) DNA synthesis (OD 450 nm) 

 

Control    30.58 ± 1.04   0.29 ± 0.02 

Control + MK886 10 µM  28.95 ± 1.76   0.27 ± 0.03 

Control + LY255283 25 µM 28.12 ± 2.02   0.26 ± 0.05 

EPA 1 µM    35.71 ± 2.27   ND 

EPA 5 µM    46.62 ± 2.08*   ND 

EPA 10 µM    49.26 ± 2.56*            0.69 ± 0.04* 

EPA 15 µM    39.63 ± 1.78*   ND 

EPA 25 µM    28.67 ± 1.72   ND 

EPA 50 µM    24.56 ± 3.42*   ND 

EPA 100 µM    25.90 ± 2.20*   ND 

 

EPA 10 µM + Kp 5 µM  32.24 ± 2.53≠  0.41 ± 0.03≠ 

EPA 10 µM + MK886 10 µM 29.60 ± 1.24≠  0.23 ± 0.01≠ 

EPA 10 µM + baicalein 25 µM 21.76 ± 1.36≠  0.27 ± 0.02≠ 

EPA 10 µM + SC19220 60 nM 39.81 ± 7.48   0.52 ± 0.03 

EPA 10 µM + AH23838 20 nM 31.83 ± 2.56≠  0.55 ± 0.03 

EPA 10 µM + U75302 5 µM 34.61 ± 4.33   0.57 ± 0.02 

EPA 10 µM + LY255283 25 µM 27.45 ± 3.10≠  0.37 ± 0.02≠ 

EPA 10 µM + MK571 10 µM 32.61 ± 1.68≠  0.43 ± 0.02≠ 

 

Caco-2 cells were incubated for 48 h with the treatments. Then, cells were counted and DNA 
synthesis was measured. Data are expressed as means ± SEM of 2-5 experiments performed 
in triplicate. ND, non-determined. * P < 0.05 vs. control group (cells incubated in the absence of 
FBS), ≠ P < 0.05 vs. cells incubated with EPA 10 µM.  
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