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a b s t r a c t

Both elevated iron concentrations and the resulting oxidative stress condition are common signs in ret-
inas of patients with age-related macular degeneration (AMD). The role of phospholipase A2 (PLA2) during
iron-induced retinal toxicity was investigated. To this end, isolated retinas were exposed to increasing
Fe2+ concentrations (25, 200 or 800 lM) or to the vehicle, and lipid peroxidation levels, mitochondrial
function, and the activities of cytosolic PLA2 (cPLA2) and calcium-independent PLA2 (iPLA2) were studied.
Incubation with Fe2+ led to a time- and concentration-dependent increase in retinal lipid peroxidation
levels whereas retinal cell viability was only affected after 60 min of oxidative injury.

A differential release of arachidonic acid (AA) and palmitic acid (PAL) catalyzed by cPLA2 and iPLA2

activities, respectively, was also observed in microsomal and cytosolic fractions obtained from retinas
incubated with iron. AA release diminished as the association of cyclooxigenase-2 increased in micro-
somes from retinas exposed to iron. Retinal lipid peroxidation and cell viability were also analyzed in
the presence of cPLA2 inhibitor, arachidonoyl trifluoromethyl ketone (ATK), and in the presence of iPLA2

inhibitor, bromoenol lactone (BEL). ATK decreased lipid peroxidation levels and also ERK1/2 activation
without affecting cell viability. BEL showed the opposite effect on lipid peroxidation. Our results demon-
strate that iPLA2 and cPLA2 are differentially regulated and that they selectively participate in retinal sig-
naling in an experimental model resembling AMD.

� 2012 Elsevier Ltd. All rights reserved.
ll rights reserved.

-[14C]palmitoyl-sn-glycero-3-
hidonoyl-sn-glycero-3-phos-

onic acid; AMD, age-related
thyl ketone; ATP, adenosine-
vine serum albumin; COX,

DTT, dithiothreitol; EDTA,
dium salt; ERK1/2, extracel-
hyl)-1-piperazine ethanesul-
-independent phospholipase
, mitogen-activated protein
,5-diphenyltetrazolium bro-
almitic acid; PBS, phosphate
methylsulfonyl fluoride; RD,
DS, sodium dodecyl sulfate;

e gel electrophoresis; TBA,
ive substances; U0126, 1,4-
diene.
estigaciones Bioquímicas de
T Bahía Blanca and Univers-
nga km 7, 8000 Bahía Blanca,
200.
or).
1. Introduction

Metallo-neurobiology has undergone a significant evolution in
the last 20 years. Still, although there is much experimental evi-
dence on various aspects of the involvement of iron in several neu-
rodegenerative diseases, the role of this metal in the central
nervous system and, particularly, in neurodegenerative processes
has not been fully elucidated to date (Dunaief, 2006).

Iron is necessary for normal retinal cellular function. Still, iron
overload has been found to be associated with retinal degenerative
disorders such as ocular siderosis, intraocular hemorrhage, and the
hereditary diseases aceruloplasminemia and pantothenate kinase-
associated neurodegeneration (Dunaief et al., 2005; Dunaief, 2006;
Hadziahmetovic et al., 2008; Hahn et al., 2004; He et al., 2007;
Wong et al., 2007). Furthermore, it is well known that reactive oxy-
gen species (ROS) may contribute to the pathogenesis of age-
related macular degeneration (AMD) and that they can be
produced in the Fenton reaction catalyzed by ferric (Fe3+) and fer-
rous (Fe2+) ions (Lukinova et al., 2009). Previous post mortem re-
search has found that iron concentrations are higher in AMD
retinas than in non-affected retinas (Blasiak et al., 2011). In addi-
tion, the age-related increase of iron levels in the macula, the up-
regulation of transferrin in AMD, the development of AMD-like

http://dx.doi.org/10.1016/j.neuint.2012.06.012
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syndromes in ceruloplasmin- and hephaestin-deficient mice, and
the association between polymorphism of iron homeostasis genes
and AMD support the leading role of this metal in this pathology
(Blasiak et al., 2011; Garcia-Castineiras, 2010; Hadziahmetovic
et al., 2008; Wong et al., 2007). Another disease also characterized
by excessive iron accumulation is hemochromatosis. Most patients
with hereditary hemochromatosis have a mutation in the histo-
compatibility leukocyte antigen class I-like protein involved in iron
homeostasis (HFE) gene product (Feder et al., 1996). This protein
forms, in general, a stable complex with the transferrin receptor,
lowering its affinity for transferrin (Feder et al., 1998). Patients
with mutations in the HFE gene evidence elevated transferrin bind-
ing to transferrin receptors, ending in, in turn, a higher iron uptake
into tissues. This genetic disorder is also associated with retinal
abnormalities, including, in some cases, retinal pigment epithelium
atrophy or angioid streaks. Furthermore, a study conducted in two
postmortem patients also showed drusen formation, the clinical
hallmark of AMD (Dunaief, 2006).

On the other hand, several neurodegenerative disorders with
neuronal brain iron accumulation (NBIA) have been associated
with defective phospholipase A2 (PLA2) signaling. Mutations in
PLA2G6 gene, which encodes a calcium-independent group VI
PLA2, have been reported in NBIA (Morgan et al., 2006). Moreover,
the up-regulation of secretory phospholipase A2 IIA and its partic-
ipation in neuronal apoptosis have been reported during cerebral
ischemia (Adibhatla and Hatcher, 2010; Yagami et al., 2002). PLA2s
belong to a superfamily of enzymes that hydrolyze the sn-2 fatty
acids of membrane phospholipids. These proteins are known to
play multiple roles related to the maintenance of membrane
phospholipid homeostasis and production of a variety of lipid
mediators (Burke and Dennis, 2009b). There are more than 20 dif-
ferent types of PLA2s and, in spite of their common function in
hydrolyzing phospholipid fatty acids, they are diversely encoded
by a number of genes and are regulated by different mechanisms.
The most recent classification involves the following main groups:
(i) low molecular secretory PLA2 (sPLA2) which includes groups I–
III, V and IX–XIV; (ii) high molecular calcium-dependent cytosolic
PLA2 (cPLA2) which includes groups IVA–IVF; (iii) high molecular
calcium-independent PLA2 (iPLA2) which includes groups VIA-1,
VIA-2 and VIB–VIF; and (iv) platelet-activating factor acetylhydro-
lase which includes groups VIIA–VIIB and VIIIA–VIIIB (Burke and
Dennis, 2009a; Sun et al., 2010).

Although the physiological role of these PLA2s in the regulation
of neuronal cell function has not yet been fully elucidated, there is
increasing evidence about their involvement in receptor signaling
and transcriptional pathways that link oxidative events to inflam-
matory responses underlying many neurodegenerative diseases
(Sun et al., 2007). Previous research also revealed the important
role of cPLA2, sPLA2 and iPLA2 in modulating neuronal excitatory
functions, in the inflammatory responses, and, as stated above, in
childhood neurological disorders associated with NBIA, respec-
tively (Farooqui et al., 2006; Morgan et al., 2006; Moses et al.,
2006; Svensson et al., 2005). Furthermore, the up-regulation of
mRNA of various subgroups of sPLA2 during light-induced retinal
degeneration (RD) has been reported particularly in the retina
(Tanito et al., 2008; Yang et al., 2008). Moreover, the increase in
arachidonic acid (AA) release, one of the main products of PLA2 ac-
tion, has been suggested to be involved in the pathogenesis of RD
(Kashiwagi et al., 2000; Wang and Kolko, 2010). iPLA2 expression
has also been involved in the proliferation of retinal pigment epi-
thelium cells during RD associated with AMD (Kolko et al., 2009).
Evidence presented here shows a correlation between iron, RD
and PLA2-derived signaling. However, the specific role of PLA2s in
RD still remains unknown. Thus, taking into account this back-
ground, the main goal of the present work was to characterize
PLA2 activities and their regulation in an experimental model of
RD. To this end, isolated bovine retinas were exposed to increasing
Fe2+ concentrations, and cellular viability, lipid peroxidation levels
and cPLA2 and iPLA2 activities were analyzed. The role of PLA2 iso-
forms in retinal damage and the involvement of mitogen-activated
protein kinase (MAPK) ERK1/2 in PLA2 regulation were also
studied.
2. Materials and methods

2.1. Materials

1-Palmitoyl-2-[14C]arachidonoyl-sn-glycero-3-phosphocholine
(38.0 mCi/mmol, [14C]PAPC) and 1-[14C]palmitoyl-2-[14C]palmi-
toyl-sn-glycero-3-phosphocholine (111.0 mCi/mmol, [14C]DPPC)
were obtained from New England Nuclear-Dupont (Boston, MA,
USA). PLA2 inhibitors [arachidonoyl trifluoromethyl ketone (ATK)
and bromoenol lactone (BEL)], mitogen-activated protein kinase
kinase (MEK) 1/2 inhibitor [1,4-diamino-2,3-dicyano-1,4-bis[2-
aminophenylthio]butadiene (U0126)], Triton X-100, 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT),
and thiobarbituric acid (TBA) were obtained from Sigma–Aldrich
(St. Louis, MO, USA). All other chemicals were of the highest purity
available. Mouse polyclonal IgG2a, anti-phospho-Tyr204-extracel-
lular signal-regulated kinases (ERK) 1/2, rabbit polyclonal
anti-phosphotyrosine (PY20), rabbit polyclonal anti-ERK2, rabbit
polyclonal anti-phospho-Thr180/Tyr182-p38, rabbit polyclonal
anti-b-tubulin, rabbit polyclonal anti-calnexin, polyclonal
horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG,
and polyclonal HRP-conjugated goat anti-mouse IgG were pur-
chased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Rabbit polyclonal anti-cyclooxygenase (COX)-2 was purchased
from Cayman Chemical (Ann Arbor, MI, USA). Rabbit anti-
phospho-Ser505-cPLA2 was purchased from Cell Signaling
Technology (Boston, MA, USA).

2.2. Experimental treatments

Fresh bovine eyes were obtained from a local abattoir and
placed and stored in crushed ice. Retinas were dissected on ice
(4 �C) under normal lighting conditions and washed with saline
solution. Entire retinas were preincubated at 37 �C for 30 min with
either inhibitors (50 lM ATK, 25 lM BEL or 10 lM U0126) or the
vehicle, and they were subsequently exposed for 5 or 60 min to
either FeSO4 (25, 200 or 800 lM) or its vehicle as previously de-
scribed (Uranga et al., 2007). Entire retinas were incubated under
an O2:CO2 (95:5, vol/vol) atmosphere with gentle agitation for all
experiments. All incubations were performed in Locke’s buffer
[154 mM NaCl, 5.6 mM KCl, 3.6 mM NaHCO3, 1 mM MgCl2,
2.3 mM CaCl2, 5 mg/ml glucose, 5 mM 4-(2-hydroxyethyl)-1-piper-
azine ethanesulfonic acid (HEPES), pH 7.2] unless stated otherwise.
After incubation, retinas were washed in Locke’s buffer to be fur-
ther used for experimental procedures.

2.3. Isolation of subcellular fractions

Subcellular fractions were obtained as previously described
with slight modifications (Salvador and Giusto, 2006). Briefly,
homogenates (20% wt/vol) from the dissected retinas to be used
for subcellular fractionation were prepared in a medium contain-
ing 0.32 M sucrose, 1 mM N,N0-1,2-ethandiylbis[N-(carboxy-
methyl)glycine] disodium salt (EDTA), 1 mM dithiothreitol (DTT),
2 mg/ml leupeptin, 1 mg/ml aprotinin, 1 mg/ml pepstatin,
0.1 mM phenylmethylsulfonyl fluoride (PMSF), and 10 mM HEPES
(pH 7.4). Homogenates to be used for MTT reduction, thiobarbitu-
ric acid reactive substances (TBARS) and Western blot assays, and
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radical scavenging measurement were prepared in Locke’s buffer.
Independently of the buffer used, retinas were homogenized by
10 strokes with a Thomas tissue homogenizer. Homogenates were
centrifuged at 1800�g for 7.5 min at 4 �C using a JA-21 rotor in a
Beckman J2-21 centrifuge. The pellet (corresponding to crude nu-
clear fraction and cellular debris) was discarded and the superna-
tant was retained and centrifuged at 14,000�g for 20 min at 4 �C.
The mitochondrial pellet was stored at�80 �C, and the supernatant
was centrifuged at 85,500�g for 1 h at 4 �C using a SW28.1 rotor in
a Beckman Optima LK-90 ultracentrifuge. The final pellet was con-
sidered as microsomal fraction and the supernatant as cytosolic
fraction. Total homogenates and microsomal and cytosolic frac-
tions were used for the experiments detailed below. Protein con-
tent of retinal subcellular fractions was determined following
Lowry (Lowry et al., 1951).
2.4. PLA2 activity assays

To determine cPLA2 activity, sn-2 fatty acid hydrolysis was
determined using lipid vesicles containing [14C]PAPC and cold
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine to yield
60,000 dpm (0.100 mM) per assay in a buffer containing 0.025%
Triton X-100, 0.16 mM CaCl2, 0.2 mg/ml bovine serum albumin
(BSA), 4 mM DTT, 100 mM HEPES, pH 7.5 (Svensson et al., 2005).
In order to analyze the involvement of phospholipase A1/lysophos-
pholipase A2 activity in AA generation, lysophospholipid formation
from [14C]PAPC was measured under the same experimental condi-
tions as those used for cPLA2 activity. These assays were performed
either in the presence or in the absence of 2 mM PMSF (as lyso-
phospholipase A2 inhibitor) (Pete et al., 1996).

To determine iPLA2 activity, sn-2 fatty acid hydrolysis was
determined using lipid vesicles containing [14C]DPPC and cold
DPPC to yield 60,000 dpm (0.100 mM) per assay in a buffer con-
taining 0.025% Triton X-100, 10 mM EDTA, 2 mM adenosine-50-tri-
phosphate (ATP), 100 mM HEPES, pH 7.5 (Svensson et al., 2005).
Seventy-five microlitres of the corresponding lipid vesicles were
added to 75 ll of treated retinal subcellular fractions (150 lg of
protein, final volume 150 ll).

All reactions were carried out at 37 �C for 20 min, with gentle
agitation, and stopped by the addition of 5 ml of chloroform/meth-
anol (2:1, vol/vol).
2.5. Extraction and isolation of lipids

Lipids were extracted according to Folch et al. (1957) the lipid
extract was subsequently washed with 0.2 volumes of 0.05% CaCl2

and the lowest phase was obtained after centrifugation at 900�g
for 5 min. Neutral lipids monoacylglycerol, diacylglycerol, and free
fatty acids were then separated by one-dimensional thin-layer
chromatography using silica gel G plates (Merck) in a mobile phase
consisting of hexane/diethyl ether/acetic acid (50:50:2.6, vol/vol).
DPPC and PAPC as well as the remaining retinal phospholipids
were retained at the spotting site. Lipids were visualized by expo-
sure of the plate to iodine vapors. The spots corresponding to free
fatty acids were scraped off the plate and quantified by liquid
scintillation.

Lysophospholipids were separated from phospholipids and
neutral lipids by one-dimensional thin-layer chromatography
using silica gel H plates (Merck) in a mobile phase consisting of
chloroform/methanol/ammonia (65:25:5, vol/vol). Lipids were
visualized by exposure of the plate to iodine vapors. The spots cor-
responding to lysophospholipids and phospholipids were scraped
off the plate and quantified by liquid scintillation.
2.6. MTT reduction assay

To determine retinal reducing activity, the extent of MTT reduc-
tion to insoluble intracellular formazan crystals was measured.
This reduction depends on the activity of intracellular dehydrogen-
ases and is independent of the changes in the plasma membrane
integrity. MTT reduction was measured in total homogenates ob-
tained from entire retinas exposed to either 25, 200 and 800 lM
FeSO4 or to the vehicle, and in the presence or absence of the cor-
responding inhibitors. The method used in the present study has
been previously described (Uranga et al., 2007). Briefly, MTT was
dissolved in phosphate buffer saline (PBS) at a concentration of
5 mg/ml. MTT solution was mixed with total homogenate (1:10;
MTT:homogenate, vol/vol) and allowed to incubate for 2 h at
37 �C with gentle agitation. At the end of incubation with MTT,
300 ll of solubilization buffer [20% sodium dodecyl sulfate (SDS),
pH 4.7] were added and mixed thoroughly to dissolve formazan
crystals. The extent of MTT reduction was then measured spectro-
photometrically at 570 nm with the absorbance at 650 nm sub-
tracted to account for cellular debris. Results were expressed as
final optical density values.

2.7. COX-2 activity assays

To determine COX-2 activity, the generation of prostaglandins F
and E (PGF2 and PGE2) was measured by using lipid vesicles con-
taining [14C]arachidonic acid to yield 60,000 dpm (0.100 mM) per
assay in a buffer containing 0.025% Triton X-100, 0.16 mM CaCl2,
0.2 mg/ml BSA, 4 mM DTT, 100 mM HEPES, pH 7.5. Reactions were
carried out at 37 �C for 20 min, with gentle agitation, and stopped
by the addition of 5 ml of chloroform/methanol (2:1, vol/vol). Pros-
taglandins were then separated as described by Franchi et al.
(2000), by one-dimensional thin-layer chromatography using silica
gel G plates (Merck) in a mobile phase consisting of bencene/diox-
ane/acetic acid (60:30:3, vol/vol) and purified standards of PGE2

and PGF2. PGE2 and PGF2 were visualized by exposure of the plate
to iodine vapors. The corresponding spots were scraped off the
plate and quantified by liquid scintillation.

2.8. Lipid peroxidation assay

Lipid peroxidation was measured using the TBA assay as previ-
ously described (Mateos et al., 2008). Briefly, after incubation in
the presence of either Fe2+ or the vehicle, and in the presence or ab-
sence of the corresponding inhibitors, 1 ml of 30% TCA was added
to 0.5 ml of total homogenate (1.5 mg protein/ml). Then, 0.1 ml of
5 N HCl and 1 ml of 0.75% TBA were added. Tubes were capped, the
mixtures were heated at 100 �C for 15 min in a boiling water bath
and samples were centrifuged at 1000�g for 10 min. TBARS were
measured in the supernatant at 535 nm. Results were expressed
as units of absorbance at 535 nm per mg of protein [Abs
535 nm (arbitrary units)/mg protein].

2.9. SDS–PAGE and Western blot assays

Samples from total homogenates and microsomal and cytosolic
fractions were denatured with Laemmli sample buffer at 100 �C for
5 min (Laemmli, 1970). Equivalent amounts of proteins were sep-
arated by SDS–polyacrylamide gel electrophoresis (SDS–PAGE) on
10% polyacrylamide gels and then transferred to a polyvinylidene
fluoride membrane (Millipore, Bedford, MA) using a Mini Trans-
Blot cell electroblotter (BIO-RAD Life Science Group, California)
for 2 h. Membranes were blocked with 5% nonfat dry milk in TTBS
buffer [20 mM Tris–HCl, pH 7.5, 100 mM NaCl, and 0.1% (wt/vol)
Tween 20] for 1 h at room temperature. Membranes were then
incubated with the following primary antibodies: (i) anti-COX-2
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(1:1000) or anti-phospho-p38 (1:1000) overnight at 4 �C, or (ii)
anti-phospho-ERK1/2 (1:1000), anti-b-tubulin (1:1000), anti-
ERK2 (1:2000) and anti-phosphotyrosine PY20 (1:750) for 2 h at
room temperature. After incubation membranes were, washed
three times with TTBS, and then exposed to the appropriate HRP-
conjugated secondary antibody (anti-rabbit or anti-mouse) for
1 h at room temperature. Membranes were again washed three
times with TTBS. Immunoreactive bands were detected by en-
hanced chemiluminescence (ECL; Amersham Biosciences, USA)
using standard X-ray film (ECL, Amersham Biosciences, USA).
Immunoreactive bands were quantified using image analysis soft-
ware (Image J, a freely available application in the public domain
for image analysis and processing, developed and maintained by
Wayne Rasband at the Research Services Branch, National Institute
of Mental Health).

2.10. Statistical analysis

Statistical analysis was performed using one-way ANOVA test
to compare means and followed by Fisher’s least significant differ-
ence (LSD) test. p-Values lower than 0.05 were considered statisti-
cally significant.

3. Results

3.1. Determination of cellular damage during iron-induced retinal
toxicity

Our first goal was the characterization of iron-induced retinal
damage by determining lipid peroxidation levels and cell viability.
To this end, entire isolated retinas were incubated in the presence
of variable concentrations of FeSO4 (25, 200 and 800 lM) for differ-
ent periods of time (5 and 60 min). Controls were also assessed by
replacing Fe2+ by an equal volume of water (vehicle). The genera-
tion of malondialdehyde, a marker of lipid peroxidation, was ana-
lyzed by measuring TBARS. As shown in Fig. 1A and B, TBARS
generation was found to be increased in a Fe2+ concentration-
and time-dependent manner. The increase in lipid peroxidation
Fig. 1. Characterization of Fe2+-induced damage in the retina. (A and B) Lipid peroxidation
5 min (A) and 60 min (B). (C and D) Measurement of MTT reduction after the same incub
control and represent the mean ± SD of at least three independent experiments. ⁄Signific
test followed by LSD test).
products could be immediately observed. After a 5 min exposure
to the metal, TBARS increased by 0.6, 2.2 and 3.6 times with re-
spect to controls at 25, 200 and 800 lM Fe2+, respectively
(Fig. 1A). Maximal malondialdehyde generation was observed after
60 min of Fe2+ exposure (Fig. 1B). Under these experimental condi-
tions, TBARS levels were 1.8, 6.5, and 9 times higher than controls
at 25, 200 and 800 lM Fe2+, respectively.

Retinal cell viability was analyzed by measuring MTT reduction
under the same above-mentioned experimental conditions. After
5 min of incubation with 25, 200 and 800 lM Fe2+ it showed no
changes (Fig. 1C) while it was observed to be affected at 200 and
800 lM Fe2+ after 60 min of incubation (Fig. 1D).

3.2. MAPK activation and tyrosine phosphorylation are triggered
during iron-induced retinal toxicity

Since MAPKs ERK1/2 and p38 are known to be activated by
iron-induced oxidative stress in neuronal and non-neuronal tissues
(Salvador and Oteiza, 2011; Uranga et al., 2009), we also investi-
gated the possible activation of these MAPKs in retinas exposed
to Fe2+. Fig. 2A shows that Fe2+ exposure induced an increase in
ERK1/2 phosphorylation after 60 min of incubation. ERK1/2 phos-
phorylation levels increased significantly at 25 lM Fe2+, reaching
maximum levels (160% increase) at 800 lM Fe2+. An increase in
p38 phosphorylation was only evident in the presence of 25 lM
Fe2+ during the same incubation time period (Fig. 2B).

Tyrosine phosphorylation profile was also analyzed by using an
anti-phosphotyrosine antibody (PY20) in retinas exposed to Fe2+

for 60 min. Iron-induced oxidative injury triggered a marked in-
crease in the phosphorylation of tyrosines of several retinal pro-
teins (Fig. 2C).

3.3. cPLA2 and iPLA2 activities are differentially regulated during iron-
induced retinal toxicity

In order to characterize PLA2 activities during iron-induced ret-
inal toxicity, AA and palmitic acid (PAL) release was analyzed in to-
tal homogenate, mitochondrial, microsomal and cytosolic fractions
assay performed in homogenates of retinas exposed to 25, 200, and 800 lM Fe2+ for
ation times and the same iron concentrations. Results are shown as a percentage of
antly different compared to the respective control group (p < 0.05, one-way ANOVA



Fig. 2. Effect of Fe2+ exposure on MAPK and tyrosine phosphorylation. (A) Western blot analysis of ERK1/2 phosphorylation performed in homogenates of retinas (30 lg
protein per lane) exposed to 25, 200, and 800 lM Fe2+ for 60 min. (B) p38 Phosphorylation assessed under the same experimental conditions as those described in (A). (C)
Tyrosine phosphorylation pattern analyzed by Western blot under the same conditions as those described in (A and B). One representative Western blot image (for PY20) of
three different experiments is shown. Bands of proteins were quantified using scanning densitometry, and phospho-ERK1/2 levels were normalized to ERK2 levels and
phospho-p38 levels were normalized to b-tubulin levels. Results are shown as a percentage of the corresponding control conditions and represent the mean ± SD of at least
three independent experiments. ⁄Significantly different compared to the respective control group (p < 0.05, one-way ANOVA test followed by LSD test).
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isolated after retinal iron exposure. cPLA2 was assayed by measur-
ing [14C]AA release in a buffer containing calcium and using
[14C]PAPC as exogenous substrate. [14C]AA release was barely af-
fected in retinal homogenates and mitochondrial fraction after iron
exposure with respect to controls (data not shown). The most strik-
ing changes in cPLA2 activity were observed in microsomal and
cytosolic fractions. After 5 and 60 min of Fe2+ exposure, a strong
inhibition of microsomal cPLA2 activity (by approximately 50%)
and a slight increase in [14C]AA release (20%) in the cytosol were
observed (Fig. 3A and B). Under control conditions, there were no
differences in the levels of [14C]AA release. However, in the retinas
exposed to iron, [14C]AA levels in the cytosolic fraction were higher
(by approximately 100–200%) than those released in the micro-
somal fractions (Fig. 3A and B).

[14C]AA generation from PAPC could also be produced by the
sequential action of phospholipase A1 and lysophospholipase A2.
2-Arachidonoyl-lysophosphatidylcholine (LPC) generated by phos-
pholipase A1 could be hydrolyzed by lysophospholipase A2 yielding
AA. Under our experimental conditions, LPC generation was barely
detected both under control and experimental conditions (data not
shown). In the presence of 2 mM PMSF (used as lysophospholipase
A2 inhibitor), there were no changes in the increase of [14C]AA gen-
eration observed in the cytosolic fractions (data not shown). Based
on these experiments, we can assume that the major pathway for
[14C]AA generation in retinas exposed to iron-induced oxidative
stress is phospholipase A2.

iPLA2 activity was assayed in the presence of exogenous
[14C]DPPC as substrate in a buffer containing EDTA and ATP
(Fig. 3C and D). [14C]PAL release was inhibited in microsomal frac-
tions with respect to controls, by 33%, 70% and 83% at 25 lM,
200 lM and 800 lM Fe2+, respectively. In cytosolic fractions,
[14C]PAL release was higher than that observed in microsomes at
all iron concentrations assayed. As it was observed for cPLA2,
iron-induced oxidative stress provoked an increase in [14C]PAL re-
lease in cytosolic fractions with respect to microsomes after 5 min
of incubation, at all iron concentrations assayed (Fig. 3C). After
60 min of iron exposure, a strong inhibition of [14C]PAL liberation
in microsomal fractions was also observed. However, during this
incubation time period, no iron-induced differences in iPLA2 activ-
ity between microsomal and cytosolic fractions were observed
(Fig. 3D). It is important to note that iPLA2 activity was one time
higher after 5 min of Fe2+ exposure than that observed after
60 min of metal exposure at all iron concentrations assayed. Fur-
thermore, as it was observed for cPLA2, iPLA2 activity showed no
significant changes during iron-induced oxidative stress in retinal
homogenates and mitochondrial fractions (data not shown).

3.4. cPLA2 and iPLA2 participate in the generation of lipid peroxides
during iron-induced retinal toxicity

In order to characterize the role of PLA2 in retinal oxidative
damage, we further investigated the generation of lipid peroxida-
tion products in the presence of PLA2 isoform-specific inhibitors.
To this end, retinas were preincubated with 50 lM ATK (cPLA2

inhibitor) or 25 lM BEL (iPLA2 inhibitor) and after iron exposure
TBARS were determined. In the presence of ATK, there was a 50%
decrease in TBARS generation at all iron concentrations assayed
(Fig. 4A). In contrast, in the presence of BEL, TBARS formation
was increased at 200 and 800 lM Fe2+ (Fig. 4B).

For the determination of the role of PLA2 isoforms in retinal cell
viability, MTT reduction was measured in the presence of the
above-mentioned PLA2 inhibitors. Neither ATK nor BEL could mod-



Fig. 3. Effect of Fe2+ exposure on microsomal and cytosolic PLA2 activities. (A and B) cPLA2 activity evaluated in microsomal (h) and cytosolic (j) fractions obtained from
retinas exposed to 25, 200, and 800 lM Fe2+ for 5 min (A) and 60 min (B). Results are expressed as DPM [14C]arachidonic acid � (mg protein � h)�1 and represent the
mean ± SD of at least three independent experiments. (C and D) iPLA2 activity determined in the same retinal subcellular fractions and conditions as those used for cPLA2 after
5 min (C) and 60 min (D) of Fe2+ exposure. Results are expressed as DPM [14C]palmitic acid � (mg protein � h)�1 and represent the mean ± SD of at least three independent
experiments. ⁄Significantly different compared to the respective control group for microsomal samples (p < 0.05, one-way ANOVA test followed by LSD test). #Significantly
different compared to the respective control group for cytosolic samples (p < 0.05, one-way ANOVA test, followed by LSD test).

Fig. 4. Effect of PLA2 inhibition on Fe2+-induced damage in the retina. (A and B) Lipid peroxidation assessed in homogenates obtained from retinas exposed for 60 min to 25,
200, and 800 lM Fe2+ in the presence or absence of two PLA2 inhibitors: ATK (50 lM, A) and BEL (25 lM, B). (C and D) MTT decrease analyzed under the same conditions as
those described for lipid peroxidation assay. PLA2 inhibitors ATK (C) and BEL (D) were used in the same concentrations as specified in (A). Results are expressed as a
percentage of control and represent the mean ± SD of three independent experiments. ⁄Significantly different compared to the respective control group (p < 0.05, one-way
ANOVA test, followed by LSD test).
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Fig. 5. Crosstalk between PLA2 and ERK1/2 under Fe2+-induced oxidative stress. (A) Western blot analysis of cPLA2 phosphorylation in microsomal and cytosolic fractions
obtained from retinas (30 lg protein per lane) exposed to 25, 200, and 800 lM Fe2+ for 60 min. Calnexin was used as loading control. One representative Western blot image
of three different experiments is shown. Western blot analysis of ERK1/2 phosphorylation in homogenates of retinas (30 lg protein per lane) preincubated with either U0126
(10 lM, B) or ATK (50 lM, D) and then exposed to 25, 200, and 800 lM Fe2+ for 60 min. One representative Western blot image of three different experiments is shown. Bands
of proteins were quantified using scanning densitometry, and phospho-ERK1/2 levels were normalized to total ERK2 levels. Results are shown as a percentage of the
corresponding control condition and represent the mean ± SD of at least three independent experiments. ⁄Significantly different compared to the respective control group
(p < 0.05, one-way ANOVA test followed by LSD test). (C) cPLA2 activity analyzed in microsomal and cytosolic fractions obtained from retinas preincubated with 10 lM U0126
or the vehicle, and then exposed to 200 lM Fe2+ for 60 min and in the presence or absence of U0126. Results are expressed as DPM [14C]arachidonic acid � (mg protein � h)�1

and represent the mean ± SD of at least three independent experiments. ⁄Significantly different compared to the respective control group (p < 0.05, one-way ANOVA test,
followed by LSD test).
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ify retinal cell viability under all experimental conditions assayed
(Fig. 4C and D).

3.5. Cross-talk between cPLA2 and ERK1/2 during iron-induced retinal
toxicity

One of the most common mechanisms of cPLA2 activation is its
phosphorylation by ERK1/2 (Chakraborti, 2003; Ghosh et al., 2006;
Leslie, 1997; Mariggio et al., 2006; Nicotra et al., 2005; Zhu et al.,
2001). cPLA2 phosphorylation in Ser 505 was inhibited in the
microsomal fractions from retinas exposed to iron. In contrast,
cPLA2 phosphorylation was increased in the cytosolic fractions ob-
tained from retinas exposed to iron (Fig. 5A). In order to establish a
correlation between the activation of ERK1/2 and the differential
release of AA during iron-induced oxidative stress, cPLA2 activity
was analyzed in retinas preincubated with MAPK inhibitor
U0126. In the presence of U0126, ERK1/2 phosphorylation was
inhibited at all iron concentrations assayed (Fig. 5B). Under these
experimental conditions, the inhibition of AA release in micro-
somal fractions and the increase of AA release in cytosolic fractions
provoked by iron exposure (200 lM) were completely abolished
(Fig. 5C).

We also checked the state of ERK1/2 phosphorylation in the
presence of cPLA2 inhibitor. ATK was found to inhibit the increase
in ERK1/2 phosphorylation previously observed at 25 and 200 lM
Fe2+ (Fig. 5D). At 800 lM Fe2+, ERK1/2 activation underwent no
changes in the presence of ATK.
3.6. COX-2 expression and activity increase during iron-induced
retinal toxicity

COX-2 and cPLA2 are involved in eicosanoid production and
they also seem to participate in several pathological processes such
as the progression of several types of cancer and oxidative stress
events (Linkous et al., 2010). We therefore further studied if iron-
induced retinal toxicity could affect COX-2 expression. COX-2 asso-
ciation with microsomal membranes augmented as a function of
iron concentration, this increase being 80%, 170% and 210% higher
than that in controls (Fig. 6A). The generation of PGF2 and PGE2, the
main products of COX-2 activity, was increased in retinas exposed
to 25 lM Fe2+ (Fig. 6B).
4. Discussion

Retinal damage is a major concern in relation to a number of
ocular diseases leading to blindness. AMD, one of these devastating
conditions, is characterized by the deterioration of the macula
which severely impairs central vision. Based on observations
showing iron overload in retinas of AMD patients compared to
healthy subjects, excessive retinal iron content and the resulting
oxidative stress condition have been proposed to contribute to this
pathology (Dunaief, 2006). A poorly studied issue is the connection
between iron-induced oxidative stress, retinal degeneration and
the associated signaling events. Further studies in this direction



Fig. 6. COX-2 microsomal expression and prostaglandin synthesis under Fe2+-induced oxidative stress. (A) COX-2 expression evaluated in microsomal fractions of retinas
(30 lg protein per lane) exposed to 25, 200, and 800 lM Fe2+ for 60 min. COX-2 levels were normalized to b-tubulin levels and expressed as a percentage of the control
condition and represent the mean ± SD of at least three independent experiments. (B) COX-2 activity was analyzed in microsomal fractions obtained from retinas exposed to
25, 200, and 800 lM Fe2+ for 60 min. Results are expressed as DPM [14C](PGE2 + PGF2) and represent the mean ± SD of at least three independent experiments. ⁄Significantly
different compared to the respective control group (p < 0.05, one-way ANOVA test, followed by LSD test).
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will therefore uncover clues to AMD pathogenesis and lead to new
preventive or therapeutic strategies.

The main purpose of this work was to study the role of different
PLA2 isoforms in bovine retinas exposed to increasing iron concen-
trations as an experimental model of AMD. PLA2 generates AA,
docosahexaenoic acid and lysophospholipids from neuronal mem-
brane phospholipids (Kolko et al., 2009). All these products were
named bioactive lipids because they have a variety of physiological
effects by themselves and because they are also substrates for the
synthesis of more potent lipid mediators, such as eicosanoids,
platelet activating factor, and 4-hydroxynonenal (4-HNE). The lipid
peroxidation product 4-HNE is one of the most cytotoxic metabo-
lites and is associated with the apoptotic type of neuronal cell
death. cPLA2 has particularly been involved in the generation of
ROS through AA release in cerebral ischemia events (Adibhatla
and Hatcher, 2010). On the other hand, after the discovery of neu-
roprotectins, PLA2 was found to be implicated in signaling mecha-
nisms involved in neuroprotection (Bazan, 2009).

As stated earlier, oxidative stress has been found to be involved
in the pathogenesis of AMD. Increased iron concentrations, which
generate highly reactive hydroxyl radicals via the Fenton reaction,
may induce oxidative stress in the macula and lead to AMD. In-
creased iron concentrations in AMD-affected eyes are formed, in
part, of a chelatable iron pool, this being the reason for incubating
retinas with increasing FeSO4 concentrations (a form of chelatable
iron) as an AMD model (Blasiak et al., 2011). The choice of 25, 200
and 800 lM Fe2+ concentrations was based on the results shown in
Fig. 1A–D, which are indicative of increased oxidative retinal dam-
age and loss of cell viability as a function of iron concentration. The
retinas exposed to Fe2+ evidenced an increase in lipid peroxidation
even after short incubation periods. FeSO4 at its maximal concen-
tration (800 lM) provoked TBARS generation to be 5 and 10 times
higher after an incubation period of 5 and 60 min, respectively.
Furthermore, in spite of the strong rise of lipid peroxidation prod-
ucts, there were no changes in cellular viability after 5 min of incu-
bation at all iron concentrations assayed. A small decrease (20%
with respect to controls) in mitochondrial function was only
observed at 200 and 800 lM Fe2+ after 60 min of incubation. These
results were in accordance with the slight decrease (lower than
20%) in the retinal radical scavenging capacity only observed at
200 and 800 lM Fe2+ and after 60 min of incubation (data not
shown). Our results confirm the vast resistance of the retina to oxi-
dative stress and also support the use of antioxidant therapies for
preventing oxidative stress-induced retinal degeneration (Stahl
and Sies, 2005; Usui et al., 2009).

In our study, it was also possible to observe that iron-induced
retinal damage caused a differential profile in AA release in micro-
somal and cytosolic fractions. AA release was measured in a buffer
containing calcium and under conditions that promote cPLA2 activ-
ity. Whereas a strong inhibition of AA release was detected in the
microsomal fractions at all iron concentrations assayed, an in-
crease in cytosolic AA production was observed. Moreover, when
comparing microsomes vs. cytosols, it was observed that AA re-
lease was higher in the soluble fraction of the retinas exposed to
iron. A rapid metabolization of AA could be the reason for the de-
creased AA detection observed in microsomes from the retinas ex-
posed to iron. To gain a better insight into the mechanism
intervening in AA metabolization, we next examined the expres-
sion of COX-2 in microsomal fractions. COX, which exists in two
major isoforms, COX-1 and -2, catalyzes the second step in the con-
version of AA to prostaglandins (Fang et al., 2007). In most tissues,
COX-1 is thought to be responsible for the production of prosta-
glandins associated with homeostatic functions whereas COX-2 is
usually induced in several cell types in response to inflammatory
stimuli (Kaufmann et al., 1997). In our experimental system,
COX-2 association with microsomal membranes increased as a
function of iron concentration and, consequently, with lipid perox-
idation. The association of COX-2 with microsomes is indicative of
prostaglandin generation as one of the main products derived from
cPLA2 activation. These results argue in favor of a rapid metaboli-
zation of AA in microsomal membranes catalyzed by the presence
of COX-2 during iron-induced retinal damage. The increase of both
AA release and the phosphorylated form of cPLA2 in cytosolic frac-
tions seems to be indicative of a compensatory mechanism for
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excluding activated cPLA2 from microsomal membranes during
iron-induced retinal toxicity.

Previous research has demonstrated that iPLA2-VIA is involved
in the regulation of retinal pigment epithelium phagocytosis of
photoreceptor outer segments and that it may be also involved
in the regulation of photoreceptor cell renewal (Kolko et al.,
2007). iPLA2 activity in the proposed model was measured by
quantification of PAL release. iPLA2 activity showed a similar pro-
file than that observed for cPLA2 after a short time of oxidative in-
jury (Kolko et al., 2009). After 60 min of iron-induced retinal
damage, PAL release showed no differences between microsomal
and cytosolic fractions. However, it is important to note that after
5 min of iron exposure, iPLA2 activity was higher than after 60 min
of incubation with the metal. These results argue in favor of an ac-
tive participation of iPLA2 activity, particularly at short incubation
time periods.

ATK and BEL were used in order to determine the role of cPLA2

and iPLA2 in iron-induced retinal lipid peroxidation. ATK was ob-
served to be able to prevent iron-induced lipid peroxidation from
increasing whereas BEL generated the opposite effect. These results
are indicative of a differential participation of these isoforms in the
lipid peroxidation process. A similar role for cPLA2 has been re-
ported in relation to cerebral ischemia and many other brain
pathologies (Adibhatla and Hatcher, 2010; Kishimoto et al.,
2010). The inhibition of cPLA2 by Ginkgo biloba extract has been
shown to provide protection against oxidative stress-induced neu-
ronal death (Zhao et al., 2011). Results obtained for iPLA2 indicate a
potentially protective role against lipid peroxidation. This could be
in accordance with the participation of iPLA2 in phospholipid
remodeling process (Balsinde et al., 2006). Our results show that
even though PLA2 isoforms are involved in the lipid peroxidation
process, their participation does not affect cellular viability.

ERK1/2 activation has been reported to be involved both in neu-
ronal survival and cellular death. One of the multiple physiological
targets of ERK1/2 is cPLA2. This PLA2 isoform is activated when ser-
ines 505 and 727 are ERK1/2. We demonstrate here that iron-in-
duced retinal oxidative stress activates ERK1/2 and that the
localization of AA release between cytosolic and microsomal com-
partments is a mechanism regulated by ERK1/2. It could also be ob-
served that iron-induced oxidative stress increases AA release in
the cytosolic fraction and cPLA2 inhibition by ATK attenuated
ERK1/2 activation at 25 and 200 lM Fe2+, thus highlighting the
importance of PLA2 as a mediator of MAPK signaling during iron-
induced retinal degeneration. Similar results were observed in cyc-
lic stretching of rabbit proximal tubular cells (Alexander et al.,
2004). These findings support the hypothesis of a bidirectional reg-
ulation between cPLA2 and ERK1/2 during iron-induced retinal oxi-
dative stress, which, in turn, suggests a direct relationship between
cPLA2 activity, lipid peroxidation and ERK1/2 activation.

The implications of cPLA2 participation during iron-induced RD
and the way in which this enzyme could be used as a therapeutic
target against iron overload-related diseases have not yet been
fully elucidated. Nonetheless, our findings about retinal acute
exposure to iron could contribute to the understanding of the
molecular mechanisms underlying more chronic processes trig-
gered by iron accumulation which could be involved in the patho-
genesis of AMD.
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