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Iron accumulation and oxidative stress are hallmarks of retinas from patients with age-related macular
degeneration (AMD). We have previously demonstrated that iron-overloaded retinas are a good in vitro
model for the study of retinal degeneration during iron-induced oxidative stress. In this model we have
previously characterized the role of cytosolic phospholipase A2 (cPLA2) and calcium-independent isoform
(iPLA2). The aim of the present study was to analyze the implications of Group V secretory PLA2 (sPLA2),
another member of PLA2 family, in cyclooxygenase (COX)-2 and nuclear factor kappa B (NF-kB) regulation.
We found that sPLA2 is localized in cytosolic fraction in an iron concentration-dependent manner. By
immunoprecipitation (IP) assays we also demonstrated an increased association between Group V sPLA2

and COX-2 in retinas exposed to iron overload. However, COX-2 activity in IP assays was observed to
decrease in spite of the increased protein levels observed. p65 (RelA)NF-kB levelswere increased in nuclear
fractions from retinas exposed to iron. In the presence of ATK (cPLA2 inhibitor) and YM 26734 (sPLA2 in-
hibitor), the nuclear localization of both p65 and p50 NF-kB subunits was restored to control levels in
retinas exposed to iron-induced oxidative stress. Membrane repair mechanisms were also analyzed by
studying the participation of acyltransferases in phospholipid remodeling during retinal oxidation stress.
Acidic phospholipids, such as phosphatidylinositol (PI) and phosphatidylserine (PS), were observed to
show an inhibited acylation profile in retinas exposed to iron while phosphatidylethanolamine (PE)
showed the opposite. The use of PLA2 inhibitors demonstrated that PS is actively deacylated during iron-
induced oxidative stress. Results from the present study suggest that Group V sPLA2 has multiple intra-
cellular targets during iron-induced retinal degeneration and that the specific role of sPLA2 could be related
to inflammatory responses by its participation in NF-kB and COX-2 regulation.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Iron overload has been found to be associated with retinal
degenerative disorders, such as ocular siderosis and the hereditary
diseases aceruloplasminemia and human leukocyte antigen-
related hemochromatosis (Dunaief et al., 2005; Dunaief, 2006;
Hadziahmetovic et al., 2008; Hahn et al., 2004; He et al., 2007;
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Kell, 2010). In the nervous system and related tissues it has been
observed that the increase in iron levels that occur as a result of
aging may exacerbate age-related diseases through iron-induced
oxidative stress (Hadziahmetovic et al., 2011a). Post mortem
research has also revealed that iron concentrations and oxidative
stress levels are higher in age-related macular degeneration (AMD)
retinas than in non-affected retinas (Blasiak et al., 2011; Lukinova
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et al., 2009). The study of membrane properties, phospholipid
metabolism and signaling during iron-induced retinal oxidative
stress may therefore contribute to learning about the molecular
bases for retinal degenerative diseases.

Remodeling of cellular membranes by phospholipases A2 (PLA2)
and acyltransferases (AT) is one of the necessary mechanisms for
protecting membranes from oxidative damage. Phospholipases A2
belong to a superfamily composed of a large number of lipolytic
enzymes whose common feature is to hydrolyze the fatty acid
present in the sn-2 position of glycerophospholipids. At least 30
different PLA2s or related enzymes have been identified in mam-
mals and have been classified into three main groups: low molec-
ular weight secretory PLA2 (sPLA2), 85-kDa cytosolic group IV
PLA2 (cPLA2), and calcium-independent group VI PLA2 (iPLA2)
(Chakraborti, 2003). It is now known that these three PLA2 forms
participate in different ways in arachidonic acid (AA) metabolism
with their relative contribution being dependent on the cell and the
stimulus type. AA release is a highly regulated process that repre-
sents the balance between deacylation reaction by PLA2s and AA
reacylation and transfer among different phospholipids by AT and
transacylases. AA biological importance lies in its ability to be the
precursor of bioactive compounds as is the case of eicosanoids. The
latter are produced through oxygenation by two main enzymes,
namely ciclooxygenases (COX) and lipooxygenases. Due to the
potent biological action of these molecules, AA levels must be
rigorously controlled and, in resting cells, AA is esterified into
phospholipids, as one of the main functions of AT.

sPLA2 represents an important and continuously growing
subclass of the PLA2 superfamily. Similarly to other PLA2s, it pro-
duces free fatty acids and lysophospholipids, both important
second messengers in cell signaling, by hydrolyzing the glycer-
ophospholipids present in cell membranes and plasma lipopro-
teins. sPLA2s can be distinguished from other PLA2s in terms of
their low molecular mass, their high disulfide bond content, and
the requirement for millimolar concentrations of Ca2þ for catalysis.

It is known that sPLA2 plays an important role in several in-
flammatory diseases. The first evidence in this respect was from
Group IIA sPLA2, which is present at high concentrations in the
synovial fluid of patients with rheumatoid arthritis (Seilhamer
et al., 1989). Further findings revealed that sPLA2 is a potential
amplifier of the amount of AA released by cPLA2 (Kolko et al., 2003;
Murakami and Kudo, 2004). Among the different sPLA2s, Group X
sPLA2 has been proposed to have an anti-inflammatory activity
(Curfs et al., 2008). When cPLA2 is activated, it seems to regulate
COX-2 and sPLA2 transcription, which can, in turn, also activate
COX-2 transcription (Balboa et al., 2003), thus suggesting the ex-
istence of a particular cross-talk between these enzymes.

In a previous work, we characterized the role of cPLA2 and iPLA2
in an in vitro model of AMD (Rodríguez Diez et al., 2012) and
demonstrated that while cPLA2 promotes the generation of reactive
oxygen species, which contribute to oxidative stress in the tissue,
iPLA2 plays a protective role against lipid peroxidation. In view of
the above, the purpose of the present work was to characterize the
role of Group V sPLA2 using iron overload retinas as an in vitro AMD
model and paying particular attention to different potential mo-
lecular targets of Group V sPLA2, such as COX-2, nuclear factor
kappa B (NF-kB) and lysophospholipid acyltransferases (AT).

2. Materials and methods

2.1. Materials

[14C]oleoyl-CoA and [3H]arachidonic acid were obtained from
New England Nuclear-Dupont (Boston, MA, USA). Triton X-100, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT)
and thiobarbituric acid (TBA) were obtained from SigmaeAldrich
(St. Louis, MO, USA). All other chemicals were of the highest purity
available. Goat polyclonal anti-group V PLA2 (T-20), mouse mono-
clonal anti-heterogeneous nuclear ribonucleoproteins (hnRNP)
A1(4B10), rabbit polyclonal anti-NF-kB p65 (A), rabbit polyclonal
anti-NF-kB p50 (H-119), rabbit polyclonal anti-cytochrome c (H-
104), rabbit polyclonal anti-Bcl-2 (N-19), mouse monoclonal anti-
glyceraldehyde-3-phosphatedehydrogenase (GAPDH) (A-3), rabbit
polyclonal anti-calnexin (H-70), polyclonal horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG, polyclonal HRP-conjugated
goat anti-mouse IgG, polyclonal HRP-conjugated bovine anti-goat
IgG and PLA2 inhibitors [arachidonoyl trifluoromethyl ketone
(ATK), bromoenol lactone (BEL) and YM 26734] were purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Rabbit
polyclonal anti-COX-2 was purchased from Cayman Chemical (Ann
Arbor, MI, USA). Rabbit biotinylated secondary anti-goat antibody
was purchased from Vector Laboratories (Burlingame, CA, USA).
LDH-P UV AA kit was kindly provided by Wiener lab. Group.
2.2. Experimental treatments

Fresh bovine eyes obtained from a local abattoir were stored in
crushed ice. Retinas were dissected on ice (4 �C) under normal
lighting conditions and washed with saline solution. In all the
experiments retinas were incubated in Locke’s buffer [154 mM
NaCl, 5.6 mM KCl, 3.6 mM NaHCO3, 1 mM MgCl2, 2.3 mM CaCl2,
5 mM glucose, 5 mM 4-(2-hydroxyethyl)-1-piperazine ethane-
sulfonic acid (HEPES), pH 7.2] unless stated otherwise under an
O2:CO2 (95:5, vol/vol) atmosphere with gentle agitation
(Rodríguez Diez et al., 2012). After being immersed in Locke’s
buffer, entire retinas were preincubated for 30 min at 37 �C with
either inhibitors (50 mM ATK, 25 mM BEL or 10 mM YM 26734) or
vehicle (DMSO) and were subsequently exposed for 60 min to
FeSO4 (25, 200 or 800 mM) or its vehicle (ultrapure water) as
previously described (Rodríguez Diez et al., 2012). After incuba-
tion, retinas were previously washed in saline solution to further
proceed with experiments.
2.3. Isolation of subcellular fractions

Homogenates to be used for MTT reduction, thiobarbituric acid
reactive substances (TBARS), iron content, Western blot and
acyltransferase-activities were prepared in Locke’s buffer. Inde-
pendently of the buffer used, retinas were homogenized by 10
strokes with a Thomas tissue homogenizer [20% (wt/vol), unless
indicated otherwise]. Protein content of all retinal subcellular
fractions was determined by following Lowry et al. (1951).

For obtaining subcellular fractions, after incubation, homoge-
nates from the dissected retinas were prepared in a medium
containing 0.32 M sucrose, 1 mM N,N0-1,2-ethandiylbis[N-(car-
boxymethyl)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 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 nuclear fraction and cellular debris) was
discarded and the supernatant 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 100,000 � g for
1 h at 4 �C using a TLA 100.4 rotor in a Beckman Optima TLX ul-
tracentrifuge. The final pellet was considered as microsomal frac-
tion and the supernatant as cytosolic fraction. Total homogenates,
microsomal and cytosolic fractions were used for Western Blot
assays.
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2.4. Nuclear and cytosolic fraction isolation for the study of NF-kB
localization

Nuclear and cytosolic fractions were isolated as previously
described (Mackenzie and Oteiza, 2007; Osborn et al., 1999). After
treatments, retinas were homogenized using a manual homoge-
nizer (applying 10 strokes) in buffer A [10 mM HEPES, pH 7.9,
1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.1% (vol/vol) NP-40, 0.2 M
PMSF, 2 mg/ml leupeptin, 1 mg/ml aprotinin, 1 mg/ml pepstatin] in a
200 ml volume of cold buffer to 50mg of retina. The same volume of
buffer A was added and these homogenates were incubated at 4 �C
for 10 min and were then centrifuged at 850 � g for 15 min. The
supernatant (cytosolic fraction) was removed to a pre-chilled
microcentrifuge tube and stored at �80 �C until being ready for
use, and the nuclear pellet was resuspended in complete buffer
lysis, 1 ml/mg of tissue [buffer B: 10 mM HEPES, pH 7.9, 1.5 mM
MgCl2, 420 mM NaCl, 0.5 mM DTT, 0.2 mM EDTA, 25% (vol/vol)
glycerol, 0.5 mM PMSF, 2 mg/ml leupeptin, 1 mg/ml aprotinin, 1 mg/
ml pepstatin]. Samples were incubated for 15 min at 4 �C and
centrifuged at 14,000 � g for 30 min at 4 �C. The supernatant was
transferred to a pre-chilled microcentrifuge tube and stored
at �80 �C until used for Western blot analyses.

2.5. Determination of iron content

After incubation in either absence or presence of Fe2þ, retinas
werewashed with saline solution and then homogenized in Locke’s
buffer for iron analysis. Samples were firstly weighted and their
volume was measured. They were subsequently digested with a
microwave digestor MARS-5 (CEM Corporation, NC, USA) using
16 M nitric acid (Merck, Bs.As., Argentina), according to SRM 1577a
[potency: 400 W; pressure (maximum): 800 psi; temperature
(maximum): 200 �C; time: 15 min]. Total cellular iron content was
determined by ICP-AES (High Resolution Shimadzu’ Simultaneous
9000 according EPA 200.7). Certified reference solutions (QC 21,
Spec CentriPrep, Metuchen, NJ, USA) were used to generate the
standard curve (Salvador and Oteiza, 2011).

2.6. Morphological analysis and iron detection by Perls’ staining

Morphological analysis of tissues was performed using H&E
staining. Tissues in non-polarized glass slides were prepared for
Perls’ staining. Briefly, slides were deparaffinized in xylene for
30 min at 60 �C and rehydrated in a series of ethanol dilutions and
water for 5 min in each step. Slides were subsequently incubated in
10% (wt/vol) potassium ferrocyanide for 4 min and were then
incubated with working solution [equal parts of 10% (wt/vol) po-
tassium ferrocyanide and 2% (vol/vol) aqueous hydrochloric acid] at
room temperature for 10 min, yielding a Prussian blue reaction
product. Slides were subsequently washed with distilled water and
sensitivity for iron detection was enhanced by incubation in a 0.1%
(wt/vol) red nuclear staining solution for 45 s at room temperature,
yielding a color contrast reaction. After being dehydrated through
graded ethanol and xylene and mounted with Permount (Fisher
Scientific), sections were analyzed using a Nikon Eclipse TieS mi-
croscope (Hadziahmetovic et al., 2011b; Loh et al., 2009).

2.7. MTT reduction assay

To determine mitochondrial retinal reducing capacity, the
extent of MTT reduction to insoluble intracellular formazan crystals
was measured. This reduction depends on the activity of intracel-
lular dehydrogenases and it is independent of the changes in the
integrity of the plasmamembrane. MTT reductionwas measured in
total homogenates obtained from entire retinas exposed to either
25, 200 and 800 mM FeSO4 or vehicle, and in the presence or
absence of YM 26734 (Rodríguez Diez et al., 2012).

2.8. Measurement of LDH release

Lactate Dehydrogenase (LDH) release was determined in the
incubation medium of the retinas as previously described (Uranga
et al., 2007) and using LDH-P UV AA kit, following the manufac-
turer’s instructions. Results were expressed as U/liter.

2.9. Lipid peroxidation assay

Lipid peroxidation was measured using TBA assay as previously
described (Rodríguez Diez et al., 2012). TBARS were measured at
535 nmand resultswere expressed as units of absorbance at 535 nm
per mg of protein [Abs 535 nm (arbitrary units)/mg protein].

2.10. Immunoprecipitations and enzyme assays

sPLA2 was immunoprecipitated according to a previously
described method (Uranga et al., 2007) with minor modifications.
Retinas were homogenized in Triton X-100 lysis buffer [1% (vol/vol)
Triton X-100, 137 mM NaCl, 20 mM Tris (pH 8.0), 10% (vol/vol)
glycerol, 1 mM ethyleneglycol-bis(beta-aminoethyl ether)-
N,N,N0,N0-tetraacetic acid, 1 mMMgCl2, 0.2 mMNa3VO4, 1 mM DTT,
2 mg/ml leupeptin, 1 mg/ml aprotinin, 1 mg/ml pepstatin and 0.1 mM
PMSF], 2 ml per retina. Insoluble material was removed by centri-
fugation at 17,000 � g for 20 min. Three hundred microliters of
solubilized retinal total homogenates were precleared by mixing
with 20 ml protein A sepharose (3mg) for 30min and briefly spun at
500 � g. The supernatant was further incubated overnight with
anti-sPLA2 antibody (10 ml) and subsequently mixed with 50 ml
protein A sepharose (6 mg) and incubated for 4 h. All incubations
were performed with gentle shaking at 4 �C. After a short spin,
immunoprecipitates (IPs) were washed three times with PBS. The
final IPs were resuspended in 70 ml of COX-2 assay buffer or 30 ml of
Laemmli sample buffer (Laemmli, 1970) for COX-2 activity assays
and forWestern blot analyses. COX-2 activity in IPs was determined
by measuring the generation of prostaglandins F and E (PGF2 and
PGE2) from [3H]arachidonic acid. Enzyme assays were performed in
a buffer containing 0.025% (vol/vol) Triton X-100, 0.16 mM CaCl2,
0.2 mg/ml BSA, 4 mM DTT, 100 mM HEPES, pH 7.5 and using sPLA2-
IP as enzyme source. The 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). Prostaglandins were then
separated as described by Franchi et al. (2000).

2.11. Acyltransferase activity assays

To determine AT activity, assays were performed as previously
described by Castagnet and Giusto (1997), with minor modifica-
tions. Briefly, AT activity was determined by measuring the incor-
poration of [14C]oleate from [14C]oleoyl-CoA into endogenous
retinal lysophospholipids. The radioactive substrate was prepared
by resuspending [14C]oleoyl-CoA in AT assay buffer and by soni-
cating this suspension in a sonication bath during 1 min (Castagnet
and Giusto, 1997). The assay mixture was incubated in a shaking
bath at 37 �C for 20 min. The reaction was stopped by addition of
5.5 ml chloroform/methanol (2:1, vol/vol). Blanks were prepared
identically, except that chloroform/methanol was added to the
membranes before adding the substrate. Lipids fromATassays were
extracted following Folch et al. (1957) and then phospholipids
were separated by two dimensional thin layer chromatography
according to Mateos et al. (2010). The regions corresponding to
phosphatidylcholine (PC), phosphatidylethanolamine (PE),
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phosphatidylserine (PS), phospatidylinositol (PI), phosphatidic acid
(PA), cardiolipin (CL) and sphingomyelin (SPH) were scraped off
and transferred to vials where silica was deactivated by addition of
water. Five milliliters of 0.4% (wt/vol) Omnifluor in toluene/Arkopal
N-100 (4:1, vol/vol) were subsequently added. Radioactivity in lipid
spots from the blanks (typically less than 100 dpm) was subtracted
from those of experimental samples. Acyltransferase activity was
expressed in dpm per hour per milligram of protein.

2.12. 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
separated by SDS-polyacrylamide gel electrophoresis 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% (wt/vol) nonfat dry milk in Tween-Tris Buffer Saline (TTBS)
[20 mM TriseHCl, pH 7.5, 100 mM NaCl, and 0.1% (wt/vol) Tween
20] for 1 h at room temperature. Membranes were subsequently
incubated with the correspondent primary antibodies [washed
three times with TTBS, and then exposed to the appropriate HRP-
conjugated secondary antibody (anti-rabbit, anti-mouse or anti-
goat) for 1 h at room temperature. Immunoreactive bands were
detected by enhanced chemiluminescence (ECL; Amersham Bio-
sciences, USA) using standard X-ray film (ECL, Amersham Bio-
sciences, USA). Immunoreactive bands were quantified using image
analysis software (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).

2.13. Statistical analysis

Statistical analysis was performed using one-way ANOVA test to
compare means and followed by Fisher’s least significant difference
Fig. 1. Determination of iron content and cell death markers in retinas exposed to increasing
exposure to 25, 200, and 800 mM Fe2þ for 60 min. Results are shown as ppm and represen
performed at the same incubation time and at the same iron concentrations as those describ
Western blot analysis of Cyt c in mitochondrial and cytosolic fractions and, Bcl-2 and Bax in c
specified in A. Cyt c Bcl-2 and Bax levels were normalized to GADPH levels and represen
compared to the respective control group (p < 0.05, one-way ANOVA test followed by LSD
(LSD) test. Furthermore, p-values lower than 0.05 were considered
statistically significant.

3. Results

3.1. Determination of retinal iron incorporation and cellular
damage in iron-induced retinal toxicity

Iron-induced retinal damage characterization was previously
evaluated by determining lipid peroxidation levels and cell
viability. Thus, entire isolated retinas were incubated in the
presence of variable concentrations of FeSO4 (25, 200 and 800 mM)
for 60 min. Controls were also assessed, replacing Fe2þ by an equal
volume of water (vehicle). The generation of malondialdehyde, a
marker of lipid peroxidation, was evaluated by measuring TBARS.
We previously demonstrated that TBARS generation increased in
an Fe2þ concentration- and time-dependent manner and that
retinal cell viability was affected at 200 and 800 mM Fe2þ after
60 min of incubation (Rodríguez Diez et al., 2012). For further
characterization of this retinal degeneration model, iron incorpo-
ration kinetics was studied. We demonstrated that retinal iron
content measured by ICP increased in an Fe2þ concentration-
dependent manner (Fig. 1A), such increase being 400% at the
200 mM concentration and 1100% at the 800 mM concentration
with respect to controls. Iron incorporation was also evaluated by
Perls’ staining. It was observed that Prussian blue, an indicator of
iron presence, was present at 200 mM and significantly increased
at 800 mM Fe2þ, mainly located in the outer segment layer
(Fig. 1B). For further characterizing this in vitro model, the
expression of cytochrome c (Cyt c), Bcl-2 and Bax, markers of cell
death signaling, was analyzed by Western blot. As shown in
Fig. 1C, cytochrome c levels were increased in the cytosolic frac-
tions and decreased in the mitochondrial fraction as a function of
the FeSO4 concentrations (25, 200 and 800 mM) used. Bcl-2/Bax
ratio decreased as a function of iron concentration.

In previous research from our laboratory we described the
involvement of cPLA2 in the promotion of lipid peroxidation and
Fe2þ concentrations. (A) Total Fe content was determined in retinal homogenates after
t the mean � SD of at least three independent experiments. (B) Retina’s Perls Staining
ed in A. PRL, photoreceptor layer; ONL, outer nuclear layer; INL, inner nuclear layer. (C)
ytosolic fractions of retinas incubated under the same experimental conditions as those
t the mean � SD of at least three independent experiments. *Significantly different
test).
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the role of iPLA2 in the protection against lipid peroxidation
(Rodríguez Diez et al., 2012). Therefore, to further characterize the
role of PLA2 isoforms, cell viability and lipid peroxidation were
analyzed in the presence of YM 26734. Cellular viability and lipid
peroxidation levels were observed not to be affected by the pres-
ence of YM 26734 (Fig. 2A and B, respectively). For additional
characterization of retinal damage, LDH leakage to the incubation
mediumwasmeasured. Levels of released LDH during iron-induced
oxidative stress were compared with those obtained from retinas
incubated in a buffer containing 1% Triton-x-100. As shown in
Fig. 2C, LDH release under control conditions and in the presence of
iron (200 mM) was significantly lower than the levels observed in
the presence of a high concentration of detergent, thus indicating
that incubation conditions and oxidative stress did not generate
important changes in membrane permeability. LDH leakage in the
presence and absence of PLA2 inhibitors, was also determined.
Results with ATK, BEL and YM 26734 are shown in Fig. 2D. None of
these inhibitors was observed to induce significant changes with
respect to control conditions.
3.2. sPLA2 subcellular localization in iron-induced retinal toxicity

Subcellular localization of sPLA2 in retinas exposed to iron-
induced oxidative stress was evaluated by Western Blot. A differ-
ential iron-induced sPLA2 subcellular localization was observed.
This isoform was associated with cytosolic fractions obtained from
retinas exposed to iron and the presence of sPLA2 in this fraction
increased in an Fe2þ concentration-dependent manner (Fig. 3), this
increase being 150% at the 200 mM concentration and 90% at the
800 mM Fe2þ concentration with respect to controls.
Fig. 2. Characterization of iron-induced retinal damage. (A) Measurement of MTT reductio
presence or absence of sPLA2 inhibitor YM 26734 (10 mM). (B) Lipid peroxidation assay carrie
concentrations as those described in A. (C) LDH leakage assay carried out in retinas exposed t
leakage assay performed in retinas exposed to 200 mM Fe2þ for 60 min in the presence or abs
units and represent the mean � SD of at least three independent experiments. *Significant
followed by LSD test).
3.3. NF-kB distribution between nuclear and cytosolic fraction
during iron-induced retinal toxicity

One of the most common mechanisms triggered by oxidative
stress is the activation of the transcription factor NF-kB (Cindrova-
Davies et al., 2007; Oeckinghaus et al., 2011). NF-kB p50 is gener-
ated by the processing of a larger 105 kDa precursor protein and
forms NF-kB complex with NF-kB p65. Under resting conditions
both are bound to inhibitory IkB proteins, which sequester NF-kB
complexes in the cytoplasm. When stimulus is present, IkB degra-
dation is induced and initiated through phosphorylation by IkB
kinase complex (Oeckinghaus et al., 2011). The localization of NF-kB
p65 and p50 subunits was affected in response to iron incubation
and in the presence of PLA2 inhibitors. We found that in the pres-
ence of iron, both p50 and p65, translocate to the nuclear fraction.
In the presence of ATK (50 mM, Fig. 4A) and YM 26734 (10 mM,
Fig. 4B), the nuclear localization of both proteins diminished in
response to iron-induced oxidative stress. In contrast, BEL (25 mM,
Fig. 4A) did not alter NF-kB nuclear localization under oxidative
stress conditions. Cytosolic p65 and p50 expression in the presence
of iron-induced oxidative stress, however this condition was not
affected by the presence of PLA2 inhibitors (Fig. 4A and B).
3.4. sPLA2 and COX-2 immunoprecipitation in iron-induced retinal
toxicity

Recent research from our laboratory has concluded that iron-
induced retinal toxicity produces an increase in COX-2 expression
and its association with microsomal membranes (Rodríguez Diez
et al., 2012). In order to better characterize COX-2 modulation in
this iron-induced degeneration model, we studied the association
n in homogenates of retinas exposed to 25, 200, and 800 mM Fe2þ for 60 min in the
d out in homogenates of retinas exposed to the same incubation time and the same iron
o increased iron concentrations and in a total lysis condition (1% Triton-X-100). (D) LDH
ence of ATK (50 mM), BEL (25 mM) and YM 26734 (10 mM). Results are shown as arbitrary
ly different compared to the respective control group (p < 0.05, one-way ANOVA test



Fig. 3. sPLA2 subcellular localization in retinas exposed to iron-induced oxidative stress. Western blot analysis and quantification of sPLA2 expression in microsomal and cytosolic
fractions of retinas (30 mg protein per lane) exposed to 25, 200, and 800 mM Fe2þ for 60 min sPLA2 levels in cytosolic fractions were normalized to GADPH levels and expressed as a
percentage of the 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).
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between COX-2 and sPLA2. sPLA2 from retinas exposed for 60 min
to 200 mM Fe2þ was therefore immunoprecipitated to further study
if COX-2 co-immunoprecipitates with sPLA2. It could thus be
observed that there is an increased association between COX-2 and
sPLA2 when retinas are incubated with Fe (Fig. 5A). Prostaglandins
generation was also assayed using [3H]arachidonic acid as a sub-
strate in sPLA2 immunoprecipitates. The production of [3H]PGF2
plus [3H]PGE2 was diminished in the immunoprecipitates from the
retinas exposed to 200 mM Fe2þ with respect to controls (Fig. 5B).
For additional characterizing the role of sPLA2 on COX-2 modula-
tion, levels of COX-2 expression were evaluated in retinal total
homogenates in the presence of YM 26734. The inhibition of sPLA2
activity promoted an increase in COX-2 levels under oxidative
stress conditions (Fig. 5C). This increase in COX-2 expression
resulted in a major association of COX-2 with sPLA2, as it is shown
in immunoprecipitates performed in the presence of YM 26734.
3.5. Acyltransferases activity in iron-induced retinal toxicity

As a counterpart of deacylation mechanisms, phospholipid
acylation process in our proposedmodel was also analyzed. Thus, in
Fig. 4. Involvement of PLA2 isoforms in NF-kB subcellular localization in retinas exposed to ir
nuclear and cytosolic fractions of retinas (30 mg protein per lane) exposed for 60 min to 200 m
Western blot analysis of p65 and p50 NF-kB subunits in nuclear and cytosolic fractions of ret
the presence or absence of YM 26734 (10 mM). (C) p65 levels were normalized to hnRNP l
arbitrary units. Results represent the mean � SD of at least three independent experiments
ANOVA test followed by LSD test).
order to characterize ATactivity in thismodel, retinas were exposed
to Fe2þ-induced oxidative stress (200 mM) for 60 min, using [14C]
oleoyl-CoA as substrate. The incorporation of [14C]oleic acid was
analyzed in PC, PE, PS, PI, PA, CL and SPH (Fig. 6). An increase in PE
acylation and a decrease in PS and PI acylationwere observed in the
retinas incubated in the presence of iron. PC, PA, CL, and SPH
showed no changes with respect to controls.

AT activities were also analyzed in the presence of ATK, BEL and
YM 26734. PS acylation was observed to be significantly increased
and restored to control levels in the presence of ATK in retinas
exposed to iron (Fig. 7A). Similar results were obtained for this
phospholipid in the presence of BEL and YM 26734 (Fig. 7B and C).
Furthermore, a high rate of oleic acid incorporation was observed
for PC and PE in the presence of BEL independently of the presence
of iron.
4. Discussion

Although the pathogenesis of AMD has not been fully elucidated
to date there is a general consensus in support of the participation
of oxidative stress and inflammation, both in the onset and
on-induced oxidative stress. (A) Western blot analysis of NF-kB p65 and p50 subunits in
M Fe2þ in the presence or absence of ATK and BEL (50 mM and 25 mM, respectively). (B)
inas (30 mg protein per lane) exposed to the same conditions as those described in A, in
evels in nuclear fractions and to tubulin levels in cytosolic fractions and expressed as
. *Significantly different compared to the respective control group (p < 0.05, one-way



Fig. 5. Association between sPLA2 and COX-2 in retinas exposed to iron-induced oxidative stress. (A) Immunoprecipitation of sPLA2 from retinas exposed for 60 min to 200 mM Fe2þ.
Immunoprecipitates were resolved in 10% SDS-PAGE gels and analyzed by Western blot and were first incubated with anti-sPLA2 antibody and then with anti-COX-2 antibody. Co-
immunoprecipitated COX-2 was quantified and results were expressed as arbitrary units. (B) sPLA2-IPs were also assayed for COX-2 activity using [3H]arachidonic acid as substrate
in an appropriate buffer. Reaction products ([3H]PGF2 and [3H]PGE2) were extracted, separated by TLC, and quantified by liquid scintillation. Results are expressed as DPM [3H](PGF2
plus PGE2) � (mg protein � h)�1 and represent the mean � SD of at least three independent experiments. (C). COX-2 expression levels were determined in retinal total homogenates
and in anti-sPLA2 immunoprecipitates in the presence of YM 26734. *Significantly different compared to the respective control group (p < 0.05, one-way ANOVA test followed by
LSD test).

G. Rodríguez Diez et al. / Experimental Eye Research 113 (2013) 172e181178
progression of this devastating disease. Iron accumulation has been
reported to be a pathognomonic sign of AMD retinas and has been
suspected to be responsible for the high levels of oxidative stress
found in these patients (Blasiak et al., 2009, 2011; Dunaief, 2006;
Hadziahmetovic et al., 2011a,b; He et al., 2007; Kell, 2010).

It has also been concluded that iron chelation may help in the
treatment of several neurological diseases characterized by iron
Fig. 6. Acyltransferase activity in retinas exposed to Fe2þ-induced oxidative stress.
Acyltransferase activity was performed in homogenates of retinas exposed to 200 mM
Fe2þ for 60 min using [14C]oleoyl-CoA as substrate in an appropriate buffer. Lipids were
extracted and phospholipids (PS, PI, SPH, PA, PC, PE and CL) were separated by TLC, and
quantified by liquid scintillation. Results are expressed as DPM [14C]oleoyl-
CoA � (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).
accumulation, such as Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease (Youdim et al., 2005) and Friedreich’s ataxia
(Richardson, 2004; Whitnall et al., 2012). However, it has not yet
become an optional treatment for AMD (Dunaief, 2006). For this
reason, and in an attempt to better understand the molecular bases
of this pathology, the study of the signaling mechanisms triggered
during iron-induced retinal degeneration could be helpful for
exploring new therapeutic strategies for the treatment of AMD.

We have recently characterized an in vitro model of AMD and
have described the implications of cPLA2 and iPLA2 in retinal
damage induced by iron overload (Rodríguez Diez et al., 2012). In
the present work, we have further studied the role of sPLA2 in COX-
2 and NF-kB regulation and in phospholipid acylation mechanisms
during iron-induced retinal injury.

Several isoforms of sPLA2, such as Group IIA and Group X sPLA2,
have been traditionally considered to be inflammatory proteins in
the peripheral and nervous tissue (Bazan et al., 2002; Moses et al.,
2006; Saegusa et al., 2008). In addition, novel anti-inflammatory
functions have been recently described for other sPLA2 isoforms,
as it is the case of Group V sPLA2 (Boilard et al., 2010). In the present
study, we have characterized the role of Group V sPLA2, in partic-
ular, during iron-induced retinal damage.

Recent findings from our laboratory showed that while cPLA2 is
involved in the generation of retinal damage by promoting lipid
peroxidation and COX-2 activation, iPLA2 has a protective role
against iron-induced retinal damage (Rodríguez Diez et al., 2012).
On the other hand, we show here that retinal functional parame-
ters, such as MTT reduction and membrane permeability, were not
found to be affected by the inhibition of sPLA2. Lipid peroxidation
levels generated under oxidative stress conditions were observed
not to be altered by sPLA2 inhibition. Based on these findings, it
could be assumed that sPLA2 does not participate in the mecha-
nisms promoting retinal lipid peroxidation and membrane damage
during iron-induced oxidative stress. It was nonetheless observed



Fig. 7. Relationship between acyltransferase and PLA2 isoforms activity in retinas exposed to Fe2þ-induced oxidative stress. Acyltransferase activity was performed in homogenates
of retinas exposed to 200 mM Fe2þ for 60 min in the presence or absence of (A) ATK (50 mM), (B) BEL (25 mM) and (C) YM 26734 (10 mM). Lipids were extracted and phospholipids (PS,
PI, SPH, PA, PC, PE and CL) were separated by TLC, and quantified by liquid scintillation. Results are expressed as DPM [14C]oleoyl-CoA � (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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that as iron accumulated, the localization of Group V sPLA2 in the
cytosolic fraction increased. This compartmentalization of sPLA2
could be related with its association with COX-2, as shown by IP
assays. This association between sPLA2 and COX-2 was also
observed in previous studies (Balboa et al., 2003; Ruiperez et al.,
2007). In line with this, the increased association of COX-2 with
Group V sPLA2 during iron-induced retinal oxidative stress was
correlated with a diminished catalytic activity as it was observed by
the measuring of PGE2 and PGF2 generation on IPs. These results
could be indicative of a COX-2 regulatory process exerted by sPLA2
through a mechanism that may involve the sequestration of COX-2
and the inhibition of its catalytic activity. Additionally, the inhibi-
tion of sPLA2 activity showed to increase COX-2 expression levels.
This increased of sPLA2 expressionwas coincident with a rise in the
association sPLA2-COX-2. Our observations are in agreement with
previous findings that propose Group V sPLA2 as an anti-
inflammatory agent in an arthritis model, in this particular case
by regulating cysteinyl leukotriene synthesis (Boilard et al., 2010).

Since its discovery e more than 25 years ago e as expression
regulator of the k light chain gene in B cells, research on NF-kB
keeps on providing novel insights into fundamental cellular pro-
cesses (Sen, 2011). NF-kB, a key regulator of inflammation, immu-
nity, stress responses, apoptosis and differentiation (Oeckinghaus
et al., 2011), has been found to regulate complex gene-expression
patterns (Ruland, 2011). It has been demonstrated that dysregula-
tion of NF-kB signaling contributes to the pathophysiology of in-
flammatory diseases (Oeckinghaus et al., 2011; Smale, 2011). Thus,
in our experimental model, the crosstalk between AA release by
PLA2s and NF-kB signaling could be fundamental for understanding
the signaling mechanisms that operate during retinal injury
triggered by iron-induced oxidative stress. The increased nuclear
localization of p50 and p65 NF-kB subunits in the retinas incubated
with iron, was abolished by the inhibition of both cPLA2 and sPLA2,
thus suggesting that both enzyme activities (that mainly produce
AA) are necessary for NF-kB responses during retinal oxidative
injury. Accordingly, a direct relationship between sPLA2 and NF-kB
activation was reported in foam cells in which LDL hydrolysis by
Group V sPLA2 promotes the expression of pro-inflammatory cy-
tokines through the activation of NF-kB transcriptional activity
(Boyanovsky et al., 2010).

The involvement of Group V sPLA2 in phospholipid acylation
under retinal oxidative stress was also investigated. Quick removal
of peroxidized lipids is a mechanism for preserving plasma mem-
brane integrity and cell viability during oxidative stress processes
(Murakami et al., 2011). While PLA2s hydrolyzes free fatty acids in
sn-2 position, AT is needed to reacilate this position as well as to
maintain normal phospholipid replacement (Perez-Chacon et al.,
2009). The increased acylation observed in PE, one of the major
membrane phospholipids, and the bare detection of LDH leakage at
all iron concentrations assayed, argue in favor of active membrane
repair mechanisms during retinal oxidative injury. Furthermore,
inhibition in PS and PI acylation during iron-induced retinal toxicity
could be related to a high deacylation process probably as a result of
the high content of AA present in these phospholipids (Rotstein
et al., 1987). In this respect, PS acylation was particularly observed
to be increased when cPLA2, iPLA2 and sPLA2 were inhibited, thus
demonstrating that during iron-induced oxidative stress conditions
this phospholipid is actively deacylated by all PLA2 isoforms.

Based on findings derived from previous studies and those from
our present work, it could be assumed that Group V sPLA2 action



Fig. 8. Schematic view representing signaling pathways involved in retinal response to iron-induced oxidative stress.
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during iron-induced retinal toxicity plays a dual role namely as i) an
anti-inflammatory agent by inhibiting COX-2 activity, and ii) a pro-
inflammatory signal promoting the nuclear localization of NF-kB
subunits (Fig. 8). Therefore, deciphering the rules that govern
Group V sPLA2-targeted responses during iron-induced retinal
degeneration will be a central issue for the search of new thera-
peutic strategies for treating retinal degeneration induced by
oxidative stress.
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