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Abstract

Purpose: The human corneal endothelium has a very low mitotic rate, and with aging there is a decrease in the
number of cells. 15-epi-LXA4 is an anti-inflammatory, bioactive lipid formed when aspirin acetylates cycloox-
ygenease-2 and redirects cyclooxygenease-2 catalytic activity away from prostaglandins. The purpose of the
current study was to evaluate the action of 15-epi-LXA4 in the endothelium viability of human corneas stored in
Optisol-GS.
Methods: Human corneal endothelial (HCE) cells along with the Descemet’s membrane were isolated from fresh
human eyes obtained from National Disease Research Interchange. Cell phenotype was identified by using the
tight junctions cell marker ZO-1. LXA4 receptor (FPR2/ALX) was detected by immunostaining of HCE cells and
human corneal tissue using a polyclonal antibody. Cell proliferation was evaluated with Ki-67 antibody. To
measure cell migration, confluent HCE cells were wounded by a linear scraping with a sterile pipette tip in the
center of the well and incubated for 24 h with or without 15-epi-LXA4. To evaluate the reparative capacity of 15-
epi-LXA4, 7 pairs of human corneas were incubated in Dulbecco’s modified Eagle’s medium/F12 media at 37�C
with or without 100 nM 15-epi-LXA4 for 24 h and then stored at 4�C in Optisol-GS for 12 days. Endothelial
viability was assessed by 2 staining techniques: a viability/cytotoxicity kit and trypan blue combined with
alizarin red S.
Results: HCE cells and the endothelium of human corneal sections strongly expressed the LXA4 receptor. There
was a 3-fold increase in cell proliferation when HCE cells were incubated with 100 nM 15-epi-LXA4 for 24 h. No
significant migration was observed after 24 h incubation with 15-epi-LXA4. Corneas incubated for 24 h in
Dulbecco’s modified Eagle’s medium/F12 media in the presence of 15-epi-LXA4 and then stored for 12 days in
Optisol-GS had a 36% to 56% increase in viability compared with controls without 15-epi-LXA4.
Conclusions: 15-epi-LXA4 is an important mediator that protects the integrity of the human endothelium during
corneal preservation in Optisol-GS.

Introduction

The main function of corneal endothelial cells is to
provide a barrier to the cornea and maintain tissue

transparency. These functions are accomplished through
tight junctions and specialized pumps that avoid swelling of
the stroma.1 Since human corneal endothelial (HCE) cells
have a poor proliferation rate, any disease or trauma that
damages them will induce a compensatory enlargement of
the remaining cells that could be accompanied by cell dys-
function.

Cornea transplant or keratoplasty is the most common
transplanted surgery worldwide. Corneal scarring and kera-
titis of varied origins (eg, trachoma) are the main complica-
tions resulting from corneal transplant in developing
countries, whereas keratoconus and corneal edema are the
principal causes of penetrating keratoplasty in developed
nations.2

A very important factor for a successful corneal transplant
is the accessibility to appropriate corneal tissue, as one of the
main causes of graft failure is endothelial cell loss.3,4 It has
been shown that endothelial cells of transplanted human
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corneas are lost at higher rates, about 7.8%/year for 3–5
years, compared with about 0.5%/year for normal corneas.5

Late endothelial failure represents 90% of the failures be-
tween 5 and 10 years after corneal transplant.6 It is, therefore,
important to use donor corneas with sufficient endothelial
cell density to decrease the risk of late endothelial failure.

Two approaches to cornea storage are currently in com-
mon use: hypothermic and organ culture storage. Hy-
pothermic storage, which is used in the United States,
consists of keeping the cornea at 2�C–6�C in a commercially
available medium, such as Optisol-GS, that contains (in ad-
dition to nutrients) osmotically active substances such as
dextran and choidroitin sulfate to maintain the normal
physiological thickness and clarity of the cornea.7 This helps
decrease cell metabolism and preserve the original condition
of the cornea for as long as possible. Although studies claim
that cornea storage in Optisol-GS maintains endothelial in-
tegrity for 14–16 days,8 degenerative changes still occur.
Realistically, the average time stored corneas can be used for
transplant is 4 days.3

Corneal storage under organ culture conditions is used in
European countries. This approach consists of maintaining
the tissue in a culture medium supplemented with fetal bo-
vine serum (FBS), antibiotics, and antimytotics between 31�C
and 37�C. The purpose of organ culture is to maintain cel-
lular metabolism and viability as closely as possible to
physiological conditions. In these conditions, the corneas can
be stored for up to 35 days,9 but the method is technically
more difficult, requiring careful control for contaminations
and time for the cornea to spend in a de-swelling media
before transplantation.

Lipoxins (LX) are lipid mediators derived from arachi-
donic acid by the action of a 15-lipoxygenease (15-LOX).10

15-epi-LXA4 [5(S), 6(R), 15(R)-trihydroxy-7, 9, 13-trans-11cis
eicosatetraenoic acid] is a bioactive lipid formed when as-
pirin acetylates cyclooxygenease-2 and redirects catalytic
activity away from prostaglandins. The main effect of LXA4
and 15-epi-LXA4 is to promote resolution of inflammation by
inhibiting superoxide generation and polymorphonuclear
leukocyte transmigration and to promote uptake of cellular
debris, microbes, and apoptotic polymorphonuclear leuko-
cytes by macrophages.11,12 Both LXA4 and 15-epi-LXA4 act
through a receptor (FPR2/ALX), a classical 7 transmembrane
G-protein coupled receptor.13,14 The advantage of 15-epi-
LXA4 is that it is more stable than LXA4 and, therefore, has a
longer bio-half life than LXA4.15 We found that the human
corneal endothelium expresses FPR2/ALX. Therefore, the
purpose of the current study was to investigate whether 15-
epi-LXA4 has a protective effect in the preservation of the
endothelium of human corneas stored in Optisol-GS media.

Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM)/F12, anti-
biotic-antimycotic (100 · ) solution, FBS, bovine pituitary
extract, phosphate-buffered saline (PBS), Hanks’ balanced
salt solutions, Live/Dead Viability/Citotoxicity Kit, mono-
clonal mouse anti-ZO-1, and the secondary antibodies goat
anti-mouse Alexa Fluor 488 and donkey anti-goat Alexa
Fluor 488 were purchased from Invitrogen (Carlsbad, CA).
Trypan blue solution (0.4%), alizarin red S, gentamicin so-
lution, epidermal growth factor, goat serum, 4’, 6-diamidino-

2-phenylindole dihydrochloride (DAPI), and insulin were
obtained from Sigma (Saint Louis, MO). Optisol-GS was
purchased from Bausch & Lomb (Rochester, NY). Aspirin-
triggered lipoxin A4 (15-epi-LXA4) was from EMD Chemi-
cals (Gibbstown, NJ). Monoclonal mouse Ki-67 antibody was
from Dako North America (Carpinteria, CA). Goat poly-
clonal anti-LXA4-receptor (FPR2/ALX) antibody was from
Santa Cruz (Santa Cruz, CA). FNC coating mix was from
AthenasES (Baltimore, MD).

HCE cell culture

To prepare endothelial cell cultures, twelve human eyes
were obtained from the National Disease Research Inter-
change (Philadelphia, PA). Donor age ranged from 40 to 79
years old, and postmortem time ranged from 2 to 6 h. The
eyes were sent in a wet chamber with enough ice to keep
them between 0�C and 4�C during the shipping. After ar-
riving, the eyes were washed with Hanks’ balanced salt so-
lutions containing a 3 · antibiotic-antimycotic mix. The
corneas were carefully excised under a dissecting micro-
scope, leaving 1 mm of sclera. The Descemet’s membrane
with the attached endothelium was removed from the stro-
ma and cut into small pieces for explant culture. The pieces
were placed endothelium-side down in 6-well plates, which
had been coated with FNC Coating Mix, and cultured in
complete medium (DMEM/F12, supplemented with 15%
FBS, 5mg/mL insulin, 10 ng/mL epidermal growth factor,
100 mg/mL bovine pituitary extract, 50mg/mL gentamicin,
and antibiotic antimycotic solution diluted 1:100). The ex-
plants were incubated at 37�C in a 5% CO2 humidified at-
mosphere for 2 weeks. The medium was changed every 3
days. After the primary cultures reached confluence, cells
were sub-cultured at a 1:3 split ratio. Only the first passage of
HCE cell was used for the experiments.

Immunofluorescence staining

HCE cells, sub-cultured in 12-well plates, were fixed with
2% paraformaldehyde for 30 min at room temperature,
blocked with 10% goat serum and 1% bovine serum albumin,
and permeabilized with 0.2% Triton X-100 in PBS for 10 min.
Cells were incubated overnight at 4�C with primary anti-
bodies (FPR2/ALX, 1:200 dilution; ZO-1, 1:500 dilution; Ki-
67, 1:500 dilution). Next, they were incubated with the ap-
propriate secondary antibodies Alexa Fuor 488 for 1 h at 4�C.
DAPI was performed to stain the nuclei. After each step, the
cells were washed thrice with PBS. Cells were examined with
a fluorescence microscope (Nikon, Tokyo, Japan), and the
images were captured with a Photometric camera (Cool Snap
HQ, Tucson, AZ). No staining was observed when the pri-
mary antibodies were omitted.

To detect the expression of FPR2/ALX receptor in corneal
tissue, human corneas were fixed in 4% paraformaldehyde,
embedded in optimal cutting temperature compounds and
6-mm serial cryostat sections were prepared, air-dried, and
stored at - 80�C. Immunofluorescence staining for the re-
ceptor was performed as just described using goat anti-
FPR2/ALX polyclonal antibody.

Cell proliferation

HCE cells were sub-cultured at 60% confluence, then
starved for 24 h in DMEN/F12, and incubated for an addi-
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tional 24 h in the presence of different concentrations of 15-
epi-LXA4 dissolved in ethanol. The same amount of ethanol
(0.1%) was used in controls without LXA4. Cell proliferation
was assessed by immunofluorescence staining with mouse
monoclonal Ki-67 antibody as just explained, and prolifera-
tion was expressed as a percentage of Ki-67-positive cells
versus the total cells stained with DAPI.

Cell migration

HCE cells were sub-cultured in 12-well plates to complete
confluence and starved in DMEM/12 media without sup-
plementation for 24 h. The cultures were wounded by a lin-
ear scraping in the center of the well with a sterilized pipette
tip and then washed twice to remove all loose or dead cells.
Plates were carefully checked under the microscope to con-
firm complete removal of the cells and photographed (0 h).
Afterward, the cells were incubated in DMEN/F12 for 24 h at
37�C with 100 nM 15-epi-LXA4. Cell migration was observed
under a phase-contrast microscope (Nikon), and images
were captured with a Photometrics camera (Cool Snap HQ).
Cell migration was quantified by measuring the width of the
wounded area at 24 h and compared with 0 h.

Human corneal storage

For these experiments, 7 pairs of human corneas obtained
from National Disease Research Interchange were used.
Donor age ranged from 32 to 88 years old, and the post-
mortem time was between 1.5 and 16.5 h. One cornea of each
pair was incubated in 8 mL of DMEN/F12 (control) at 37�C
with 5% CO2, and the other cornea of the pair was incubated
in the same medium in the presence of 100 nM 15-epi-LXA4.
After 24 h, the corneas were transferred into 20 mL Optisol-
GS with 15-epi-LXA4 or ethanol and stored for 12 days at
4�C. For this purpose, a suture was placed through the sclera
rim and attached to the lid of the vial so that the corneas

were hanging vertically in the medium. All manipulations
were performed under sterile conditions in a laminar flow
hood. In addition, one pair of human corneas was directly
stored in Optisol-GS with 100 nM 15-epi-LXA4 or ethanol for
12 days.

Assessment of endothelial damage

The evaluation of damage of HCE cells was assessed with
a Live/Dead Viability/Cytotoxicity Kit according to the
manufacturer’s protocol or by the combination of 2 stains:
trypan blue and alizarin red S, which stain the denude
Descemet’s membrane and the cell border. For the staining
procedure, the corneas were placed endothelial side up, and
0.4% trypan blue was added drop wise to cover the endo-
thelium. After 90 s, the stain was poured off, and the corneas
were briefly washed with PBS. The endothelial layer was
then covered with alizarin red S (0.2%, pH 4.2) for 90 s and
again washed with PBS. Afterward, the corneas were fixed in
95% ethanol for 2 min.

Four radial incisions were performed on each cornea, and
the tissue was mounted on a slide with the endothelium side
down. The damaged endothelium was assessed using a
fluorescence- or phase-contrast microscope. Endothelial cell
damage was expressed as the percentage of areas of cells
stained with trypan blue and areas devoid of cells over the
total area in consideration when trypan blue-alizarin red
staining was used, or the percentage of areas of endothelial
cell loss over the total area when the Live/Dead Kit was
used. The areas were calculated using Adobe Photoshop
program, the perimeter of uncovered area was marked, and
the number of pixels was determined. The percentage of
damage was evaluated in 7 to 10 fields/cornea and com-
pared between pairs of corneas from the same donor.

To determine the proliferation in these conditions, an ad-
ditional pair of corneas was sectioned and prepared for im-
munostaining with Ki-67 antibody.

FIG. 1. Expression of FPR2/ALX receptor in corneal endothelium. (A) HCE cells cultured as explained in Methods section
were proliferated at 7 days, and by 10 days the cells reached confluence. (B) Confluent HCE cells expressed ZO-1, a tight
junction-associated protein, showing endothelial cells boundaries in a polygonal pattern. (C) FPR2/ALX receptor is strongly
expressed in HCE cells in culture. (D) Human corneal sections showing a strong positive staining for FPR2/ALX in the
endothelium. The lower figures in B–D show the nuclei of the cells with 4’, 6-diamidino-2-phenylindole dihydrochloride
staining. HCE, human corneal endothelial.
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Statistical analysis

The significance of the data from all experiments was
evaluated using the Student’s t-test. P < 0.05 was considered
statistically significant.

Results

FPR2/ALX is strongly expressed in the corneal
endothelium

Ten days postculture, confluent HCE cells showed the
typical endothelial cell polygonal mosaic morphology (Fig.
1A). Immunostaining with ZO-1 antibody demonstrated the
proper location of this tight junction associated protein, im-
plying that HCE cells in culture were able to recruit ZO-1 to
the cell border (Fig. 1B). The FPR2/ALX receptor was
strongly expressed in the cell membrane as well as around
the nuclei (Fig. 1C). Frozen section of human corneas also
showed a strong positive staining in the endothelial layer
(Fig. 1D).

15-epi-LXA4 stimulates HCE cell proliferation
but does not affect migration

Since the lipoxin receptor is strongly expressed in HCE
cells, we decided to investigate the role of 15-epi-LXA4 on

corneal endothelial proliferation and migration. Cell prolif-
eration was evaluated by immunostaining with Ki-67 anti-
body, a marker for actively cycling cells. 15-epi-LXA4
promotes HCE cell proliferation in a dose-dependent fash-
ion (Fig. 2). There was a 3-fold increase in proliferation
compared with controls after 24 h stimulation with 100 nM
15-epi-LXA4. Similar results were obtained using porcine
corneal endothelial cells in culture (data not shown).

To study the role of 15-epi-LXA4 on HCE cell migration, a
simple cell wound model was used, where the cells were
injured by a linear scrape in the center of the well as ex-
plained in Methods section. After 24 h, there was an ap-
proximate 50% reduction of the wounded area. No
significant difference in migration between control and
100 nM 15-epi-LXA4-treated cells was found (Fig. 3).

Effect of 15-epi-LXA4 on endothelial preservation
of human corneas

To determine the action of 15-epi-LXA4 in the endothe-
lium of corneas after storage, one pair of human corneas was
kept in Optisol-GS at 4�C for 12 days with 100 nM LXA4 or
ethanol. A second pair was cultured for 24 h at 37�C in
DMEM/12 with or without 100 nM 15-epi-LXA4 and then
preserved in Optisol-GS for 12 days at 4�C. No significant
differences in cell damage with or without 100 nM

FIG. 2. 15-epi-LXA4 stimu-
lates endothelial cell prolifer-
ation. First passage of HCE
cells derived from a 40-year-
old donor were plated in a
12-well plate and grow to
60%–70% confluence. After
starving for 24 h, the cells
were incubated in Dulbecco’s
modified Eagle’s medium/
F12 with different concentra-
tions of 15-epi-LXA4 for 24 h
at 37�C. Then, the cells were
immunostained with Ki-67
monoclonal antibody as ex-
plained in Methods section.
Cell proliferation was expressed as the percentage of Ki-67 positive cells versus the total cells. The bars represent the
average – SD of 10 fields randomly chosen, *P < 0.05 compared with control. The experiment was repeated 4 times.

FIG. 3. 15-epi-LXA4 has no
effect on endothelial cell mi-
gration. First passage of HCE
cells derived from a 63-year-
old donor were cultured to
complete confluence. After
starving for 24 h, a linear
wound was made as ex-
plained in Methods section.
Then, the cells were incu-
bated in Dulbecco’s modified
Eagle’s medium/12 with or
without 100 nM 15-epi-LXA4
for 24 h at 37�C. Cells were
observed under the micro-
scope and photographed. The migration was expressed as wound width, calculated with an Adobe Photoshop program. Each
bar represents the average – SD of 8 pictures of areas randomly chosen. The experiment was repeated thrice with similar results.
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15-epi-LXA4 were found when the corneas were stored di-
rectly in Optisol-GS (Fig. 4A). However, corneas incubated in
DMEM/12 in the presence of 100 nM 15-epi-LXA4 for 24 h
and then stored for 12 days in Optisol-GS showed a signifi-
cant decrease in endothelial damage (Fig. 4B). In these con-
ditions, cell damage decreased from > 23% in storage
without 15-epi-LXA4 to 11% when 15-epi-LXA4 was added.

A third pair of human corneas was incubated as described
in Fig. 4B after tissues were sectioned and immunostained
with the proliferation marker Ki-67. Positive staining was
observed when the corneas were treated with 15-epi-LXA4
(Fig. 4C).

Table 1 summarizes the results of 6 pairs of human cor-
neas incubated in DMEM/F12 with or without 100 nM 15-
epi-LXA4 for 24 h at 37�C and then stored in Optisol-GS with
or without 15-epi-LXA4 for 12 days at 4�C. Cell damage was
assessed by the combination of trypan blue-alizarin red S
staining as explained in Methods section. Endothelial cell
damage decreased between 36% and 56% in the presence of
100 nM 15-epi-LXA4. Although all pairs of corneas showed a
significant decrease in endothelial cell damage with 15-epi-

LXA4, postmortem preservation time and possible aging
seemed to influence the protective effect of 15-epi-LXA4.

Discussion

One of the main causes of graft failure is endothelial cell
loss due to inadequate tissue preservation. It is well docu-
mented that endothelial cells in transplanted human corneas
are lost at a higher rate than normal corneas.5,6 The cause is
not clear, but it had been suggested that breakdown of the
blood-ocular barrier and an increase in the inflammatory
response could cause an apoptotic response.16

Here we show that incubation for 24 h with 15-epi-LXA4,
a lipid mediator involved in the resolution of inflammation,
stimulates the proliferation of human endothelial cells
without affecting the migration. Human endothelial cells
have very limited proliferation and are arrested in the G1
phase of the cell cycle.17 Several methods have been used to
enhance HCE cell proliferation, such as addition of growth
factors to the cultured media, EDTA, to destroy the tight
junctions and viral oncogene transformation.18–22 All of these

FIG. 4. Decrease in endo-
thelia cell damage in corneas
stored in Optisol-GS after or-
gan cultured with 15-epi-
LXA4. (A) A pair of corneas
from a 47-year-old donor was
stored in 20 mL Optisol-GS
with or without 100 nM 15-
epi-LXA4 for 12 days at 4�C
as explained in Methods sec-
tion. At the end of storage,
the corneas were stained with
a Live/Dead Viability/Cyto-
toxicity Kit. A fluorescence
microscope was used to
evaluate the cell damage.
There were areas of endothe-
lial cell loss with multiple red
fluorescent cells representing
dead cells; 8–10 pictures were
taken from each cornea and
the average – SD of the dam-
aged area was calculated. (B)
A pair of corneas from a 58-
year-old donor was organ
cultured with or without
100 nM 15-epi-LXA4 for 24 h
at 37�C. Afterward, the
corneas were transferred to
Optisol-GS with or without
15-epi-LXA4 and stored for
12 days at 4�C. The endothe-
lial cell damage was detected
with a combination of 2
stains: trypan blue and aliza-
rin red S. The percentage of
cell damage was calculated as
explained in Methods section.
(C) One pair of corneas from
a 59-year-old donor incu-
bated as in (B) was fixed with

4% paraformaldehyde, embedded with optimal cutting temperature (OCT), cut into 6 mm serial sections, and immunostained
with Ki-67 antibody. Ki-67 positive cells are shown in the endothelium. *Significant difference with respect to control.
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techniques have limitations, for example, long-term safety of
transfected HCE cells, low efficiency, and so on. In a more
recent report, HCE cells were treated with mouse embryonic-
stem cell conditioned media, which increase cell prolifera-
tion.23 The authors postulate that the media promote cell-cycle
entrance, in part, by down regulation of p21 expression.
Although interesting, the extract derived from mouse could be
a health risk factor in clinical application.

We found a strong expression of FPR2/ALX by immu-
nofluorescence in the human corneal endothelium and in the
isolated cells. An earlier study had reported mRNA expres-
sion of FPR2/ALX in epithelial cells derived from human
corneas.24 A few recent studies have shown that LXA4
stimulates corneal epithelial wound healing,25,26 is a potent
inhibitor of corneal neovascularization by directing inhibit-
ing vascular endothelial growth factor,27,28 and reduces in-
flammation in endotoxin-induced uveitis models.29,30 To our
knowledge, this is the first study showing an effect of a li-
poxin in corneal endothelial cells.

We took advantage of the selective proliferative action of
15-epi-LXA4 in HCE cells to investigate whether the lipid
mediator can be used to improve cornea storage. We found
that corneas incubated with 100 nM 15-epi-LXA4 for 24 h in a
basal media containing inorganic salts, amino acids, glucose,
and vitamins without serum are enough to promote prolif-
eration and enhance endothelial cell density after 12 days in
Optisol-GS. This preincubation at 37�C is fundamental for
the action of 15-epi-LXA4, as corneas stored directly in Op-
tisol-GS with LXA4 did not show differences from controls.
This suggests that at lower temperatures (2�C–6�C) 15-epi-
LXA4 will not activate the FPR2/ALX receptor to promote
the signaling mechanisms that induce HCE cell survival and
proliferation. The short time used in this study for corneas in
organ culture was not only enough to stimulate the prolif-
eration by 15-epi-LXA4 but also allowed us to avoid the
period of deswelling used in corneas incubated at 37�C. It
has been shown that the presence of dextran in the deswel-
ling media may induce endothelial alterations.31 In addition,
decrease of endothelial cell density between 5% and 10% has
been found after longer periods of organ culture storage.32

In the conditions of our experiments, corneas stored for 12
days in Optisol-GS after a 24 h period in organ culture with
15-epi-LXA4 had a decrease in cell damage that ranged from
36% to 66%. Increase in postmortem time seems to have an
effect in the repair process by 15-epi-LXA4. In addition, we
must point out that the corneas in this study were kept in a

moist chamber from 23 to 44 h. Studies of corneas stored at
4�C in a moist chamber for 2 days reported significant en-
dothelial damage33; our corneas after 24 h in organ culture
and 12 days in Optisol-GS showed between 14% to 23% of
endothelial damage when stained with trypan blue. This
time did not seem to affect the repair process stimulated by
15-epi-LXA4.

Eye banks report the need to discard considerable
amounts of tissue with low endothelial cell density.34,35 Our
study reports that 15-epi-LXA4 could be useful to increase
the time of storage and improve endothelial cell density,
helping to minimize waste of donor tissue.
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