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ers of the cornea function in a synchronized way to ensure 
this transparency. 

 Corneal tissue has three distinct layers, the epithelial, 
stroma, and endothelial layers, and two acellular regions, 
the Bowman’s layer, which separates the epithelium from 
the stroma, and the Descemet’s membrane, which is be-
tween the stroma and the endothelium (  Fig. 1A  ).  All three 
layers have a uniform and consistent arrangement through-
out the tissue in order to precisely bend and transmit light, 
fi rst to the lens and then to the retina. 

 The corneal epithelium is the most outer layer, consist-
ing of fi ve to seven layers of stratifi ed nonkeratinized epi-
thelia. The basal cells have a prominent nucleus, are 
mitotically active, and adhere to the basement membrane 
through an adhesion complex that anchors the epithe-
lium to the Bowman’s layer. Turnover of epithelial cells 
occurs every fi ve to seven days by displacement of existing 
cells, which begin their movement toward the surface to 
then form two to three layers of wing-shaped cells; the cells 
then begin terminal differentiation and desquamation. 
The outer-most layer of the epithelium is in intimate con-
tact with the tear fi lm that keeps the surface moist and free 
of damage that can result from drying (dry eye). This is 
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 The cornea, known as the “window of the eye,” has two 
major functions: to protect the intraocular structures and 
to refract light. In fact, the cornea accounts for two-thirds 
of the refractive power of the eye. The most important 
characteristic of this tissue is its transparency, and the lay-
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 The cornea is exposed to the external environment and 
susceptible to injury and infection. Aging, tear defi ciency, 
and injury caused by microorganisms, chemicals, and me-
chanical damage, including surgery (e.g., laser surgery), 
can damage the cornea. The outcome depends on the de-
gree of injury. If only the epithelium is damaged, it will 
regenerate quickly, fi rst by migration of the adjacent cells 
to cover the defect followed by a proliferative phase to ob-
tain the normal epithelial thickness. At the same time, the 
keratocytes beneath the injured epithelium undergo apo-
ptosis, and then the surrounding keratocytes are activated. 
The signaling between epithelial and stromal cells is medi-
ated through cytokines, neuropeptides, growth factors, 
lipid mediators, and chemokines ( 1–4 ). Epithelial cell re-
newal is essential to preserve the corneal outer layer, which 
is crucial for preventing infi ltration by pathogenic agents. 
Receptors activated by cytokines and growth factors result 
in the activation of various cell signaling pathways through 
the lipid mediators. Activation of these cell signaling path-
ways are responsible for the processes involved in corneal 
wound healing (i.e., proliferation, differentiation, migra-
tion, and apoptosis). The various cell signaling mecha-
nisms interact with one another through crosstalk to 
modulate the signaling strength induced by receptor acti-
vation ( 5, 6 ). 

 If the stroma has been compromised, however, there 
will be a stronger activation of keratocytes and transforma-
tion of these cells into fi broblasts and myofi broblasts. As a 
consequence, scar tissue formation and loss of transpar-
ency results. Myofi broblasts are characterized by expres-
sion of  � -smooth muscle actin ( � -SMA), the synthesis of 
ECM components, and the acquisition of contractile prop-
erties ( 7 ). 

 Despite the degree of injury, there will be an initial in-
fl ammatory response that, in the avascular cornea, is usually 
characterized by stromal cell infi ltration of polymorphonu-
clear neutrophils (PMNs) arriving from the limbal vessels 
and by generation of several pro- and anti-infl ammatory 
lipid mediators, which play important roles in the integrity 
and transparency of the cornea. If infl ammation is not re-
solved, then corneal fi brosis, pigmentation, and neovascu-

important for the formation of high quality images in the 
retina. 

 The stroma constitutes 90% of the corneal thickness. It 
is a highly organized connective tissue composed mainly 
of collagen type 1 fi brils stacked in orderly sheets, which 
forms approximately 200 lamellae, and of proteoglycans 
that maintain the regular spacing between fi brils. The cells 
of the stroma, known as keratocytes, are fl at cells situated 
between the collagen lamella, and they extend projections 
toward other keratocytes to form a mesh ( Fig. 1A, B ). 
These cells are almost quiescent, but collagen and other 
extracellular matrix components (ECM) are slowly se-
creted to maintain the lamella. This regular organization 
of the stroma is necessary for preserving tissue transpar-
ency and maintaining intraocular pressure leading to the 
alignment of the optic pathway. 

 The most inner layer of the cornea is the endothelium. 
It forms a uniform monolayer of hexagonal cells that se-
crete the Descemet’s membrane, which is composed pre-
dominantly of collagen IV, glycoproteins, and fi brin. The 
main function of the endothelium is to regulate water con-
tent in the stroma. This is done through metabolic pumps 
controlled by a Na + /K + -ATPase that actively transports Na +  
from the stroma to the anterior chamber and forms a dif-
fusing gradient for water, maintaining a constant stromal 
hydration. Dysfunction of the endothelium results in 
stroma edema and loss of transparency. 

 An important characteristic of the cornea is its heavy in-
nervations; the cornea contains 300–400 times the num-
ber of nerve endings per mm 2  than the skin. Most are 
sensory nerves derived from the ciliary nerves of the 
trigeminal ganglion ophthalmic branch. The nerves pen-
etrate the cornea through the peripheral stroma in a ra-
dial pattern, shed their myelin sheet, and then advance to 
the epithelium to become nerve endings on the epithelial 
surface ( Fig. 1C ). 

 Between the cornea and the sclera is the limbus, a zone 
of approximately 1 mm that surrounds the cornea. In the 
limbus reside stem cells for the epithelium as well as vascu-
lar elements, which provide nutrients to the avascular 
cornea. 

  Fig.   1.  A: Corneal structure showing the different layers. B: Culture keratocytes taken from rabbit corneas 
and stained with vimentin. The cell projections make contact with each other and form a mesh between the 
collagen lamella. C: Human corneal nerves stained with  � -tubulin penetrating the epithelium with nerve 
endings at the surface (Courtesy of Drs. Jiucheng He and Haydee E. P. Bazan).   
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thy. This condition, which is most common in women, can 
occur in one or both corneas and is often associated with 
vascularization and hypercholesterolemia. Accumulation 
of cholesterol esters occurs as droplets deposited in the 
stroma by lipid-overloaded fi broblasts ( 20 ). In dogs with 
lipid keratopathy, cholesterol levels in the cornea increase 
5-fold ( 21 ). In general, corneal neovascularization pro-
vides an easy route for lipid access to the cornea; condi-
tions such as herpetic keratitis and chemical injuries also 
can produce severe lipid keratopathy ( 22 ). Another dis-
ease, granular corneal dystrophy, an autosomal-dominant 
heritable condition characterized by granular deposits in 
the cornea, shows an increase in phospholipids but no 
changes in cholesterol ( 11 ). 

 Lipids also have been involved in the pathology of dry 
eye. Dry eye, or  keratoconjuctivitis sicca,  is a disorder that af-
fects the tear fi lm and causes damage to the ocular sur-
face. The three major components of the tear fi lm are the 
previously-mentioned tear lipids, water, and mucins. Mu-
cins are high-molecular-weight hydrophobic glycoproteins 
that, by reducing tear surface tension, facilitate the spread 
of the tear fi lm on the ocular surface. Conjunctiva globet 
cells are the main source of secreted mucins, followed by 
the corneal epithelium ( 23 ). 

 Patients with dry eye experience a reduction in mucin 
on the ocular surface ( 24 ). In animal models of dry eye, 
nanomolar concentrations of topically-applied 15-hydroxy/
hydroperoxyeicosatetraenoic acid [15(S)-HETE], a lip-
oxygenease metabolite derived from AA, protected the 
cornea from desiccating-induced damage ( 25 ) and also 
increased mucin secretion ( 26, 27 ). The molecular mech-
anisms of 15(S)-HETE action are not understood. In hu-
man corneal epithelial cells, 15(S)-HETE induces faster 
translocation of protein kinase C- �  (PKC � ) to the plasma 
membrane when stimulated by growth factors such as epi-
dermal growth factor (EGF) or hepatocyte growth factor 
(HGF) ( 28 ). This translocation requires mitogen-activated 
protein kinase (MAPK)-ERK1/2 and cytosolic phospholi-
pase A2 (cPLA2) activation. The effect of 15(S)-HETE is 
specifi c; for example, note that neither the hydroxyperox-
ide 15(S)-HpTE nor 5(S)-HETE has an effect on PKC �  
translocation ( 28 ). It has been shown that EGF activation 
of PKC �  is necessary for globlet cell proliferation ( 29 ), 
and therefore increases mucin secretion. 

 How 15(S)-HETE activates translocation of PKC �  has 
not been clarifi ed. One possibility is that 15(S)-HETE is 
esterifi ed to phospholipids and induces plasma membrane 
changes that could facilitate translocation of the kinase. 
In fact, in rabbit corneal epithelial cells, 12(S)-HETE is 
rapidly esterifi ed to membrane lipids, mainly phosphatidyl-
inositol (PI) ( 30 ). Hydrolysis of PI generates diacylglycerol-
containing 12(S)- or 15(S)-HETE that could then activate 
PKC � . 

 AA DERIVATIVES INCREASE AFTER CORNEAL 
INJURY: ITS BIOLOGICAL ACTIONS 

 Injury to the cornea activates the release of AA as well as 
its conversion to prostaglandins (PGs), tromboxanes, and 

larization take place, resulting in corneal scarring and 
disruption of the blood ocular barrier, which may lead to 
chronic immune-mediated uveitis ( 8 ). 

 LIPID COMPOSITION 

 Earlier studies on calf corneas identifi ed phosphatidyl-
choline (PC), phosphatidylethanolamine (PE), and sphin-
gomyelin as the main phospholipids ( 9 ) with the highest 
content of PC/mg of proteins in the epithelium. Studies 
on the human cornea report that 34% of the total lipids 
correspond to neutral lipids (cholesterol, cholesterol es-
ters, and triglycerides), and that there is also an abundance 
of gangliosides (10%) and sphingolipids (24%) ( 10 ). A 
subsequent study on the phospholipid composition shows 
that PC, PE, and sphingolipids are also the main compo-
nents in human corneas ( 11 ). The fatty acids predomi-
nantly present within the human cornea are oleic acid, 
palmitic acid, and stearic acid ( 12 ). The major acyl group 
that is esterifi ed to phospholipids in the corneal layers of 
oxen and rabbits is oleic acid ( 13, 14 ). In rabbit corneal 
epithelia, oleic acid comprises 57% of the total fatty acids 
of phospholipids, followed by palmitic acid at 18.7%. The 
percentage of esterifi ed arachidonic acid (AA) in phos-
pholipids is higher in the stroma and endothelium than in 
the epithelium ( 14 ). The higher proportion of esterifi ed 
AA in the endothelium (11%) may play a role in regulat-
ing membrane permeability properties. The tear fi lm con-
tains a lipid layer that functions as a smooth surface for the 
cornea and retards water evaporation from the eye. This 
layer consists of a mixture of nonpolar lipids (wax esters, 
cholesterol, and cholesterol esters) that make up about 
60–70% of the layer; the rest is composed of phospholip-
ids, glycolipids, and a small amount of free fatty acids and 
mono- and di-glycerides ( 15, 16 ). 

 LIPIDS IN CORNEAL PATHOLOGIES 

 Several pathologies are attributed to lipid depositions. 
Corneal arcus results from lipid infi ltration into the pe-
ripheral cornea of both eyes in humans. The lipids are car-
ried by the blood and infi ltrate the cornea through the 
limbal vessels. This pathology worsens with age (arcus seni-
lis) ( 17, 18 ). A link has been found between corneal arcus 
and hyperlipoproteinemia, which is characterized by in-
creased cholesterol as well as LDL and VLDL. Lipids pres-
ent in the human cornea with arcus are more saturated 
than those of plasma lipoproteins ( 12 ). Cholesterol-rich 
lipid particles defi cient in apolipoprotein (apo)-B accu-
mulates in the cornea. Because of their large size, which 
precludes their diffusion through the matrix of the cor-
nea, these lipid particles are instead derived from LDL, 
resulting in loss of apoB and subsequent fusion of 
apoB-defi cient particles ( 17 ). Studies in dogs show that 
phospholipid-rich lipids accumulate in the Descemet’s 
membrane, where cholesterol in both the free and esteri-
fi ed forms accumulates in the stroma ( 19, 20 ). Another 
pathology attributed to lipid deposition is lipid keratopa-
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( 45 ). Several other studies have also confi rmed these early 
fi ndings, and COX-2 expression has been observed in the 
corneal layers of dogs with keratitis, a common disease in 
these animals ( 46 ), and with herpetic keratitis ( 47 ). Ex-
perimental photorefractive keratectomy surgery (PRK) in 
rabbits shows COX-2 expression in the epithelium ( 48 ). 
In addition, topical administration of a specifi c COX-2 in-
hibitor reduces stromal swelling after epithelial debride-
ment ( 49 ), demonstrating the involvement of COX-2 in 
the infl ammatory reaction after epithelial injury, the ini-
tial step in preparation for PRK. Another common refrac-
tive surgery, laser in situ keratomileusis (LASIK), which 
damages the stroma, induces expression of COX-2 in the 
central epithelium and in the keratocytes adjacent to the 
wound ( 48 ). 

 COX-2 expression is also stimulated by another impor-
tant lipid mediator, PAF ( 50 ), which increases in the cor-
nea after injury ( 44 ). It has been reported that COX-2 
localizes in the endoplasmic reticulum (ER) and the nu-
clear envelope ( 51 ). In isolated rabbit myofi broblasts, we 
found expression of COX-2 in the nuclei, surrounding 
the nuclei, possibly in the ER and the plasma membrane 
(  Fig. 2  ).  Because of the expression of COX-2 in the ER 
and nuclear envelope, these areas are considered to be 
sites for prostaglandin synthesis because cPLA2 and PGE 
synthetase are also localized in these regions of stimulated 
cells ( 51 ). However, the presence of COX-2 in the plasma 
membrane is uncommon. It had been reported that 
COX-2 and caveolin-1 colocalize in human skin fi broblasts, 
suggesting that this compartmentalization may play a role 
in prostaglandin synthesis coupled to sPLA2 ( 52 ). There is 
also colocalization of COX-2 and its downstream enzymes 
in subcellular organelles. In a rabbit model of alkali burn 
that had damaged the three layers of the cornea, it has 
been reported that microsomal prostaglandin E syn-
thetase- 1 colocalizes with COX-2 in  � -SMA positive cells, 
suggesting that myofi broblasts synthesize PGE2 ( 53 ). 

 The effects of prostaglandins on the cornea are diverse 
and depend on a particular eicosanoid; thus, secretion of 
PGD2 can cause epithelial defects and chemotaxis of eo-
sinophils from the conjunctiva ( 54 ). PGE2 inhibits en-
dothelial cell proliferation ( 55 ) and is important for the 
maintenance of the polygonal shape of endothelial cells in 
culture ( 56 ). PGF2 �  does not have this effect; instead, this 
eicosanoid increases bovine epithelial cell proliferation 
( 57 ). Topical application of PGE2 agonists to rabbit eyes 

lipoxygenase (LOX) derivatives ( 31–33 ). Earlier studies 
have shown eicosanoid production in microsomal frac-
tions of rabbit corneas ( 34, 35 ). Two h after in vivo cryo-
genic lesions that damaged all layers of the rabbit corneas, 
incubation of individual layers with labeled AA showed a 
100% increase in cyclooxygenase (COX) products in the 
stroma and epithelium. Increased production in the en-
dothelium occurs 5 days after injury ( 32 ). The major prod-
ucts are PGF2 � , PGE2, and 6-keto PGF1 �  (the stable 
metabolite of PGI). Subsequent work confi rmed that in-
jury of rabbit corneal endothelial cells increases PGE2 syn-
thesis ( 36 ).  Pseudomonas aeruginosa  infection in mice also 
induces increased PGE2 synthesis, with a peak at 5 days 
after infection ( 37 ). The main LOX product in the rabbit 
cornea is 12(S)-HETE ( 38 ), which increases more than 
600% in the stroma, more than 700% in the epithelium, 
and almost three times in the endothelium after 2 h of a 
cryogenic injury ( 32 ). In another experiment in which 
labeled AA was introduced into the rabbit’s anterior 
chamber, four h after the injection most of the AA was 
incorporated by membrane lipids ( 31 ). Two h after ap-
plying cryogenic lesions to labeled corneas, there was an 
increase in COX and LOX products in the anterior cham-
ber concomitant with a decrease of these products in the 
stroma, suggesting a rapid release of the compounds 
through the injured endothelium. 

 These early experiments demonstrate a very active PLA2 
activity that releases AA. Recent work has shown that hu-
man corneal epithelia express cytosolic PLA2 (cPLA2)  �  
and  �  and several secretory PLA2s (sPLA): GIII, GX, and 
GXIIIA ( 39 ). sPLA2s also have been found in tears and are 
involved in antibacterial protection after corneal injury 
( 40, 41 ). cPLA2 �  selectively releases AA and is a good 
candidate for activation after corneal injury. cPLA2 
activa tion occurs in the epithelium after stimulation by 
platelet-activated factor (PAF) ( 42, 43 ), a bioactive lipid 
that increases after corneal injury ( 44 ). 

 Our earlier studies also imply the presence of an active 
COX that releases eicosanoids after injury. The subse-
quent discovery of COX-2 as an inducible enzyme that is 
activated by a wide variety of infl ammatory stimuli sug-
gests that the increase in prostaglandins after corneal 
injury is derived from the activation of this particular 
isoform. In fact, COX-1 is expressed throughout the cor-
nea, whereas COX-2 is predominantly expressed close to 
the wound following injury by epithelial debridement 

  Fig.   2.  Expression of COX-2 in myofi broblasts in both plasma membrane and nuclear envelope. There is 
also a positive staining in the area surrounding the nuclei, possibly the ER. Rabbit corneal stromal myofi bro-
blasts were double stained with goat anti-COX-2 polyclonal antibody and mouse anti- � -SMA monoclonal 
antibody. As a negative control, the primary antibody anti-COX-2 was replaced by normal goat serum (Cour-
tesy of Drs. Jiucheng He and Haydee E. P. Bazan).   
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depending on the species. Therefore, EGF released after 
corneal injury ( 75–77 ) increases epithelial proliferation 
through induction of 12/15-LOX. More recently, lipoxin 
A4 (LxA4), another product of 12/15-LOX, has been 
shown to be generated in mouse corneas and stimulate 
epithelial wound healing ( 78 ). In rabbit corneas, LxA4 
synthesis is stimulated by EGF ( 79 ). The protective effects 
displayed by 12/15-LOX products explain why, in earlier 
studies, injection of 12(S)- or 15(S)-HETE into the ante-
rior chamber of different animal models did not produce 
adverse effects (for review, see reference  80 ) and why LOX 
inhibitors delayed epithelial migration and wound closure 
in rat corneas ( 81 ). Another compound with anti-infl am-
matory properties is aspirin-triggered LxA4, a 15-epimeric 
LxA4 (epi-LxA4) that is synthesized by COX-2 when the 
enzyme is acetylated by aspirin ( 82 ). LxA4 and epi-LxA4 
act through a G-protein coupled receptor (ALX/FPR2, 
called ALX here). The receptor is expressed in the mouse 
corneal epithelium ( 78 ). Interestingly, we recently found 
that there is a strong expression of ALX in human corneal 
endothelial cells and that addition of low epi-LxA4 con-
centrations stimulate cell proliferation ( 83 ). As men-
tioned, human endothelial cells have a very low mitotic 
rate, and with aging cell loss occurs. Stress caused by con-
tact lens wear and refractive and intraocular surgery can 
also alter endothelial density; therefore, epi-LxA4 could 
be important for protecting the integrity of the endothe-
lium and could be useful in eye banking procedures for 
storing corneas for transplants after previous incubation 
with epi-LxA4 ( 80 ). 

 Another activity for metabolizing AA in the corneal epi-
thelium is through the cytochrome P450 monooxygenase 
( 84 ). Two main compounds are formed: 12-R-hydroxiei-
cosatetraenoic acid [12(R)-HETE], and its degradative 
product 12-R-hydroxyeicosatrienoic acid [12(R)-HETrE], 
which is formed by oxidation of the hydroxyl group fol-
lowed by two keto reductase steps. Unlike LOX products, 
these derivatives have infl ammatory properties. 12(R)-
HETrE is a potent infl ammatory and angiogenic mediator 
in hypoxia caused by contact lens wear and chemical-
induced injuries in the cornea ( 85, 86 ). This mediator also 
increases in human tears during infl ammation ( 87 ). The 
other previously-mentioned compound, 12(R)-HETE, 
produces swelling when applied to the endothelial side of 
the cornea by inhibiting Na + /K + -ATPase ( 88, 89 ). Contact 
lenses also induce 8-(R)-hydroxyl-hexadecatrienoic acid 
[8(R)-HETrE] production in corneal epithelia. These 
products can diffuse across the stroma and inhibit the en-
dothelial Na + /K + -ATPase, which causes loss of transpar-
ency ( 90 ). 

 PAF IS A CENTRAL PLAYER IN THE 
INFLAMMATORY RESPONSE OF THE CORNEA 

 A wide variety of responses induced by PAF in corneal 
cells point toward a central role for this infl ammatory me-
diator. In rabbits, PAF synthesis increases soon after alkali 
injury occurs, with an almost linear increase that takes 
place in the fi rst 4 h and continue to increase up to 24 h 

produces aqueous fl are, a sign of infl ammation of the an-
terior chamber ( 58 ). Subconjuctival injections of PGE2 
resulted in corneal edema, whereas PGD2 or PGF2 �  had 
no adverse effects ( 59 ). Release of PGE2 after injury con-
tributes to corneal nerve stimulation ( 60 ), and COX-2 in-
hibitors have analgesic effects after corneal surgery ( 61 ). 

 Prostaglandins also exert therapeutic effects. PGF2 � -
isopropyl ester (latanoprost), a derivative of PGF2 � , is 
commonly used as a potent ocular hypotensive drug in the 
management of glaucoma ( 62 ); however, glaucomatous 
patients often need to use these types of drugs for exten-
sive periods, and some adverse effects have been reported. 
In a rabbit model of acute herpetic keratitis, latanoprost 
increases the severity and recurrence of this infection 
( 63 ). Several studies have reported reduction of central 
corneal thickness after short (8 weeks) or prolonged (24 
months) treatment with prostaglandin analogs ( 64 ). 
The mechanisms have not been elucidated, but they 
could be related to activation of metalloproteinases 
(MMPs), enzymes responsible for degradation of extra-
cellular matrix compounds in the basal membrane. 
Prostaglandins are activators of MMPs in the cornea and 
conjunctiva ( 65, 66 ). 

 Our studies have also demonstrated a very active 12-
LOX in rabbit corneas that synthesize 12(S)-HETE after 
injury ( 31–33, 38 ). The expression of this enzyme is 
species-specifi c; in rabbit and bovine corneal epithelia, 
the main product is 12(S)-HETE, which is derived from 
the activity of 12-LOX ( 38, 67 ). Human and monkey cor-
neas mainly express 15(S)-HETE, a product of 15-LOX 
( 67 ), and mouse corneas express a dual 12/15-LOX. 
Three types of 12-LOXs have been characterized: plate-
let-type, leukocyte-type, and epidermal 12-LOX. Platelet-
type 12-LOX synthesizes 12-hydroperoxyeicosatetraenoic 
acid [12(S)-HPETE] and 12(S)-HETE from AA, whereas 
leukocyte-type 12-LOX synthesizes 12(S)-HETE and 
15(S)-HETE ( 68 ). Each 12-LOX isoenzyme has been de-
tected in various cell types, including smooth muscle 
cells, keratinocytes, endothelial cells, and tumor cells. In 
addition, elevated 12-LOX activity has been implicated in 
hypertension, infl ammation, thrombosis, and the devel-
opment of skin tumors ( 69 ). Along with 12/15-LOX, 
mice corneal epithelia express platelet-type 12-LOX 
(ALOX 12) and epidermal-type 12-LOX (Aloxe) ( 70–72 ). 
In human corneal epithelia, two 15-LOXs with different 
subcellular locations have been described: 15-LOX-1 in 
the cytoplasm and 15-LOX-2 in the cytoplasm and nu-
cleus ( 73 ). Although 15-LOX-1 converts AA into 15(S)- 
and 12(S)-HETE at a rate of 4:1, 15-LOX-2 converts AA 
exclusively to 15(S)-HETE. 

 The activity of the 12- and 15-LOX products in the cor-
nea is beginning to be elucidated. The primary oxidation 
products of these enzymes are reduced into secondary oxi-
dized lipids like HETEs, leukotrienes, lipoxins, and hep-
oxilins, which act as lipid mediators. In addition to their 
function as secretogogues for the previously-mentioned 
mucins, 12(S)- and 15(S)-HETEs in the cornea are inter-
mediates in a proliferative pathway involving EGF ( 74 ), 
which stimulates the synthesis of 12(S)- or 15(S)-HETE, 
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 One of the most important actions of PAF is the activa-
tion of MMP-1, MMP-9, and uPA ( 100–103 ). Activation of 
these proteolytic enzymes is regulated by tissue inhibitors 
of MMPs (TIMPs) ( 104 ) and plasminogen activator inhibi-
tors (PAIs) ( 105 ), which are coexpressed with the enzymes 
to maintain a balance that promotes normal wound heal-
ing. PAF also stimulates the expression of TIMP-1, TIMP-2, 
and PAI-1 through receptor-mediated mechanisms. How-
ever, PAF induction of MMP-9 far exceeds the induction 
of the inhibitors ( 106 ); therefore, excessive degradation 
of the basement membrane by MMP-9 impairs migration 
and epithelial wound healing and could lead to corneal 
ulceration ( 107 ). As mentioned, PAF attracts PMNs and 
other leukocytes to the site of injury, contributing to fur-
ther increase of various proteases and other degradative 
enzymes of ECM components. In fact, in an in vivo model 
of rabbit corneas damaged by alkali burn, there was an 
increase in PMN infi ltration and a persistent epithelial de-
fect that at 4 weeks after injury resulted in 90% perfora-
tion of the corneas ( 108 ). Treatment with a potent PAF-R 
antagonist, a 2, 4, 6 trimethyl-1, 4 dihidro pyridine-3, 5 di-
carboxylic acid 5-ethyl ester (LAU-0901) ( 109 ), reduced 
PMN infi ltration and prevented corneal perforation, dem-
onstrating the powerful action of PAF in the destruction of 
this tissue when sustained infl ammation occurs. 

 The infl ammatory response is also enhanced by PAF ac-
tion in stimulating AA release ( 42 ), induction of COX-2 
( 50 ), and increased synthesis of the prostaglandins PGF2 � , 
PGE2, and PGD2. Furthermore, COX-2 induction and 
prostaglandin synthesis mediate the stimulation of uPA, 
MMP-1, and MMP-9 activity by PAF in rabbit corneas ( 65 ). 
Interestingly, the release of AA after cPLA2 stimulation in-
duced by PAF does not increase the synthesis of 12(S)-
HETE in rabbit corneal epithelia ( 42, 43 ). This indicates 
that 12-LOX activation does not require PAF stimulation 
and strengthens the fi ndings that LOX derivatives act as 
protective agents that are not in the cascade of infl amma-
tory lipids contributing to tissue damage. Release of AA by 
PAF occurs 5 min after stimulation, continues to increase 
for up to 1 h, and subsequently plateaus for at least 6 h 
( 42 ). During the fi rst 30 min, most of the AA release is 
derived from choline, ethanolamine, and inositol phos-
phoglycerides, suggesting a PLA2 and PLC activation by 
PAF. The most probable phospholipase activated by PAF is 
cPLA2 because:  a ) there is selective release of AA and lino-
leic acid is not affected by PAF ( 42 ),  b ) PAF activates 
MAPK-ERK1/2 ( 110 ),  c ) phosphorylation of cPLA2 by 
ERK1/2 increases the activity of the enzyme ( 111 ),  d ) PAF 
triggers the infl ux of Ca 2+  into corneal epithelial cells ( 50 ) 
that could also be involved in cPLA2 activation, and  e ) the 
corneal epithelium expresses cPLA2 �  ( 39 ). 

 Another action of PAF is on selective apoptosis of cor-
neal cells. After mechanical removal of the epithelium, as 
mentioned, the underlying keratocytes enter into apopto-
sis ( 99 ). Incubation of wounded corneas in the presence 
of PAF signifi cantly increases keratocyte apoptosis ( 97 ). 
In a rabbit model of diffuse lamellar keratitis (DLK), 
an infl ammatory condition produced when cells infi ltrate 
the corneal fl ap after LASIK, treatment with LAU-0901 

after injury ( 44 ). PAF is a potent chemotactic agent of neu-
trophils ( 91 ) that, in this type of injury, arrives to the cor-
nea around 3 h after injury ( 92 ). As such, accumulation of 
PAF at longer times is due to contributions from corneal 
tissue as well as infl ammatory cell infi ltration. Synthesis of 
PAF is through the remodeling pathway. This pathway was 
demonstrated when corneas labeled with  3 H-acetate and 
stimulated with a Ca 2+  ionosphere synthesized  3 H-PAF 
( 44 ), suggesting the involvement of an acetyl-transferase 
and a Ca-sensitive PLA2. An active microsomal acetyl trans-
ferase activity has been shown in corneal epithelia ( 93 ). In 
addition, 4% of the choline-derived phospholipids of the 
cornea are alkyl-acyl derivatives, precursors of PAF in the 
remodeling pathway ( 94 ). 

 PAF actions are mediated by activation of a seven trans-
membrane receptor (PAF-R) coupled to G proteins ( 95 ). 
The receptor is expressed by corneal epithelial and en-
dothelial cells, stroma keratocytes and myofi broblasts, but 
not by fi broblasts. This lack of PAF-R expression in fi bro-
blasts could be a mechanism for avoiding excessive degra-
dation of ECM components, one of the actions of PAF as 
described below. After in vivo and in vitro injury, corneal 
epithelial cells upregulate PAF-R gene expression, and 
PAF treatment increases PAF-R mRNA levels 3-fold ( 96 ). 
The induction of PAF-R by its agonist is blocked by PAF-R 
antagonists. Stimulation of epithelial cells with growth fac-
tors that increase during injury, such as HGF, keratinocyte 
growth factor (KGF) and transforming growth factor 
(TGF)- � 1,  � 2, and  � 3, upregulates PAF-R gene expres-
sion ( 96 ). Therefore, increases in PAF synthesis and up-
regulation of the receptor in the corneal epithelium 
constitute a feedback mechanism that maintains a pro-
longed PAF response after injury. In fact, in rabbit and 
human corneas where the epithelia have been removed 
and incubated in an organ culture model in the presence 
of PAF, signifi cant inhibition of epithelial wound healing 
occurred ( 97 ). The inhibition persisted even when growth 
factors such as EGF, HGF, or KGF are added to the organ 
culture. 

 As mentioned, when infl ammation is controlled, cor-
neal epithelial defects heal quickly due to active migration 
and proliferation of the cells; this helps prevent excessive 
apoptosis of the keratocytes beneath the uncovered wound 
that induces a strong response of the stroma cells outside 
of the wound area and from the corneal limbus ( 98, 99 ). 
This rapid response of the epithelium is important be-
cause persistent epithelial defects and recurrent erosions 
could lead to ulceration and, in extreme cases, perfora-
tion. Corneal repair requires remodeling of ECM compo-
nents, such as collagens, fi bronectin, and laminin, by the 
action of MMPs and urokinase plasminogen activator 
(uPA). Also, re-epithelization after injury involves attach-
ment of these cells to the provisional basement membrane 
formed by the aforementioned components of the ECM 
before migration. In corneas in organ culture where PAF 
inhibits epithelial wound healing, the proliferation rate of 
epithelial cells is unaffected; instead, there is a decreased 
attachment of these cells to fi bronectin, laminin, and col-
lagens I and IV ( 97 ). 



Lipid mediators in the corneal injury and repair 885

tissue repair; however, myofi broblasts in culture, despite 
their expression of PAF-R, are also resistant to apoptosis, 
and after 24 h of treating isolated myofi broblasts with PAF, 
only 12% of the cells tested TUNEL positive ( 118 ). A re-
cent study using TNF �  knockout mice in which corneas 
were alkali burnt also shows an increase in myofi broblasts, 
compared with wild-type mice ( 119 ). TNF �  modulates hu-
man corneal fi broblast apoptosis through inhibition of 
NF- � B ( 120 ); in addition, myofi broblasts express TNF � -R1, 
a major signaling receptor for TNF � . We found that in iso-
lated rabbit myofi broblasts, 28% of the cells were apoptotic 
after 24 h of TNF �  treatment. Combining PAF and TNF �  
produces 77% of apoptotic cells ( 118 ). The synergistic in-
crease in apoptosis is through PAF-R stimulation, as apo-
ptosis is inhibited by LAU-0901. The results suggest either: 
 a ) the existence of two independent pathways controlling 
apoptosis, or  b ) the involvement of TNF �  in increasing PAF 
synthesis, which amplifi es the apoptotic response to TNF � . 
With respect to the second possibility, there are reports 
that TNF �  in other cells stimulates PAF synthesis ( 121–
123 ); however, we are more inclined to favor the fi rst pos-
sibility because our experiments with LAU-0901 showed no 
effect on apoptosis induced by TNF �  ( 118 ). 

 PAF is also an important player in corneal neovascular-
ization, or angiogenesis, which is a condition that causes 
loss of corneal transparency. Herpes simplex, bacterial 
keratitis, chemical burns, trauma, and hypoxia due to pro-
longed contact lens wear are some of the most frequent 
causes of neovascularization. Experiments involving im-
plantation of slow-release pellets containing PAF in mouse 
corneas produced a strong angiogenic response ( 124 ). 
There was no PAF-induced neovascularization in PAF-R 
knockout mice or in animals treated with PAF antagonists. 
More recently, we found that PAF upregulates the expres-
sion of the pro-angiogenic vascular endothelial growth 
factor (VEGF) and downregulates the expression of the 
anti-angiogenic trombospodin (TSP) in isolated myofi bro-
blasts ( 125 ). Cocultures of myofi broblasts with human um-
bilical vein endothelial cells (HUVEC) in a collagen gel 
induce vessel formation that increases in the presence of 
PAF and is blocked by LAU-0901. These results demonstrate 
an important role for myofi broblasts in the development of 
corneal neovascularization and point to the action of PAF 
in augmenting the angiogenic response. In addition, dur-
ing corneal neovascularization, degradation of ECM com-
ponents occurs, which allows endothelial cells to migrate 
through the basement membrane. PAF is an inducer of 
MMPs in corneal myofi broblasts and stimulates membrane 
type 1-MMP (MT1-MMP) and MMP-9 ( 126 ), both of which 
facilitate the migration of vascular endothelial cells. 

  � -3 FATTY ACIDS AND THEIR DERIVATIVES ARE 
IMPORTANT IN THE REPARATIVE PROCESS OF 

THE CORNEA 

 Recently, the importance of the  � -3 fatty acids and their 
derivatives has been revealed. In clinical studies, dietary 
supplementation of  � -3 fatty acids has shown benefi cial ef-
fects in decreasing the symptoms of dry eye and improving 

 decreases cell infi ltration and inhibition of keratocyte apo-
ptosis ( 112 ). In the rabbit alkali-burn model, there are 
strong terminal deoxynucleotidyl transferase-mediated-
UTP-nick end labeling (TUNEL)-positive keratocytes, 
which limit the amount of cells that can be converted into 
fi broblasts and myofi broblasts for repopulating the stroma 
and promoting wound healing ( 98 ). In this model, there 
is a signifi cant decrease in apoptosis in corneas treated 
with LAU-0901. These data indicate that PAF plays a cen-
tral role in stroma keratocyte apoptosis after injury and 
inhibits the corneal repair process. 

 Epithelial cells and myofi broblasts, however, are resis-
tant to apoptosis stimulated by PAF, and therefore a prein-
ducer is required. This concept of “priming” has been 
shown in other cells, such as in PMNs pretreated with 
TNF �  in which PAF signifi cantly increases free radical pro-
duction, and in the recruitment of eosinophils by PAF in 
skin pretreated with lipopolysaccharides (LPS) ( 113, 114 ). 
Cultures of rabbit and human corneal epithelial cells ex-
posed to UV radiation prior to treatment with PAF induced 
a 20% increase in cell apoptosis with an increase in DNA 
laddering as early as 2 h after PAF treatment, suggesting 
that the infl ammatory mediator accelerates the apoptotic 
process ( 115 ). Activation of cPLA2, release of cytochrome 
c from mitochondria, and caspase-3 activation are involved 
in the signaling pathway. Preincubation with PAF antago-
nists before irradiation and treatment with PAF decreases 
the ratio of apoptotic cells. 

 The resistance to apoptosis by PAF involves activation 
of the transcription factor NF- � B ( 116 ). In gel shift as-
says, increased NF- � B-DNA binding by PAF was inhibited 
by SN50 and actinomycin D (AcD) (  Fig. 3  )  and primary 
cultures of human corneal epithelial cells treated with 
PAF in the presence of NF- � B inhibitor SN50 or with the 
inhibitor of transcription AcD increased apoptosis (  Fig. 
4A , B ).  This suggests that translocation of the transcrip-
tion factor to the nuclei induced by PAF prevents epithe-
lial cell apoptosis and also demonstrates a regulatory 
action of NF- � B in PAF-induced apoptosis. Recent exper-
iments have shown that activation of NF- � B is required 
for gene induction of MMP-9 by PAF in corneal epithelial 
cells ( 117 ). 

 Treatment of alkali-burned rabbit corneas with LAU-
0901 increases the number of myofi broblasts in the limbal 
area ( 108 ). As mentioned, these cells are important for 

  Fig.   3.  PAF increases activation of NF- � B in human corneal epi-
thelial cells. NF- � B-DNA binding was found in nontreated cells. 
Increase in the active complex NF- � B-DNA binding was found after 
3 h of incubation with PAF. SN50 and AcD block the activation of 
NF- � B by PAF. HeLA cells were used as a positive control ( 116 ).   
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eye. After 2 and 4 days of topical application of the com-
pounds, there was an increase in tear production as well as 
epithelial cell density, suggesting that resolvins could play 
a role in maintaining the integrity of epithelia damaged by 
dry eye ( 133 ). A very recent study has shown that RvE1 also 
reduces corneal neovascularization by reducing the num-
ber of infi ltrated neutrophils and macrophages as well as 
the gene expression of infl ammatory cytokines ( 134 ). 

 Corneal surgery, diabetes, chemical burns, and exten-
sive contact lens wear are some of the main causes of dam-
age to corneal sensory nerves. The lacrimal gland responds 
to neural control and loss of efferent sensory input leads 
to diminished lacrimal secretion, reduced nutritional sup-
port, and production of a dry ocular surface; all of these 
conditions could result in different degrees of damage, 
such as haziness leading to reduced transparency and, in 
the most severe cases, corneal melting and complete opac-
ity (for review, see reference  135 ). One of the most fre-
quent causes of nerve damage is refractive surgery, a very 
common procedure for correcting vision. The most com-
monly used techniques are PRK and LASIK, both of which 
damage the corneal nerves. Clinical studies using confocal 
microscopy to measure corneal nerve density following 
these procedures have reported that it took 2 years for pa-
tients to recover 80% of the original nerve density after 
PRK, whereas after LASIK (in which there is nerve damage 
at the stromal level) it took almost 5 years to obtain an 

meibomian gland dysfunction ( 127, 128 ). Elevated gene 
expression of interleukin (IL)-1, IL-6, IL-8, and TNF �  in 
the conjunctival epithelium and a higher tear concentra-
tion of IL-1 has been reported in patients with dry eye 
( 129, 130 ).  � -Linolenic acid treatment in a mouse model 
of dry eye results in decreased corneal and conjunctival 
expression of IL-1 and TNF � . These cytokines are released 
early in response to epithelial cell damage.  � -Linolenic 
acid also decreases epithelial damage and reduces leuko-
cyte infi ltration ( 128 ). These benefi cial effects could be 
due to the action of  � -linolenic acid and to the elongation 
and desaturation products, eicosapentaenoic acid (20:5, 
EPA) and docosahexaenoic acid (22:6, DHA), or to the 
recently-discovered derivatives of EPA and DHA, resolvins 
and neuroprotectins, respectively ( 82, 131, 132 ). 

 Resolvins are derived from EPA, which is converted fi rst 
into 18-R-hydroxyeicosapentaenoic acid by acetylated 
COX-2 followed by the action of a 5-LOX and an epoxy 
intermediate, and then converted into the bioactive 
5,12,18-R-trihydroxy-eicosapentaenoic acid called resolvin 
E1 (RvE1) (for a recent review, see reference  82 ). RvE1 
has been shown to block PMN infi ltration and, in various 
animal models of infl ammation, reduce leukocyte-medi-
ated tissue injury. There is an infl ammatory component in 
the pathology of dry eye, and because resolvins are impor-
tant for counteracting infl ammation, we tested the action 
of RvE1 methyl ester derivatives in a mouse model of dry 

  Fig.   4.  PAF increases apoptosis of human corneal 
epithelial cells after blocking activation of NF- � B. 
Cells were treated with the NF- � B inhibitor SN-50 
(100µg/ml) or the inhibitor of transcription, actino-
mycin D (AcD, 5 µg/ml) with or without 500 nM PAF. 
A: DNA fragmentation was evident 24 h after treat-
ment. No fragmentation was noted in cultures ex-
posed to PAF alone, AcD alone, or SN50 alone. M is a 
100bp DNA marker. B: TUNEL staining. The lower 
part of the fi gure shows representative fi elds in each 
condition. TUNEL positive cells were identifi ed in 
SN50- and AcD-treated cells stimulated with PAF. 
Total cells were stained with propidium iodide. The 
histogram in the upper part of the fi gure shows 
the profi le of green (apoptotic cells) and red (non-
apoptotic cells) nuclear material carried out in simi-
lar areas of the fi eld ( 116 ).   
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ter LASIK ( 143 ), a study was done in rabbits in which PRK 
was performed and corneas treated with DHA, NGF, and 
DHA plus NGF delivered by collagen shields ( 144 ). A sig-
nifi cant increase in nerve density was found in animals 
treated with DHA plus NGF, compared with the other 
groups and to nontreated animals. Most importantly, 
there was a signifi cant increase in epithelial cell prolif-
eration after NGF plus DHA, demonstrating a healthy 
epithelium. The mechanisms of action have not been 
elucidated, but one possibility is that derivatives of DHA, 
such as NPD1, are involved. 

 In retinal pigment epithelial cells, several nurotrophins 
increase NPD1 synthesis, but PEDF stimulates NPD1 syn-
thesis about 10 times greater than NGF ( 142 ). PEDF is ex-
pressed in corneal epithelia, so we decided to evaluate 
whether treatment with PEDF plus DHA after corneal sur-
gery increases NPD1 synthesis concomitant with increased 
nerve regeneration. In this case, rabbits underwent lamellar 
keratectomy, which is used frequently in corneal transplants 
and dissects all the corneal nerves converging radially in 
the stroma. Animals were treated with PEDF, DHA, or 
PEDF plus DHA with a collagen shield as before. One week 
after treatment, increased NPD1 synthesis was observed in 
corneas treated with DHA, suggesting that PEDF increases 

80% recovery ( 136 ). As a consequence, about 48% of pa-
tients reported ocular dryness, and 20% of these patients 
suffered recurrent epithelial erosions ( 137 ). 

 Nerve growth factor (NGF) stimulates growth, differen-
tiation, and survival of sensory neurons and accelerates 
wound healing ( 138 ). In the cornea, neurotrophins as well 
as the corresponding Trk-receptors are expressed in epi-
thelial cells and keratocytes, thereby allowing epithelial 
cells to release NGF, which promotes neurite extension 
and survival ( 139 ). DHA is the precursor of several deri-
vatives. The most studied today is neuroprotectin D1 
(NPD1, 10R, 17S-dihydroxy-docosa-4Z,7Z,11E,13E,15Z,19Z-
hexaenoic acid), which has protective bioactivity in oxida-
tive stress challenged retinal pigment epithelial cells ( 140 ). 
NPD1 also inhibits PMN infi ltration and pro-infl a mmatory 
gene expression in brains damaged by ischemia-reper-
fusion ( 132 ). Synthesis of NPD1 occurs after free DHA is 
converted by a 15-LOX-1 and further epoxydation ( 131, 
141 ). In the cornea, DHA is a minor component of mem-
brane phospholipids ( 14 ), but synthesis of NPD1 has been 
reported in mice fed with  � -3 enriched diets ( 78 ). In reti-
nal pigment epithelial cells, NGF stimulates NPD1 syn-
thesis ( 142 ). Because topical application of NGF has a 
benefi cial effect in early recovery of corneal sensitivity af-

  Fig.   5.  Schematic diagram of the lipid action in corneal damage and repair. Injury to the cornea produces 
infl ammation and damage to the sensory nerves. During sustained infl ammation, PAF activation in the epi-
thelium stimulates expression of COX-2, MMPs, and uPA and delays wound healing. PAF by itself does not 
have an effect on apoptosis in epithelial cells; it instead activates NF- � B, which is required for the gene ex-
pression of MMP-9 ( 117 ). It also increases VEGF and MMP-9 and decreases TSP-1 expression in myofi bro-
blasts promoting vessel formation. In epithelial cells, however, increased synthesis of LxA4 after EGF 
stimulation of 12- or 15-LOX and transcellular reaction with products of the 5-LOX of infl ammatory cells 
(e.g., LTA4) counter-arrest PAF damage, thereby promoting epithelial wound healing. In endothelial cells, 
epi-LxA4 stimulates proliferation and repair. Note that our experiments suggest two different pools of AA 
are activated after injury; PAF did not stimulate synthesis of LOX metabolites. Our results also show that 
PEDF in conjunction with DHA stimulates the synthesis of NPD1 and augments nerve regeneration. NPD1 
and/or other 12/15-LOX metabolites of DHA could have a neuroprotective effect that may decrease the 
incidence of neurotrophic keratitis.   
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after corneal injury and could be used by DHA to synthesize 
NPD1. A greater increase in NPD1 was seen in corneas 
treated with DHA in the presence of PEDF ( 145 ). Sprout-
ing of stromal nerves was observed in the stroma of ani-
mals treated with PEDF plus DHA as soon as 1 week after 
treatment; by 2 weeks there were nerves appearing in the 
epithelium. Wholemounts of corneal nerves stained with 
 � -tubulin demonstrated a signifi cant increase in nerve den-
sity at 8 weeks in animals treated with DHA plus PEDF. The 
other treatments did not show differences with respect to 
nontreated animals. The effects of DHA in synergizing 
with NGF and PEDF to increase nerve regeneration suggest 
that some of the DHA derivatives, such as NPD1, play a 
role in regenerating corneal innervation and could provide 
new therapies for protecting and repairing the ocular surface. 

 CONCLUSIONS 

 The fi rst responses to corneal insult are infl ammation 
and nerve damage (  Fig. 5  ).  Corneal cells respond by releas-
ing growth factors and cytokines that activate receptors and 
a network of signal transduction pathways. Although 
changes in lipids after corneal injuries and pathol ogies have 
been known for some time, the importance of bioactive lip-
ids in the infl ammatory response and in the corneal repair 
process is just being elucidated.  Figure 5  focuses on the 
 action of AA metabolites, PAF and DHA, and on the most 
recent data obtained from studies conducted in our labora-
tory. An important conclusion is that there is a balance 
 between pro- and anti-infl ammatory lipids and that an un-
even response will determine if damage or repair occurs. 

 The cells of the cornea respond to injury by releasing 
AA and PAF from membrane lipids and converting AA to 
eicosanoids. If infl ammation persists, cells that infi ltrate 
the cornea amplify the response, increasing the activation 
of MMPs and COX-2 derivatives. This resulted in delayed 
wound healing and induction of epithelial damage and 
ulceration, thereby increasing the expression of angio-
genic factors in stromal myofi broblasts and promoting 
neovascularization. 

 As a consequence of injury, growth factors are also re-
leased that activate 12/15-LOX, promoting LxA4 synthesis 
from AA and NPD1 synthesis from DHA, thus potentiating 
repair and nerve regeneration. In endothelial cells, epi-
LxA4 promotes proliferation and could be useful for the 
preservation of the endothelium during prolonged peri-
ods of corneal storage for transplants. 

 The discovery of new lipid mediators and their actions in 
counteracting damage to corneal tissue has opened new 
 avenues for future development of more effective drugs for 
treating injuries and pathologies that affect the cornea.  
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