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Apoptosis involves a highly controlled, complex system of 
effector cascades that lead to the programmed death of single 
cells. It may occur after refractive surgery, with epithelial 
healing during dry eye syndrome, or as a response to infections 
or to toxic iatrogenic drops, or after topical application of 
alcohol. It plays a key role in cellular homeostasis and is 
implicated in various processes such as embryogenesis, 
development of malignancies, and aging or neurodegenerative 
diseases. Apoptosis is characterized by cytoplasmic and 
chromatin condensation, followed by DNA fragmentation, and 
is mediated by activation of specific cysteine proteases named 
caspases.[1] Dying cells that undergo the final stage of apoptosis 
are broken apart in several vesicles called apoptotic bodies. 
These are engulfed by phagocytes. This removal of dying cells 
occurs in an orderly manner, without eliciting an inflammatory 
response. Sphingolipids in the plasma membrane appear to 
modulate apoptosis.[2] Some sphingolipids, such as ceramide 
and sphingosine, behave as proapoptotic mediators, while 
others, such as sphingosine-1-phosphate (S1P), are inhibitory.[2] 

Studies utilizing S1P in vivo describe its solubilization 
in a formulation of 5% polyethylene glycol, 2.5% ethanol, 

and 0.8% Tween-80.[3-5] However, this formulation presents 
difficulties that we attempted to circumvent by evaluating 
new, less complex formulations with the potential for topical 
application. In this study, we also attempted to determine 
whether S1P in novel formulations could provide protection 
from apoptosis induced by the application of 20% ethanol to 
the corneal epithelium. 

Materials and Methods
White New Zealand rabbits, aged 7–9 weeks, weighing 1.5 
kg each, and supplied by a certified breeder, were distributed 
into five groups of five animals each. The rabbits underwent 
surgery with general anesthesia using intramuscular injections 
of ketamine hydrochloride (250 mg/kg) and acepromazine (0.5 
mg/kg). Only the right eyes of each animal were treated. Group 
1 comprised the negative controls where only topical tretracaine 
(Novartis, Pharma, SAS, Huningue, France) was applied. In 
Groups 2, 3, and 4, 20% ethanol was applied for 20 seconds to 
obtain a corneal epithelial apoptosis[6] [Fig. 1].

In Groups 3 and 4, S1P was applied 2 hours before ethanol 
application, at a concentration of 50 µM in Group 3 and at 200 
µM in Group 4. In Group 5, only S1P was applied. Animals were 
sacrificed 4 hours after administration of the above-described 
premedication, using an intravenous injection of pentothal 
(0.05 g/kg). The eyes were enucleated and immediately fixed.

All experiments were humanely performed in accordance with 
the ARVO Statement for the Use of Animals in Ophthalmic and 
Vision Research and with the animal ethics committee approval. 
S1P occurs as a white powder and was preserved at −20°C. 
Recommendations in the literature (http://www.avantilipids.
com/SyntheticSphingosine-1-phosphate.asp) describe 
the following directions that were followed: add S1P to 
methanol:water 95:5 (0.5 mg/ml); heat the mixture (45°C–65°C 
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methanol boiling point) and sonicate until a suspension is 
achieved; transfer the desired amounts of methanol:water 
stock solution to a glass vessel; remove the methanol:water 
solution using a stream of dry nitrogen; place the glass vessel 
into a warm (approximately 50°C) water bath; rotate the glass 
vessel during evaporation to form a thin film of S1P on the tube 
wall; and store the S1P at −20°C in a closed container. The S1P 
may then be preserved at −20°C for a maximum duration of 1 
year. For subsequent use, it is advisable to re-suspend the S1P 
in bovine serum albumin (4 mg/ml) at 37°C in order to achieve 
a 125 µM S1P concentration. 

After enucleation, 25 eyeballs were immediately fixed for 24 
hours in 10% buffered formaldehyde. After fixation and gross 
examination, each cornea was removed behind the cornea and 
embedded in paraffin. Four-micron sections were cut from 
the paraffin blocks and stained with standard hematoxylin–
eosin–saffron. 

Sections were then examined for the presence of apoptosis 
using the commercially available DeadEnd Colorimetric 
terminal deoxynucleotidyl transferase biotin-dUTP Nick End 
Labeling (TUNEL) System (Promega), France. Determinations 
were performed in triplicate. Sections were cut at 4-micron 
intervals, deparaffinized, and rehydrated in a graded ethanol 
series. Following proteinase K permeabilization, the tissue 
was treated with an equilibration buffer. Slides were treated 
with the reagent mixture for 60 minutes at 37°C. The reaction 
was stopped in SSC buffer. After blocking endogenous 
peroxidase activity with hydrogen peroxide, the reaction 
was developed using streptavidin-horseradish peroxidase 
(HRP) and diaminobenzidine and counterstained with Harris 
hematoxylin. A slide treated with DNase was used as a positive 
control.

Statistical analysis
For microscopic analyses, retinal areas were randomly 
examined according to the pathological area. The cell count 
was carried out in a double-blind manner and the mean of the 
results obtained by the two observers is presented. Pairwise 
comparisons of the means of the number of nuclei at different 
times after surgery or after treatment were performed using 

t-tests with Scheffe’s correction. The overall effect of time after 
surgery on the number of nuclei was assessed using an analysis 
of variance (ANOVA). Data were analyzed using STATA 9.0 
statistical software (Stata Corporation, College Station, Texas, 
USA).

Results
Being a lipid, S1P does not disperse spontaneously. The 
chemical structure of S1P, which is nearly amphiphilic, may 
allow its solubilization or its co-dispersion in water using a 
surfactant such as polysorbate 80 (Tween-80 or Montanox 80). 
Surfactants are compounds that modify the tension between 
two surfaces. The polysorbate 80 surfactant is biocompatible 
and has been utilized in many pharmaceutical formulations. 
It is associated with low toxicity (lethal amount 50 oral > 16 
ml/kg). We evaluated an average weight proportion of 10% 
Montanox 80 (5 mg of phosphate buffer, 1 mg of S1P, 0.5 mg 
of Montanox).

The aqueous dispersion of the S1P in a phosphate buffer was 
possible. However, this preparation, without surfactant, was 
unstable as a precipitate formed after 24 hours. Consequently, 
to improve the stability of dispersion, we chose to add a 
surfactant. With the use of Montanox 80, there was dispersion 
similar to the sample prepared without surfactant, but even 
without sonication, the suspension was much more stable. 
Indeed, this preparation remained stable at room temperature 
for at least 1 month [Fig. 2].

Using light microscopy, the epithelial cells in Groups 1, 4, 
and 5 did not show any morphologic changes. Conversely, 
in Groups 2 and 3, hydropic degeneration was found in all 
layers of epithelial cells. With the TUNEL assay, apoptosis was 
detected in all layers of the corneal epithelium in Groups 2  
and 3. The mean apoptotic index was 10% (±3) in Group 2 
(ethanol application alone) and 9.5% (±4) in Group 3 (cornea 
treated with ethanol and 50 µM S1P application) [Fig. 3]. 
However, no apoptosis was observed in Group 1 (negative 
control) or Group 4 (cornea treated with ethanol and 200 µM 
S1P application), or in Group 5 (only S1P application) [Fig. 
3]. The apoptotic index in Groups 2 and 3 was found to be 
statistically higher than in all other groups (P < 0.001).

Discussion
Apoptosis may occur after refractive surgery, with epithelial 
healing during dry eye syndrome, or as a response to infections 
or to toxic iatrogenic drops. After photoablation, keratocyte 
apoptosis is a rapid process occurring within 4 hours after 
corneal surgery.[7] The long-term use of preservatives in 
topical drops leads to epithelial apoptosis.[8,9] One example is 
benzalkonium chloride which, according to the concentration 
applied, can result in apoptosis or necrosis.[10] Apoptosis lies at 
the heart of corneal scar formation under these circumstances 
and is now a potential target for therapeutic intervention.[6] 
Dying cells that undergo the final stage of apoptosis are broken 
apart in several vesicles called apoptotic bodies. These are 
engulfed by phagocytes. This removal of dying cells occurs in 
an orderly manner without eliciting an inflammatory response.

In somatic cells, S1P prevents the activation of caspases 
exposed to analogues of ceramide.[11] Exogenous S1P can 
modulate cell proliferation, act on cytoskeletal remodeling and 

Figure 1: One milliliter of 20% alcohol solution is instilled into a small 
holding well on the corneal surface for 20 seconds to induce epithelial 
apoptosis
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Figure 3: (a): Apoptotic cells were observed in all layers of corneal 
epithelium after 20% ethanol exposure in Group 2 and (b) in Group 3. 
(c) No apoptosis was observed with 200 μM S1P application before 
ethanol aggression. Eye sections were prepared and labeled by TUNEL 
(×400 magnification)

a b c

Figure 2: Diagram summarizing the test formulation of S1P (a) in 
aqueous medium, (b) in oily medium, (c) preparation of the eye drop 
micro-emulsion

a

b

c

adhesion molecule expression, and inhibit apoptosis.[12] While 
ceramide is involved in stopping cell growth and apoptosis, S1P 
is, on the contrary, involved in proliferation and cell survival.[13] 
In fact, the dynamic balance between the intracellular 
concentration of ceramide and S1P has been proposed to be 
a biological sensor that determines whether the cell should 
live or perish.[14] Changes to this balance are current topics of 
research to stop or voluntarily induce apoptosis. 

Premature menopause induced by irradiating female 
mice can be prevented by pre-treatment with S1P.[3] The same 
effect was observed with chemotherapy-induced apoptosis.[4] 
Spermatogenesis, in animal models, can also be protected 
from radiation-induced apoptosis by local injections of S1P.[5] 
Although the S1P action was known in a few tissues, its 
properties were not defined for the cornea. Its action on the 
eye was described for the retina. Retinal apoptosis during 
retinal detachment is associated with in vivo production of 
ceramide; S1P injected into the vitreous cavity can prevent 
the photoreceptor apoptosis.[15] However, in these studies, 
the SIP formulation was complex and unstable. We have 
developed an easier and more efficacious formulation for use. 
Thanks to its amphiphilic properties, the S1P can be dispersed 
in water in the presence of 10% Montanox 80, a surfactant. 
This simple formulation, stable at room temperature, can be 
applied topically. Corneal apoptosis is detectable very early in 
corneal keratocytes after Excimer laser treatment.[16] Moreover, 
some preservatives are important contributors to corneal 
inflammation and apoptosis.[17] Our novel formulation of S1P 
may prove to be useful in the prevention of these pathological 
responses.

Our studies show that a formulation, in which the active 
ingredient is S1P, can be achieved through its stable dispersion 
in a phosphate buffer in the presence of Montanox 80 (10%). 
We also demonstrate that the pre-treatment of a rabbit eye 
with S1P topical drops protects against early ethanol-induced 
corneal epithelial apoptosis, opening the door for a number of 
interesting therapeutic possibilities.
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