
Summary. The UVB-irradiated cornea is damaged by
oxidative stress. Toxic oxygen products induced by UVB
radiation in the cornea are insufficiently removed by
antioxidants, whose numbers decrease with increasing
UVB irradiation. In addition, the UVB-irradiated cornea
suffers from hypoxic conditions because damaged
corneal cells cannot utilize oxygen normally, although
the supply of oxygen to the cornea is unchanged
(normal). This contributes to attenuated re-
epithelialization, corneal neovascularization and
apoptotic cell death. Our previous publications reported
that trehalose applied on the corneal surface during
irradiation significantly suppressed UVB-induced
corneal oxidative damage. The results of this study
provide for the first time important evidence that
trehalose applied on the surface of corneas for two
weeks following repeated UVB irradiation (312 nm,
daily dose 0.5 J/cm2) accelerated corneal healing,
restored corneal transparency and suppressed corneal
neovascularization. Compared to buffered saline
treatment, following which caspase-3, nitrotyrosine,
malondialdehyde and urokinase-type plasminogen
activator were still strongly expressed in the corneal
epithelium two weeks after irradiation and corneal
neovascularization was evident, apoptotic cell death was
already significantly reduced after one week of trehalose
application. The expression of other markers of injury
returned to normal levels during two weeks of trehalose
treatment. 

In conclusion, our results show that trehalose

accelerated healing of the UVB irradiated cornea, very
probably via suppression of hypoxia-response injury. In
addition, immunohistochemical results on corneal
cryostat sections corresponded with those obtained using
corneal impression cytologies, thus confirming that
corneal impression cytologies are useful for diagnostic
purposes.
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Introduction

Trehalose, a disaccharide of glucose, has been
shown to be effective in protecting cells against a variety
of stressful environmental conditions, such as
dessication, dehydration, heat, cold, oxidation and
hypoxia or even anoxia (Elbein et al., 2003; Chen and
Haddad, 2004; Minutoli et al., 2007; Chen et al., 2009;
Jain and Roy, 2009; Luyckx and Baudouin, 2011).
Tissue injury due to oxidative stress is present in many
ocular diseases and injuries, including UVB radiation,
which induce the generation of reactive oxygen species
(e.g. Wenk et al., 2001). The cornea absorbs and
detoxifies the majority of UVB rays reaching the eye;
however, under circumstances when a threshold amount
of UVB rays is exceeded (e.g., due to the thinned ozone
layer and the more pronounced penetration of solar UVB
radiation), a series of harmful disturbances appear, such
as changes in corneal optics (Cejka et al., 2007),
morphological disorders of the corneal epithelium
(Koliopoulus and Margaritis, 1979; Haaskjold et al.,
1993; Podskochy 2000; Rogers et al., 2004), activation
of the plasminogen activator/plasmin system (Čejková
and Lojda, 1995), alterations in corneal metabolites
(Tessem et al., 2005; Fris et al., 2006), the induction of
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reactive oxygen and nitrogen species (Čejková et al.,
2005), proinflammatory cytokine expression and corneal
neovascularization (Pauloin et al., 2009; Čejková et al.,
2011). UVB radiation causes a decrease in antioxidants
in the cornea, whereas prooxidants remain at normal
levels or even increase, leading to the development of an
antioxidant/prooxidant imbalance (Čejková et al., 2004).
Trehalose dropped on the ocular surface during UVB
irradiation reduced pro-inflammatory cytokine
induction, decreased metalloproteinase and xanthine
oxidase expression and reduced the antioxidant/
prooxidant imbalance in the corneal epithelium (Čejková
et al., 2011). Nitric oxide synthases, which generate
nitric oxide, were largely suppressed in the cornea after
trehalose treatment and the formation of cytotoxic
peroxynitrite was decreased. Corneal neovascularization
was also markedly suppressed (Čejková et al., 2010).
Because trehalose effectively protected the rabbit cornea
against the damaging effect of UVB radiation if applied
during the irradiation procedure, we decided to examine
in this study the effect of trehalose on the healing
properties of the cornea already damaged by repeated
UVB radiation. Rabbit corneas were repeatedly
irradiated with UVB radiation (312 nm, daily dose of 0.5
J/cm2) for four days, then trehalose (or buffered saline)
was dropped on the corneal surface (six times daily)
during the subsequent three weeks. After sacrificing the
animals, immunohistochemistry was employed to detect
active caspase-3, nitrotyrosine, malondialdehyde and
urokinase-type plasminogen activator on cryostat
sections of the cornea, and the results were compared
with those obtained on corneal impression cytologies
collected during the healing process. Corneal healing
was also evaluated morphologically and macroscopically
(photographic documentation). 

UVB radiation (312 nm, daily dose of 0.5 J/cm2),
employed in this study and also previously (Čejková et
al., 2010, 2011) for the irradiation of the rabbit cornea, is
equivalent approximately to 5 hrs exposure time of the
human cornea to UVB rays from sunlight (according to
Zigman, 1995). This corresponds to the recent
measurements of Sasaki (2009).
Materials and methods

Adult female New Zealand white rabbits (2.5-3.0
kg) were used in our experiments. The investigation was
conducted according to the ARVO Statement on the Use
of Animals in Ophthalmic and Vision Research. Rabbits
(twelve animals were employed and the whole
experiment was repeated once) were anesthetized by an
intramuscular injection of Rometar (Xylazinum
hydrochloricum, Spofa, Prague, CR, 2%, 0.2 ml/kg body
weight) and Narkamon (Ketaminum hydro-chloricum,
Spofa, 5%, 1 ml/kg body weight). The open eyes of
anesthetized rabbits were irradiated (both eyes of each
rabbit) with a UVB lamp (Bioblock Scientific, Illkirch
Cedex, France; 312 nm wavelength, 6W) with a dose of
0.5 J/cm2 per day for four days. The daily irradiation

took place from a distance of 0.06 m for 5 min. A UV
lamp stand - with an exactly determined distance
between the lamp and the eye of the animal - was
employed for irradiation. The plane of the lamp was
parallel to the tangential plane of the eye (perpendicular
to the optical axis of the eye). The intensity of irradiation
was regularly measured with a UVB sensor connected to
a radiometer (both instruments manufactured by Cole-
Parmer Inc., Vernon Hills, Illinois, USA). The total dose
of irradiation was also checked using these devices.
Although the source of UVB that was used emits only
UVB rays peaking at 312 nm (according to the
irradiation spectrum given by the manufacturer), a UVC
sensor (Cole-Parmer Inc.) was employed to check for the
potential emission of UVC light. During irradiation, the
eyes of anesthetized animals were held open. Only the
cornea was irradiated, the rest of the ocular surface was
protected by means of a device made of sterile gauze
(slighty soaked with aqua pro injectione for softening)
with the central hole of the same diameter as the rabbit
cornea. 

After finishing the irradiation procedures (day four
of repeated irradiation), three animals were sacrificed
under i.v. injection of thiopental anesthesia (Thiopental,
Spofa, 30 mg/kg following premedication with
intramuscular injection of Rometar/Narkamon) and the
excised corneas were employed for immunohisto-
chemical examinations. The other animals were treated
(by dropping three drops in each eye, six times daily)
with trehalose (right eye) or buffered saline (left eye) for
one week (three animals), two weeks (three animals) and
three weeks (three animals). 

After the end of treatment the animals were
sacrificed and the corneas microscopically examined.
Normal corneas from untreated animals served as
controls. During the whole experiment the eyes were
photographically documented and corneal impression
cytologies collected (at the end of the irradiation
procedures and following one, two and three weeks of
treatment with trehalose or buffered saline). 
Ophthalmic solutions

Trehalose (87.6mM) preservative-free eye drops
(Thealoz®) were supplied by Laboratoires Thea,
Clermont-Ferrand, France. Trehalose (anhydrous) was
dissolved in an aqueous vehicle containing sodium
chloride in order to adjust the tonicity (315 mosml/kg)
and Tris buffer (pH 7.4). Phosphate-buffered saline (0.01
M) was used as the negative control.
Preparation of cryostat sections, immunohistochemical
and morphological examinations

After sacrificing the animals the eyes were
enucleated and the anterior eye segments dissected out
and quenched in light petroleum chilled with an acetone-
dry ice mixture. Sections were cut on a cryostat and
transferred to glass slides. 
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Subsequently, the cryostat sections were fixed in
acetone at 4°C for 5 min. For the immunohistochemical
localization of peroxynitrite (by nitrotyrosine residues),
active caspase-3, malondialdehyde and urokinase-type
plasminogen activator, the following primary antibodies
were used: monoclonal mouse anti-nitrotyrosine
(Abcam, Cambridge, UK), monoclonal mouse anti-
human caspase 3 (Abcam, Cambridge, UK), polyclonal
goat anti-malondialdehyde (US Biological, Swampscott,
MA, USA), monoclonal mouse anti- urokinase-type
plasminogen activator Ab-1 (Neomarkers, Fremont, CA,
USA). The binding of the primary antibodies was
demonstrated using the HRP/DAB Ultra Vision
Detection System (Thermo Scientific, Fremont, CA,
USA) following the instructions of the manufacturer:
hydrogen peroxide block (15 min), ultra V block (5
min), primary antibody incubation (60 min) (mouse
monoclonal anti-tyrosine 1 µg/ml, mouse anti-human
caspase 2 µg/ml, monoclonal mouse anti-urokinase type
plasminogen activator 2 µg/ml, polyclonal (0.5 µg/ml)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA)
secondary antibody incubation (10 min) and peroxidase-
labeled streptavidin incubation (10 min). Visualization
was performed using freshly prepared DAB substrate-
chromogen solution. 

Cryostat sections in which the primary antibodies
were omitted from the incubation media served as
negative controls. Some sections were counterstained
with Mayer’s hematoxylin. 
Corneal impression cytologies, sample collection,
immunohistochemical examination 

Corneal epithelial cells were obtained using Millicell
membranes (Millicell-CM, hydrophylic PTFE, Millipore
Corporation, Billerica, MA 01821, USA) as described
previously for conjunctival epithelial cells (Čejková et
al. 2008). Briefly: First, 0.4% oxybuprocaine
hydrochloride (single drop) was instilled to the eye.
(Corneal impression cytologies were also collected in
sleeping intramuscularly anesthetized animals). To
remove superficial corneal epithelial cells, strips of
Millicell membrane were gently pressed for 5 seconds
onto the corneal surface. The specimens (corneal cells
on the Millicells) were stored at -80°C until they were
employed for immunohistochemical examination. The
Millicell membranes with corneal epithelial cells were
fixed in acetone for 1 minute, released from the plastic
holder, rinsed with PBS (phosphate buffered saline
tablets, Sigma), placed cell side up on round 12 mm
coverslips and then (after rinsing with PBS)
permeabilised with 0.2% triton (Triton X 100, Sigma) in
PBS. Similar primary and secondary antibodies were
employed for the detection of active caspase-3,
nitrotyrosine, malondialdehyde and urokinase-type
plasminogen activator as described for immunohisto-
chemistry with cryostat sections. Negative controls
included the omission of the primary antibody. Some

samples were counterstained with Mayers’ hematoxylin
(Sigma). After the staining procedure, the samples were
immediately examined using an Orthoplan Leitz light
microscope equipped with a Leica DC 500 digital
camera.
Statistics

Mann-Whitney U test was used to investigate the
differences between groups: the UVB-irradiated corneas
treated with trehalose vs. normal untreated corneas or
UVB-irradiated corneas treated with buffered saline
drops vs. normal untreated corneas. The number of
caspase-3 positive cells in the corneal epithelium, as
well as the number of corneal epithelial cells positively
stained for malondialdehyde, nitrotyrosine and urokinase
type plasminogen activator were counted (central as well
as limbal corneal regions) over an area 100 µm long and
100 µm wide in sagittal cryostat sections or Millicell
membranes. 
Results

The healing of UVB-irradiated corneas following one and
two weeks of trehalose or buffered saline treatment
(Figs. 1-4).

Immunohistochemical detection of active caspase-3
In the corneas irradiated four times with UVB,

pronounced staining for active caspase-3 was found in
the corneal epithelium (Fig. 1a,b). After one week of
buffered saline treatment, active caspase-3 remained
strongly expressed in the corneal epithelial cells (Fig. 1
c,d). In contrast, following one week of trehalose
application, only rare apoptotic cells (arrows) were
present in the corneal epithelium (Fig. 1e,f ). After two
weeks of buffered saline treatment, active caspase-3 was
still strongly expressed in the superficial epithelial layers
(arrows) (Fig. 1g,h), whereas after two weeks of
trehalose treatment, no apoptotic cells were present in
the corneal epithelium (Fig. 1i,j). The staining was very
similar as in the normal corneal epithelium (Fig. 1k,l). In
cryostat sections as well as corneal impression
cytologies in which the primary antibody was omitted
from the incubation medium, no positive staining
appeared (Fig. 1m,n). In Fig. 1, the cryostat sections, as
well as the corneal impression cytology samples were
counterstained with haematoxylin. 

Immunohistochemical detection of nitrotyrosine 
Nitrotyrosine staining was pronounced in the corneal

epithelium of the corneas irradiated with UVB rays (Fig.
2a,b). Following one week of buffered saline treatment,
nitrotyrosine staining remained pronounced in the
corneal epithelium (Fig. 2c,d). In contrast, following one
week of trehalose application, nitrotyrosine staining was
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reduced in the irradiated epithelium (Fig. 2e,f).
Following two weeks of buffered saline treatment,
nitrotyrosine staining was still present in the corneal
epithelium (Fig. 2g,h), whereas after two weeks of
trehalose application no nitrotyrosine staining was
observed in the corneal epithelium (Fig. 2i,j). The
staining was very similar to the normal corneal
epithelium (Fig. 2k,l) where nitrotyrosine staining was
absent. In the negative controls, in which the primary
antibody was omitted from the incubation medium, no
positive staining appeared (Fig. 2m,n). In Fig. 2 the
cryostat sections as well as the cormeal impression
cytology samples were counterstained with
haematoxylin.

Immunohistochemical detection of malondialdehyde
In the UVB-irradiated corneal epithelium, strong

staining for malondialdehyde was evident in the corneal
epithelium (Fig. 3a,b). Following one week of buffered
saline treatment, malondialdehyde staining remained
pronounced in the epithelium (Fig. 3c,d), whereas after
trehalose eye drops malondialdehyde staining was
reduced in the corneal epithelial cells (Fig. 3e,f). After
two weeks of buffered saline treatment, malon-
dialdehyde staining was still present in the corneal
epithelium (Fig. 3g,h). In contrast, following two weeks
of trehalose treatment, malondialdehyde staining was
absent in the corneal epithelium (Fig. 3i,j), very similar
to the normal corneal epithelium (Fig. 3k,l). Fig. 3m, n:
no positive staining appeared in the negative controls
(primary antibody omitted from the incubation medium).
In Fig. 3 the cryostat sections as well as the corneal
cytology samples were counterstained with
haematoxylin.

1032
Trehalose accelerates corneal healing 

Fig. 1. Staining for active caspase-3 (counterstained with haematoxylin).
Cryostat sections: Fig. 1 (a, c, e, g, i, k, m) (E - corneal epithelium);
corneal impression cytologies: Fig. 1 (b, d, f, h, j, l, n). a, b. Cornea
irradiated four times with UVB radiation. Strong caspase-3 expression is
seen in the corneal epithelium (a - cryostat section, b - impression
cytology sample). c, d. Irradiated cornea treated with buffered saline for
one week after the end of irradiation. Caspase-3 staining is prominent in
the corneal epithelium (c - cryostat section, d - impression cytology
sample). e, f. Irradiated cornea treated with trehalose eye drops for one
week after the end of irradiation. Only rare apoptotic cells are present in
the corneal epithelium (arrows) (e - cryostat section, f - impression
cytology sample). g, h. Irradiated cornea treated with buffered saline for
two weeks after the end of irradiation. Active caspase-3 is present in the
superficial epithelial layers (arrows) (g - cryostat section, h - impression
cytology sample). i, j. Irradiated cornea on which trehalose drops were
applied for two weeks after irradiation. No positive staining for active
caspase-3 is seen in the corneal epithelium (i - cryostat section, j -
impression cytology). k, l. Normal cornea. Positive staining for active
caspase-3 is absent in the corneal epithelial cells (k - cryostat section, l
- impression cytology). m, n. Control section (m), control impression
cytology sample (n). No positive staining appears (primary antibody was
omitted from the incubation medium). Scale bar: 10 µm.



Immunohistochemical detection of urokinase-type
plasminogen activator 

After four days of repeated irradiation with UVB
rays, there was markedly pronounced staining for
urokinase-type plasminogen activator in the corneal
epithelium (Fig. 4a,b). Following one week of buffered
saline treatment, urokinase-type plasminogen activator
expression remained pronounced in the corneal
epithelium (Fig. 4c,d), whereas after one week of
trehalose drops the expression of the enzyme was
reduced in the irradiated corneal epithelium (Fig. 4e,f).
After two weeks of buffered saline treatment the enzyme
expression remained high in the corneal epithelium (Fig.
4g,h). In contrast, following two weeks of trehalose
drops enzyme expression was low in the corneal
epithelium (Fig. 4i,j), very similar as in the normal
corneal epithelium (Fig. 4k,l). Negative control: no
positive staining appeared when the primary antibody
was omitted from the incubation medium (Fig. 4m,n). In
Fig. 4 the cryostat sections as well as the corneal
cytology samples were counterstained with
haematoxylin.

The healing of UVB-irradiated corneas following
three weeks of buffered saline treatment (Table 1).

After the end of the third week of buffered saline
application on UVB irradiated cornea many apoptotic
cells were found in the corneal epithelium, and corneal
epithelial cells revealed the staining for nitrotyrosine and
malondialdehyde, as well as urokinase type plasminogen
activator (findings on cryostat sections as well as corneal
impression cytologies). This was in contrast to the
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Fig. 2. The staining of nitrotyrosine (counterstained with haematoxylin).
Corneal cryostat sections: Fig. 2 (a, c, e, g, i, k, m) (E - corneal
epithelium). Corneal impression cytologies: Fig. 2 (b, d, f, h, j, l, n). a, b.
The expression of nitrotyrosine in corneal epithelium irradiated four
times with UVB rays. Nitrotyrosine staining is clearly visible in the
corneal epithelium (a - cryostat section, b - impression cytology
sample). c, d. Irradiated cornea treated with buffered saline for one
week after irradiation. The staining for nitrotyrosine is highly pronounced
in the corneal epithelium (c - cryostat section, d - impression cytology
sample). e, f. Irradiated cornea treated with trehalose for one week after
the last irradiation procedure. Low levels of nitrotyrosine are present in
the epithelium (e - cryostat section, f - impression cytology sample). g,
h. Irradiated cornea on which buffered saline was applied for two weeks
after the last irradiation. Nitrotyrosine staining is present in the corneal
epithelium (g - cryostat section, h - impression cytology sample). i, j.
Irradiated cornea treated with trehalose drops for two weeks after the
end of the irradiation procedure. No positive staining is seen in the
cornea (i - cryostat section, j - impression cytology sample). k, l. Normal
cornea. Nitrotyrosine staining is absent in the corneal epithelium. The
epithelium is counterstained only (k - cryostat section, l - impression
cytology sample). m, n. Control section (m), control impression cytology
sample (n). No positive staining appears when the primary antibody is
omitted from the incubation medium. Scale bar: 10 µM.



trehalose-treated UVB-irradiated corneas, where
following two weeks of treatment the immunohisto-
chemical staining of corneal epithelial cells for active
caspase-3, nitrotyrosine, malondialdehyde and
urokinase-type plasminogen activator was similar to the
normal untreated cornea: in the corneal epithelium only
isolated apoptotic cells were present. The expression of
urokinase type plasminogen activator was very low in
the corneal epithelium and the staining of nitrotyrosine
and malondialdehyde was absent. Cryostat sections as
well as samples on Millicell membranes were stained
only by counterstaining. 
Macroscopical evaluation of UVB-irradiated corneas
treated with buffered saline or trehalose, Fig. 5

After the last irradiation, corneal transparency was
lost and the corneas were highly vascularized (white
arrows) (Fig. 5b, the eye before buffered saline
treatment, Fig. 5c, the eye before trehalose treatment,
white arrows point to neovascularization) - compare
with the normal cornea (Fig. 5a). After one week of
buffered saline application, the irradiated corneas were
opaque and profoundly vascularized (white arrows). The
central corneal region was not re-epithelialized (black
arrow) (Fig. 5d). Following trehalose treatment for one
week, corneal transparency was restored (black arrow);
however, marked corneal neovascularization was seen at
the limbal region (white arrows) (Fig. 5e). After two
weeks of buffered saline application on the UVB-
irradiated corneas the alterations of the corneal
epithelium (lost superficial epithelial layers) were not
healed in the corneal centers (black arrow), which is
easily seen in the transparent corneas, and corneal
neovascularization was highly pronounced (white
arrows) (Fig. 5f). In contrast, after two weeks of
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Fig. 3. Malondialdehyde staining (counterstained with haematoxylin).
Corneal cryostat sections: Fig. 3 (a, c, e, g, i, k, m) (E – corneal
epithelium); corneal impression cytologies: Fig. 3 (b, d, f, h, j, l, n). a, b.
Cornea irradiated with UVB radiation for four days. Malondialdehyde
staining is strong in the corneal epithelium (a - cryostat section, b.
Impression cytology sample) c, d. Irradiated cornea treated for one
week with buffered saline. Malondialdehyde staining is stll strong in the
corneal epithelium (c - cryostat section, d - impression cytology sample).
e, f. Irradiated cornea on which trehalose was dropped for one week
after the last irradiation. The staining for malondialdehyde is less
pronounced. Compare with buffered saline treatment (c - cryostat
section, d - impression cytology sample). g, h. Cornea treated with
buffered saline for two weeks after irradiation. Malondialdehyde staining
is present in the corneal epithelium (g - cryostat section, h - impression
cytology sample). i, j. Cornea treated with trehalose for two weeks
following irradiation. Malondialdehyde staining is absent in the corneal
epithelium (i - cryostat section, j - impression cytology sample). k, l.
Normal cornea. Malondialdehyde staining is not present in the corneal
epithelium (k - cryostat section, l - impression cytology sample). m, n.
Negative control. The primary antibody was omitted from the incubation
medium. No positive staining is present in the epithelium (m - cryostat
section, n - impression cytology sample). Scale bar: 10 µm.



trehalose application the corneas were re-epithelialized
(black arrow) and neovascularization was reduced (white
arrows) (Fig. 5g). After three weeks of buffered saline
application the corneas were not re-epithelialized in the
central region (black arrow) and remained markedly
vascularized (white arrows) (Fig. 5h), whereas following
three weeks of trehalose drops corneal neo-
vascularization was suppressed (white arrows) in the re-
epithelialized corneas (black arrow) (Fig. 5i).

Morphological demonstration of corneal healing
following buffered saline or trehalose treatment (E -
epithelium) (Fig. 6).

After two weeks of buffered saline treatment of the
UVB-irradiated cornea the corneal epithelium was
thinner in the central region (superficial layers of the
corneal epithelium were lacking) (arrow) (Fig. 6a),
whereas following two weeks of trehalose drops, the
cornea was re-epithelialized (arrow) (Fig. 6b). Normal
cornea (Fig. 6c). 

Corneal neovascularization in detail (Fig. 7).
After three weeks of buffered saline treatment,

neovascularization of the cornea was apparent (black
arrows) (Fig. 7a), whereas following trehalose
application corneal neovascularization was suppressed
(black arrows) (Fig. 7b). Compare to a normal eye (Fig.
7c) without initial vascularization (black arrows).

Statistics
Statistical results for UVB-irradiated corneal

epithelium (vs. normal, untreated corneal epithelium)
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Fig. 4. Urokinase-type plasminogen activator (counterstained with
haematoxylin). Corneal cryostat sections: Fig. 4 (a, c, e, g, i, k, m) (E -
corneal epithelium); corneal impression cytologies: Fig. 4 (b, d, f, h, j, l,
n). a, b. A cornea irradiated four times with UVB rays. Pronounced
staining for the enzyme is apparent in the corneal epithelium (a -
cryostat section, b - impression cytology sample). c, d. Cornea treated
with buffered saline for one week after irradiation. Staining for the
enzyme is strong in the corneal epithelium (c - cryostat section, d -
impression cytology sample). e, f. Cornea on which trehalose drops
were applied for one week after irradiation. The enzyme expression is
reduced in the corneal epithelium (e - cryostat section, f - impression
cytology sample). g, h. Cornea treated with buffered saline for two
weeks following irradiation procedure. The staining remains high in the
corneal epithelium (g - cryostat section, h - impression cytology
sample). i, j. Cornea on which trehalose was applied for two weeks after
the last irradiation procedure. The enzyme expression is low in the
corneal epithelium, very similar to that seen in the normal corneal
epithelium (more staining in the superficial layers) (i - cryostat section, j
- impression cytology sample). k, l. Normal cornea. The staining is low
in the corneal epithelium (stronger in the superficial layers) (k - cryostat
section, l - impression cytology sample). m, n. Negative control. The
primary antibody was omitted from the incubation medium (m - cryostat
section, n - impression cytology sample). No positive staining appears.
Scale bar: 10 µm.



treated with trehalose drops or buffered saline drops
from day 0 (four times irradiated rabbit cornea with the
daily dose of 0.5 J/cm2) to day 21 is shown in Table 1.
The number of positively stained cells was decreasing
along with the prolonged time interval after the
irradiation: very quickly after the treatment with
trehalose drops and very slowly after buffered saline
drops.

Discussion

Trehalose, a disaccharide of glucose stored in many
organisms, although not in mammals, is synthesized as a
stress response factor when cells are exposed to stressful
conditions. The accumulation of trehalose in cells was
found to be associated with increased tolerance against
heat, dehydration, oxidation, hypoxia and even anoxia
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Fig. 5. Macroscopic images of the healing of UVB-
irradiated corneas. a. Normal cornea. b. Cornea
irradiated four times with a dose of 0.5 J/cm2 of UVB
radiation. The transparency of the cornea is lost and the
cornea is profoundly vascularized (white arrows). (The
eye before the treatment with buffered saline drops). c.
Very similar picture of the cornea as in b. (The eye before
the treatment with trehalose drops). d. A cornea treated
with buffered saline for one week after irradiation. The
cornea is opaque with the central epithelial lesion (black
arrow) and neovascularization is highly pronounced
(white arrows). e. Irradiated cornea treated with trehalose
for one week after irradiation. Corneal transparency is
restored (black arrow); however, corneal neo-
vascularization is highly pronounced in the limbal region
(white arrows). f. UVB-irradiated cornea after two weeks
of buffered saline treatment. The cornea is not completely
re-epithelialized in the central corneal region (black
arrow), which is well seen in the transparent cornea, and
neovascularization of the cornea is highly pronounced
(white arrows). g. UVB-irradiated cornea treated for two
weeks with trehalose drops. The cornea is re-
epithelialized (black arrow) and neovascularization of the
cornea is reduced (white arrows). h. UVB-irradiated
cornea on which buffered saline was applied for three
weeks. Central corneal epithelial defects are not
completely healed (black arrow) and neovascularization
of the cornea is pronounced in the limbal region (white
arrows). i. UVB-irradiated cornea treated with trehalose
drops for three weeks after UVB irradiation. Corneal
neovascularization is suppressed (white arrows) in the re-
epithelialized cornea (black arrow).



Fig. 6. Morphological picture of the healing of UVB-irradiated corneas (haematoxylin-eosin staining). (E - epithelium). a. Irradiated cornea after two
weeks of buffered saline treatment. In the central part of the cornea the superficial epithelial layers are missing (arrow). b. Irradiated cornea on which
trehalose drops were applied for two weeks after irradiation. The cornea is re-epithelialized (arrow). c. Normal cornea. Scale bar: 10 µm.

Table 1. UVB-irradiated corneal epithelium treated with trehalose or buffered saline drops vs. normal (untreated) corneal epithelium.

Day of trehalose treatment Caspase NT MDA U-PA Day of saline treatment Caspase NT MDA U-PA

Day 0 h.s. h.s. h.s. h.s. Day 0 h.s. h.s. h.s. h.s.
Day 7 s. h.s. h.s. s. Day 7 h.s. h.s. h.s. h.s.
Day 14 n.s. n.s. n.s. n.s. Day 14 h.s. h.s. h.s. h.s.
Day 21 n.s. n.s. n.s. n.s. Day 21 s. h.s. h.s. s.

Normal (untreated) corneal epithelium

Caspase NT MDA U-PA

solely corneal epithelial cells no positive staining of no positive staining of very low staining of
stained (solely apoptosis) corneal epithelial cells corneal epithelial cells corneal ep. cells

Mann-Whitney U test was used for statistical evaluation of differences between groups: UVB-irradiated corneal epithelium vs. normal corneal epithelium
(untreated corneas) in the number of positive cells for active caspase-3, malondiladehyde, nitrotyrosine and plasminogen activator of urokinase type
stainings in various time intervals ofthe treatment with trehalose or buffered saline drops. h.s., significant p<0.01; s., significant p<0.05; n.s., not
significant; Caspase, active caspase-3 staining; NT, nitrotyrosine staining; MDA, malondialdehyde staining; UPA, urokinase type plasminogen activator
staining.

Fig. 7. Detail of corneal neovascularization (macroscopic images). a. Irradiated cornea treated with buffered saline for three weeks after irradiation.
Corneal neovascularization (arrows) is apparent in the limbal region. b. Irradiated cornea treated with trehalose drops for three weeks after the end of
irradiation. Corneal neovascularrization is suppressed. Perilimbal vessels are visible at the corneal-scleral transition (black arrows). c. Normal cornea
(without any perilimbal vessels, arrows).



(Elbein et al., 2003; Chen and Haddad, 2004; Minutoli et
al., 2007; Chen et al., 2009; Jain and Roy, 2009; Luyckx
and Baudouin, 2011). Trehalose is not synthesized by
mammalian cells; however, providing trehalose
exogenously also enhanced the resistance of mammalian
cells against a variety of environmental stresses. Thus,
the utilization of trehalose for therapeutic purposes
seems to be promising. In ophthalmology, trehalose has
been used to protect cells of the anterior eye surface
against dessication stress in dry eye disease (Matsuo,
2001; Matsuo et al. 2002; Chen et al. 2009; Luyckx and
Baudouin, 2011). Takeuchi et al. (2010, 2011) suggested
that trehalose has the potential for use as a new agent to
control fibrosis – and is thus promising for use in
glaucoma surgery. Trehalose was also found to be
effective against oxidative stress of the cornea after
UVB irradiation (Čejková et al., 2010, 2011). This is
important because oxidative stress accompanies a
number of human corneal diseases (Buddi et al., 2002).

The UVB-irradiated cornea is damaged by oxidative
stress. Oxidative stress is caused by an imbalance
between the production of reactive oxygen species and
their removal. UVB radiation induces the generation of
reactive oxygen species. Repeated irradiation of the
rabbit cornea evoked a profound decrease in
antioxidants, whereas prooxidants remained at normal
levels or even increased (Čejková et al., 2000, 2004;
Lodovici et al., 2003). This antioxidant/prooxidiant
imbalance, together with the more pronounced
production of nitric oxide generated by nitric oxide
synthases, led to the formation of cytotoxic nitrogen-
related oxidants, such as peroxynitrite, generated by the
rapid reaction of nitric oxide with superoxide (Čejková
et al., 2005).

However, the UVB-irradiated cornea is damaged not
only by reactive oxygen species induced by UVB
irradiation, but also by hypoxic-response injury, because
damaged corneal cells cannot utilize oxygen normally,
although the oxygen supply to the cornea is normal
(Scheufler, 2004). This greatly contributes to delayed re-
epithelialization, the ingrowth of vessels into the cornea
and apoptotic cell death. 

In our previous papers it was described that trehalose
applied on the corneal surface during UVB irradiation
effectively protected the cornea against oxidative
damage (Čejková et al., 2010, 2011). In the UVB-
irradiated cornea, trehalose decreased the antioxidant/
prooxidant imbalance and apoptotic cell death, reduced
proinflammatory cytokine and matrix metalloproteinase
induction and greatly suppressed corneal neo-
vascularization. Trehalose might act as a scavenger of
oxyradicals. Toxic oxygen products have a damaging
effect on amino acids in cellular proteins, and the
presence of trehalose in cells prevents this damage
(Elbein et al., 2003). Chen and Haddad (2004) described
the efficacy of trehalose against hypoxic or anoxic
injury. According to these authors, trehalose is an
example of how this disaccharide molecule can enhance
protein integrity and limit protein degradation not only

in oxidant injury, but also in hypoxia or anoxia. Because
until now no information existed about the possibility of
using trehalose to inhibit hypoxic-response injury in the
UVB injured cornea, we decided to study this problem in
order to fill this gap. 

The results of this study show the efficacy of
trehalose in accelerating corneal healing. According to
Rogers et al. (2004), sub-solar UVB radiation already
causes irreversible damage to the corneal epithelium.
Apoptosis appears to be a mechanism of corneal cell
death after UVB ray exposure (Podskochy et al., 2000;
Newkirk et al., 2007; Pauloin et al., 2009). Pauloin et al.
(2009) showed that the exposure of human corneal
epithelial cells to UVB rays leads to the activation of
caspase-3, which serves as a critical marker of apoptosis.
In our previous experiments with UVB-irradiated
corneas in which trehalose was dropped on the corneal
surface during irradiation, we found that trehalose
greatly prevented the apoptotic death of corneal cells.
The results of this study (when trehalose was applied on
the cornea for one week following the end of repeated
irradiation) show that apoptotic cell death was
significantly reduced in the irradiated corneas. After two
weeks of trehalose treatment, apoptopic cells were not
observed in the cornea, whereas after buffered saline
application apoptotic cell death was apparent in the
cornea at the end of the second week of treatment (Fig.
1) (also at the end of the third week). 

Very similar results were obtained with peroxynitrite
formation, lipid peroxidation and urokinase type
plasminogen activator expression. Although after the
end of irradiation a high number of UVB-irradiated
corneal epithelial cells was stained for these markers,
following one week of trehalose treatment the number of
positively stained corneal epithelial cells was reduced,
and after two weeks of trehalose application positive
staining was absent, or present in very low expression
(urokinase type plasminogen activator). Staining was not
present similarly as in the normal (untreated) corneal
epithelium. The sections or samples on Millicell
membranes were stained only with counterstaining
(haematoxylin) (Figs. 2-4). In contrast, after buffered
saline application, the number of positively stained
corneal epithelial cells (for active caspase-3,
nitrotyrosine, malondialdehyde and urokinase type
plasminogen activator) was high in UVB irradiated
corneas following two weeks of treatment after injury,
and were also present in significant numbers at the end
of the third week (Figs. 2-4, Table 1) .

The detection of peroxynitrite formation
(immunohistochemically by nitrotyrosine residues), a
toxic reaction product of nitric oxide and superoxide,
serves as an important marker of free radical damage of
ocular tissues. Allen et al. (1996, 1998) described that
peroxynitrite caused oxidative damage of cell
membranes in the eye and the formation of cytotoxic
aldehydes. Elevated nitrotyrosine staining has been
found in UVB-irradiated corneas (Čejková et al., 2005).
Malondialdehyde staining is a good marker of lipid

1038
Trehalose accelerates corneal healing 



peroxidation, which is an important biological
consequence of the oxidative damage of cell membranes
and the formation of cytotoxic aldehydes. These
aldehydes can result in altered enzyme activities, the
inhibition of DNA/RNA synthesis and other damaging
events (Esterbauer et al., 1991). Urokinase-type
plasminogen activator is a serine protease that converts
plasminogen to plasmin and then activates pro-matrix
metalloproteinases. It degrades the extracellular matrix,
stimulates cell migration, proliferation and chemotaxis
and induces angiogenesis (Chao et al., 2011). The
appearance and possible role of urokinase-type
plasminogen activator and plasmin has been described
previously in the UVB-irradiated cornea (Čejková and
Lojda, 1995). 

Summarizing our results with the healing of corneas
treated with trehalose or buffered saline, trehalose
accelerated the healing of UVB-irradiated corneas.
Compared to buffered saline application, after trehalose
treatment corneal disorders, examined immunohisto-
chemically and morphologically, recovered one to two
weeks earlier than after buffered saline application.
Similar results were obtained with the restoration of
corneal transparency and the suppression of corneal
neovascularization (Figs. 5-7). 

In conclusion, the promoting effect of trehalose on
corneal wound healing is likely to be related to a
decrease in the hypoxia-response injury of the cornea.
Trehalose inhibited apoptotic cell death, suppressed
peroxynitrite formation and malondialdehyde staining
and greatly reduced the overexpression of urokinase-
type plasminogen activator. Because the results of
immunohistochemical staining on cryostat sections
corresponded with the results of similar staining on
corneal impression cytologies, corneal impression
cytologies, using suitable markers of injury, are a
promising tool for diagnostic purposes. 
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