
The ocular surface is strongly affected by physical and 
chemical factors, e.g., temperature [1], humidity [2], ultra-
violet irradiation [3], airflow [4], and chemical compounds 
[5], and these factors contribute to the induction of oxida-
tive stress and inflammation of the ocular surface [4-6]. 
To protect the corneal epithelium from oxidative stress, 
antioxidants, e.g., Glutathione, Tyrosine, vitamins [7], and 
lactoferrin [8,9], are contained in tear fluid, and antioxidative 
[5] and xenobiotic metabolizing enzymes [10] are expressed 
in corneal epithelial cells. Dry eye results not only from a 
desiccation of the ocular surface, but also from a lack of tear 
components essential for maintaining the ocular surface. As 
corneal erosion caused by dry eye is involved in an increase 
in oxidative stress [5,11] and inflammation [6,12], the devel-
opment of a restrainer of these causes led us to establish a 
treatment for dry eye.

Our previous study showed vitamin A [13] and selenium 
compound [9,11] were beneficial to the treatment of dry eye, 
as they regulate oxidative stress in the cornea. Selenium is 
an essential trace element for most animals and it is indis-
pensable for activities of selenium containing enzymes, e.g., 

glutathione peroxidase (GPx) and thioredoxin reductase 
(TrxR), which all have oxidoreductase functions [14]. GPx 
and TrxR participate in the reduction of hydrogen peroxide 
and lipoperoxide [14,15]; therefore, the physiologic role of 
GPx and TrxR is the regulation of oxidative stress.

The antioxidative ability of estrogens was shown in 
previous studies [16,17]. 2-hydroxy estradiol (2-OHE2), which 
is a catechol derivative of 17β-Estradiol (E2), is reported as a 
physiologic antioxidant in lipoproteins [18], liver microsomes 
[19], and the brain [20]. 2-OHE2 is physiological metabolite 
of E2 having an additional hydroxy group in position two of 
A-ring and synthesized from E2 catalyzed by cytochrome 
P4501A1 (CYP1A1) [21,22]. In the meantime, 2-OHE2 is a 
kind of catechol. Catechin and its derivatives, which are also 
a kind of catechol, showed anti-inflammatory effects and 
improved ocular inflammatory conditions caused by dry eye 
[23,24]. The anti-inflammatory effect of catechols contrib-
uted to the inhibition of prostaglandin endoperoxide synthase 
(PGS) [25]. Taken together with these studies [18-20, 23-25], 
2-OHE2 is expected to have two therapeutic effects, i.e., 
antioxidative and anti-inflammatory effects. In this study, 
we investigate the therapeutic effects of 2-OHE2 on corneal 
damage caused by dry eye.
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METHODS

Assay for radical scavenging activity of steroids by ESR 
method: 2-OHE2 was purchased from Sigma-Aldrich Co. 
LLC (St. Louis, MO). E2, estrone, and testosterone were 
purchased from Nacalai Tesque, Inc. (Kyoto, Japan). The 
electron spin resonance (ESR) signals of tyrosine radical 
were measured according to a previous study [26]. The reac-
tion mixture contained 400 μM myoglobin, 400 μM H2O2, 
and 100 mM 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) in 
a 50-mm PBS containing 1% ethanol, pH 7.4. Steroids were 
added to the reaction mixture before the start of the reaction 
as a radical scavenger. The reaction was started by adding 
H2O2, and the ESR spectra of the DMPO-tyrosyl radical 
adducts were recorded immediately at room temperature in a 
flat cell. The ESR settings were: microwave power, 10 mW; 
modulation frequency, 100 KHz; modulation field, 0.1 G; 
receiver gain, 1,000; and time constant, 0.3 s.

Inhibition of PGS activity by 2-OHE2: To determine the 
2-OHE2 concentration to be used in the following experi-
ments, the influence of 2-OHE2 on cellular viability was 
evaluated using human corneal epithelial cell line CEPI-
17-CL4 (CEPI) cells [27]. An short tandem repeat (STR) 
analysis showed that CEPI cells most likely originated from 
a female individual (Appendix 1). CEPI cells were cultured 
to 80%–90% confluence in 96-well plates in EpiLife medium 
supplemented with HCGS (Cascade Biologics Inc., Portland, 
OR). EpiLife medium was serum-free medium of human 
epidermal keratinocytes and human corneal epithelial cell. 
2-OHE2 was added to the medium, and CEPI cells were incu-
bated for 24 h. The medium was changed to a fresh medium 
containing 10% Alamar Blue (Wako Pure Chemical Indus-
tries, Ltd., Osaka, Japan), which is a reagent for evaluating 
cellular viability. After 1 h of incubation, the fluorescence of 
Alamar Blue was measured using the ARVO SX multilabel 
reader (ARVO SX; PerkinElmer Japan Co., Ltd., Yokohama, 
Kanagawa, Japan).

As the anti-inflammatory effect of catechols was due 
to the inhibition of PGS activity, the effect of 2-OHE2 on 
PGS activity was evaluated using a cellular extract of CEPI 
cells. CEPI cells were homogenized using 50 mM Tris-HCl 
buffer (pH 7.4) containing 5 mM EDTA and 1 mM DTT and 
centrifuged at 10,500 × g for 5 min to prepare the cellular 
extract. PGS activity was measured using a COX Fluorescent 
Activity Assay Kit (Cayman Chemical Company, Ann Arbor, 
MI) with or without 10 μM steroids in the assay buffer. This 
assay kit provides a fluorescence-based method for detecting 
COX-1 or COX-2 activity in both crude (cell lysates/tissue 
homogenates) and purified enzyme preparations. The assay 
utilizes the peroxidase component of the COXs. In this assay, 

the reaction between prostaglandin G2, which is produced 
from arachidonic acid by COX, and 10-acetyl-3,7-dihydroxy-
phenoxazine produces the fluorescent compound resorufin, 
which can be analyzed using an excitation wavelength of 
530–540 nm and an emission wavelength of 585–595 nm [28]. 
The fluorescence of resorufin was measured using the ARVO 
SX multilabel reader.

Effects of 2-OHE2 eye drops on treatment for dry eye: The 
effect of 2-OHE2 on the treatment for dry eye was evaluated 
by applying 2-OHE2 eye drops to the dry eye rat model. All 
animal experiments as follows were approved by the Labora-
tory Animal Care and Use Committee of Keio University 
School of Medicine. The dry eye rat model was prepared 
by removing the lacrimal glands [11,29]. Male 6-week-old 
Sprague-Dawley rats (SD; n = 10 in each experiment) were 
purchased from CLEA Japan, Inc. (Tokyo, Japan). Both 
lacrimal glands were surgically removed from the anesthe-
tized rats. An eye drop experiment was performed on the 
day following lacrimal gland removal. As new medicines 
are usually used from the maximal concentration showing 
no toxicity to investigate the effectiveness, the concentration 
of 2-OHE2 was decided to be 0.1, 1, or 10 μM. 2-OHE2 was 
dissolved with ethanol to 10 mM, and the 2-OHE2 solution 
was diluted with PBS to 0.1, 1, or 10 μM. One eye in each 
dry eye rat was treated with 0, 0.1, 1 or 10 μM 2-OHE2 
and the other side was treated with PBS (Vehicle, 0.1, 1, or 
10 μM 2-OHE2 group, n = 10), and 5 μl of each eye drop 
was administrated 4 times per day for 2 weeks. Normal rats 
whose lacrimal glands were not removed were prepared as 
a normal group (n = 10) for a comparison with the vehicle 
and 2-OHE2 groups. After all the eye drop treatments, the 
corneal fluorescein scores and tear volumes were evaluated 
according to our previous study [11]. To estimate the degree 
of dry eye, the ocular surfaces of rats were photographed 
after being stained by fluorescein. The photographs of the 
corneas were divided into nine areas. Each area was scored 
from 0 to 3 points depending on the degree of staining, and 
the scores of all areas were totaled. This total was called the 
‘fluorescein score.’ As the fluorescein score was varied based 
on the influences of humidity, temperature, air stream, etc., 
the fluorescein score of normal rats should be measured as a 
reference. The mean value of the fluorescein score of normal 
rats in each experiment was approximately 4 from 1. The 
mean value of fluorescein score of normal rats in each experi-
ment was approximately 2.5 ± 1.5. Because the PBS eye drops 
did not reduce fluorescein staining, the fluorescein score of 
PBS eye drop rats is nearly equal to that of dry eye rats.

Corneas from the normal, vehicle, and 1-μM 2-OHE2 
groups were collected to isolate the total RNA for real-time 
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RT-PCR. Corneal total RNA was extracted using TRIzol 
(Life Technologies Corporation, Carlsbad, CA). Reverse 
transcription was performed using SuperScript III (Life 
Technologies Corporation). The gene expression of matrix 
metallopeptidase-9 (MMP-9), heme oxigenase-1 (Hmo×-1), 
PGS-2, Interleukin (IL)-6, or tumor necrosis factor (TNF)-α 
was estimated by TaqMan real-time RT-PCR (ABI PRISM 
7500 Sequence Detection Systems, Life Technologies 
Corporation, Carlsbad, CA) according to the manufacturer’s 
protocol. Primer sets and TaqMan probes, as well as other 
reagents for TaqMan real-time PCR were purchased from Life 
Technologies Corporation. All data were analyzed with the 
ΔΔCt method, and the mRNA of Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) was used as the internal standard. 
Corneas from the normal and vehicle groups were collected 

to assay for PGS activity of the corneal extract using the COX 
Fluorescent Activity Assay Kit.

RESULTS

Radical scavenging activity of steroids: Figure 1 shows the 
results of the ESR study, where 1 mM 2-OHE2 and 1 mM 
estradiol reduced the ESR signal of tyrosyl radical and 1mM 
estrone weakly reduced and 1mM testosterone did not reduce 
the ESR signal (Figure 1A). In addition, 0.5 mM and 0.3 mM 
2-OHE2 also reduced the ESR signal, whereas 0.5 mM and 
0.3 mM estradiol weakly reduced the ESR signal (Figure 1B). 
These results mean estrogens, especially 2-OHE2, scavenge 
tyrosyl radical and possibly suppress oxidative stress in 
corneal epithelial cells.

Inhibition of PGS activity by 2-OHE2: The toxic effect of 
2-OHE2 on cellular viability was evaluated (Figure 2A). The 

Figure 1. Diminution of the ESR signals of hydroxyl radicals by steroid. ESR signal of tyrosine radical was measured (Standard). A: Effect 
of 1mM steroid on ESR signals of hydroxyl radicals. B: Effect of 0.1, 0.3, 0.5 mM E2 and 2-OHE2 on ESR signals of hydroxyl radicals. The 
ESR setting was as follows: microwave power, 10 mW; modulation frequency, 100 kHz; modulation field, 0.1 G; receiver gain, 1000 and 
time constant, 0.3 s.
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cellular viability of CEPI cells was kept over 90% until 10 
μΜ and then it sharply declined. The 2-OHE2 concentration 
for using cell culture and animal experiments was decided to 
be less than 10 μM.

The PGS activity of the cellular extract was measured at 
3.0±0.2 nmol/minute/mg protein, and the PGS activity was 
significantly inhibited when 2-OHE2 was added to the assay 
buffer (Figure 2B). Estradiol and estrone were not affected by 
PGS activity, and testosterone enhanced PGS activity (Figure 
2B). As only 2-OHE2 suppressed oxidative stress (Figure 1) 
and PGS activity (Figure 2B), we decided to apply 2-OHE2 
for the treatment of dry eye.

Effects of 2-OHE2 eye drops on treatment for dry eye: Figure 
3 shows the results after 2 weeks of 2-OHE2 eye drop use. 
The f luorescein-stained areas of the PBS treatment side 
(fluorescein score: 6, Figure 3A) were larger than those of 
the 2-OHE2 eye drop side (fluorescein score: 4, Figure 3B). 
The fluorescein score of the vehicle group largely increased 
compared to that of normal rats, and the fluorescein score of 
2-OHE2 groups was shown at a low level compared with that 
of the vehicle group (Figure 3C). The 2-OHE2 eye drops were 
clearly effective in the suppression of corneal irritation. Tear 
secretion decreased by about 40% through lacrimal removal 
and it slightly recovered following the use of 2-OHE2 eye 
drops (Figure 3D).

Figure 4 shows the fold change of mRNA prepared 
from the corneas in the normal, vehicle, and 1 μM 2-OHE2 
eye drop groups. The fold change was calculated from ΔCt 
value, shown in Table 1. The expressions of MMP-9 and IL-6 
increased markedly in the vehicle group, and this increase was 
suppressed by 2-OHE2 eye drops. The expressions of HO-1 
and PGS-2 increased weakly, but they were not suppressed by 
2-OHE2 eye drops, unlike MMP-9 and IL-6. The expression 
of TNF-α in the vehicle and 2-OHE2 eye drop groups did not 
change compared with that in the normal group.

PGS activity in the corneas of dry eye model rat: The unilat-
eral removal of lacrimal glands led to a decrease in tear 
secretion and resulted in corneal erosion on the dry eye side. 
As an increase in the fluorescein score for the dry eye side 
compared with the normal side was confirmed (Figure 5A), 
the PGS activity of the corneas on both sides was measured. 
The PGS activity of the corneal extract on the dry eye side 
was higher than that on the normal side (Figure 5B). Dry 
eye was considered to be related with PGS activation in the 
cornea. The PGS activity of the corneal extract was signifi-
cantly inhibited by the addition of 2-OHE2 to the assay buffer 
(Figure 5C).

Figure 2. Suppression of PGS 
activity in CEPI cells by steroids. 
A: Effect of 2-OHE2 on cellular 
viability. The horizontal axis shows 
the concentration of 2-OHE2 added 
to the medium, and the vertical axis 
shows the cellular viability in CEPI 
cells. B: The PGS activity of the 
cellular extract of CEPI cells with 
or without 10 μM steroids. NT, E2, 
or T means without a steroid, estra-
diol, or testosterone addition. The 
vertical axis shows the PGS activity 
ratio. The results are expressed as 
mean ± SD. Dunnett’s test was 
used to determine the significance 
of differences. * indicates a signifi-
cant difference from the result in 
NT, p<0.05.
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Figure 3. Effects of 2-OHE2 eye 
drops on the cornea of a dry eye rat 
model. Photo of cornea stained by 
fluorescein. A: PBS treatment, B: 
2-OHE2 eye drops. C, D: Fluores-
cein score of cornea (C) and tear 
volume (D) in normal, vehicle, and 
2-OHE2 groups (n = 10). Results are 
expressed as mean ± S.D. Dunnett’s 
test was used to determine the 
significance of differences. * and 
*** indicate a significant difference 
from the result in vehicle group, p< 
0.05 and p< 0.005, respectively.

Figure 4. Fold change of mRNA 
expression in cornea. The vertical 
axis shows fold change calculated 
from ΔCt value (Table 1). Fold 
change of normal group defined 
as 1. Results are expressed as the 
mean ± SD (n = 6).
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DISCUSSION

The number of dry eye patients increases year by year [30]. 
Several eye drops for the treatment of dry eye are commer-
cially available and many kinds of drug candidates are under 
development. This study showed that 2-OHE2 was effective 
in treating corneal damage in dry eye model rats. A rat with 
the lacrimal gland removed is suitable as a dry eye model to 
estimate candidate drugs for the treatment of dry eye. This 
model was widely used as a typical dry eye model because 
this model was easily prepared and drug was not used to 
cause dry eye. We already showed that selenium compounds 
were useful for the treatment of dry eye using this model 
[9,11]. Both saline and PBS solutions hardly showed an effect 

Table 1. mRNa expRessioN iN coRNea.

 MMP-9 HO-1 PGS-2 IL-6 TNF-α
NT 11.3±1.9 10.5±1 9.6±0.6 18.6±3.8 9.1±0.7
Vehicle 8.±1.7 9.8±0.7 9.1±0.8 15.7±2.6 9.6±0.7
2-OHE2 9.4±0.4 9.8±0.7 8.9±0.7 16.4±2.2 9.2±0.7

The relative expression level of mRNAs was determined by 
real-time RT–PCR and was estimated using the ΔCt value. ΔCt 
value was calculated using Ct (cycle threshold) values in each 
gene and GAPDH (ΔCt value=Ct value of each gene - Ct value 
of GAPDH). If the ΔCt value is lower, the relative RNA level is 
higher. Results are expressed as the mean ± SD (n=6).

Figure 5. PGS activity in corneas 
of dry eye model rat. Fluorescein 
score (A) and PGS activity (B) 
of cornea in normal and dry eye 
rats (n = 10). C: PGS activity in 
corneal extract with or without 10 
μM 2-OHE2 (n = 6). 2-OHE2 was 
added to the assay buffer. Results 
are expressed as mean ± S.D. t-test 
was used to determine the signifi-
cance of differences. * and *** 
indicate a significant difference 
from the result in normal (A, B) or 
dry eye group (C), p< 0.05 and p< 
0.005, respectively.
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in this dry eye model. Saline and PBS solutions could be 
thought of as negative controls and used as vehicles.

Previous studies show that the expressions of PGS-2, 
MMP-9, and IL-6 are induced in the corneas of dry eyes 
[6,9,31,32], and the expressions of IL-6 and IL-8 increase 
through desiccation in corneal epithelial cells [6]. In this 
study, increases in MMP-9 and IL-6 in the cornea of the dry 
eye were suppressed by 2-OHE2 eye drops (Figure 4), which 
means that 2-OHE2 eye drops improved dry eye. The PGS-2 
expression was not suppressed by 2-OHE2 eye drops (Figure 
4). This result suggested that 2-OHE2 was not affected on 
PGS-2 expression. When 2-OHE2 was added to the culture 
medium in cultivating CEPI cells, the PGS activity in the 
cellular extract was not suppressed (the PGS activity of no 
addition was 3.0 ± 0.2 and that of 2-OHE2 addition was 3.3 ± 
0.3 nmol/minute/mg protein). This means that 2-OHE2 was 
dissociated from PGS during cellular extract preparation. 
It was thought that 2-OHE2 inhibited the PGS activity as a 
competitive inhibitor.

It is unlikely that 2-OHE2 does not uptake to CEPI cells, 
because 2-OHE2 in the medium affects the viability of CEPI 
cells (Figure 2A). Furthermore, as 2-OHE2 is an amphipa-
thic compound having three hydroxyl groups, 2-OHE2 is 
soluble in water and apt to pass through the cell membrane. 
2-OHE2 captured radicals, such as reactive oxygen species, 
lipid radical, tyrosine radical, and, consequently, the 
affected cellular redox system, as catechol acts as a radical 
capture agent. The inhibition mechanism of PGS activity by 
2-OHE2 is related to the tyrosine radical scavenging effect 
of 2-OHE2 (Figure 1). Tyrosine radical was essential for the 
activity of PGS and so the tyrosine radical scavenger acted 
as a PGS inhibitor [33-35]. In Figures 5B,C, the dry eye with 
2-OHE2 eye drops group showed less PGS activity than the 
normal group. It was probably that 2-OHE2 inhibited not 
only induced but also endogenous PGS. The expression of 
TNF-α in the vehicle and 2-OHE2 eye drop groups did not 
change compared with the normal group. Similar results were 
obtained from our previous study using a dry eye model [6,9].

Although lacrimal glands were removed from rats, tear 
secretion was partially recovered with 2-OHE2 eye drops. 
This was possibly caused by the induction of tear secretion 
from intraorbital lacrimal glands or the recovery of water 
retention in the ocular surface.

P4501A1, which synthesizes 2-OHE2 from E2, is local-
ized in the corneal epithelium [5]. As E2 is contained in tear 
fluid, 2-OHE2 is supposed to be physiologically produced 
from E2 in the corneal epithelium for the maintenance of 
the ocular surface. Therefore, 2-OHE2 is a candidate for the 

treatment of dry eye through the suppression of inflammation 
and oxidative stress in the ocular surface.

APPENDIX 1. STR ANALYSIS.

To access the data, click or select the words “Appendix 1.”
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