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Abstract Oxidative stress is considered as a major
cause of light-induced retinal neurodegeneration. The
protective role of 17p-estradiol (fE2) in neurodegener-
ative disorders is well known, but its underlying mech-
anism remains unclear. Here, we utilized a light-induced
retinal damage model to explore the mechanism by
which 3E2 exerts its neuroprotective effect. Adult male
and female ovariectomized (OVX) rats were exposed to
8,000 Ix white light for 12 h to induce retinal light
damage. Electroretinogram (ERG) assays and hematox-
ylin and eosin (H&E) staining revealed that exposure to
light for 12 h resulted in functional damage to the rat
retina, histological changes, and retinal neuron loss.
However, intravitreal injection (IVI) of BE2 significant-
ly rescued this impaired retinal function in both female
and male rats. Based on the level of malondialdehyde
(MDA) production (a biomarker of oxidative stress), an
increase in retinal oxidative stress followed light expo-
sure, and BE2 administration reduced this light-induced
oxidative stress. Quantitative reverse-transcriptase
(gqRT)-PCR indicated that the messenger RNA (mRNA)
levels of the antioxidant enzymes superoxide dismutase
(SOD) and glutathione peroxidase (Gpx) were downreg-
ulated in female OVX rats but were upregulated in male
rats after light exposure, suggesting a gender difference
in the regulation of these antioxidant enzyme genes in
response to light. However, BE2 administration restored
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or enhanced the SOD and Gpx expression levels fol-
lowing light exposure. Although the catalase (CAT)
expression level was insensitive to light stimulation,
BE2 also increased the CAT gene expression level in
both female OVX and male rats. Further examination
indicated that the antioxidant proteins thioredoxin (Trx)
and nuclear factor erythroid 2-related factor 2 (Nrf2) are
also involved in PE2-mediated antioxidation and that
the cytoprotective protein heme oxygenase-1 (HO-1)
plays a key role in the endogenous defense mechanism
against light exposure in a PBE2-independent manner.
Taken together, we provide evidence that BE2 protects
against light-induced retinal damage via its antioxidative
effect, and its underlying mechanism involves the regu-
lation of the gene expression levels of antioxidant en-
zymes (SOD, CAT, and Gpx) and proteins (Trx and
Nrf2). Our study provides conceptual evidence in sup-
port of estrogen replacement therapy for postmenopausal
women to reduce the risk of age-related macular
degeneration.
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Abbreviations

BE2  17B-estradiol
LD Light damage

IVI Intravitreal injection

OVX  Ovariectomized

AMD  Age-related macular degeneration
ERG  Electroretinogram

MDA Malondialdehyde

CAT  Catalase

Gpx  Glutathione peroxidase
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SOD  Superoxide dismutase
Trx Thioredoxin

Nrf2  Nuclear factor erythroid 2-related factor 2
HO-1 Heme oxygenase-1
Introduction

17(3-Estradiol (3E2) plays an important role in the develop-
ment, growth, and differentiation of both female and male
secondary sex characteristics. The protective effect of BE2
has been identified in neurodegenerative diseases, such as
Alzheimer’s disease and Parkinson’s disease (Blanchet et al.
1999; Amtul et al. 2010; Zhang et al. 2012). The neuropro-
tective effects of BE2 include the following: increased neuro-
nal survival, antioxidant activity, suppression of neuronal
apoptosis, and promotion of synaptic sprouting and axonal
regeneration (Garcia-Segura et al. 2001; Ba et al. 2004;
Quintanilla et al. 2005). Our previous in vitro and in vivo data
demonstrated that 3E2 protected retinal nerve cells from
H,0,-induced apoptosis and rat retinas from light-induced
apoptosis via the activation of the PI3K/Akt signaling path-
way (Yu et al. 2005; Feng et al. 2013; Li et al. 2013; Mo et al.
2013). Aside from its anti-apoptotic effects, there is emerging
evidence suggesting an antioxidative effect of BE2 on many
types of neurons. For example, BE2 attenuated ethanol-
induced neurotoxicity and oxidative stress in the developing
male rat cerebellum (Ramezani et al. 2011), suppressed
tributyltin-induced reactive oxygen species (ROS) production
and lipid peroxidation in rat hippocampal slices by activating
Akt (Ishihara et al. 2014), and provided neuroprotection
against MPTP-induced oxidative stress by increasing SOD1
and SOD2 immunoreactivity in the nigral neurons of male
mice (Tripanichkul et al. 2007).

Age-related macular degeneration (AMD) is the most com-
mon cause of loss of central vision in elderly individuals,
especially postmenopausal women. The severity and progres-
sion of AMD are exacerbated following excessive exposure to
environmental light (Taylor et al. 1990), as photoreceptors are
sensitive to a wide range of visible light conditions and
intensities, leading to photoreceptor degeneration and cell
death (Noell et al. 1966). Previous studies showed that the
pathogenesis of retinal light damage involves the generation
of ROS and the accumulation of oxidatively modified lipids,
nucleic acids, and proteins (Jarrett et al. 2008; Mandal et al.
2009). Therefore, antioxidant nutrients might be useful for
reducing light-induced cell damage and preventing AMD.
However, the mechanisms underlying the antioxidative effect
of BE2 on light-induced retinal damage remain to be
elucidated.

Because oxidative stress is an important mechanism in-
volved in light-induced retinal damage, the activity of
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antioxidant enzymes may be an essential factor that protects
against neurological damage. Whether BE2 alters the activity
of antioxidant enzymes during light-induced retinal damage
has yet to be examined. In the present study, we sought to
elucidate the mechanism by which 3E2 reduces light-induced
retinal damage via antioxidation. We used the female OVX
and male rats to generate a light-induced retinal damage
model and then administered BE2 to these rats via intravitreal
injection to investigate the underlying neuroprotective mech-
anism of BE2. The results indicated that BE2 alleviated light-
induced retinal damage, and the underlying mechanisms in-
volved the reduction of the oxidative stress via the upregula-
tion of antioxidant enzymes (SOD, CAT, and Gpx) and pro-
teins (thioredoxin (Trx) and nuclear factor erythroid 2-related
factor 2 (Nrf2)).

Materials and Methods
Animals

Male and female Sprague—Dawley rats (SD rats, each
weighing 180-230 g) were obtained from the Experimental
Animal Center of Xi’an Jiaotong University College of
Medicine. All animals were cared for and handled according
to the Xi’an Jiaotong University Guidelines for Research and
the Association for Research in Vision and Ophthalmology
statement for the use of animals in vision and ophthalmic
research.

IVI

The male and female rats were anesthetized via intraperitoneal
injection of ketamine (120 mg/kg) and xylazine (6 mg/kg)
after 18-h dark adaptation. One drop of lidocaine hydrochlo-
ride was applied to each eye as a topical anesthetic prior to
intravitreal injection (IVI). The rats were intravitreally injected
with BE2 (Sigma, St. Louis, MO) or control as described
previously (Chiu et al. 2007; Mo et al. 2013). IVI was per-
formed under red light illumination in a darkened room to
preserve dark adaptation. After IVI, the rats were recovered
for 4 h prior to damaging light exposure.

LD

The male and female rats were dark-adapted for 24 h before
exposure to light. Light damage (LD) was induced by expos-
ing the eye to diffuse, cool, constant, white light at an intensity
0f 8,000 Ix for 12 h, as previously conducted (Mo et al. 2013).
Preceding light exposure, the pupils of the rats were dilated
using 1 % tropicamide. After light exposure, the rats were
placed in darkness for another 24 h and were subsequently
returned to the standard light/dark cycle.
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ERG

Electroretinogram (ERG) was performed 1 day after LD and
was recorded using an ERG recording system (TGC-350v,
Chongqing Tektronix Corp., Chongqing, China). Prior to
examination, the rats were dark-adapted for 24 h and were
deeply anesthetized via intramuscular injection of sodium
pentobarbital (50 mg/kg) and xylazine (6 mg/kg). At 30 min
before anesthesia, the pupils were dilated using 1 %
tropicamide and 0.5 % (w/v) proparacaine HCI. Full-field
ERGs were recorded from both eyes using gold wire elec-
trodes placed centrally on the cornea. All electrodes were
connected to a two-channel amplifier. All procedures were
performed in dim red light, and the rats were kept warm
throughout the procedure. The Rod-ERG and Max-ERG re-
cordings were performed as described previously. The ampli-
tude (a) from the baseline to the negative trough of the a-wave,
and the amplitude of the b-wave measured from the trough of
the a-wave to the following peak of the b-wave.

H&E Staining

Hematoxylin and eosin (H&E) staining was performed 7 days
after LD. The rats were sacrificed following intraperitoneal
injection of sodium pentobarbital (50 mg/kg). The eyeballs
were harvested and fixed via immersion in 4 % (w/v) parafor-
maldehyde in PBS overnight. Then, the eyeballs were placed
successively in 55, 65, 75, and 85 % (v/v) ethanol at room
temperature for 1 h. Subsequently, the cornea and the lens
were removed. The eyecups were placed successively in 95,
95, and 100 % (v/v) ethanol at room temperature for 1 h. The
samples were immersed in chloroform for 10 min and then
embedded in paraffin for sectioning. Subsequently, continu-
ous serial sections (4 um thick) of the entire retina, including
the optic nerve head, were stained with H&E. For each sec-
tion, digitized images of the entire retina were captured using
an Olympus microscope coupled to a digital camera at x400
magnification.

ELISA

Total protein lysates of retinal tissue and blood plasma were
collected and assayed using a Rat Estradiol (E2) Enzyme-
Linked Immunosorbent Assay (ELISA) Kit according to the
manufacturer’s instructions (MyBioSource, San Diego,
California, USA).

MDA Assay

The malondialdehyde (MDA) levels in the retinal lysates were
measured using an MDA assay kit (Nanjing Jiancheng
Bioengineering Institute, China) according to the manufac-
turer’s instructions.

qRT-PCR

Total RNA was extracted from the rat retina using Trizol
reagent (Invitrogen, Carlsbad, CA, USA) and was reverse-
transcribed (RT) using superscript reverse transcriptase and
oligo(dT) primers. Quantitative reverse-transcriptase (qRT)-
PCR was performed using an iQ5 instrument (BIO-RAD,
Hercules, CA, USA) and SYBR®Premix Ex Taq™ II
(TaKaRa, Ohtsu, Shiga, Japan). The primer sequences for rat
SODI, SOD2, CAT, heme oxygenase-1 (HO-1), Gpx1, Gpx2,
Gpx4, Nrf2, Trx1, Trx2, and (3-actin are shown in Table 1.
The gene expression levels were normalized to those of (3-
actin.

Statistical Analysis

All data were expressed in the figures as the means+standard
error of the mean (SEM). One-way ANOVA or Student’s  test
was performed to determine the statistical differences between
the groups using SPSS16.0 software (SPSS, Chicago, IL,
USA). p<0.05 was considered to be statistically significant.

Results

Exposure to White Light for 12 h Induced LD To rule out an
effect of endogenous E2, the female rats were ovariecto-
mized (OVX) or sham-operated (see experiment overview in
Fig. 1) as described previously (Green et al. 1999). A previous
study reported that the body weight increased more in OVX
than in sham-operated female Wistar rats (Hertrampf et al.
2006). To investigate whether ovariectomy induces a rapid
body weight gain in our model, we measured the body weight
after OVX or sham operation from 0 to 14 days. As shown in
Fig. 2a, there was no significant difference in the rate of body
weight gain between the sham-operated and OVX rats during
these 14 days. However, this examination period after the
ovariectomy operation may have been too short to reflect a
change in the rate of body weight gain, and a significant
difference may appear during an extended examination
period.

Next, the female OVX rats were exposed to 8,000 Ix white
light for 12 h, and the changes in retinal function and mor-
phology were assayed via ERG (1 day later) and H&E stain-
ing (7 days later), respectively. H&E staining showed that in
the absence of light exposure, there was no clear change in the
retinal morphology of OVX rats compared with sham-
operated rats. However, after light exposure, the photorecep-
tors began to display destructive retinal changes, resulting in
massive photoreceptor loss, pyknosis of the retinal cells, and
disappearance of the outer plexiform layer (OPL) between the
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Table 1 Information of primers

for RT-qgPCR Primer Forward (5'-3") Reverse (5'-3")
SOD1 GCGGTCCAGCGGATGAAGAG CCAATCACACCACAAGCCAAGC
SOD2 GCCTCCCTGACCTGCCTTAC TGATAGCCTCCAGCAACTCTCC
CAT GAGATGGCACACTTTGACAGAGAG TGGAGAATCGGACGGCAATAGG
HO-1 GAACTTTCAGAAGGGTCAGGTGTC TGGCTGGTGTGTAAGGGATGG
GPx1 GGCTCACCCGCTCTTTACCTTC CGCACTGGAACACCGTCTGG
GPx2 GCAACCAGTTCGGACATCAGGAG AGAATGGGTCGTCATAAGGGTAGGG
GPx4 AATTCGCAGCCAAGGACATCG CCAGGATTCGTAAACCACACTCG
Nrf2 TGCCATTAGTCAGTCGCTCTC ACCGTGCCTTCAGTGTGC
Trx1 GCTTGTGGTAGTGGACTTCTCTG GCAACATCCTGGCAGTCATCC
Trx2 TCGGTTAGAGAAGATGGTAGC GGTAGGCACAGCAGACAC
{3-actin GAGGGAAATCGTGCGTGAC GCATCGGAACCGCTCATT

outer nuclear layer (ONL) and the inner nuclear layer (INL).
Moreover, the thickness of the ONL and the INL were signif-
icantly reduced (Fig. 2b). These results indicated that the
retinal structure was seriously disrupted after light exposure.
Based on the ERG assay (Fig. 2c, d), there was also no
functional damage in OVX rats compared with the sham-
operated group, although the amplitudes of the a- and b-
waves on the Rod-ERG and the Max-ERG were all signifi-
cantly decreased after light exposure. Rod-ERG a-waves pri-
marily correspond to the electrophysiological activity of reti-
nal rod cells, whereas Rod-ERG b-waves, Max-ERG a-waves,
and Max-ERG b-waves typically include the electrophysio-
logical activities of multiple types of retinal neurons. These
results demonstrated retinal function damage after light expo-
sure. In summary, these results demonstrated that exposure to
8,000 Ix for 12 h significantly disrupted retinal morphology
and function.

The BE2 Concentration was Increased Following IVI To
evaluate the protective effect of BE2 on light-induced retinal
damage, we administered 3E2 (final concentration 10 uM)

Dark-adapted LD

N

via IVI. To examine the efficacy of IVI, the concentration of
BE2 in retinal lysates from each group was measured via an
ELISA assay (1 day after injection). As shown in Fig. 3a, in
the control OVX group, the BE2 concentration was signifi-
cantly decreased compared with the sham-operated group;
however, after IVI of BE2, the BE2 concentration was re-
stored. To determine the sex-related differences, we also used
male rats to examine the protective effect of 3E2 on light-
induced retinal damage. Consistent with the results using
female rats, the BE2 concentration also increased following
IVI into the male rats (Fig. 3b). In addition, we also measured
the BE2 level in blood plasma, and the results indicated that
the concentration of BE2 in plasma was also increased fol-
lowing IVI into both female and male rats (Fig. 3¢, d). These
results suggested that BE2 circulates throughout the blood
plasma after IVI. BE2 is a sex hormone that plays an essential
role in the growth and differentiation of the uterus, the cervix,
the vagina, and the breasts. A previous study reported that
BE2 in blood modulates uterine morphology and growth
(Kang et al. 1975). To further validate that BE2 enters the
bloodstream, we examined the effect of BE2 injection on the

ERG, qRT-PCR, ELISA

/

Sham/Ovariectomy H&E staining
| | | 1 1 |
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Fig. 1 Overview of the experimental design. After ovariectomy/sham
surgery on day 0, the rats were subjected to weighing. On day 13 at
2300 hours, all animals were dark-adapted for 24 h. On day 14 at
1900 hours, the rats were intravitreally injected with BE2 (10 uM) or
control. After recovery for 4 h, the rats were exposed to light for 12 h and
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then placed in darkness for another 24 h. The ERG assay, qRT-PCR, and
ELISA were performed at 1100 hours on day 15; H&E staining was
performed at 1100 hours on day 21. /V7 intravitreal injection, LD light
damage, ERG electroretinogram, H&E hematoxylin and eosin staining
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Fig. 2 Light-induced retinal damage. a The body weight gain of female
OVX rats from day 0 to 14. b The morphological changes in the retina
were measured via H&E staining following exposure to 8,000 Ix white
light for 12 h after 7-day dark recovery (x400). ONL outer nuclear layer,
INL inner nuclear layer, OPL outer plexiform layer, /PL inner plexiform

uterine weight. The uterine weight was significantly reduced
in the OVX rats compared with the sham-operated rats, and
this difference was alleviated by $E2 administration (Table 2).
Taken together, these results demonstrated that E2 adminis-
tration via IVI was effective. Notably, we found that following
IVI, BE2 circulates throughout the blood plasma.

BE2 Administration Protected the Retina from LD To deter-
mine the protective effect of BE2 on light-induced retinal
damage, we administered BE2 via IVI for 4 h prior to light
exposure. As shown in Fig. 4a, a severe disruption of retinal
morphology was detected in LD-induced rats, as described in
Fig. 2b. However, BE2 administration rescued this disruption
in retinal structure by preventing the loss of photoreceptor
cells and maintaining the thickness of the ONL and the INL.
Based on the ERG assay, LD led to an excessive reduction in
the mean amplitudes of the a- and b-waves on the Rod-ERG
and Max-ERG. However, BE2 administration protected reti-
nal function by markedly increasing the mean amplitudes of
the a- and b-waves (Fig. 4b). We also used male rats to
examine the protective effect of BE2. In line with the results
using female OVX rats, the male rats also displayed damaged
retinal function and morphology, and BE2 administration
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layer. ¢ The disruption of retinal function was measured via ERG after 1-
day dark recovery. d Statistical analysis of the mean amplitudes of the a-
and b-waves on Rod-ERG and Max-ERG. The data represent the means+
SEM. *p<0.05 vs. control; n=6 (eye samples for each group)

improved retinal function based on ERG and H&E analyses
(Fig. 4c, d). According to the above experimental results, we
concluded that 3E2 mediates neuroprotection against retinal
LD in both female OVX and male rats.

BE2 Administration Decreased Light-Induced Oxidative
Stress by Upregulating Antioxidant Enzymes MDA, a product
of lipid peroxidation, is considered as a biomarker of cellular
oxidative stress. As oxidative stress increased following with
exposure to light, we measured MDA generation using the
thiobarbituric acid (TBA) test. As shown in Fig. 5a, b, MDA
production was increased following light exposure in both
female OVX and male rats, whereas administration of BE2
significantly blocked the light-induced generation of MDA.

Previous studies indicated that BE2 exerts its antioxidative
effect by upregulating the expression of antioxidant genes. To
further determine whether BE2 affects antioxidant gene ex-
pression in our experiments, we first assessed the mRNA
levels of the antioxidant enzymes superoxide dismutase
(SOD)1, SOD2, catalase (CAT), and glutathione peroxidase
(Gpx)1, Gpx2, and Gpx4 via qRT-PCR. As shown in Fig. 6a,
in female OVX rats, light exposure led to a significant
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Fig. 3 The 3E2 concentration
was increased following IVI.
ELISA was performed to measure
the 3E2 concentration in retinal
lysates (a and b) and blood
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reduction in SOD1, Gpx2, and Gpx4 expression, which were
restored by 3E2 administration. Although the expression of
SOD, CAT, and Gpx1 was not reduced in response to light,
BE2 administration also increased the expression of these
genes. In male rats, LD did not reduce the mRNA level of
these enzymes but exerted an increasing effect on the expres-
sion of Gpx1, Gpx2, and Gpx4, which was enhanced by BE2
administration (Fig. 6b). The expression of SOD1, SOD2, and
CAT was also increased by BE2 administration. These results
indicated that the antioxidant enzymes SOD, CAT, and Gpx
are involved in the 3E2-mediated protection against LD.

Table 2 Effect of 173-estradiol on uterine weight

Treatment group Uterine weight (g)
Sham 0.54600+0.719050
Control-OVX 0.20325+0.102337*
BE2-OVX 0.34675+0.152281*%

Data shown are as mean+SEM
#p<0.05 vs. Sham; * p<0.05 vs. control (n=6)
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Moreover, there is a gender difference in the regulation of
these antioxidant enzymes in response to light.

The Antioxidant Proteins Trx and Nrf2, but not HO-1, Con-
tribute to the Antioxidative Effect of BE2 Trx, thioredoxin
reductase (TrxR), and nicotinamide adenine dinucleotide
phosphate (NADPH) comprise the Trx system. Trx is a
defense-related protein that is induced by various stresses
and exerts antioxidative, anti-apoptotic, and anti-
inflammatory effects. To examine whether Trx is involved in
pE2-mediated antioxidation, the mRNA levels of Trx1 and
Trx2 were determined via qRT-PCR. As shown in Fig. 7a, b,
Trx2 expression, which decreased after light exposure, was
more sensitive to light than Trx1 expression. 3E2 administra-
tion blocked the downregulation of Trx2 expression and in-
duced the expression of both Trx1 and Trx2.

HO-1 is a stress response-related enzyme that is induced by
various oxidative agents. The activation of HO-1 appears to
reflect an endogenous defense mechanism used by cells to
reduce inflammation and tissue damage in several injury
models. Unsurprisingly, the HO-1 expression level was
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Fig.4 (3E2 administration protects against light-induced retinal damage.
The female OVX (a and b) or male rats (¢ and d) were treated with BE2
(10 uM) via IVI for 4 h and then exposed to 8,000 Ix white light for 12 h.
The morphological and functional changes were determined via H&E
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Fig. 5 BE2 administration reduces MDA production. The generation of
MDA in the retinal lysates from female OVX (a) and male (b) rats was
assessed using an MDA assay kit. The data are presented as the means=+
SEM of four rats per group. *p<0.05 vs. control; “p<0.05
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staining (a and ¢) and ERG assays (b and d), respectively. Bar graph
represents statistical analysis of the mean amplitudes of the a- and b-
waves on Rod-ERG and Max-ERG. The data represent the means+SEM;
n=6 (eye samples in each group). *p<0.05 vs. control; “p<0.05

significantly increased following LD to female OVX and male
rats. However, during light exposure, $E2 administration did
not affect HO-1 expression (Fig. 7c, d). These results sug-
gested that HO-1 may be involved in an endogenous defense
mechanism but not in the antioxidative effect of BE2.

Nrf2 is a key transcription factor that plays a central role in
the cellular defense against oxidative stress. Several recent
studies demonstrated that Nrf2 is also a key transcription
factor in regulating the expression of a variety of
cytoprotective genes in various types of cells/tissues. To in-
vestigate whether Nrf2 is also involved in the antioxidant
effect of BE2, the Nrf2 expression level was assessed. There
was no significant difference in Nrf2 expression after light
exposure in female OVX rats, but Nrf2 expression was in-
creased after light exposure in male rats (Fig. 7e, ). However,
Nrf2 expression was increased following 3E2 administration
to all of the groups. Taken together, our results demonstrated
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Fig. 6 BE2 upregulates the
expression of the antioxidant
enzymes SOD, CAT, and Gpx.
The female OVX (a) and male
rats (b) were intravitreally
injected with BE2 and then
subjected to LD. The mRNA
levels of SODI1, SOD2, CAT,
Gpx1, Gpx2, and Gpx4 were
quantified via qRT-PCR. The
results are presented as the means
+SEM of five rats per group and
are expressed as the fold-change
in expression after normalization
to the expression of (3-actin.
#p<0.05 vs. control; “p<0.05

4-

Relative mRNA level

4~ [3 Control

Relative mRNA level

SOD1

that the antioxidant proteins Trx and Nrf2, but not HO-1, are
involved in the antioxidative effect of BE2 against LD.

Discussion

In the present study, we demonstrated an antioxidative effect
of BE2 on light-induced retinal damage. BE2-mediated anti-
oxidation is supported by several lines of evidence. First,
exposure to white light for 12 h disrupted retinal morphology
and function, and administration of BE2 prevented this dis-
ruption of retinal function (Figs. 2 and 4). These results
suggest that BE2 mediates neuroprotection in this light-
induced retinal damage model. Further analysis revealed that
BE2 exerts its protective effect by decreasing MDA produc-
tion, which is mediated by upregulation of the expression of
the antioxidant genes SOD, CAT, and Gpx. Furthermore, the
antioxidant proteins Trx and Nrf2 also contribute to this $E2-
mediated antioxidation.

[3E2 is considered to display neuroprotective properties via
anti-apoptosis and antioxidation. We previously reported that
[BE2 protects retinal neurons from light-induced apoptosis by
inhibiting caspase-3 cleavage (Mo et al. 2013). Here, we
found that BE2 protects retinal neurons against LD via its
antioxidative effects. During light-induced retinal damage,
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lipid peroxidation (MDA production) was increased in the
retinal lysates, which resulted in a range of serious retinal
oxidative injuries. However, IVI of BE2 abrogated this light-
induced MDA production (Fig. 5). The homeostasis of ROS
in the body is achieved largely by antioxidation via an intricate
antioxidant system. On one hand, human antioxidants include
enzymes, such as SOD, CAT, and Gpx (Wang and Chau
2010). On the other hand, human antioxidants also consist
of low molecular weight antioxidants, such as reduced gluta-
thione (GSH) and vitamins C and E, as well as non-catalytic
antioxidant proteins, such as Trx and glutaredoxin (Grx). In
our study, we demonstrated that JE2 mediated antioxidation
by increasing the expression of both antioxidant enzymes
(SOD, CAT, and Gpx) and non-catalytic antioxidant proteins
(Trx and Nrf2) (Figs. 6 and 7). Trx, the transcript of a
cytoprotective gene, is a regulator of cellular functions in
response to stress, such as infectious agents, UV radiation,
or H,O, (Watanabe et al. 2010). Here, we found that Trx1
expression was not changed due to light exposure, although
Trx2 expression was reduced due to light exposure, suggest-
ing differential roles of Trx1 and 2 in light-induced retinal
damage. Furthermore, after administration of BE2, the expres-
sion levels of both Trx1 and Trx2 were increased compared
with LD alone (Fig. 7a, b). HO-1 is a member of the heat
shock protein family that can be upregulated in response to
multiple stressful stimuli, such as heavy metals, endotoxin,
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Fig. 7 (E2 upregulates Trx and Nrf2 expression. The mRNA levels of
Trx1 and Trx2 (a, b), HO-1 (¢, d), and Nrf2 (e, f) were quantified via qRT-
PCR in female OVX (a, ¢, and e) and male rats (b, d, and f). The data are

heat shock, inflammatory cytokines, and prostaglandins. HO-
1 is reported to be a cytoprotective enzyme, and its induction
commonly occurs under conditions of increased cellular stress
to help maintain physiological homeostasis (Stocker and
Perrella 2006). In our study, HO-1 expression was significant-
ly increased due to LD but was not increased following BE2
administration (Fig. 7c, d), and increasing HO-1 expression
initiates an intrinsic defense system to protect against LD. The
transcription factor Nrf2 is an important regulator of oxidative
stress (Kensler et al. 2007). Nrf2 plays a key role in the
transcriptional induction of various antioxidants, including
SOD, CAT, Gpx, and HO-1(Kensler et al. 2007; Dong et al.
2008). Trx is also a target gene of Nrf2 (Kim et al. 2003). We
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further indicated that Nrf2 also contributed to PE2-
mediated antioxidation (Fig. 7e, f) in line with the report
that BE2 can upregulate Nrf2 in nuclear extracts and
increase the expression of HO-1, Cu/Zn-SOD, and GST
during H/R injury (Yu et al. 2012). Several investigations
reported that PI3K/Akt activate Nrf2 expression in many
cell types (Wang et al. 2008; Mitsuishi et al. 2012). Our
previous study indicated that 17(-estradiol protects
against light-induced retinal damage via the PI3K/Akt
signaling pathway. According to this result, we speculate
that the PI3K/Akt-Nrf2 pathway may contribute to the
antioxidative effect of BE2, and further examination is
required to verify this hypothesis.

@ Springer



150

J Mol Neurosci (2015) 55:141-151

Another important finding in our study was the sex differ-
ences in the levels of these antioxidant enzymes and proteins
in response to LD to male and female OVX rats. LD caused a
reduction in SOD1, SOD2, Gpx2, and Gpx4 expression in
female OVX rats, whereas LD caused the induction of Gpxl1,
Gpx2, and Gpx4 expression in male rats (Fig. 6a, b). Nrf2
expression did not change in the female OVX rats but was
increased in male rats following light exposure (Fig. 7e, f).
However, all of these antioxidant genes were upregulated in
female OVX and male rats following administration of 3E2.
Despite their destructive activity, ROS are well-described
second messengers in a variety of cellular processes, including
tolerance to environmental stresses (Desikan et al. 2001), such
as LD in our study. Whether ROS acts as a damaging or
signaling molecule, it depends on the delicate equilibrium
between ROS production and scavenging. In female rats, the
expression levels of the antioxidant enzymes SODI1, SOD2,
CAT, Gpx2, and Gpx4 were all decreased after ovariectomy
compared with sham operation (data not shown), indicating
decreased antioxidant activity in the female OVX rats. These
decreases in antioxidant activity disrupt the equilibrium be-
tween ROS production and scavenging, hindering the com-
pensatory response to light damage. However, in male rats,
which were not subjected to ovariectomy, LD-induced ROS
production may initiate the endogenous defense system and
mediate the compensatory upregulation of antioxidant pro-
teins (Gpx1,2,4 and N1f2) in response to injury-related stress-
es. Consistent with our results, another report indicated that
visible light may increase oxidative stress and cause the com-
pensatory upregulation of antioxidant enzyme (SOD, CAT,
and GSHPx) activities in frog eyes (Yusifov et al. 2000). In
summary, in this study, we suggest that in male rats, the LD
defense mechanism involves a dual mechanism consisting of,
on one hand, the light-mediated initiation of the endogenous
defense system (upregulation of Gpx, HO-1, and Nrf2 expres-
sion) and, on the other hand, the antioxidative effect of exog-
enous BE2 administration via IVI on LD. However, in female
rats, exogenous (3E2 is the predominant factor that induces the
increase in SOD, CAT, Gpx, Trx2, and Nrf2 expression, and
only HO-1 is involved in the endogenous defense mechanism
in response to LD.

Aside from the antioxidative effect of 3E2 on light-induced
retinal damage, we found that 1 day after IVI, the BE2
concentration was increased in both retinal lysates and plasma
(Fig. 3) and that the uterine weight was maintained in the
OVX rats (Table 2), suggesting that B E2 circulates throughout
the blood after IVI. IVI-mediated administration of various
pharmacological drugs is commonly used to treat retinal dis-
eases, such as diabetic retinopathy, AMD, macular edema, and
retinal vein occlusion. The advantage of the IVI technique is
its ability to maximize the intraocular levels of medications
(Peyman et al. 2009), whereas elevated intraocular pressure
and glaucoma are the most common side effects (Jonas et al.
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2004; Sampat and Garg 2010). The blood—vitreous barrier and
the blood-retinal barrier (BRB) might block drug distribution
and diffusion following IVI of drugs; however, some drugs
can permeate the BRB, such as anti-VEGF compounds
(Semeraro et al. 2014). Here, we found that FE2 may also
permeate the BRB and enter the blood circulation after IVI.
However, this BE2 did not cause any systemic toxicity be-
cause the BE2 concentration in plasma was not higher than
that from the sham group. Intravitreally injected 3E2 rapidly
attains a higher local drug concentration in the vitreous cavity
and provides effective neuroprotection. Then, 3E2 enters the
circulation, which decreases the intraocular pressure, avoiding
this side effect of IVI.

In conclusion, the results of this study demonstrated that
BE2 protects against light-induced retinal damage via its
antioxidative effect. These results provide a new approach to
address the increasing AMD rate among postmenopausal
women and estrogen replacement therapy.
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