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A B S T R A C T

The interactions between steroid gonadal hormones and the retina (a part of the visual system and the central
nervous system (CNS)) have received limited attention and beneficial effects of these hormones in retinal dis-
eases is controversial. Retinitis pigmentosa (RP) is the most common cause of retinal hereditary blindness and
to date no treatment is available. However, results regarding the effects of progesterone on the progression of
RP are promising. With the idea of demonstrating if the progesterone retinal protection in RP is related to its
possible anti-inflammatory properties, we have administered orally progesterone to rd10 mice, an animal model
of RP. We observed that progesterone decreased photoreceptors cell death, reactive gliosis and the increase in
microglial cells caused by RP. We also examined the expression of neuronal and inducible nitric oxide synthase
(nNOS and iNOS), the enzyme responsible for NO production. The results demonstrated a decrease in nNOS
expression only in control mice treated with progesterone. Inflammation has been related with an increase in
lipid peroxidation. Noticeably progesterone administration was able to diminish retinal malondialdehyde (MDA,
a lipid peroxidation product) concentrations in rd10 mice. Altogether, we can conclude that progesterone could
be a good therapeutic option not only in RP but also for other retinal diseases that have been associated with
inflammation and lipid peroxidation.

1. Introduction

Neurosteroids refer to those steroids synthesized in the CNS and af-
fecting neurotransmission [1]. In this sense, recent evidences suggest
that steroid gonadal hormones play a relevant function not only in the
reproductive system but also in others, such as the cardiovascular or the
central nervous system (CNS). Neurosteroids include both steroid hor-
mones, which are produced de novo in neurons and glial cells, and their
metabolites, which act in the CNS [2,3]. Neurosteroids act in the CNS
in an autocrine/paracrine way [4,5], being able to regulate gene expres-
sion or affect neurotransmission [4,6]. In addition, they possess other
biological functions in this system such as the regulation of neuropro-
tection, neuroplasticity, neurogenesis and neuroinflammation [7,8].

The interactions between gonadal steroid hormones and the retina
(a part of the visual system and the CNS) have received limited atten

tion. The eye has long been considered a ‘sexually neutral’ structure. It
was believed there were no differences in physiology and ocular pathol-
ogy between males and females. Today, we know that the distribution of
sex steroid hormones in the eye varies according to sex and age. These
differences may explain, in part, the variability in the epidemiology of
certain retinal diseases [9].

As with the brain, the retina is a steroid target but also contains
a system for its synthesis [10]. Several studies have shown the exis-
tence of retinal hormone receptors and steroid enzymes for the forma-
tion of ex novo steroids or neurosteroids [9,11,12]. In addition, the role
of these neurosteroids in the visual function physiology and pathology
has been confirmed both in humans and animal models [13,14]. Evi-
dence confirms that there is neurosteroidogenesis in the retina, partic-
ularly the de novo production of pregnenolone [10]. The mRNA of the
progesterone nuclear receptor has been identified in the retina and in
the choroid [15], and progesterone receptor membrane component 1
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(PGRMC1) has been detected in photoreceptors and in Müller cells [16].
Nevertheless, there is still controversy about the progesterone advan-

tageous properties in retinal diseases. Some studies in the retina have
not succeeded in demonstrating the positive effects of progesterone in a
model of ganglion cell damage [17] or in retinal stress induced by light
[18,19]. Conversely, Lu et al. found that progesterone exerted a protec-
tive effect in an intraocular pressure model in rats [20]. There is also ev-
idence suggesting that exposure to estrogens protects against age-related
macular degeneration (AMD). These estrogens can be both endogenous
(depending on the age at which menarche and menopause occurs and
the number of pregnancies) and exogenous (as in hormone replacement
therapy and the use of oral contraceptives) [21].

Retinitis pigmentosa (RP) is another retinal disease: the most com-
mon cause of hereditary blindness, with a prevalence of one per 4000
individuals [22] and more than one million people affected [23]. The
disease is characterized clinically by the progressive loss of rod photore-
ceptors and, consequently, their function, followed by degeneration of
the cones and a decrease in their sensitivity and viability [22,24]. In
turn, the main symptoms of this disease are night blindness and degen-
eration of peripheral vision, which usually appear in adulthood and are
due to the already mentioned progressive loss of rods [25]. In addition,
an eventual loss of central vision may occur because of macular degen-
eration of the cones [25,26]. Patients with RP may also present ves-
sel attenuation [27], since the loss of vasculature is a metabolic conse-
quence of photoreceptor degeneration [28]. In late stages, patients show
an abnormal accumulation of pigment (clusters) in the peripheral retina
[26]. Furthermore, the electrical responses to light recorded with elec-
troretinogram (ERG) are abnormal in patients with RP [29]. Symptoms
in RP patients generally begin in early adolescence and severe visual
dysfunction occurs around 40–50 years of age [30]. However, some pa-
tients may experience a rapid progression of the disease over the course
of only two decades [24]. On the contrary, others show a slow progres-
sion that may never end in blindness [24].

It has been shown that RP causes the activation of an inflamma-
tory response, since retinal antibodies (probably against photorecep-
tors) have been found in the systemic circulation of patients with RP
[31]. Studies that are more recent have highlighted the activation of
the macro and microglia preceding the cell death of the photoreceptors.
This activation results from multiple biochemical events, including both
cytokines and chemokines activation [32].

Results regarding the effects of steroid hormones on the progression
of RP are promising. Recent studies in RP mouse models have shown
that the endogenous survival pathways are triggered and cell death is
delayed due to norgestrel treatment (a progestin used in hormonal con-
traceptives) [33]. Our research group has recently demonstrated the
protection exerted by progesterone in rd1 mice, mainly through antiox-
idant mechanisms [34].

It is known that progesterone acts at multiple levels to interfere with
the deleterious cellular processes. Progesterone may decrease oxidative
stress, lipid peroxidation, the release of inflammatory cytokines and cel-
lular apoptosis [35,36]. The purpose of this study was to demonstrate
whether the progesterone retinal protection in RP is related to its possi-
ble anti-inflammatory attributes.

2. Material and methods

2.1. Experimental design

C57BL/6J and rd10 mice were used. Mice were housed in the facil-
ities of the Research Unit of the Department of Biomedical Sciences of
the CEU-Cardenal Herrera University. The animals were kept in cages

under controlled conditions of temperature (20 °C) and humidity (60%)
and constant light-dark cycles of 12 h. Animals had free access to wa-
ter and a standard diet, manufactured and distributed by Harlan Ibérica
S.L. (Barcelona, Spain).

Handling and care of the animals was approved by the ethical com-
mittee of the CEU-Cardenal Herrera Universities (reference 11/013) and
was in accordance with the "Declaration for the use of animals in oph-
thalmological and vision research" (ARVO; Association for Research in
Vision and Ophthalmology).

Day of birth was considered as post-natal day 0 (P0). P15 was cho-
sen as the day to start oral progesterone treatment (150 mg/kg weight;
progesterone was dissolved in olive oil and administered with the help
of a gastric tube). The dose was selected according to a dose-effect curve
for progesterone previously published [37]. In order to evaluate proges-
terone effect, each mouse received oral progesterone administration on
alternate days. The las day of treatment was P21. Progesterone has a fast
gastrointestinal absorption (serum peak concentrations of three hours)
as well as a rapid rate of elimination from the body. Thus, mice were eu-
thanized five hours after the last progesterone dose administration (Fig.
1).

Four experimental groups were used: C57 mice that only received
oral administration of the vehicle (olive oil); C57 mice that received
progesterone oral treatment; rd10 mice that were administered the ve-
hicle and rd10 mice that received oral progesterone treatment (n = 12
in each group). Our studies were completed on both male and female
populations. We have previously demonstrated that progesterone offers
similar protection for both sexes and that the effects observed in retina
are not gender specific [34].

A group of mice was euthanized at P23 in order to study changes in
the evolution of retinal macroglia modifications (n = 4).

2.2. Histological and immunofluorescence studies

Eyeballs were fixed by immersion in 4% paraformaldehyde for 2 h,
then 3 washes were performed with 0,1 M phosphate buffered saline pH
7,2 (PBS) for 10 min. Finally, they were cryoprotected using PBS-sucrose
in increasing sucrose concentrations (10%–20%–30%) at 4 °C.

Afterwards, 8 μm retinal sections were obtained by a Leica CM 1850
UV Ag protect cryostat (Leica Microsistemas SLU, Barcelona, Spain)
on superfrost slides (Thermo Fisher Scientific, Braunschweig, Germany)
and kept at −20 °C until their use.

2.2.1. Terminal deoxinucleotidyl transferase (TUNEL) assay
The TUNEL assay was performed with an in situ cell death detec-

tion kit (Roche Diagnostics, Mannheim, Germany. To analyse retinal
TUNEL positive cells, images were taken with the Nikon DS-Fi1 camera
attached to a Leica DM 2000 microscope, with the program Leica appli

Fig. 1. Experimental design. Arrows indicate the days C57 and rd10 mice received prog-
esterone treatment and the post natal (P) day of sacrifice.
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cation Suite version 2.7.0 R1 (Leica Microsystems SLU, Barcelona,
Spain).

The TUNEL positive cells were counted manually in the outer nu-
clear layer (ONL) of three different parts of the retina: central retina,
mid peripheral and far peripheral retina. TUNEL positive cells from
three retinas were counted for each animal of each group (n = 6). The
count was taken at 20× magnification, and the number of cells was re-
ferred to the area of the ONL which was used.

2.2.2. Retinal immunohistochemistry
Immunofluorescent staining procedures were performed on retinal

cryosections that were rehydrated in PBS and merged for 1 h at room
temperature (RT) with blocking solution: 5% of normal goat serum
in PBS-BSA 1% and Triton 0.3%. Afterwards, they were incubated
overnight at 4 °C with primary antibodies: anti-glial fibrillary acidic
protein (anti-GFAP) (1:500, Dako cytomation, Denmark), anti-ionized
calcium binding adaptor molecule 1 (anti-Iba1 (1:2000, Abcam, Cam-
bridge, UK), and anti-neuronal nitric oxide synthetase (anti-nNOS)
(1:200, Santacruz Biotechnology, Dallas, USA). The next day, sections
were washed and incubated for 1 h in darkness at RT with the fluores-
cence-conjugated secondary antibody Alexa Fluor 488 (Invitrogen, Life
Technologies, Madrid, Spain). Sections were mounted with Vectashield
with DAPI (Vector, Burlingame, USA).

Retinal images were taken with a Nikon DS-Fi1 camera attached to
a Leica DM 2000 microscope, with the Leica application Suite version
2.7.0 R1 program (Leica Microsistemas SLU, Barcelona, Spain). Repre-
sentative images were taken of the central, mid peripheral and far pe-
ripheral sections of the retina (20× magnification).

To evaluate changes in reactive gliosis, the percentage of area oc-
cupied by the GFAP antibody labelling was measured throughout the
retina (n = 4).

To evaluate microglial activation, we counted the total, amoeboid
and ramified Iba-1 positive cells and this value was divided by the ONL
area (n = 3). We also measured the Iba1- migration index according to
the retinal layer where they were located. For this purpose, the method
described by Olivares-Gonzáles was used [38].

To evaluate nNOS expression, the number of nNOS positive cells was
counted and divided per the selected retinal area (n = 4); in this case, it
was specifically comprised of the inner plexiform layer to ganglion cell
layer. NOS is the enzyme that catalyses the production of NO, a pro-in-
flammatory substance.

All these measurements were made with the help of the image pro-
cessing program Image J 1.45s.

2.3. Biochemical studies

2.3.1. Western blot
After the mice were euthanized, the eyes were rapidly enucleated

and the two retinas of each animal were dissected and homogenized
with a 50 μL radioimmunoprecipitation (RIPA) buffer (n = 6 for the
P21 studies and n = 3 for the P13 and P18 studies). The homogeniza-
tion was performed mechanically for 2 min and kept in ice for 20 min.
Subsequently, samples were centrifuged at 13,000 rpm for 10 min at
4 °C. The supernatant was then removed for protein determination by
the Bradford method [39]. Then, 75 µg of protein were resolved on
10–15% acrylamide: bisacrylamide gels. The proteins were moved to
membranes of nitrocellulose (GE Healthcare Life Sciences, Barcelona,
Spain) and blocked for 1 h with 0.01 M PBS-Tween 20 0.1% with 5%
w/v non-fat milk. Membranes were then probed with iNOS antibody
(Abcam, Cambridge, UK). Membranes were incubated over night at RT,
and bound antibody was detected with a horseradish peroxidase-cou-
pled secondary anti-rabbit (F(ab´)2 – HRP, goat anti-rabbit) (Santa
Cruz Biotechnology, Santa Cruz, USA). The signal was then recognized
with the enhanced chemiluminescence (ECL) developing kit (Amer

sham Biosciences, Buckinghamshire, UK). Finally, blots were quanti-
fied by densitometry (ImageQuant™TL, GE Healthcare Life Sciences,
Barcelona, Spain).

2.3.2. Malondialdehyde concentration determination
Similar to the process above, the eyes were enucleated directly after

the mice were euthanized, and the two retinas of each animal (n = 6)
were dissected and homogenized at 13,000 rpm for 1 min with an ul-
traturrax T25 (Labortech, Staufen, Germany) in phosphate buffer 0.1 M
at pH 7.2. Retinal homogenates were centrifuged at 6000 rpm for 2 min
at 4 °C. The supernatant was used for the determination of proteins
by Lowry's method [40] and for the determination of malondialdehyde
(MDA).

In order to quantify MDA concentration, a modification of the
method presented by Richard [41] was used.

2.3.3. Induction of lipid peroxidation in mice tissue homogenate
Liver tissue from six C57BL/6J mice was used, and, 10 ml of 0.1 M

PB was added to a sterile 50 ml (Falcon) container containing the two
livers. The homogenate was obtained with the help of an ultratur-
rax at 13,000 rpm for 5 min. Then, the homogenate was centrifuged at
6000 rpm for 5 min. Finally, the remaining supernatant was frozen and
aliquoted at −20 °C until use.

Lipid peroxidation was induced by adding salts of Fe (II) and ascor-
bic acid to homogenate tissues and 0, 0.5, 1, 2, 4 and 10 μM of proges-
terone were also added. The modified experimental model of Fraga et
al. [42] was used.

2.4. Statistical analysis

The results are presented as mean values ± standard deviation. Vari-
ance homogeneity was determined by Levene’s Test of Variance Homo-
geneity. The analysis of variance (ANOVA) was used. When the ANOVA
indicated a significant difference, the Fisher’s LSD or the Games-Howell
was performed. SPSS software package version 15.0 was used.

3. Results

3.1. Progesterone decreases photoreceptor cell death in the rd10 retina

Fig. 2A shows the TUNEL cell labelling in the far peripheral retina of
the mice belonging to each group used in this work (C57, progesterone
treated C57, rd10 and progesterone treated rd10 mice). RP animal mod-
els, including the rd10 mouse model, show a severe photoreceptor cell
death that can be easily demonstrated with the help of the TUNEL assay.
The results obtained in the present study show an increase in TUNEL
positive cells in the untreated rd10 mice (Fig. 2B) because of the degen-
eration.

Herein, the progesterone effect on retinal cell death and degenera-
tion has been studied in three different areas (far peripheral, mid pe-
ripheral and central retina) of the control and rd10 mice retina (Fig.
2B). We observed that the number of TUNEL positive cells is increased
in the untreated rd10 mice in the far peripheral retina when compared
to all other animal groups (* p < 0.007 vs. all groups). However, in this
retinal area, the progesterone treated rd10 mice showed a significant
decrease in the number of retinal dying cells compared to control reti-
nas. A statistically significant increase in TUNEL positive cells in the
rd10 retina was also observed compared to control mice in both mid pe-
ripheral and central retina (#p < 0.005 vs. C57 groups). Interestingly,
TUNEL labelled cells decreased in these two retinal areas when the an-
imal received progesterone oral treatment, though statistically signif-
icant differences were not found (Fig. 2B). This different response to
progesterone treatment of the different retinal areas studied may be

3
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Fig. 2. Progesterone treatment decrease TUNEL positive cells in the rd10 mice retina. A: Image of TUNEL positive cells in the ONL of the far peripheral retina of treated C57and rd10
mice non treated and treated with progesterone at P21. Scale 50 μm. B: Quantification of the number of TUNEL positive cells at P21 (positive cells/arbitrary units of area (AUA)) in the
retina from the different animal groups in three retinal areas (n = 6 mice per group). The error bars correspond to the standard deviation of the mean (* p < 0.007 vs. all groups, ≠ p < 0
.04 vs. C57 treated; # p < 0.005 vs. C57 groups). C: Mean values, standard errors and percentage of improvement between non treated and treated with progesterone rd10 mice.

related to the fact that there is a gradient in the rd10 degeneration, from
the centre to the periphery of the retina.

Fig. 2C shows the percentage of decrease in the number of TUNEL
cells in the rd10 mice in the different areas of the retina. We observed
that the greatest decrease in TUNEL positive cells takes place in the far
peripheral retina, with more than 65% of reduction. However, in the
mid peripheral and in the central retina, a decrease in the number of
TUNEL labelled cells of approximately 50% and 40% was also detected.

3.2. Progesterone induces modifications in the rd10 mice retinal gliosis

An increase in gliosis and in the reactivity of glial fibrillary acidic
protein (GFAP) in the retina takes place during the degeneration process
in the rd10 mice [43]. In order to evaluate the possible effect of prog-
esterone on this characteristic reactive gliosis, the labelling of the GFAP
protein in the different retinal areas has also been studied at P21 and
P23.

Fig. 3A shows the quantification of the occupied area of the retina
by the GFAP staining at P21 for the different experimental mice groups
(C57, progesterone, treated C57, rd10 and progesterone treated rd10
mice) in each of the areas of the retina. We found statistically significant
differences in these values in all areas of the retina among all groups of
animals (*p < 0.02 vs. all groups). Interestingly, we observed the char-
acteristic gliosis typical of the rd10 retina, but we also observed that
progesterone treatment increased GFAP reactivity in both control (C57)
and rd10 mice.

As previously stated, the study of the GFAP protein was carried out
on P23 (Fig. 3B), with the purpose of determining whether the induced
progesterone reactivity was chronic or if it could be an acute effect that
could revert with time. Our results show that at P23, there is an increase
in the labelling of GFAP in the rd10 retinas compared to the control
retinas. However, at P23 progesterone treatment significantly decreases
this gliosis in the rd10 animals. This decrease is statistically significant
in the far peripheral retina.
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Fig. 3. Progesterone increase GFAP retinal expression in rd10 mice at P21 but decrease it at P23. A: Histogram comparing GFAP in different retinal areas in non treatedand treated with
progesterone mice at P21. The bars represent the percentage of area occupied by the positive GFAP cells (n = 4 mice per group). The error bars represent the standard deviation of the
mean (* p < 0.02 vs. all groups). B: Histogram comparing GFAP in different retinal areas in non treated and treated with progesterone mice at P23. The bars represent the percentage of
area occupied by the positive GFAP cells (n = 4 mice per group). The error bars are the standard deviation of the mean (& p < 0.005 vs. rd10; # p < 0.01 vs. C57 groups).

Fig. 4A shows an example of the GFAP staining of untreated and
progesterone treated retinas at P21 and P23. We also determined the
percentage of increase or decrease in GFAP retinal staining at P23, with
regard to the staining observed at P21 (Fig. 4B). In the central retina,
the typical gliosis of this degeneration increased approximately 12% at
P23 in rd10 mice when compared to P21. However, in the rd10 group
treated with progesterone, there is a decrease in the gliosis at P23, with
more than 7% of reduction in GFAP labelling.

3.3. Micoglia alterations in the rd10 retina and progesterone effect

We studied whether progesterone treatment was able to reduce mi-
croglial activation in rd10 retinas. Iba1 (microglia/macrophage-specific
calcium-binding protein) was used to identify microglial cells. We also
determined the migration level from the inner to the outer layers of
retina as indicated by Olivares-González et al. [38].

Iba1 immunolabeling was upregulated in rd10 retinas compared to
control retinas (Fig. 5A). Progesterone significantly reduced Iba1-pos-
itive immunolabelling and migration to outer layers compared to
non-treated rd10 retinas (Fig. 5B and C).

3.4. Progesterone effects on the neuronal nitric oxide synthase (nNOS)

Part of the progesterone neuroprotective actions may also involve
the reduction of pro-inflammatory substances, such as nitric oxide (NO)
[44]. nNOS is the most predominant isoform of NOS in the normal
retina [45]. In order to evaluate the possible effect of progesterone on
the expression of those enzymes related with NO synthesis, we per-
formed immunohistochemistry for nNOS in the P21 retinas of control,
rd10 and progesterone treated mice.

Fig. 6A shows images of the nNOS immunohistochemistry in differ-
ent control and rd10 mice retinal areas. nNOS labelling can be observed
in the ganglion cell layer (CCG), the inner plexiform layer (IPL) and
the amacrine cells of the inner nuclear layer (INL). Data on nNOS im-
munostaining in the four animal groups already mentioned are showed
in Fig. 6B. In control mice, progesterone produced a significant decrease
in the total number of nNOS-expressing cells compared to the rest of the
groups being studied (* p < 0.02 vs. all groups). In addition, in the far
peripheral retina, an increase in nNOS protein was observed in the prog-
esterone treated rd10 mice when compared to the untreated C57 group
(#p < 0.0001 vs. C57).
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Fig. 4. Retinal staining with GFAP decreases in treated with progesterone rd10 nmice at P23. A: Images of GFAP fluorescent labelling in the central retinas from non treated and treated
with progesterone control and rd10 mice (n = 4 mice per group) (Scale bar: 50 µm). B: Graph comparing GFAP (% stained area) in retinas from C57 and rd10 mice at P21 and P23. Error
bars correspond to the standard deviation of the mean (* p < 0.01 vs. P21). B, table: Average values of the percentage of the area occupied by the GFAP staining. The percentage of change
(increase or decrease of staining) in the GFAP area between days P21 and P23 is also shown.

3.5. Alterations in inducible nitric oxide synthase in rd10 retina (iNOS)

Fig. 7A and B show an example of the western blot assay for iNOS
expression and the quantification of the iNOS protein at P21 in the
retina of both untreated C57 and r10 mice and those treated with prog-
esterone. There is a statistically significant decrease of the optical den-
sity values of iNOS at day P21 in the untreated and treated rd10 mice
versus control mice (* p < 0.04 vs. C57; ≠ p < 0.01 vs. C57 treated).

The presence of iNOS has been demonstrated in the outer segment
of photoreceptors in the retina of other mice models of retinal degen-
eration, including the decrease of its expression with the photoreceptor
cell death. [46]. To demonstrate if a similar loss of iNOS expression is
also due to the loss of photoreceptors with time in the rd10 mice, this
expression was also studied at P13 and P18 (Fig. 8A and B). A signif-
icant decrease in iNOS was demonstrated in rd10 retina at P18 (when
the loss of photoreceptors is evident in rd10 mice) compared with P13
(& p < 0.03 vs. P13 rd10).
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Fig. 5. Progesterone reduces Iba1-positive immunolabelling and migration to outer layers in rd10 retinas. A: Images of Iba-1 fluorescent labelling in retinas from non treated and treated
with progesterone control and rd10 mice. B: Histogram comparing Iba-1 positive cells in the retinas from non treated and treated with progesterone C57 and rd10 mice (n = 3 mice per
group) (* p < 0.01 vs. all groups). C: Histogram comparing migration factor of Iba-1 cells in the retinas from non treated and treated with progesterone C57 and rd10 mice (n = 3 mice
per group) (* p < 0.01 vs. treated C57 and rd10 groups; # p < 0.01 vs. treated C57 group).

3.6. Progesterone-induced effects on lipid peroxidation

The retina concentrations of malondialdehyde (MDA) have been de-
termined at P21 in the different study mice groups (untreated C57 and
rd10 mice and those treated with progesterone) in order to establish the
possible role of progesterone on lipid peroxidation. Fig. 9A shows that
there is a significant increase in the MDA concentration in the retina
of the untreated rd10 mice compared to the C57 group (#p < 0.006 vs.
C57). In addition, treatment with progesterone in the rd10 mice is capa-
ble of decreasing MDA concentration to similar values of those detected
in C57 mice. This decrease in MDA concentration induced by proges-
terone is also observed in C57 treated mice (* p < 0.001 vs. untreated
C57).

To further evaluate this progesterone antioxidant property, we have
studied the progesterone action in an ex vivo and chemical lipid perox-
idation induction experiment. To this end, lipid peroxidation induction
in liver tissue has been carried out with Fe (II) iron salts and ascorbic
acid. Liver tissue was obtained from the same six C57 animals used in
this study, and liver was used instead of retina because of the amount
of tissue needed for this experiment. In the present work, it has been

also demonstrated that progesterone possesses the ability to inhibit ex
vivo lipid peroxidation in a dose-dependent manner. Fig. 9B shows that
there is a negative and significant correlation (R2 = 0.9572; p < 0.01)
between the use of increasing concentrations of progesterone and the
concentration of MDA in mice liver.

4. Discussion

RP is a genetically complex disease [47]. Therefore, therapeutic
strategies are mainly aimed at inhibiting apoptosis, promoting neuro-
protection and repairing retinal pigment epithelium (RPE) and photore-
ceptor cells.

Neuroinflammation is considered a hallmark of many chronic de-
generative disorders [48]. As in other retinal pathologies, inflammation
plays a fundamental role in RP [49]. Taking this fact into consideration,
the inhibition of inflammation could be a good option to promote or in-
crease photoreceptor protection.

Several studies demonstrate the anti-inflammatory role of proges-
terone in the brain [50–53]. It has also been shown that progesterone
can reduce inflammation in tissues other than the CNS, such as the in-
testine [54]. In this study, we demonstrate that the beneficial effect of
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Fig. 6. Progesterone produces a significant decrease in the total number of retinal nNOS-expressing cells in control mice. A: Images of nNOS labelling in retinas from non treated and
treated with progesterone control and rd10 mice (Scale bar: 50 µm). Histogram comparing the number of nNOS positive cells in the retinas from non treated and treated with progesterone
C57 and rd10 mice (n = 4 mice per group) (* p < 0.02 vs. all groups; # p < 0.0001 vs. C57).

progesterone in the RP retina could be related to its potential retinal
anti-inflammatory properties.

4.1. Progesterone protects photoreceptor cells in the rd10 retina

Herein, we demonstrate that in rd10 mice, progesterone significantly
decreases TUNEL positive photoreceptors in the far peripheral retina
(Fig. 2). In the rd10 mice, rods begin to degenerate between day P16
and P20, with a maximum of cell death between P20 and P25 occur-
ring in a gradient from the centre to the periphery, so that the degener-
ation in the periphery is delayed by 2–3 days [55,56]. This may explain
the greater effect shown by progesterone in the far peripheral retina.
Our results also confirm previous studies concerning the effect of prog-
estin on the delay of cell death in rd10 mice [33]. Previously, we have
also demonstrated that progesterone was able to decrease photoreceptor
death and to improve retinal function (electroretinogram) in a different
RP animal model, the rd1 mice [34].

4.2. Progesterone effect on retinal macro and microglial cells

Müller cells are the predominant macroglial cells in the retina. An
increase of GFAP staining is observed in macroglial cells in all retinal
diseases, including glaucoma, AMD, retinal detachment and RP [57]. In
control retinas, the expression of GFAP is localized in astrocytes. How-
ever, in several RP models, GFAP is also expressed in Müller cells during
the degenerative process [56]. The upregulation of GFAP can be used as
a sensor of retinal injury and Müller cells activation [58].

There are different gliosis states that range from mild to moderate. In
the mild state, glial cells can be subjected to hypertrophy and changes in
functionality, although axonal regeneration can be favoured. An acute
activation of the glia is neuroprotective, but continuous activation is
harmful because the cells that are under hypertrophy lose their function
and form glial scars that inhibit axonal regeneration and neuronal sur-
vival [49].
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Fig. 7. iNOS expression is decreased in rd10 retinas compared to control retinas at P21.
A: Western-blot bands images for control and rd10 mice (n = 6 per group). (B) Histogram
represents the bands optical density quantification (iNOS/Actin ratio) in each group. The
error bars represent the standard deviation of the mean (* p < 0.04 vs. C57; ≠ p < 0.01
vs. C57 treated).

Fig. 8. iNOS expression is decreased in rd10 retinas at P18 compared with P13. A: Im-
age of the western-blot bands for both the control and rd10 mice (n = 3 per group). (B)
The graph represents the optical density quantification of the bands (iNOS/Actin ratio) for
each experimental group. The error bars represent the standard deviation of the mean (&
p < 0.03 vs. P13 rd10).

Our results confirm that there is a reactive gliosis associated with
degeneration in the rd10 mice. Moreover, the treatment with proges-
terone can cause an increase of rd10 and C57 Müller cells reactivity at
P21 (Fig. 3). However, at P23 progesterone treatment significantly de-
creases the GFAP labelling in the rd10 animals (Fig. 4). These results
may suggest that progesterone induced first an acute glial activation
and that was later able to decrease the harmful chronic glial prolifera-
tion, thus avoiding the glial scar. Anti-inflammatory progesterone prop-
erties have also been demonstrated in other tissues such as hippocam-
pus [59]. It has been suggested that progesterone effects on reactive
gliosis may be mediated by some of its metabolites, such as allopreg-
nanolone (ALLO), and that progesterone inhibition metabolism to allo

Fig. 9. Progesterone decreases lipid peroxidation. A: Concentrations of MDA (nmol/mg
protein) in retinas of not treated and treated with progesterone C57 and rd10 mice at P21.
The bars represent the mean (n = 6 animals for group) of the MDA concentrations for the
different study groups. The error of the bars are the standard deviation of the mean (*
p < 0.001 vs. C57 and untreated rd10; # p < 0.006 vs. C57; ≠ p < 0.003 vs. C57 treated
and rd10). B: Effect of the application of different progesterone concentrations (0 - 0, 5 -
1 - 2 - 4 and 10 μM) on the concentration of MDA in a tissue homogenate (nmol / mg pro-
tein) determined by HPLC. The error bars represent the standard deviation of the mean.

pregnanolone blocks this antigliotic action [60]. Other studies also con-
sider the therapeutic potential of ALLO as it has been shown that it has a
role in modulation of plasticity in certain eye and brain disorders [61].

A third type of glial cell in the retina is microglia, the resident im-
mune cell. The physiological role of microglia in the retina has not yet
been completely clarified, but in chronic inflammation, microgia cell ac-
tivation is deleterious and involves the release of proinflammatory fac-
tors and increases in oxidative and/or nitrosative stress [62]. Addition-
ally, in response to an injury, activated microglial cells can migrate to
the affected site [62].

In our study, we assessed microglial activation using the classical
microglia marker Iba1, and we determined a migration factor (as ex-
plained in the material and methods section). Our results show that the
number of Iba1-positive cells were significantly increased in the far and
mid peripheral retina of rd10 mice when compared to the control group.
Additionally, a significant decrease of more than 30% was observed
when these animals were treated with progesterone (Fig. 5A and B). In
the rd10 retinas, the microglial migration factor was significantly higher
than in control retinas, indicating that cells are migrating to the reti-
nal outer layers. After progesterone treatment, we observed a lower mi-
croglial migration factor in the mid peripheral and central retina, which
suggests that these cells were located mainly in the retinal inner layers
(Fig. 5C). Similar results to the ones reported in this work have been
found in several animal models involving neurological diseases, such as
multiple sclerosis, Parkinson’s disease, stroke and brain trauma [63].

Although the presence of progesterone receptors in microglia cells
has not been well characterized, previous studies suggest that this hor-
mone may decrease the local expression of cytokines and interleukins,
reducing the expression of NOS and decreasing the release of reactive
oxygen species (ROS). The main consequences of these factors would
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be the prevention of microglia cell migration and the transition to an
activated cell phenotype [63].

4.3. Progesterone effects on neuronal and inducible nitric oxide synthase

Nitric oxide plays a critical role in visual processing and several
retinal pathologies. NOS expression studies in mice retina suggest that
nNOS is the predominant isoform of NOS and that immunoreactivity for
nNOS reflects the majority of NO production in the normal retina [45].
In the present work, the results suggest that nNOS is altered in the far
peripheral retina of the untreated rd10 mice. However, treatment with
progesterone in control mice produces a significant decrease in nNOS in
all areas of the retina (Fig. 6). Controversial results regarding the effect
of gonadal hormones in nNOS expression have also been observed by
other authors. Lima et al. demonstrated that estrogens stimulate the ex-
pression of nNOS in the preoptic area of female rats; this effect was not
observed after progesterone administration [64]. Studies conducted in
guinea pigs by Weiner et al. did not show a significant increase in nNOS
and eNOS (endothelial nitric oxide synthase) after the administration of
a dose of 5 mg/kg of progesterone [65]. Similarly, other studies showed
that the administration of low concentrations of progesterone did not
produce alterations in nNOS, while the administration of 17α-estradiol
or progesterone at high concentrations was able to inhibit its expression
in a cerebellum homogenate [66].

Regarding iNOS, we have found a statistically significant decrease in
the iNOS protein in the rd10 groups compared to the controls at P21.
This decrease was not prevented with progesterone administration (Fig.
7). Other study demonstrated the presence of this protein in the pho-
toreceptor external segments in the retina of rd2 mice (another RP an-
imal model) before the peak of photoreceptor cell death [46]. To fur-
ther examine whether the decrease in iNOS expression was related to
the loss of photoreceptors in our model, we studied its expression at P13
(when the loss of photoreceptors is not evident) and at P18 (when there
is a significant decrease in the number of rows of photoreceptors of rd10
mice). Our results show that there is no change in the rd10 retinal iNOS
expression at P13 while there is a decrease at P18 when compared to
control retinas (Fig. 8). This confirms our hypothesis that the decrease
in the iNOS expression may be due to the changes and loss of photore-
ceptors that take place in the rd10 mice retina.

4.4. Progesterone decrease lipid peroxidation

Several authors propose a close relationship between inflammation
and oxidative stress in various diseases, such as Parkinson's, diabetes,
AMD or RP [67–70]. However, although both oxidative stress and in-
flammation occur because of a pathological situation, it is not clear
whether oxidative stress is a cause of inflammation or a consequence of
it.

Although progesterone does not have a typical antioxidant chemical
structure, it reduces the damage caused by free radicals [71]. In addi-
tion, it has been observed that the administration of progesterone has
beneficial effects, by reducing, in a dose-dependent manner, one of the
cellular alterations derived from oxidative damage, such as lipid perox-
idation, in different in vitro [72] and in vivo systems [73]. These results
are in agreement with our suggestion that progesterone has an effect on
the inhibition of retinal lipid peroxidation because it is able to reduce
MDA concentrations in the rd10 mice to values similar to those found in
control retinas (Fig. 9A).

In order to corroborate the in vivo effect observed in the proges-
terone induced lipid peroxidation inhibition, the effect of different con-
centrations of progesterone in an ex vivo oxidative damage model has
been studied (Fig. 9B). To this end, the induction of lipid peroxidation
in liver tissue has been carried out with iron salts and ascorbic acid.

This induction of peroxidation takes place due to the fact that the tran-
sition metals can also stimulate lipid peroxidation by catalysing the
decomposition of the hydroperoxides formed (ROOH) to form alkoxy
(RO-) and peroxy radicals (ROO-), which can also initiate chain reac-
tions. In this sense, it has been demonstrated in the present work that
progesterone also has the ability to inhibit ex vivo lipid peroxidation in a
dose-dependent manner. It has been observed that there is a statistically
significant and direct correlation between the dose of progesterone used
and the concentration of MDA.

Our results corroborate a recent work that has reported the effect of
Norgestrel, a progesterone analogue, on retinal microglia and macroglia
in RP [74]. Furthermore, we have also explored progesterone effects on
the expression of NOS and on lipid peroxidation. In this regard, it is
important to highlight the significance of these results because perox-
idation of lipid membranes can change membranes’ functionality, per-
meability, metabolic processes and ionic balance, with important conse-
quences in retinal physiology.

We may conclude that progesterone could be a good therapeutic op-
tion, not only in RP, but also for other retinal diseases that have been
associated with inflammation and lipid peroxidation.
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