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Abstract: Background and Objectives: Age-related macular degeneration (AMD) is the leading cause
of low vision and legal blindness in adults in developed countries. Wet AMD can be successfully
treated using vascular endothelial growth factor (VEGF) inhibitors; however, dry AMD currently has
no effective treatment. The purpose of this study is to analyze the efficacy of intraocular injection of
plasma rich in growth factors (PRGF) in an AMD mouse model induced by intraperitoneal adminis-
tration of sodium iodate. Materials and Methods: Intravitreal application of PRGF (experimental group)
and saline (control group) was performed immediately after intraperitoneal injection of sodium
iodate. Retinographies were performed at 2 and 7 days after treatment administration. The eyes
were retrieved for histological and immunohistological analysis. Statistical analysis was performed
to compare the outcomes between the study groups. Results: In comparison to saline solution, PRGF
significantly decreased the depigmentation of the RPE, showing a more reddened retina. PRGF
intravitreal treatment significantly reduced the glial fibrillary acidic protein (GFAP) stained processes,
suggesting a significant reduction in the risk of scar formation. Moreover, the myofibroblast invasion
into the RPE cell layer was significantly reduced in the PRGF-treated group of mice. There was a
tendency for better preservation of the photoreceptors in the PRGF group. Conclusions: Within the
limitations of this study, intravitreal injection of PRGF provided significant protection against the
degeneration of the photoreceptors and the RPE induced by the systemic administration of NalOj3.

Keywords: age-related macular degeneration; geographic atrophy; plasma rich in growth factors;
retina; retinal pigment epithelial cell; platelet rich plasma (PRP)

1. Introduction

Age-related macular degeneration (AMD) is a chronic and progressive disease of the
central retina (termed the macula) that is influenced by genetic and environmental factors.
The main nongenetic risk factors are advanced age and smoking. AMD is characterized by
the loss of central visual acuity, with a spectrum of clinical phenotypes depending on the
changes in the macula. AMD is the leading cause of low vision and legal blindness in adults
in developed countries, affecting millions of people worldwide [1,2]. Due to the aging
population, the number of people with AMD is expected to increase exponentially over the
next decade. Globally, AMD affects approximately 196 million people and is projected to
affect 288 million by 2040 [3]. The prevalence of this degenerative eye disease rises from
4.2% in individuals aged 45-49 years to 27.2% in those aged 80-85 years [4,5].
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The outer retina, including the retinal pigment epithelium (RPE), Bruch’s membrane,
choriocapillaris, and underlying choroid, is primarily affected by AMD. The RPE provides
essential retinal homeostatic functions such as nutrient absorption, phagocytosis, and
electrolyte balance, while the choriocapillaris and choroid contain an enriched vascular
network that nourishes the retinal outer layers [6]. The Bruch membrane facilitates inter-
actions between the RPE and choriocapillaris [7]. In AMD, RPE dysfunction and atrophy
occur throughout the progression of the disease, compromising photoreceptor health and
the phototransduction process. Additionally, the Bruch membrane plays a pivotal role in
the development of neovascular lesions associated with AMD.

Clinical examination of human retinas can reveal distinct hallmarks of AMD that can
be broadly divided into early/intermediate and advanced stages. Early/intermediate AMD
is the most common and least severe form, characterized by pigmentary abnormalities in the
macula and accumulation of extracellular aggregates (called drusen). Late AMD is usually
subdivided into dry (or non-exudative) and wet (or exudative) [8]. Wet AMD (~10% of
cases) involves choroidal neovascularization into the subretinal space and RPE, eventually
leading to retinal hemorrhage, exudation, and severe vision loss. Dry AMD accounts
for ~90% of cases, and the advanced stage is defined as geographic atrophy. Atrophic
alterations are characterized by progressive and irreversible loss of photoreceptors, RPE,
Bruch membrane, and the underlying choriocapillary vascular network [7]. Wet AMD
can be successfully treated using vascular endothelial growth factor (VEGF) inhibitors;
however, most treated patients have visual impairment due to severe alterations in the
retinal tissue, such as fibrosis and /or atrophy [9]. Unlike wet AMD, dry AMD currently has
no effective treatment [9]. However, there is evidence showing the safety and effectiveness
of rheopheresis of blood plasma in the treatment of dry AMD [10].

AMD places a significant socio-economic burden on healthcare systems, families, and
caregivers due to its chronicity and tendency to progress. It limits independence, increases
the risk of accidents, impacts emotional well-being (anxiety, depression), and hinders social
interaction [11]. All these facts make it necessary to identify new therapeutic targets for
this serious disease [7,9,12].

Although the pathogenic mechanisms of the disease are not fully understood, several
hypotheses have been proposed, including RPE dysfunction, inflammation, and oxidative
stress (the production and accumulation of reactive oxygen species (ROS). RPE cells are
rich in mitochondria, and the presence of ROS can disrupt their function, reduce ATP
production, and lead to oxidative stress and cell death [13,14]. ROS production can be
increased by several factors, including the aging process, smoking, and obesity, all of which
contribute to the detriment of RPE cells [15]. To address this situation, researchers have
been trying to find a solution to reduce this damage through the use of antioxidants and
anti-inflammatory drugs.

Plasma rich in growth factors (PRGF) is a type of platelet rich plasma obtained from the
patient’s own blood [16]. It has been shown that PRGF can act as a protector against fibrosis,
inflammation, and oxidative stress, mainly due to the wide range of proteins and growth
factors that are released into the milieu after platelet activation [17-19]. Its beneficial effect
has been demonstrated for the treatment of several ocular surface disorders, such as dry eye,
persistent epithelial defects (PED), or corneal ulcers, and even in some retinal pathologies
like macular holes [20]. In addition, several in vitro and in vivo studies have shown that
PRGEF exerts a cytoprotective effect on RPE cells against oxidative damage [17,21-23].
All of this suggests that PRGF could mitigate retinal tissue damage occurring during
AMD progression by providing a protective effect against oxidative stress, highlighting
its translatability to human clinical trials and offering a potential innovative therapeutic
approach for patients with AMD.

While PRGF’s regenerative potential is well-documented in other fields, its specific
mechanisms, efficacy, and safety in treating AMD remain underexplored. Systemic admin-
istration of sodium iodate (NalOs) has been widely used as an AMD model that induces
a focal atrophic area mimicking human geographic atrophy [24-26]. The purpose of the
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present study was to analyze the efficacy of intraocular injection of PRGF in an AMD
mouse model induced by intraperitoneal administration of sodium iodate. The study
would provide insights into its therapeutic applicability and bridge the knowledge gap,
setting the stage for further translational research and clinical trials.

2. Materials and Methods

The study was conducted following the European Community guidelines for ethical
animal care and use of laboratory animals (Directive 2010/63/UE) and was approved
by the University of Navarra Animal Research Review Committee (47E2022). Male and
female C57BL/6] mice (Charles River, Wilmington, MA, USA) between 8 and 12 weeks
old were used for this study. The mice were raised under controlled lighting conditions
(12:12 light-dark) with free access to a standard diet and tap water.

2.1. Experimental AMD Animal Model

Sodium iodate (NalOs3) was injected intraperitoneally into mice that were anesthetized
by an intramuscular injection of a mixture of ketamine (80 mg/kg; Daiich-Sankyo, Tokyo,
Japan) and xylazine (6 mg/kg; Bayer, Health Care, Osaka, Japan). NalO3 (Sigma-Aldrich
Corp., St. Louis, MO, USA) was dissolved in phosphate-buffered saline (PBS), and the mice
were injected with 20 mg/kg or 40 mg/kg of NalO3. Control mice were injected with the
same volume of PBS.

2.2. Study Treatments

The experimental treatment was PRGF supernatant, and the control treatment was
saline solution. These treatments were injected intravitreally immediately after the in-
traperitoneal injections of sodium iodate or PBS solutions.

For the preparation of PRGF supernatant, six C57BL/6 mice (3 female and 3 male)
were used. The animals were anesthetized prior to the euthanasia process using a CO2
gradient. Blood was then drawn from the individual mice by intracardiac puncture and
placed into 2.7 mL tubes containing 3.2% (w/v) sodium citrate. An aliquot of the pooled
peripheral blood was collected for analysis of platelet and leukocyte concentrations. The
blood was then centrifuged at 400 g for 8 min, and the whole plasma column above the
leukocyte coat was collected. An aliquot of pooled plasma was collected for platelet and
leukocyte concentration analysis. The total volume of plasma was then activated with
calcium chloride and incubated for 1 h at 37 °C. Finally, the supernatant was collected and
filtered through a 0.22 um filter to obtain PRGF supernatant (PRGF).

2.3. Macroscopic Analysis

Animals were initially anesthetized with gas anesthesia isoflurane (Merial; Animal
Health Ltd., Essex, UK). Then, ketamine (75 mg/kg; Imalgene 1000; Merial Laboratories,
Barcelona, Spain) and xylazine (10 mg/kg; Xilagesic 2%; Calier Laboratories, Barcelona,
Spain) were used for subsequent anesthesia. Eyes were dilated with a mixture (1:4) of
phenylephrine (7.8 mg/mL; Alcon Cusi, Barcelona, Spain) and tropicamide (3 mg/mL;
Alcon Cusi, Barcelona, Spain) eye drops. Retinography images were captured using a
digital laser system (Micron IV, Phoenix Research Laboratories, Bend, OR, USA) on days 2
and 7 after treatment application.

2.4. Tissue Collection and Histopathological Analysis

Mice were anesthetized prior to the euthanasia process using a CO, gradient. The
eyes were enucleated using specialized surgical material and were embedded in Davidson
for fixation and were subsequently dehydrated in ethanol and embedded in paraffin.
Paraffin samples were cut into 4 um retinal sections. In order to obtain an overview of the
whole globe, slices were collected from several sections of the eye (one section every thirty
slices, from peripheral to central areas) by taking three slices in each slide. Conventional
hematoxylin-eosin (H&E) staining was performed on retinal sections from all groups to
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observe histologic and structural changes, and images were captured under brightfield
microscopy (Axio Imager M1, Zeiss, Oberkochen, Germany). The total thickness of retinal
layers, swelling, vacuolization, and the presence of unusual cells in all retinal layers were
quantified and compared among the different treatment groups.

2.5. Immunohistochemical Analysis

Retinal sections were deparaffinized and hydrated, and the immunohistochemical
procedures were performed as described below. Endogenous peroxidase activity was
blocked with 3% H,O, for 10 min and washed with distilled water for 5 min. If antigen
retrieval was necessary (Table 1), sections were placed in 0.01 M citrate buffer (pH 6.0) and
heated in a microwave oven for 15 min at medium power (350 W). The sections were then
cooled for 10 min at room temperature and placed under tap water for 5 min. Background
blocking was performed with 10% fetal bovine serum (FBS) in PBS for 30 min at room
temperature before incubation with specific antiserum. The retinal sections were then
exposed for 1 h at room temperature to primary antibodies (Annex 1). After washing with
PBS, tissues were incubated for 30 min with the appropriate ready-to-use biotinylated
secondary antibody, goat anti-rabbit or goat anti-mouse Ig (Abcam, Cambridge, UK), and
washed twice with PBS for 5 min. After that, the slices were incubated with ready-to-use
avidin-peroxidase complex (Abcam, Cambridge, UK) for 30 min at room temperature. The
peroxidase activity was revealed using the Vector VIP kit (Vector Laboratories, Newark,
CA, USA) according to the manufacturer’s instructions. The color reaction was stopped
by a wash in PBS. The sections were counterstained with hematoxylin, dehydrated, and
mounted. Finally, sections were examined under a Leica DM LB brightfield microscope
equipped with a digital image capture system (Leica Microsystems). Three images of three
different retinal areas were captured from each of the three slices of each slide, and the
different images were analyzed using Fiji (Image], National Institutes of Health, Bethesda,
MD, USA).

Table 1. Primary antibodies used in this study.

Antibody Reference Species Dilution Antigen Retrieval Company
GFAP Cat# 3670S Mouse 1:80 Microwave Cell Signaling, Danvers, MA, USA
oa-SMA Cat# A2547 Mouse 1:800 - Sigma-Aldrich, St. Louis, MO, USA
Rhodopsin Cat# ZBR1157 Rabbit 1:200 - Sigma-Aldrich, St. Louis, MO, USA

2.6. Statistical Analysis

Statistical analyses were carried out with the SPSS software package (v.15.0, SPSS Inc.,
Chicago, IL, USA). To analyze the differences between the experimental group and the
control group, ANOVA or Kruskal-Wallis tests were performed. A p < 0.05 was considered
statistically significant.

3. Results

All animals survived the experimental period. Figure 1 illustrates the in vivo monitor-
ing performed on mice belonging to each treatment group, segmented by gender (males
and females). The control group showed no alteration in the retina or in the RPE cells.
However, retinograms of the disease group (NalOs + SS), injected with saline intravitreally
at the same time as sodium iodate injection, showed acute lesions with severe depigmen-
tation of the RPE at day 2 after intraperitoneal injection. After 1 week, this damage was
reduced, and depigmentation was partial, with strong white stippling throughout the retina
(Figure 1). In the case of the PRGF-treated group (NalO3 + PRGF), depigmentation of the
RPE was significantly lower than in the disease group at day 2, showing a more reddened
retina. At day 7, retinal depigmentation was significantly reduced, showing white stippling
throughout the retina; however, this stippling was less than in the disease group (NalOs
+ SS) (Figure 1). Regarding gender, female mice showed a lower effect after treatment
with NalOj; in comparison to male mice at both days of follow-up (2 and 7 days). This
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fact led to a reduction in the possible effects of the PRGF treatment on the retinal lesions
produced by the injection of NalOj3 in the female mice. Despite this, a reduction of retinal
depigmentation could be observed in the PRGF-treated group (NalO3 + PRGF) compared
to the disease group (NalOj3 + SS) in female mice at days 2 and 7 of follow-up (Figure 1).

Day 0 Day 2 Day 7

Female Male
MHalDs + 35 Control MalQs + PRGF Malls + 55 Control

NalOa + PRGF

Figure 1. Representative macroscopic images of retinas on the same day of treatment (t0) and after 2
and 7 days of treatment administration from female and male mice of the different groups (control,
.NalOj3 -+ SS, and NalO3 + PRGF). The control group showed the typical retinal redness throughout
the study period, while the disease group (NalOj3 -+ SS) showed severe depigmentation of the retinal
fundus at 2 days after intraperitoneal injection, which recovered at 7 days after treatment, but not to
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Male

Female

levels similar to the control group. The group of mice treated with PRGF (NalO3 + PRGF) showed
significantly less retinal depigmentation than the disease group on day 2, with a more reddened
retina. At day 7, retinal depigmentation was significantly reduced, showing a white patch throughout
the retina, but this patch was smaller than in the disease group (NalO3 + SS). Macroscopic images
show the different effects of NalO3 depending on the sex of the mice, showing a significant reduction
effect on the retina of female mice compared to the retina of male mice

The control group showed a normal structure with no alterations in the retina, RPE,
and choroid, both in the central areas of the retina, close to the optic nerve, and in the more
peripheral retinal areas (Figure 2).

Control NalQs + 85 MalQ: + PRGF

i

Figure 2. Representative histological images of female and male mice from the different treatment
groups (control, NalOj -+ SS, and NalOs + PRGF) at two different magnifications (2x and 20x).
Images at 20x magnification correspond to the black boxed area drawn in the lower magnification
(2x) upper image. The histological images show remarkable retinal disorganization in the disease
group of mice compared to the control group and the PRGF group, while the retinas of the PRGF-
treated mice showed similar histological morphology to the control group.
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In the disease group (NalO3 + SS), both male and female mice showed retinal alter-
ations, mainly affecting the RPE cells, and secondarily the rest of the retinal layers (Figure 2).
In general, and in correlation with the results observed in the macroscopic evaluation, the
damage caused by sodium iodate was less severe in females than in males. On the other
hand, when PRGF is injected intravitreally (group NalOs + PRGF), a very clear reduction
of alterations and lesions is observed when compared to the disease group, showing, in
some cases, a retinal morphology similar to the control group (Figure 2). In this regard,
immunohistochemistry for glial fibrillary acidic protein (GFAP) was performed to evaluate
retinal cell damage, activation of glial cell response, and scar formation (Figure 3). Immuno-
histochemical analysis of GFAP protein expression in the ganglion cell layer (GCL) showed
that GFAP expression increased after intraperitoneal administration of NalO3 compared to
the control group. In addition, GFAP expression in the GCL decreased after PRGF treatment
(NalO3 + PRGEF), although no significant differences were found between the different
groups (Figure 3). On the other hand, intraperitoneal administration of NalOj; increased
GFAP-stained processes extending through the retinal layers (see Figure 3, NalOs+ SS
group), compared with the control group, indicating an increase in glial activity, with a
significant increase in the risk of scar formation. Nevertheless, PRGF intravitreal treatment
significantly reduced the GFAP-stained processes, suggesting a significant reduction in the
risk of scar formation. In relation to gender, female mice showed reduced GFAP expression
compared to males in all study groups (Control, NalO3 + SS, and NalOs3 + PRGF), suggest-
ing again a differential sex-dependent involvement of induced damage and, in this case,
also a differential expression of GFAP.

The most important findings observed during histological analysis were hypopigmen-
tation and hyperpigmentation of various cells located in the RPE cell layer in the disease
group (NalOj3 + SS) with respect to the control group (see Figure 2). These cell types were
mainly located in the central areas of the retina. In addition, giant hyperpigmented cells
were observed that, in some cases, had migrated to the inner retina, demonstrating that the
tight junctions of the RPE cells had been disrupted or even disappeared. PRGF treatment
reduced both hypo- and hyperpigmented cells compared to the disease group (Figure 2).
Disruption of the RPE layer increases the likelihood of retinal invasion by vessels and
myofibroblasts (positive for alpha smooth muscle (SMA) marker) from subretinal tissues,
which increases the risk of scar formation. Microscopic evaluation of immunohistochem-
istry performed for the detection of SMA showed a significant increase of SMA-positive
cells invading the RPE cell layer in mice belonging to the NalOs + SS group compared with
the PRGF-treated group of mice (Figure 4). These cells were mainly observed in the retinal
areas where the disruption of the RPE layer was more evident. The control group showed
no SMA staining in the RPE or retinal layers, except for staining of vessels located in the
innermost retinal layers. In addition, female retinas treated with NalO3 showed a lower
presence of SMA-positive cells compared to male retinas, corroborating again a differential
effect of NalOj3 action between males and females in the induction of retinal damage.

Changes in RPE cells due to the action of iodate in the disease group induced a
marked decrease in the thickness of photoreceptor outer segments, suggesting a loss of
photoreceptor outer segments with a clear apoptotic phenotype in the nucleus compared
with the control and PRGF-treated groups (Figure 2). In some areas, there was a loss of
photoreceptor layers and involvement of the inner retinal layers. Immunostaining for
rhodopsin (photoreceptor marker) showed a significant reduction in the disease group
(NalO3 + SS) compared to the control group in male mice (Figure 5). However, this
reduction was attenuated after treatment with PRGF (NalO3 + PRGF), though without
reaching significant differences. In the case of female mice, although there was a trend
toward a decrease in rhodopsin immunostaining in the iodate-treated mice in both the
diseased and PRGF-treated groups compared to the control group, no significant differences
were observed between any group (Figure 5). However, the loss of photoreceptor outer
segments was corroborated with the rhodopsin immunostaining, showing an outstanding
reduction of the photoreceptor outer segments in the mice in the disease group (NalO3 + SS)
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in both genders compared to the control group and the group treated with PRGF (NalO3 +
PRGF). Although a slight reduction in photoreceptor outer segments was also observed
in mice in the PRGF-treated group compared with the control group, the preservation of
these segments was markedly superior in the PRGF-treated mice compared with those in
the disease group (Figure 5).
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Figure 3. Immunohistochemical analysis of GFAP protein expression. The results showed that GFAP
expression increased after intraperitoneal administration of NalO3 compared with the control group.
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On the other hand, intravitreal administration of PRGF reduced GFAP expression. However, no
significant differences were observed between the different groups. Representative GFAP immuno-
histochemical images show an increased number of GFAP-positive processes throughout the retina
of mice in the disease group (black arrowheads) compared with the control and PRGF groups.
Noteworthy differences in GFAP protein expression were observed in relation to the mice’s genders.

MalOa + S8

MNalOaz + PRGF

Male Femala

Figure 4. Smooth muscle alpha actin (SMA) expression in the mice retina of the different treatment
groups. The squared area in the retina in each image has been enlarged in the upper left corner of the
same image. SMA expression was significantly increased in the retinal choriocapillary area in mice
in the disease group compared to the control group. PRGF treatment reduced SMA expression in
the disease group. On the other hand, a clear difference in SMA expression was observed between
female and male retinas.
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Figure 5. Immunohistochemical analysis of rhodopsin in the retina of treated mice. The results
showed that rhodopsin was significantly reduced in the retina of mice in which NalO3; was admin-
istered intraperitoneally compared with the control group. On the other hand, PRGF increased
rhodopsin expression with respect to the disease group, though without reaching statistical sig-
nificance. Rhodopsin immunohistochemical imaging shows that, although the rhodopsin-positive
area was markedly higher in the PRGF group than in the disease group, no significant differences
were observed between them. The image in the upper left corner of each image corresponds to the
magnification of the white-boxed retinal area of the same image. The enlarged image shows that the
length of the photoreceptor outer segments, delimited between the black arrow and the white arrow,
is significantly shorter in the retina of the disease group compared with the control group and the
PRGF group. *: statistically significant (p < 0.05).
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4. Discussion

The increase in life expectancy has led to a rise in the incidence of age-related dis-
eases [27], including age-related macular degeneration (AMD). Dry AMD is characterized
by the accumulation of drusen, yellow deposits beneath the retina, which leads to the
thinning and atrophy of the retinal pigment epithelium and photoreceptors [28,29]. Ad-
ditionally, dry AMD involves the progressive degeneration of retinal cells, leading to
substantial vision loss [28,30].

Currently, there is no effective treatment for dry AMD, and the few therapeutic options
are largely limited to interventions aimed at slowing disease progression. Unlike wet AMD,
which can be treated with anti-VEGF therapies to inhibit abnormal blood vessel growth,
dry AMD lacks such targeted treatments [9]. Research efforts are ongoing to develop novel
therapies that can address the mechanisms underlying dry AMD, such as complement
pathway inhibitors, neuroprotective agents, and anti-oxidative therapies [31]. In this
regard, several neuroprotective factors, such as glia-derived neurotrophic factor (GDNF),
nerve growth factor (NGF), brain-derived growth factor (BDNF), neurotrophin 3 (NT-3),
and neurotrophin 4 (NT-4), have emerged as alternative treatments to promote neuronal
survival, regeneration, and plasticity in different retinal diseases [32]. In addition, the
response to oxidative stress and the progression of dry AMD involve several growth factors.
On the one hand, there are factors such as vascular endothelial growth factor (VEGF)
and transforming growth factor-beta (TGF-f3), which are involved in inflammation and
the response to oxidative stress, and whose increase may exacerbate oxidative damage
and inflammatory processes in the retina. On the other hand, several growth factors,
such as PEDFs, FGFs, and PDGFs, have a clear role in cell survival and proliferation and
have potent antioxidant and anti-inflammatory effects [33,34]. These findings suggest that
growth factor therapies could restore retinal homeostasis, slowing AMD progression and
preserving vision.

Different studies have shown that plasma rich in growth factors (PRGF) has a broad
content of growth factors involved in tissue regeneration, including neuroprotective factors
such as NGF, FGF, or PDGF [35,36]. In addition, recent results have shown that PRGF
can exert a cytoprotective effect on RPE cells that have been exposed to an oxidative
environment, restoring the counterbalance between PEDF and VEGEF [17]. These results
suggest that PRGF and its wide growth factor content may act to counteract the effects of
AMD on the RPE and retinal tissues.

In this study, a mouse model that mimics the loss of RPE and photoreceptors observed
in retinal degenerative diseases, such as AMD was performed using an intraperitoneal
injection of NalOj3 [37,38]. As in a fundus image in the severe phase of AMD progres-
sion, mice treated intraperitoneally with NalO3 showed atrophic hypopigmented retinal
lesions indicating progressive loss of the RPE, photoreceptors, and underlying choriocap-
illaris [39]. The intravitreal application of PRGF significantly reduced the RPE loss due
to the NalOj injection. The retina appeared more reddened at days 2 and 7 in the PRGF
group. Several studies suggest that the loss of the RPE leads to the atrophy of the choroid
and its choriocapillaris, which may result in scar formation [26]. Scar tissue is mainly com-
posed of myofibroblastic cells expressing different types of contractile filaments, such as
alpha-smooth muscle actin (x-SMA) [40]. Myofibroblastic cells play a critical role in AMD
pathogenesis. They participate in the fibrotic changes observed in the disease, contributing
to fibrotic scar formation in the macula. Their presence contributes to the development of
subretinal fibrosis and is associated with the progression of AMD, especially in advanced
stages [41,42]. In addition, this choriocapillaris degeneration and subsequent scarring have
also been observed in the AMD model obtained after intraperitoneal injection of NalO5 [43].
The present study shows that intraocular PRGF treatment reduced SMA immunostaining
in the retinal choriocapillaris area related to the presence of myofibroblasts compared with
the disease group. These results suggest that PRGF may protect RPE cells, reducing their
loss and, therefore, its consequent choriocapillary degeneration.
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During the pathogenesis of AMD, Miiller glial activation, remodeling, and migration
occur specifically in areas of RPE atrophy, photoreceptor loss, and choroidal neovascu-
larization lesions. These GFAP- and vimentin-positive glial cells (markers of Miiller glial
activation or gliosis) are observed directly overlying areas of RPE degeneration, suggest-
ing a strong association between activated Miiller glial migration and RPE pathology in
AMD [44]. This activation of Miiller glial cells has also been observed in retinal tissues
from animal models of AMD treated with sodium iodate, showing very marked GFAP
immunostaining, with radial processes of Miiller cells through the neuroretinal layers [45].
The results obtained in this study showed that intraocular injection of PRGF significantly re-
duced the number of processes immunostained for GFAP. These results suggest that PRGF
reduces Miiller cell activation, probably due to reduced RPE cell damage and photoreceptor
loss. Similar results were observed in a previous study in which PRGF administration
significantly reduced GFAP expression in rat retinas exposed to blue light as an oxidative
AMD model [22].

The progression of AMD to more advanced stages leads to geographic atrophy, which
is characterized by a thinning of the neuroretinal layers and results in severe visual impair-
ment [8]. NalOj intraperitoneal injection leads to the thinning of the whole retinal layers,
affecting not only the RPE cells, but also photoreceptors, retinal ganglion cells, and bipolar
cells [26]. The results observed in the present study show that intraocular injection of PRGF
reduced retinal tissue thinning compared with the disease group. These results became
more notable when rhodopsin immunostaining was used to detect photoreceptors; how-
ever, histomorphometric analysis of rhodopsin-positive retinal areas showed no significant
differences between the PRGF and disease groups. Similar results have been observed by
Liu et al., where they also observed a thinning of the retinal layers after NalOj treatment,
but they did not detect significant differences between the treated and control groups after
histomorphometric analysis [46]. On the other hand, several studies have shown an appar-
ent shortening of the outer segments of the rods and cones in NalOs-injected rats compared
to the control group [44]. In the present study, rhodopsin immunostaining revealed a
marked reduction of photoreceptor outer segments in mice treated intraperitoneally with
NalOj3; however, intraocular treatment with PRGF showed remarkable protection, with
longer photoreceptor outer segment lengths more similar to those of the uninjured control
group.

It is important to highlight that the results of the present study indicated the impact
of gender on the experimental model of AMD, showing a significant reduction of retinal
damage in female mice, even compromising the effect that PRGF could exert. These results
are in contrast to those of Kiuchi et al., where no sex differences were observed in response
to NalOj [45].

Although this is a preliminary study and further studies are needed, this study high-
lights important findings to be taken into consideration: sex is an influencing factor in both
model generation and treatment efficacy, the model represents the acute injury to the retina
(a limitation of the model), and the feasibility of using allogenic blood to produce PRGF
eye drops.

5. Conclusions

Age-related macular degeneration (AMD) is a leading cause of vision loss, primarily
affecting the retinal pigment epithelium (RPE) and photoreceptors, critical components
for vision. The NalO3-induced retinal degeneration model is commonly used to study
AMD-like damage. Plasma rich in growth factors (PRGF) has been proposed as a potential
therapeutic due to its regenerative properties. In this study, intravitreal injection of PRGF
significantly protected against RPE and photoreceptor degeneration induced by systemic
NalO3 administration, suggesting its potential as a treatment for retinal diseases like AMD.

Author Contributions: Conceptualization, E.A., EM., S.R,, PE-R. and M.H.A.; methodology, E.A.,
FM.,, SR, PE-R. and M.H.A ; validation, E.A., EM., S.R,, PE-R. and M.H.A_; formal analysis, FM.,
S.R. and PE-R,; investigation, E.A., EM., S.R., PE-R. and M.H.A.; resources, E.A. and M.H.A ; data



Medicina 2024, 60, 2036 13 of 15

curation, FM., S.R. and PE-R.; writing—original draft preparation, E.A., EM., SR., PE-R. and
M.H.A.; writing—review and editing, E.A., EM,, S.R., PE-R. and M.H.A ; supervision, E.A. and
M.H.A,; funding acquisition, E.A., EFM. and M.H.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the HAZITEK program of the Basque Government under the
number Z1-2021/00557.

Institutional Review Board Statement: The animal study protocol was approved by the University
of Navarra Animal Research Review Committee on 7 April 2022, under project number R-008-22GN.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Conflicts of Interest: E.A. is the Scientific Director of and EM. and M.H.A. are scientists at BTI
Biotechnology Institute, a company that investigates in the fields of oral implantology and PRGF-
Endoret technology. S.R. and P.F.-R. have no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Evans, ].R; Fletcher, A.E.; Wormald, R.P. Age-related macular degeneration causing visual impairment in people 75 years or
older in Britain: An add-on study to the Medical Research Council Trial of Assessment and Management of Older People in the
Community. Ophthalmology 2004, 111, 513-517. [CrossRef] [PubMed]

Klein, R.; Klein, B.E.; Knudtson, M.D.; Meuer, S.M.; Swift, M.; Gangnon, R.E. Fifteen-year cumulative incidence of age-related
macular degeneration: The Beaver Dam Eye Study. Ophthalmology 2007, 114, 253-262. [CrossRef] [PubMed]

Wong, W.L,; Su, X;; Li, X.; Cheung, C.M.; Klein, R.; Cheng, C.Y.; Wong, T.Y. Global prevalence of age-related macular degeneration
and disease burden projection for 2020 and 2040: A systematic review and meta-analysis. Lancet Glob. Health 2014, 2, e106—e116.
[CrossRef]

World Health Organization. Word Report on Vision; World Health Organization: Geneva, Switzerland, 2019.

Chaudhuri, M.; Hassan, Y.; Bakka Vemana, P.P.S.; Bellary Pattanashetty, M.S.; Abdin, Z.U.; Siddiqui, H.F. Age-Related Macular
Degeneration: An Exponentially Emerging Imminent Threat of Visual Impairment and Irreversible Blindness. Cureus 2023, 15,
€39624. [CrossRef]

Sparrow, J.R.; Hicks, D.; Hamel, C.P. The retinal pigment epithelium in health and disease. Curr. Mol. Med. 2010, 10, 802-823.
[CrossRef]

Fritsche, L.G.; Fariss, R.N.; Stambolian, D.; Abecasis, G.R.; Curcio, C.A.; Swaroop, A. Age-related macular degeneration: Genetics
and biology coming together. Annu. Rev. Genom. Hum. Genet. 2014, 15, 151-171. [CrossRef] [PubMed]

Ferris, EL., 3rd; Wilkinson, C.P; Bird, A.; Chakravarthy, U.; Chew, E.; Csaky, K.; Sadda, S.R. Clinical classification of age-related
macular degeneration. Ophthalmology 2013, 120, 844-851. [CrossRef]

Thomas, C.J.; Mirza, R.G,; Gill, M.K. Age-Related Macular Degeneration. Med. Clin. North Am. 2021, 105, 473-491. [CrossRef]
Koss, M.J.; Kurz, P; Tsobanelis, T.; Lehmacher, W.; Fassbender, C.; Klingel, R.; Koch, F.H. Prospective, randomized, controlled
clinical study evaluating the efficacy of Rheopheresis for dry age-related macular degeneration. Dry AMD treatment with
Rheopheresis Trial-ART. Graefes Arch. Clin. Exp. Ophthalmol. 2009, 247, 1297-1306. [CrossRef]

Paudel, N.; Brady, L.; Stratieva, P.; Daly, A. Socioeconomic burden of advanced Age-related Macular Degeneration (AMD) in the
United States of America (USA), Germany and Bulgaria. Investig. Ophthalmol. Vis. Sci. 2023, 64, 1746.

Ferris, F.L., 3rd; Fine, S.L.; Hyman, L. Age-related macular degeneration and blindness due to neovascular maculopathy. Arch.
Ophthalmol. 1984, 102, 1640-1642. [CrossRef] [PubMed]

Jaadane, I.; Villalpando Rodriguez, G.E.; Boulenguez, P.; Chahory, S.; Carré, S.; Savoldelli, M.; Jonet, L.; Behar-Cohen, E;
Martinsons, C.; Torriglia, A. Effects of white light-emitting diode (LED) exposure on retinal pigment epithelium in vivo. J. Cell.
Mol. Med. 2017, 21, 3453-3466. [CrossRef] [PubMed]

Organisciak, D.T.; Vaughan, D.K. Retinal light damage: Mechanisms and protection. Prog. Retin. Eye Res. 2010, 29, 113-134.
[CrossRef]

Krigel, A.; Berdugo, M.; Picard, E.; Levy-Boukris, R.; Jaadane, L; Jonet, L.; Dernigoghossian, M.; Andrieu-Soler, C.; Torriglia, A.;
Behar-Cohen, F. Light-induced retinal damage using different light sources, protocols and rat strains reveals LED phototoxicity.
Neuroscience 2016, 339, 296-307. [CrossRef] [PubMed]

Anitua, E. Plasma rich in growth factors: Preliminary results of use in the preparation of future sites for implants. Int. J. Oral.
Maxillofac. Implant. 1999, 14, 529-535.

Anitua, E.; de la Fuente, M.; Del Olmo-Aguado, S.; Suarez-Barrio, C.; Merayo-Lloves, J.; Muruzabal, F. Plasma rich in growth
factors reduces blue light-induced oxidative damage on retinal pigment epithelial cells and restores their homeostasis by
modulating vascular endothelial growth factor and pigment epithelium-derived factor expression. Clin. Exp. Ophthalmol. 2020,
48, 830-838. [CrossRef]


https://doi.org/10.1016/j.ophtha.2003.07.012
https://www.ncbi.nlm.nih.gov/pubmed/15019328
https://doi.org/10.1016/j.ophtha.2006.10.040
https://www.ncbi.nlm.nih.gov/pubmed/17270675
https://doi.org/10.1016/S2214-109X(13)70145-1
https://doi.org/10.7759/cureus.39624
https://doi.org/10.2174/156652410793937813
https://doi.org/10.1146/annurev-genom-090413-025610
https://www.ncbi.nlm.nih.gov/pubmed/24773320
https://doi.org/10.1016/j.ophtha.2012.10.036
https://doi.org/10.1016/j.mcna.2021.01.003
https://doi.org/10.1007/s00417-009-1113-7
https://doi.org/10.1001/archopht.1984.01040031330019
https://www.ncbi.nlm.nih.gov/pubmed/6208888
https://doi.org/10.1111/jcmm.13255
https://www.ncbi.nlm.nih.gov/pubmed/28661040
https://doi.org/10.1016/j.preteyeres.2009.11.004
https://doi.org/10.1016/j.neuroscience.2016.10.015
https://www.ncbi.nlm.nih.gov/pubmed/27751961
https://doi.org/10.1111/ceo.13767

Medicina 2024, 60, 2036 14 of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

Anitua, E.; de la Fuente, M.; Muruzabal, E; Riestra, A.; Merayo-Lloves, J.; Orive, G. Plasma rich in growth factors (PRGF) eye
drops stimulates scarless regeneration compared to autologous serum in the ocular surface stromal fibroblasts. Exp. Eye Res. 2015,
135, 118-126. [CrossRef]

Anitua, E.; Muruzabal, F.; de la Fuente, M.; Riestra, A.; Merayo-Lloves, J.; Orive, G. PRGF exerts more potent proliferative
and anti-inflammatory effects than autologous serum on a cell culture inflammatory model. Exp. Eye Res. 2016, 151, 115-121.
[CrossRef]

Anitua, E.; de la Sen-Corcuera, B.; Orive, G.; Sanchez-Avila, R.M.; Heredia, P; Muruzabal, E; Merayo-Lloves, J. Progress in the
use of plasma rich in growth factors in ophthalmology: From ocular surface to ocular fundus. Expert. Opin. Biol. Ther. 2022, 22,
31-45. [CrossRef]

Anitua, E.; Muruzabal, F,; de la Fuente, M.; Del Olmo-Aguado, S.; Alkhraisat, M.H.; Merayo-Lloves, ]. PRGF Membrane with
Tailored Optical Properties Preserves the Cytoprotective Effect of Plasma Rich in Growth Factors: In Vitro Model of Retinal
Pigment Epithelial Cells. Int. J. Mol. Sci. 2023, 24, 11195. [CrossRef]

Suérez-Barrio, C.; del Olmo-Aguado, S.; Garcia-Pérez, E.; Artime, E.; de la Fuente, M.; Muruzabal, F.; Anitua, E.; Baamonde-
Arbaiza, B.; Fernandez-Vega, L.; Merayo-Lloves, J. Plasma Rich in Growth Factors Enhances Cell Survival after in Situ Retinal
Degeneration. Int. J. Mol. Sci. 2020, 21, 7442. [CrossRef]

Suarez-Barrio, C.; Del Olmo-Aguado, S.; Garcia-Perez, E.; de la Fuente, M.; Muruzabal, F; Anitua, E.; Baamonde-Arbaiza, B.;
Fernandez-Vega-Cueto, L.; Fernandez-Vega, L.; Merayo-Lloves, J. Antioxidant Role of PRGF on RPE Cells after Blue Light Insult
as a Therapy for Neurodegenerative Diseases. Int. J. Mol. Sci. 2020, 21, 1021. [CrossRef] [PubMed]

Garcia-Layana, A.; Vasquez, G.; Salinas-Alaman, A.; Moreno-Montanes, J.; Recalde, S.; Fernandez-Robredo, P. Development of
laser-induced choroidal neovascularization in rats after retinal damage by sodium iodate injection. Ophthalmic Res. 2009, 42,
205-212. [CrossRef] [PubMed]

Koh, A.E.; Alsaeedi, H.A.; Rashid, M.B.A.; Lam, C.; Harun, M.H.N; Saleh, M.; Luu, C.D.; Kumar, S.S.; Ng, M.H.; Isa, HM.; et al.
Retinal degeneration rat model: A study on the structural and functional changes in the retina following injection of sodium
iodate. J. Photochem. Photobiol. B 2019, 196, 111514. [CrossRef] [PubMed]

Koster, C.; van den Hurk, K.T.; Ten Brink, J.B.; Lewallen, C.E,; Stanzel, B.V.; Bharti, K.; Bergen, A.A. Sodium-lodate Injection Can
Replicate Retinal Degenerative Disease Stages in Pigmented Mice and Rats: Non-Invasive Follow-Up Using OCT and ERG. Int. ].
Mol. Sci. 2022, 23,2918. [CrossRef]

Bae, C.Y;; Kim, .H.; Kim, B.S.; Kim, ].H.; Kim, J.H. Predicting the incidence of age-related diseases based on biological age: The
11-year national health examination data follow-up. Arch. Gerontol. Geriatr. 2022, 103, 104788. [CrossRef]

Somasundaran, S.; Constable, 1.].; Mellough, C.B.; Carvalho, L.S. Retinal pigment epithelium and age-related macular degenera-
tion: A review of major disease mechanisms. Clin. Exp. Ophthalmol. 2020, 48, 1043-1056. [CrossRef]

Curcio, C.A. Soft Drusen in Age-Related Macular Degeneration: Biology and Targeting Via the Oil Spill Strategies. Investig.
Ophthalmol. Vis. Sci. 2018, 59, Amd160-Amd181. [CrossRef]

Khorrami-Nejad, M.; Sarabandi, A.; Akbari, M.R.; Askarizadeh, F. The Impact of Visual Impairment on Quality of Life. Med.
Hypothesis Discov. Innov. Ophthalmol. J. 2016, 5, 96-103.

Basyal, D.; Lee, S.; Kim, H.J. Antioxidants and Mechanistic Insights for Managing Dry Age-Related Macular Degeneration.
Antioxidants 2024, 13, 568. [CrossRef]

Pardue, M.T.; Allen, R.S. Neuroprotective strategies for retinal disease. Prog. Retin. Eye Res. 2018, 65, 50-76. [CrossRef] [PubMed]
Bhutto, .A.; McLeod, D.S.; Hasegawa, T.; Kim, S.Y.; Merges, C.; Tong, P.; Lutty, G.A. Pigment epithelium-derived factor (PEDF)
and vascular endothelial growth factor (VEGF) in aged human choroid and eyes with age-related macular degeneration. Exp. Eye
Res. 2006, 82, 99-110. [CrossRef]

Nowak, ].Z. Age-related macular degeneration (AMD): Pathogenesis and therapy. Pharmacol. Rep. PR 2006, 58, 353-363. [PubMed]
Freire, V.; Andollo, N.; Etxebarria, J.; Duran, J.A.; Morales, M.C. In vitro effects of three blood derivatives on human corneal
epithelial cells. Investig. Ophthalmol. Vis. Sci. 2012, 53, 5571-5578. [CrossRef] [PubMed]

Lopez-Plandolit, S.; Morales, M.C.; Freire, V.; Etxebarria, J.; Duran, ].A. Plasma rich in growth factors as a therapeutic agent for
persistent corneal epithelial defects. Cornea 2010, 29, 843-848. [CrossRef]

Bhutto, I.A.; Ogura, S.; Baldeosingh, R.; McLeod, D.S.; Lutty, G.A.; Edwards, M.M. An Acute Injury Model for the Phenotypic
Characteristics of Geographic Atrophy. Investig. Ophthalmol. Vis. Sci. 2018, 59, AMD143-AMD151. [CrossRef]

Enzmann, V.; Row, B.W.; Yamauchi, Y.; Kheirandish, L.; Gozal, D.; Kaplan, H.J.; McCall, M.A. Behavioral and anatomical
abnormalities in a sodium iodate-induced model of retinal pigment epithelium degeneration. Exp. Eye Res. 2006, 82, 441-448.
[CrossRef]

Schmitz-Valckenberg, S. The Journey of “Geographic Atrophy” through Past, Present, and Future. Ophthalmologica 2017, 237,
11-20. [CrossRef]

Hinz, B. Myofibroblasts. Exp. Eye Res. 2016, 142, 56-70. [CrossRef]

Higashijima, F.; Hasegawa, M.; Yoshimoto, T.; Kobayashi, Y.; Wakuta, M.; Kimura, K. Molecular mechanisms of TGF[3-mediated
EMT of retinal pigment epithelium in subretinal fibrosis of age-related macular degeneration. Front. Ophthalmol. 2023, 2, 1060087 .
[CrossRef]


https://doi.org/10.1016/j.exer.2015.02.016
https://doi.org/10.1016/j.exer.2016.08.012
https://doi.org/10.1080/14712598.2021.1945030
https://doi.org/10.3390/ijms241311195
https://doi.org/10.3390/ijms21207442
https://doi.org/10.3390/ijms21031021
https://www.ncbi.nlm.nih.gov/pubmed/32033116
https://doi.org/10.1159/000232946
https://www.ncbi.nlm.nih.gov/pubmed/19672129
https://doi.org/10.1016/j.jphotobiol.2019.111514
https://www.ncbi.nlm.nih.gov/pubmed/31154277
https://doi.org/10.3390/ijms23062918
https://doi.org/10.1016/j.archger.2022.104788
https://doi.org/10.1111/ceo.13834
https://doi.org/10.1167/iovs.18-24882
https://doi.org/10.3390/antiox13050568
https://doi.org/10.1016/j.preteyeres.2018.02.002
https://www.ncbi.nlm.nih.gov/pubmed/29481975
https://doi.org/10.1016/j.exer.2005.05.007
https://www.ncbi.nlm.nih.gov/pubmed/16845209
https://doi.org/10.1167/iovs.11-7340
https://www.ncbi.nlm.nih.gov/pubmed/22786903
https://doi.org/10.1097/ICO.0b013e3181a81820
https://doi.org/10.1167/iovs.18-24245
https://doi.org/10.1016/j.exer.2005.08.002
https://doi.org/10.1159/000455074
https://doi.org/10.1016/j.exer.2015.07.009
https://doi.org/10.3389/fopht.2022.1060087

Medicina 2024, 60, 2036 15 of 15

42.

43.

44.

45.

46.

Little, K.;; Ma, ].H.; Yang, N.; Chen, M.; Xu, H. Myofibroblasts in macular fibrosis secondary to neovascular age-related macular
degeneration—The potential sources and molecular cues for their recruitment and activation. EBioMedicine 2018, 38, 283-291.
[CrossRef] [PubMed]

Korte, G.E.; Reppucci, V.; Henkind, P. RPE destruction causes choriocapillary atrophy. Investig. Ophthalmol. Vis. Sci. 1984, 25,
1135-1145.

Ohtaka, K.; Machida, S.; Ohzeki, T.; Tanaka, M.; Kurosaka, D.; Masuda, T.; Ishii, T. Protective effect of hepatocyte growth factor
against degeneration of the retinal pigment epithelium and photoreceptor in sodium iodate-injected rats. Curr. Eye Res. 2006, 31,
347-355. [CrossRef] [PubMed]

Kiuchi, K.; Yoshizawa, K.; Shikata, N.; Moriguchi, K.; Tsubura, A. Morphologic characteristics of retinal degeneration induced by
sodium iodate in mice. Curr. Eye Res. 2002, 25, 373-379. [CrossRef]

Liu, Y,; Li, Y.; Wang, C.; Zhang, Y.; Su, G. Morphologic and histopathologic change of sodium iodate-induced retinal degeneration
in adult rats. Int. |. Clin. Exp. Pathol. 2019, 12, 443-454.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ebiom.2018.11.029
https://www.ncbi.nlm.nih.gov/pubmed/30473378
https://doi.org/10.1080/02713680600629797
https://www.ncbi.nlm.nih.gov/pubmed/16603468
https://doi.org/10.1076/ceyr.25.6.373.14227

	Introduction 
	Materials and Methods 
	Experimental AMD Animal Model 
	Study Treatments 
	Macroscopic Analysis 
	Tissue Collection and Histopathological Analysis 
	Immunohistochemical Analysis 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

