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ABSTRACT



The ocular diseases are currently the principal causes of age-related disabilities involving an
irreversible visual impairment. Iron is essential for normal retinal function but, being the most
powerful generator of free radicals, its excess may contribute to the development of retinal
disorders. To date, the mechanisms underlying iron excess in the retina are not perfectly known.
The first objective of this study was to deepen the knowledge about the role of iron in the retina,
analyzing the in vivo effects of retinal iron accumulation. We conducted intravitreal injection
of ferrous sulfate in Wistar rats and analyzed the progressive degeneration of retina and
RPE/choroid structures at different stages from iron insult. Using biochemical and
immunostaining analyses, we investigated the cellular mechanisms underlying iron-dependent
retinal degeneration, including morphological alterations, iron overload, oxidative stress,
neuroinflammation and amyloid accumulation, thus providing an ideal animal model of retinal

degeneration.

The iron overload in vivo model of retinal degeneration was used to test the effectiveness of an
innovative nanostructured therapeutic approach. Targeted therapies and efficient drug delivery
systems in the treatment of ocular disorders are central objective of the biomedical research. In
this regard, the growing field of nanotechnology in ophthalmic drug delivery offers efficient
nanocarrier systems with several advantages, including the enhanced targeting and time-
controlled drug release, improved stability and bioavailability of large or poorly water-soluble
molecules. Therefore, the next objective of this study was the in vivo analysis of topical
treatment as eye drop based on the choline-calix[4]arene nanocarrier, an innovative platform
for the ocular delivery of silibinin, a flavonoid with possible neuroprotective activity. The
results obtained suggested that the topical eye treatment with silibinin conjugated to choline-
calix[4]arene nanocarrier has a greater neuroprotective effect in the ocular structures compared
to free silibinin or nanocarrier alone, by reducing oxidative stress, inflammation and
neovascularization processes in the iron-induced retinal degeneration animal model. Our results
provide evidence of the potential of calixarene macrocycle as a promising platform for topical

ocular drug delivery systems.



INTRODUCTION



Eye: Neuroretina and Retinal Pigment Epithelium (RPE)

The structure of the eye can be classified into two segments: anterior and posterior (Figure 1).
The anterior segment of the eye occupies approximately one-third while the remaining portion
is accommodated by the posterior segment. Tissues such as cornea, conjunctiva, aqueous
humor, iris, ciliary body and lens make up the anterior portion. The posterior segment of the
eye includes sclera, choroid, retinal pigment epithelium (RPE), neural retina, optic nerve and
vitreous humor. Diseases affecting anterior segment of the eye include, but are not limited to
glaucoma, allergic conjunctivitis, anterior uveitis and cataract. Age-related macular
degeneration (AMD) and diabetic retinopathy (DR) are the most prevalent diseases affecting

posterior segment of the eye.
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Figure 1. Anatomy of the mammalian adult eye (Delplace et al., 2015).

The retina, posterior light-sensitive tissue of the eye, is an extension of the central nervous
system (CNS) originating from the embryonic diencephalon (London et al.,, 2013).
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Architecturally and functionally the neuroretina is similar to the brain: indeed they share many
features such as embryological origin, strict control of blood barriers and specialized immune

system, which is activated to respond to diverse types of insult.

Multiple cell layers highly ordered compose the retinal architecture. Five types of specialized
neurons as well as glial cells are distributed in three nuclear layers separated by two plexiform
layers composed by synaptic contacts (Figure 2).
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Figure 2. Cellular architecture of the mammalian retina. Schematic cross section showing retinal layers constituted
by photoreceptors (rods and cones), neurons (horizontal, amacrine, bipolar and retinal ganglion cells), glial cells
(Maller cells, astrocytes and microglia) and vessels. The yellow arrow indicates the way light enters the retina.
Abbreviations here and in the following figures: BM, Bruch’s membrane; RPE, retinal pigment epithelium; ROS
and COS, rod and cone outer segments; IS, inner segments; PR, photoreceptors; ONL, outer nuclear layer; OPL,
outer plexiform layer; HC, horizontal cells; BC, bipolar cells; MC, Miiller cells; AC, amacrine cells; INL, inner
nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; RGC, retinal ganglion cells. (Cascio et al.,
2015)

The most external retinal layer, the outer nuclear layer (ONL) and the outer and inner segments
(OS and IS) are constituted by photoreceptors (cones and rods), which convert the light energy
into an electrochemical signal. In particular, the process of vision includes the light absorption
by the visual pigments, the apoprotein opsin and the chromophore 11-cis retinal, located in the

photoreceptors and, after a series of biochemical changes, the cell hyperpolarization and the
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start of electrical current flow through the retina, thus reaching the retinal ganglion cells
(RGCs). The RGCs are located in the innermost nuclear layer of the retina, the ganglion cell
layer (GCL), and their axons project out from the retina forming the optic nerve crossing in the
optic chiasm. Once RGCs are activated by light rays coming from the right or left visual hemi
field, their axons carry the message to reach the visual cortex of the occipital lobe in opposite
side of the brain. Bipolar cells (BCs) contact both photoreceptors and RGCs, transferring the
neuronal signal from one layer to the other of the retina. The other retinal cells integrate and
refine the visual output from the retina, including the horizontal cells (HCs) that are involved
in contrast enhancement, and the amacrine cells (ACs) that contribute to a precomputation of
visual stimuli via feedback between ganglion and bipolar cells. These neuronal cells (bipolar,
horizontal and amacrine cells), together with the Miiller glia cells (MCs), form the inner nuclear
layer (INL), which is located between the ONL and the GCL. A particular subgroup of ACs,
the displaced amacrine cells, is also found in the GCL. In the outer plexiform layer the

horizontal cells are found, whereas the amacrine cells are present in the inner plexiform layer.

A crucial role in retinal homeostasis has been attributed to retinal glial cells, which provide
structural support, regulate retinal metabolism and neuronal activity, phagocytosis and release
of transmitters, inflammatory modulators and trophic factors. Mdiller cells, astrocytes, and
microglia are the three types of glia cells contained in the mammalian retina (Vecino et al.,
2016, Karlstetter et al., 2015). Muller cells are the major glial cells in the retina (about 90% of
the retinal glia), whose cell bodies reside in the INL, whereas their processes reach all retina
layers contacting neurons and other glial cells. These cells release trophic factors, recycle
glutamate neurotransmitter and regulate extracellular ion homeostasis, thus supporting
neuroretina function and metabolism. Astrocytes are confined in the innermost retinal layer and
perform similar functions to Muiller cells. Retinal astrocyte processes cover the blood vessels
in the INL contributing, together with Muller cells, to maintain the blood retinal barrier
integrity. Microglia, resident tissue macrophages, represent the first line of defense and
surveillance of the retina following injuries or diseases. Crucial role is attributed to them not
only in the phagocytosis of toxic products and antigen presentation, but also in the neurogenesis,
synaptic pruning, neuroprotection and recovery from injury and progression of disease
(Madeira et al., 2015). Among other activities, microglia can interact with other glial cells and

neurons by secreting growth factors.

The blood retinal barrier (BRB) is a physiological barrier essential to preserve the eye as a
privileged site and to maintain the suitable environment for visual function. BRB regulates the
flow of nutrients, ions, proteins, waste products and water flux incoming and outgoing from the
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retina similarly to the blood-brain-barrier (BBB). It consists of two components: the inner and
outer endothelial blood-retina-barrier (iBRB and oBRB) (Figure 3).
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Figure 3. Blood retina barriers (BRBs). Retinal pigmented epithelial cells (outer BRB, 0BRB) and retinal capillary
endothelial cells (inner BRB, iBRB) are formed by tight junctions between their respective adjacent cells. In 0BRB,
fenestrated choroidal vessels, major blood supplier for the retina, are kept out. In iBRB, astrocytes and Miiller cells
surrounding blood capillaries contribute to the formation of barrier properties (Cascio et al., 2015).

The iBRB is composed of tight junctions between retinal capillary endothelial cells; pericytes
and the processes of Miller cells and astrocytes cover the vascular components being in close
contact with endothelial cells. The oBRB is established by the tight junctions between the RPE
cells. The Retinal Pigment Epithelium is the outermost monolayer of cells that lies beneath the
neuroretina, separating it from the fenestrated choriocapillaris. Amongst its many functions, the
RPE regulates the uptake of blood nutrients by photoreceptors as well as the export of metabolic
waste products. To prevent the toxic effects of accumulated photo-oxidative products,
photoreceptors undergo a daily renewal process in which they are shed and subsequently
phagocytosed by microvilli on the apical RPE surface. This is a crucial role for the maintenance
of visual function that is attributed to the RPE. The underlying choriocapillaris, a dense
capillary network, regulates the removal of the retinal waste also through the support given by

Bruch’s membrane (BM), the basal membrane located between the choroid and RPE structures.



Retinal neurodegenerative diseases

The ocular diseases are currently the principal causes of age-related disabilities, relating an
irreversible visual impairment with a negative impact on the individual quality of life and
considerable socio-economic costs (Pascolini and Mariotti, 2012). Being a structurally and
functionally complex tissue, the retina is extremely vulnerable to alterations caused from any
sort of injury, including gene defects, dyslipidemia, hypertension, hyperinsulinemia,
hyperglycemia and aging.

Retinal neurodegenerative diseases, like age related macular degeneration (AMD), glaucoma,
diabetic retinopathy and retinitis pigmentosa, are multifactorial disorders, each of which have
a different etiology and pathogenesis (Cuenca et al., 2014). However, at the cellular and
molecular level, the response to retinal injury is similar in all of them, resulting in similar
morphological and functional changes of retinal cells, including cell death and retinal
remodelling. Interestingly, inflammatory response, oxidative stress and activation of apoptotic

pathways are common features in all these ocular diseases.

The glaucoma comprises a group of neurodegenerative disorders characterized by progressive
retinal ganglion cell (RGC) degeneration and optic neuropathy. It constitutes the second leading
cause of irreversible blindness worldwide and several clinical studies demonstrated that the
intraocular pressure (IOP) is one of the most important risk factors for glaucoma onset and
progression, whereas age and familiarity are closely related to the disease (Actis et al., 2016).
Age is also the most significant risk factor of Age-related macular degeneration (AMD), a
multifactorial and progressive degenerative disorder that is the leading cause of severe and
irreversible loss of vision in the elderly in developed countries (Tomany et al., 2004). In this
disease, impairment of RPE cells and photoreceptors as well as vascular angiogenesis are the
main cause of central visual acuity loss. Diabetic retinopathy (DR) is a complication of diabetes
caused by changes in blood glucose levels, resulting in alterations in retinal blood vessels that
alter the retinal structure. Retinitis pigmentosa (RP) is the most frequent hereditary dystrophy
of the retina causing progressive loss of photoreceptor cells. The underlying mechanism of the
most forms of RP involves primarily loss of the rods, followed by the cone damage. Because
rods are concentrated in the peripheral retina, people suffering this disease show a progressive

diminution of the peripheral visual field, ending in a complete blindness (Yuxi et al., 2015).



To protect retinal tissue from damage and/or to preserve retinal function, both neuronal and

glial cells respond to any type of injury and disease initiating mechanisms of protection and

tissue regeneration, including the stimulation of the antioxidant machinery, the activation of the

mechanisms of programmed cell death, and the promotion of the inflammatory response (Figure

4).
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Figure 4. The role of glial cells in the retina. Schematic representation of the main morphological and functional
features of glial cells in normal (A, C) and injured retinas (B, D). In the normal retina, glial cells play a key role
in maintaining homeostasis and preserving the survival of neurons (A). Retinal injury triggers the activation of
glial cells, characterized by secretion of pro-inflammatory factors and phagocytosis (B), and by the decrease or
absence of their normal functions as in healthy retina (Cuenca et al., 2014).
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Retinal alterations in neurodegenerative diseases

Visual symptoms have been described in human neurodegenerative disorders, such as
Alzheimer's disease (AD), Parkinson's diseases (PD), multiple sclerosis and amyotrophic lateral
sclerosis (ALS), showing the involvement of the retina and/or optic nerve (Yap et al., 2019).
Furthermore, several studies have also showed that glaucoma, diabetic retinopathy and AMD
may manifest in patients with Alzheimer or Parkinson, or other neurodegenerative disorders
(Bodis-Wollner, 1990, Bayer et al., 2002, Ohno-Matsui, 2011, Kaarniranta et al., 2011,
Williams et al., 2014, Biscetti et al., 2017, Moon et al., 2018, Matlach et al., 2018).

The retina is an attractive source of biomarkers since it shares many risk factors and many
causative diseases’ features with the brain, such as generation of oxidative stress, inflammation,
neovascularization, altered metabolic supply, glutamate excitotoxicity and protein misfolding
cytotoxicity. Therefore, the ophthalmic manifestations could have remarkable importance in
the diagnosis and monitoring of some neurodegenerative diseases and the neuroretina could

provide further insights into pathogenetic mechanisms of disease.

There are several advantages/benefits in the use of retinal imaging as approach for the
neurological disorders diagnosis in comparison to brain imaging, including the direct (in vivo)
analysis and high resolution with or without the use of contrast agents (Yap et al., 2019). The
extraordinary evolution in the in vivo retinal analysis techniques (including the optical
coherence tomography [OCT]) has provided early and non-invasive methods not only for
diagnosis of neurodegenerative diseases, but also to monitoring over time specific retinal cells
without risk of neurosurgery and ionizing radiation (Pircher and Zawadzki, 2017, MacCormick
etal., 2015).

Alzheimer’s disease is the most prevalent aging dementia worldwide characterized by neuronal
and synaptic loss of brain cognitive regions. The main pathological AD hallmarks are the
extracellular deposits of amyloid  (Ap) as senile plaques and intracellular hyperphosphorylated
Tau in neurofibrillary tangles (NFTs). The diagnosis of AD is very often late, thus causing
detrimental effects on efficacy of pharmacological treatments as well as wider ranging social
and economic effects. There is a growing appreciation that retinal degeneration occurs in AD
patients (London et al., 2013, Dehabadi et al., 2014, Guo et al., 2010) and visual abnormalities
in AD are often detectable at early stages of the disease. Patients with AD exhibit altered

contrast sensitivity and colour recognition, susceptibility to visual masks, impaired pupil
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response and motion perception (Iseri et al., 2006). Besides these alterations in the central visual
pathway, retinal abnormalities appear also to occur in the AD and contribute to visual failure
(Hinton et al., 1986, Sadun and Bassi, 1990, Blanks et al., 1989, Koronyo-Hamaoui et al., 2011,
Chiu et al., 2012, Dehabadi et al., 2014, Tzekov and Mullan, 2014). Retinas of AD patients
exhibit the typical AP and p-Tau hallmarks accompanied by a defective microvasculature,
thinning of retinal layers and RGC loss (Liu et al., 2009, Williams et al., 2015). A deposition,
Tau pathology along with reactive gliosis and neuroinflammation, have been reported in the
retina of transgenic animal models of AD (Ning et al., 2008, Liu et al., 2009, Cheung et al.,
2014, Perez et al., 2009, Dutescu et al., 2009, Alexandrov et al., 2011, Gasparini et al., 2011,
Edwards et al., 2014, Tsai et al., 2014, Grimaldi et al., 2018, Chiasseu et al., 2017).
Furthermore, intraocular injections of AP have been previously shown to primary cause sub-
RPE deposits, known as drusen constituted by cellular debris and lipids, high metal ions,
inflammatory mediators and finally resulting in death of photoreceptors and whole retina (Liu
et al., 2013). AB accumulation has been reported also in the retinal pigment epithelium (RPE)

and vascular choroid of AD patients, affecting the same regions of AMD patients.

Parkinson’s disease (PD) is a neurodegenerative condition characterized by intraneuronal
aggregation of a-synuclein in the substantia nigra and progressive degeneration of
dopaminergic neurons (DA). The visual alteration is one of the non-motor symptoms found in
PD that can be identified in early stages, even before pathological manifestations of brain such
as rigidity, tremor and bradykinesia (Devi et al., 2020). PD patients show colour discrimination,
visual acuity, contrast sensitivity, blurred image, motion perception and blindness (Archibald
et al., 2009, Bodis-Wollner, 2009, Bodis-Wollner, 1990). Depletion of dopamine content and
a-synuclein accumulation have been observed specifically in the INL, IPL and GCL of the
retina in PD patients (Aydin et al., 2018). It has been demonstrated that dopamine has a central
role in the retinal development, visual signalling and refractive development, thus its abnormal
change and reduction in the amacrine cells lead to alteration in RGC cells and consequent
dysfunctional visual processing in PD patients (Djamgoz et al., 1997). Several studies have
suggested that retinal imaging methods could be a potential early biomarker for PD (Devi et al.,
2020).

Multiple sclerosis (MS) is an autoimmune disorder characterized by chronic inflammation and
demyelination of the CNS. The pathological hallmark of MS is the formation of demyelinating
lesions in the brain and spinal cord, which can be associated with neuro-axonal loss, progressive
neurological disability and functional decline. Optic nerve fiber loss and degeneration of RGC

cells are common events observed in the retina of MS patients (Levin et al., 2013, Graham and
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Klistorner, 2017). In particular, a study has estimated that a common initial symptom of MS is
the optic neuritis, considered the principal cause of permanent visual disabilities (Kale, 2016).
Additional visual abnormalities in MS are retrobulbar pain on eye movement, proceeding to
visual loss and dyschromatopsia. Also in this neurodegenerative disease, the OCT has proven
to be a useful test for diagnosis and monitoring of inflammatory optic neuritis (Soelberg et al.,
2018). Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized by loss
of the upper and lower motor neurons leading to a progressive muscle weakness and atrophy
(Bruijn et al., 2004, Kiernan et al., 2011). Only recently, structural and functional changes in
the visual system have been identified in ALS patients caused by degeneration of grey matter
in the occipital cortex (Agosta et al., 2015). As extramotor features, oculomotor dysfunctions,
visual acuity and contrast sensitivity are some of visual alterations observed in ALS disease
(Sharma et al., 2011, Moss et al., 2012).

Iron, the heavy metal for life

Iron, the most powerful generator of free radical, is an essential element for life being a cofactor
for numerous fundamental biological processes. Iron is needed to transport hemoglobin-bound
oxygen and to produce the adenosine triphosphate (ATP) serving as a cofactor for enzymes of
the citric acid cycle and electron transport chain (Poss and Tonegawa, 1997, Lill et al., 2012).
Iron is also involved in the nitric oxide metabolism and in the DNA synthesis being required
for the ribonucleoside reductase activity (Wigglesworth and Baum, 1988).

In mammalian organisms, numerous proteins are involved in the systemic iron homeostasis.
Food is the source of iron, which is absorbed by the duodenum until it reaches the systemic
bloodstream. Duodenal iron uptake is strictly regulated through different mechanisms. Two
proteins can regulate this process: the divalent metal transporter 1 (DMT1) that regulates the
iron uptake located at apical surface of polarized intestinal epithelial cells, and ferroportin 1
(FPN1) that regulates the export of iron at the basolateral membranes. Duodenal ferroportin can
bind to hepcidin, a peptide hormone secreted by iron-loaded hepatocytes, triggering its own
intracellular degradation and thus reducing the duodenal iron uptake. In addition, transcriptional
expression of DMTL is regulated by hypoxia inducible factor 2a (HIF2a), which coordinately

regulates the transcriptional response to hypoxia and iron deficiency in the duodenal mucosa.
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The membrane-bound ferroxidase, the hephaestin, oxidizes ferrous iron (Fe?*) to ferric iron
(Fe*"), thus promoting iron binding with transferrin protein. The uptake of iron from the
systemic circulation to most tissues is mediated by transferrin that usually binds two atoms of
ferric iron per molecule forming holo-trasferrin. Subsequently, the transferrin binds to the
transferrin receptor 1 (TFR1) expressed on the cellular surface leading to formation of the
transferrin receptor-holo-transferrin complex that undergoes clathrin-mediated endocytosis
(Figure 5).
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Figure 5. Cellular iron metabolism in mammalian cells. Ferric iron in the bloodstream circulation binds to
transferrin to form holo-transferrin. Holo-transferrin binds to transferrin receptors on the cell surface and the
transferrin receptor—holo-transferrin complex undergoes endocytosis mediated by clathrin-coated pit formation.
The metalloreductase STEAP3 allows iron to be transported into the cytosol by DMT1. Iron can enter mitochondria
or it can be stored in cytosolic proteins such as ferritin. Degradation of ferritin in lysosomes leads to the formation
of disorganized iron-rich deposits known as haemosiderin (Rouault, 2013).

Following endosome acidification, the ferric iron is reduced to ferrous by endosomal
metalloreductase STEAP3 and it is transported into the cytosol by DMT1 protein. In the cytosol,
iron may bind to chaperones that donate iron to specific target proteins or may be directed to
mitochondria where, through specific mitochondrial iron transporters (mitoferrin 1 or
mitoferrin 2), it reaches the matrix and may be used for the synthesis of iron—sulphur clusters
and haeme. Iron can also be stored by cytosolic ferritin, the iron storage protein, which can

sequester up to 4,500 iron atoms transforming it in a non-reactive form, thus preventing free
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iron from reaching high concentrations in the cytosolic and nuclear compartments. Iron stored
with ferritin can be released following degradation of lysosomes bringing to the formation of
disorganized iron-rich deposits known as haemosiderin. Intracellular storage iron may be
exported in its ferrous state by the transport protein, ferroportin. For export and bind with
transferrin, the iron must be oxidized and ceruloplasmin and hephaestin enzymes accomplish
this. Ceruloplasmin is a copper binding protein, which contains over 95% of copper found in
plasma. Central role in the iron export has been attributed to these ferroxidases and it has been
observed that the alteration in one of these enzymes lead to cellular iron accumulation and

subsequent tissue degeneration.

Iron and neurodegeneration

Iron is essential for central brain function inasmuch as it regulates many CNS processes. In
particular, iron is a critical cofactor for enzymes involved in synthesis and metabolism of
neurotransmitters including dopamine, norepinephrine, and serotonin. Iron is also requested in
myelogenesis and myelin maintenance by oligodendrocytes, glial cells of CNS (Youdim, 1990,
LeVine and Macklin, 1990, Morris et al., 1992). Iron deficiency has injurious effects on the
brain development and neurocognitive functions (Crichton, 2016, Zhukovskaya et al., 2019).
The iron homeostasis in the CNS is tightly regulated through the same proteins described for
non-polarized cells with some exceptions. The BBB and the blood—CSF barrier limit free access
of nutrients to cells of CNS, including iron. On the luminal side of the BBB, the iron uptake is
mediated by transferrin receptor expressed by endothelial cells that binds the holo-transferrin
circulating in the brain capillaries. The mechanisms of iron internalization are the same as those
described for non-polarized cells, including endocytosis or transcytosis models (Figure 6).
Conflicting data have been presented about the role of iron transporter ferroportin in the CNS,
which seem to regulate the iron efflux in the brain microvascular endothelial cells and the
entrance in the interstitial fluid (Wu et al., 2004, McCarthy and Kosman, 2013, Moos et al.,
2007). Alternatively, iron goes through the choroid plexus to the ventricle bound to transferrin,
and diffuses in between ependymal cell (Rouault et al., 2009). In interstitial fluid and

cerebrospinal fluid, the iron seems to be acquired by neurons and glial cells through the
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transferrin receptors and holo-transferrin. All glial cells express the iron-related proteins so
regulating brain iron homeostasis. Oligodendrocytes together with the cells of the choroid
plexus synthesize high quantity of the transferrin protein that it is secrete in the brain interstitial
fluid (Zakin et al., 2002).
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Figure 6. Brain iron metabolism. Iron could cross BBB through endocytosis of holo-Tf, followed by iron
detachment from Tf inside endosomes and FPN1-mediated iron efflux or transcytosis of holo-Tf through the
BVECs. Astrocytes (1), microglia (2), and oligodendrocytes (3) express all different iron-related proteins
responsible for iron uptake, storage, use and export (Xu et al., 2018).

The astrocytes are involved in the formation of BBB by covering about 95% of the brain
capillary surface with their end-feets. Therefore, astrocytes play a central role in the iron
transport across BBB (Dringen et al., 2007). In addition, these cells express the ferroxidase
ceruloplasmin, which may facilitate the export activity of ferroportin on adjacent cells (Kono,
2012). Also numerous studies have reported that microglia plays a key role in the brain iron
homeostasis, requiring iron as co-factor to perform its different and important functions
[1,27,28]. Furthermore, it has been observed that glia can store iron more efficiently compared

to neurons and, among them, microglia is considered the most efficient in the non-transferrin-
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bound iron accumulation (Bishop et al., 2011). In addition, several studies have found that the
excess of iron could cause the activation of microglial and astroglial cells promoting the release
of inflammatory and neurotrophic factors and changing iron metabolism of the neurons (Zhang
et al., 2014b).

Iron levels increase with age in certain human tissues and many studies have suggested that the
brain iron overload can lead to the development of neurodegenerative diseases (Crichton and
Ward, 2013). Although iron is essential for the survival of cells, its excess is toxic leading to
release of reactive oxygen species (ROS) via the Fenton reaction and consequently to oxidative
damage. In this reaction, free ferrous iron (Fe?*) reacting with hydrogen peroxide (H205) is
oxidized to ferric iron (Fe*") producing hydroxyl ion (OH-) and hydroxyl radical (OH-), the
most reactive and dangerous of the reactive oxygen species. Free radical species can damage
lipids, proteins and nucleic acids causing lipid peroxidation, protein aggregation and DNA
damage (Halliwell and Gutteridge, 1984). Alterations in iron homeostasis have been implicated
in the pathogenesis of several CNS neurodegenerative diseases, such as ALS, Friedreich’s
ataxia, PD and AD (Andersen et al., 2014, Rouault, 2013, Dev and Babitt, 2017, Liu et al.,
2018). Furthermore, several studies have demonstrated that, in several neurodegenerative
diseases, the iron overload is accompanied by the presence of iron-positive microglial cells at
the focal point of the lesions, which are activated and stimulated to release of pro-inflammatory
cytokines and free radicals (Thomsen et al., 2015, Nnah and Wessling-Resnick, 2018).

The underlying mechanisms of AD are still puzzling; it is still a matter of debate the “amyloid
cascade hypothesis” according to which amyloid is an initialling pathogenic factor of AD, and
it is doubted whether amyloid may alone completely explain the neuronal loss (Struble et al.,
2010). Several lines of evidence support the hypothesis that metals, such as copper, iron, zinc
and magnesium, are important contributing factors in AD pathology (Cristovao and Santos,
2016, Wang and Wang, 2017). It has been suggested that metal ions play a role in A fibril
formation and, therefore, alterations in their homeostasis influence AP deposition in senile
plaques as well as NFTs formation. Numerous studies have evaluated the strict association
between brain iron dyshomeostasis and AD (Peters et al., 2015, Ayton et al., 2013). It has been
shown that A plaques co-localize with focal iron deposition in postmortem AD tissues as well
as in several AD mouse models (Smith et al., 1996, Connor et al., 1992, Collingwood et al.,
2008, Peters et al., 2015, Meadowcroft et al., 2009, Tayara et al., 2006, Chamberlain et al.,
2011). Moreover, altered regulation of proteins involved in iron metabolism have been observed
around AP plaques in AD cortical tissue. In addition, A can bind Fe** and incorporation of AB
fibrils into plaques appears to be accelerated in an iron-enriched environment (Bush, 2002). A
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plagues containing iron become more prone to catalytic redox activity and therefore associated
with endoplasmic reticulum stress, apoptosis, oxidative stress and cellular damage (Rottkamp
et al., 2001). Additionally, in regions where AP plaques accumulate and no iron is present, no
oxidative stress or apoptosis have been detected, suggesting the importance of iron
accumulation in and around plaques in promoting the cellular damage (Ghribi et al., 2006). In
addition, iron may modulate APP processing, by putative iron-responsive elements (IRES) in
APP mRNA thus enhancing the expression of endogenous APP (Cahill et al., 2009).

Alterations in brain iron homeostasis have been also detected in Parkinson’s disease (Xu et al.,
2018). Several reports have demonstrated that iron levels were significantly higher in the
substantia nigra (SN) of PD patients compared to normal subjects and subsequently implicated
in numerous neurological disorders with symptoms of Parkinson disease. These levels have
been associated with the severity of motor symptoms (Wang et al., 2007, Jiang et al., 2017,
Song et al., 2010, Martin et al., 2008, Guan et al., 2017). A growing body of evidence suggests
that glial population may play a critical role in the pathophysiology of PD. In particular, several
studies have demonstrated that activation of microglia in the SN, probably due to the presence
of Lewy bodies and accumulation of a-synuclein, is responsible for initiating an inflammatory
process that may contribute to the degeneration of dopaminergic neurons (Ransohoff, 2016). In
correlation with this, elevated levels of pro-inflammatory cytokines, such as interleukin-1f (IL-
1B) and tumor necrosis factor-a (TNF-a), have been found in the cerebrospinal fluid, SN and
striatum in post-mortem of PD patients (Mogi et al., 1994). Moreover, it was found that iron
have a pivotal role in the aggregation of phosphorylated aSyn and depletion of dopaminergic
neurons also in the retinal cells of PD patients (Funke et al., 2013).
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Iron homeostasis in the retina

Iron has a critical role also in the retina regulating the retinal metabolism and the visual cycle
phototransduction cascade (Dunaief, 2006, Blasiak et al., 2011, Song and Dunaief, 2013).
Several retinal proteins require iron as cofactor, among them, the RPE65, an isomerohydrolase
expressed by RPE cells and implicated in the regeneration of 11-cis retinol in the visual cycle
(Moiseyev et al., 2005). Iron is also a cofactor for the enzyme guanylate cyclase, which
synthesizes cGMP, the second messenger in the phototransduction pathway (Yau and Baylor,
1989). Furthermore, fatty acid desaturase, an iron-containing enzyme necessary for the
synthesis of membrane lipids, is heavily required by photoreceptors to constantly release and
synthesize their outer segment containing disc membranes (Shichi, 1969).

While iron is required for retinal function, its excess can be dangerous. Due to intense tension
and metabolism of oxygen as a result of constant exposure sunlight and the presence of high
concentrations of oxidized polynsatured fatty acids in the photoreceptors, the retina is one of
the most susceptible tissues to oxidative stress to which iron can contribute. For this reason, the
regulation of iron retinal homeostasis is extremely crucial to reduce the excessive levels of free
radicals, responsible of lipid peroxidation, RNA/DNA oxidation, protein misfolding, glial
activation and retinal cell death (Chen et al., 2012, Li et al., 2013). It has also been observed
that excessive iron impairs the regular phagocytosis of shed OS made by RPE that plays a
critical role in sustaining/maintaining of excitability and subsequent survival of photoreceptors
(Yefimova et al., 2002).

As an integral part of the CNS, the retina is isolated from the systemic circulation by BRBs, the
iBRB and 0BRB, that prevent intercellular diffusion and preserve its integrity. Regarding the
regulation of iron homeostasis in the retina, immunohistochemical studies have revealed that
RPE structure is the main site of transferrin synthesis, which is also expressed in the IS and OS
of photoreceptors and in the inner retina (Figure 7). Transferrin receptor 1 (TfR1) has been
detected in several retinal layers, including the GCL, INL, OPL, IS of photoreceptors and in the
basolateral and apical surfaces of RPE cells. It has been suggested that this receptor may be
responsible of iron bidirectional flow through its endocytosis in the RPE cells. In accordance
with this, it is believed that transferrin-bound iron in the choroidal circulation could be captured
by high affinity transferrin receptors at the basolateral surfaces of RPE cells. Then, this complex
is internalized into a low pH endosome, where iron can dissociate from transferrin. Iron enters
a cytoplasmic pool of ferritin-bound iron, where it can bind to ferritin or be further processed.
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Figure 7. RPE iron metabolism. Proteins involved in iron transport and several diseases that disrupt retinal iron
transport are illustrated. Abbreviations here: Cp,ceruloplasmin; DMT1, Divalent metaltranporter-1; Fe,iron; Fe?*,
ferrousiron; Fe®*, ferriciron; Fpn, ferroportin; Frat, Frataxin; HFE,histocompatibility leukocyte antigen class I- like
protein involved in iron homeostasis; Hp, Hephaestin; Tf, transferrin; TfR, Transferrin receptor (Song and Dunaief,
2013).

Iron is transported to the apical surfaces of RPE cells, where it is released to the neuroretina via
a Tf-TfR-dependent mechanism. Among proteins involved in the retinal iron import, there is
DMT1 protein that is expressed in the IS of photoreceptors, rod bipolar cells (bodies and axons)
and horizontal cells (He et al., 2007). The portions of the retina with the highest iron levels
coincide with the regions of ferritin expression, the principal protein involved in intracellular
iron storage. Ferritin is expressed in RPE phagosomes, choroid, INL, GCL, and in the disc
membranes of photoreceptors (IS) (He et al., 2007, Yefimova et al., 2002). The strong
immunolabeling of ferritin in the INL suggests that ferritin may have a crucial role in the iron
transport or storage in the presynaptic terminals of the rod bipolar cells (Hahn et al., 2004b). In
the retina, ferroportin is also present at high levels in the endfeet of Muller cells and in the RPE
(He et al., 2007), in addition to other less conspicuous locations, including IS of photoreceptors,
IPL, OPL and GCL (Hahn et al., 2004a). In the RPE, the localization is primarily basolateral,
suggesting that the ferroportin may facilitate iron export from RPE into choroidal capillaries
(He et al., 2007). In addition, ceruloplasmin and hephaestin are also co-expressed with

ferroportin in RPE and Muiller cells collaborating with this protein in the oxidation and export
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of iron (Hahn et al., 2004b). Hepcidin is an iron-regulatory hormone that has the ferroportin as
target. Recent studies have demonstrated that hepcidin is detectable throughout the retina
showing its abundant level of expression in the Miller cells, photoreceptors, and RPE cells
(Gnana-Prakasam et al., 2008). It has been supposed that the hepcidin originated from the retina
may play a key role in the regulation of ferroportin in the inner retina independent of the liver-
derived hepcidin, but still little is known about its function (Gnana-Prakasam et al., 2008,
Gnana-Prakasam et al., 2010).

Iron and retinal degenerative diseases

Several lines of evidence suggest that alterations in retinal iron metabolism may cause a variety
of retinal diseases, such as ocular siderosis, subretinal haemorrhage, aceruloplasminemia,
hemochromatosis, Friedreich’s ataxia and age-related macular degeneration (AMD) (Song and
Dunaief, 2013, Dunaief, 2006, Wong et al., 2007, Blasiak et al., 2011).

AMD represents the principal cause of irreversible visual impairment among people over the
age of 40 in western countries (Congdon et al., 2004). AMD is a multifactorial and progressive
degenerative disorder that affects the maculae, a well-defined region of the retina responsible
for the central and “high-resolution” vision. Early stage is associated with the formation of
pathologic deposits referred to as drusen, between the Bruch’s membrane and the RPE that
cause functional changes of the RPE. Biochemically, drusen contains lipids, inflammatory
mediators, metals and glycoproteins (Crabb et al., 2002). As the disease progresses, patients
may develop geographic atrophy in non-exudative AMD (or dry AMD) and choroidal
neovascularization in exudative AMD (or wet AMD); both AMD forms are characterized by
loss of photoreceptors and severe visual impairment. Currently, there is no treatment available
for the dry form of AMD. The only effective and promising therapeutic strategy is directed to
AMD wet form by blocking the VEGF expression. Patients receive the anti-VEGF antibody
treatment via an intravitreal injection at regular intervals with a high risk of adverse effects
(Stewart, 2014, Farnoodian et al., 2017). VEGF plays a critical role in the pathogenesis of
neovascular AMD and increased expression levels of VEGF-A were found in the RPE and in
the ONL of AMD patients (Kliffen et al., 1997). VEGF participates in many physiological and
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pathological events, including vasculature formation, cell proliferation, inflammation and
angiogenesis and is also implicated in the development of several ophthalmic diseases(Abu EI-
Asrar et al., 2013, Cornel et al., 2015).

One of the major risk factor associated with AMD is the age, but oxidative stress is also
prominently involved in the AMD pathogenesis. Several scientific reports have suggested that
iron may be the principal source of oxidative stress in AMD disease (Song and Dunaief, 2013).
Higher levels of iron have been found in retinas of AMD patients compared to retinas of healthy
age-matched subjects (Hahn et al., 2003). Specifically, iron deposits was found by Perl’s
staining in the RPE and Brunch’s membrane of AMD patients at different stages of disease;
only in AMD patients with advanced geographic atrophy was detected iron accumulation in the
photoreceptors (Dentchev et al., 2005, Hahn et al., 2006). Although iron overload has been
observed in ocular structures of AMD patients, it is unclear if iron is directly involved and
contributes to AMD pathogenesis or it is a secondary effect. In support of the direct role of iron
in AMD disease, several experimental evidences have been shown in AMD patients as well as
in animal models of AMD and they are listed below. Retinal levels of iron increase with age in
humans (Hahn et al., 2003, Hahn et al., 2006) and rodents (Chen et al., 2008, Chen et al., 2009).
Furthermore, intraocular implantation of iron particles or direct injections of iron cause retinal
degeneration (Rogers et al., 2007, Burger and Klintworth, 1974, Wang et al., 1998). In
particular, iron sulfate intravitreal injections in adult C57BL/6 mice resulted in increased
superoxide radicals in the IS of photoreceptors, lipid peroxidation of the photoreceptors and
retinal degeneration characterized by selective loss of cones (Rogers et al., 2007). Furthermore,
retinal explants subjected to iron sulphate insult are considered a good model for the study of
oxidative stress-induced retinal degeneration (Rodriguez Diez et al., 2012, Rodriguez Diez et
al., 2013). Retinal iron overload is observed in mice carrying mutations in genes involved in
iron metabolism (Cp/Heph; Ceruloplasmin and Hephaestin), which showed AMD-like retinal
abnormalities, including sub-RPE deposits, RPE disorganization (hypopigmentation and
hypertrophy) and RPE lysosomal and phagosomal inclusions (Hahn et al., 2004b,
Hadziahmetovic et al., 2008). The transgenic mice lacking both Cp and Heph (Cp —/— Heph
—/Y) also developed activation of oxidative stress, subretinal macrophage infiltration,
progressive RPE degeneration, subsequent focal loss of photoreceptors and subretinal
neovascularization, typical feature of advanced stage of AMD (Hadziahmetovic et al., 2008,
Hahn et al., 2004b). In addition, rats carrying mutations in the receptor tyrosine kinase Mertk,
involved in the interactions between RPE and photoreceptors, showed RPE inability to

phagocytise shed outer segments and the development of a layer of undigested outer segment
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in the subretinal space (Yefimova et al., 2002). These animal models were characterized by
decreased levels of transferrin in the photoreceptor layer, iron overload in the debris layer and
resulting photoreceptor loss (Yefimova et al., 2002). Other lines of evidence suggest a central
role of iron in the AMD pathogenesis. Elevated levels of transferrin expression have been found
in retinas of AMD patients (Chowers et al., 2006), especially revealed in photoreceptors, Miller
cells, and drusen deposits. In addition, hereditary disease aceruloplasminemia causes retinal
iron overload with retinal degeneration and early onset subretinal lesions, similar to drusen in
AMD patients (Dunaief et al., 2005). This degeneration primarily involves RPE cells
characterized by hypo- and hyper-pigmentation, autofluorescence and sub-RPE and subretinal
deposits (Wolkow et al., 2011).

Although the mechanism of iron overload in AMD disease is unknown, many evidences
supposed that its retinal toxicity is caused by the activation of oxidative stress, inflammation,

hypoxia and impairment of RPE phagocytosis (Ugarte et al., 2013).

Oxidative stress and inflammation in the retinal degenerative diseases

Oxidative stress is considered the main contributor to the development and progression of
multiple neurodegenerative diseases, such as ALS, PD and AD and Huntington disease
(Niedzielska et al., 2016).

Oxidative stress and neurodegeneration are also involved in retinal degenerative disorders
(Chen et al., 2012, Blasiak et al., 2014, Cuenca et al., 2014, Masuda et al., 2017).

Aging, gene abnormalities and exposure to exogenous oxidative stressors cause an increased
risk of oxidative damage in the eye (Zhou et al., 2011, Hanus et al., 2015, Cai et al., 2000, Cai
and McGinnis, 2012). Among the exogenous sources of ROS, the cigarette smoking has been
considered capable to increase the lipid peroxidation, induce alterations to mitochondrial
integrity and cause the death of RPE cells. It has been observed that nicotine may cause the
release of nitric oxide (NO) and consequent increase in the expression of proangiogenic factors
in the RPE (Pons and Marin-Castafio, 2011, Deisinger, 1996). Moreover, smoking appears to

be one of the most important risk factors in the development of AMD (Khan et al., 20086,
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Tomany et al., 2004). In addition, the continuous light exposure can contribute to ocular
oxidative stress causing RPE disruption and the reduction of the retinal autofluorescence, an
indication of lipofuscin photooxidation (Morgan et al., 2009, Hunter et al., 2012, Putting et al.,
1992). In particular, light damage is widely used as a model of oxidative damage-induced retinal
degeneration, characterized by photoreceptor loss and closely associated with AMD (Grimm
and Remé, 2013, Marc et al., 2008, Chalam et al., 2011).

Oxidative damage has been also implicated in the pathogenesis and progression of AMD
(Beatty et al., 2000, Winkler et al., 1999). There are several evidences to support this
hypothesis: (i) the presence of many oxidized proteins in the drusen deposits from eyes of AMD
patients, including the advanced glycation end-products (AGEs) and carboxyethyl pyrrole
adducts (produced by the oxidative modification of fatty acids in photoreceptors) (Crabb et al.,
2002, Farboud et al., 1999); (ii) the administration of antioxidant vitamins and/or Zn
significantly may delay the progression of advanced AMD or vision loss due to AMD (2001);
(iii) protective effects observed following the free radical scavengers treatment as therapeutic
strategy for treatment of diverse animal models of AMD (Masuda et al., 2016, Masuda et al.,
2017). Although the excessive amount of ROS has been shown to be in close correlation with
AMD, the antioxidant defense pathways are also believed to play a key role in this disease. In
this regard, it has been observed that the decrease in the activation of the nuclear factor erythroid
2- related factor 2 (Nrf2) pathway may cause an increase of vulnerability to oxidative damage
in aging RPE cells (Sachdeva et al., 2014).

Oxidative stress is closely linked to inflammation as well (Biswas, 2016, Tsubota, 2007). It has
been reported that intracellular and extracellular ROS production in human RPE cells is induced
by the expression of inflammatory cytokines, such as tumor necrosis factor-a (TNF-a),
interleukin-18 (IL-1B), or interferon-y (IFN-y) (Yang et al., 2007). Indeed, these
proinflammatory cytokines are upregulated in the eyes of patients with glaucoma, DR and AMD
(Kauppinen et al., 2016, Vohra et al., 2013, Rubsam et al., 2018).

The processes of inflammation and angiogenesis are intimately linked and several studies have
demonstrated that, in particular, the cytokine TNFa plays a major role in several retinal vascular
diseases, such as DR and AMD, acting through various pathogenic pathways, such as
endothelial and retinal cell injury, apoptosis, angiogenesis and vascular leakage (Al-Gayyar and
Elsherbiny, 2013). Moreover, RPE interacts with endothelial cells (ECs) directly and can
enhance the proangiogenic potential of the ECs, such as proliferation and migration. For

example, it have been observed that TNF-a has proangiogenic effects in RPE cells by
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upregulating VEGF expression, the principal activator of angiogenesis, via the ROS-dependent
p-catenin activation (Wang et al., 2016a). ROS also cause the dimerization and
autophosphorylation of the principal VEGF receptor, the VEGF receptor 2 and, conversely,
VEGF further stimulates ROS production through the activation of NOX in endothelial cells
(Maraldi et al., 2010).

Furthermore, it has been demonstrated that neuroinflammation is intimately tied to iron
metabolism, being accompanied by the downregulation of iron-interacting proteins and
accumulation of intracellular iron, in turn strongly associated with oxidative stress and neuronal
degeneration, as described above (Thomsen et al., 2015, Wessling-Resnick, 2010). In addition,
the inflammatory cytokines, TNF-a and IL-1p, secreted by microglial cells can lead to an
increase in neuronal iron uptake (Wang et al., 2013). Several reports have shown that pro-
inflammatory mediators strongly influence the microglia iron transport and metabolism
(Thomsen et al., 2015, Urrutia et al., 2013).

In the retina, microglia constitutes an important component of the immune system, playing a
key role in the initiation and maintenance of the neuroinflammation. Therefore, chronic
activation of microglia seems to be implicated in diverse retinal diseases, due to their excessive
release of inflammatory mediators and subsequent neuronal cell death (Vecino et al., 2016,
Madeira et al., 2015, Langmann, 2007), thus representing a potential therapeutic target that

could be modulated in the treatment of retinal degenerative diseases (Karlstetter et al., 2015).

Oxidative damage, inflammation and, in some conditions, angiogenesis and increased vascular
permeability have been associated with the pathogenesis of most ocular diseases including
AMD disease (Majumdar and Srirangam, 2010). Therefore, ideal therapeutic strategies for eye
disorders should have the ability to act on the several pathological pathways just described.
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Therapeutic approaches for posterior retinal degenerative diseases

(flavonoids)

To date, the identification of targeted therapies for retinal diseases is one of the greatest
challenges in the biomedical research. There are numerous natural compounds containing
active components with advantageous properties that may be useful in the prevention and
treatment of many ocular disorders (Cuenca et al., 2014, Huynh et al., 2013, Chu and Pang,
2014).

The bioflavonoids are a group of plant polyphenols considered as potential therapeutic agents
in the prevention and treatment of ocular disorders (e.g. diabetic retinopathy, macular
degeneration and cataract) (Majumdar and Srirangam, 2010). The poor solubility as well as the
intestinal and hepatic metabolism limit the oral bioavailability of flavonoids, also at the ocular

level.

Silibinin (SIb) is the main constituent of the Silymarin, a flavonoid mixture extracted from the
milk thistle seeds (Silybum marianum Gaertneri). Numerous biological activities have been
attributed to Slb, including cardio- and hepato-protective, antitumor, antioxidant, anti-
inflammatory and neuroprotective effects (Gazak et al., 2007, Karimi et al., 2011, Surai, 2015,
Esmaeil et al., 2017).

The cytoprotection activities of Slb due to its antioxidant and radical scavenging activities have
been documented in the field of various pathologies, including cancer, nephro- and hepato-
toxicity, lung and prostate diseases (Karimi et al., 2011). Furthermore, several studies have
reported that oral or systemic administration of Slb exerted neuroprotective effects in in vivo
experimental models of cerebral ischemia injury,(Hou et al., 2010, Wang et al., 2012, Liu et al.,
2014, Wang et al., 2016b), diabetes (Marrazzo et al., 2011, Tota et al., 2011), neurotoxicity
induced by different insults including aluminium (Jangra et al., 2015), 1-methyl-4-
phenylpyridinium ion (MPP+) (Jung et al., 2014, Geed et al., 2014, Lee et al., 2015), ethanol
(Das and Mukherjee, 2012), iron-overload (Chen et al., 2015) and amyloid 3 (Lu et al., 2009,
Duan et al., 2015, Song et al., 2017).

The Slb protective effects have also been attributed to its ability to reduce inflammation. Indeed,
this flavoinoid has been described to exhibit potent anti-inflammatory effects and different
immunomodulatory activities (immunostimulatory and immunosuppression) in a dose and

time-dependent manner. It has been demonstrated that Slb may suppress the expression of
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diverse inflammatory mediators, including TNF-a, IL-1B, IL-6, cyclooxygenase-2, COX-2,
prostaglandin E2 and PGE2, by affecting of NF-kB signaling (Esmaeil et al., 2017). Besides,
direct inhibition on glial activation and proliferation has been attributed to neuroprotective
effects of Slb in mesencephalic and spinal mixed neuronal-glial cultures subjected to different
injuries (Tsai et al., 2010, Wang et al., 2002). In addition, it has also been reported that Slb is
capable to ameliorate learning and memory impairment and reduce proinflammatory cytokines
and amyloidogenesis in some nervous structures of lipopolysaccharide (LPS)-induced animal
model (Song et al., 2016, Joshi et al., 2014).

In the ophthalmic field, it has been observed that Slb attenuates ocular inflammation in RPE
cells and macrophages cell cultures by inhibitory effects on ICAM-1 expression deregulating
the activated NF-kB and STAT1 pathways. In addition, it has been shown that the treatment
with intraperitoneal injection of Slb is able to reduce cell infiltration and the increased
expression of multiple proinflammatory mediators in in vivo model of uveitis (Chen et al., 2014,
Chen et al., 2017). The anti-angiogenic effects of Slb have also been shown in terms of direct
inhibition of VEGF secretion and VEGFR2 expression in several cell cultures and tumour
models (Deep et al., 2012, Nambiar et al., 2013, Yoo et al., 2004, Deep et al., 2017, Ramasamy
et al., 2011). These observations are in broad agreement with previous work by Lin et al., who
reported antiangiogenic potential of Slb in the eyes. In particular, it has been observed that Slb
reduced the VEGF expression on ARPE-19 cells subjected to hypoxia. In addition, Slb oral
treatment rescued retinal neovascularisation in AMD animal model subjected to VEGF-
injection and exposed to hypoxia, thus suggesting the Slb as possible therapeutic agent for
AMD disease (Lin et al., 2013). Moreover, it have been demonstrated the protective effects of
Slb in Streptozotocin-induced diabetic model, in which it has been capable to reduce vascular

damage, retinal leukostasis and the retinal expression of ICAM-1 (Zhang et al., 2014a).

Silibinin, belonging to the group of Biopharmaceutics Classification System (BCS) class Il
drugs, has high permeability and poor solubility in the water (0.4mg/ml in H20) and, similarly
to other flavonoids, is characterised by low bioavailability and fast metabolism (Zhu et al.,
2013, Wu et al., 2007). When administered orally, Slb is metabolized rapidly via phase 1l
enzymes (Kren et al., 2013, Lorenz et al., 1984) and therefore its fast elimination, in addition
to low absorption, reduces 10-100-fold the concentration of its active form in the target tissues
compared with the given dose (Surai, 2015). Therefore, several nanostructurated formulations
have been proposed to enhance the bioavailability of Slb, such as lipid microspheres, self-micro
emulsifying, phospolipid complex and nanostructured lipid carriers (Wang et al., 2014,
Sahibzada et al., 2017).
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Until now, oral and intraperitoneal routes are the only ways of Slb administration investigated
for the treatment of ocular diseases (Lin et al., 2013, Zhang et al., 20144, Chen et al., 2017). In
particular, beneficial effects of Slb have been demonstrated in diabetic retinopathy
complications (Marrazzo et al., 2011, Tota et al., 2011, Zhang et al., 2014a), in experimental
models of AMD (Lin et al., 2013), uveitis (Chen et al., 2017), retinal and cerebral ischemia
(Hou et al., 2010, Wang et al., 2012, Liu et al., 2014, Wang et al., 2016b). No data exist about

ocular treatment using topical administration of Slb.

Biological barriers of the eye and ocular drug delivery systems

Ophthalmic drug delivery is one of the greatest challenges facing the scientific community and
pharmaceutical companies hampered by particular anatomy and physiology of the eye. The
drug delivery to the targeted ocular tissues is limited by ocular barriers, including static barriers
(cornea, sclera, retina and BRBs) and dynamic barriers (choroidal and conjunctival blood flow,
lymphatic clearance and tear dilution). For the treatment of anterior or posterior segment
diseases, the routes of drug administration are different, including topical and systemic

administration and periocular and intravitreal injections (Figure 7).

Topical administration is the most common route used for the treatment of anterior segment
diseases. Conversely, topical formulations, such as eye drops, are inefficient for drug delivery
into the posterior segment of the eye (neuroretina, RPE and choroid) (Figure 1), due to the pre-
corneal factors and anatomical barriers (Mannermaa et al., 2006).
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Figure 7. Routes of drug administration to eye (Gaudana et al., 2010).

Pre-corneal factors include drainage, blinking, tear film and tear turn over (Gaudana et al.,

2010). The tear film is the first tissue of the eye to interact with the external environment and

the first resistance of drug permeation determined by its high turnover rate (Figure 8). The

hydrophilic layer of the pre-corneal tear film contains various factors, such as nutrients,

electrolytes, proteins lipids and mucin. The ocular surface epithelia express glycosylated

mucins, which provide lubrication, maintain the hydration of the ocular surface, and show

antiadhesive and protective properties by removing debris and pathogens (Watanabe, 2002,

Gipson and Argueso, 2003). After passing the tear film barrier, to reach deeper ocular tissues,

drugs administered topically are faced with another important barrier, the cornea that consists

of several layers with different polarity and potential rate-limiting for drug permeation:

epithelium, Bowman's layer, stroma, Descemet's membrane and endothelium (Figure 8) (Li et

al., 2018) .
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Figure 8. Two major barriers to topical ocular drug delivery. Tear film barrier: a high tear turnover rate and gel-
like mucus layer. Corneal barrier: tight junctions in the corneal epithelial cells and alternating polarity five-layer
structure (Li et al., 2018)

An efficient resistance for permeation of topically administered hydrophilic drugs is provided
by lipophilic corneal epithelium, which hampers paracellular diffusion of macromolecules from
the tear film into inner layers of the cornea with the presence of ribbon-like intercellular tight
junctions (zonula occludens). The corneal stroma comprises 90% of the corneal thickness and
it is composed by highly hydrated collagen fibrils and proteoglycans immersed in an organized
matrix with interspersed cells (keratocytes). This biostructure permits only the diffusion of
hydrophilic molecules up to 500 kDa of size, restricting the entry of most lipophilic drugs
(Wadhwa et al., 2009). Lastly, the corneal endothelium is a monolayer of hexagonal-shaped
cells between the stroma and aqueous humor. This layer has a central role in maintaining the
aqueous humor and corneal transparency through its selective carrier-mediated transport and
secretory functions (Barar et al., 2008). Furthermore, the leaky tight junctions of the corneal
endothelium facilitate the passage of macromolecules (dimensions up to about 20 nm) between
the aqueous humor and stroma (Sunkara and Kompella, 2003). Thus, corneal layers, particularly
the epithelium and stroma, are considered as major barriers for ocular delivery of topically
administrated drugs. In general, the corneal route represents the main pathway of absorption for
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most ophthalmic therapeutic strategies, although the process is limited by the presence of the
corneal epithelium (Macha et al., 2003, Ghate and Edelhauser, 2006).

The second pathway involves diffusion across non-corneal route (the conjunctival/scleral
pathway) into the intraocular tissues. The conjunctiva is a thin and transparent mucous
membrane covering the anterior surface of the sclera. The conjunctiva has a rich vasculature
(blood capillaries and lymphatics), which plays an important role in drug delivery triggering to
significant drug loss into the systemic circulation and thus reducing ocular bioavailability from
target sites. Conjunctival epithelial tight junctions can further retard passive transport of
hydrophilic drugs (Saha et al., 1996). The sclera is continuous with the cornea and extends
posteriorly from the limbus. It is structurally and functionally similar to the corneal stroma
consisting of collagen fibers and proteoglycans embedded in an extracellular matrix. A reduced
number of vessels are present with the function of regulation of scleral permeability, which is
comparable to that of the corneal stroma. The permeability across the sclera is low for positively
charged molecules, probably due to their binding to the negatively charged proteoglycan matrix
(Kim et al., 2007) and it is inversely proportional to the molecular radius (Geroski and
Edelhauser, 2001).

For the treatment of posterior ocular diseases, the ocular bioavailability of topically applied
ophthalmic drugs is, therefore, extremely low, typical less than 5% of the total drug
administrated (Gaudana et al., 2010, Urtti, 2006).

To overcome these anatomical barriers and enhance ocular drug bioavailability, the main
prerequisite is a prolonged preocular residence of the drug delivery system and enhanced
corneal permeability (Perri et al., 2015). Thus, the development of novel topical administration
formulations that enhances the ocular penetration of eye drops remains one of the most

challenging tasks in ophthalmic drug delivery (Mannermaa et al., 2006).

Among other routes of drug administration, the oral one is, together to topical delivery, a non-
invasive and patient preferred route for treatment of chronic retinal diseases, as for example in
the glaucoma therapy. Usually, a high dosage is required to observe a significant therapeutic
response in the eyes after oral administration, due to limited accessibility to the eye target.
However, a high dosage of oral drugs can cause systemic toxicity. Following systemic
administration, the blood—aqueous barrier and blood-retinal barrier are the major barriers for
anterior segment and posterior segment ocular drug delivery, respectively. Two discrete cell
layers form the blood—aqueous barrier: the endothelium of the iris/ciliary blood vessels and the
non-pigmented ciliary epithelium. Both of these cell layers express tight junctional complexes
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that prevent non-specific passage of solutes into the intraocular environment, permitting to
maintain the transparency and chemical composition of the ocular fluids (Barar et al., 2008).
Blood-retinal barriers strictly restrict the drug permeation from blood into the posterior segment
including the retina. The structure of these ocular barriers has been previously discussed. The
tight junctions of the RPE (0BRB) efficiently limit intercellular permeation of drugs. Drugs

administered systemically or orally can easily enter into fenestrated choriocapillaris.

A compromise between risks and benefits has been obtained using the periocular administration
(peribulb, posterior juxtasclerar, retrobulbar subtenon and subconjiuctival), that is considered
more effective and safer than topical or systemic administration, although less efficient than
intravitreal route for drug delivery to the posterior ocular tissues. The drug administered by
periocular injections can reach the posterior segment by three different pathways: transscleral
pathway, systemic circulation through the choriocapillaris and the anterior pathway through the
tear film, cornea, aqueous humor, and the vitreous humor (Ghate and Edelhauser, 2006).
Subconjunctival injection obviates the conjunctival epithelial barrier, which is rate-limiting for
permeation of water-soluble drugs. Thus, the transscleral route bypasses cornea—conjunctiva
barrier. Although transscleral delivery is comparatively easy and patient compliant, various
dynamic and static barriers limit drug permeation to the posterior eye segment. Dynamic
barriers include lymphatic circulation and the blood flow in the conjunctiva from which the
drugs are readily eliminated (Kim et al., 2007, Lee et al., 2010).

Therefore, in order to increase the drug concentrations in the retina and vitreous, intravitreal
injection (into the vitreous humor) is the conventional and currently preferred route of drug
administration to treat posterior ocular diseases (Kim et al., 2007). However, the drug
distribution in the vitreous is non-uniform and depends on the pathophysiological conditions
and molecular weight of the administered drug (Gaudana et al., 2010, Mitra et al., 2006). The
therapeutic efficacy is also regulated by half-life of drug in the vitreous that, following
intravitreal injection, can be eliminated by either the anterior route or posterior route. Finally,
usually the rapid metabolic clearance of the molecules requires repeated and invasive injections
with consequent increased risk of complications, such as retinal detachment, iritis, uveitis,
cataract, endophthalmitis, intraocular haemorrhage and poor patient tolerance (Peyman et al.,
2009, Chong and Adewoyin, 2007).
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Nanotechnology for treatment of retinal diseases

Nanomedicine is the science that uses the nanotechnology for diagnosis, prevention and
treatment of human diseases with the ultimate goal of preserving and improving the human
health. The nanotechnology is based on the use of various polymers or materials with a
dimension of/from one nanometer to hundreds of nanometers. In the last decade, nanomedicine
has provided newer diagnostic tools and promising therapies for a variety of scientific fields
including ophthalmology (Diebold and Calonge, 2010, Bisht et al., 2018, Patel et al., 2013).

The growing field of nanotechnology has been particularly focused on designing and validating
efficient nanocarrier-based delivery systems to overcome the ocular barriers and improve
bioavailability in the posterior segment of the eye, thus decreasing the frequency of treatment.
The advantages of using nanostructured formulations are related to the pharmacologic
mechanisms of ocular nanosystems, including: (i) the improvement of solubility, stability,
permeability and bioavailability of molecules; (ii) the enhanced targeting to ocular structures
reducing the precorneal drug loss; (iii) the time-controlled drug release from its carrier
performing a sustained delivery of a predetermined dosage; (iv) the extending of retention time
of the drug in the cornea/conjunctiva at therapeutic concentrations; (v) the use of convenient
routes of administration for drugs able to reach posterior ocular structures reducing undesirable
side effects (Diebold and Calonge, 2010, Barar et al., 2008, Pignatello and Puglisi, 2011).

Among nanostructured drug delivery systems, there are different kind of nanostructured
formulations that differ in composition (Figure 9). (i) Polymeric nanoparticles (NPs) are
colloidal carriers (10-100 nm), generally composed of natural or synthetic polymers, metals,
lipids or phospholipids (e.g. dextran, albumin, sodium alginate, chitosan, gelatin, alginate,
collagen, hyaluronic acid, polylactideepolyglycolide PLGA and polylactide PLA). In these
nanostructures, the drug can be uniformly distributed throughout the particle matrix
(nanospheres) or encapsulated inside a polymer shell (nanocapsules). These nanocarriers
contain a matrix material with several properties: the ability to encapsulate and protect
hydrophilic or lipophilic drugs, physical stability, controlled release, biocompatibility
depending upon the type of lipid used, ease of production and sterilization. The current
generations of lipid systems consist of a mixture of solid and liquid lipids and exhibit a higher
drug-loading capacity, longer-term stability in comparison to first generation of nanoparticles
and some of them also intrinsic therapeutic abilities (e.g. antioxidant, anti-inflammatory and
anti-angiogenetic activities) (Beloqui et al., 2016).
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Figure 9. Nanocarriers for ocular drug delivery (Patel et al., 2013).

(ii) Liposomes are formed by an outer bilayer of amphiphilic molecules, such as phospholipids,
with an aqueous core. These systems are generally ideal delivery system for ocular applications,
due to the optimal biocompatibility and the ability to encapsulate both hydrophilic or lipophilic
drugs. They can be easily modified on the surface to improve the tissue-targeting and the drug
release. (iii) Nanomicelles consist of an amphiphilic block of copolymers with a hydrophobic
core and a hydrophilic shell (Nishiyama and Kataoka, 2006). They are the most commonly used
carrier systems to entrap drugs formulating it in clear aqueous solutions. The great interest in
the development of nanomicellar formulations could be ascribed to ease of preparation, small
size, surface charge of micelles, their high encapsulation capability and minimal degradation of
drug (Vadlapudi and Mitra, 2013, Cholkar et al., 2012). (iv) Dendrimers are well-defined,
multivalent molecules having branched structure of nanometer size (1-100 nm). They consist
of three components: a central core, an interior dendritic structure (the branches), and terminal
functional groups at the outer surface. These branched polymeric systems are available in
different molecular weights with amine, hydroxyl or carboxyl terminal functional groups. These
functional structures may be conjugate to specific moieties increasing targeting posterior
segments (Fischer and Vogtle, 1999). The highly branched structure allows incorporation of
wide range of drugs, hydrophobic as well as hydrophilic. In ocular drug delivery, few promising
results were reported with these polymeric systems (Patel et al., 2013, Bisht et al., 2018, Spataro
et al.,, 2010). (v) Emulsions consist of two types: oil-in-water (o/w) or water-in-oil (w/0)
mixtures (Vandamme, 2002). For ophthalmic drug delivery, o/w emulsion is common and

widely preferred comparing to w/o system. Both formulations offer some advantages, including
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improved solubility and bioavailability of drugs. Others nanosystems include nanosuspensions,
nanoparticle-loaded contact lenses, nanotubes and fullerenes composed of carbon-based
nanomaterials, and quantum dots made of semiconductor materials with fluorescent properties

and covered with other materials.

Among the different nanostructured formulations, the calixarene-based nanotechnology has
shown a great potential as drug delivery systems in the ophthalmological field (Blanco, 2016,
Granata et al., 2017, Consoli et al., 2018). These cationic nanocarriers are safe, well tolerated
and characterized by positive charges that allow them to create electrostatic interactions with
the ocular surface, enhancing the mucoadhesion and the residence time, thus promoting ocular
targeting (Lallemand et al., 2012). Calix[n]arenes are a class of macrocyclic compounds
produced through the condensation of p-substituted phenols and formaldehyde and they include
several oligomers that differ in the number of the phenolic units with a range from 4 to 20
(Figure 10). Some of these have the ability to self-assemble in an aqueous medium into stable
micelles and host in their well-defined hydrophobic cavity a variety of guests, including

bioactive molecules (Neri, 2016).

Hydrophobic cavity

% ~—— Upper (wide) rim
Y < -—— Methylene bridge

T OorR ORRo RO -=——— Lower (narrow) rim

Aromatic wall
Calix[4]arene (n=1)
Calix[5]arene (n=2)
Calix[6]arene (n = 3)
Calix[8]arene (n=15)

Figure 10. The calix[n]arene class. (A) The structure of calix[4,5,6,8]arene oligomers. (B) The calixarene

backbone composed by a “lower or narrow rim,” an “upper or wide rim,” and a central hydrophobic cavity (Consoli
etal., 2018).

The functionalization of calixarenes at their rims (upper and lower) with hydrophilic and
hydrophobic groups permits the synthesis of a variety of derivatives with different properties
and ideal controlled drug delivery systems (Yousaf et al., 2015, James et al., 2013, Nimse and
Kim, 2013).
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Furthermore, several promising biological activities have been attributed to these cationic
nanocarriers such as antiviral, antibacterial, antifungal, and anticancer properties (Mokhtari and
Pourabdollah, 2013, Hussain et al., 2017). The calix[4]arene, the smallest macrocycle among
several calix[n]arenes composed by four phenolic moieties, has aroused particular interest for
its easy synthesis, even at low cost, its predisposition toward postmacrocyclic modifications,
exclusive conformation and intrinsic antioxidant properties (James et al., 2013, Naseer et al.,
2017).
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PRELIMINARY RESULTS



In collaboration with the Institute of Biomolecular Chemistry (ICB)-CNR and SIFI S.p.a., it
has been synthesized and functionalized a new nanocarrier, the calix[4]arene, whose synthesis
has been performed by adapting the procedure reported in (Rodik et al., 2015) and described in
detail in (Granata et al., 2017). To improve ocular bioavailability and facilitate the transport to
posterior ocular tissues, the amphiphilic calix[4]arene derivatives have been designed with
aliphatic chains at the calix[4]arene lower rim and polar choline groups at the upper rim. The
choline has been chosen as cell-specific targeting ligand to mediate the drug delivery to the
posterior segment of the eye. Several mechanisms of choline transport are known in the eye:
the Organic-Cationic-Transporters, OCT1 and OCT2, located at the BRB that bind choline with
low affinity (Tomi et al., 2007); the high affinity choline transporter (CHT-1) that it is expressed
in several retina layers including the photoreceptors (Matsumoto et al., 2012); and finally, the
choline-transporter-like proteins (CTL) that are expressed in the retinal capillary endothelial
cells (Tomi et al., 2007).

The potential of various choline-calix[4]arene conjugates as nanocarriers for gene delivery is
well known (Rodik et al., 2015), but only recently it has been demonstrated the applicability of
this platform as a versatile drug delivery system in ophthalmologic field (Di Bari et al., 2016b,
Blanco, 2016, Granata et al., 2017, Di Bari et al., 2016a). In particular, it has been demonstrated
the ability of nanoaggregate choline-calix[4]arene to improve the ocular drug delivery of the

Slb or other active ingredients for the treatment of retinal degenerative diseases (Blanco, 2016).

We have investigated the cytocompatibility of the carrier choline-calix[4]arene coniugated with
Slb (CalixSlb) on human retinal pigment epithelial (ARPE-19) cells (Blanco, 2016), a
dependable immortal RPE cell line widely accepted/considered as an alternative to
primary/native RPE cells exhibiting its own structural and functional features (Karakocak et
al., 2016, Samuel et al., 2017, da Silva et al., 2016), used as in vitro cell culture models. As
shown in the Figure 11, no evident change in ARPE cell viability has been detected after 23
hours incubation with all formulations (CalixSlb, Calix, Slb) with different concentrations
(0.01-1uM) through monitoring of the LDH release used as a signal of cellular membrane
disruption and cell death (Blanco, 2016).
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Figure 11. Evaluation of CxSlb treatment on cell viability and protective effect on FeSOs-insulted cells.
ARPE-19 cells were treated with CalixSlb, Calix and Slb for 23h at different concentrations (0.01-1uM). To test
the protective effects of CalixSIb, ARPE-19 cells were pre-treated with different concentration of CalixSlb and
free Slb for 20h and then incubated with 50uM FeSO4 for 3h. At the end of the incubation time, cell viability was
determined by LDH release. The data represent mean +SD of three independent experiments in quadruplicate
(n=12). "P < 0.1, ™P < 0.01 vs. control cells (ctr); *P < 0.1, #P < 0.01, #*P< 0.001, ##P<0.001 vs. FeSOs-stressed
cells (One-way ANOVA followed by Bonferroni multiple comparison test) (Blanco, 2016).

When the ARPE cells were exposed to FeSQOs insult (50uM), pre-treatment with CalixSlb
showed protective effects reducing the LDH release. No change in the LDH levels was observed
in the samples pre-treated with free Calix or only Slb (Blanco, 2016). Therefore, these results
suggested no toxicity of all formulations used and that the CxSlb showed protective effects

against oxidative stress induced by iron insult.

In addition, it has been demonstrated that the topical treatment with the same nanocarrier, the
choline-calix[4]arene was able to improve the ocular delivery of another poorly water-soluble
flavonoid compound, the curcumin, and to enhance its anti-inflammatory and protective effects

in a rat model of LPS-induced anterior uveitis (Granata et al., 2017).
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OBJECTIVES



The first objective of this study is to deepen the knowledge about the role of iron in the retina,
analyzing the in vivo effects of iron accumulation in both the neuroretina and RPE structures.
It is well known that iron has an essential role in the retina but, being the most powerful
generator of free radical, its excess may contribute to development of retinal disorders. To date,
the mechanisms underlying iron excess in the retina are not perfectly known. This study aims
to have an ideal in vivo model of retinal degeneration which is simple to create and includes the
pathological features of the most common ocular disorders. Therefore, the animal model of
retinal degeneration obtained with intravitreal injection of ferrous sulfate will be characterized
and the pathological mechanisms caused by iron accumulation in the retina and RPE will be
investigated, including morphological alterations, iron overload, oxidative stress,

neuroinflammation and amyloid accumulation at different epochs from iron insult.

Ophthalmic drug delivery is one of the most important challenges in the modern medicine due
to the high spread of ocular pathologies in a world that is getting older. The topical treatment
of posterior ocular diseases via eye drop instillation has always received wide acceptance in the
management of chronic therapies with minimal risks, but the principal difficulty is the low
ocular bioavailability of topically applied drugs caused by anatomical barriers of the eye. Thus,
the next objective of this study is the in vivo analysis of topical treatment as eye drop based on
the choline-calix[4]arene nanocarrier, an innovative platform for the ocular delivery of silibinin,
a flavonoid with possible neuroprotective activity. To test the effectiveness of this
nanostructured therapeutic approach, it will be used the iron-induced animal model of retinal

degeneration, characterized in the first part of this study.
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RESULTS AND
DISCUSSION



1. Characterization of animal model of iron-induced retinal degeneration

1.1 Intravitreal injection of iron sulphate causes morphological change and

iron accumulation in the retina and RPE of rats

Iron ocular injection or mutations of genes implicated in iron homeostasis causes retinal
degeneration with features of AMD (Song and Dunaief, 2013, Dunaief, 2006). Here, we
investigated the in vivo progressive effects of iron intravitreal injection on retina and, in particular,
on RPE/choroid structure, analyzing diverse cellular mechanisms underlying retinal degeneration,
including morphological alterations, oxidative stress, inflammation and amyloid accumulation.

In particular, 8-week-old male Wistar rats were subjected to intravitreal injections of iron sulphate
or normal saline (Ctr) and eyes were explanted at 1, 10 and 15 days after iron insult. The
concentration of 0.5mM iron sulphate intravitreal injection was chosen on the basis of previous
studies in which it proved to be able of causing retinal oxidative stress and photoreceptor loss
(Rogers et al., 2007). The ocular samples were fixed in paraformaldehyde and embedded in
paraffin. Retina and RPE/choroid sections were stained with Haematoxylin and Eosin (HE) and
Perls’ Prussian blue staining in order to evaluate retinal morphology and iron accumulation,
respectively.

No evident morphological changes were revealed by histopathological analysis in the retina as
well as in the RPE/choroid structures in 1 day post-injection group (Fe 1D) if compared to control
group (Ctr) (Fig. 1A and B). In the iron-injected retinas at 10 days (Fe 10D), we detected swelling
of ganglion cell layer (GCL), atypical cell infiltration between GCL and nerve fibre layer (NFL)
and in the IPL (Fig. 1 A, B and C). Focal and abnormal retinal blood vessels (arrows) and neo-
vascular tufts extending into the vitreous (arrowheads) were also visible at the inner part of this
retina group, shown in the Fig. 1C. Hyperplasia and severe morphological alteration of the RPE
(Fig. 1C) were also observed and, in some specimens of this group, focal retinal folds and the
presence of some inflammatory cells in the subretinal space, between RPE and outer segments of
the photoreceptors (OS) (data not shown, see following staining). On 15 day after iron-injection
(Fe 15D, Fig. 1A-B), severe morphological alterations were observed, including thinning of all
retinal layers, complete loss of the RPE and segments of photoreceptors (OS, IS) leading to the
formation of retinal folds, typical rosette-like structures and extracellular deposits in the subretinal

space similar to drusen. Moreover, in this group, Fe 15D also showed vacuolization of INL,
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reduction of outer plexiform layer (OPL) and spongy appearance in the inner plexiform layer
(IPL).

Figure 1. Intravitreous injection of FeSOa results in retinal and RPE morphological changes. Representative
images at different magnifications of retinal sections stained with H&E from normal saline-injected (Ctr) group and
iron-injected rats at one day (FelD), ten (Fel0OD) and fifteen days (Fel5D) after insult. (A) General view of ocular
structures including retina, RPE, choroid and sclera. Scale bar 100 um. (B) High magnification views of retina of all
experimental groups. Scale bar 50 um. (C) High magnification views of RPE/choroid and retina of control and 10
days post-injection (Fe10D) groups. Scale bar 50 um. Abbreviations here and in the following figures: Sc, sclera; Ch,
choroid; RPE, retinal pigmental epithelium; Ret, retina; OS, outer segments; IS, inner segments; ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.

The ocular iron overload was analyzed using Perls’ staining that recognizes ferric iron. As shown
in Fig 2, on 1 day after iron injection (Fe 1D), small intracellular blue granules were identified in
the soma of cells located in the INL, ONL, GCL and in the RPE layer, whereas weak blue staining
was also observed in the OPL and IPL. At 10 days, sporadic and dense iron deposits positive to
Perl’s blue stain were detected in the subretinal space, RPE and choroid. At 15 days, intense blue
positive staining was evident in the drusen-like deposits and in the choroidal vessels; numerous

intracellular blue granules were identified in all retinal layers.
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Figure 2. Intravitreal injection of iron sulphate causes progressive iron accumulation in the retina and RPE of
rats. Representative images of retinal sections stained with Perls' Prussian blue from normal saline-injected (Ctr)
group and iron-injected rats at one day (FelD) ten (Fel0D) and fifteen days (Fe15D) after insult. Scale bar, 50 um.

Therefore, these results confirm that the intravitreal injection of iron sulphate causes primary RPE
iron overload in rat and subsequent progressive retinal degeneration. In fact, the iron accumulates
widely in all retinal layers already at one day after injection without causing evident signs of
morphological alterations, but probably initiating cellular processes underlying ocular
degeneration. After ten days, iron principally localized in the outer part of the retina and in the
RPE, but consequent processes such as inflammation started in the inner portion the retina. In
particular, the GCL was compromised showing numerous inflammatory cells. At 15 days after
intravitreal injection, iron accumulated principally in drusen-like bodies, associated with complete

alteration of retinal layers and notable loss of photoreceptors.

1.2. Oxidative stress and lipid peroxidation in the iron-induced retinal

degeneration model

It has already been demonstrated that elevated levels of iron in the murine eyes lead to increase
the production of superoxide radicals predominantly in photoreceptors (Rogers et al., 2007), but
there are no observations concerning the retinal oxidative state over time and, in particular, about

the RPE layer following to iron-intravitreal injection.

Therefore, we analyzed retinal oxidative stress for each experimental group by
immunohistochemical staining using 8-OHdG antibody, marker of DNA oxidation, and by
measuring the TBARS levels (determining the malondialdehyde, MDA, content), as an index of
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lipid peroxidation. Oxidative stress affects a wide range of cellular targets, including membrane
lipids, proteins and DNA (Sekine and Ichijo, 2015) and the 8OHAG is considered one of the main

forms of free radical-induced oxidative injury of the DNA (Valavanidis et al., 2009).

No significant differences in the 8-OHdG immunoreactivity were found in the retina (Fig.3A) and
in the RPE/choroid structures (Fig. 3B) of Fe 1D group if compared to Ctr group. The increase of
8-OHdG staining was observed in Fe 10D group in the ONL, INL and GCL layers. It is noteworthy
that elevated 8-OHdG reactivity was detected also in the RPE layer (visible at higher
magnification, Fig. 3B). On 15 day after iron-injection, large/extensive immunopositive deposits
were revealed in the subretinal space (arrowheads) and a diffuse increase of 80OHdG staining was
observed in all retinal layers. In line with this, retina/RPE/choroid lysates, derived from the iron-
treatment at 10 days, showed higher TBARS levels compared to the control retinal levels, as shown
in Fig. 3C.
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Figure 3. Intravitreal injection of iron sulphate causes progressive oxidative stress in the retina and RPE of
rats. Representative images of 8-OHdG immunoreactivity of the retinal (A) and RPE/choroidal (B) sections, from
normal saline-injected (Ctr) group and iron-injected rats at one day (FelD) ten (Fe10D) and fifteen days (Fel5D) after
insult. Nuclei were stained by DAPI (blue). Scale bars 50 um. (C) Thiobarbituric acid-reactive substances (TBARS)
levels in Ctr group and 10 days iron-injected group (FelOD). The treatment with iron increases retinal lipid
peroxidation. Vertical bars represent mean + SD. ***p<0.001 vs. Ctr group (Student’s unpaired two-tailed t test).
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These results suggested that iron accumulation induced by iron intravitreal treatment causes
subsequent progressive increase of oxidative state in the retina as well as in the RPE layer, which

plays a critical role in triggering retinal inflammation and consequent degeneration.

1.3. Retinal inflammation in the iron-induced retinal degeneration model

The activation of glial population and the release of proinflammatory mediators has been widely
described in several animal models of oxidative-stress induced retinal degeneration (Pennesi et al.,
2012, Masuda et al., 2017, Vecino et al., 2016), ultimately confirming the close link between
oxidative stress and inflammation underlying ocular degenerative diseases (Cuenca et al., 2014).
Therefore, to determine if iron intravitreal treatment is also able to regulate retinal inflammation,
we evaluated the gliosis state and microglia response by immunostaining respectively for the glial
fibrillary acid protein (GFAP) and ionized calcium-binding adapter molecule 1 (Iba-1).

As shown in Fig. 4A, no GFAP immunoreactivity was detected in control and at 1 day after iron-
injected groups. On the contrary, intense GFAP immunoreactivity was observed at 10 days in the
iron-treated retinas, mainly in the NFL, GCL and INL retina layers and clearly labeling astrocytic

and Muller cell processes throughout the retina.

The same result was found using an antibody directed against Iba-1 protein (Fig. 4B). In fact, while
microglia cells were detected only in the inner part of the retina of the Ctr group, at day 10 from
iron-injection an increased number of Iba-1-positive cells was observed, located in all retinal
layers, including the outer part of the retina, and in the choroid. Morphology changes of retinal
microglial cells were also observed: from the typical ramified and inactive observed in Ctr group,
to the enlarged (soma enlarged) with short and thick processes or round and ameboid activated
morphologies (insert at high magnification, Fig. 4B). In addition, we observed that the iron
injection caused a substantial accumulation of Iba-1-positive cells at the NFL/GCL layers, in the
swelling areas corresponding to focal increase of GFAP immunostaining and just beneath RPE
layer and close to deposits in the drusen-like bodies.
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Figure 4. Intravitreous injection of FeSO4 results in retinal glial activation and release of inflammatory
mediators. Representative images of GFAP (A), Iba-1 (B) and TNFa (D) immunostaining in the retinal and
RPE/choroid sections from normal saline-injected (Ctr) group and iron-injected rat groups at one day (FelD, only for
GFAP staining) and 10 days (Fe10D). Nuclei were stained by DAPI (blue). Scale bars 50 um. (D) Immunoblots of
IL1B, TNFa, IL10 (C) and MCP-1, VEGF, TGFp (E) in retina/RPE/choroid lysates from normal saline-injected (Ctr)
and iron-injected rats at 10 days (Fe10D) groups. p-actin was used as a loading control.
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To better characterize the effects of iron intravitreal injection on retinal inflammation at 10 days,
we examined the expression of pro-inflammatory cytokines, tumor necrosis factor-alpha (TNFa)
and Interleukin-1 beta (IL1p), and of the principal anti-inflammatory cytokine, Interleukin-10
(1L20), in retina/RPE/choroid lysates by Western blotting analyses. As shown in Fig. 4C, the iron
injection caused a significant increase of activated form of IL1J and TNFa expression levels if
compared to Ctr group, whereas no variation of expression levels for 1L-10 was observed.
Interestingly, we also detected the appearance of the TNFa soluble form (sTNF, 17kDa), deemed

to be more toxic than transmembrane form (tmTNFa, 26 kDa), as capable of activating caspases.

In order to confirm the Western Blot results, we performed the TNFa retinal immunostaining (Fig.
4D) and we found an increase of TNFa immunoreactivity in Fe 10D group diffuse/spread across
the entire retina if compared with control group, in which the immunoreactivity was confined in
the INL and OPL (arrows). Numerous TNFa-positive cells were detected in the choroid layers and
in the GCL and IPL retina layers of Fe 10D group (arrows).

Finally, since several inflammatory mediators, such as Monocyte Chemoattractant Protein-1
(MCP-1) and Transforming Growth Factor (TGF-pB), can regulate the expression of vascular
endothelial growth factor (VEGF), the principal activator of retinal angiogenesis and involved in
AMD disease, we analyzed the expression of these vascular retinal mediators by Western blotting.
As shown in Fig. 4E, we found that the iron injection caused the increase of chemokine MCP-1

and the vascular mediators VEGF and TGFp at 10 days, if compared to control group.

Therefore, these data suggest that ocular iron accumulation significantly increased gliosis and
microglial activation together with the expression of mediators of retinal inflammation and

vascularization.
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1.4. Amyloid accumulation in the iron-induced retinal degeneration model

It has been shown that the drusen, pathologic hallmark of AMD, contains also iron and amyloid (3
(AP), in addition to inflammatory mediators. From the cleavage process of amyloid precursor
protein (APP) derives AP, which undergoes an aggregation process (fibrillization) loading to the
formation of protofibrils and finally mature fibrils that constitute the senile. The protein
aggregation also leads to the formation of soluble intermediates, the AP oligomers that usually are
found surrounding amyloid plaques in brains of human patients and animal models of AD and are
considered more toxic than the amyloid fibrils. Two major AP isoforms are present in the amyloid

plaques, named AB40 and AB42.

Iron can upregulate the production of amyloid precursor protein (APP) and it has been suggested

that RPE iron overload could contribute to Ap accumulation in the retina (Guo et al., 2014).

Therefore to study the possible effect of retinal/RPE iron overload in the AP deposition, the
progressive expression of AP for each experimental group has been analyzed by
immunofluorescence analysis, using a specific antibody against the isoform AP 1-42 (Fig. 5A).
Compared to control group, an increase of AB1-42 staining was already found at 1 day after iron
injection in the IPL and OPL. Intense intracellular staining was detected in the GCL cells and in
the choroidal vasculatures, whereas no AB1-42 staining was found in the RPE structure. On day
10, the RPE and choroidal vasculature were strongly marked by AP antibody and numerous
immune-positive cells were detected between GCL/NFL, in the INL and ONL. Diffuse AP 1-42
staining was also found in the OPL, IPL and OS of photoreceptors. Finally, at 15 days after the
iron-injection, strong AP staining was observed in the ONL and in the infiltrated cells between
GCL/NFL, whereas positive AP 1-42 staining areas were detected in the retinal plexiform layers
and in the subretinal space of the RPE (drusen-like structures). To confirm these results, we have
examined the expression of AB1-42 oligomers in the retina/RPE/choroid lysates by Western
blotting analyses (Fig. 5B). At 10 days after iron-injection, the levels of AP oligomers at low
molecular weight (under 25 kDa) were significantly higher in lysates of the iron-injected group

compared to control group, in which no AB1-42 oligomers expression was observed.

50



Ctr Fe
25 kDa -
20 kDa 1
|
15 kDa -
10 kDa -
B-actin S——

Figure 5. Intravitreous injection of FeSOa results in ocular amyloid accumulation. (A) Representative images of
AP 1-42 immunostaining in the retinal and RPE/choroid sections from different experimental groups. Nuclei were
stained by DAPI (blue). (B) Immunoblots of AB1-42 oligomers in retina/RPE/choroid lysates from normal saline-
injected (Ctr) and iron-injected rats at 10 days (Fe) groups. B-actin was used as a loading control. (C) Representative
images of retinal and RPE/choroid sections from normal saline-injected (Ctr) group and iron-injected rat groups at 10
days (Fe10D) and 15 days (Fe15D) stained with Congo red. Scale bars 50 um.

In addition to soluble oligomers, A fibrils or protofibrils were detected using the amyloidogenic
Congo red dye. No positive staining was detected in the Fe 1D retina group (data not shown).
Compared to control group, progressive increase of congophilic staining was revealed in the other
retinal specimens (Fig. 5C); in particular, diffuse staining across the entire retina was revealed at
10 days after iron-injection, whereas intense positivity was observed in the drusen-like structures,
in the RPE and in the choroid vasculatures at 15 days. In these specimens, intracellular staining
was noticed in cells of the GCL together with positive congophilic staining areas that appeared

most likely as extracellular AP plaques deposits.

Taken together, these results suggested a progressive increase of the AP oligomers and fibrils

expression in the retina, in correlation to ocular iron overload.
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1.5. Apoptotic cell death in the iron-injected retinas

Since it has been suggested that iron sulphate injection may lead to apoptosis of photoreceptors
(Rogers et al., 2007) and we have observed the progressive activation of retinal oxidative stress
and inflammation in our iron-treated retina groups, we examined the apoptotic cascade by Western
blot analysis and TUNEL staining. As shown in Fig. 6A, activated forms of caspase-9 and caspase-
3 were found in lysates of iron-treated groups at 1 day and 10 day from iron intravitreal injection.
The increase in caspases expression seems to increase over time when compared to the
corresponding controls. At 15 days from iron-insult, we observed no expression of cleaved
caspase-9 and a decrease of cleaved caspase 3 expression. This result is probably due to the onset

of caspase-independent necrotic cell death at this time.

Consistent with these results, no TUNEL-positive cells were observed in control retina group and
at 1 day after iron-injection. In iron-treated eyes at 10 days, numerous TUNEL-positive cells were
detected in the ONL, the GCL, the RPE and choroidal vessels (Fig. 6B), demonstrating that cell
death caused by the iron intravitreal injection not only affects the photoreceptors, as already
demonstrated (Rogers et al., 2007), but also the underlying RPE/choroidal cells.

On 15 day after iron-injection, TUNEL staining was detected in the cells of RPE and all retinal
layers; large immunopositive deposits were also revealed in the subretinal space, suggesting the

presence of apoptotic resides in these structures.

Therefore, these results suggested that iron intravitreal injection is able to lead progressive
apoptotic cell death of photoreceptors and the RPE/choroidal structures.
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Figure 6. Intravitreous injection of FeSO4 causes apoptotic cell death in the retina and RPE structures. (A)
Immunoblots of cleaved and activated forms of caspase-9 and caspase-3 in retina/RPE/choroid lysates from the
different experimental groups. B-actin was used as a loading control. (B) Representative images of TUNEL staining

in the retinal and RPE sections from different experimental groups. Nuclei were stained by DAPI (blue). Scale bars
50 pm.
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2. Study of a therapeutic approach based to nanoparticles against iron-
induced retinal degeneration model

2.1 Preparation and characterization of CxSlb eye drop formulation

All procedures to prepare and characterize the Calix[4]arene-choline nanocarrier conjugated to
silibinin (Cx-Slb) were conducted by the Institute of Biomolecular Chemistry (ICB)-CNR and
SIFI S.p.a., similarly to those described for calix[4]arene-choline conjugated to curcumin (Granata
et al., 2017). In brief, to entrap the hydrophobic Slb in the calix[4]arene nanoassembly, a phase
solubility method was used by adding an excess of solid Slb to a colloidal solution of 1 mg/mL Cx
in 10 mM PBS medium. To remove the unentrapped Slb, the sample was centrifuged and then
filtered (0.2 um filter), and the amount of Slb entrapped in the calixarene nanoassembly was
calculated by HPLC chromatography (120 pg/mL), with a value corresponding to a drug loading
capacity percentage of 10.7%. Cx-Slb formulation was prepared at the concentration of 10 mg/mL
calixarene and 1.2 mg/mL Slb, about a 10-fold more concentrated formulation if compared to in
vitro studies (Blanco, 2016). The obtained CxSlIb colloidal solution and all formulations (SIb and
Cx) appeared clear, transparent, and so suitable to be administrated as an eye drop. Diverse
experimental analyses were conducted to establish the stability at room temperature and after the
lyophilisation process. The release of Slb from the nanocarrier in PBS medium was calculated to
be 9 % Slb in 30 hrs by dialysis method (data not shown).
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2.2 Topical eye treatment with CxSIb reduces oxidative stress and

histopathological changes in retina and RPE/choroid of iron-injected rats

To investigate the in vivo protective effects of the CxSIb formulation in ocular diseases, topical
treatment was conducted on an animal model of iron-induced retinal degeneration. In the
preliminary results, we have demonstrated the ability of pre-treatment with CxSlb nanoassembly
to prevent iron-induced oxidative damage in ARPE cells, thus we decided to initiate eye drop
treatments two days before iron injection (one drop daily). In particular, Wistar rats were daily
topically pre-treated with diverse eye-drop formulations: free silibinin (Slb; 1.1mg/ml in vehicle;
6.3% DMSO), empty nanocarrierr choline-calix[4]arene (Cx; 10 mg/ml calixarene) and the
choline-calix[4]arene-conjugated with silibinin (CxSIb;10 mg/ml Cx and 1.1 mg/mL Slb). After
three days, the rats were subjected to a single intravitreal injection of iron sulphate (FeSOa4, 50
M) and topical treatment was continued for ten consecutive days (Fig. 7A). Two different control
rat groups were included in this study: a sham group (Ctr; not injected and treated) and a saline-
injected and vehicle-treated group (SF-VH; injected intravitreally with normal saline and treated
with vehicle contained 6.3% final DMSO concentration used to solubilize the free Slb).

We analyzed the RPE/choroid and retinal oxidative state by 8-hydroxy-2’-deoxyguanosine (8-
OHdG) immunostaining. As shown in Fig. 7B, no positive immunoreactivity was observed in
ocular structures of control groups (Ctr and SF-VH). Retina and RPE/choroid sections from Fe-
injected rats exhibited a heavy positive staining for 80OH-dG (Fe). Intense staining was detected in
the ONL and INL and in the GCL. The once-daily topical treatment with Cx-Slb eye drops in iron-
injected rats (FeCxSlIb) induced a significant decrease of the 8-OHdG staining in the RPE and in
the retinal layers if compared with iron-injected rats, whereas it was significantly less reduced in
Slb-treated sections (FeSb). No significant changes of BOHAG immunoreactivity were observed
in Fe group treated with Cx eye drops (FeCx), as confirmed by quantification analysis of the RPE
and retina 80OHdG staining (Fig. 7C). Therefore, these results suggested that the CxSlIb treatment
reduced the oxidative stress in both ocular structures, RPE and retina, more effectively than free

silibinin treatment.
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Figure 7. CxSlb treatment reduces oxidative stress in iron-insulted eyes. (A) Experimental treatment scheme. (B)
Representative images of 8-OHJG immunostaining, marker of DNA oxidation, in the RPE/choroid and retinal sections
from control rats no treated (Ctr), NS-injected rats no treated (SF), iron-injected rats no treated (Fe), and topically
treated with CxSlb (FeCxS), free Slb (FeS) and Cx (FeCx) eye drops for 10 days. Nuclei were stained by DAPI (blue).
(C) Quantification of immunofluorescence staining of 8-OHdG in the RPE and in the retina using Image J software.
Vertical bars represent mean * SD. ***p<0.001, ****p<0.0001 vs. Ctr group; ##p< 0.01, ##Hip< 0.001,

####p<0.0001 vs. Fe group (One-way ANOVA followed by Bonferroni multiple comparison test). Scale bar 50 um.
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To confirm the above results, Hematoxylin and Eosin (H&E) staining was performed to evaluate
the morphological profiles of the retina and RPE/choroid cross sections treated with the different

formulations (Fig.8).

Figure 8. Treatment with CxSlb eye drops preserves retina morphology in iron-insulted eyes. (A) Representative
images of RPE/choroid and retinal sections stained with H&E from different groups. Scale bar, 50 um.
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As previously shown (Fig. 1), Fe-treated group exhibited retinal damage, morphological change
in RPE/choroid structures, atypical cell infiltration and vascular stasis in the choroidal layers.
Furthermore, vacuoles and pyknotic cells were detected in all retinal layers, accompanied by
abnormal enlargement of the GCL/ILM (inner limiting membrane) and inflammatory cell
infiltration and abnormal vessels in the inner part of the retina. No morphological differences were
found in FeCx sections compared to Fe-treated group. A reduced number of degenerative signs
were detected in FeSlb group, whereas a complete protection was noted in FeCxSlIb sections that
exhibited normal structure of the retina and RPE/choroid, similar to those of control groups (Ctr
and SF-VH).

2.3 CxSlb topical eye treatment suppresses inflammation in retina and

RPE/choroid of the iron-injected rats

To evaluate the ocular effects of CxSIb nanoparticles on retinal gliosis, we conducted the
immunostaining for Iba-1 and GFAP, specific marker for microglial cells and astrocytes
respectively, for each experimental group (Fig. 9). As in previous results (Fig. 4B), we observed
that iron intravitreal injection caused a marked accumulation of the Iba-1-positive cells, which
were predominantly identified in the RPE/choroid and in the retina, particularly in GCL/ILM
swelling areas (Fig. 9A, Fe) and in the outer portion of the OPL. No changes in the Iba-1
immunoreactivity were detected in FeCx group if compared to iron-treated group (data not shown),
whereas a similar reduction in the total number of Iba-1—positive cells was observed in the retina
of FeCxSIb and FeSlb groups (Figure 9B, p<0.0001 FeCxSlb and FeSlb vs Fe group). Few Iba-1-
stained cells were detected at the RPE/choroid layers in the FeCxSIb group when compared to
FeSlb, in which the treatment with S1b eye-drops has not been able to extensively reduce microglial
cell number (Figure 9A, p<0.0001 FeCxS vs Fe group). These differences were confirmed through
quantitative analyses of different sections from each group, counting both inactive and active Iba-
I—positive cells since both cell types were reduced by the two treatments. No Iba-1-positive cells

were visualized in control groups (see Fig. 4B).
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Figure 9. CxSIb treatment suppresses glial activation and decreases inflammatory mediators in iron-insulted eyes.
Representative images of Iba-1 (A) and GFAP (C) immunostaining in the RPE/choroid and retinal sections from different
groups. (B) Quantification of Iba-1 positive cells in the RPE and retina of different experimental groups. Data are reported
as mean number of Iba-1+ microglia in the different retinal layers £SD. (D) Immunoblots and densitometric analyses of
TNFa and IL1B in retina/RPE/choroid lysates from different groups. Molecular weight of around 31 kDa for IL-1B
precursor and 17 kDa for mature form. B-actin was used as a loading control. Vertical bars represent mean + SD.
***xn<0.0001, *p < 0.05 vs. Ctr group; #p < 0.05, ## p<0.01, #### p < 0.0001 vs. Fe group (One-way ANOVA followed
by Bonferroni multiple comparison test). Nuclei were stained by DAPI (blue). Scale bars 50 pum.
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When GFAP immunostaining was examined, the labeling, so intense in astrocytic and Miiller cell
endfeets and processes extending throughout the retina (from the ILM to the outer retinal layers)
in the Fe retina group, was greatly reduced and restricted to the GCL/ILM in the FeCxSlb group,
whereas it was still significantly present in the FeSlb neuroretina (Fig. 9C). In control retinas, the
GFAP expression is restricted to astrocytes at the ILM (data not shown, see Fig. 4A). As GFAP
upregulation reflects reactive gliosis due to neuroretinal damage (Pekny et al., 2014), these results,
together with the inhibition of microglial/macrophagic activation, suggest that CxSlb treatment
conferred an improved anti-inflammatory profile with respect to the treatment with the free Slb.
Finally, to confirm the greater anti-inflammatory effect of CxSlIb treatment in the iron-injected
eyecups, we examined the expression of Tumor Necrosis Factor-alpha (TNFa) and Interleukin-1
beta (IL1B), principal pro-inflammatory cytokines, in the retina/RPE/choroid lysates by Western
blotting analyses. As shown in Figure 9D, we found a higher efficacy of the topical CxSlb
treatment in lowering and completely inhibit the increases in TNFa and IL1p induced by iron-
injection, as compared to Slb-treatment. The expression level of both pro-inflammatory cytokines
remained unchanged following the Cx treatment (FeCx) (data not shown).

Therefore, these results strongly suggest that the topical eye treatment with CxSlb formulation in
iron-treated rats suppressed reactive gliosis and microglial activation, thus reducing the expression

of the inflammatory cytokines with greater efficiency if compared to free Slb treatment.

2.4 CxSlb topical eye treatment restores VEGF levels in the retina and

RPE/choroid of iron-insulted rats

An important aspect in retinal diseases is the regulation of the vascular endothelial growth factor
(VEGF) expression functioning as a pro-survival and pro-angiogenic factor.

Therefore, we conducted immunofluorescence labelling using VEGF-A antibody in the retinal and
RPE sections for each experimental group. As shown in Fig. 10A, intense VEGF immunostaining
was observed in Fe-treated group especially in the RPE and choriocapillares, in the GCL, INL and
OPL. The CxSlb treatment drastically prevented the intense VEGF immunoreactivity with an
effect that was more evident at retinal level (Fig. 10C) than RPE layer (Fig. 10B), as shown in the
densitometric quantification of VEGF immunohistochemistry. A reduced VEGF staining was also

observed when Fe-treated rats were treated with Slb formulation (FeSlIb).
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Western blotting analysis of eyecup lysates confirmed increases in the expression of VEGF and
its principal receptor, VEGFRZ2, in Fe-treated group, which were significantly lowered in lysates
of Fe-CxSlb and Fe-Sb treated groups (Fig. 10D).
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Figure 10. Treatment with CxSlb eye drops restores the expression of VEGF and VEGFR2 in iron-insulted
eyes. Representative images of VEGF immunostaining in RPE/choroid and retinal sections from iron-insulted no
treated (Fe) or treated with CxSIb (FeCxS) or free Slb (FeS) eye drops. The nuclei were stained using DAPI staining
(blue). Scale bar, 50 pm. (B and C) Quantification of immunofluorescence staining of VEGF in the RPE and in the
retina. (D) Immunoblots and densitometric analyses of VEGF and VEGFR2 in retina/RPE/choroid lysates from
different groups. B-actin was used as a loading control. Vertical bars represent mean £ SD. *** p<0.001 vs. Ctr group;
#p < 0.05, ## p<0.01,### p<0.001, #### p<0.0001 vs. Fe group (One-way ANOVA followed by Bonferroni multiple
comparison test).
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While quantitative analysis of VEGF immunoreactivity pointed out significant differences
between the effects of FeCxSlb and FeSh treatments, such differences were not seen by Western
blot analysis. It is possible that a higher amount of VEGF released into the vitreous was present in
the eyecup lysates of FeSb treated rats, thus probably accounting for a lower effect of Slb
treatment.

These data indicate that topical treatment with Cx-Slb eye drop significantly ameliorates the retinal
vascular alterations and inhibits the VEGF and VEGFR2 expression in a more effective manner
than free Slb administration, therefore suggesting a possible capability of the nanoparticles to

improve the retinal antiangiogenic property of the silibinin.

2.5 CxSlb topical eye treatment reduces apoptotic cell death in the retina and

RPE/choroid of iron-insulted rats.

Finally, to confirm the protective effects of CxSlb treatment, the apoptotic cell death that occurs
after iron injection (Fig. 6) was analysed by TUNEL staining. As shown in Fig.11A, no TUNEL-
positive cells were observed in control group. The total number of TUNEL-positive cells detected
in the ONL, RPE and choroidal vessels of iron-treated group was significantly reduced in FeCxSlb
group (p <0.0001; Fig. 11B), like in control sections. A lower reduction in the number of apoptotic
cells was observed in FeSlb sections with respect to Fe group, in the retina as well as in the RPE
(p<0.01 inretinaand p<0.001 in RPE; Fig. 11B). Quantitative analysis of TUNEL staining profiled
the same results by evaluating at least three sections of eight eyes analysed for each group.
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Figure 11. CxSlb topical eye treatment decreases apoptotic cell death in the iron-insulted eyes. (A)
Representative images of TUNEL staining of the RPE/choroid (a-b, d-e, g-h, j-K) and retina (c,f,i,I) sections from
different groups: control rats (Ctr, a-c), iron-injected rats no treated (Fe, d-f) and topically treated with CxSlb
(FeCxSlb, g-i), SIb (FeSlb, j-I) eye drops. RPE/choroidal sections are visualized with (a, d, g, j) and without (b, e, h,
k) nuclear dye DAPI (blue). Scale bars, 50 um. (B) Quantitative analysis of TUNEL-positive cells in RPE/choroid
and retina of the different experimental groups. Vertical bars represent mean + SD. ****p<(.0001 vs. Ctr; ## p<0.01,
### p<0.001, #### p<0.0001 vs. Fe (One-way ANOVA, followed by Bonferroni multiple comparison test).
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CONCLUSIONS



In summary, this study supports the hypothesis that iron have a crucial role in the retina and its
overload contributes to the pathogenesis of retinal neurodegeneration. Beyond oxidative stress
that affected neuroretina and RPE layer, the intravitreal injection of iron sulphate led to
progressive retinal neuroinflammation, characterized by progressive macro- and micro-gliosis
and by release of pro-inflammatory and angiogenic mediators. For the first time, it has been
shown a direct association between ocular iron overload and Ab 1-42 amyloid accumulation.
In brief, the iron intravitreal injection provides most of the essential features of human AMD,
including the iron accumulation, inflammation, angiogenesis, apoptosis cell death and
consequently degeneration of retinal and RPE structures. This simple in vivo model of oxidative
stress-induced retinal degeneration could be an ideal platform to better understand the
mechanisms underlying iron-induced degeneration, also at the basis of CNS diseases, as well

as to assess safety and efficacy of ocular drugs with putative neuroprotective properties.

The property of the choline-calix[4]arene nanocarrier, i.e. its spontaneous self-assembly in
well-defined micellar nanostructures, was used to entrap and deliver Slb to the posterior
segment of the eye. The calixarene-silibinin (CxSIb) nanoassembly was prepared through a
simple protocol, with an appreciable drug loading efficiency and a clear colloidal preparation,
suitable to allow easy and safe administration as eye drop. In in vitro as well as in vivo studies,
the CxSlb nanoassembly showed no toxic effects, but rather proved to be an optimal platform
to improve Slb delivery and efficiency, enhancing its protective activity against oxidative stress
induced by iron insult. In particular, CxSlb nanomicelles exhibited higher antioxidant efficacy
and protection in the ARPE cells than the free Slb. In addition, the eye drop treatment with a
CxSlIb formulation presented herein, at doses and with the time schedule developed, revealed
an optimal prevention of the RPE/choroidal and neuroretinal alterations induced by iron
intravitreal injection. The ocular treatment with CxSlb reduced several iron-mediated
pathogenic conditions: oxidative stress, macro- and microglia activation, release of pro-
inflammatory mediators including VEGF, vascular alterations and RPE, photoreceptor and
neuronal degeneration. The neuroprotective effects of CxSlb topical eye administration

appeared to be greater than administration of free Slb.

This study also provides an additional evidence supporting that the topical eye treatment with
free Slb has protective effects in the oxidative-induced animal model, albeit low and partial
compared to the CxSIb formulation. This could be explained by our accurate choice of the
solvent, i.e. the highly hydrophobic DMSO, considered an absorption promoter with the ability
to increase drug therapeutic action in the ophthalmic formulations (Marren, 2011). Unlike the
toxicity given by its intravitreal administration, no evidence of ocular toxicity has been
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observed following DMSO topical application even at high doses (Brobyn, 1975, Shirley et al.,
1989, Galvao et al., 2014). To confirm this data, topical administration of Slb in DMSO in
corneal organ cultures have shown strong multifunctional protective effects against vesicant-
induced ocular injury (Tewari-Singh et al., 2012). To date, no data is available about in vivo

topical eye treatment with Slb formulation solubilized in DMSO.

The CxSlb micelles showed a great potential to be topically biocompatible and competent for
treating posterior segment damages, probably by improving the retention time and sustaining
the time-controlled release of the Slb. In addition to the advantages of low dosage and high
solubility and absorption, calixarene nanoparticles may also reduce Slb metabolism and
modifications, including its shift to a pro-oxidation form, that limits the Slb systemic
administration not only for ophthalmic diseases. Further studies of our formulations are needed
to understand the effective drug concentration reaching the posterior segment of the eye and
the mechanisms of transport and intracellular uptake of the choline-calix[4]arene nanocarrier
for topical treatment of posterior eye diseases. It would certainly be extremely interesting to
investigate whether the same protective effects are obtained with CxSIb formulation ocular

treatment following the iron intravitreal injection.

To date these results are a proof of the potential of calixarene macrocycle as a new platform for

topical ocular drug delivery systems.
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MATERIALS AND
METHODS



Preparation and characterization of choline-calix[4]arene-silibinin

nanocarrier

All procedures of preparation and characterization of the nanocarrier have been conducted by
Institute of Biomolecular Chemistry (ICB), CNR, Catania. Silibinin (Slb) (MW 482.44 g/mol)
and dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich, Milan, Italy. The
procedure of synthesizing calix[4]arene has been described in more detail in (Granata et al.,
2017). For in vitro studies, 21 mg of calix[4]arene derivate 1 (0.013 mmol) was dissolved in 20
mL of 10 mM PBS (pH 7.4) and Slb was added (0.064 mmol, 1:5 molar ratio). The mixture
was sonicated for 15 min and shaken at 300 rpm, 25 °C for 3 days. Sonication was performed
on Ultrasonic cleaner 600™, frequency 45 kHz and power 1200 W, after 15 min the initial
temperature of the sonicating bath increased from 20 to 27 °C. After centrifugation at 2,933 x
g for 30 min, the supernatant was recovered and filtered through a 0.2 pm GHP filter (Acrodisc)
to give a clear colloidal solution. For in vivo studies, 250 mg of calix[4]arene 1 (0.15 mmol)
was dissolved in 25 mL of 10 mM PBS (pH 7.4)/H.0 (1:1.8, v/v) and 220 mg of Slb was added.
A clear, colorless colloidal solution was obtained by following the above reported procedure.

For in vitro and in vivo studies, a stock solution of SIb was prepared in DMSO.

Cell culture and Cytotoxicity of CxSlb in vitro

The human retinal pigment epithelial cell line (ARPE-19, ATCC® CRL-2302™) was cultured
in Dulbecco's Modified Eagles Medium/Ham's F-12 (DMEM/F12; Gibco) (1:1), supplemented
with 10% fetal bovine serum (FBS), 2mM L-glutamine and 1% penicillin/streptomycin solution
(Gibco) under 37°C with 5% CO2 humidified atmosphere. ARPE-19 cells (1 x 10*) were seeded
into 96-well plates and allowed to grow for 48 hours, when cells reached 80-90% confluence
before the treatments. Considering a % of Loading Capacity (LC) (Entrapped
Drug/nanoparticles) of 10.7%, the final concentrations of CxSlb were set to parallel those of
free Slb, ranging from 0.01 to 1uM. The effect of nanoparticles on cell membrane integrity was
measured by the lactate dehydrogenase enzyme release (LDH) assays. In brief, cells were pre-
treated with different concentrations of CxSlb, Cx or Slb for 20h and after PBS washing, cells
were exposed to FeSO4 (50 uM , Sigma-Aldrich) dissolved in serum-free culture medium for
3h. After incubation, the medium was carefully removed from the plate and assayed in
accordance with manufacturer’s instruction (LDH Cytotoxicity Detection Kit) and the

absorbance was measured at 490 nm (630 nm reference wavelength). The absorbance value of
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a culture medium control was used to normalize the values obtained from other samples. The
analysis for all assays were conducted using a microplate reader (Synergy™ HT, BioTek®).

All experiments were performed in quadruplicate and repeated three times.

Animals

All experimental procedures were in accordance with local and Institutional Animal Survey
Board on behalf of the Italian Ministry of Health and conducted according to Italian law
(Legislative Decree 26/2014) and European Communities Council Directive (2010/63/EU) on
the protection of animals used for scientific purposes. All efforts were made to minimize animal
number, and to refine the behavioral procedures. Seventy male Wistar rats (Charles River
Laboratories, Calco, Italy), 8 week-old (200-250g body weight), were maintained in
environmentally controlled room (22 + 2 °C, relative humidity 50 £ 10% ) with 12 h light-dark
cycle and free access to food and water. Before any use, after animal transport and arrival in
our animal facility a period of acclimatization of 1 week was performed.

Treatment of animals

Intravitreal injection was performed as previously described (D'Anna et al., 2011). Briefly, each
rat was anesthetized by intramuscular injections of a mixture of ketamine (85 mg/kg) and
xylazine (14 mg/kg) for the duration of all surgical procedures. The rats received an intravitreal
injection of five pl/eye of normal saline (NS, 0,9% NaCl) (SF, physiological solution) or FeSO4
diluted in NS (50 uM, Sigma-Aldrich, St. Louis, MO), using a 10 pl Hamilton syringe adapted
with a 25-gauge glass microneedle. The needle tip was inserted into the superior hemisphere of
the eye at 45° angle through the sclera into vitreous body. Following intravitreal injections, the
needle was held in place for one min and withdrawn slowly. Each animal was monitored during
the procedure by possible damage of lens and loss of fluid from the eye, isolated placing in
recovery box until to regain consciousness and those with retinal bleeding or lens injury from
the injection procedure were excluded from the study. For the first part of the study, twenty
Wistar rats were divided in four groups (n= 5 per group): (i) normal saline-injected (Ctr) group
and iron-injected rats at one day (ii), ten (iii) and fifteen days (iv) after insult. For the study of
therapeutic approach based on choline-calix[4]arene-silibinin, the animals were divided into six

groups (n= 8 per group): (i) control group with no injection and no treatment (sham
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injection/sham treatment; Ctr); (ii) saline solution intravitreal injected group
(saline injection/sham (vehicle) treatment; SF-VVH); (iii) iron sulphate intravitreal injected
group with no treatment (Fe-injection/sham (vehicle) treatment; Fe); (iv) iron injected group
treated with 10 mg/ml calixarene in vehicle (FeCx); (v) iron-injected group treated with
colloidal solutions 10 mg/ml calixarene and 1.1 mg/mL silibinin in vehicle (FeCxSlb); (vi)
iron-injected group treated with silibinin formulation (1.1mg/ml) in vehicle (6.35% DMSO)
(FeSlb). For eyes drops administration, 15uL eye drops were instilled topically in both eyes,
repeated once per day for a total of thirteen days without anaesthesia. On thirteenth day, rats
were anesthetized with a ketamine/xylazine mix, sacrificed and the enucleated eyes were fixed
in 4% paraformaldehyde and embedded in paraffin for immunohistochemical and histological

analyses. For biochemical analyses, eyes were quickly frozen in liquid nitrogen.

Thiobarbituric Acid Reactive Substances (TBARS) Measurement

Lipid peroxidation was evaluated by measuring TBARS, including malondialdehyde, according
to the method of Cascio et al. (Cascio et al., 2000). The amount of TBARS was expressed as
nanomoles of TBARS per milligram of protein. All data are the mean + SD of three independent

experiments.

Histology and immunohistochemistry staining

Five-um-thick sections of each eye were deparaffinized, rehydrated and stained with
hematoxylin and eosin (H&E) or Congo red (Bioptica) used according to manufacturer’s
instruction. For immunofluorescence assays or TUNEL staining, sections were microwaved in
citrate buffer for antigen retrieval and then blocked with 5 or 10% normal serum in PBS plus
0,1-0,3% Triton X-100 (PBS-T) for 1 hours at room temperature (RT). Primary antibodies used
in this study are listed in Table 1. After incubation with primary antibodies overnight at 4°C,
the slides were washed in PBS and incubated with the fluorescent-labelled secondary and
appropriate antibodies for 2 hours at room temperature. The following secondary antibodies
were used: Alexa Fluor 555-conjugated or Alexa Fluor 488-conjugated goat-anti-mouse 1gG or
Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen). Finally, all sections were coverslipped using
Vectashield mounting medium with 4,6-diamidino-2-phenylindole (DAPI) (Vector
Laboratories, Inc. Burlingame). Negative controls were performed for every set of experiments

by omitting the primary antibodies and no staining was detected in these sections. The
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fluorescence images were processed by Axioskop-2 Zeiss or Leica DM4000
microscopes/software. All photomicrographs were collected using the same magnification (20x
or 40x objectives), exposure time (350 ms), other parameters, and the representative images
from four/five sections for each eye specimen (eyes/group) were edited with Adobe Photoshop
software. For quantitative analysis, the images were imported into the ImageJ software program
(NIH, Bethesda, MD), converted to gray scale, and the total area of immunoreactivity was
quantified by measuring the mean intensity of all stained areas of each micrograph and the data
were expressed as mean density. Total retinal area was used to normalize the data by computing

the percent retinal area occupied by Ab-immunoreactivity.

Perls’ stain and TUNEL assay

Perl’s staining (Bioptica) specific for iron levels was carried out according the manufacturer’s
instruction. In situ detection of DNA fragmentation was performed using the terminal
deoxyribonucleotidyl transferase (TDT)-mediated dUTP-digoxigenin nick end labelling
(TUNEL) assay (Promega, Madison, WI, USA), following the manufacturer's instructions.
Retina sections were counterstained with DAPI to reveal cell nuclei. The positive control tissue
sections were pre-incubated for 10 min with DNase | (Ig/ml) at RT, while the negative control
sections were processed omitting TdT enzyme. TUNEL-positive cells were quantified in six

sections for each specimen and results were expressed as mean + SD.

Protein Isolation and Western blot Analysis

To prepare protein lysates, eyes were dissected to remove the anterior segment including the
cornea, iris, and the lens, under a surgical microscope. For Western blotting analyses, protein
extracts were prepared from a pool of four posterior eyecups by homogenization in ice-cold
RIPA buffer (Cell Signaling), supplemented with protease and phosphatase inhibitors (Roche
Applied Sciences), and centrifuged at 14,000g for 10 min at 4°C. Protein extracts of
supernatants were determined by Bradford-assay (Bio-Rad) and forty micrograms of proteins
were separated by SDS-PAGE and transferred onto PVDF or LiCor membranes. PVDF
membranes were blocked with 5% non-fat milk in TBS buffer-T (0.1%) for 1 h at RT and
immunoblotted with different primary antibodies (see Table 1) overnight at 4°C.
Immunocomplexes were detected with HRP-Linked anti-rabbit 1IgG (Amersham Pharmacia

Biotech.) or anti-mouse 1gG (GE Healthcare) using enhanced chemiluminescence reagent
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(Super Signal West Pico, Pierce). Monoclonal anti-f-actin antibody (Sigma) was used to
confirm equal protein loading and transfer of samples. For LiCor membrane, after the blocking
with LiCor blocking buffer (LCB, Lincoln, NE) for 1 h, the membrane was immunoblotted with
primary antibodies overnight at 4°C (see Table 1) and, after washes, it was probed with
appropriate secondary antisera in LCB buffer for 1 hour at room temperature. The following
secondary antibodies were used: goat anti-mouse IR-Dye800cw, rabbit anti-goat IR-Dy680cw
(Odyssey LiCor) or goat anti-rabbit Alexa Fluor 680 (Invitrogen). Immunocomplexes were
detected using an Odyssey scanner and analyzed using the Odyssey Application Software to
obtain the integrated intensities. Densitometry was performed using Chemi-Doc, Quantity-One
analysis (Bio-Rad).

Statistical Analysis

All data were expressed as mean + standard error (SD). Statistical analyses were performed
using GraphPad Prism 6.0 software (GraphPad Software Inc., San Diego, CA, USA), using
Student’s unpaired two-tailed t test or One-way ANOVA with Bonferroni’s multiple

comparisons tests. P-values < 0.05 were considered statistically significant.
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Antibody | Host Source and diluition Application
80H-dG | Mouse Santa Cruz IF
GFAP Mouse Santa Cruz IF
Iba-1 Rabbit Wako Chemicals IF
TNFa Mouse Peprotech IF/WB
IL10 Goat Santa Cruz WB
IL1B Rabbit Santa Cruz WB
AP 1-42 Mouse Synaptic System IF

AP 1-42 Rabbit Millipore WB
Cas9 Mouse Santa Cruz WB
Cas3 Goat Santa Cruz WB
MCP-1 Goat Santa Cruz WB
VEGF Rabbit Santa Cruz IF/\WB
TGFp Goat Santa Cruz WB
VEGFR2 | Mouse Cell Signaling WB

Table. 1. Primary antibodies used in this study
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