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ABSTRACT 

Diabetic retinopathy (DR) is a progressive disease representing a major 

microvascular complication of diabetes and a leading cause of visual loss 

among adults in most industrialized countries. The prevalence of DR is 

expected to raise worldwide due to aging population, longer life expectancy, 

and a higher prevalence of people with diabetes, although risk factors 

management in diabetes care has been improved. The hyperglycemic 

environment, typical of DR onset, induces blood retinal barrier (BRB) 

breakdown along with an enhanced expression of pro-inflammatory cell 

markers and oxidative stress-related mediators. Additionally, the high 

glucose (HG) levels observed during diabetes induce the activation of the 

purinergic signaling pathway, which includes the P2X7 receptor (P2X7R). 

This ATP-gated ion channel has been linked to vascular inflammation due 

to an over-expression of cytokines, contributing to BRB alteration. The 

integrity of this physical barrier is essential for a proper vision; indeed, the 

BRB dysfunction mainly contributes to the development of DR by leading 

to vascular leakage to surrounding tissues and the consequent vision 

impairments. 

Based on the above, I focused my research project on the development of an 

innovative strategy for the early treatment of DR through the negative 

modulation of P2X7R and the decrease of inflammatory cytokines, both of 

them playing a pivotal role in BRB damage. First of all, I set up a BRB 

triple co-culture model entirely based on human cells (retinal endothelial 

cells, retinal pericytes, and retinal astrocytes), in order to mimic the human 

milieu, characterized by the same cellular numerical ratio and layer order 

observed in vivo. The results obtained by using this innovate system showed 

that an exposure for 48 hours to HG provoked the BRB breakdown, 

increased the barrier permeability (measured by trans-endothelial electrical 
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resistance (TEER)), and reduced the levels of junctional proteins such as 

vascular endothelial (VE)-cadherin and zonula occludens-1 (ZO-1). In our 

human inner BRB (iBRB) model, the hyperglycemic environment also led 

to the over-expression of inflammatory mediators (IL-1β, IL-6) and 

oxidative stress-related genes (iNOS, Nox2) along with a significant 

increase in reactive oxygen species (ROS) formation and the activation of 

nuclear factor (erythroid-derived 2)-like 2 (Nrf2)/heme-oxigenase-1 (HO-1) 

antioxidant axis. Once the model was established, I aimed to investigate the 

role played by P2X7R in the observed iBRB damage. I first indentified a 

novel P2X7R antagonist through a virtual screening analysis on a small in-

house compound dataset. The results obtained by the computational analysis 

revealed that the diterpenoid dihydrotanshinone (DHTS) clustered with the 

well-known P2X7R antagonist JNJ47965567 (used as a positive P2X7R 

antagonist control in my experiments). In order to assess the potential 

protective effect of DHTS (as a possible P2X7R antagonist), I challenged 

the iBRB model with a combination of HG and 2′(3′)-O-(4-

Benzoylbenzoyl)adenosine-5′-triphosphate (BzATP) (a selective P2X7R 

agonist) in absence or presence of this diterpenoid. I found that HG/BzATP 

stimulation led to an enhanced barrier permeability and reduced levels of 

junctional proteins at the membrane cell-cell interface along with reduced 

Cx-43 mRNA expression levels. Furthermore, this combination of stimuli 

determined an enhanced expression of the major markers of inflammation 

(TLR-4, IL-1β, IL-6, TNF-α, and IL-8) and others inflammatory mediators 

(P2X7R, VEGF-A, and ICAM-1) as well as the over-production of ROS. 

The pre-treatment with DHTS antagonized HG/BzATP stimulus and 

preserved the BRB integrity. In conclusion, the in vitro iBRB model 

demonstrated to be an useful tool for studying both the contribution of 

hyperglycemic conditions and P2X7R activation on iBRB dysfunction and 
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for testing the therapeutic potential of DHTS in preventing and/or 

counteracting such alterations typical of BRB-related disorders, such as DR. 
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LIST OF ABBREVIATIONS 

DR: diabetic retinopathy 

ADA: american diabetes association 

NPDR: non-proliferative diabetic retinopathy 

PDR: proliferative diabetic retinopathy 

IRMA: intraretinal microvascular abnormalities 

NVD: neovascularization of the disc 

NVE: neovascularization elsewhere 

VEGF: vascular endothelial growth factor 

BRB: blood retina barrier 

NFL: nerve fiber layer 

GCL: ganglion cell layer  

IPL: inner nuclear layer  

OPL: outer plexiform layer  

ONL: outer nuclear layer  

PR: photoreceptor layer 

RPE: retinal pigmented epithelium 

RGCS: retinal ganglion cells 

oBRB: outer blood-retinal barrier 

ATP: adenosine triphosphate 

BBB: blood-brain barrier 

TEER: transendothelial electrical resistance 

BAB: blood–aqueous barrier 

iBRB: inner blood-retinal barrier 

BL: basal lamina 

TJs: tight junctions 

AJs: adherents junctions 

GJs: gap junctions 
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ZOs: zonula occludens 

JAMs: junctional adhesion molecules  

ZO-1: zonula occludens-1  

VE-CADHERIN: vascular endothelial (VE)-cadherin 

CX-43: connexin-43  

ANG-1: angiopoietin-1 

ANG-2: angiopoietin-2 

TGF-β: transforming growth factor-beta 

TNF-: tumor necrosis factor-alpha  

ROS: reactive oxygen species 

DME: diabetic macular edema 

AGEs: glycation end‑products 

PKC: protein kinase C  

AR: aldose reductase 

HG: high glucose 

COX-2: cyclooxygenase-2  

iNOS: inducible nitric oxide synthase  

ICAM-1: intercellular adhesion molecule-1  

CCL2: chemokine ligand 2  

PDGFB: platelet-derived growth factor beta  

NOX: nadph oxidase  

RNS: reactive nitrogen species 

SOD: superoxide dismutase 

NF-B: nuclear factor kappa-light-chain-enhancer of activated B cells 

NLRP3: NOD-like receptor family pyrin domain-containing 3  

TXNIP: thioredoxin-interacting protein 

TRX: thioredoxin 

MAPK: mitogen-activated protein kinase  
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PKC: protein kinase C  

RAS: renin-angiotensin system  

G3P: glyceraldehyde-3-phosphate  

eATP: extracellular ATP  

P2X7R: P2X7 receptor 

PANX1: pannexin-1  

BzATP: 2′(3′)-o-(4-benzoylbenzoyl)-ATP 

NA-F: sodium fluorescein  

ETDRS: early treatment diabetes retinopathy study  

PRP: panretinal photocoagulation 

TA: triamcinolone acetonide  

FA: fluocinolone acetonide  

FDA: food and drug administration 

DEX: dexamethasone 

NRF2: nuclear factor erythroid-derived 2-like 2 

HO-1: heme-oxigenase-1 

DHTS: dihydrotanshinone 

TLR-4: toll-like receptor 4  

CX-43: connexin 43   
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INTRODUCTION 

Diabetic retinopathy (DR) represents a severe eye condition mainly 

provoked by hyperglycemia and remains the leading cause of vision 

impairment and blindness in the working age populations worldwide [1]. 

DR has always been considered the most frequent and specific 

microvascular complication of type 2 diabetes mellitus for which diagnosis 

has been made by clinical manifestation of vascular irregularity; this 

notwithstanding, it has been shown that retinal microvascular abnormalities 

have been observed in patients without any evidences of microvascular 

alterations [2,3]. The American Diabetes Association (ADA) gave a new 

definition of this pathology as “neurovascular complication”. According to 

the World Health Organization, DR due to the increased life expectancy of 

patients with diabetes as well as of older populations estimated to arise from 

415 to 642 million by 2040 (International Diabetes Federation - IDF 

Diabetes Atlas 2017; www.diabetesatlas.org, accessed on 23 May 2021). 

Consequently, the progression and the prevalence of this disorder is linked 

to a new increase in health costs and represents a major public health 

concern [4]. Furthermore, according to some epidemiological data, it has 

been estimated that about 38 million of adults will develop the DR vision 

threatening by 2040 [5]. From a clinical point of view, DR has been divided 

into two stages by the ophthalmologists, mainly based on the manifestation 

of retinal neovascularization and the existence of visible ophthalmologic 

differences. These two stages are classified as early non-proliferative 

diabetic retinopathy (NPDR) and late proliferative diabetic retinopathy 

(PDR)[6]. The first stage in NPDR is known as preclinical retinopathy, 

where no visible eye alterations can be observed. The pathology then 

progresses to mild and moderate NPDR, defined by the presence of multiple 

microaneurysms and intraretinal hemorrhages (identified as red dots) and 
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hard exudates, respectively, detected by ophthalmoscopic examination and 

fundus photography. The arrangements of microaneurysms are related to 

capillary basement membrane alterations, loss of intramural pericytes, and 

endothelial cells proliferation. The fourth and last stage is represented by 

severe NPDR, in which is possible to observe increased signs of retinal 

ischemia characterized by the presence of intraretinal microvascular 

abnormalities (IRMA), considerable regions with lack of capillary 

perfusion, retinal cotton wool spots, and significant venous beading. At this 

stage, with a high probability, the patients progress to the PDR, that 

represents a more advanced stage of DR characterized by the proliferation 

of new abnormal blood vessels (neovascularization), the growth of which is 

variable, on the surface of the inner retina or vitreous (Figure 1). 

 

Figure 1. DR is marked by microvascular dysfunction, including abnormal 

neovascularization, hemorrhages, microaneurysms, and cotton wool spots, that will 

eventually, if not treated, lead to vision loss [7]. 
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These new fenestrated and fragile vessels are usually accompanied by 

progressively increasing fibrous proliferation that can lead to vitreous 

hemorrhage, gliosis, and fibrovascular scar formation, resulting in retinal 

detachment and the consequent loss of vision [8,9]; indeed, patients at this 

disease’ stage could present severe vision impairments. According to the 

location of the retinal vessels in PDR, the neovascularization can occur near 

to the optic disc (neovascularization of the disc, NVD) or elsewhere on the 

retina (neovascularization elsewhere, NVE). The formation of abnormal 

new vasculatures leads to complications such as pre-retinal hemorrhages, 

and may threaten the vision due to bleeding and retinal detachment [10]. 

Generally, the patients are considered at high-risk of vision loss following 

the retinal detachment if the NVD occupies more than one-third of the disc 

area [11]. Moreover, research evidence has been shown the involvement of 

vascular endothelial growth factor (VEGF) in the formation and progression 

of ischemia-driven angiogenic pathology in PDR [12]; in fact, it has been 

demonstrated an increased concentration of this protein in the vitreous of 

patients with PDR [13]. Several inflammatory, vascular, and neuronal 

mechanisms are implicated in the pathogenesis of DR. Additional factors 

contributing to the progression of DR are represented by the dysfunction of 

the blood retina barrier (BRB), hypoxia, oxidative stress, progressive 

microvascular damage, and excessive retinal neuronal and glial 

anomalies[14]. 

VASCULAR SUPPLY OF THE RETINA 

The retina, located in the posterior part of the eye, is a innermost light-

sensitive layer that transmits electrochemical signals to the visual center of 

the brain [15]. As a complex network, the retina is organized in a stratified 

manner consisting of the inner limiting membrane followed by the nerve 

fiber layer (NFL), the ganglion cell layer (GCL), the inner plexiform layer 
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(IPL), the inner nuclear layer (IPL), the outer plexiform layer (OPL), the 

outer nuclear layer (ONL), the photoreceptor layer (PR), while the last layer 

is represented by the retinal pigmented epithelium (RPE) (Figure 2). 

 

Figure 2. The schematic illustration of a retinal cross-section [16]. 

Furthermore, the retina is composed of different cell types such as neurons 

(ganglion cells, horizontal cells, amacrine cells and bipolar cells), glial cells 

(Müller cells and astrocytes), immune cells (microglia), and vascular cells 

(endothelial cells and pericytes). Since the neural retina is highly stratified, 

the light needs to crisscross the retinal neuronal circuit in order to reach the 

retinal ganglion cells (RGCs), which transmit the electrical impulses, 

previously converted into a light signal by the photoreceptors, to the visual 

cortex via the optic nerve (formed by RGCs axons). The RGCs, representing 
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the retinal output neurons, are located inside the IPL along with bipolar, 

horizontal, and amacrine cell bodies [17], while the ONL contains 

photoreceptor cells (mainly rods and cones). The neuronal cells rely on the 

vasculatures to supply oxygen and nutrients and, along with glial cells and 

pericytes, regulate the local blood flow [18,19]. The RPE, forming the outer 

blood-retinal barrier (oBRB), contains cells able to interact with 

photoreceptors and are crucial for maintaining the homeostasis of the retina 

through the transport of nutrients and deportation of waste compounds [20]. 

In the retina, the vessels are highly organized into two distinct complex 

vascular systems: the choriocapillaris system (outer retina) and the central 

retinal artery system (inner retina); this circulation is regulated by both 

blood vessels themselves and the surrounding tissue. Generally, retinal 

blood vessels are highly concentrated in the central retina and start to 

decline towards the periphery. Since the retina is a high metabolic-

demanding tissue, it requires high levels of oxygen and nutrients that are 

provided by the retinal vessels; thus, the integrity of the vascular systems is 

crucial for maintaining the normal visual function [21,22]. The retina is 

considered an immune privileged tissue since the retinal vasculatures 

provide a BRB that restricts the access to toxins and pathogens. 

Collectively, the functional coupling between retinal blood vessels, ganglion 

cells, and glial cells is known as “neurovascular unit” (Figure 3), in which 

each component regulates, in close coordination, the vasodilatation and 

vasoconstriction in order to better combine the metabolic activity with the 

retinal blood flow [23]. 
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Figure 3. The schematic illustration of the neurovascular unit in the retina [16]. 

Several studies have shown that the above-mentioned physiologic responses 

are defective in patients with DR prior to the onset of the early clinical 

symptoms [24,25], underling the crucial role played by the interactions 

between the neurosensory retina and its blood vessels. Furthermore, 

alterations of several molecules such as adenosine triphosphate (ATP), nitric 

oxide as well as of several lipids interfere with these interactions, triggering 

DR progression [26]. Lastly, since the neurovascular unit represents the 

retinal fundamental regulatory mechanism, it becomes more susceptible to 

oxidative stress-induced damage [27]. 

OCULAR BARRIERS: THE BRB 

The presence of neuronal activity makes both the brain and the retinal tissue 

the highest energy-demanding systems in the body. The cerebral and retinal 

circulations are structurally and functionally comparable and share essential 

properties as “endothelial barrier”. Indeed, both the BRB and the blood-

brain barrier (BBB) are constituted of endothelial cells which play a 

fundamental role for the protection of neuronal milieu by providing the 

transport of nutrients (glucose and amino acids) and oxygen, and reducing 
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the flow of blood cells. Furthermore, these endothelial barriers are involved 

in the enzymatic degradation of several compounds [28]. Retinal e cerebral 

endothelial cells are assembled in a single layer, all around the capillary 

lumen, and integrated to the adjacent cells through junctional complexes 

consisting of several proteins such as zonulae occludentes or occluding 

junctions, and adhesion molecules; these protein complexes represent the 

basis of the mechanical component of both BBB and BRB [29]. With 

specific regard to BRB, this physiological barrier is highly restrictive 

towards the retinal metabolic flux [30]; indeed, the integrity of the BRB 

determines a high transendothelial electrical resistance (TEER) and reduced 

paracellular permeability. 

In the eye it is possible to distinguish two major barrier systems: the BRB 

and the blood–aqueous barrier (BAB) that, by acting in equilibrium, 

regulate both the content of the inner fluids and the discharge of waste 

products, preserving the ocular tissue environment [31]. The retinal vascular 

leakage due to BRB alteration is the central cause of visual loss in several 

ocular diseases, as observed in the case of DR. Unfortunately, despite the 

recent advances, the cellular mechanisms underlying the BRB dysfunction 

in pathological conditions have not been fully elucidated. 

Structurally, the BRB consist of two distinct compartments: the oBRB and 

the inner BRB (iBRB) (Figure 4). 
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Figure 4. BRB compartments: iBRB and oBRB [32]. 

The oBRB is established by junctional complexes between neighboring RPE 

cells and it is involved in the regulation of the transport between the 

choriocapillaris and the retina [33]. The RPE regulates the exchange of 

nutrients between the blood and the photoreceptors; this metabolic 

communication is critical for maintaining the proper visual function. 

The iBRB is composed by retinal endothelial cells, connected by junctional 

proteins ,that are surrounded by pericytes that, in turn, are supported by the 

processes of glial cells, such as astrocytes and Müller cells. Müller cells 

promote the integrity of tight junction complexes, induce endothelial cells 

and pericytes differentiation, being responsible for the BRB maintenance 

[34]. Differently from endothelial cells, pericytes do not form a continuous 

layer and, even though they are firmly associated with endothelial cells, they 

do not contribute to the diffusion barrier. Pericytes provide structural 

support to the microvasculature and, along with astrocytes and Muller cells, 

supervise endothelial cells activity by releasing regulatory molecules that 

act as signals indicating changes of the retinal microenvironment. The BRB 

plays a pivotal role in the retinal microenvironment through the regulation 
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of transport across retinal capillaries and the management of fluids and 

molecules, avoiding the retinal leakage and the passage of harmful agents 

into the retina [33]; indeed, the loss of BRB integrity can be detrimental and 

greatly contributes to the pathophysiology of DR [35]. Therefore, a better 

understanding of the mechanisms underlying BRB dysfunction will help the 

development of DR therapies  

Retinal endothelial cells and junctional proteins 

As stated above, retinal endothelial cells are non-fenestrated cells that form 

a continuous and single layer, known as basal lamina (BL), around the 

vasculatures. Along with pericytes, astrocytes, and microglia, endothelial 

cells represent the “supporting columns” of the neurovascular unit and are 

responsible of the BRB polarization [36]. In several ocular pathologies, such 

as DR, the structural damage of endothelial cell has been linked to BRB 

dysfunction, since they are the fundamental iBRB structures [37]. Indeed, it 

has been shown in diabetic rats that the endothelial cells death leads to the 

formation of acellular capillaries [38]. Furthermore, hyperglycemic and 

hypoxic conditions along with oxidative stress trigger endothelial cells 

apoptotic process [39]. 

The endothelial barrier selectively regulates the transport of molecules that 

can occur through two dynamic pathways: the transcellular transport, 

mainly mediated by the presence of specialized transport vesicles, and the 

paracellular pathway, which involves the inter-endothelial cells junctions. 

The junctional complexes consist of tight junctions (TJs), adherents 

junctions (AJs), and gap junctions (GJs) (Figure 5). 
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Figure 5. Transepithelial transport routes and intercellular junctions [40]. 

These protein complexes are dynamic structures involved in the regulation 

of cell-to-cell adhesion, cell survival, and endothelial cells contact 

inhibition; likewise, the junctional complexes are crucial for the regulation 

of the paracellular permeability and the maintenance of cell polarity. With 

regard to AJs and TJs, the lateral adhesion is mediated by the interaction, 

along the cell border, of adhesive membrane proteins organized in zipper-

like structures. 

In the BRB, TJs represent multifunctional complexes involved in two main 

functions: 

1. the control of fluid and solute fluxes through the paracellular space; 

2. the conferment of cell polarity by marking a boundary line between 

basolateral and apical plasma membranes. 

Differently from epithelial cells, in which TJs are more concentrated at the 

apical side of the cell, in endothelial cells the TJs are entangled with AJs 

and GJs, and mediate the adhesion and communication between adjacent 

cells. The TJs family consist of more than 40 transmembrane proteins 
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including intracellular scaffold proteins such as the zonula occludens family 

(ZOs), junctional adhesion molecules (JAMs), occludin, claudins, and other 

membrane associated proteins. ZOs is a family of large proteins ( >200 kDa) 

which includes zonula occludens-1 (ZO-1), the first intracellular component 

of TJs discovered, and two closely related proteins represented by zonula 

occludens-2 and zonula occludens-3. They exert an important role regarding 

the TJs organization, since these proteins mediate the connection between 

transmembrane proteins and the cytoskeletal components. 

AJs represent another class of junctional proteins connecting endothelial 

cells at BRB level. They develop in early stages of intercellular contact, 

prior to TJs formation, and are formed by adhesion proteins of the cadherin 

superfamily; the latter provides the formation of multimeric complexes at 

the cell-to-cell borders [41]. BRB endothelial cells express a distinct 

cadherin called vascular endothelial (VE)-cadherin, a transmembrane Ca
2+

-

dependent protein that is present in all endothelial cells part of the vessels, 

while it cannot be found in any other cell types; indeed, it represents a kind 

of signature of endothelial lineage [42]. VE-cadherin has a conserved 

cytoplasmic tail that binds multiple intracellular partners, including β-

catenin. Since VE-cadherin promotes claudin-5 expression [43], the 

presence of this adhesion molecule is crucial for TJs organization. 

Additionally, VE-cadherin is essential for the maintenance of newly formed 

vessel and for the appropriate formation of their lumen [44].  

Lastly, another intracellular junction involved in the formation of the BRB 

structure is represented by GJs family, composed by connexin proteins. GJs 

play an important role in cellular communication, allowing the passage of 

small molecules between two neighboring cells. In the retina and in the 

brain, GJs are predominant in astrocytes where are involved in K
+
 and 

glutamate redistribution as well as in TJs assembly [45,46]. 
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Retinal pericytes  

Pericytes are important constituents of the BRB, having a crucial role in the 

maintenance of BRB stability and the regulation of homeostatic processes 

through the communication with other cell types part of the neurovascular 

unit. They are branched mural cells that envelope capillary walls; indeed, 

these cells share the BL with endothelial cells with which establish the cell-

cell contacts through N-cadherin and connexin-43 (Cx-43) [47,48]. 

Furthermore, pericytes, by interacting with the adjacent endothelial 

cells,astrocytes and microglia, regulate endothelial functions ,growth, and 

differentiation as well as the maintenance of the vascular system through the 

secretion of different factors [49], such as angiopoietin-1 (Ang-1). Ang-1, 

by binding its receptor Tie-2, induces endothelial remodeling processes and 

maturation [50]. On the other hand, the secretion of angiopoietin-2 (Ang-2) 

along with an overproduction of VEGF induce angiogenic processes by 

activating a cascade of events in endothelial cells [51]. The interaction 

between VEGF and Ang-2 has considerable implications in the progression 

of DR since it triggers the angiogenic switch from non-proliferative to 

proliferative stage [52]. Additionally, it has been shown that transforming 

growth factor-beta (TGF-β) signaling inside the pericytes, inhibits retinal 

endothelia cells proliferation and migration, preserving BRB integrity [53]; 

indeed, the loss of pericytes leads to an increased BRB permeability due to 

retinal vasculature damage [7]. 

Retinal glial cells 

In addition to pericytes, retinal glial cells, including Müller cells, astrocytes 

and microglia, play an important role in regulating and maintaining the BRB 

integrity; they also actively participate in the uptake of nutrients and in the 

removal of waste products [54]. Müller cells and astrocytes have processes 
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that surround all the retinal blood vessels and are separated from endothelial 

cells by the BL only. Glial cells are involved in the regulation of several 

endothelial cell functions as well as in the survival of retinal cells through 

the release of neurotrophic and antioxidant factors. Both cell types are also 

implicated in the mechanism that regulates vasodilation and 

vasoconstriction, and provide metabolic support to neurons by setting the 

metabolism and transport of neurotransmitters (such as glutamate) [54]. 

This proves that Müller cells and astrocytes support the BRB by regulating 

the communication between vascular and neural cells. 

The alteration of glial cells function has been linked with retinal 

pathologies, including BRB breakdown [55]. Indeed, under pathological 

conditions, glial cells start to overproduce angiogenic cytokines, such as 

VEGF and tumor necrosis factor-alpha (TNF-), leading to the degradation 

of tight junctional proteins and, in turn, BRB alterations [56]. Retinal 

astrocytes are crucial for maintaining the integrity of retinal vasculatures, 

and the alteration of astrocytes function contributes to the pathogenesis of 

several retinal pathologies, including DR [57]. Of note, activated retinal 

microglia, following a retinal damage, are able to release pro-inflammatory 

cytokines that trigger retinal pericytes apoptosis [58]. In addition, Müller 

cells dysfunction due to high glutamate concentrations, leads to an 

overproduction of reactive oxygen species (ROS), giving toxic effects on 

retinal tissues [59]. 

MOLECULAR MECHANISMS OF BRB DYSFUNCTION 

IN DR 

The pathogenesis of DR is very complex and involves several mechanisms, 

many of which are not fully understood yet. The main processes underlying 

the onset of DR are hyperglycemia, hypoxia, oxidative stress, and 
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inflammation. One of major cause of vision loss in DR is the BRB 

dysfunction; indeed, the vascular leakage and the consequent exposure of 

blood constituents to retinal microenvironment occurs simultaneously with 

the BRB degradation, often leading to diabetic macular edema (DME). 

Usually, the genetic predisposition along with the hyperglycemia boost 

several pathophysiological events that are linked to the progression of DR 

[60]; in fact, hyperglycemic episodes promote metabolic dysfunctions that 

determine the generation of ROS and thus oxidative stress [27]. To date, 

several major biomechanical mechanisms along with sustained 

hyperglycemia have been involved in the development of microvascular 

damage and correlated to retinal stress in DR: accumulation of advanced 

glycation end‑products (AGEs), activation of protein kinase C (PKC), 

polyol pathway, inflammation, and oxidative stress [6] (Figure 6). 
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Figure 6. Pathophysiological mechanisms of ROS in diabetic retinopathy [27]. 

Hyperglycemia 

Hyperglycemia is considered the main long-term determinant of the retinal 

microvascular damage and plays a pivotal role in the pathogenesis of DR. 

Hyperglycemic episodes lead to blood vessels dilation and cause variation 

of the blood flow; these changes represent a metabolic auto-regulation that 

enhance retinal metabolism in diabetic patients [61]. The molecular events 

associated to an excessive glucose concentration in the bloodstream remain 

poorly defined. Hyperglycemia leads to aberrant regulation of polyol 
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pathway in which the excess of glucose is metabolized in sorbitol through 

the action of aldose reductase (AR), an enzyme expressed in endothelial 

cells and pericytes. Since it is impermeable to cellular membranes, sorbitol 

accumulates inside the cell and induces osmotic damage to the retinal 

vascular endothelium, pericytes death, and other harmful effects [62]. High 

glucose (HG) levels determine mitochondrial dysfunction with a consequent 

increase of ROS that, along with deficient anti-oxidative defense systems, 

lead to metabolic disturbances in retinal endothelial cells [63]. 

Another side effect of hyperglycemia is represented by the formation of 

AGEs. These post-translationally modified lipids and proteins have the 

ability to cross-link intracellular and transmembrane proteins and/or 

initiating signaling cascades, altering their function [64]. AGEs have been 

implicated in the development of DR pathology since the modification of 

key molecules by these modified products leads to vascular damage [64]. 

Notably, several growth factor including VEGF-A are induced by the 

diabetic environment and hence are involved in BRB breakdown and the 

pathogenesis of DR. Indeed, an over-expression of VEGF-A has been linked 

to vascular permeability and angiogenesis phenomena [65]. Antibodies 

directed to this grow factor (anti-VEGF) are widely used for the treatment 

for PDR since they are able to reduce bleeding during vitrectomy [66]. 

Inflammation 

Molecular and physiological changes due to hyperglycemia are correlated 

with the onset of the inflammatory processes that represent the key drivers 

of hypoxia, capillary occlusion, and vascular alteration, all characteristic 

factors of DR, considered by many as an inflammatory disease [67]. An 

enhanced production of pro-inflammatory cytokines such as interleukin 

(IL)-6, IL-8, IL-1β, TNF-, cyclooxygenase-2 (COX-2) and inducible nitric 



26 
 

oxide synthase (iNOS) pro-oxidant enzymes, as well as chemokines (e.g. 

CCL2, CCL5, CCL12) have been found in the retina of DR subjects [68] 

(Figure 7). 

 

Figure 7. Inflammation during DR [69]. 

These inflammatory mediators promote junctional protein complexes 

modification and redistribution in the retinal vessels, contributing to 

increase the BRB permeability. Worthy of interest is the role played by IL-

1β in the barrier dysfunction. This multifunctional pro-inflammatory 

cytokine has been found to be up-regulated in the retinal endothelial cells, 

astrocytes, and Müller cells due to HG concentrations [70]. The over-

expression of IL-1β induces leukocyte adhesion and migration and the up-

regulation of other pro-inflammatory cytokines, leading to BRB breakdown 

[71]. TNF- is an important inflammatory mediator of leukostasis that is 

involved in the apoptotic processes taking place in vascular endothelial cells 

and retinal neurons [72]; indeed, its gene silencing prevents some 

pathological events that are linked to the progression of DR, including the 

BRB breakdown [72]. Leukostasis is a crucial mechanism of the 
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inflammatory process and has been found to be significantly raised in the 

retina of diabetic animals [73]. It occurs through the binding between the 

adhesion molecules (e.g., intercellular adhesion molecule-1 (ICAM-1)) part 

of the endothelial cell surface and leukocyte counter-receptor CD18. It has 

been shown that patients with diabetes have high levels of ICAM-1, 

especially in retinal blood vessels and fibrovascular membranes [74]. 

Furthermore, it has been shown that ICAM-1 knockout diabetic mice are 

characterized by lower retinal capillary degeneration and retinal leukostasis 

[75], demonstrating the involvement of this adhesion molecule in the 

progression of DR. 

Chemokines are also involved in the inflammatory processes that 

characterize the diabetic retina. In particular, the C-C motif chemokine 

ligand 2 (CCL2), responsible of the monocytes recruitment and activation, 

is involved in the regulation of retinal vascular permeability and it is highly 

concentrated in the vitreous of patients with DR [76,77]. Furthermore, 

CCL2 plays a fundamental role in BRB breakdown due to the release of 

pro-inflammatory cytokines and growth factors by activated monocytes 

[76]. A study conducted by Bartels et al. revealed that the treatment with 

salicylate-based drugs of patients with rheumatoid arthritis reduced the 

incidence of these subjects to develop DR [78]; these data pointed out the 

interest on anti-inflammatory compounds as possible drugs for the 

modulation of DR progression. 

Pericytes dropout 

Pericytes death has been considered one of the main hallmarks of retinal 

vascular integrity alteration in subjects with DR [79]. Indeed, 

hyperglycemia along with basement membrane thickening and AGEs boost 
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apoptosis and dropout in both retinal endothelial cells and retinal pericytes 

[80] (Figure 8). 

 

Figure 8. Processes leading to BRB breakdown in diabetic retinopathy [14]. 

Differently from endothelial cells, pericytes cannot be replaced and their 

absence in the capillary wall is indicated as “ghost cells”. Additionally, 

pericytes death is associated to pathologic angiogenesis since they are 

involved in the regulation of endothelial cells proliferation [49]. Recent 

evidence revealed that under hyperglycemic conditions pericytes start to 

form bridges across two or more capillaries and the presence of these 

bridges represents an indicator of retinal vascular damage; indeed. enhanced 

pericyte bridges can be observed some months before the loss of pericytes 

and/or endothelial cells in diabetic animal models [81].With the loss of 

pericytes, endothelial cells start to become feeble and an increased iBRB 

permeability along with vascular leakage and microaneurysms formation 

can be observed, all signs indicating the progression of NPDR [82]. A study 

conducted by Cai and co-workers showed that the interaction between Ang-
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2 and its receptors enhanced the apoptotic process in bovine retinal pericytes 

underhyperglycemic conditions [83]. These results were consistent with 

other data showing that Ang-2 deficient mice are characterized by reduced 

pericytes loss [84]. Furthermore, the selective inactivation of platelet-

derived growth factor beta (PDGFB) gene in endothelial cells led to a 

decreased number of pericytes and, as a consequence of this decrease, the 

animals developed DR [85]. There are other signaling pathways involved in 

diabetes-induced pericytes loss, even though the underlying mechanisms 

that reveal their association with pericytes dropout have not been fully 

elucidated yet [86] . 

Oxidative stress 

Hyperglycemia-induced oxidative stress, which represents the imbalance 

between ROS generation and the ability of antioxidant defense systems to 

eliminate them, is one of the key factors that contribute to DR pathogenesis 

[87] (Figure 9). 

 

Figure 9. Oxidative stress in the retina [27]. 
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The production of ROS occurs primarily in the electron transport chain of 

mitochondria, where the unintended leakage of electrons and their reaction 

with molecular oxygen lead to the production of free radicals [88]. The 

enzymatic complex of NADPH oxidase (NOX) greatly contributes to ROS 

production [89]. 

The free radicals species are mainly classified into ROS and reactive 

nitrogen species (RNS) [90]. Under normal physiological conditions, ROS 

are involved in eliminating pathogens, but if their level becomes excessively 

high, it can induce oxidative damage to proteins (protein misfolding and 

destruction), lipids (via lipid peroxidation), and nucleic acids, resulting in 

tissue and mitochondrial injury, cell dysfunction, and inflammatory 

responses [91]. The antioxidant defense systems consist of several enzymes 

with detoxification ability such as superoxide dismutase (SOD), catalase, 

heme oxygenase, and direct antioxidants such vitamin C, vitamin E, and 

glutathione [92]. As stated above, the ROS generation processes are 

enhanced under several pathological conditions, as in the case of DR. 

Indeed, persistent hyperglycemia stimulates the generation of ROS, that in 

turn determines the dysfunction of the neurovascular unit, leading to retinal 

vascular diseases[18]. Since oxidative stress originates in mitochondria of 

endothelial cells, ROS accumulation within these cell type causes 

endothelial cell dysfunction (characterized by reduced endothelium-

dependent vasodilation) along with a pro-thrombotic tand pro-inflammatory 

state [39]. An over-production of ROS stimulates the generation of several 

pro-inflammatory cytokines that contribute to cell damage and promotes 

vascular dysfunction and inflammatory processes by activating several 

transcription factors such as nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-B) [93]. It has also been demonstrated that ROS 

activate the NOD-like receptor family pyrin domain-containing 3 (NLRP3) 
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inflammasome, a multiprotein cytoplasmic complex involved in mediating 

cellular inflammation through the activation of caspase-1 and the 

consequent formation of IL-1β and IL-18 mature cytokines [94]. 

Data reported in literature shown that NLRP3 inflammasome activation (via 

the ROS-sensitive thioredoxin-interacting protein, TXNIP) andVEGF-A 

over-expression promote retinal capillary cell apoptosis and enhance retinal 

vascular permeability in the retina of DR subjects [95,96]. Indeed, it has 

been shown that the pro-oxidant TXNIP is up-regulated in DR since the link 

between this protein and thioredoxin (Trx) inhibits Trx ability to reduce 

thiols and scavenge pro-oxidant molecules [97]. The over-generation of 

ROS promotes the modification of several signaling pathways such as 

mitogen-activated protein kinase (MAPK), AGEs, the protein kinase C 

(PKC),and the renin-angiotensin system (RAS) pathways, all of them 

contributing to the pathophysiology of DR [98]. In addition to the above, 

hyperglycemic conditions induce ROS production by altering glycolysis as 

well as the citric acid cycle pathways with the consequent overproduction of 

superoxide radical. This radical species induces an increment in the levels of 

glyceraldehyde-3-phosphate (G3P), that in turn up-regulates the formation 

and deposition of AGEs [64]. Furthermore, the superoxide radical has been 

found to be enhanced in retinal endothelial cells exposed to HG 

concentrations and in a streptozotocin rat model of type I diabetes [99]. 

Oxidative stress plays a crucial role in the mitochondrial function changes; 

in line with this, the alteration of bioenergetic pathways in the diabetic 

neural retina is supported by studies showing the link between inherited 

mitochondrial disorders and visual impairment, highlighting the 

contribution of neural retinal cell mitochondria to oxidative stress [100-

102]. 
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P2X7 receptor 

HG concentrations trigger alterations of retinal blood vessels that induce 

ATP-mediated apoptosis through the activation of the purinergic signaling. 

ATP is an excitatory transmitter present at high concentrations (1-10 mM) 

in the intracellular compartment, whereas its concentration is considerably 

lower at the extracellular site [103]. During an acute inflammation, injured 

cells start to release ATP in the extracellular environment and consequently 

the amount of extracellular ATP (eATP) increases rapidly. High levels of 

eATP at the site of inflammation represent a danger signal that promotes the 

infiltration of inflammatory cells, triggering the inflammatory response with 

the release of pro-inflammatory mediators. The purinergic signaling is 

mediated by purinergic receptors consisting of two different families: P1 

and P2. These purinergic receptors bind adenosine and ATP (or other 

nucleotide analogs), respectively. The P2 receptor family includes two sub-

types: P2X and P2Y [104]. To date, seven P2X receptor sub-types and eight 

P2Y receptor sub-types have been identified. P2X receptors are a family of 

ligand-gated ion channels that are activated by eATP and widely distributed 

in most cell types, including brain glial cells, macrophages,f ibroblasts, 

erythrocytes, granulocytes, bone cells, epithelial, and endothelial cells [105]. 

Furthermore, this class of receptors mediates the synaptic transmission in 

the central and peripheral nervous systems, macrophage activation, platelet 

aggregation, and are also involved in cell death and immunomodulation 

phenomena [106,107]. P2X receptors have two transmembrane (2TM) 

motifs and, since three molecules of ATP seem to bind to the extracellular 

portions, it has been proposed that these ion channels are composed by three 

subunits. Differently from the other P2X purinoreceptors, the P2X7 receptor 

(P2X7R) possess unique features with both physiological and pathological 

significance. This receptor is highly polymorphic and requires higher 
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concentrations of ATP to be activated compared to the other ionotropic 

receptors of the P2X family. P2X7R has been found to be expressed in 

several retinal cell types including vascular cells and neurons [108,109]. 

Furthermore, this receptor has also been detected in processes presynaptic to 

photoreceptors, suggesting a potential role in the retinal neurotransmission 

[110].The tri-dimensional analysis of P2X7R structure reveals the presence 

of an extracellular region and two transmembrane helices (TM1 and TM2). 

Its structure resembles the shape of a dolphin. As in the case of the other 

P2X sub-types, P2X7R possesses three ATP-binding pockets with three 

ATP sites of each pair of two adjacent monomers [111]. Interestingly, this 

receptor has other three drug-binding pockets, juxtaposed to the ATP-

binding one, that are able to bind different molecules with both allosteric 

and/or inhibitory modulatory properties [112]. Under physiological 

conditions P2X7R is silent, whereas, if the eATP concentration raises 

following cellular injury or metabolic distress, this purinoreceptor becomes 

activated. Depending on eATP exposure duration, P2X7R activation leads 

to two specific responses: 

1. permeabilization to a non-selective cationic current (Ca
2+

and Na
+ 

influx, and K
+
 efflux) in the case of a relatively short exposure to the 

agonist (0.1-1sec); 

2. formation of a non-selective transmembrane pore, permeable to 

molecules up to 900Da, when the levels of divalent cations are low 

and eATP exposure is prolonged. 

The “pore formation” response can be easily detected, since it has been 

associated with cell swelling and apoptotic or necrotic cell death [113]. 

Additionally, when eATP binds P2X7R it is also possible to observe the 

activation of pannexin-1 (Panx1), that in turn activates the inflammasome 

with the consequent release of IL-1β [114] (Figure 10). 
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Figure 10. Sequence of events leading to P2X7 receptor and Panx1-mediated 

inflammasome activation [115]. 

P2X7R is sensitive to its agonist 2′(3′)-O-(4-Benzoylbenzoyl)-ATP 

(BzATP) which is 10 to 30-times more potent than ATP [116]. It has been 

shown that this P2X7R agonist is involved in the mechanisms that lead to 

the microvascular cell death associated with early changes in DR [117]. 

Evidence in literature has shown how the activation of P2X7R induces 

alterations of retinal microvasculature in an in vitro model consisting of 

pericyte-containing retinal microvessels [118]. Additionally, the activation 

of P2X7R along with the formation of transmembrane pores lead to 

increased extracellular NAD
+
 causing retinal microvessels death [119]. The 

activation of this purinoreceptor has also been linked to retinal ganglion cell 

damage following an elevated intraocular pressure paralleled by an 

excessive release of eATP [120]. Further studies have revealed that P2X7R 

triggers the vascular inflammatory reactions as a consequence of an over-
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expression of inflammatory mediators, contributing to retinal vascular 

occlusion and BRB dysfunction [121]. To date, the role played by P2X7R in 

activating inflammatory processes has been established and, since DR is 

considered an inflammatory diseases, several compounds modulating 

P2X7R function have been using as possible DR treatments [115]. 

IN VITRO MODELS OF BRB 

The development and maintenance of multicellular organisms occur through 

the formation of physical barriers such as endothelial and epithelial 

biological barriers, whose aim is the separation of numerous and often very 

different compartments. These vital barriers possess several physiological 

functions that include the protection against pathogens and their toxins, the 

transport of ions and small molecules and, the elimination of waste 

products. They also provide nutrients and are involved in the fluids filtration 

as well as in the regulation of internal homeostasis [40]. The alteration of 

these biological barriers contributes to the onset and progression of several 

ocular diseases, such as DR. Indeed, it has been shown that the dysfunction 

of BRB junctional complexes contributes to the neuronal signaling damage 

and consequent neural apoptosis [122]. BRB plays a central role in 

maintaining the proper retinal environment and function and its breakdown 

is characterized by enhanced permeability. The latter leads to the leakage of 

neurotoxic compounds, infiltration of inflammatory cells, and accumulation 

of extracellular fluids, all these factors directly or indirectly contributing to 

the development of major retinal diseases characterized by an impaired 

visual function [123]. Furthermore, several mediators such as oxidative 

stress, inflammation, and hyperglycemia are involved in the increased BRB 

permeability and are then connected to retinal disorder, where the BRB 

dysfunction represents one of the main cause of vision impairment [124]. 
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Taking the above into account, the develop of proper and representative in 

vitro models that allow to study and target BRB permeability and to test 

potential drugs is of utmost importance. Indeed, one of the aim of the in 

vitro models is to closely mimic the BRB environment and consequently 

allow to better predict the behavior of its cell components at in vivo level. 

Additionally, the investigation of the most important physiological aspects 

of this biological barrier could allow a better understanding of the 

pathophysiology as well as of the mechanisms underlying BRB dysfunction-

related diseases. Notably, the BRB in vitro models are considered useful 

approaches to prevent and/or limiting vascular leakage or eventually restore 

the barrier function in several ocular disorders [16]. Ideally, an appropriate 

in vitro BRB model should recapitulate the BRB crucial features and 

integrate human cells in order to provide a more solid understanding of 

ocular disease biology. By the use of BRB in vitro models it is possible to 

recreate a controlled environment and investigate both the key molecular 

pathways and the detailed mechanisms underlying BRB alteration with 

reproducible conditions; the use of these systems could also make it possible 

the acceleration of pharmaceutical procedures through the improvement of 

early-stage compound screening. Furthermore, by employing the in vitro 

models, it is possible to mitigate the costs and the time-intensive ethical 

approval procedures typical of animal models, even though one of the 

drawbacks is to strictly mimic the complexity of BRB in vivo along with the 

difficulty to efficiently observe cell–cell interaction due to the thickness of 

the BL [125]. Since the main function of the cell barrier is the separation of 

two physiological compartments, the current in vitro models are 2-

dimensional (2D) cell culture devices that rely on the compartmentalization 

of distinct environments by using physical interfaces supported by cells 

(e.g.,transwell) [126]. BRB in vitro systems usually use co-cultures of 
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endothelial cells and pericytes, cultured on permeable support membranes, 

with or without other cell types such as astrocytes [127]. Transwell are 

semipermeable filters that favor the cell growth and, at the same time, allow 

the passage of secrete molecules (Figure 11). 

 

Figure 11. Use of transwell inserts and TEER to study BRB integrity. Adapted 

from [40,128]. 

These permeable supports define two compartments: the apical (upper) and 

the basolateral (lower) chambers. These devices also permit the cell 

polarization by mimicking the in vivo cellular scenario as well as the 

collection of samples from both tissue sides; the latter function gives the 

possibility to better elucidate the mechanisms of transport. In vitro models 

based on retinal cells co-cultures grown on transwell supports have been 

extensively used to deeply investigate the BRB-related diseases, such as DR 

[129-131]. In these in vitro systems, the cells are challenged with HG levels 

(whose concentration ranges from 25 to 50 mM) with the aim to mimic the 

hyperglycemic environment and then increase the expression of 

inflammatory mediators; two typical features of the early phase of NPDR. 

The measurement of BRB permeability is essential to assess the integrity 

and/or alteration of the barrier as well as to identify the mediators that may 
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contribute to its dysfunction and consequently the progression of DR. The 

BRB tightness can be monitored by using TEER (Figure 11), which 

involves the use of two electrodes, one placed in the upper chamber while 

the other is placed in the lower chamber; the results obtained by TEER 

measurement are expressed as Ohm×cm
2
. With this non-invasive technique 

is also possible to determine ion selectively and trans-endothelial transports 

[132]. The barrier function can also be evaluated by measuring the 

permeability of the cells to several fluorescence dyes, such as sodium 

fluorescein (Na-F) and fluorescein isothiocyanate–dextran, with known 

molecular weight. The tracers are added in the donor chamber and 

quantified in the received compartment during the time. The permeability of 

these soluble inert tracers can be analyzed by fluorescence and/or using the 

following formula: Papp = dQ/(dT×A×C0), where dQ is the transported 

amount, dT the incubation time, A the surface area of membrane, and C0 the 

initial concentration in the donor chamber [133]. 

The progresses in biomaterials and in microfabrication technologies made 

during the last decades allow the use of new compartmentalization 

approaches to develop barrier models as the“organs-on-a-chip” systems. 

These small microfluidic devices provide a tissue-like architecture (at the 

micro- and nano-levels) and the physio-chemical microenvironment of 

human barriers by integrating 3-dimensional (3D) cell organization, co-

cultures, and perfusion [134]. These technological small systems are 

physiologically relevant for investigating the cellular response to treatments; 

furthermore, their use facilitate the predictive personalized medicine 

applications [135-137], even though the exactly knowledge on3D co-culture 

stability of multiple cell types is required. 
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TREATMENT STRATEGIES IN BRB-BREAKDOWN-

RELATED DISEASES 

For the treatment of early DR, the drug delivery through the systemic 

administration is limited into the intraocular tissue, since the drugs must 

pass the BRB in order to reach therapeutic levels in the retina [138]. The 

penetration of drugs and the concentration that reaches the retina is really 

low (less than 5% of the administered dosage) even because the drug 

entrance depends on several factors including the volume of drug 

distribution and profile, the plasma protein binding, and the relative BRB 

permeability. By using animal models of DR, it has been recently 

demonstrated that a number of drugs could reach the posterior segment of 

the eye at effective concentrations when administered topically, even though 

there are no supporting data from clinical trials [139-141].Thus, new 

strategies have been considered in order to obtain pharmacological 

therapeutic concentrations within the retina including: 

1. the delivery of polymeric nanoparticles that are able to bypass all 

ocular barriers [142,143]; 

2. the coupling of drugs to vectors, as for example in the case of the 

addition of cell-penetrating peptides [144] and/or a hydrogel ring 

made of hydroxyethyl methacrylate in the eye drops, to improve the 

delivery of topically administered drugs into the retina/choroid, 

obtaining the therapeutic efficacy observed for intravitreal injection 

[145,146]; 

3. chemical modification of drugs that mimic the substrates to be taken 

up by receptors or particular transporters present in the BRB. 

The development of new drug delivery systems led to the use of topical 

administration as preferred choice for the delivery of drugs into the retina in 
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the early phase of DR, even if eye drops are generally considered to be of 

limited benefit; therefore, the use of intravitreal injections, a form of 

administration that circumvents the BRB, seems to be the most appropriate 

choice. To date, only PDR stage can be pharmacologically or surgically 

treated including the treatment options described below. 

Laser and panretinal photocoagulation 

Before the advent of anti-VEGF drugs, this focal laser treatment has been 

considered the gold standard for the treatment of PDR. This therapeutic 

option is based on the use of a laser on leaking microaneurysms that reduces 

the leakage of blood and fluid in the eye also improving the oxygenation. It 

has been shown that the focal therapy reduced the risk of moderate visual 

loss in the three-year Early Treatment Diabetes Retinopathy Study (ETDRS) 

by 50%, with no deleterious effects on visual fields [147]. Another 

treatment used for the treatment of PDR is the panretinal photocoagulation 

(PRP), a scatter laser treatment that reduces the risk of severe visual loss, as 

observed in the case of vitreous hemorrhage [148], and represents the 

standard treatment for PDR patients. Although the laser therapy could lead 

to mild central visual loss and reduce night vision due to its destructive 

nature [149], it still plays an important role as a rescue therapy or adjuvant 

treatment [150]. 

Anti-inflammatory therapy 

Intravitreal corticosteroids are potent anti-inflammatory agents that 

represent an important therapy for the treatment of vitreoretinal and 

inflammatory disease, including DR. Since the corticosteroids have a broad 

spectrum of action, they are involved in several biological processes by 

reducing, on a large scale, the expression of several inflammatory mediators 



41 
 

such as chemokines, leukostasis, and inflammatory cytokines involved in 

the pathogenesis of DR and DME. Corticosteroids can also inhibit 

intracellular pathways of inflammatory lipid mediators. Furthermore, it has 

been shown that corticosteroids play an important role in reassembling BRB 

by the increase of junctional complexes between capillary endothelial cells 

through the inhibition of VEGF-A activity [151]. These anti-inflammatory 

agents are efficient in several delivery systems and can be used in 

combination with macular laser therapies. Currently, the intravitreal 

corticosteroids used in the clinical trials for the treatment of vitreoretinal 

diseases include triamcinolone acetonide (TA), fluocinolone acetonide (FA), 

and the Food and Drug Administration (FDA)-approved dexamethasone 

(DEX). TA intravitreal injection has shown to reduce the thickness of the 

central retina in patients with DME and improve their visual acuity 

although, after 24 weeks of therapy, its effectiveness started to drop due to 

adverse ocular episodes [152]. Moreover, scientific evidence reveals that 

TA is also involved in the reduction of the PDR progression [153]. In 

pseudophakic patients, the combination of intravitreal TA with laser 

photocoagulation therapy has shown a comparable effectiveness to 

ranibizumab monotherapy [150]. Corticosteroids can be used as drug 

delivery implants such as the DEX intravitreal one which provides 

prolonged drug exposure and reduces the frequency of injections. However, 

despite that, these treatments have several adverse effects consisting in, just 

to name a few, the enhanced prevalence of glaucoma and high rate of 

cataract formation. Given the elevate incidence of corticosteroids side 

effects and the uncertainty on the efficacy of their use in the treatment of 

PDR, corticosteroid therapy is considered as a second-line option for 

patients that showed a weak response to other therapeutic options. 
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The inflammatory therapy also includes the use of non-steroid anti-

inflammatory drugs. Since the IL-6 represents the most important pro-

inflammatory cytokine present in the vitreous of DR subjects [154], it has 

been considered a promising target for the treatment of patients with DR. 

This anti-inflammatory therapy is based on the use of antibodies against 

both IL-6 (EBI-031) and its receptor (tocilizumab). Furthermore, an 

antagonist of the adhesion molecule integrin (Luminate) provided promising 

responses in improving visual acuity in patients with DME, even though its 

efficacy still needs to be further tested. 

Anti-VEGF drugs 

With the anti-VEGF therapy advent more opportunities have become 

available to prevent and/or reduce the visual impairments typical of DR and 

DME. VEGF plays a crucial role in the development and progression of 

ocular disorders since this growth factor leads to enhanced vascular 

permeability and angiogenesis mediators [155]. Based on the above, the use 

of VEGF inhibitors as pharmacologic therapy for the treatment of these 

diseases has captured enormous interest among the scientific community 

[156]. The anti-VEGF medications that have been tested in clinical trials for 

the treatment of DR include the FDA-approved pegaptanib, ranibizumab, 

aflibercept, and the off-label intravitreal bevacizumab. Among these agents, 

ranibizumab is the most evaluated drug in several clinical trials and was the 

first anti-VEGF approved by FDA. Indeed, intravitreal injections of the Fab 

fragment ranibizumab improved visual acuity of DME subjects by reducing 

macular edema [157]. Moreover, it has been shown by different studies that 

ranibizumab monotherapy is more effective than macular laser 

photocoagulation in reducing DME; these studies have also evinced no 

additional benefits of the combined ranibizumab/macular laser therapy [158-
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160]. Differently from bevacizumab, ranibizumab has a higher affinity for 

VEGF-A by binding with all the VEGF-A isoforms, with the consequent 

reduction of VEGFR1 and VEGFR2 receptors activation [161]. 

Aflibercept is another anti-VEGF agent that received FDA approval for the 

treatment of DME in 2014 [162]. This fusion protein bears two binding 

domains of VEGF receptors and in its C-terminal region is located the 

fragment crystallizable region of human immunoglobulin [163]. Results 

obtained from a study aimed to evaluate the relative effectiveness and safety 

of aflibercept revealed that this drug achieved greater average values in 

improving visual acuity compared to bevacizumab and ranibizumab [164]. 

Unfortunately, anti-VEGF agents have a short half-life, then monthly 

injections are needed in order to ensure its efficacy. The most important 

drawback is represented by the elevate incidence of adverse effects. 

Additionally, even though VEGF plays a neuroprotective role, the use of 

high-dose of anti-VEGF drugs can be deleterious for the retina and then 

requires careful consideration [165]. 
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Abstract 

Blood-retinal barrier (BRB) dysfunction represents one of the most significant changes 

occurring during diabetic retinopathy. We set up a high-reproducible human-based in vitro 

BRB model using retinal pericytes, retinal astrocytes, and retinal endothelial cells in order 

to replicate the human in vivo environment with the same numerical ratio and layer order. 

Our findings showed that high glucose exposure elicited BRB breakdown, enhanced 

permeability and reduced the levels of junction proteins such as ZO-1 and VE-cadherin. 

Furthermore, an increased expression of pro-inflammatory mediators (IL-1β, IL-6) and 

oxidative stress-related enzymes (iNOS, Nox2) along with an increased production of 

reactive oxygen species were observed in our triple co-culture paradigm. Finally, we found 

an activation of immune response-regulating signaling pathways (Nrf2 and HO-1). In 

conclusion, the present model mimics the closest human in vivomilieu providing a valuable 

tool to study the impact of high glucose in the retina and to develop novel molecules with 

potential effect on diabetic retinopathy. 

Keywords: diabetic retinopathy; blood-retinal barrier; astrocytes; oxidative stress; 

inflammation. 
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Introduction 

Blood-retinal barrier (BRB) is crucial for proper vision and the loss of the integrity of this 

physical barrier greatly contributes to the vision loss in retinal diseases such as diabetic 

retinopathy. The BRB consists of two compartments: inner BRB, formed by adherents and 

tight junctions between adjacent retinal capillary endothelial cells, and outer BRB, 

composed of retinal pigment epithelial cells, representing a highly selective barrier for 

molecules and solutes moving from the choroid into the retina [1,2]. With regard to the 

inner BRB, the retinal endothelial cells are covered by pericytes, which, in turn, are 

supported by glial cells such as astrocytes. The latter are involved in the maintenance of 

both retinal neurons and blood vessels and are able to modulate the BRB function through 

the release of trophic factors and antioxidants in the retinal microenvironment [3]. 

Astrocytes play also an important role in the maintenance of the BRB since their processes 

enfold retinal endothelial cells, with a more defined maturation of the tight junction 

proteins [1,4]. 

The integrity of BRB is maintained by endothelial tight and adherence junctions, which 

create a very tight monolayer, so that macromolecules cannot easily penetrate between the 

cells forming the retinal unit [5]. The loss of tight junctions, connected to the actin 

cytoskeleton through zonula occludens-1 (ZO-1), leads to the disruption of the inner 

barrier[6]. The vascular endothelial (VE)-cadherin, a member of the super-family of 

cadherins, acts as a plasma membrane attachment site for the cytoskeleton and plays a 

pivotal role in the regulation of endothelial cell behavior [7,8]. The integrity of both classes 

of the above-mentioned junctional proteins is crucial for the normal settlement of the 

barrier functionality [9]. 

Hyperglycemia can contribute to the BRB breakdown that is the hallmark of diabetic 

retinopathy associated by pericytes death, and endothelial junctions loss [6,10,11]. It is 

worth of note that, in the last decade, diabetic retinopathy has been shifted from 

“microvascular disease” towards “neurovascular disease” [12]. 

High glucose conditions alter several cellular functions affecting, among others, 

intracellular calcium levels, NADPH oxidase (Nox2) activity, and nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-κB) signaling [13-15]. Hyperglycemia has 

also been linked to the over production of inflammatory mediators (e.g. IL-1β, TNF-, IL-

6) and reactive oxygen species (ROS), with a consequent increase in inflammation and 

oxidative stress [16-20]. 
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Increased levels of reactive oxygen (ROS) and nitrogen (RNS) species, including nitric 

oxide (NO
•
) and superoxide anion (O2

−•
), have been observed in the retina of diabetic rats 

[21-23]. Under pathological conditions inducible nitric oxide synthase (iNOS) and NADPH 

oxidase (Nox), responsible for NO and O2
−•

production respectively [24,25], are over-

activated in several cell types including endothelial and immune cells [24,26]. The iNOS-

mediated NO production has been associated with the induction of early vascular changes 

[27], while Nox2-derived ROS are involved in retinal inflammation [28-30]. Furthermore, 

an overproduction of ROS and RNS has been correlated with the BRB breakdown 

occurring in the early stage of diabetic retinopathy [31]. 

An important mechanism in the cellular defense against oxidative stress is represented by 

the activation of nuclear factor (erythroid-derived 2)-like 2 (Nrf2) pathway, which in turn 

regulates ROS-sensitive genes including heme oxygenase-1 (HO-1) [32-34]. With specific 

regard to astrocytes, Nrf2 pathway has been shown to play a key role in counteracting 

oxidative stress-induced cell death [35]. 

In vitro models of BRB provide a valuable tool to better understand the retinal 

pathophysiology as well as the trafficking occurring in the barrier [36,37]. In particular, co-

cultures of BRB are widely used in order to clarify the cross-talk between the cells of the 

retinal unit. According to Nakagawa et al., in vitro models of rat blood brain barrier (BBB) 

in which endothelial cells and pericytes are co-cultured on opposite sides of a transwell 

insert and astrocytes are located at the bottom of the culture dish well represent the in vivo 

anatomical position of the cells at the BBB[38] that, as know, it shares histological and 

functional similarities with the BRB [39]. Recently, Wisniewska-Kruk et al.[40] set up a 

BRB based on a triple co-culture, even though they did not used human cells. These authors 

employed bovine endothelial cells, bovine pericytes and rat astrocytes, therefore a bit far 

from human BRB. In order to set up a better BRB in vitro model closer to human in vivo 

environment, we characterize an in vitro human primary culture based on triple co-culture 

BRB model using human retinal endothelial cells, human retinal pericytes, and human 

retinal astrocytes, keeping the same cellular layer order present in human, and the same 

numerical ratio. 

In the present study, we first evaluated barrier tightness and paracellular permeability of our 

BRB system by measuring the trans-epithelial electrical resistance (TEER) and the flux of 

the water-soluble inert tracer, sodium fluorescein (Na-F). Next, we examined the functional 

integrity of the BRB by immunofluorescence staining. The effects of high glucose exposure 

were also assessed by ROS production, pro-inflammatory mediators, and oxidative stress 
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related genes by quantitative real time PCR (qRT-PCR). Lastly, we investigated the effect 

of high glucose exposure on NF-κB, Nrf2 as well as on its downstream gene heme 

oxygenase 1 (HO-1) by western blot analysis. 

Results 

BRB integrity 

The effect of high glucose conditions on BRB integrity were first assessed by performing 

TEER measurements. As shown in Figure 1 the permeability was significantly altered by 

high glucose conditions compared to normal glucose (control) conditions at both time 

points. A reduction of 41% was observed after 24 h (p < 0.0001 vs. normal glucose), that 

further increased (-52%) after 48 h of treatment. 

Paracellular permeability was assessed in cells subjected to normal or high glucose 

conditions for 48 hours using the fluorescent marker Na-F (Figure 2). As expected, an 

inverse correlation was observed between the TEER values and the Na-F permeability 

(Figure 2). 

Unlike the difference in fluorescence due to Na-F passage (permeability) measured in the 

two different media collected by cells cultured under normal and high glucose conditions 

after 5 min (+4.9%, not significant), significant differences were observed after 15 min and 

30 min (p < 0.01 and p < 0.05 vs. normal glucose, respectively). 

ZO-1 and VE-cadherin levels 

Figure 3 depicts the results of the immunocytochemistry analysis performed in the 

endothelial cells monolayer, part of the in vitro BRB model, grown under normal and high 

glucose conditions. 

The presence of ZO-1 was significantly reduced in cells exposed to high glucose (Figure 

3A,ii) compared to normal glucose conditions (p < 0.001; Figure 3A,i), where a distinct 

ZO-1 staining at the cell-cell borders was observed. The quantification of ZO-1 intensity, 

measured as fluorescence arbitrary units (AUs), under both normal and high glucose 

conditions is shown in Figure 3B. It is worthy to note that high glucose exposure affected 

the presence of VE-cadherin in a similar way to ZO-1. In fact, the staining of VE-cadherin 

appeared to be markedly reduced and discontinuous in endothelial cell monolayers under 

high glucose conditions (Figure 3C,ii), while endothelial cells under normal glucose 

conditions show a continuous Ve-cadherin brush border (Figure 3C,i). The quantification of 

VE-cadherin intensity (AU) under both normal and high glucose conditions, clearly 



49 
 

showing the significant difference (p < 0.001) between both conditions, is reported in 

Figure 3D. 

Biomarkers of inflammation and oxidative stress 

Astrocytes are able to modulate the BRB function through the release of trophic factors and 

antioxidants in the retinal microenvironment [3]. The over-activation as well as the 

dysfunction of astrocytes represent key contributors to the BRB injury and other retinal 

vascular diseases [41]. Since high glucose conditions have been shown to compromise 

retinal astrocytes function [17,42] and to be connected to the inflammatory cytokine 

secretion and to the induction of neuronal death [43], we measured the expression of two 

well-known pro-inflammatory cytokines (IL-6 and IL-1β) in astrocytes, part of the in vitro 

BRB model, grown under normal as well as high glucose conditions. As clearly shown in 

Figure 4A,B, the expression levels of both pro-inflammatory cytokines were significantly 

increased by high glucose conditions compared to normal glucose conditions (p < 0.01 for 

IL-6; p < 0.05 for IL-1β). 

In order to assess whether the ability of high glucose conditions to enhance IL-6 and IL-1β 

expression level is also linked to oxidative stress, we measured the gene expression of 

enzymes related to the oxidative stress as well as the total ROS production in astrocytes. 

High glucose conditions significantly raised both iNOS (p < 0.001; Figure 5A) and Nox2 (p 

< 0.01; Figure 5B) expression levels compared to normal glucose conditions. 

As shown in Figure 5C, high glucose conditions were also responsible for a higher 

accumulation of intracellular ROS in astrocytes compared to normal glucose conditions (p 

< 0.01). 

NF-B, Nrf2, and HO-1 levels 

To address whether the propensity to increase inflammation and oxidative stress was also 

connected to other molecular events, the effect of high glucose conditions on pNF-B and 

Nrf2 nuclear translocation as well as HO-1 expression was studied in astrocytes. Compared 

to normal glucose levels, high glucose conditions promoted an increase in the nuclear 

protein fraction of pNF-B (p < 0.05; Figure 6A) and Nrf2 (p < 0.05; Figure 6B) nuclear 

translocation, while, as expected, an opposite situation was observed for the cytoplasmic 

protein fractions (p < 0.05 for both of them; Figure 6A-B). 

It is also worth underlining that the total levels of both proteins (NF-B and Nrf2),were not 

affected by high glucose (data not shown). Figure 6C shows the significant increment in 
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HO-1 protein levels observed in astrocyte extracts obtained by cells challenged with high 

glucose conditions compared to normal glucose conditions (p < 0.05). 

Discussion 

Cell culture models can be simply set up and represent valuable tools to investigate several 

biological phenomena occurring on complex systems such as BRB and BBB, under 

physiological and pathological conditions. Unfortunately, so far there are no BRB triple co-

culture model that used human retinal cells. Therefore, the first aim of this study was to 

characterize a new and reproducible in vitro human primary culture based triple co-culture 

BRB model based on retinal perycites, retinal astrocytes, and retinal endothelial cells, 

mimicking the human milieu [44]. Keeping in mind this goal, we tried to maintain the same 

position and order of the cellular layers in human. We also investigated the alterations of 

the inner BRB responsible for the biological retinal modifications occurring in ocular 

pathological conditions such as diabetic retinopathy. Our BRB co-culture system was build-

up by placing endothelial cells and pericytes on the opposite sites of a porous membrane of 

a trans-well insert, and astrocytes on the luminal compartment of the well (Figure 7). 

Once our BRB system has been assembled, we evaluated: i) the overall barrier tightness 

and paracellular permeability; ii) the distribution of junctional adhesion molecules in 

endothelial cells; iii) the expression of genes related to inflammation and oxidative stress as 

well as total ROS production in astrocytes; iiii) the protein expression levels of elements of 

immune response-regulating signaling pathways in astrocytes. In order to better understand 

the BRB alterations occurring in diabetic retinopathy, we evaluated the above-mentioned 

paramenters in our system under normal (5 mM) and high (40 mM) glucose conditions. 

The structural integrity variations of the in vitro BRB model following high glucose insult 

were assessed after 24 and 48 h, since a well-defined BRB damage can be detected at these 

time points [45]. A significant decrease of TEER values was observed after both 24 (-41%) 

and 48 (-48%) h challenge with high glucose exposure as compared with control cells 

(normal glucose) (Figure 1). The loss of BRB integrity was further confirmed by a 

significant increase in Na-F permeability from the apical to the basolateral compartment of 

the insert (Figure 2). The results of the experiments showed in Figure 1 and Figure 2 

indicates a leaky retinal barrier under high glucose conditions, in accordance to what has 

been observed in patients with diabetic retinopathy [46]. 

Among the tight junction-associated proteins, ZO-1 plays a key role in BRB integrity and 

its deficiency has been connected to a setback in the formation of the tight junction protein 
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complex [47,48] and an increased permeability of the BRB in patients affected by diabetic 

retinopathy [49]. In accordance with the aforementioned, the challenge of the endothelial 

cells, part of our BRB model, with high glucose exposure caused a robust decrease in terms 

of ZO-1 protein levels (Figure 3B) as depicted by a discontinuous brush border at the cell-

cell contact (Figure 3A,ii), very different from the distinct ZO-1 staining observed at the 

cell-cell borders under normal glucose conditions (Figure 3A,i). We also investigated the 

VE-cadherin modifications, another protein implicated in the BRB breakdown during 

diabetic retinopathy [50,51]. As observed for ZO-1, the immunocytochemistry analysis 

carried out on endothelial cell monolayers challenged with high glucose showed an evident 

alteration of organization pattern of VE-cadherin staining (Figure 3C,ii) that is significantly 

different compared to normal glucose conditions (Figure 3D). Overall, these results showed 

that high levels of glucose lead to mechanical disruption of both adherents and tight 

junction proteins in BRB and then to the loss of cell-to-cell contactin endothelial cell 

monolayers. 

During both early and late stages of diabetic retinopathy, inflammation and oxidative stress 

take place [52]. It is well known that astrocytes, the major glial cell within the central 

nervous system, participate in different pathophysiological mechanisms by releasing pro- 

and anti-inflammatory mediators [53,54]. These cells also play a central role in the 

development of the retinal vessells and in the maintenance of BRB [35]. As previously 

mentioned, high glucose conditions negatively influence the integrity of the BRB and this 

phenomenon is due, at least in part, to the ability of high glucose to compromise retinal 

astrocytes function as well as their morphology and viability [17,42]. Nevertheless, the 

precise molecular mechanisms leading to astrocytes dysfunction is currently poorly 

understood and under debate. With the aim to better clarify the role of astrocytes in the 

context of BRB, we analyzed the expression level of IL-1β, IL-6, iNOS, and Nox2 mRNAs 

as well as the total ROS production in astrocytes exposed to high glucose levels. Our results 

showed a significant increase in the expression levels of the above-mentioned pro-

inflammatory molecules (IL-1β, IL-6) (Figure 4) and pro-oxidant (iNOS, Nox2) (Figure 

5A,B) mediators coupled to the increased production of ROS (Figure 5C). The present data 

clearly demonstrate that high glucose levels boost the pro-oxidant and pro-inflammatory 

behavior of astrocytes, part of our BRB system. These results are in agreement with 

previous findings showed the link between the inflammatory mediators and the up-

regulation of iNOS and Nox2 in in vivo models of diabetic retinopathy [55,56]. 
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Additionally, several papers have shown that hyperglycemia-induced ROS production plays 

an important role in different pathological conditions such as diabetic retinopathy [57-59]. 

Inflammation and oxidative stress may be related to pro-inflammatory and pro-oxidant 

mediators increase or to a deficiency and/or impairment of endogenous defense signaling 

pathways. For this reason the effects of high glucose on NF-κB, Nrf2, and HO-1 protein 

expression levels in astrocytes were also investigated. By protein extracts of astrocytes, we 

found that high glucose exposure significantly promoted the nuclear translocation and the 

following activation of pNF-B and Nrf2, also enhancing HO-1 expression (Figure 6), 

compared to normal glucose conditions. This finding is in line with previous data pointing 

out that: 1) NF-κB represents one of the most common intracellular targets of 

hyperglycemia [60] and its translocation to the nucleus regulates the expression of several 

factors including pro-inflammatory cytokines [61]; 2) Nrf2, a transcription factor that is 

involved in the regulation of ROS-sensitive genes during oxidative stress events, 

translocates to the nucleus [62] allowing the transcription of genes directly involved in the 

protection against oxidative stress such as HO-1 [63]. The latter has been shown to exert a 

protective role in diabetic retinopathy [64]. 

Materials and Methods  

Materials and reagents 

Human retinal endothelial cells, human retinal pericytes, human retinal astrocytes, 

endothelial cell medium (ECM), fetal bovine serum (FBS), endothelial cell growth 

supplement (ECGS), pericyte cell medium (PM), pericyte supplement factor (PGS), 

astrocyte cell medium (AM), astrocytes supplement factor (AGS), polylysine (PLL), and 

penicillin-streptomycin (P/S) were purchased from INNOPROT (Derio, Bizkaia, Spain). 

Cell culture inserts, 75 cm
2 

polystyrene culture flasks, 12-wells plate, 96-wells plate, and 

rat-tail collagen type I were obtained from Corning Inc. (Corning, NY, USA). 

Paraformaldehyde (PFA), normal goat serum (NGS), Triton-X 100, Tween 20, 

phosphatases and proteases inhibitors, RIPA buffer, D-Glucose, and tris buffered saline 

(TBS) were all supplied by Sigma–Aldrich (St. Louis, MO, USA). Cy3 goat anti-mouse 

secondary antibody (ab97035), FITC-conjugated goat anti-rabbit (ab97050), anti-von 

Willebrand factor (ab6994) and anti-HO-1 (ab13248) primary antibodies, and 2',7'-

dichlorofluorescin diacetate (DCFDA) - Cellular ROS Assay Kit were purchased from 

Abcam (Cambridge, UK). Odissey®blocking buffer (PBS) and IRDye® 800CW 
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(92632211) or 680LT (92668020) secondary antibodies were obtained from LiCor 

(Lincoln, USA). Anti-VE-cadherin (2500), anti-Phospho-NF-κB p65 (anti-pNFB) (3033), 

anti-NFB (8242), and anti-Nrf2 (12721) primary antibodies were supplied by Cell 

Signaling (Leiden, Netherlands). Anti-ZO-1 primary antibody (61-7300), mounting 

medium, TRIzol reagent, SuperScript III first-strand synthesis system for RT-PCR, 

Pierce
TM

 BCA protein assay kit, Ne-PER nuclear and cytoplasmic extraction reagents, 

NuPage
TM 

4-12% bis-tris gel, and 4',6-diamidine-2'-phenylindole dihydrochloride (DAPI) 

(D1306) were purchased from ThermoScientific (Waltham, MA USA). Sodium fluorescein 

(Na-F), anti-β-actin (sc-47778) and anti-lamin B (sc-365214) primary antibodies were 

obtained from Santa Cruz Biotechnology, Inc. (Dallas, Texas, USA). Anti-GFAP primary 

antibody (NB120-10062) was supplied by Novus Biologicals (Milan, Italy). Anti-α‐SMA 

primary antibody (M0851) was purchased from Dako (Santa Clara, California, USA).  

 Nitrocellulose blotting membrane was purchased from GE Healthcare Life Sciences 

(Amersham, UK). LightCycler
®
fast start DNA master SYBR Green I was purchased from 

Roche Diagnostics (Indianapolis, IN, USA). QuantiTect primer assays were purchased from 

Qiagen (Hilden, Germany). 

Cells 

Endothelial cells were grown as previously described [65]. Briefly, the cells were 

maintained in ECM containing 5% FBS, 1% penicillin-streptomycin, and 1% ECGS under 

a humidified atmosphere (95% air/5% CO2 at 37 °C). Endothelial cells were routinely 

seeded in a 75 cm
2 

polystyrene culture flask, split at a confluence of 80–90%, and used for 

the BRB in vitro model assembly. Cell passage number was always between 2 and 4. 

Pericytes were fed with PM supplemented with 100 U/ml penicillin, 100 μg/ml 

streptomycin, 2% FBS, and 1% PGS. The cells were cultured at 37 °C and in humidified 

atmosphere with 95% air/5% CO2. As in the case of endothelial cells, pericytes were 

passaged after reaching 80–90% of confluence and used for the BRB in vitro model 

assembly. Cell passage number was always between 2 and 4. 

Astrocytes were seeded in PLL-coated 75 cm
2
 polystyrene culture flasks and cultured in 

AM enriched with 100 U/ml penicillin, 100 μg/ml streptomycin, 2% FBS, and 1% AGS. 

The cells were maintained in a humidified environment at 37 °C and 95% air/5% CO2 and 

passaged every 3–5 days to avoid cell overgrowth. Astrocytes following the first passage 

were used for the BRB in vitro model assembly. 

 



54 
 

BRB model set up 

In order to generate the in vitro BRB model, both inserts and 12-well plates were coated 

with PLL (2 µg/cm
2
) for 1 h at 37 °C followed by 3 washing steps: two with water and one 

with PBS. Pericytes were then seeded (1.5 × 10
4
 cells/cm

2
) on the bottom side of 

polycarbonate inserts and placed upside down. After 4 h of incubation, the inserts were 

inverted and inserted into 12-well plates containing pericyte medium. During the same day, 

astrocytes were plated (7.5 × 10
4
 cells/cm

2
) on 12-well plates pre-coated with PLL. The 

cells were allowed to adhere firmly (overnight, 37 °C in 95% air/5% CO2). The following 

day, the inserts containing pericytes were positioned into the 12-well plates holding 

astrocytes, while endothelial cells (7.5 × 10
4
 cells/cm

2
) were seeded on the luminal 

compartment of the inserts having pericytes on the other side. The three cell lines were co-

cultured in a humidified environment at 37 °C and 95% air/5% CO2 with a medium 

consisting of a mixture of the three cell lines’ media (1:1:1). Primary cells were co-culture 

at a ratio of 1:5:5 for pericytes, endothelial cells, and astrocytes, respectively, according to 

Bonkowski et al. [66], in order to replicate the in vivo numerical ratio. Under the above-

mentioned conditions, the in vitro BRB model was established within 3 days after setting of 

the cells. The day of the experiment, the medium was added of glucose (at the final 

concentration of 40 mM) for 48 h, while the co-culture medium containing a physiological 

glucose concentration (5 mM) was used as control, as recently described elsewhere [67]. 

Figure 7 depicts the experimental procedure followed for the in vitro human primary 

culture based triple co-culture BRB model assembly. 

BRB integrity assessment 

The barrier integrity of the established co-culture was evaluated by TEER measurements 

using a Millicel-Electrical Resistance System (ERS2) (Merck, Millipore, Burlington, MA, 

USA) as described elsewhere [68]. Final TEER values of coated filters containing cells, 

shown as ω × cm
2
, were calculated by subtracting the TEER values of coated cell-free 

filters. The results, recorded at 0 (T0), 1 (T24), and 2 (T48) after challenging the cells with 

high glucose conditions, were multiplied for the surface area (1.12 cm
2
). A 20 minutes 

equilibration period at room temperature (RT) was performed prior to the first 

measurement. TEER values were obtained from five independent experiments. 

In order to evaluate the BRB paracellular permeability, we measured the apical-to-

basolateral movements of Na-F across endothelial cells monolayer, subjected to normal or 

high glucose conditions for 48 hours, as previously described [38]. After 5, 15, and 30 min 
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the medium from the lower chamber was collected and the quantification of fluorescence 

(Na-F: excitation 480 nm, emission 535 nm) was carried out using a Varioskan Flash 

microplate reader (Thermo Scientific, MA, USA). 

Immunofluorescence staining 

All necessary information of the experimental conditions of the immunofluorescence 

staining (primary antibodies list, source, dilution, function/characteristics) are reported in 

Table 1. 

Endothelial cells and pericytes were characterized by their positive immunostaining for von 

Willebrand factor and α-SMA, respectively, as previously described [69] (Supplementary 

Figure 1A,B). 

In order to characterize the astrocytes, these cells were grown on PLL-coated coverslip, 

fixed by using 4% PFA for 20 min at 4 °C, washed three times (5 min each) with 10 mM 

PBS, and permeabilized with a 10 mM PBS solution containing 5% NGS and 0.1% Triton-

X 100 for 30 min at RT. Next, cells were incubated overnight, at 4 °C, with anti-GFAP 

primary antibody (dilution 1:200). The day after, cells were washed three times with 10 

mM PBS and incubated for 1 h, at RT, with Cy3 goat anti-mouse secondary antibody 

(1:300). As a final step, cell nuclei were stained by using DAPI (1:10000) (10 min). Cell 

imaging of GFAP-positive astrocytes (Supplementary Figure 1C) was performed by using a 

fluorescence microscope Zeiss Observer Z1 equipped with the Apotome.2 acquisition 

system connected to a digital camera (Carl Zeiss, Oberkochen, Germany).  

Immunohistochemistry analysis of ZO-1 and VE-cadherin were carried on endothelial cells 

under normal and high glucose conditions. In the case of ZO-1, endothelial cell monolayers 

were washed three times with 10 mM PBS, fixed with ice-cold acetone (100%) at -20 °C 

for 15 min followed by incubation with ice-cold methanol (100%) at -20 °C for 20 min. 

Cells were then washed three times with 10 mM PBS and permeabilized with a 10 mM 

PBS solution containing 5% NGS and 0.1% Triton-X 100 for 10 min at RT. Fixed cells 

were incubated overnight at 4 °C with ZO-1 antibody (1:100). Washing steps were 

performed before and after 1 h of incubation with FITC-conjugated goat anti-rabbit 

antibody (1:300). As a final step, cell nuclei were stained by using DAPI (1:10000) (10 

min). 

To assess VE-cadherin, endothelial cells were fixed in 4% PFA and permeabilized with 

0.3% Triton-X 100 at RT for 5 min followed by three washing steps. After a blocking step 

with 1% BSA/10 mM PBS for 1 h at RT, cells were incubated overnight at 4 °C with anti-



56 
 

VE-cadherin antibody (1:100) previously diluted in 10 mM PBS containing 1% BSA. The 

following day, the coverslips were incubated with FITC-conjugated goat anti-rabbit (1:300) 

for 1 h followed by PBS washes.  

Semi-quantitative evaluation of ZO-1 and VE-cadherin expression was carried out as 

previously described [67], with slight modifications. Coverslips were mounted on glass 

slides by using mounting medium and analyzed with a Leica TCS SP8 confocal laser 

scanning microscope (Leica Biosystems, Wetzlar, Germany) or Nikon A1RHD25confocal 

microscope (Nikon Instruments S.p.A, Florence, Italy). Images for ZO-1 and VE-cadherin 

immunostaining were acquired at 20× or 60× magnification. The images were analyzed by 

the use of ImageJ [70] or NIS-Elements software programs. Measurements of average gray 

scale intensity were carried out at the cell-cell interface in 7 random areas of 7 image 

rotations. More than 30 cells for each condition were analyzed. 

Measurement of intracellular ROS in astrocytes, part of the in vitro BRB model, was 

performed by using DCFDA Cellular ROS Assay Kit according to the manufacturer’s 

recommendations. Astrocytes, challenged with high glucose conditions for 48 h, were 

stained with DCFDA (25 µM, for 45 min at 37 °C), then fluorescence at 485 nm 

excitation/535 nm emission was measured by employing a Varioskan Flash microplate 

reader to determine total ROS formation. The final fluorescent intensity, after background 

subtraction, was then normalized to the fluorescent intensity of control cells (normal 

glucose conditions). 

qRT-PCR 

Total RNA was extracted from astrocytes, part of the in vitro BRB model, in TRIzol 

reagent according to the instructions provided by the manufacturer, and re-dissolved in 

RNAse-free water. Reverse transcription of RNA (2 µg) into cDNA was accomplished by 

using SuperScript III [68]. Quantitative real-time PCR was carried out to determine the 

expression levels of four selected genes by employing LightCycler
®
 FastStart DNA Master 

SYBR Green Iin a final volume of 20 µL (0.5 µM primers, 1.6 mM Mg
2+

, 1X SYBR Green 

I).  

The QuantiTect Primer Assays (Qiagen) used for gene expression analysis are enlisted in 

Table 2, with the exception of IL-1β (forward: 5'-AGC TAC GAA TCT CCG ACC AC-3'; 

reverse: 5'-CGT TAT CCC ATG TGT CGA AGA A-3') and 18S rRNA (forward: 5'-AGT 

CCC TGC CCT TTG TAC ACA-3'; reverse: 5'-GAT CCG AGG GCC TCA CTA AAC-3') 

that were purchased by Eurofins MWG Synthesis GmbH (Ebersberg, Germany). 
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Negative controls (no template control, NTC) were included in each assay. Amplifications 

were carried out in a Light Cycler 1.5 instrument (Roche Diagnostics, Indianapolis, IN, 

USA). The relative RNA expression level for each gene of interest was calculated using the 

2
-∆∆CT

 method [76] by the comparison of the threshold cycle (CT) value of the gene of 

interest to the CT value of the selected internal control (18S rRNA gene). 

Western Blot Analysis 

HO-1 protein expression was analyzed by the evaluation of protein concentration in 

astrocytes, part of the in vitro BRB model, challenged with high glucose conditions for 48 

h. Cells were collected and subsequently lysed in RIPA buffer supplemented by 

phosphatases and proteases inhibitors (1:100). Protein quantification was performed using 

Pierce
TM

 BCA Protein Assay Kit, according to the manufacturer’s instructions. 

The activation of both Nrf2 and NF-B on astrocytes under the same experimental 

conditions described above was measured by employing Ne-PER Nuclear and Cytoplasmic 

Extraction Reagents as previously described in details [77]. 

Approximately 25 µg of total, cytoplasmic, and nuclear proteins were separated on 4-12% 

tris-glycine gels and transferred to nitrocellulose membranes. The membranes were blotted 

with anti-HO-1 (1:500), anti-pNFB (1:1000), anti-NFB (1:1000), anti-Nrf2 (1:1000), 

anti-β-actin (1:1000), and lamin B (1:1000) primary antibodies in blocking buffer at 4 °C 

overnight. The day after the membranes were washed three times in TBS/Tween 20 0.1%, 

followed by incubation for 1 h with IRDye® 800CW or 680LT secondary antibodies 

(1:15000). Bands were visualized using Odyssey® Infrared Imaging system (LI-COR 

Biosciences, Lincoln, NE, USA) and the densitometric analysis were performed by Image J 

software. 

Statistical analysis 

Statistical analysis was performed by using GraphPad Prism 7 (GraphPad Software, La 

Jolla, CA). Student’s t-test was used to assess the statistical differences between two 

experimental groups.Two‐way analysis of variance (ANOVA), followed by Bonferroni’s 

post hoc test, was used for multiple comparisons. Only two-tailed p-values of less than 0.05 

were considered statistically significant. All experiments were repeated at least three times 

and the data are reported as mean ± standard deviation (SD). 

 



58 
 

Conclusions  

We developed, the first high-reproducible in vitro BRB model mimicking the inner retinal 

barrier, entirely based on human cells (retinal perycites, retinal astrocytes, and retinal 

endothelial cells). The effects of high glucose exposure were investigated in our BRB 

model. High glucose elicited remarkable changes in our triple co-culture system: first of all, 

the high glucose significantly reduced ZO-1 and VE-cadherin in endothelial cells 

decreasing BRB integrity; secondly, high glucose elicited genes expression related to 

inflammation and oxidative stress as well as antioxidant response. Taken together, the 

present findings show that our in vitro paradigm mimics the in vivo human inner BRB 

suggesting that this model represents a useful tool for drug discovery process in ocular 

pharmacology. 
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Figure 1. Assessment of barrier integrity in the in vitro human primary culture based triple 

co-culture BRB model by TEER. TEER values were measured at time 0 (TO), and after 24 

(T24) and 48 (T48) h. NG = normal glucose condition (5 mM); HG = high glucose 

condition (40 mM). Values are means ± SD of five independent experiments. Two-way 

ANOVA with Bonferroni’s post-hoc analysis. *p < 0.0001 vs. NG. 

 

Figure 2.Measurement of the apical-to-basolateral movements of Na-F in the in vitro 

human primary culture based triple co-culture BRB model. Na-F permeability was 

measured after 5, 15, and 30 min. NG = normal glucose condition (5 mM); HG = high 

glucose condition (40 mM). Values, presented as a mean of relative fluorescence units 

(RFUs), are means ± SD of three independent experiments. Two-way ANOVA with 

Bonferroni’s post-hoc analysis. *p < 0.01 vs. NG; **p < 0.05 vs. NG. 
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Figure 3. Confocal analysis of ZO-1 (A) and VE-cadherin (C) in endothelial cells subjected 

to normal or high glucose conditions for 48 hours. ZO-1 and VE-cadherin were labeled 

with FITC (green) while nucleus were labeled with DAPI (blue). The continuous brush 

border showed for normal glucose conditions (Ai and Ci) is interrupted under high glucose 

conditions (Aii and Cii). The average intensity (AU) of the data from more than 30 cells per 

coverslip for ZO-1 and VE-cadherin under normal and high glucose conditions are reported 

in (B) and (D), respectively. Images for ZO-1 and VE-cadherin immunostaining were 

acquired at 20 or 60× magnification. NG = normal glucose condition (5 mM); HG = high 

glucose condition (40 mM). Values are means ± SD of three independent experiments. 

Statistical analysis was performed using Student’s t-test. *p < 0.001 vs. NG. 
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Figure 4. Measurement of A) IL-6 and B) IL-1β mRNA expression levels (qRT-PCR) in 

astrocytes subjected to normal or high glucose conditions for 48 hours. The abundance of 

each mRNA of interest was expressed relative to the abundance of 18S rRNA, as an 

internal control. NG = normal glucose condition (5 mM); HG = high glucose condition (40 

mM). Values are means ± SD of three independent experiments. Statistical analysis was 

performed using Student’s t-test. *p < 0.05 vs. NG; **p < 0.01 vs. NG. 

 

Figure 5. Measurement of A) iNOS and B) Nox2 expression levels (qRT-PCR) in 

astrocytes subjected to normal or high glucose conditions for 48 hours. The abundance of 

each mRNA of interest was expressed relative to the abundance of 18S rRNA, as an 

internal control. C) Intracellular ROS production in astrocytes under normal and high 

glucose conditions. NG = normal glucose condition (5 mM); HG = high glucose condition 

(40 mM). Values are means ± SD of three to four independent experiments. Statistical 

analysis was performed using Student’s t-test. **p < 0.01 vs. NG; ***p < 0.001 vs. NG. 
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Figure 6. Representative immunoblots of A) cytoplasmic and nuclear pNF-

cytoplasmic and nuclear Nrf2, and C) total HO-1 in protein extracts from astrocytes 

subjected to normal or high glucose conditions for 48 hours. NG = normal glucose 

condition (5 mM); HG = high glucose condition (40 mM). Histograms refer to the means ± 

SD of three independent experiments. Statistical analysis was performed using Student’s t-

test. The densitometric values of cytoplasmic and nuclear pNF-

against total NF- -1 bands 

were normalized against β-Actin, while densitometric values of nuclear Nrf2 bands were 

normalized against Lamin B. *p < 0.05 vs. NG. 
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Figure 7. Experimental procedure followed to set up the in vitro BRB model. A) PLL 

coating; B) human retinal pericytes are seeded on the bottom side of the insert; C) inserts 

are rotated of 180° and inserted into a 12-well plate containing pericytes medium; D) 

human retinal astrocytes are seeded on a 12-well plate containing astrocytes medium; E) 

cell incubation and adhesion; F) the insert with pericytes is moved into the 12-well plate 

holding astrocytes; G) human retinal endothelial cells are seeded on the top side of the 

insert; H) cells are grown with a medium consisting of a mixture of the three cell lines’ 

media (1:1:1); I) glucose was added in order to obtain high glucose conditions. 
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Supplementary Figure 1. The purity of endothelial cells, pericytes, and astrocytes was 

confirmed by immunofluorescence staining with A) von Willebrand factor, B) α-SMA, and 

C) GFAP, respectively. 
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Table 1. Details of primary antibodies used for fluorescence immunohistochemistry. 

Primary 

antibody 
Source 

Primary antibody 

dilution in PBS + 

BSA or NGS (1%) 

Protein 

Function/Characteristics 

Mouse anti-

human α‐SMA 

Dako
a
 

(M0851) 
1:120 

Expressed by smooth 

muscle cells of 

arterioles and venules, 

myofibroblasts, 

and pericytes [71]  

Rabbit anti-

human Von 

Willebrand 

Factor 

Abcam
b
 

(ab6994) 
1:120 

Adhesive and multimeric 

glycoprotein present in 

blood plasma and produced 

constitutively in 

endothelium, 

megakaryocytes, and 

subendothelial connective 

tissue [72] 

Mouse anti-

human GFAP 

Novus 

Biologicals
c
 

(NB120-10062) 

1:200 

The hallmark intermediate 

filament (also known as 

nanofilament) protein in 

astrocytes [73] 

Rabbit anti-

human ZO-1 

Life 

Technology
d
 

(61-7300) 

1:100 

Scaffold protein located on 

a cytoplasmic membrane 

surface of intercellular tight 

junctions involved in signal 

transduction at cell-cell 

junctions [74] 

Rabbit anti-

human VE-

cadherin 

Cell Signaling 

Technology
e
 

(2500) 

1:100 

Endothelial specific 

adhesion molecule located 

at junctions between 

endothelial cells [75]  

Abbreviations: α‐SMA, α-smooth muscle actin; GFAP, Glial fibrillary acidic protein; ZO-1, Zonula 

occludens-1; VE-cadherin, Vascular endothelial-cadherin. aDako, Santa Clara, California, USA; 
bAbcam, Cambridge, UK; cNovus Biologicals, Milan, Italy; dLife Technology, Monza, Italy; eCell 

Signaling Technology, Danvers, MA, USA. 

Table 2. The list of primers used for quantitative real-time PCR (qRT-PCR). 

Official 

name
#
 

Official 

symbol 

Alternative 

titles/symbols 

Detected 

transcript 

Amplicon 

Length 
Cat. No.

§
 

nitric oxide 

synthase 2, 

inducible 

Nos2 

iNOS; Nos-2; Nos2a; 

i-NOS; NOS-II; 

MAC-NOS 

NM_010927 118 bp QT00100275 

cytochrome 

b-245, beta 

polypeptide 

Cybb 

Cgd; Cyd; Nox2; 

C88302; gp91-1; 

gp91phox; CGD91-

phox 

NM_007807 

XM_006527565 
146 bp QT00139797 

interleukin 6 Il6 Il-6 NM_031168 128 bp QT00098875 

#https://www.ncbi.nlm.nih.gov/gene/; §https://www.qiagen.com/it/shop/pcr/real-time-pcr-

enzymes-and-kits/two-step-qrt-pcr/quantitect-primer-assays/. 
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Abstract 

Activation of P2X7 signaling, due to high glucose levels, leads to blood retinal barrier 

(BRB) breakdown, a hallmark of diabetic retinopathy (DR). Furthermore, several studies 

report that high glucose (HG) conditions and the related activation of the P2X7 receptor 

(P2X7R) lead to the over-expression of pro-inflammatory markers. In order to identify 

novel P2X7R antagonists, we carried out virtual screening on a focused compound dataset, 

including indole derivatives and natural compounds such as caffeic acid phenethyl ester 

derivatives, flavonoids, and diterpenoids. Molecular-Mechanics Generalized Born Surface 

Area (MM-GBSA) rescoring and structural fingerprint clustering of docking poses from 

virtual screening highlighted that the diterpenoid dihydrotanshinone (DHTS) clustered with 

the well-known P2X7R antagonist JNJ47965567. A human-based in vitro BRB model 

made of retinal pericytes, astrocytes, and endothelial cells was used to assess the potential 

protective effect of DHTS against HG and 2'(3')-O-(4-Benzoylbenzoyl)adenosine-5'-

triphosphate (BzATP), a P2X7R agonist, insult. We found that HG/BzATP exposure 

generated BRB breakdown by enhancing barrier permeability (transendothelial electrical 

resistance (TEER)) and reducing the levels of ZO-1 and VE-cadherin junction proteins as 

well as of the Cx-43 mRNA expression levels. Furthermore, HG levels and P2X7R agonist 

treatment led to increased expression of pro-inflammatory mediators (TLR-4, IL-1β, IL-6, 

TNF-α, and IL-8) and other molecular markers (P2X7R, VEGF-A, and ICAM-1), along 

with enhanced production of reactive oxygen species. Treatment with DHTS preserved the 

BRB integrity from HG/BzATP damage. The protective effects of DHTS were also 

compared to the validated P2X7R antagonist, JNJ47965567. In conclusion, we provided 
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new findings pointing out the therapeutic potential of DHTS, an inhibitor of P2X7R, 

preventing and/or counteracting the BRB dysfunctions elicited by HG conditions. 

Keywords: diabetic retinopathy; blood-retinal barrier; purinergic P2X7 receptor; 

endothelial cells; oxidative stress; inflammation. 
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Introduction 

Diabetic retinopathy (DR) is one of the microvascular complications of diabetes. DR is a 

leading cause of vision impairment among the working-age population [1]. It has been 

estimated that DR incidence will grow up, affecting 190 million patients by 2030, pointing 

out the importance of research efforts towards new diagnostic and therapeutic strategies [2]. 

DR progresses from non-proliferative (NPDR) to proliferative (PDR) stage, this latter is 

characterized by vitreous hemorrhages and extensive neovascularization [3]. Furthermore, 

DR in early stages is characterized by pericytes and endothelial cells death [4]; indeed, 

changes in the vascular endothelial membrane as well as vascular leakage compromise the 

blood-retinal barrier (BRB)[5], whose structural integrity is essential for retinal homeostasis 

and function[6]. In fact, the loss of the BRB integrity significantly contributes to the 

pathophysiology of several retinal disorders including DR [7].The BRB is a tight and 

limitative barrier that manages the flux of ions, proteins, metabolic waste compounds, and 

water flow through the retina, and consists of two distinct regions, the inner and outer BRB 

[8]. The outer BRB (oBRB) is formed by retinal pigmented epithelial cells connected by 

tight junction proteins, while the inner BRB (iBRB) is established by tight junctions 

between retinal capillary endothelial cells, surrounded by pericytes and supported by glial 

cells [9]. Among glial cells, astrocytes provide functional support to the iBRB, playing a 

crucial role for the maintenance of retinal endothelial capillaries integrity [10]. 

Zonula occludens-1, -2, and -3 (ZO-1 ZO-2, and ZO-3), occludins, and claudins are tight 

junctions essential for BRB structural stability [9]. A decrease of the tight junction protein 

expression levels, and the consequent BRB breakdown, has been shown in experimental 

models of diabetes [11]. According to Osanai et al., tight junction proteins are involved in 

many physiological processes including cell proliferation and differentiation; furthermore, 

they limit the passage of proteins and lipids between apical and basolateral membranes, 

guiding endothelial cell polarity [12].The maintenance of the BRB integrity is also due to 

the interactions between tight and adherens junctions, mediated by cell-cell adhesion 

molecules such as cadherins [13], which represent a family of proteins implicated in 

maintenance of endothelial cells adhesion to the vasculatures, including VE-cadherin [14]. 

Since several studies have shown the role played by the inflammatory processes in 

diabetes-associated retinal alterations, the interest on the link between reactive oxygen 

species (ROS), inflammatory processes, and endothelial dysfunction has been increasing. 

The inflammatory processes occurring during the development of DR lead to the activation 
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of toll-like receptors 4 (TLR-4) that, in turn, trigger the overexpression of pro-inflammatory 

cytokines and acute phase proteins [15]. In particular, IL-1β and TNF- are involved in the 

pathogenesis of DR, concurring to diabetes-induced degeneration of retinal capillaries 

[16,17]. Still in the context of inflammation, an additional pathophysiological event is the 

interaction between leucocytes and endothelial cells; indeed, this cell interaction is 

fundamental for the recruitment of leucocytes at the inflammation site [18]. In particular, 

intercellular adhesion molecule-1 (ICAM-1), whose expression in the retina is increased in 

DR [19], has been linked to both leukostasis and inflammatory phenomena [20]. 

During the last three decades several studies have demonstrated the pivotal role played by 

ROS in retinal microvascular complications, such as DR [21]. Since the retina is a high 

energy-demanding organ, it becomes more susceptible to high levels of ROS, that along 

with a hyperglycemic environment enhance mitochondrial dysfunction, inflammation, and 

degeneration pathways, leading to vascular, neural, and retinal tissue damage via pyroptosis 

and/or apoptosis [22]. 

Inside the retina, the combination between hyperglycemic and hypoxic conditions 

represents a strong stimulus for both astrocytes and endothelial cells, which therefore 

enhance the expression of vascular endothelial growth factor (VEGF) [23]. When 

hyperglycemia becomes chronic, VEGF deflects from its physiological functions, leading 

to the formation of abnormal new blood vessels as observed for PDR [24]. Furthermore, it 

has been shown that this trophic factor, by interacting with VEGF receptor 2, promotes 

endothelial tight-junctions alteration and development of endothelial cell fenestration, 

resulting in a thinning of the blood vessels [25].  

Endothelial and pericyte dysfunction represent a key factor for DR progression and 

increased extracellular ATP (eATP) has been observed at the site of inflammation as a 

consequence of endothelial cell injury [26]. Moreover, it is well-established that the 

hyperglycemic environment leads to an enhanced eATP concentration, that triggers a 

cascade of events culminating in the activation of the purinergic signaling pathway, which 

includes P2X7 receptor (P2X7R) [27]. In literature, there are numerous evidences 

highlighting the role of this ATP-gated ion channel in modulating inflammatory responses 

in the retinal microvasculature [28-30]; indeed, studies conducted in experimental models 

of DR revealed that the P2X7R mediates the vascular inflammatory reactions due to an 

overexpression of cytokines, thus contributing to BRB dysfunction, ischemia, and retinal 

vascular occlusion [29,31]. When considering endothelial cells, it has been recently 

demonstrated that high glucose conditions led to P2X7R over-activation in these cells, 
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increased expression pro-inflammatory markers, decreased cell viability, and finally loss of 

BRB integrity [32].  

In the present work we aimed to explore the role played by the P2X7R in a recently 

established in vitro primary culture based triple co-culture BRB model entirely based on 

human cells (retinal perycites, retinal astrocytes, and retinal endothelial cells) [33]. Along 

with specific hallmarks of P2X7R activation in the iBRB (barrier permeability and 

expression of IL-1β, Cx43, tight and adherens junctions), we evaluated the effects of 

P2X7R inhibition on expression of other inflammatory cytokines, including VEGF, IL-6, 

IL-8, and TNF-α, along with ROS production in order to estimate an expression network 

linked to P2X7 signalling.We also investigated the potential protective effect of DHTS, a 

natural diterpenoid extracted from Salvia miltiorrhiza, against the retinal damage elicited 

by HG and a selective P2X7R agonist [2'(3')-O-(4-Benzoylbenzoyl)adenosine-5'-

triphosphate (BzATP)]. 

Results 

Virtual screening at P2X7R 

According to the last solved structure of full-length rat P2X7R [34], we built the human 

full-length P2X7R model and minimized it in an implicit membrane model (Figure 1).  

A series of compounds [35] have been screened, the database included known P2X7R 

allosteric antagonists [36]. Structural fingerprint clustering was carried out and DHTS, 

along with quercetin, clustered with JNJ47965567, a validated P2X7R allosteric inhibitor 

(Table 1). 

Furthermore, we carried out molecular docking and Molecular-Mechanics Generalized 

Born Surface Area (MM-GBSA) calculations of DHTS binding at P2X7R allosteric, 

orthosteric pockets. We included in our analysis a pocket in the cytosolic domain of 

P2X7R, as identified by the SiteMap® task of Schrodinger Maestro. According to our 

computational analysis (Table1), DHTS can be an allosteric P2X7R antagonist, given the 

lowest (more favorable) predicted binding free energy at the allosteric pocket, compared to 

the orthosteric one. On this perspective we carried out in vitro studies on retinal endothelial 

cells in order to assess the DHTS activity as P2X7R antagonist, by treating cells with this 

putative antagonist, HG and the selective P2X7R agonist BzATP. 
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BRB integrity  

Inner BRB integrity was evaluated by performing transendothelial electrical resistance 

(TEER) measurements and the paracellular permeability assay following an exposure for 24 

or 48 h to high glucose (HG) levels and BzATP (200 µM), in the absence or in the presence 

of JNJ47965567 (100 nM) or DHTS (500 nM) (2 h pre-treatment). Co-stimulus with HG 

and BzATP led to significant, albeit small, decreased TEER values, -18.5%, at 24 h, that 

further increased to -25.3% at 48 h, i.e. an increased permeability of our triple co-culture 

model of iBRB (Figure 2). DHTS and JNJ47965567 (validated, P2X7R antagonist) pre-

treatment separately prevented the alterations of iBRB integrity (Figure 2).  

These data were also confirmed by measuring the apical-to-basolateral permeability of 

sodium fluorescein (Na-F). Na-F permeability accounts to paracellular permeability across 

the endothelial cells/perycites monolayers under our experimental conditions [33] (Figure 

3).  

HG + BzATP stimuli significantly increased the Na-F fluorescence, indicating that HG and 

activation of P2X7R led to higher permeability of endothelial cells/perycites monolayers 

(p< 0.05 vs. NG), confirming the TEER measurements. The inhibition of P2X7R by pre-

treatment with JNJ47965567 significantly decreased the Na-F permeability, counteracting 

the effects of HG + BzATP. According to virtual screening predictions, DHTS (putative 

P2X7R antagonist) also decreased the monolayer Na-F permeability, preventing and/or 

counteracting the damage induced by both HG and P2X7R agonist (BzATP)as already 

showed in TEER measurements. Therefore, JNJ47965567 and DHTS exerted protective 

effects on iBRB integrity challenged with the co-stimuli HG and BzATP.  

Junctional proteins 

Since iBRB integrity is dependent from expression of tight (ZO-1, ZO-2, and ZO-3, 

occludins, and claudins) and adherens junctions, we carried out immunocytochemistry 

experiments to assess the expression of ZO-1 and VE-cadherin proteins in endothelial cells 

monolayer, part of our iBRB model. As shown in Figure 4, ZO-1 expression, measured as 

fluorescence arbitrary units (AUs), was significantly reduced after an exposure for 48 h to 

HG in combination with BzATP compared to NG conditions, whereas JNJ47965567 or 

DHTS pre-treatment protected against the reduction of ZO-1 expression HG/BzATP-

induced, preserving and/or counteracting the continuous brush border observed in control 

levels (Figure 4). 
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A similar trend was observed for expression of the adherens junction VE-cadherin. Figure 5 

shows a significant reduction of VE-cadherin staining at the cell-cell contacts following the 

exposure to HG/BzATP insult as compared to cells grown in NG conditions. On the other 

hand, an increased expression of VE-cadherin was observed at endothelial cell-cell 

interface after the pre-treatment with JNJ47965567 or DHTS compounds (Figure 5). 

ROS production  

In order to investigate the role played by P2X7R signaling in HG-induced oxidative stress 

in endothelial cells, part of the in vitro tri-culture BRB model, we employed the ROS 

sensitive dye 2’,7’-dichlorofluorescin diacetate (DCFDA). After stimulation for 48 h with 

HG + BzATP there was a significant (p< 0.001) increase in ROS formation compared to 

control conditions. JNJ47965567 or DHTS pre-treatment significantly prevented the 

increase in ROS production elicited by HG + BzATP (Figure 6). 

Inflammatory biomarkers  

It is well-established that endothelial dysfunction is linked to P2X7R over-activation [27] 

and pro-inflammatory phenomena, culminating in the development of DR [26]. The 

vascular inflammation P2X7R-mediated is due, among other things, to the unregulated 

production of cytokines, strongly contributing to BRB dysfunction, ischemia, and retinal 

vascular occlusion [29,31]. By using an endothelial cell monolayer we have recently 

demonstrated that HG conditions led to P2X7R over-activation, paralleled by increased 

expression of pro-inflammatory markers and decreased cell viability [32]. 

As shown in Figure 7A-D, the combined treatment with HG and BzATP led to the 

significant over-expression at the mRNA level of IL-1β, IL-6, TNF-α, and IL-8, the major 

mediators of inflammation-induced damage, in retinal endothelial cells compared to NG 

conditions (p< 0.01 for IL-8; p< 0.05 for the remaining cytokines). 

Inhibition of P2X7R, through JNJ47965567 pre-treatment, significantly decreased 

cytokines levels such as IL-1β (p< 0.05), TNF-α (p< 0.05), and IL-8 (p< 0.01), 

counteracting the inflammatory stimuli exerted by HG + BzATP. The “predicted” P2X7R 

antagonist DHTS significantly decreased the expression levels of the analyzed pro-

inflammatory markers (p< 0.05) to values of control cells. Furthermore,HG + BzATP 

stimulation led to a significant increased expression of TLR-4 expression compared to NG 

conditions (p< 0.05) (Figure 7E). DHTS pre-treatment significantly reduced TLR-4 

expression levels compared to HG + BzATP condition (p< 0.05 vs. HG + BzATP). As 

observed for IL-6, JNJ47965567 pre-treatment diminished, although not significantly, the 
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mRNA levels of TLR-4 in endothelial cells challenged with HG + BzATP. The expression 

at the mRNA level of matrix metallopeptidase 9 (MMP-9), an additional pro-inflammatory 

marker, NADPH oxidase 2, a pro-oxidant enzyme, and transforming growth factor beta-1 

(TGF-β1), an anti-inflammatory cytokine, was measured. We did not detect any significant 

changes for these three targets under our experimental conditions (data not shown). 

P2X7R, Cx-43, VEFG-A, and ICAM-1 expression 

In order to assess the effects of HG and P2X7R activation on the expression of connexin-43 

(Cx-43) and P2X7R we carried out quantitative real-time PCR (qRT-PCR) experiments. 

Furthermore, accordingly to pathophysiology markers of DR, we included in our analysis 

assessment the study of VEGF-A and ICAM-1 mRNA levels under our experimental 

conditions (Figure 8). The treatment with HG + BzATP significantly raised P2X7R, VEFG-

A, and ICAM-1 mRNA expression levels in endothelial cells compared to NG conditions 

(p< 0.05), while an opposite effect was observed for Cx-43 (p< 0.001). JNJ47965567 or 

DHTS pre-treatment significantly counteracted the over-expression of P2X7R, VEGF-A, 

and ICAM-1 induced by HG + BzATP treatment, and rescued Cx-43 expression levels to 

values of control cells (NG condition). 

Discussion 

BRB dysfunction represents a well-known hallmark of DR [37], however the molecular 

mechanisms underlying this damage are not fully elucidated yet. To shed more light on 

these mechanism we employed our recently developed BRB triple co-culture model [38]. 

An alternative BRB triple co-culture model was previously developed byWisniewska-Kruk 

and colleagues in which bovine endothelial cells and pericytes, and rat astrocytes were used 

to study the effects of VEGF stimulation [39]. Despite the substantial contribution to the 

understanding of BRB dysfunction, it is worth of note that the authors employed a mixed 

(bovine/rat) system, a bit far from human BRB. Our system used only human cells with the 

same in vivo cellular numerical ratio, mimicking the human milieu. However, there are 

other innovate systems such as BRB-on-chip trying to mimic and control the 

microenvironment, even though no iBRB-on-chip based on human triple co-culture has 

been proposed so far [40,41]. 

During the last decade, the signaling pathway of P2X7R, an ATP gated purinergic channel, 

has been associated with inflammatory phenomena at retinal level [42].Accordingly to the 

established liaison between inflammasome NLRP3 and P2X7R, channel activation is linked 
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to release of mature inflammatory cytokines [43], after inflammatory priming linked to the 

activation of the receptor for advanced glycation end product (RAGE) and signaling 

mediated by TLR-4. Therefore, various inflammatory cytokines (e.g., IL-1β and TNF-α) 

produced by different retinal cell types, such as endothelial cells, have been found to be 

increased in vitreous and aqueous humor from patients with the early stages of DR [44], 

strengthening the role of inflammation in disease progression [45]. In fact, before approval 

of anti-VEGF for treatment of diabetic macular edema, intravitreal steroids were considered 

the standard of care in DR treatment [46]. Previous preclinical studies highlighted the 

leading role of P2X7R in modulation of inflammation in in vitro and in vivo models of DR 

[36,47-50], along with the modulation of the expression of tight- and adherens junctions in 

endothelial monolayer [32]. P2X7R antagonists were reported to counteract inflammation 

in several animal and in vitro models of retinal diseases [51-54]. P2X7R antagonists were 

initially designed as anti-cancer agents, but did not reach the market, due to clinical trial 

failures [55]. Currently, a selective P2X7 antagonist designed by Janssen is tested in a 

phase II clinical trial for the treatment of depression [55]. Searching for novel effective 

P2X7R antagonists, we carried out a virtual screening on a small in-house compound 

dataset, previously screened for discovery of Elav-1 Hur inhibitors [35,56]. Our virtual 

screening and MM-GBSA rescoring identified DHTS as a hit P2X7R antagonist. MM-

GBSA calculations provide high correlation of binding energy vs. experimental activity of 

congeneric or non-congeneric series of compounds [57-59] and this computational 

approach was already validated for P2X7R allosteric antagonists. Although, we did not 

provide single channel electrophysiological studies for characterization of DHTS activity at 

P2X7R, predicted binding free energy supported the hypothesis that DHTS would be a 

P2X7R allosteric antagonist. Therefore, we tested in vitro the activity of DHTS as P2X7R 

antagonist in a triple culture model of iBRB, exposed to the HG and BzATP (selective 

P2X7R agonist) challenge [32,60,61]. In this experimental paradigm we included as 

positive P2X7R antagonist control the validated P2X7R antagonist JNJ47965567. Since a 

well-defined BRB damage can be detected both at both 24 and 48 h [33,62], we challenged 

the BRB system with a HG/BzATP insult and evaluated the barrier integrity at these time 

points. As expected, the stimulation with HG/BzATP determined a significant decrease of 

TEER values after 24 h compared to NG conditions, that further decreased after 48 h 

challenge (Figure 2). The TEER results are correlated with the significant increased Na-F 

permeability through the BRB (Figure 3), indicating a dysfunction of the retinal barrier 

under hyperglycemic conditions, a clinical state often observed in DR patients that are not 
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under strict glycemic control [63]. These results are also in accordance with previous 

findings showing a reduced retinal blood flow and disrupted vascular function in the 

diabetic retina due to P2X7R activation [42]. Of note, the DHTS treatment, similarly to 

JNJ47965567, during HG/BzATP stimulation preserved the BRB integrity, according to 

TEER and Na-F data (Figures 2 & 3). The protective potential of both molecules, that 

antagonized HG/BzATP-induced BRB damage, was also confirmed by the modulation of 

the expression of endothelial junctional proteins (Figures 4 & 5), according to previous 

findings on endothelial mono-culture [32]. Reduced ZO-1 and VE-cadherin expression, at 

membrane cell-cell interface, is one of the causes of BRB permeability in DR pathology, 

therefore P2X7R activity modulation by selective antagonist would have an important 

translational impact [64-68]. 

Along with inflammation, another factor the contributes to DR progression is oxidative 

stress [69,70]. As shown by El-Remessy et al., increased oxidative stress due to the 

formation of different reactive species such as nitric oxide, superoxide, and their reaction 

product peroxynitrite, significantly contributes to the diabetes-induced endothelial 

dysfunction and death [71]. Furthermore, Shibada et al. reported that the activation of 

P2X7R led to the retinal microvessels toxicity, inducing the overproduction of ROS [49]. It 

is also well-known that the progressive dysfunction of endothelial cells plays a pivotal role 

in BRB breakdown and other vascular alterations such as the loss of perivascular cells and 

dysregulated neovascularization [72]. However, despite that, molecular mechanisms 

leading to endothelial cells dysfunction during DR development are not completely 

understood yet and need to be further investigated. In consideration of the results showing 

the dysregulation of endothelial junction proteins after HG/BzATP insult (Figures 4 & 5) 

[32], we aimed at exploring the gene-expression network linked to P2X7R signaling in 

endothelial cells, part of the BRB model. Therefore, we analyzed mRNA levels of 

inflammatory cytokines, TLR- 4 receptor, VEGF-A, ICAM-1, P2X7R, and Cx-43 in 

endothelial cells pre-treated with DHTS, a predicted P2X7R antagonist. Regulation of gene 

expression in our system can be an indirect effect of P2X7R activity regulation, along with 

inflammasome recruitment and activation [43,73]. This hypothesis is supported by a 

previous study focused on VEGF expression, which was linked to inflammasome activation 

and purinergic signaling involving P2Y2 receptor [74]. We included a JNJ47965567 

treatment group as positive P2X7R antagonist control. 

We also focused on the intracellular production of total ROS in endothelial cells, showing 

that their levels, significantly increased as a consequence of HG/BzATP treatment, were 
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significantly decreased by the presence of DHTS and JNJ47965567, that antagonized the 

BzATP damage (Figure 6). We also examined the expression levels of TLR-4, a receptor 

linking oxidative stress and inflammatory priming in DR [75], along with the mRNA levels 

of IL-1β, IL-6, TNF-α, and IL-8 in endothelial cells. As expected, HG/BzATP treatment led 

to a significant increase in the expression levels of TLR-4 mRNA as well as all the mRNAs 

of the analyzed pro-inflammatory cytokines (Figure 7); these changes were paralleled by 

enhanced intracellular levels of ROS compared to control conditions (NG) (Figure 6). Of 

note, differently by JNJ47965567, the pre-treatment with DHTS significantly decreased the 

expression levels of TLR-4 and ofIL-1β, IL-6, TNF-α, and IL-8 in endothelial cells induced 

by HG/BzATP treatment (Figure 7). Worthy of note, JNJ47965567 significantly decreased 

IL-1β, TNFα and IL-8 expression levels, while decreased, although not significantly, TLR-

4 and IL-6 expression levels; therefore, DHTS, bearing a multimodal activity, would affect 

through other signaling pathways the expression of TLR-4 and IL-6. These data are in 

accordance with a very recent publication of Yuan et al. demonstrating that DHTS exhibits 

an anti-inflammatory effect both in vitro and in vivo by acting on TLR-4 [76]. In line with 

our findings, other studies have shown the potential antioxidant and anti-inflammatory 

activities of both DHTS and JNJ47965567 in different experimental disease models 

characterized by oxidative stress and inflammation [36,77-79]. 

As mentioned before, it has been shown that P2X7R activation leads to increased ROS 

production in retinal micro-vessels [30] and VEGF release [80], the latter being able to 

initiate BRB breakdown in early diabetes [81]. VEGF-A is an established target and 

biomarker of DR [82], and DHTS has been shown to modulate TNF-α and VEGF 

expression by inhibiting Elav-1 (HuR) protein [35,56]. P2X7R agonist BzATP increased 

the expression level of VEGF-A mRNA (Figure 8). This enhanced expression was 

accompanied by the modulation of the expression of other two factors strictly related to 

BRB damage and DR progression, Cx-43 and ICAM-1. In particular, the junctional 

endothelial protein Cx-43 was down-regulated by the challenge with HG/BzATP, according 

with other studies in which its Cx-43 decreased levels are associated with the promotion of 

retinal vascular lesions typical of DR [83,84]. The present results are also in line with our 

recent findings obtained by employing an endothelial cell monolayer where the presence of 

BzATP significantly down-regulated the expression of Cx-43 compared to NG conditions 

[32]. The pre-treatment with JNJ47965567 or DHTS led to Cx-43 expression levels to 

values comparable of control cells. The same protective effects were observed by the 

analyses of ICAM-1 expression; in fact, both JNJ47965567 and DHTS molecules were able 
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to counteract the ICAM-1 up-regulation induced by HG/BzATP (Figure 8). This is relevant 

since ICAM-1 over-expression has been associated with diabetic retinal leukostasis and 

vascular leakage in a rat model of streptozotocin-induced diabetes [19]. Furthermore, a 

clinical study showed a remarkable association between the genotype distribution or the 

allele frequency of the ICAM-1 K469E polymorphism and the risk to develop DR in type 2 

diabetes mellitus patients [85]. Other findings linked the production of VEGF with the 

induction of ICAM-1 and retinal leucocyte adhesion, culminating in BRB breakdown and 

endothelial cell injury along with promotion of neovascularization [82]. Our findings 

evidenced that DHTS is an intriguing compound with multifunctional activity; because it 

seems to antagonize HG/BzATP stimuli, at least in our in vitro model, we can speculate 

that DHTS might inhibit P2X7R activity. Furthermore, we explored the expression network 

linked to P2X7R signaling, highlighting that modulation of P2X7R activity would impact 

retinal response through several biochemical pathways, such as angiogenesis and 

leukostasis. Therefore, P2X7R as pharmacological target for treatment of DR, is worthy of 

further studies along with the pharmaceutical development of DHTS (hit compound-P2X7R 

antagonist) for the treatment of DR. 

Materials and Methods  

Materials and reagents 

All materials and reagents were of analytical grade and purchased from Thermo Fisher 

Scientific (Waltham, MA, USA) or Sigma‐Aldrich (St. Louis, MO, USA) unless specified 

otherwise. The three human retinal cell lines (endothelial cells, pericytes, and astrocytes) 

along with astrocyte cell medium (AM), pericyte cell medium (PM), endothelial cell 

medium (ECM), endothelial cell growth supplement (ECGS), fetal bovine serum (FBS), 

pericyte supplement factor (PGS), astrocytes supplement factor (AGS), polylysine (PLL), 

and penicillin–streptomycin were purchased from INNOPROT (Derio, Bizkaia, Spain). 

JNJ47965567 was purchased by Tocris Bioscience (Bristol, UK). Cell culture inserts, 75 

cm
2 

polystyrene culture flasks, 12- and 96-well plates, and rat-tail collagen type I were 

obtained from Corning Inc. (Corning, NY, USA). 2’,7’-dichlorofluorescin diacetate 

(DCFDA)—cellular ROS assay kit was purchased from Abcam (Cambridge, UK). Anti-

VE-cadherin (2500) primary antibody was supplied by Cell Signaling (Leiden, 

Netherlands). Sodium fluorescein (Na-F) was obtained from Santa Cruz Biotechnology, 

Inc. (Dallas, TX, USA).The materials necessary to perform qRT-PCR experiments 
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(QuantiTect SYBR Green PCR Kit, RNase-free DNase Set, and QuantiTect Primer Assays) 

were purchased from Qiagen (Hilden, Germany), while 18S rRNA, TLR-4, P2X7R, Cx-43, 

and ICAM-1 primers were all purchased by Eurofins MWG Synthesis GmbH (Ebersberg, 

Germany). 

Molecular modeling and molecular docking 

The human full-length model of P2X7R has been built with the advanced homology 

modeling task of Schrodinger Maestro, using the following input: primary sequence 

(uniprot accession# Q99572) and the template full-length rat P2X7 apo structure 

(PDB:6U9V). The hP2X7 model was minimized with the Prime® Schrodinger Maestro 

task, using implicit solvation and membrane. The protein model quality check has been 

carried out and Ramachandran plot calculated. SitMap® identified three druggable pockets, 

the allosteric, orthosteric and cytosolic cavities at hP2X7 full-length model. Glide
®

 grids 

were built and grid origin was fixed at the center of mass of the SitMap pockets. The 

previously published compounds database [35] was modified including validated allosteric 

P2X7R agonists. The virtual screening was carried out at allosteric P2X7R pocket, 

according to a previous published protocol [86]. SIFT structural interaction fingerprint 

analysis [87] was aimed at identification of compounds bearing binding similarity with 

JNJ47965567, a validated P2X7R allosteric antagonist. Glide
®
 docking was carried out for 

DHTS at allosteric, orthosteric, and cytosolic pockets. MMGBSA calculation, using 

implicit solvation and membrane, was carried out according to previous published protocol 

[36]. 

Cell culture protocol and treatment 

A previous human triple co-culture BRB model [33] was used in the present study. Briefly, 

after plates and inserts PLL coating, human retinal pericytes were seeded on the bottom 

side of the insert. After an incubation step, inserts were rotated of 180° and inserted into a 

12-well plate containing pericytes medium. Human retinal astrocytes were seeded on a 12-

well plate containing astrocytes medium and left to incubate overnight. The day after, the 

inserts containing pericytes were moved into the 12-well plate holding astrocytes, and 

human retinal endothelial cells were seeded on the top side of the insert. At this point, the 

three cell types were maintained in a medium consisting of a mixture of the three cell lines’ 

media (1:1:1). The day of the experiment, the medium was added of glucose (at the final 

concentration of 40 mM; indicated as HG) + BzATP (200 μM), in the absence or in the 

presence of JNJ47965567 (100 nM) or DHTS (500 nM) for 48 h, while the co-culture 
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medium containing a physiological glucose concentration (5 mM; indicated as NG) was 

used as control [32]. In particular, JNJ47965567 or DHTS were used as a pre-treatment of 2 

h. The selection of BzATP (selective P2X7R agonist), JNJ47965567 (selective validated 

allosteric P2X7R antagonist), and DHTS (putative allosteric P2X7R antagonist) 

concentrations was made based on preliminary studies (dose response) carried out in our in 

vitro BRB model (data not shown). BzATP was always used in combination with HG based 

on previous results obtained by stimulating endothelial cell monolayer with HG, BzATP, or 

a combination of them (the latter being more effective) [32], as well as in preliminary 

experiments carried out on our BRB model. 

BRB integrity assessment 

The activity of DHTS and JNJ47965567 as antagonists of HG + BzATP challenge was 

evaluated by measurements of TEER by using a Millicel-Electrical Resistance System 

(ERS2) (Merck, Millipore, Burlington, MA, USA) at different time points: 0 (T0), 1 (T24), 

and 2 (T48) days after treatment as previously described [33,88]. TEER values were 

obtained from there independent experiments. 

To evaluate the modification of paracellular permeability under the above-mentioned 

conditions, the luminal-to-abluminal movements of sodium fluorescein (Na-F) across 

endothelial cell monolayers after 48 h of treatment were measured by using a Varioskan 

Flash microplate reader (Thermo Fisher Scientific, Waltham, MA, USA) as previously 

described [33]. 

Immunocytochemistry 

Astrocytes, pericytes and endothelial cells were characterized as previously described [33]. 

The details regarding the immunocytochemistry analysis of ZO-1 and VE-cadherin on 

endothelial cells are reported in [33]. Briefly, to evaluate ZO-1 expression levels, 

endothelial cell monolayers were washed in PBS, fixed with ice-cold acetone (−20 °C for 

15 min), and incubated with ice-cold methanol (−20 °C for 20 min). Cells were then 

permeabilized with a solution containing PBS, NGS (5%), and Triton-X 100 (0.1%) for 10 

min at RT and incubated with ZO-1 antibody (1:100) overnight at 4 °C. After PBS 

washings, endothelial cells were incubated with FITC-conjugated goat anti-rabbit antibody 

(1:300) for 1 h at RT in the dark, while cell nuclei were marked by using DAPI (1:10000) 

for 10 min at RT in the dark. To assess VE-cadherin expression levels, endothelial cells 

were fixed in 4% PFA for 10 min at RT, permeabilized with a solution containing Triton-X 

100 (0.3%) at RT for 5 min, washed three times in PBS, and blocked with BSA (1%)/PBS 
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for 1 h at RT. Cells were then incubated with VE-cadherin (1:100) antibody overnight at 4 

°C. Next, endothelial cells were washed in PBS, incubated with FITC-conjugated goat anti-

rabbit (1:300) for 1 h at RT in the dark, and incubated with DAPI for 10 min at RT in the 

dark. 

The semi-quantitative evaluation of ZO-1 and VE-cadherin expression levels was carried 

out as previously described [32,33]. Briefly, coverslips were mounted on glass slides 

through the use of mounting medium and analyzed by using a Leica TCS SP8 confocal 

laser scanning microscope (Leica Biosystems, Wetzlar, Germany) or an epifluorescent 

Zeiss Observer Z1 microscope (Carl Zeiss Microscopy GmbH, Oberkochen, Germany). 

ZO-1 and VE-cadherin immunostaining images were acquired at 40× magnification and 

analyzed with ImageJ software [89]. Measurements of average gray scale intensity were 

carried out at the cell-cell interface in 10 random areas of 10 image rotations [32]. A 

number of cells higher than 30 was analyzed for each condition. 

Measurement of ROS production 

The ability of JNJ47965567 and DHTS in counteracting the changes in intracellular ROS 

due to HG + BzATP treatment for 48 h was carried out in endothelial cells, part of the in 

vitro tri-culture model, using a 2’,7’-dichlorofluorescin diacetate (DCFDA) cellular ROS 

assay kit according to the manufacturer’s recommendations. To determine total ROS 

formation, the fluorescence (485 nm excitation/535 nm emission) was measured by using a 

Varioskan Flash microplate reader and normalized to the fluorescent intensity of control 

conditions (NG). 

qRT-PCR 

The procedure to extract the RNA by TRIzol reagent from the endothelial cells, part of the 

in vitro BRB model, is the same recently described by us [32]. RNA concentrations were 

determined by measuring the absorbance (260 nm) with a NanoDrop
®
 ND-1000 (Thermo 

Fisher Scientific) and the RNA quality was tested by Qubit
®
 3.0 Fluorometer (Thermo 

Fisher Scientific Inc. (Pittsburgh, PA, USA). For reverse transcription, sample 

amplification, fluorescence data collection and sample quantification, the same protocol as 

previously described was used [90,91]. The details regarding QuantiTect Primer Assays 

employed for the gene expression analysis is reported in Table 2. 

The sequences of the primers purchased by Eurofins MWG Synthesis GmbH (Ebersberg, 

Germany) are the following: 18S rRNA (forward: 5'-AGT CCC TGC CCT TTG TAC 

ACA-3'; reverse: 5'-GAT CCG AGG GCC TCA CTA AAC-3'), TLR-4 (forward: 5'-ATA 
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TTG ACA GGA AAC CCC ATC CA-3'; reverse: 5'-AGA GAG ATT GAG TAG GGG 

CAT TT-3'), P2X7R (forward: 5'-AAG CTG TAC CAG CGG AAA GA-3'; reverse: 5'-

GCT CTT GGC CTT CTG TTT TG-3'), Cx-43 (forward: 5'-GAG TTT GCC TAA GGC 

GCT C-3'; reverse: 5'-AGG AGT TCA ATC ACT TGG CG-3'),ICAM-1 (forward: 5'-ATG 

CCC AGA CAT CTG TGT CC-3'; reverse: 5'-GGG GTC TCT ATG CCC AAC AA-3'), 

and MMP-9 (forward: 5'-CTT TGA GTC CGG TGG ACG AT-3'; reverse: 5'-TCG CCA 

GTA CTT CCC ATC CT-3'. The gene 18 rRNA was selected as internal control gene to 

normalize the RNA levels of each gene of interest. Fold changes were calculated by relative 

quantification (2
–∆∆Ct

) method.  

Statistical analysis 

Statistical analysis was performed by using GraphPad Prism 7 (GraphPad Software, La 

Jolla, CA). One-way or two-way analysis of variance (ANOVA), followed by Tukey post 

hoc test, was used for multiple comparisons. Only two-tailed p-values < 0.05 were 

considered statistically significant. All experiments were performed at least in triplicate and 

reported as means ± standard deviation (SD). 

Conclusions  

The effects of the combined treatment with high glucose (HG) and the selective P2X7R 

agonist 2'(3')-O-(4-Benzoylbenzoyl)adenosine-5'-triphosphate (BzATP) were investigated 

in our recently developed in vitroBRB model, more closely mimicking the inner retinal 

barrier compared to cell monolayer, entirely based on human retinal cells. This stimulation 

led to significant BRB breakdown (decreased TEER and increased Na-F permeability), 

along with significant reduction of both ZO-1 and VE-cadherin in endothelial cells. An 

increased oxidative stress, measured as total intracellular ROS, and an up-regulation of the 

genes responsible for the formation of P2X7R and pro-inflammatory mediators was also 

observed in endothelial cells, part of the BRB model.The predicted P2X7R allosteric 

antagonist DHTS and the validated P2X7R antagonist JNJ47965567 significantly 

antagonized HG/BzATP-induced damage in our BRB model.. In particular, DHTS 

mantained the integrity of the BRB and preserved the expression levels of endothelial 

junction proteins, ZO-1 and VE-cadherin. The increase of the expression of TLR-4 gene as 

well as of IL-1β, IL-6, TNF-α, and IL-8 pro-inflammatory genes was also significantly 

counteracted by both compounds, with the DHTS showing a greater protective effect 

againstHG/BzATP insult. The anti-inflammatory features along with the antioxidant action 
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of DHTS were also demonstrated by the down-regulation of VEGF-A and ICAM-1 mRNA 

expression levels, the rescue of Cx-43, and the decrease in total ROS.  

In conclusion, we provided new findings pointing out the therapeutic potential of 

DHTS in preventing and/or counteracting the blood retinal barrier dysfunctions elicited by 

high glucose and P2X7R activation. 
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Figure 1. DHTS is predicted to bind the allosteric site of human P2X7 receptor. A) 

Ramachandran plot of full-length hP2X7R model, after energy minimization in implicit 

solvent and membrane. B) Representation of DHTS poses in the orthosteric (magenta Van 

der Waals spheres) and the allosteric (blue Van der Waals spheres) pockets of P2X7R. C) 

ligand interaction 2D diagram of DHTS in the orthosteric pocket of P2X7R. D) ligand 

interaction 2D diagram of DHTS in the allosteric pocket of P2X7R. 
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Figure 2. Assessment of barrier integrity in the in vitro human primary culture based triple 

co-culture iBRB model by TEER under our experimental conditions. TEER values were 

measured at time 0 (T0), and after 24 (T24) and 48 (T48) h. NG = normal glucose condition 

(5 mM); HG = high glucose condition (40 mM); BzATP = 200 µM; JNJ47965567 = 100 

nM; DHTS = 500 nM. Values are reported as means ± SD of three independent 

experiments. Statistical analysis was performed using two-way ANOVA with Tukey’s post-

hoc analysis. *p < 0.05 vs. NG; ***p < 0.001 vs. NG; #p < 0.05 vs. HG + BzATP; 
###

p < 

0.001 vs. HG + BzATP; ns = not significant. 

 

Figure 3. Measurement of apical-to-basolateral Na-F permeability in our iBRB model (in 

vitro human primary culture based triple co-culture) . Na-F permeability was measured 

after 5, 15, and 30 min. NG = normal glucose condition (5 mM); HG = high glucose 

condition (40 mM); RFUs = relative fluorescence units; BzATP = 200 µM; JNJ47965567 = 

100 nM; DHTS = 500 nM. Values are reported as means ± SD of three independent 

experiments. Statistical analysis was performed using two-way ANOVA with Tukey’s post-

hoc analysis. **p < 0.01 vs. NG; 
##

p < 0.01 vs. HG + BzATP; ns = not significant. 
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Figure 4. Immunocytochemistry evaluation of ZO-1 staining in endothelial cells subjected 

to normal or high glucose conditions + BzATP, in the absence or in the presence of 

JNJ47965567 or DHTS, for 48 h. ZO-1 was labeled with FITC (green) while nuclei were 

labeled with DAPI (blue). Images for ZO-1 immunostaining were acquired at 40× 

magnification. NG = normal glucose condition (5 mM); HG = high glucose condition (40 

mM); BzATP = 200 µM; JNJ47965567 = 100 nM; DHTS = 500 nM. The average intensity 

(AU) of the data from more than 30 cells per coverslip for ZO-1 under our experimental 

conditions are shown. Values are reported as means ± SD of three independent 

experiments. Statistical analysis was performed using one-way ANOVA with Tukey’s post-

hoc analysis. ***p < 0.0001 vs. NG; 
###

p < 0.0001 vs. HG + BzATP; ns = not significant. 
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Figure 5. Confocal analysis of VE-cadherin in endothelial cells subjected to normal or high 

glucose conditions + BzATP, in the absence or in the presence of JNJ47965567 or DHTS, 

for 48 h. VE-cadherin was labeled with FITC (green) while nuclei were labeled with DAPI 

(blue). Images for VE-cadherin immunostaining were acquired at 20× magnification. NG = 

normal glucose condition (5 mM); HG = high glucose condition (40 mM); BzATP = 200 

µM; JNJ47965567 = 100 nM; DHTS = 500 nM. The average intensity (AU) of the data 

from more than 30 cells per coverslip for VE-cadherin under our experimental conditions 

are shown. Values are reported as means ± SD of three independent experiments. Statistical 

analysis was performed using one-way ANOVA with Tukey’s post-hoc analysis. ***p < 

0.0001 vs. NG; 
###

p < 0.0001 vs. HG + BzATP; ns = not significant. 
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Figure 6. Intracellular ROS production in endothelial cells under our experimental 

conditions. NG = normal glucose condition (5 mM); HG = high glucose condition (40 

mM); BzATP = 200 µM; JNJ47965567 = 100 nM; DHTS = 500 nM. Values are reported as 

means ± SD of three independent experiments. Two-way ANOVA with Tukey’s post-hoc 

analysis. ***p < 0.001 vs. NG; 
##

p < 0.01 vs. HG + BzATP; 
###

p < 0.001 vs. HG + BzATP; 

ns = not significant. 
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Figure 7. Measurement of A) IL-1β, B) IL-6, C) TNF-α, D) IL-8, and E) TLR-4 mRNA 

levels (qRT-PCR) in endothelial cells under our experimental conditions. NG = normal 

glucose condition (5 mM); HG = high glucose condition (40 mM); BzATP = 200 µM; 

JNJ47965567 = 100 nM; DHTS = 500 nM. The abundance of each mRNA of interest was 

expressed relatively to the abundance of 18S rRNA, as an internal control. Values are 

reported as means ± SD of three independent experiments. **p < 0.01 vs. NG; *p < 0.05 vs. 

NG; ##p < 0.01 vs. HG + BzATP; #p < 0.05 vs. HG + BzATP; ns = not significant. 
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Figure 8. Measurement of A) P2X7R, B) Cx-43, C) VEGF-A, and D) ICAM-1 mRNA 

expression levels (qRT-PCR) in endothelial cells under our experimental conditions. NG = 

normal glucose condition (5 mM); HG = high glucose condition (40 mM); BzATP = 200 

µM; JNJ47965567 = 100 nM; DHTS = 500 nM. The abundance of each mRNA of interest 

was expressed relatively to the abundance of 18S rRNA, as an internal control. Values are 

means ± SD of three independent experiments. *p < 0.05 vs. NG; 
##

p < 0.01 vs. HG + 

BzATP; 
#
p < 0.05 vs. HG + BzATP; ns = not significant. 
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Table 1. Predicted score of P2X7R inhibitors binding. DHTS structural interaction 

fingerprints clustered with JNJ47965567, validated P2X7R inhibitor. A438079 is another 

selective P2X7R inhibitor [36], that did not cluster with DHTS or JNJ47965567. 

 Docking 

Score 

ΔGbinding 

allosteric 

(kcal/mol) 

ΔGbinding 

orthosteric 

(kcal/mol) 

ΔGbinding 

cytosolic 

(kcal/mol) 

DHTS -7.0 -59 -49 -30 

JNJ47965567 -8.0 -86 N.A. N.A. 

A438079 -7.5 -56 N.A. N.A. 

Quercetin -6.0 -30 -20 -30 
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Table 2. The list of primers used for qRT-PCR. 

Official 

name
#
 

Official 

symbol 

Alternative 

titles/symbols 

Detected 

transcript 

Amplicon 

Length 
Cat. No.

§
 

interleukin 

1, beta 
IL1B 

IL-1; IL1F2; 

IL1beta; IL1-

BETA 

NM_000576; 

XM_006712496 

117 bp 

117 bp 
QT00021385 

interleukin 6 IL6 

CDF; HGF; 

HSF; BSF2; 

IL-6; BSF-2; 

IFNB2; IFN-

beta-2 

NM_000600; 

XM_005249745 

107 bp 

107 bp 
QT00083720 

tumor 

necrosis 

factor 

TNF 

DIF; TNFA; 

TNFSF2; 

TNLG1F; 

TNF-alpha 

NM_000594 98 bp QT00029162 

vascular 

endothelial 

growth 

factor A 

VEGFA 
VPF; VEGF; 

MVCD1 

NM_001025366; 

NM_001025367; 

NM_001025368; 

NM_001033756; 

NM_001171623; 

NM_001171624; 

NM_001171625; 

NM_001171626; 

NM_001171629; 

NM_003376; 

NM_001287044 

273 

204 

150 

150 

273 

222 

204 

150 

150 

222 

150 

QT01010184 

chemokine 

(C-X-C 

motif) ligand 

8 

CXCL8 

GCP-1, GCP1, 

IL8, LECT, 

LUCT, 

LYNAP, 

MDNCF, 

MONAP, 

NAF, NAP-1, 

NAP1, SCYB8 

NM_000584 102 bp QT00000322 

cytochrome 

b-245 beta 

chain 

CYBB 

CGD; NOX2; 

IMD34; 

AMCBX2; 

GP91-1; 

GP91PHOX; 

p91-PHOX; 

GP91-PHOX 

NM_000397 124 bp QT00029533 

transforming 

growth 

factor beta 1 

TGFB1 

CED; LAP; 

DPD1; TGFB; 

IBDIMDE; 

TGFbeta; 

TGF-beta1 

NM_000660 108 bp QT00000728 

#https://www.ncbi.nlm.nih.gov/gene/; §https://www.qiagen.com/it/shop/pcr/real-time-pcr-

enzymes-and-kits/two-step-qrt-pcr/quantitect-primer-assays/. 
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DISCUSSION AND CONCLUSIONS 

Diabetic retinopathy can be considered a serious complication of diabetes 

and the leading cause of irreversible vision loss in working-age adults 

worldwide. DR affects both type I and type II diabetic subjects at any stage 

of the disease [166]. Despite its first definition as “a purely microvascular 

disease”, there are now plenty of studies suggesting that DR is a complex 

neurovascular complication [167]. Indeed, the retinal neural tissue 

dysfunction leads to microvascular abnormalities. Moreover, the alteration 

of the interactions between the different cell types forming the 

neurovascular unit in the retina is associated with the progression of early 

DR. The vascular pathology of DR has been mainly attributed to 

hyperglycemia that leads to a complex interaction between cytokines, 

chemokines and ROS, all factors contributing to the endothelial cell surface 

changes and BRB breakdown. Therefore, the development of novel 

therapeutic strategies allowing a deeper understanding of the mechanisms 

underlying BRB dysfunction are mandatory in order to limit the progression 

of DR. In vitro models of biological barriers are particularly suitable for the 

investigation of different aspects of BRB function and are useful tools for 

testing potential drug candidates [40]. The availability of in vitro models 

closely mimicking the iBRB observed in vivo are currently missing, making 

the pre-clinical prediction of the effectiveness of a potential drug 

complicated. To this end, as reported in Chapter I, the main goal of our 

studies was the development of the first, high-reproducible in vitro iBRB 

triple co-culture model entirely formed by human retinal endothelial cells, 

retinal pericytes, and retinal astrocytes closely mimicking the human BRB 

environment. In order to reproduce a condition very similar to that observed 

in human beings, we respected and maintained the same cellular layers order 

and position during the building of the model. More in details, our iBRB 
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system was assembled by placing endothelial cells in the luminal chamber 

of a transwell insert, having pericytes on the other side, while the astrocytes 

were positioned in the luminal compartment of the well. Furthermore, with 

the aim to mimic the hyperglycemic environment typical of the early phase 

of DR, we stimulated all cell types forming the iBRB in vitro model with 

high concentrations of glucose (40 mM) for 48 hours. 

The HG-induced damage was evaluated by the analysis of several 

parameters indicative of BRB alteration along with the variation of the 

expression of oxidative-stress and inflammatory-related mediators. Our 

results showed a significant decrease of TEER values following HG 

exposure paralleled by a significant increase in Na-F permeability, both 

indicating as the hyperglycemic conditions provoked several alterations 

affecting the structural integrity of the BRB. These finding are in 

accordance with literature data showing the deleterious effects of HG-

induced damage on BRB stability in patients with DR [7].  

The disruption of junctional protein complexes, due to a hyperglycemic 

environment, has been associated with an increased endothelial barrier 

permeability [168]; in fact the alteration of the distribution of tight and 

adherents junctions has been identified as a possible mechanism of BRB 

breakdown in several ocular pathologies, including DR [169]. Taking into 

consideration the above, we carried out immunofluorescence staining 

analysis to measure the integrity and the abundance of ZO-1 and VE-

cadherin following the exposure of our system to HG. The obtained results 

showed a significant reduction of the organization pattern of both proteins 

on endothelial cells, part of our iBRB model, as depicted by discontinuous 

fluorescence lines at the cell–cell contact with respect to cells maintained 

under normal glucose conditions (5 mM). Our findings clearly highlight that 

HG exposure is linked to junctional complexes alteration in the context of 
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the BRB system; furthermore, our data strengthen the thesis that tight and 

adherens junction disruption plays a crucial role in chronic BRB 

dysfunction [7,170]. 

Diabetic conditions also affect retinal astrocytes function through the 

alterations of pro-inflammatory and oxidative stress-related mediators 

production, both playing a crucial role in HG-mediated vascular cell 

dysfunction [171]. Retinal astrocytes are known to be involved in the 

regulation of blood vessels as well as in the maintenance of BRB integrity; 

thus their alteration greatly contributes to the development of neuronal and 

barrier dysfunction in DR [172]. Since the exact mechanisms underlying 

astrocytes dysfunction have not been fully elucidated, we aimed to better 

investigate the role played by this cell type in our iBRB model. We then 

analyzed the expression of genes related to pro-oxidant enzymes and pro-

inflammatory mediators along with the production of total ROS following 

HG exposure. There was a significant up-regulation of all the genes 

considered (iNOS, Nox2, IL-1β, IL-6) as well as an increased intracellular 

ROS production in human retinal astrocytes compared to control cells. 

These data are in line with other finding showing the involvement of 

hyperglycaemia-induced inflammatory mediators and ROS over-production 

in several ocular disorders, such as DR [173]. 

Under pathological conditions, the negative regulation of the redox 

homeostasis at cellular level occurs mainly at the transcriptional levels, with 

nuclear factor (erythroid-derived 2)-like 2 (Nrf2)/heme-oxigenase-1 (HO-1) 

and NF-κB pathways being strongly activate by hyperglycemic conditions 

[174]. With this in mind, we investigate the variation on protein expression 

levels of the above mentioned factors in retinal astrocytes under our 

experimental condition. We found that HG treatment induced the 

phosphorylation and then the nuclear translocation of both Nrf2 and NF-κB 
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as well as an increased expression of HO-1. These data are in agreement 

with previously findings showing the involvement of both Nrf2/HO-1 axis 

and NF-κB pathway in the pathogenesis of DR [174]. 

Once the model was established, we explored new possible pharmacological 

targets for BRB-related disorders. In particular, we focused our attention on 

ATP-gated ion channel P2X7R, the activation of which is linked to an 

increased pro-inflammatory cytokines expression in the retina, mainly 

through the activation of NLRP3 inflammasome [175]. For this reason, the 

inhibition of P2X7R could represent an encouraging strategy to limit the 

microvascular alterations observed in the early phase of DR. In accordance 

with the aforementioned, we identified, through a bioinformatic approach 

(already validated for another P2X7R allosteric antagonist, JNJ47965567), 

the diterpenoid dihydrotanshinone (DHTS) as a possible novel effective 

P2X7R antagonist. As reported in Chapter II, the ability of DHTS to inhibit 

P2X7R was tested in the iBRB in vitro system exposed to HG and BzATP 

(selective P2X7R agonist). According to our TEER and Na-F data, the 

DHTS pre-treatment preserved BRB integrity by the damage HG/BzATP-

induced. DHTS was also able to preserve the expression of junctional 

proteins in endothelial cells, part of the iBRB model. These results point out 

the important role played by this promising P2X7R antagonist in protecting 

the structural integrity of the BRB since the dysregulation of endothelial 

junction proteins represents one of the cause of BRB dysfunction in the 

progression of DR [37]. 

Since the activation of P2X7R has been associated with oxidative stress and 

inflammatory processes, primarily due to the NLRP3 pathway [176], we 

investigated the gene expression network linked to P2X7R signaling in 

endothelial cells. In particular, we focused our attention on the pro-

inflammatory cytokines IL-1β, IL-6, IL-8, and TNF-α along with toll-like 
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receptor 4 (TLR-4), a receptor whose activation is linked to inflammation 

and oxidative stress phenomena [177], at the mRNA level. We found that 

DHTS was able to significantly reduce the expression levels of all the above 

pro-inflammatory mediators as well as the intracellular levels of ROS, 

counteracting the damage caused by the combined HG + BzATP challenge. 

These results are in line with literature data showing the ability of DHTS in 

reducing the inflammatory processes by acting on TLR-4 [178]; 

furthermore, our results are in line with other findings highlighting the anti-

inflammatory and anti-oxidant abilities of DHTS in several disorders 

characterized by oxidative stress and inflammation [179-181].  

The activation of the P2X7R signaling by its agonist BzATP leads to the 

release of VEGF-A, an established DR biomarker involved in the BRB 

dysfunction observed during the early phase of DR [182]. In our study, 

DHTS was able to significantly decrease VEGF-A expression levels 

HG/BzATP-induced as well as the expression of an additional factor 

involved in BRB breakdown, ICAM-1. Indeed, the up-regulation of ICAM-

1, a key factor for leukostasis, is increased in diabetic retina and it is closely 

related to the pathogenesis of DR [183]. We also demonstrated DHTS 

ability to counteract the damage exerted by the activation of P2X7R under 

hyperglycemic condition by restoring connexin 43 (Cx-43) expression 

levels, the down-regulation of which has been linked to vascular cell loss in 

DR pathology [184]. These results reinforce our previous findings proving 

the ability of BzATP to reduce Cx-43 expression levels under 

hyperglycemic condition [185]. 

In conclusion, we were able to develop the first high-reproducible in vitro 

human inner BRB system, closely mimicking the in vivo milieu, that was 

used to investigate the therapeutic potential of DHTS in counteracting the 

BRB dysfunction due to the combination of hyperglycemic conditions and 
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P2X7R activation. Since DR current treatments are entirely focused on the 

advanced stages of this pathology, our results contribute, albeit to a small 

extent, to prompt the scientific community towards the search of therapies 

targeting the early phase of DR. 
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