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Impact Statement

Diabetic retinopathy (DR) is a leading cause of
blindness that is currently difficult to prevent and
treat; we highlight the early and important role of
fibrosis, in order to direct interest and investiga-
tion into the extracellular matrix in DR. We con-
sider evidence from humans, animal models, and
cell culture models to support our hypothesis that
highlights fibrosis as a crucial driver of capillary
dysfunction. The combination of clinical and basic
science consideration contributes clarity to the field,
in which the fibrotic process in the diabetic retina is
well-documented but often overlooked. Our work
presents a likely model that is both illuminating and
inviting of further investigation, and helps explain
current barriers to successful treatment.

Abstract

Fibrosis is an accumulation of extracellular matrix (ECM) proteins and fibers in a
disordered fashion, which compromises cell and tissue functions. High glucose-
induced fibrosis, a major pathophysiological change of diabetic retinopathy (DR),
severely affects vision by compromising the retinal vasculature and ultimately
disrupting retinal tissue organization. The retina is a highly vascularized, stratified
tissue with multiple cell types organized into distinct layers. Chronically high blood
glucose stimulates certain retinal cells to increase production and assembly of
ECM proteins resulting in excess ECM deposition primarily in the capillary walls
on the basal side of the endothelium. This subendothelial fibrosis of the capillaries
is the earliest histological change in the diabetic retina and has been linked to the
vascular dysfunction that underlies DR. Proteins that are not normally abundant in
the capillary basement membrane (BM) matrix, such as the ECM protein fibronectin,
are assembled in significant quantities, disrupting the architecture of the BM and
altering its properties. Cell culture models have identified multiple mechanisms
through which elevated glucose can stimulate fibronectin matrix assembly, including
intracellular signaling pathways, alternative splicing, and non-enzymatic glycation
of the ECM. The fibrotic subendothelial matrix alters cell adhesion and supports

further accumulation of other ECM proteins leading to disruption of endothelial cell-cell junctions. We review evidence supporting
the notion that these molecular changes in the ECM contribute to the pathogenesis of DR, including vascular leakage, loss
of endothelial cells and pericytes, changes in blood flow, and neovascularization. We propose that the accumulation of ECM,
especially fibronectin matrix, first around the vasculature and later in extravascular locations, plays a critical role in DR and vision
loss. Strategies for DR prevention and treatment should consider the ECM a potential therapeutic target.
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Introduction

Diabetes is a metabolic disorder characterized by abnor-
mally high blood glucose. In 2018, the Centers for Disease
Control and Prevention (CDC) estimated 10.5% of people in
the United States are diabetic, with rates expected to rise in
the coming decades. Diabetics are at risk of serious compli-
cations that are responsible for significant disease burden,
especially in the kidney, eye, and nerves.! Diabetic compli-
cations are the leading cause of blindness,? kidney failure,?
and non-traumatic amputation® in adults. There is an urgent
need to define the molecular pathways that contribute to

ISSN 1535-3702
Copyright © 2022 by the Society for Experimental Biology and Medicine

these complications, in order to develop targeted therapies
to prevent them.

Chronically elevated blood glucose has significant effects
at the cellular level. Changes in cell metabolism and activa-
tion of intracellular signaling are accompanied by stimula-
tion of gene expression and downstream increases in cell
proliferation and migration.> Major classes of proteins pro-
duced in response to changes in glucose include secreted
factors such as cytokines and chemokines that promote
inflammation and extracellular matrix (ECM)-associated
proteins and their receptors that cause fibrosis. Inflammation
is well-accepted as a cause for diabetic disease progression
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Figure 1. (A) The cartoon depicts the layers of the retina including the capillary networks. Light passes through the vitreous and inner (IR) and outer retinal (OR)
layers as indicated on the left. The OR contains photoreceptor cells that respond to light. The IR contains interneurons that transduce signals to neurons that project
axons from the IR to the brain. Specialized ECMs (green) called the inner limiting membrane (ILM, top) and Bruch’s membrane (bottom) separate the IR from the
vitreous and the retinal pigmented epithelium in the OR from the choroid, respectively. Blood vessels feeding the layers are shown on the right. The OR is nourished
by diffusion from the choroidal vasculature, while the IR contains a capillary network that extends throughout the layers, branching from arteries and veins shown
under the ILM. (B) Cross-section of normal (left) and fibrotic (right) retinal capillaries. In normal conditions, the capillary wall is composed of a monolayer of endothelial
cells (red) on a thin laminar basement membrane (gray). In conditions of chronically high blood glucose, the basement membrane becomes fibrotic and thickens as
much as 20-fold (green). Pericytes wrap around the capillary wall (tan cells). Red disks inside the capillary represent the red blood cells. (A color version of this figure

is available in the online journal.)

Source: Adapted from Gameiro et al.’ (http://creativecommons.org/licenses/by/4.0/).

and several recent reviews describe its role.>® While it is
understood that ECM protein accumulation and fibrosis are
a critical part of diabetic complications, the idea that ECM
plays a causative role is under-appreciated. In this review,
we will discuss the significance of glucose-induced changes
in the ECM and how these changes affect cell functions and
drive disease progression, with a focus on diabetic retinopa-
thy (DR).

Normal versus diabetic retina

The retina is a highly stratified organ composed of special-
ized cell types organized into functionally distinct layers
(Figure 1).° Light travels through the vitreous and the inner
retina to stimulate photosensitive cells in the outer retina.
These cells then transduce signals that reach ganglion cells
which extend projections across the inner retina and coa-
lesce to form the optic nerve. Photosensitive cells vary in
their identity and density; for example, the macula, located
near the center of the retina, allows for high-resolution color
vision due to the high density of specialized photoreceptors.
As many of the retinal cell layers are located between the
light source and the photoreceptor cells, vision can be dis-
rupted by obstructions that form in any of the retinal layers
and impede light from reaching the photoreceptors.

The high metabolic demands of the retina require an
extensive vascular network. The inner capillary network
supplies blood to the inner retina including the neurons that
carry impulses to the brain, while the choroidal vessels below
the retinal pigmented epithelium supply the outer retina
including the light sensitive rods and cones' (Figure 1(A)).
The integrity of these capillaries depends on endothelial cells
forming strong connections to neighboring cells (through
adherens and tight junctions) and to the underlying basement

membrane (BM) (through ECM adhesions) (Figure 1(B)).
Pericytes adhere around the circumference of the capillary
and are involved in regulating endothelial cell function and
blood flow.!213 Together cells and ECM provide the capillar-
ies in the inner retina with selective permeability, forming
a blood-retinal barrier that controls the flow of solutes into
retinal tissue, thereby controlling the flow of water.'* Two
other types of ECM are present in the retina, the inner lim-
iting membrane (ILM) and Bruch’s membrane, which are
specialized ECM sheets that separate the retina from the
vitreous and the choroid, respectively.

In DR, overt changes in retina structure/function can be
detected by histology, fluorescein angiography, and ophthal-
moscopy. The earliest histological change in DR is the thick-
ening of capillary BMs.!> Changes in the ECM precede many
of the clinical manifestations of DR that are indicative of cap-
illary dysfunction.!® These include leaky capillaries, identi-
fied on angiography by diffusion of fluorescein dye out of the
vessels, and more advanced retinal changes such as patchy
capillary non-perfusion, microaneurysms, venous bleed-
ing, lipid exudate, and edema. Later in the disease process,
extravascular accumulation of ECM deposits and growth
of new, incompetent vessels disrupt the architecture of the
retinal layers and interfere with the path of light, impacting
vision relative to the size and location of the obstructions.
The prevalence of changes in the retinal ECM throughout
the progression of DR makes it critical to define how these
changes affect blood vessel structure and function in diabetes.

ECM alterations in DR

The ECM is a complex network of proteins and polysaccha-
rides that serves as a scaffold for cell organization, attach-
ment, and movement and is an important regulator of cell
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Table 1. Retinal vascular ECM proteins.
Protein Normal Diabetes
Laminin — Major glycoprotein in the basement membrane. — Increased in the fibrotic subendothelial matrix of galactose-fed

— Binds to specific integrins and to other BM proteins.'®
— Important for cell attachment, BM assembly, and structural

integrity.

Forms a planar network.

— Binds to laminin via nidogen.

— Cells express COL IV binding integrins.!”

Type IV collagen

rats?° but not found to increase in diabetic human retina capillary
matrix.21.22

— Increased in the subendothelial matrix of galactose-fed rats and
of diabetic humans.20.22

— Binds FN fibrils in culture.

— No evidence that perlecan concentration increases in DR.24

— No evidence that nidogen concentration increases in DR.
— Increased in DR subendothelial matrix.20.21.26.27

— Accumulation may disrupt the normal architecture of the BM.
— Signaling can affect cell-cell junctions.

Perlecan — Major HSPG of the BM.
— Serves important linkage functions.
— Binds certain growth factors.!”
Nidogen — Binds both laminin and COL IV.
— Aids in assembly of BMs by linking these two networks.?
Fibronectin — Scarce in the normal BM.21.25
— Present at pericyte foot processes.?
Tenascin-C — Adhesion modulatory matricellular protein.

— Normally not present in the basement membrane.

— Abundant in the diabetic subendothelial matrix.2!
— Alternatively spliced by cells cultured in high glucose.?8
— Plays a role in regulating FN assembly.

ECM: extracellular matrix; BM: basement membrane; FN: fibronectin; DR: diabetic retinopathy; COL IV: type IV collagen; HSPG: heparan sulfate proteoglycan.

behavior. The ECM is a dynamic structure and is constantly
being remodeled, leading to alterations in ECM structure
and composition that are accentuated in tissue damage and
disease states.!®> The primary type of ECM in the retina is
BM, surrounding capillaries on the basal side of the endothe-
lial cells and forming the ILM and Bruch’s membrane, at
the vitreous and choroid boundaries, respectively. BMs are
composed mainly of type IV collagen, the glycoproteins
laminin and nidogen, and the heparan sulfate proteoglycan
perlecan (Table 1), and these proteins are highly organized
into a thin, laminated sheet of ECM.Y” This sheet-like struc-
ture provides a platform for endothelial and epithelial cells,
promotes interactions of adherent cells with their neighbors
through cadherin cell—cell junctions, and induces a polar-
ized cell morphology.!” Interaction of cells with the ECM is
largely mediated by integrin receptors, a family of heterodi-
meric transmembrane proteins that bind to specific ECM
proteins and connect them with the actin cytoskeleton.!®
Integrin-ECM interactions also activate signaling pathways
involved in diverse cell functions including migration and
proliferation.'8

Altered capillary ECM is detected prior to other histologi-
cal and functional changes of DR. Histologically, the capillary
BMs, which are normally 50-100nm thick, become signifi-
cantly expanded sometimes up to as much as 2000nm.?! The
term BM thickening is used to describe this altered ECM,
implying that while the ECM might thicken, it maintains
BM characteristics. This is misleading, as the subendothelial
ECM deposited in diabetes lacks the laminar organization
of a normal structure, contains certain ECM proteins not
found in a normal BM (Table 1), and has altered properties
that affect ECM—cell interactions. The fibrotic ECM of DR
capillaries has a fibrous architecture by electron microscopy,
normal BM components like type IV collagen are distributed
across the width rather than as a single thin layer, and inter-
stitial matrix proteins such as fibronectin (FN) and tenascin-
C are prominent components.?! Therefore, as the normal BM
beneath the capillary endothelial cells is replaced by fibrotic

ECM, subendothelial fibrosis is a more accurate description
than BM thickening.

Dysregulated assembly and accumulation of ECM pro-
teins causes fibrosis in many diseases.?” FN, a foundational
matrix protein with numerous roles in normal and patho-
logical ECM assembly,® is a significant component of fibrotic
deposits. FN is a large dimeric glycoprotein composed of
250kDa subunits. The liver produces FN that circulates in
the blood, and numerous cell types in most tissues secrete
FN locally.®® FN is essential to blood vessel development,3!
and plays a role in blood clotting® and wound healing.3?
A major function of FN is matrix assembly in which it is
actively organized into fibrils by cells.3* This process is
dependent on integrins, which bind soluble FN and induce
conformational changes that promote FN-FN binding and
fibrillogenesis. The growth of EN fibrils leads to crosslinking
and the formation of insoluble FN matrix.3

FN matrix is essential for the assembly of various
collagens,?*%% and is required for matrix incorporation of
many other ECM proteins including many involved in the
development of fibrosis. Ablation of FN matrix by knockout
of FN expression or by inhibition of FN fibrillogenesis also
causes a loss of collagen I and 1V fibrils,?*37 of deposition of
glycoproteins like tenascin-C,*® and of growth factors such
as latent transforming growth factor (TGF)-p binding pro-
tein,® vascular endothelial growth factor (VEGF),% among
others.*! Although FN is normally scarce in the BM,2 dia-
betic subendothelial matrix contains abundant FN.28 The
accumulation of EN fibrils provides a foundation for deposi-
tion of other proteins. In fact, staining of the fibrotic suben-
dothelial matrix in a diabetic retina not only shows extensive
deposition of FN but also high levels of type IV collagen
and tenascin-C,>' two ECM proteins that increase in high
glucose conditions.?>#243 Changes in composition can affect
the ultrastructure and properties of the matrix. The ECM
deposited by retinal endothelial cells cultured in high glu-
cose is stiffer by atomic force microscopy* and also more
permeable to fluorescent 43kDa dextran® than in normal
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glucose conditions. FN'’s foundational role in the assembly
of other proteins makes it a key mediator of fibrosis and an
interesting candidate for therapeutic modulation.

Mechanisms of ECM modulation in
elevated glucose

Cell regulation of ECM assembly

Changes in glucose concentration affect gene expression.
High glucose conditions increase FN1 transcription, but the
change is modest and insulfficient to explain the dramatic
increase in matrix FN.234346 Because plasma FN transits from
the bloodstream into tissues,”” plasma FN provides a source
of protein for assembly without changes in gene expression.
Changes in intracellular pathways have also been linked to
FN matrix assembly in high glucose.? It is well-established
that high glucose levels activate protein kinase C (PKC) in
tissues* which will then turn on PKC-dependent pathways.
A downstream target of PKC signaling is a581 integrin, the
primary receptor for FN matrix assembly, and stimulation
of integrin receptor activity can dramatically enhance FN
assembly independently of gene expression.?® Intracellular
increases in lysine acetylation, which also occur with ele-
vated glucose levels, affect integrins and associated focal
adhesion proteins to stimulate FN assembly.* Endothelial
cells assemble FN basally® and it is likely that the initial
enhancement of EN fibril formation induces further FN
matrix assembly as has been observed with mammary epi-
thelial cells.>!

Under chronically high glucose conditions, proteins
become modified by non-enzymatic glycation and these
modifications, called advanced glycation end products
(AGESs), have been used as markers of protein alterations due
to glucose levels.5? The ECM is a major target for non-enzy-
matic glycation and these modifications can make the ECM
resistant to degradation by proteases.>® Furthermore, kidney
cell interactions with an AGE-modified ECM stimulate FN
matrix assembly.> By these mechanisms, non-enzymatic gly-
cations of the matrix are likely playing a feed forward role in
DR, inducing the assembly of more matrix proteins which,
when glycated, increase the pool of AGEs to further stimulate
assembly.

Finally, changes in alternative splicing of ECM proteins
can differentially affect protein deposition. Multiple FN
isoforms arise by alternative splicing at three sites in the
transcript.5® Mice constitutively lacking the EDA isoform
have impaired endothelium-dependent vasodilation in high
glucose conditions, compared to wildtype and constitutive
EDA™* mice.% Alternative splicing of the tenascin-C tran-
script also changes in high glucose conditions switching the
protein from a small to a large isoform. The small isoform
binds FN in the matrix where it is positioned to regulate FN
interactions with cell receptors whereas the large isoform is
excluded from the matrix thus potentially allowing uncon-
trolled FN accumulation.*3

Fibrotic potential of excess FN matrix

It is important to consider how assembly of FN actually
alters the architecture of the capillary ECM. Endothelial

cells express integrins on their basal surface® where laminin-
binding integrins assemble and maintain a layer of polymer-
ized laminin that serves as a scaffold for other BM proteins.!?
Enhanced assembly of FN at the interface between endothe-
lial cells and the BM could supplant the laminin layer, pro-
viding a distinctly different matrix for cell interaction and
negatively affecting the organization of major BM proteins.
Evidence to support this suggestion comes from the stain-
ing pattern of a thickened diabetic capillary in the retina. FN
was observed diffusely distributed throughout the thickened
BM while a layer of type IV collagen, a marker of the BM,
was localized to the outer rim of the capillary, away from
the endothelial layer.2! While more work is needed to con-
firm the displacement of the normal BM by FN-rich fibrotic
matrix, this theory would help explain endothelial behav-
ioral changes that occur after ECM alterations; as the ECM
proteins available for endothelial cell attachment change, the
types of activated integrins would also change, further alter-
ing the assembly of matrix proteins and other endothelial
cell behaviors.

While EN can act as an instigator of matrix reorganiza-
tion, molecular changes downstream of FN assembly have
the potential to further perturb ECM structure and prevent
ECM turnover. The diabetic subendothelial matrix has much
higher abundance of type IV collagen,” which is also organ-
ized differently than in a normal BM.%¥% Collagen fibrils
are stabilized by covalent crosslinking and expression of
two crosslinking enzymes, lysyl oxidase and peroxidasin, is
higher in mesangial cells cultured in high glucose conditions
(unpublished observations). Lysyl oxidase is also upregu-
lated by glucose in retinal endothelial cells.®° Peroxidasin, a
type IV collagen crosslinker,®! has a critical role in eye devel-
opment and mouse mutants exhibit ECM defects, early onset
glaucoma, and retinal dysgenesis.®> Crosslinking of excess
ECM proteins will stabilize insoluble, and possibly defective,
fibrils and block protease-dependent turnover. These fibrotic
changes downstream of FN matrix assembly could further
exacerbate vascular dysfunction.

Retinal defects caused by ECM
alterations

Cell adhesion

The integrity of the capillary wall depends on three types of
interactions: endothelial integrin interactions with the nor-
mal BM (primarily laminin), cadherin-mediated endothe-
lial cell-cell interactions, and intra-BM protein interactions
among laminin, type IV collagen, nidogen, and perlecan.17.1963
Under normal conditions, the BM controls endothelial cell
shape, density, and polarity through baso-lateral cell adhe-
sions. In the diabetic condition, all three types of interactions
are perturbed. As mentioned above, accumulation of FN on
the basal side of the endothelium will engage a different
set of integrins and initiate different intracellular signals to
affect cell phenotype. FN can also disrupt or displace nor-
mal intra-BM protein interactions to change the thin laminar
organization of the BM into a thick fibrotic protein network.

Lateral interactions between endothelial cells are medi-
ated by vascular endothelial (VE)—cadherin, a homophilic



receptor that clusters to form adherens junctions and uses
catenins bound to cadherin cytoplasmic domains to organize
the actin cytoskeleton.® Adherens junctions support tight
junctions which are essential for the barrier function of the
capillary wall.®> Together, lateral junctions and basal cell-
ECM adhesions determine cell polarity.5667

Disruption of cell junctions or ECM adhesions has a
significant impact on cell survival. It is well-established
that defects in cell adhesion promote anoikis, cell death
induced by loss of attachment to the ECM and/or neigh-
boring cells.®® During DR progression, there may be insuf-
ficient FN-binding integrins during the proposed switch
from laminin to FN as a subendothelial substrate, which
could weaken endothelial cell attachment and allow
anoikis. Intracellular signals downstream of ECM bind-
ing might also affect survival. For example, FN binding to
a5P1 integrin is known to activate Src kinase,® which can
phosphorylate VE-cadherin to destabilize cell-cell junc-
tions,” also allowing anoikis. Thus, FN deposition in DR
could explain, at least in part, the appearance of acellu-
lar capillaries in diabetic rat retinas.”" In the normal cap-
illary, what little FN exists in the BM is concentrated at
the pericyte foot process, where it may regulate endothe-
lial cell-pericyte interactions!? and stabilize cell adhesion.
This raises another intriguing possibility that alterations in
BM architecture and accumulation of fibrotic matrix due
to increased FN deposition push pericytes further away
from the endothelial cells, creating false attachment sites
for pericytes, promoting apoptosis, and thus, promoting
pericyte dropout in DR.

Permeability

Vessel walls of retinal capillaries tightly control transport of
molecules between blood and tissue, forming the blood-ret-
inal barrier. This selective permeability depends on proper
formation and functioning of endothelial cell-cell and cell-
ECM adhesions which in turn are controlled by BM proper-
ties.”? Molecules that diffuse through the capillary wall must
pass through the endothelial cell layer, either by paracellular
or transcellular transport, and the BM. Supporting this selec-
tive permeability are pericytes that mechanically interface
with endothelial cells and astrocytes that elaborate factors
to tighten the endothelial cell barrier.!3

Capillary permeability by paracellular transport is at
the center of DR pathophysiology. Paracellular transport
is governed by the organization of junctional proteins,
VE-cadherins, and tight junction proteins like ZO-1 and
occludin.®® Intracellular pathways regulate the integrity
of these junctions.”?”* Thus, in high glucose conditions,
the reduced integrity of endothelial cell junctions leads to
increased paracellular transport!® and allows numerous
molecules to extravasate into the retinal tissue in a dysregu-
lated fashion. Due to the osmotic pull of these molecules,
fluid accumulates within the layers of the retina, leading to
diabetic macular edema and severe visual sequelae when
the architecture of the macula, the site of central vision, is
disrupted.!*

High glucose induces endothelial cell permeability
in vivo”™ and in vitro.'® One route is through activation of

signaling downstream of FN-integrin binding. Note that
FN-binding integrins activate Src, while laminin-binding
integrins deactivate Src,”® making Src an important media-
tor of endothelial cell permeability. Cell-cell junctions could
then be destabilized by Src acting on VE-cadherin, B-catenin,
or occludin.”® Phosphatidylinositol (PI)-3-kinase and AKT
are also downstream of FN-binding integrins and can down-
regulate tight junction proteins.”””® These pathways offer
insights into how FN buildup beneath endothelial cells could
induce permeability.

The ECM alterations in DR are a likely mediator of
increased paracellular transport. Interestingly, while certain
signaling pathways, including PKC, are activated soon after
endothelial cells are cultured in high glucose,” increased
permeability develops over time,!® in correlation with the
deposition of increased FN and type IV collagen. Given that
endothelial cell behavior is governed by the surrounding
matrix proteins,”®3 mediated by the amount and sort of inte-
grins that are bound by the ECM, it is reasonable to conclude
that FN aberrantly deposited in the BM could be inducing
signaling that downregulates the integrity of adherens and
tight junctions.

While FN has the capacity to directly signal to the
endothelial cells and pericytes, it could also lead to disrup-
tion of the normal BM architecture,”! altering the properties
of the matrix. The ECM deposited by endothelial cells in
high glucose is more permeable*® suggesting that suben-
dothelial matrix changes further reduce barrier function
allowing molecules that have bypassed the endothelial cells
to extrude into the retina. It is possible that there is a ramp-
ing-up effect of cell and matrix permeability working in
concert. Potentially, increased ECM protein production and
integrin activation in high glucose leads to FN deposition
in the BM making it more porous, which then induces cell
signaling that decreases junctional integrity. This allows
large molecules including FN to leave the lumen of the
capillary via paracellular transport, and interact with the
BM, providing a significant source of FN to be assembled
into the BM and accumulate as subendothelial fibrosis. We
propose that, as more FN is assembled, the architectural
change of the BM and its impact on endothelial cell func-
tion worsen, further disrupting endothelial cell behavior
and allowing the BM to become more porous, increasing
capillary leak.

Blood flow/ECM compliance

Changes in BM composition and thickness affect its compli-
ance and ECM stiffness has been shown to control many cell
functions including cell adhesion,?! differentiation,3? matrix
assembly,®® and migration.3 ECM changes that can modulate
compliance include increases in collagen and other fibrous
proteins, disorganized ECM protein polymerization, cova-
lent crosslinking by extracellular enzymes (e.g. lysyl oxidase
or transglutaminases), and reduced turnover by extracel-
lular proteases. BM stiffness is also affected by accelerated
non-enzymatic glycation of ECM proteins with chronically
elevated glucose.?! In DR, a fibrotic subendothelial matrix
would have an impact on endothelial cell and pericyte func-
tions that in turn contribute to the dysregulation of blood
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flow through the retinal vasculature. Capillaries are respon-
sible for modulating a drop in pressure at sites of diffusion,
as well as altering blood flow to meet the demands of the
tissue. Normally, pericytes and endothelial cells modulate
capillary blood flow by mechanically regulating the size
of the retinal vessels in proportion to oxygen demand by
the neural tissue.!?>8> This regulation requires capillary dis-
tensibility, as well as endothelial cell and pericyte contrac-
tion to manipulate the size of the capillary.>5 The rate of
blood flow through the capillary determines the amount of
O, and CO, exchange and reduced efficiency of exchange
leads to hypoxia. In diabetes, a loss of normal capillary blood
flow regulation decreases capillary transit time leading to
impaired offloading of oxygen.® The altered capillary matrix
in diabetes could impede normal mechanical manipulation
of the capillary by preventing pericyte and endothelial cell
contraction. Furthermore, a thicker and stiffer subendothe-
lial matrix leads to a smaller, less distensible capillary lumen,
increasing the pressure, and thus causing faster blood flow
through the capillary. Interestingly, high blood pressure
exacerbates DR severity, suggesting that capillary pressure
is likely important to the disease process.”

Neovascularization

New blood vessels form by endothelial sprouting which
requires endothelial shape changes, BM degradation and
re-assembly, as well as cell proliferation and migration in
response to extracellular signals such as VEGE8% Related
to the ECM, regulation of proteases that degrade the BM and
synthesis of the proteins and receptors needed to re-establish
a functional BM will be deficient in DR because of the imbal-
ances in ECM homeostasis discussed above. Furthermore,
FN in particular is a pro-proliferative and pro-migratory
ECM protein and its presence in excess is likely to over-stim-
ulate the endothelial cells once sprouting has been initiated.
FN could be playing a dual role in directing this pathologi-
cal process. First, as FN becomes overly abundant in DR,?!
it could promote neovascular growth. FN is essential for
vascular development, it helps guide vascularization of the
developing retina, and it induces capillary sprouting during
wound healing.38 VEGF has an early role in sprouting by
inducing formation of a tip cell and subsequently is involved
in stimulating endothelial cell proliferation.’® VEGF binds
to FN,% and bound VEGF in an FN matrix has been shown
to direct vascular development.”! Thus, the upregulation
of VEGF in DR combined with increased matrix binding
sites due to accumulation of FN in the subendothelial matrix
provides a pro-angiogenic environment to promote neo-
vascularization in the retina, supporting progression to pro-
liferative DR. Since VEGF is also a permeability factor,®? the
complex of FN and VEGF in the thickened BM may produce
new vessels that are prone to leakage, further complicating
DR pathology.

Most treatment options for DR focus on preventing neo-
vascularization of the retina through photocoagulation and
VEGF inhibition. While these techniques prevent vision
loss in some patients, others progress despite treatment
and develop partial or total vision loss.”® It is possible that
the variable response to these treatments stems from the

multifaceted nature of vascular dysfunction in DR, with the
fibrotic matrix acting as a distinct driver of pathology or
as a partner of VEGF in stimulating neovasculariazation.”
Notably, avp3 integrin, which is activated by FN, is known
to act synergistically with the VEGF receptor to stimulate
pathways that induce angiogenesis.* Furthermore, as VEGF
binds FN, it is possible that the fibrotic matrix also modifies
VEGEF availability, worsening pathology.”

ECM alterations as a driver of DR

The purpose of this review is to highlight the ways in which
the ECM is a driver of DR pathology. We contend that, in
high glucose conditions, FN deposition increases, both
changing the BM properties and promoting further assem-
bly of ECM. These changes affect cell adhesion, blood ves-
sel stiffness, capillary permeability, and the appearance of
acellular capillaries. Capillary dysfunction leads to leakage,
initiating edema and spilling more FN into the retinal tissue.
This FN supports neovascularization and the formation of
FN-rich fibrotic tissue on the surface of the retina (Figure 2).
Evidence implicating FN as essential for subendothelial
fibrosis and capillary malfunction is based on FN's presence
at the site of such defects in vivo, the effects of manipulating
FN expression in the retina, and direct measurements of cell
and ECM changes using cell culture models. Furthermore,
the time course of pathological changes implicates FN and
fibrotic subendothelial matrix in the development of capil-
lary dysfunction. Vascular leakage and loss of the blood-
retinal barrier are critical changes in DR, and occur because
the subendothelial matrix, a physical part of the capil-
lary barrier, is defective and becomes more permeable in
high glucose. The fibrotic subendothelial matrix is also a
driver of increased capillary pressure, inducing structural
defects in the microvasculature and interfering with nor-
mal gas exchange, inducing ischemia. Beyond the capil-
lary BM, fibrosis in the ILM?! could also be encouraging
neovascularization, and the abundance of FN in epiretinal
membranes® suggests both a structural role as well as a pro-
contractile role. Interestingly, DR displays a feature known
as metabolic memory, where retinopathy worsens for a time
even after glucose control is achieved.” There are numerous
theories to explain this phenomenon, such as the suggestion
that epigenetic changes caused by high glucose are slow to
reverse. We propose that matrix changes induced by high
glucose are slow to turn over, and continue to drive capil-
lary dysfunction even following attenuation of high blood
glucose levels.

Of course, DR does not progress simply because of the
ECM. The inflammatory response also has a key role, but it
is likely that the two work together. For example, alterations
to the ECM in DR may aid in inflammatory cell invasion.
AGE:s attached to ECM proteins by non-enzymatic glycation
alter ECM assembly by binding their receptor for advanced
glycation end products (RAGE), but RAGE engagement can
also induce an inflammatory response that appears to play a
role in advancing DR pathology.”

Beyond DR, it is likely that subendothelial fibrosis also
impacts the development of other complications of diabetes.
FN can modulate the development of atherosclerotic lesions,
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a macrovascular complication of diabetes.1?® Furthermore,
ECM also accumulates in the diabetic kidney,” and around
diabetic nerves,'® demonstrating the wide reaching impact
of dysregulated matrix assembly in diabetes. As illustrated
in this review, high glucose conditions induce significant

ECM changes in vivo and in vitro, but most studies overlook
the ECM when investigating models of DR. Understanding
the role of FN and the ECM in diabetic complications will be
crucial to understanding and treating these multifactorial
sequelae.
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