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Abstract Diabetic retinopathy remains a relevant clinical
problem. In parallel with diagnostic and therapeutic im-
provements, the role of glycaemia and reactive metabo-
lites causing cell stress and biochemical abnormalities as
treatment targets needs continuous re-evaluation.
Furthermore, the basic mechanisms of physiological an-
giogenesis, remodelling and pruning give important clues
about the origins of vasoregression during the very early
stages of diabetic retinopathy and can be modelled in
animals. This review summarises evidence supporting a
role for the neurovascular unit—composed of neuronal,
glial and vascular cells—as a responder to the biochemi-
cal changes imposed by reactive metabolites and high
glucose. Normoglycaemic animal models developing ret-
inal degeneration, provide valuable information about
common pathways downstream of progressive neuronal
damage that induce vasoregression, as in diabetic models.
These models can serve to assess novel treatments ad-
dressing the entire neurovascular unit for the benefit of
early diabetic retinopathy.
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BRB Blood-retinal barrier

EDIC Epidemiology of Diabetes Interventions and
Complications

GLP-1 Glucagon-like peptide 1

iNOS Inducible NO synthase

ROS Reactive oxygen species

STZ Streptozotocin

UKPDS UK Prospective Diabetes Study

VEGF  Vascular endothelial growth factor

Diabetic retinopathy: the danger is not over

The overall prevalence of diabetic retinopathy is 35% among
people with diabetes worldwide, with a current decline in both
any retinopathy and sight-threatening stages [1]. Diabetic ret-
inopathy ranks fifth among common causes for blindness or
severe vision impairment and a recent meta-analysis revealed
that the age-standardised prevalence of diabetic retinopathy-
related blindness will increase due to increasing populations
and average age together with a reduction in death rates [2].
Lending support to the magnitude of the problem are reports
that even when a person first presents at screening services,
advanced diabetic retinopathy is present at levels that are no
longer amenable to medical interventions [3, 4]. Recent
population-based studies from Europe revealed that
screening-detected diabetic retinopathy appeared in more than
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Background

« Diabetic retinopathy is a prevalent clinical problem

+ Diabetic retinopathy affects the neurovascular unit,
not only the vasculature

» Physiological processes such as angiogenesis
and remodelling are instructive for understanding
retinopathy, as are euglycaemic animal models with
retinal degeneration

* Animal models of diabetes reflect preclinical
human disease but not diabetic macular oedema or
proliferative diabetic retinopathy

13% of individuals with newly diagnosed type 2 diabetes [4].
Although lower than the rate reported from the UK
Prospective Diabetes Study (UKPDS) [5], diabetes is still
underdiagnosed and individuals may present when retinopa-
thy is beyond the ‘point of no return’ at which progression can
be halted by glucose-lowering therapy (see Fig. 1).

Diabetic retinopathy is classified as a microvascular disease
and has been empirically lumped together with diabetic ne-
phropathy and neuropathy for decades. However, modern
technologies, such as multifocal electroretinography and
microperimetry, which assess neuroglial function in correlation
with the structure of the human diabetic retina, have allowed
diabetic retinopathy, with its complex pathology and divergent
dynamics and disparities, to be distinguished from nephropathy
and neuropathy [6-9]. Discussion of the risk factors relevant to

Fig. 1 Diabetic retinopathy in a male patient with newly discovered type
2 diabetes (known diabetes duration 6 months; no signs of neuropathy
and nephropathy). The fundus (left eye) shows microaneurysms (solid
arrow), haemorrhages (asterisk) and hard (dashed arrow) and soft (arrow-
head) exudates. Hard exudates are found within one disk diameter around
the fovea, classifying this stage as severe non-proliferative (all four quad-
rants of the retina affected) diabetic retinopathy with central macular
oedema
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specific damage to target tissues may help to explain these
disparities. Moreover, chronic hyperglycaemia, multiple risk
factors, including sex, genetics, disease duration, blood pres-
sure and lipids, have been identified and reviewed extensively
[10, 11]. Of note, obstructive sleep apnoea as a frequent comor-
bidity in type 2 diabetes has been recently recorded as an ag-
gravating factor and may benefit from specific airways treat-
ment [12].

Retinal vasculature: from development to early
changes in diabetes

To understand the evolution of incipient diabetic retinopa-
thy, the development of the retinal vasculature and its re-
lation to the microenvironment must be decoded and ap-
preciated. Two vascular plexuses develop in the eyes of
humans and some animals: the choroid (supplying 90%
of the total blood volume to the retina) and the intraretinal
vasculature (supplying the inner-third of the retina, sparing
the macula), which is divided into a superficial and a deep
plexus [13, 14].

The elaborate retinal network is the result of a highly coor-
dinated process during development. In humans, the retinal
vasculature forms during late embryogenesis, while in mice it
forms postnatally, facilitating the study of basic mechanisms of
angiogenesis [13, 15, 16]. The superficial vascular layer of the
retina is formed on a template of astrocyte glia, which produce
a gradient of vascular endothelial growth factor (VEGF)
spreading radially towards the edge of the retina. Around
day 7, the vasculature starts a perpendicular growth to-
wards the inner nuclear layer (potentially following a
VEGF gradient produced by the developing rod outer
limbs), forming a second and third vascular plexus.
Subspecialisation of endothelial cells is essential to the
angiogenic process: endothelial tip cells direct sprouting
vessels along a gradient of VEGF; endothelial stalk cells
proliferate and start attracting pericytes and endothelial
phalanx cells represent a quiescent phenotype of endothe-
lial cells that do not proliferate and are less sensitive to
regressive signals [17]. This elaborate effort results in an
almost identical retinal capillary phenotype in animal
models (mouse, hamster, rat, monkey) when compared
with the human retina (Fig. 2a—f). Using quantitative reti-
nal morphometry, the number of endothelial cells and
pericytes in retinal capillaries can be assessed; the highest
density of endothelial cells occurs in mice and the lowest in
humans (Fig. 2g).

The macula is only present in the retinas of humans and
some primates. Hence, there is no rodent model of diabetic
maculopathy. No animal develops proliferative diabetic reti-
nopathy, for reasons not well understood [18].
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Fig. 2 (a—f) Digest preparations of mouse (a), Chinese hamster (b), non-
human primate (c), rat (d), dog (e) and human retina (f) showing mid-
capillary areas. Note the qualitative similarities in cellular compositions.
Original magnification, x 400 (a—d, f) or x 200 (e). (g) Quantitative

The importance of pericytes

Since the seminal work of Kuwabara and Cogan [19], pericytes
have been perceived as the primary trigger of vascular damage
in the diabetic retina. Pericytes are enigmatic cells and their
diverse ontogeny has prevented a clear structural and functional
annotation. Lineage-tracing studies show that most pericytes in
the head region (including brain and retina) evolve from the
neural crest, some probably derive from mesenchymal stem or
progenitor cells, some may expand in situ and some may orig-
inate from the bone marrow [20]. This heterogeneity may ac-
count for the lack of a universal marker of a retinal pericyte
[21]. Pericyte recruitment to the developing retinal vasculature
is determined by several ligand-receptor pairs, including the
platelet-derived growth factor B—f3 receptor and the
angiopoietin—Tie system [22]. Studies using ablation of one
of'the recruiting factors or direct pericyte elimination by genetic
tools recapitulate early features of experimental diabetic reti-
nopathy such as microaneurysm formation, abnormal blood—
retinal barrier (BRB) function, and the formation of acellular
capillaries. These studies help underline the functional role of
pericytes in maintenance of patent retinal capillaries [23, 24].

The fate of pericytes during physiological vasoregression
remains controversial. Potential responses include persistence
on the denuded capillary wall, apoptosis and migration onto
surviving nearby capillaries [25]. Moreover, signals determin-
ing the destiny of the underlying endothelium are not yet
understood.

The importance of vasoregression

Vasoregression (the formation of acellular capillaries) is prob-
ably the most important early lesion in the early diabetic retina

morphometry of retinal digest preparations of non-diabetic retina, mea-
sured as described previously [75]. Data (mean + SD) show the number of
cells per mm? capillary (cap.) area. Black bars, endothelial cells; white
bars, pericytes

[26, 27]. Understanding the mechanisms that contribute to
vasoregression is essential for its prevention, and physiologi-
cal vasoregression acts as a good example from which we can
learn about inborn programming that is reactivated during
incipient disease stages. Novel, dynamic, high-resolution mi-
croscopic techniques used to study developing rodent vascu-
lature have characterised vessel regression as being: (1) an
adaptive response to the exponential growth curve of angio-
genesis towards a vascular network matching metabolic and
functional demands for maintenance; (2) a process selecting
capillary branches for regression by still unknown triggers;
and (3) a process involving endothelial cell apoptosis, migra-
tion and redeployment as phenotypes [25]. More specifically,
the process of vasoregression has been conceptually divided
into sequential steps: branch selection by flow dichotomy,
vessel constriction, occlusion, endothelial retraction/apopto-
sis/reintegration and then resolution of the remaining matrix
tube. A further distinction between types of vasoregression
has been proposed, dependent on the persistence of a patent
lumen of the regressive capillary branch (type 1 pruning,
closed lumen, resulting from low shear stress/non-perfusion;
type 2 pruning, open lumen, high shear stress/perfusion). In
this context, blood flow is a critical determinant, since vaso-
constriction induces vasoregression while enhanced blood
flow protects against vasoregression [28, 29].

Glia: the interface between the vasculature
and neurons

The interplay between the microvasculature and the retinal
glia during development and in systemic disease such as dia-
betes has attracted interest [30, 31]. The retina has three glial
cell types: microglial cells and two macroglial cell types
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(astrocytes and Miiller cells). Astrocytes are essential in the
incipient formation of the retinal vasculature. Miiller cells are
specialised radial glia and form the structural and functional
link between neurons and blood vessels, handle nutrients and
waste products, affect the tightness of the BRB and maintain
survival and function of neurons and blood vessels. Several
experimental studies show that proper glial function is oblig-
atory for the formation of the deep capillary layers [32-34].
Resident microglia have been described as immunological
watchdogs of the retina [30, 35]. They actively sense the mi-
croenvironment and contribute to waste removal and defence
against degenerative and inflammatory signals. During devel-
opment, microglia assist retinal remodelling by phagocytosis
of dying neurons. Microglia migrate into the retina prior to
angiogenesis and influence the different angiogenic steps,
demonstrating the complex role of microglial cells as regula-
tors of endothelial sprouting, branch fusion and regression. A
recent review provides more details, particularly on new ther-
apeutic strategies for diabetic retinopathy [36].

Modelling early diabetic retinopathy

The clinical course of diabetic retinopathy has been extensively
described in several excellent reviews [11, 37]. In animals, it is
only possible to model stages which precede lesions that are
observed in patients, underlining the need for caution in the
translation into clinical studies [38]. Figure 3 summarises the
development of experimental diabetic retinopathy established
in streptozotocin (STZ)-induced male Wistar rats. Sex, strain
and species differences exist between animal models,

Fig. 3 Schematic summary of
hyperglycaemia-induced changes
of the neurovascular unit in the
Wistar rat STZ-induced diabetes
model

Pericyte
migration
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explaining some of the reported discrepancies in the presented
synopsis. When glucose levels increase, transient breakdown of
the BRB can occur within a few days to weeks, associated with
transient induction of the paracellular permeability pathway
[39]. Intraretinal haemorrhages do not develop in this model.
Next, activation of Miiller cells, as demonstrated by the expres-
sion of glial fibrillary acid protein, ensues after approximately
1.5 months, followed by redistribution of potassium channels
and aquaporins at around 4 months [40]. At this point,
microglial activation is present, reflected by an increased num-
ber of cells as well as altered expression of activation markers.
Pericyte loss starts at around month 2 after diabetes onset, due
to apoptosis or migration involving the hyperglycaemia-driven
angiopoietin—Tie system. As hyperglycaemia continues, endo-
thelial cells are lost, leading to vasoregression after 6 months of
diabetes. In experimental models, the prevalent vasoregression
phenotype corresponds to the type 1 pruning described above
(i.e. alow number of apoptotic cells in relation to the magnitude
of vasoregression, and no resolution of empty basement mem-
branes). Migration (and to a lesser extent apoptosis) leads to
pericyte loss in remodelling capillaries of animal models but
persistence of pericytes on denuded capillary segments is more
prevalent in human retinas [26, 41]. Neuronal dysfunction,
measured by electroretinography, is evident after 6 weeks,
while structural changes indicating neurodegeneration appear
only after 6 months [42]. Strain and species differences deter-
mine the translational significance, particularly regarding dia-
betic macular oedema and neurodegeneration. As noted above,
there is no consistent appearance of microaneurysms in rodent
retinas and retinal oedema or preretinal neovascularisation do
not develop in any (rodent) model of diabetes.

<4— Glial activation

Vasoregression
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The biochemistry of diabetic retinopathy

Figure 4 summarises some of the known and hypothetical
sequences of events in diabetic retinopathy, linking initiating
metabolic abnormalities to the functional and structural abnor-
malities in preclinical models and in humans.

Chronic hyperglycaemia is the major pathogenetic deter-
minant of diabetic retinopathy and most (meta-)analyses high-
light disease duration and level of glycaemia (reflected by
HbA.) as being the most important risk factors for disease
onset and progression [43—46]. However, the magnitude of
their contribution to the risk of complications was put into
perspective by the DCCT/Epidemiology of Diabetes
Interventions (EDIC) research group, who calculated that
HbA . only accounted for up to 11% of the entire risk for
complications and concluded that most of the variation in risk
was explained by factors not imaged by glycaemia [47].

The ‘unifying hypothesis’ [48] may explain how
hyperglycaemia can damage the retina: several seemingly
independent biochemical pathways overactivated in diabe-
tes are based on one common abnormality, caused by
intracellular excess glucose flux, i.e. mitochondrial over-
production of reactive oxygen species [ROS]. The hypoth-
esis proposes that the formation of AGEs can explain the
hyperglycaemic memory of tissue damage whereby vascu-
lar damage developed during periods of poor glycaemic
control persists into cycles of euglycaemia. The reverse

Fig. 4 Effects of reactive
metabolites, transient
hyperglycaemia and chronic
hyperglycaemia on the
neurovascular unit via activation
of biochemical and signalling
pathways. The resulting
neovascularisation, oedema and
neurodegeneration represent
important advanced clinical
stages. CHG, chronic
hyperglycaemia; HF,
haemodynamic factors; IRMA,
intraretinal microvascular
abnormalities; MA,

Biochemical and signalling changes

Cell activation
Neuroglia

(a delay in worsening under less stringent control after
periods of stringent control) has also been shown in the
DCCT/EDIC study. The mechanisms of persistent damage
through AGEs have been strung into permanent modifica-
tions of matrix macromolecules, modifications of intracel-
lular constituents (such as proteins and DNA), altered tran-
scription of proteins and altered cellular functions through
receptor-mediated mechanisms. Excess AGE formation
and overactivation of the hexosamine pathway induces
transcription of angiopoietin-2 by inhibiting a transcrip-
tional co-repressor complex from binding and silencing
the angiopoietin-2 promoter [49].

The concept was developed in endothelial cells of dif-
ferent target tissues of diabetes complications and extended
to the retina, still with a focus on the diabetic microvascu-
lature, and yielded two pathogenesis-based treatment op-
tions. The metabolic signal blocker benfotiamine showed
substantial biochemical effects and vascular protection in a
rat model of diabetes, even as a secondary intervention
approach [50]. Short-term clinical studies have demon-
strated benefits on surrogate markers of diabetic nephrop-
athy, but so far there have been no studies on diabetic
retinopathy of sufficient duration. The catalytic antioxidant
R-«-lipoic acid reduced biochemical and morphological
abnormalities in diabetes models, and the combination of
benfotiamine and R-o-lipoic acid reduced biochemical
pathway anomalies [51].
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Reactive metabolites in diabetic retinopathy

The unifying hypothesis cannot account for the non-HbA -
related part of the pathogenesis of diabetic retinopathy.
Nawroth and colleagues and Thornalley and colleagues
[52, 53] proposed that the role of the AGE precursor
methylglyoxal is of profound interest since its formation
depends not on hyperglycaemia but on the balance between
formation and enzymatic detoxification through the glyoxalase
1 and 2 system. In addition, increased dicarbonyl stress not
only arises from hyperglycaemia but also occurs in conditions
that promote accelerated ageing and metabolic and vascular
complications. Exogenous administration of methylglyoxal to
healthy rodents recapitulates diabetic retinopathy-like changes
in the neurovascular unit [54], including pericyte loss, forma-
tion of acellular capillaries, (micro-)glial activation and early
neuronal dysfunction. Gain-of-function studies with Glo-1/
reveal its modifier role in the development of retinal damage
in the absence of chronic hyperglycaemia [55]. For example,
glial activation and vasoregression are attenuated in diabetic
rats with a global overexpression of Glo-I. Heterozygous
knockdown mice on a C57BI16J background (45—65% decrease
in tissue Glo-1 activity) display vascular accumulation of
methylglyoxal hydroimidazolone and increased retinal
vasoregression, suggesting that Glo-1 is essential in modifying
dicarbonyl stress [56]. As shown in zebrafish, methylglyoxal
alters blood vessel formation through altered phosphorylation
of VEGF receptor 2 and its downstream target Akt/protein
kinase B [57]. In obese individuals, even when glucose levels
are still normal and neuroretinal dysfunction is absent, retinal
endothelial dysfunction exists in association with minor eleva-
tions of plasma methylglyoxal (H.P. Hammes, P. Nawroth, T.
Fleming, unpublished observation). Methylglyoxal-scavenging
peptides and activators of Glo-1 have been proposed as possi-
ble treatments. Recently, a Glo-I-activating combination of
resveratrol and hesperetin was reported to produce a meaning-
ful reduction in plasma methylglyoxal and an improvement in
endothelial dysfunction in overweight individuals [58].
Experiments addressing the effect of such compounds in dia-
betic retinopathy are lacking. Indirect evidence that the activa-
tion of Glo-1 might improve the neurovascular unit comes from
studies using mice deficient in the receptor for AGEs (RAGE).
McVicar et al [59] found that Rage (also known as
Ager)-knockout mice accumulated less methylglyoxal in their
retinas in association with a strong activation of Glo-1 and were
protected against microglial activation and vasoregression,
with a minor, non-significant effect on pericyte dropout.

Beyond genetic control of Glo-1 activity, established drugs
have shown Glo-/-modulating properties. The angiotensin
type 1 receptor blocker candesartan normalised Glo-1 activity
reduction due to angiotensin II and improved vasoregression
and inflammation in retinas of diabetic rats overexpressing the
renin—angiotensin system [60].
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Targeting the ROS-generating feedback loop
and the neurovascular unit

Episodes of transient dysglycaemia occur prior to overt
(type 2) diabetes. These episodes are too short to affect
HbA . but are associated with some retinopathy. This
scenario has been recently addressed to demonstrate a
pathogenetic, multicomponent feedback loop [61]. The
loop begins with the release of free iron and superoxide
and ends with an impaired association of phosphorylated
voltage-dependent anion channel with hexokinase II,
shifting the glucose concentration/ROS response relation-
ship to the left. The active glucagon-like peptide-1 (GLP-1)
(breakdown) products GLP-1 (7-36)*™% and GLP-1 (9—
36)™™i% are able to reverse the perpetuated ROS produc-
tion during normoglycaemia and are the first among
potential ‘loop breakers’. This effect is GLP-1 receptor-
independent and, since the retina of rodents lacks the
GLP-1 receptor (with the probable exception of the
db/db mouse), it is worth noting that several recent
studies indicate an improvement in oxidative stress,
AGE formation and the neurovascular unit of the exper-
imental diabetic retina in rodents administered with
GLP-1 receptor agonists and dipeptidyl-peptidase 4
(DPP-4) inhibitors [42, 62, 63]. To this end, it will be
necessary to dissect which part of the preventative
effects relates to the action of active GLP-1 as loop
breaker and which relate to the GLP-1-receptor-
independent mode of action in chronic hyperglycaemia.
This is particularly important as in the Trial to Evaluate
Cardiovascular and Other Long-term Outcomes With
Semaglutide in Subjects With Type 2 Diabetes
(SUSTAIN-6) the long-acting GLP-1 receptor agonist
semaglutide promoted diabetic retinopathy in the
presence of rapidly improved glycaemia, in contrast to
an improvement in diabetic nephropathy and cardiovas-
cular outcomes [64]. The effect appeared to be related to
a pro-angiogenic effect of semaglutide but the effect of
euglycaemic re-entry cannot be excluded. Further analy-
sis of the data and studies in translational adult models
of retinal angiogenesis are needed.

The neurovascular unit in the diabetic retina can be
targeted using erythropoietin, since all components ex-
press the erythropoietin receptor. Erythropoietin has neu-
roprotective, anti-inflammatory and vasoprotective prop-
erties. Suberythropoietic doses of erythropoietin reduced
markers of oxidative stress (methylglyoxal-type AGEs),
promoted pro-survival signalling and prevented pericyte
dropout [65]. In long-term experiments erythropoietin re-
duced vasoregression and neuroprotection in the diabetic
rat retina. Of note, these effects were achieved without
normalisation of inflammatory cytokines and prevention
of leucostasis [66].
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Gasotransmitters in diabetic retinopathy:
a mechanism affecting the neurovascular unit

A recent review by van den Born et al describes the role of
gasotransmitters in the development of vascular complications
in diabetes [67]. Bioavailability of the three gasotransmitters
in question, NO, CO and H,S, is altered in diabetes. These
alterations can precede or result from diabetes and their effects
on the retina are context dependent.

Inducible NO synthase (iNOS), formed in response to
hyperglycaemia, is implicated in the induction of oxidative
stress through the reaction of NO with superoxide. iNOS in-
hibition prevents damage to the diabetic retina and loss of
iNOS function in mice provides partial protection against
vasoregression and neurodegeneration.

CO is produced by haem oxygenases, which are in-
duced by oxidative stress in the diabetic retina. CO is
involved in anti-apoptotic and survival-supporting cell sig-
nalling, explaining in part the protection of the diabetic
retina by haem oxygenase 1 upregulation through haemin.

H,S is endogenously produced by two main enzyme sys-
tems (cystathionine-(3-synthase and cystathionine-y-lyase)
and is known to induce vasodilatation, scavenge ROS and
induce angiogenesis. H,S is reduced in animal models of di-
abetes. Mice with a heterozygous deletion of cystathionine-[3-
synthase display a loss of retinal ganglion cells, suggesting
that H,S is neuroprotective. NaHS (an H,S donor) is
vasoprotective in STZ-induced diabetic rats.

Together, the potential of gasotransmitters as protectants
for the diabetic retina is suggestive, but needs confirmation.

Oxidative stress in diabetes goes beyond the mechanisms
delineated above, as it involves NADPH oxidases (NOX1,
2, and 4) and the key transcription factor NF-E2-related
factor 2 (NRF2) which control downstream antioxidant
pathways [68, 69]. Possible involvement of epigenetic mech-
anisms induced by oxidative stress, (para-)inflammatory
regulation and the impact of the microbiome on the
neurovascular unit are also important, but go beyond the scope
of this review.

Fig. 5 Temporal annotation of
changes in the neurovascular unit
in a rat model of retinal
degeneration in which selective
destruction of photoreceptors is
achieved via insertion of a
mutated gene causing

Glial activation

Models with retinal degeneration: lessons
for the diabetic retina

The notion that diabetic retinopathy may have a strong neuro-
glial component in its pathogenesis has raised interest in ani-
mal models in which neurodegeneration is the unequivocal
initiator, to better understand the impact of retinal degenera-
tion on the microvasculature. Photoreceptor degeneration in
this condition promotes vasoregression. Given the role of the
neurovascular unit in disease development and progression, it
would be interesting to discover which comes first in the dia-
betic retina—vasoregression or neuronal degeneration [70].
Although most studies have suggested that vascular changes
occur first, recent observations suggest the opposite. Figure 5
summarises the sequence of events in one rat model studied
for the components of the neurovascular unit. The model is
based on the selective destruction of photoreceptors via inser-
tion of a mutated gene causing malfunction of the cilia.
Microarray and ingenuity pathway analyses yielded evidence
for involvement of the complement pathway and innate im-
munity system in the early response to neuronal damage.
Novel data combining microarray analysis with laser dissec-
tion microscopy of the inner vascularised retina and the outer
retina provided further evidence for addition of acute phase
proteins and complement components to the list (C. Weinold,
M. Kolibabka, G. Molema, H. P. Hammes, unpublished data).
In contrast to concepts derived from mice with photoreceptor
degeneration, reactive metabolites such as methylglyoxal
were present at lower levels in rats with polycystic kidney
disease vs control rats, suggesting a different concept behind
the link between photoreceptor damage and vasoregression.
Induction of diabetes in this model led to an unexpected result:
vasoregression was reduced rather than augmented, consistent
with previous data in the mouse [36, 71]. The mechanisms
underlying this protection may differ between mice and rats:
mouse photoreceptors may activate leucocytes to mediate en-
dothelial toxicity, while in the rat, counterregulatory attenua-
tion of vasoregression by small heat shock proteins is
conceivable.
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Models with a distinct neuronal onset of retinal damage are
clearly discriminable from other animal models of diabetes in
the level of primary and secondary compartment destruction
and responsive cell activation. Substantial differences in spe-
cies and kinetics of vasoregression secondary to neurodegen-
eration exist. Nevertheless, the potential of models enabling
curtailment of mechanisms relevant to initiation and propaga-
tion of vasoregression in diabetes is eminent.

The kidney and the eye: an ‘unhappy alliance’

The coincidence of retinopathy and nephropathy in long-
standing diabetes is well-established, and the term ‘reno-reti-
nal syndrome’ flags the unlucky liaison [39]. Due to the prox-
imity of important structural determinants and overlap of path-
ways that determine development and ageing, the association
of kidney disease with chronic eye disease has been discussed
[72]. Genetic determinants such as complement factor H poly-
morphisms, cardio-metabolic risk factors, oxidative stress and
inflammatory signals are thought to explain coincidental eye
and kidney pathology. Age, diabetes, hypertension, obesity
and smoking further increase the prevalence of chronic kidney
disease in adults.

Metabolic and haemodynamic factors, organ-specific
growth factors/cytokines and poorly defined genetic and sys-
temic factors cooperate to determine the level and extent of
retinal and renal damage. Systemic inflammation induced by
the damaged kidney (reflected by increasing severity of albu-
minuria) is thought to accelerate the clinical course of micro-
vascular complications in both the eye and the kidney [14].
However, clinical proof for the benefit of targeting renal in-
flammatory signals to reduce the progression of retinal disease
to sight-threatening stages is lacking [12].

Outlook

With declining prevalence of diabetic retinopathy in some
well-aided areas of the world, and the advent of intravitreal
injections of anti-VEGF antibodies or steroids, it has been
suggested that the problem of diabetic retinopathy has been
solved. However, it should not be forgotten that diabetic reti-
nopathy is part of a systemic disease and predicts cardiovas-
cular morbidity and mortality [73]. The genetics of diabetic
retinopathy are clearly distinct from those of diabetic nephrop-
athy and the search for a biomarker for improving the predic-
tion of this malignant clinical course has failed so far, leaving
microaneurysms as the best predictor (‘biomarker’) of the
clinical course (‘One microaneurysm is not an innocent find-
ing’, as E. M. Kohner [Dept. of Medicine, St. Thomas’
Hospital, London, UK] has often said).

@ Springer

Maintenance of euglycaemia cannot completely prevent
complications of diabetes; it may be difficult to achieve
long term, may at some point be deleterious [74] and there is
a clear point of no return. Thus, it is clearly important to
understand the diabetes-induced changes in the neurovascular
unit, develop reliable surrogates for predicting the different
clinical courses and stratify the treatment accordingly.

Acknowledgements [ greatly appreciate the support of past and present
members of our laboratory at the 5. Med. Department, Heidelberg University
(S. Busch, N. Dietrich, Y. Feng, F. vom Hagen, M. Kolibabka, J. Lin,
F. Pfister, A. Schlotterer, Y. Wang, Q. Wang) and from other departments
in Mannheim and Heidelberg (J. Kroll, T. Wieland, N. Gretz, S. Hoffmann,
P. Nawroth, A. Bierhaus [who died in 2012], T. Fleming), Groningen
(G. Molema, J.-L. Hillebrands, G. Krenning, M. Harmsen) and Gieflen
(R. G. Bretzel, K. Federlin, T. Linn, K. T. Preissner,) Universities. I also
thank the many collaborators around the world, particularly M. A. Brownlee
(Albert Einstein College of Medicine, NY, USA), M. E. Cooper (Baker IDI
Heart & Diabetes Institute, Melbourne, VIC, Australia), R. Holl (Institute of
Epidemiology and Medical Biometry, ZIBMT, University Ulm, Germany),
U. Deutsch (Theodor-Kocher-Institute, University of Bern, Bern,
Switzerland), G. Breier (Institute of Pathology, Technical University
Dresden, Dresden, Germany), T. Chavakis (Institute for Clinical Chemistry
and Laboratory Medicine, Faculty of Medicine and University Hospital Carl
Gustav Carus, Technische Universitdt Dresden, Dresden, Germany) and
I. Fleming (Institute for Vascular Signalling, Centre for Molecular
Medicine, Goethe University, Frankfurt, Germany).

I also appreciate the help of K. Acunman, L. Kern, K. Kohl and
M. Dannehl (5. Med. Department) in preparing the manuscript.

Funding Work in the author’s laboratory is supported by the European
Foundation for the Study of Diabetes (EFSD), the Deutsche
Forschungsgemeinschaft (DFG: GRK 880, GRK 1874/1 and 2, SFB
1118, DFG Ha 1755/1-10), the German Diabetes Association, the JDRF
and the European Union (Seventh Framework programme).

Duality of interest The author declares that there is no duality of inter-
est associated with this manuscript.

Contribution statement The author was the sole contributor to this
paper.

References

1. YauJW, Rogers SL, Kawasaki R etal (2012) Global prevalence and
major risk factors of diabetic retinopathy. Diabetes Care 35:556—
564

2. Leasher JL, Bourne RR, Flaxman SR et al (2016) Global estimates
on the number of people blind or visually impaired by diabetic
retinopathy: a meta-analysis from 1990 to 2010. Diabetes Care
39:1643-1649

3. Damato EM, Murray N, Szetu J, Sikivou BT, Emma S, McGhee
CN (2014) Sight-threatening diabetic retinopathy at presentation to
screening services in Fiji. Ophthalmic Epidemiol 21:318-326

4. Ponto KA, Koenig J, Peto T et al (2016) Prevalence of diabetic
retinopathy in screening-detected diabetes mellitus: results from
the Gutenberg Health Study (GHS). Diabetologia 59:1913-1919

5. UK Prospective Diabetes Study (UKPDS) Group (1998) Intensive
blood-glucose control with sulphonylureas or insulin compared



Diabetologia (2018) 61:29-38

37

10.

11.

12.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

with conventional treatment and risk of complications in patients
with type 2 diabetes (UKPDS 33). Lancet 352:837-853

Bearse MA Jr, Adams AJ, Han Y et al (2006) A multifocal electro-
retinogram model predicting the development of diabetic retinopa-
thy. Prog Retin Eye Res 25:425-448

Cordeiro MF, Migdal C, Bloom P, Fitzke FW, Moss SE (2011)
Imaging apoptosis in the eye. Eye 25:545-553

van Dijk HW, Verbraak FD, Kok PH et al (2010) Decreased retinal
ganglion cell layer thickness in patients with type 1 diabetes. Invest
Ophthalmol Vis Sci 51:3660-3665

van Dijk HW, Verbraak FD, Kok PH et al (2012) Early neurode-
generation in the retina of type 2 diabetic patients. Invest
Ophthalmol Vis Sci 53:2715-2719

Forbes JM, Cooper ME (2013) Mechanisms of diabetic complica-
tions. Physiol Rev 93:137-188

Stitt AW, Curtis TM, Chen M et al (2016) The progress in under-
standing and treatment of diabetic retinopathy. Prog Retin Eye Res
51:156-186

Altaf QA, Dodson P, Ali A et al (2017) Obstructive sleep apnoea
and retinopathy in patients with type 2 diabetes: a longitudinal
study. Am J Respir Crit Care Med. https://doi.org/10.1164/rccm.
201701-01750C

Kur J, Newman EA, Chan-Ling T (2012) Cellular and physiologi-
cal mechanisms underlying blood flow regulation in the retina and
choroid in health and disease. Prog Retin Eye Res 31:377—406
Stone J, Itin A, Alon T et al (1995) Development of retinal vascu-
lature is mediated by hypoxia-induced vascular endothelial growth
factor (VEGF) expression by neuroglia. J Neurosci 15:4738-4747
Fruttiger M (2007) Development of the retinal vasculature.
Angiogenesis 10:77-88

Gariano RF, Gardner TW (2005) Retinal angiogenesis in develop-
ment and disease. Nature 438:960-966

Augustin HG, Koh GY, Thurston G, Alitalo K (2009) Control of
vascular morphogenesis and homeostasis through the angiopoietin-
Tie system. Nat Rev Mol Cell Biol 10:165-177

Robinson R, Barathi VA, Chaurasia SS, Wong TY, Kern TS (2012)
Update on animal models of diabetic retinopathy: from molecular
approaches to mice and higher mammals. Dis Model Mech 5:444—
456

Kuwabara T, Cogan DG (1963) Retinal vascular patterns. VI. Mural
cells of the retinal capillaries. Arch Ophthalmol 69:492-502
Armulik A, Genove G, Betsholtz C (2011) Pericytes: developmen-
tal, physiological, and pathological perspectives, problems, and
promises. Dev Cell 21:193-215

Gerhardt H, Betsholtz C (2003) Endothelial-pericyte interactions in
angiogenesis. Cell Tissue Res 314:15-23

Aguilera KY, Brekken RA (2014) Recruitment and retention: fac-
tors that affect pericyte migration. Cell Mol Life Sci 71:299-309
Hammes HP, Lin J, Renner O et al (2002) Pericytes and the path-
ogenesis of diabetic retinopathy. Diabetes 51:3107-3112

Valdez CN, Arboleda-Velasquez JF, Amarnani DS, Kim LA, PA
DA (2014) Retinal microangiopathy in a mouse model of inducible
mural cell loss. Am J Pathol 184:2618-2626

Korn C, Augustin HG (2015) Mechanisms of vessel pruning and
regression. Dev Cell 34:5-17

Hammes HP, Feng Y, Pfister F, Brownlee M (2011) Diabetic reti-
nopathy: targeting vasoregression. Diabetes 60:9-16

Tang J, Kern TS (2011) Inflammation in diabetic retinopathy. Prog
Retin Eye Res 30:343-358

Franco CA, Jones ML, Bernabeu MO et al (2015) Dynamic endo-
thelial cell rearrangements drive developmental vessel regression.
PLoS Biol 13:¢1002125

Lenard A, Daetwyler S, Betz C et al (2015) Endothelial cell self-
fusion during vascular pruning. PLoS Biol 13:¢1002126

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Karlstetter M, Scholz R, Rutar M, Wong WT, Provis JM,
Langmann T (2015) Retinal microglia: just bystander or target for
therapy? Prog Retin Eye Res 45:30-57

Reichenbach A, Bringmann A (2013) New functions of Muller
cells. Glia 61:651-678

Hu J, Popp R, Fromel T et al (2014) Muller glia cells regulate Notch
signaling and retinal angiogenesis via the generation of 19,20-
dihydroxydocosapentaenoic acid. J Exp Med 211:281-295
Luhmann UF, Lin J, Acar N et al (2005) Role of the Norrie disease
pseudoglioma gene in sprouting angiogenesis during development
of'the retinal vasculature. Invest Ophthalmol Vis Sci 46:3372-3382
Xu Q, Wang Y, Dabdoub A et al (2004) Vascular development in
the retina and inner ear: control by Norrin and Frizzled-4, a high-
affinity ligand-receptor pair. Cell 116:883-895

Arnold T, Betsholtz C (2013) The importance of microglia in the
development of the vasculature in the central nervous system. Vasc
Cell 5:4

Arroba Al, Valverde AM (2017) Modulation of microglia in the
retina: new insights into diabetic retinopathy. Acta Diabetol 54:
527-533

Antonetti DA, Klein R, Gardner TW (2012) Diabetic retinopathy. N
Engl J Med 366:1227-1239

Danesh-Meyer HV, Levin LA (2009) Neuroprotection: extrapolat-
ing from neurologic diseases to the eye. Am J Ophthalmol
148(186-191):e182

Klaassen I, Hughes JM, Vogels IM, Schalkwijk CG, Van Noorden
CJ, Schlingemann RO (2009) Altered expression of genes related to
blood-retina barrier disruption in streptozotocin-induced diabetes.
Exp Eye Res 89:4-15

Pannicke T, Iandiev I, Wurm A et al (2006) Diabetes alters osmotic
swelling characteristics and membrane conductance of glial cells in
rat retina. Diabetes 55:633-639

Pfister F, Przybyt E, Harmsen MC, Hammes HP (2013) Pericytes in
the eye. Pflugers Arch - Eur J Physiol 465:789-796

Dietrich N, Kolibabka M, Busch S et al (2016) The DPP4 inhibitor
linagliptin protects from experimental diabetic retinopathy. PLoS
One 11:¢0167853

Fullerton B, Jeitler K, Seitz M, Horvath K, Berghold A,
Siebenhofer A (2014) Intensive glucose control versus convention-
al glucose control for type 1 diabetes mellitus. Cochrane Database
Syst Rev, Issue 2, Art. no.: CD009122

Hammes HP, Kerer W, Hofer S et al (2011) Diabetic retinopathy in
type 1 diabetes-a contemporary analysis of 8,784 patients.
Diabetologia 54:1977-1984

Hammes HP, Welp R, Kempe HP et al (2015) Risk factors for
retinopathy and dme in type 2 diabetes-results from the German/
Austrian DPV database. PLoS One 10:¢0132492

Hemmingsen B, Lund SS, Gluud C, et al. (2013) Targeting inten-
sive glycaemic control versus targeting conventional glycaemic
control for type 2 diabetes mellitus. Cochrane Database Syst Rev,
Issue 11, Art. no.: CD008143

Lachin JM, Genuth S, Nathan DM, Zinman B, Rutledge BN (2008)
Effect of glycemic exposure on the risk of microvascular compli-
cations in the diabetes control and complications trial—revisited.
Diabetes 57:995-1001

Giacco F, Brownlee M (2010) Oxidative stress and diabetic com-
plications. Circ Res 107:1058-1070

Yao D, Taguchi T, Matsumura T et al (2007) High glucose increases
angiopoietin-2 transcription in microvascular endothelial cells
through methylglyoxal modification of mSin3A. J Biol Chem
282:31038-31045

Hammes HP, Du X, Edelstein D et al (2003) Benfotiamine blocks
three major pathways of hyperglycemic damage and prevents ex-
perimental diabetic retinopathy. Nat Med 9:294-299

@ Springer


http://doi.org/10.1164/rccm.201701-0175OC
http://doi.org/10.1164/rccm.201701-0175OC

38

Diabetologia (2018) 61:29-38

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Du Y, Miller CM, Kern TS (2003) Hyperglycemia increases mito-
chondrial superoxide in retina and retinal cells. Free Radic Biol
Med 35:1491-1499

Hidmark A, Fleming T, Vittas S et al (2014) A new paradigm to
understand and treat diabetic neuropathy. Exp Clin Endocrinol
Diabetes 122:201-207

Rabbani N, Xue M, Thornalley PJ (2016) Methylglyoxal-induced
dicarbonyl stress in aging and disease: first steps towards
glyoxalase 1-based treatments. Clin Sci 130:1677-1696
Kolibabka M, Friedrichs P, Dietrich N, Fleming T, Schlotterer A,
Hammes HP (2016) Dicarbonyl stress mimics diabetic
neurovascular damage in the retina. Exp Clin Endocrinol Diabetes
124:437-439

Bemer AK, Brouwers O, Pringle R et al (2012) Protection against
methylglyoxal-derived AGEs by regulation of glyoxalase 1 pre-
vents retinal neuroglial and vasodegenerative pathology.
Diabetologia 55:845-854

Queisser MA, Yao D, Geisler S et al (2010) Hyperglycemia impairs
proteasome function by methylglyoxal. Diabetes 59:670-678
Jorgens K, Stoll SJ, Pohl J et al (2015) High tissue glucose alters
intersomitic blood vessels in zebrafish via methylglyoxal targeting
the VEGEF receptor signaling cascade. Diabetes 64:213-225

Xue M, Weickert MO, Qureshi S et al (2016) Improved glycemic
control and vascular function in overweight and obese subjects by
glyoxalase 1 inducer formulation. Diabetes 65:2282-2294
McVicar CM, Ward M, Colhoun LM et al (2015) Role of the re-
ceptor for advanced glycation endproducts (RAGE) in retinal
vasodegenerative pathology during diabetes in mice. Diabetologia
58:1129-1137

Miller AG, Tan G, Binger KJ et al (2010) Candesartan attenuates
diabetic retinal vascular pathology by restoring glyoxalase-I func-
tion. Diabetes 59:3208-3215

Giacco F, Du X, Carratu A et al (2015) GLP-1 cleavage product
reverses persistent ROS generation after transient hyperglycemia by
disrupting an ROS-generating feedback loop. Diabetes 64:3273—
3284

FuZ, Kuang HY, Hao M, Gao XY, Liu Y, Shao N (2012) Protection
of exenatide for retinal ganglion cells with different glucose con-
centrations. Peptides 37:25-31

Hernandez C, Bogdanov P, Corraliza L et al (2016) Topical admin-
istration of GLP-1 receptor agonists prevents retinal neurodegener-
ation in experimental diabetes. Diabetes 65:172—187

@ Springer

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Marso SP, Bain SC, Consoli A et al (2016) Semaglutide and car-
diovascular outcomes in patients with type 2 diabetes. N Engl J
Med 375:1834-1844

Wang Q, Pfister F, Dorn-Beineke A et al (2010) Low-dose erythro-
poietin inhibits oxidative stress and early vascular changes in the
experimental diabetic retina. Diabetologia 53:1227-1238

Wang Q, Gorbey S, Pfister F et al (2011) Long-term treatment with
suberythropoietic Epo is vaso- and neuroprotective in experimental
diabetic retinopathy. Cell Physiol Biochem 27:769-782

van den Born JC, Hammes HP, Greffrath W, van Goor H,
Hillebrands JL, DFG GRK International Research Training
Group (2016) Gasotransmitters in vascular complications of diabe-
tes. Diabetes 65:331-345

Chan EC, Liu GS, Dusting GJ (2015) Redox mechanisms in path-
ological angiogenesis in the retina: roles for NADPH oxidase. Curr
Pharm Des 21:5988-5998

Kowluru RA, Mishra M (2017) Epigenetic regulation of redox sig-
naling in diabetic retinopathy: role of Nrf2. Free Radic Biol Med
103:155-164

Sohn EH, van Dijk HW, Jiao C et al (2016) Retinal neurodegener-
ation may precede microvascular changes characteristic of diabetic
retinopathy in diabetes mellitus. Proc Natl Acad Sci U S A 113:
E2655-E2664

Tikellis C, Pickering RJ, Tsorotes D et al (2014) Dicarbonyl stress
in the absence of hyperglycemia increases endothelial inflammation
and atherogenesis similar to that observed in diabetes. Diabetes 63:
3915-3925

Manin G, Pons A, Baltzinger P et al (2015) Obstructive sleep ap-
noea in people with type 1 diabetes: prevalence and association
with micro- and macrovascular complications. Diabet Med 32:
90-96

Kramer CK, Rodrigues TC, Canani LH, Gross JL, Azevedo MJ
(2011) Diabetic retinopathy predicts all-cause mortality and cardio-
vascular events in both type 1 and 2 diabetes: meta-analysis of
observational studies. Diabetes Care 34:1238-1244

Standl E, Schnell O, McGuire DK, Ceriello A, Ryden L (2017)
Integration of recent evidence into management of patients with
atherosclerotic cardiovascular disease and type 2 diabetes. Lancet
Diabetes Endocrinol 5:391-402

Dietrich N, Hammes HP (2012) Retinal digest preparation: a meth-
od to study diabetic retinopathy. Methods Mol Biol (Clifton, NJ)
933:291-302



	Diabetic retinopathy: hyperglycaemia, oxidative stress and beyond
	Abstract
	Diabetic retinopathy: the danger is not over
	Retinal vasculature: from development to early changes in diabetes
	The importance of pericytes
	The importance of vasoregression
	Glia: the interface between the vasculature and neurons
	Modelling early diabetic retinopathy
	The biochemistry of diabetic retinopathy
	Reactive metabolites in diabetic retinopathy
	Targeting the ROS-generating feedback loop and the neurovascular unit
	Gasotransmitters in diabetic retinopathy: a mechanism affecting the neurovascular unit
	Models with retinal degeneration: lessons for the diabetic retina
	The kidney and the eye: an ‘unhappy alliance’
	Outlook
	References


