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Chapter

Role of Inflammation in Diabetic
Retinopathy

Anuj Sharma and Deepesh Arora

Abstract

As the global burden of diabetes is increasing there is a corresponding increase
in the complications associated with the same. Diabetic retinopathy is a sight threat-
ening complication of diabetes mellitus which was considered to be a microvascu-
lopathy. Recent evidence however, has brought to light that inflammation may be a
key player in the pathogenesis of this condition. Levels of inflammatory mediators
like Hypoxia inducible factor, TNF-a, IL-6 and IL-1B amongst others have been
noted to be elevated in the diabetic vitreous gel. The concept of the neurovascular
unit better explains the changes that take place resulting in the breakdown of the
blood retinal barriers and how these inflammatory mediators affect the morphol-
ogy of the retina at a cellular level. Glial cells form a key instrument of this neuro-
vascular structure and are also the cells from where the inflammatory response is
initiated. Understanding of the pathogenesis of diabetic retinopathy will help us in
finding targeted therapies which may provide long term benefits and possible cure.
Few anti-inflammatory medications have shown promise albeit in a small clinical
or experimental laboratory setting. However, future research may lead to better
understanding of the disease and a better pharmacological intervention.

Keywords: pathogenesis of diabetic retinopathy, glial cells in diabetic retinopathy,
retina inflammation, steroids, cytokines

1. Introduction

In the past few years, unhealthy lifestyle coupled with obesity hasled to a
rampant increase in the global burden of diabetes mellitus. As per WHO the global
prevalence of the condition was 422 million in the year (2014) with 8.5% of adults
aged more than 18 years suffering from this condition. Approximately 1.6 million
deaths yearly are supposed to be caused by diabetes alone, this number excludes
the mortality associated with cardiovascular events, renal disease and tuberculosis
secondary to chronic hyperglycemia [1]. The global burden of diabetes is expected
to swell to 642 million adults by the year 2040 with 75% of the affected individuals
belonging to low and middle income countries. Diabetic retinopathy affects 1in 3
adults with diabetes and is one of the major causes of blindness in the working-age
population [2].

Diabetic retinopathy (DR) is a major microvascular complication of diabetes
and it is categorised into a non-proliferative stage (NPDR) or proliferative stage
(PDR) depending on the presence of retinal microvascular changes. The non-
proliferative stage is characterised by the presence of microaneurysms, cotton wool
spots, vascular tortuosity, retinal haemorrhage and lipid exudation while in the
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proliferative stage aberrant new blood vessels develop which are fragile and can
extend into the posterior cortical vitreous [3]. Another important element in the
vast conundrum of DR is diabetic macular edema (DME). It can occur across all
levels of DR changes and compromises central vision. DME is the most common
cause of diminished vision in an individual with DR [4].

2. The neurovascular unit in diabetic retinopathy

In recent years a concept of neurovascular unit in diabetic retinopathy has
emerged. This is based on the findings that neurodegeneration is one of the
earliest changes in a case of diabetic retinopathy. Indeed, a reduction in oscilla-
tory potential in the electroretinogram is the first measurable change in retinal
function, being recorded even in cases wherein there is no clinical change
suggestive of DR. This indicates that neurodegeneration precedes microvascular
abnormalities [5].

The retinal neurovascular unit includes the physical and biochemical interac-
tions amongst the neurons, the vascular beds and the supporting cells of the retinal
framework. The neural unit includes the ganglion cells and the glial cells while the
vascular component of the unit is made up of the endothelial cells and the pericytes.
The neurovascular unit reflects the inter-dependance of the vascular barrier and
blood flow regulation on the glial cells, pericytes and neurons as well as their recip-
rocal dependance on vascular support. Together with the neurovascular unit the
retinal pigment epithelium contributes to the formation of the blood retinal barrier
[6]. The inner blood retinal barrier (iBRB) encompasses the endothelial cells of
the retinal microvasculature which are covered by astrocytes, pericytes and muller
cell end-feet. It regulates the transport across the retinal capillaries and maintain
the micro-environment of the inner retina. The outer blood retinal barrier (0BRB)
comprises the tight junctions of the neighbouring RPE cells and it serves as a filter
for nutrients and solutes from the blood [7].

3. Histopathological changes in diabetic retinopathy

Diabetic retinopathy has been traditionally described as a microvasculopathy,
however newer evidence has suggested that inflammation may provide a substantial
role in the histopathological changes that are noted in the disease.

3.1 Microvascular changes

Retinal ischemia is the initiator that propels the plethora of changes that occur
in DR. In the initial stages, prior to even the development of visually significant
vascular alterations, there is a disruption of vascular auto-regulation which leads to
oxygen and nutrient deprivation in the inner retinal layers [8].

Retinal vascular basement membrane thickening is present in the early stages
of the disease and is mediated by hyperglycemia. Impaired sugar levels lead to an
up-regulation of extracellular matrix proteins, collagen and fibronectin [9]. This
thickening of the basement membrane may lead to an impairment in cell to cell
communication between the endothelium, pericytes, glial cells and the retinal
immune cells, ultimately leading to a loss of function [10]. Loss of pericytes leads to
a weakening of the capillary wall; this ultimately results in the development of areas
of out-pouching labelled as microaneurysms (MA), which are amongst the first
clinically detectable signs of DR [11].
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A progressive occlusion of the retinal capillaries is noted on histopathological
evaluation of post-mortem specimens. Stitt et al. [10] evaluated trypsin digest
preparations of these capillaries and noted them to be acellular tubes of naked
basement membrane without endothelial cells. The loss of endothelial cells can be
attributed to pericyte death which ultimately culminates into breakdown of the
inner blood retinal barrier.

The breakdown of the inner blood retinal barrier would lead accumulation of
fluid and exudates in the retinal layers contributing to diabetic macular edema
(DME). Fluid exuding out from the superficial capillary plexus leads to accumula-
tion of fluid in the inner nuclear layer while that exuding out from the deep capil-
lary plexus is believed to collect in the outer plexiform layer. Cystoid spaces noted
in the macula appear due to liquefaction and necrosis of the muller cells and the
production of prostaglandins and inflammatory cytokines [12].

3.2 Neuroglial changes

The muller cells, astrocytes and microglial cells are present in close vicinity of
the retinal blood vessels and help to maintain retina homeostasis. Muller cells play
a central role in the retinal metabolism and hence are susceptible to the metabolic
alterations of diabetes. An increased production of glial fibrillary acidic protein
(GFAP) by the muller cells is noted in the early part of the disease, which plays a key
role in gliosis. This is indicative of a state of glial hypertrophy [13].

Microglial cells are the resident inflammatory cells of the retina which get acti-
vated in DR. In the early stages of mild DR a hypertrophy of the microglia is noted
and the cells are settled along the retinal plexiform layers. When the DR progresses
into a proliferative stage the microglial cells are found to be extensively distributed
in areas of retinal ischemia and neovascularisation [14]. A strong tendency of the
microglial cells to invade the outer retinal layers is also noted in prolonged DR [15].

3.3 Neuronal changes

Overt degeneration of retinal neurons during diabetes is a concept that was first
described in the 1960s in post-mortem patient samples. By the late 1990s experi-
mental evidence reinforced this finding by demonstrating that depletion of some
neuronal populations occurred in diabetic rodent models, possibly even prior to
appearance of obvious microvascular lesions. Apoptosis of the retinal ganglion cells
(RGCs) is histologically noted in diabetic retinas. This also accounts for the dimin-
ished thickness of the retinal nerve fibre layer on optical coherence tomography
(OCT). It is believed that hyperglycemia induces a down-regulation of neuronal
growth factors thereby contributing to programmed cell death [16].

3.4 Immune cell activation

Histological evaluation of blood vessels, early in the course of DR, have shown
increased interaction between leukocytes and endothelial cells. This phenomenon
called leukostasis is characterised by an adherence of monocytes and neutrophils to
the endothelial lining of the blood vessels. This leads to blockage of the thin retinal
capillaries and areas of retinal non-perfusion [17].

3.5 Retinal pigment epithelium and choroid

The changes are not only localised to the inner retinal layers but also extend
to the RPE and the choroid compromising the outer blood retinal barrier. RPE
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dysfunction and leakage from the choriocapillaris is noted leading to outer retinal
edema and impaired clearance of fluid [18].

Choroidal atrophy has been noted in cases of long standing DR, with a dimin-
ished choroidal thickness noted on OCT evaluation. This thinning of the choroid
have been linked to HbA1lc levels and may lead to choroidal neovascular membranes
or intra-choroidal microvascular abnormalities [19].

4, Inflammation in DR
4.1 What is inflammation?

Inflammation is non-specific response of the the body to injury or stress
which includes a variety of molecular and cellular mediators. Tissue stress may
lead to de-inhibition of the transcription factor nuclear factor kappa beta (NF-
kB) which stimulates the production of acute phase proteins, pro-inflammatory
cytokines and chemokines such as TNF-a, IL-6 and IL-1B amongst others. These
pro-inflammatory mediators play a major role in the unfolding of the inflamma-
tory processes with recruitment and activation of monocytes and leukocytes.
Inflammation usually resolves spontaneously in a coordinated manner, however
when this fails to happen the beneficial effect of inflammation is lost and conse-
quences ensue.

4.2 Inflammation in pathogenesis of diabetic retinopathy

If we consider diabetic retinopathy to be a disease mediated via the inflamma-
tory pathway then anti-inflammatory medications should provide some degree of
safety. This was noted in 1964 by Powell and Field who reported that patients with
rheumatoid arthritis on high dose aspirin therapy tended to have a less severe form
of DR [20]. Histological features of DR were less commonly noted in dogs wherein
aspirin was initiated in a dose of 20-25 mg/kg/day shortly after the diagnosis of
diabetes mellitus and continued for a period of 5 years [21].

Increased concentrations of inflammatory cytokines such as IL-1, IL-6, IL-8,
TNF-a and MCP-1—have been reported in ocular tissues from non-proliferative
DR (NPDR) patients. The accumulation of these cytokines is believed to lead to
early neuronal cell death. Cytokines such as MIP-1, IL-3 and IL-1 are believed to
have a role in the angiogenesis. Thus inflammation may contribute towards and
precede the development of neovascularisation [22]. Cylco-oxygenase-2 (COX-2) is
expressed in the retinal astrocytes in human diabetic retinas. Prostanoids generated
from COX-2 lead to an increased expression of VEGF and other pro-angiogenic fac-
tors, thereby contributing to development of proliferative diabetic retinopathy [23].

In case of diabetic macular edema (DME) levels of pro-inflammatory molecules
Vascular Endothelial Growth Factor (VEGF) and IL-6 are noted to be elevated as
per different studies. In particular DME associated with sub-retinal fluid on OCT
shows elevated levels of these cytokines [24].

4.3 Diabetes and inflammation

The signal for the initiation of inflammation in a diabetic retina is believed to be
metabolic in origin. Cell death was proposed as one of the causes, however, retinal
cell death in DR is primarily via apoptosis and hence may not be associated with
an inflammatory response. Certain factors that contribute directly or indirectly to
increased inflammation are summarised below:
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4.3.1 Hyperglycemia

Presence of hyperglycemia is linked with a pro-inflammatory environment.
Retinal cells when incubated in high glucose environment led to increased produc-
tion of iNOS, COX-2 and leukotrienes [25]. Furthermore, Joussen et al. in 2004 dem-
onstrated diabetic retinopathy like disease following a sugar rich diet in laboratory
mice. This was associated with leukostasis and increased vascular permeability [26].

4.3.2 Oxidative stress

Diabetes is known to produce oxidative stress at a molecular level. Two months of
diabetes in rats led to a significant increase in levels of IL-1 and NF-kB. This increase is
inhibited by antioxidants. It is believed that oxidative stress induced increase in retinal
permeability and inflammation is mediated via the WNT signalling pathway [27].

4.3.3 Lipids

Diabetes results in a decrease in the levels of poly-unsaturated fatty acids especially
docosohexanoic acid (DHA) and these changes are associated with chronic inflam-
mation. Long term administration of omega 3 fatty acids has been linked to retinal
capillary degeneration. DHA, resolvins and autocoids have shown to have critical anti-
inflammatory properties. Li et al. noted that administration of statins (HMG-CoA
inhibitor) inhibited diabetes induced changes in the blood retinal barrier [28].

4.3.4 Age

Interaction between the advanced glycation end-products (AGE) with its recep-
tor (RAGE) is known to have pro-inflammatory consequences. Pharmacological
inhibition of RAGE signalling led to a significant decrease in retinal capillary
degeneration and other early lesion of DR in animal models [29].

4.3.5 Hypertension

Hypertension is a main secondary risk factor associated with DR. Silva et al. [30]
in 2007 found an increased expression of VEGF and ICAM-1 in an experimental
model in rats who were in a prehypertensive or hypertensive group. They concluded
that hypertension led to an increased inflammatory response in the diabetic retina
and consequently worsened retinopathy.

4.4 Inflammatory mediators involved
A variety of factors are involved in the cascade of the inflammatory process in
a diabetic retina. It has been seen that intravitreal levels of cytokines, chemokines

and growth factors change under inflammation leading to increased secretion from
endothelial cell and development of neovascularization. The major factors are

highlighted below:
4.4.1 Growth factors
4.4.1.1 Vascular endothelial growth factor (VEGF)

It is known that VEGF is the principal target of pharmacologic intervention
for proliferative diabetic retinopathy and studies have confirmed elevated levels
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of VEGF in vitreous samples in DR causing increased vascular permeability

[31, 32], stimulates angiogenesis because of its mitogenic effect on endothelial
cells, and enhances endothelial cell migration and survival [33, 34] and their
production increases markedly under conditions of hypoxia [35]. Intercellular
adhesion molecule-1 (ICAM-1) is involved in inflammation and acts as a local
intensifying signal in the pathological processes associated with chronic eye
inflammation. It has been seen that VEGF increases ICAM-1 and leukocyte
adhesion to vessel wall and elevated ICAM-1 and cell adhesion molecule-1 syn-
thesis in retina. It further increases ICAM-1 in endothelial cells and this in turn
leads to activation and increased production of cytokines and leukocyte activa-
tion [36], these cytokines initiate and mediate the inflammatory response and
stimulate further release of VEGF [37]. Various studies have strongly indicated
that the increased level of ICAM-1 generally exists in the patients with DR and
it may associated with the severity of DR [38]. Placental growth factor (PGF),
member of VEGF family, binds to VEGF- and neuropilin-receptor sub-types.
PGF induces a range of neural, glial and vascular cell responses that are distinct
from VEGF-A. As its expression is associated with pathological angiogenesis
and inflammation, its blockade does not affect the healthy vasculature [39].
High levels of PGF have been found in aqueous humour, vitreous and in retina
of patients especially those with diabetic retinopathy (DR). Results suggest that
anti-PGF therapy might have advantages over anti-VEGF treatment, and that it
may have clinical applications as a standalone treatment or in combination with
anti-VEGF [39]. Low concentrations of VEGF have been seen to rise with PGF
stimulating endothelial cell proliferation, migration, and angiogenesis [40].
Higher levels of PGF in vitreous are seen in DR and these levels are correlated
well with VEGF levels [41].

4.4.1.2 Tenascin-C (TNC)

Tenascin-C is an extracellular matrix protein and plays an important role in cell
growth and adhesion, playing an equally involved in angiogenesis, oncogenesis,
wound repair and inlflammation [42, 43]. Studies have shown that TNC is involved
in the pathogenesis of ischemic proliferative retinopathy. Elevated levels have been
detected in PDR vitreous humour. mRNA and protein expression of TNC has been
found in pre-retinal fibrovascular membranes excised from PDR patients [44].
Extracellular matrix (ECM) synthesis plays an important part in the pathogenesis of
the intravitreal membranes and is thus characteristic of both proliferative vitreo-
retinopathy (PVR) and early stages of proliferative diabetic retinopathy (PDR).
Hence it is clear that TNC plays a role in the development of epiretinal PVR and
PDR membranes by controlling cell adhesion and regulating extracellular matrix
formation formation [45].

4.4.1.3 Insulin like growth factor

It is known that IGF-1 is has a significant role in pathogenesis of DR as itis
involved in regulation along with influencing growth, maturation and functioning
of blood vessels. It also activates VEGF in human RPE cell and receptors which are
actively involved in development of vitreo-retinal disorders [46, 47]. Insulin-like
growth factor-I (IGF-I) is known to enhances insulin action in normal subjects and
in both type 1 and 2 diabetes. It is associated with significant side effects in a high
percentage of patients. Simultaneous administration of IGF binding protein-3 with
IGF-Ilimits IGF-I inducible side effects, but it does not downgrade the ability of IGF-I
to enhance protein synthesis and bone accretion [48]. Severity of DR in patients with
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type 1 diabetes is inversely related to serum IGF-1 levels. Low IGF levels are an indica-
tor for closer follow-up and strict management of diabetes and retinopathy [49].

4.4.1.4 Basic fibroblast growth factor

Amongst the factors which play a role in mitogen and antigenic activity involv-
ing survival and maturation of glial cells and neuron, basic fibroblast growth factor
(bFGF) play an important role [50]. Neurotrophic factors synthesised from glial
cell line stimulates Muller cells which produce bFGF, which initiates endothelial cell
proliferation and VEGF production [51, 52]. Studies have detected presence of two
growth factors in same cells of ocular neovascular membrane suggesting more than
one growth factor may contribute to defective angiogenesis. Growth factors are not
exclusively seen in neovascular tissues and are not localised mainly in the vascular
endothelium as shown by this study which detected their presence in choroidal
neovascular membranes also [53]. Another study documented increased levels of
basic fibroblast growth factor in vitreous specimens from patients with proliferative
diabetic retinopathy, particularly those with active proliferative retinopathy [54].
Various studies have shown that bFGF, nerve growth factor, and glial cell line-
derived neurotrophic factor are also part of process involved in the formation of
epiretinal membranes in PDR [55]. This confirms that both vegf and basic fibro-
blast growth factor are present in diabetic eyes and part of process causing PDR.

4.4.1.5 Aminopeptidase

Adipocytes are involved in production of a polypeptide hormone named
aminopeptidase, which circulates at very high levels in the bloodstream, exerts
anti-inflammatory effect. It also expresses an anti-atherosclerotic effect and
inhibits intimal thickening and vascular smooth muscle cell proliferation in injured
arteries [56]. Angiogenesis, a neo-vessel formation from pre-existing micro-vessels
requires sequential steps involving detachment of pre-existing pericytes for
vascular destabilisation, extracellular matrix turnover, migration, proliferation,
tube formation by endothelial cells, and reattachment of pericytes for vascular
stabilisation. Aminopeptidases has been found to regulate the N-terminal modi-
fication of proteins and peptides for maturation, activation or degradation, and
thereby relate to a variety of biological processes. Three types of aminopeptidases
which have been reported are involved in angiogenesis. They include type 2
methionine aminopeptidase, aminopeptidase N, and adipocyte-derived leucine
aminopeptidase/puromycin insensitive leucyl-specific aminopeptidase [57]. It has
been documented and shown by Costagliola et al. [58] that APN levels in aqueous
humour of patients with type 2 diabetes, PDR, and macular edema are higher than
in aqueous of control subjects.

4.4.1.6 Connective tissue growth factor

Connective tissue growth factor, also known as CCN2, is a cysteine-rich
matricellular protein forms part of control on biological processes, such as cell
proliferation, differentiation, adhesion and angiogenesis, as well as multiple
pathologies, such as tumour development and tissue fibrosis [59]. Possible role of
CTGF, CD105, and gelatinase B in the pathogenesis of proliferative vitreo-retinal
disorders has been suggested by various studies [60]. It has been see that both
CTGF and VEGF levels are elevated in PDR patients and CTGF could help in
development of proliferative membranes in PDR though plays no role in retinal
neovascularization [61].
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4.4.1.7 Hepatocyte growth factor

Its has been seen that HCG and its receptor unit control motility, growth and
morphogenesis of various cell types and possess angiogenic activity [62]. Data indi-
cates that HGF is a pro-permeability, pro-inflammatory, and pro-angiogenic factor
and along with its activator is found increased in ischemic retina providing support
for a potential role of HGF in macular edema and in ischemic retinopathies such as
diabetic retinopathy [63]. Elevated levels of HCG in aqueous have been found to be
directly related to degree of PDR [64].

4.4.1.8 Stem cell factor

EPO is a glycoprotein which is multifunctional, produced in foetal liver
and adult kidney when exposed to hypoxic conditions [65]. It possess anti-
inflammatory, antioxidant, pro-angiogenic properties [66-68]. Some studies
have also documented neuro-protective and anti-apoptotic properties [69, 70].
The mechanisms controlling the expression of the gene encoding for the hormone
erythropoietin (EPO) are exemplary for oxygen-regulated gene expression.
In humans and other mammals, hypoxia modulates EPO levels by increasing
expression of the EPO gene [71]. Expression of EPO is mediated by HIF-1a which
simultaneously stimulates VEGF secretion [72]. The hormone erythropoietin
(EPO) maintains red blood cell mass by promoting the survival, proliferation and
differentiation of erythrocytic progenitors. Circulating EPO originates mainly
from fibroblasts in the renal cortex. EPO production is controlled at the transcrip-
tional level. Hypoxia attenuates the inhibition of the EPO promoter by GATA-2
[73]. In patients with PDR, both EPO and VEGF are up-regulated into the vitreous
each acting independently [74]. It has been seen that inhibition of EPO or VEGF
leads to suppression of retinal neovascularization, results are best when both are
suppressed together and in vitro inhibition of EPO leads to attenuation of endo-
thelial cell proliferation in PDR [75].

4.4.2 Transcription factors
4.4.2.1 Nuclear factor kappa beta (NF-xB)

NF-«B is a pro inflammatory transcription factor and a regulator of inflamma-
tion related to immune responses, cellular proliferation and cell apoptosis [76]. It
is located in endothelial and retinal pericytes and released on exposure to hypoxia
and hyperglycemia and thereafter releases cytokines, chemokines, and other
pro-inflammatory molecules [59]. Once NF-«B is activated it leads to production of
cytokines, chemokines and other pro-inflammatory molecules [77]. Studies have
shown a relation between NF-kB activation and downstream up-regulation of vas-
cular endothelial growth factor (VEGF) in DR. VEGF SNPs i.e., RS2010963 C allele
and RS3025039 T allele might be strongly associated with PDR occurrence and in
turn regulating VEGF expression in PDR subjects [78]. NF-«B is also involved in
the formation of both glial and vascular endothelial cellular components, and that
these two cell types might have functional interactions that lead to the enlarge-
ment of intraocular proliferative membranes namely ERM [79]. Receptor activa-
tor of NF-«B ligand (RANKL) is a member of the tumour necrosis factor (TNF)
superfamily. RANKL increases endothelial permeability and induces angiogenesis,
suggesting its critical roles in the vasculature. Hence the use of an RANKL blockade
as a potential therapeutic approach against ischemic retinopathies is confirmed
[80]. It is important to remember that the signal related to RANKL plays a role in
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the pathogenesis of insulin resistance and suggests a link between inflammation
and the pathogenesis of type 2 diabetes mellitus [81].

4.4.2.2 Hypoxia inducible factor

Adapting to hypoxic conditions leads to cellular and tissue transcriptional
induction involving genes that participate in angiogenesis, glucose metabolism, and
cell proliferation and survival. The principal factor mediating this response is the
hypoxia-inducible factor-1 (HIF-1), an oxygen-sensitive transcriptional activator.

It consists of a constitutively expressed subunit HIF-1p and an oxygen-regulated
subunit HIF-1a [82]. It has been shown that diabetic factors result in HIF-1 produc-
tion and angiogenesis and Treins et al. [83] showed that insulin-like growth factor-1
(IGF-1) stimulates accumulation of HIF-1 in human retinal pigment epithelial cells.
As HIF-1 becomes active it activates several genes, including the genes for IL-6,
IL-8, and pro-angiogenic growth factors. It has also been shown that acute intensive
insulin therapy exacerbates the diabetic induced BRB breakdown through HIF-1 and
VEGF [84] and presence of HIF-1a has been demonstrated in diabetic epiretinal
membrane [85]. NF-kB controls the expression and synthesis of HIF-1 in response
to inflammatory stimuli. Hypoxia activates NF-kB that binds promoter of HIF-1,
stimulates the production of IL-6 and IL-8 in the vitreous of patients with PDR.
HIF-1a, Ang-2 and VEGF seem to play an important role in the pathogenesis of PDR
and simultaneously provide adverse angiogenic milieu in PDR epiretinal mem-
branes favouring aberrant neovascularisation and endothelial abnormalities [84].

4.4.3 Cytokines
4.4.3.1 Interleukin-6 (IL-6)

IL-6 is a cytokine regulates the expression of matrix metalloproteinases (MMPs)
which is a primary constituent of the vitreous [86, 87] and it also regulates immune
response, increases permeability of vessels and initiates angiogenesis [88, 89].
Studies, have indicated that IL-8, VEGF-A, and PIGF demonstrated a strong cor-
relation in vitreous and aqueous of patients with PDR. The aqueous may serve as a
proxy for vitreous for some cytokines involved in PDR. More recently anti-VEGF
injections have been able to decrease VEGF-A levels in aqueous, however they did
not significantly affect other cytokines, indicating a need for other targeted thera-
pies in PDR management [90]. Role of IL-6 in neovascularization, a key clinical
feature of DR, is shown in studies that show IL-6 can not only promote angiogenesis
directly but support angiogenesis by inducing expression of VEGF, an angiogenic
factor [91]. Hence, the role of IL-6 and IL-8 as angiogenic and factor for causing
neovascularization is supported.

4.4.3.2IL-1p

Macrophages produce IL-1p which is an inflammatory cytokine mainly which
can further activate the transcriptional factor NF-xB, which plays an important role
in transcription of inflammatory cytokines [92]. Furthermore TNF-« and recom-
binant IL-1p seem to stimulate human retinal pigment epithelium cells leading to
secretion of IL-6 and IL-8 [93]. It has been seen in studies that TNF-a and IL-1f
promote angiogenic activity leading to stimulation and synthesis of collagen glial
cells, and fibroblasts leading to proliferation and contraction promoting angio-
genesis and ocular neovascularization [94]. It has been observed that invading
microorganisms activate the inflammatory response by secreting pro-inflammatory
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cytokines particularly IL-1f. IL-1-responsive genes initiate and coordinate local
inflammation and also attract and activate cells of the adaptive immune system at
sites of infection eventually leading these signals to activate NALP3-inflammasome
pathway, which plays a central role in acute and chronic sterile inflammation [95].
Studies assessing inflammatory mechanisms involving NLRP3 inflammasome were
carried out using akimbo mouse, revealing an increased vascular leakage, reduced
retinal thickness, and function in Akimba retina. High levels of IL-1p along with
increased NLRP3, ASC, and Caspase-1 at mRNA and protein levels were seen
suggesting a critical role for NLRP3 inflammasome in akimbo retina depicting
advanced stages of DR pathogenesis [96]. Other studies have shown elevated levels
in aqueous of IL-6 and macular thickness indicating IL-6 may play a central role in
the development of diabetic macular edema [97].

4.4.3.3 TNF-alpha

TNF-a, a cytokine with tumour necrosis activity is produced by various types of
cells which includes macrophages, is recognised as an important host defence factor
that affects malignant and normal cells. It is synthesised by T cells and macrophages
and its expression is regulated by NF-«B [98]. It also plays the role of inflammatory
mediator of neuronal cell after cerebral ischemic trauma and also a similar role in
retinal tissue [99]. Besides increasing endothelial cell permeability [100]. TNF-a
is also involved in stimulating leukocyte adhesion and inducing oxidation and
simultaneous production of reactive oxygen due to the death of retinal ganglion
cells and degeneration of the optic nerve [101]. High pharmacological doses of
TNF-a combined with chemotherapy has been seen to regress intractable tumours.
Evidence demonstrates that pathophysiological concentrations of endogenous
TNF-a could act to promote tumour genesis and growth [102]. In diabetic retinopa-
thy pro-inflammatory mediators regulated by cytokines, such as TNF-a, IL-1f and
growth factors leads to further progression of these processes, leading to vaso-
permeability (diabetes macular edema) and/or pathological angiogenesis (prolif-
erative diabetic retinopathy) [103]. Diabetic patients have shown higher TNF-a
levels in vitreous/serum ratio compared to non-diabetics [104]. Strong correlation
between plasma TNF-a levels and severity of DR has been documented [105]. It has
been documented that TNF-a is expressed in the endothelial cells and stromal cells
of the fibrovascular membranes of diabetic patients with PDR [106]. Studies have
confirmed the presence of vascular endothelial growth factor (VEGF) and TNF-«
in epiretinal membranes in proliferative eye disease [107]. Recent studies assessing
the impact of anti-TNF agents on intermediary metabolism suggest that TNF-a
blockade could improve insulin resistance and lipid profiles in patients with chronic
inflammatory disease [108].

4.4.3.4 HMGB1

HMGBI though secreted from numerous sites in the retina, including the
ganglion cell layer, inner nuclear layer, outer nuclear layer, inner and outer segment
of the photoreceptors, and retinal pigment epithelial cells [109, 110]. It is a protein
that stabilises the formation of nucleosomes and gene transcription [111]. Studies
indicate that HMGBI is released from activated innate immune cells or necrotic cells
and functions as an important mediator of endotoxaemia, sepsis, arthritis, and local
inflammation hence agents that inhibit HMGB1 release or action, confer significant
protection against endotoxaemia, sepsis, and arthritis in animal models and thus
hold potential for the clinical management of various inflammatory diseases [112].
HMGBI functions as a cytokine that amplifies the effect of the receptor for AGE
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(RAGE) axis and mediates the secretion of survival factors such as VEGF-A, to
counteract the effects of oxidative stress. HMGBI is thought to contribute to the
accelerated micro and macro-vasculopathy seen in diabetes [113]. Its level has been
detected on higher side in vitreous in patients with PDR and has been detected in
endothelial and stromal cells of ERM in PDR patients [114].

4.4.4 Chemokines

Chemokines constitute a family of chemoattractant cytokines and are subdi-
vided into four families on the basis of the number and spacing of the conserved
cysteine residues in the N-terminus of the protein. They seem to play a role in
selectively recruiting monocytes, neutrophils, and lymphocytes, along with induc-
ing chemotaxis through the activation of G-protein-coupled receptors.

4.4.4.1 Monocyte chemoattractant protein-1 (MCP-1/CCL2)

Monocyte chemoattractant protein-1 (MCP-1/CCL2) is considered one of the
key chemokines that regulate migration and infiltration of monocytes/macrophages
[115]. The expression of MCP-1 is regulated by NF-kB and MCP-1 can induce VEGF
production [116]. Both CCL2 and its receptor CCR2 have been demonstrated to be
induced and involved in various diseases [115]. Diabetic patients have shown ele-
vated levels of MCP-1 in vitreous and its levels are higher in the vitreous than in the
serum indicating local production of MCP-1 [117]. Studies have shown that there is
a significant association between the vitreous MCP-1 levels and DR severity [118].
The MCP-1 is also a potent chemotactic factor for monocytes and macrophages that
can stimulate them to produce superoxide and other mediators. Following hyper-
glycemia, retinal pigment epithelial (RPE) cells, endothelial cells, and Miiller’s glial
cells are of utmost importance for MCP-1 production, and vitreous MCP-1 levels
rise in patients with DR. Increased expression of the MCP-1 in the eyes can also
play a significant role in the pathogenesis of DR [119]. Interferon-gamma inducible
protein 10 (IP-10) is a CXC chemokine that is expressed at higher levels in the vitre-
ous of diabetic patients [120], and its vitreous levels are higher than its serum levels
[121]. Anti-inflammatory cytokines such as IL-10 and IL-13 may be involved more
in the pathogenesis of DR and CRVO than in other diseases and both cytokines and
chemokines may be correlated to VEGF in the vitreous fluid and the inflammatory
reaction may be more active in CRVO than in DR [122].

4.4.4.2 Monokine

Monokine which is induced by interferon-gamma (MIG) is a chemoattrac-
tant for activated T cells and also has angiostatic activity [123]. In their study
Wakabayashi et al. reported that MIG could play an role in the pathogenesis of DR
and works in cooperation of VEGF in the progression of pathological angiogenesis
in DR. The authors have detected higher levels of MIG in vitreous of DR patients
[123]. Elevated MIG levels are could be in response to the up-regulation of angio-
genic factors such as VEGF. The alternative mechanism could be in play in DR
which results in chemotaxis of leukocytes rather than in carrying out its angiostatic
functions [26].

4.4.4.3 Stromal cell-derived factor-1

Stromal cell-derived factor-1 (SDF-1) is a chemokine that is up-regulated in
response to tissue damage and is involved in stimulation and mobilisation of cells
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involved in tissue repair and cellular migration, differentiation, and proliferation
of endothelial progenitor cells [124]. SDF-1 repairs after ischemic injury by bind-
ing to its receptor, CXCR4 and recruits the progenitors of endothelial cells from

the bone marrow. The levels off SDF-1 in vitreous have been found to be on higher
side in DME and PDR patients [125]. Studies have demonstrated that inhibiting the
N- (carboxymethyl)lysine-induced TPL2/ATF4/SDF1 axis can effectively prevent
diabetes mellitus-mediated retinal microvascular dysfunction and this signalling
axis could include the therapeutic potential for other diseases involving pathologi-
cal neovascularization and or macular edema [126].

4.4.4.4 Fractalkine

Fractalkine (CX3CL1) is an intriguing chemokine that plays a central role in the
nervous system. Expression of CX3CL1 on neurons and its receptor CX3CR1 on
microglia facilitates a privileged interaction, playing important roles in regulating
the function and maturation of these cells. CX3CL1 is reported to have neuro-
protective and anti-inflammatory activities [127]. Studies suggest that dysregulated
microglial activation via loss of FKN/CX3CR1 signalling disrupts the vascular
integrity in retina during systemic inflammation [128].

4.4.4.5 Macrophage migration inhibitory factor

Macrophage migration inhibitory factor (MIF) is a chemokine that stimulates
macrophages causing their recruitment at sites of inflammation, increasing their
adherence, motility, and phagocytosis. It also prevents random migration of mac-
rophages [129]. Studies indicate increased levels of MIF in the vitreous of patients
with PDR and a significant association between MIF levels and grades of fibrous
proliferation, suggesting the possibility that MIF may play a part in the develop-
ment of the proliferative phase of PDR [130].

4.4.5 Intercellular adhesion molecule-1 (ICAM1)

ICAM-1 is a cell surface glycoprotein, which serves as an adhesion receptor that
is known for regulating leukocyte recruitment from circulation to sites of inflam-
mation. In addition to vascular endothelial cells, ICAM-1 expression is also induced
on epithelial and immune cells in response to inflammatory stimulation. ICAM-1
also serves as a biosensor to transduce outside-in-signalling via association of its
cytoplasmic domain with the actin cytoskeleton following ligand engagement of
the extracellular domain. Thus, ICAM-1 has emerged as a master regulator of many
essential cellular functions both at the onset and at the resolution of pathologic
conditions [131]. Increased expression of adhesion molecule leads to activation of
RAGE, oxidative stress, vascular leakage in the diabetic retina, capillary non perfu-
sion, and damage of endothelial cells and the adhesion of leukocytes to the endo-
thelium and expression of retinal vascular adhesion molecules such as VEGF [132].
ICAM-1 is the primary adhesion molecule involved in DR and its levels in vitreous
are elevated in patients with active PDR [114].

5. Therapy aimed at inflammatory targets
Maintenance of a good glycemic control is considered to be the most important

modifiable factor influencing the stage and progression of diabetic retinopa-
thy. However, inhibition of retinal inflammation may also reduce the degree of
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retinopathy despite the presence of a hyperglycaemic state. High-dose aspirin,
COX-2 inhibitors and corticosteroids have been used, either experimentally in
animal models or therapeutically in humans, and found to have a beneficial effect
in reducing DR changes. However, these drugs are associated with unfavourable
side effects especially when used over a long-term course. Hence other alternatives
should be looked at. These alternatives can include RAGE inhibitors, minocycline,
derivatives of salicylates and inhibitors of TNF-a and 5-lipoxygenase. Salicylates
inhibit the nuclear migration and possibly activation of NF-«B in retinal neurons
[133]. Evidence is accumulating showing that lipid supplementation with omega 3
polyunsaturated fatty acids (especially DHA) has a beneficial effect in DR [134].

Retinal inflammatory changes in diabetics have been found to be inhibited by
therapies wherein the primary target is at a different site. The antihypertensive
telmisartan, angiotensin receptor blocker (Type I receptor) was found to suppress
retinal leukostasis and expression of VEGF and ICAM-1 [135]. Similarly, in diabetic
animal models, Candesartan reduces the presence of acellular retinal capillaries,
iNOS and nitric oxide [136]. The beneficial effect of statins on DR has also been
reported by Kang et al. in 2019 [137]. The authors evaluated patients with diabe-
tes and dyslipidemia and found that statin use was associated with a decreased
prevalence of DR and a lower need for invasive therapy for vision threatening
diabetic retinopathy complications. This therapeutic benefit can be attributed to the
pleiotropic property of statins, which also function as anti-inflammatory agents.
Tuuminen et al. [138] found a decreased intravitreal levels of pro-angiogenic fac-
tors, transforming growth factor Bl and matrix metalloproteinase 9 in individuals
treated with simvastatin.

The role of salicylates in DR has been studied extensively, following the initial
reports by Powell and Field in 1964 [20]. Administration of aspirin in animal
models has found to reduce retinal capillary degeneration but conflicting results
were reported in human trials. The Early Treatment Diabetic Retinopathy Study
(ETDRS) is particularly of note in this case. The ETDRS report number 8 results
indicated that aspirin has no clinically beneficial effect on the progression of
retinopathy in individuals taking 650 mg of aspirin per day [139]. However, we
have to take into account that the anti-inflammatory dose of aspirin is much higher
than what was being administered in the study. Salicylates have shown to reduce
insulin resistance in the retina in a Type II diabetic rat model as per Jiang Y and
co-workers [140].

TNF-a is a key molecule in the inflammatory puzzle thus it serves as an attrac-
tive pharmacological target. Subcutaneous injection of TNF-a trap (Eternacept)
was found to significantly reduce retinal inflammation, retinal cell injury and vas-
cular permeability in diabetic rats [141]. However, no clinical trials have reported
this effect till date. A small pilot study of 4 patients who were administered
Infliximab (TNF-a antibody) showed a decrease in central macular thickness and a
corresponding improvement in visual acuity [142].

Inhibition of leukostasis is another mechanism that can be targeted in anti-
inflammatory therapy for DR. Leukocyte function associated antigen-1 (LFA-1)
is an integrin molecule and is extremely important for leukocyte-endothelial
cell interactions. SAR-1118 is a topical antagonist of LFA-1 and has shown a dose
dependant reduction of leukostasis and vascular leakage in a diabetic rat model
[143]. Anti CD49a neutralising antibody blocks the interaction between very
late antigen-4 (VLA-4) and VCAM-1 and has also shows efficacy in reducing
leukostasis [144].

Apart from their antibiotic activity both Minocycline and Doxycycline are
known to possess neuro-protective and immunomodulatory properties, such as
inhibiting production of NO, prostaglandins, TNF-a and caspases [145]. A small
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study of minocycline in 5 patients with DME showed improvement in visual acuity
with reduction in macular edema [146]. Another study involving doxycycline
demonstrated an improvement in perimetric parameters in individuals with severe
NPDR or PDR [147].

Photobiomodulation is another prospective therapy which has shown promise in
a small clinical study of patient with non-centre involving diabetic macular edema
[148]. It consists of series of brief illumination with specific wavelengths of light
emitted from a laser. It has shown to affect the signalling pathways within the cells
and inhibits diabetes induced leukostasis, ICAM-1 expression and production of
reactive oxygen species [149].

6. Conclusion

Studies carried out both in diabetic patients and experimental animal models
of diabetic retina have shown that the diabetic milieu promotes an increased local
expression of inflammation. Unlike, uveitis however this inflammation is not
clinically apparent and is noted at a molecular level. Critically located between the
vasculature and neurons of the retina, Glial cells have a key role in closely regulat-
ing the retinal microenvironment. Recent findings implicate that these cells also
responsible in the initiation of the inflammatory cascade.

It is possible that inflammation does not perfectly describe all the changes that
ultimately occur in diabetic retinopathy, but it does seems to describe the pathogen-
esis of the retinopathy better than the previous concept of microvasculopathy. It is
likely that this concept will become better focused with future research.

Author details

Anuj Sharma* and Deepesh Arora
Retina Services, Amritsar Eye Clinic, Dehradun, India

*Address all correspondence to: dr.anujl8 @gmail.com

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

14



Role of Inflammation in Diabetic Retinopathy

DOI: http://dx.doi.org/10.5772/intechopen.100175

References

[1] WHO. Diabetes. Available from:
https://wwwwho.int/news-room/
fact-sheets/detail/diabetes [ Accessed
10 August, 2021].

[2] Wong T, Y, Sabanayagam C:
Strategies to tackle the global burden of
diabetic retinopathy: From
epidemiology to artificial intelligence.
Ophthalmologica 2020;243:9-20.
DOI:10.1159/000502387

[3] Wilkinson CP, Ferris FL, Klein RE,
Lee PP, Agardh CD, Davis M, Dills D,
Kampik A, Pararajasegaram R,
Verdaguer ]JT. Proposed international
clinical diabetic retinopathy and
diabetic macular edema disease severity
scales. Ophthalmology. 2003;110:
1677-1682.

[4] Mitchell P, Annemans L,

Gallagher M, et al. Cost-effectiveness of
ranibizumab in treatment of diabetic
macular oedema (DME) causing visual

impairment: evidence from the
RESTORE trial.

[5] E Lieth, A] Gardner Tw Fau-Barber,
DA Barber Aj Fau-Antonetti, DA
Antonetti. Retinal neurodegeneration:
early pathology in diabetes. Graefes
Arch. Clin. Exp. Ophthalmol., 28 (1)
(2000), pp. 3-8

[6] TW. Gardner, J.R. Davila. The
neurovascular unit and the
pathophysiologic basis of diabetic
retinopathy. Graefes Arch Clin Exp
Ophthalmol, 255(1);2017:1-6.

[7] A. Das, P.G. McGuire, S.

Rangasamy. Diabetic macular edema:
Pathophysiology and novel therapeutic
targets. Ophthalmology, 122 (7) (2015),
pp-1375-1394

[8] VA Alder, EN Su, DY Yu, SJ Cringle,
PK Yu. Diabetic retinopathy: Early
functional changes. Clinical and
Experimental Pharmacology and

15

Physiology, 24 (9-10) (1997),
pp. 785-788

[9] S. Roy, J. Ha, K. Trudeau, E. Beglova.
Vascular basement membrane
thickening in diabetic retinopathy.
Current Eye Research, 35 (12) (2010),
pp- 1045-1056.

[10] AW Stitt, TM Curtis, M Chen, R]
Medina, G.J. McKay, A. Jenkins, N. Lois.
The progress in understanding and
treatment of diabetic retinopathy.

Progress in Retinal and Eye Research,
51 (2016), pp. 156-186.

[11] T.M. Curtis, T.A. Gardiner,
AW. Stitt. Microvascular lesions of
diabetic retinopathy: Clues towards
understanding pathogenesis? Eye

(London), 23 (7) (2009), pp. 1496-1508.

[12] R. F. Spaide, Retinal vascular cystoid
macular edema:Review and new theory.
Retina, vol. 36, no. 10, pp. 1823-1842,
2016.

[13] Mizutani M, Gerhardinger C,
Lorenzi M. Miiller cell changes in

human diabetic retinopathy. Diabetes.
1998;47:445-449.

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

[15] Elisabeth Rungger-Brindle,

André A. Dosso, Peter M. Leuenberger;
Glial Reactivity, an Early Feature of
Diabetic Retinopathy. Invest.
Ophthalmol. Vis. Sci. 2000;41(7):
1971-1980.

[16] R. Simo, C. Hernandez. Novel
approaches for treating diabetic
retinopathy based on recent pathogenic

evidence. Progress in Retinal and Eye
Research, 48 (2015), pp. 160-180.



Diabetic Eye Disease - From Therapeutic Pipeline to the Real World

[17] R. Chibber, B.M. Ben-Mahmud, S.
Chibber, E.M. Kohner. Leukocytes in
diabetic retinopathy. Current Diabetes
Review, 3 (1) (2007).

[18] E.A. Runkle, D.A. Antonetti. The
blood-retinal barrier: Structure and
functional significance Methods in
Molecular Biology, 686 (2011), pp. 133-

[19]]. Cao, S. McLeod, C.A. Merges,
G.A. Lutty. Choriocapillaris
Degeneration and Related Pathologic
Changes in Human Diabetic Eyes
Archives of Ophthalmology, 116

(5) (1998).

[20] Powell EDU, Field RA. Diabetic
retinopathy in rheumatoid arthritis.
Lancet 1964; 2:17-18.

[21] Kern TS, Engerman RL.
Pharmacological inhibition of diabetic

retinopathy: Aminoguanidine and
aspirin. Diabetes 2001;50:1636-1642.

[22] Demircan, N.; Safran, B.G.; Soylu,
M.; Ozcan, A.A.; Sizmaz, S.
Determination of vitreous interleukin-1
(IL-1) and tumour necrosis factor
(TNF) levels in proliferative diabetic
retinopathy. Eye (London) 2006,
20,1366-1369.

[23] Cheng T, Cao W, Wen R,
Steinberg RH, LaVail MM.
Prostaglandin E2 induces vascular
endothelial growth factor and basic
fibroblast growth factor mRNA
expression in cultured rat Muller cells.
Invest Ophthalmol Vis Sci. 1998;
39:581-591.

[24] Sonoda S, Sakamoto T, Yamashita T,
Shirasawa M, Otsuka H, and Sonoda.
Retinal morphologic changes and
concentrations of cytokines in eyes with
diabetic macular edema. Retina, vol. 34,
no. 4, pp. 741-748, 2014.

[25] Talahalli R, Zarini S, Sheibani N,

Murphy RC, Gubitosi-Klug RA.
Increased synthesis of leukotrienes in

16

the mouse model of diabetic
retinopathy. Invest Ophthalmol Vis Sci.
2010; 51:1699-1708.

[26] Joussen AM, Poulaki V, Le ML,
Koizumi K, Esser C, Janicki H,
Schraermeyer U, Kociok N, Fauser S,
Kirchhof B, Kern TS, Adamis AP. A
central role for inflammation in the
pathogenesis of diabetic retinopathy.
Faseb J. 2004; 18:1450-1452.

[27]1 ChenY, HuY, Zhou T, Zhou KK,
Mott R, Wu M, Boulton M, Lyons T],
Gao G, MaJX. Activation of the Wnt
pathway plays a pathogenic role in
diabetic retinopathy in humans and
animal models. Am J Pathol. 2009;
175:2676-2685.

[28] Li ], Wang J], Chen D, Mott R,

Yu Q, MaJX, Zhang SX. Systemic
administration of HMG-CoA reductase
inhibitor protects the blood-retinal
barrier and ameliorates retinal
inflammation in type 2 diabetes.

Exp Eye Res. 2009a; 89:71-78

[29] Li G, Tang J, DuY, Lee CA, Kern TS.
Beneficial effects of a novel RAGE
inhibitor on early diabetic retinopathy
and tactile allodynia. Mol Vis.
2011;17:3156-3165.

[30] Silva KC, Pinto CC, Biswas SK,

de Faria JB, de Faria JM. Hypertension
increases retinal inflammation in
experimental diabetes: A possible
mechanism for aggravation of diabetic
retinopathy by hypertension. Curr Eye
Res. 2007 Jun;32(6):533-541.

[31] Schwartzman M.L., Iserovich P,
Gotlinger K., Bellner L., Dunn MW,
Sartore M., Grazia PM., Leonardi A.,
Sathe S., Beaton A., et al. Profile of lipid
and protein autacoids in diabetic
vitreous correlates with the progression
of diabetic retinopathy. Diabetes.
2010;59:1780-1788.

[32] Othman A., Ahmad S.,
Megyerdi S., Mussell R., Choksi K.,



Role of Inflammation in Diabetic Retinopathy
DOI: http://dx.doi.org/10.5772/intechopen.100175

Maddipati K.R., Elmarakby A., Rizk N.,
Al-Shabrawey M. 12/15-Lipoxygenase-
derived lipid metabolites induce retinal
endothelial cell barrier dysfunction:
Contribution of NADPH oxidase. PLoS
ONE. 2013;8:e57254.

[33] Carmeliet P,, Moons L., Luttun A.,
et al. Synergism between vascular
endothelial growth factor and placental
growth factor contributes to
angiogenesis and plasma extravasation

in pathological conditions. Nature
Medicine. 2001;7(5):575-583.

[34] DullR. O., Yuan]J., Chang Y. S,,
Tarbell J., Jain R. K., Munn L. L. Kinetics
of placenta growth factor/vascular
endothelial growth factor synergy in
endothelial hydraulic conductivity and

proliferation. Microvascular Research.
2001;61(2):203-210.

[35] Levy A. P, Levy N. S., Wegner S.,
Goldberg M. A. Transcriptional
regulation of the rat vascular endothelial
growth factor gene by hypoxia. The
Journal of Biological Chemistry.
1995;270(22):13333-13340.

[36] Melder R. J., Koenig G. C.,

Witwer B. P, Safabakhsh N., Munn L.
L., Jain R. K. During angiogenesis,
vascular endothelial growth factor and
basic fibroblast growth factor regulate
natural killer cell adhesion to tumor
endothelium. Nature Medicine.

1996;2(9):992-997.

[37] Wang J., Xu E., Elliott M. H.,

Zhu M., Le Y.-Z. Miller cell-derived
VEGTF is essential for diabetes-induced
retinal inflammation and vascular
leakage. Diabetes. 2010;59(9):2297-2305.

[38] Yao Y, Du]J, Li R, Zhao L, Luo N,
Zhai]Y, Long L. Association between
ICAM-1 level and diabetic retinopathy:

A review and meta-analysis. Postgrad
Med J. 2019 Mar;95(1121):162-168.

[39] Van Bergen T, Etienne I,
Cunningham F, Moons L,

17

Schlingemann RO, Feyen JHM, Stitt AW.
The role of placental growth factor
(PIGF) and its receptor system in retinal

vascular diseases. Prog Retin Eye Res.
2019 Mar;69:116-136.

[40] Ziche M., Maglione D., Ribatti D.,
et al. Placenta growth factor-1is
chemotactic, mitogenic, and angiogenic.
Laboratory Investigation. 1997;76(4):
517-531.

[41] Spirin K. S., Saghizadeh M.,
Lewin S. L., Zardi L., Kenney M. C,,
Ljubimov A. V. Basement membrane
and growth factor gene expression in
normal and diabetic human retinas.
Current Eye Research. 1999;18(6):
490-499.

[42] Chiquet-Ehrismann R., Mackie E. J.,
Pearson C. A., Sakakura T. Tenascin: An
extracellular matrix protein involved in
tissue interactions during fetal
development and oncogenesis. Cell.
1986;47(1):131-139.

[43] Canfield A. E., Schor A. M.
Evidence that tenascin and
thrombospondin-1 modulate sprouting
of endothelial cells. Journal of Cell
Science. 1995;108(2):797-809.

[44] KuboY, Ishikawa K, Mori K,
Kobayashi Y, Nakama T, Arima M,
Nakao S, Hisatomi T, Haruta M,
Sonoda KH, Yoshida S. Periostin and
tenascin-C interaction promotes
angiogenesis in ischemic proliferative
retinopathy. Sci Rep. 2020 Jun
9;10(1):9299.

[45] Hagedorn M, Esser P, Wiedemann P,
Heimann K. Tenascin and decorin in
epiretinal membranes of proliferative
vitreoretinopathy and proliferative
diabetic retinopathy. Ger ] Ophthalmol.
1993 Feb;2(1):28-31.

[46] Whitehead M, Wickremasinghe S,
Osborne A, Van Wijngaarden P,
Martin KR. Diabetic retinopathy: A
complex pathophysiology requiring



Diabetic Eye Disease - From Therapeutic Pipeline to the Real World

novel therapeutic strategies. Expert
Opin Biol Ther. 2018;18:1257-1270.

[47] Wang W, Lo ACY. Diabetic
retinopathy: Pathophysiology and
treatments. Int ] Mol Sci. 2018;
19:1816.

[48] Clemmons DR, Moses AC,

McKay MJ, Sommer A, Rosen DM,
Ruckle J. The combination of insulin-
like growth factor I and insulin-like
growth factor-binding protein-3 reduces
insulin requirements in insulin-
dependent type 1 diabetes: Evidence

for in vivo biological activity. ] Clin
Endocrinol Metab. 2000 Apr;85(4):
1518-1524.

[49] Raman P, Singal AK, Behl A. Effect
of insulin-like growth Factor-1 on
diabetic retinopathy in pubertal age
patients with type 1 diabetes. Asia Pac]
Ophthalmol (Phila). 2019
Jul-Aug;8(4):319-323.

[50] Wong CG, Rich KA, Liaw LH,
Hsu HT, Berns MW. Intravitreal VEGF
and bFGF produce florid retinal
neovascularization and hemorrhage in
the rabbit. Curr Eye Res. 2001;22:
140-147.

[51] Semeraro F, Cancarini A,
dell’Omo R, Rezzola S, Romano MR,
Costagliola C. Diabetic Retinopathy:
Vascular and Inflammatory Disease. ]
Diabetes Res. 2015;2015:582060.

[52] Hueber A, Wiedemann P, Esser P,
Heimann K. Basic fibroblast growth
factor mRNA, bFGF peptide and FGF
receptor in epiretinal membranes of
intraocular proliferative disorders (PVR
and PDR). Int Ophthalmol.
1996-1997;20:345-350.

[53] Abrams GW. Basic fibroblast growth
factor and vascular endothelial growth
factor are present in epiretinal and
choroidal neovascular membranes. Am J
Ophthalmol. 1996 Sep;122(3):

393-403.

18

[54] Sivalingam A, Kenney ], Brown GC,
Benson WE, Donoso L. Basic fibroblast
growth factor levels in the vitreous of
patients with proliferative diabetic
retinopathy. Arch Ophthalmol. 1990
Jun;108(6):869-872.

[55] Mitamura Y., Harada C., Harada T.
Role of cytokines and trophic factors in
the pathogenesis of diabetic retinopathy.
Current Diabetes Reviews. 2005;1(1):
73-81.

[56] Kubota N., Terauchi Y., Yamauchi T.,
et al. Disruption of adiponectin causes
insulin resistance and neointimal

formation. Journal of Biological
Chemistry. 2002;277(29):25863-25866.

[57] Sato Y. Role of aminopeptidase in
angiogenesis. Biol Pharm Bull. 2004
Jun;27(6):772-776.

[58] Costagliola C., Daniele A.,
dell’lOmo R., et al. aqueous humor
levels of vascular endothelial growth
factor and adiponectin in patients with
type 2 diabetes before and after
intravitreal bevacizumab injection.
Experimental Eye Research.
2013;110:50-54.

[59] Ramazani Y, Knops N,

Elmonem MA, Nguyen TQ,
Arcolino FO, van den Heuvel L,
Levtchenko E, Kuypers D,
Goldschmeding R. Connective tissue
growth factor (CTGF) from basics to
clinics. Matrix Biol. 2018
Aug;68-69:44-66.

[60] Abu El-Asrar AM, Van den

Steen PE, Al-Amro SA, Missotten L,
Opdenakker G, Geboes K. Expression of
angiogenic and fibrogenic factors in

proliferative vitreoretinal disorders. Int
Ophthalmol. 2007 Feb;27(1):11-22.

[61] Kita T., Hata Y., Miura M.,
Kawahara S., Nakao S., Ishibashi T.
Functional characteristics of connective

tissue growth factor on vitreoretinal
cells. Diabetes. 2007;56(5):1421-1428.



Role of Inflammation in Diabetic Retinopathy
DOI: http://dx.doi.org/10.5772/intechopen.100175

[62] Matsumoto K., Nakamura T.
Emerging multipotent aspects of
hepatocyte growth factor. Journal of
Biochemistry. 1996;119(4):591-600.

[63] Lorenc VE, Lima E Silva R,
Hackett SF, Fortmann SD, LiuY,
Campochiaro PA. Hepatocyte growth
factor is upregulated in ischemic retina
and contributes to retinal vascular

leakage and neovascularization. FASEB
Bioadv. 2020 Feb 18;2(4):219-233.

[64] Cai W., Rook S. L., Jiang Z. Y.,
Takahara N., Aiello L. P. Mechanisms of
hepatocyte growth factor-induced
retinal endothelial cell migration and
growth. Investigative Ophthalmology
and Visual Science. 2000;41(7):
1885-1893.

[65] Exslev A. ]. Erythropoietin.
The New England Journal of Medicine.
1991;324(19):1339-1344.

[66] Watanabe D., Suzuma K., Matsui S.,
etal. Erythropoietin as a retinal
angiogenic factor in proliferative diabetic
retinopathy. The New England Journal of
Medicine. 2005;353(8):782-792.

[67] Chen ]., Connor K. M., Aderman C.
M., Smith L. E. H. Erythropoietin
deficiency decreases vascular stability in
mice. Journal of Clinical Investigation.
2008;118(2):526-533. DOI:10.1172/
jci33813.

[68] Garcia-Ramirez M., Herndndez C.,
Simé R. Expression of erythropoietin
and its receptor in the human retina: A
comparative study of diabetic and
non-diabetic subjects. Diabetes Care.
2008;31(6):1189-1194.

[69] Becerra SP, Amaral J.
Erythropoietin—An endogenous retinal
survival factor. The New England
Journal of Medicine. 2002;347(24):
1968-1970.

[70] Herndndez C, Fonollosa A,
Garcia-Ramirez M, et al. Erythropoietin

19

is expressed in the human retina and it
is highly elevated in the vitreous fluid
of patients with diabetic macular
edema. Diabetes Care. 2006;29(9):
2028-2033.

[71] Stockmann C, Fandrey J. Hypoxia-
induced erythropoietin production: A
paradigm for oxygen-regulated gene
expression. Clin Exp Pharmacol Physiol.
2006 Oct;33(10):968-979.

[72] Katsura Y., Okano T., Matsuno K.,
et al. Erythropoietin is highly elevated
in vitreous fluid of patients with

proliferative diabetic retinopathy.
Diabetes Care. 2005;28(9):2252-2254.

[73] Jelkmann W. Regulation of
erythropoietin production. ] Physiol.
2011 Mar 15;589(Pt 6):1251-1258

[74] Cancarini A., Costagliola C.,
dell’Omo R., et al. effect of intravitreal
bevacizumab on serum, aqueous, and
vitreous humor levels of erythropoietin
in patients with proliferative diabetic
retinopathy. Minerva Endocrinologica.
2014;39:305-311.

[75] Takagi H., Watanabe D., Suzuma K.,
et al. Novel role of erythropoietin in
proliferative diabetic retinopathy.
Diabetes Research and Clinical Practice.
2007;77(3):S62-S64.

[76] Barnes P. J. Nuclear factor-«xB.
International Journal of Biochemistry

and Cell Biology. 1997;29(6):867-870.

[77] Tang J., Kern T. S. Inflammation
in diabetic retinopathy. Progress in
Retinal and Eye Research. 2011;30(5):
343-358.

(78] Choudhuri S, Chowdhury IH, Das S,
Dutta D, Saha A, Sarkar R, Mandal LK,
Mukherjee S, Bhattacharya B. Role of
NF-«kB activation and VEGF gene
polymorphisms in VEGF up regulation
in non-proliferative and proliferative
diabetic retinopathy. Mol Cell Biochem.
2015 Jul;405(1-2):265-279.



Diabetic Eye Disease - From Therapeutic Pipeline to the Real World

[79] Harada C, Harada T, Mitamuray,
Quah HM, Ohtsuka K, Kotake S,

Ohno S, Wada K, Takeuchi S, Tanaka K.
Diverse NF-kappaB expression in
epiretinal membranes after human
diabetic retinopathy and proliferative
vitreoretinopathy. Mol Vis. 2004 Jan
15;10:31-36.

[80] Ock S, Park S, Lee J, Kim J. RANKL
blockade suppresses pathological
angiogenesis and vascular leakage in
ischemic retinopathy. Biochem Biophys
Res Commun. 2019 Aug
20;516(2):350-356.

[81] Kiechl S., Wittmann J., Giaccari A.,
et al. Blockade of receptor activator of
nuclear factor-kB (RANKL) signaling
improves hepatic insulin resistance and
prevents development of diabetes
mellitus. Nature Medicine. 2013;19(3):
358-363.

[82] Ke Q, Costa M. Hypoxia-inducible
factor-1 (HIF-1). Mol Pharmacol. 2006
Nov;70(5):1469-1480.

[83] Treins C., Giorgetti-Peraldi S.,
Murdaca J., Monthouél-Kartmann M.-N.,
van Obberghen E. Regulation of
hypoxia-inducible factor (HIF)-1 activity
and expression of HIF hydroxylases in
response to insulin-like growth factor I.
Molecular Endocrinology. 2005;19(5):
1304-1317.

[84] Poulaki V., Qin W, Joussen A. M.,
et al. Acute intensive insulin therapy
exacerbates diabetic blood-retinal
barrier breakdown via hypoxia-
inducible factor-1a and VEGF. The
Journal of Clinical Investigation.
2002;109(6):805-815.

[85] El-Asrar A. M. A., Missotten L.,
Geboes K. Expression of hypoxia-
inducible factor-1 alpha and the protein
products of its target genes in diabetic
fibrovascular epiretinal membranes.
British Journal of Ophthalmology.
2007;91(6):822-826.

20

[86] Legendre F., Bogdanowicz P,,
Boumediene K., Pujol J. P. Role of
interleukin 6 (IL6)/IL-6R-induced
signal transducesrs and activators of
transcription and mitogen-activaded
protein kinase/extracellular. The Journal
of Rheumatology. 2005;32:1307-1316.

[87] Symeonidis C, Papakonstantinou E,
Androudi S, et al. Interleukin-6 and the
matrix metalloproteinase response in
the vitreous during proliferative
vitreoretinopathy. Cytokine. 2011;54:
212-217.

[88] Cohen T., Nahari D., Cerem L. W.,
Neufeld G., Levin B.-Z. Interleukin 6
induces the expression of vascular
endothelial growth factor. The Journal
of Biological Chemistry. 1996;271(2):
736-741.

[89] Morohoshi M., Fujisawa K.,
Uchimura I., Numano F. Glucose-
dependent interleukin 6 and tumor
necrosis factor production by human
peripheral blood monocytes in vitro.

Diabetes. 1996;45(3):954-959.

[90] Wu F, Phone A, Lamy R, Ma D,
Laotaweerungsawat S, ChenY, Zhao T,
Ma W, Zhang F, Psaras C, Stewart JM.
Correlation of aqueous, vitreous, and
plasma cytokine levels in patients with
proliferative diabetic retinopathy. Invest
Ophthalmol Vis Sci. 2020 Feb
7;61(2):26.

[91] Funatsu H., Yamashita H., Noma H.,
et al. Aqueous humor levels of cytokines
are related to vitreous levels and
progression of diabetic retinopathy in
diabetic patients. Graefe’s Archive

for Clinical and Experimental
Ophthalmology. 2005;243(1):3-8.

[92] Guarda G., So A. Regulation of
inflammasome activity. Immunology.
2010;130(3):329-336.

[93] Elner S. G., Elner V. M., Jaffe G. ],
Stuart A., Kunkel S. L., Strieter R. M.



Role of Inflammation in Diabetic Retinopathy
DOI: http://dx.doi.org/10.5772/intechopen.100175

Cytokines in proliferative diabetic
retinopathy and proliferative
vitreoretinopathy. Current Eye
Research. 1995;14(11):1045-1053.

[94] Rosenbaum J. T., Samples]. R.,
Hefeneider S. H., Howes E. L. Ocular
inflammatory effects of intravitreal

interleukin 1. Archives of
Ophthalmology. 1987;105(8):1117-1120.

[95] Weber A, Wasiliew P, Kracht M.
Interleukin-1beta (IL-1beta) processing
pathway. Sci Signal. 2010 Jan
19;3(105):cm2.

[96] Chaurasia SS, Lim RR, Parikh BH,
Wey YS, Tun BB, Wong TY, Luu CD,
Agrawal R, Ghosh A, Mortellaro A,
Rackoczy E, Mohan RR, Barathi VA. The
NLRP3 Inflammasome may contribute
to pathologic neovascularization in the

advanced stages of diabetic retinopathy.
Sci Rep. 2018 Feb 12;8(1):2847.

[97] Oh IK, Kim SW, Oh]J, Lee TS,
Huh K. Inflammatory and angiogenic
factors in the aqueous humor and the
relationship to diabetic retinopathy.
Curr Eye Res. 2010 Dec;35(12):
1116-1127.

[98] Parameswaran N., Patial S. Tumor
necrosis factor-a signaling in
macrophages. Critical Reviews in
Eukaryotic Gene Expression.
2010;20(2):87-103.

[99] Tezel G., Wax M. B. Increased
production of tumor necrosis factor-a
by glial cells exposed to simulated
ischemia or elevated hydrostatic
pressure induces apoptosis in cocultured

retinal ganglion cells. Journal of
Neuroscience. 2000;20(23):8693-8700.

[100] Aveleira CA, Lin CM,

Abcouwer SF, Ambrésio AF,

Antonetti DA. TNF-a signals through
PKC{/NF-kB to alter the tight junction
complex and increase retinal endothelial
cell permeability. Diabetes. 2010;59(11):
2872-2882.

21

[101] Madigan M. G., Sadun A. A,,
RaoN. S., Dugel P. U, Tenhula W. N.,
Gill P. S. Tumor necrosis factor-alpha
(TNF-a)-induced optic neuropathy in
rabbits. Neurological Research.
1996;18(2):176-184.

[102] Anderson GM, Nakada MT,
DeWitte M. Tumor necrosis factor-
alpha in the pathogenesis and treatment
of cancer. Curr Opin Pharmacol. 2004
Aug;4(4):314-320.

[103] Capitdo M, Soares R. Angiogenesis
and inflammation crosstalk in diabetic
retinopathy. J Cell Biochem. 2016
Nov;117(11):2443-2453.

[104] Patel J. I., Saleh G. M., Hykin P. G.,
Gregor Z. J., Cree I. A. Concentration of
haemodynamic and inflammatory

related cytokines in diabetic retinopathy.
Eye. 2008;22(2):223-228.

[105] Doganay S, Evereklioglu C, Er H, et
al. Comparison of serum NO, TNF-a,
IL-1p, sIL-2R, IL-6 and IL-8 levels with
grades of retinopathy in patients with
diabetes mellitus. Eye. 2002;16(2):
163-170.

[106] Goldberg RB. Cytokine and
cytokine-like inflammation markers,
endothelial dysfunction, and
imbalanced coagulation in development
of diabetes and its complications.
Journal of Clinical Endocrinology and
Metabolism. 2009;94(9):3171-3182.

[107] Armstrong D, Augustin AJ,
Spengler R, Al-Jada A, Nickola T, Grus F,
Koch F. Detection of vascular
endothelial growth factor and tumor
necrosis factor alpha in epiretinal
membranes of proliferative diabetic
retinopathy, proliferative
vitreoretinopathy and macular pucker.
Ophthalmologica. 1998;212(6):410-414.

[108] Popa C, Netea MG, van Riel PL,
van der Meer JW, Stalenhoef AF.
The role of TNF-alpha in chronic



Diabetic Eye Disease - From Therapeutic Pipeline to the Real World

inflammatory conditions, intermediary
metabolism, and cardiovascular risk. J
Lipid Res. 2007 Apr;48(4):751-762.

[109] Arimura N., Ki-1 Y., Hashiguchi T,
et al. Intraocular expression and release
of high-mobility group box 1 protein in
retinal detachment. Laboratory
Investigation. 2009;89(3):278-289.

[110] Watanabe T., Keino H., Sato Y.,
Kudo A., Kawakami H., Okada A. A.
High mobility group box protein-1in

experimental autoimmune uveoretinitis.

Investigative Ophthalmology & Visual
Science. 2009;50(5):2283-2290.

[111] Lotze M. T, Tracey K. ]. High-
mobility group box 1 protein (HMGB1):
Nuclear weapon in the immune arsenal.

Nature Reviews Immunology.
2005;5(4):331-342.

[112] Del’Omo R., Semeraro F.,
Bamonte G., Cifariello F., Romano M.
R., Costagliola C. Vitreous mediators in

retinal hypoxic diseases. Mediators of
Inflammation. 2013;2013:16.

[113] Jakus V., Rietbrock N. Advanced
glycation end-products and the progress
of diabetic vascular complications.
Physiological Research.
2004;53(2):131-142.

[114] El-Asrar A. M. A., Nawaz M. L.,
Kangave D., et al. High-mobility group
box-1 and biomarkers of inflammation
in the vitreous from patients with

proliferative diabetic retinopathy.
Molecular Vision. 2011;17:1829-1838.

[115] Deshmane SL, Kremlev S, Amini S,
Sawaya BE. Monocyte chemoattractant
protein-1 (MCP-1): An overview. ]
Interferon Cytokine Res. 2009
Jun;29(6):313-326.

[116] Hong K. H., Ryu]., Han K. H.
Monocyte chemoattractant protein-1-
induced angiogenesis is mediated by

vascular endothelial growth factor-A.
Blood. 2005;105(4):1405-1407.

22

[117] Mitamura Y., Takeuchi S.,

Matsuda A., Tagawa Y., Mizue Y.,
Nishihira J. Monocyte chemotactic
protein-1 in the vitreous of patients with
proliferative diabetic retinopathy.
Ophthalmologica. 2001;215(6):415-418.

[118] Tashimo A., Mitamura Y., Nagai S.,
et al. Aqueous levels of macrophage
migration inhibitory factor and
monocyte chemotactic protein-1in
patients with diabetic retinopathy.
Diabetic Medicine.
2004;21(12):1292-1297.

[119] Taghavi Y, Hassanshahi G,
Kounis NG, Koniari I,
Khorramdelazad H. Monocyte
chemoattractant protein-1 (MCP-1/
CCL2) in diabetic retinopathy: Latest
evidence and clinical considerations.
J Cell Commun Signal. 2019
Dec;13(4):451-462.

[120] Carmeliet P., Moons L., Luttun A.,
et al. Synergism between vascular
endothelial growth factor and placental
growth factor contributes to
angiogenesis and plasma extravasation
in pathological conditions. Nature
Medicine. 2001;7(5):575-583.

[121] Hernandez C., Segura R. M.,
Fonollosa A., Carrasco E., Francisco G.,
Sim¢6 R. Interleukin-8, monocyte
chemoattractant protein-1 and IL-10 in
the vitreous fluid of patients with
proliferative diabetic retinopathy.
Diabetic Medicine. 2005;22(6):719-722.

[122] Suzuki Y, Nakazawa M, Suzuki K,
Yamazaki H, Miyagawa Y. Expression
profiles of cytokines and chemokines in
vitreous fluid in diabetic retinopathy
and central retinal vein occlusion. Jpn ]
Ophthalmol. 2011 May;55(3):256-263.

[123] Wakabayashi Y., Usui Y.,

Okunuki V., et al. Increased levels of
monokine induced by interferon-
gamma (Mig) in the vitreous of patients
with diabetic retinopathy. Diabetic
Medicine. 2008;25:875-877.



Role of Inflammation in Diabetic Retinopathy
DOI: http://dx.doi.org/10.5772/intechopen.100175

[124] Kaji Y., Usui T., Ishida S., et al.
Inhibition of diabetic leukostasis and
blood-retinal barrier breakdown with a
soluble form of a receptor for advanced
glycation end products. Investigative
Ophthalmology and Visual Science.
2007;48(2):858-865.

[125] You J], Yang CH, Huang JS,
Chen MS, Yang CM. Fractalkine, a
CX3C chemokine, as a mediator of
ocular angiogenesis. Investigative
Ophthalmology and Visual Science.
2007;48(11):5290-5298.

[126] Lai DW, Lin KH, Sheu WH,

Lee MR, Chen CY, Lee WJ, Hung YW,
Shen CC, Chung TJ, Liu SH, Sheu ML.
TPL2 (therapeutic targeting tumor
progression Locus-2)/ATF4 (activating
transcription Factor-4)/SDF1a
(chemokine stromal cell-derived
factor-a) Axis suppresses diabetic
retinopathy. Circ Res. 2017 Sep
1;121(6):e37-e52.

[127] Lauro C, Catalano M, Trettel F,
Limatola C. Fractalkine in the nervous
system: Neuroprotective or neurotoxic
molecule? Ann NY Acad Sci. 2015
Sep;1351:141-148.

[128] Mendiola AS, GarzaR,

Cardona SM, Mythen SA, Lira SA,
Akassoglou K, Cardona AE. Fractalkine
Signaling attenuates perivascular
clustering of microglia and fibrinogen
leakage during systemic inflammation
in mouse models of diabetic retinopathy.
Front Cell Neurosci. 2017 Jan 10;10:303.

[129] Aiello L. P., AveryR. L., Arrigg P.
G., etal. Vascular endothelial growth
factor in ocular fluid of patients with
diabetic retinopathy and other retinal
disorders. The New England Journal of
Medicine. 1994;331(22):1480-1487.

[130] Mitamura Y, Takeuchi S,

Matsuda A, Tagawa Y, MizueY,
Nishihira J. Macrophage migration
inhibitory factor levels in the vitreous of
patients with proliferative diabetic

23

retinopathy. Br ] Ophthalmol. 2000
Jun;84(6):636-639.

[131] Bui TM, Wiesolek HL, Sumagin R.
ICAM-1: A master regulator of cellular
responses in inflammation, injury

resolution, and tumorigenesis. ] Leukoc
Biol. 2020 Sep;108(3):787-799.

[132] Frystyk J., Tarnow L., Krarup
Hansen T., Parving H.-H., Flyvbjerg A.
Increased serum adiponectin levels in
type 1 diabetic patients with
microvascular complications.
Diabetologia. 2005;48(9):1911-1918.

[133] Zheng L, Howell S], Hatala DA,
Huang K, Kern TS. Salicylate-based
anti-inflammatory drugs inhibit the

early lesion of diabetic retinopathy.
Diabetes. 2007b; 56:337-345

[134] Rodriguez Gonzalez-Herrero ME,
Ruiz M, Lépez Roman FJ, Marin
Sanchez JM, Domingo JC.
Supplementation with a highly
concentrated docosahexaenoic acid plus
xanthophyll carotenoid multivitamin in
nonproliferative diabetic retinopathy:
Prospective controlled study of macular
function by fundus microperimetry.
Clin Ophthalmol. 2018;12:1011-1020.

[135] Kim JH, Yu YS, Cho CS, Kim KW.
Blockade of angiotensin II attenuates
VEGF-mediated blood-retinal barrier
breakdown in diabetic retinopathy.

J Cereb Blood Flow Metab. 2009;
29:621-628

[136] Miller AG, Tan G, binger K],
Pickering R], Thomas MC, Nagaraj RH,
Cooper ME, Wilkinson-BerkaJL.
Candesartan attenuates diabetic retinal
vascular pathology by restoring
glyoxalase-I function. Diabetes. 2010;
59:3208-3215.

[137] Kang EY, Chen T, Garg SJ, etal.
Association of Statin Therapy with
Prevention of vision-threatening
diabetic retinopathy. JAMA Ophthalmol.
2019;137(4):363-371.



Diabetic Eye Disease - From Therapeutic Pipeline to the Real World

[138] Tuuminen R, Sahanne S,
Loukovaara S. Low intravitreal
angiopoietin-2 and VEGF levels in
vitrectomized diabetic patients with
simvastatin treatment. Acta
Ophthalmol. 2014;92(7):675-681.

[139] Effects of aspirin treatment on
diabetic retinopathy. ETDRS report
number 8. Early Treatment Diabetic
Retinopathy Study Research Group.
Ophthalmology. 1991 May;98

(5 Suppl):757-65.]

[140] Jiang Y, Thakran S, Bheemreddy R,
Coppess W, Walker R], Steinle JJ.
Sodium salicylate reduced insulin
resistance in the retina of a type 2
diabetic rat model. PLoS One. 2015 Apr
14;10(4):e0125505.

[141] Joussen AM, Poulaki V,

Mitsiades N, Kirchhof B, Koizumi K,
Dohmen S, Adamis AP. Nonsteroidal
anti-inflammatory drugs prevent early
diabetic retinopathy via TNF-alpha
suppression. FASEB ]. 2002 Mar;
16(3):438-440.

[142] Sfikakis PP, Markomichelakis N,
Theodossiadis GP, Grigoropoulos 'V,
Katsilambros N, Theodossiadis PG.
Regression of sight-threatening macular
edema in type 2 diabetes following
treatment with the anti-tumor necrosis
factor monoclonal antibody infliximab.
Diabetes Care. 2005;28(2):445-447

[143] Rao VR, Prescott E, Shelke NB,

et al. Delivery of SAR 1118 to retina via
ophthalmic drops and its effectiveness
in reduction of retinal Leukostasis and
vascular leakiness in rat Streptozotocin
(STZ) model of diabetic retinopathy
(DR) Invest Ophthalmol Vis Sci.
2010;51(10):5198-5204.

[144] Iliaki E, Poulaki V, Mitsiades N,
Mitsiades CS, Miller JW, Gragoudas ES.
Role of alpha 4 integrin (CD49d) in the
pathogenesis of diabetic retinopathy.
Invest Ophthalmol Vis Sci. 2009;
50(10):4898-4904.

24

[145] Bernardino, A.L.; Kaushal, D.;
Philipp, M.T. The antibiotics
doxycycline and minocycline inhibit the
inflammatory responses to the Lyme

disease spirochete borrelia burgdorferi.
J. Infect. Dis. 2009, 199, 1379-1388.

[146] Cukras, C.A.; Petrou, P.; Chew,
EY.; Meyerle, C.B.;Wong,WLT. Oral
minocycline for the treatment of
diabetic macular edema (DME): Results
of a phase I/II clinical study. Investig.
Ophthalmol. Vis. Sci. 2012, 53,
3865-3874.

[147] Scott, I.U.; Jackson, G.R.; Quillen,
D.A.; Larsen, M.; Klein, R.; Liao, J.;
Holfort, S.; Munch, I.C.; Gardner, TW.
Effect of doxycycline vs placebo on
retinal function and diabetic
retinopathy progression in patients with
severe nonproliferative or non-high-risk
proliferative diabetic retinopathy: A
randomized clinical trial. JAMA
Ophthalmol. 2014, 132, 535-543.

[148] Tang, J.; Herda, A.A.; Kern, T.S.
Photobiomodulation in the treatment of
patients with non-center-involving

diabetic macular oedema. Br. J.
Ophthalmol. 2014, 98, 1013-1015.

[149] Lachin, J.M.; Genuth, S.; Nathan,
D.M.; Zinman, B.; Rutledge, B.N.;
Group, D.E.R. Effect of glycemic
exposure on the risk of microvascular
complications in the diabetes control
and complications trial—Revisited.
Diabetes 2008, 57, 995-1001.



