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Abstract: Diabetes mellitus is one of the most frequently occurring metabolic disorders (DMs), impair-
ing healthy life around the globe, with mild-to-severe secondary complications. DM is associated with
secondary complications, including diabetic retinopathy (DR), which damages the retina and which
can lead to vision loss. Diabetic patients often suffer from extreme retinal capillary aneurysms, hem-
orrhage, and edema, which is likely to lead to non-proliferative or proliferative diabetic retinopathy
(NPDR or PDR) and diabetic macular edema (DME). Several epidemiological studies have illustrated
that the occurrence of DR can vary by age of diabetes onset, diabetes type, and ethnicity. Although
DR is very well-known, the complexity of its etiology and diagnosis makes therapeutic intervention
difficult and challenging. We have reviewed different pathological aspects of diabetic retinopathy and
its underlying mechanism of occurrence. In this review, we aim provide an in-depth understanding
and illustration of the progression of diabetic retinopathy, its pathophysiology, epidemiology, and
prospective therapeutic targets.
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1. Introduction

Diabetic retinopathy (DR) involves microaneurysms or worse lesions affecting at least a
single eye [1]. It is one of the most pervasive secondary microvascular complication intrinsic
in diabetes mellitus (DM), induced by leakage from breakdown of the inner blood-retinal
barrier and microvascular occlusion [2—4]. DR plays a vital role in blindness and vision
impairment in the working-class population (aged 20-65 years) worldwide [5-7]. A total
of 2.6% of global blindness is a resultant of hyperglycemia [2]. In South Asian developing
countries, DR is infrequent (19.9%) compared to the developed European territories (45.7%).
Within South Asia, depending on dietary patterns and lifestyle variations, the urban
population is more susceptible to DR than the suburban or rural communities [8]. On the
other hand, several epidemiologic studies suggest that DR is more prevalent in young
individuals with type 1 rather than type 2 DM and therefore presents a substantial burden
to the socio-economy due its effects on working-aged individuals [2].

DR is nearly asymptomatic; very few visual or ophthalmic symptoms are noticed
before complete blindness [6]. Its pathogenesis is also not certain [9], although some
studies have demonstrated a significant co-relation with sleep apnea, post-translational
amendments of histones within chromatins, and methylation of DNA and non-coding
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RNAs [6]. Some specified risk factors for DR include hyperglycemia, hypertension, obesity,
age, sex, race, and genetics [9]. Hence, following a healthy diet as well as maintaining blood
pressure and glucose within the normal range is likely to delay the nascence and progression
of the disease [4]. DR is a progressive health challenge, but prevention is possible [3], and
improved knowledge about the basic mechanisms of the disease and its early detection
could minimize vision loss. This review aims to summarize the epidemiology, risk factors,
management, and pharmacological intervention of diabetic retinopathy.

2. Materials and Methods

Data for this article were collected from PubMed and Google Scholar using the key-
words ‘Diabetic Retinopathy’, ‘Hyperglycemia and retinopathy’, ‘Prevalence of retinopa-
thy’, ‘Risk factors of retinopathy’, ‘Diabetic macular edema’, ‘Microvascular complications’,
and ‘Proliferative Diabetic Retinopathy’. The literature search was not limited to a small
timescale but 20% of the accumulated data were published before 2000 and the remaining
80% were limited to the timescale of 20 years. We started collecting the data from July until
December 2021. Around 400 papers were read to find the appropriate information, and
after primary screening, 100 papers were selected and critically scrutinized. They were
then summarized for the current review.

3. Mechanism of Diabetic Retinopathy and Classification

DR has been classified as the most commonly occurring major secondary complication
in individuals diagnosed with DM [10]. It has also been classified as the most documented
microvascular threat to diabetic patients [11]. A lack of diagnosis or timely therapeutic
intervention could result in visual impairment, partial blindness, and ophthalmic com-
plications beyond these effects [5]. Thus, understanding the mechanisms involved in
DR is of great importance in order to ensure the proper diagnosis, assessment, and treat-
ment of this disease. Depending on the pathophysiology of microvascular aneurysms,
pre-retinal vascularization, retinal hemorrhages, intraretinal microvascular abnormalities
(IRMA) (Figure 1), and other clinical patterns, DR can be differentiated into two major
classes, namely, PDR and NPDR [12,13]. PDR primarily begins with the abnormal growth
of fibrous connective tissue on the retinal surface, whereas NPDR occurs due to lesions
inside the retinal capillaries resulting from edema, hemorrhage, microaneurysms of the
blood vessels, and/or capillary blockage. (Figure 1) [5,12]. In addition, persistent DME as
well as vascular leakage causes the formation of hard exudates at the core of the macula
(Figure 1) [14]. These patterns can range from mild to severe, depending upon the onset
and duration of the complications. Multiple types of research have been conducted and are
ongoing, yet the pathological mechanism of DR remains unclear as a result of the absence of
retinal samples of animals and the unavailability of human samples [15]. In DR formation
pattern of different mediators including cytokines, growth factors, coagulation factors,
neurotrophic factors, vasoactive agents, and inflammatory mediators are affected due to
metabolite disturbances [15] thus can be used as therapeutic targets.

3.1. Hyperglycaemia in Diabetic Retinopathy

Hyperglycemia is a clinical manifestation in diabetes and refers to an escalated level
of blood glucose due to an insufficiency of insulin. An escalated glucose level causes
non-enzymatic glycosylation that causes an increase of complex cross-linked substances
known as advanced glycation end products (AGE). AGE formation leads to numerous
secondary complications, for example, the augmentation of intracellular reactive oxygen
species (ROS) [15], which causes oxidative-stress-induced damage to retinal cells. In
addition, the escalating production of AGE have shown reduction in standard mRNA levels
of pigment epithelium-derived factor (PEDF), which coherently initiates inflammation
and damage inside the microvascular endothelial cells of the retina since PEDF has a
protective role [16,17]. This simultaneously triggers the enzyme complex nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase and nuclear factor-B (NF-«B), leading to
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inflammation and cells damage [15,18,19]. The inflammation caused in the vessels includes
the activities of biomolecules such as lipoprotein-PLA2, secretory phospholipase A2 IIA,
and pro-inflammatory cytokines (TNF-a and IL-13) [20]. Similarly, the elevation in glucose
levels activates the metabolic polyol pathway, which in hyperglycemic conditions causes
the production of sorbitol from glucose with the cofactor NADPH. Sorbitol is consequently
metabolized to fructose by sorbitol dehydrogenase using the cofactor NAD+ [21] and the
reaction is regulated by an enzyme called aldose reductase (AR) [22]. Due to its hydrophilic
characteristics, hyperproduction of sorbitol does damage to retinal cells by causing an
intracellular osmotic imbalance [23]. Furthermore, the metabolism of fructose produces its
glycosylating derivatives 3-deoxyglucosone and fructose-3-phosphate, which subsequently
escalates oxidative stress at the pericytes and other retinal cells via the promotion of
AGE [21,24,25].
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Figure 1. Different pathological complications in diabetic retinopathy: Anatomy of complications
faced such as retinal vessel hemorrhage and microaneurysms, abnormal vascular development on
the retinal surface, and the accumulation of yellowish thick fluids towards the middle of the retina
results in edema formation.

It is evident from the prior literature that the induction of oxidative stress, compro-
mising the retinal cells, is a direct pathway for hyperglycemia to develop into DR [15].
This increasing oxidative stress causes the loss of neuronal and pericyte cells, resulting in
blocked capillaries. The blocked capillaries and increased blood vessels cause distortion
and deformation of the microvascular structure of the retina. The degeneration of pericyte
cells starts with the progressive stimulation of PKC-5 signaling, caused by elevated blood
glucose levels. The signaling surge stimulates the expression of protein kinase C-5 (PKC-9,
encoded by Prked) and p38 mitogen-activated protein kinase, and causes dephosphory-
lation of PDGF receptors and declines its downstream signaling and thus results in the
self-mediated death of the cells of the pericytes [20]. In hyperglycemic situations, the
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elevated glucose levels cause a flux in the glycolytic pathway, which subsequently escalates
intracellular NADH levels, giving simultaneous rise in the tricarboxylic acid cycle, and
the ratios of lactate to pyruvate in the tissue. This reaction progresses into an influx of
excessive electrons into the mitochondria that influence the formation of reactive oxygen
species, again leading to retinal oxidative stress [15,26]. This causes DNA metabolism that
potentiates the nuclear enzyme PARP (poly-adenosine diphosphate-ribose polymerase)
and the accentuation of NF-kB activation, which enhances the formation of tumor necrosis
factor-o (TNF-«) and NF-kB-dependent genes, producing an exacerbation in oxidative
stress [15,27]. Controlled research conducted on galactosemic dogs illustrated significant
dot and blot hemorrhages and retinal vascular aneurysms following the manifestation of
retinopathy [28]. However, the reverse action of extreme damage caused to the microvascu-
lar retinal cells cannot be easily done, even with highly intensive treatment and efficient
glycemic control [15,29].

3.2. Malfunction of Insulin Signaling in Retinopathy

The peptide anabolic hormone insulin has a major influence on the absorption of
different macromolecules, such as fatty acids, carbohydrates, proteins, etc., in the cells.
Insulin inversely interacts with glucagon to regulate glucose metabolism in the liver. These
reactions are mediated by the signal transduction pathway [30]. The blood-retina barrier
acts naturally providing immune privilege to the eye; thus, at the physiological standard
level of insulin the transport mechanism across this barrier works potently [30,31]. However,
with abnormal coagulation or a lack of insulin, this mechanism is disrupted. The results of
research conducted on exsanguinated animals to examine insulin transport levels suggested
a decline in the transport rate of insulin as the physiological function of glial, neuronal, and
vascular cells of the retina were disrupted [30,32]. However, the exact pathway in which
the mechanism of transport is compromised has not entirely been elucidated but some
plausible causes have been proposed. Recent investigations have found that activation of
the insulin receptor in retinal microvascular cells has various effects such as overlapping of
insulin receptor, insulin receptor substrate-1 (IRS-1), phosphatidylinositol 3-kinase (PI3K),
and phosphotyrosine in neuronal cells of rats [30,33,34]. Since the insulin signaling pathway
is regulated by various proteins, different IR subsets are likely to signal differently than
the above-mentioned routes [30]. Another study conducted on hyperglycemic rats showed
an increase in insulin receptor levels in the cells of the retina [35]. Thus, it is evident that
there is a correlation of insulin level with retinopathy; however, further research needs to
be conducted to elucidate the mechanism.

4. Pathophysiology

Diabetic retinopathy is a microvascular disease, characterized in various ways based
on elevated vascular flow and vascular leakage due to the presence of vascular lesions,
cell inflammation, edema in tissues, adhesion molecule expression and cytokines, reactive
glia, apoptosis of inner retinal cell, and neovascularization [36]. In the pathogenesis of
DR, hyperglycemia plays an important role. The biochemical pathways associated with
hyperglycemia-induced vascular damage include elevated glucose flux by means of the
polyol pathway, AGE-product accumulation, inflammation, as well as the activation of
protein kinase C (hexosamine pathway) [10,37]. The overabundance of superoxide in
the mitochondria induced by hyperglycemia leads to oxidative stress, which acts as a
stressor, linking all these metabolic pathways. Oxidative stress gives rise to multiple early
clinical hallmarks of DR that include a thickened basement membrane, pericyte apoptosis,
and mitochondrial dysfunction, which altogether result in BRB breakdown [37]. BRB
impairment thickens the retina, as well as increasing leukocytosis, which is an intravascular
immune response and one of the early clinically recognizable pathologies of DR. It causes
the adherence of white blood cells (WBCs) to the endothelial cells lining the blood vessels
that influence the plugging of capillaries and vascular leakage [36]. The summary of the
pathophysiology is shown below (Figure 2).
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Figure 2. Diagrammatic synopsis of the pathogenesis and pathophysiology of DR.

DR arises from hyperglycemia-induced oxidative stress through a series of biochemical
mechanisms. As per the microvascular pathology, endothelium damage due to pericyte loss
causes hypoperfusion that leads to neovascularization and compromises the integrity of the
BRB. These eventually lead to sight-threatening points, which are the major complications
of DR. On the other hand, pericytes provide structural support to the capillaries; therefore,
the loss of pericytes is also associated with endothelial cell damage, along with cotton
wool patches, microaneurysms, and dot and blot hemorrhages. In addition, pericyte loss
and damage to the endothelium leads to occlusion of capillaries and local ischemia, which
activates hypoxia-inducible factor 1 (HIF-1). Subsequently, activation of this factor further
increases the expression of the vascular endothelial growth factor (VEGF). In concert with
the other angiogenic factors Ang-1 and Ang-2, VEGF induces vascular permeability [38].
At the end stage of pathology, neovascularization and neurodegeneration play a crucial
role [37]. Neurodegeneration is a result of hyperglycemia-induced downregulation of
several vital neurotrophic factors, including NGF (nerve growth factor), PEDF (pigment
epithelium-derived factor), IRBP (interphotoreceptor retinoid-binding protein) and somato-
statin, whereas neovascularization involves the upregulation of the pro-angiogenic factors
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(VEGEF, Ang-1, Ang-2), as well as platelet-derived growth factor (PDGF) and vasoactive
hepatocyte growth factors [36,38]. Neovascularization generates delicate and permeable
blood vessels that are conducive in vitreous hemorrhage. The repetition of such hemor-
rhages leads to the formation of fibrovascular scars and gliosis, the contraction of which
prompts sight-threatening endpoints, namely, PDR and DME [37].

5. Epidemiology

Diabetes mellitus represents a set of metabolic diseases and, based on its mechanisms,
it has been classified mainly into two categories, type 1 and type 2 diabetes. It is asso-
ciated with a wide range of macrovascular and microvascular (retinopathy, neuropathy,
nephropathy) complications [39]. A meta-analysis in 2010 revealed that DR caused the
blindness and visual impairment of 0.8 million people out of 32.4 million blind people
worldwide and 3.7 million individuals from a total of 191 million moderate-to-severely
visually impaired (MSVI) people [40]. In 2015, these values elevated drastically; 36 million
people were stated to be blind, 1.1% of which were due to DR. Moreover, DR contributed
1.3% to 216 million cases of visual impairment in 2015 [41]. It becomes more prevalent with
the increasing severity and duration of diabetes [42,43]. According to a population-based
study in southern Wisconsin among young type 1 diabetic patients, DR was found to be
more prevalent in individuals with an onset of diabetes less than five years earlier (17%),
contrasted to those with cases of 15 years or more (97.5%) [44]. Furthermore, the Diabetes
Control and Complications Trial (DCCT)-EDIC (Epidemiology of Diabetes Interventions)
study group recently carried out a 30-year-long follow-up study on type 1 diabetic indi-
viduals and estimated that individuals without DR are more susceptible to progression
of visual impairment (2.9%) than those with minor DR at baseline (5.7%) [45,46]. Another
similar study discovered that the frequency of DR is higher among diabetic men as they
are found to have a higher hemoglobin Alc level, a prolonged period of diabetes, greater
systolic blood pressure, and frequent use of insulin [44]. A cross-sectional study in 1980
demonstrated that DR is more prevalent among type 1 diabetic patients below the age
of 30 (71%) compared to the older group suffering from type 2 diabetes (39%) [5]. The
most advanced complications of DR include DME and proliferative retinopathy (PR) [1,47].
According to a pooled individual meta-analysis from 1980 to 2008 among the working-class
population (20-79 years), the prevalence of DR was 35%, followed by PDR at 7.2%, and
DME at 7.5%. Regardless of the duration of diabetes, these conditions were found to be
more frequent among the insulin-dependent diabetes mellitus (IDDM) group than the
non-insulin-dependent diabetes mellitus (NIDDM) group, such as DR (77% vs. 32%), PDR
(32% vs. 3%), and DME (14% vs. 6%) [2]. The Wisconsin Epidemiologic Study of Diabetic
Retinopathy (WESDR) studied the prevalence of PDR and DME among three different
groups—young individuals, old type 1 diabetic patients, and old type 2 diabetic patients.
They found that PDR is the predominant complication [43] among the two, affecting 23%,
10%, and only 3% of individuals within each group, respectively [48]. In addition, the
geographical region significantly contributes to the prevalence of diabetic retinopathy. It is
widespread and sight-threatening among people from developing countries in Asia, Africa,
Latin America, and of indigenous tribal descent, in contrast to the European population [49].
The South Asian countries India, Singapore, and China contribute the largest proportion of
the annual DR incidence population (2.2-3.5%) worldwide [45]. India and China are the
most populous countries around the world, and within the last century, they have achieved
exponential economic success. However, with this economic success came a significant
change in their residents’ lifestyles, which included unhealthy diets and reduced physical
activity, which caused obesity, hypertension, and high cholesterol that further increased
their DR disease burden. This Westernized lifestyle is more significant in urban areas in
contrast to rural areas; therefore, DR is also found to be extensively prevalent in the more
developed urban regions of both India and China. DR affects 18.0% and 10.3% of the
type 2 diabetic population in the urban and rural regions of India, respectively. Parallel
studies in China also demonstrated that both DR and VTDR (vision-threatening diabetic
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retinopathy) was less significantly prevalent within the type 2 diabetic population in the
poorer regions compared to urban regions (27.6% and 11.9% vs. 33.1% and 15.5%), respec-
tively. Interestingly, studies have also reported that differences in ethnicity contribute to the
commonness of type 2 DM but not to that of DR. A valid reason behind this difference has
not been found yet but it is assumed that racial and cultural practices might have facilitated
the risk factors for DM, such as alcohol consumption, cardiovascular disease prevalence,
smoking, obesity, and hypertension, but not that of DR [41]. These data signify that diabetic
retinopathy has become a global concern due to its increasing prevalence over the years
worldwide [50] and therefore, the development of improved diagnostic, screening, and
preventive strategies are highly crucial.

6. Risk Factors of Diabetic Retinopathy

DR is a persistent ocular fundus condition that accounts for 80% of visual loss in
individuals with diabetes and therefore affects the quality of life, as well as elevating
the financial burden on society [51,52]. Risk factors of diabetic retinopathy include its
duration, the presence of diabetic nephropathy, neuropathy, foot ulcer and amputation,
along with hypertension, the level of cholesterol and triglyceride in the serum, fasting
blood glucose, the level of HbAlc and the age of the patient [53]. A study was carried out
with 71 diabetic out-patients receiving insulin treatment who suffered from the illness for
one to two decades, to determine the serum magnesium content. As per the extremity of
retinopathy of the patients, they were split into two groups. Group A comprised patients
having normal fundi or minimal alterations (microaneurysms and/or exudates smaller than
microaneurysms), whereas group B included patients with more extreme abnormalities,
including microaneurysms with larger hemorrhages and/or exudates, as well as prolif-
erative retinopathy. Subjects as a whole had definite hypomagnesemia (p < 0.001), which
was markedly evident among the segment with the most severe retinopathy (p < 0.01).
In terms of established risk factors for DR, the segments were comparable. As a result,
hypomagnesemia appeared to represent a new risk factor associated with the offset and
development of the condition [54]. The course of diabetes and improper glycemia control
(high HbAlc), along with the presence of hypertension, are the most important risk factors
for the development of diabetic retinopathy. Notably, blood glucose management has a
greater impact on the possibility of diabetic retinopathy than blood pressure control [53].
According to the previous finding, hyperglycemia, blood pressure, dyslipidemia, and
obesity are the most frequent modifiable risk factors for DR [41]. Serum lipids affect the
progression of PDR or DME to a lesser extent in the case of hyperlipidemia and obesity. In
reality, investigations on the influence of lipids on the growth and genesis of PDR and DME
have provided mixed results [55]. Moreover, a complex and significant correlation was
discovered amid glycemic control and alcohol intake. The progress of severe retinopathy
(exudative and proliferative) was shown to be associated with excessive alcohol intake in
9 out of a total of 70 heavy drinkers (13%) in contrast to the remaining ten (4.4%). Alcohol
intake might be a key independent factor in the development of diabetic retinopathy that
threatens the sight [56]. Hyperglycemia is the most common cause of DM. The DCCT and
The UK Prospective Diabetes Study (UKPDS) are two important clinical trials that have
demonstrated strong linkages between blood glucose levels and the offset and advancement
of DR. DCCT was released in 1993 and included data from 1441 type 1 diabetic patients
from 1982 to 1993. In the course of the clinical trial, intense treatment of hyper glycemia
reduced the incidence and progression of DR by 76% and 54%, respectively. Between 1977
and 1997, UKPDS looked at 5102 type 2 diabetic individuals and found that proper blood
glucose management decreased DR by 25% in contrast to standard therapy. Furthermore, it
was found that for every 1% drop in glycosylated hemoglobin (HbA1lc), the progression of
DR falls by 40%, 25% proceed to sight-threatening DR, 25% require laser therapy, and 15%
of diabetics go blind. It has recently been shown that keeping the HbAlc level lower than
7.6% (60 mmol/mol) can avoid PDR in type 1 diabetes patients for up to 20 years [55]. In an-
other study conducted specifically on type 2 diabetic individuals, a significant proportional
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relationship was found to exist between obesity and the prevalence of diabetic retinopathy.
A significant escalation (p < 0.05) was observed with an increase in body mass index (BMI).
However, the proportionality observed was in association with other clinical and metabolic
parameters with diabetes such as hemoglobin, LDL (low-density lipoprotein)-cholesterol
levels, and BP [57]. One more pooled analysis carried out on individuals from population-
based research around the globe also demonstrated a direct correlation of hypertension,
along with other factors, with the occurrence of DR [58].

6.1. Genetic Risk Factors of Retinopathy

In accordance with various twin studies, DR is classified as a disorder that is genet-
ically inherited, with researchers having discovered an obvious familial clustering. DR
and DR are found to be 27% and 52% heritable, respectively [59]. Studies have shown
that a family history of DR increased the risk of DR among individuals by almost two-
to three-fold [60]. The occurrence of diabetic retinopathy is also influenced by ethnicity
according to the Multi-Ethnic Study of Atherosclerosis (MESA) which reported prevalence
rates of 36.7% in African Americans, 37.4% in Hispanics, 24.8% in whites, and 25.7% in
Chinese-Americans [61]. A sub-linkage analysis for DR was conducted in Pima Indians
among individuals with T2D (type 2 diabetes) and found a faint possibility of a linkage
at chromosomes 3 and 9 with LOD (logarithm of the odds) scores of 1.36 and 1.46, re-
spectively [62]. A genome-wide meta-analysis identified a close association between the
intergenic SNP (single-nucleotide polymorphism) rs476141 and DR. However, the results
were not consistent with the Wisconsin Epidemiologic Study of Diabetic Retinopathy, which
instead identified that in the gene CEP125, an intronic SNP at rs4865047 has a potential
linkage with DR [63]. Similarly, several linkage analyses, candidate gene association stud-
ies, and genome-wide association studies (GWAS) have proposed a few possible genetic
variants such as the ALR?2 (aldose reductase), VEGF and RAGE (receptor for advanced
glycation end-products) genes. However, the loci which act as risk factors in DR have not
yet been discovered [59,61].

6.2. Other Risk Factors

Dyslipidemia, a high BMI, puberty, pregnancy, and cataract surgery are all risk factors
for diabetic retinopathy [53]. In research conducted in Asia, BMI was shown to have a
nonsignificant or negative relationship with DR. No proportional links were observed
between DR and BMI in the study from China, but studies from South Korea and Singapore
indicated a link between BMI and the occurrence of DR. Lower BMI might indicate a
poorly-handled and severely complicated condition of diabetes that leads to DR and weight
reduction; however, an elevated BMI can lead to a smaller duration for the milder stage
of diabetes, reducing its prevalence [41]. Other research has shown that the amount of
time spent viewing television is linked to aberrant retinal vascular signals on its own. The
proportionality in these links is not accurate as a result of the lack measures in physical
exercises, sedentary lifestyles, longitudinal data in studies, and because of studies dealing
with only type 1 diabetes [64]. Diabetic retinopathy was found to be present in 17.6% of
the population from rural areas who reported their illness themselves. Referable (sight-
threatening) retinopathy was found in 5.3% of the population. Male gender (OR = 1.37), a
longer duration of diabetes (per year, OR = 1.07), lean body mass index (OR = 1.30), higher
systolic blood pressure (per 10 mm Hg, OR = 1.18), and insulin treatment (OR = 1.34) were
all linked with the development of any DR. The study discovered risk factors for DR in
diabetics living in rural areas. The research suggested that effective preventative strategies
were needed in rural regions to reduce avoidable blindness related to diabetes [65].

7. Diagnosis and Management of Diabetic Retinopathy
7.1. Diagnosis

Diabetic patients, along with their relatives, friends, and healthcare providers, must
be informed about the significance of regular eye examinations to check for DR early [66].
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Some of the diagnostic techniques that may be used to diagnose, identify, and examine DR,
as well as the efficacy of treatment, are direct and indirect ophthalmoscopy, stereoscopic
digital and Fundus photography, mydriatic or nonmydriatic digital color or monochromatic
single-field photography, ultrawide-field fundus fluorescein angiography (UWFA), optic
coherence tomography (OCT), and optic coherence tomography-angiography (OCT-A), as
well as fluorescein angiography [66—69]. The most common method of diagnosis of dia-
betic retinopathy is ophthalmoscopy. However, compared to stereoscopic seven-field color
photography, un-dilated ophthalmoscopy has low sensitivity, especially when performed
by practitioners not involved with eye care. Direct ophthalmoscopy, when performed by
non-ophthalmologists, can detect approximately 50% of cases of proliferative retinopathy
under normal clinical situations [67]. The Early Treatment Diabetic Retinopathy Study
(ETDRS) group certified the grading of stereoscopic color fundus photographs in seven
standard fields (SSFs) as a recognized standard for the diagnosis of DR. Although this
method is precise and repeatable, it requires the use of professional photographers and
photo readers, as well as advanced photographic equipment, film processing, and archiv-
ing. A diabetic retinopathy diagnosis methodology on the basis of single-field fundus
photography has also been used. Patients with type 1 or type 2 diabetes were photographed
consecutively through a non-pharmacologically dilated pupil using single-field digital
monochromatic non-mydriatic photography (SNMDP), and then pharmacologically dilated
before being examined by an ophthalmologist using ophthalmoscopy and having 30°
color stereoscopic photographs taken in SSFs. However, comparative studies that were
well planned have shown that single-field fundus photography may be used as an early
diagnostic technique for diabetic retinopathy, detecting individuals with retinopathy and
recommending them for ophthalmic diagnosis and care [67]. The ETDRS group introduced
the standard seven-field stereoscopic fundus photographs for diagnosis of the severity of
diabetic retinopathy [70]. Fundus photography was used to obtain a new record; therefore,
it is recommended methodology for evaluating retinopathy [66,70]. One of the most notable
developments in the last decade has been the increasing use of ultrawide-field fundus
fluorescein angiography (UWFA) and OCT in DR for diagnosis. The UWFA captures up
to 200° of the peripheral retinas in just one frame. According to recent research, it can be
used to view 3.2-times the amount of retinal surface area in contrast to the conventional
seven standard fields. In comparison to the typical seven standard fields, UWFA was
found to image 3.9 times more nonperfusion, 1.9 times more neovascularization, and 3.8
times more pan-retinal photocoagulation. Its utilization for better imaging of the reti-
nal periphery may have significant implications for the management of DR patients [68].
Moreover, in the diagnosis of DR, fluorescein angiography and OCT are even used by
ophthalmologists to examine the permeability (leakage) and thickness of the blood ves-
sels in the retina. Advanced technologies, such as OCT angiography, are also growing in
popularity [69]. Since its emergency, OCT has transformed clinical imaging for assessment
and disease control in most retinal disorders, including DME [71]. It is a non-invasive
imaging method for obtaining high-resolution cross-sectional pictures of the retina, the
retinal nerve fiber layer, and the optic nerve head [68]. The current third-generation op-
tic coherence tomography (OCT) technology utilizes a swept-source (SS) light source to
produce three-dimensional raster photographs with a great microstructural resolution,
commonly known as optical histology [71]. Optical coherence tomography angiography
(OCT-A), a recent advancement, has revolutionized the ability of professionals to investi-
gate the complex vasculature of the retina without the usage of a contrast dye [70]. OCT-A
is a non-invasive diagnostic technique that generates images that resemble angiographic
pictures using motion contrast imaging. It produces a very detailed view of the retina
vasculature, allowing accurate delineation of the foveal avascular zone (FAZ) and the diag-
nosis of minor microvascular anomalies such as FAZ extension, capillary non-perfusion
areas, and intraretinal cystic spaces. The capability to detect microvascular alterations in
diabetic eyes prior to the appearance of apparent microaneurysms might have far-reaching
ramifications in the future [66]. Fluorescein angiography is an invasive, expensive, and
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time-consuming procedure for detecting vascular changes caused by the rupture of the
inner and outer blood-retinal barrier in DR. However, the retinal vasculature may be seen
with great precision, allowing the examiner to spot small microaneurysms and distinguish
between them (hyperfluorescent) and punctiform hemorrhages (hypo-fluorescence due to
the masking effect). It is an indispensable investigation before deciding on laser therapy,
such as, to distinguish ischemic retinal edema from leakage, which turns white following
the accumulation of dye (hypo-fluorescent). The use of laser effects in this circumstance is
not suggested since it increases retinal ischemia [66].

7.2. Management

Interventions fall into the three following categories to minimize the risk of vision
loss due to DR: the primary prevention of microvascular problems, the early identification
of retinopathy, and the effective treatment of existing disease [72]. Blood glucose and
blood pressure regulation must be strictly observed to confine the rate and progress of
DR [73]. Some randomized controlled studies have shown that blood pressure regulation
is an independent risk factor for DR outcomes. According to the EDIC research, each
5 mmHg rise in mean blood pressure (p < 0.001) increased the probability of DR by 11%.
Despite the fact that the exact significance of blood pressure regulation in diabetes patients’
optimal ocular outcomes is unclear, strict blood pressure control should be encouraged [74].
Diabetes treatment, guided by blood glucose measurements, reduces the occurrence and
development of DR in both type 1 and type 2 diabetes, respectively. The severity of diabetes
mellitus (DM) is proportional to the mean glycated hemoglobin index (HbAlc), and strict
glucose management provides long-term advantages in delaying or avoiding DM, even
when subsequent control is lax [75]. Ophthalmic randomized controlled trials (RCT) vali-
dated that blood pressure management and strict glycemic control is a key modifiable factor
that can decrease the incidence and development of DR. Pan-retinal laser photocoagulation
(PRP), in which laser burns are placed over the entire retina, sparing the central macula, is
an established technique for treating severe non- proliferative and proliferative DR [76]. In
individuals with severe non-proliferative and proliferative retinopathy, pan-retinal laser
photocoagulation lowers the probability of moderate and severe vision loss by 50 per-
cent [76,77]. Treatments for clinically prominent diabetic macular edema have been found
to be an efficient therapy, utilizing focal or grid laser photocoagulation, as determined by
the Early Treatment Diabetic Retinopathy Study group based on clinical fundus exami-
nation [78]. There is significant proof that focal laser photocoagulation lowers the risk of
mild vision loss by 50% to 70% and increases the possibility of visual improvement [76,77].
Some retinal experts have claimed that vasogenic antagonism might completely replace
laser photocoagulation, citing new results. However, because of its long-term advantages,
this medication remains a significant element of the DR therapeutic arsenal. Macular
photocoagulation is more likely to give similar results to those of peripheral pan-retinal
photocoagulation (PRP), i.e., by ablating ischemic retinal tissue to diminish VEGF release
from hypoxic sources. Since the pioneering research of ETDRS and the Diabetic Retinopathy
Study (DRS), photocoagulation has remained a foundation of DR therapy. These treatments
have been related to nyctalopia, presbyopia, and laser scotoma, as well as a decrease in the
peripheral field [75]. The flow chart represents some of the current therapeutic techniques
of DR along with their limitations and drawbacks are shown below (Figure 3).
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Figure 3. Summary of the current therapeutic techniques for diabetic retinopathy (DR) management,
including their limitations and drawbacks [69].

The effects of the angiotensin-converting enzyme (ACE) inhibitor enalapril on the
development of DR were compared with those of the angiotensin II receptor type 1 inhibitor
losartan in one study. The mechanisms of these two medications for suppressing the
renin angiotensin aldosterone system (RAAS) have no statistically significant variation,
suggesting that they are both equally effective. Furthermore, in diabetic retinopathy-
naive and moderate diabetic retinopathy caused by type 1 diabetes mellitus, the use of
candesartan cilexetil, an angiotensin-II receptor inhibitor, was demonstrated to decrease
the progression of the condition. However, in human clinical trials, the research group
identified very minor improvements in vision loss, and the impact of ruboxistaurin, a
protein kinase C-f3 (PKC-f3)-specific inhibitor, was only significant when paired with laser
photocoagulation [69]. Although early research shows that treating diabetic patients with
ruboxistaurin, a protein kinase C-f3 (PKC-f3)-specific inhibitor, may improve vision loss in
DR patients [79]. Although the latest evidence indicates that fenofibrate treatment reduces
the chance of DR onset and progression in type 2 diabetic patients, the mechanism by which
this arises seems to be independent of the reduction in systemic high-density lipid and
mean triglyceride levels seen in the field and in the Action to Control Cardiovascular Risk
in Diabetes (ACCORD) clinical trials [69]. Somatostatin (SST) is an endogenous cyclic tetra
decapeptide hormone that is produced by the retina, with the retinal pigment epithelium
(RPE) being the primary source in the human eye [80]. Somatostatin receptors are the
targets of somatostatin analogues such as octreotide, which are proven to be very effective
in the treatment of DR and DME [81]. The use of anti-vascular endothelial growth factor
(A-VEGF) medications such as bevacizumab, ranibizumab, and pegaptanib in the treatment
of DR was examined in recent research. The effect of ranibizumab in diabetic macular
edema has only been studied in one major randomized controlled study [82]. Ranibizumab
is a 48-kDa fragment of an antibody that inhibits all isoforms of human A-VEGF and
has a higher binding affinity and shorter systemic half-life than bevacizumab, a filled
recombinant humanized A-VEGF antibody that was first used to treat colon cancer. The
RISE (clinicaltrials.gov ID: NCT00473330) and RIDE (clinicaltrials.gov ID: NCT00473382)
trials, which contrasted ranibizumab 0.3 or 0.5 mg to sham therapy on a monthly basis,
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were pivotal in the use of ranibizumab for DME [83]. The use of bevacizumab for the
treatment of DR without DME is based on a small body of data. For the treatment of
clinically significant macular edema (CSME), the BOLT (bevacizumab or laser therapy)
study compared bevacizumab to macular laser (MLT) [83]. The VISTA (clinicaltrials.gov
ID: NCT01363440) and VIVID (clinicaltrials.gov ID: NCT01331681) studies resulted in the
approval of aflibercept for the treatment of DME. Aflibercept 2 mg administered every
4 weeks and aflibercept 2 mg every 8 weeks following 5 monthly doses, and focal/grid laser
were also tested in these trials. From baseline to three years, baseline eyesight increased
by 10.5 letters, 10.4 letters, and 1.4 letters (p < 0.0001). The most prevalent significant
ocular adverse event recorded was cataract. Both aflibercept groups had three times the
chance of improving their DRSS (Diabetic Retinopathy Severity Scale) score by at least
two steps [83]. Inflammation is a major factor in DR; thus, corticosteroids are used in
the treatment of DR, specifically DME. When paired with focused laser photocoagulation,
landmark research from the Diabetic Retinopathy Clinical Research Network (DRCR.net)
evaluated the effectiveness of intra-vitreous triamcinolone in a center involving DME [75].
The schematic diagram shows the current treatments of DME along with their mechanism
of action, route of administration as well as the frequency of administration (Figure 4).

Drug

action
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y'/“’l \ \‘
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Anti-inflammatory
corticosteroid .
Y . A biod dable implant administered
S 3 times a year by invitreal route..

Figure 4. Summary of the treatments for diabetic macular edema that are currently available in the
market [80].

In addition, anti-VEGF medicines, other anti-angiogenic medications such as squalamine
are now being studied in clinical trials (Figure 5). Squalamine inhibited various angio-
genic factors, such as VEGF, platelet-derived growth factor (PDGF), and basic fibroblast
growth factor (b-FGF), resulting in an improved visual recovery in patients with macular
edema than control groups. A clinical investigation evaluating the effects of squalamine
in conjunction with ranibizumab in DME patients is now underway (clinicaltrials.gov
ID: NCT02349516). Novel drugs have also been identified that target participants in the
angiopoietin-Tie2 signaling pathway. AKB-9778 is a small molecule that inhibits the Tie2 via
vascular endothelial-protein tyrosine phosphatase (VE-PTP), a negative regulator, causing
Tie2 activation and decrease the vascular permeability (Figure 6). AKB-9778 is now under
clinical trial for the treatment of DME (NCT01702441). Nesvacumab is an anti-Ang-2 mono-
clonal antibody that works by activating Tie2 and hence reduce the vascular permeability
(Figure 6). In a phase 2 trial, nesvacumab combined with the VEGF inhibitor aflibercept is
being explored in DME patients (RUBY study, clinicaltrials.gov ID: NCT02712008). Another
bispecific antibody, RO6867461, is being tested in DME patients. It targets both Ang-2
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and VEGF (BOULEVARD study, clinicaltrials.gov ID: NCT02699450) [10]. The flow chart
indicates some of the Anti-angiogenic drugs for the treatment of diabetic retinopathy along
with their clinical benefits and adverse effects (Figure 5).
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Figure 5. Anti-angiogenic drugs for the treatment of diabetic retinopathy (DR) [10].
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Figure 6. (1) Nesvacumab stimulates Tie-2 signaling and suppresses vascular permeability by
inhibiting Ang-2, a Tie-2 antagonist. (2) AKB-9778 stimulates Tie-2 signaling by inhibiting (3) a Tie-2
negative regulator, VE-PTP [10].
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8. Pharmacological Targets and Future Perspectives

Diabetic retinopathy can be treated pharmacologically in multiple ways. High blood
glucose levels cause significant changes in cellular metabolisms, such as endothelial dys-
function, which starts the morphological process of diabetic retinopathy [84]. Many diabetic
patients suffer from DR, which can lead to a variety of other serious illnesses, requiring laser
photocoagulation treatment, as well as the management of blood glucose levels and blood
pressure [85]. Pharmacologically, the metabolic damage caused by chronic hyperglycemia
can be significantly impacted, although not necessarily restored, with various medication
groups now under development. As a result, tight glycemic management, together with an
effective ophthalmologic detection and follow-up program in diabetic patients, is a critical
step in avoiding the onset or progression of DR. Antiplatelet drugs have been shown to slow
the evolution of diabetic retinopathy in its early stages, including a decreased degree of
microaneurysms, suggesting that endothelial dysfunction is implicated. However, a novel
strategy for regulating endothelial dysfunction, mostly through the use of VEGF inhibitors,
appears to be promising. These drugs might be particularly beneficial in the treatment
of PDR. Antioxidant medicines and inhibitors of the development of advanced glycation
end-products have also had positive outcomes [86]. Along with significant financial and
societal consequences, DR affects patients psychologically as well. Taking this into account,
scientists are working hard to develop therapy for DR. The polyol pathway, advanced
glycation end-products, protein kinase C, and oxidative stress have all been implicated
in the development of DR, and numerous therapeutic studies have also been undertaken
to assess the effectiveness of various medications. Recent results also show that DR has
features related with chronic inflammatory illness and neurological disease, increasing the
possibility of pharmaceutical management [84].

Due to its multifaceted nature, DR is a complicated ocular condition. The main
therapeutic challenge is to find a medication that can target several pathways implicated
in DR development. DR can be categorized as the vascular degeneration of the retina and
mitochondrial dysfunction. The restoration of mitochondrial activity and normalization of
vascular degeneration is a viable therapeutic strategy for managing disease progression.
Continued studies in this area will certainly yield new insights into the prevention and
treatment of DR [85].

9. Conclusions

The possibility of occurrence of diabetic retinopathy in individuals continues to es-
calate at a significant rate. However, research is ongoing to apprehend the underlying
pathophysiology. This review discusses several mechanisms and prospective therapeutic
targets to intervene in retinopathy progression. Despite a few limitations, the current
management of DR, including glycemic control, control in blood pressure levels, use of
anti-inflammatory corticosteroids, and focal laser treatment, have proven to be beneficial in
the preceding research. Nevertheless, medications such as AGE inhibitors and antiplatelet
and antioxidant medicines, among others, have shown potential as well. Further research
is required to overcome the drawbacks and develop effective treatments with reduced
side effects.
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