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ABSTRACT

In recent years a systematic growing incidence of diabetes mel-
litus is being observed. Diabetic retinopathy — a microvascular
complication of diabetes mellitus — is one of the leading causes
of blindness among professionally active people. Pathophysiology
of diabetic retinopathy remains unclear. Decreased retinal perfu-
sion is one of the first observed changes in diabetic retinopathy.
Hypoxia and hyperglycemia contribute to diabetic retinopathy
development in multiple biochemical mechanism such as: in-
creased sorbitol pathway, increased nonenzymatic protein glyca-
tion, increased activation of diacylglycerol and protein kinase C

INTRODUCTION

In recent years, there has been a steady global increase
in the incidence of diabetes mellitus (DM), and the disease
has been recognized as a global epidemic. In 2015, the In-
ternational Diabetes Federation estimated that over the next
25-year period the number of diabetic patients would rise
from 415 million to 642 million in 2040 [1]. According to
the National Health Fund data, in 2018 a total of 2.86 million
adult Poles had DM [2].

One of the major microvascular complications of DM
is diabetic retinopathy (DR). In view of poor glycemic con-
trol and increasing insulin resistance, diabetic retinopathy is
becoming the main cause of blindness in the professionally
active age group [3]. Two types of diabetic retinopathy have
been identified: non-proliferative (NPDR) and proliferative
(PDR), characterized by retinal neovascularization. The main
factor contributing to the progression of retinopathy is dis-
ease duration. According to epidemiological studies, within
20 years after the diagnosis of diabetes mellitus, almost all
patients with type 1 DM and approximately 80% of patients
with type 2 DM showed features suggestive of diabetic reti-
nopathy [4].

The pathophysiology of ocular fundus abnormalities as-
sociated with DM is very complex and has not been fully
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pathway, increased expression of growth factors such as vascular
endothelial growth factor (VEGF) and insulin-like growth factor-1
(IGF-1), haemodynamic changes, accelerated oxidative stress, ac-
tivation of the renin-angiotensin-aldosterone system, subclinical
inflammation with leukostasis. There is strong evidence that reti-
nal neurodegeneration contributes to pathophysiology of diabetic
retinopathy. A thorough analysis of these underlying pathogenic
mechanisms may be useful for new effective pharmacological
therapy discoveries.
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elucidated despite many years of research. Reduced retinal
blood flow observed already in the initial stage of the disease,
neurodegenerative and inflammatory changes, leukostasis,
and vascular occlusion lead to hypoxia and further disease
progression [5]. This is a simple way of describing the patho-
genesis of changes occurring in diabetic retinopathy.

HYPOXIA AND HYPERGLYCEMIA

One of the first changes seen in patients with diabetic reti-
nopathy is decreased retinal blood flow. Already in the early
stage of the disease, disorders of retinal capillary circulation
are identified. These abnormalities can be assessed by laser
Doppler imaging and video fluorescein angiography [6, 7].
Patients develop retinal hypoperfusion and hypoxia.

Hypoxia and hyperglycemia contribute to the develop-
ment of diabetic retinopathy via a range of mechanisms in-
cluding increased activity of the sorbitol pathway, increased
non-enzymatic protein glycation, and increased activity of
the diacylglycerol and protein kinase C pathways, as well as
overproduction of growth factors (mainly vascular endothe-
lial growth factor - VEGE, and insulin-like growth factor -
IGF-1), hemodynamic alterations, a rise in oxidative stress,
activation of the renin-angiotensin-aldosterone system, and
subclinical inflammation along with leukostasis [8].
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SORBITOL PATHWAY

In diabetes, excess glucose undergoes transformation in
the two-step sorbitol pathway (Figure 1). In retinal cells, al-
dose reductase (AR) reduces glucose to sorbitol, which is later
converted to fructose by sorbitol dehydrogenase (SDH). Sor-
bitol is impermeable to cell membranes, so it is accumulated
in excess and leads to osmotic cellular damage [9]. Increased
oxidation of NAPDH - (nicotinamide adenine dinucleotide)
to NADP+ and reduction of NAD+ to NADH result in tis-
sue hypoxia. The condition is referred to as hyperglycemic
pseudohypoxia [10].

There have been attempts to use hyperactivity in the sor-
bitol pathway in the pharmacotherapy of diabetic retinopathy.
A study in galactose-fed rats showed that aldose reductase in-
hibitors (ARIs) reduced the frequency and severity of diabetic
retinal lesions [11]. However, the efficacy of sorbinil (one of
the ARIs) in the treatment of diabetic retinopathy remains
doubtful [12]. It appears that the limited therapeutic effects
of this drug may be due to the insufficient inhibition of the
sorbitol pathway in human tissues compared to animal tissues
[12]. Studies evaluating the potential benefit of ARIs other
than sorbinil in preventing and reducing the progression
of diabetic retinopathy are ongoing, and the results will be
known in the near future.

NON-ENZYMATIC GLYCATION OF PROTEINS

In the human body, the amino residues of proteins, lipids,
and nucleic acids react with the aldehyde group of glucose, i.e.
non-enzymatic glycation. Under normal conditions, the pro-
cess occurs at a slow pace and advanced glycation end-products
(AGEs) accumulate over time. In patients with diabetes, because
of excess glucose availability, the production of AGEs increases,
which leads to their excessive accumulation. An excess in the
production of AGEs contributes to the development of dia-
betic retinopathy via several mechanisms. One of them is the
accumulation of AGEs intermediates in the matrix, basement
membrane, and blood vessel walls [8]. Another mechanism is
based on the interaction between AGEs and receptors on the
cell membrane walls, e.g. the receptor for advanced glycation
end-products (RAGEs), galectin-3 receptor, CD36 and scav-
enger receptors, which contributes to the activation of inflam-
mation [13, 14]. The resulting AGE-receptor complexes lead to
cell dysfunction. The AGE-RAGE complex on the membrane of
endothelial cells stimulates their proliferation, increases perme-
ability, and plays a role in blood clot formation [15-17].

Multiple clinical trials have been conducted to evaluate the
efficacy of non-enzymatic glycation inhibitors in the treatment
of diabetic retinopathy. Treatment with aminoguanidine hydro-
chloride, an inhibitor of AGE production, was found to reduce
pathologies in the blood vessels (damage to pericytes, capillary
acellularity, or the formation of microaneurysms) [13].

DIACYLGLYCEROL (DAG) AND PROTEIN KINASE C
(PKC) PATHWAYS

Diacylglycerol (DAG) and protein kinase C (PKC) path-
ways also play a key role in the pathogenesis of diabetic
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Figure 1. Sorbitol pathway

retinopathy. In diabetes mellitus, when glucose is in excess,
diacylglycerol (DAG) is synthesized from the intermediates
of glycolysis: dihydroxyacetone phosphate (DHAP) and glyc-
eraldehyde-3-phosphate [18]. An excess of DAG in diabetic
patients leads to an increase in the activity of protein kinase
C (PKC). PKC is involved in many physiological processes.
Increased activity of protein kinase C is a contributor to the
development of diabetic retinopathy due to factors includ-
ing elevated production of extracellular matrix proteins, in-
creased permeability and proliferation of endothelial cells,
contraction of smooth muscle cells, leukostasis, VEGF acti-
vation, and impaired retinal blood flow [8].

The efficacy of ruboxystaurin, a well-tolerated protein
kinase C (PKC) inhibitor, has been evaluated both in experi-
mental and clinical studies. The drug has been proven to be
of no benefit in the prevention of diabetic retinopathy [19].
However, clinical studies show that in symptomatic patients
(especially those with diabetic macular edema), ruboxyturin
may significantly improve visual acuity and reduce the need
for laser photocoagulation of the retina [19, 20].

GROWTH FACTORS

Another important mechanism leading to the develop-
ment of diabetic retinopathy is an increase in growth fac-
tor activity. In the context of its effect on the development
of retinopathy, the best studied growth factor is VEGE. As
mentioned above, VEGF activation occurs as a result of the
effects produced by PKC. VEGF plays a role in the breakdown
of the blood-retinal barrier, increases vascular permeability,
and stimulates the proliferation of vascular endothelial cells
and neovascularization [21-23]. In these mechanisms, it in-
duces enhanced retinal angiogenesis. In Poland, intravitreal
injections of antineovascular drugs (aflibercept, bevacizumab,
ranibizumab) are widely used in the treatment of complica-
tions of diabetic retinopathy. Unfortunately, it has increas-
ingly been reported that these substances produce neuro-
degenerative effects. A study conducted by Hombrebueno
found that long-term anti-VEGF administration in diabetic
mice caused damage to photoreceptors, amacrine cells, retinal
ganglion cells, and synaptic connections [24].

The pathogenesis of diabetic retinopathy also involves
other growth factors including the fibroblast growth factor
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(FGF), insulin-like growth factor-1 (IGF-1), and platelet-
derived growth factor (PDGF) [8]. The mechanism underly-
ing the effect of the growth factors enumerated above on the
development of diabetic retinopathy is not fully understood,
so their inhibitors are not used in the treatment of diabetic
complications.

Hemodynamic alterations manifested as arterial hyper-
tension, as well as the activation of the renin-angiotensin-
aldosterone system, are known to contribute significantly to
the development of diabetic retinopathy. High blood pressure
causes damage to vascular endothelial cells and increases the
activity of the renin-angiotensin-aldosterone system [8].

RENIN-ANGIOTENSIN-ALDOSTERONE SYSTEM

The activity of the renin-angiotensin-aldosterone system
(RAAS) - and particularly renin, angiotensin-converting en-
zymes ACE1 and ACE2, and receptors for angiotensin - has
been shown to be increased in proliferative diabetic retinopa-
thy [25, 26]. The mechanism by which the RAAS affects the
development of diabetic retinal lesions is uncertain. There are
literature reports describing an interaction of angiotensin II
with protein kinase C (PKC) and VEGF [27]. An experimen-
tal study in mice [28] found a link between Angl-7, a deg-
radation product of angiotensin II, and diabetic retinopathy
[28]. Ang 1-7 inhibits retinal protein O-GlcNAcylation, thus
reducing the risk of developing diabetic fundus lesions [2].
The application of this mechanism in the treatment of DR
may become an alternative to ACE-inhibitors and angiotensin
receptor blockers (ARBs) (Figure 2) [33].

LEUKOSTASIS

As early as a few weeks after the onset of diabetes, a phe-
nomenon referred to as leukostasis is known to occur. Leu-
kocytes adhere closely to the vascular endothelial cells, which
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Figure 2. Renin-angiotensin-aldosterone system

leads to the occlusion of small vessels, reduced blood flow,
and local ischemia [29]. Diabetes mellitus is associated with
elevated levels of pro-inflammatory cytokines and adhesion
molecules, which attracts leukocytes and affects the reactions
of leukocytes with endothelial cells [29]. Studies have shown
that the levels of leukocytes, pro-inflammatory cytokines and
adhesion factors are correlated with the degree of progression
of diabetic retinopathy [31].

Attempts have been undertaken to use the anti-inflam-
matory mechanism in the pharmacotherapy of diabetic reti-
nopathy. Intravitreal injections of steroids (triamcinolone)
or non-steroidal anti-inflammatory drugs (nepafenac) are
effective in reducing the symptoms of diabetic retinopathy,
especially in its advanced stages. However, they carry the risk
of side effects which are typically associated with intravitreal
injections, e.g. glaucoma or intraocular inflammation [31].
Eye drops are recognized as the most desirable drug dosage
form, resulting in the least complications or threats to visual
function. In Poland, a commonly used drug in the form of
eye drops is nepafenac, characterized by high efficacy in the
treatment of diabetic macular edema [34].

OXIDATIVE STRESS

Another mechanism implicated in the pathogenesis of
diabetic retinopathy is oxidative stress. It is known to play
a key role in the pathophysiology of diabetes mellitus: under
conditions of hyperglycemia and oxidative stress, increased
glycolysis, NADP overproduction, and increased generation
of free oxygen radicals (ROS) occur [10]. In experimental
studies in diabetic rats, an elevated level of free radicals in
retinal cells was detected, as compared to the control group
(rats with normal blood glucose levels) [32]. Reactive oxy-
gen species lead to cell apoptosis, including the apoptosis of
endothelial cells, which results in increased leukostasis. A re-
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duction in oxidative stress levels has also been found to af-
fect other mechanisms playing a significant role in diabetic
retinopathy, inhibiting the sorbitol pathway and decreasing
protein kinase C activity [10].

NEURODEGENERATIVE CHANGES

The final topic that needs to be addressed in this paper
relates to the characteristics of neurodegenerative changes
in the pathogenesis of diabetic retinopathy. According to the
available studies, neurodegenerative alterations — gliosis, de-
creased activity and apoptosis of retinal nerve cells — appear
before the development of changes associated with diabetic
microangiopathy [35-37]. Retinal ganglion cells and amacrine
cells are most at risk of “programmed death”, but apoptosis
also affects the photoreceptors: cones and rods [38].

Neurodegenerative changes in diabetes are evaluated by
OCT and mfERG (multifocal electroretinography). OCT
shows a reduced thickness of the retinal nerve fibers (RNFL),
and mfERG - prolonged wave latency [39].

There are many potential mechanisms of cellular apopto-
sis in diabetic retinopathy. Those most commonly mentioned
include increased extracellular glutamate accumulation, de-
creased levels of neural cell survival factors (e.g. brain-derived
neurotrophic factor (BDNF), insulin, platelet-derived growth
factor (PDGF)), increased oxidative stress, and local inflam-
matory process with leukostasis [40].

Several attempts have been made to apply the neurode-
generative theory in the pharmacotherapy of diabetic retinop-
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CONCLUSIONS

The paper describes several pathways with a significant
role in the pathogenesis of diabetic retinopathy. Most of them
are linked to one another, mainly through protein kinase C
activity, elevated VEGF activity or leukostasis. Although sci-
entists across the globe have been studying the pathophysiol-
ogy of diabetic retinopathy for years, exploring mechanisms
leading to the development of DR-related complications, there
are as yet no effective prevention and treatment methods that
would ensure good visual acuity in patients over long-term
follow-up. Hopes are being placed on new retinal imaging
techniques as a potential path towards the development of an
innovative effective therapy for diabetic retinopathy.

DISCLOSURE

The authors declare no conflict of interest.

1. Ogurtsova K, da Rocha Fernandes JD, Huang Y, et al. IDF Diabetes Atlas: Global estimates for the prevalence of diabetes for 2015 and
2040. Diabetes Res Clin Pract 2017; 128: 40-50.
2. ezdrowie. NFZ o zdrowiu. Cukrzyca. Dostepne na: https://ezdrowie.gov.pl/pobierz/nfz_o_zdrowiu_cukrzyca.

3.

Dierschke SK, Toro AL, Barber AJ, et al. Angiotensin-(1-7) attenuates protein 0-GlcNAcyltion in the retina by EPAC/Rap1-Dependent
Inhibition of 0-GIcNAc Transferase. Invest Ophthalmol Vis Sci 2020; 61: 24.

4. Klein R, Klein BR, Moss SE. The Wisconsin epidemiological study of diabetic retinopathy: a review. Diabetes Metab 1989; 5: 559-570.

. Curtis TM, Gardiner TA, Stitt AW. Microvascular lesions of diabetic retinopathy: clues towards understanding pathogenesis. Eye

(Lond) 2009; 23: 1496-1508.

. Feke GT, Buzney SM, Ogasawara H, et al. Retinal circulatory abnormalities in type 1 diabetes. Invest Ophtalmol Vis Sci 1994; 35:

2968-2975.

. Bursell SE, Clermont AC, ShibaT, et al. Evaluating retinal circulation using video fluorescein angiography in control and diabetic rats.

Curr Eye Res 1992; 11: 287-295.

. Tarr JM, Kaul K, Chopra M, et al. Pathophysiology of diabetic retinopathy. ISRN Ophthalmol 2013; 2013: 343560.
. Gabbay KH. The sorbitol pathway and the complications of diabetes. N Engl J Med 1973; 288: 831-836.
. Oboriska K, Grabczewska Z, Fisz J, et al. Cukrzyca i dysfunkcja Srédbtonka — krétkie spojrzenie na ztozony problem. Folia Cardiol

Excerpta 2011; 6:109-116.

. Frank RN, Keirn RJ, Kennedy A, et al. Galactose-induced retinal capillary basement membrane thickening: prevention by Sorbinil.

Invest Ophthalmol Vis Sci 1983; 24: 1519-1524.

. Sun W, Oates PJ, Coutcher JB, et al. A selective aldose reductase inhibitor of a new structural class prevents or reverses early retinal

abnormalities in experimental diabetic retinopathy. Diabetes 2006; 55: 2757-2762.

. Hammes HP, Martin S, Federlin K, et al. Aminoguanidine treatment inhibits the development of experimental diabetic retinopathy.

Proc Natl Acad Sci USA 1991; 88: 11555-11558.

. Zong H, Ward M, Stitt AW. AGEs, RAGE, and diabetic retinopathy. Curr Diab Rep 2011; 11: 244-252.
. Stern DM, Yan SD, Yan SF, et al. Receptor for advanced glycation end products (RAGE) and the complications of diabetes. Ageing Res

Rev 2002; 1: 1-15.

. Chavakis T, Bierhaus A, Nawroth PP. RAGE (receptor for advanced glycation end products): a central plater in the inflammatory

response. Microbes Infect 2004; 6: 1219-1225.

. Hu FB, Stampfer MJ, Haffner SM. Elevated risk of cardiovascular disease priori to clinical diagnosis of type 2 diabetes. Diabetes Care

2002; 25:1129-1134.

. Way KJ, Katai N, King GL. Protein kinase C and the development of diabetic vascular complications. Diabet Med 2001; 18: 945-959.

72

KLINIKA DCZNA/ACTA OPHTHALMOLOGICA POLDONICA



Introduction to pathophysiology of diabetic retinopathy

19.
20.

21.
22.

23.
24,

25.
26.

2].

28.

30.
31
32.
33.

34.
35.

36.
37.

38.
. Simé R, Hernandez C. Neurodegeneration in the diabetic eye: new insights and therapeutic perspectives. Trends Endocrinol Metab

40.

41.

Clarke M, Dodson PM. PKC inhibition and diabetic microvascular complications. Best Pract Res Clin Endocrinol Metab 2007; 21:
573-586.

Davis MD, Sheetz MJ, Aiello LP, et al. Effect on roboxistaurin on the visual acuity decline associated with long-standing diabetic
macular edema. Invest Ophthalmol Vis Sci 2009; 50: 1-4.

Comer GM, Ciulla TA. Pharmacotherapy for diabetic retinopathy. Curr Opin Ophthalmol 2004; 15: 508-518.

Ishida S, Usui Y, Yamashiro K, et al. VEGF164 is proinflammatory in the diabetic retina. Invest Ophthalmol Vis Sci 2003; 44: 2155-
2162.

Zhang XL, Wen L, Chen'YJ, et al. Vascular endothelial growth factor up-regulates the expression of intracellular adhesion molecule-1
in retinal endothelial cells via reactive oxygen species, but not nitric oxide. Chin Med J (Engl) 2009; 122: 338-343.

Hombrebueno JR, Ali IHA, Xu H, et al. Sustained intraocular VEGF neutralization results in retinal neurodegeneration in the Ins2
(Akita) diabetic mouse. Sci Rep 2015; 5: 18316.

Wilkinson-Berka JL. Angiotensin and diabetic retinopathy. Int J Biochem Cell Biol 2006; 38: 752-765.

Funatsu H, Yamashita H, Nakanishi Y, et al. Angiotensin Il and vascular endothelial growth factor in the vitreous Fluid of patients
with proliferative diabetic retinopathy. Br J Ophthalmol 2002; 86: 311-315.

Otani A, Takagi H, Suzuma K, et al. Angiotensin Il potentiates vascular endothelial growth factor-induced angiogenic activity in
retinal microcapillary endothelial cells. Circ Res 1998; 82: 619-628.

Semba RD, Huang H, Lutty GA, et al. The role of 0-GIcNAc signaling in the pathogenesis of diabetic retinopathy. Proteomics Clin
Appl 2014; 8: 218-231.

. Joussen AM, Murata T, Tsujikawa A, et al. Leukocyte-mediated endothelial cell injury and death in the diabetic retina. Am J. Pathol

2001; 158: 147-152.

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

Kuppermann BD, Blumenkranz MS, Haller JA, et al. Randomized controlled study of an intravitreous dexamethasone drug delivery
system in patients with persistent macular edema. Arch Ophthalmol 2007; 125: 309-317.

Kowluru RA. Diabetes-induced elevations in retinal oxidative stress, protein kinase C and nitric oxide are interrelated. Acta Diabetol
2001; 38:179-185.

Galvao I, Rago F, Moreira IZ. Angiotensin 1-7 and Inflammation. W: Santos RAS (red.). Angiotensin-(1-7). A Comprehensive Review.
Springer Nature Switzerland, Cham 2019; 201-218.

Callanan D, Williams P. Topical nepafenac in the treatment of diabetic macular edema. Clin Ophthalmol. 2008; 2: 689-692.

35. Barber AJ, Lieth E, Khin SA, et al. Neural apoptosis in the retina during experimental and human diabetes. Early onset and effect
of insulin. J Clin Invest 1998; 102: 783-791.

36. Carrasco E, Hernéndez C, Miralles A, et al. Lower somatostatin expression is an early event in diabetic retinopathy and is associ-
ated with retinal neurodegeneration. Diabetes Care 2007; 30: 2902-2908.

Garcia-Ramirez M, Hernandez C, Villarroel M. Interphotoreceptor retinoid-binding protein (IRBP) is downregulated at early stages of
diabetic retinopathy. Diabetologia 2009; 52: 2633-2641.

Sim R, Stitt AW, Gardner TW. Neurodegeneration in diabetic retinopathy: does it really matter? Diabetologia 2018; 61: 1902-1912.

2014;25:23-33.

Barber AJ, Gardner TW, Abcouwer SF. The Significance of Vascular and Neural Apoptosis to the Pathology of Diabetic Retinopathy.
Invest Ophthalmol Vis Sci 2011; 52: 1156-1163.

Simé R, Bandello F, Egan C, et al. Topical administration of somatostatin and brimonidine in the early stages of diabetic retinopathy:
results of the EUROCONDOR study. 2017 ARVO Annual Meeting Abstract. Invest Ophthalmol Vis Sci 2017; 58: 5797.

KLINIKA DCZNA/ACTA OPHTHALMOLOGICA POLDONICA 73



	_GoBack

