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ABSTRACT

Diabetic Retinopathy (DR) is a complication of dééds associated with irreversible loss of blindn&ssious types
of DR have been reported like mild non-proliferatietinopathy, moderate non-proliferative retindpat severe
non-proliferative retinopathy and proliferative nebpathy. A number of signaling mechanisms likelearcfactor
kappa-B (NFxB), cyclo-oxygenase (COX), intracellular adhesioalenules (ICAM-1), interlukin-1beta (IL-f1
has been found to be implicated in the pathogerdsig@abetic retinopathy. The review article crally explains the
signaling mechanisms and complications associatiéd [@R. Moreover, the strategies to treat DR haw®rb
discussed in the present review article.
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INTRODUCTION

Diabetes has been recognized as the major heaittetwvorldwide [1]. Diabetes is a group of metabdalisease
that occurs by high blood glucose level in the bdut may occur due to inability of body to produesulin or
respond to the formed insulin [1-2]. Diabetes iareleterized by hyperglycemia, polyuria, poydippialyphagia [3-
4]. Diabetic retinopathy (DR) can be defined as dgento microvascular system in the retina due tdopged
hyperglycaemia that may lead to blindness [5-7ha$ been investigated that DR occurs both in lypad type 2
diabetes mellitus and has been shown that nedtlypal 1 and type 2 diabetes leads to DR afteropiggd duration
of diabetes. Various signaling mechanisms have eend to be involved in pathogensis of DR thatlide
leukostasis and platelet activation, increasedulaspermeability, NReB, inducible nitric oxide Synthase (iNOS),
COX, oxidative stress, ICAM-1, vascular endotheliglowth factor (VEGF) and ILfL [7-10]. Various
complications associated with DR have been noted iticlude vitreous hemorrhage, retinal detachnserd
glaucoma [11-12]. The review explains about théousr signaling mechanisms involved in the develapnaand
progression of DR. In addition, strategies to ti2BRthave been discussed in the article.

CLASSIFICATION OF DR

DR has been considered as a disease of the retiich 8 the leading cause of acquired blindnessdrking adults
in which the microvasculature of the retina getgesely damaged, the blood vessels swell and leadt, fgrowth of
new vessels initiates that ultimately lead to teéadhment of the retina [13-14]. Moreover, DR hasrbdetected
clinically by the presence of visible ophthalmoscagtinal microvasculature lesions in an individuéth diabetes
mellitus [15]. The DR can be classified in four égp mild non proliferative retinopathy, in whichethetina swells
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like balloon and is recognized as the earliestestdddR;moderate non proliferative retinopathy, in whick tiiood
vessels nourishing the retina get blocked; sermereproliferative retinopathy, in which the retirbpy spreads and
blood vessels get blocked in several areas inagéind proliferative retinopathy, in which the metisends signals to
trigger the growth of new blood vessels [15-16].

SIGNALING MECHANISMS INVOLVED IN DR

DR has been reported to be resulted from numerimetidmical alterations taking place in the vasctitsue of the
retina [17-18]. The increased circulating levelghfcose accumulate in the retinal endothelialso@Cs) and result
in the activation of various biochemical pathwalyig(1).

(a) Oxidative Stress:It has been noted that retina has high contentobfupsaturated fatty acids and has the
highest oxygen uptake and glucose oxidation reddtivany other tissue, which renders retina to beerausceptible
to oxidative stress [19]. Additionally, the supeexlevels are elevated in the retina of diabedts and in retinal
cells incubated in high glucose media [20]. Therbgeén peroxide content has been found to be ineteasthe
retina of diabetic rats providing the evidence widative stress in DR [21]. Further, it has beeporéed that the
membrane lipid peroxidation and oxidative damag®MA, the consequences of reactive oxygen spe&€xS§-
induced injury, are elevated in the retina in diebehat further evidenced the role of oxidativest in DR [22].
Moreover, in diabetes, the activities of antioxidldefense enzymes responsible for scavenging &dieals such as
SOD, glutathione reductase, glutathione peroxidaskcatalase are diminished in the retina [23].

(b) Aldose reductase and polyol pathwayAldose reductase (AR) is an NADPH-dependent oxidactase which
is primarily known for catalyzing the reduction glucose to sorbitol, the first step in polyol pagywof glucose
metabolism. It has been well reported that undemibrmal conditions, glucose utilization is prinhathrough the
glycolytic pathway, whereas in diabetes excessluegge is metabolized by the polyol pathway or ARyene. It
has been noted that increased AR activity is inapdid in the development of secondary diabetic cwagpbns [24].
The glucose flux through the polyol/AR pathway megd to sorbitol accumulation and accompanyingutzal
damage [25]. The polyol pathway may also contribiteadvanced glycation end product formation thioug
methylglyoxal from increased glyceraldehydes 3-phase. The clinical trials also documented AR iitfoh to be

a potent therapeutic modality which was evidencéti wne recent trial with AR inhibitor sorbinil, @ showed
slower rate of microaneurysms in the retina [26].

(c) Advanced glycation end productsit has been widely accepted that protein modifaragplays an important
role in diabetic complications. Glucose particigate nonenzymatic glycation of proteins in orderpiduce
advanced glycation end products (AGESs) [27]. It basn already reported that both AGEs and recefio®sGEs
(RAGEsSs) have been localized to the retinal vasauaand vascular ECs [28]. Moreover, it has beenatstrated
that AGEs lead to altered protein function, integfevith the extracellular matrix (ECM) function amzuse
elaboration of cytokines. The role of AGEs in thathmgenesis of DR is evidenced by the fact that the
administration of exogenous AGEs to diabetic aninglows retinal pericyte loss [29]. Additionallyperimental
studies in diabetic animals showed that a spetifitoitor of nonenzymatic glycation, aminoguanidipeevented
the retinal microaneurysms, acellular capillaried @ericyte loss in the diabetic dogs that furti&idenced about
the role of AGEs in the pathogensis of DR [30].

(d) Protein kinase C activation: Protein kinases play modulatory role in transducihg adverse effects of
hyperglycemia in the retinal vasculature, which wwagved by the fact that the exposure of cultur€@s Eo high
levels of glucose leads to the rapid induction oft@in kinase family members [31]. Numbers of stgdhave
reported about the activation of an important proténase, PKC in the framework of diabetes [32:3KC
isoforms which show significant activation in animeodels of chronic diabetes include P& @I, Bll, y, andd with
PKCBI and Il show the highest level of induction in tledéina of the diabetic animals [34]. PKC activativas been
noted to cause a number of vascular effects leadirntge progression of DR. Moreover, PKC has bdmws to
mediate glucose-induced EC permeability and ECMgimgoroduction. In addition, PKC has been involvwedhe
expression of various growth factors and vasoadtietors and regulate cellular activity [35]. Thednlatory role
of PKC in the pathogenesis of DR has further beengd by several experimental and clinical studvbgch have
been carried out with selective PR@hibitor, ruboxistaurin mesylate (LY333531). kshbeen reported in phase lll
clinical trials that ruboxistaurin showed a delaythe occurrence of moderate visual loss in patignth DR that
evidenced the inhibitory role of PKC in the pathoggs of DR [36].
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Figure 1. Diagram Showing Signaling Mechanisms Assiated With DR.

AGE: Advanced glycation end-products; PKC: Protdense C; VEGF: Vascular endothelium growth factdAPK: Mitogen-
activated protein kianse; NkB: Nuclear factor Kappa B; ICAM: Intracellular cedldhesion molecule.

(e) Mitogen-activated protein kinase activation:Studies have also demonstrated about the modulabdeyof
mitogen-activated protein kinase (MAPK) pathwaytlie development and progression of diabetic coraftins
which, in part, is found to be dependent upon PK@vation [31]. MAPK activation proceeds througigaential
activation of MAPKKK, MAPKK and MAPK [37]. It hasden shown that glucose-induced ECM protein syrghesi
in ECs is mediated by the activation of MAPK. Ferthit has been demonstrated that MAPK phosphadoyldéads

to activation of transcription factors NdB and activating protein-1 (AP-1) [31]. Moreovenhibition of either
MAPK or PKC has been found to normalize the effedtsigh levels of glucose that evidenced the maitul role

of MAPK in the pathogenesis of DR. Furthermorejhiting PKC in cells exposed to high glucose redubAPK
activation which confirmed the important cross-fagon between PKC and MAPK [26].

(f) Leukostasis and platelet activation:It has been well understood that attraction arfteaidn of leukocytes to
the vascular wall are important components of mfizatory processes. The leukostasis has been faur t
significantly increased in retinas of diabetic aaisnwhich might contribute to the capillary nonpesibn in DR

[38]. The leukocyte stiffness has been reportedbeoincreased due to hyperglycemia that contribtheshe

development of capillary nonperfusion in retinaksels [8]. Moreover, leukostasis has been postlltiebe a
significant factor in death of retinal endothel@dlls in diabetes [39]. In addition, another pcstedl cause of
capillary nonperfusion in diabetes involves plateletivation. Platelet microthrombi are presenthia retinas of
diabetic rats and humans, and have been found dsdmriated with EC apoptosis [40].

(g9) Nuclear factor-kappa B: NF-xB has been considered as a widely expressed irlduitémscriptional factor
which is an important regulator of many genes imgdl in mammalian inflammatory and immune responses,
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proliferation and apoptosis [8]. Moreover, the D¥iding experiments (EMSA) have demonstrateddBRo be
activated in retinal endothelial cells or pericyge®osed to elevated glucose concentration inagtif diabetic rats
[41]. The inhibition of proteins whose expressierrégulated by NikB has been noted to inhibit diabetes-induced
degeneration of retinal capillaries provides evigeim support of the important role of NB-in the pathogenesis of
early stages of DR. Further, the compounds whiehkamown to inhibit NFReB have been shown to inhibit the
development of the retinopathy. Several differentioxidants which inhibit the development of cagill
degeneration and pericyte loss in retinas of dialats also inhibited the diabetes-induced adtvadf retinal NF-

kB that further evidenced the role of NB-in the pathogenesis of DR [42]. Additionally, tfev-intermediate
doses of salicylates like aspirin and sulfasalgaiviéch inhibited NF<B activation in retinas of diabetic rats, also
inhibited the capillary degeneration and pericgisslin diabetic animals [43].

(h) Inducible nitric oxide synthase:It has been well reported that increased levelsitat oxide products such as
nitrotyrosine, nitrite and nitrate are found inimes of diabetic animals [44-45]. In addition, theregulation of
inducible nitric oxide synthase (iNOS) has beemtbin the retinas of experimental diabetic rodemts patients in
various studies [46-47]. The probable role of iNidShe pathogenesis of DR has been suggested tstubdees of
aminoguanidine, a selective inhibitor of INOS, whigas been found to inhibit the diabetes-inducedezse NO
production and iNOS expression in retina [45]. Mmer, aminoguanidine has been noted to inhibit the
development of the microvascular lesions of DRaniaus experimental animals that further evidertbedprobable
role of INOS in the pathogenesis of DR. Furthermte role of iNOS in the development of the eathges of DR
has been investigated directly using mice gendyiaificient in iINOS which did not develop any sttwral or
functional abnormalities seen in wild type diabatice [9].

(i) Cyclo-oxygenases:The induction of Cyclo-oxygenase-2 (COX-2) as welB increased production of
prostaglandins (PGs) has been reported in theasetdd diabetic animals [48]. It has been shown P@E?2
production by retinas from diabetic rats was sigaiitly inhibited by a selective COX-2 inhibitoglecoxib, which
suggested that COX-2 is primarily responsible for tliabetes-induced increase in retinal produatioRGE2 in
diabetic rats. In addition, COX-2 inhibition hasebereported to inhibit the diabetes induced upmgn of retinal
prostaglandins, increase in the retinal vessel pahifity and leukostasis, and the death of reti@$ cultured in
diabetic-like concentrations of glucose, that fartbvidenced the role of COX-2 in the pathogeneSBR [49-50].

() Intracellular cell adhesion molecules:The leukostasis due to the binding of white bloedscto intracellular
cell adhesion molecules-1 (ICAM-1) is known to bereased in retinal blood vessels in diabetes [biié role of
ICAM-1 in the pathogenesis of diabetes-inducechegtivascular disease has been confirmed by thethatimice
deficient in the genes for these proteins signifisadeveloped fewer of abnormalities when compaeettheir wild-
type controls that showed development of capillalggeneration and pericyte loss alongwith associated
abnormalities including leukostasis, increased |zapipermeability and capillary basement membrtriekening,
thus providing evidence about the modulatory rdie¢hese inflammatory proteins in the pathogeneséithe DR
[8,52].

(k) Vascular endothelium growth factor: VEGF, a proinflammatory molecule, has been welbrtggl to possess a
role in neovascularizaton and in increased perrtigatiorover, VEGF has been noted to accumulattharetina
early in diabetes [53-54]. The role of VEGF in tha&thogenesis of DR has been confirmed by the feit the
repeated injections of high concentrations of VE@Rhe eyes of nondiabetic monkeys resulted in rétenal
damage, vascular tortuosity and microaneurysms. [lB5addition, clinical trials using anti-VEGF tlegiies have
shown promising results against advanced stagBkahat further confirmed the modulatory role of GE in the
pathogenesis and progression of DR [56-57].

() Interleukins-1-beta: It has been demonstrated that the levels of thaffmmmatory cytokine, interleukins-1-
beta (IL-13), are known to be increased in retinas from diabats [58]. This contention has been supportethby
fact that an intravitreal injection of ILBlor the exposure of retinal endothelial cells te tytokinein vitro has
shown to cause degeneration of retinal capillagoémelial cells. The role of ILflin the pathogenesis of DR has
been further studied using diabetic mice in whom ¢hzyme responsible for Il3Jproduction was inhibited or in
whom the IL-B receptor was deleted [8]. The inhibition of IB-%ignaling using IL-B receptor knock-out mice
protected the animals from diabetes-induced repa#tology, confirming the fact that subsequentipotion of IL-
1B plays an important role in the development of dtab-induced retinal pathology [59].
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(m) Tumor necrotic factor-alpha: Tumor necrotic factor-alpha (TN&); another proinflammatory cytokine has a
potential role in the pathogenesis of DR. It hasrbesported that the retinal levels of TMR&re significantly greater
than normal in diabetic rats [60]. Eternacept, mpetitive inhibitor of TNFe receptor, has been shown to block
effects of TNFe binding to cells. Moreover, Eternacept reduceddeyte adherence in retinal blood vessels of
diabetic rats when compared to controls, whichhierrevidenced the role of TNEin the pathogenesis of DR [8].

COMPLICATIONS OF DR

DR has been well reported to involve the abnormeivth of blood vessels in the retina, the compiaabf which

can lead to serious vision problems [61]. The fi@tnplication associated with DR is vitreous hernage in which
the new blood vessels bleed into a clear, jellg-Bkibstance that fills in the center of the eyestddver, the blood
fills the vitreous cavity and completely blocks thigion in severe cases. The bleeding does notecpesnanent
vision loss and often clears up after a few weakmonths [62]. The second complication associategt @R is

referred to as retinal detachment in which the atmab blood vessels associated with DR stimulategttosvth of

scar tissue, which pull the retina away from thekbaf the eye, ultimately causing the spots flagiim the vision,
flashes of light or even severe vision loss [63)other DR-induced complication is neovascular ghaog in which

the leaking of blood vessels and abnormal growthesf vessels in the retina leads to the abnornuaidblessel
growth in the iris, that can disrupt the normamflof fluids in the eyes causing pressure to bujd witimately

leading to damage to the optic nerves and in sesases, causes permanent damage to the visior2]11-1

STRATEGIES TO TREAT DR

DR remains to be a major cause of preventable mdissl regardless of various advancements in ophthagimal
care. Various advances in pharmacotherapy have be¢ed that show promise in the treatment of DR.
Minocycline, a second-generation tetracycline, b@sn noted to inhibit the activation of retinal miglia induced
by diabetes and prevent neuronal apoptosis in #timar of diabetic rats [58,64]. Moreover, the Idegm
administration of minocycline significantly inhiei the degeneration of retinal capillaries in di@beice and
galactose-fed mice providing the potential of miyaicie in the treatment of DR. Further, aspirindison salicylate
and sulphasalazine have been demonstrated totichibilary degeneration in retinas of diabetics réia inhibition
of the NFxB pathway, suggesting their common action to irthidR [9]. Another class of the agents showing
therapeutic potential against DR is corticosteraidisch were confirmed by the fact that intravitréaection of
such steroids inhibited the diabetes-induced dltera in permeability of retinal vasculature antima edema in
diabetic patients [65]. Benfotiamine, a lipid-sdritthiamine derivative, has been noted to signifilsainhibit the
development of acellular capillaries in retinagl@abetic rats [66]. Administration of PJ34, a patBARP inhibitor,
for nine months to diabetic rats significantly ibitéd the diabetes-induced apoptosis of retinaroniscular cells
and the development of early lesions of DR, prawgda potential target for the treatment of DR. distbeen
suggested that VEGF is responsible for increasetinal vascular permeability, causes breakdowthefblood-
retinal barrier and results in retinal edema [@@ditionally, VEGF is found to be upregulated in 2Rd hence,
inhibiting VEGF can be a impending target in theatment of DR [68]. Administration of Bevacizumabfull-
length recombinant humanized antibody, has showenp@ctivity against all isoforms of VEGF and thfiads a
way in the treatment of DR [69]. Another recombinanmanized antibody fragment, Ranibizumab, hasveho
activity against the isoforms of VEGF which is apped by FDA in the treatment of DR [70]. Anotheeagwhich
showed a potential against vitreous hemorrhageviseohyaluronidase that has been shown to accelehst
clearance of vitreous hemorrhage in order to tbdaf{71-72]. Pazopanib, a multitargeted tyrosineakia inhibitor,
has been recently reported to reduce diabeticaletimscular leukostasis and leakage confirmingdtential in the
treatment of DR [73]. In addition, the effect ofegn tea on diabetes-induced retinal oxidative Stiesd
proinflammatory parameters in rats has been inyat&d. The antioxidant enzymes superoxide dysmudase
catalase showed decrease in activity in diabeticae when compared to normal retina which suggestsotential
role in the prevention and treatment of DR in husngi].

CONCLUSION

Diabetes is a metabolic disorder characterizedyipetglycemia, polyurea, polydipsia and polypha@R. has been
considered to be the complication of diabetes thay lead to permanent damage of eyes. Various Igigna
mechanisms like Nkf, TNF-, IL-18, COX and iNOS have been involved in the pathogenesDR. Various

strategies have already been reported to overchmeldmage caused by DR. However, these strategiesoa

sufficient in order to have permanent preventiamfithe damaging effects of DR. Hence, further gsidire needed
in order to overcome the mortality and morbiditysad by DR.
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