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Abstract
Cataract is one of the most common diabetes mellitus complication among the adult population world-

wide. The purpose of this review is to describe how reactive oxigen species (ROS) are produced, the antiox-
idant enzymes involved in their neutralization, and the molecular mechanisms associated with hyperglyce-
mia that contributes to cataract development.
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INTRODUCTION

In the 1990s, the incidence of type 1 diabetes 
in children varies between 3.4 and 6.3% depend-
ing on the country, with an increased incidence in 
children under 5 years [1]. In 2012, the results of 
studies conducted over a period of 20 years (1989-
1998 and 1999-2008) regarding the incidence of 
type 1 diabetes in children under 15 years from 19 
countries were published. During this time, the 
countries included in the study reported an in-
crease in the incidence of type 1 diabetes in chil-
dren of 3.3-3.4% [2]. In Europe, the incidence of 
diabetes among the adult population is 8.6%, with 
an incidence of 2.4% in Moldova and 14.9% in 
Turkey. By 2035, an increase of diabetic mellitus 
incidence is expected in children but also in adults 

[3]. Diabetic patients, present many systemic com-
plications and ocular damages are common disor-
ders. Worldwide, cataracts are the leading cause 
(90%) of visual impairment. The aging of the 
European population is associated with an in-
creased incidence of cataracts. Thus, in people 
over 70 years, a doubling of cataract incidence is 
expected from 10.5% reported in 2009 to 20.4% in 
2050.

Cataract is a multifactorial disorder, in its’patho-
genesis being involved several factors: 

• diabetes mellitus
• age
• sex (especially women)
• genetic predisposition
• drug administration (prednison)
• exposure to UV radiation
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• smoking
• alcohol
• blood pressure / hypertension
• education level [4]

REACTIVE OXIGEN SPECIES (ROS) 
GENERATION

The results of the clinical and experimental 
studies performed to date highlight the involve-
ment of oxidative stress (OS) in the initiation and 
progression of many systemic and oral disorders 
[5-7]. ROS are produced as intermediates and 
by-products in the mitochondrial respiratory chain 
and in the endoplasmic reticulum (ER). Neutrophils 
and macrophages generate ROS, during an inflam-
matory process but also in other normal metabolic 
reactions. In addition to the internal sources of 
ROS, there are a number of external factors that 
lead to the formation of ROS, UV radiation, ciga-
rette smoke, alcohol and drugs [5,8-10]. 

Prolonged exposure to oxidizing agents, heavy 
metal ions, herbicides, pesticides, ultraviolet, ion-
izing radiation, together with ROS from normal 
physiological processes, contributes to DNA, lipid 
and protein damage. At the cellular level, if DNA is 
unrepairable, to avoid the propagation of the mu-
tations produced by ROS, apoptosis is induced, as 
a mechanism of DNA repair. The cells are protect-
ed against the harmful effects of ROS, by antioxi-
dant enzymes (superoxidismutase-SOD, cata-
lase-CAT, glutathione peroxidase-GPx), glutathione 
(GSH) and antioxidant vitamins (vitamins C, E and 
A) [5].

In the first stage of ROS formation, O2 is re-
duced to superoxide anion O2

-, a reaction that is 
carried out in phagocytosis by enzyme NADPH ox-
idase, NADH dehydrogenase (complex I) and coen-
zyme Q (complex III). GSH and SOD neutralizes O2

-. 
SOD deficiency is associated with mutagenesis 
process, and other pathologies such as lactic aci-
dosis, cardiomyopathy, neurodegenerative disor-
ders, muscle atrophy, fertility disorders [8-10].

Figure 1. ROS formation and SOD neutralization 
[adapted from 11]

Hydrogen peroxide (H2O2) is also formed at 
peroxisomes level, by the reduction reaction of O2 
with fatty acids, polyamides, catalyzed by FAD (fla-
vin adenindinucleotide). This harmful molecule of 

the body is also produced by degradation of AMP 
(adenosine monophosphate) with formation of 
hypoxanthine (reaction catalyzed by xanthine oxi-
dase-XO), which is further oxidized to xanthine 
and in the end to uric acid [11]. 

According to the following reaction, in peroxi-
somes, catalase uses H2O2, to oxidize alcohols, 
phenols, ethanal, methanal and formic acid:

Excess H2O2 is converted by CAT to O2 and H2O 
as follows:

The Fenton reaction generates the most dan-
gerous ROS, the hydroxyl radical , which has 
the ability to damage DNA.

HYPERGLICEMIA AND ROS

Hyperglycemia leads to overproduction of 
by four molecular mechanisms: 

• polyol pathway
• advanced glycation end products (AGEs)

formation
• activation of protein kinase C (PKC)
• hexosamine pathway

Polyol pathway

A central role in cataract development plays 
the polyol pathway via the enzyme aldolase reduc-
tase (ER), which catalyzes glucose reduction into 
sorbitol. The intracellular accumulation of sorbitol 
generates a hyperosmotic effect, with the forma-
tion of hydropic fibers of the lens that degenerate 
and lead to cataract formation. In diabetic pa-
tients, the production of sorbitol takes place more 
quickly compared to nondiabetic patients, which 
is then converted under the action of sorbitol de-
hydrogenase to fructose. Studies performed on 
laboratory animals have reported that intracellu-
lar accumulation of polyols generates liquefaction 
of lens, leading to opacities of the lens [12,13].

The osmotic stress that results from the accu-
mulation of sorbitol, induces stress in the endo-
plasmic reticulum (ER), the main site of protein 
synthesis, with the generation of free radicals. 
Hyperglycemia causes stress at the ER level, gen-



Romanian JouRnal of medical PRactice – Vol. XV, no. 1 (70), 2020

26

erating lens fiber damage. Osmotic stress induced 
by sorbitol accumulation in the lens, induces ap-
optosis of the lens epithelial cells and cataracts 
formation [14-16].

Hexosamine pathway

Excess plasma glucose leads to NADH, H+ for-
mation (tricarboxylic acid cycle), a single proton 
can be transferred by NADH, H+ to O2 with O2

-  gen-
eration. O2

- partially inhibits a key enzyme from 
glycolysis, glyceraldehyde- 3-phosphate dehydro-
genase (GADPH), glucose and glycolytic intermedi-
ates spill into the polyol and hexosamine path-
ways. Glutamine- fructose-6-phosphate aminotransfe- 
rase (GFAT) catalyzes the conversion of glutamine 
into glucose and glucosamine-6-phosphate forma-
tion. Increased flux of fructose-6-phosphate (fruc-
tose-6-P) leads to increased levels of glucoam-
ine-6-P and UDP-N-acetylglucosamine (UDP-GlcNAc). 
The hexosamine pathway mediates increased 
transcription of inflammatory cytokine-specific 
genes [16].

Protein kinase C pathway

O2
- partially inhibits GADPH enzyme, glyceral-

dehyde-3-phosphate (GA-3-P) is no longer con-
verted to 1,3-diphosphoglycerate and will be 
isomerized to dihydroxyacetone phosphate 
(DHAP). DHAP is reduced by NADH to diacylglycer-
ol (DAG) which is an activator of PKC. Once this 
protein kinase is activated, all three isoforms are 
also	activated:	PKC-β,	increases	VEGF	(vascular	en-
dothelial growth factor), PAI-1 (plasminogen acti-
vator inhibitor-1) NADPH (nicotinamide adenine 
dinnucleotide phosphate) and decreases eNOS 
(endothelial nitric oxide synthase) expressions, 
which	will	trigger	the	angiogenesis	process.	PKC-δ	
activates the MAPK (mitogen-activated protein ki-
nases) signaling pathway with the release of NF-kB 
(nuclear	 factor-kB),	 ROS,	 PDGFR-β	 (platelet-de-
rived	growth	factor	receptor-β)	which	will	 induce	
cellular	apoptosis.	PKC-ζ	causes	increased	expres-
sion	of	NF-kB,	TNF-α	(tumor	necrosis	factor),	VEGF	
(vascular endothelial growth factor), thrombin, 
protein degeneration and retinal blood barrier 
damage. Activation of PKC isoforms will induce di-
abetic retinopathy development [16,17].

AGEs pathway

↑GA3P→↑methylglyoxal→↑AGEs
Hyperglycemia accelerates the non-enzymatic 

reactions that take place between the free amino 

groups of proteins and the carbonyl groups of the 
reducing carbohydrates such as glucose forming 
AGEs, through a complex molecular process. AGEs 
can also be formed from dicarbonyl compounds 
by auto-oxidation or by degradation of glucose 
products such as glyoxal, methylglyoxal, glycera-
dehide. In chronic hyperglycemia, AGEs are active-
ly produced and accumulated in the systemic cir-
culation and different tissues, leading to vascular 
complications. Increased glucose levels in aque-
ous humor can lead to glycation of lens proteins, a 
process that generates increased levels of AGEs 
[16,18]. 

AGEs formed by lipids, nucleic acids and pro-
teins, bind to specific cell surface receptors and 
lead to ROS generation. AGEs activate NF-kB, 
which will activate transcription of vascular cell 
adhesion molecule-1 (VCAM-1) and intracellular 
adhesion molecule-1 (ICAM-1) and ROS genera-
tion [19]. 

OCULAR ANTIOXIDANT SYSTEM

The eyes are protected from the OS effects by 
a powerful antioxidant system that includes the 
SOD enzyme. Three isofromes of SOD are known; 
the copper / zinc dependent -cytosolic form (Cu / 
Zn-SOD or SOD1); manganese-dependent mito-
chondrial form (Mn-SOD or SOD2) and copper / 
zinc-dependent extracellular form (EC-SOD or 
SOD3). These isoforms catalyze the conversion of  

 to H2O2, which is further reduced to water by 
GPx or CAT. Cataract development is associated 
with increased OS and decreased antioxidants 
with age. The proteins found in the lens are cross-
linked by the disulfide bonds forming insoluble ag-
gregates that will affect the transparency of the 
lens. Increased serum levels of malondialdehyde, 
thiobarbituric acid reactive substances, decreased 
SOD levels, suggest the existence of OS in diabetic 
patients and lens degeneration [20,21]. 

CONCLUSIONS

Diabetes mellitus is associated with many sys-
temic complications, ocular impairment being 
quite common among adult patients. Cataract is a 
multifactorial disorder, diabetes mellitus playing 
an central role in its pathogenesis. Four molecular 
mechanisms are involved in cataract development 
leading to the generation of ROS, in particular . 
The polyol pathway leads to the accumulation of 
sorbitol, which causes the installation of osmotic 
stress and damage to the lens fibers. The hexo-
zamine pathway mediates the production of 

↑GA–3–P→↑DHAP	+	
NADH→↑α-glycerol–	P→↑DAG→↑PKC

https://en.wikipedia.org/wiki/Mitogen-activated_protein_kinase
https://en.wikipedia.org/wiki/Mitogen-activated_protein_kinase
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proinflammatory cytokines. Through glycolytic in-
termediates (GA-3-P), PKC signaling pathway is ac-
tivated and induce ROS generation. Chronic hyper-
glycemia causes the non-enzymatic reactions with 
the formation of AGEs, and glycation of proteins 
from the lens.
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