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ABSTRACT

Diabetes mellitus is a group of metabolic diseases that, due to the long-term pathological effect of hyperglycaemia on
tissues, lead to the development of typical chronic organ complications. Chronic hyperglycaemia leads to increased
activity of the polyol pathway with subsequent accumulation of sorbitol and fructose, increased formation and
accumulation of end products of advanced glycation, alteration of protein kinase C activity, excessive formation of
reactive oxygen species and associated high level of oxidative stress. One of the most feared complications of diabetes
mellitus is vision impairment and blindness. In this review, we address the most important metabolic pathways leading
to the development of diabetic retinopathy and diabetic cataract, the ocular complications of diabetes with the greatest

risk of vision loss.
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INTRODUCTION

Diabetes mellitus (DM) is defined as a group of
metabolic diseases that arise as a result of disorder
either of insulin secretion, or its action in tissues, or
a combination of both. The consequence of the
long-term pathological effect of hyperglycaemia on
tissues is the development of typical chronic organ
complications. These are traditionally divided into
microangiopathies with damage to small vessels
(retinopathy, nephropathy and neuropathy) and
macroangiopathies with atherosclerotic changes
primarily in large arteries (coronary, brain and lower
limb vessels) (Kifiova et al., 2013; Ceska et al., 2015;
Sosna et al., 2016). One of the most feared com-
plications of diabetes mellitus is vision impairment
and blindness. The eye complications of diabetes
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with the greatest risk of vision loss include diabetic
retinopathy and diabetic cataracts. In recent decades,
there has been a growing effort to understand and
describe mechanisms leading to the development
of chronic complications of diabetes. This trend is a
promise for targeted treatment, based on influencing
individual participating metabolic pathways. The
common denominator is a chronic hyperglycaemia,
which leads to increased activity of the polyol
pathway with subsequent accumulation of sorbitol
and fructose. Moreover, chronic hyperglycaemia
affects the activity of protein kinase C, causing
increased formation and subsequent accumulation
of advanced glycation end products (AGEs), and leads
to an increased level of oxidative stress due to
excessive formation of reactive oxygen species (ROS)
(Figure 1). The pathophysiology of the development
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of diabetic complications is a complex process, where
individual mechanisms do not act in isolation but
always in mutual, often very complex interactions
(Karasova et al., 2014; Wu et al., 2014; Soltesova-
Prnova et al., 2015; Kimakova et al., 2017; Prnova,
2019; Wong et al., 2018; Heruye, 2020).

CATARACT

Even in the 21% century, cataracts are the main
cause of blindness in the world, affecting around
94 million people (Kuchynka et al., 2016; WHO, 2019;
Heruye, 2020). Only the inhabitants of the most
developed countries of the world have unrestricted
access to surgical treatment; for the majority of
people on earth it remains inaccessible. These facts
imply an effort to find a preparation that could
prevent or slow down the progression of the
disease without the need for surgery, which would
mean a huge benefit, especially for regions with
limited possibilities of microsurgical treatment
(Doganay et al., 2006; Shetty et al., 2010; Mathew
et al., 2012; Dubey et al., 2016; Braakhuis et al.,
2019; Lim et al., 2020; Xu et al., 2020). The results
of experimental works focused on the research of
the anticataractogenic effect of various substances
show that substances with antioxidant potential
are of fundamental importance. Experiments
are usually performed on animal models (most
commonly Wistar rats, mice, rabbits, dogs etc.), in
which cataract development is induced by oxidative
stress, metabolic disease, UV radiation or steroid
administration (Yamakoshi et al., 2002; Dukuran et al.,
2006; Heruye, 2020) The most frequently investigated
substances include the antioxidants: vitamin C,
vitamin E, glutathione, carotenoids, the flavonoid
guercetin and the polyphenol resveratrol (Singh et al.,
2019, Lim et al., 2020; Hrnkova et al., 2021a). The
anticataractogenic effect is very likely to inhibit
the oxidation of lipids, proteins, nucleic acids and
peroxide formation (Doganay et al., 2006; Shetty
et al., 2010; Dubey et al., 2016). In our experiments,
we use the Zucker diabetic fatty (ZDF) rats as an
animal model for the research of the diabetic
complications, including the ocular manifestations
of the diseases (Capcarova et al. 2018; Hrnkova,
2021b). The main causes of the cataract development
are age, genetic predisposition, congenital mutations
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of lens proteins, physical environmental influences
and overproduction of sugar alcohols due to metabolic
diseases, especially diabetes mellitus (Kanski, 2008;
Obrosova et al, 2010; Kuchynka et al., 2016; Tan
et al., 2019; Heruye, 2020). In the pathogenesis of
diabetic cataracts, activation of the polyol pathway
with the accumulation of sorbitol and pathological
accumulation of advanced glycation end products
(AGEs) are essential (Obrosova et al., 2010; Drinkwater
et al., 2019; Salmon, 2020). The final result of all
these processes is excessive oxidative stress, which
leads to exhaustion or failure of the antioxidant
system of the lens with subsequent development
of cataracts; the lens loses its transparency, vision
deteriorates and, without treatment, falls to the
level of blindness (Dukuran et al., 2006; Kuchynka
et al., 2016; Heruye, 2020).

DIABETIC RETINOPATHY

Diabetic retinopathy (DR) is the most common
microvascular complication of diabetes mellitus and
the main cause of blindness in the adult population
in developed countries. The prevalence of DR was
around 27 % in 2019, which means that of the 463
million diabetics, approximately 125 million had
some form of diabetic retinopathy (Matos, 2020). Risk
factors for the development of diabetic retinopathy
include the duration of the underlying disease, its
lack of compensation, associated diseases such as
arterial hypertension and dyslipidaemia (Kuchynka,
2016; Matos, 2020). The basic pathomechanism
of the development of diabetic retinopathy is the
pathological effect of chronic hyperglycaemia on
the endothelial vessels. At the cellular level, it is a
chronic inflammation that leads to an increase in
oxidative stress with subsequent damage to the
microcirculation of the retina. The retinal pigment
epithelium (RPE) is of fundamental importance,
where excessive accumulation of sorbitol occurs,
a high concentration of diacylglycerol, activated
enzyme protein kinase C (PKC) and also products of
late glycation of proteins (AGEs) has been proven
in the RPE cells. As a result of damage to the RPE,
the external and internal hematoretinal barrier
collapses, this facilitates the penetration of proliferation
factors into the vitreous (e.g. vascular endothelial
growth factor, VEGF). This increases the proliferative
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potential of the eye, which leads to the development
and progression of diabetic retinopathy into severe
forms. Such pathological changes can result in
irreversible vision damage (Lee et al., 2010; Sosna
et al., 2016; Kuchynka et al., 2016; Studnicka, 2018;
Salmon, 2020; Matos, 2020).

POLYOL PATHWAY

The polyol pathway takes place in two phases.
In the first one, glucose is metabolized to sorbitol in
the presence of the enzyme aldose reductase (ALR2)
and the cofactor NADPH (nicotinamide adenine
dinucleotide phosphate), which is converted to
NADP+ (Figure 1). Since sorbitol is unable to diffuse
through membranes, it accumulates in cells, binds
water and causes an electrolyte imbalance and
development of osmotic oxidative stress. Due to
the depletion of antioxidant mechanisms, cataracts
develop together with the damage to peripheral
nerves and disruption of endothelial cells of the
capillary bed (Obrosova et al., 2010; Prnova, 2019;
Kiziltoprak et al., 2019; Salmon, 2020). In the next
phase of the polyol pathway, sorbitol is metabolized
to fructose by the action of the enzyme sorbitol
dehydrogenase in the presence of the cofactor
NAD+ (nicotinamide adenine dinucleotide), which
is converted to NADH. NADPH is consumed by
the polyol pathway, which leads to a decrease in
the level of glutathione and, thus, to a decrease in
the body defence against oxidative stress. NAD+ is
regenerated by oxidation, which produces ROS.
At the same time, due to the increasing ratio of
NADH:NAD+ the latter inhibits the activity of the
enzyme glyceraldehyde-3-phosphate dehydrogenase,
which leads to an increase in the level of triose
phosphates. These induce increased formation of
methylglyoxal (a precursor of AGEs) and diacylglycerol
(DAG), which activates PKC (Figure 1). Thus, the
polyol pathway also participates in increasing the
concentration of late glycation products. Depletion
of NAD+ leads to the deactivation of the Sirtl
protein, which affects the production of insulin in the
pancreatic B-cells and, through adipokines, affects
the development of insulin resistance in tissues
(Prnova, 2019). The result is an excessive oxidative
stress leading to the development of chronic tissue
damage, including cataracts and diabetic retinopathy
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(Reddy et al., 2012; Kador et al., 2012; Kotas et al.,
2012; Karasova et al., 2014; Soltesova-Prnova et al.,
2015; Prnova, 2019; Yan, 2018; Ohno et al., 2019).
Several aldose reductase inhibitors (mostly bioflavonoid
derivatives) have been studied in animal models
with very promising results, but this positive effect
has not yet been confirmed in clinical studies (Kotas
et al., 2012; Milackova et al., 2014; Karasova et al.,
2014; Soltesova-Prnova et al., 2015; Prnova, 2019).

HEXOSAMINE PATHWAY, PROTEIN KINASE C

In the environment of hyperglycaemia,
glycolysis occurs, intermediate products such as
glucose-6- phosphate (G-6-P) and fructose-6-phosphate
(F-6-P) are formed, which enter the hexosamine
pathway, where uridine-5-diphosphate- N-acetyl-
glucosamine (GlcNac) is formed (Figure 1). This is able
to bind to several transcription factors, such as Sp-1,
leading to inflammation and tissue damage with
passive glucose transport. Increased glycolysis also
leads to the accumulation of DAG, which activates
the PKC enzyme (Figure 1). PKC is closely related to
many metabolic disorders associated with insulin
resistance and changes in the gene expression for
VEGF. The result is vasoconstriction, hypoxia and
the development of diabetic retinopathy, peripheral
neuropathy and nephropathy (Kotas et al., 2012;
Prnova, 2019).

NON-ENZYMATIC GLYCATION OF PROTEINS

Glucose binds non-enzymatically to the amino
acids of proteins and early glycation products (Schiff
base, Amadori products) are formed, which are
then converted into late glycation products (AGEs)
during the Maillard reaction (Figure 1). These bind
to essential proteins and irreversibly change their
function. They are able to activate many receptors,
thereby affecting several signalling processes in cells
leading to tissue damage. The connection to the so-
called RAGE receptor on macrophages, which then
activates kappa B nuclear factor (Nf kB), leading to
increased production of endothelin, tissue factor,
thrombomodulin and VCAM1 adhesion molecules,
is highly important. The result is a vasoconstriction,
procoagulant state and chronic inflammation in the
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Figure 1. The most important metabolic pathways leading to the development
of diabetic complications (Tang et al., 2012)

affected tissue (Kotas et al., 2012; Prnova, 2019).
The excessive accumulation of AGEs has a toxic
effect on pericytes and the endothelium of retinal
vessels, which leads to irreversible damage to the
microcirculation and the development of DR (Sosna
et al,, 2016). In experimental conditions, aminoguanidine
proved to be a promising AGE inhibitor, but several of
its undesirable effects were shown in clinical studies
(Feldman et al., 2017; Prnova, 2019).

CONCLUSION

Diabetes mellitus is considered a pandemic
of the 21 century. As the number of diabetics
increases, so does the incidence of serious
complications of DM, which has significant health,
social and economic consequences for society.
Understanding the mechanisms involved in the
pathogenesis of chronic complications of diabetes is
of fundamental importance for targeted treatment,
based on the influence of individual participating
metabolic pathways.
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