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Abstract 

The aim of the study was to analyze changes in erythrocyte diphosphoglycerate levels 

and Willebrand factor in the development of hypoxia and endothelial dysfunction in 

experimental diabetic retinopathy. The study was performed on white Wistar rats weighing 

180-200 g. Our results indicate the development of hypoxia on the 30th day of development of 

experimental diabetic retinopathy with subsequent progression of pathological changes on the 

60th and 180th day of the study, as evidenced by the decrease level of 2,3 diphosphoglycerate 

of erythrocytes in the 2nd group (p <0,001). The most pronounced increase in the studied 
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marker of hypoxia was detected in the 3rd stage of the experiment (p <0,001). As a result of 

our study, a violation of the structural and functional state of the endothelium in experimental 

diabetic retinopathy was proved, as evidenced by an increase in the level of Willeband factor 

in group 2 (p <0.001), most pronounced in stage 3. The most pronounced increase in the level 

of Willebrand factor was detected in the 3rd stage of the experiment (p <0.001). Analyzing the 

data obtained, we can say that there is a relationship between the development of hypoxia and 

endothelial dysfunction in the pathogenesis of experimental diabetic retinopathy. 

Key words: experimental diabetic retinopathy; hypoxia; endothelial dysfunction; 

2,3 erythrocyte diphosphoglycerate; Willebrand factor; correction; metformin; 

aflibercept; L-arginine; citicoline; L-carnitine; bromfenac. 

 

Introduction 

As noted, diabetes is characterized by a number of complications that can lead to 

disability, complete disability and even premature death. According to the study Cost of 

Diabetes in Europe-Type 2 (CODE-2) in patients with diabetes mellitus, whose average age 

was 67 years, complications were observed in 59% of patients, of whom 23% had 2 and 3% -

3 complications type 2 diabetes. Mortality from diabetes reduces the lives of patients by 12-

14 years due to vascular accidents, which were recorded in 75-80% of cases. In the developed 

world, mortality from diabetes ranks 3-4 in the overall structure and is the cause of decreased 

vision and blindness in adults [1]. 

No more than 1-4% of patients die directly from diabetes, namely diabetic coma. The 

main cause of death in this pathology are vascular complications: nephropathy, neuropathy, 

retinopathy, amputation, stroke, cardiovascular disease, in the pathogenesis of which a key 

swarm is played by hyperglycemia and related metabolic effects [2]. Complications that occur 

in the late stages of diabetes are divided into micro- and macroangiopathy, the formation of 

which in diabetes determines the prognosis for quality and life expectancy of patients, so we 

can say that "diabetes begins as a metabolic disease" and ends as a vascular catastrophe» [3].  

It should be noted that even with the compensation of carbohydrate metabolism, the 

development of DR continues, so hyperglycemia is not the only factor in the development of 

retinopathy in diabetes. Other important reasons include the role of hypertension, vascular 

tone disorders and the development of macular edema [4-8]. To date, the key role of 

endothelial dysfunction in the occurrence and progression of DR has been proven [9, 10]. It 

was determined that the initial morphological signs of the studied pathological condition are 

endothelial cell proliferation, thinning of the basement membrane and loss of pericytes, which 
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in turn leads to aneurysms and violation of vascular capillary diameter and hemodynamics 

[11, 12].  

It has been proven that endothelial cells are the first to "take the blow" of 

hyperglycemia, glucose toxicity and dyslipidemia and under its influence begin to synthesize 

atherogenic factors [9, 14]. There is an increase in the permeability of the vessel wall and 

violation of their elasticity, which leads to hemorrhages and exudates. Transcapillary 

transport is disrupted, which in turn leads to retinal ischemia [14]. 

The aim of the study: analysis of changes in erythrocyte diphosphoglycerate levels 

and Willebrand factor in the development of hypoxia and endothelial dysfunction in 

experimental diabetic retinopathy. 

Materials and methods. The study was performed on white Wistar rats weighing 

180-200 g. According to the tasks, the animals were divided into 2 groups:  

Group 1 - 60 intact animals; 

Group 2 - 60 animals, which simulated diabetic retinopathy without further correction. 

Type 2 diabetes mellitus and diabetic retinopathy were modeled by intraperitoneal 

administration of streptozotocin (Sigma, USA) dissolved in 0.1 M citrate buffer with a pH of 

4.5 [15]. The dose of streptozotocin 55 mg / kg body weight was divided into two injections. 

The introduction of streptozotocin was preceded by a high-fat diet for 28 days [16]. 

Animals were removed from the experiment by decapitation under light ether 

anesthesia in accordance with the "Rules for performing work using experimental animals", 

approved by the Order of the Ministry of Health of Ukraine № 249 from 01.03.2012 and the 

Law of Ukraine № 3447-IV "On protection of animals from cruel treatment" (as amended 

from 15.12.2009 and from 16.10.2012). 

Blood was taken from the retroorbital venous plexus, which lies in orbit behind the 

eyeball. The puncture was performed in a circular motion with a glass pipette with an 

extended capillary, the tip of which is ground at an angle of 45°. The conjunctival sac was 

punctured in the medial corner of the eye between the eyeball and the orbit. After puncture, 

the pipette was inserted to a depth of 2-4 mm behind the eyeball. Control of entry into the 

venous plexus - filling the pipette capillary with blood (Dyakonov AV, Khrikina IS, Hegai 

AA, etc., 2013). 

The level of 2,3 erythrocyte diphosphoglycerate was determined by 

spectrophotometric method. The level of Willebrand factor was determined by enzyme-linked 

immunosorbent assay over ristocytin time. 

Statistical processing of the obtained results   
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To detect changes in the studied indicators between different groups and at different 

stages, we used parametric statistical methods, which are based on the operation of the 

parameters of statistical distribution (mean and variance).  

The methods used are designed for normally distributed data, so we checked all data 

for normality using the criterion of asymmetry and excess EI Pustylnyk. According to this 

criterion, the distribution does not differ from normal if the calculated empirical values of 

asymmetry and excess do not exceed the critical, ie , , where 

 and  - calculated values of asymmetry and excess, and  

,  

respectively, their critical values [17]. 

All the data we consider were normally distributed, so you can compare the average 

values of the samples in pairs. Note that in subsequent comparisons, we perform comparisons 

in independent samples. These will be comparisons between different groups of animals or 

comparisons between the same group of animals (but since there is no correspondence 

between animals in the samples, they will also be independent).  

Before comparing the averages of the two samples, it should be ascertained whether 

the variances are homogeneous. For this purpose it is necessary to carry out check for 

homoscedasticity (homogeneity of dispersions). 

Statistical hypotheses will be as follows: 

H0: the variance in group 1 does not differ from the variance in group 2. 

H1: the variance in group 1 is greater than the variance in group 2. The 

hypotheses in the criterion are directed, so the criterion is one-sided. Hypothesis H0 is 

rejected when . This is evidenced by the -value - the probability of error to 

reject the null hypothesis when it is correct. In various experiments, take H0when -value 

(set significance level), and reject H0when -value . In all subsequent calculations, we 

chose a standard level of significance . 

The comparison of the averages is performed using Student's-test. When comparing 

the average directed hypotheses will be as follows: 

H0: the average of group 1 does not differ from the average of group 2. 

H1: the average of group 1 is greater than the average of group 2.  
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To decide the absolute value of the calculated compared with one-sided critical. 

If , the null hypothesis can not be rejected. Here it is similarly possible to 

draw a conclusion and on value. 

All tests will be performed in the statistical package PASW Statistics 18. We will use 

the t-test procedure for independent samples, which immediately compares variances and 

means. 

In subsequent tests, we will note whether the average values differ. If they are 

different, you need to specify this difference. The results of the t-test give an answer about the 

equality or difference of the mean values, but they do not allow to accurately measure the 

difference between the mean values. Note that this difference is quite conditional. We will 

calculate this difference as a percentage, ie the percentage difference between the average 

values of the 1st and 2nd groups will be equal to .  

Thus, we demonstrated a comparison of the mean values between different groups of 

animals. 

Results of the study and their discussion: 

Results of the study of the dynamics of 2,3-diphosphoglycerate levels of erythrocytes in 

the blood of animals simulated with diabetic retinopathy  

Of great importance in the development of vascular complications are compensatory 

mechanisms of hypoxia associated with blood oxygen transport in tissue capillaries. This 

mechanism is to reduce the affinity of hemoglobin for oxygen (shift of the dissociation curve 

of oxyhemoglobin to the right) and is an effective remedy against secondary tissue hypoxia 

and does not require energy [18-21]. The main mechanism of adaptation to hypoxia is the 

path of anaerobic oxidation of glucose in erythrocytes and the growth of 2,3 

diphosphoglycerate - an allosteric regulator of the affinity of hemoglobin for oxygen [22, 23]. 

Under physiological conditions, the activity of 2,3-DFG in humans is suppressed. An increase 

in its concentration is observed during hypoxia, a marker of which it acts in experimental 

studies [24]. Hypoxia is both an etiological factor and an integral part of the pathogenesis of 

endothelial dysfunction [25]. 

In the second group, in which rats were simulated pathological condition without 

correction, a significant - by 65.03% (p <0.001) increase in the studied marker of hypoxia on 

1st stage. At the 2nd stage of its level at 66.41% (p <0.001) higher than the value of intact 

animals, and on the 3rd stage of the increasing content of 2.3 difosfohlitseratu red blood cells 
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is increased even more - he at 70.22% (P < 0.001) higher compared with data from rats of the 

1st group. In the third stage, the rate is higher by 14.94% (p <0.001) compared to the first, and 

11.05% (p <0.05) compared with the second stage, ie we can say that the duration of the 

development of DR without correction hypoxia progresses steadily.  

 

Table 1. - Level 2.3 of erythrocyte diphosphoglycerate in the blood of experimental 

animals with simulated diabetic retinopathy and various methods of its correction in the 30th, 

60th and 60th 180th day (M ± m), (mmol / ml) 

Stages of 

Group 

I stage II stage III stage 

1 group 1.21 ± 0.02 1.22 ± 0.03 1.22 ± 0.03 

2 group 3, 47 ± 0.13 3.63 ± 0.15 4.08 ± 0.11 

 

The results of the study of the dynamics of the level of Willebrand factor in the blood 

of experimental animals with simulated diabetic retinopathy at 30, 60 and 180 days (Table 2).  

 

Table 2 - The level of Willebrand factor in the blood of experimental animals with 

simulated diabetic retinopathy on the 30th, 60th and 180th day (M ± m), (%) 

 

Stages 

Group 

I stage II stage III stage 

1 group 84.2 ± 1.28 84.2 ± 1.27 84.2 ± 0.95 

2 group 104.8 ± 0.87 108.9 ± 1.15 112.4 ± 1.18 

 

The increase in the concentration of Willebrand factor in the blood combined with 

experiments on rats with endotoxemia and mechanical damage to the inner wall of blood 

vessels, which was also proven in clinical trials [26-29]. Endotheliocytes synthesize 

Willebrand Factor, which is normal in blood plasma at physiological concentrations [29].  

A significant role of the Willebrand factor is the function of the messenger in platelet 

aggregation and in vascular-platelet interaction at the stages of adhesion [30, 31]. During 

these reactions, PV acts as a mediator between platelets and subendothelial structures of the 

damaged vascular wall [32]. 

The Willebrand factor is formed with a small excess. Molecules that are not involved 

in the implementation of physiological functions accumulate in the intracellular organelles of 

endothelial cells - Weibel-Palade bodies. There they are subject to post-translational 

modification and multimerization and can be quickly mobilized [29]. 
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PV has a high molecular weight and activates thrombosis. By promoting the 

attachment of platelet receptors to vascular collagen and fibronectin, it thereby enhances 

platelet aggregation and adhesion. Willebrand factor formation is exacerbated by endothelial 

damage or vasopressin. If we take into account that the secretion of vasopressin is enhanced 

during stress, we can conclude that due to the activation of the synthesis of Factor Willebrand 

in extreme conditions increases vascular thrombogenicity. It should be noted that PV also 

stabilizes the factor VIII molecule, prolonging its half-life and facilitating its transport to the 

site of hemostatic plug formation [33]. 

In the group in which diabetic retinopathy was simulated without further correction 

(group № 2) already at the 1st stage revealed an increase in the level of Willebrand factor by 

19.66% compared with data from intact animals (p <0.001). In the second stage, PV was 

higher by 22.69% (p <0.001) compared with the data of the 1st group and by 3.77% compared 

with the data of its group in the previous stage (p <0.01). The results of the third stage 

confirm the progression of endothelial dysfunction: compared with the intact group, the level 

of Willebrand factor is higher by 25.09% (p <0.001). Analyzing the dynamics of PV in group 

№2, it was found that at the 3rd stage its level was higher by 6.76% (p <0.001) compared to 

the first stage, and by 3.11% (p <0.05) compared to others. 

 

Conclusions: 

1. Our results indicate the development of hypoxia on the 30th day of 

experimental diabetic retinopathy with subsequent progression of pathological changes on the 

60th and 180th day of the study, as evidenced by a decrease in 2.3 levels of erythrocyte 

diphosphoglycerate in the 2nd group (p <0.001). 

2.  The most pronounced increase in the studied marker of hypoxia was detected 

in the 3rd stage of the experiment (p <0,001). 

3. As a result of our study, a violation of the structural and functional state of the 

endothelium in experimental diabetic retinopathy was proved, as evidenced by the increase in 

the level of Willeband factor in group 2 (p <0.001), most pronounced in stage 3. 

4. The most pronounced increase in the level of Willebrand factor was detected in the 

3rd stage of the experiment (p <0,001). 

5. Analyzing the data obtained, we can say that there is a relationship between the 

development of hypoxia and endothelial dysfunction in the pathogenesis of experimental 

diabetic retinopathy. 
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