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Diabetes mellitus is characterized by numerous pathological changes in the body. Under conditions of diabetes, hyperglycemic 
intoxication of the organism rapidly develops, which in turn leads to an increase of oxidative stress with subsequent disturbance of the 
anatomical and functional integrity of the components of organisms. Today, the search for the substances that would contribute to the 
multi-vectoral effect on the negative consequences of diabetes is actively being pursued. Melatonin is one of such substances. In this 
work, we studied the effect of melatonin on oxidative stress markers (oxidized products content, activities of superoxide dismutase 
and catalase), the concentration of metabolism end products (creatinine and urea), main ions concentration (potassium and chlorine), 
and protein content (total protein and electropherogram in polyacrylamide gel), enzymatic activity of gamma-glutamyltrasferase in 
the cytosolic fraction of rat kidneys under condition of type 2 diabetes mellitus (EDM2). Experimental studies were performed on 18 
white adult Wistar rats divided into three groups (control, group with EDM2 and group with EDM2, which were treated with melato-
nin). The increase of concentration of oxidized products, the activity of catalase and gamma-glutamyltrasferase, creatinine, urea, K+ 
and Cl– and the decrease of concentration of superoxide dismutase in the rats’ kidneys was noted after development of EDM2. The 
electrophoretic proteinogram of the cytosolic proteins obtained from the rats’ kidneys showed an increase of content of high-
molecular-weight and a decrease of low-molecular-weight proteins. Administration of melatonin in a dose of 10 mg/kg of body 
weight for 7 days after development of EDM2 restored the studied parameters almost to the control group values. Therefore, the 
influence of melatonin can prevent chronic development of oxidative stress in kidneys under hyperglycemic intoxication, and lead to 
normalization of kidney function and the restoration of homeostasis.  

Keywords: hyperglycemia; oxidative stress; antioxidants; high-molecular-weight proteins; potassium;chlorine.  

Introduction  
 

Due to physiological conditions, glucose is completely reabsorbed 
from secondary urine in mammals. Under conditions of diabetes glucos-
uria occurs due to decreased level of proximal tubules’ reabsorption of 
monosugars, which in turn leads to detection of glucose in the secondary 
urine (Vallon & Thomson, 2017). At the same time, glucose itself and its 
underoxidized forms accumulate in the body, which in turn leads to an 
increase in the level of oxidative stress. The acute endotoxicity of the body 
occurs, which has a wide variety of consequences: changes in ion ex-
change, the development of anemia (Barbieri et al., 2015), cardiovascular 
diseases (Dludla et al., 2017; Lawson et al., 2018), renal failure (Michishi-
ta et al., 2017; Tonelli et al., 2019), thinning and fragility of bones (Val-
derrábano & Linares, 2018).  

The entire spectrum of renal impairment in diabetes is called diabetic 
nephropathy. Diabetic nephropathy occurs due to microstructural patho-
logical changes in the structure of the renal glomeruli and renal tubules, 
generally leading to the synchronization of disturbed filtration and reab-
sorption processes. Such microstructural histological changes in the kid-
neys include hypertrophy of mesangial cells, hypertrophy of podocytes, 
hyalinization of arterioles, thickening of the basement membrane, atrophy 
of epithelial cells of the tubules of the kidneys, in some cases, albuminuria, 
inflammation. Transition to arteriolosclerosis and glomerulosclerosis is 
possible (Reidy et al., 2014). The main pathochemical mechanism of these 
processes is the cessation of utilization of glucose along the glycolysis path-
way and its entrance to other metabolic pathways. Today, several bio-
chemical mechanisms of pathogenesis in hyperglycemia are considered.  

Activation of the polyol pathway is the result of hyperglycemic into-
xication of the body. Glucose is converted to sorbitol by the action of the 
NADPH-dependent enzyme, then it is converted to fructose using NAD+. 
In this way, there is a decrease in the concentration of intracellular 
NADPH, a cofactor involved in the formation of reduced glutathione, an 
antioxidant of cells. In addition, the conversion of sorbitol to fructose cau-
ses a redistribution of the NADH/NAD+ ratio, which in turn can lead to 
increased production of methylglyoxal and diacylglycerol, a precursor of 
the final glycation product and activator of protein kinase C, respectively, 
which are also involved in the development of diabetic nephropathy and 
increased levels of oxidative damage (Yan, 2018). Moreover, according to 
an experimental model in mice with hyperglycemia, endogenous produc-
tion of fructose from the polyol pathway led to an increase in proteinuria, a 
decrease in glomerular filtration, and an increase in damage to glomeruli 
and proximal tubules as compared to mice with lower levels of endogeno-
us fructose. In addition, these mice had increased levels of oxidative stress 
of the kidneys and increased production of NF-κB (Lanaspa et al., 2014).  

Activation of the hexazamine pathway leads to the formation of glu-
cosamine-6-phosphate out of fructose-6-phosphate. The accumulation of 
glucosamine-6-phosphate and the high activity of fructose-6-phosphat-
amidotransferase activates the transcription of the inflammatory cytokine 
TNF-α and transforms the growth factor TGF-β1. It is known that eleva-
ted levels of TGF-β1 promote renal cell hypertrophy and increase the 
components of the mesangial matrix, while TNF-α (together with some 
other interleukins) increases vascular endothelial cell permeability, contri-
butes to thickening of the glomerular basement membrane, and causes 
apoptosis (Schleicher & Weigert, 2000). The end products of glycation are 
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the result of irreversible glycation of proteins, occurs during hyperglyce-
mic intoxication. There are three ways in which this process takes place: 
oxidation of glucose to glyoxal, degradation of Amadore products, and 
aberrant glycolysis, which promotes the formation of methyl glyoxal out 
of glyceraldehyde-3-phosphate (Rhee & Kim, 2018). After formation, 
glycation end products damage cells by altering or impairing the function 
of both intracellular and extracellular proteins. For example, they modify 
both laminin and type IV collagen and, as shown, this leads to an increase 
in the permeability of the glomeruli of the basement membrane (Rodri-
gues et al., 2014).  

The activation of the protein kinase C pathway through an increased 
diacylglycerol content leads to an increase in the level of prostaglandin E2 
and nitric oxide activity, which in turn leads to vasodilation of the afferent 
arteriole and an increase in the effect of angiotensin II on the efferent 
arteriole; these actions together contribute to glomerular hyperfiltration. 
In the late stages of diabetic nephropathy, a state of progressive nitric oxi-
de deficiency is observed, which is associated with severe proteinuria, de-
creased renal function, and hypertension (Toth-Manikowski & Atta, 
2015). When this pathway is activated, pathological changes in kidney 
podocytes occur (Teng et al., 2014).  

Under conditions of the developed diabetes mellitus and diabetic 
nephropathy, the filtration ability of the kidneys decreases due to a viola-
tion of their microstructure, which is the cause of the accumulation of 
toxins in the body and, consequently, general endotoxication.  

All the above changes in normal glucose metabolism, except patho-
logical changes in the anatomically normal structure of the kidneys, lead to 
increased production of reactive oxygen species (ROS). The latter, in turn, 
plays an important role in kidney damage and lead to the development of 
diabetic nephropathy. The main consequence of the action of ROS on 
cells is a violation of the integrity of the membranes and, therefore, the 
impossibility of their normal functioning.  

Recently, there has been an active search for substances that could 
help reduce oxidative stress and damage of cells, tissues and the body as a 
whole. One such substance is melatonin.  

Melatonin (N-acetyl-5-methoxytryptamine) is a biochemically active 
substance with a wide spectrum of action on the human body; it is se-
creted mainly by the pineal gland, as well as by the retina, skin cells and in 
the digestive tract. It controls various physiological processes, including 
circadian rhythms, mood regulation, anxiety, sleep, appetite, immune 
responses and cardiac functions (Comai & Gobbi, 2014).  

Melatonin is characterized by an antioxidant property, is an activator 
of the production of its own antioxidants, and has anti-inflammatory, 
immunomodulatory, antitumour and antidiabetic effects. According to 
some studies, melatonin is a more active antioxidant than vitamins C and 
E, but in combination they can act synergistically (Meng et al., 2017).  

The antioxidant properties of melatonin are provided by several 
routes of action of this substance. First, this is the direct interaction of me-
latonin with free radicals and substances that lead to oxidative damage. 
So, melatonin binds and deactivates carbonyl radicals, reactive oxygen 
species (hydroxyl radicals, superoxides, peroxides) and reactive nitrogen 
species (preventing the formation of a more dangerous compound like 
peroxynitrite). Interestingly, melatonin can catalyze one-electron transfer 
reactions, and protective compounds such as AFMK (N1-acetyl-N2-
formyl-5-methoxykinuramine) and AMK (N1-acetyl-5-methoxykinura-
mine) are additionally formed from it (Galano et al., 2013; Galano et al., 
2018).  

Another way to protect cells from oxidative damage is the regulation 
of melatonin genes responsible for the synthesis of certain enzymes. Thus, 
it has been shown that melatonin activates the synthesis of antioxidant 
enzymes such as superoxide dismutase, catalase, and is involved in the 
metabolism of glutathione by regulating the corresponding glutathione 
enzymes. It can also suppress the expression of genes responsible for the 
synthesis of prooxidant enzymes: lipoxygenase and NO synthase (Harde-
land, 2005).  

In numerous studies under various conditions, the effectiveness of 
melatonin as an active antioxidant has been demonstrated. In our study, 
the main goal was to determine the effectiveness of melatonin on the state 
of the kidneys and their biochemical parameters in an experimental model 
on rats with streptozotocin-induced type 2 diabetes mellitus.  

Materials and methods  
 

Experimental studies were performed on 18 white sexually mature 
male rats of the Wistar strain weighing 230–250 g, which were divided 
into three groups (n = 6): group 1 – intact rats (control); group 2 – with 
experimentally reproduced streptozotocin-induced type 2 diabetes mellitus 
(EDM2); group 3 – EDM2 with melatonin administration.  

The animals were kept on a standard diet while receiving food and 
drinking ad libitum in vivarium conditions at the state institution Dnipro-
petrovsk Medical Academy of the Ministry of Health of Ukraine (air 
temperature – 22 ± 2 °C, light / dark cycle – 12/12 hours) in accordance 
with the sanitary hygiene standards. All experiments were carried out in 
accordance with the methods and requirements of the State Expert Center 
of the Ministry of Health of Ukraine, the rules of the "European Conven-
tion for the Protection of Vertebrate Animals which are used for experi-
mental and other scientific purposes" (Strasbourg, 1986) and "Regulations 
on the use of animals in biomedical research".  

To reproduce the experimental equivalent of type-2 diabetes, the an-
imals, after preliminary 24-hour food deprivation (with preserved access 
to water), were once intraperitoneally injected with an aqueous solution of 
nicotinamide (Sigma-Aldrich, USA), 230 mg/kg, and streptozotocin 
15 minutes after that (Sigma-Aldrich, USA) at a dose of 65 mg/kg as a 
5% solution in citrate buffer, pH 4.5. Preliminary administration of nico-
tinamide increases the resistance of β-cells of islets of Langerhans from 
the cytotoxic effect of streptozotocin. Such a combination can reproduce a 
state close to type 2 diabetes mellitus, is manifested by moderate and 
stable hyperglycemia, impaired glucose tolerance, glucosuria without aci-
dosis and weight gain. Blood glucose was determined 3 days after the 
reproduction of the pathology and 6-hour derivation of food with free 
access to water using an Optium Omega glucometer (Abbott Diabetes 
Care Inc., USA). For further studies, only animals with a high level of 
glucose (8–14 mmol/L) were used.  

Melatonin (Vita-melatonin, JSC Kiev Vitamin Plant, Ukraine) was 
administered intragastrically once a day for the last 7 days of the experi-
ment. The dose of the drug was 10 mg/kg, which corresponds to the the-
rapeutic range (ED50), which is recommended in experimental studies in 
accordance with the recalculation formula. The control group of animals 
in the corresponding period of the experiment received water.  

All measurements of biochemical parameters were carried out in the 
cytosolic protein fraction. To obtain cytosolic fractions, the kidneys were 
homogenized with glass in 0.1 М Tris buffer, pH 7.4 in a ratio of 1 to 10. 
The homogenates were centrifuged for 1 hour at 20,000 g at +4 °C.  

The measurement of the research parameters was carried out on a 
BS-3000M biochemical analyzer (SINNOWA Medical Science & Tech-
nology Co., Ltd, China).  

Three indicators were taken to assess the level of oxidative damage to 
the kidneys: the concentration of oxidized products in the reaction with 
thiobarbiturate acid, TBA-active compounds (Andreeva et al., 1988), the 
activity of superoxide dismutase (SOD) and catalase. SOD activity was 
measured by the oxidation reaction of quercetin (Kostuk et al., 1990); 
catalase activity was determined by the rate of decrease in Н2О2 in the 
incubation medium (Koroluk et al., 1988).  

The activity of gamma-glutamyltrasferase (GGT) and content of po-
tassium and chlorine ions were measured using corresponding standard 
test kit (Felicity Diagnostics LLC, Ukraine).  

Creatinine and urea – the final metabolic products are measured using 
the corresponding test kits (PZ Cormay S.A., Poland).  

The total protein content in the cytosolic fraction obtained from rat 
kidneys was determined using the Bradford method (Bradford, 1985).  

The polypeptide composition of proteins was studied with polyacryl-
amide gel electrophoresis (PAGE) in the presence of sodium dodecyl sul-
fate (SDS) (Laemmli, 1970). Two types of gel were used for electropho-
resis: a concentrating gel containing acrylamide – 4.5%, Tris – 0.125 M 
(pH 6.8), SDS – 0.1%, TEMED – 0.025%, ammonium persulfate – 
0.025% and separating gel containing acrylamide 5.0–17.5%, Tris – 
0.375 M (pH 8.8), SDS – 0.1%, TEMED – 0.025%, ammonium persul-
fate – 0.025%. Before electrophoresis, the studied proteins were dissolved 
in a working buffer, Tris – 0.0625 M (pH 6.8), SDS – 2%, glycerol – 
10%, dithiothreitol – 5%, bromphenol blue – 0.001%, and boiled in a 
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water bath for 2 minutes. The composition of the electrode buffer included 
Tris – 0.025 M (pH 8.6), glycine – 0.192 M, SDS – 0.1%. The total 
amount of protein per track did not exceed 20 µg. The concentration of 
proteins in the upper gel took place at a current of 12 mA, the separation of 
polypeptides in the lower gel at 40 mA.  

The densitometry analysis of the proteinogram after PAGE was car-
ried out with Core Laboratory Image Quantification 1D software (Cleaver 
Scientific Ltd, UK).  

The values are presented as means (x) and standard deviation (SD). 
Statistical analysis was performed with two-way analysis of variance 
ANOVA and the Tukey post hoc test to assess the differences between 
experimental groups (P < 0.05 was considered to indicate statistical signi-
ficance). Correlation of the studied parameters was calculated with Pear-
son’s coefficient test.  
 
Results  
 

To study the kidney under hyperglycemic state the rats with develo-
ped experimentally streptozotocin-induced type 2 diabetes mellitus with 
8–14 mmol/L of glucose in the blood were used. The level of oxidized 
TBA-active compounds was increased by 106.3% (P < 0.05) in the kid-

neys of rats with EDM2 compared to the control (Fig. 1). It was coinci-
dent with increased catalase activity by 147.1% (P < 0.05) in the kidneys 
of rats with EDM2 too. On the contrary, the activity of superoxide dismu-
tase was decreased by 27.4% (P < 0.05) in the second group compared to 
the control.  

The application with melatonin in a dose 10 mg/kg for the last 7 days 
of the experiment for rats with EDM2 led to decreased concentration by 
34.5% of TBA-active compounds compared with the EDM2 group. 
The content of oxidized product in the kidneys was mostly close to the 
control value, however, it was not statistically different from EDM2 still. 
The activity of catalase decreased by 54.8% (P < 0.05) in the kidneys of 
rats that were injected with melatonin compared to rats that did not receive 
it. The activity of SOD in the kidneys of rats with application with melato-
nin was increased by 19.7% compared to the EDM2 group toward control 
value.  

The same tendency was noted for the activity of gamma-glutamyl-
transferase in the cytosolic fraction obtained from the kidneys of rats under 
experiment (Fig. 2). The enzyme activity in the kidneys of rats with 
EDM2 increased by 60.4% relative to the control group. The level of 
GGT activity in rats treated with melatonin decreased by 27.7% compared 
with rats that did not receive the drug.  

 

a  b  c  

Fig. 1. The indicators of oxidative stress in the kidney of rats: the level of TBA active products (a), activity of superoxide dismutase (b) and catalase (c)  
(x ± SD, n = 6): 1 – animals of control group, 2 – animals with experimentally induced diabetes mellitus type 2, 3 – animals with experimentally induced 

diabetes mellitus type 2 with melatonin application; * – P < 0.05 regarding control; # – P < 0.05 regarding EDM2  

  
Fig. 2. The activity of gamma-glutamyltransferase in the kidneys of rats  
(x ± SD, n = 6): 1 – animals of control group, 2 – animals with induced 

experimental diabetes mellitus type 2, 3 – animals with induced  
experimental diabetes mellitus type 2 with melatonin application;  

* – P < 0.05 regarding control; # – P < 0.05 regarding EDM2  

Induction of oxidative stress under development of experimental 
hyperglycemia led to elevation of end metabolic product in the kidney.  

The concentration of creatinine and urea significantly increased in the 
kidneys of rats with EDM2 by 51.2% and 37.8%, respectively compared 
to the control (Fig. 3). The administration of melatonin supported the 
normalization of studied parameters in the kidneys to normal values; 
however, the concentration of urea (Fig. 3b) was not statistically different 
from second group still. The development of EDM2 induced the changes 
of ion exchange of the kidneys of the studied rats. Thus, the concentration 
of potassium and chlorine ions in the kidneys of rats with EDM2 signifi-
cantly increased in relation to the control by 58.1% and 57.3%, respective-
ly (Fig. 4). Under conditions of melatonin administration, the noted ion 
exchange indices decreased by 29.9% for potassium and by 31.2% for 
chlorine relative to the indicators of the second group.  

a   

b  

Fig. 3. The concentration of creatinine (a) and urea (b) in the cytosolic 
fraction obtained from the kidneys of rats (x ± SD, n = 6): 1 – animals  

of control group; 2 – animals with induced experimental diabetes mellitus 
type 2; 3 – animals with induced experimental diabetes mellitus type 2 

with melatonin application; * – P < 0.05 regarding control;  
# – P < 0.05 regarding EDM2  
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The development of type 2 diabetes mellitus in the rats led to anatom-
ical rearrangements of the constituent of the kidneys to provoke the mass 
elevation by 57.1% (P < 0.05) regarding control animals (Fig. 5a). The 
increased mass of organ was coincident with increased concentration of 
total protein in the cytosolic fraction extracted from the kidneys of rats 
with EDM2 (Fig. 5b) to 9.6 mg per 100 mg tissue compared to 8.1 mg per 
100 mg tissue of control rats (Fig. 2b). Supplementation with melatonin 
after development of EDM2 led to restoration of kidneys – both for mass 
and for level of total protein to control value. The changes of mass of rats’ 
kidneys and total level of cytosolic protein had the positive Pearson corre-
lation coefficient r = 0.99 (P < 0.005).  

a  

b  

Fig. 4. The concentration of potassium (a) and chlorine (b)  
in the cytosolic fraction from the kidneys of rats (x ± SD, n = 6):  

1 – animals of control group, 2 – animals with induced experimental 
diabetes mellitus type 2, 3 – animals with induced experimental diabetes 

mellitus type 2 with melatonin application; * – P < 0.05 regarding control;  
# – P < 0.05 regarding EDM2  

The electrophoresis in the polyacrylamide gel of the cytosolic proteins 
extracted from the kidneys of the studied rats showed the quantitative 
changes in the ratio of proteins of different molecular weights. Most 
changes were representative for the five proteins with different molecular 
weights. The tendency to an increase the level of high molecular weight 
proteins and a decrease of low molecular weight proteins in the kidneys of 
rats with EDM2 relative to the control were registered (Fig. 6).  

The content of proteins with molecular weights of 205, 162 and 
48 kDa increased by 119.0%, 45.1% and 24.3%, respectively in the cyto-
solic fraction of kidneys of rats with EDM2 compared to the control 
(Fig. 6b). The content of proteins with molecular weights of 33 and 
27 kDa decreased by 25.5% and 7.3%, respectively in the kidneys of rats 
with EDM2. The supplementation with melatonin returned the value of 
the volume of some proteins only in the case of proteins weighing 205, 48 
and 33 kDa. In the case of protein with 162 kDa, its volume increased 
even with respect to the second group by 62.7%, and the volume of a low 
molecular weight protein with 27 kDa decreased more by 15.3% relative 
to the group with EDM2 (Fig. 6c).  
 
Discussion  
 

The development of experimental hyperglycemia like diabetes melli-
tus type 2 in the rat leads not only to the increase of oxidative stress and 
damage in the kidneys, but affects its functional state also, which is mani-
fested in a change of ion exchange and content of end products of meta-
bolism. The normal blood glucose level in rats is 3.95–6.20 mmol/L 

(Wang et al., 2010). Under conditions of 8–14 mmol/L of glucose, acute 
and chronic hyperglycemia developed in the blood can modulate deve-
lopment of oxidative stress in the cells and organs. One of the first compo-
nents of a cell suffering under such conditions are lipids. Oxidative da-
mage of lipids can lead to a violation of the integrity of cell membranes, 
which, in turn, causes a cascade of pathological changes in the cell and 
tissue. TBA-active compounds are the products of the oxidation of po-
lyunsaturated fatty acids, as well as a fatty acid such as arachidonic. 
The increased concentration of oxidized products in the cells has a nega-
tive consequence of increased level of free peroxide radicals. Since TBA-
active compounds can interact with free amino acids and functional 
groups of proteins, modifying them into physiologically irregular and non-
functional forms, they, in turn, play a role in increasing oxidative stress 
also, which can lead to the induction of changes in the normal ratio of anti-
oxidant enzymes of catalase and superoxide dismutase. Catalase is an 
antioxidant cell defense enzyme whose main function is the decomposi-
tion of hydrogen peroxide to water and molecular oxygen. Superoxide 
dismutase is another antioxidant enzyme that catalyzes the reaction of 
superoxide dismutation into oxygen and hydrogen peroxide.  

a  

b  

Fig. 5. The kidney’s weight (a) and total protein content in the cytosolic 
fraction obtained from the kidneys of rats (b) (x ± SD, n = 6):  

1 – animals of control group, 2 – animals with induced experimental 
diabetes mellitus type 2, 3 – animals with induced experimental diabetes 
mellitus type 2 with melatonin application;* – P < 0.05 regarding control;  

# – P < 0.05 regarding EDM2  

The development of hyperglycemic intoxication induced changes of 
concentration and activity of oxidative stress markers. Administration of 
melatonin in a dose 10 mg/kg for the last 7 days of the experiment for rats 
with EDM2 led to inhibition of oxidative stress and prevention of antioxi-
dant system disturbance.  

Previous studies demonstrated provocation of oxidative stress both in 
the homogenates of animal organs and in the blood plasma of people with 
different pathology. The administration of melatonin helped to normalize 
the concentration of malondialdehyde (MDA, the main TBA-active com-
pound) in rats with streptozocin-induced diabetes even in experimental 
obesity, while L-carnitine and sugar-lowering drug glibenclamide showed 
worse results (Salmanoglu et al., 2016). The administration of vitamins E 
and C, as well as unsaturated fatty acids stabilized the level of MDA in the 
blood plasma of people with type 2 diabetes mellitus also (Mahmoudaba-
di & Rahbar, 2014; Chatziralli et al., 2017). So, it can be assumed that the 
simultaneous administration of melatonin and antioxidant vitamins could 
lead to best result in the reduction of oxidative damage of cells and the 
oxidative modification of lipids.  
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a 

 

b  

c  

Fig. 6. The densitometry of proteinogram of the cytosolic fraction from 
the kidney of rats; the red arrows indicate most changed proteins with 

noted molecular weight (bottom) and altered value (top): a – animals of 
control group, b – animals with induced experimental diabetes mellitus 
type 2, c – animals with induced experimental diabetes mellitus type 2 

with melatonin application  

In our work, the activity of superoxide dismutase enzyme in the kidneys 
of rats under EDM2 decreased and restored with the melatonin administra-
tion. Some studies report that a significant difference in the enzyme activity 
between the control group and the group with type 2 diabetes mellitus is 
absent in the kidneys (Chatuphonprasert et al., 2013). However, diabetic 
nephropathy and diabetes mellitus were studied in rats in which there was a 
noticeable decrease SOD activity compared to the control (Fujita et al., 2009; 
Jung et al., 2017). With the development of type 2 diabetes, the activity of 
SOD in the blood serum increases, which is logical, since the homeostatic 
mechanisms of the body try to maintain pro- and antioxidant balance 
(Bandeira et al., 2012). The decrease of SOD activity under EDM2 in the 
kidneys of rats may be a result connected with several isoforms of superox-
ide dismutase (Tangvarasittichai, 2015), each of which is active in a particu-
lar organ, tissue or part of the cell and, possibly, one of the SOD isoforms 
that is more characteristic for the kidneys which have succumbed to oxida-
tive damage. Moreover, the intensive development of oxidative stress can 
lead to depletion of antioxidant potential in the kidneys.  

The increased activity of catalase in the kidneys of rats with EDM2 
was revealed in comparison with the control group, which indicates the 
activation of the compensatory mechanisms of the antioxidant defense of 
rats. Interestingly, the development of fluoride-induced oxidative stress in 
the kidneys that is not associated with diabetes mellitus also increases 
catalase levels compared to controls (Bharti et al., 2014) as in our study. 

However, we can suggest that with a longer retention of experimental 
animals with subsequent intensification of pathological morphofunctional 
and biochemical changes under EDM2 the catalase defense system could 
be depleted, and the enzyme activity could decrease. Our assumption is 
based on the fact that globally most studies report specifically about a 
decrease of catalase activity in rat kidney homogenates compared with 
healthy individuals. Thus, in streptozocin-induced type 2 diabetes mellitus 
and alloxan-induced type 1 diabetes mellitus, catalase activity in rat kid-
neys decreases compared to the control (Ahmadvand et al., 2014; Goma-
thi et al., 2014).  

The activity of gamma-glutamyltransferase increased in the kidneys 
of rats with EDM2 too. This enzyme is involved in the metabolism of 
glutathione (non-enzymatic antioxidant) and certain amino acids – it trans-
fers the gamma-glutamyl group to peptides and amino acids. GGT is 
localized on the surface of the membrane and responsible for the metabo-
lism of extracellular glutathione, promotes hydrolysis and facilitates its 
reuse for intracellular synthesis. Glutathione is a substrate of glutathione 
peroxidase and glutathione S-transferase, which play a key role in protec-
ting against oxidative stress and detoxification/metabolism of endogenous 
and exogenous compounds, including carcinogens and drugs (Avelar et al., 
2015). According to numerous studies, GGT is a predictor of many chronic 
diseases, including metabolic syndrome (Wei et al., 2015), insulin resistance 
(Ryoo et al., 2014), diabetes mellitus (Sabanayagam et al., 2009), and 
kidney disease (Torino et al., 2016). In addition, it can be assumed that the 
GGT and glutathione synthesis system is one of the first compensatory 
mechanisms with the beginning of the development of pathologies.  

On the other hand, there is evidence about the role of GGT in the de-
velopment of oxidative stress. So, under physiological conditions in the 
presence of iron ions or other transition metals and a large amount of thio-
late, GGT can produce cystenylglycine, a product of the decomposition of 
glutathione. This dipeptide, reacting with iron ions, induces Fenton’s 
reaction, followed by the formation of a superoxide radical.  

The changes in the activity of antioxidant enzymes in the kidneys un-
der conditions of hyperglycemic intoxication is one of the main predictors 
of the development of diabetic nephropathy. As already mentioned, today 
there is an active search for biologically active substances that could help 
reduce oxidative stress of organs and normalize work of the antioxidant 
system. In relation to the kidneys, the antioxidant properties of substances 
such as vitamins (C, D and E), coenzyme Q10, and flavanoids were stu-
died (Mahmoodnia et al., 2017). Also, active antioxidant substances capa-
ble of lowering blood sugar levels such as resveratrol (Sadi et al., 2018), 
glibenclamide, humic acid and metformin, (Erejuwa et al., 2011; Salma-
noglu et al., 2016) were investigated. Melatonin demonstrates high anti-
oxidant properties and the ability to reduce the level of oxidative stress of 
organs and the body as a whole. Thus, it is reported to have a higher anti-
oxidant property than quercetin (Rastogi & Haldar, 2018), vitamin D 
(Alqasim et al., 2017), E (Montilla et al., 2001) and C (Khaldy et al., 
2000). It is also valid that, in combination with other antioxidants, melato-
nin has a synergistic effect, which leads to a more intensive utilization of 
ROS and oxidative radicals, followed by a decrease in oxidative damage 
in the internal environment of the body.The administration of melatonin 
after development of EDM2 induced the significant decrease of both cata-
lase and gamma-glutamyltransferase activity and content of oxidized pro-
ducts in the kidneys of rats towards normal value, which may be asso-
ciated with the neutralization of H2O2 by melatonin itself, which is known 
for its antioxidant properties.  

The activation of oxidative stress under hyperglycemic condition led 
to significant increase of urea and creatinine (the nitrogen included final 
products of metabolism) concentration in the rat kidneys compared with 
the control. As other studies have shown, under streptozotocin-induced 
type 1 and type 2 diabetes mellitus, the increase of creatinine and urea in 
the blood serum of the studied animals was observed (Moridi et al., 2015; 
Ghasemi et al., 2019), which correlates with our data. Moreover, these pa-
rameters in humans with diabetes may increase in the blood serum, while 
urine urea and creatinine levels decrease during the development of dia-
betes and its complications (Bispo et al., 2013). The level of the mentioned 
endmetabolism compounds can be used to assess the functional activity of 
the kidneys and the degree of their efficiency. Under conditions of hyper-
glycemia, the filtration apparatus of the kidneys is damaged and the dri-
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ving forces – osmotic and oncotic pressures, which are the basis for filtra-
tion, change. The mechanism of such functional changes in the kidneys is 
associated with a violation of the filtration ability of the glomeruli due to 
its pathomorphological transformations and a change in the work of the 
corresponding transporters in connection with a violation of the integrity 
of the membranes of the kidney cells. Angiotensin-II, adiponectin and 
leptin can also play a role in the transformation of kidney structures. Urea 
and creatinine are filtered in the glomeruli of the kidneys. It is known that 
hyperglycemia, high blood pressure and oxidative stress can cause glome-
rular hyperfiltration. Under such conditions, a pathological transformation 
of the mesangium of the nephrons and basement membranes can be in-
duced. Negative charge losses can be also observed, which leads to increa-
sed permeability of proteins and low molecular weight substances. Long-
term hyperfiltration causes the deposition of proteins, albumin, end pro-
ducts of metabolism in the mesangium, and provokes its expansion and 
proliferation. Subsequently, pathomorphological changes in the mesangium 
and basement membrane lead to glomerulosclerosis and hyalinosis of ar-
terioles. Also, as discussed in the introduction, oxidative stress affects mic-
rostructural changes in the kidneys and glucose begins to be metabolized 
in other pathways. Under such conditions, the urea transporters (UT-A fami-
ly) disrupt its reabsorption (proximal tubule, collection tubes) and secre-
tion (Henle loop) (Klein et al., 2012), and the urea transporter (OCT1/2) is 
disrupted (Ciarimboli et al., 2012), which secretes it into the proximal 
tubule.  

It is known that under conditions of hyperglycemic intoxication, an 
increase in the activity of the renin-angiotensin-aldosterone system (RAAS) 
occurs, which, in turn, leads to an increased level of circulating angioten-
sin-II and aldosterone (Nishiyama & Kobori, 2018). In turn, aldosterone 
affects the excretion of potassium in the tubules of the kidneys – with in-
creased aldosterone, potassium losses occur with the subsequent deve-
lopment of hypokalemia. These data were confirmed using RAAS bloc-
kers for patients with diabetes mellitus (Weir & Rolfe, 2010). At the same 
time, aldosterone affects the increase in chlorine reabsorption in the tu-
bules of the kidneys. There is evidence that activation of RAAS is one of 
the causes of the development of renal failure and microstructural changes 
in the kidneys (Chen et al., 2018).  

Hyperglycemia and its most varied consequences, such as changes in 
the normal functioning of cell membranes, hyperfiltration can lead to 
changes in ion exchange in the processes of filtration and reabsorption. 
Due to ion exchange disorder, hyperosmolarity of the fluid or intracellular 
environment may occur. The transport of potassium and chlorine ions is 
important for the whole body, as they also participate in the transport of 
sodium and certain substances. The levels of potassium and chlorine ions 
in the rat kidneys was significantly increased under EDM2 compared with 
the control group. But, according to the first assumption, from which a 
close relationship of hyperglycemia and activation of RAAS can be tra-
ced, an increase in the levels of both ions is impossible. The explanation 
for this is the destruction due to oxidative stress, high blood pressure and 
inflammation of the juxtamedular apparatus of the nephrons – the main 
place of renin synthesis. Renin is an enzyme, one of the main components 
of RAAS. A decrease in renin synthesis leads to a state of hyporenin hy-
poaldosteronism, which explains hyperkalemia in patients with diabetes 
mellitus. Due to decrease in potassium secretion (and, as a result, chronic 
hyperglycemia), the excretion of NH4

+ ions in the collecting tubes of the 
kidneys is impaired. This leads to metabolic acidosis, the most frequent 
manifestation of which is hyperchloremic metabolic acidosis due to insuf-
ficient secretion of K+ and H+ (Sousa et al., 2016). Thus, in the kidneys of 
rats with EDM2, hyperkalemia and hyperchloremia simultaneously may 
be developed.  

The induction of oxidative stress and intoxication in the kidneys of 
rats with EDM2 triggered the increase of total protein content in the kid-
neys and their mass compared with control animals. There are several ex-
planations for this process. First of all, this happens due to the accumula-
tion of cytokines and growth factors, such as IL-1, IL-6, IL-18, NF-kB and 
TNF-α, which subsequently lead to inflammatory processes (García-Gar-
cía et al., 2014). The phenomenon of apoptosis and necrosis, in turn, also 
leads to the accumulation of proteins, while under the influence of growth 
factors TGF-β and VEGF, hypertrophy of the constituent of the kidneys 
and the organ as a whole occurs (Mahmoodnia et al., 2017). It can be 

assumed that the activity of macrophages under the conditions of deve-
lopment of EDM2 is reduced, and therefore unnecessary proteins and 
their residues are not disposed of, as the level of filtering ability of the 
kidneys is also reduced. Pathological morphofunctional changes in the 
kidneys are caused by the oxidative modification of structural proteins 
with their subsequent decomposition, that can affect the throughput of the 
glomeruli with the development of pathological conditions such as micro- 
and macroalbuminaria–registration of low and high molecular weight 
proteins in the urine. Pearson’s correlation coefficient (r = 0.99, P < 0.005) 
showed a close relationship between the increase of total protein content 
and kidney mass. The occurrence of these phenomena in the kidneys of 
rats is due to hyperglycemic intoxication, because, as mentioned earlier, 
glucose is metabolized not by the glycolysis path, but by other pathways, 
the result of which is activation and accumulation of reactive oxygen 
species, toxic intermediates and signaling substances.  

Under development of experimental type 2 diabetes mellitus in the 
kidneys of rats, the number of high-molecular-weight proteins was increa-
sed, while that of low-molecular-weight proteins was decreased. It can be 
explained by aggregation of protein due to oxidative modification. Oxida-
tive stress is one of the main causes of the formation of beta-amyloid 
plaques, the accumulation of which leads to the development of neurode-
generative, cardiovascular and other diseases (Squier, 2001), since the ac-
cumulation of aggregated proteins leads to a change in cell functions and 
their death, therefore it is possible that this process is also involved in the 
pathogenesis of kidneys after development of EDM2. The intensification 
of the formation of protein aggregates is also influenced by inflammatory 
processes and the redistribution of ionic composition. Additionally, the 
development of microalbuminuria in rats with diabetic nephropathy can 
affect the change in the ratio of proteins by molecular weight. At the same 
time, it has been reported that protein aggregation can serve as a protective 
response to the active production of reactive oxygen species (ROS) (Carija 
et al., 2017), in order to avoid the excessive generation of ROS (Vascon-
cellos et al., 2016) and as one of the signaling mechanisms of cells to 
prevent the induction of apoptosis under conditions of stress (Wall, 2012; 
Cai & Yan, 2013).  

The normalization of filtration and ion change, the total protein con-
tent and kidney mass after development of EDM2 can be influenced by 
such properties of melatonin as antioxidant ones and anti-inflammatory 
and immune-stimulating. It is known that melatonin can inhibit the ex-
pression of NF-κB, cytokines/chemokines inflammation, affect the syn-
thesis of TNF-α, IL-1, IL-6 (Meng et al., 2017). However, the changes of 
proteins with 162 and 27 kDa under supplementation of melatonin are 
quite unpredictable and require more detailed study.  

Melatonin may prevent the further development of pathomorphologi-
cal microstructural changes in nephrons, reduce the level of ROS and cy-
tokines in the internal environment of kidney cells, normalizing the clea-
rance of creatinine and urea, helping to reduce the level of oxidative 
damage to the juxtamedicular apparatus and normalizing the RAA sys-
tem. Moreover, melatonin and its metabolites have anti-diabetic proper-
ties. The presence of melatonin receptors in the pancreas suggests that 
their activation by melatonin can directly affect the production of insulin 
or glucagon. The decreased level of melatonin in patients with diabetes 
can affect pancreatic function, and administration of melatonin induce the 
decrease of glucose concentration in blood (Karamitri et al., 2013). Mela-
tonin has been shown to improve dysglycemia in rats by inhibiting liver 
gluconeogenesis and activation of hypothalamic akt through membrane 
receptors MT1 and MT2 (Faria et al., 2013). Previously it was shown that 
pharmacological doses of melatonin increased Ca2+ levels in many organs 
and tissues, resulting in improved insulin sensitivity, suggesting the poten-
tial clinical use of melatonin against type 2 diabetes (Agil et al., 2015). 
In addition, melatonin can prevent the degradation of pancreatic islets 
caused by the loss of beta cells and their dysfunction in type 2 diabetes 
mellitus, weakening apoptosis and improving their function through acti-
vation of melatonin signaling (Costes et al., 2015).  
 
Conclusions  
 

Chronic hyperglycemia provokes development of oxidative stress 
and accumulation of aggregated proteins in the kidneys of rats thus redu-
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cing the main function. Application of melatonin in a dose 10 mg/kg body 
weight for 7 days after formation of stable hyperglycemia prevents further 
development of oxidative stress and modulates normalization of creatinine 
and urea clearance, thereby stabilizing the total protein content and the 
ratio of high- and low-molecular proteins in the kidneys.  
 

This work was supported by the Ministry of Education and Science of Ukraine 
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