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Abstract
The aim of the study was to determine the effect of melatonin on the content of glucose, insulin, total lipids, total choles-
terol, high-density lipoproteins (HDL) and pyruvate on the activity of pyruvate kinase (PK) in the blood of rats with insulin 
resistance (IR). 18-month-old outbred white male rats were divided into three groups: 1) control (intact); 2) rats with IR (daily 
subcutaneous administration of dexamethasone solution, dose of 0.125 mg/kg for 13 days); 3) IR rats that received metformin 
(intragastrically at a dose of 200 mg/kg per day); 4) IR rats were orally administered melatonin (dose of 10 mg/kg). Fasting 
blood glucose was measured using a glucometer, and serum insulin was measured using an immunochemiluminescent ana-
lyzer on day 14. The IR index was calculated using the homeostasis model assessment (HOMA) index for IR. Parameters were 
determined in the blood using standard methods. Statistical processing of the results was performed using IBM SPSS Statis-
tics 21, and according to our data, glucose and pyruvate levels in IR rats increased by 170% and 173%, respectively, which was 
accompanied by an increase in insulin levels and the HOMA-IR index by 5.8 times and 14 times respectively compared to con-
trols. Daily treatment with metformin and melatonin reduced fasting glucose levels by 34% and 58%, respectively, compared 
with control. Metformin administration reduced insulin levels and HOMA-IR by 65% and 77%, and melatonin administration 
reduced these values by 78% and 90%, respectively, compared with control. Melatonin administration in IR rats resulted in 
the normalization of all investigated indexes.
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Introduction

Metabolic syndrome is one of the serious problems 
of human existence in the modern world. Technolog-
ical progress, with all its advantages, has a downside. 
This includes the need to intensify the rhythm of 
life, frequent moving, and working at the computer 
at night, which is typical for most people. More and 
more people in conditions of competition are at risk 
of chronic stress and disruption of the circadian clock. 
Signs of this are the suppression of melatonin produc-
tion and increased cortisol concentration in the body 
[1]. Such processes lead to the development of metabol-
ic syndrome. This means the development of insulin 

resistance (IR), which leads to the appearance of hyper-
tension, lipid metabolism disorders, and fatty liver [2].

As noted above, the basis of the development of dis-
orders is the suppression of melatonin production. As 
is known, this hormone is a synchronizer of the inter-
action of various hormones. In relation to cortisol, it is 
in physiological opposition. That is, with a decrease in 
melatonin levels, cortisol production increases. In ad-
dition, melatonin has powerful antioxidant properties 
[3]. This hormone is able to influence the expression of 
genes of the glutathione antioxidant defense system, 
activating it. Therefore, with a lack of the latter, the 
body’s antioxidant defense decreases. This leads to the 
development of oxidative stress. Under such conditions, 
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the risk of endothelial dysfunction increases and IR ap-
pears. In turn, an increased cortisol level contributes to 
hyperglycemia, leading to even greater oxidative stress 
[2] and the release of free fatty acids into the blood-
stream [4]. Such events eventually lead to the forma-
tion of cardiovascular pathology.

Metformin has traditionally been used in the treat-
ment of IR. This drug has proven itself as a hypoglyce-
mic agent that can prevent complications, including 
hypertension. However, despite its advantages, it has 
disadvantages. With prolonged use, there is a risk of 
acidosis. In this case, patients should be in intensive 
care. However, such a negative effect can occur mainly 
in the group of patients with impaired renal function, 
with an increased ability to accumulate metformin in 
the body. Given its high safety profile, careful use of 
metformin has continued since the 1980s in view of the 
growing need to combat IR [5].

Taking into account recent studies, melatonin has 
a number of advantages over metformin. In particu-
lar, modulating its receptors increases the activity of 
superoxide dismutase and other antioxidant defense 
enzymes involved in the subsequent stages of neutral-
izing free radicals. Another significant advantage is the 
counteraction of the Warburg effect and the protection 
of mitochondria. Such an effect allows the activation 
of more energetically advantageous aerobic pathways. 
All this allows us to realize a greater opportunity for 
the protection of cells, in particular, the vascular en-
dothelium. In addition, it is known that impaired in-
teraction with the MT2 receptor leads to the develop-
ment of type 2 diabetes.

There is an opposition in the relationships between 
insulin and melatonin. Increased insulin inhibits the 
formation of melatonin, and conversely, the appear-
ance of IR with age can be overcome by the influence 
of melatonin. Considering that melatonin has an im-
munoregulatory effect, it is advisable to neutralize 
the effect of immunosuppression in conditions of pro-
longed elevated cortisol and, therefore, IR [6]. With ag-
ing, melatonin production decreases and shifts to later 
hours, while cortisol production increases and peaks in 
the early hours of the night. Maintaining the circadian 
rhythm with melatonin may provide a new strategy for 
treating pathologies associated with internal order dis-
orders. The clinical benefit of reducing cortisol levels 
in the first half of the night may lie not only in improv-
ing sleep but also in better control of blood pressure, 
metabolism and mood [7].

Taking into account the growing need to prevent 
the development of complications from sleep-wake dis-

orders and the consequences of chronic stress, we in-
vestigated the effect of melatonin on some indicators of 
carbohydrate and lipid metabolism in the blood of rats 
with experimental type 2 diabetes mellitus induced by 
dexamethasone—IR.

The study aimed to determine the effect of mela-
tonin on the content of glucose, insulin, total lipids, to-
tal cholesterol, high-density lipoproteins and pyruvate 
and on the activity of pyruvate kinase (PK) in the blood 
of rats with IR.

Material and methods

The study was conducted in accordance with the 
Rules for the Use of Experimental Animals (1977) and 
the Council of Europe Convention for the Protection 
of Vertebrate Animals Used for Experimental and Oth-
er Scientific Purposes (Strasbourg, 1986) in accordance 
with the guidelines of the International Committee 
of Medical Journal Editors (ICMJE). Sexually mature 
18-month-old outbred white male rats were divided 
into three groups: 1) control (intact); 2) IR rats (dexa-
methasone solution at a dose of 0.125 mg/kg for 13 days 
daily); 3) IR rats that received metformin (SANDOZ, 
Poland) at a dose of 200 mg/kg per day; 4) IR rats were 
orally administered melatonin (Sigma, USA) at a dose 
of 10 mg/kg (Mok, J.X., et al., 2019) daily. To establish 
the hypoglycemic effect of melatonin compared with 
metformin, fasting blood glucose was measured from 
the tail vein using a glucometer (One Touch Ultra Easy, 
LifeScan, USA) and serum insulin was measured us-
ing an immunochemiluminescent analyzer (Snibe 
Co., Ltd, China using the Maglumi test kit, China) on 
day 14. The IR index was calculated using the homeo-
stasis model assessment (HOMA) index for IR accord-
ing to the formula: HOMA-IR = blood glucose (mg/dL) 
× fasting insulin (μU/mL) ÷ 405 [4]. Rats were sacrificed 
on the 14th day of the experiment. The activity of PK 
and content of pyruvate, total lipids and cholesterol, 
and high-density lipoproteins (HDL) (“Reagent” and 
“Filisit-diagnostics” Research and Production Enter-
prise, Ukraine) were determined in the blood using 
standard methods [8].

Statistical processing of the results was performed 
using IBM SPSS Statistics 21. The significance of the 
difference between the indicators was assessed using 
the parametric Student’s t-test (with a normal distri-
bution) and the nonparametric Mann-Whitney U-test 
(with a non-normal distribution). Differences were 
considered statistically significant at p≤0.05.
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Results

According to our data, fasting glucose levels in IR 
rats increased by 170%, which was accompanied by an 
increase in insulin levels and the HOMA-IR index by 
5.8 times and 14 times, respectively, compared to con-
trols (Table 1).

Daily treatment with metformin and melatonin re-
duced fasting glucose levels by 34% and 58%, respective-

ly, compared with control. Metformin administration 
reduced insulin levels and HOMA-IR by 65% and 77%, 
and melatonin administration reduced these values by 
78% and 90%, respectively, compared with control.

Dexamethasone caused an increase in total lipid 
levels by 70% (Figure 1) and total cholesterol by 95% 
(Figure 2) in the blood of rats compared to the intact 
group, against a background of a decrease in HDL ca-
pacity by 50% (Figure 3).

Table 1: Influence of melatonin on fasting glucose, insulin levels and HOMA-IR in the blood of rats with dexameth-
asone diabetes (n=6, x±Sx).

Note: Changes are reliable (р≤0.05); a – concerning control; b – concerning IR.

Groups/parameters Fasting plasma glucose, 
mg/dL

Serum insulin level, 
µU/ml HOMA-IR

Control 100±20 2.7±0.15 0.67±0.03

IR 270±35 a 15.7±0.20 a 9.42±0.24 a

IR+Metformin 180±28 a, b 5.4±0.10 a, b 2.16±0.04 a, b

IR+Melatonin 115±26 b 3.5±0.06 b 0.89±0.03 b

Figure 1: Total lipids, g/L (n=6, x±Sx). Changes are reliable (р≤0.05); a – concerning control; b – concerning IR.

Figure 2: Total cholesterol, mmol/L (n=6, x±Sx). Changes are reliable (р≤0.05); a – concerning control; b – concerning IR.
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In the group of rats with IR, PK activity (Figure 4) 
decreased by 15%, while in the group of animals treat-
ed with metformin, it increased by 14%, respectively, 
compared with the control. Melatonin normalized the 
activity of this enzyme.

The concentration of pyruvate (Figure 5) increased 
by 173% under conditions of IR compared with the 
control. The administration of metformin slightly de-
creased this indicator by 14%; melatonin decreased and 
normalized it compared with the control.

Figure 3: HDL, mmol/L (n=6, x±Sx). Changes are reliable (р≤0.05); a – concerning control; b – concerning IR.

Figure 4: Pyruvate kinase, µmol/min×mg in blood (n=6, x±Sx). a, b – changes are reliable (р≤0.05); a – concerning 
control rats; b – concerning rats with IR.

Figure 5: Pyruvate, µmol/L in blood (n=6, x±Sx). a, b – changes are reliable (р≤0.05); a – concerning control rats; 
b – concerning rats with IR.
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Discussion

We observed an increase in glucose levels in re-
sponse to daily administration of dexamethasone. Ac-
cording to our data, this condition was accompanied by 
increased insulin concentration and HOMA-IR in the 
blood. Under real-life conditions in humans, also in the 
case of stress, glucocorticoid levels cause mitochondri-
al dysfunction by increasing the activity of glucocor-
ticoid receptors. This is reflected in the formation of 
hyperglycemia, which is accompanied by hyperinsu-
linemia IR. Melatonin decreases insulin levels [9]. The 
results showed that melatonin administration reduces 
plasma insulin levels in vivo and, in addition, there is 
an insulin-melatonin antagonism [10]. 

Disruption of the circadian clock as well as mel-
atonin production are known to reduce both insulin 
secretion and sensitivity and negatively affect glucose 
homeostasis [1]. 

The administration of metformin and melatonin 
in the respective groups normalized glucose levels. 
This effect of such agents is associated with their abili-
ty to suppress gluconeogenesis [11, 12] and improve the 
supply of glucose to insulin-dependent tissues [13, 14]. 

Hyperglycemia has been recognized as a trigger for 
monocytes and macrophages’ release of inflammatory 
cytokines. In addition, the peroxidation of free fatty 
acids in adipose tissue provoked by hyperglycemia also 
leads to inflammation. Besides, oxidation of low-den-
sity lipoproteins occurs, contributing to the develop-
ment of atherosclerotic plaques [2]. 

We observed an increase in total lipids and total 
cholesterol and a decrease in HDL in response to dex-
amethasone injections. The key is that dexamethasone 
stimulates lipogenesis in the liver, inhibits lecithin 
cholesterol acetyltransferase activity, and raises free 
cholesterol levels. It can also increase circulating fatty 
acids and enhance lipolysis in adipose tissue [4]

The administration of melatonin and metformin 
improved the studied lipid metabolism parameters in 
the respective groups. Melatonin exhibited this effect, 
possibly due to its ability to reduce lipid peroxidation 
and stimulate apoprotein E, which is dependent on lec-
ithin-cholesterol acyl transferase [15–17]. Metformin 
can be an appropriate treatment option for many dis-
eases in which inflammatory processes and oxidative 
stress play a role in their pathogenesis. It activates su-
peroxide dismutase [18].

Glucocorticoids stimulate appetite, and the fat de-
posits that are formed secrete leptin. The latter sup-
presses appetite, but it has no effect at high concentra-

tions. Melatonin stimulates an improvement in leptin 
perception [19]. So, lowering total lipids and stopping 
weight gain was beneficial in the long run.

According to our results, PK’s activity decreased 
under IR conditions. However, the introduction of cor-
rection agents contributed to an increase in the activity 
of this enzyme. This may be due to the hypoglycemic 
effect of melatonin and metformin, respectively, and 
the improvement of insulin sensitivity due to reduced 
total lipids [20]. It should be noted that we observed a 
more pronounced increase in activity with metform-
in administration compared to melatonin adminis-
tration. It is known that metformin inhibits glucone-
ogenesis and leads to the accumulation of lactate [21]. 
Melatonin activates the processes of aerobic oxidation 
in mitochondria, which is an advantage and an oppor-
tunity to prevent lactic acidosis [22]. According to the 
data we obtained, the level of pyruvate in the blood, 
which increased under IR conditions, was normalized 
with melatonin administration.

Conclusion

Melatonin administration in insulin-resistant rats 
normalized fasting glucose, insulin, total lipids, total 
cholesterol, high-density lipoproteins, pyruvate ki-
nase activity and blood pyruvate levels. This result is 
positive regarding preventing the risk of endothelial 
dysfunction and other related disorders. In addition, 
melatonin administration in insulin-resistant rats had 
advantages over metformin, which is possibly associ-
ated with the activation of aerobic ATP synthesis path-
ways and the absence of the risk of acidosis.
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