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ABSTRACT

Recently, numerous studies have indicated that melatonin, the hormone of pineal gland, affects the processes of differentiation of many cells, 
including preadipocytes into brown, beige and white adipocytes. Therefore, it is important to study the possibilities of using melatonin as a 
factor for the differentiation of preadipocytes to control the adipose tissue functional activity in the treatment of various diseases, including 
obesity. 

THE AIM of the study was to evaluate the morphology and functional status of brown adipose tissue at the different time of melatonin 
administration.

MATERIALS AND METHODS. Outbred rats were divided into 3 experimental groups: control, administration of melatonin 1 hour after light-on 
ZT01 (Zeitgeber time), administration of melatonin 1 hour before light-off ZT11. Melatonin was administered by gavage daily for 7 weeks at a 
standard exposure to day-night light (12:12).

RESULTS. The application of melatonin affects the morphology and functional state of brown adipocytes independently of the administration 
time: the nuclear-cytoplasmic ratio increases due to an increase in the area of the nucleus against the unchanging cell area. The number of lipid 
drops increases in each adipocyte, but their size is decreased. The effect of different time of melatonin administration was manifested in the 
increase of brown adipose tissue weight, in the terms of evening administrations.

CONCLUSION. The effects of different times of melatonin administration at the cytological level are manifested almost identically in the brown 
adipocytes functional state in all experimental groups. However, at the organism level in terms of evening administrations, an increase in the 
relative mass of brown adipose tissue is observed, but the size of brown adipocytes do not change, which may indicate the activation of the 
differentiation of brown adipocytes from the progenitor cells.
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ORIGINAL RESEARCH

Melatonin is a pineal gland hormone, which, besides the main func-
tion of regulating the circadian rhythm of the body, has many additional 
ones: immunomodulatory, antioxidant, anti-apoptotic, regulation of en-
ergy metabolism and others [1]. The realization of various functions of 
melatonin is carried out through the involvement of many mechanisms:

•	 integration of the circadian rhythm of the whole body: with the 
involvement of the subtle interaction of the hypothalamic supra-
chiasmatic nucleus (endogenous driver of the daily rhythm) and 
synchronized melatonin secretion by the epiphysis [2];

•	 direct elimination of free radicals: melatonin and its direct 
metabolites (cyclic hydroxymelatonin, N-acetyl-N-formyl-me-
thoxykinuramine, N-acetylmethoxykinuramine) provide reduc-

tion of oxidative stress in a series of sequential dehydrogenation 
reactions, the formation of stable products with free radicals and 
increase donor-acceptor properties for a determined ordered 
electron flow [3];

•	 the other functions (immunomodulatory, antioxidant, anti-apop-
tic, thermoregulatory, anti-age, neurotrophic, etc. [4]) realized 
by the activation of melatonin receptors, which are present in 
almost all the cells of the body [5, 6], including stem cells of 
different origin.

Melatonin receptors are represented by two types of membrane re-
ceptors that are conjugated to G-proteins (MT1, MT2) [7, 8], and one 
type of nuclear orphan receptor of retinoic acid ROR superfamily [9, 10]. 
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Surface receptors have been found in many types of stem cells – neural 
[11, 12, 13, 14], mesenchymal (bone marrow-derived [15, 16], adipose-
derived [17], from cord blood [18]), embryonic [19], induced pluripotent 
[20], stem cells from the dental pulp [21]. Presence of melatonin recep-
tors testifies to the possibility of the melatonin effect on proliferation, 
differentiation and functional activity of these cells, and in the future on 
the repair and recovery of tissues and the body [22, 23].

Due to the recent discovery of functionally active brown adipose tis-
sue (BAT) in adults [24, 25], active research on the regulation mecha-
nisms of its metabolic status is ongoing. This tissue may serve as a po-
tential target for the treatment of metabolic disorders that may occur in 
the obesity, in the decreased insulin sensitivity (because adipose tissue 
is insulin-sensitive) and in the dyslipidemia [26, 27]. At present, different 
approaches for the modulation of BAT physiology are proposed:

•	 catecholamines – normally increase the heat-producing proper-
ties of BAT after activation by the cold of the hypothalamic ther-
moregulation centre and stimulation of the sympathetic nervous 
system, but they have a number of side effects [28, 29];

•	 irisin – myokine, which is secreted by myocytes during exercise 
and stimulates the mitochondrial biogenesis in both muscle and 
adipose tissue, which causes the appearance of classical brown 
adipocytes and beige adipocytes in white adipose tissue [30, 31];

•	 melatonin – not only increases the number of mitochondria in 
brown adipocytes, but also contributes to the increase in the 
number of BAT. Previously, it was hypothesized that such an 
effect of melatonin was mediated by the influence on the hy-
pothalamic suprachiasmatic nucleus and subsequent activation  
of the sympathetic nervous system. A good example of this can 
be a seasonal rhythm of the BAT mass growth in species that 
enter the winter hibernation (brown bears, rodents and others) 
[32]. However, later it was shown that melatonin receptors are 
present in brown adipocytes, which makes melatonin an inter-
esting agent for regulation the activity of these cells, as well  
as preadipocytes [33, 34]);

•	 cell therapy and tissue engineering – involves transplantation 
of brown adipocytes (for example, differentiated from adipose-
derived progenitors by transcription factors BMP7, PRDM16 or by 
adenoviral gene transfection), into the interscapular region to in-
crease the mass of functionally active BAT in humans [35, 36, 37], 
which may be useful in the treatment of obesity and metabolic 
syndrome [26, 27, 38]. Successful transplantation of such cells 
was carried out in mice and rats, but their effectiveness requires 
further investigation [39, 40]. In addition, synthetic matrices and 
scaffolds must be used for the successful engraftment of large 
transplants and to avoid post-transplantation necrosis [41, 42].

Physiology of BAT is easily regulated by melatonin, which not only 
increases its mass, but also increases the metabolic activity of brown 
adipocytes. Thus, melatonin is a non-toxic substance of natural origin, 
which is a highly conserved molecule that has biological effects in al-
most all organisms starting from antioxidant function in bacteria, and has 
no side effects [43, 44], can serve as a new approach to BAT activating 
[38]. Except influence through the hypothalamus, melatonin stimulates 
its membrane receptors on brown adipocytes [45] and may induce to the 
expression of thermogenin (UCP1), a protein that breaks the respiratory 
chain in mitochondria and provides non-shivering thermogenesis. Mela-
tonin also induces PPARg expression (peroxisome proliferator-activated 
receptors gamma) and its co-activator PGC1a – key factors for the dif-
ferentiation of new brown adipocytes and mitochondrial biogenesis [46]. 
A confirmation of this is a series of experiments in vitro on the culture 
of embryonic fibroblasts, which were directly differentiated into preadi-
pocytes [47]. However, there are also opposite effects under melatonin 
treatment. Using the culture of human mesenchymal stem cells, it was 
shown a decrease in adipogenesis by inhibiting GSK-3β glycogen-syn-
thase kinase [48], enhancing osteogenesis by increasing Runx2 expres-
sion and decreasing PPARg [49]. In the culture of embryonic fibroblasts 

differentiated into preadipocytes, inhibition of the transcription factor  
C/EBPb, which activates expression of PPARg, was shown [50]. Such am-
biguous data obtained on cell cultures requires further in vivo studies with 
a detailed description of changes in the morphology of brown adipocytes 
and taking into account the relative weight of the BAT.

An additional interesting issue is the varying sensitivity of the organ-
ism to melatonin over the course of the day, as manifested by the differ-
ences in the membrane and nuclear receptors expression in cells [51, 
52]. One of the topical issues in chronopharmacology is the choice of the 
effective time of drug administration to increase the useful effects and 
reduce the side effects [53, 54, 55]. Therefore, the aim of the study was 
to evaluate the morphology and functional status of brown adipose tissue 
at different time of melatonin administration.

All experiments on animals are performed in compliance with the in-
ternational principles of the European Convention for the Protection of 
Vertebrate Animals used for Experimental and other Scientific Purposes 
(Strasbourg, 1986), Article 26 of the Law of Ukraine «On the Protection  
of Animals from Cruelty» (No. 3447-IV, dated February 21, 2006), as 
well as all norms of bioethics, biological safety and general ethical prin-
ciples of experiments on animals adopted by the First National Congress  
of Ukraine on Bioethics (September, 2001).

In our study, we used white outbred rats weighing 130-140 g, which 
were kept with a constant temperature regime under standard vivarium 
conditions and a diet with ad libitum access to water and food. As an ex-
ternal synchronizer of time, artificial lighting was used. The daily rhythm 
(Zeitgeber time – ZT) consisted of 12 hours of light and 12 hours of dark-
ness with light switching on at 7 am (ZT00) and off at 7 pm (ZT12). Rats 
were randomly divided into three groups of 7 animals in each: 1) control 
group; 2) the melatonin administration in 1 hour after the light turn on – M 
ZT01; 3) the administration of melatonin 1 hour before light off – M ZT11 
(Fig. 1). Melatonin (Alcon Biosciences, USA) was administered by gavage 
daily for 7 weeks at a dose of 30 mg/kg/day.

The calculation of water and feed consumption was carried out daily 
at 10:00 and calculated the relative daily water consumption (ml/day/
kg body mass) and food (kcal/day/kg body mass) for each animal. Body 
mass was measured once per week and calculated the weight gain of the 
body. On the last day of the experiment, the animals were decapitated, 
and then the brown adipose tissue was isolated from the interscapular 
region and weighed for the calculation of the relative mass. 

MATERIALS AND METHODS
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Fig. 1. Schemes of melatonin administration in experimental groups of rats.
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Histological examination was performed to characterize the morphol-
ogy and functional status of brown adipose tissue. Fragments of brown 
adipose tissue in the size of 1x1 cm were fixed in 4 % of paraformal-
dehyde in 0.1 M phosphate buffer for 72 hours, after which they were 
dehydrated and embedded into paraffin according to a standard proce-
dure. From the paraffin blocks, 5 µm sections were performed and stained 
with Bemer’s hematoxylin and eosin. Further examination of sections was 
performed using a light microscope BX41 (Olympus, Japan). Micropho-
tographs were taken using the DP20 (Olympus, Japan) digital camera and 
the QuickPHOTO MICRO software (Promicra, Czech Republic).

The cross-sectional area of the nucleus, cells and lipid droplets, nu-
clear-cytoplasmic ratio (NCR), the number of lipid inclusions per one cell 
and the optical density of the tissue were used as criteria for assessing the 
morphology and functional status of brown adipocytes. All parameters were 
measured using the ImageJ software (National Institutes of Heath, USA). 

Statistical data analysis was performed using the Statistica 6.0 (Stat-
Soft, USA) and Microsoft Excel 2010 software (Microsoft, USA). The dis-
tribution of values was estimated using Shapiro-Wilk W-test. Since the 
deviation of these values distribution of from the normality was minor,  
to evaluate the differences between the values we used Student’s t-test. 
The differences with probability of the null hypothesis p < 0.05 were con-
sidered significant. The obtained results are presented as the mean ± 
standard error of mean.

By the morphology (Fig. 2), brown adipocytes differ from the white 
adipocytes by central location of the oval nucleus (in contrast to the pe-
ripheral arrangement of the flattened nucleus of white adipocytes); po-
lygonal form of cells (white adipocytes are rounded), multilocular loca-
lization of numerous lipid droplets (in white adipocytes there is one large 
drop), large number of mitochondria and smaller linear cell sizes.

After the melatonin administration, the localization and form of the 
nucleus do not change, but the colour becomes light, that is, less ba-
sophilic. Cell morphology remains polygonal with a bright eosinophilic 
cytoplasm (Fig. 3).

According to the morphometric analysis, melatonin application 
caused the increase of brown adipocytes nucleus area by 46 % in the 
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Fig. 2 Microphotographs of rats’ adipose tissue 
sections: A – white, B – brown;  
hematoxylin-eosin staining; oc. x10, ob. x40.

Fig. 3 Microphotographs of rats’ brown 
adipose tissue sections: A – control,  
B – group M ZT01, C – group M ZT11; 
hematoxylin-eosin staining; oc. x10, ob. x100.

group M ZT01 and by 60 % in the M ZT11 group, and the evening ad-
ministration induces these changes by 10 % more in comparison with 
the morning one (Fig. 4). The cross-section area of the cell under the 
melatonin impact did not significantly change. Nuclear-cytoplasmic ra-
tios after the melatonin action increased significantly in both schemes 
of administration – in M ZT01 group by 53 %, in M ZT11 group by 68 
%, respectively. The difference between melatonin-treated groups was 
greater in M ZT11 group by 10 % compared with morning administration. 
This indicates an increase in the functional activity of brown adipocytes by 
stimulating synthetic processes in the nucleus, which may be due to the 
expression of a number of genes, including thermogenin [56].

At standard histological tissue processing, lipids, which are deposited 
in the adipocytes in the form of inclusions, are washed out during the 
dehydration of the tissue. Therefore, the places of their localization in 
the cytoplasm of the cell after staining with eosin remain uncoloured. At 
a smaller magnification of the lens, it is possible to estimate the overall 
brightness, which depends directly on the amount of lipids in the tissue: 
the tissue looks optically darker after the impact of melatonin (Fig. 5).

The data of the morphometric analysis confirm this: in the group  
M ZT01, the optical density of BAT (scale in standard units: 100 – black, 
0 – white) increases by 29 %, while in M ZT11 group – by 21 % (Fig. 6). 
This result is observed because the number of lipid droplets increases 
for each adipocyte: in M ZT01 group by 70 % and in M ZT11 group by 
60 %, with a decrease in their cross-sectional area – in M ZT01 group by 
50 % and in M ZT11 by 45 %. Since the optical density of BAT increases 
and more lipid droplets with diminished size appear there, under the 
condition of an unchanging area of adipocyte, according to literature 
data [57, 58], this may be an indirect indication of the growth of the 
number of mitochondria. This is because a greater number of mito-
chondria provides significant splitting of triacylglycerides, which leads  
to a gradual decrease in the size of lipid droplets. These data for reduc-
ing the size of lipid droplets are consistent with the data obtained on the 
culture of embryonic fibroblasts cells of 3T3-L1 mice after the addition 
of melatonin to the culture medium [47]. In that experiment, the authors 
also showed increased expression of PPARg.

Relative weight of BAT after melatonin administration increased sig-
nificantly: in M ZT01 group by 20 % and in M ZT11 group by 56 %, with  
a significant difference between melatonin-treated groups, by 30 % high-
er in M ZT11 group compared to M ZT01. However, the effect on the 

RESULTS AND DISCUSSION
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growth of the total mass was absent (Table 1). Such changes were not 
due to increased food consumption, but due to the stimulation of preadi-
pocytes differentiation by melatonin in the direction of brown adipocytes, 
since adipocyte hypertrophy was not observed (the linear sizes of brown 
adipocytes did not change).

The difference in the effect of melatonin in different time of admin-
istration is due to the involvement of not only melatonin receptors on 
adipocytes, but also indirect signalling pathways through the inclusion of 
the hypothalamic nuclei and the peripheral nervous system.

B CA

Fig. 4. The morphometric analysis data of the cross-sectional area of the nucleus, cells and nuclear-cytoplasmic ratio of rats’ brown adipocytes.

Notes: * – a significant difference between the control and experimental groups, p ≤ 0.05; # – a significant difference between the groups M ZT01 and M ZT11, p ≤ 0.05.

Fig. 6. The morphometric analysis data of the number, cross-sectional area of the lipid droplets in brown adipocytes and optical density of rats’ BAT.

Notes: * – a significant difference between the control group and the experimental groups, p ≤ 0.05; # – a significant difference between the groups M ZT01  
and M ZT11, p ≤ 0.05.

Fig. 5 Microphotographs of rats’ brown adipose tissue sections: A – control group, B – group M ZT01, C – group M ZT11; hematoxylin-eosin staining; oc. x10, ob. x40.
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PARAMETER CONTROL GROUP GROUP М ZT01 GROUP М ZT11

The relative weight of brown adipose tissue, % 0.068 ± 0.005 0.082 ± 0.011* 0.106 ± 0.011* #

Weight gain, % 195 ± 23 236 ± 16 207 ± 23

Food consumption, kcal/g body mass per day 0.247 ± 0.002 0.258 ±0.005 0.245 ±0.003

Water consumption, kcal/g body mass per day 38.9 ± 0.8 39.3 ± 0.9 39.3 ± 0.6

Table 1. General characteristics of changes in mass of brown adipose tissue, body weight and food intake.
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