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Diabetes is a metabolic disorder with multiorgan complications, including reproductive system dys-
function where lipid imbalance of germ cells play an important role. N-stearoylethanolamine (NSE) shows a 
modulatory effect on the lipid composition under different pathologies. Therefore, the aim of our study was 
to investigate the NSE effect on the testes lipid composition and testosterone level in plasma of diabetic rats. 
Diabetes was induced in Sprague-Dawley rats by a single streptozotocin injection (50 mg/kg). Animals with 
glucose levels of 8-12 mmol/l were further selected. NSE was administrated to rats (50 mg/kg) for 10 days at 
1.5 months after the streptozotocin injection. The rat testes were used for lipid analysis, namely, phospholipid 
level, fatty acid methyl esters and plasma testosterone estimation. NSE administration to diabetic rats trig-
gered normalization of total and individual phospholipid content, as well as composition of free and phos-
pholipids fatty acids in the rat testes. In addition, the testosterone content showed a slight increase under the 
action of NSE. Our results showed that the early stages of diabetes caused destructive changes in rat testes 
that may induce a decrease in future testicular function. NSE administration to diabetic rats normalized the 
lipid content of rat testes and was correlated with an increased testosterone level. NSE induced the restoration 
of testes structure and function during the early stages of streptozotocin-іnduced diabetes in rats.

K e y w o r d s: streptozotocin-induced, diabetes mellitus, testes, N-stearoylethanolamine, phospholipids, fatty 
acids, testosterone.
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Introduction

Diabetes is a complex systemic disease that 
underlies insulin deficiency, resulting in impaired 
carbohydrate metabolism. The main mechanism of 
damage to insulin-secreting cells, followed by dia-
betes development, is an autoimmune process initi-
ated by proinflammatory cytokine IL-1. It is known 
that an increased production of this cytokine cor-
relates with inflammatory and infectious processes. 
A long-term increase in its content causes a selec-
tive toxic effect on insulin-secreting cells followed 
by the overproduction of nitric oxide. Excessive 
amounts of nitric oxide inactivate aconitase (Krebs 
cycle enzyme), thereby disrupting glucose oxidation 

and ATP synthesis, as well as activate apoptosis of 
insulin-secreting pancreatic cells, causing breaks in 
DNA strands [1]. 

Modifications of the structural and functional 
state of cell membranes, associated with the lipid 
peroxidation process, play an important role in the 
pathogenesis of diabetes. Activation of lipid peroxi-
dation triggers many destructive changes in the main 
organs, including the reproductive system.

Considering the great vulnerability of the male 
reproductive system, sexual disorders are considered 
to be one of the most widespread complications of 
diabetes, and more than 150 million people are af-
fected worldwide. It is worthy of note, that the young 

doi: https://doi.org/10.15407/ubj92.02.045
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reproductive male population is primarily affected 
by insulin-dependent diabetes.

The pathogenesis of sexual disorders in dia-
betic males is complex and multifunctional, and 
has not been fully studied. It is generally accepted 
that inhanced oxidative and nitrosative stress dur-
ing type I diabetes causes development of testicular 
dysfunction, followed by decreased male fertility. 
In addition, diabetic complications induce struc-
tural and functional changes in the testes and re-
duce testosterone production [2]. Considering the 
increasing incidence of type I diabetes among the 
Ukrainian population, it is currently important to 
develop affordable medicines to treat infertility in 
diabetic males.

Today, a prooxidant-antioxidant imbalance, 
oxidative and nitrosative stress, inhanced lipid per-
oxidation, and protein and nucleic acid oxidative 
modifications play leading roles in the development 
of many diseases [3]. The formation of lipid peroxi-
dation products mainly correlates with the activity of 
the antioxidant enzyme system, whose leading func-
tion is to maintain a stable level of reactive oxygen 
species in cells.

The primary targets of reactive oxygen and ni-
trogen species in animals are proteins and lipids of 
biological membranes. Lipids can initiate free radi-
cal reactions that cause oxidative damage of tissues 
and organs. Hydroperoxides and other products of 
free radical lipid oxidation can cause inactivation or 
transformation of membrane-bound and cytosolic 
enzymes, as well as protein modification and depo-
lymerization of DNA, causing systemic damage [4]. 

Phospholipids (PL), in addition to their major 
structural function in cell membranes, work as bio
regulators and mediators in many biochemical and 
physiological processes [5, 6]. Moreover, PL and 
fatty acids (FA) play an important role in adaptive 
reactions, regulating the fluidity and permeability 
of plasma membranes [5, 7]. FA affect numerous 
structural, metabolic and regulatory mechanisms 
in the cell, including signal transduction processes, 
and have direct and indirect effects on the activity of 
various genes, modifying mRNA and protein me-
tabolism [8]. Discovery of the nuclear peroxisome 
proliferator-activated receptors (PPAR), whose 
endogenous ligands are FA, confirmed that FA and 
their metabolites can act as hormones, regulating ac-
tivity and distribution of specific transcription fac-
tors [9]. 

Among the number of FA derivatives is the 
class of minor lipids - N-acylethanolamines (NAE) 

- bioactive compounds with a wide spectrum of 
biological and pharmacological action including 
membrane protective, antioxidant, immunomodula-
tory, anti-inflammatory, anti-toxic, and adaptogenic 
properties [10-12]. The most studied compound 
among this class is anandamide (N-arachidonoy-
lethanolamine), known as an endogenous ligand of 
cannabinoid receptors. Meanwhile, the focus of our 
studies have been NAE with saturated acyl chains, 
including N-stearoylethanolamine (NSE), that do not 
activate cannabinoid receptors, but however, exhibit 
a cannabimimetic effect [13]. It is important to note 
that NAE are synthesized in tissues under various 
damaging conditions, triggering the chain of repara-
tive and adaptive processes in the body. 

Our prior studies in the field of semen cryo-
preservation showed that the mixture of unsaturated 
and saturated NAE, added to the preservative solu-
tion, significantly increased sperm motility and fer-
tilization ability via stabilization of sperm PL com-
position [14].

Therefore, considering the fact that develop-
ment of male infertility during diabetes, as a con-
sequence of impaired testes function during oxida-
tive and nitrosative stress, may be associated with 
modifications of tissue lipid composition, the aim of 
this study was to investigate the influence of satu-
rated NAE on testes lipid composition and plasma 
testosterone level in rats with streptozotocin-induced 
diabetes. 

Materials and Methods

Experimental model of streptozotocin-in-
duced diabetes in rats. The study was carried out 
on Sprague-Dawley rats (12-week-old males, 140-
150 g). All procedures were conducted in accordance 
with the rules of the Commission on Bioethics of the 
Palladin Institute of Biochemistry, National Acade-
my of Sciences of Ukraine (Kyiv, Ukraine) that con-
forms to the National Institutes of Health Guidelines 
for Care and Use of Laboratory Animals. Rats were 
housed in standard cages with free access to food 
and water. This study was approved by the Ethics 
Committee of Palladin Institute of Biochemistry of 
NASU (11 May 2018, N 7).

Type I diabetes was induced by a single in-
traperitoneal injection of Na+-citrate streptozotocin 
solution (Sigma, Shanghai, China), pH 5.5, at a 
dose of 50 mg/kg of body weight. Development of 
diabetes in the experimental group was confirmed 
according to the results of the blood glucose level, 
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measured within 2, 4 and 6 weeks of the streptozo-
tocin injection with a standard domestic kit (Philisit 
Diagnostics, Dnepr, Ukraine), based on the glucose 
oxidase method [15]. At 1.5 months after the strepto-
zotocin injection, animals with a blood glucose level 
of 8-12 mmol/l were further selected and divided 
into 2 groups: Diabetes (n = 10) and Diabetes+NSE 
(n = 10). The Diabetes+NSE group received an aque-
ous suspension of NSE orally at a dose of 50 mg/
kg for 10 days, whereas the Diabetes group received 
pure water. Intact control animals were divided into 
Control (n = 7) and NSE (n = 7) groups. Rats from 
the NSE group were treated with NSE according to 
the same scheme as the Diabetes+NSE group, while 
animals from the Control group received water as 
a control for the NSE solvent. At the end of the ex-
periment, animals were decapitated under nembutal 
anesthesia (50 mg/kg of body weight). Testes were 
immediately placed in liquid nitrogen and blood was 
collected in tubes with sodium citrate solution in the 
ratio of 4:1 (blood:citrate). The blood plasma was ob-
tained by centrifugation at 300 g for 30 min at 4 °C. 
Then blood plasma was collected and immediately 
frozen (-20 °C).

Testosterone level assay. The plasma total tes-
tosterone level was determined using a commer-
cially available enzyme immunoassay kit (Granum, 
Kharkiv, Ukraine).

Phospholipid and fatty acid profile assay. Rat 
testes were homogenized in a physiological saline 
solution. Total lipids were extracted from 10% ho-
mogenate and purified by the methods of Bligh and 
Dyer [16]. The content of total PL, expressed by 
the level of inorganic phosphate [P(i)] in the lipid 
extracts, were assayed using the molybdenum blue 
staining method [17] and determined spectrophoto-
metrically as the phosphomolybdenum blue complex 
in the 815-nm wavelength region.

The individual PL content was determined by 
lipid extract separation with 2D thin-layer chroma-
tography. The solvent system for the first dimension 
was chloroform (65):methanol (30):ammonia (6), 
benzene (10) (v/v), and for the second dimension 
was chloroform (5):methanol (1):acetic acid (1):water 
(0.5):acetone (2) (v/v) [18, 19]. 

The level of individual PL was estimated by 
colorimetric measurement of the P(i) in each sepa-
rated PL spot, using the Vaskovskiy and Kostetskiy 
method [17].

The FA composition of testes was investigated 
using a modified method of Carreau and Dubaco 

[20]. The dried lipid extract was dissolved in ben-
zene and transferred to an ampoule containing 3 M 
HCl in methanol, sealed and heated for one hour. Af-
ter cooling, methyl-rich esters were extracted with 
hexane, dehydrated with Na2SO4 and dried using a 
rotary evaporator. To separate the FA methyl esters 
(FAME) from cholesterol, the obtained lipid extract 
was fractionated using thin-layer chromatography in 
dehydrated benzene. The FAME zone was scraped 
and eluted from silica gel using hexane. The eluate 
was evaporated and stored in a low-temperature 
refrigerator at -18°C. The FAME were analyzed 
by gas–liquid chromatography. A Carlo Erba gas 
chromatograph (model HRGC 5300, Cornaredo, 
Italy, with flame ionization detector) equipped with 
a glass packed column (length: 3.5 m, internal di-
ameter: 3 mm), completed with 10% SP-2300 phase 
(Silar 5CP, Bellefonte, USA) on ‘‘Chromosorb W/
HP’’ was used to separate FAME. The temperature 
was programmed from 140 to 250 °C at 2 °C/min. 
The FAME were identified by comparing the reten-
tion time of each peak with FAME standards (Sigma 
Serva, Darmstadt, Germany). The relative amount 
was quantified by integrating the area under the spe-
cific peak and dividing the results by the total area 
for all FA.

Statistical analysis. The data, presented as 
mean values (M) ± standard errors of the means 
(SEM), were compared using Student’s unpaired 
t‑test. The differences were considered significant at 
P < 0.05.

Results

During the experiment, the diabetes progres-
sion was examined by measuring changes in the 
blood glucose level of the rats. As shown in Fig. 1, at 
6 weeks after diabetes induction the blood glucose 
content was 9-10 mmol/L that corresponded to the 
initial stages of the disease.

As seen in Fig. 2, there was a considerable and 
significant decrease of testosterone content (from 
10.906±2.47 to 0.251±0.01 nmol/l, Control group vs 
Diabetes group, respectively; p = 0.0007) in plasma 
of diabetics rats at the end of the experiment. NSE 
administration promoted a slight increase (from 
0.251±0.01 to 0.49±0.07 nmol/l, Diabetes group vs 
Diabetes+NSE group, respectively; p = 0.0061) in 
testosterone content in plasma of rats with strepto-
zotocin-induced diabetes. Administration of NSE to 
the control rats (Control+NSE group) did not appre-
ciably change the plasma testosterone content.

O. V. Onopchenko, T. M. Horid’ko, H. V. Kosiakova et al.
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Fig. 1. Blood glucose level in rats. Values represented 
as mean ± SEM (n = 20)

There was a significant increase in the con-
tent of total lipids in testes of diabetic rats (from 
25.024±2.633 to 35.847±1.472 mg/g, Control group 
vs Diabetes group, respectively; p  =  0.0059) 
and under NSE treatment (from 35.847±1.472 to 
39.066±1.735 mg/g, Diabetes group vs Diabetes+NSE 
group, respectively; p = 0.0012) (Fig. 3).
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Fig. 2. Plasma testosterone level in rats. Values rep-
resented as mean ± SEM. For each control group 
n = 7. For each diabetic group n = 10. NSE – N-
stearoylethanolamine

Fig. 3. Total lipid content in rat testes (mg of lipids 
per g of tissue). Values represented as mean ± SEM. 
For control group and NSE group n=7. For each dia
betic group n = 10. NSE – N-stearoylethanolamine
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However, the content of total PL in testes of 
diabetic rats significantly decreased, measured as per 
gram of tissue (from 5.575±0.698 to 2.397±0.907 µg 
Pi/g, Control group vs Diabetes group, respectively; 
p = 0.0168) (Fig. 4, A) and per mg of lipids (from 
0.209±0.036 to 0.068±0.024 µg Pi/mg, Control group 
vs Diabetes group, respectively; p = 0.0068) (Fig. 4, 
B).

NSE administration to diabetics rats resulted in 
normalization of total PL in testes, measured as per 
gram of tissue (from 2.397±0.907 to 6.195±0.805 µg 
Pi/g, Diabetes group vs Diabetes+NSE group, re-
spectively; P = 0.0073) (Fig. 4, A) and per mg of 
lipids (from 0.068±0.024 to 0.213±0.057 µg Pi/mg, 
Diabetes group vs Diabetes+NSE group, respective-
ly; P = 0.0364) (Fig. 4, B). Administration of NSE to 
control rats (NSE group) did not appreciably change 
the content of total PL in rat testes (Fig. 4, A, B).

For further investigation of the PL composition 
in rat testes, we used 2D thin-layer chromatography. 
Fig. 5 shows a typical picture of the chromatographic 
separation of individual PL in rat testes.

Results of chromatographic analysis showed 
that diabetes caused a reduction in the content of 
main phospholipids, namely, phosphatidylcholine 
(PC), phosphatidylethanolamine (PE), diphosphati-
dylglycerol (DPG), sphingomyelin (SM), phosphati-
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Fig. 4. Total phospholipid content in rat testes (A) - as μg Pi per g of tissue; (B) - as mg Pi per mg of lipids. 
Values represented as mean ± SEM. For control group and NSE group n = 7. For each diabetic group n = 10. 
NSE – N-stearoylethanolamine

Analysis of FA composition in testes of dia-
betic rats showed an increase in the content of satu
rated FA (P = 0.0139, Table 3; P = 0.0003, Table 5) 
and a decrease in the content of unsaturated FA 
(P = 0.0193, Table 3; P = 0.0001, Table 5) in the pool 
of free and PL FA. Specifically, the increase was 
found in the level of following saturated FA: caproic 
(P = 0.0136, Table 4), tridecylic (p = 0.0065, Table 4; 
P = 0.0017, Table 6), pentadecanoic (p = 0.0143, Ta-
ble 4; P = 0.0002, Table 6), palmitic (p = 0.0232, Ta-
ble 4; P = 0.00003, Table 6) and behenic (p = 0.0092, 
Table 4).

The changes that followed led to an increase in 
the saturation index (the ratio of saturated/unsatu-
rated FA) (p = 0.0183, Table 3; p = 0.0007, Table 5) 
in PL FA and free FA. 

The imbalance in the content of unsaturated FA 
in diabetic rats occured mainly due to the decrease 
in the content of monounsaturated FA (lauroleic 
(p = 0.0185, Table 6), palmitovaccenic (p = 0.0001, 
Table 6), oleic (p = 0.0211, Table 6)), diunsaturated 
FA (docosadienoic (p = 0.000004, Table 6)) and 
polyunsaturated FA (adrenic (p = 0.0071, Table 4; 
p = 0.0044, Table 6); osbond (p = 0.005, Table 4); 
docosaheanoic (p = 0.0005, Table 6)) in PL FA (Ta-
ble 4) and free A (Table 6).

The NSE treatment of diabetic rats restored con-
tent of saturated FA (pentadecanoic (p = 0.0001, Ta-

Fig. 5. Typical chromatographic separation of in-
dividual phospholipids in control group rat testes, 
using 2D thin-layer chromatography. 1 – phos-
phatidylcholine; 2 – phosphatidylethanolamine; 
3 – diphosphatidylglycerol; 4 – sphingomyelin; 5 – 
phosphatidylinositol; 6 – phosphatidylserine; 7  – 
lysophosphatidylcholine; 8 – non-identified phos-
pholipids; 9 – starting point
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dylinositol (PI), phosphatidylserine (PS), lysophos-
phatidylcholine (LPC) (Table 1, 2). The NSE 
treatment of diabetic rats promoted the restoration 
of particular phospholipids level.

O. V. Onopchenko, T. M. Horid’ko, H. V. Kosiakova et al.
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T a b l e  1. The level of inorganic phosphorus (Pi ) in individual phospholipids per gram of tissue in testes of 
rats with streptozotocin-induced diabetes and after N-stearoylethanolamine (NSE) treatment 

Phospholipid, µg Pi/g of tissue
Group

Control NSE Diabetes Diabetes+ NSE
Phosphatidylcholine (PC) 2.22 ± 0.20 1.88 ± 0.21 0.89 ± 0.37* 2.58 ± 0.53#

Phosphatidylethanolamine (PE) 1.86 ± 0.23 1.32 ± 0.14 0.81 ± 0.27* 1.79 ± 0.27#

Diphosphatidylglycerol (DPG) 0.32 ± 0.05 0.18 ± 0.03* 0.15 ± 0.04* 0.30 ± 0.05#

Sphingomyelin (SM) 0.48 ± 0.09 0.45 ± 0.11 0.24 ± 0.08 0.56 ± 0.11#

Phosphatidylinositol (PI) 0.28 ± 0.06 0.19 ± 0.03 0.11 ± 0.03* 0.27 ± 0.06#

Phosphatidylserine (PS) 0.30 ± 0.03 0.20 ± 0.03* 0.11 ± 0.04* 0.28 ± 0.05#

Lysophosphatidylcholine (LPC) 0.06 ± 0.03 0.06 ± 0.009 0.03 ± 0.01 0.16 ± 0.04#

Non-identified 0.08 ± 0.04 0.05 ± 0.02 0.01 ± 0.005 0.12 ± 0.04#

Starting point 0.13 ± 0.04 0.06 ± 0.01  0.02 ± 0.007* 0.11 ± 0.02#

Mean values ± standard errors of the means. For control group and NSE group n = 7. For each diabetic group n = 10. 
*p < 0.05, Diabetes group vs Control group; #p < 0.05, Diabetes+NSE group vs Diabetes group. µg Pi/g of tissue – the con-
centration of phospholipids was estimated as µg of inorganic phosphorus in g of tissue; NSE – N-stearoylethanolamine

T a b l e  2. The level of inorganic phosphorus (Pi ) in individual phospholipids per mg of lipids in testes of rats 
with streptozotocin-induced diabetes and after N-stearoylethanolamine (NSE) treatment

Phospholipid, µg Pi/mg lipids
Group

Control NSE Diabetes Diabetes+ NSE
Phosphatidylcholine (PC) 0.09±0.02 0.07±0.01 0.04±0.01* 0.09±0.03#

Phosphatidylethanolamine (PE) 0.06±0.01 0.05±0.007 0.02±0.009* 0.06±0.02#

Diphosphatidylglycerol (DPG) 0.02±0.005 0.007±0.0009 0.004±0.001* 0.01±0.003#

Sphingomyelin (SM) 0.02±0.005 0.02±0.003 0.007±0.002 0.02±0.003#

Phosphatidylinositol (PI) 0.01±0.002 0.008±0.001 0.004±0.0009* 0.008±0.0001#

Phosphatidylserine (PS) 0.01±0.002 0.008±0.001 0.003±0.001* 0.01±0.003#

Lysophosphatidylcholine (LPC) 0.003±0.001 0.003±0.0004 0.001±0.0003 0.005±0.002#

Non-identified 0.003±0.002 0.001±0.0004 0.0004±0.0002 0.004±0.0009#

Starting point 0.004±0.001 0.01±0.011 0.0004±0.0001* 0.003±0.0007#

Mean values ± standard errors of the means. For control group and NSE group n = 7. For each diabetic group n = 10. 
*P < 0.05, Diabetes group vs Control group; #P < 0.05, Diabetes+NSE group vs Diabetes group. µg Pi/ mg lipids – the 
concentration of phospholipids was estimated as µg of inorganic phosphorus in mg of lipid extract; NSE – N-stearoyle-
thanolamine

ble 6); palmitic (p = 0.0003, Table 6); heneicosanoic 
(p = 0.0018, Table 6)), monounsaturated FA (gon-
doic (p = 0.0023, Table 4; p = 0.0003, Table 6); oleic 
(p = 0.0104, Table 6)) and di- or polyunsaturated 
FA (linoleic (p = 0.0048, Table 4); docosadienoic 
(p = 0.00001, Table 6); adrenic (p = 0.0028, Table 4; 
p = 0.0166, Table 6); docosahexanioc (p = 0.0057, 
Table 6)) in PL FA (Table 4) and free FA (Table 6).

The results of FA ratio estimation presented in 
Fig. 6 showed that diabetes caused an increase in the 
ratio of oleic to stearic acid (p = 0.0045; Fig. 6, B) 
in PL FAs, while there were no significant changes 
in the ratio of linolenic/linoleic acid (Fig. 6, A). The 
NSE treatment of diabetic rats restored the ratio of 
oleic to stearic acid (P = 0.0038; Fig. 6, B) in PL 
FA and decreased the ratio of oleic to stearic acid 
(P = 0.0014; Fig. 6, B) in free FA.
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Mean values ± standard errors of the means. For control group and NSE group n = 7. For each diabetic group n = 10. *p 
< 0.05, Diabetes group vs Control group; #p < 0.05, Diabetes+NSE group vs Diabetes group. Σ – mathematical summa-
tion of particular group of FA

T a b l e  3. Saturation of fatty acids in phospholipids (% of total fatty acid level) from testes of rats with 
streptozotocin-induced diabetes and after N-stearoylethanolamine (NSE) treatment

Fatty acid
Group

Control 1 NSE 2 Diabetes 3 Diabetes+ NSE 4
Saturated, Σ 38.98±0.95 43.13±1.08* 42.44±1.01* 41.3±0.69
Unsaturated, Σ 59.77±1.05 55.47±1.05* 56.46±0.96* 57.27±0.71
Saturated/Unsaturated 0.60±0.06 0.78±0.04* 0.75±0.03* 0.72±0.02
Monounsaturated, Σ 18.79±0.27 19.24±0.32 19.86±0.35* 19.73±0.36
Diunsaturated, Σ 6.68±0.45 5.17±0.19* 5.61±0.21 6.49±0.19#

Polyunsaturated, Σ 34.29±1.05 31.05±0.91* 30.99±1.21 31.04±0.79*
Non-identified, Σ 1.04±0.26 1.40±0.20 1.01±0.06 1.44±0.08#

T a b l e  4. Phospholipid fatty acid composition (% of total fatty acid level) in testes of rats with streptozo-
tocin-induced diabetes and after N-stearoylethanolamine (NSE) treatment

Fatty acid
Group

Control 1 NSE 2 Diabetes 3 Diabetes+ NSE 4
Valeric (5:0) 0.033±0.011 0.032 – 0.032
Caproic (6:0) 0.041±0.006 0.032 0.064±0.006* 0.051±0.008
Heptanoic(7:1) 0.057±0.013 0.073±0.006 0.047±0.016 0.053±0.012
Caprylic (8:0) 0.039±0.011 0.054±0.006 0.058±0.006 0.043±0.005
Capric acid (10:0) 0.027±0.005 0.037±0.004 0.034±0.003 0.037±0.008
Undecylic (11:0) 0.024±0.004 0.031±0.003 0.028±0.002 0.039±0.008
Lauric (12:0) 0.045±0.005 0.056±0.007 0.061±0.006 0.089±0.018*
Iso-Lauric (12:0) 0.026±0.005 0.028±0.002 0.031±0.004 0.033±0.004
Lauroleic (12:1) 0.026±0.004 0.039±0.006 0.047±0.013 0.045±0.008
Tridecylic (13:0) 0.067±0.008 0.104±0.011* 0.094±0.005* 0.110±0.024
Myristic (14:0) 0.280±0.032 0.280±0.026 0.340±0.026 0.365±0.037
Myristovaccenic (14:1) 0.172±0.023 0.185±0.015 0.208±0.018 0.245±0.046
Myristolinoleic (14:2) 0.082±0.014 0.051±0.009 0.057±0.010 0.057±0.011
Pentadecanoic (15:0) 0.141±0.017 0.249±0.100 0.185±0.006* 0.252±0.036*
Palmitic (16:0) 20.249±0.721 25.465±1.042* 23.267±1.153* 22.408±0.779
Iso-Palmitic (16:0) 3.582±0.437 3.051±0.594 3.953±0.656 2.735±0.643
Palmitovaccenic (16:1) 1.357±0.101 1.199±0.087 1.339±0.103 1.237±0.041
Heptadecanoic (17:0) 0.387±0.020 0.295±0.013* 0.379±0.025 0.528±0.02*#

Stearic (18:0) 12.453±0.246 11.604±0.269* 12.046±0.157 13.060±0.175#

Iso-Stearic (18:0) 1.097±0.120 0.854±0.152 1.103±0.177 0.907±0.218
Oleic (18:1) 15.635±0.252 15.860±0.336 16.689±0.447 16.519±0.315
Linoleic (18:2n-6) 6.136±0.490 4.683±0.163* 5.334±0.190 6.161±0.190#

Lenolenic (18:3n-6) 0.051±0.008 0.091±0.022 0.053±0.018 0.083±0.019
Arachidic (20:0) 0.216±0.013 0.236±0.023 0.157±0.017* 0.271±0.02*#
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Fatty acid
Group

Control 1 NSE 2 Diabetes 3 Diabetes+ NSE 4
Gondoic (20:1) 0.537±0.045 0.557±0.028 0.491±0.024 0.624±0.030#

Eicosadienoic (20:2n-6) 0.104±0.058 0.039±0.005 0.043±0.009 0.035±0.003
Eicosatrienoic (20:3n-6) 0.243±0.041 0.179±0.021 1.259±1.074 0.300±0.010
Arachidonic (20:4n-6) 15.916±0.910 15.872±0.537 15.835±0.520 14.940±0.233
Behenic (22:0) 0.378±0.049 0.802±0.053* 0.747±0.026* 0.332±0.026
Erucic (22:1n-9) 0.760±0.098 1.048±0.055* 0.750±0.067 0.686±0.038
Docosadienoic (22:2n−6) 0.407±0.103 0.555±0.074 0.275±0.018 0.252±0.024
Adrenic (22:4n-6) 0.327±0.029 0.402±0.041 0.233±0.016* 0.314±0.018#

Osbond (22:5n−6) 16.407±0.615 13.845±0.601* 13.220±0.847* 15.211±1.200
Docosahexaenic (22:6n-6) 9.224±8.310 2.248±1.167 5.335±2.342 4.848±1.820
Non-identified 0.149±0.032 0.175±0.031 0.125±0.023 0.180±0.027

Mean values ± standard errors of the means. For control group and NSE group n = 7. For each diabetic group n = 10. 
*P < 0.05, Diabetes group vs Control group; #p < 0.05, Diabetes+NSE group vs Diabetes group

T a b l e  4. (Сontinuation)

T a b l e  5. Saturation of free fatty acids (% of total fatty acid level) in testes of rats with streptozotocin-
induced diabetes and after N-stearoylethanolamine (NSE) treatment

Fatty acid
Group

Control 1 NSE 2 Diabetes 3 Diabetes+ NSE 4
Saturated, Σ 29.85±0.41 29.78±0.45 44.60±3.25* 35.17±0.23*#

Unsaturated, Σ 68.98±0.47 69.20±0.45 53.75±2.99* 63.77±0.32*#

Saturated/Unsaturated 0.43±0.01 0.43±0.01 0.86±0.10* 0.55±0.006*#

Monounsaturated, Σ 33.33±1.30 35.50±0.38 22.87±2.28* 29.77±0.38*#

Diunsaturated, Σ 22.46±0.60 22.29±0.51 11.43±1.29* 24.69±0.68*#

Polyunsaturated, Σ 13.19±1.46 11.41±0.69 19.45±5.37 9.32±0.90*
Non-identified, Σ 1.17±0.19 1.01±0.13 1.64±0.47 1.05±0.17

Mean values ± standard errors of the means. For control group and NSE group n = 7. For each diabetic group n = 10. *p 
< 0.05, Diabetes group vs Control group; #P < 0.05, Diabetes+NSE group vs Diabetes group. Σ – mathematical summa-
tion of particular group of FA

Discussion

Earlier findings suggest that NAE in human re-
productive fluids may regulate multiple physiological 
and pathological processes in the reproductive sys-
tem, and exogenous cannabinoids administration, 
including oleylethanolamine, palmitoylethanolamine 
and NSE may affect these processes [21]. Moreover, 
PEA and OEA levels in human seminal plasma may 
reflect overall male reproductive health, playing 
a crucial role in the preservation of normal sperm 
function, including viability, motility and mitochon-
drial activity [22].

Considering that one of the main complications 
of diabetic pathogeneses is impaired male reproduc-
tive function, it is interesting to explore the biologi-
cal effect and molecular mechanism of action for an-
other prevailing NAE, namely NSE, during diabetes 
type I development.

Various studies describe a number of experi-
mental approaches for the modulation of diabetes. 
In our experiment, we used a streptozotocin-induced 
experimental model of diabetes in rats, since it is 
currently the most widely used model among the 
chemically-induced group. In many cases, the nature 
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T a b l e  6. Phospholipids fatty acid composition (% of total fatty acid level) in testes of rats with streptozo-
tocin-induced diabetes and after N-stearoylethanolamine (NSE) treatment

Fatty acid
Group

Control 1 NSE 2 Diabetes 3 Diabetes+ NSE 4
Lauric (12:0) 0.081±0.011 0.081±0.011 0.061±0.009 0.133±0.017*#

Iso-Lauric (12:0) – – 0.02 0.013±0.008
Lauroleic (12:1) 0.018±0.003 0.018±0.002 0.048±0.012* 0.022±0.006
Tridecylic (13:0) 0.009±0.0001 0.015±0.003 0.052±0.011* 0.014±0.002*#

Myristic (14:0) 1.242±0.099 1.501±0.15 1.312±0.064 1.104±0.107
Iso-Myristic (14:0) 0.012±0.002 0.015±0.002 0.06±0.02* 0.022±0.011
Myristovaccenic (14:1) 0.142±0.021 0.186±0.02 0.198±0.027 0.099±0.032#

Pentadecanoic (15:0) 0.496±0.052 0.495±0.055 0.226±0.023* 0.494±0.05#

Palmitic (16:0) 19.28±0.774 20.65±0.942 36.27±2.783* 19.94±0.886#

Iso-Palmitic (16:0) 0.117±0.017 0.134±0.021 0.425±0.194 0.123±0.031
Palmitovaccenic (16:1) 7.094±0.77 8.923±0.547 2.569±0.425* 3.187±0.353*
Heptadecanoic (17:0) 0.536±0.058 0.441±0.051 0.24±0.031* 0.803±0.066*#

Stearic (18:0) 6.986±0.827 5.458±0.434 4.625±0.532* 11.38±0.668*#

Iso-Stearic (18:0) – – 0.033 0.029
Oleic (18:1) 23.64±0.89 24.4±0.786 18.7±1.792* 23.92±0.806#

Linoleic (18:2n-6) 17.13±2.808 19.7±1.633 11.1±1.322 15.8±3.286
Lenolenic (18:3n-6) 0.789±0.118 0.796±0.112 0.258±0.15* 0.935±0.138#

Arachidic (20:0) 0.251±0.034 0.166±0.013 0.185±0.045 0.464±0.031*#

Gondoic (20:1) 1.499±0.164 1.295±0.128 0.67±0.076* 1.638±0.198#

Eicosadienoic (20:2n-6) – – 0.214±0.08 –
Eicosatrienoic (20:3n-6) 0.55±0.084 0.48±0.056 0.472±0.179 0.672±0.098
Arachidonic (20:4n-6) 5.082±0.75 3.848±0.364 11.11±4.582 3.282±0.23*
Heneicosanoic (C21:0) 0.843±0.106 0.816±0.102 0.27±0.063* 0.624±0.076#

Behenic (22:0) – 0.233 0.874±0.177 0.585
Erucic (22:1n-9) 0.455±0.039 0.218±0.047 0.468±0.069 0.552±0.098
Docosadienoic (22:2n−6) 0.64±0.062 0.591±0.165 0.122±0.019* 0.754±0.093#

Adrenic (22:4n-6) 0.037±0.004 0.063±0.008 0.201±0.055* 0.063±0.024#

Osbond (22:5n−6) 3.013±0.704 2.797±0.502 3.747±1.096 1.828±0.416
Docosahexaenic (22:6n-6) 0.46±0.085 0.407±0.071 0.121±0.021* 0.377±0.088#

Non-identified 0.348±0.061 0.357±0.05 0.658±0.146 0.247±0.036#

Mean values ± standard errors of the means. For control group and NSE group n = 7. For each diabetic group n = 10. 
*p < 0.05, Diabetes group vs Control group; #p < 0.05, Diabetes+NSE group vs Diabetes group

and course characteristics of experimental modeling 
are consistent with human insulin-dependent diabe-
tes, while streptozotocin itself is a glucosamine-ni-
trosourea compound that causes damage to the DNA 
of pancreatic cells, activating poly(ADP-ribose) 
polymerase (PARP) which is important for diabetes 
development [23]. 

In addition, a considerable decrease of plasma 
testosterone content was found at the end of experi-
ment, suggesting a correlation between progression 
of diabetes and testosterone depletion. Meanwhile, 
the use of NSE promoted a slight increase in testos-
terone content in the plasma of the rats with diabetes.

O. V. Onopchenko, T. M. Horid’ko, H. V. Kosiakova et al.
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Fig. 6. (A) The linolenic/linoleic ratio and (B) oleic/stearic ratio in testes of rats with streptozotocin-induced 
diabetes and after N-stearoylethanolamine treatment (NSE). For control group and NSE group n = 7. For 
each diabetic group n = 10. Values represented as mean ± SEM
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The study of lipid composition in rat testes 
showed a significant increase in the content of to-
tal lipids in testes of diabetic rats with and without 
NSE treatment. Meanwhile, the PL composition was 
significantly impaired in rat testes during diabetes 
development. The NSE treatment of diabetic rats 
promoted the restoration of the particular PL level.

It was reported that the weight of testes, sperm 
content and motility, and testosterone level were 
significantly reduced in diabetic rats, and in addi-
tion, an increase in the formation of altered forms 
of sperm was detected [24, 25]. These disturbances 
played a crucial role in the development of male in-
fertility during diabetes.

It was confirmed that in addition to a struc-
tural role, PL take part in membrane functioning, 

creating the surrounding area for membrane trans-
porters, membrane-bound enzymes, participating in 
signal transduction. Therefore, the optimal balance 
of PL composition is important for the functioning 
of the cell membrane apparatus. Most pathological 
processes, such as type I diabetes, are accompanied 
by alterations in membrane function, followed by 
impaired protein and lipid composition of mem-
branes, including PL content. Prior studies described 
that the morpho-functional changes in sperm during 
male infertility correlated with the disturbances in 
membrane PL composition. In particular, secretory 
infertility in males was associated with a reduction 
of the inorganic phosphorus content of sperm PL 
(including phosphatidylethanolamine, phosphati-
dylinositol, lysophosphatidylcholine), which corre-
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lated with a decrease in sperm content and indicated 
a disturbance in PL metabolism. Relative infertility 
showed a decrease in sphingomyelin and lysophos-
phatidylcholine, which was associated with impaired 
sphingomyelin metabolism and a decrease in A2 
phospholipase activity [26].

It is worth noting that most of the studies of 
male infertility were conducted using sperm, while 
the main stages of spermatogenesis occur in the tes-
tes. Obviously, biochemical disorders that occur in 
male gonadal cells during pathology developed in 
the testes in early stages of spermatogenesis.

Therefore, to perform our study we used tes-
tes of diabetic rats. We have shown that under 
diabetic conditions there was a decrease in the level 
of individual PL in the testes. The major changes 
were found in phosphatidylcholine, phosphatidy-
lethanolamine and phosphatidylserine content. 
Considering the possible mechanisms of such shifts, 
it was assumed that the synthesis of basic PL, in par-
ticular phosphatidylethanolamine and phosphatidyl-
choline, via the Kennedy pathway was inhibited, the 
intensity of bases exchange was decreased and the 
activity of phosphatidylserine decarboxylase was 
reduced [27, 28]. It is known that phosphatidylseri
ne can also be formed through acylation of 1-acyl-
sn-glycero-3-phosphoserine [29]. Thus, we suggest 
that the decrease in phosphatidylserine content may 
be an indication of the inhibition of its synthesis via 
the listed mechanism. Identified changes in PL syn-
thesis and alteration in their composition in testes 
along with other metabolic disorders during strep-
tozotocin-induced diabetes may be a prerequisite for 
the development of male infertility.

Our previous studies showed a membranotropic 
effect of NSE in many experimental models associat-
ed with impaired membrane structure and function, 
such as ischemic-reperfusion injury, and acute toxic 
lesions of morphine and ethanol [30, 31]. 

The NSE treatment of diabetic rats restored the 
PL composition in testes by normalizing the level of 
individual PL within 10 days of administration. The 
observed effect of NSE confirmed its modulation of 
PL metabolism, restoring membrane structure and 
function in testes. These results are in agreement 
with earlier findings with another NAE representa-
tive –oleylethanolamine where in vitro capacitated 
spermatozoa from patients with idiopathic infertility 
were studied [32]. Incubation of oleylethanolamine 
with sperm improved its kinematic parameters and 
modulated hyperactivation, both in the presence and 
in the absence of oxidative stress, conferring protec-

tion against oxidative damage. The observed effect 
was followed by reduction of sperm membrane li-
pid peroxidation and restoration of the lipid bilayer 
structure.

Analysis of FA composition in testes of diabetic 
rats showed an increase in the content of saturated 
FA and a decrease in the content of unsaturated FA 
in the pool of free and PL FAs. The following chang-
es in the content of FAs led to an increase in the 
saturation index (the ratio of saturated/unsaturated 
FA).

The saturation index reflects the functional 
properties of membranes and serves as a diag-
nostic indicator of many pathological processes. 
The earlier studies described that the reduction of 
docosahexaenic acid in the ejaculate closely corre-
lated with the development of various types of male 
infertility, such as excretory-toxic, secretory and 
combined [33].

It is widely known that animals have a com-
plex system of FA biosynthesis. The main metabolic 
remodeling of FA in membrane lipids is realized by 
desaturases and FA elongases. Thus, Δ9-desaturase 
catalyzes the synthesis of monoenic FAs, and the 
product of this reaction is oleic acid. Δ6- and Δ5-
desaturases catalyze the formation of polyunsatu-
rated FAs. To evaluate the activity of desaturases, 
the value of the individual FA ratio is used. There-
fore, the evaluation of Δ5-desaturase activity is the 
ratio of arachidonic acid to dihomo gamma linolenic 
(eicosatrienoic) acid, Δ6-desaturase - the ratio of li-
nolenic acid to linoleic acid, and for Δ9-desaturase - 
the ratio of oleic acid to stearic acid [34]. 

The results of FA ratio estimation showed that 
diabetes caused an increase in the ratio of oleic to 
stearic acid. This finding suggested changes in Δ9-
desaturase activity. The detected increase in the 
activity of this enzyme could be a consequence of 
its inverse regulation during a reduced level of mo-
noenic FAs in the pool of free FA and PL.

Thus, an increase in the saturation index of FA 
and a decrease in the content of basic PL, including 
the “fluidity” PL - phosphatidylcholine [35], proved 
that the sealing of cell membranes in rat testes was 
a causative factor in the impairment of its functional 
activity.

Earlier studies indicated a close correlation 
between disorders in lipid composition of gonadal 
cells and the development of male infertility [26]. It 
is important to emphasize that the process of sperm 
maturation was associated with the changes in li-
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pid and PL composition of cell membranes. Thus, 
the lipid composition of epididymal and ejaculated 
sperm is different. In particular, during maturation 
of bull sperm while passing through the epididymal 
tract, the levels of phosphatidylcholine, phosphatidy-
lethanolamine, cardiolipin, phosphatidylserine and 
sphingomyelin were significantly reduced. Similar 
changes were found during maturation of rat gam-
etes where the level of PL was decreased almost 
three times [36]. 

The previous experiments described significant 
changes in the content of PL in male germ cells in 
various forms of male infertility. Namely, the analy-
sis of PL content in sperm and seminal fluid of in-
fertile men showed a decrease in the level of both 
total and individual PL [26]. It is important to note 
that sperm synthesis is located in male reproductive 
glands, while sperm differentiation – in the epididy-
mus. Therefore, the changes in the lipid composition 
of spermatozoids may occur during the early stages 
of their formation and maturation.

NAE is a group of minor lipids whose main 
function is to protect and repair cell membranes 
during different pathological factors. The admin-
istration of NSE to rats with experimental diabe-
tes triggered normalization of total and individual 
saturated and unsaturated FA of both free FA and 
PL FA in testes. Particular attention was paid to the 
increased content of docosahexaenoic acid in free 
FA composition of diabetic rats treated with NSE. In 
addition, administration of NSE to rats with diabe-
tes resulted in a significant decrease of the estimated 
activity of Δ9-desaturase. Considering the crucial 
effect of the disturbances in FA composition on the 
male reproductive system, it is assumed that the cor-
rective effect of NSE on testes lipid composition in-
duced the restoration of its functional activity.

Conclusion

The results of this study, using NSE at a dose 
of 50 mg/kg of body weight for 10 days in the initial 
stages of streptozotocin-induced diabetes in rats, in-
dicated the restoration of PL composition, normali-
zation of free FA content and di-/polyunsaturated 
percentage of FA in PL composition of rat testes, 
correlating with a slight increase in the plasma tes-
tosterone level.

Therefore, the obtained results suggest the fea-
sibility of NSE treatment during the early stages of 
insulin-dependent diabetes, and as a result its poten-
tial effect on prevention of male infertility.

Considering the absence of any human data on 
the effect of NSE, the results of the current study 
may provide a background for further clinical re-
search.
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Вплив 
N-стеароілетаноламіну на 
вміст ліпідів у сім’яниках 
та рівень тестостерону 
у щурів на ранніх 
стадіях стрептозотоцин
індукованого діабету

О. В. Онопченко, Т. М. Горідько, 
Г. В. Косякова, А. Г. Бердишев, 
В. М. Клімашевський, Н. М. Гула

Інститут біохімії ім. О. В. Палладіна 
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Порушення обміну речовин за діабету 
пов’язано з мультіорганними ускладнення-
ми, включаючи дисфункцію репродуктивної 
системи, де ключову роль відіграє ліпідний 
дисбаланс сім’яників. З огляду на те, що 
N-стеароїлетаноламін (NSE) проявляє моду-
люючий ефект на ліпідний склад тканин за 
різних патологій, метою нашого дослідження 
було дослідити вплив NSE на ліпідний склад 
сім’яників та рівень тестостерону у плазмі 
крові діабетичних щурів. Діабет індукували у 
Sprague-Dawley щурів однією ін’єкцією стрепто-
зотоцину (50 мг/кг). Відбирали тварин за рівнем 
глюкози 8-12 ммоль/л. NSE вводили щурам 
(50 мг/кг) протягом 10 днів через 1,5 місяці після 
введення стрептозотоцину. Сім’яники щурів 
використовували для проведення ліпідного 
аналізу, а саме визначення рівня фосфоліпідів 
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та метилових ефірів жирних кислот. Також, 
визначали вміст тестостерону у плазмі крові. 
Введення NSE діабетичним щурам сприяло 
нормалізації загального та індивідуального 
вмісту фосфоліпідів, а також рівня жирних 
кислот як вільних, так і у складі фосфоліпідів 
у сім’яниках. Крім того, вміст тестостеро-
ну у плазмі крові показав тенденцію до його 
підвищення під дією NSE. Згідно отриманих 
результатів ранні стадії розвитку інсуліно-
залежного діабету спричиняють значні зміни 
у сім’яниках щурів, які можуть призводити 
до зниження їх функціональної активності. 
Введення NSE діабетичним щурам нормалізує 
вміст ліпідів у сім’яниках щурів, сприяє 
підвищенню рівня тестостерону та відновлює  
структурно-функціональний стан сім’яників на 
ранніх стадіях стрептозотоцин-індукованого 
діабету у щурів.

К л ю ч о в і  с л о в а: стрептозотоцин-інду
кований діабет, сім’яники, N-стеароїлетаноламін 
(NSE), фосфоліпіди, жирні кислоти, тестостерон.
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