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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-induced diabetes in rats.

Keywords: streptozotocin-induced, diabetes mellitus, testes, N-stearoylethanolamine, phospholipids, fatty
acids, testosterone.

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
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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)
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- 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,



O. V. Onopchenko, T. M. Horid’ko, H. V. Kosiakova et al.

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
HCI in methanol, sealed and heated for one hour. Af-
ter cooling, methyl-rich esters were extracted with
hexane, dehydrated with Na,SO, 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/I, 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/Il, 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.
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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
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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 g
P./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 g P,/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 pg
P./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 pg P./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. 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



O. V. Onopchenko, T. M. Horid’ko, H. V. Kosiakova et al.

P <0.05

8 -+ P <0.05

ug P/g of tissue
IS

Control NSE Diabetes

+NSE

Diabetes

B P <0.05

0.30 - P <0.05

0.25

0.20 + [

0.15 -

0.10 -

ug P/mg of lipids

0.05

Control NSE Diabetes

+NSE

Diabetes

Fig. 4. Total phospholipid content in rat testes (A) - as ug P, per g of tissue; (B) - as mg P, per mg of lipids.
Values represented as mean + SEM. For control group and NSE group n = 7. For each diabetic group n = 10.
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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

dylinositol (PI), phosphatidylserine (PS), lysophos-
phatidylcholine (LPC) (Table 1, 2). The NSE
treatment of diabetic rats promoted the restoration
of particular phospholipids level.

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-
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Table 1. The level of inorganic phosphorus (P,) in individual phospholipids per gram of tissue in testes of
rats with streptozotocin-induced diabetes and after N-stearoylethanolamine (NSE) treatment

- . Group
Phospholipid, g P/g of tissue Control NSE Diabetes | Diabetes+ NSE
Phosphatidylcholine (PC) 2.22+0.20 188 +0.21 0.89 £ 0.37* 2.58 + 0.53*
Phosphatidylethanolamine (PE) 1.86 £ 0.23 1.32+£014 0.81 £ 0.27* 179 £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. g P /g of tissue — the con-
centration of phospholipids was estimated as g of inorganic phosphorus in g of tissue; NSE — N-stearoylethanolamine

Table 2.The level of inorganic phosphorus (P,) in individual phospholipids per mg of lipids in testes of rats
with streptozotocin-induced diabetes and after N-stearoylethanolamine (NSE) treatment

. - Group

Phospholipid, g P/mg lipids 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. pg Pi/ mg lipids — the
concentration of phospholipids was estimated as pg 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).
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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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Table 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

. Group
Fatty acid . -
Control 1 NSE 2 \ Diabetes 3 \ Diabetes+ NSE 4
Saturated, 38.98+0.95 43.13+1.08* 42.44+1.01* 41.3+0.69
Unsaturated, 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, X 18.79+0.27 19.24+0.32 19.86+0.35* 19.73+0.36
Diunsaturated, X 6.68+0.45 5.17+0.19* 5.61+£0.21 6.49+0.19*
Polyunsaturated, X 34.29+1.05 31.05+0.91* 30.99+1.21 31.04+0.79*
Non-identified, X 1.04+0.26 1.40+0.20 1.01+0.06 1.44+0.08*

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. £ — mathematical summa-

tion of particular group of FA

Table 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 Giroup . .
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**

51



ISSN 2409-4943. Ukr. Biochem. J., 2020, Vol. 92, N 2

Table 4. (Continuation)

Fatty acid Giroup . -
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

Table 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 Giroup - 5
Control 1 NSE 2 \ Diabetes 3 Diabetes+ NSE 4

Saturated, X 29.85+0.41 29.78+0.45 44.60+3.25* 35.1740.23**
Unsaturated, X 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, X 33.33+£1.30 35.50+0.38 22.87+2.28* 29.77+0.38**
Diunsaturated, X 22.46+0.60 22.29+0.51 11.43+1.29* 24.69+0.68*%
Polyunsaturated, X 13.19+1.46 11.41+0.69 19.45+5.37 9.32+0.90*
Non-identified, £ 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. £ — 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].
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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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Table 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.
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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

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,
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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, A9-desaturase
catalyzes the synthesis of monoenic FAs, and the
product of this reaction is oleic acid. A6- and A5-
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 A5-desaturase activity is the
ratio of arachidonic acid to dihomo gamma linolenic
(eicosatrienoic) acid, A6-desaturase - the ratio of li-
nolenic acid to linoleic acid, and for A9-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 A9-
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 A9-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.
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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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BIIJIUB
N-CTEAPOIJIETAHOJTAMIHY HA
BMICT JIIIIAIB Y CIM’AHUKAX
TA PIBEHb TECTOCTEPOHY

Y IIYPIB HA PAHHIX

CTAAIAX CTPEIITO30TOLUH-
IHAYKOBAHOI'O AIABETY

O. B. Ononuenxo™, T. M. I'opiovko,
I’ B. Kocsxosa, A. I Bepouuues,
B. M. Knimawescokuii, H M. I'yna

[acTuTyT Gioximii im. O. B. [Nannaxina
HAH VYkpainu, Kuis;
He-mail: onop.89.av@gmail.com

[opymienHss oOMiHYy pe4doBMH 3a Jiabery
NOB’13aHO 3 MYJbTIOPraHHUMH  YCKJIaJHCHHS-
MU, BKIIOYaOYH AUCHYHKIIIO PEnpoayKTHBHOI
CHCTEMH, Ji¢ KJIIOYOBY pOJIb BiJirpae MimigaHUN
nucOananc CIMSHUKIB. 3 Orjsay Ha Te, IO
N-creapoineranonamin (NSE) mposBise momy-
JIOYUN ePeKT Ha JINiJHUNA CKJajJ TKaHWUH 3a
PI3HHX MATOJOriH, METOK HAIIOrO JIOCIIJKSHHS
Oyno nociigutu BriuB NSE Ha nmimigHuii ckiaj
CIM’IHUKIB Ta piBEHb TECTOCTEPOHY Yy IJIa3Mi
KpoBi aiabeTnuHMX mypiB. [liaber iHAyKyBaiu y
Sprague-Dawley 11ypiB OfHI€RO 1H E€KITIEI0 CTPENTO-
3otouuny (50 Mr/kr). BinOupanu TBapuH 3a piBHEM
rmoko3n  8-12° mmonp/n. NSE BBogmmm 1mypam
(50 mr/kr) mpotsirom 10 HiB uepe3 1,5 micsii micus
BBEJICHHSI CTpenTo30TONUHY. CiM’SHUKH UIypiB
BUKOPUCTOBYBAJIM JIS TPOBEJCHHS JIiITiJIHOTO
aHamizy, a caMe BH3HA4YCHHS PIiBHS Qocdomimiain
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Ta METHJIOBUX eQipiB KUPHUX KHUCIOT. Takox,
BHU3HAYaJ M BMICT TECTOCTEPOHY y ILIa3Mi KpOBI.
Beenennss NSE pgiaGeTuuHMM 1mypam  CHpPHSIIO
HOpMaJi3amii 3arajbHOrO0 Ta I1HJWBIIYaIbHOTO
BMicTy docdominigiB, a TaKoXK pIBHSI >XHPHUX
KHUCJIOT SIK BUIBHHX, Tak 1y ckiaai docdomimiib
y ciM’aHukax. Kpim Toro, BmicT TecrocTepo-
HY y TUIa3Mi KpoBi TOKa3aB TEHACHINIIO JO HOTo
nigBuieHHs nix giero NSE. 3rinHo oTpumaHux
pe3ynbTaTiB  paHHI cTanii pPO3BUTKY 1HCYIIHO-
3aJIe)KHOr0 J1iabeTy CHpPUYMHSIOTH 3HAYHI 3MiHH
y CIM’STHUKaX IIypiB, SKi MOXYTh IPU3BOAUTH
0 3HIWKEHHS 1X (yHKIIOHAJIBHOI aKTHBHOCTI.
Benennss NSE npiaGeTHuHHMM IIypam HOpMallizye
BMICT IMOIAIB y CIM'SHHKaX MIypiB, CIPHSIE
M1 IBUILICHHIO PIBHS TECTOCTEPOHY Ta BiJHOBIIIOE
CTPYKTYpPHO-(YHKIIOHAIBHUHA CTaH CiM’STHUKIB Ha
paHHIX CTamisX CTPENTO30TONHH-1HIYKOBAHOTO
niabety y Uiypis.

Knaro4goBi cioBa: cTpenTo30TOIMH-IHIY-
KOBaHWH Mia0eT, ciM sTHUKH, N-cTeapoilleTaHOIaMiH
(NSE), docdomimmiam, >KUpHI KUCIOTH, TECTOCTEPOH.
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