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Abstract: In men with type 2 diabetes mellitus (T2DM), steroidogenesis and spermatogenesis are
impaired. Metformin and the agonists of luteinizing hormone/human chorionic gonadotropin(hCG)-
receptor (LH/hCG-R) (hCG, low-molecular-weight allosteric LH/hCG-R-agonists) can be used
to restore them. The aim was to study effectiveness of separate and combined administration of
metformin, hCG and 5-amino-N-tert-butyl-2-(methylsulfanyl)-4-(3-(nicotinamido)phenyl)thieno[2,3-
d]pyrimidine-6-carboxamide (TP3) on steroidogenesis and spermatogenesis in male rats with T2DM.
hCG (15 IU/rat/day) and TP3 (15 mg/kg/day) were injected in the last five days of five-week
metformin treatment (120 mg/kg/day). Metformin improved testicular steroidogenesis and sper-
matogenesis and restored LH/hCG-R-expression. Compared to control, in T2DM, hCG stimulated
steroidogenesis and StAR-gene expression less effectively and, after five-day administration, reduced
LH/hCG-R-expression, while TP3 effects changed weaker. In co-administration of metformin and
LH/hCG-R-agonists, on the first day, stimulating effects of LH/hCG-R-agonists on testosterone levels
and hCG-stimulated expression of StAR- and CYP17Al-genes were increased, but on the 3-5th day,
they disappeared. This was due to reduced LH/hCG-R-gene expression and increased aromatase-
catalyzed estradiol production. With co-administration, LH/hCG-R-agonists did not contribute
to improving spermatogenesis, induced by metformin. Thus, in T2DM, metformin and LH/hCG-
R-agonists restore steroidogenesis and spermatogenesis, with metformin being more effective in
restoring spermatogenesis, and their co-administration improves LH/hCG-R-agonist-stimulating
testicular steroidogenesis in acute but not chronic administration.

Keywords: metformin; male reproduction; type 2 diabetes mellitus; allosteric agonist; luteinizing
hormone receptor; chorionic gonadotropin; testicular steroidogenesis; spermatogenesis

1. Introduction

Biguanide metformin (MF), a first-line drug for the treatment of type 2 diabetes
mellitus (T2DM), is widely used to normalize insulin sensitivity and improve glucose
and lipid metabolism in patients with T2DM and metabolic syndrome [1-4]. In diabetic
pathology, there is numerous evidence that MF also improves the functions of the impaired
endocrine system, including the restoration of hypothalamic-pituitary-gonadal (HPG) axis,
both in men and women [5-9]. This is due to both the normalization of hypothalamic
regulation of the endocrine system, since the hypothalamus is one of the targets of MF,
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which easily penetrates the blood-brain barrier [10,11], and the beneficial effect of MF
therapy on metabolism and hormonal regulation at the periphery, including the testes and
ovaries [12-17]. In male diabetic patients and in animals with experimental models of
diabetes, long-term MF therapy improves the spermatogenesis, increasing the fertilizing
ability of sperm [7-9,18,19].

It is well known that luteinizing hormone (LH) and human chorionic gonadotropin
(hCQG), its structural and functional homologue, are the main regulators of steroidogenesis
in testicular Leydig cells [20-22]. LH and hCG bind with a high affinity to the orthos-
teric site located in the ectodomain of G protein-coupled LH/hCG receptor (LH/hCG-
R). This binding leads to conformational rearrangements in the extracellular loops and
the transmembrane domain of LH/hCG-R and induces the activation of heterotrimeric
G proteins (Gs, Gg/11) and B-arrestins. As a result, the intracellular signaling cascades
are activated, which are responsible for the regulation of testosterone synthesis, as well
as for the maturation and survival of testicular cells [20-23]. Testosterone secretion by
Leydig cells makes a major contribution to the control of sperm maturation and male
fertility [24-26]. However, the use of gonadotropins in the clinic for the treatment of hypog-
onadotropic hypogonadism, delayed puberty in boys and age-related androgen deficiency
often leads to side effects [27-29]. This may be due to structural differences between the go-
nadotropin preparations (recombinant LH, recombinant and urinary hCG), which changes
the effectiveness of their stimulating effect on various intracellular cascades and effector
proteins [28]. There is evidence that pharmacological preparations of gonadotropins are
characterized by immunogenicity, and their long-term use can lead to resistance of the
testes to endogenous gonadotropins, due to the triggering of the mechanisms of LH/hCG-R
desensitization [21,22,30-33].

These limitations require the development of new regulators of LH/hCG-R activity.
In this regard, low-molecular-weight allosteric LH/hCG-R-agonists, which interact with
an allosteric site located in the transmembrane domain of LH/hCG-R, are of considerable
interest [34]. Among allosteric agonists, thieno[2,3-d]-pyrimidine derivatives, developed
in 2002 by Dutch scientists [35], demonstrated a high efficiency [36-38]. We further de-
veloped thieno[2,3-d]-pyrimidine derivatives 5-amino-N-tert-butyl-2-(methylsulfanyl)-4-
(3-(nicotinamido)phenyl)thieno[2,3-d] pyrimidine-6-carboxamide (TP3) (Figure S1) and
its analogues TP1 and TP4/2, which showed significant steroidogenic activity in the
in vitro and in vivo conditions [38—40]. They regulated the testosterone production in aging
rats and animals with streptozotocin (STZ) diabetes [38,41-43]. Thieno[2,3-d]-pyrimidine
derivatives selectively stimulated the enzyme adenylyl cyclase, increasing the level of in-
tracellular cAMP and activating protein kinase A [38,40,44]. This resulted in the activation
of steroidogenic acute regulatory protein (StAR), a mitochondrial cholesterol-transporting
protein, which catalyzes the first, rate-limiting stage of steroidogenesis [45]. The conse-
quence of StAR activation is the triggering steroidogenic reactions leading to the synthe-
sis of pregnenolone (cytochrome P450s., CYP11A1), progesterone (3B-hydroxysteroid
dehydrogenase/A5-4 isomerase), 17-hydroxyprogesterone, androstenedione (cytochrome
P450 17A1/steroid 17x-monooxygenase, CYP17A1) and testosterone (173-hydroxysteroid
dehydrogenase) [46—49].

Since MF improves metabolic and hormonal indices and testicular morphology in
T2DM, there is reason to believe that the testicular response to LH/hCG-R-agonists, re-
duced in diabetic pathology, can increase with MF treatment. This is also supported by
our data that MF improves the stimulation of testosterone production caused by a single
injection of hCG [50]. However, the effect of MF therapy on the steroidogenic and sper-
matogenic effects of hCG, which is injected into diabetic animals for several days, has not
yet been studied. Moreover, there are no data on the MF influence on the steroidogenic
and spermatogenic effects of low-molecular-weight LH/hCG-R-agonists. A comparative
study of the improving effect of MF therapy, orthosteric and allosteric LH/hCG-R-agonists
and their combinations on steroidogenesis and spermatogenesis is very important for
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developing an optimal strategy for normalizing reproductive functions in T2DM, as well as
for increasing the effectiveness of assisted reproductive technology in diabetic pathology.

Thus, the aim of this work was to study the effects of five-week MF therapy and
five-day treatment with allosteric (TP3) or orthosteric (hCG) LH/hCG-R-agonists, as well
as their combination (in the fifth week of MF treatment) on the testicular steroidogenesis
and spermatogenesis in rats with a high-fat diet (HFD)/STZ-induced T2DM. As a result, we
have shown for the first time that in T2DM rats treated with MF, the steroidogenic effects of
single-dose orthosteric and allosteric LH/hCG-R-agonists, which differ in their mechanisms
of receptor activation, are enhanced. This is illustrated by an increase in testosterone
production, and in the case of hCG, an increase in the testicular expression of steroidogenic
genes (transport protein StAR, cytochrome CYP17A1). These effects are accompanied by
the cancellation of LH/hCG-R-agonist-induced stimulating effect on testicular expression
of the aromatase gene, which was demonstrated in control and diabetic rats, as well as
the maintenance of normal expression of the gene encoding LH/hCG-R. In turn, after
a five-day administration of LH/hCG-R-agonists, their testosterone-stimulating effect is
suppressed, which is associated with a significant decrease in LH/hCG-R expression in
the testes, as well as an increase in estradiol production in comparison with a one-day
LH/hCG-R-agonists administration. The data obtained significantly change the strategy for
the possible use of complex therapy with MF (and, possibly, other antidiabetic drugs) and
LH/hCG-R-agonists (and, possibly, other activators of steroidogenesis) to compensate for
impaired steroidogenesis and spermatogenesis in T2DM and indicate the need for further
research in this areas, including clinical. We have shown for the first time that in T2DM, the
steroidogenic effects of the allosteric LH/hCG-R-agonist TP3 are more stable as compared
to hCG, including with prolonged administration, and this makes the use of allosteric
LH/hCG-R-agonists very promising for mild, long-term correction of androgen deficiency
in T2DM. This is consistent with our early data on the maintenance of the steroidogenic
effect of another LH/hCG-R-agonist, TP4/2, when it is used to restore androgen deficiency
in T1IDM [38].

2. Results
2.1. Characterization of T2DM Model in Male Rats, and the Effect of Treatment with Metformin
and LH/hCG-R-Agonists

Male rats with T2DM had an increase in the body weight, the increased levels of
glucose, glycated hemoglobin (HbAlc), insulin, leptin, triglycerides and total cholesterol,
and an increase in the insulin resistance index (Table 1). Four-week treatment of diabetic
animals with MF (120 mg/kg/day) led to a decrease in the body weight, normalization
of the plasma levels of glucose, HbAlc, insulin, leptin and lipids and an improvement of
insulin sensitivity (Table 1). Diabetic rats had a lower baseline testosterone level, and it was
partially restored with MF treatment (Table 1).

To study the effect of LH/hCG-R-agonists on the control, diabetic and MF-treated
diabetic rats, 18 experimental groups of animals were formed (nine groups for studying
a single administration of LH/hCG-R-agonists, and nine groups for studying a five-day
administration of LH/hCG-R-agonists) (for a detailed description of the groups and the
design of experiments, see Section 4.3).

In both control and diabetic animals, five-day treatment with TP3 and hCG did not
significantly affect the body and fat weights and the blood levels of glucose, HbAlc, insulin,
leptin and lipids. In MF-treated diabetic rats, LH/hCG-R-agonists also did not contribute
to improving effects of MF on the body and fat weights and the blood levels of glucose,
HbA1c, insulin and leptin (Tables S1 and S2). In hCG-treated groups, there was a tendency
for an increase in the testes weight, but the difference with the untreated groups was
not significant (Table S1). In the CG5 group, the gonadosomatic index (GSI), which was
measured as (testicular weight/total body weight) x 100, was significantly increased as
compared to control animals (Table S1). Meanwhile, in the DM5 group, the GSI was higher
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than in the untreated diabetic rats, which is due to a MF-induced decrease in the body
weight, and as a consequence, an increase in the testes/body weight ratio (Table S1).

Table 1. The body weight, blood levels of glucose, insulin, leptin, glycated hemoglobin (HbA1lc)
and lipids, and the insulin resistance index in the control, diabetic and metformin-treated diabetic

male rats.
Parameter Control, n = 30 Diabetes, n = 30 Dlab:t_e;(-; ME,
Body weight, g 352.2 +3.9 4022+ 5242 3613 £55b
Fasting glucose, mM 4.34 £ 0.08 6.57 £0.122 5.64 +0.11 2P
Glucose (120/, GTT), mM 5.37 + 0.09 9.77 £ 0.26 @ 6.48 +£0.192b
HbAlc, % 4.52 +0.08 7.07 £0.142 5.56 + 0.14 2b
Fasting insulin, ng/mL 0.61 £ 0.04 0.96 +0.052 0.66 4 0.04®
Insulin (120, GTT), ng/mL 0.77 £ 0.07 1.30 £0.092 0.86 + 0.06 P
IR (fasting), rel.units 2.68 +0.18 641 +£04242 3.80 + 0.28 b
IR (120, GTT), rel.units 421 +0.40 13.19 +1.222 5.69 + 0.48b
Fasting leptin, ng/mL 1.81 £ 0.09 34940112 2.00 +0.07°
Leptin (120, GTT), ng/mL 251+0.13 470+0.182 317 £0.152b
Triglycerides, mM 0.75 £ 0.01 1.18 £0.052 0.84 +0.03b
Total cholesterol, mM 4.31 £ 0.06 638 +£0.112 491 +0.08 2P
Testosterone, nM 12.01 + 0.70 7.024+0392 8.82 +0.432b

Note. The duration of MF treatment (120 mg/kg/day) was four weeks (before treatment of animals with LH/hCG-
R-agonists). *—the differences with control rats are significant at p < 0.05; b__the differences between the untreated
and MF-treated diabetic rats are significant at p < 0.05. The data are presented as the M & SEM, 1 = 30.

It should be noted that the compound TP3, when administered to male rats (15 mg/kg,
i.p.), was stable in the blood (half-life was at least 6 h), as indicated by our studies on
the dynamics of the concentration of this compound in the blood (Table S3). In addition,
according to our data on the distribution of TP3 in the rat tissues 6 h after administration,
this compound accumulated in comparable amounts in the testes, thyroid gland and liver
(Table S4). In smaller amounts, the TP3 was found in the brain (Table S4). These results
indicate the stability and bioavailability of TP3 for Leydig cells, its main target, when this
drug administered intraperitoneally.

2.2. Effects of Metformin and LH/hCG-R-Agonists and Their Combination on the Blood
Testosterone Levels in Control and Diabetic Rats

Testosterone production in T2DM rats was reduced in comparison with the control
animals, which is demonstrated by the daily and five-day dynamics of testosterone con-
centration and the AUCq},.5, and AUC4.54 values for the “testosterone concentration vs.
time (hours or days)” curves (Tables 2 and 3, Figures 1 and 2). Five-week MF treatment
partially restored testosterone production in diabetic rats. This was illustrated by the
higher AUCy},5, and AUC;4.54 in the MF-treated rats as compared to untreated animals
(Figures 1 and 2).

In control rats, with a single administration of LH/hCG-R-agonists, the stimulating
effect of hCG on testosterone levels significantly exceeded the corresponding effect of TP3
(Table 2). In T2DM, the testosterone-stimulating effects of both LH/hCG-R-agonists were
reduced, and in MF-treated diabetic rats, they became more pronounced in comparison
with diabetic rats receiving only LH/hCG-R-agonists or only MF (Table 2). This was
demonstrated by the AUC},5 for TP3 and hCG effects, which in the DMT1 and DMG1
groups were 62% and 63% higher than in the DT1 and DG1 groups (Figure 1). These data
indicate that MF treatment resulted in a significant enhancement of the steroidogenic effects
of both LH/hCG-R-agonists upon single administration.
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Table 2. The effects of five-week metformin treatment and a single dose of TP3 and hCG on the blood
testosterone levels in the control and diabetic animals.

Testosterone Concentration, nM

Group
0 (before) 1(11 a.m.) 3(1pm) 53 p.m.)

C1 13.53 + 1.45 16.34 +2.52 17.66 + 2.82 14.96 + 1.60
CT1 11.11 + 1.42 23.52 +3.43 3458 +3.82°¢ 33.35 +3.89 ¢
CG1 13.14 + 1.42 35.36 + 3.17 4 70.88 &+ 4.77 de 6220 + 1.71 4

D1 5.69 +0.80 2 7.20 & 0.68 6.72 +0.472 7.08 +0.842
DT1 5734+ 0.64f 10.06 +£ 0.73 f 19.02 + 1.98 of 2228 + 1.75¢f
DG1 6.98 + 0.58 & 19.59 £ 211988  39.01 +2.089e8 3270 +2.539es8
DM1 8.99 +0.892 16.40 + 3.64 11.85 + 0.96 10.44 +1.39

DMT1 9.61 +1.36 2194 +221h 29.68 4+ 2.29 ¢h 33.03 £+ 1.40 ¢h
DMG1 9.59 + 0.76 32.70 £2419eh 6074 £390deh 5813 + 1.12deh

Note. The duration of MF treatment (120 mg/kg/day) was five weeks, and the single doses of TP3 and hCG were
15 mg/kg and 15 IU/rat, respectively. A single injection of LH/hCG-R-agonists was carried out on the 35th day of
MF treatment (the final day of the experiment). *—the difference between the C1 vs. D1 or DM1; “—the difference
between the C1 vs. CT1, D1 vs. DT1 and DM1 vs. DMT1; 94—the difference between the C1 vs. CG1, D1 vs. DG1
and DM1 vs. DMG1; e—the difference between the CT1 vs. CG1, DT1 vs. DG1 and DMT1 vs. DMG1; {—the
difference between the CT1 vs. DT1; 8—the difference between the CG1 vs. DG1; and "—the difference between
the DT1 vs. DMT1 and DG1 vs. DMGI are significant at p < 0.05. The data are presented as the M + SEM, n = 5.

Table 3. The effects of five-week metformin treatment and five-day administration of TP3 and hCG
on the blood testosterone levels in the control and diabetic animals.

Testosterone Concentration, nM

Group
0 (before) 1st Day 2nd Day 3rd Day 4th Day 5th Day
c5 12.52 4+ 1.55 12.45 + 1.07 15.18 + 1.07 13.40 + 1.68 11.55 + 1.35 12.64 + 1.57
CT5 1230+ 156  32.72 +4.26¢ 3530 £561¢  31.87+419¢  3220+295¢ 33.96 +£3.94°¢
CG5 13.03+ 173 7266 +5899¢ 331142329 3414 +3729 4009 +£1.09%9% 3948 +2959
D5 6.62+0.792 6.67 +1.342 6.88 +0.892 6.06 +0.99 2 6.61 + 0432 6.37 £0.942
DT5 6.89+0.92f 19324 149°f 2740 +448°  2632+476¢  2741+467° 2993 4 3.80°f
DG5 627 +1.038 4484446798 331545899  2919+3479  3216+6.189  3537+5869
DM5 9.91 + 0.40 871 +0.832 10.81 +£0.923P 1259 +1.72>  10.65 +0.81° 11.11 +1.23
DMT5 1038 +127 3041 +252¢ 2977 £2.18¢ 2542 +£280¢ 2642 +2.38¢ 23.62+3.15°¢
DMG5 1206 +2.13 6537 +7.09%  3806+5709 2877 +2669  2855+2409 2792 +2379

Note. The duration of MF treatment (120 mg/kg/day) was five weeks, and the daily doses of TP3 and hCG were
15 mg/kg and 15 IU/rat, respectively. Five-day treatment with TP3 and hCG was carried out from the 31st to the
35th days of MF treatment. *—the difference between the C5 vs. D5 or DM5, >—the difference between the D5
vs. DM5; ¢—the difference between the C5 vs. CT5, D5 vs. DT5 and DM5 vs. DMT5; 9—the difference between
the C5 vs. CG5, D5 vs. DG5 and DM5 vs. DMGS5; ¢—the difference between the CT5 vs. CG5, DT5 vs. DG5 and
DMT5 vs. DMG5; f—the difference between the CT5 vs. DT5; and 8—the difference between the CG5 vs. DG5 are

significant at p < 0.05. The data are presented as the M £ SEM, n = 5.
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Figure 1. The AUCyy, 5, values for the curves “testosterone concentration (nM) vs. time (hours)” in
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Table 3. and hCG. The AUCy}, 5, values are given for the curves “testosterone concentration (nM)
vs. time (hours)”, where 1h-5h represent the intervals from the first to fifth hours of treatment. The
duration of MF treatment (120 mg/kg/day) was five weeks, and the single doses of TP3 and hCG
were 15 mg/kg and 15 IU/rat, respectively. A single injection of LH/hCG-R-agonists was carried
out on the 35th day of MF treatment (the final day of the experiment). *—the difference between
the C1 vs. D1; P—the difference between the D1 vs. DM1; “—the difference between the C1 vs. CT1,
D1 vs. DT1 and DM1 vs. DMT1; 9—the difference between the C1 vs. CG1, D1 vs. DG1 and DM1
vs. DMG1; ®—the difference between the CT1 vs. CG1, DT1 vs. DG1 and DMT1 vs. DMG1; {—the
difference between the CT1 vs. DT1; 8—the difference between the CG1 vs. DG1 or DMG1; and
h__the difference between the DT1 vs. DMT1 and DG1 vs. DMG1 are significant at p < 0.05. The data
are presented as the M + SEM, n = 5.

B AUC(1d-5d)

d 1 AUC(3d-5d)
i de
160 . g
2
S 120 h c
fa
©
= d
S 80- c d d
[
® h c
3] b
2 40
< a b
a

C5 CT5 CG5 D5 DT5 DG5 DM5 DMT5 DMGS5

Figure 2. The AUC;4.54 and AUC34.54 values for the curves “testosterone concentration (nM) vs.
time (days)” in the control and diabetic animals, and the effects of five-week metformin treatment and
five-day administration of TP3 and hCG. The AUC14.5q and AUC3z4.54 values are given for the curves
“testosterone concentration (nM) vs. time (days)”, where 1-5 and 3-5 represent the intervals from
the first to fifth days and from the third to fifth days of LH/hCG-R-agonists treatment, respectively.
The duration of MF treatment (120 mg/kg/day) was five weeks, and the daily doses of TP3 and
hCG were 15 mg/kg and 15 IU/rat, respectively. Five-day treatment with TP3 and hCG was carried
out from the 31st to the 35th days of MF treatment. >—the difference between the C5 vs. D5; P—the
difference between the D5 vs. DM5; “—the difference between the C5 vs. CT5, D5 vs. DT5 and DM5
vs. DMT5; 4—the difference between the C5 vs. CG5, D5 vs. DG5 and DM5 vs. DMG5; and e—the
difference between the DMT5 vs. DMGS are significant at p < 0.05. The data are presented as the
M + SEM, n = 5.

In both control and diabetic rats, on the second to fifth days of five-day treatment with
LH/hCG-R-agonists, the differences between the testosterone-stimulating effects of hCG
and TP3 were not significant, excluding the fourth day in the control groups (Table 3), and
the AUC 4.54 and AUC3q.54 for these effects did not differ significantly (Figure 2). In the
diabetic groups on the first day of treatment, these effects were weakened as compared to
control, but then the differences between the testosterone-stimulating effects of TP3 and
hCG in control and diabetic rats were disappeared (Table 3). In the DMT5 and DMG5
groups, despite the improvement in the steroidogenic effects of TP3 and hCG on the first
day, on the second to fifth days, the testosterone-stimulating effects of these drugs did not
differ from those in the DT5 and DGS5 groups, which was illustrated by the AUC14.54 and
AUC34.54 values (Table 3, Figure 2).
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2.3. Effects of Metformin and LH/hCG-R-Agonists and Their Combination on the Content of
Testosterone, Estradiol and Their Precursors in the Testes of Control and Diabetic Rats

In the testes of control and diabetic rats, the content of progesterone, 17-hydroxyprogesterone
and androstenedione, the precursors of testosterone, did not differ significantly, and the
MF treatment did not affect them (Tables 4 and 5). At the same time, the testosterone
content in diabetic rats was reduced in comparison with control animals, and MF treatment
restored it (Tables 4 and 5). In the D1 group, the progesterone/testosterone, 17-OH-
progesterone/ testosterone, and androstenedione/testosterone ratios in the testes were 91,
79 and 122% higher than in control animals, and MF treatment reduced them to control
levels (Table S5). Similar results were obtained for these ratios in the groups C5, D5 and
DMS5 (Table S6).

Table 4. The influence of a single dose of hCG and TP3 on the testicular levels of testosterone, estradiol
and their precursors in the control and diabetic rats, and the effect of five-week metformin treatment.

Group Progestrerone, 17-OH-Progesterone, Androstenedione, Testosterone, Estradiol,
nmol/g pmol/g nglg nmol/g pmol/g
C1 0.314 + 0.018 61.92 + 10.00 59.07 + 7.50 1.079 + 0.045 49.39 + 2.97
CT1 0.480 + 0.036 70.81 + 3.64 76.20 & 13.27 1.522 4+ 0.103 44.00 +2.26
CG1 1.312 4 0.085 de 119.98 + 13.37 de 90.48 +7.35 1.830 £ 02144 3582 +1.69¢
D1 0.283 + 0.017 50.30 + 5.33 59.32 + 4.46 0.716 + 0.061 2 57.18 + 2.53
DT1 0.419 + 0.049 77.70 + 13.02 60.28 + 9.49 1.297 +0.177¢  36.56 £5.21°¢
DG1  0.717 4 0.070 98 79.69 + 8.10 8 62.22 + 6.11 1456 +0.1384 3593 + 2504
DM1 0.285 =+ 0.019 54.23 + 10.92 69.93 + 10.25 0.999 +0.149  39.08 &+ 2.48 &b
DMT1 0.355 + 0.032 72.03 + 5.96 92.03 + 8.74 1.681 + 0.152 35.09 + 3.71
DMG1  0.808 + 0.092 4e8 123.05 + 8.65 deh 114.27 + 15487 2373 +£0.3414 29.24 4+ 2.38

Note. The duration of MF treatment (120 mg/kg/day) was five weeks. The samples to measure the content of
testosterone, estradiol and their precursors in the testes were taken 5 h after the injection of LH/hCG-R-agonists.
a—the difference between the C1 vs. D1 or DM1; P—the difference between the D1 vs. DM1; “—the difference
between the D1 vs. DT1; —the difference between the C1 vs. CG1, D1 vs. DG1 and DM1 vs. DMG1; ®—the
difference between the CT1 vs. CG1, DT1 vs. DG1 and DMT1 vs. DMG1; 8—the difference between the CG1
vs. DG1 or DMG1; and M—the difference between the DG1 vs. DMG1 are significant at p < 0.05. The data are
presented as the M &= SEM, n = 5.

Table 5. The influence of five-day treatment with hCG and TP3 on the testicular levels of testos-
terone, estradiol and their precursors in the control and diabetic rats, and the effect of five-week

metformin treatment.

Grou Progestrerone, 17-OH-Progesterone, Androstenedione, Testosterone, Estradiol,
P nmol/g pmol/g nglg nmol/g pmol/g
C5 0.325 + 0.023 69.0 + 6.9 60.8 £5.5 1.150 + 0.095 51.25 £+ 3.50
CT5 0.463 £ 0.090 1115+ 10.8¢ 120.1 +£139°¢ 1.597 + 0.153 50.57 + 1.32
CG5  0.743 £ 0.064 4 211.6 +13.0 9¢ 158.7 £ 16.8 4 1.723 £ 0.103 ¢ 37.81 + 6.25
D5 0.262 + 0.025 51.7 +49 61.3 +4.8 0.676 + 0.080 2 55.95 + 1.51
DT5 0.333 + 0.036 781 +92 120.0 +15.2°¢ 1.462 +0.077 € 48.92 +4.17
DG5  0.688 & 0.1259¢ 355.7 + 38.2 de8 190.5 + 9.6 d¢ 1598 £0.1114  39.13 +3.574
DM5 0.287 + 0.021 60.8 = 4.7 63.5 £ 6.0 1.2654+0.155°  36.37 +5.28 2P
DMT5 0.322 + 0.032 771+ 6.7f 1224 +236°¢ 1.170 + 0.107 55.28 +3.72 ¢
DMG5  0.858 + 0.128 92 370.1 + 31.2 98 1675+ 6.04 1.469 + 0.151 45.98 + 3.79

Note. The duration of MF treatment (120 mg/kg/day) was five weeks. The samples to measure the content of
testosterone, estradiol and their precursors in the testes were taken 5 h after the last injection of LH/hCG-R-agonist.
a__the difference between the C5 vs. D5 or DM5, P—the difference between the D5 vs. DM5; —the difference
between the C5 vs. CT5, D5 vs. DT5 and DM5 vs. DMT5; 4—the difference between the C5 vs. CG5, D5 vs. DG5
and DM5 vs. DMGS5; e—the difference between the CT5 vs. CG5, DT5 vs. DG5 and DMT5 vs. DMG5; f—the
difference between the CT5 vs. DMT5; and 8—the difference between the CG5 vs. DG5 or DMGS are significant at
p <0.05. The data are presented as the M &= SEM, n = 5.

With a single injection, TP3 had a little effect on the levels of the testosterone and
its precursors in control and diabetic rats. Only in the DT1 group, TP3 increased the
testosterone content in comparison with the D1 group (Table 4). In the CT1 and DMT1
groups, there was a trend towards an increase in testosterone levels, but the differences
with the C1 and DM1 groups were not significant (Table 4). With a single administration
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to control rats, hCG increased the levels of progesterone and 17-OH-progesterone in
comparison with the C1 and CT1 groups, and in the case of testosterone only in relation
to the C1 group (Table 4). In the DG1 group, hCG stimulating effects on progesterone
and testosterone content were maintained (Table 4). In MF-treated rats, hCG increased
the content of testosterone and its precursors. The content of progesterone and 17-OH-
progesterone in the DMG1 group was significantly higher than in the DMT1 group, while
the content of 17-OH-progesterone and testosterone was higher than in the DG1 group,
and in the case of 17-OH-progesterone and androstenedione the difference was significant
(Table 4). This indicates an enhancement of the stimulating effect of a single dose of
hCG on the production of testosterone and its precursors in the testes of MF-treated rats
and is in a good agreement with the data on blood testosterone levels 5 h after a single
injection of hCG (Table 2, Figure 1). In addition, a single administration of TP3 and hCG
led to a decrease in the progesterone/testosterone, 17-OH-progesterone/testosterone, and
androstenedione/testosterone ratios in the control and diabetic rats, including those treated
with MF, which indicates an LH/hCG-R-agonist-induced increase in the rate of testicular
steroidogenesis reactions (Table S5).

In the testes of diabetic rats, the intratesticular level of estradiol did not differ from
that in the control, but it was reduced by MF treatment (Table 4). The testosterone/estradiol
ratio was significantly decreased in T2DM and was restored in MF-treated rats (Table S5).
In the CG1 and DG1 groups with a single gonadotropin treatment, the estradiol level was
decreased significantly, while TP3 considerably reduced the estradiol level only in the DT1
group (Table 4). Both LH/hCG-R-agonists increased the testosterone/estradiol ratio, which
was less pronounced in T2DM and most pronounced in the MF-treated groups (Table S5).

After five days of administration, TP3 and hCG increased the intratesticular levels
of testosterone and its precursors in both the control and diabetic groups. In the case
of androstenedione and testosterone, the differences with the C5 and D5 groups were
significant for both LH/hCG-R-agonists, excluding the group CT5 (p = 0.052 as compared
to control) (Table 5). Meanwhile, in the testes of MF-treated rats, hCG increased the content
of all testosterone precursors, but did not affect the testosterone content, while TP3 increased
only the androstenedione content. In the MF-treated groups, hCG increased intratesticular
progesterone and 17-OH-progesterone levels to a greater extent as compared to TP3, while
no differences were found in hCG- and TP3-induced testosterone levels (Table 5). This
correlates with blood testosterone levels in rats with five-day LH/hCG-R-agonist treatment
(Table 3, Figure 2). In contrast to the one-day administration, in the case of the five-day
hCG treatment, the progesterone/testosterone, 17-OH-progesterone/testosterone, and
androstenedione/testosterone ratios were changed to a significantly lesser extent, and in
the DMGS group, a significant increase in the ratio of 17-OH-progesterone/testosterone,
as compared to the CT5 and DT5 and DMS5 groups, was shown (Table S6). These data
indicate a weakening or even absence of the stimulating effect of a five-day-administered
gonadotropin on the synthesis of testosterone and its precursors in the testes, especially in
MPF-treated rats. Moreover, the androstenedione/testosterone ratio did not differ between
the DM5, DMT5 and DMGS5 groups, which indicates the absence of a significant effect
of both LH/hCG-R-agonists on the conversion of androstenedione to testosterone in MF-
treated diabetic rats (Table S6).

With a five-day experiment, the intratesticular level of estradiol in the control and
diabetic rats did not differ significantly, excluded its decrease in the DG5 group (Table 5).
MF treatment reduced estradiol levels as compared with the C5 and D5 groups, but five-day
TP3 administration significantly increased it (Table 5). In the DMT5 and DMG5 groups,
the estradiol level was 58 and 57% higher than in the corresponding DMT1 and DMG1
groups (Tables 4 and 5), which indicates estradiol accumulation in the testes of MF-treated
rats during five-day LH/hCG-R-agonists administration. In contrast to a single injection
of LH/hCG-R-agonists, in MF-treated rats, the stimulating effect of 5-day administration
of TP3 on the testosterone/estradiol ratio was not detected, and in the case of hCG it
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was significantly weakened, which is due to both the accumulation of estradiol and the
weakening of testosterone production (Table S6).

2.4. Effects of Metformin, LH/hCG-R-Agonists and Their Combination on Gene Expression in the
Testes of Control and Diabetic Rats

In the rat testes, the expression of the genes encoding LH/hCG-R (gene Lhr), cholesterol-
transporting protein StAR (gene StAR) and five steroidogenic enzymes catalyzing the
synthesis of pregnenolone (cytochrome P450s., CYP11A1, gene Cypl1al), progesterone
(3P-hydroxysteroid dehydrogenase, 33-HSD, gene Hsd3b), 17-hydroxyprogesterone, an-
drostenedione (cytochrome P450 17A1/steroid 17 x-monooxygenase, CYP17A1, gene Cyp17al),
testosterone (17p3-hydroxysteroid dehydrogenase, 173-HSD, gene Hsd17b) and estradiol
(aromatase, gene Cyp19al) was studied. In the diabetic testes, the expression of the gene
Cyp17al was increased, while MF treatment reduced and normalized the expression of
this gene (Figures 3 and 4). Both untreated and MF-treated diabetic rats tended to in-
crease the expression of the Cypl1al gene (Figures 3 and 4). Diabetic rats had a lowered
expression of the Lhr gene. In MF-treated rats, the Lhr expression was restored, which
indicates MF-mediated normalization of LH/hCG-R expression in HFD/STZ-induced
T2DM (Figures 3 and 4).
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Figure 3. The influence of a single treatment with hCG and TP3 on the expression of testicular genes
encoding cholesterol-transporting protein StAR, steroidogenic enzymes and LH/hCG-R in the control
and diabetic rats, and the effect of five-week metformin treatment. The duration of MF treatment (120
mg/kg/day) was five weeks. The samples for the assessment of gene expression in the testes were
taken 5 h after the injection of LH/hCG-R-agonists. The expression of the following genes is shown in
the Figure: Star, encoding cholesterol-transporting protein StAR (A); Cyp1lal (B), Hsd3b (C), Cyp17al
(D) and Hsd17b (E), encoding four steroidogenic enzymes cytochrome P450., 33-hydroxysteroid
dehydrogenase, cytochrome P450 17A1/steroid 17x-monooxigenase and 17f3-hydroxysteroid de-
hydrogenase that catalyze the synthesis of pregnenolone, progesterone, 17-hydroxyprogesterone,
androstenedione and testosterone; LhR, encoding LH/hCG receptor (F); and Cyp19al (G), encoding
aromatase that catalyzes the synthesis of estradiol. *—the difference between the C1 vs. D1 or DM1,
b__the difference between the D1 vs. DM1; “—the difference between the C1 vs. CT1, D1 vs. DT1
and DM1 vs. DMT1; 9—the difference between the C1 vs. CG1, D1 vs. DG1 and DM1 vs. DMGI;
¢__the difference between the CT1 vs. CG1, DT1 vs. DG1 and DMT1 vs. DMG1; {—the difference
between the CT1 vs. DT1 or DMT1; 8—the difference between the CG1 vs. DG1 or DMG1; and "—the
difference between the DT1 vs. DMT1 and DG1 vs. DMGI are significant at p < 0.05. The data are
presented as the M + SEM, n = 5.

With a single injection, in control rats, TP3 and hCG stimulated the expression of the
Cyp17al gene, and gonadotropin was much more effective (Figure 3). hCG also increased
the expression of the genes encoding StAR, CYP11A1 and 17(3-HSD (Figure 3). TP3 doubled
the expression of the StAR gene, but the difference from the C1 group was not significant
(p = 0.058) (Figure 3). In the DG1 and DMGI1 groups, hCG increased the StAR and Cyp17al
expression, while TP3 significantly increased only the Hsd17b expression in the DMT1
group (Figure 3). The stimulating effect of gonadotropin on the expression of the StAR gene
in the MF-treated group was more pronounced than in T2DM and was similar to that in
the control animals (Figure 3). In the testes of the DT1 and DMT1 rats, the expression of the
Cyp1la and Hsd17b genes was higher than in the CT1 rats, while the Cyp17al expression was
decreased as compared with the CT1 group (Figure 3). In the DT1 group, the Lhr expression
was increased in comparison with untreated diabetic rats and showed a tendency to increase
the expression of this gene compared to that in the CT1 group (p = 0.052) (Figure 3). In the
DMGI group, the Lhr expression was decreased in comparison with the DM1 group, but
there were no differences with the control animals (Figure 3). Thus, the changes of gene
expression for animals treated once with TP3 or hCG differed significantly, and in the case
of gonadotropin, the changes in the expression of steroidogenic genes and the Lhr gene
were more pronounced.
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Figure 4. The influence of five-day treatment with hCG and TP3 on the expression of testicular genes
encoding cholesterol-transporting protein StAR, steroidogenic enzymes and LH/hCG-R in the
control and diabetic rats, and the effect of five-week metformin treatment. The duration of MF
treatment (120 mg/kg/day) was five weeks. The samples for the assessment of gene expression
in the testes were taken 5 h after the last injection of LH/hCG-R-agonists. The expression of the
following genes is shown in the Figure: Star, encoding cholesterol-transporting protein StAR (A);
Cyp1lal (B), Hsd3b (C), Cyp17al (D) and Hsd17b (E), encoding four steroidogenic enzymes cytochrome
P4505cc, 33-hydroxysteroid dehydrogenase, cytochrome P450 17A1/steroid 17 «-monooxigenase and
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17B-hydroxysteroid dehydrogenase that catalyze the synthesis of pregnenolone, progesterone, 17-
hydroxyprogesterone, androstenedione and testosterone; LhR, encoding LH/hCG receptor (F); and
Cyp19al (G), encoding aromatase that catalyzes the synthesis of estradiol. *—the difference between
the C5 vs. D5 or DMS5, b__the difference between the D5 vs. DM5; “—the difference between the
C5 vs. CT5, D5 vs. DT5 and DM5 vs. DMT5; 9—the difference between the C5 vs. CG5, D5 vs.
DG5 and DM5 vs. DMGS5; ¢—the difference between the CT5 vs. CG5, DT5 vs. DG5 and DMT5 vs.
DMGS5; {—the difference between the CT5 vs. DT5; 8—the difference between the CG5 vs. DMGS5;
and "—the difference between the DG5 vs. DMGS5 are significant at p < 0.05. The data are presented
as the M + SEM, n = 5.

After five-day administration of LH/hCG-R-agonists, in control and diabetic rats,
hCG increased the expression of the genes encoding StAR, CYP11A1 and 33-HSD, which
catalyze earlier stages of steroidogenesis (Figure 4). Unlike a single injection, there was
no stimulation of the Cyp17al expression, and the hCG-induced increase in the StAR
expression was many times less (Figures 3 and 4). Treatment with hCG led to a significant
decrease in the Lhr expression as compared to the C5 and D5 groups (Figure 4). TP3
induced a decrease in the expression of Cyp17al gene, and in the DT5 group restored the
Lhr gene expression reduced in T2DM (Figure 4). In other cases, TP3 had a little effect on
the expression of the Lhr gene and other steroidogenic genes (Figure 4). In MF-treated
rats, hCG increased the Cyp11al and Hsd3b expression and significantly reduced the Lhr
expression, while TP3 increased the Hsd17b expression and, to a small extent, reduced the
Lhr expression (Figure 4). It should be noted that, in comparison with the DM5 group, hCG
reduced the expression of the Lhr gene by 11 times, while TP3 only by 40% (Figure 4).

In diabetic rats, the testicular expression of the Cyp19al gene encoding aromatase did
not differ from that in control animals (Figures 3 and 4). A single injection of TP3 increased
the Cyp19al expression in both control and diabetic rats, while hCG increased significantly
the expression of aromatase gene only in the DG1 group (Figure 3). The MF treatment
led to a significant decrease in the Cyp19al expression, and both TP3 and hCG increased
it to control level (Figure 3). In the case of a five-day treatment, TP3 and hCG did not
significantly affect the expression of the Cyp19al gene in the testes of control and diabetic
rats, while in MF-treated animals, they significantly increased it (Figure 4), as in the case of
a one-day administration of the drugs (Figure 3).

2.5. The Effects of Metformin, LH/hCG-R-Agonists and Their Combination on the Sperm
Parameters in Control and Diabetic Rats

In diabetic rats, the proportion of epididymal spermatozoa with progressive movement
was decreased, and the proportion of spermatozoa with tail and head defects was increased,
as compared to control animals (Figure 5). Five-week MF treatment led to an increase in
the proportion of motile spermatozoa and progressively moving spermatozoa and to a
decrease in their defective forms in comparison to untreated diabetic rats (Figure 5). Along
with this, in the DM5 group, the total number of spermatozoa exceeded that in the control
group (Figure 5). Five-day treatment of control rats with hCG increased the sperm count
and the proportion of spermatozoa with progressive movement, while TP3 increased the
proportion of progressively moving spermatozoa (Figure 5). In the case of TP3 treatment,
there was a trend towards an increase in the total sperm count, but the difference from the
control was not significant (Figure 5).
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Figure 5. The effects of five-week metformin treatment, five-day treatment with LH/hCG-R-agonists
and their combination on the sperm count (A), proportion of motile sperm (B), proportion of sperm
with progressive movement (C), and proportion of sperm with tail and head morphological defects
(D) in the control and diabetic rats. >—the difference between the C5 vs. D5 or DM5, P—the difference
between the D5 vs. DM5; —the difference between the C5 vs. CT5 and D5 vs. DT5; and 9—the
difference between the C5 vs. CG5 and D5 vs. DGS5 are significant at p < 0.05. The data are presented
as the M & SEM, n = 5.

In diabetic rats, both hCG and TP3 increased the proportion of motile spermatozoa and
progressively motile spermatozoa, and hCG was more effective than TP3 (Figure 5). The
sperm count tended to increase, but the differences from the control were not significant
(Figure 5). In the MP-treated groups, the stimulating effects of TP3 and hCG on sperm
motility were not detected (Figure 5). Furthermore, unlike the DM5 group, the total sperm
count in the DMT5 and DMGS5 groups did not differ significantly from the C5 and D5
groups (Figure 5). All these data indicate that the five-day administration of hCG and TP3 to
MF-treated diabetic rats was not able to improve the restorative effect on spermatogenesis,
which was achieved with the use of MF monotherapy.

2.6. The Effects of Metformin, LH/hCG-R-Agonists and Their Combination on Morphology of the
Seminiferous Tubules in Control and Diabetic Rats

The histological analysis of the testis sections showed that in diabetic rats the thickness
of the seminiferous tubule epithelium and the number of spermatogonia and pachytene
spermatocytes were reduced and restored when rats were treated with MF (Figure 6,
Table 6). In control animals, five-day treatment with TP3 and hCG did not affect the
thickness of the epithelium, but significantly increased the number of spermatogonia and
pachytene spermatocytes (Table 6). In T2DM, both LH/hCG-R-agonists increased the
estimated sperm indices (Figure 6, Table 6). In general, sperm indices in the DMT5 and
DMGS5 groups were similar to those in the DM5 group and did not differ from the DT5 and
DGS5 groups (Figure 6, Table 6). An exception was a slight increase in the thickness of the
epithelium in the DMT5 group (Table 6).
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Figure 6. The histochemical analysis of the seminiferous tubules in the testes of control and diabetic
rats, and the effect of long-term metformin treatment and five-day treatment with LH/hCG-R-
agonists. (A)—C5, (B)—CT5, (C)—CG5, (D)—D5, (E)—DT5, (F)—DGS5, (G)—DMS5, (H)—DMTS5,
(I)—DMGS. The histology of the rat testes was evaluated using the staining of the testis section with
Mabhler’s hematoxylin. Scale bars, 100 pum.

Table 6. The effects of five-week metformin treatment, five-day treatment with LH/hCG-R-agonists
and their combination on thickness of the seminiferous epithelium and the number of spermatogonia
and pachytene spermatocytes in the control and diabetic rats.

Thickness of the Number of Number of Pachvtene
Group Seminiferous Spermatogonia, yrel
Epithelium, um Units Spermatocytes, Units
C5 66.20 =+ 0.92 54.06 + 1.19 49.74 4 0.84
CT5 68.35 + 0.84 57.64 + 0.92 ¢ 53.96 + 0.75 ¢
CG5 67.65 + 0.99 62.02 + 0.89 de 56.34 =+ 0.744
D5 58.38 +0.712 47.04 +0.862 37.28 +£0.772
DT5 69.97 +1.04°¢ 57.72 +1.05¢ 51.26 + 0.89 <
DG5 66.65 & 1.10 9 60.82 £ 0.89 4 53.80 = 1.24 4
DM5 62.68 &+ 1.14 @b 59.08 & 0.77 &b 4954 +1.05°
DMT5 66.44 + 1.07 ¢h 59.36 + 0.64 50.12 + 0.74 f
DMG5 64.79 + 0.70 58.76 + 0.83 8 51.28 + 0.79 8

Note. The number of spermatogonia and the number of pachytene spermatocytes are represented as the number
of cells per one seminiferous tubule. 2>—the difference between the C5 vs. D5 or DM5; P—the difference between
the D5 vs. DM5; “—the difference between the C5 vs. CT5, D5 vs. DT5 and DM5 vs. DMT5; 4—the difference
between the C5 vs. CG5 and D5 vs. DG5; e—the difference between the CT5 vs. CG5 and DT5 vs. DG5; f—the
difference between the CT5 vs. DT5 or DMT5; 8—the difference between the CG5 vs. DMG5; and '—the difference
between the DT5 vs. DMT5 are significant at p < 0.05. The data are presented as the M + SEM, n = 5.

2.7. Immunohistochemical Analysis of LH/hCG-R Distribution in the Seminiferous Tubules of
Control and Diabetic Rats, and the Effect of Five-Week Metformin Treatment, Five-Day Treatment
with LH/hCG-R-Agonists and Their Combination

The immunohistochemical content of LH/hCG-R in the testes of diabetic rats was
significantly reduced, and the MF treatment restored it (Figures 7 and 8). In control rats,
a five-day hCG treatment reduced the LH/hCG-R content, while TP3 did not affect it. In
T2DM, the LH/hCG-R content was increased in rats treated with TP3, but not with hCG
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(Figures 7 and 8). Unexpectedly, but in MF-treated rats, both LH/hCG-R-agonists induced
a decrease in the LH/hCG-R content, and in the DMG5 group the LH/hCG-R content was
reduced by 2 times in comparison with the C5 and DM5 groups (Figures 7 and 8). It should
be emphasized that similar and even more pronounced effects were shown for the Lhr
expression in the testes of MF-treated animals (Figure 4).
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Figure 7. The immunohistochemical analysis of the distribution of LH/hCG-R in the seminiferous
Table 5. (B)—CT5, (C)—CGS5, (D)—D5, (E)—DT5, (F)—DGS5, (G)—DM5, (H)—DMTS5, (I)—DMGS5.
Scale bars, 100 pm.
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Figure 8. The optical density for LH/hCG-R immunostaining in the testis of control and diabetic rats,
and the effect of metformin and LH/hCG-R-agonists treatment. *—the difference between the C5 vs.
D5; P—the difference between the D5 vs. DM5; “—the difference between the D5 vs. DT5 and DM5
vs. DMT5; 9—the difference between the C5 vs. CG5 and DM5 vs. DMGS5; €—the difference between
the CT5 vs. CG5, DT5 vs. DG5 and DMT5 vs. DMG5; {—the difference between the CT5 vs. DT5 or
DMT5; 8—the difference between the CG5 vs. DG5 or DMG5; and "—the difference between the DG5
vs. DMGS are significant at p < 0.05. The data are presented as the M £ SEM, n = 5 (10 measurements
in each case).
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2.8. Western Blotting Analysis of x-AMPK and Its Active Thr!”?-Phosphorylated form in the
Testes, and the Effect of Metformin and LH/hCG-R-Agonists Treatment

In the testes of diabetic rats, the immunochemical content of x-AMPK tended to de-
crease, although the differences from the control were not significant (p > 0.05). The content
of «-AMPK in the DT5 and DG5 groups also showed a tendency to decrease, but in this
case the differences with the corresponding control groups were not significant (p > 0.05)
(Figure 9, Table 7). MF treatment did not change the enzyme content in comparison with
the diabetic group, but the a-AMPK expression in the DM5 group was significantly lower
than in the control (Figure 9, Table 7). To assess the degree of enzyme activation, the ratio
of Thr!”2-phosphorylated (active) «-AMPK to the total «-AMPK is usually used. In our
case, a significant increase in this ratio was observed in the DM5 group (Figure 9, Table 7).
However, in this group, the content of total x-AMPK was reduced, which negates the
significance of an increase in the ratio of the phosphorylated and total x-AMPK. In addi-
tion, the evaluation of the ratios of Thr!”2-phosphorylated «-AMPKA and the reference
protein GAPDH did not reveal significant differences between the studied groups (Table 7).
These data indicate that there is no significant effect of MF treatment on testicular AMPK
activity and do not support the possibility of MF- or LH/hCG-R-agonist-mediated enzyme
hyperactivation.

Cs5 CT5 CGS DS DTS5 DG5S DMS DMTS DMGS

PANMPHOITRT ) D D G e I GED G
AMPHE o D W s e -
CAPLH o S oo SR s S W o caws

Figure 9. The immunoblots of a-AMPK and Thr!72-phosphorylated a-AMPK as compared to the
reference protein GAPDH in the testes of control and diabetic rats, and the effects of the MF and
LH/hCG-R-agonists treatment.

Table 7. The ratios of Thr'7?-phosphorylated a-AMPK /total a-AMPK, Thr!”2-phosphorylated o-
AMPK/GAPDH and total x-AMPK/GAPDH in the testes of control and diabetic rats, and the effects
of the treatment with MF and LH/hCG-R-agonists.

PAMPK x(Thr!72)/ pAMPK(Thr'72)/

Group tAMPK o GAPDH tAMPK«/GAPDH
C5 0.502 + 0.045 0.884 + 0.091 1.862 + 0.324
CT5 0.491 + 0.071 0.781 + 0.036 1.717 + 0.233
CG5 0.541 + 0.113 0.825 + 0.107 1.707 + 0.292
D5 0.687 + 0.085 0.731 + 0.065 1.093 =+ 0.102
DT5 0.773 £+ 0.111 0.780 + 0.067 1.076 £ 0.161
DG5 0.864 + 0.092 0.807 + 0.100 1.000 + 0.185
DM5 1.081 4 0.203 2 0.868 + 0.051 0.917 +0.180 2
DMT5 0.771 £+ 0.113 0.909 + 0.147 1.306 + 0.320
DMG5 0.502 + 0.067 ¢h 0.680 + 0.073 1.443 4+ 0.189

Note. 2—the difference between the C5 vs. D5 or DM5; d—the difference between the DM5 vs. DMGS5; and "—the
difference between the DG5 vs. DMGS5 are significant at p < 0.05. The data are presented as the M + SEM, n = 5.

3. Discussion

Long-term T2DM in male patients often lead to dysfunctions of the hypothalamic-
pituitary-gonadal axis, a decrease in testosterone production and a decrease in fertility,
which has been demonstrated both in human [51-60] and on experimental models of these
metabolic diseases in rodents [43,61-65]. The main causes of functional changes in the
male reproductive system in T2DM are postprandial hyperglycemia, insulin and leptin
resistance, inflammation, elevated production of the reactive oxygen and nitrogen species,
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oxidative stress and lipotoxicity [65-68]. To study the effect of diabetic pathology on the
gonadal axis, we used a model of T2DM in male rats, induced by HFD and low-dose
STZ. This model for a number of metabolic and hormonal parameters is most similar to
moderate or severe T2DM in human [69], which makes this model the most suitable for
studying T2DM-induced reproductive dysfunctions.

We have shown that in diabetic rats, in addition to metabolic changes, testosterone lev-
els in the blood and testes and the testosterone/estradiol ratio were significantly decreased
(Tables 2-5 and Tables S5 and S6; Figures 1 and 2). Along with this, the proportion of sper-
matozoa with progressive movement was reduced (Figure 5). A histochemical analysis of
the diabetic testes showed a decrease in the thickness of the seminiferous epithelium and the
number of spermatogonia and pachytene spermatocytes (Figure 6; Table 6). Earlier, we and
other authors have also demonstrated a decrease in the level of androgens, and an impaired
spermatogenesis in rats with different models of T2DM [43,63-65]. In the testes of diabetic
rats, the structural disruption and atrophy of the seminiferous tubules, the reduced number
of spermatogenic cells and their degeneration and disorganization and the disappearance
of spermatids in the lumen of the seminiferous tubules were shown [43,63,65].

In the diabetic testes, gene expression and LH/hCG-R content were reduced (Figures 3,
4,7 and 8), which is consistent with previously obtained data on a decrease in the expression
of LH/hCG-R in the testicular cells of diabetic animals with T2DM and T1DM [38,43,64,70].
A decrease in LH/hCG-R expression should result in a weakening of the steroidogenic
response of Leydig cells to endogenous gonadotropins and, we believe, is one of the key
causes of androgen deficiency in T2DM male rats. Indeed, in this study we have shown that
the stimulating effects of single-dose hCG on testosterone production in T2DM rats were
less pronounced than in the control animals (Table 2, Figure 1), and this is in agreement
with our early data on the weakening of the gonadotropin steroidogenic effect in T2DM
and T1DM rats with reduced LH/hCG-R content in the testes [38,43].

With a single injection of LH/hCG-R-agonists, in both control and diabetic rats the
stimulating effect of hCG on testosterone production was higher than that of TP3, especially
1 and 3 h after administration (Table 2, Figure 1), which is due to the higher affinity of
hCG to the receptor and the high efficiency of hCG-induced activation of cAMP-dependent
signaling responsible for triggering testicular steroidogenesis. This is not surprising since
an orthosteric agonist is generally more effective in activating the hormonal receptors than
an allosteric agonist [38,71]. However, starting from the second day of LH/hCG-R-agonists
treatment, in both control and diabetic rats the steroidogenic effect of hCG weakened and
did not significantly differ from the corresponding effect of TP3, which changed to a small
extent (Tables 3 and 5, Figure 2). We believe that this is largely due to a decrease in the
number of LH/hCG-R in the testes of hCG-treated rats.

We showed a decrease in the Lhr expression and LH/hCG-R content in the testes
of control and diabetic rats after five-day treatment with hCG (Figures 4, 7 and 8). It
should be noted that the five-day treatment with TP3 did not significantly affect the
LH/hCG-R expression, and, as a result, the TP3 effect on the testosterone level did not
change significantly during all days of treatment (Figure 2). The other authors showed
that hyperactivation of LH/hCG-R with chronic administration of gonadotropin leads
to desensitization and down-regulation of the receptor [72-76], and in addition to this,
the increased testosterone levels through a negative feedback mechanism suppress the
expression of the Lhr gene [74]. According to our early data, treatment of rats with TP4/2,
another allosteric LH/hCG-R-agonist, had a little effect on the Lhr expression [38]. Taken
together, these data indicate that long-term treatment with allosteric agonists, contrast to
gonadotropins, provide a normal level of LH/hCG-R expression. This may be due to the
peculiarities of the regulatory effects of allosteric LH/hCG-R-agonists, namely, with the
selective activation of the cAMP signaling cascade and with a more moderate stimulating
effect on testosterone production.

It should be noted that no decrease in the expression of genes encoding the main
steroidogenic enzymes was found in the testes of diabetic rats (Tables 4 and 5). Only a
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tendency towards weakening of the expression of gene for cholesterol-transporting protein
StAR, which is responsible for the first, rate-limiting stage of steroidogenesis, was shown
(Figures 3 and 4). Other authors also demonstrated a decrease in the expression of the
StAR gene in the testes of rats with T2DM and HFD-induced obesity [64,77-80]. Despite a
significant decrease in testosterone production in T2DM, we showed an increase in the gene
expression for CYP17A1 cytochrome responsible for the synthesis of 17-OH-progesterone
and androstenedione (Figures 3 and 4). Meanwhile, the other authors demonstrated
both the absence of changes in the expression of this gene [78] and a decrease in its
expression [80]. It can be assumed that these differences are due to the severity of diabetic
models and its duration. There is evidence that insulin-induced increase in the expression
of steroidogenic enzymes, reduced in severe, insulin-deficient STZ diabetes, does not
lead to the normalization of steroidogenesis [81]. This is due to the fact that, under the
diabetic conditions, the processing of testicular proteins is impaired, as a result of the
increased oxidative stress and stress of the endoplasmic reticulum. As a consequence, the
normalization of gene expression of the steroidogenic enzyme is often not associated with
the restoration of its activity. A clearly pronounced correlation between the gene expression
and activity is shown only for the StAR protein [45,82].

With a single injection, LH/hCG-R-agonists differently influenced the expression of
steroidogenic genes and the ratios of steroid hormones. In T2DM, the hCG stimulating
effect on the StAR expression was decreased, while its stimulating effects on the Cyp11a1l
and Cypl7al expression changed to a lesser extent (Figure 3). In the diabetic testes, in
contrast to control, the stimulating effect of TP3 on the Cyp17al expression was not detected,
while its stimulating effect on the Cyp11al expression was appeared (Figure 3). With five-
day treatment, the hCG stimulating effect on the CypI1al expression was increased, while
the corresponding effect on the Cyp17al expression disappeared (Figure 4). Thereby, with
T2DM and with an increase in the duration of LH/hCG-R-agonists treatment, the StAR
expression was decreased, and there were also multidirectional changes in the expression of
steroidogenic enzymes that can compensate for dysfunctions of testicular steroidogenesis.

MF, which is widely used for T2DM treatment, not only improves metabolic status and
insulin sensitivity, but also restores functions of the cardiovascular, urinary, nervous and
other systems impaired in diabetic conditions [17,83-88]. MF also has a positive effect on
the reproductive system and fertility. There is strong evidence for the therapeutic potential
of MF to restore the functions of the female reproductive system in T2DM, obesity, and
polycystic ovary syndrome [8,89-93]. Much less is known about the restorative effect of
MF on the male reproduction in T2DM and metabolic syndrome, which is largely due to
the limited number of clinical studies. A number of researchers point to an improving
effect of MF on spermatogenesis and androgenic status in male patients with metabolic
diseases [6,94-96]. Morgante and coauthors showed that six-month MF therapy of male
patients with metabolic syndrome restored a number of spermatozoa, their motility and
morphology, normalized the testosterone levels and, thereby, improved fertility [95]. How-
ever, it should be noted that a number of authors have not shown a significant restorative
effect of MF therapy on spermatogenesis and androgenic status in T2DM and obesity [97,98],
or indicate the need for combined use of MF with other drugs [99].

Most studies carried out on experimental models of diabetes and obesity support
a significant improving effect of MF on spermatogenesis and testicular steroidogene-
sis [7,19,50,70,78,100-104]. Moreover, both monotherapy with MF and its co-administration
with pioglitazone [101] and natural antioxidants [78,105,106] were effective in the restora-
tion of reproductive functions. In the present study, we found that in male rats with
HFD/STZ-induced T2DM, a five-week treatment with MF partially restored the testos-
terone levels in the blood and testes and normalized the ratios between testosterone and its
precursors (Tables 2-5 and Tables S5 and S6; Figures 1 and 2), improved morphology of the
seminiferous tubules, restored the number of spermatogonia and pachytene spermatocytes
in them (Table 6), increased the total number of epididymal spermatozoa, their motility and
the proportion of spermatozoa with progressive movement, and also reduced the number
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of their defective forms (Figure 5). Moreover, the sperm count in MF-treated diabetic rats
exceeded those in the control group (Figure 5).

We have shown for the first time a pronounced improving effect of MF therapy on
the steroidogenic effect of both LH/hCG-R-agonists after their single injection to diabetic
rats. Five hours after TP3 and hCG administration, the blood and testicular levels of
testosterone and the ratio for testosterone and its precursors in the testes were comparable
to that in control rats treated with the same agonists (Table 2, Table 4 and Tables S5 and S6).
hCG-stimulated StAR expression in the DMG1 group exceeded that in the DG1 group and
was comparable to the StAR expression in the CG1 group (Figure 3). The expression of the
StAR gene in the DMT1 group was similar to that in the CT1 group (Figure 3). Since the
StAR plays a key role in triggering steroidogenesis [82,107], MF-mediated restoration of
the stimulating effects of LH/hCG-R-agonists on the StAR expression may be an important
factor in enhancing their steroidogenic activity.

MF normalized the Lhr gene expression and the LH/hCG-R content in the diabetic
testes (Figures 3, 4, 7 and 8). From our point of view, this makes a significant contribution to
improving the sensitivity of Leydig cells to LH/hCG-R-agonists, which was demonstrated
in our experiments with a single administration of hCG and TP3 to MF-treated rats (Table 2,
Figure 1). There is evidence that some other antidiabetic drugs are able to increase the
LH/hCG-R expression, as shown for carvacrol, a potent antioxidant that increases the
expression of gonadotropin receptors in the Sertoli cells of diabetic rats [108].

Based on our data discussed above, we expected that MF would enhance the effects
of LH/hCG-R-agonists on testosterone production and spermatogenesis after long-term,
five-day, administration. However, in this case, improving effect of MF therapy on TP3
and hCG effects was not observed (Tables 3 and 5, Figure 2). In diabetic rats without MF
treatment, the five-day administration of TP3 and, to a greater extent, hCG normalized the
thickness of the epithelium of the seminiferous tubules, the number of spermatogonia and
pachytene spermatocytes (Table 6), and, in addition, increased the number of epididymal
spermatozoa and the proportion of their motile forms (Figure 5). At the same time, in
MF-treated rats, the improving effect of TP3 and hCG on spermatogenesis indices was
disappeared, and in some cases, there was a tendency for their deterioration (Figure 5,
Table 6). As an example, in contrast to the DM5 group, where the number of spermatozoa
exceeded the control values, this was not shown in the DMT5 and DMGS5 groups, and the
proportion of motile spermatozoa in the DMT5 group was similar to that in the diabetic
group (Figure 5).

The data obtained indicate that under the conditions of MF-induced normalization
of steroidogenesis and spermatogenesis, further improvement of the reproductive system
in diabetic rats during their chronic treatment with LH/hCG-R-agonists becomes hardly
achievable. Moreover, an excessive increase in intratesticular testosterone can negatively
affect spermatogenesis and impair sperm fertility [109,110]. There are many studies that
long-term administration of testosterone drugs damages sperm and can cause infertil-
ity [111-114]. Therefore, long-term hormonal activation of LH/hCG-R should trigger
mechanisms that prevent “excessive” activation of testicular steroidogenesis. Accordingly,
we have shown that in rats treated with MF, one of such mechanisms is a pronounced
decrease in testicular expression of the Lhr gene in response to a five-day administration of
LH/hCG-R-agonists. In this case, the Lhr expression upon administration of TP3 and hCG
was decreased by 40 and 91% compared to the DM5 group (Figure 4). Meanwhile, in the
testes of diabetic rats without MF treatment, five-day administration of hCG reduced the
expression of the Lhr gene by only 58%, while TP3 increased it by 66% (Figure 4). Using
immunohistochemical approach, we showed that the testicular content of LH/hCG-R in
the DMT5 and DMGS5 groups was decreased by 21 and 45% in comparison with the DM5
group, and in the DMGS5 group it was significantly lower than in the D5, DT5 and DG5
groups (Figures 7 and 8). We believe that a long-term increase in testosterone level as a
negative regulator of the gonadal axis [115,116] may play a decisive role in the decrease
in LH/hCG-R expression in the DMT5 and DMGS5 groups. It cannot be ruled out that, in
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addition to stimulation of steroidogenic cAMP-dependent pathways, long-term activation
by LH/hCG-R-agonists provokes down-regulation of LH/hCG-R, activating G protein-
coupled receptor-specific kinases and [3-arrestins, which triggers the intracellular cascades
that negatively regulate the Lhr expression [117-119].

It should be noted, however, that in control rats, the same as animals of the DM5
group, the five-day administration of hCG (but not TP3) also significantly reduced the
expression of the Lhr gene (by 82%) (Figure 4), but in this case, the steroidogenic effect of
hCG was maintained, although it was reduced as compared to the first day of treatment
(Table 3). Accordingly, in addition to reducing the LH/hCG-R expression, some other
mechanisms may be activated in MF-treated rats, mediating an unexpected suppression
of the steroidogenic effects of LH/hCG-R-agonists with long-term administration. In the
testes, these mechanisms may include the changes in the expression and activity of aro-
matase, which catalyzes the conversion of androgens to estradiol, a functional testosterone
antagonist, and MF-induced hyperactivation of AMPK, an energy sensor of cell.

In obesity and hyperinsulinemia typical for T2DM, the activity of aromatase is en-
hanced, which leads to a decrease in the testosterone/estrogens ratio and impairs male
fertility [120,121]. MF has a direct inhibitory effect on aromatase expression in granulosa
luteal cells [122,123]. We showed that in the testes of diabetic rats, MF treatment signifi-
cantly suppressed the expression of the Cyp19al (aromatase) gene (Figures 3 and 4) and also
decreased the estradiol levels in comparison to control and diabetic rats (Tables 4 and 5) and
normalized the testosterone/estrogen ratio (Tables S5 and S6), which we believe is a conse-
quence of weakening the aromatase-catalyzed conversion of androstenedione to estrogens.
In control and diabetic rats, a single, but not five-day, administration of LH/hCG-R-agonists
increased the Cyp19al expression (Figures 3 and 4). In the MF-treated groups, LH/hCG-R-
agonists did not increase the Cyp19al expression above its control level, although they did
increase it compared to the DM1 or DM5 groups (Figures 3 and 4). It seems to us that it is
more correct to consider the LH/hCG-R-agonists effect as the cancellation of MF inhibitory
influence on the Cyp19al expression. With regard to estradiol production in MF-treated
rats, the effects of single and five-day administration of LH/hCG-R-agonists differed. With
a single injection, the estradiol level reduced in the DM1 group tended to decrease even
more (Table 4), while with five-day treatment, this level in LH/hCG-R-agonist-treated
groups was increased, and in the case of TP3, the difference with the DM5 group was
significant (Table 5). In the DMT5 and DMGS5 groups, the testosterone/estradiol ratio was
56 and 70% lower than in the DMT1 and DMG1 groups. Addition to this, in the DMT5 and
DMGS5 groups, this ratio was also reduced in comparison with the CT5 and CG5 groups
(by 36 and 48%) and with the DT5 and DG5 groups (by 33 and 34%), respectively (Tables
S5 and S6). Thereby, a single injection of LH/hCG-R-agonists to MF-treated rats increased
the testosterone/estradiol ratio, making a significant contribution to the enhancement of
androgen-regulated processes in the DMT1 and DMGI rats, while the five-day treatment
led to the opposite effect.

Hyperactivation of AMPK in the testes and ovaries can lead to impaired production of
steroid hormones [124-128]. It was shown that an increase in AMPK activity in granulosa
cells of broiler chickens leads to a decrease in the expression of genes encoding StAR,
cytochrome CYP11A1 and dehydrogenase 3beta-HSD, causing a decrease in progesterone
synthesis [126]. Hyperactivation of AMPK in luteal cells suppresses steroidogenesis, and
an important role in this is played not by the inhibition of steroidogenic proteins, but by the
inhibition of the hormone-sensitive lipase HSL. This enzyme hydrolyzes cholesterol esters
and makes cholesterol available for transport into the mitochondria [128]. Since MF is one of
the activators of AMPK, we assumed that MF treatment can lead to AMPK hyperactivation,
which, in turn, is able to inhibit the steroidogenic effect of LH/hCG-R-agonists. However,
the immunoblotting data obtained by us indicate that, despite the increase in the ratio of
active Thr!72-phosphorylated «-AMPK and total «-AMPK in the testes of MF-treated rats
in comparison with the control rats, the content of Thr!”?-phosphorylated form, assessed by
its ratio with the reference protein GAPDH, did not change significantly (Figure 9, Table 7).
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Thus, there is no reason to believe that in our case MF treatment leads to hyperactivation
of testicular AMPK. In addition, five-day treatment with LH/hCG-R-agonists did not
significantly affect the content and activity of AMPK, and, moreover, in the DMGS5 group,
there was a hCG-induced decrease in the ratio of Thr'”2-phosphorylated and total AMPK
in comparison with the DM5 group (Figure 9, Table 7). Thus, the dose of MF and the
duration of MF therapy we have chosen do not cause AMPK hyperactivation in the testes
of diabetic rats and are optimal for restoring metabolism and steroidogenesis in testicular
cells. Accordingly, the assumption about the contribution of AMPK hyperactivation to the
inhibition of steroidogenic effects of long-term administered LH/hCG-R-agonists in T2DM
is not supported by our data.

Of interest are our data that the steroidogenic effect of long-term administration of
TP3 changes weakly in T2DM. This may be due to the fact that allosteric agonists to a lesser
extent, in comparison with hCG, affect the expression of LH/hCG-R. However, it cannot be
ruled out that this is due to the peculiarities of the interaction of TP3 with LH/hCG-R. First,
low-molecular-weight allosteric LH/hCG-R-agonists interact with the transmembrane
domain of LH/hCG-R, which undergoes fewer changes under the conditions of prolonged
hyperglycemia in comparison with the ectodomain to which hCG binds. Second, as shown
for the Org43553, another allosteric LH/hCG-R-agonist, such agonists are able to penetrate
into the cell and interact there with immature forms of the receptor, facilitating their
translocation to the membrane [129]. Based on this, it can be assumed that the steroidogenic
effects of TP3 may not be so sensitive to inactivating modifications of LH/hCG-R under
hyperglycemia and oxidative stress, typical for T2DM, which are believed to be capable of
disrupting the maturation of LH/hCG-R and its translocation into the plasma membrane.
We have previously shown the stability of the steroidogenic effect of TP4/2, another
LH/hCG-R-agonist we developed, in male rats with STZ diabetes [38]. These data indicate
that the use of thieno[2,3-d]-pyrimidine LH/hCG-R-agonists is promising for compensating
for androgen deficiency in various types of diabetes. At the same time, the advantages of
thieno[2,3-d]-pyrimidines may disappear when used together with MF, which in T2DM
reduces hyperglycemia and improves protein processing, including, presumably, LH/hCG-
R.

4. Materials and Methods
4.1. The Drugs and Biochemical Reagents

The synthesis of 5-amino-N-tert-butyl-2-(methylsulfanyl)-4-(3-(nicotinamido)phenyl)
thieno|[2,3-d] pyrimidine-6-carboxamide (TP3), a low-molecular-weight allosteric LH/hCG-
R-agonist, was carried out using the acylation of 5-amino-4-(3-aminophenyl)-N-(tert-butyl)-
2-(methylthio)thieno[2,3-d]pyrimidine-6-carboxamide, which was obtained according to the
method of Hanssen and Timmers [130], as described earlier (Derkach et al., 2016) (Figure S1).
For this, 5-amino-4-(3-aminophenyl)-N-(tert-butyl)-2-(methylthio) thieno[2,3-d]-pyrimidine-
6-carboxamide (1.0 equivalent) was dissolved in dry N,N-dimethylformamide and mixed
with nicotinic acid (1.1 equivalents) in the presence of N,N-diisopropylethylamine (1.2 equiv-
alents). Then, 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]-pyridinium 3-
oxide hexafluorophosphate (1.1 equivalents) was added, and the mixture was stirred at
the room temperature for 5 h. After removing the solvent in a vacuum evaporator, the
resulting residue was washed with 5% sodium carbonate, then distilled water and then
filtered. The obtained product was purified by column chromatography and characterized
by high-resolution mass spectrometry and the 'H- and '3C-NMR. The high-resolution
mass spectra (electrospray ionization—time of flight, ESI-TOF) were recorded using a
“Bruker micrOTOF” spectrometer (“Bruker”, Karlsruhe, Germany). The NMR spectra were
obtained using a “Bruker Avance I1I 400” spectrometer (400.13 MHz for 'H and 100.61 MHz
for 13C) (“Bruker”, Germany) in DMSO-dg and were referenced to residual solvent proton
signal (6H = 2.50) and solvent carbon signal (6C = 39.5). The obtained compound TP3
(C24H24NgO55,) is yellow solid with the melting temperature 157-159 °C; the IH-NMR
spectrum (DMSO-dg), 6, ppm (J, Hz): 1.37 (9H, s, C(CH3)3); 2.62 (3H, s, SCH3); 6.14 (2H, s,
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NH,); 6.98 (1H, s, NH-t-Bu); 7.42 (1H, d, ] = 7.8, 4'-H); 7.57-7.64 (2H, m, 5'-H u5"-H); 8.04
(1H,d, ] =82,2"-H); 8.08 (1H, s, 6/-H); 8.33 (1H, d, ] = 7.7,4"-H); 8.78 (1H, d, | = 4.8, 6"-H);
9.14 (1H, s, 2""-H), 10.72 (1H, s, 3'-NH); and the '3C-NMR spectrum (DMSO-dg), §, ppm:
(14.3 (SCH3); 29.2 (C(CHs)s); 51.9 (C(CHs)3); 97.7; 117.8; 120.9; 122.5; 124.0; 124.9; 129.8;
130.8; 136.0; 137.1; 139.6; 144.7; 149.2; 152.8; 162.5; 164.9; 165.2; 167.8; 168.8). According to
high-resolution mass spectrometry (ESI-TOF) the molecular weight of the compound was
515.1304 (the calculated molecular weight for [M + Na*] was 515.1294) (see the spectrum
details in the Figure S1).

Metformin, STZ, hCG, inhibitors of proteases (phenylmethylsulfonyl fluoride, ortho-
phenanthroline, pepstatin) and the other reagents were obtained from “Sigma-Aldrich” (St.
Louis, MO, USA).

4.2. The Experimental Animals

The male Wistar rats Rattus norvegicus (the age before the start of the experiment was
10 weeks; the body weight was 160-180 g) were obtained from the “Rappolovo” nursery
(Leningrad Region, Russia). The animals were housed in plastic cages, five animals in each,
with a normal light-dark cycle (12 h/12 h, light on at 9.00 a.m.) and the room temperature
(24 £ 2 °C), and had free access to standard laboratory chow pellets and drinking water.
The daily standard diet contained 20-25 g of dry food (19% protein, 5% fat, 4% fiber, and
9% ash), which provided 2.95 kcal/g. All experiments were approved by the Bioethics
Committee at the Sechenov Institute of Evolutionary Physiology and Biochemistry (St.
Petersburg, Russia) (protocol No #3/2020, 18 March 2020) and according to the Declaration
of Helsinki, “The Guide for the Care and Use of Laboratory Animals” and the European
Communities Council Directive of 1986 (86/609/EEC). All the efforts to minimize animal
suffering and reduce the number of experimental animals was made.

4.3. The Induction of Type 2 Diabetes in Male Wistar Rats

T2DM was induced by 10 weeks of HFD followed by a single treatment with low-
dose STZ (25 mg/kg, i.p.), as described earlier [69] (Figure 10). Control rats of the same
age received a standard diet and instead of STZ were treated with its solvent (0.1 M
sodium-citrate buffer, pH 4.5). The HFD included the supplements of 5-7 g of fat mixture
containing (w/w) 52.4% of pork lard, 41.7% of curd, 5% of liver, 0.5% of L-methionine, 0.2%
of baker’s yeast, and 0.2% of NaCl [69]. After STZ treatment, the rats of the experimental
group continued to receive the HFD. Two weeks after STZ injection, among the animals of
the experimental group were chosen rats that had obvious signs of T2DM, including the
increased body weight, increased content of glycated hemoglobin (HbAlc, above 6%), as
well as glucose intolerance according to the results of glucose tolerance test (GTT). In the
GTT, 120 min after glucose loading, the glucose levels in diabetic rats were above 8 mM,
and the AUCy 1o values for the curve “glucose concentration, mM—time, minutes” were
above 30% as compared to the average AUCy_15¢ values in the control group.
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Figure 10. The design of experiments (A) and the rat groups (B).
4.4. The Treatment of Diabetic Rats

At the first stage, rats with T2DM were randomized into two groups: untreated
diabetic animals (Diabetes, n = 30) and diabetic rats treated for five weeks with MF at a
daily dose 120 mg/kg (orally using a gavage) (Diabetes + MF, n = 30) (Figure 10). Control
animals (Control, n = 30) instead of MF for five weeks received 0.9% NaCl solution (saline),
the solvent of this drug. Four weeks after starting MF treatment, in all the investigated
groups the GTT was performed, and the blood samples were taken to measure the levels
of glucose, HbAlc, hormones and lipids. At the next stage, all animals were randomized
into groups for one-day or five-day treatment with the LH/hCG-R-agonists. Five-day
treatment with TP3 (i.p., DMSO, 15 mg/kg/day) and hCG (s.c., saline, 15 IU/rat/day)
was carried out from the 31st to the 35th days of MF treatment, while a single injection of
LH/hCG-R-agonists at the same doses was carried out on the 35th day of MF treatment (the
final day of the experiment). The choice of drug doses was based on preliminary studies
of the “drug dose-steroidogenic effect” relationship. The selected doses of TP3 and hCG
corresponded to their doses, which caused 60-65% of the maximum steroidogenic effect of
the drugs when they were administered once to three-month-old male rats. Groups of rats
without administration of LH/hCG-R-agonists received DMSO (150 pL, i.p.). Earlier, we
showed that a five-day administration of DMSO to rats, even in a larger volume (200 pL,
i.p.), does not affect their metabolic and hormonal parameters and testicular function [38].
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Summarizing, nine groups of rats were formed to study the effects of single-dose
LH/hCG-R-agonists and other nine groups to study the effects of five-day administration
of LH/hCG-R-agonists (in each group n = 5). The groups with a single injection of LH/hCG-
R-agonists or DMSO included control (C1), control receiving TP3 (CT1) or hCG (CG1),
diabetic rats (D1), diabetic rats receiving TP3 (DT1) or hCG (DG1), MF-treated diabetic rats
(DM1), MF-treated diabetic rats receiving TP3 (DMT1) or hCG (DMG1). The groups with
a five-day treatment with LH/hCG-R-agonists or DMSQO included: control (C5), control
receiving TP3 (CT5) or hCG (CG5), diabetic rats (D5), diabetic rats receiving TP3 (DT5) or
hCG (DG5), MF-treated diabetic rats (DM5), MF-treated diabetic rats receiving TP3 (DMT5)
or hCG (DMGS) (Figure 10).

4.5. Preparation of Tissue and Blood Samples for Analysis

On the last day of the experiment, the animals were anesthetized by chloral hydrate
administration (400 mg/kg b.w., i.p.) and then decapitated. The samples of blood, testes,
and epididymis were taken to measure hormone levels in the blood and testes and gene
expression in the testes, to estimate sperm parameters and to carry out histochemical
analysis of the seminiferous tubules. The testes were weighed and the gonadosomatic
index (GSI) was calculated as (testes weight/total body weight) x 100, where the testes
weight is the sum of the weight of the right and left testes.

4.6. The Determination of Blood Levels of Glucose, HbAlc, Insulin, Leptin, Total Cholesterol
and Triglycerides

Glucose levels in the blood obtained from the tail vein were measured using a glu-
cometer (“Life Scan Johnson & Johnson”, Milpitas, CA, USA) and the test-strips “One Touch
Ultra” (“LifeScan Inc.”, Malvern, PA, USA). The levels of insulin and leptin in the rat serum
were measured using the kits “Rat Insulin ELISA” (“Mercodia AB”, Uppsala, Sweden)
and “ELISA for Leptin, Rat” (“Cloud-Clone Corp.”, Houston, TX, USA, Indianapolis, IN,
USA), and the content of HbAlc was measured using the “Multi Test HbAlc System kit”
(“Polymer Technology Systems, Inc.”, Indianapolis, IN, USA). The concentration of total
cholesterol and triglycerides was measured using the express test MulticareIN “Biochemical
Systems International S.p.A.” (Arezzo, Italy).

4.7. Glucose Tolerance Test

In the Control, Diabetes and Diabetes + MF groups, the GTT was performed using a
single injection of glucose (2 g/kg, i.p.) after 12 h of fasting, as described earlier [69]. The
blood samples for measuring of glucose, insulin and leptin levels were collected from the
tail vein of rats under local anesthesia (Lidocaine, 2%, 2-4 mg/kg b.w.) before (0 min) and
120 min after glucose load. The GTT was performed two days before starting treatment
with LH/hCG-R-agonists (four weeks after starting MF treatment).

4.8. The Determination of Serum Testosterone Levels and Intratesticular Content of Testosterone,
Estradiol and Their Precursors

The serum and intratesticular levels of testosterone were determined using the
“Testosterone-ELISA kit” (“Alkor-Bio”, Saint-Petersburg, Russia). The intratesticular
content of progesterone, 17-hydroxyprogesterone and estradiol was measured with the kits
“Progesterone-EIA”, “17-OH-progesterone-EIA” and “Estradiol-EIA” (“XEMA Co. Ltd.”,
Moscow, Russia), and the intratesticular content of androstenedione was estimated using
the kit “Androstenedione ELISA” (“DRG Instruments GmbH"”, Marburg, Germany).

4.9. The RNA Extraction and qRT-PCR Analysis of Testicular Genes

Total RNA was isolated from the rat testes using the “ExtractRNA Reagent” (TRIzol
analogue) (“Evrogen”, Moscow, Russia) according to the manufacturer’s instructions. The
samples containing 1 ng of RNA were transcribed to cDNA using the random oligodeoxynu-
cleotide primers and the “MMLV RT kit” (“Evrogen”, Moscow, Russia). The amplification
was performed using the incubation mixture containing 10 ng of reverse-transcribed prod-



Int. J. Mol. Sci. 2022, 23,198

25 of 35

uct, 0.4 pM of the forward and reverse primers, and the “qPCRmix-HS SYBR + LowROX
kit” (“Evrogen”, Moscow, Russia). The amplified signals were detected using the “Applied
Biosystems® 7500 Real-Time PCR System” (“Life Technologies, Thermo Fisher Scientific
Inc.”, Waltham, MA, USA). The primers that were used to assess the expression of the target
genes are presented in the Table 8. The obtained data were calculated using the delta-delta
C¢ method and expressed as fold expression relative to expression in the corresponding
control group [131]. The expression of the gene encoding actin B (Actb) was used as an
endogenous control.

Table 8. The primers for the study of target and reference genes using real-time PCR analysis.

Genes Forward/Reverse Sequence PS AT Genbank
Lhr (For) CTGCGCTGTCCTGGCC 103 55 NM_012978.1
(Rev) CGACCTCATTAAGTCCCCTGAA
Star (For) AAGGCTGGAAGAAGGAAAGC 66 55 NM_031558.3
(Rev) CACCTGGCACCACCTTACTT
Cypllal (For) TATTCCGCTTTGCCTTTGAG 74 55 NM_017286.3
(Rev) CACGATCTCCTCCAACATCC
Hsd3b (For) AGGCCTGTGTCCAAGCTAGTGT 161 55 XM_017591325.1
(Rev) CTCGGCCATCTTTTTGCTGTAT
Cypl7al (For) CATCCCCCACAAGGCTAAC 61 55 XM_006231435.3
(Rev) TGTGTCCTTGGGGACAGTAAA
Hsd17b (For) CCTTTGGCTTTGCCATGAGA 68 55 NM_024392.2
(Rev) CAATCCATCCTGCTCCAACCT
Cyp19al (For) GGTATCAGCCTGTCGTGGAC 118 56 NM_017085.2
(Rev) AGCCTGTGCATTCTTCCGAT
Actb (For) CTGGCACCACACCTTCTACA 125 55 NM_031144.3

(Rev) AGGTCTCAAACATGATCTGGGT
Note. PS—product size (bp), AT—annealing temperature (°C).

4.10. The Analysis of Epididymal Spermatozoa

The number of epididymal spermatozoa and the proportion of their motile and defec-
tive forms and spermatozoa with progressive movement were assessed using a Makler’s
Counting Chamber, the depth 10 pm (“Sefi Medical Instruments”, Haifa, Israel). Briefly,
the left caudal epididymis was carefully incised, and 5 mg of the semen fluid was gently
diluted in 195 pL of the “Quinn’s Advantage™ Medium with HEPES” (“In Vitro Fertil-
ization Inc.”, Trumbull, CT, USA) and then incubated for 30 min at 37 °C. Subsequently,
10 pL of diluted semen fluid was added to a Makler’s Counting Chamber. The number of
epididymal spermatozoa was counted using a MICMED-5 microscope, the magnification
%400 (“LOMO”, Saint-Petersburg, Russia) and the results were presented as 10° cells/g
of the caudal epididymis. Epididymal spermatozoa with progressive movement were
calculated as a percentage of the total number of motile spermatozoa, taken as 100%. To
study sperm morphology, the sperm smears examined for the defects of head and tail
spermatozoa [132]. Each smear was placed on a glass slide, air-dried at the room tempera-
ture and then stained with azure and eosin using the “Spermo-Diff-200” kit (“Syntacon”,
Saint-Petersburg, Russia). For each slide, 200 spermatozoa were counted with a MICMED-5
microscope (magnification x1000), and the number of defective forms of epididymal sper-
matozoa was expressed as a percentage of the total number of spermatozoa, taken as 100%.
The epididymal spermatozoa analysis was performed in a blinded fashion with regards to
the studied groups.

4.11. Preparation of the Testis Sections for Histochemical and Immunohistochemical Analysis

The testes were excised and immediately fixed for 48 h (4 °C) in 4% para-formaldehyde
solution, washed with 0.9% sodium-phosphate buffer (PBS) and immersed in PBS contain-
ing 30% of sucrose. The testes were frozen on dry ice using the Tissue-Tek medium (“Sacura
Finetek Europe”, Alphen aan den Rijn, The Netherlands). The series of cross sections of
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the testes (the thickness is 6 um) were prepared using a Leica CM-1520 cryostat (“Leica
Biosystems”, Nussloch, Germany) and mounted on the SuperFrost/plus glasses (“Menzel”,
Braunschweig, Germany). The sections of the seminiferous tubules were mounted on glass
in such a way as to obtain the sections from different levels of the testes. The sections from
different experimental groups were mounted on one same glass, air-dried overnight, and
then used for histochemical and immunohistochemical analysis.

4.12. Immunohistochemical Analysis of Intratesticular LH/hWCG Receptor

Freshly prepared testes sections were washed with PBS, treated with 0.6% hydrogen
peroxide in PBS for 30 min to block endogenous peroxidase activity, washed with PBS for
10 min, and then with PBS containing 0.1% Triton X-100 (PBST) for 20 min. Subsequently, the
sections were incubated for 1 h in a blocking solution (5% goat serum in PBST). Incubation
with the primary Polyclonal Rabbit anti-Human LHCGR/LHR/LH Receptor Antibody
(#LS-C3, “LSBio”, Seattle, WA, USA) was carried out in 1% blocking solution at a dilution
of 1:1000 overnight (22 °C). After washing with PBST (40 min), the sections were incubated
for 1 h in PBST with the secondary Goat Anti-Rabbit IgG Antibody, Biotinylated (#BA-1000,
“Vector Laboratories”, Burlingame, CA, USA) at a dilution of 1:600, then were washed with
PBS for 30 min and incubated in a solution of streptavidin-peroxidase (“Sigma-Aldrich”,
St. Louis, MO, USA) in PBS at a dilution of 1:600 for 1 h. After washing in PBS, the
sections were treated with 0.05% diaminobenzidine (“Sigma-Aldrich”, St. Louis, MO,
USA) and 0.03% hydrogen peroxide in PBS. The reaction was stopped by washing with
distilled water, after which the sections were placed under a cover glass using glycerol.
A specificity of immunohistochemical reaction was checked using a negative control (the
samples without the primary or secondary antibodies). The micrographs (20 for each
animal) from different levels of the testis and different areas of each section were obtained
using a Carl Zeiss Imager Al microscope, the objective x20 (“Carl Zeiss”, Oberkochen,
Germany) using the same optic characteristics for different groups of animals. The optical
density was quantified using the Image ] NIH Analysis software (“National Institutes of
Health”, Bethesda, MD, USA). The optical density of LH/hCG-R-immunopositive material
was estimated and expressed in the arbitrary units.

4.13. Histochemical Analysis of the Seminiferous Tubules

To study morphology of the seminiferous tubules, the testis sections were treated
with 50% ethanol for 15 min, washed with distilled water and stained with Mahler’s
hematoxylin according to the standard procedure. Then the sections were washed again in
distilled water and placed under a cover glass using glycerol. The seminiferous tubules
samples were analyzed using a Carl Zeiss Imager A1l microscope (“Carl Zeiss”, Oberkochen,
Germany). With a x40 objective, using the cross sections obtained from different levels
of the testis, the seminiferous tubules were selected, and the number of spermatogonia
and pachytene spermatocytes was counted on the same seminiferous tubule. With an x20
objective and Carl Zeiss software (Axio Vision 4.7.2), the microphotography was made.
The thickness of the seminiferous epithelium (in um) was measured, as the distance from
the basal lamina to the head of mature spermatozoa.

4.14. The Estimation of AMP-Activated Protein Kinase with Western Blotting Analysis

The testis tissues were homogenized in the ratio 1:20 in the lysis buffer containing
20 mM Tris-HC1 (pH 7.5), 150 mM sodium chloride, 2 mM EDTA, 2 mM EGTA, 0.5%
Triton X-100, 0.25% sodium deoxycholate and 0.02% sodium azide, supplemented with
the protease inhibitor cocktail (“Sigma-Aldrich”, St. Louis, MO, USA) and phosphatase
inhibitor cocktail PhosStop (“Roche”, Basel, Switzerland). The testes lysates were kept on
ice for 1 h until the lysis of the samples was complete. The large fragments of cells and
the undamaged cells were separated by centrifugation (10,000 g, 10 min, 4 °C). The con-
centration of protein was measured by the Lowry method with BSA as a standard. Thirty
micrograms of protein per sample were run on 10% SDS-polyacrylamide gel, followed by
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transfer to a nitrocellulose membrane (0.45 um) (“GE Healthcare, Amersham Biosciences
AB”, Buckinghamshire, UK) by electroblotting (100 V, 1 h) in the mini trans-blot module
(“Bio-Rad Laboratories Inc.”, Des Plaines, IL, USA). The non-specific binding was blocked
in the TBST bulffer containing 50 mM Tris-HCI (pH 7.5), 150 mM sodium chloride and 0.1%
Tween 20 with the addition of 5% fat-free milk for 30 min at the room temperature. The
membranes were incubated at 4 °C overnight with the primary antibodies raised against
phospho-AMPK-«(Thr!72) (1:1000) (#2535, “Cell Signaling Technology” Danvers, MA, USA)
and AMPK-« (1:1000) (#2793, “Cell Signaling Technology”, Danvers, MA, USA). The im-
munostaining was made using the horseradish peroxidase-conjugated anti-mouse (#7076,
“Cell Signaling Technology”, Danvers, MA, USA) or anti-rabbit (#7074, “Cell Signaling
Technology”, Danvers, MA, USA) immunoglobulins at 1:1000-1:3000 dilution (1 h at the
room temperature), and the Novex ECL Chemiluminescent Substrate Reagent Kit (“Invitro-
gen, Life Technologies”, Waltham, MA, USA). The images were obtained with exposure
to the premium X-ray film (“Phenix Research Product”, Candler, NC, USA). To normalize
the data, the membranes were treated with the antibodies raised against glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (1:5000) (#NB600-502, “Novus Biologicals”, Cen-
tennial, CO, USA). The relative amount of phospho-AMPK-«(Thr!'7?) was determined by
adjusting for total protein AMPK-« or for GAPDH. The open-source application software
Bio7 was used for quantification of the positive bands of the scanned films.

4.15. Preparation of the Rat Blood and Tissues Samples and Determination of TP3 Content in Them
Using Reverse-Phase HPLC

The blood samples were taken from the rat tail vein under local anesthesia (2% Lido-
caine solution, 2-4 mg/kg b.w.) into tubes containing EDTA. To obtain the blood plasma,
the samples were centrifuged for 15 min at 750 g (+4 °C). Acetonitrile was added to 0.5 mL
of the blood plasma to a ratio of 1:2, after which the mixture was vigorously stirred [133].
Then the mixture was centrifuged for 15 min at 12,000x g (+4 °C). For HPLC analysis,
the upper phase was taken. The tissue samples from the brain, liver, thyroid gland and
testes were obtained after anesthesia of rats with chloral hydrate (400 mg/kg b.w., i.p.).
Then the samples from the brain, liver and thyroid gland were weighted and homogenized
on ice in four volumes of 50 mM Tris-HCl buffer (pH 7.2). In the case of the testes, 2 mL
of the same Tris-HCI buffer was added to the testis samples. Acetonitrile was added to
the homogenates of the liver and thyroid gland to a ratio of 1:2, after which the mixture
was vigorously stirred. In the case of the brain and testes, 300 uL of the homogenate were
taken and mixed with acetonitrile in a ratio 1:4 [133]. Then all homogenate samples were
centrifuged for 15 min at 12,000x g (+4 °C). The upper phase (supernatant) was taken for
HPLC analysis.

Reversed phase HPLC was used to analyze TP3 content in the blood and tissue
samples. A liquid chromatograph LC-20 Prominence with a diode array detector SPD-
M20A (“Shimadzu”, Kyoto, Japan) and the column Luna C18 (150 x 2.1 mm; 5 um)
(“Phenomenex”, Torrance, CA, USA) were used. For separation, a gradient mode (eluent
A: 0.05% trifluoroacetic acid in water/eluent B: 0.05% trifluoroacetic acid in acetonitrile;
elution mode: 0-2 min, 95% eluent A, 5% eluent B, isocratic; 2-14 min, 95->1% eluent A,
5->99% eluent B, gradient; 14-16 min, 1% eluent A, 99% eluent B, isocratic; 16-17 min,
1->95% eluent A, 99->5% eluent B, gradient; 17-23 min, 95% eluent A, 5% eluent B, isocratic)
and the following chromatographic conditions (UV detection wavelength 254 nm; flow rate
0.3 mL/min; column temperature 30 °C; injected sample volume 5 uL) were us.

4.16. Statistical Analysis of the Experimental Data

The data were analyzed using the software IBM SPSS Statistics 22 (“IBM”, New York,
NY, USA). The multiple comparisons between the groups of rats were assessed statistically
using the one-way analysis of variance (ANOVA) and multivariate general linear model
analysis with the Tukey post hoc test, and results are presented as the mean =+ standard error
of the mean (M £ SEM) for metabolic and hormonal parameters, gene expression, sperm
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analysis, immunohistochemical and morphometric data. All differences are considered as
significant at the p < 0.05.

5. Conclusions

We have shown that a five-week administration of MF at a dose of 120 mg/kg/day
(orally) improves testicular steroidogenesis, restores spermatogenesis, and normalizes
seminiferous tubule morphology in male rats with HFD/STZ-induced T2DM. In dia-
betic male rats, MF treatment significantly enhances the steroidogenic effects of single-
dose LH/hCG-R-agonists, such as hCG and 5-amino-N-tert-butyl-2-(methylsulfanyl)-4-(3-
(nicotinamido)phenyl))thieno|2,3-d]-pyrimidine-6-carboxamide (TP3), differing in their
mechanisms of action on LH/hCG-R. This is due to a number of causes, including MF-
mediated maintenance of LH/hCG-R expression in the testicular Leydig cells, restoration
of seminiferous tubule ultrastructure, and inhibition of aromatase expression and estradiol
production in the testes. The improving effect of MF therapy on the steroidogenic activity
of hCG and TP3 can be used in clinical practice to enhance the response of the testes
and ovaries to single-dose treatment with the orthosteric (hCG, LH) and allosteric (low-
molecular-weight heterocyclic compounds, including thieno[2,3-d]-pyrimidines) LH/hCG-
R-agonists.

At the same time, after long-term (for five days) administration of the investigated
LH/hCG-R-agonists to MF-treated diabetic rats, their steroidogenic and spermatogenic
effects diminished, and this occurred in the conditions of considerable restoration of
androgens production and significant improvement of spermatogenesis induced by long-
term MF therapy. One of the reasons for this is a significant decrease in the gene expression
of LH/hCG-R and its content in the testes of MF-treated diabetic rats, which were injected
with LH/hCG-R-agonists for five days. In this case, LH/hCG-R expression was reduced in
comparison with a single administration of LH/hCG-R-agonists to MF-treated rats and
with diabetic rats that received LH/hCG-R-agonist injections for five days. Along with
this, in MF-treated rats, a five-day administration of LH/hCG-R-agonists abolished the
inhibitory effect of these agonists, observed after their single administration, on aromatase
gene expression and, thereby, contributed to a decrease in the testosterone/estradiol ratio,
making an additional contribution to the weakening of androgen-stimulating effect of
long-term administration of hCG and TP3.

We assume that since steroidogenic and spermatogenic functions of the testes are
largely restored in MF-treated rats, prolonged administration of LH/hCG-R-agonists can
lead to hyperactivation of testicular steroidogenesis. To avoid this, the compensatory
mechanisms are triggered in the testes (a pronounced decrease in LH/hCG-R expression,
an increase in the conversion of androstenedione to estradiol), which are designed to
prevent such hyperactivation. A weakening of the steroidogenic effects of LH/hCG-R-
agonists may be due to the need to protect spermatozoa from an excess of androgens,
which negatively affects their fertility. There is evidence of increased apoptosis in testicular
cells after long-term administration of high doses of hCG to rodents [134,135]. Although
we use a relatively low dose of gonadotropin, in MF-treated rats, we cannot exclude the
appearance of a pro-apoptotic effect of hCG on testicular cells. The effect of low-molecular-
weight allosteric LH/hCG-R-agonists on apoptosis and autophagy in the testes, including
in diabetes and MF therapy, has not been studied at all. The study of these issues should be
the subject of our further research. The data obtained suggest that under the conditions
of MF therapy, which considerably restores male reproduction in T2DM, long-term use
of gonadotropins and allosteric LH/hCG-R-agonists may be ineffective and even cause
negative consequences. However, additional studies are needed to confirm this hypothesis.
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Author Contributions: A.A.B. designed the research, performed the biochemical and molecular-
biological studies, interpreted and discussed the obtained results; K.V.D. designed the research,


https://www.mdpi.com/article/10.3390/ijms23010198/s1
https://www.mdpi.com/article/10.3390/ijms23010198/s1

Int. J. Mol. Sci. 2022, 23,198

29 of 35

References

carried out biochemical studies, characterized the rat model of type 2 diabetes mellitus, participated
in the preparation of the manuscript; V.N.S. designed the research, performed chemical synthesis,
purification and characterization of TP3; A.M.S. performed biochemical studies, treated of diabetic
animals with metformin and LH/hCG-R-agonists; I.V.R. performed morphological and immunohis-
tochemical studies of the rat testes and analyzed the obtained experimental data; I.Y.M. performed
morphological and immunohistochemical studies of the rat testes; 1.O.Z. performed Western blotting
analysis of AMPK and analyzed the obtained experimental data; L.V.B. performed the sperm analysis
and analyzed the experimental data; A.O.S. supervised the whole project, conceived and designed
the research and prepared manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This work has been supported by the Russian Science Foundation (project No. 19-75-20122).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Bioethics Committee at the Sechenov Institute
of Evolutionary Physiology and Biochemistry (St. Petersburg, Russia) (protocol No #3/2020, 18
March 2020).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article or Supplementary Materials.

Acknowledgments: The immunohistochemical studies were carried out with the use of Resource
Center of .M. Sechenov Institute of Evolutionary Physiology and Biochemistry of Russian Academy
of Sciences (St.-Petersburg, Russia). The NMR and mass-spectra studies of TP3 were carried out using
the equipment of the Resource Centers “Magnetic resonance research methods” and “Methods of
analysis of the composition of matter” (St. Petersburg State University, Russia).

Conflicts of Interest: The authors declare no conflict of interest.
Abbreviations
CYP11A1 (gene Cypllal) cytochrome P450scc

CYP17A1 (gene Cypl7al)  cytochrome P450 17A1/steroid 17x-monooxygenase
CYP19A1 (gene Cyp19al)  cytochrome P450A1 (Aromatase)

hCG human chorionic gonadotropin

HFD high-fat diet

3B-HSD (gene Hsd3b) 3B-hydroxysteroid dehydrogenase

173-HSD (gene Hsd17b) 173-hydroxysteroid dehydrogenase

LH luteinizing hormone

LH/hCG-R luteinizing hormone /human chorionic gonadotropin receptor
MF Metformin

StAR steroidogenic acute regulatory protein

STZ Streptozotocin

T2DM type 2 diabetes mellitus

TP3 5-amino-N-tert-butyl-2-(methylsulfanyl)-4-(3-(nicotinamido)phenyl)

thieno[2,3-d] pyrimidine-6-carboxamide

1. Sanchez-Rangel, E.; Inzucchi, S.E. Metformin: Clinical use in type 2 diabetes. Diabetologia 2017, 60, 1586—1593. [CrossRef]

2. Madsen, K.S; Chi, Y.; Metzendorf, M.I; Richter, B.; Hemmingsen, B. Metformin for prevention or delay of type 2 diabetes mellitus
and its associated complications in persons at increased risk for the development of type 2 diabetes mellitus. Cochrane Database
Syst. Rev. 2019, 12, CD008558. [CrossRef]

3. Gnesin, F; Thuesen, A.C.B.; Kihler, L.K.A; Madsbad, S.; Hemmingsen, B. Metformin monotherapy for adults with type 2 diabetes
mellitus. Cochrane Database Syst. Rev. 2020, 6, CD012906. [CrossRef]

4. Aras, M,; Tchang, B.G.; Pape, J. Obesity and Diabetes. Nurs. Clin. N. Am. 2021, 56, 527-541. [CrossRef] [PubMed]

5. An, H,; He, L. Current understanding of metformin effect on the control of hyperglycemia in diabetes. ]. Endocrinol. 2016, 228,

97-106. [CrossRef]

6. Faure, M.; Bertoldo, M.].; Khoueiry, R.; Bongrani, A.; Brion, F,; Giulivi, C.; Dupont, J.; Froment, P. Metformin in Reproductive
Biology. Front. Endocrinol. 2018, 9, 675. [CrossRef]


http://doi.org/10.1007/s00125-017-4336-x
http://doi.org/10.1002/14651858.CD008558.pub2
http://doi.org/10.1002/14651858.CD012906
http://doi.org/10.1016/j.cnur.2021.07.008
http://www.ncbi.nlm.nih.gov/pubmed/34749892
http://doi.org/10.1530/JOE-15-0447
http://doi.org/10.3389/fendo.2018.00675

Int. . Mol. Sci. 2022, 23,198 30 of 35

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

Liu, C.Y,; Chang, T.C.; Lin, S.H.; Wu, S.T.; Cha, T.L.; Tsao, C.W. Metformin Ameliorates Testicular Function and Spermatogenesis
in Male Mice with High-Fat and High-Cholesterol Diet-Induced Obesity. Nutrients 2020, 12, 1932. [CrossRef]

Shpakov, A.O. Improvement effect of metformin on female and male reproduction in endocrine pathologies and its mechanisms.
Pharmaceuticals 2021, 14, 42. [CrossRef]

Tseng, C.H. The effect of metformin on male reproductive function and prostate: An updated review. World J. Mens Health 2021,
39, e15. [CrossRef]

Lv, WS.; Wen, ].P; Li, L.; Sun, R.X.; Wang, J.; Xian, Y.X; Cao, C.X.; Wang, Y.L.; Gao, Y.Y. The effect of metformin on food intake
and its potential role in hypothalamic regulation in obese diabetic rats. Brain Res. 2012, 1444, 11-19. [CrossRef]

Derkach, K.; Zakharova, I.; Zorina, I.; Bakhtyukov, A.; Romanova, I.; Bayunova, L.; Shpakov, A. The evidence of metabolic-
improving effect of metformin in Ay/a mice with genetically-induced melanocortin obesity and the contribution of hypothalamic
mechanisms to this effect. PLoS ONE 2019, 14, e0213779. [CrossRef]

Richardson, M.C.; Ingamells, S.; Simonis, C.D.; Cameron, I.T.; Sreekumar, R.; Vijendren, A.; Sellahewa, L.; Coakley, S.; Byrne,
C.D. Stimulation of lactate production in human granulosa cells by metformin and potential involvement of adenosine 5
monophosphate-activated protein kinase. J. Clin. Endocrinol. Metab. 2009, 94, 670-677. [CrossRef]

Alves, M.G.; Martins, A.D.; Vaz, C.V,; Correia, S.; Moreira, P.I; Oliveira, PF.; Socorro, S. Metformin and male reproduction: Effects
on Sertoli cell metabolism. Br. J. Pharmacol. 2014, 171, 1033-1042. [CrossRef]

Foretz, M.; Guigas, B.; Bertrand, L.; Pollak, M.; Viollet, B. Metformin: From mechanisms of action to therapies. Cell Metab. 2014,
20, 953-966. [CrossRef]

Foretz, M.; Guigas, B.; Viollet, B. Understanding the glucoregulatory mechanisms of metformin in type 2 diabetes mellitus. Nat.
Rev. Endocrinol. 2019, 15, 569-589. [CrossRef]

Rena, G.; Hardie, D.G.; Pearson, E.R. The mechanisms of action of metformin. Diabetologia 2017, 60, 1577-1585. [CrossRef]
[PubMed]

Drzewoski, J.; Hanefeld, M. The current and potential therapeutic use of metformin-the good old drug. Pharmaceuticals 2021, 14,
122. [CrossRef] [PubMed]

Bosman, E.; Esterhuizen, A.D.; Rodrigues, EA.; Becker, PJ.; Hoffmann, W.A. Effect of metformin therapy and dietary supplements
on semen parameters in hyperinsulinaemic males. Andrologia 2015, 47, 974-979. [CrossRef]

Yan, WJ.; Mu, Y.; Yu, N,; Yi, T.L.; Zhang, Y.; Pang, X.L.; Cheng, D.; Yang, ]J. Protective effects of metformin on reproductive
function in obese male rats induced by high-fat diet. J. Assist. Reprod. Genet. 2015, 32, 1097-1104. [CrossRef]

Casarini, L.; Lispi, M.; Longobardi, S.; Milosa, F; La Marca, A.; Tagliasacchi, D.; Pignatti, E.; Simoni, M. LH and hCG action on the
same receptor results in quantitatively and qualitatively different intracellular signaling. PLoS ONE 2012, 7, e46682. [CrossRef]
Riccetti, L.; de Pascali, F; Gilioli, L.; Poti, F.; Giva, L.B.; Marino, M.; Tagliavini, S.; Trenti, T.; Fanelli, F; Mezzullo, M.; et al. Human
LH and hCG stimulate differently the early signalling pathways but result in equal testosterone synthesis in mouse Leydig cells
in vitro. Reprod. Biol. Endocrinol. 2017, 15, 2. [CrossRef] [PubMed]

Riccetti, L.; Yvinec, R.; Klett, D.; Gallay, N.; Combarnous, Y.; Reiter, E.; Simoni, M.; Casarini, L.; Ayoub, M.A. Human luteinizing
hormone and chorionic gonadotropin display biased agonism at the LH and LH/CG receptors. Sci. Rep. 2017, 7, 940. [CrossRef]
De Pascali, F; Reiter, E. 3-arrestins and biased signaling in gonadotropin receptors. Minerva Ginecol. 2018, 70, 525-538. [CrossRef]
Walker, W.H. Non-classical actions of testosterone and spermatogenesis. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2010, 365,
1557-1569. [CrossRef]

Smith, L.B.; Walker, W.H. The regulation of spermatogenesis by androgens. Semin. Cell Dev. Biol. 2014, 30, 2-13. [CrossRef]
Handelsman, D.]. Testosterone, Spermatogenesis, and Unravelling the Mysteries of Puberty. Endocrinology 2020, 161, bqaal20.
[CrossRef]

Ezcurra, D.; Humaidan, P. A review of luteinising hormone and human chorionic gonadotropin when used in assisted reproduc-
tive technology. Reprod. Biol. Endocrinol. 2014, 12, 95. [CrossRef]

Casarini, L.; Santi, D.; Brigante, G.; Simoni, M. Two Hormones for One Receptor: Evolution, Biochemistry, Actions, and
Pathophysiology of LH and hCG. Endocr. Rev. 2018, 39, 549-592. [CrossRef]

Carson, S.A.; Kallen, A.N. Diagnosis and Management of Infertility: A Review. JAMA 2021, 326, 65-76. [CrossRef]
Cailleux-Bounacer, A.; Reznik, Y.; Cauliez, B.; Menard, ]J.F.; Duparc, C.; Kuhn, ].M. Evaluation of endocrine testing of Leydig cell
function using extractive and recombinant human chorionic gonadotropin and different doses of recombinant human LH in
normal men. Eur. |. Endocrinol. 2008, 159, 171-178. [CrossRef]

Veldhuis, J.D.; Liu, P.Y.; Takahashi, P.Y.; Keenan, D.M. Dynamic testosterone responses to near-physiological LH pulses are
determined by the time pattern of prior intravenous LH infusion. Am. J. Physiol. Endocrinol. Metab. 2012, 303, 720-728. [CrossRef]
Latronico, A.C.; Arnhold, L].P. Gonadotropin resistance. Endocr. Dev. 2013, 24, 25-32. [CrossRef]

Camperi, J.; Combes, A.; Guibourdenche, J.; Guillarme, D.; Pichon, V.; Fournier, T.; Delaunay, N. An attempt to characterize
the human Chorionic Gonadotropin protein by reversed phase liquid chromatography coupled with high-resolution mass
spectrometry at the intact level. J. Pharm. Biomed. Anal. 2018, 161, 35-44. [CrossRef]

van Straten, N.C.; Timmers, C.M. Non-Peptide ligands for the gonadotropin receptors. Annu. Rep. Med. Chem. 2009, 44, 171-188.
[CrossRef]


http://doi.org/10.3390/nu12071932
http://doi.org/10.3390/ph14010042
http://doi.org/10.5534/wjmh.210001
http://doi.org/10.1016/j.brainres.2012.01.028
http://doi.org/10.1371/journal.pone.0213779
http://doi.org/10.1210/jc.2008-2025
http://doi.org/10.1111/bph.12522
http://doi.org/10.1016/j.cmet.2014.09.018
http://doi.org/10.1038/s41574-019-0242-2
http://doi.org/10.1007/s00125-017-4342-z
http://www.ncbi.nlm.nih.gov/pubmed/28776086
http://doi.org/10.3390/ph14020122
http://www.ncbi.nlm.nih.gov/pubmed/33562458
http://doi.org/10.1111/and.12366
http://doi.org/10.1007/s10815-015-0506-2
http://doi.org/10.1371/journal.pone.0046682
http://doi.org/10.1186/s12958-016-0224-3
http://www.ncbi.nlm.nih.gov/pubmed/28056997
http://doi.org/10.1038/s41598-017-01078-8
http://doi.org/10.23736/S0026-4784.18.04272-7
http://doi.org/10.1098/rstb.2009.0258
http://doi.org/10.1016/j.semcdb.2014.02.012
http://doi.org/10.1210/endocr/bqaa120
http://doi.org/10.1186/1477-7827-12-95
http://doi.org/10.1210/er.2018-00065
http://doi.org/10.1001/jama.2021.4788
http://doi.org/10.1530/EJE-07-0876
http://doi.org/10.1152/ajpendo.00200.2012
http://doi.org/10.1159/000342496
http://doi.org/10.1016/j.jpba.2018.07.056
http://doi.org/10.1016/S0065-7743(09)04408-X

Int. . Mol. Sci. 2022, 23,198 31 0f 35

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Van Straten, N.C.; Schoonus-Gerritsma, G.G.; van Someren, R.G.; Draaijer, J.; Adang, A.E.; Timmers, C.M.; Hanssen, R.G.; van
Boeckel, C.A. The first orally active low molecular weight agonists for the LH receptor: Thienopyr(im)idines with therapeutic
potential for ovulation induction. ChemBioChem 2002, 3, 1023-1026. [CrossRef]

Van de Lagemaat, R.; Timmers, C.M.; Kelder, J.; van Koppen, C.; Mosselman, S.; Hanssen, R.G. Induction of ovulation by a potent,
orally active, low molecular weight agonist (Org 43553) of the luteinizing hormone receptor. Hum. Reprod. 2009, 24, 640-648.
[CrossRef]

Van de Lagemaat, R.; Raafs, B.C.; van Koppen, C.; Timmers, C.M.; Mulders, S.M.; Hanssen, R.G. Prevention of the onset of
ovarian hyperstimulation syndrome (OHSS) in the rat after ovulation induction with a low molecular weight agonist of the LH
receptor compared with hCG and rec-LH. Endocrinology 2011, 152, 4350-4357. [CrossRef] [PubMed]

Bakhtyukov, A.A.; Derkach, K.V.; Gureev, M.A ; Dar’in, D.V.; Sorokoumov, V.N.; Romanova, I.V.; Morina, 1.Y.; Stepochkina, A.M.;
Shpakov, A.O. Comparative Study of the Steroidogenic Effects of Human Chorionic Gonadotropin and Thieno[2,3-D]pyrimidine-
Based Allosteric Agonist of Luteinizing Hormone Receptor in Young Adult, Aging and Diabetic Male Rats. Int. ]. Mol. Sci. 2020,
21,7493. [CrossRef]

Shpakov, A.O.; Dar’in, D.V.; Derkach, K.V.; Lobanov, P.S. The stimulating influence of thienopyrimidine compounds on the
adenylyl cyclase systems in the rat testes. Dokl. Biochem. Biophys. 2014, 456, 104-107. [CrossRef]

Derkach, K.V,; Dar’in, D.V.; Bakhtyukov, A.A.; Lobanov, P.S.; Shpakov, A.O. In vitro and in vivo studies of functional activity of
new low molecular weight agonists of the luteinizing hormone receptor. Biochem. Mosc. Suppl. Ser. B 2016, 10, 294-300. [CrossRef]
Bakhtyukov, A.A.; Derkach, K.V,; Dar’in, D.V,; Sharova, T.S.; Shpakov, A.O. Decrease in the basal and luteinizing hormone
receptor agonist-stimulated testosterone production in aging male rats. Adv. Gerontol. 2019, 9, 179-185. [CrossRef]

Bakhtyukov, A.A.; Derkach, K.V,; Dar’in, D.V,; Stepochkina, A.M.; Shpakov, A.O. A low molecular weight agonist of the
luteinizing hormone receptor stimulates adenylyl cyclase in the testicular membranes and steroidogenesis in the testes of rats
with type 1 diabetes. Biochem. Mosc. Suppl. Ser. A 2019, 13, 301-309. [CrossRef]

Derkach, K.V.; Bakhtyukov, A.A.; Bayunova, L.V.; Zorina, L1.; Shpakov, A.O. Normalization of testicular steroidogenesis and
spermatogenesis in male rats with type 2 diabetes mellitus under the conditions of metformin therapy. Dokl. Biol. Sci. 2020, 493,
110-113. [CrossRef]

Van Koppen, C.J.; Zaman, G.J.; Timmers, C.M.; Kelder, J.; Mosselman, S.; van de Lagemaat, R.; Smit, M.].; Hanssen, R.G. A
signaling-selective, nanomolar potent allosteric low molecular weight agonist for the human luteinizing hormone receptor.
Naunyn Schmiedebergs Arch. Pharmacol. 2008, 378, 503-514. [CrossRef]

Galano, M; Li, Y.; Li, L.; Sottas, C.; Papadopoulos, V. Role of Constitutive STAR in Leydig Cells. Int. J. Mol. Sci. 2021, 22, 2021.
[CrossRef] [PubMed]

Eacker, S.M.; Agrawal, N.; Qian, K.; Dichek, H.L.; Gong, E.Y.; Lee, K.; Braun, R.E. Hormonal regulation of testicular steroid and
cholesterol homeostasis. Mol. Endocrinol. 2008, 22, 623-635. [CrossRef]

Dyson, M.T.; Kowalewski, M.P.; Manna, P.R.; Stocco, D.M. The differential regulation of steroidogenic acute regulatory protein-
mediated steroidogenesis by type I and type II PKA in MA-10 cells. Mol. Cell. Endocrinol. 2009, 300, 94-103. [CrossRef]

Wang, Y.; Chen, E; Ye, L.; Zirkin, B.; Chen, H. Steroidogenesis in Leydig cells: Effects of aging and environmental factors.
Reproduction 2017, 154, 111-122. [CrossRef]

Zirkin, B.R.; Papadopoulos, V. Leydig cells: Formation, function, and regulation. Biol. Reprod. 2018, 99, 101-111. [CrossRef]
Derkach, K.V.; Bakhtyukov, A.A.; Romanova, L.V;; Zorina, LL; Bayunova, L.V.; Bondareva, V.M.; Morina, LY.; Kumar Roy, V,;
Shpakov, A.O. The effect of metformin treatment on the basal and gonadotropin-stimulated steroidogenesis in male rats with
type 2 diabetes mellitus. Andrologia 2020, 52, €13816. [CrossRef]

Kapoor, D.; Aldred, H.; Clark, S.; Channer, K.S.; Jones, T.H. Clinical and biochemical assessment of hypogonadism in men with
type 2 diabetes: Correlations with bioavailable testosterone and visceral adiposity. Diabetes Care 2007, 30, 911-917. [CrossRef]
[PubMed]

Chandel, A.; Dhindsa, S.; Topiwala, S.; Chaudhuri, A.; Dandona, P. Testosterone concentration in young patients with diabetes.
Diabetes Care 2008, 31, 2013-2017. [CrossRef]

Le, M.T,; Nguyen, H.; Dang, H.; Nguyen, T.; Van Nguyen, T.; Nguyen, Q. Impact of metabolic syndrome on the viability of human
spermatozoa: A cross-sectional descriptive study in men from infertile couples. Basic Clin. Androl. 2021, 31, 22. [CrossRef]
Grossmann, M.; Thomas, M.C.; Panagiotopoulos, S.; Sharpe, K.; Maclsaac, R.].; Clarke, S.; Zajac, ].D.; Jerums, G. Low testosterone
levels are common and associated with insulin resistance in men with diabetes. J. Clin. Endocrinol. Metab. 2008, 93, 1834—1840.
[CrossRef]

Grossmann, M. Low testosterone in men with type 2 diabetes: Significance and treatment. J. Clin. Endocrinol. Metab. 2011, 96,
2341-2353. [CrossRef]

Rezvani, M.R.; Saadatjou, S.A.; Sorouri, S.; Hassanpour Fard, M. Comparison of serum free testosterone, luteinizing hormone and
follicle stimulating hormone levels in diabetics and non-diabetics men-a case-control study. J. Res. Health Sci. 2012, 12, 98-100.
Al Hayek, A.A.; Khader, Y.S,; Jafal, S.; Khawaja, N.; Robert, A.A.; Ajlouni, K. Prevalence of low testosterone levels in men with
type 2 diabetes mellitus: A cross-sectional study. J. Fam. Commun. Med. 2013, 20, 179-186. [CrossRef]

Jangir, R.N,; Jain, G.C. Diabetes mellitus induced impairment of male reproductive functions: A review. Curr. Diabetes Rev. 2014,
10, 147-157. [CrossRef]


http://doi.org/10.1002/1439-7633(20021004)3:10&lt;1023::AID-CBIC1023&gt;3.0.CO;2-9
http://doi.org/10.1093/humrep/den412
http://doi.org/10.1210/en.2011-1077
http://www.ncbi.nlm.nih.gov/pubmed/21896671
http://doi.org/10.3390/ijms21207493
http://doi.org/10.1134/S1607672914030065
http://doi.org/10.1134/S1990747816030132
http://doi.org/10.1134/S2079057019020036
http://doi.org/10.1134/S1990747819040032
http://doi.org/10.1134/S0012496620040031
http://doi.org/10.1007/s00210-008-0318-3
http://doi.org/10.3390/ijms22042021
http://www.ncbi.nlm.nih.gov/pubmed/33670702
http://doi.org/10.1210/me.2006-0534
http://doi.org/10.1016/j.mce.2008.11.029
http://doi.org/10.1530/REP-17-0064
http://doi.org/10.1093/biolre/ioy059
http://doi.org/10.1111/and.13816
http://doi.org/10.2337/dc06-1426
http://www.ncbi.nlm.nih.gov/pubmed/17392552
http://doi.org/10.2337/dc08-0851
http://doi.org/10.1186/s12610-021-00142-8
http://doi.org/10.1210/jc.2007-2177
http://doi.org/10.1210/jc.2011-0118
http://doi.org/10.4103/2230-8229.122006
http://doi.org/10.2174/1573399810666140606111745

Int. . Mol. Sci. 2022, 23,198 32 0f 35

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Fink, J.; Matsumoto, M.; Tamura, Y. Potential application of testosterone replacement therapy as treatment for obesity and type 2
diabetes in men. Steroids 2018, 138, 161-166. [CrossRef]

Zhou, L.; Han, L,; Liu, M.; Lu, J.; Pan, S. Impact of metabolic syndrome on sex hormones and reproductive function: A
meta-analysis of 2923 cases and 14062 controls. Aging 2020, 13, 1962-1971. [CrossRef]

Mansour, M.; Coleman, E.; Dennis, J.; Akingbemi, B.; Schwartz, D.; Braden, T.; Judd, R.; Plaisance, E.; Stewart, L.K.; Morrison, E.
Activation of PPARY by Rosiglitazone does not negatively impact male sex steroid hormones in diabetic rats. PPAR Res. 2009,
2009, 101857. [CrossRef]

Rato, L.; Alves, M.G.; Duarte, A.I; Santos, M.S.; Moreira, P.I.; Cavaco, J.E.; Oliveira, P.F. Testosterone deficiency induced by
progressive stages of diabetes mellitus impairs glucose metabolism and favors glycogenesis in mature rat Sertoli cells. Int. J.
Biochem. Cell Biol. 2015, 66, 1-10. [CrossRef] [PubMed]

Zha, W.; Bai, Y.; Xu, L,; Liu, Y,; Yang, Z.; Gao, H.; Li, J. Curcumin attenuates testicular injury in rats with streptozotocin-induced
diabetes. BioMed Res. Int. 2018, 2018, 7468019. [CrossRef]

Allam, M.A.; Khowailed, A.A.; Elattar, S.; Mahmoud, A.M. Umbelliferone ameliorates oxidative stress and testicular injury,
improves steroidogenesis and upregulates peroxisome proliferator-activated receptor gamma in type 2 diabetic rats. J. Pharm.
Pharmacol. 2021, rgab083. [CrossRef]

Samir, S.M.; Elalfy, M.; Nashar, EM.E.; Alghamdi, M.A.; Hamza, E.; Serria, M.S.; Elhadidy, M.G. Cardamonin exerts a protective
effect against autophagy and apoptosis in the testicles of diabetic male rats through the expression of Nrf2 via p62-mediated
Keap-1 degradation. Korean |. Physiol. Pharmacol. 2021, 25, 341-354. [CrossRef]

Ding, G.L.; Liu, Y;; Liu, M.E,; Pan, ].X.; Guo, M.X; Sheng, ].Z.; Huang, H.F. The effects of diabetes on male fertility and epigenetic
regulation during spermatogenesis. Asian J. Androl. 2015, 17, 948-953. [CrossRef]

Maresch, C.C.; Stute, D.C.; Alves, M.G.; Oliveira, PFE,; de Kretser, D.M.; Linn, T. Diabetes-induced hyperglycemia impairs male
reproductive function: A systematic review. Hum. Reprod. Update 2018, 24, 86-105. [CrossRef]

Shpakov, A.O.; Ryzhov, J.R.; Bakhtyukov, A.A.; Derkach, K.V. The regulation of the male hypothalamic-pituitary-gonadal axis
and testosterone production by adipokines. In Advances in Testosterone Action; Estrada, M., Ed.; Intech Open Access Publisher:
Rijeka, Croatia, 2018; pp. 25-57. ISBN 978-953-51-6241-4. [CrossRef]

Derkach, K.V.; Bondareva, V.M.; Chistyakova, O.V.; Berstein, L.M.; Shpakov, A.O. The effect of long-term intranasal serotonin
treatment on metabolic parameters and hormonal signaling in rats with high-fat diet/low-dose streptozotocin-induced type 2
diabetes. Int. |. Endocrinol. 2015, 2015, 245459. [CrossRef] [PubMed]

Annie, L.; Jeremy, M.; Gurusubramanian, G.; Derkach, K.V.; Shpakov, A.O.; Roy, V.K. Effect of metformin on testicular expression
and localization of leptin receptor and levels of leptin in the diabetic mice. Mol. Reprod. Dev. 2020, 87, 620-629. [CrossRef]
[PubMed]

Jakubik, J.; Randdkova, A.; El-Fakahany, E.E.; Dolezal, V. Analysis of equilibrium binding of an orthosteric tracer and two
allosteric modulators. PLoS ONE 2019, 14, e0214255. [CrossRef] [PubMed]

Nakamura, K.; Lazari, M.F,; Li, S.; Korgaonkar, C.; Ascoli, M. Role of the rate of internalization of the agonist-receptor complex
on the agonist-induced down-regulation of the lutropin/choriogonadotropin receptor. Mol. Endocrinol. 1999, 13, 1295-1304.
[CrossRef] [PubMed]

Amsterdam, A.; Hanoch, T,; Dantes, A.; Tajima, K.; Strauss, ].F.; Seger, R. Mechanisms of gonadotropin desensitization. Mol. Cell.
Endocrinol. 2002, 187, 69-74. [CrossRef]

Gudermann, T.; Birnbaumer, M.; Birnbaumer, L. Homologous desensitization of the murine luteinizing hormone receptor
expressed in L cells. Mol. Cell. Endocrinol. 1995, 110, 125-135. [CrossRef]

Wang, L.; Menon, K.M. Regulation of luteinizing hormone/chorionic gonadotropin receptor messenger ribonucleic acid expres-
sion in the rat ovary: Relationship to cholesterol metabolism. Endocrinology 2005, 146, 423-431. [CrossRef]

Byambaragchaa, M.; Seong, H.K.; Choi, S.H.; Kim, D.J.; Kang, M.H.; Min, K.S. Constitutively Activating Mutants of Equine
LH/CGR Constitutively Induce Signal Transduction and Inactivating Mutations Impair Biological Activity and Cell-Surface
Receptor Loss In Vitro. Int. J. Mol. Sci. 2021, 22, 10723. [CrossRef]

Gholizadeh, F.; Dastghaib, S.; Koohpeyma, F.; Bayat, E.; Mokarram, P. The protective effect of Stevia rebaudiana Bertoni on serum
hormone levels, key steroidogenesis enzymes, and testicular damage in testes of diabetic rats. Acta Histochem. 2019, 121, 833-840.
[CrossRef]

Nna, V.U,; Bakar, A.B.A.; Ahmad, A.; Eleazu, C.O.; Mohamed, M. Oxidative Stress, NF-kB-Mediated Inflammation and Apoptosis
in the Testes of Streptozotocin-Induced Diabetic Rats: Combined Protective Effects of Malaysian Propolis and Metformin.
Antioxidants 2019, 8, 465. [CrossRef] [PubMed]

Nasiri, K.; Akbari, A.; Nimrouzi, M.; Ruyvaran, M.; Mohamadian, A. Safflower seed oil improves steroidogenesis and spermato-
genesis in rats with type II diabetes mellitus by modulating the genes expression involved in steroidogenesis, inflammation and
oxidative stress. J. Ethnopharmacol. 2021, 275, 114139. [CrossRef]

Suleiman, J.B.; Abu Bakar, A.B.; Noor, M.M.; Nna, V.U.; Othman, Z.A.; Zakaria, Z.; Eleazu, C.O.; Mohamed, M. Bee bread
mitigates downregulation of steroidogenic genes, decreased spermatogenesis, and epididymal oxidative stress in male rats fed
with high-fat diet. Am. J. Physiol. Endocrinol. Metab. 2021, 321, e351-e366. [CrossRef] [PubMed]


http://doi.org/10.1016/j.steroids.2018.08.002
http://doi.org/10.18632/aging.202160
http://doi.org/10.1155/2009/101857
http://doi.org/10.1016/j.biocel.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/26148570
http://doi.org/10.1155/2018/7468019
http://doi.org/10.1093/jpp/rgab083
http://doi.org/10.4196/kjpp.2021.25.4.341
http://doi.org/10.4103/1008-682X.150844
http://doi.org/10.1093/humupd/dmx033
http://doi.org/10.5772/intechopen.76321
http://doi.org/10.1155/2015/245459
http://www.ncbi.nlm.nih.gov/pubmed/26124826
http://doi.org/10.1002/mrd.23342
http://www.ncbi.nlm.nih.gov/pubmed/32249489
http://doi.org/10.1371/journal.pone.0214255
http://www.ncbi.nlm.nih.gov/pubmed/30917186
http://doi.org/10.1210/mend.13.8.0331
http://www.ncbi.nlm.nih.gov/pubmed/10446904
http://doi.org/10.1016/S0303-7207(01)00701-8
http://doi.org/10.1016/0303-7207(95)03538-I
http://doi.org/10.1210/en.2004-0805
http://doi.org/10.3390/ijms221910723
http://doi.org/10.1016/j.acthis.2019.08.001
http://doi.org/10.3390/antiox8100465
http://www.ncbi.nlm.nih.gov/pubmed/31600920
http://doi.org/10.1016/j.jep.2021.114139
http://doi.org/10.1152/ajpendo.00093.2021
http://www.ncbi.nlm.nih.gov/pubmed/34229480

Int. . Mol. Sci. 2022, 23,198 33 of 35

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Wagner, 1.V,; Klsting, N.; Savchuk, I.; Eifler, L.; Kulle, A.; Kralisch-Jdcklein, S.; Dotsch, J.; Hiort, O.; Svechnikov, K.; Soder,
O. Diabetes Type 1 Negatively Influences Leydig Cell Function in Rats, which is Partially Reversible by Insulin Treatment.
Endocrinology 2021, 162, bqab017. [CrossRef]

Papadopoulos, V.; Aghazadeh, Y.; Fan, J.; Campioli, E.; Zirkin, B.; Midzak, A. Translocator protein-mediated pharmacology of
cholesterol transport and steroidogenesis. Mol. Cell. Endocrinol. 2015, 408, 90-98. [CrossRef] [PubMed]

Manzella, D.; Grella, R.; Esposito, K.; Giugliano, D.; Barbagallo, M.; Paolisso, G. Blood pressure and cardiac autonomic nervous
system in obese type 2 diabetic patients: Effect of metformin administration. Am. |. Hypertens. 2004, 17, 223-227. [CrossRef]
[PubMed]

Hsu, C.C.; Wahlqvist, M.L.; Lee, M.S.; Tsai, H.N. Incidence of dementia is increased in type 2 diabetes and reduced by the use of
sulfonylureas and metformin. J. Alzheimers Dis. 2011, 24, 485-493. [CrossRef] [PubMed]

Ng, T.P; Feng, L.; Yap, K.B.; Lee, T.S.; Tan, C.H.; Winblad, B. Long-term metformin usage and cognitive function among older
adults with diabetes. J. Alzheimers Dis. 2014, 41, 61-68. [CrossRef]

De Broe, M.E.; Kajbaf, F; Lalau, ].D. Renoprotective Effects of Metformin. Nephron 2018, 138, 261-274. [CrossRef]

Zilov, A.V,; Abdelaziz, S.I.; AlShammary, A.; Al Zahrani, A.; Amir, A.; Assaad Khalil, S.H.; Brand, K.; Elkafrawy, N.; Hassoun,
A.AK;Jahed, A.; et al. Mechanisms of action of metformin with special reference to cardiovascular protection. Diabetes Metab.
Res. Rev. 2019, 35, €3173. [CrossRef] [PubMed]

Ding, Y.; Zhou, Y.; Ling, P.; Feng, X,; Luo, S.; Zheng, X,; Little, PJ.; Xu, S.; Weng, ]. Metformin in cardiovascular diabetology: A
focused review of its impact on endothelial function. Theranostics 2021, 11, 9376-9396. [CrossRef]

Morin-Papunen, L.; Rantala, A.S.; Unkila-Kallio, L.; Tiitinen, A.; Hippeldinen, M.; Perheentupa, A.; Tinkanen, H.; Bloigu, R,;
Puukka, K.; Ruokonen, A.; et al. Metformin improves pregnancy and live-birth rates in women with polycystic ovary syndrome
(PCOS): A multicenter, double-blind, placebo-controlled randomized trial. J. Clin. Endocrinol. Metab. 2012, 97, 1492-1500.
[CrossRef] [PubMed]

Sam, S.; Ehrmann, D.A. Metformin therapy for the reproductive and metabolic consequences of polycystic ovary syndrome.
Diabetologia 2017, 60, 1656-1661. [CrossRef]

Hyer, S.; Balani, ].; Shehata, H. Metformin in pregnancy: Mechanisms and clinical applications. Int. J. Mol. Sci. 2018, 19, 1954.
[CrossRef] [PubMed]

Costello, M.; Garad, R.; Hart, R.; Homer, H.; Johnson, L.; Jordan, C.; Mocanu, E.; Qiao, J.; Rombauts, L.; Teede, H.J.; et al. A
Review of first line infertility treatments and supporting evidence in women with polycystic ovary syndrome. Med. Sci. 2019,
7,95. [CrossRef] [PubMed]

Benham, J.L.; Donovan, L.E.; Yamamoto, ]. M. Metformin in pregnancy for women with type 2 diabetes: A review. Curr. Diabetes
Rep. 2021, 21, 36. [CrossRef]

Casulari, L.A.; Caldas, A.D.; Domingues Casulari Motta, L.; Lofrano-Porto, A. Effects of metformin and short-term lifestyle
modification on the improvement of male hypogonadism associated with metabolic syndrome. Minerva Endocrinol. 2010, 35,
145-151. [PubMed]

Morgante, G.; Tosti, C.; Orvieto, R.; Musacchio, M.C.; Piomboni, P.; De Leo, V. Metformin improves semen characteristics of
oligo-terato-asthenozoospermic men with metabolic syndrome. Fertil. Steril. 2011, 95, 2150-2152. [CrossRef] [PubMed]

Stokes, V.J.; Anderson, R.A.; George, ].T. How does obesity affect fertility in men—-and what are the treatment options? Clin.
Endocrinol. 2015, 82, 633-638. [CrossRef]

Ozata, M.; Oktenli, C.; Bingol, N.; Ozdemir, I.C. The effects of metformin and diet on plasma testosterone and leptin levels in
obese men. Obes. Res. 2001, 9, 662-667. [CrossRef]

Al-Kuraishy, HM.; Al-Gareeb, A L Erectile dysfunction and low sex drive in men with type 2 DM: The potential role of diabetic
pharmacotherapy. J. Clin. Diagn. Res. 2016, 10, FC21-FC26. [CrossRef]

Pelusi, C.; Giagulli, V.A.; Baccini, M.; Fanelli, F; Mezzullo, M.; Fazzini, A.; Bianchi, N.; Carbone, M.D.; De Pergola, G;
Mastroroberto, M.; et al. Clomiphene citrate effect in obese men with low serum testosterone treated with metformin due to
dysmetabolic disorders: A randomized, double-blind, placebo-controlled study. PLoS ONE 2017, 12, e0183369. [CrossRef]
Attia, G.R.; Rainey, W.E.; Carr, B.R. Metformin directly inhibits androgen production in human thecal cells. Fertil. Steril. 2001, 76,
517-524. [CrossRef]

Rabbani, S.I.; Devi, K.; Khanam, S. Role of pioglitazone with metformin or glimepiride on oxidative stress-induced nuclear
damage and reproductive toxicity in diabetic rats. Malays. ]. Med. Sci. 2010, 17, 3-11.

Ghasemnejad-Berenji, M.; Ghazi-Khansari, M.; Yazdani, I.; Nobakht, M.; Abdollahi, A.; Ghasemnejad-Berenji, H.; Mohajer Ansari,
J.; Pashapour, S.; Dehpour, A.R. Effect of metformin on germ cell-specific apoptosis, oxidative stress and epididymal sperm
quality after testicular torsion/detorsion in rats. Andrologia 2018, 50, €12846. [CrossRef] [PubMed]

Nna, V.U,; Bakar, A.B.A.; Ahmad, A.; Mohamed, M. Diabetes-induced testicular oxidative stress, inflammation, and caspase-
dependent apoptosis: The protective role of metformin. Arch. Physiol. Biochem. 2018, 126, 377-388. [CrossRef] [PubMed]

Nna, V.U,; Bakar, A.B.A.; Ahmad, A.; Mohamed, M. Down-regulation of steroidogenesis-related genes and its accompanying
fertility decline in streptozotocin-induced diabetic male rats: Ameliorative effect of metformin. Andrology 2019, 7, 110-123.
[CrossRef] [PubMed]

Nasrolahi, O.; Khaneshi, F; Rahmani, F; Razi, M. Honey and metformin ameliorated diabetes-induced damages in testes of rat;
correlation with hormonal changes. Iran. ]. Reprod. Med. 2013, 11, 1013-1020. [PubMed]


http://doi.org/10.1210/endocr/bqab017
http://doi.org/10.1016/j.mce.2015.03.014
http://www.ncbi.nlm.nih.gov/pubmed/25818881
http://doi.org/10.1016/j.amjhyper.2003.11.006
http://www.ncbi.nlm.nih.gov/pubmed/15001195
http://doi.org/10.3233/JAD-2011-101524
http://www.ncbi.nlm.nih.gov/pubmed/21297276
http://doi.org/10.3233/JAD-131901
http://doi.org/10.1159/000481951
http://doi.org/10.1002/dmrr.3173
http://www.ncbi.nlm.nih.gov/pubmed/31021474
http://doi.org/10.7150/thno.64706
http://doi.org/10.1210/jc.2011-3061
http://www.ncbi.nlm.nih.gov/pubmed/22419702
http://doi.org/10.1007/s00125-017-4306-3
http://doi.org/10.3390/ijms19071954
http://www.ncbi.nlm.nih.gov/pubmed/29973490
http://doi.org/10.3390/medsci7090095
http://www.ncbi.nlm.nih.gov/pubmed/31510088
http://doi.org/10.1007/s11892-021-01409-0
http://www.ncbi.nlm.nih.gov/pubmed/20938417
http://doi.org/10.1016/j.fertnstert.2010.12.009
http://www.ncbi.nlm.nih.gov/pubmed/21194687
http://doi.org/10.1111/cen.12591
http://doi.org/10.1038/oby.2001.90
http://doi.org/10.7860/JCDR/2016/19971.8996
http://doi.org/10.1371/journal.pone.0183369
http://doi.org/10.1016/S0015-0282(01)01975-6
http://doi.org/10.1111/and.12846
http://www.ncbi.nlm.nih.gov/pubmed/28730645
http://doi.org/10.1080/13813455.2018.1543329
http://www.ncbi.nlm.nih.gov/pubmed/30513216
http://doi.org/10.1111/andr.12567
http://www.ncbi.nlm.nih.gov/pubmed/30515996
http://www.ncbi.nlm.nih.gov/pubmed/24639728

Int. . Mol. Sci. 2022, 23,198 34 of 35

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Nna, V.U.; Bakar, A.B.A.; Ahmad, A.; Umar, U.Z.; Suleiman, J.B.; Zakaria, Z.; Othman, Z.A.; Mohamed, M. Malaysian propolis
and metformin mitigate subfertility in streptozotocin-induced diabetic male rats by targeting steroidogenesis, testicular lactate
transport, spermatogenesis and mating behaviour. Andrology 2020, 8, 731-746. [CrossRef] [PubMed]

Miller, W.L.; Strauss, J.F., III. Molecular pathology and mechanism of action of the steroidogenic acute regulatory protein, StAR. J.
Steroid Biochem. Mol. Biol. 1999, 69, 131-141. [CrossRef]

Shoorei, H.; Khaki, A.; Shokoohi, M.; Khaki, A.A.; Alihemmati, A.; Moghimian, M.; Abtahi-Eivary, S.H. Evaluation of carvacrol
on pituitary and sexual hormones and their receptors in the testicle of male diabetic rats. Hum. Exp. Toxicol. 2020, 39, 1019-1030.
[CrossRef] [PubMed]

Shetty, G.; Wilson, G.; Huhtaniemi, I.; Boettger-Tong, H.; Meistrich, M.L. Testosterone inhibits spermatogonial differentiation in
juvenile spermatogonial depletion mice. Endocrinology 2001, 142, 2789-2795. [CrossRef] [PubMed]

Huhtaniemi, I. Mechanisms in Endocrinology: Hormonal regulation of spermatogenesis: Mutant mice challenging old paradigms.
Eur. J. Endocrinol. 2018, 179, 143-150. [CrossRef]

Amory, ] K,; Coviello, A.D.; Page, S.T.; Anawalt, B.D.; Matsumoto, A.M.; Bremner, W.J. Serum 17-hydroxyprogesterone strongly
correlates with intratesticular testosterone in gonadotropin-suppressed normal men receiving various dosages of human chorionic
gonadotropin. Fertil. Steril. 2008, 89, 380-386. [CrossRef]

Crosnoe, L.E.; Grober, E.; Ohl, D.; Kim, E.D. Exogenous testosterone: A preventable cause of male infertility. Transl. Androl. Urol.
2013, 2, 106-113. [CrossRef] [PubMed]

Beattie, M.C.; Adekola, L.; Papadopoulos, V.; Chen, H.; Zirkin, B.R. Leydig cell aging and hypogonadism. Exp. Gerontol. 2015, 68,
87-91. [CrossRef] [PubMed]

El Meliegy, A.; Motawi, A.; Abd El Salam, M.A. Systematic review of hormone replacement therapy in the infertile man. Arab. J.
Urol. 2018, 16, 140-147. [CrossRef] [PubMed]

Keeney, D.S.; Sprando, R.L.; Robaire, B.; Zirkin, B.R.; Ewing, L.L. Reversal of long-term LH deprivation on testosterone secretion
and Leydig cell volume, number and proliferation in adult rats. J. Endocrinol. 1990, 127, 47-58. [CrossRef] [PubMed]

Chen, H.; Zirkin, B.R. Long-term suppression of Leydig cell steroidogenesis prevents Leydig cell aging. Proc. Natl. Acad. Sci. USA
1999, 96, 14877-14881. [CrossRef] [PubMed]

Hoffman, YM.; Peegel, H.; Sprock, M.].; Zhang, Q.Y.; Menon, K.M. Evidence that human chorionic gonadotropin/luteinizing
hormone receptor down-regulation involves decreased levels of receptor messenger ribonucleic acid. Endocrinology 1991, 128,
388-393. [CrossRef]

Wang, H.; Segaloff, D.L.; Ascoli, M. Lutropin/choriogonadotropin down-regulates its receptor by both receptor-mediated
endocytosis and a cAMP-dependent reduction in receptor mRNA. J. Biol. Chem. 1991, 266, 780-785. [CrossRef]

El-Hefnawy, T.; Huhtaniemi, I. Progesterone can participate in down-regulation of the luteinizing hormone receptor gene
expression and function in cultured murine Leydig cells. Mol. Cell. Endocrinol. 1998, 137, 127-138. [CrossRef]

Fejes, 1.; Koloszar, S.; Zavaczki, Z.; Daru, J.; Szollosi, J.; Pal, A. Effect of body weight on testosterone/estradiol ratio in
oligozoospermic patients. Arch. Androl. 2006, 52, 97-102. [CrossRef]

Leisegang, K.; Sengupta, P.; Agarwal, A.; Henkel, R. Obesity and male infertility: Mechanisms and management. Andrologia 2021,
53, €13617. [CrossRef]

Rice, S.; Pellatt, L.; Ramanathan, K.; Whitehead, S.A.; Mason, H.D. Metformin inhibits aromatase via an extracellular signal-
regulated kinase-mediated pathway. Endocrinology 2009, 150, 4794-4801. [CrossRef] [PubMed]

Fuhrmeister, I.P,; Branchini, G.; Pimentel, A.M.; Ferreira, G.D.; Capp, E.; Brum, L.S.; von Eye Corleta, H. Human granulosa cells:
Insulin and insulin-like growth factor-1 receptors and aromatase expression modulation by metformin. Gynecol. Obstet. Investig.
2014, 77, 156-162. [CrossRef] [PubMed]

Tosca, L.; Chabrolle, C.; Uzbekova, S.; Dupont, J. Effects of metformin on bovine granulosa cells steroidogenesis: Possible
involvement of adenosine 5 monophosphate-activated protein kinase (AMPK). Biol. Reprod. 2007, 76, 368-378. [CrossRef]
[PubMed]

Bertoldo, M.].; Faure, M.; Dupont, J.; Froment, P. AMPK: A master energy regulator for gonadal function. Front. Neurosci. 2015,
9, 235. [CrossRef]

Weaver, E.A.; Ramachandran, R. Metformin attenuates steroidogenesis in ovarian follicles of the broiler breeder hen. Reproduction
2020, 160, 659-672. [CrossRef]

Estienne, A.; Bongrani, A.; Ramé, C.; Kurowska, P.; Blaszczyk, K.; Rak, A.; Ducluzeau, P.H.; Froment, P.; Dupont, J. Energy
sensors and reproductive hypothalamo-pituitary ovarian axis (HPO) in female mammals: Role of mMTOR (mammalian target of
rapamycin), AMPK (AMP-activated protein kinase) and SIRT1 (Sirtuin 1). Mol. Cell. Endocrinol. 2021, 521, 111113. [CrossRef]
Przygrodzka, E.; Hou, X.; Zhang, P.; Plewes, M.R,; Franco, R.; Davis, ].S. PKA and AMPK signaling pathways differentially
regulate luteal steroidogenesis. Endocrinology 2021, 162, bqab015. [CrossRef]

Newton, C.L.; Anderson, R.C. Pharmacoperones for misfolded gonadotropin receptors. Handb. Exp. Pharmacol. 2018, 245, 111-134.
[CrossRef] [PubMed]

Hanssen, R.G.J.M.; Timmers, C.M. Thieno[2,3-d]pyrimidines with Combined LH and FSH Agonistic Activity. Patent
W02003020726, 13 March 2003.

Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative C(T) method. Nat. Protoc. 2008, 3, 1101-1108.
[CrossRef]


http://doi.org/10.1111/andr.12739
http://www.ncbi.nlm.nih.gov/pubmed/31816190
http://doi.org/10.1016/S0960-0760(98)00153-8
http://doi.org/10.1177/0960327120909525
http://www.ncbi.nlm.nih.gov/pubmed/32153207
http://doi.org/10.1210/endo.142.7.8237
http://www.ncbi.nlm.nih.gov/pubmed/11415997
http://doi.org/10.1530/EJE-18-0396
http://doi.org/10.1016/j.fertnstert.2007.02.059
http://doi.org/10.3978/j.issn.2223-4683.2013.06.01
http://www.ncbi.nlm.nih.gov/pubmed/26813847
http://doi.org/10.1016/j.exger.2015.02.014
http://www.ncbi.nlm.nih.gov/pubmed/25700847
http://doi.org/10.1016/j.aju.2017.11.011
http://www.ncbi.nlm.nih.gov/pubmed/29713545
http://doi.org/10.1677/joe.0.1270047
http://www.ncbi.nlm.nih.gov/pubmed/2129433
http://doi.org/10.1073/pnas.96.26.14877
http://www.ncbi.nlm.nih.gov/pubmed/10611306
http://doi.org/10.1210/endo-128-1-388
http://doi.org/10.1016/S0021-9258(17)35240-7
http://doi.org/10.1016/S0303-7207(98)00002-1
http://doi.org/10.1080/01485010500315479
http://doi.org/10.1111/and.13617
http://doi.org/10.1210/en.2009-0540
http://www.ncbi.nlm.nih.gov/pubmed/19574398
http://doi.org/10.1159/000358829
http://www.ncbi.nlm.nih.gov/pubmed/24603137
http://doi.org/10.1095/biolreprod.106.055749
http://www.ncbi.nlm.nih.gov/pubmed/17123942
http://doi.org/10.3389/fnins.2015.00235
http://doi.org/10.1530/REP-20-0066
http://doi.org/10.1016/j.mce.2020.111113
http://doi.org/10.1210/endocr/bqab015
http://doi.org/10.1007/164_2017_64
http://www.ncbi.nlm.nih.gov/pubmed/29043503
http://doi.org/10.1038/nprot.2008.73

Int. . Mol. Sci. 2022, 23,198 35 of 35

132.

133.

134.

135.

Narayana, K.; D’Souza, U.J.; Seetharama Rao, K.P. Ribavirin-induced sperm shape abnormalities in Wistar rat. Mutat. Res. 2002,
513,193-196. [CrossRef]

Silva, J.; Basso, J.; Sousa, J.; Fortuna, A.; Vitorino, C. Development and full validation of an HPLC methodology to quantify
atorvastatin and curcumin after their intranasal co-delivery to mice. Biomed. Chromatogr. 2019, 33, e4621. [CrossRef] [PubMed]
Gautam, D.K.; Misro, M.M.; Chaki, S.P.; Chandra, M.; Sehgal, N. hCG treatment raises H,O, levels and induces germ cell
apoptosis in rat testis. Apoptosis 2007, 12, 1173-1182. [CrossRef] [PubMed]

Park, S.J.; Kim, T.S.; Park, CK.; Lee, S.H.; Kim, ].M.; Lee, K.S.; Lee, L.K,; Park, JW.; Lawson, M.A.; Lee, D.S. hCG-induced
endoplasmic reticulum stress triggers apoptosis and reduces steroidogenic enzyme expression through activating transcription
factor 6 in Leydig cells of the testis. J. Mol. Endocrinol. 2013, 50, 151-166. [CrossRef] [PubMed]


http://doi.org/10.1016/S1383-5718(01)00308-4
http://doi.org/10.1002/bmc.4621
http://www.ncbi.nlm.nih.gov/pubmed/31215044
http://doi.org/10.1007/s10495-007-0060-1
http://www.ncbi.nlm.nih.gov/pubmed/17333317
http://doi.org/10.1530/JME-12-0195
http://www.ncbi.nlm.nih.gov/pubmed/23256993

	Introduction 
	Results 
	Characterization of T2DM Model in Male Rats, and the Effect of Treatment with Metformin and LH/hCG-R-Agonists 
	Effects of Metformin and LH/hCG-R-Agonists and Their Combination on the Blood Testosterone Levels in Control and Diabetic Rats 
	Effects of Metformin and LH/hCG-R-Agonists and Their Combination on the Content of Testosterone, Estradiol and Their Precursors in the Testes of Control and Diabetic Rats 
	Effects of Metformin, LH/hCG-R-Agonists and Their Combination on Gene Expression in the Testes of Control and Diabetic Rats 
	The Effects of Metformin, LH/hCG-R-Agonists and Their Combination on the Sperm Parameters in Control and Diabetic Rats 
	The Effects of Metformin, LH/hCG-R-Agonists and Their Combination on Morphology of the Seminiferous Tubules in Control and Diabetic Rats 
	Immunohistochemical Analysis of LH/hCG-R Distribution in the Seminiferous Tubules of Control and Diabetic Rats, and the Effect of Five-Week Metformin Treatment, Five-Day Treatment with LH/hCG-R-Agonists and Their Combination 
	Western Blotting Analysis of -AMPK and Its Active Thr172-Phosphorylated form in the Testes, and the Effect of Metformin and LH/hCG-R-Agonists Treatment 

	Discussion 
	Materials and Methods 
	The Drugs and Biochemical Reagents 
	The Experimental Animals 
	The Induction of Type 2 Diabetes in Male Wistar Rats 
	The Treatment of Diabetic Rats 
	Preparation of Tissue and Blood Samples for Analysis 
	The Determination of Blood Levels of Glucose, HbA1c, Insulin, Leptin, Total Cholesterol and Triglycerides 
	Glucose Tolerance Test 
	The Determination of Serum Testosterone Levels and Intratesticular Content of Testosterone, Estradiol and Their Precursors 
	The RNA Extraction and qRT-PCR Analysis of Testicular Genes 
	The Analysis of Epididymal Spermatozoa 
	Preparation of the Testis Sections for Histochemical and Immunohistochemical Analysis 
	Immunohistochemical Analysis of Intratesticular LH/hCG Receptor 
	Histochemical Analysis of the Seminiferous Tubules 
	The Estimation of AMP-Activated Protein Kinase with Western Blotting Analysis 
	Preparation of the Rat Blood and Tissues Samples and Determination of TP3 Content in Them Using Reverse-Phase HPLC 
	Statistical Analysis of the Experimental Data 

	Conclusions 
	References

