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Abstract—In clinical practice, ovarian steroidogenesis is stimulated and ovulation is induced using
such gonadotropin preparations as human chorionic gonadotropin (hCG) and luteinizing hormone
(LH) which, however, have a number of side effects, including a reduction in ovarian sensitivity to
endogenous LH and ovarian hyperstimulation syndrome. An alternative to hCG and LH could be
allosteric LH/hCG receptor agonists, including the thieno[2,3-d]-pyrimidine derivative TP03
developed in our laboratory. This work was aimed to study the effect of TP03 (40 pg/kg, i.p.) versus
hCG (30 IU/rat, s.c.) on ovarian steroidogenesis in mature female rats in the late proestrus phase,
including those treated with the gonadotropin releasing hormone (GnRH) antagonist Orgalutran
(100 pg/kg, s.c., 3 h before TP03 or hCG administration). Estradiol, progesterone and LH levels
were measured in the blood, while expression levels of the steroidogenesis-related genes Star,
Cypllal, Hsd3b, Cypl7al, Hsd17b, Cyp19al and LH/hCG receptor gene Lhcgr were assessed in
the ovaries. Three hours after administration, TP03 and hCG increased blood progesterone levels
and stimulated the expression of genes encoding the cholesterol-transporting protein StAR,
cytochrome P450c17, and aromatase (cytochrome P450c19), with these effects detected both in
control rats with normal LH levels and in Orgalutran-treated rats with reduced LH levels. The
effects of TP03 were comparable to those of hCG, but in contrast to hCG, TP03 did not reduce the
activity of the hypothalamic—pituitary—gonadal axis, as indicated by the lack of its influence on
blood LH levels and ovarian expression of LH/hCG receptors. Our data suggest the ability of TP03
to effectively stimulate ovarian steroidogenesis, as well as good prospects for the development of
TPO03-based drugs for controlled ovulation induction.
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INTRODUCTION implementing controlled ovulation induction in

assisted reproductive technologies is one of the

The development of effective approaches to  main challenges of modern reproductive endocri-
correcting ovarian steroidogenesis abnormalities nology. The gonadotropins used for this purpose,
in various reproductive disorders, as well as to  luteinizing hormone (LH) and human chorionic
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gonadotropin (hCG), have a number of signifi-
cant drawbacks [1]. This is largely due to the use
of hCG and LH in doses that entail a significant
excess of physiological blood gonadotropin levels.
In the case of ovulation induction in assisted
reproductive technologies, this can lead to a
severe complication, ovarian hyperstimulation
syndrome [2]. The use of other pharmacological
strategies, in which gonadotropins are replaced by
gonadotropin releasing hormone (GnRH) antag-
onist or which use a GnRH/low-dose hCG co-
administration protocol, reduces the risk of ovar-
ian hyperstimulation syndrome, but in a signifi-
cant number of cases reduces the occurrence of
pregnancy as well [3]. Another reason may be sig-
nificant differences in the N-glycosylation pattern
of LH and hCG preparations, usually their
recombinant forms, from that of endogenous
gonadotropins, which influences their pharmaco-
kinetics and activation specificity of intracellular
effector proteins and transcription factors [4, 5].
LH/hCG receptor activation leads to a simulta-
neous stimulation of several types of heterotri-
meric G proteins and B-arrestin adaptor proteins:
cAMP-dependent signaling pathways are acti-
vated through Gy protein and adenylyl cyclase;
calcium-dependent pathways are activated
through G/ protein and phospholipase CB;
endocytosis of the ligand—receptor complex fol-
lowed by receptor degradation or recyclization
and the stimulation of the mitogen-activated pro-
tein kinase cascade occur through B-arrestins [3,
6]. A change of the gonadotropin N-glycosylation
pattern can significantly alter the profile of gonad-
otropin-induced G protein and B-arrestin activa-
tion, one of the consequences of which can be a
downregulation of LH/hCG receptors. For
example, prolonged activation of follicular cells
with LH or hCG causes a significant decrease in
LH/hCG receptor gene expression and also
reduces the number of active receptors on the cell
surface, which results in the development of LH
resistance [7—9]. Decreased sensitivity to endoge-
nous LH has been demonstrated in males treated
with hCG for a long time [10], as well as in male
rats treated repeatedly with hCG at doses higher
than the physiological, with a significant decrease
in the number of LH/hCG receptors being in this
case the key factor in the development of LH

resistance [11, 12].

All of the above-said indicates the need of
developing alternative pathways for specific LH/
hCG receptor activation that would allow ovarian
steroidogenesis stimulation and ovulation induc-
tion without causing ovarian hyperstimulation
syndrome, the development of LH resistance and
other undesirable sequelae of gonadotropin ther-
apy. The main expectations in this area are associ-
ated with low-molecular-weight heterocyclic
compounds sharing the properties of LH/hCG
receptor agonists, primarily thieno[2,3-d]-pyrim-
idine derivatives [13—15]. We have previously
developed such thieno[2,3-d]-pyrimidine deriva-
tives as TPO1, TP03 and TP04 having LH/hCG
receptor agonist activity, whose intraperitoneal
and oral administration to male rats increased tes-
ticular and blood testosterone levels, stimulated
testicular steroidogenesis, restored testosterone
levels and spermatogenesis in diabetic pathology
and aging [11, 16, 17]. However, there are no data
on the effect of low-molecular-weight allosteric
LH/hCG receptor agonists on ovarian ste-
roidogenesis in sexually mature female rodents.

The aim of the work was to study the effect of
TPO3, as well as hCG taken for comparison, on
ovarian steroidogenesis in sexually mature female
rats in the late proestrus phase, including those
pretreated with Orgalutran, a GnRH antagonist
with a prolonged action. Blood levels of estradiol,
progesterone and LH, as well as the gene expres-
sion of steroidogenesis enzymes and LH/hCG
receptor in the ovaries, were assessed.

MATERIALS AND METHODS

Four- to five-month-old female rats, kept in
standard vivarium conditions by 5 animals per
cage, with ad libitum access to water and dry food,
were used in the experiments.

The estrous cycle phase was determined in sex-
ually mature female rats before the onset of the
experiment, and those animals that were in
proestrus were selected. The estrous cycle phase
was determined by microscopic examination of
vaginal smears according to standard methods
[18, 19]. Smears were taken daily at 11 a.m.
according to the following scheme. The rat’s fore-
body was immobilized, and the vaginal vestibule
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was examined when lifting the animal by the tail.
A cotton swab soaked in saline was inserted into
the vagina and rotated several times, after which a
smear was transferred from the swab to a dry slide.
The preparation was air-dried and stained with
methylene blue for microscopy. The stages of
estrous cycle were determined based on the ratio
of three cell types in the smear: nucleated epithe-
liocytes, keratinized epitheliocytes without
nuclei, and leukocytes. In the proestrus phase,
smears contained nucleated epitheliocytes only.

In animals with a verified proestrus phase,
blood samples were withdrawn from the caudal
vein to assess basal hormone levels (12:00), after
which they were immediately treated with Orgal-
utran (“Organon N.V.”, Netherlands), a GnRH
antagonist, which was injected subcutaneously
(s.c.) at a single dose of 100 pg/kg of body weight
(b.w.). Orgalutran-untreated rats (control) were
injected with physiological solution in the same
volume and at the same time. Three hours after
the treatment (15:00), blood samples were taken
from the animals to assess the early effects of
Orgalutran, after which the LH/hCG receptor
agonists TP03 and hCG were injected once, using
the doses selected in pilot experiments and evok-
ing the maximum steroidogenic effect. In the case
of TP03, the dose was 40 mg/kg (intraperitone-
ally, i.p.), and in the case of hCG, 30 IU/rat
(s.c.). Control animals (Orgalutran-untreated)
were also administered with TP03 or hCG in the
same doses. Part of control and Orgalutran-
treated animals, instead of LH/hCG receptor
agonists, was injected with DMSO (i.p.) in the
same volume (200 puL) as TP03. We have previ-
ously shown that DMSO administered i.p. in the
above volume does not affect steroidogenesis and
metabolic, hormonal and functional parameters
[11]. Three hours after the administration of ago-
nists (6 h after Orgalutran treatment), the animals
were anesthetized (chloral hydrate, 400 mg/kg,
i.p.), blood was re-sampled to assess hormone lev-
els, and then the rats were decapitated. After
decapitation, the ovaries were withdrawn,
weighed, and the expression of target genes was
measured in there using real-time PCR.

A total of the following 6 groups were formed
and examined (by 5 rats from each group): control
rats untreated with Orgalutran and LH/hCG

receptor agonists (group C); rats treated with
Orgalutran but untreated with LH/hCG receptor
agonists (group Org); rats untreated with Orgalu-
tran treatment but administered with TP03 (group
C + TP) or hCG (group C + hCG); and rats
treated with Orgalutran followed by TP03 (group
Org + TP) or hCG (group Org + hCG) adminis-
tration.
5-amino-N-fert-butyl-2-(methylsulfanyl)-4-

(3(nicotinamido)phenyl)thieno[2,3-d]pyrimidin-
6-carboxamide (TP03) was synthesized using the
reaction between 1.0 equivalent of 5-amino-4-(3-
aminophenyl)-N-zert-butyl-2-(methylsulfanyl)
thieno[2,3-d]pyrimidin-6-carboxamide and
1.1 equivalent of nicotinic acid in the presence of
1.1 equivalent of 1-[bis(dimethylamino)methy-
lene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate (HATU) and 1.2 equivalent
of N, N-diisopropylethylamine in dry N, N-dimeth-
ylformamide, as described previously [17]. The
reaction was carried out for 5 h at 22°C; the target
product was purified by recrystallization from eth-
anol; column chromatography was used at the final
stage. TPO3 represented a yellow non-hygroscopic
powder with a melting point of 157—159°C. TP03
structure was verified by NMR spectroscopy and
high-resolution mass spectrometry. The results of
TH-NMR spectroscopy (DMSO-dg), 3, ppm (J,
Hz): 1.37 (9H, s, C(CH3)3); 2.62 (3H, s, SCH3);
6.14 (2H, s, NH,); 6.98 (1H, s, NH-#-Bu); 7.42
(1H, d, J = 7.8, 4-H); 7.57-7.64 (2H, m, 5'-H
and 5”-H); 8.04 (1H, d, J= 8.2, 2’-H); 8.08 (1H,
s,6'-H); 8.33 (1H,d, J=7.7,4"-H); 8.78 (1H, d,
J=48, 6"-H); 9.14 (1H, s, 2"-H), 10.72 (1H, s,
3’'-NH). The results of |3C-NMR spectroscopy
(DMSO-dg), 6, ppm: (14.3 (SCHj); 29.2
(C(CH3)3); 51.9 (C(CH3)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). By the data of high-resolution elec-
trospray ionization time-of-flight (ESI-TOF)
mass spectrometry, the mass of the TP03 molecu-
lar ion (M+Na") was 515.1304, which coincided
with the calculated molecular ion mass of this
compound (515.1294). Mass spectra were
recorded using a Bruker micrOTOF spectrometer
(“Bruker”, Germany); NMR spectra were
recorded using a Bruker Avance III 400 spec-
trometer (400.13 MHz for 'H-NMR and
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Table 1. Primer sequences used to assess gene expression in the rat ovaries

Gene Forward and reverse primers GenBank

Lhcgr (For) CTGCGCTGTCCTGGCC; NM_012978.1
(Rev) CGACCTCATTAAGTCCCCTGAA

Star (For) AAGGCTGGAAGAAGGAAAGC; NM_031558.3
(Rev) CACCTGGCACCACCTTACTT

Cypllal (For) TATTCCGCTTTGCCTTTGAG; NM 017286.3
(Rev) CACGATCTCCTCCAACATCC

Hsd3b (For) AGGCCTGTGTCCAAGCTAGTGT,; XM_017591325.1
(Rev) CTCGGCCATCTTTTTGCTGTAT

Cypl7al (For) CATCCCCCACAAGGCTAAC; XM _006231435.3
(Rev) TGTGTCCTTGGGGACAGTAAA

Hsd17b (For) CCTTTGGCTTTGCCATGAGA,; NM_024392.2
(Rev) CAATCCATCCTGCTCCAACCT

Cypl9al (For) GGTATCAGCCTGTCGTGGAC; NM_017085.2
(Rev) AGCCTGTGCATTCTTCCGAT

Actb (For) CTGGCACCACACCTTCTACA,; NM _031144.3
(Rev) AGGTCTCAAACATGATCTGGGT

100.61 MHz for '3C-NMR) (“Bruker”, Ger-
many).

Estradiol and progesterone blood levels were
measured by enzyme immunoassay using the
“Estradiol ELISA” and “Progesterone ELISA”
kits (“HEMA?”, Russia). The LH levels were
determined using the ELISA for LH, Rat
(“Cloud-Clone Corp.”, USA).

Total RNA from the ovaries was isolated using
the ExtractRNA reagent (“Eurogen”, Russia),
then reverse transcription was performed to
obtain cDNA using the MMLYV RT Kit (“Euro-
gen”, Russia). Real-time PCR was carried out
using an Applied Biosystems® 7500 Real-Time
PCR System amplifier (“Life Technologies,
Thermo Fisher Scientific Inc.”, USA) in a mix-
ture containing 0.4 uM of forward and reverse
primers, using the gPCR-HS SYBR+Low ROX
reagent (“Eurogen”, Russia). The primer
sequences are shown in Table 1. For gene expres-
sion quantitative data analysis, the delta—delta C;
method was used [20]. The 7500 Software v2.0.6
and Expression Suite Software v1.0.3 were used
for calculations. RQ values for gene expression
were calculated versus control, which was taken as
one. The expression of the Actb gene encoding
actin B was used as an endogenous control.

Microsoft Office Excel 2007 software was used
for statistical data analysis. Normality of distribu-
tion was assessed by the Shapiro—Wilk test. To
compare two samples with normal distribution,
the Student’s #-test was applied, while to compare
three groups, the analysis of variance with Bonfer-
roni correction was used. Differences were con-
sidered statistically significant at p < 0.05. Data
were presented as M + SEM.

RESULTS

The ovarian weight (0.114 = 0.010 g in the con-
trol group of female rats) did not change signifi-
cantly after TP0O3 and hCG treatment and was
0.132 = 0.007 and 0.138 £ 0.007 g, respectively
(p > 0.05 vs. group C). Orgalutran treatment also
did not change the ovarian weight (0.104 =+
0.011g, p > 0.05 vs. group C). There was an
upward trend for the ovarian weight in groups
Org+ TP (0.136 £ 0.010 g) and Org + hCG
(0.140 £ 0.011 g), although the differences with
group Org were non-significant (p > 0.05).

Blood LH levels in control rats varied during
the experiment, significantly increasing by 15:00
vs. the starting point (12:00 noon) and remained
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Fig. 1. Luteinizing hormone levels in the blood of female rats
in the proestrus phase in control and after the treatment with
the GnRH antagonist Orgalutran (100 pg/kg, single, s.c.), as
well as LH/hCG receptor agonists TP03 (40 mg/kg, single,
i.p.) and hCG (30 IU/rat, single, s.c.). *—Significant (p <
0.05) intragroup differences at time points 15.00 and 18.00
vs. starting point (12.00), °—significant (p < 0.05) differences
between groups Org, C + TP and C + hCG vs. control group
C at the same time points. In all groups, # = 5; the values are
presented as M + SEM.

0

at a high level until 18:00 (Fig. 1). Orgalutran, a
GnRH antagonist, suppressed LH production, as
reflected in a significant decrease in hormone lev-
els, which were almost twice as low as in group C
6 h after Orgalutran administration, as indicated
by the values of AUC5.09_18:00, the area under
the LH concentration (ng/mL)—time (h) curve
(Table 2). TPO3 treatment, 3 h after its adminis-
tration (18:00), had a little effect on blood LH
levels in groups with and without Orgalutran
treatment, whereas hCG treatment after 3 h sig-
nificantly reduced LH levels in control rats (C +
hCG vs. group C, p=0.016), but had no effect on
LH levels in group Org + hCG (Fig. 1). However,
the AUC5.09_18:00 values in groups C and C +
hCG were statistically indistinguishable (Table 2).

Blood progesterone levels in control rats in the
proestrus phase did not change significantly
throughout the experiment, whereas 3 h after the
treatment with TP03 and hCG, it significantly
increased, with the effectiveness of both drugs at
the given doses being similar (Fig. 2, Table 2).
After Orgalutran treatment, there was a significant
decrease in progesterone levels: 6 h after treat-
ment, its blood concentration in Org rats was 4.3

Table 2. AUC (integrated area under the hormone
concentration—time curve) values for progesterone,
estradiol and luteinizing hormone in control rats and
animals treated with Orgalutran and LH/hCG
receptor

Group LH Progesterone | Estradiol
C 8591738 271+£38 |3.09£0.22
Org 526+6.17 | 125+ 14* (2.27£0.207
C+TP 85.9+£16.0| 407+29* |3.80£0.32
C+hCG [792£11.3| 381x£52 |347+0.44
Org+TP | 46.0+4.7 | 249+32b |2.66+0.33
Org+hCG | 41.7+4.4 | 262+24° |2.84%0.26

AUC values include a 6-h interval (12.00—18.00) and are

expressed in relative units. *—Significant (p < 0.05) differ-
ences between groups Org, C + TP and C + hCG vs. control

group C; "—significant (p < 0.05) differences between group
Org vs. groups Org + TP and Org + hCG. In all groups, n =
5; M+ SEM.

times lower vs. control animals (Fig. 2). The
attenuation of progesterone production was indi-
cated by the AUC,.00_13:00 values for the proges-
terone concentration (nM)—time (h) curve,
which were 54% lower in group Org vs. control
group (Table 2). Both LH/hCG receptor agonists
increased progesterone levels in Orgalutran-
treated rats, but their effects were less pronounced
vs. control groups (Fig. 2). Blood estradiol levels
changed little throughout the experiment in con-
trol group, and the treatment with Orgalutran and
LH/hCG receptor agonists had only a minor
effect on it (Fig. 2).

A study of the ovarian expression of the ste-
roidogenesis genes and the gene encoding the
LH/hCG receptor yielded the following results.
The expression of the Star gene encoding the ste-
roidogenic acute regulatory (StAR) protein
responsible for cholesterol transport decreased in
Orgalutran-treated group and increased when
control and Orgalutran-treated animals were
treated with both LH/hCG receptor agonists
(Table 3). The expression of the Cypllal gene
encoding cytochrome P450scc (cholesterol side
chain cleavage enzyme, CYP11A1), which con-
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Fig. 2. Progesterone (a) and estradiol (b) levels in the blood of female rats in the proestrus phase in control and after the treat-
ment with Orgalutran and the LH/hCG receptor agonists TP03 and hCG. ?—Significant (p < 0.05) intragroup differences at
time points 15.00 and 18.00 vs. starting point (12.00); b—signiﬁcant (p < 0.05) differences between groups Org, C + TP and
C + hCG vs. control; “—significant (p < 0.05) differences between group Org vs. groups Org + TP and Org + hCG at the same

time points. In all groups, n=15; M+ SEM.

Table 3. Expression of steroidogenic genes in the rat ovaries in control and after the treatment with Orgalutran
(100 pg/kg) and LH/hCG receptor agonists TP03 (40 mg/kg) and hCG (30 IU /rat)

Group Star Cypllal Hsd3b Cypl7al Hsdl17b
RQ, rel. u.

C 1.03+0.13 1.03+0.16 1.01 £0.13 1.05£0.13 1.01 +0.09

Org 0.57+0.112 0.65£0.08 0.80 £0.10 0.15+0.032 1.11 £0.04

C+TP 1.51 +£0.10%> | 1.37+0.03° 0.96 £ 0.06 2.44 +0.3320 1.29£0.15
C+hCG 1.62 £0.132P 1.24+0.18° 0.76 £ 0.08 3.42+£0.55%° | 0.72+0.06%P

Org + TP 1.52+£0.19° 1.41 £0.16° 1.08 £0.16 1.75 £ 0.202b 1.52+0.19

Org + hCG 1.56 +0.15° 1.25+0.12° 1.07 £0.09 2.98 +0.53%b 1.15+0.10

a__Significant (p < 0.05) differences vs. control; >—significant (p < 0.05) differences vs. group Org. In all groups, n=5; M +

SEM.

verts cholesterol into pregnenolone, showed a
downward trend in group Org, although the dif-
ferences vs. controls were non-significant (p =
0.069). At the same time, TP03 and hCG had lit-
tle effect on Cypllal gene expression in control
groups, but significantly increased it in Orgalu-
tran-treated groups (Table 3).

The treatment with the GnRH antagonist led to
a 7-fold decrease in the expression of the Cypl7al
gene encoding cytochrome P450c17 (CYP17A1)
which catalyzes a two-stage conversion of preg-
nenolone into dehydroepiandrosterone (DHEA),
or progesterone into androstenedione. Mean-
while, TP03 and hCG treatment effectively stim-
ulated the expression of this gene in both control
and Orgalutran-treated animals (Table 3). It

should be noted, however, that the stimulating
effect of hCG in both cases exceeded that of
TPO3. The expression of Hsd3b and Hsd17b genes
encoding 3B- and 17B-hydroxysteroid dehydroge-
nases (3B-HSD and 17B-HSD), respectively, did
not change significantly under the treatment with
both Orgalutran and hCG receptor agonists,
except for group C + hCG, in which Hsd17b gene
expression decreased vs. both control and
Org animals (Table 3). The enzyme 33-HSD con-
verts pregnenolone into progesterone, whereas
178-HSD, depending on the enzyme subtype,
catalyzes a wide range of reactions at the final
stages of ovarian steroidogenesis, including estro-
gen synthesis.

The expression of the Cypl9al gene encoding
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aromatase that converts androgens into estrogens
changed little when female rats were treated with
Orgalutran, but significantly increased when
treated with TP03 and hCG in both control and
GnRH antagonist-treated animal groups (Fig. 3).
The expression of the Lhcgr gene encoding the
LH/hCG receptor tended to increase (p = 0.05)
after Orgalutran treatment, which was associated
with a decrease in blood levels of endogenous LH
(Fig. 3). The treatment with hCG significantly
decreased Cyp 19al gene expression vs. group Org,
but not vs. control animals. In all TP03-treated
groups, Lhcgr gene expression was similar to its
control values (Fig. 3).

DISCUSSION

Urinary hCG and recombinant LH prepara-
tions, widely used for the treatment of reproduc-
tive dysfunctions in women and in assisted
reproductive technologies, have significant draw-
backs due to hyperactivation of ovarian ste-
roidogenesis, decreased ovarian sensitivity to
endogenous gonadotropins and the development
of ovarian hyperstimulation syndrome. Low-
molecular-weight agonists of the LH/hCG recep-
tor that interact with its allosteric site located
inside the transmembrane domain are considered
as a possible alternative. Previously, we have
obtained thieno[2,3-d]-pyrimidine derivatives,
compounds TPO1, TP03 and TPO04, capable of
activating the LH/hCG receptor via an allosteric
mechanism, which stimulated testicular ste-
roidogenesis in male rats when administered
intraperitoneally and orally [11, 16, 17], and
restored androgen deficiency and spermatogene-
sis in diabetes and physiological aging [11, 17].
Other authors used thieno[2,3-d]-pyrimidine
derivatives, including the Org43553 compound, for
in vitro steroidogenesis stimulation in ovarian cells
and in vivo ovulation induction in female rats [14,
21, 22], as well as for controlled ovulation induction
in female volunteers [23]. It is noteworthy that,
along with agonists, we and other authors have
now developed low-molecular-weight LH/hCG
receptor antagonists that interact with the same
transmembrane allosteric site, but at the same
time stabilize an inactive conformation of the
receptor [24, 25].

2.8+
cac
241 I Org
b b =3 C+TP
B C+hCG
20r Org+TP

\ 22 Org+hCG
1.6 7

RQ, rel. units

Cypl9al

Fig. 3. Expression of genes encoding aromatase (Cypl9al,
(a)) and LH/hCG receptor (b) in the rat ovaries in control
and after the treatment with Orgalutran (100 pg/kg), TP03
(40 mg/kg) and hCG (30 IU /rat). —Significant (p < 0.05)
differences vs. control group; b—signiﬁcant (p <0.05) differ-
ences vs. group Org. In all groups, n=5; M+ SEM.

Lhcgr

In the present study, the effect of TP03, the
most active of the thieno[2,3-d]-pyrimidine
derivatives we developed in our laboratory [17],
on blood steroid hormone levels and the expres-
sion of key genes of ovarian steroidogenesis in
mature female rats, including those treated with
Orgalutran. When administered intraperitoneally,
TPO03 evoked a significant increase in progester-
one levels both in control rats and in animals
treated with Orgalutran (Ganirelix as a reactant).
By the magnitude of the stimulating effect, TP03
was comparable with hCG in both groups of ani-
mals (Fig. 2). The revealed ability of TP03 to
effectively stimulate progesterone production is
consistent with the results obtained in in vitro
experiments by other authors when treating follic-
ular cells with another thieno[2,3-d]-pyrimidine
derivative, Org43553 [14, 21]. It should be noted
that GnRH antagonists with prolonged action,
including Ganirelix, under conditions rapidly and
effectively reduce LH secretion both in vitro and
in vivo and thus inhibit progesterone production
in the ovaries [26, 27]. In our case, Orgalutran sig-
nificantly reduced the circulating LH level in the
blood 6 h after treatment, although a downward
tendency for the hormone level was already
observed after 3 h (Fig. 1). As a consequence, the
increase in progesterone levels, induced by TP03
and hCG in Orgalutran-treated rats, was due
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almost exclusively to the stimulating effect of the
injected drugs on ovarian steroidogenesis.

The progesterone production-stimulating effects
of TP03 and hCG, as assessed by the increment in
hormone concentration over its level in the corre-
sponding rat group untreated with LH/hCG
receptor agonists, were similar, suggesting no sig-
nificant changes in the sensitivity of LH/hCG
receptors and the ovarian steroidogenesis system
under conditions of Orgalutran-induced suppres-
sion of LH secretion. In this regard, it should be
noted that 6 h after the treatment with a GnRH
antagonist, there was detected an upward ten-
dency for LH/hCG receptor gene expression in
the ovaries as a compensatory reaction to a
decreased blood LH level and thus insufficient
activation of the LH-dependent signaling path-
ways in the follicular cells. This is supported by
the fact that hCG administration evoked a two-
fold decrease in Lhcgr gene expression (Fig. 3).
Importantly, a hCG-induced decrease in Lhcgr
gene expression has been shown by other authors
in ovarian follicular cells [7—9], as well as in rat
testicular Leydig cells in our previous experiments
[11, 25]. Along with this, the treatment of control
rats with hCG resulted in a significant decrease in
blood LH levels, indicative of hCG-induced sup-
pression of endogenous gonadotropin production.

We found that TP03 and hCG had virtually no
effect on estradiol production. This is because,
during the estrous cycle, estradiol peaks at the
final stage of the diestrus and the first half of the
proestrus phase, while the study included the sec-
ond half of the proestrus phase with its character-
istic increase in progesterone production induced
by LH/hCG receptor agonists, including endoge-
nous LH [28, 29].

A study of steroidogenic gene expression
showed that TP03 and hCG administration to
control and Orgalutran-treated rats significantly
increased the ovarian expression of the Star and
Cyp17al genes encoding the key proteins of ovar-
ian steroidogenesis, cholesterol-transporting pro-
tein StAR and cytochrome P450c17 (CYP17Al).
StAR is one of the main targets during LH- and
hCG-induced stimulation of ovarian theca and
granulosa cells, since the Star gene promoter con-
tains binding sites for cAMP-dependent tran-
scription factors, primarily CREB, which are

activated through the LH/hCG receptor—Gg pro-
tein—adenylyl cyclase—protein kinase A signaling
pathway [30]. According to our previous in vitro
data, TP03 and its structural analogs selectively
stimulate adenylyl cyclase and increase the intra-
cellular cAMP level, acting similarly to hCG,
albeit more selectively, on the G protein-depen-
dent pathway through the LH/hCG receptor [31,
32]. As a result, the capability of TP03 to activate
cAMP-dependent signaling cascades is a cause of
an increase in Star gene expression, comparable
with that when using hCG. The fact that the stim-
ulating effect in the ovaries is not as significant as
in the case of the TP03 effect on Star gene expres-
sion in testicular cells [17] may be due to a rela-
tively high basal level of this gene expression at the
late proestrus stage [33].

Cytochrome P450c17 combines the activities of
17-hydroxylase and 17,20-lyase and catalyzes var-
ious steroidogenic reactions, depending on the
phase of the estrous cycle, cell type, and animal
species. The main reactions catalyzed by cyto-
chrome P450c17 are pregnenolone conversion
into 170H-pregnenolone and then into dehy-
droepiandrosterone (DHEA), as well as proges-
terone conversion into 170H-progesterone and
then into androstenedione [34]. It should be
noted that in the proestrus phase, cytochrome
P450c17 expression and activity significantly
increase due to increased androgen synthesis in
theca cells [34]. The regulation of Cypl7al gene
expression in theca cells is mainly implemented
through the cAMP-dependent signaling pathways
due to gonadotropin-induced LH/hCG receptor
activation, but other signaling pathways may also
be involved in this process, including those real-
ized through the stimulation of phorbol-sensitive
protein kinase C isoforms. At the same time, the
activation of cAMP-dependent pathways and
protein kinase A leads to increased Cypl7al gene
expression, whereas the activation of protein
kinase C causes a decrease in cAMP-stimulated
expression of this gene [34, 35]. It should be noted
that in granulosa cells, Cyp 17a I gene expression is
appreciably lower and less influenced by cAMP-
dependent signaling [34]. In our experiments,
stimulating effects of TP03 and hCG on Cypl7al
gene expression were clearly expressed not only in
control animals, but also in Orgalutran-pretreated
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female rats which, in the absence of stimulation
with LH/hCG receptor agonists, had an
extremely low gene expression level of cyto-
chrome P450c17 (Table 3). With consideration to
the TP03-induced selective stimulation of cAMP
signaling, it can be concluded that it is the activa-
tion of cAMP-dependent pathways in the ovaries
of rats with endogenous LH deficiency that is the
main cause of the increased Cypl7al gene expres-
sion. However, the temporal dynamics of this
effect should be taken into account, because
Western blotting showed that 7 h after hCG
administration, cytochrome P450c17 content in
rat follicular cells significantly decreased, which
can be considered as a compensatory reaction fol-
lowing a burst of steroidogenic activity [36].

The fact that in the control group there was no
significant stimulating effect of TP03 and hCG on
the expression of the Cypllal gene encoding
cytochrome P450scc (CYP11Al), which cata-
lyzes cholesterol conversion into pregnenolone,
was quite unexpected. On the other hand, in
Orgalutran-treated rats, in which there was an
insignificant decrease in Cypllal gene expres-
sion, the stimulating effects of both LH/hCG
receptor agonists were statistically significant
(Table 3). Based on the literature data, there are
grounds to believe that this is due to relatively high
level of Cypllal gene expression and the amount
of cytochrome P450scc in the late proestrus phase
[37, 38], as well as a slower (vs. the Star and
Cypl7al genes) stimulating effect of LH/hCG
receptor agonists on Cypllal gene expression
[39]. For example, in control rats, the level of
Cypllal gene expression, increased in the
proestrus, masks the stimulating effects of TP03
and hCG, but with a small decrease in this level
under conditions of endogenous LH deficiency,
these effects begin to show up.

Aromatase (cytochrome P450c19) is one of the
key enzymes of ovarian steroidogenesis, which
catalyzes the conversion of androgens into estro-
gens. During the estrous cycle, aromatase expres-
sion and activity are highly variable, with a change
in aromatase activity “lagging behind” Cypl9al
gene expression. For example, Cypl9al gene
expression is maximal in the diestrus, slightly
decreases in the first half of the proestrus, and
sharply decreases, becoming almost undetectable,

in the estrus phase, whereas the peak of the
enzyme activity falls on the proestrus and then
gradually declines until the onset of the diestrus
phase of the next cycle [40], positively correlating
with aromatase and estradiol blood levels during
these periods of follicular development [41].
These changes in activity are also associated with a
rise in blood LH levels and the activation of LH-
dependent signaling pathways in granulosa and, to
a lesser extent, theca cells [41]. We demonstrated a
comparable (in its magnitude) stimulating effect of
hCG and TP03 on Cypl9al gene expression in
both control female rats and Orgalutran-treated
animals, and this increase positively correlated
with the steroidogenic activity of both LH/hCG
receptor agonists (Fig. 3). Interestingly, the stimu-
lating effect of hCG on aromatase gene expression,
in contrast to that on Cypl7al gene expression,
was poorly different from that of TP03. For exam-
ple, the ratio of Cypl7al gene expressions in
groups Org + hCG and Org + TP was 1.70, while
that of aromatase gene expression was 0.89.

Thus, we demonstrate here for the first time
that the administration of TP03, a low-molecu-
lar-weight allosteric LH/hCG receptor agonist, to
sexually mature female rats evokes an increase in
blood progesterone levels and, to varying degrees,
enhances the expression of a number of ste-
roidogenic genes, such as the cholesterol-trans-
porting protein StAR, cytochrome P450c17 and
aromatase, and this effect is evident in both con-
trol rats in the presence of normal endogenous
LH levels, as well as in animals treated with a
GnRH antagonist, with reduced endogenous LH
levels. The effects of TP03 are comparable to those
of hCG, which is widely used in clinical practice as
an ovarian steroidogenesis activator and ovulation
inducer. At the same time, in contrast to hCG,
TPO3 evokes no attenuation of gonadal axis com-
ponents, as indicated by the lack of its effect on
blood LH levels and ovarian LH/hCG receptor
expression. There is reason to believe that the
milder TP03-induced stimulation of steroidogen-
esis may reduce the risk of ovarian hyperstimula-
tion, which requires further investigation. Our
data suggest the ability of TP03 to stimulate ovar-
ian steroidogenesis in mature rats and promise
good prospects for developing TP03-based dosage
forms for controlled ovulation induction.
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