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Kisspeptin treatment reverses
high prolactin levels and improves
gonadal function in hypothyroid
male rats
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We evaluated whether the administration of kisspeptin-10 (Kp10) is capable of restoring gonadal
function in hypothyroid male rats. Hypothyroidism was induced with 6-propyl-2-thiouracil

(PTU) for three months. In the last month, half of the hypothyroid animals were treated with

Kp10. Hypothyroidism reduced testicular and sex gland mass, decreased the proliferation of the
seminiferous epithelium, and compromised sperm morphology, motility, and vigor. A decrease

in plasma LH and testosterone levels and an increase in prolactin secretion were observed in the
hypothyroid rats. Hypothyroidism reduced Kiss1 and Kiss1r protein and gene expression and Star and
Cypllal mRNA levels in the testis. Furthermore, it reduced Lhb, Prl, and Drd2 and increased Tshb and
Gnrhr expression in the pituitary. In the hypothalamus, hypothyroidism increased Pdyn and Kiss1r
while reducing Gnrh1. Kp10 treatment in hypothyroid rats restored testicular and seminal vesicle
morphology, improved sperm morphology and motility, reversed high prolactin levels, and increased
LH and testosterone levels. In addition, Kp10 increased testicular expression of Kiss1, Kiss1r, Fshr, and
Nr5al and pituitary Kiss1 expression. Our findings describe the inhibitory effects of hypothyroidism
on the male gonadal axis and sperm quality and demonstrate that Kp10 treatment reverses high
prolactin levels and improves gonadal function and sperm quality in hypothyroid rats.

Between 9 and 25% of couples worldwide suffer from infertility and the male factor is responsible for approxi-
mately half of these cases!. Sperm quality is an important indicator of male fertility and studies have been showing
a downward trend in semen quality all over the world?. One of the causes of this decline is hypothyroidism, an
important endocrinopathy that affects sperm quality®>~ and, consequently, fertility in men®”.

Hypothyroidism in males delays puberty, causes erectile dysfunction®®, and reduces testicular mass’~?,
gonadotropin-releasing hormone (GnRH) biosynthesis, and the plasma levels of follicle stimulating hormone
(FSH)', luteinizing hormone (LH)' and testosterone!®!!. Since the effects of propylthiouracil (PTU)-induced
hypothyroidism upon male fertility and reproductive function are similar to those produced by other models of
hypothyroidism, as that induced by methimazole (MMI)'>!%, and levothyroxine (T,) treatment is able to revert
them'?, we may be fairly sure that these reproductive outcomes are due to the hypothyroid state induced by PTU
and not to any direct effects of PTU. Furthermore, hypothyroidism causes hyperprolactinemia'’, a condition
that has also been considered as a cause of infertility in men, with a prevalence of 11% in hypothyroid men'*.
Moreover, hypothyroidism affects the differentiation of Sertoli and Leydig cells”®, which is also involved in
testicular dysfunction caused by thyroid hypofunction.

In addition to the hormonal changes and structural alterations in the gonad, hypothyroidism can have a direct
effect on the hypothalamus-pituitary-gonadal (HPG) axis’. The presence of thyroid hormone alpha receptor
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«Figure 1. Confirmation of hypothyroidism and effects of kisspeptin-10 on genital tract morphology in
hypothyroid rats. (A) Body mass of Control, Hypo and Hypo + Kp10 rats throughout the experimental period
(n=8-17; #=control x hypo; *=control x hypo +Kp10). (B) Free T, levels (ng/dL) (n="7-8). Testis mass (C),
emptied seminal vesicle mass (D) and prostate mass (E) of rats in the Control, Hypo and Hypo + Kp10 groups
(n=8-17). (F) Percentage of degenerated seminiferous tubules in rats in the Control, Hypo and Hypo + Kp10
groups (mean + SEM; n=6-8). (G) Height of the seminiferous tubule epithelium of rats in the Control, Hypo
and Hypo + Kp10 groups (n =30 tubules/animal). (H) Tubular diameter of rats in the Control, Hypo and
Hypo + Kp10 groups (n =30 tubules/animal). (I-K) Height of epididymal epithelial (I), seminal vesicle (J) and
ventral prostate (K) of rats in the Control, Hypo and Hypo +Kp10 groups (n=>50 epididymal regions/animal;
50 glandular acini/animal). (L,M) Images of the testis (L) and seminal vesicle (M) of rats in the Control (L1,
M1), Hypo (L2, M2) and Hypo + Kp10 (L3, M3) groups; (N,O) Photomicrographs of seminiferous tubules from
rats in the Control (N1 and O1), Hypo (N2 and 02) and Hypo + Kp10 (N3 and O3) groups; arrows =apoptosis
in basal cells and round spermatids. (P) Photomicrographs of the tail of the epididymis of rats in the Control
(P1), Hypo (P2) and Hypo + Kp10 (P3) groups. (Q) Photomicrographs of the seminal vesicle of rats in the
Control (Q1), Hypo (Q2) and Hypo +Kp10 (Q3) groups. (R) Photomicrographs of the ventral prostate of rats
in the Control (R1), Hypo (R2) and Hypo + Kp10 (R3) groups. [Hematoxylin & Eosin; Bar scale: 1 cm (L,M),
50 um (N; O; P-R)]. Captions: Hypo =hypothyroid; Hypo + Kp10 =hypothyroid treated with Kp10; *P<0.05;
**P<0.01; **P<0.001; ***P<0.0001.

(Thra) has been demonstrated not only in the GnRH neurons of rodents'® but also in the kisspeptin neurons of
the sheep hypothalamus'®. This suggests that thyroid hormone deficiency can directly affect the activity of these
neuronal populations.

The control of the pulsatile release of GnRH in the pituitary portal blood and, consequently, the gonadal func-
tion is dependent on the release of kisspeptin by neurons in the arcuate nucleus (ARC) of the hypothalamus'’. In
this region, kisspeptin neurons co-express neurokinin-B (NKB) and dynorphin (KNDy neurons), which exert
stimulatory and inhibitory effects on kisspeptin release, respectively, resulting in a pulsatile drive to the GnRH
secretion'®!°. We recently demonstrated that hypothyroidism in female rats reduces kisspeptin and Nkb expres-
sion in KNDy neurons, and the treatment with kisspeptin-10 (Kp10) restores ovarian cyclicity and plasma LH
levels in these animals®®. However, there is still little knowledge about alterations in KNDy neuronal function in
male rats with hypothyroidism. Furthermore, previous studies have shown the therapeutic potential of kisspeptin
in males with testicular dysfunction. Accordingly, the kisspeptin receptor (kisslr) agonists have been found to
restore testosterone levels in Rhesus monkeys with the HPG axis blockade caused by cortisol* and underweight
male rats dosed with an anti-obesogenic compound®.

However, not only is hypothalamic regulation of KNDy neurons necessary for a normal reproductive func-
tion, but studies also suggest that the presence of the kisspeptin/Kiss1r system in the testis may influence gonadal
function®*?*. The expression of Kiss1 gene and Kiss1r has been described mainly in the Leydig cells mice?*?,
non-human primates”, and horses?, while in goats they have also been found in the Sertoli cells and seminifer-
ous epithelium?**. In vitro studies have shown that kisspeptin stimulates testosterone production by the Leydig
cells in goats as well as displays a positive self-regulation that stimulates KissI and KissIr gene expression in these
cells”. Gan et al.*! also recently demonstrated in vitro that an increased Kiss1 and Kiss1r expression in Sertoli
cells protects against the apoptosis caused by hyperglycemia. However, there is still no information on whether
hypothyroidism can affect the testicular expression of the Kiss1/kiss1r system and whether the treatment with
kisspeptin could modulate the expression of this system.

In the present study, we investigated the HPG axis of male rats with hypothyroidism, the testicular expression
of the Kiss1/Kiss1r system, and the therapeutic potential of Kp10 in the gonadal dysfunction of these animals. We
demonstrate herein that hypothyroidism in male rats increased the hypothalamic expression of prodynorphin
and compromised testicular Kiss1/Kiss1r expression, whereas the administration of Kp10 not only reversed the
high PRL levels caused by hypothyroidism but also improved the gonadal axis, sperm morphology, and testicular
expression of Kiss1 and Kiss1r. To the best of our knowledge, this is the first study to provide information on
KNDy neurons and the testicular Kiss1/Kiss1r system in the gonadal dysfunction caused by hypothyroidism.

Results

Confirmation of hypothyroidism and mating test

The hypothyroid rats displayed a lower body mass than the control group after the sixth week of treatment with
PTU (Fig. 1A) and reduced plasma free T, levels (Fig. 1B; ****P < 0.0001), confirming the induction of hypothy-
roidism during the experimental period. To assess fertility, 13 to 15 animals from each group were individually
housed with cycling female rats (1 male/1 female) for nine days prior to euthanasia. The estrous cycle of the
female rats was monitored for a period of 15 days before copulation, and only female rats with regular cycles
were mated (Supplementary Fig. S1 A-C). In all, 73% (11/15) of female rats kept with male rats from the control
group had offspring (Supplementary Fig. S1 D), while the number of females that gave birth was significantly
lower when mated with hypo (23%; 3/13; Supplementary Fig. S1 D; *P < 0.05) and hypo + Kp10 rats (21.4%;
3/14; Supplementary Fig. S1 D; **P < 0.01). Mean litter size did not vary between groups (Supplementary Fig. S1
E; SNK test; P > 0.05).

In half of the females in each group, the gestational diagnosis was also performed through vaginal cytology. Of
these, approximately half of the female rats kept with rats from the hypo (3/5) or hypo + Kp10 (2/6) groups had
mated. However, there was no significant difference in relation to the percentage of females that had confirmed
copulation with rats in the control group (6/7) (Supplementary Fig. S1 F; P > 0.05).
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To estimate a possible pregnancy loss rate, we subtracted the number of females that gave birth from the total
number of females that had copulation confirmed by vaginal cytology (Supplementary Fig. S1 F). As a result,
females that mated with male rats from the hypo group (2/3; 66.7%) showed a tendency towards a higher rate
compared to the control females (0%; 0/6) (Supplementary Fig. S1 G; Fisher’s exact test; P = 0.08). The body mass
of the three-day-old pups did not differ between groups (Supplementary Fig. S1 H; SNK test; P > 0.05) and no
macroscopic changes were observed (Supplementary Fig. S1 I-K). These data demonstrate that the treatment
with Kp10 was not able to improve the low rate of birth and copulation caused by hypothyroidism in male rats.

Kp10 treatment improves testicular and sex gland morphology in hypothyroid rats

In the evaluation of the genital tract (Fig. 1C-R), hypo and hypo + Kp10 groups exhibited a reduced testicular
mass relative to control (Fig. 1C; **P < 0.01). Regarding the sex glands, hypo rats displayed a marked reduction
in the mass of the empty seminal vesicle (Fig. 1D; ***P < 0.001) and ventral prostate (Fig. 1E; ****P < 0.0001)
compared to control. The treatment with Kp10, in turn, increased the mass of these glands compared to the hypo
group, with the mass of the seminal vesicle being similar to the control group (Fig. 1D; P > 0.05).

Histopathological and histomorphometric evaluations of the testes (Fig. 1L, N-O) showed that hypothyroid-
ism caused mild to moderate multifocal tubular degeneration, with superficial and basal intraepithelial vacuola-
tion in the seminiferous epithelium (Fig. IN2-02). The percentage of degenerated tubules was about three times
higher in the hypo group compared to control (Fig. 1F; ***P < 0.0001). These changes were accompanied by a
reduction in the height of the seminiferous epithelium compared to the control group (Fig. 1G; **P < 0.01), but
there was no change in tubular diameter (Fig. 1H; P > 0.05). Although the percentage of degenerated tubules in
the Kp10-treated animals did not differ from the hypo group (Fig. 1F; P > 0.05), the height of the seminiferous
epithelium was greater (Fig. 1G; ***P < 0.001), being similar to the control group (Fig. 1G; P > 0.05). In addi-
tion, the tubular diameter was greater in the hypo + Kp10 group compared to control and hypo (Fig. 1H; ***P
<0.001; **P < 0.01).

There was no significant difference between groups in the epididymal histomorphometry for tail morphol-
ogy (Fig. 1P) or epithelial height (Fig. 1I; P > 0.05). However, regarding the sex glands, the vesicular glands of
the hypo rats had less-pleated acini (Fig. 1Q2) and reduced epithelium height compared to control (Fig. 1J; *P
< 0.05). Likewise, the prostatic acini of hypothyroid rats also showed a reduced epithelium height compared to
control (Fig. 1K and R2; ***P < 0.001). The Kp10 treatment restored the height of the vesicular gland epithelium
in hypothyroid rats, matching the control levels (Fig. 1] and Q3; P > 0.05), while the height of the prostatic epi-
thelium did not differ in relation to the hypo group (Fig. 1K and R3; P > 0.05).

Hypothyroidism reduces the testicular expression of the Kiss1/Kiss1r system

Considering that the Kp10 treatment improved the testicular morphology of the hypothyroid rats, we assessed
the Kiss1/Kiss1r system expression in the animals’ testes, as studies suggest the local importance of this system
for the male gonadal function®***. Immunostaining analysis of Kiss1 and Kisslr demonstrated that both have
little expression in the rat testis, with expression mainly occurring in the interstitial cells (Fig. 2A-F). There
was a reduction in the stained area of Kiss1 (Fig. 2B,M; **P<0.01) and Kisslr (Fig. 2E,M; ***P < 0.001) in rats
with hypothyroidism. Kp10 treatment, in turn, increased the Kiss] immunostaining area compared to the hypo
group (Fig. 2C,M; **P < 0.01), and an increasing trend was also observed for Kisslr immunostaining relative
to the hypo group (Fig. 2EM; P = 0.07). Regarding gene expression, hypo rats also showed a significant reduc-
tion in Kiss] mRNA levels compared to control (Fig. 2N; ###P < 0.001), while there was no difference between
the control and the hypo + Kp10 groups (Fig. 2N; P > 0.05). Meanwhile, the expression of transcripts for KissIr
showed a tendency towards a reduction in the testes of rats with hypothyroidism compared to control (Fig. 2N;
P =0.06). Interestingly, there was also an increase in KissIr expression in hypo + Kp10 rats relative to the control
and hypo groups (Fig. 2N; *P < 0.05).

Kp10 treatment restores the spermatogonial proliferation in hypothyroid rats

In addition to Kiss1 and Kiss1r expression, we also evaluated the immunostaining of CDC-47, which is an
important indicator of cell proliferation. Only cells with densely stained nuclei were considered positive in this
analysis. Control rats had approximately 53% of spermatogonia positive for CDC-47 (Fig. 2G,0), while this
percentage was significantly reduced in the seminiferous tubules of hypo animals (Fig. 2H,0; ****P < 0.0001).
The treatment with Kp10 reestablished the quantity of stained cells (****P < 0.0001), which were similar to the
control group (Fig. 21,O; P > 0.05).

Hypothyroidism affects testicular steroidogenesis and Kp10 treatment increases Fshr and
Nr5al expression
We also evaluated the expression of some hormone receptors and steroidogenic mediators that are crucial for
the testicular function'”**. There was no difference between the control and hypo groups for Fshr and Lhr gene
expression, but the Kp10 treatment increased Fshr expression compared to the hypo group (Fig. 2P; *P < 0.05).
Interestingly, hypo rats showed an increased expression for the androgen receptor (Ar) mRNA compared to
control (Fig. 2P; *P < 0.05), and the animals treated with Kp10 showed no difference compared to the control
and hypo groups (Fig. 2P; P > 0.05). No difference was observed between groups for the Abp expression (Fig. 2P;
P>0.05).

Regarding transporter protein and steroidogenic enzyme expression, hypothyroidism reduced Star (Fig. 2Q;
*P <0.05) and Cypllal (Fig. 2Q; ***P < 0.001) mRNA levels compared to control, and Kp10 did not revert these
changes. However, hypo + Kp10 rats showed a greater expression of the transcripts for Nr5al compared to hypo
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Figure 2. Immunostaining of kiss1/kiss1r and CDC-47 and gene expression of KissI, KissIr and hormonal
mediators in the testis of control, hypothyroid and Kp10-treated hypothyroid rats. Immunostaining of Kiss1 (A—
C), Kisslr (D-F) and CDC-47 (G-I) in seminiferous tubules of rats from the Control (A,D,G), Hypo (B,E,H)
and Hypo + Kp10 (C,EI) groups. Negative (J) and positive (K,L) controls for immunohistochemical; Bar scale:
50 um. (M) Kiss1 and Kiss1r pixel immunostaining area in the testis of Control, Hypo and Hypo +Kp10 rats;
mean+ SEM; **P<0.01; ***P<0.001, n="5-6; (N) Relative gene expression (Fold change) of KissI and KissIr in
the testis of rats from the Control, Hypo and Hypo + Kp10 groups; mean + SEM; *P<0.05; n=5-8; ### = Student
t test, P<0.001. (O) Percentage of cells positive for CDC-47 in the testis of rats in the Control, Hypo and

Hypo +Kp10 groups; mean + SEM; **P<0.0001, n=5-6; (P) Relative expression (Fold change) of Fshr, Lhr,

Ar and Abp in the testis of Control, Hypo and Hypo + Kp10 rats; mean + SEM; * P<0.05, n=6-7; (Q) Relative
expression (Fold change) of Star, Cypllal, Hsd3f1, Hsd17f33 and Nr5al in the testis of rats in the Control, Hypo
and Hypo +Kp10 groups; mean + SEM; *P<0.05; **P<0.01; **P<0.001, n=6-7.
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«Figure 3. Effects of hypothyroidism and Kp10 treatment on sperm quality in rats. (A-D) Concentration
parameters and sperm kinetics for rats in the Control, Hypo and Hypo + Kp10 groups: (A) Sperm concentration
(mL x 10°); (B) Total motility (%); (C) Progressive motility (%); and (D) Vigor (0-5); mean + SEM; *P<0.05;
n=6-17; (E-H) Sperm morphology for rats in the Control, Hypo and Hypo + Kp10 groups; (E) Normal
spermatozoa (%); (F) Spermatozoa with head defects (%); (G) Sperm with tail defects (%); and spermatozoa
with acrosome defects (%); mean + SEM; *P <0.05; n =100 sperm/animal. (I-K) Thermal resistance test at
30 min, 1, 2 and 3 h in spermatozoa from the Control, Hypo and Hypo + Kp10 groups: (I) Total motility
(%); (J) Progressive motility (%); and (K) Vigor (0-5); mean + SEM; *P<0.05; **P<0.01; #=Student t Test,

P <0.05; n=8-17 animals/group. (L-N) Functional and structural test of plasma and acrosomal membranes.

(L) Immunofluorescence photomicrograph showing intact (CFDA+/PI-) and damaged (CFDA—/PI+)
spermatozoa. (M) Schematic diagram and quantification of reactive cells (%) for CFDA (intact cells), PI (injured
cells) and CFDA/PI (semi-injured cells) of Control, Hypo and Hypo + Kp10 groups; mean + SEM; *P<0.05;
n=_8-17 animals/group and 200 sperm/animal. (N) Hypoosmotic test in sperm from the Control, Hypo and
Hypo + Kp10 groups; mean + SEM; *P<0.05; **P<0.01; n=8-17 animals/group and 200 sperm/animal.

(**P < 0.01) and control (Fig. 2Q; *P< 0.05) groups. No differences were observed between groups for Hsd31
and Hsd17f33 expression (Fig. 2Q; P > 0.05).

Kp10 treatment improves sperm quality in rats with hypothyroidism

Considering that kisspeptin improved gonadal morphology and increased testicular expression of Kiss1, Kiss1r,
Fshr, and Nr5al in hypothyroid rats and that hypothyroidism reduces sperm quality*®, we investigated whether
Kp10 treatment was able to improve sperm quality in hypothyroid rats. For this purpose, spermatozoa were
collected from the tail of the epididymis. No differences were observed between groups in sperm concentration
(Fig. 3A; P> 0.05), progressive motility (Fig. 3C; P > 0.05), and vigor (Fig. 3D; P>0.05). However, a trend towards
areduction in total sperm motility was observed in hypo rats relative to control (Fig. 3B; P = 0.06), whereas Kp10
treatment increased the sperm motility in hypothyroid rats (Fig. 3B; *P < 0.05).

The analysis of sperm morphology revealed a lower percentage of normal spermatozoa in hypo rats compared
to control (Fig. 3E; *P < 0.05) and Kp10 treatment improved this parameter, with no difference from control
(Fig. 3E; P > 0.05). Hypothyroidism also increased the number of defects in the sperm head (Fig. 3F; *P < 0.05)
and tail (Fig. 3G; *P< 0.05), whereas Kp10 treatment was able to reduce the percentage of head defects (Fig. 3F;
*P < 0.05), matching the control levels (P > 0.05). No differences were observed between groups for acrosome
defects (Fig. 3H; P > 0.05).

In order to better evaluate the possible cytoprotective effects of Kp10, we performed a heat resistance test and
analyzed sperm motility and vigor after 30 min, 1, 2, and 3 h of exposure to heat. Hypothyroidism reduced total
motility at 3 h (Fig. 31; *P < 0.05) and vigor at 30 min, 2 h, and 3 h compared to control (Fig. 3K; *P < 0.05; **P
<0.01). On the other hand, Kp10 treatment resulted in a higher percentage of total sperm motility compared to
the hypo group at all time points (Fig. 3I; *P < 0.05; **P < 0.01), and to control at 1 h (Fig. 3I; #P < 0.05). As for
vigor, the hypo + Kp10 group also showed an increase in this parameter at 1 and 2 h compared to hypo animals
(Fig. 3K; *P < 0.05). No differences in progressive motility were observed between groups (Fig. 3]; P > 0.05).

After the sperm heat resistance test, the structural and functional integrity of the plasmatic and acrosomal
membranes were evaluated through positive reaction to the CFDA and PI dyes (Fig. 3L). The number of sper-
matozoa with intact membranes (CFDA+/PI-) was significantly reduced in hypo rats (Fig. 3M; *P < 0.05),
while the hypo + Kp10 group showed no difference from the control and hypo groups (Fig. 3M; P > 0.05). A
similar percentage of cells with injured (CFDA—-/PI+) and semi-injured (CFDA+/PI+) acrosomal and plasma
membranes was observed between groups (Fig. 3M; P > 0.05). In addition, the hypoosmotic test for the plasma
membrane functionality showed higher amounts of reactive spermatozoa after the Kp10 treatment compared
to the control and hypo groups (Fig. 3N; *P < 0.05; **P < 0.01), indicating that Kp10 treatment improves cell
membrane functionality in a hypoosmotic environment.

Kp10 treatment reverses high PRL levels and increases LH and testosterone secretion in hypo-
thyroid rats

Given that Kp10 treatment improved testicular and sexual gland morphology and positively affected sperm
quality, we evaluated the plasma levels of PRL, LH and testosterone in the animals. Hypothyroidism increased
PRL levels fivefold (Fig. 4A; ***P < 0.001) and reduced plasma LH (Fig. 4A; ****P < 0.0001) and testosterone
levels (Fig. 4A; **P < 0.01) compared to control. Kp10 treatment, in turn, not only restored plasma PRL (Fig. 4A;
***P < 0.001) and testosterone (Fig. 4A; #P < 0.05) to the control levels (P > 0.05) but also increased LH levels
(Fig. 4A; *P < 0.05).

Pituitary gene expression in hypothyroid rats and the effects of Kp10

To better evaluate the HPG axis and considering the hormonal alterations observed in hypo and hypo + Kp10
rats, the pituitary gene expression of Tshb, Lhb, Fshb, Gnrhr, Prl, Drd2, and Kiss1 were assessed. Hypothyroidism
increased Tshb expression (Fig. 4B; *P < 0.05) and reduced Lhb, Prl, and Drd2 mRNA expression compared to
control (Fig. 4B; *P < 0.05; **P < 0.01; ***P < 0.001), and Kp10 treatment did not alter the expression of these
genes in hypothyroid rats (Fig. 4B; P > 0.05). Hypothyroidism increased Gurhr transcripts relative to control
(Fig. 4B; *P < 0.05) and Kp10 further increased its expression relative to both the control and hypothyroid groups
(Fig. 4B; *P < 0.05; **P < 0.01). Moreover, a downward trend in KissI mRNA levels was observed in the pituitary
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Figure 4. Effects of hypothyroidism and Kp10 treatment on plasma PRL, LH and testosterone levels and

on pituitary and hypothalamic expression of genes associated with the HPG and HPT axis. (A) Plasma PRL,
LH and T levels of rats in the Control, Hypo and Hypo + Kp10 groups (mean + SEM; *P<0.05; **P<0.01;
***P<0.001; ***P<0.0001; n=8; #=Student t Test, P<0.05; (B) Relative gene expression of Tshb, Lhb, Fshb,
Gnrhr, Plr, Drd2 and KissI in the pituitary of rats in the Control, Hypo and Hypo groups + Kp10 (mean + SEM;
*P<0.05; **P<0.01; ¥**P<0.0001; n=4-7); (C) Relative gene expression of Kiss1, Nkb and Pdyn in the
hypothalamus (ARC) of rats from the Control, Hypo and Hypo + Kp10 groups (mean + SEM; *P<0.05; n=6).
(D) Relative gene expression of KissIr and Gnrhl in the hypothalamus (APO) of rats from the Control, Hypo
and Hypo + Kp10 groups (mean + SEM; *P<0.05; n=4-6).

of hypo rats (Fig. 4B; P = 0.07), and Kp10 treatment increased Kiss1 expression compared to the control and hypo
groups (Fig. 4B; *P < 0.05). No difference was observed between groups for the Fshb expression (Fig. 4B; P> 0.05).

Hypothyroidism increases hypothalamic Pdyn and Kiss1r gene expression and reduces Gnrh1
in male rats

Given that there was a reduction in plasma LH and pituitary Lhb expression in hypothyroid rats, we evaluated
Kiss1, Nkb, and pro-dynorphin (Pdyn) gene expression by KNDy neurons in the ARC and KissIr and Gnrhl
expression in the POA. We found that neither hypothyroidism nor Kp10 treatment did affected Kiss] mRNA in
the ARC (Fig. 4C; P> 0.05), and the same was observed for Nkb expression (Fig. 4C; P > 0.05). Nevertheless, the
expression of Pdyn was higher in hypo rats compared to control (Fig. 4C; *P < 0.05), which was not affected by
the Kp10 treatment (Fig. 4C; P > 0.05). Hypothyroidism reduced the mRNA levels of Gnrhl in the POA com-
pared to control (Fig. 4D; *P < 0.05) while increased KissIr transcripts (Fig. 4D; *P < 0.05). The Kp10 treatment
did not alter the lower expression of Gunrhl in hypothyroid animals but partially reversed the increase in Kiss1r
expression (Fig. 4D; P > 0.05).

Discussion

The present study describes the suppressive effects of hypothyroidism on the gonadal axis of adult male rats,
including the impairment of testicular morphology and steroidogenesis, sperm quality and testicular kiss1/
kiss1r expression. These changes were accompanied by an increase in plasma PRL levels, a reduction in LH and
testosterone, an increase in Pdyn in KNDy neurons and a reduction in hypothalamic Gnrhl. Treatment with
Kp10 reversed the high PRL levels and increased plasma levels of LH and testosterone in hypothyroid animals.
Moreover, it improved gonadal morphology and sperm quality and increased the testicular Kiss1/Kiss1r system
and Fshr and Nr5al expression.

Hypothyroidism induced by PTU administration was confirmed by the reduction in free T,, increase in
pituitary Tshb, and reduction in the animal’s body mass, similar to previous studies where thyroid hypofunction
was induced in male rats with PTU'*!:3_ The effects of PTU can be accounted to hypothyroidism and not to any
direct effect, since MMI treatment has similar effects on gonadal function and hormone levels, and T, treatment
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restored normal functions'?. Female rats mated with hypothyroid male rats or Kp10-treated hypothyroid rats had
a lower birth rate, although no difference was observed in litter size or offspring body mass. This lower birth rate
can be explained by the lower percentage of females that copulated with the rats of the hypo and hypo + Kp10
groups and a higher percentage of pregnancy loss, as only 33-50% of the females that copulated had offspring.
These data suggest that the reduced birth rate observed in the females paired with hypo and hypo + Kp10 rats
results not only from the lower mating rate of the male rats but also from lower sperm quality. Likewise, other
studies have demonstrated that hypothyroidism compromises sperm quality®*, and this effect is associated with
reduced in vivo and in vitro fertilization rate®. Furthermore, the lower percentage of females that copulated may
be the result not only of the lower body mass presented by hypothyroid rats*!', which influences copulation
activity in rodents, but also of a lower sexual interest given that studies have already demonstrated a reduced
sexual desire in hypothyroid male rats™.

Hypothyroidism reduced testicular and sex gland mass, decreased seminiferous and glandular epithelium
height, and caused testicular degeneration. These results are consistent with previous studies in hypothyroid
rats that also described changes in testicular morphology*!*'>* and a reduction in the mass of genital tract
organs'®***>. Kp10 not only increased the mass of the vesicular and prostate gland but also restored the height of
the seminiferous epithelium and vesicular gland. The increases in sex gland mass and vesicular gland epithelium
height probably reflect the reestablishment of testosterone levels caused by Kp10 in hypothyroid rats, given that
hypothyroidism reduced testosterone that has a trophic effect on the sex glands*!. Furthermore, it is plausible to
speculate that the reestablishment of the seminiferous epithelium height after Kp10 treatment resulted not only
from the increase in the proliferative activity of spermatogonia, evidenced by the CDC-47 immunostaining, but
also from the increase in testicular Fshr expression, as FSH is the key hormone in the seminiferous epithelium
proliferation®.

In addition to the macroscopic and histological alterations, hypothyroidism reduced Kiss1 and Kiss1r immu-
nostaining and gene expression in the rat’s testis. Kp10 treatment was able to restore Kiss1 protein levels and
KissIr gene expression, with Kisslr expression being even greater than in the control. This suggests a positive
self-regulation of the Kiss1/Kiss1r system in this organ. Furthermore, both were mainly localized in the inter-
stitium, similar to previous studies in mice, goats, horses, and non-human primates?’~*°, which reinforces a role
for the local kiss/kiss1r system in testicular steroidogenesis®. Accordingly, a previous study using Leydig cells
of goats demonstrated that kisspeptin stimulates testosterone production and KissI and KissIr gene expression
in these cells®.

When we evaluated the expression of key enzymes in the steroidogenic cascade, hypothyroidism reduced
testicular Star and Cypllal expression. This explains the lower testosterone levels observed in these animals,
which has also been demonstrated in other studies****%°, While Kp10 treatment did not reestablish the change
in Star and Cypllal expression caused by hypothyroidism, it increased nuclear receptor subfamily 5 group A
member 1 (Nr5al), also named steroidogenic factor 1, which is an important transcription factor for testicular
steroidogenesis”. Therefore, the increase in Nr5a1 may be associated with the recovery of testosterone concen-
tration observed in hypo + Kp10 rats. This increase in testosterone may have also been influenced by the partial
restoration of LH secretion observed in these animals, as LH acts on Leydig cells to stimulate steroidogenesis*.

As for hormone receptors and membrane transporters, hypothyroidism increased Ar expression in the testes.
Similar to the present study, Chang et al.*’ observed an increase in testicular Ar mRNA in hypothyroid rats but
a reduction in the AR protein levels. This suggests that there are post-transcriptional alterations in testicular
AR expression in hypothyroid rats*. Furthermore, the increase in Ar mRNA observed in hypo rats may be the
result of the reduction in plasma testosterone, because androgens negatively regulate Ar gene expression®**!.

Assessment of sperm parameters showed that hypothyroidism reduced total motility, increased head and tail
defects, and reduced sperm structural integrity. These results are in line with previous studies of hypothyroid-
ism that described changes in sperm morphology in rodents and men®, and in sperm Kkinetics in sheep and
rats®®°>>* Kp10, in turn, increased total motility, reduced head defects, increased the number of spermatozoa
with intact and functional cell membranes, and, surprisingly, avoided the reduction in thermoresistance caused
by hypothyroidism. In fact, total motility was even greater than in the control at 1 h in the heat tolerance test.
Different mechanisms can be suggested to explain the improved sperm quality in hypothyroid rats caused by
Kp10. First, the observed improvement in testicular morphology, which provides a suitable environment for
spermatogenesis. Second, a direct effect of Kp10 on the sperm, consistent with the report that kisspeptin increases
sperm motility in vitro®. Furthermore, kisspeptin showed an antioxidant action in models of ovarian and uterine
ischemia®, lipid peroxidation in the testis*’, and placental oxidative stress caused by hypothyroidism®®. Thus,
Kp10 may have protected against the oxidative stress caused by hypothyroidism in the testis**, although more
studies are needed to prove this hypothesis. It is important to point out that the Kiss1/Kiss1r system is also
expressed in the epididymis of rats and Kisslr expression in the spermatozoa changes during the epididymal
transit, suggesting the participation of this system in sperm maturation®®¢!. Thus, changes in the epididymis
itself may also have favored the improvement in sperm quality after the Kp10 treatment. However, more studies
are needed to elucidate the role of kisspeptin in the spermatogenesis.

Hypothyroid rats exhibited an increase in PRL in addition to the reduction in LH and testosterone, which are
well-known effects of this disorder'®!*. Kp10 not only increased testosterone and LH levels but also blocked
the increase in plasma PRL caused by hypothyroidism. This result is surprising considering that previous stud-
ies have shown that central kisspeptin administration stimulates PRL secretion in rats and mice®>%. Although
the PRL values in the present study are low, other studies with male rats have shown discrepancy in the range
of PRL levels®~*, which may be the result of different ELISA protocols and, mainly, different models of hyper-
prolactinemia (for example: induction by administration of ovine PRL, cabergoline, haloperidol and others, in
addition to surgical methods). Notably, the effect of Kp10 on PRL concentration observed here in the male was
different from that recently described in hypothyroid female®, in which Kp10 increased plasma LH and restored
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ovarian cyclicity without altering the hyperprolactinemia?. This suggests that there are differences in the PRL
modulation by kisspeptin between male and female rats in the hypothyroid condition. Despite the increase in
plasma PRL in hypothyroid rats, there was a reduction in pituitary Prl expression, which may be a result of the
negative-feedback effect of PRL on its own secretion at the transcriptional level”’.

In the present study, hypothyroidism also reduced Drd2 gene expression in the pituitary, likewise in hypo-
thyroid female rats®. This suggests another mechanism through which hypothyroidism can cause hyperpro-
lactinemia in addition to the recognized stimulatory effect of the increased TRH on PRL secretion during
hypothyroidism'. Kp10 treatment, on the other hand, had no effect on the change in Drd2 expression caused
by hypothyroidism, which suggests that this pathway is not involved in the PRL suppression caused by Kp10 in
hypothyroid male rats. Navarro et al.”> demonstrated that the intracerebroventricular administration of Kp10
decreased PRL levels in prepubertal male rats, but no effect was seen in adult male rats. However, previous stud-
ies have demonstrated a stimulatory effect of kisspeptin on PRL secretion in adult male rats®® and an inhibitory
effect on dopamine secretion from Hypo-E22 hypothalamic rat cells”. Thus, although the mechanism is presently
unclear, the effect of kisspeptin on PRL secretion seems to vary with the thyroid status and sex.

Despite the increase in the plasma LH levels, Kp10 treatment did not reverse the lower Lhb gene expression
caused by hypothyroidism, unlike what was observed in Kp10-treated hypothyroid female rats®. This result sug-
gests that the increase in plasma LH caused by Kp10 was caused by changes at the post-transcriptional level in
the gonadotrophs. Furthermore, the lower Lhb expression observed in hypothyroid rats was associated with the
reduced Gnrhl expression in the hypothalamus, suggesting reduced synthesis and therefore release of GnRH in
the portal blood™. Of note, despite the lower Lhb and Gnrhl expression, rats in the hypothyroid and Kp10-treated
hypothyroid groups exhibited an increased pituitary Gnrhr expression. This increase in Gnrhr may have resulted
from the biphasic regulation of pituitary GnRHr by GnRH, with stimulation by low concentrations of GnRH
and inhibition by high levels of this hormone”. Since hypothyroid rats had lower hypothalamic Gnrh1 expres-
sion, it is plausible to suppose that they had lower but not absent GnRH release, which might have increased
the expression of Gnrhr in the gonadotrophs. Moreover, Kp10 treatment further increased the Gnrhr expression
compared to the hypothyroid group, which may reflect the direct action of Kp10 on the gonadotrophs, since
kisspeptin administration stimulates GnRHr expression in the GnRH-producing GT1-7 hypothalamic cells that
overexpress the GRP54 receptor’. It is noteworthy that Kp10 administration also increased the pituitary KissI
expression. This effect may have contributed not only to the greater pituitary Gnrhr expression’® but also favored
the higher LH levels observed in Kp10-treated animals, since kisspeptin increases LH expression in the mouse
pituitary and gonadotropic Lft2 cells”’.

We did not observe changes in KissI or Nkb in the ARC of hypothyroid or Kp10-treated hypothyroid rats.
Unlike what was observed in the ARC of female rats with hypothyroidism, which showed a reduction in Kiss1
protein and mRNA and Nkb mRNA?. However, in the present study, hypothyroidism increased Pdyn expres-
sion in the ARC, which is consistent with the reduction in Gnrhl expression in the POA of these animals.
Dynorphin, whose precursor is Pdyn, is known for its role in negatively regulating kisspeptin secretion in the
gonadotrophic axis and, consequently, the pulsatility of GnRH/LH”®-%. Furthermore, dynorphin inhibits TIDA
neuron activity”>®, which suggests another pathway by which hypothyroid male rats exhibit high PRL levels.
The results of the present study suggest that the negative impact of hypothyroidism on the HPG axis of male rats
differs from that in female rats, since no difference in Pdyn expression was observed in the females?. Further-
more, curiously, an increase in Kiss1r gene expression was observed in the POA of hypothyroid animals, while
the Kp10-treated group showed no difference in this parameter. The increase in Kiss1r caused by hypothyroid-
ism may be a compensatory effect of the reduced hypothalamic Gnrhl expression, although further studies are
needed to elucidate this issue.

The findings of the present study describe the inhibitory effects of hypothyroidism on the HPG axis of male
rats, with inhibition of the testicular Kiss1/Kisslr pathway and an increase in hypothalamic Pdyn expression.
Kp10 treatment improves gonadal and sex gland morphology, LH and testosterone levels, and sperm quality.
Kp10 also blocks the increase in plasma PRL caused by hypothyroidism. This suggests that kisspeptin analogs
may be promising in the treatment of male reproductive dysfunctions caused by thyroid hypofunction.

Materials and methods

Animals

Three-month-old male Wistar rats (371.3 + 3.81 g) were used, obtained from the Animal Breeding, Maintenance
and Experimentation Laboratory of the Universidade Estadual de Santa Cruz (UESC). The animals were housed
in plastic boxes (6 animals/box) with controlled temperature (22 + 2 °C), light (1200 h light/1200 h dark), and
airflow and with water and commercial feed provided ad libitum. All experimental procedures were approved by
the Ethics Committee on Animal Use (CEUA) of the UESC (Protocol No. 03/19) and were performed according
to the ARRIVE guidelines (Animal Research: Reporting of In Vivo Experiments—https://arriveguidelines.org/)
and the International Council for Laboratory Animal Science (ICLAS).

Experimental design

The rats were randomly assigned into control (n = 15), hypothyroid (hypo; n = 17), and Kp10-treated hypothy-
roid (hypo + Kp10; n = 14) groups. The hypothyroid groups received a daily dose of 4 mg/kg/day of 6-propyl-
2-thiouracil (PTU)®, diluted in 3 mL of distilled water, via orogastric tube, while the control group received
water as a placebo. After 60 days of treatment, the rats in the Hypo+Kp10 group began to receive daily Kp10 (12
ug/kg/day; Cat. No. 4243, Tocris Bioscience, Bristol, UK) via intraperitoneal (i.p.) administration. After three
months of PTU administration, all animals were euthanized between 10:00 and 11:00 h by decapitation. Blood
samples were taken to quantify free thyroxine (T,), thyroid-stimulating hormone (TSH), prolactin (PRL), LH
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and testosterone by enzyme-linked immunosorbent assay (ELISA). The genital tract was removed and the testis,
epididymis, vesicular gland, and prostate were collected for morphological and/or immunohistochemical (IHC)
analyses. The tail of one of the epididymis was also collected and immediately processed for sperm assessment.
Hypothalamus, pituitary, and testis samples were also collected, immersed in TRIzol, immediately frozen in liquid
nitrogen and stored in a freezer at — 80 °C for gene expression by real-time polymerase chain reaction (RT-qgPCR).

Hormone dosage

Blood was collected in tubes with heparin and the samples were centrifuged at 3000 rpm for 20 min at 4 °C to
obtain the plasma, which was stored at -20 °C until the moment of hormonal analysis. Assessment of free T,
was performed by ELISA following the manufacturer’s recommendations (IMMULITE, Siemens Medical Solu-
tions Diagnostics, Malvern, PA, USA), and plasma LH and PRL levels were assessed by ultrasensitive ELISA,
according to Aquino et al.®2. For these assays, the reference preparation used as the standard curve for PRL were
rat PRL (rPRL) RP-3 [AFP-4459B, National Institute of Diabetes and Digestive and Kidney Diseases-National
Hormone and Pituitary Program (NIDDK-NHPP)] and LH mouse (rLH) RP-3 (AFP718B, NIDDK-NHPP)?,

Tissue collection, histological processing and testicular and glandular histomorphometry

The testis, epididymis, prostate, and seminal vesicle were fixed in 4% paraformaldehyde for 24 h and 1.5%
glutaraldehyde was added to the fixative for the histological analysis of the testis. The tissues were dehydrated
in a gradual solution from 70% ethyl alcohol to absolute alcohol, cleared in xylene, and embedded in paraffin.
Histological sections of 4 um were obtained by microtomy on common and silanized slides (StarFrost Polycat,
Germany) to perform histomorphometry and ITHC, respectively.

Testicular histomorphometry

Testicular histomorphometry was performed based on Lara and Fran¢a® with adaptations. In short, the tubular
diameter and height of the epithelium were obtained using the Image-Pro Plus software at 200x magnifica-
tion. Thirty round or nearly round tubules per animal were randomly evaluated in five histological sections
spaced by 10 um. The tubular diameter values were obtained from an average of two vertically and horizontally
perpendicular measurements in each tubule, while average values of epithelial height were obtained from four
equidistant measurements in each tubule.

Epididymal and glandular histomorphometry

In the seminal vesicle and prostate, the epithelial height was measured at four equidistant points per glandular
acinus, obtaining an average of 40 to 50 glandular acini per animal. In the epididymis tail epithelium, four equi-
distant points were also measured per tubule, with a mean obtained from 40 to 50 tubular regions per animal.

Mating test

To test reproductive function, male rats from the control, hypo and hypo + Kp10 groups were individually
housed with 3-month-old female rats for a maximum period of nine days before euthanasia, which corresponds
to approximately two estrous cycles for female rats. Before the mating period, we checked the cyclicity of the
females and they had regular cycles (Supplement Fig. S1 A-C).

To carry out this experiment, two mating groups were formed. In the first, eight male rats per group were
used and the females separated after nine days. No manipulation was performed on these animals, such as
vaginal smears, in order to avoid stress and possible impacts on gestational success. For these animals, only the
parameters of number of natural births and litter size were evaluated.

In the second group, seven, five, and six male rats from the control, hypo and hypo + Kp10 groups were mated,
respectively. In this experiment, females had vaginal cytology monitored daily between 7:00 am and 8:00 am and
the presence of sperm in the smear characterized zero day of pregnancy (0 DG). Thus, in addition to the total
number of natural births and litter size, we quantified the number of females that had copulation confirmed by
vaginal cytology and estimated a percentage of pregnancy loss. The percentage of females with gestational loss
was calculated based on the number of females that gave birth related to the number of females that copulated.

Sperm analysis

The tail of the right epididymis was cut in a petri dish to obtain sperm-rich epididymal fluid. The fluid was diluted
in 500 pL of Tris-citrate-fructose (3.025 g of Tris, 1.7 g of citric acid, 1.25 g of fructose and 100 mL of distilled
water) at 37 °C. Aliquots were taken for analysis of sperm morphology, motility and kinetics, and evaluation of
the structural and functional integrity of the plasma and acrosomal membranes.

Sperm morphology

A 50-pL aliquot of the fluid was fixed in 100 pL of buffered 4 % paraformaldehyde. One hundred spermatozoa
were analyzed using a phase contrast microscope at 1000-x magnification and the morphology was classified by
total number of acrosome, head and tail defects, according to Couto-Santos et al.3%. The results were expressed
as a percentage of what(?).

Motility and kinematics

Sperm motility and kinematics were assessed using a computerized semen analysis system (Sperm Class Ana-
lyzer- Automatic system of sperm analysis by computer, MICROPTIC S.L.©, Barcelona, Spain). The analyzed
parameters were total motility (MT, %) and progressive motility (MP, %). The vigor was determined by two blind
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observers, and each sample rated on a scale of 0-5, where “0” indicates cells without movement, “1” vibrating
cells, but without locomotion; “2” cells begin progressive movement; “3” indicate moderate movement speed;
“4-5” high movement speed.

Structural integrity of plasma and acrosomal membranes

The structural integrity of the sperm’s plasma and acrosomal membranes was assessed by the fluorescence tech-
nique using two fluorochromes, carboxyfluorescein diacetate (CFDA) and propidium iodide (PI), according
to Harrison and Vickers's® protocol. To prepare the solution, 10 pL of epididymal fluid was added to 40 pL of
working solution (20 pL of CFDA, 10 uL of P, 10 pL of 40% formalin, 960 uL of sodium citrate) and the final
solution was incubated for 8 min in a water bath at 37 °C. The spermatozoa were evaluated in an epifluorescence
microscope (Nikon, Eclipse 80i) at a 400-x magnification. Two hundred spermatozoa were evaluated, consider-
ing three categories: intact (intact plasma and acrosomal membranes; CFDA+/PI-), damaged (damaged plasma
and acrosomal membranes; CFDA—/PI+) and semi-damaged (intact plasma membrane and damaged acrosomal
membrane; CFDA+/PI+). The result was expressed as a percentage of total spermatozoa.

Functional integrity of the plasma membrane

The functional integrity of the plasma membrane was evaluated by the hypoosmotic test®. For the hypoosmotic
solution, sodium citrate (7.35 g), fructose (13.5 g) and distilled water (1000 mL) were used. The solution was
stored at 4 °C until use. Then, 0.1 mL of epididymal fluid was added to 1 mL of hypoosmotic solution and
incubated at 37 °C for 1 h. One hundred spermatozoa were analyzed under a phase contrast microscope with
400-x magnification, and the result was expressed as a percentage of cells that were reactive to the test. Reac-
tive spermatozoa are characterized by a swelling of the head and evident folding of the tail, indicating cellular
adaptation to the incubation environment.

Sperm heat resistance test
Aliquots of epididymal fluid in tris-citrate-fructose diluting solution were kept in a dry bath at 37 °C for 30 min,
1, 2, and 3 h and were once again assessed for total and progressive motility parameters and vigor.

Immunohistochemistry (IHC)

The antibodies used for the IHC of the testes were anti-KISS1 (1:50, sc-101246, Santa Cruz Biotechnology, CA,
USA), anti-KISSIR (1:50, HPA071913, Sigma-Aldrich, Missouri, USA) and anti-MCM7/CDC-47 (1:800, sc-9966,
Santa Cruz Biotechnology, CA, USA) to evaluate cell proliferation. All the antibodies used have been previously
validated by the manufacturers and used in previous studies®”*5.

The streptavidin-biotin-peroxidase technique was used by the Dako detection system (EnVision™ FLEX+,
Mouse, High pH, (Link)), following the protocol proposed by Ilie et al.* with adaptations. Sections were depar-
affinized in xylene, hydrated in a gradual alcohol solution and the epitope was recovered by heat in a citric acid
solution (0.54 mol/L; 98 °C; pH 6.0). The sections were immersed for 30 min in a hydrogen peroxide solution (3%;
H,0,) in methanol (CH;OH) to block endogenous peroxidase, then kept for another 30 min in a blocking serum
solution (Ultra vision Block, Lab Vision Corp., Fremont, CA. USA). Afterward, the sections were incubated for
42 h with the primary antibody in a humid chamber at 4 °C. After washing in buffered saline solution with Tris
+ Tween 20 (0.05%) (TBS-T; pH 7.6), a protein stabilization solution (EnVision™ FLEX +, Mouse (LINKER)) was
added to the sections, followed by the secondary antibody conjugated with streptavidin peroxidase (EnVision™
FLEX/HRP) for 30 min. The chromogen used was 3’3 diaminobenzidine (EnVision™ FLEX DAB+ Chromogen),
diluted in buffer with H,0, (EnVision™ FLEX Substrate Buffer; 1:50). Sections were counterstained with Harris
hematoxylin and negative control was obtained by replacing the primary antibody with TBS-T (Fig. 2]). Rat
placenta was used as a positive control for Kiss1 (Fig. 2K) and Kiss1r (Fig. 2L)%.

Descriptive and quantitative assessments of Kiss1 and Kiss1R immunostaining were performed on the testis.
The immunostaining area was determined using the WCIF Image]® software (Media Cybernetics Manufactur-
ing, Rockville, MD, USA) with random photomicrographs taken in 15 regions of the testis by a Leica DM 2500
microscope using the Leica DFC 295 digital camera (Leica Microsystems, Germany). Color deconvolution and
thresholding of the images were performed for analysis. Data from each tissue were recorded, analyzed and
expressed as immunostaining area in pixels®. Quantitative assessment of cell division control protein 47 (CDC-
47) was performed on two histological sections/animal to determine the percentage of positive spermatogonia
in 30 random seminiferous tubules per animal. Data were expressed as percentage of positive cells.

Real-time qPCR (RT-qPCR)

The preoptic area (POA) and ARC of the hypothalamus were dissected using a 2 mm punch in coronary sections
of the brain performed with a cryostat, according to the rat brain atlas’’. The APO was dissected at approximately
between +0.5 and — 0.5 mm bregma, while for the ARC, it was between — 1.8 and - 3.8 mm bregmagl. For the
real-time RT-qPCR, total RNA was extracted from the hypothalamus, pituitary and testis using TRIzol (Invit-
rogen, Life Technologies, Carlsbad, CA, USA) as previously described®.

For the pituitary and hypothalamus, cDNA synthesis was performed with the SuperScript™ IV First-Strand
Synthesis kit (Invitrogen), using 1 ug of RNA. Transcripts of target genes were quantified by qPCR using SYBR
Green (Platinum SYBR Green qPCR SuperMix-UDG; Invitrogen) and PowerUp™ SYBR™ Green Master Mix
(Invitrogen) for pituitary and hypothalamus, respectively. Amplification was performed on an Applied Biosys-
tems 7500 Fast Real-Time PCR System (Applied Biosystems, Life Technologies). The FAST-cycling conditions
for pituitary were initial denaturation at 94 °C for 2 min, 35 cycles of denaturation at 94 °C for 15 s, annealing at
55 °C for 30 s and extension at 68 °C for 1 min. For the hypothalamus, the conditions were enzymatic activation
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Gene Forward sequence (5'->3') Reverse sequence (5'->3') Accession no.
Gonadotropin releasing hormone 1 Gnrhl TGGTATCCCTTTGGCTTTCACA TGATCCTCCTCCTTGCCCAT NM_012767.2
Tachykinin precursor 3 Nkb/Tac3 | ATAGGCCAGCAGTGCAGAAA AGCCAACAGGAGGACCTTG NM_019162.2
Prodynorphin Pdyn ATGGGGATCAGGTAGGGCAT ACCGAGTCACCACCTTGAAC NM_019374.3
KiSS-1 metastasis-suppressor Kiss1 GAGCCACTGGCAAAAATGGC ATTAACGAGTTCCTGGGGTCC NM_181692.1
KISS1 receptor Gprs4 CAACCTGCTGGCCCTATACC TGCAGGGCGCCATCAGT NM_023992.2
Gonadotropin releasing hormone receptor Gnrhr CAGCGCTTTGCGTTCAGTTA CAAGGACGGGCTTCAAGAGT NM_031038.3
Luteinizing hormone subunit beta Lhb AGAATGGAGAGGCTCCAGGG GCAGACTGGGCAGAACTCAT NM_012858.2
Thyroid stimulating hormone subunit beta Tshb GTTGGTTTTGACAGCCTCGT GGCAAACTGTTTCTTCCCAA NM 013116.2
Follicle stimulating hormone subunit beta Fshb CCAGCATGATTGCAAGCGAA AGCCAGCTACGTCAGCATTT NM 0010075972
Prolactin Pir CATCAATGACTGCCCCACTTC CCAAACTGAGGATCAGGTTCAAA | NM 012629.1
Dopamine receptor D2 Drd2 TGCCCTTCATCGTCACTCTG GGGTACAGTTGCCCTTGAGT NM 012547.3
Androgen receptor Ar CAGGGACCACGTTTTACCCA TTTCCGGAGACGACACGATG NM_012502.2
Hydroxysteroid (17-beta) dehydrogenase 3 Hsd1783 | CAAACTCATCGGCGGTCTTG TCCAGGTGCTGACCCCTTAT NM_054007.1

Hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid
delta-isomerase 1

Hsd3p1 AACTGCCACTTGGTCACACTGTC

GTCCGGATCCACTCCGAGGTT

NM_001007719.3

Steroidogenic acute regulatory protein Star ACCAAGCGTAGAGGTTCCAC AGCTCTGATGACACCGCTTT NM_031558.3
Sex hormone binding globulin ABP/Shbg | CGACTGCTTCTGTTGCTA CAATGTGTCTCAGGGTCCGT NM_012650.2
Follicle stimulating hormone receptor Fshr CAAGAACTTCCGCAGGGACT ATGGAAGTTGTGGGTAGCGG NM 199237.2
Luteinizing hormone receptor Lhr CCTGACGGTTATCACCCTGG GGATGGCATGCCTCAGTCTT NM_012978.2
Cytochrome P450, family 11, subfamily a, polypeptide 1 Cypllal GCAGTCGTGGGGACAGTATG GGTTGGCAGCTTTTGACCAG NM 017286.3
Nuclear receptor subfamily 5, group A, member 1 Nr5al GAAGTTCCTGACAGCCCGATA CGGATAAGGGTGGACACTGG NM_001191099.1
Glyceraldehyde-3-phosphate dehydrogenase Gapdh ACAGCCGCATCTTCTTGTGC GCCTCACCCCATTTGATGTT NM_017008.4

Table 1. List of primer pairs for RT-qPCR.

at 50 °C for 2 min, dual-lock DNA polymerase at 95 °C for 2 min, 40 denaturation cycles at 95 °C for 3 s and
annealing/extension at 60 °C for 30 s. In the testis, in turn, cDNA synthesis was performed with the GoTaq®
2-Step RT-qPCR System kit (A6010, PROMEGA, Madison, WI, USA), also using 1 ug of RNA. The FAST-cycling
conditions in the same apparatus were one cycle of GoTaq® DNA Polymerase activation at 95 °C for 2 min, 40
cycles of denaturation at 95 °C for 3 s and 40 cycles of annealing/extension at 60 °C for 30 s. As negative controls,
a complete DNA amplification mix was used, in which the target cDNA template was replaced with UltraPure™
DNase/RNase-Free distilled water (10977015, Thermo Fisher Scientific, Massachusetts, USA). To assess the
linearity and efficiency of qPCR amplification, standard curves for all transcripts were generated using serial
dilutions of cDNA. A melting curve was obtained for the amplification products to determine their melting
temperatures. Primers were designed based on the Rattus norvegicus mRNA sequence (Table 1) and the relative
gene expression was calculated by the 2724¢T method with calibration based on glyceraldehyde-3-phosphate
dehydrogenase (Gapdh).

Statistical analysis

Data are presented as mean + standard error of the mean (SEM). The differences among groups were determined
by analysis of variance (ANOVA) followed by the Student-Newman-Keuls test (SNK) for comparison between
three experimental groups using the GraphPad Prism® 8.0.2 program. Body mass was assessed over the experi-
mental period by verifying the interaction of factors using two-way ANOVA, followed by multiple comparisons
using SNK. All data (masses, spermogram, gene expression and protein quantification) were analyzed for nor-
mality of residuals using the Shapiro-Wilk, D’Agostino & Pearson and Kolmogorov-Smirnov tests. When the
data did not meet the requirements, logarithmic transformation was performed. The proportion data obtained
in the mating tests were compared using the Fisher’s exact test. For all analyses, differences were considered
significant when P < 0.05.

Data availability
The data that support the findings of this study are available from the corresponding author, JES, upon reason-
able request.

Received: 8 May 2023; Accepted: 3 October 2023
Published online: 05 October 2023

References
1. Dabbous, Z. & Atkin, S. L. Hyperprolactinaemia in male infertility: Clinical case scenarios. Arab J. Urol. 16, 44-52 (2018).
2. Tong, N., Witherspoon, L., Dunne, C. & Flannigan, R. Global decline of male fertility: Fact or fiction?. B. C. Med. J. 64, 126-130
(2022).
3. Romano, R. M. et al. New insights for male infertility revealed by alterations in spermatic function and differential testicular
expression of thyroid-related genes. Endocrine 55, 607-617 (2017).

Scientific Reports |

(2023) 13:16819 |

https://doi.org/10.1038/s41598-023-44056-z nature portfolio



www.nature.com/scientificreports/

4. Sahoo, D. K., Roy, A., Bhanja, S. & Chainy, G. B. N. Hypothyroidism impairs antioxidant defence system and testicular physiology
during development and maturation. Gen. Comp. Endocrinol. 156, 63-70 (2008).

5. Jiang, J.-Y., Umezu, M. & Sato, E. Characteristics of infertility and the improvement of fertility by thyroxine treatment in adult
male hypothyroid rdw rats. Biol. Reprod. 63, 1637-1641 (2000).

6. Krassas, G. E., Papadopoulou, E, Tziomalos, K., Zeginiadou, T. & Pontikides, N. Hypothyroidism has an adverse effect on human
spermatogenesis: A prospective, controlled study. Thyroid 18, 1255-1259 (2008).

7. Wagner, M. S., Wajner, S. M. & Maia, A. L. The role of thyroid hormone in testicular development and function. J. Endocrinol. 199,
351-365 (2008).

8. Sengupta, P, Dutta, S., Karkada, I. R. & Chinni, S. V. Endocrinopathies and male infertility. Life 12, 1-23 (2022).

9. Alahmar, A., Dutta, S. & Sengupta, P. Thyroid hormones in male reproduction and infertility. Asian Pac. J. Reprod. 8, 203-210
(2019).

10. FrangoisXavier, K. N. et al. Preventive effects of Aframomum melegueta extracts on the reproductive complications of propylthi-
ouracil-induced hypothyroidism in male rat. Andrologia 51, 1-12 (2019).

11. Alhealy, E., Alqazzaz, M. & AL-Nuaimy, W. Impact of Selenium on Structural Changes Induced by Hypothyroidism In Adult Male
Rat 's Testis. Iraqi. J. Pharm. 18, 20-32 (2021).

12. Fadlalla, M. B. et al. Effects of hyper- and hypothyroidism on the development and proliferation of testicular cells in prepubertal
rats. Anim. Sci. J. 88, 1943-1954 (2017).

13. Nambiar, P. R. et al. Toxicities associated with 1-month treatment with propylthiouracil (PTU) and methimazole (MMI) in male
rats. Toxicol. Pathol. 42,970-983 (2014).

14. Bahar, A., Akha, O., Kashi, Z. & Vesgari, Z. Hyperprolactinemia in association with subclinical hypothyroidism. Casp. J. Intern.
Med. 2,229-233 (2011).

15. Jansen, H. T, Lubbers, L. S., Macchia, E., DeGroot, L. . & Lehman, M. N. Thyroid hormone receptor (a) distribution in hamster
and sheep brain: Colocalization in gonadotropin-releasing hormone and other identified neurons. Endocrinology 138, 5039-5047
(1997).

16. Dufourny, L., Gennetay, D., Martinet, S., Lomet, D. & Caraty, A. The content of thyroid hormone receptor a in Ewe kisspeptin
neurones is not season-dependent. J. Neuroendocrinol. 28, 1-9 (2016).

17. Harter, C.J. L., Kavanagh, G. S. & Smith, J. T. The role of kisspeptin neurons in reproduction and metabolism. J. Endocrinol. 238,
R173-R183. https://doi.org/10.1530/JOE-18-0108 (2018).

18. Uenoyama, Y., Nagae, M., Tsuchida, H., Inoue, N. & Tsukamura, H. Role of KNDy neurons expressing kisspeptin, neurokinin B,
and dynorphin A as a GnRH pulse generator controlling mammalian reproduction. Front. Endocrinol. 12, 1128 (2021).

19. Nandankar, N., Negron, A. L., Wolfe, A., Levine, J. E. & Radovick, S. Deficiency of arcuate nucleus kisspeptin results in postpubertal
central hypogonadism. Am. J. Physiol. Endocrinol. Metab. 321, E264-E280 (2021).

20. De Oliveira, L. S. et al. Kisspeptin treatment restores ovarian function in rats with hypothyroidism. Thyroid 32, 1568-1579 (2022).

21. Ullah, R. et al. RF9 rescues cortisol-induced repression of testosterone levels in adult male macaques. Front. Physiol. 12, 1-6 (2021).

22. Bolze, E. et al. Kisspeptin-52 partially rescues the activity of the hypothalamus-pituitary-gonadal axis in underweight male rats
dosed with an anti-obesity compound. Toxicol. Appl. Pharmacol. 404, 115152 (2020).

23. Sharma, A., Thaventhiran, T., Minhas, S., Dhillo, W. S. & Jayasena, C. N. Kisspeptin and testicular function—Is it necessary?. Int.
J. Mol. Sci. 21, 1-14 (2020).

24. Mei, H., Doran, J., Kyle, V., Yeo, S.-H. & Colledge, W. H. Does kisspeptin signaling have a role in the testes?. Front. Endocrinol. 4,
198 (2013).

25. Anjum, S., Krishna, A., Sridaran, R. & Tsutsui, K. Localization of gonadotropin-releasing hormone (GnRH), gonadotropin-
inhibitory hormone (GnIH), kisspeptin and GnRH receptor and their possible roles in testicular activities from birth to senescence
in mice. J. Exp. Zool. Part A Ecol. Genet. Physiol. 317, 1-15 (2012).

26. Chiang, C.-M. et al. Role of the kisspeptin/KISS1 receptor system in the testicular development of mice. J. Chin. Med. Assoc. 84,
203-211 (2021).

27. Irfan, S., Ehmcke, J., Shahab, M., Wistuba, J. & Schlatt, S. Immunocytochemical localization of kisspeptin and kisspeptin receptor
in the primate testis. . Med. Primatol. 45, 105-111 (2016).

28. Petrucci, L. et al. Kisspeptin/GnRH1 system in Leydig cells of horse (Equus caballus): Presence and function. Theriogenology 152,
1-7 (2020).

29. Han, Y. et al. Local expressions and function of Kiss1/GPR54 in goats’ testes. Gene 738, 144488 (2020).

30. Han, Y. et al. Temporal expression of the KISS1/GPR54 system in goats’ testes and epididymides and its spatial expression in
pubertal goats. Theriogenology 152, 114-121 (2020).

31. Gan, D.-M. et al. KISS1/KISSIR mediates Sertoli cell apoptosis via the PI3K/AKT signalling pathway in a high-glucose environ-
ment. Mol. Med. Rep. 23, 477 (2021).

32. Feng, T, Bai, J. H., Xu, X. L. & Liu, Y. Kisspeptin and its effect on mammalian spermatogensis. Curr. Drug Metab. 20, 9-14 (2019).

33. Blasco, V. et al. Tachykinins and kisspeptins in the regulation of human male fertility. J. Clin. Med. 9, 113 (2019).

34. Martin, L. ]. & Touaibia, M. Improvement of testicular steroidogenesis using flavonoids and isoflavonoids for prevention of late-
onset male hypogonadism. Antioxidants 9, 237 (2020).

35. Sengupta, P. & Dutta, S. Thyroid disorders and semen quality. Biomed. Pharmacol. J. 11, 1-10 (2018).

36. Yao, Y. et al. Roles of ERK1/2 and PI3K/AKT signaling pathways in mitochondria-mediated apoptosis in testes of hypothyroid
rats. Toxicol. Res. (Camb.) 7, 1214-1224 (2018).

37. Umezu, M., Kagabu, S., Jiang, J. Y., Niimura, S. & Sato, E. Developmental hormonal profiles in rdw rats with congenital hypothy-
roidism accompanying increased testicular size and infertility in adulthood. J. Reprod. Dev. 50, 675-684 (2004).

38. Ibrahim, A. A. et al. Hypothyroidism: Morphological and metabolic changes in the testis of adult albino rat and the amelioration
by alpha-lipoic acid. Folia Morphol. 80, 352-362 (2021).

39. Choudhury, S., Chainy, G. B. N. & Mishro, M. M. Experimentally induced hypo- and hyper-thyroidism influence on the antioxidant
defence system in adult rat testis. Andrologia 35, 131-140 (2003).

40. Maran, R. R. M. & Aruldhas, M. M. Adverse effects of neonatal hypothyroidism on Wistar rat spermatogenesis. Endocr. Res. 28,
141-154 (2002).

41. Sahoo, D. K. & Roy, A. Compromised rat testicular antioxidant defence system by hypothyroidism before puberty. Int. J. Endocrinol.
2012, 1-11 (2012).

42. Biswas, N. M., Chosh, P. K., Biswas, R. & Chosh, D. Effect of thyroidectomy, and thyroxine and a2u-globulin replacement therapy
on testicular steroidogenic and gametogenic activities in rats. . Endocrinol. 140, 343-347 (1984).

43. Kumar, V., Chakraborty, A., Kural, M. R. & Roy, P. Alteration of testicular steroidogenesis and histopathology of reproductive
system in male rats treated with triclosan. Reprod. Toxicol. 27, 177-185 (2009).

44. Dutta, S., Sengupta, P. & Muhamad, S. Male reproductive hormones and semen quality. Asian Pac. J. Reprod. 8, 189-194 (2019).

45. Oduwole, O. O,, Peltoketo, H. & Huhtaniemi, I. T. Role of follicle-stimulating hormone in spermatogenesis. Front. Endocrinol. 9,
763 (2018).

46. Gotynski, M. et al. Pituitary-testicular axis dysfunction in methimazole-induced hypothyroidism in rats. J. Vet. Res. 63, 161 (2019).

47. Parker, K. L. & Schimmer, B. P. Steroidogenic factor 1: A key mediator of endocrine development and function. Endocr. Rev. 18,
361-377 (1997).

Scientific Reports|  (2023) 13:16819 | https://doi.org/10.1038/s41598-023-44056-z nature portfolio


https://doi.org/10.1530/JOE-18-0108

www.nature.com/scientificreports/

48.
49.

50.
51.

52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.

70.
. Honbo, K. S., Van Herle, A. ]. & Kellett, K. A. Serum prolactin levels in untreated primary hypothyroldism. Am. J. Med. 64, 782-787

72.

73.
74.
75.

76.

77.
78.
79.
80.
81.
82.
83.
84.
85.
86.

87.

Ewing, L. L., Wing, T.-Y., Cochran, R. C., Kromann, N. & Zirkin, B. R. Effect of luteinizing hormone on leydig cell structure and
testosterone secretion. Endocrinology 112, 17631769 (1983).

Chang, X. R. et al. Influence of hypothyroidism on testicular mitochondrial oxidative stress by activating the p38 mitogen-activated
protein kinase and c-Jun NH 2-terminal kinase signaling pathways in rats. Hum. Exp. Toxicol. 38, 95-105 (2019).

Jin, H. J., Kim, J. & Yu, J. Androgen receptor genomic regulation. Transl. Androl. Urol. 2, 158 (2013).

Burnstein, K. L. Regulation of androgen receptor levels: Implications for prostate cancer progression and therapy. J. Cell. Biochem.
95, 657-669 (2005).

Alipour, F et al. Assessment of sperm morphology, chromatin integrity, and CatSper genes expression in hypothyroid mice. Acta
Biol. Hung. 69, 244-258 (2018).

Chandrasekhar, Y., Holland, M. K., D’Occhio, M. ]. & Setchell, B. P. Spermatogenesis, seminal characteristics and reproductive
hormone levels in mature rams with induced hypothyroidism and hyperthyroidism. J. Endocrinol. 105, 39-46 (1985).

Kumar, P, Aruldhas, M. & Juneja, S. Influence of hyperthyroidism induced at prepuberty on the epididymal lipids, number and
motility of spermatozoa in rats. Reprod. Fertil. Dev. 8, 373 (1996).

Akmali, M., Yalmeh, R., Talaei-Khozani, T., Karimi, E & Aliabadi, E. Effects of kisspeptin incubation on the mature mouse testicular
sperms quality: An experimental study. Int. J. Reprod. Biomed. https://doi.org/10.18502/ijrm.v20i4.10903 (2022).

Aslan, M., Erkanli Senturk, G., Akkaya, H., Sahin, S. & Yilmaz, B. The effect of oxytocin and Kisspeptin-10 in ovary and uterus of
ischemia-reperfusion injured rats. Taiwan. J. Obstet. Gynecol. 56, 456-462 (2017).

Akkaya, H., Eyuboglu, S., Erkanli Senturk, G. & Yilmaz, B. Investigation of the effects of kisspeptin-10 in methionine-induced
lipid peroxidation in testicle tissue of young rats. J. Biochem. Mol. Toxicol. 31, €21881 (2017).

Santos, B. R. et al. Kisspeptin treatment improves fetal-placental development and blocks placental oxidative damage caused by
maternal hypothyroidism in an experimental rat model. Front. Endocrinol. 13, 16 (2022).

Sarkar, D. & Singh, S. K. Neonatal hypothyroidism affects testicular glucose homeostasis through increased oxidative stress in
prepubertal mice: Effects on GLUT3, GLUT8 and Cx43. Andrology 5, 749-762 (2017).

Gloria, A. et al. Kisspeptin receptor on the sperm surface reflects epididymal maturation in the dog. Int. J. Mol. Sci. 22, 10120
(2021).

Mele, E. et al. Differential expression of kisspeptin system and kisspeptin receptor trafficking during spermatozoa transit in the
epididymis. Genes 13, 295 (2022).

Ribeiro, A. B. et al. Kisspeptin regulates tuberoinfundibular dopaminergic neurones and prolactin secretion in an oestradiol-
dependent manner in male and female rats. J. Neuroendocrinol. 27, 88-99 (2015).

Aquino, N. S. S. et al. Kisspeptin stimulation of prolactin secretion requires kiss1 receptor but not in tuberoinfundibular dopa-
minergic neurons. Endocrinology 160, 522-533 (2019).

Pascual-Mathey, L. I. et al. Effect of hyperprolactinemia on PRL-receptor expression and activation of Stat and Mapk cell signaling
in the prostate of long-term sexually-active rats. Physiol. Behav. 157, 170-177 (2016).

Ose, K., Miyata, K., Yoshioka, K. & Okuno, Y. Effects of hyperprolactinemia on toxicological parameters and proliferation of islet
cells in male rats. J. Toxicol. Sci. 34, 151-162 (2009).

Nna, V. U,, Akpan, U. P. & Osim, E. E. Hyperprolactinemia contributes to reproductive deficit in male rats chronically administered
PDES inhibitors (sildenafil and tadalafil) and opioid (tramadol). Asian Pac. J. Reprod. 5, 381-386 (2016).

Tiwari, P, Dubey, S. & Sahu, P. Tinospora cordifolia attenuates antipsychotic drug induced hyperprolactinemia in Wistar rats. Asian
Pac. J. Reprod. 8, 132-140 (2019).

Ren, L. et al. The ancient Chinese formula Longdan Xiegan Tang improves antipsychotic-induced hyperprolactinemia by repairing
the hypothalamic and pituitary TGF-B1 signaling in rats. J. Ethnopharmacol. 254, 112572 (2020).

Mohamed Aboul-Ela, A., Mohi El-Dein Ali Moustafa, K., Atef Helmy, N. & Hosny Salah, S. Hepatorenal and testicular functions
concomitant with induced hypo and hyperprolactinemia in male rats. Adv. Anim. Vet. Sci. 9, 527-534 (2020).

Devost, D. & Boutin, J. M. Autoregulation of the rat prolactin gene in lactotrophs. Mol. Cell. Endocrinol. 158, 99-109 (1999).

(1978).

Navarro, V. M. et al. Developmental and hormonally regulated messenger ribonucleic acid expression of KiSS-1 and its putative
receptor, GPR54, in rat hypothalamus and potent luteinizing hormone-releasing activity of KiSS-1 peptide. Endocrinology 145,
4565-4574 (2004).

Orlando, G. et al. Effects of kisspeptin-10 on hypothalamic neuropeptides and neurotransmitters involved in appetite control.
Molecules 23, 3071 (2018).

Dorn, C., Ou, Q,, Svaren, J., Crawford, P. A. & Sadovsky, Y. Activation of luteinizing hormone  gene by gonadotropin-releasing
hormone requires the synergy of early growth response-1 and steroidogenic factor-1. J. Biol. Chem. 274, 13870-13876 (1999).
Clayton, R. N. Gonadotropin-releasing hormone modulation of its own pituitary receptors: Evidence for biphasic regulation.
Endocrinology 111, 152-161 (1982).

Sukhbaatar, U., Kanasaki, H., Mijiddorj, T., Oride, A. & Miyazaki, K. Kisspeptin induces expression of gonadotropin-releasing
hormone receptor in GnRH-producing GT1-7 cells overexpressing G protein-coupled receptor 54. Gen. Comp. Endocrinol. 194,
94-101 (2013).

Witham, E. A. et al. Kisspeptin regulates gonadotropin genes via immediate early gene induction in pituitary gonadotropes. Mol.
Endocrinol. 27, 1283-1294 (2013).

Goodman, R. L. et al. Kisspeptin, neurokinin B, and dynorphin act in the arcuate nucleus to control activity of the GnRH pulse
generator in ewes. Endocrinology 154, 4259-4269 (2013).

Navarro, V. M. et al. Regulation of gonadotropin-releasing hormone secretion by kisspeptin/dynorphin/neurokinin B neurons in
the arcuate nucleus of the mouse. J. Neurosci. 29, 11859-11866 (2009).

Uenoyama, Y., Tsuchida, H., Nagae, M., Inoue, N. & Tsukamura, H. Opioidergic pathways and kisspeptin in the regulation of
female reproduction in mammals. Front. Neurosci. 16, 958377 (2022).

Silva, C. M. et al. Histomorfometria e histoquimica dos ovarios, tubas e ttero de ratas hipotiredideas em metaestro-diestro. Arq.
Bras. Med. Veterindria e Zootec. 56, 628—639 (2004).

Aquino, N. S. S. et al. a-Estrogen and progesterone receptors modulate kisspeptin effects on prolactin: Role in estradiol-induced
prolactin surge in female rats. Endocrinology 158, 1812-1826 (2017).

Lara, N. L. M. & Franga, L. R. Neonatal hypothyroidism does not increase Sertoli cell proliferation in iNOS-/-mice. Reproduction
154, 13-22 (2017).

Couto-Santos, E et al. Prepubertal arsenic exposure alters phosphoproteins profile, quality, and fertility of epididymal spermatozoa
in sexually mature rats. Toxicology 460, 152886 (2021).

Harrison, R. A. P. & Vickers, S. E. Use of fluorescent probes to assess membrane integrity in mammalian spermatozoa. J. Reprod.
Fertil. 88, 343-352 (1990).

Colégio Brasileiro de Reprodu¢ao Animal. Manual para exame androlégico e avaliagdo de sémen animal (Colégio Brasileiro de
Reprodugio Animal, 2013).

Santos, F. C. et al. Morphological and immunohistochemical characterization of angiogenic and apoptotic factors and the expres-
sion of thyroid receptors in the ovary of tilapia Oreochromis niloticus in captivity. Pesqui. Vet. Bras. 35, 371-376 (2015).

Scientific Reports |

(2023) 13:16819 | https://doi.org/10.1038/s41598-023-44056-z nature portfolio


https://doi.org/10.18502/ijrm.v20i4.10903

www.nature.com/scientificreports/

88. Santos, B. R. et al. Maternal hypothyroidism reduces the expression of the kisspeptin/Kiss1r system in the maternal-fetal interface
of rats. Reprod. Biol. 22, 16-20 (2022).

89. Ilie, M. et al. Correction: Use of the 22C3 anti-PD-L1 antibody to determine PD-L1 expression in multiple automated immuno-
histochemistry platforms. PLoS ONE 12, 0186537 (2017).

90. Silva, J. E, Ocarino, N. M. & Serakides, R. Maternal thyroid dysfunction affects placental profile of inflammatory mediators and
the intrauterine trophoblast migration kinetics. Reproduction 147, 803-816 (2014).

91. Paxinos, G. & Watson, C. The rat brain in stereotaxic coordinates: hard cover edition (Elsevier, 2006).

Acknowledgements

The authors wish to thank José Carlos from the Animal Breeding, Maintenance and Experimentation Laboratory
(LaBio) for technical support; Ivo Arouca from the Histopathology Laboratory of the Universidade Estadual
de Santa Cruz (UESC) Veterinary Hospital for technical support with tissue microtomy; and to the Conselho
Nacional de Desenvolvimento Cientfico e Tecnologico (CNPq) for financial support in the development of this
study.

Author contributions

L.C.S. and J.ES. performed the experimental design; L.C.S., JM.A.C,, L.S.S. and E.M.B. conducted animal experi-
mentation; L.C.S., .M.A.C. and J.ES. performed euthanasia and sample collection; W.M.M., L.R.S., M.G.K. and
PPN.S. performed the sperm analysis; L.C.S., L.S.S., EZM.B., M.C.S.G.C. and L.D.M. performed testicular and
glandular histomorphometry; L.C.S., B.R.S. and J.ES. conducted and analyzed the RT-qPCR and immunohis-
tochemistry experiments; PC.H., R.A.L. and R.E.S. performed brain dissection and plasma hormone analysis;
J.ES. provided the laboratory reagents; L.C.S. and J.ES. performed all statistical analyses; L.C.S. and J.ES. wrote
the paper; L.C.S., R.E.S. and J.ES. reviewed the final version of the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-44056-z.

Correspondence and requests for materials should be addressed to J.ES.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:16819 | https://doi.org/10.1038/s41598-023-44056-z nature portfolio


https://doi.org/10.1038/s41598-023-44056-z
https://doi.org/10.1038/s41598-023-44056-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Kisspeptin treatment reverses high prolactin levels and improves gonadal function in hypothyroid male rats
	Results
	Confirmation of hypothyroidism and mating test
	Kp10 treatment improves testicular and sex gland morphology in hypothyroid rats
	Hypothyroidism reduces the testicular expression of the Kiss1Kiss1r system
	Kp10 treatment restores the spermatogonial proliferation in hypothyroid rats
	Hypothyroidism affects testicular steroidogenesis and Kp10 treatment increases Fshr and Nr5a1 expression
	Kp10 treatment improves sperm quality in rats with hypothyroidism
	Kp10 treatment reverses high PRL levels and increases LH and testosterone secretion in hypothyroid rats
	Pituitary gene expression in hypothyroid rats and the effects of Kp10
	Hypothyroidism increases hypothalamic Pdyn and Kiss1r gene expression and reduces Gnrh1 in male rats

	Discussion
	Materials and methods
	Animals
	Experimental design
	Hormone dosage
	Tissue collection, histological processing and testicular and glandular histomorphometry
	Testicular histomorphometry
	Epididymal and glandular histomorphometry

	Mating test
	Sperm analysis
	Sperm morphology
	Motility and kinematics
	Structural integrity of plasma and acrosomal membranes
	Functional integrity of the plasma membrane
	Sperm heat resistance test

	Immunohistochemistry (IHC)
	Real-time qPCR (RT-qPCR)
	Statistical analysis

	References
	Acknowledgements


