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Abstract Hypothyroidism and thyrotoxicosis produce
adverse effects in male reproduction by unknown mechan-
isms. We investigated whether triiodothyronine (T3) mod-
ulates luteinizing hormone (LH) and follicle stimulating
hormone (FSH) synthesis/secretion, by inducing different
thyroid states. In hypothyroidism, the content of Lhb and
Fshb mRNAs was increased, while their association to
ribosomes and the protein content were reduced and the
serum LH and FSH concentrations were augmented and
decreased, respectively. Thyrotoxicosis reduced Lhb mRNA
and LH serum concentration, and increased Lhb mRNA
translational rate. The Fshb mRNA content and its asso-
ciation to ribosomes were also increased, whereas FSH
serum concentrations were comparable to euthyroid levels.
Acute T3 treatment decreased the total content of Lhb and
Fshb mRNAs, and increased their association to ribosomes,
as well as the LHB and FSHB contents in secretory gran-
ules. This study shows that T3 acts on gonadotrophs,
resulting in direct effects on LH and FSH synthesis/secre-
tion of male rats, suggesting that some reproductive dis-
orders observed in men may be associated with thyroid
hormone imbalances.
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Introduction

Hypothyroidism and thyrotoxicosis produce adverse effects
in male reproduction in both humans and animals. In men,
hypothyroidism is associated with hypogonadism and other
alterations, such as reduction of serum testosterone [1] and
other androgens [2], reduced conversion rate of androste-
nedione to testosterone [3], and reduction in sex hormone-
binding globulin (SHBG) levels [4, 5]. Moreover, erectile
dysfunction [6, 7] and sperm morphology abnormalities
have been reported [6, 8]. Thyrotoxicosis induces abnorm-
alities in sperm motility [7, 9] and is frequently associated
with a reduction in the serum testosterone concentrations
[10] and increased serum estradiol [11] and SHBG levels
[4, 5] (for review see La Vignera et al. [12] and Krassas
et al. [13]). Nevertheless, the regulation of gonadotroph
activity and gonadotropin expression by thyroid hormone
(TH) in males, as well as the mechanisms involved in these
processes are still unclear [14].

We have previously reported that hypothyroidism
induced in adult male rats causes an increase in Lhb mRNA
expression associated with a reduction in its stability and
translation rate [15], processes that depend on cytoskeleton
assembly [16—19].

It is known that TH participates in the polymerization of
actin filaments and microtubules in the brain [20] and
pituitary [21, 22]. In hypothyroidism, there is a widespread
disarrangement of the cytoskeleton in anterior pituitary cells
[21, 22], and that acute triiodothyronine (T3) administration
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rapidly promotes its rearrangement throughout the anterior
pituitary gland. This suggests that gonadotrophs may be
affected by different thyroid states.

Considering that protein synthesis requires the recruit-
ment of mMRNA molecules and elongation factors into the
ribosomes and that these processes are linked to the actin
cytoskeleton, which is also involved with the mobilization
and trafficking of vesicles toward the plasma membrane
during the secretion process [23], we hypothesized that T3
could interfere with gonadotropic function, altering the
synthesis and release of gonadotropin hormones.

To clarify this issue, several steps of luteinizing hormone
(LH) and follicle stimulating hormone (FSH) synthesis and
secretion were evaluated in adult male thyroidectomized
rats, acutely treated with a physiological dose of T3, or
treated for 5 days with a supraphysiological dose of T3
(thyrotoxicosis group).

Materials and methods
Chemicals

2-Mercapto-1-methylimidazole (MMI), T3, and FITC-
conjugated secondary antibody were purchased from
Sigma-Aldrich, Inc. (Saint Louis, MO, USA); Platinum
SYBR green qPCR SuperMix UDG, Oligo dT, dNTP, BSA,
protein molecular weight markers, 100 bp DNA ladder, and
mercaptoethanol were purchased from Life Technologies
Corp. (Camarillo, CA, USA); M-MLV Reverse Tran-
scriptase was purchased from Promega Corp. (Madison,
WI, EUA); anti-rat LHB and anti-rat FSHB antibodies were
obtained from Dr. A. Parlow (National Institute of Diabetes
and Digestive and Kidney Diseases, National Hormone and
Pituitary Program; Torrance, CA, USA); anti-mouse
GAPDH and the appropriate peroxidase-conjugated sec-
ondary antibody were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA, USA); Enhanced
Chemiluminescence (ECL) kit was purchased from Amer-
sham Biosciences (Little Chalfont, Buckinghamshire, UK);
Coat-A-Count Total T3 and Total testosterone kit was
purchased from Siemens (Deerfield, IL, USA); Hybridiza-
tion nitrocellulose membranes and Luminex xMAP tech-
nology were purchased for LH and FSH from Millipore
Corp. (Milliplex MAP rat pituitary panel, Billerica, MA,
USA).

Animals and treatments
Sixty-day-old male Wistar rats (weighing 250-300 g) were
used in the study. Some of the rats were subjected to

hypothyroidism by surgical thyroidectomy under deep
anesthesia with ketamine and xylazine, and were
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administered MMI 0.03% and CaCl, 0.05% in drinking
water for 20 days, as previously described [15]. The animals
were divided into the following groups: (1) Euthyroid:
sham-operated animals; (2) Hypothyroid: thyroidectomized
animals; (3) Thyrotoxicosis: hypothyroid animals intraper-
itoneally treated with T3 (1.5 pg/100 g of body weight—
BW), twice a day, for 5 days; and (4) Hypo + 1XT3:
hypothyroid animals intravenously treated with a physio-
logical dose of T3 (0.3 pg T3/100 g BW) [24] 30 min before
euthanasia. Group 4 was also evaluated for serum LH and
FSH concentration 1, 2 and 3 h after T3 treatment. The
effectiveness of the treatment was confirmed by heart
weight, as well as serum levels of TSH and T3, as pre-
viously reported [15, 22]. A minimum of 10 animals per
group were used, and each experiment was repeated at least
three times. Animals were obtained from our breeding
colony, maintained under a 12:12h dark/light cycle in a
temperature-controlled room (23 + 1 °C) and fed rat chow
ad libitum. All procedures are in accordance with the Bra-
zilian College of Animal Experimentation and approved by
the Institute of Biomedical Sciences, University of Sao
Paulo—Ethical Committee for Animal Research (protocol
029/55/02).

Analysis of Lhb and Fshb mRNA expression by reverse
transcription followed by real-time quantitative PCR
(RT-gPCR)

Total RNA was extracted from pituitaries of the rats using
the guanidine—phenol—chloroform method [25] and sub-
jected to RT-qPCR, as previously described [26]. Briefly,
1.0 pg of total RNA was reverse transcribed at 65 °C for 10
min using 0.5pg oligo (dT) and diethyl pyrocarbonate-
treated (DEPC) water in a total volume of 5.0 ul. Subse-
quently, 25 U RNAse Out, 4.0 ul buffer (250 mM Tris—HCl,
375 mM KCI, 15 mM MgCl,, 50 mM DTT, pH 8.3), 1.0 ul
dNTP (10 mM), 200 U M-MLV Reverse Transcriptase and
DEPC-treated water were added to a final volume of 20 pl.
The samples were then incubated for 60 min at 42 °C.
Quantification of the mRNAs was performed by qPCR
using the Platinum SYBR Green qPCR SuperMix UDG kit
(Life Technologies, USA), according to the manufacturer’s
instructions, and the Rotor-Gene thermocycler (Corbett Life
Sciences, Australia). At the end of the reaction, a melting
curve was generated and analyzed to confirm the specificity
of the amplification. The quantification was performed by
the AACt method, as described [27, 28]. Rpl19 was used as
the reference gene. The primers used had the following
sequences: (1) Lhb (NM_012858): Forward 5'-TGAGTT
CTGCCCAGTCTGC-3' and Reverse 5'-GTGGGTGGGCA
TCAGAAGAG-3'; (2) Fshb (NM_001007597): Forward 5'-
AAGTCGATCCAGCTTTGCAT-3" and Reverse 5'-GTCC
CAGGCCTCTTACAGTG-3"; (3) Rpl19 (NM_031103.1):
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Table 1 Primary antibody information

Protein target Antibody Manufacturer and catalog number Species Dilution used

LHB Anti-rat LH-beta NHPP reagents AFPC697071P Rabbit polyclonal 1:75,000% or 1:5000°
FSHB Anti-rat FSH-beta-IC-1 NHPP reagents AFP7798-1289P Rabbit polyclonal 1:2500% or 1:560°
GAPDH GAPDH antibody (6C5) Santa Cruz/sc-32233 Mouse monoclonal 1:1000°

 Dilution used for Western blotting assay

® Dilution used for Immunohistochemistry assay

Forward 5-CAATGAAACCAACGAAATCG-3" and
Reverse: 5'-TCAGGCCATCTTTGATCAGCT-3'. The pri-
mers efficiencies were 0.9, 1.1, and 1.0 for Lhb, Fshb, and
Rpl19, respectively.

Evaluation of the polysome profile

The expression of gonadotropin mRNA bound to ribosomes
was evaluated according to the method previously described
[15]. The UV absorbance of the resulting gradients was
monitored at 254nm  (Monitor UVis-920; GE
HealthcareBio-Sciences AB, Uppsala, Sweden). The gra-
dients were separated into 12 fractions of ~1 ml each for
RNA isolation, immediately frozen in dry ice, and then
stored at —70 °C. The polysomal fractions were estimated
using spectrophotometry and the integrity of RNAs was
verified on a 1% agarose-TBE gel (Supplementary Fig-
ure 1). These procedures allowed for the quantification of
the fractions that corresponded to Lhb and Fshb mRNA
attached to polysomes by RT-qPCR [29].

Western blotting

The analysis of LHB and FSHB pituitary content was per-
formed, as previously described [26]. Following electro-
phoresis and protein transfer, the nitrocellulose membranes
were incubated with blocking buffer (5% nonfat dry milk,
PBS buffer, and 0.1% Tween 20) to reduce nonspecific
binding overnight at 4 °C, and subsequently incubated with
anti-LHB antibody (1:75,000), anti-FSHB antibody
(1:2500), or anti-GAPDH antibody (1:1000) diluted in
blocking buffer for 3 h at room temperature (RT) (Table 1).
The band detection was performed using the appropriate
peroxidase-conjugated secondary antibody (1:5000) diluted
in the same primary antibody buffer, for 1 h at RT, and
developed using the ECL kit. The labeling specificity was
confirmed by comparison with the protein molecular weight
markers and was analyzed with Image] 1.47v software
(National Institutes of Health, NIH, USA).

Immunofluorescence

Pituitaries were fixed in 2% paraformaldehyde solution in
2% v/v saline phosphate buffer (PBS; 2.7 mM KCI, 137 mM

NaCl, 8 mM NaHPO,, 1.4 mM KPO,, pH 7.4), for 30 min at
4°C, embedded in tissue freezing medium (Triangle Bio-
medical Sciences, Durham, NC, USA) and rapidly frozen in
cold 2-methylbutane (Spectrum, Gardena, CA, USA), as
previously described [22]. The tissue was then sliced into 5-
pm-thick sections and transferred to gelatin-coated slides.
The slides were incubated with normal goat serum diluted
with an equal proportion of 10% PBS/BSA for 1h at RT, to
prevent nonspecific binding. Incubation with the rabbit pri-
mary antibody against rat LHB or FSHB (diluted in PBS/
0.3% Tween 20) was performed overnight at 4 °C (Table 1).
After rinsing, the slides were incubated with the FITC-
conjugated secondary antibody against rabbit (1:200, Fluor-
escein isothiocyanate conjugated; Sigma) for 90 min at RT.
Prolong Gold with 4,6-diamino-2-phenylindole (DAPI, Life
Technologies, Camarillo, CA, USA) was added for nuclear
staining and antifade protection, and coverslips were moun-
ted. Negative controls were obtained by omitting the primary
antibodies from the protocol (Supplementary Figure 2).

The slides were visualized with a Nikon Eclipse E600
microscope using the appropriate filters and images were
digitalized using a Cool SNAP-Procf color digital camera
(Roper Scientific, Trenton, New Jersey, USA) and Image-Pro
Plus Software (Media Cybernetics, Silver Spring, MD, USA).
Figures were prepared in Adobe Photoshop CS4 Version
11.0 (Adobe Systems Inc., Mountain View, CA, USA).

Hormone dosages

LH and FSH were measured using Luminex xXMAP tech-
nology (Milliplex MAP rat pituitary panel, Millipore, USA).
TSH, testosterone, and T3 serum concentrations were mea-
sured by radioimmunoassay (TSH—National Hormone and
Peptide Program/NIDDK, Bethesda, MD, USA; total tes-
tosterone and total T3 Coat-A-Count, Siemens Medical
Solutions Diagnostics, Los Angeles, CA, USA).

Statistical analysis

The variables studied were first submitted to normality tests
using the Kolmogorov—Smirnov test and homoscedasticity
tests using the Bartlet test. Then the results were analyzed
by the one-way ANOVA and post hoc Tukey test, using the
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Statistic 7.0 software (Statsoft Inc., Tulsa, OK, USA).
Individual comparisons between euthyroid and hypothyroid
groups presented in Fig. 1 were performed with the Stu-
dent's r-test. Statistical differences were considered sig-
nificant when the value of p was equal to or lower than 0.05.
The values were expressed as means and standard error of
the means (xSEM).

Results
Characterization of the experimental model

The animals used in this study were the same as those used
in previous reports from our group [15, 22]. In brief, the
hypothyroid group presented overt hypothyroidism as
shown by the high serum TSH and low T3 levels. The
hyperthyroid group presented low TSH and high serum T3
levels. The hypothyroid rats acutely treated with T3 pre-
sented high serum TSH and T3 levels, as compared to the
euthyroid group.

Profile of pituitary Fshb mRNA, FSH expression, and
serum FSH concentration of male rats under different

thyroid states

The alterations of Fshb mRNA content and its association
to ribosomes, FSHB content, and serum FSH concentrations
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were evaluated in male rats subjected to hypothyroidism
(Fig. 1), thyrotoxicosis, and acute administration of T3
(Fig. 2). The distribution of FSHB labeling in pituitaries of
euthyroid, hypothyroid, thyrotoxicosis, and Hypo + 1XT3
groups is shown in Fig. 3, and the serum FSH concentration
values 1, 2, and 3 h after a physiological dose of T3 are
shown in Fig. 4. Representative Western blots are presented
in Fig. 5.

It was shown that hypothyroidism increased Fshb mRNA
expression (Fig. la), and reduced its association to ribo-
somes (Fig. 1b), the FSHB protein content (Fig. 1c), as well
as the serum FSH concentration (Fig. 1d). In the immuno-
fluorescence studies (Fig. 3), the hypothyroid group pre-
sented enlarged blood vessels (BV) and the FSHB labeling
was predominantly close to the plasma membrane of the
gonadotrophs, as indicated by the arrow. In contrast, the
FSHB labeling in the euthyroid group was scattered through
the entire cytoplasm, as indicated by the asterisk (Fig. 3).

In the thyrotoxicosis state there was also an increase in
Fshb mRNA expression (Fig. 2a), while its association to
ribosomes was comparable to the values of the euthyroid
group (dashed line) (Fig. 2b). The FSHB protein content
was increased (Fig. 2c), but the serum FSH concentration
was not altered (Fig. 2d). The FSHB labeling was stronger
than that observed in the euthyroid group, scattered
throughout the cytoplasm (asterisk), but also close to the
plasma membrane (arrow) (Fig. 3)
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Fig. 2 FSH expression in different thyroid hormone conditions:
hypothyroid, thyrotoxicosis, and T3 acute group (Hypo + 1XT3). The
following parameters were observed: a Total Fshb mRNA content, b
Fshb mRNA associated to ribosomes, ¢ FSHB protein content, and d
serum FSH concentrations. The dashed horizontal line indicates the
euthyroid levels. The values were expressed as means + SEM; one-
way ANOVA, and post hoc Tukey test; *p <0.05, **p <0.01, and
*#%p < 0.001 vs. euthyroid group (dashed line); #vs. hypothyroid (p <
0.01) and vs. thyrotoxicosis (p <0.05); n = 10 animals/group (A, C,
and D); n =27 animals/group (B)

The acute T3 treatment of hypothyroid rats altered all of
the parameters evaluated. The mRNA content was markedly
reduced to about 20% of the euthyroid levels (dashed line)
and was 10-fold lower when compared to the hypothyroid
and thyrotoxicosis groups (Fig. 2a). The association to
ribosomes was similar to the values observed in the

euthyroid group (dashed line), but higher than the values
observed in the hypothyroid group (Fig. 2b). The FSHB
content (Fig. 2c) and serum FSH concentration (Fig. 2d)
were rapidly increased when compared to hypothyroidism,
and returned to the levels observed in the euthyroid group
(dashed line). The FSHB labeling was increased and dis-
persed throughout the entire cytoplasm compared to the
hypothyroid and euthyroid groups (Fig. 3). The serum FSH
concentrations were similar to euthyroid values (dashed
line) from 1 h up to 3 h after T3 administration (Fig. 4).

Profile of pituitary Lhb mRNA, LH expression, and
serum LH concentration of male rats under different
thyroid states

The alterations in Lhb mRNA expression and its association
to ribosomes, LHB content, and serum LH concentrations
were evaluated in male rats subjected to thyrotoxicosis and
acute T3 administration, and the data are presented in Fig. 6.
The distribution of LHB labeling in the pituitary is shown in
Fig. 7, and the serum LH concentrations 1, 2, and 3 h after
T3-treatment (1X) is shown in Fig. 8. Representative
Western blots are presented in Fig. 5.

With respect to hypothyroidism, the results of Lhb
mRNA content and its association to ribosomes, LH serum
levels, and LHB content in the pituitary of euthyroid vs.
hypothyroid groups were previously published [15], and
included in Fig. 6, as a comparison with the thyrotoxicosis
and Hypo + 1XT3 groups (euthyroid group in dashed
lines), since these animals/samples were part of the same
study cited above. The distribution of LHB labeling in
pituitaries of euthyroid, hypothyroid, thyrotoxicosis, and
Hypo + 1XT3 group is shown in Fig. 7. The immuno-
fluorescence studies of pituitary tissue sections revealed that
the LHB labeling in the hypothyroid group was usually
close to the nucleus, in contrast to the euthyroid group, in
which the LHB labeling was observed mainly scattered
throughout the cytoplasm (asterisk), and also close to the
plasma membrane (arrow) (Fig. 7).

Thyrotoxicosis did not alter the Lhb mRNA content
(Fig. 6a), the LHB protein content (Fig. 6¢) or serum LH
concentration (Fig. 6d), but the association of Lhb mRNA
with the ribosome (Fig. 6b) was three-fold higher than the
values of the euthyroid group (dashed line). The LHB
staining was distributed throughout the gonadotroph cyto-
plasm and was more intense than the euthyroid group
(Fig. 7).

The acute T3 treatment of hypothyroid rats (Hypo +
1XT3) rapidly reestablished the Lhb mRNA content
(Fig. 6a), its association to ribosomes (Fig. 6b), and the
LHB protein content in the pituitary (Fig. 6¢) to values
comparable to euthyroid animals (dashed line). However,
the elevated serum LH values observed in the hypothyroid
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Fig. 3 FSH distribution in
gonadotrophs in different
thyroid hormone conditions:
euthyroid, hypothyroid,
thyrotoxicosis, and T3 acute
group (Hypo + 1XT3). FSHB
immunolabeling is shown in
green by immunofluorescence
and the cells nuclei are seen in
blue with DAPI. FSHB labeling
at the membrane of the
gonadotrophs is indicated by the
arrow and in the cytoplasm by
the asterisk. n =10 animals/
group. Scale bars: 10 pm. BV
blood vessel

Euthyroid

Thyrotoxicosis

25,000

Serum FSH concentrations (pg/mL)

Hypothyroid

Hypo+1XT3
1h

Hypo+1XT3 Hypo+1XT3
2h 3h

Fig. 4 Serum FSH concentrations in hypothyroid and animals treated
with a physiological dose of T3 for 1 h (Hypo + 1XT3 1 h), 2h (Hypo
-+ 1XT3 2h), and 3h (Hypo + 1XT3 3 h). The dashed line indicates
the euthyroid levels. The values were expressed as means + SEM; one-
way ANOVA and post hoc Tukey test; *p < 0.05 vs. euthyroid group
(dashed line); n = 10 animals/group

group remained high after acute T3 treatment (Fig. 6d). The
LHB labeling after acute T3 treatment was increased com-
pared to the hypothyroid group and scattered throughout the
whole cytoplasm, as observed in the euthyroid group
(Fig. 7). Three hours after T3-treatment, the serum LH
concentration was decreased to values similar to those
observed in the euthyroid group (Fig. 8 dashed line).

When hypothyroid and thyrotoxicosis groups are com-
pared to each other, opposite results were observed for the
mRNA content (Fig. 6a), its association to ribosomes
(Fig. 6b), LHB protein content in the pituitary (Fig. 6¢) and
serum LH values (Fig. 6d).
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Fig. 5 Representative Western blots for LHB, FSHB, and GAPDH in
euthyroid, hypothyroid, Hypo + 1XT3, and thyrotoxicosis groups

Serum testosterone concentration of male rats under
different thyroid states

Serum testosterone concentration was measured in male rats
subjected to thyrotoxicosis and acute T3 administration and
the data are shown in Fig. 9. Hypothyroidism reduced the
serum testosterone concentration ~10-fold compared to the
euthyroid group (dashed line), and acute T3 administration
did not change this parameter. In thyrotoxicosis, the serum
testosterone levels were below the detectable limit for the
method (<8 pg/mL).
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Fig. 6 LH expression in different thyroid hormone conditions:
hypothyroid, thyrotoxicosis, and T3 acute group (Hypo + 1XT3). The
following parameters were observed: a Lhb mRNA content, b Lhb
mRNA associated to ribosomes, ¢ LHB protein content, and d serum
LH concentrations. The dashed line indicates the euthyroid levels. The
values were expressed as means + SEM; one-way ANOVA and post
hoc Tukey test; *p < 0.05 and **p < 0.01 vs. euthyroid group (dashed
line); # vs. thyrotoxicosis (a p <0.05; b p <0.01; ¢ p <0.0001; d p <
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<0.01) and Hypo + 1XT3 (p <0.05); & vs. hypothyroid and Hypo +
1XT3 (p <0.01); n =10 animals/group (a, ¢, and d); n =27 animals/
group (B)

Discussion
Infertility has become a problem of global proportions and

affects 20% of couples trying to conceive [30]. Among the
couples undergoing infertility treatment, about 50% present

male reproductive disorders [30-32]. Many factors are
involved in male infertility, but the most common issue is
sperm abnormalities [30, 33]. Previous studies, in men,
have shown that hypothyroidism is associated with sperm
morphology defects, and thyrotoxicosis is associated with
decreased sperm motility. However, once thyroid function
is normalized all of the disorders are reversed [4, 7, 8, 12,
13]. Recently, subclinical hyperthyroidism and subclinical
hypothyroidism were identified in 3.7 and 7.4%, respec-
tively, of men seeking medical care for infertility [34]. In
rats, hypothyroidism, but not thyrotoxicosis decreases the
sperm production, whereas sperm functionality, which is
related to the fertilizing ability of the sperm, is negatively
affected by both hypothyroidism and thyrotoxicosis [35].
All these data strongly suggest TH participation in male
reproductive physiology, although the regulation of gona-
dotroph activity and the mechanisms involved in the reg-
ulation of gonadotropin expression by TH in males are still
unclear [14].

In men with primary hypothyroidism and hypogonadism
the levels of gonadotropins were reported to be decreased
(hypogonadotrophic), increased (hypergonadotrophic), or
even normal, and these findings were also reported in men
with high prolactin levels [11]. However, the prolactin in
hypothyroid men is not elevated, which suggests that the
defect in gonadal function in primary hypothyroidism is at
the hypothalamus and/or pituitary level rather than at the
gonadal level. Supporting this, in primary hypothyroidism
the pituitary did not respond to exogenous GnRH admin-
istration and free testosterone concentrations are reduced
[11]. Interestingly, contrary to what is observed in hypo-
thyroid men, the response to an exogenous administration
of GnRH is exaggerated in the pituitary of hyperthyroid
men, and Leydig cells do not respond to hCG [11].

The pituitary is a key regulator of testicular function by
the action of LH and FSH [36—41]. In this context, the
present study aimed to evaluate whether T3 regulates dif-
ferent steps of LH and FSH synthesis and secretion in adult
male rats, which could point out a cross talk between the
hypothalamus—pituitary—thyroid (HPT) and HPG axes, at
the molecular level. The results for mRNA and pituitary
protein content were assessed by the evaluation of the beta-
specific subunit, which is unique for each hormone, LH and
FSH, and guarantees biological specificity [42].

Firstly, we evaluated the pituitary function in hypothyr-
oidism triggered in adulthood. Our data indicate the
importance of thyroid hormones on the post-transcriptional
regulation of FSH synthesis. During the hypothyroid state,
even though the Fshb mRNA content was high, its asso-
ciation to ribosomes was markedly reduced, which in turn
caused a decrease in the FSHB translation rate, FSHB
protein content, and consequently in serum FSH con-
centration. Besides the reduction observed in the synthesis
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Fig. 7 LH distribution in
gonadotrophs in different
thyroid hormone conditions:
euthyroid, hypothyroid,
thyrotoxicosis, and T3 acute
group (Hypo + 1XT3). LHB
immunolabeling is shown in
green by immunofluorescence
and the cells nuclei are seen in
blue with DAPI. LHB labeling
at the membrane of the
gonadotrophs is indicated by the
arrow and in cytoplasm by the
asterisk. Scale bars: 10 pym. n =
10 animals/group
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Fig. 8 Serum LH concentrations in hypothyroid and animals treated
with physiological dose of T3 for 1 h (Hypo + 1XT3 1h), 2h (Hypo
-+ 1XT3 2h), and 3h (Hypo + 1XT3 3 h). The dashed line indicates
the euthyroid levels. The values were expressed as means + SEM; one-
way ANOVA and post hoc Tukey test; **p < 0.01 vs. euthyroid group
(dashed line); # vs. hypothyroid (p < 0.05) and Hypo + 1XT3 1 h (p <
0.01); n =10 animals/group

of FSHB, the secretion process appeared to be preserved, as
evidenced by the FSHB immunolabeling close to plasma
membrane of gonadotrophs. Thus, we may infer that the
lower amount of FSH produced in the gonadotrophs is
poorly retained by the secretory vesicles, and promptly
secreted, as depicted by the diffuse labeling of FSHB
throughout the cytoplasm.

Interestingly, as previously described [15], in the same
hypothyroid condition, several steps of LH synthesis are
altered as shown by the elevated Lhb mRNA content, which
seemed to be sufficient to guarantee the higher levels of
serum LH concentration, even with a noticeable reduction
in the polyadenylation and the association of Lhb mRNA to
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the ribosomes, and consequently in LHB translation. The
immunolabeling analyses supported the hypothesis that the
synthesis and secretion of LHB during hypothyroidism are
increased, since the LHB labeling was predominantly
observed at perinuclear regions of LHB-positive cells and
reduced in the cytoplasm.

During hypothyroidism the serum testosterone con-
centration is reduced, decreasing its negative feedback
effect at the hypothalamus and pituitary levels, thus
increasing the release of GnRH and consequently raising
the Lhb and Fshb transcriptional and secretion rates [43].
The absence of a negative testosterone effect in gonado-
trophs is evidenced by the increased serum LH concentra-
tion in hypothyroid animals. However, the serum FSH
concentration was reduced. This discrepancy could be due
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to an increase in the synthesis and secretion of inhibin/
activin subunits in response to the high GnRH environment.

Additionally, SHBG is a plasma protein that binds tes-
tosterone and other sex steroid hormones with high affinity
and selectivity transports them through the plasma to target
tissues [5]. Therefore, SHBG is responsible for carrying
testosterone secreted from the testis to the brain region,
where it will dissociate from SHBG and allow the free
testosterone to cross the blood—brain barrier, thus making it
available to perform in the negative feedback mechanism
for LH synthesis and secretion [40]. In rodents, the role of
SHBG in the control of free circulating testosterone levels is
still under investigation [44, 45]. Hypothyroidism decreases
the synthesis of SHBG in the liver and reduces the serum
levels, compromising the transport of sex steroids in the
plasma and consequently the negative feedback mechanism
[5, 11, 12]. This finding, plus the fact, that testosterone
levels were markedly reduced, could explain why the serum
LH concentration is elevated in the hypothyroid group.

Besides the increase in gonadotropin mRNA content, the
transcripts association to ribosomes and the LH and FSH
translation rate are reduced, which seems to be an effect due
to the absence of TH, since an increase in the translational
rate should be expected in response to the reduced testos-
terone signaling and SHBG content observed in hypothyr-
oid conditions.

To clarify the role of TH on the HPG axis, hypothyroid
male rats were injected with a single physiological dose of
T3, and gonadotrophs were evaluated after 30 min. The
alterations observed in gonadotroph activity during hypo-
thyroidism were promptly reversed by T3 treatment, as
shown by the decrease in Fshb and Lhb mRNA expression
and the reestablishment of their association to ribosomes, as
well as of FSHB and LHB pituitary protein content to
euthyroid levels. Additionally, the pattern of FSHB and
LHB distribution after acute T3 treatment was very similar
to euthyroid pituitaries, as shown by the immunohisto-
chemical studies (Figs. 3 and 7). Serum FSH concentration
also returned to euthyroid levels after acute T3-treatment
(30 min), while serum LH concentration remained high for
up to 2h after the T3 administration, and returned to
euthyroid values after 3 h. Therefore, physiological admin-
istration of T3 reestablishes the studied parameters to those
observed in the euthyroid group, thus indicating that T3 is a
modulator of the HPG axis, at the pituitary level.

Furthermore, these findings suggest that posttranscrip-
tional mechanisms at different steps are triggered by T3,
which would lead to the differential secretion pattern for LH
and FSH. It is noteworthy that the results, for both LH and
FSH, observed after acute T3 treatment were not dependent
on the dose of T3 administered, since similar results were
observed when higher doses of T3 were tested (data not
shown). Hence, these data point out that the rapid effects of

T3 on gonadotropin synthesis and secretion were not cor-
related to the degree of occupancy of thyroid hormones
receptors, but possibly triggered by non-genomic pathways
[46]. In this sense, we have previously reported that the T3
rapidly increases the total protein content and the chain
glycoprotein alpha (CGA) labeling in both thyrotrophs and
gonadotrophs [47].

It is worth mentioning that the TH-induced increase in
the SHBG levels is only observed 24 h after the treatment
[48], and the testosterone concentration was not affected by
acute T3 treatment. The rapid effects observed in gonado-
troph activity is exclusively due to T3, with low or no
interference from SHBG and testosterone in this model. All
these data strongly reinforce the notion that T3 modulates
the secretion of the mature LH and FSH glycoproteins.

The synthesis and secretion of gonadotropins were also
studied in conditions of excess of TH, in thyrotoxic male
rats. FSH expression, Fshb mRNA and consequently the
synthesis of FSHB were all shown to be increased in
thyrotoxicosis. However, the serum FSH concentration was
kept within the euthyroid group values, suggesting that the
FSH secretion might be modulated by excess T3. For LH,
the thyrotoxicosis markedly increased the amount of Lhb
mRNA associated to ribosomes. This augment might raise
the LHB translation rate and could be responsible for the
elevated LHB protein content, which was corroborated by
the immunohistochemical studies. However, no change was
observed in serum LH concentration, when compared to the
euthyroid group, suggesting that T3 could exert a mod-
ulating influence on LH secretion, as previously observed
for TSH [22].

An interesting observation was the dilated BV in the
pituitary gland of hypothyroid animals. Thyroid hormones
are known to increase eNOS expression, thus augmenting
the capillaries diameter and decreasing the blood pressure
[49-53]. Therefore, our finding suggests that other
mechanisms could be involved in the dilation of BV in the
hypothyroid condition.

In fact, another member of the NOS family, the neuronal
NOS (nNOS), which is expressed in several cell types in the
central nervous system (CNS), is also known to induce
vasodilatation, thus participating in the regulation of the
CNS blood pressure [54], and is constitutively found in the
pituitaries of rats and in larger amounts than eNOS [55].
Moreover, it was shown that in the liver of hypothyroid rats
the mRNA and protein levels of nNOS are increased,
resulting in an enhanced nitric-oxide synthase activity [56].
It is also well known that the number and activity of thyr-
otrophs are increased in hypothyroid conditions, as well as
the secretion of TRH, which has been shown to stimulate
nNOS activity via calcium/calmodulin-dependent protein
kinase (CaMKs) pathway [57]. In this sense, both TRH and
the higher activity of thyrotrophs could contribute to the
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increase in the nNOS activity in the pituitary, increasing the
NOS synthesis and modulating the blood flow. Therefore, it
could be suggested that the enlarged BV in the pituitary of
hypothyroid rats may be associated with the increase in the
nNOS expression and activity, when TH levels are reduced.
Rapid and long-term changes in LH and FSH synthesis
and secretion observed in the Hypo 4 1XT3 and thyrotox-
icosis groups, respectively, were exclusively due to T3,
since the serum testosterone concentration remained
reduced in these groups, as observed in the hypothyroid
group. Taken together, this excludes the effects of testos-
terone on its own axis, and reinforces the hypothesis that
there is an important cross-talk between the HPT and HPG
axes. The opposite effects on the LH parameters (mRNA
content, association to ribosomes, LHB content in the
pituitary and serum LH values) observed in hypothyroidism
vs. thyrotoxicosis also contributes to this understanding.

Conclusion

The findings presented herein suggest that physiological
levels of T3 are necessary for the regulation of the HPG axis
and provide novel insights into a potential mechanism by
which the gonadotrophin subunits are modulated by thyroid
hormones at posttranscriptional and secretion levels.
Moreover, the results obtained are thought to reinforce the
link between thyroid dysfunction and infertility.
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