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Thyroid hormones (THs) play important roles in the regulation of many biological processes of vertebrates, such
as growth, metabolism, morphogenesis and reproduction. An increasing number of studies have been focused on
the involvement of THs in the male reproductive system of vertebrates, in particular of fish. Therefore, this mini-
review aims to summarize the main findings on THs role in male reproductive system of fish, focusing on sex
differentiation, testicular development and spermatogenesis. The existing data in the literature have demon-
strated that THs exert their roles at the different levels of the hypothalamic-pituitary-gonadal (HPG) axis. In
general a positive correlation has been shown between THs and fish reproductive status; where THs are asso-
ciated with testicular development, growth and maturation. Recently, the molecular mechanisms underlying the
role of THs in spermatogenesis have been unraveled in zebrafish testis. THs promote germ cell proliferation and
differentiation by increasing a stimulatory growth factor of spermatogenesis produced by Sertoli cells. In ad-
dition, THs enhanced the gonadotropin-induced androgen release in zebrafish testis. Next to their functions in
the adult testis, THs are involved in the gonadal sex differentiation through modulating sex-related gene ex-
pression, and testicular development via regulation of Sertoli cell proliferation. In conclusion, this mini-review
showed that THs modulate the male reproductive system during the different life stages of fish. The physiological
and molecular mechanisms showed a link between the thyroid and reproduction, suggesting a possibly co-
evolution and interdependence of these two systems.

1. Introduction

Thyroid hormones (THs) have been known to be involved in many
biological processes, such as growth, morphogenesis, skin pigmenta-
tion, osmoregulation, and reproduction (Blanton and Specker, 2007).
An increasing number of studies has shown that THs exert an important
role in male reproductive system of vertebrates. In the past two dec-
ades, experimental and clinical studies have shown the involvement of
THs in the testicular development and function in mammals (Wagner
et al., 2008). Similar functions were reported in other vertebrates, such

as fish, which is the focus of this mini-review. The interaction between
THs and fish reproductive system was reviewed before by Cyr and Eales
(1996), Blanton and Specker (2007), Habibi et al. (2012) and Flood
et al. (2013). While there are significant variations in the nature of
interaction between THs and reproduction in different fish species, it
would appear that THs may exert stimulatory and/or inhibitory actions
by different mechanisms (Habibi et al., 2012). In this context, this mini-
review will address some of the direct and indirect actions of THs in
male reproductive system of teleost fish, highlighting the main findings
on sex differentiation, testicular development and adult testis.
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Fig. 1. A The hypothalamic-pituitary-thyroid, -inter-
renal, and -testicular axes in fish. The pituitary se-
cretion of Tsh (thyroid-stimulating hormone) seems
to be dependent on corticotropin-releasing hormone
(CRH), similarly as observed in amphibians, reptiles
and birds. CRH is also involved in the pituitary se-
cretion of ACTH (adrenocorticotropic hormone),
which stimulates the synthesis and secretion of cor-
tisol by the interrenal gland. In the thyroid follicles,
which are dispersed in fish, Tsh stimulates the pro-
duction of T4, which is the main TH secreted. Two
types of deiodinase (DIO1 and DIO2) convert T4 into
T3 in the extrathyroidal tissues. T3, the active TH
form, exerts its role in the testis, which are generally
associated with testicular development, growth and
maturation. Recent studies have shown that T3 en-
hanced the gonadotropins (Fsh, follicle-stimulating
hormone; Lh, luteinizing hormone) function in the
testis (enlarged arrow). B. The main effects of thyroid
hormones (THs) in the hypothalamic-pituitary-testi-
cular axis. In mammals, THs inhibit the synthesis of
GnIH (Gonadotropin-releasing hormone) (Tsutsui
et al,, 2018). In tilapia, T3 suppressed the con-
centration of terminal nerve salmon GnRH mRNA in
sexually immature males (Parhar et al., 2000). Other
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release. The question mark (?) indicates controversial
data in the literature with respect to the reciprocal
regulatory role between GnRH and thyroid function.
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2. Hypothalamic-pituitary-thyroid axis

Thyroid function is activated by the hypothalamic-pituitary-thyroid
axis (HPT), which has been reviewed in many vertebrates, including
fish (Fig. 1A,B) (Brown and Cai, 2007; Blanton and Specker 2007; and
Carr and Patifio, 2011). A particular characteristic of the HPT in fish is
the non-involvement of thyrotropin releasing hormone (TRH) as occurs
in mammals (Larsen et al., 1998). On the other hand, the pituitary se-
cretion of TSH (Thyroid-stimulating hormone) seems to be dependent
on corticotropin-releasing hormone (CRH, or known as corticotropin-
releasing factor — CRF) (Fig. 1A,B) (Larsen et al., 1998), similarly as
observed in amphibians, reptiles and birds (De Groef et al., 2003;
Castaneda Cortés et al., 2014). The secreted TSH stimulates the
synthesis and release of THs by thyroid follicles. In fish, the thyroid
follicles are not encapsulated in an organ, but they are dispersed among
the afferent branchial arterioles of the ventral region of pharynx (Cyr
and Eales, 1996; Carr and Patino, 2011). The 1-Thyroxine (T4) is the
main TH secreted under normal circumstances, while T3, known as the
active hormone, is mostly produced by extrathyroidal sources from T4
conversion (Basset et al., 2003). The conversion of T4 into T3 is cata-
lyzed by two distinct selenoenzymes, type 1 and type 2 deiodinases
(DIO1 and DIO2, respectively) (Fig. 1A; Supplemental Fig. 1) (for re-
view see Orozco et al., 2012).

The active form (T3) regulates nuclear gene expression by binding
to the TH receptors (TRs), TRa and TRf. The TRs are encoded by THRA
and THRB genes, which are transcribed as multiple mRNA isoforms.
TRal, TRa2, TRB1 and TRP3 are expressed widely whereas TRB2 is
predominantly restricted to the hypothalamic/pituitary axis, where it
acts negatively to regulate TSH transcription (for a review see Basset
et al., 2003). TRs act as transcription factors binding to TH response

stimulating hormone; Lh, Luteinizing hormone.

elements (TREs) in the regulatory regions of target genes, activating or
repressing their transcription (Basset et al., 2003). In anamniotes (fish
and amphibians), TH receptor (thr) is differentially expressed between
testes and ovaries; higher thr mRNA levels were found in testes than in
ovaries of striped parrotfish Scarus iseri (Johnson and Lema, 2011) and
tropical clawed frog Silurana tropicalis (Duarte-Guterman and Trudeau,
2011). In zebrafish testes, thra mRNA was detected in Sertoli cells,
while thrf3 was detected in both Sertoli and Leydig cells (Morais et al.,
2013). Interestingly, testicular thra and thr mRNA levels in seasonally
reproducing brook trout Salvelinus fontinalis are constant during the
spermatogenesis, increasing their expression levels after the spawning
season (de Montgolfier et al., 2009). The action of sex steroids on TRs is
variable in different fish species. In goldfish, acute treatment with go-
nadal steroids had no effects on liver and gonadal thra and thr3 mRNA
in male and female fish, although developmentally-related changes in
TRs expression occur in other fish species (Nelson and Habibi, 2009).
Another interesting aspect to be mentioned is the crossover of the
HPT and the hypothalamic-pituitary-gonadal (HPG) axes (Castafieda
Cortés et al., 2014) (Fig. 1B). Next to the well-known function of GnRH
(Gonadotropin-releasing hormone) in regulating gonadotropins, GnRH
has been shown to induce TSH secretion in amphibians (Denver, 1988;
Okada et al., 2004). Other studies have demonstrated that GnRH ex-
posure increased T4 plasma levels in freshwater murrel (Channa ga-
chua) and in two species of carp (Roy et al., 2000), as well in barfin
flounder (Verasper moseri), masu salmon (Oncorhynchus masou), goldfish
(Carassius auratus) (Chiba et al., 2004), and amphibians (Jacobs et al.,
1988a,b). However, no changes in T3 plasma levels were observed after
injections of an analogue of GnRH in goldfish (MacKenzie et al., 1987).
When evaluating the effects of THs on GnRH, studies on tilapia, Or-
eochromis niloticus, showed that T3 suppressed the concentration of
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terminal nerve salmon GnRH mRNA in sexually immature males
(Fig. 1B) (Parhar et al., 2000). This fact is consistent with the hypoth-
esis that TH, by suppressing terminal nerve GnRH expression, promotes
inhibition of sexual maturation in tilapia males (Parhar et al., 2000).

More recently, studies have been focused on GnIH (Gonadotropin
inhibitory hormone), which is a newly discovered hypothalamic neu-
ropeptide that inhibits the pituitary gonadotropin synthesis and release
(Tsutsui et al., 2018). Interestingly, it has been shown that mammalian
GnIH neurons express TRa and TR (Tsutsui et al., 2018). In addition,
female mice with thyroid dysfunction showed higher levels of GnIH,
and presented lower circulating levels of gonadotropins and estradiol,
which might be associated with the delayed puberty (Tsutsui et al.,
2018). These data suggest a possible role of THs on regulating the GnIH
synthesis and release in vertebrates (Fig. 1B).

3. Fish reproduction

The relationship between thyroid function and reproduction has
been explored for many years in different species. In fish, it is estab-
lished that reproductive strategies vary greatly among the species
(Eales, 2006), and it has become clear that the nature of interaction
between TH and reproduction is highly species-specific (Habibi et al.,
2012). Thyroidal function usually increases during early gonadal de-
velopment in fish, and it is maintained or enhanced during the period of
reproduction, and commonly decreased during or after spawning (Cyr
and Eales, 1996). Similar function is seen in reptiles, birds and mam-
mals, where TH administration induced testicular growth in thyr-
oidectomized or short photoperiod-induced males (Haldar-Misra and
Thapliyal, 1981; Yoshimura et al., 2003; Freeman et al., 2007).

Temporal relationship between thyroidal and reproductive status
has been examined in some seasonal species of fish, in particular, non-
salmonids and salmonids (for review see Cyr and Eales, 1996). In non-
salmonids, a general positive correlation between thyroid activity and
reproductive status has been seen among the species. On the other
hand, thyroid function in Salmonidae is high in the early stages of
gonadal maturation but decreases as vitellogenesis and testis develop-
ment proceed. However, T3 plasma levels are higher in males than
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females just prior to spawning and may even increase (for review see
Cyr and Eales, 1996). Table 1 summarizes selected data from the lit-
erature about the relationship between thyroid function and re-
production in non-mammalian and mammalian vertebrates. Therefore,
the summarized data in the literature suggest that the basic function for
THs is associated with gonadal maturation in fish as well as in other
vertebrates.

4. Sex differentiation

THs have considerable influence on the sexual ontogeny of male
vertebrates, through direct interactions with genes involved in sex de-
termination and gonadal development along the HPG axis (Flood et al.,
2013). The role of THs in the establishment of gonadal sex phenotype
has been previously examined in amphibians and reptiles. For example,
chronic treatment with TH synthesis inhibitors (perchlorate or
thiourea) during larval development resulted in a feminization effect in
Xenopus laevis (Goleman et al., 2002; Hayes, 1997). In another study,
premetamorphic tadpoles (Nieuwkoop and Faber stage 52-54) were
exposed to exogenous T3 for 48 h and resulted in a concentration-de-
pendent decrease of estrogen receptor beta isoform (ERbeta) expression
at concentrations of 5 and 50 nM T3. The expression of androgen-re-
lated genes also changed and significantly increased following treat-
ment with T3 in relation to the control. Treatment with T3 also led to
changes in ar (androgen receptor, 1.4-1.8 fold), srd5alphal (steroid 5a-
reductase 1; 1.5-1.9 fold) and srd5alpha2 (steroid 5a-reductase 2;
1.8-3.9 fold) in tropical clawed frogs (Duarte-Guterman and Trudeau,
2011). In reptiles, hyperthyroid treatment decreased cypl9al tran-
scripts (gonadal aromatase), and consequently estradiol levels, indu-
cing therefore more male offspring in a TSD (Temperature-dependent
sex determination) turtle (Trachemys scripta) (Sun et al., 2016).

In fish and amphibians, an evidence that THs are involved in go-
nadal sex differentiation is the different expression of deiodinases and
thr between males and females, as reported in striped parrotfish, Scarus
iseri (Johnson and Lema, 2011) and tropical clawed frog Silurana tro-
picalis (Duarte-Guterman and Trudeau, 2011). In addition, An et al.
(2010) observed a decrease in gonadal thra expression in protandrous

Table 1
Selected experimental results correlating thyroid status and reproduction in vertebrates.
Species Treatment Effects
Teleosts
Stimulated thyroid function Coincides with sexual maturation
Elevated TH plasma levels Occurs during gonadal maturation
Decreased TH plasma levels Observed at spawning
Goitrogen exposure Gonadal atrophy in both sexes
Presence of goiters in salmon from Great Lakes Associated with low egg production; low gonadal steroid levels in blood
Amphibians
Exogenous TH No effect or mild enhancement of gonadal maturation
Surgical or chemical thyroidectomy of frogs Prevents ovulation
Treatment with thyroxine of thyroidectomized frogs Permits ovulation
Treatment of anuran liver with TH Enhances action of estrogen on vitellogenesis
Thyroid function Not associated with reproductive activities
Goitrogen treatment of tadpoles (anurans) Prevents testicular development
Elevated thyroxine in the blood of salamanders Coincides with gonadal growth in males and females
Reptiles
Thyroxine treatment Atrophy of steroid secreting cells in testes
Decreased plasma levels and thyroid function Associated with peak reproductive and high androgen levels
Elevated thyroxine levels in blood Decreased androgen levels in males
Birds
TH treatment Induced testicular growth of thyroidectomized
Thyroidectomized males Testicular regression
Mammals

Exogenous T3
Exogenous T3

Induced gonadal growth in short-day hamsters
Delayed testicular regression in short photoperiod-induced males

Adapted from Norris (2006).
* TH, Thyroid Hormones.
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black porgy (Acanthopagrus schlegeli) following male-to-female sex re-
versal. During zebrafish metamorphosis and early gonadal develop-
ment, treatment with perchlorate (a well-known thyroid synthesis in-
hibitor), significantly skewed the sex ratio toward females (Fig. 2A)
(Mukhi et al., 2007). However, the co-treatment with exogenous T4 not
only blocked the feminizing effect of perchlorate but also over-
compensated by skewing the ratio toward males. In another study,
Sharma and Patifio (2013) showed that either perchlorate or methi-
mazole (an antithyroid drug) induced feminization in zebrafish larvae
at 45dpf (days post-fertilization). Interestingly, the feminizing effect
was still present in the perchlorate treatment, but not anymore in me-
thimazole treatment at 60 dpf, suggesting that the effect disappeared as
fish regained the euthyroid conditions. The conclusion is that methi-
mazole does not cause male-to-female sex reversal but simply delays the
ovary-to-testis transformation in presumptive males of this species
(Fig. 2C). It is worth emphasizing that studies using antithyroid drugs
can provide a powerful tool for understanding TH function but only
with an appropriate control due to the extrathyroidal effects these drugs
can have. A rigorous study requires a follow up to determine if those
effects can be nullified or reversed by simultaneous administration of
sufficient TH to regain euthyroid condition.

Interestingly, and more recently, Sharma et al. (2016) evaluated the
molecular mechanisms involved in T4-induced masculinization in
zebrafish larvae. These authors demonstrated that T4 treatment de-
creases cypl9al (aromatase) and estrogen receptor expression, while
increasing expression of masculinizing transcripts, such as amh (anti-
Miillerian hormone) and ar (androgen receptor) (Sharma et al., 2016)
(Fig. 2B).

5. Testicular development

In rodents, THs affect Sertoli cell proliferation and differentiation
(Fig. 3A), as well as the onset of adult Leydig cell formation and
function during neonatal-prepubertal period (Teerds et al., 1998;
Ariyaratne et al., 2000). Induced-hypothyroidism in the neonatal rat
impaired testicular growth, germ cell maturation, seminiferous tubule
formation and other differentiation processes in the testis (Franca et al.,
1995; Maran et al., 2002). Induced-neonatal hypothyroidism has also
been shown to increase Sertoli cell proliferative window, which con-
sequently increased Sertoli number and the Sertoli cell support capacity
for germ cells, reflecting directly on the elevated spermatic yield and
testis size (Fig. 3A) (Cooke et al., 1991). Interestingly, the impairment
caused by neonatal induced-hypothyroidism in rats was rescued with
T3 (Cooke et al., 1991). On the other hand, hyperthyroidism led to
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Fig. 2. Effects of thyroid hormones during sex dif-
ferentiation of fish. (A) Treatment with perchlorate
induces feminization in early gonadal development,
skewing the sex ratio toward females. (B) Treatment
with T4 induces masculinization in early gonadal
development by reducing the expression of cyp19al
(aromatase) and erb (estrogen receptor beta) and in-
creasing amh (anti-Miillerian hormone). T4 increases
the ratio of females. (C) Methimazole treatment de-
lays masculinization from females during the early
developmental stage of zebrafish. Sex ratio is 1:1.
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Fig. 3. (A) Effects of hypothyroidism and hyperthyroidism on testicular de-
velopment in rodents. The induced-hyperthyroidism decreased the Sertoli cell
proliferative window, reflecting directly on the final number of adult Sertoli
cell, and consequently in the lower spermatic yield and testis size/weight. On
the other hand, Sertoli cell differentiation is delayed in the hypothyroidism
model, increasing their proliferative window. In consequence, there is an ele-
vated number of adult Sertoli cell which leads to higher sperm production and
testis size/weight. SC: Sertoli cell; SZ: spermatozoa. (B) Effects of hypothyr-
oidism on testicular development in fish. PTU-induced hypothyroidism in-
creased Sertoli cell proliferation and Sertoli cell capacity reflecting directly on
higher number of germ cells per cyst. In this model, higher sperm production
and testis weight are seen. SC: Sertoli cell; SZ: spermatozoa.

early cessation of Sertoli cell proliferation, and a decrease in testis size
and sperm production in rats (Fig. 3A) (van Haaster et al., 1993; Cooke
et al., 1994a,b; Mendis-Handagma and Ariyaratne, 2005).

There are few papers describing the effects of hypothyroid state on
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testicular development in fish (see review in Schulz et al., 2010; Franca
et al., 2015). According to Matta et al. (2002), Nile tilapia (Oreochromis
niloticus) juveniles (~0.95 g body weight and 3.5 cm of length) treated
with PTU (propylthiouracil, anti-thyroid drug similar to methimazole)
doubled the size of testis which is similar to the effects observed in rats,
suggesting that mechanisms controlling testicular development by THs
may be conserved among vertebrates. In hypothyroid Nile tilapia,
Sertoli cells remained immature and were able to proliferate for longer
period during testis development, resulting in a higher number of
Sertoli cell (Matta et al., 2002) (Fig. 3B). The increased number of
Sertoli cell per cyst reflected positively on Sertoli cell capacity and ef-
ficiency and consequently in the germ cell number in adult tilapia
(Fig. 3B) (Matta et al., 2002; Franca et al., 2015). Sharma and Patifo
(2013) reported that goitrogen (e.g. perchlorate) exposure inhibited
pubertal development in male zebrafish, as clearly seen at 60 dpf. In the
same work, all control and T4-treated males were mature (> 75% of
them showed sperm in their testes), while those that were goitrogen-
treated were still juvenile and less than 50% had sperm. In contrast,
Timmermans et al. (1997) observed no significant increase in body
weight and testis diameter or number of spermatogonia following
treatment with T4 in two strains of juvenile common carp (Cyprinus
carpio).

6. Adult testis

Although there is a general agreement that THs are important reg-
ulators of the testicular development prior to and during puberty in
mammals, the role of these hormones is not very clear in the adult testis
(Wagner et al., 2009). Considering that most of the experimental stu-
dies to date are focused on TH effects on the developing testes, only
limited data are available on its role in vertebrate spermatogenesis
(Wagner et al., 2009; Morais et al., 2013; Safian et al., 2016).

Altered thyroid status, natural or experimentally induced, is fre-
quently associated with some sort of sexual dysfunction and/or mor-
phological testicular alteration in mammals (Faraone-Menella et al.,
2008). Similar studies in reptiles showed that thyroidectomy impaired
spermatogenesis of adult garden lizards (Calotes versicolor), while T4
treatment nullified the thyroidectomy-induced testicular atrophy
(Haldar-Misra and Thapliyal, 1981). In adult catfish (at early re-
crudescence/early preparatory phase), treatment with thiourea (a
thyroid disrupter) reduced androgen plasma and tissue levels after
thyroid depletion, leading to a male reproductive system disruption
(Swapna et al., 2006). Interestingly, thiourea treatment withdrawal for
21 days induced a partial recovery of androgen levels, which indicates
that thyroid plays a role in maintaining testis functions via androgen
stimulation (Swapna et al., 2006). In this context, it has been observed
that androgens could also regulate thyroid function. Testosterone pro-
pionate injected intramuscularly in immature rainbow trout (Salmo
gairdneri Richardson) stimulates, directly or indirectly, the thyroid
function, increasing T3 plasma levels (Hunt and Eales, 1979).

To study the effects of THs on fish spermatogenesis, a different ex-
perimental setting was employed, where African catfish (Clarias gar-
iepinus) received T4 (100 ppm) for 21 days (Jacob et al., 2005). In this
study, T4 depleted the number of spermatozoa/spermatids during the
preparatory and pre-spawning phases (Jacob et al., 2005). Interest-
ingly, the T4 overdose effects were more pronounced during the pre-
paratory phase rather than pre-spawning, suggesting that altered TH
status might have significant stage-dependent effects on the testis.

More recently, Morais et al. (2013) studied the effects of THs on
zebrafish spermatogenesis using an ex vivo approach. These authors
showed that T3 increased both mitotic index of type A undifferentiated
spermatogonia (A,,q) and Sertoli cell in zebrafish testis. In the follow
up experiments, Safian et al. (2016) demonstrated that T3 not only
promoted the formation of new cysts with type A,,q spermatogonia, but
also stimulated the accumulation of Ay (type A differentiated sper-
matogonia) by increasing their proliferation while reducing
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Fig. 4. Endocrine and paracrine regulation of spermatogonial proliferation in
zebrafish. Fsh (follicle-stimulating hormone) and T3 stimulate the production of
1gf3 (Insulin-like growth factor 3), which in turn promotes spermatogonial
differentiation and proliferation towards meiosis. Igf3 is produced by Sertoli
cells. T3 increases the transcript levels of two igfbps (insulin-like growth factor
binding protein): igfbpla and igfbp3. Fsh decreases RNAm levels of igfbpla. The
differential expression of the igfbps reflects directly on the Igf3 availability.
Elevating Igf3 bioactivity by blocking Igfbps induced by T3 results in a ex-
cessive spermatogonial differentiation, leading to a depletion of type Aung
spermatogonia in zebrafish.

development into type B spermatogonia in zebrafish (Fig. 4).

To unravel the molecular mechanisms of THs on zebrafish sper-
matogenesis, Morais et al. (2013) first showed the localization of thra
and thrf} in Sertoli and Leydig cells, respectively. Similar data have been
found in mammals, where TRs are localized in Sertoli cells, although
these receptors were also found in mammalian germ cells (Buzzard
et al., 2000; Singh et al., 2011). Moreover, it has been demonstrated
that T3 increased a stimulatory growth factor of spermatogenesis,
named Igf3 (Insulin-like growth factor 3) (Fig. 4) (Morais et al., 2013).
Igf3 is a Sertoli cell growth factor, exclusively expressed in zebrafish
gonads, and Fsh (Follicle-stimulating hormone) responsive (Fig. 4)
(Nobrega et al., 2015). It has been shown that Fsh promotes sperma-
togonial proliferation and differentiation via Igf3 in zebrafish testis
(No6brega et al., 2015), which is consistent with T3 stimulation of
spermatogonial proliferation and differentiation in this species (Fig. 4)
(Morais et al., 2013). Interestingly, co-treatment with T3 and an IGF
receptor inhibitor abolished the observed T3 effects on zebrafish sper-
matogenesis. Altogether, these results suggest that T3 stimulates zeb-
rafish spermatogonial proliferation and differentiation via Sertoli cell
production of Igf3 (Fig. 4) (Morais et al., 2013).

More recently, another study in zebrafish testis showed that T3 not
only stimulates Igf3, but also increased the transcript levels of igfbpla
(Insulin-like growth factor binding protein 1) and igfbp3 (Insulin-like
growth factor binding protein 3) (Fig. 4) (Safian et al., 2016). In this
study, Safian et al. (2016) showed a depletion of type A,,q spermato-
gonia in zebrafish testis treated with T3 when neutralizing the Igfbps,
suggesting that Igfbps protect undifferentiated spermatogonia against
excessive differentiation (Fig. 4).

Next to their roles in Sertoli cells, THs also regulate Leydig cell
functions in zebrafish testis (Fig. 4) (Morais et al., 2013). It is well
known that Leydig cells express Fsh receptor, and Fsh is a potent ster-
oidogenic hormone in zebrafish testis (N6brega et al., 2015). In this
context, the Fsh steroidogenic capacity is increased in the presence of
T3 in zebrafish testis (Morais et al., 2013). The observed increase in
androgen secretion by zebrafish testis was accompanied by higher le-
vels of ar and cyp17al (17a-hydroxylase/1720 lyase/1720 desmolase)
mRNA levels, suggesting that Fsh effects are enhanced in the presence
of T3 (Figs. 1 and 4).
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In another study evaluating the action of THs in adult testis, de
Montgolfier et al. (2009) examined testicular connexin 43 (cx43) mRNA
in brook trout (Salvelinus fontinalis) and demonstrated a clear dose-re-
sponse relationship between T3 and cx43, suggesting a possible reg-
ulation of this connexin by T3. These authors also investigated seasonal
changes in the basal expression of several connexins and demonstrated
higher levels of testicular cx43 in maturing fish, suggesting that changes
in the connexins expression may precede the onset of spermatogenesis
in this species.

7. Summary

In summary, this mini-review highlighted the main findings on THs
role in male reproductive system of fish, focusing on sex differentiation,
testicular development and spermatogenesis. The existing data in the
literature have been demonstrated that THs exert their roles at the
different levels of the HPG axis. In general, it has been shown a positive
correlation between THs and fish reproductive status, where THs are
frequently associated with testicular development, growth and ma-
turation. More recently, the molecular mechanisms underlying the role
of THs in spermatogenesis have been elucidated in the zebrafish testis
model. In this model, ex vivo studies showed that T3 increases the
Sertoli cell production of Igf3, which is a stimulatory growth factor of
spermatogenesis. Moreover, T3 acts through Leydig cells to enhance the
gonadotropin-induced synthesis and release of androgens. Next to their
roles in the adult testis, THs also participate in the gonadal sex differ-
entiation by regulating the expression of sex-related genes, and during
testicular development through modulating Sertoli cell proliferation.
Based on the evidences from the literature, it can be concluded that THs
modulate the male reproductive system during the different life stages
of fish. The physiological and molecular mechanisms showed a link
between the thyroid and reproduction, suggesting a possibly co-evolu-
tion of these two systems. However, how crucial these systems are to
each other remains a topic for future investigation.
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