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Simple Summary

Recombinant gonadotropins—synthetic versions of pituitary hormones—are increasingly
utilised in aquaculture for broodstock management. In this study, we explored how recom-
binant follicle-stimulating hormone (rFsh) affects spermatogenesis in meagre (Argyrosomus
regius), with the aim of enhancing our understanding of testicular apoptosis—a common
form of programmed cell death involved in modulating germ cell development and sperm
output. We assessed germ cell composition and testicular apoptosis in both pre-pubertal
meagre treated with rFsh and adult fish in two spermatogenic phases (proliferative and
meiotic). In pre-pubertal fish, rFsh treatment led to larger testes, wider seminiferous
tubules, and increased sperm presence. There was a reduction in early spermatogonia
(undifferentiated germ cells) but a rise in dividing germ cells, indicating progression to-
ward meiosis. Notably, treated fish exhibited significantly lower spermatogonial apoptosis
compared to controls, suggesting rFsh promotes germ cell survival by mitigating natural
cell death. In adult fish, the density of spermatogonia decreased with the progression of
spermatogenesis, whereas apoptosis increased and often involved entire clones of germ
cells. Overall, the study demonstrates that rFsh effectively induces testicular maturation in
pre-pubertal meagre by promoting progression toward meiosis and highlights how the role
of apoptosis varies across reproductive stages.

Abstract

To overcome reproductive dysfunctions, recombinant gonadotropin hormones have been
synthesised in different fish species. We were interested in gaining further insight into
the effects of recombinant follicle-stimulating hormone (rFsh) in meagre Argyrosomus
regius spermatogenesis and in improving the existing knowledge on the role of testicular
apoptosis. Germ cell composition and testicular apoptosis were compared in pre-pubertal
fish treated with rFsh (PreP-Fsh) and controls (PreP-C), and adult meagre with testes in
the proliferative (Adult-Pro) and meiotic (Adult-Meio) spermatogenesis phases. A lower
density of committed spermatogonia was observed in PreP-Fsh compared with PreP-C and
in Adult-Meio compared with Adult-Pro. In pre-pubertal fish and in Adult-Pro, apoptosis
affected mainly individual germ cells and Sertoli cells. In Adult-Meio, a high number of
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cysts containing apoptotic germ cells was observed, and apoptosis often involved entire
clones of germ cells. rFsh reduced testicular apoptosis in pre-pubertal fish, whereas the
advancement of spermatogenesis in adults was associated with an increased density of
apoptotic cells. The present study corroborated previous observations on the effects of rFsh
on spermatogenesis in pre-pubertal meagre and provided further insights on the changing
role of apoptosis in the pre-pubertal phase versus different phases of spermatogenesis.

Keywords: fish; testis; gametogenesis; recombinant follicle stimulating hormone; seasonal
reproduction

1. Introduction

The meagre Argyrosomus regius (Asso, 1801) is a member of the Sciaenidae family,
native to the eastern Atlantic, including the Mediterranean and the Black Sea [1]. It is
a valued aquaculture species whose production in the EU is gradually increasing [2,3].
Meagre broodstocks reared in tanks do not reproduce spontaneously due to a reproduc-
tive dysfunction that, in females, prevents oocytes from undergoing maturation after the
completion of vitellogenesis, and, in males, results in the production of low-quality milt [4].
This dysfunction is commonly alleviated by treatment with gonadotropin-releasing hor-
mone agonists (GnRHa) [2,4—6], either alone or in combination with thermal/photothermal
control [7]. Meagre reach sexual maturity at 3—4 years of age [2,8], and attempts are being
made to advance puberty in order to reduce the generation time in selective breeding
programmes, thus speeding up the production of fish with improved characteristics, such
as faster growth, more efficient feed consumption, increased disease resistance, etc. To this
end, meagre recombinant follicle-stimulating hormone (rFsh) and recombinant luteinizing
hormone (rLh) were synthesised and administered to 18-month-old pre-pubertal males,
which showed signs of spermatogenesis but without producing releasable milt [9,10]. The
rFsh treatment induced an increase in testicular mass, seminiferous tubule size, and the
number of luminal spermatozoa. Moreover, rFsh-treated meagre had a lower density of
proliferating single type A spermatogonia, a higher density of spermatocysts containing
committed spermatogonia or primary spermatocytes, and a lower incidence of testicular
apoptosis compared to the control pre-pubertal fish [9]. The high level of germ cell apop-
tosis and its reduction after rFsh administration suggested that the elevation of plasma
Fsh/sex steroids was still insufficient to support the finalisation of the spermatogenesis
process during the pre-pubertal phase, and the committed germ cells that could not proceed
in the spermatogenesis process died by apoptosis.

The role of apoptosis in teleost fish spermatogenesis is not fully understood. In
amniote vertebrates, the testis is composed of a fixed number of “immortal” Sertoli cells [11]
that support successive waves of spermatogenesis, and apoptosis plays an important
role in maintaining the correct germ cell/Sertoli cell ratio and in eliminating aberrant
germ cells [12,13]. In anamniote vertebrates, Sertoli cells proliferate in parallel with germ
cells [11,14,15], and a mechanism to maintain a balance between Sertoli and germ cells may
then not be required. In teleost fish, as well as in other seasonally breeding vertebrates,
testicular apoptosis is thought to be controlled by the pituitary gonadotropins Fsh and
luteinising hormone (Lh). In fact, adult Atlantic bluefin tuna Thunnus thynnus [16] and
greater amberjack Seriola dumerili [17,18] showed high levels of testicular apoptosis under
captivity-induced reproductive dysfunction, a condition associated with reduced pituitary
gonadotropin secretion [19]. In Atlantic cod, Gadus morhua, exposure to continuous light
induced an increase in apoptotic germ cells (particularly proliferating spermatogonia),
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resulting in reduced androgen levels, a condition associated with insufficient gonadotropic
stimulation [20].

Our objective was to gain further insight into the effects of rFsh administration in
meagre spermatogenesis and to improve the existing knowledge on the role of apoptosis in
spermatogenesis. Therefore, germ cell composition and testicular apoptosis were compared
in the testes of rFsh-treated pre-pubertal meagre versus untreated controls and in adult
meagre sampled in two phases of spontaneous spermatogenesis.

2. Materials and Methods
2.1. Sampling

This study was prompted by our previous studies on the effects of rFsh on pre-pubertal
meagre spermatogenesis [9] and on reproductive maturation of adult meagre reared in
commercial sea cages [21]. However, in the present study, a different set of analyses was
performed in order to compare the spermatogenesis process induced by the rFsh treatment
in pre-pubertal fish and the physiological process of spermatogenesis occurring in adults.

The pre-pubertal fish (1 = 13) were 18-month-old individuals that belonged to a stock
used for an experiment aimed at inducing precocious puberty through the administration
of rFsh [9]. These fish (PreP-Fsh; n = 4) were reared in indoor tanks at IRTA (La Rapita,
Spain) and, to mimic the natural pattern of gonadotropin secretion, were administered
increasing doses of rFsh for six weeks (week 0: 6 ng/kg; week 1: 9 ug/kg; week 2 to week 6:
12 ug/kg, which equated to approx. 0.45-0.9 mL). All injections were intramuscular, with
volumes of 250 uL or less administered at various points in the dorsal muscle. Pre-pubertal
control fish (PreP-C; n = 9) were injected weekly with 1 mL of saline solution. Detailed
information on rFsh production, fish husbandry and experimental treatment is reported
in [9]. The adult fish (n = 9) belonged to a commercial stock reared for six years at the fish
farm Rehomare InMare S.r.l. in a sea cage off Gallipoli (Gulf of Taranto, Italy). These fish
were sampled in late March-April 2021 (n = 5) and June 2021 (n = 4), which encompasses the
reproductive season of this species in the Mediterranean [22]. According to the prevalent
germ cell types present in the gonads, fish sampled in March-April were considered to
be in the proliferative phase of spermatogenesis (group name: Adult-Pro), whereas fish
sampled in June were considered to be in the meiotic phase (group name: Adult-Meio).

From each fish, biometric data (total length, TL, in cm; total body mass, BM, in g;
gonad mass, GM, in g) were recorded (Table 1); then, one-centimetre-thick cross-sections
were taken from the testes of each fish and fixed in Bouin’s solution for histological and
apoptosis analysis.

Table 1. Mean (+sd) total length, body mass, and gonad mass in pre-pubertal and adult meagre.

Fish Group Total Length (cm) Body Mass (g) Gonad Mass (g)
Pre-pubertal—control (PreP-C; n = 9) * 492 +£43 1125.1 + 266.3 1.5+08
Pre-pubertal—rFsh-treated (PreP-Fsh; n = 4) * 46.0 £3.2 906.5 +172.1 77 2.6
Adults—March-April (Adult-Pro; n = 5) 71.8 £ 3.0 3396.0 + 157.3 283+ 16.3
Adults—June (Adult-Meio; n = 4) 724+21 3512.5 £+ 375.0 142.3 + 35.0

* Pre-pubertal fish belonged to a stock used for an experiment aimed at inducing precocious puberty through the
administration of rFsh [9].

2.2. Histological Analysis and Identification of Apoptotic Germ Cells

All fixed testis samples were embedded in paraffin wax. Subsequently, for each
embedded sample, at least 20 deparaffinised sections, four micrometres thick, were stained
with haematoxylin—eosin (H&E), and two sections were destined to the identification of
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apoptotic germ cells through the terminal deoxynucleotidyl transferase-mediated d"'UTP
nick end labelling (TUNEL) method with an in situ Cell Death Detection Kit, AP (Roche
Diagnostics, Mannheim, Germany) [16,17]. Briefly, testis sections previously treated with
a permeabilisation solution (0.1% Triton X-100 in 0.1% sodium citrate) for 8 min were
incubated with the reaction mixture. The terminal deoxynucleotidyl transferase was diluted
1:2 in TUNEL Dilution Buffer (Roche Diagnostics, Mannheim, Germany), and a ready-
to-use solution of nitro-blue tetrazolium chloride/5-bromo-4-chloro-3'-indolyphosphate
p-toluidine salt (NBT/BCIP) (Roche Diagnostics, Mannheim, Germany) was used as a
substrate for the signal conversion.

2.3. Relative Quantification of Germ Cell Types and Testicular Apoptosis

The histological analysis was carried out by estimating the density of the different
germ cell stages in the germinal epithelium of five H&E-stained sections.

Prior to quantification, the germ cell types were identified on H&E-stained sections
following the description reported in [23]. Briefly, the largest germ cells were the single
undifferentiated type A (Ayng) spermatogonia (mean diameter 15.5 £ 1.8 um); spermato-
gonia committed towards spermatogenesis (differentiated type A, Ag;s, and type B) were
smaller cells contained in spermatocysts of two or more cells; spermatocyte morphology
varied according to the different meiotic phases; and post-meiotic germ cells (spermatids
and spermatozoa) were characterised by a compact and strongly basophilic nucleus.

The density of single type A g spermatogonia (1 cells/mm? germinal epithelium)
and the relative surface occupied by committed spermatogonia (type Agir + type B),
spermatocytes, and post-meiotic germ cells (germ cell cyst surface/mm? of germinal
epithelium) were measured in five randomly selected digital fields from the peripheral
(proliferative) testis region and compared among groups (PreP-C, PreP-Fsh, Adult-Pro, and
Adult-Meio). Spermatozoa released into the lumina of the seminiferous tubules after cyst
opening were not included in the quantification.

To compare already published testicular apoptosis data of pre-pubertal meagre [9]
with apoptosis data of adults undergoing spontaneous spermatogenesis, the surface area
occupied by TUNEL-positive apoptotic structures (um?/mm? testis tissue) was measured
in five randomly selected digital fields of Adult-Pro and Adult-Meio. All the above mea-
surements were taken from microphotographs captured with a digital camera (K3, Leica,
Wetzlar, Germany) connected to a light microscope (DMRB, Leica, Wetzlar, Germany)
with a 40 x objective, using an image-analysis software (Leica Application Suite X, version
5.1.0.25446, Wetzlar, Germany).

2.4. Statistical Analysis

Differences in the density of single type Ayng spermatogonia, committed spermato-
gonia, spermatocytes, and post-meiotic germ cell cysts were evaluated by an ANOVA
followed by Tukey—Kramer post hoc test. Statistical differences in apoptosis density data
between the two adult meagre groups were assessed with Student’s t-test. Prior to the
statistical analysis, normality of variance was tested through the Shapiro-Wilk W test, and
percentage and proportion data were arcsine transformed [24]. A mixed-effects model,
using Restricted Maximum Likelihood (REML), was applied to confirm that intra-specimen
variability (random variance) was lower than inter-fish (group-level) variability across all
parameters. Statistical analyses were performed using SAS® OnDemand for Academics
(SAS Institute Inc., Cary, NC, USA), and results were presented as means + sd, with
statistical significance set at p < 0.05.
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3. Results

PreP-C fish had small testes containing germ cells at all spermatogenic stages
(Figure 1a); PreP-Fsh fish had larger testes and more active spermatogenesis compared to
the PreP-C fish (Figure 1b). Adult-Pro had active testes showing all the germ cell types
in the germinal epithelium and a limited number of luminal spermatozoa (Figure 1c).
Adult-Meio had larger testes containing cysts with meiotic cells, as well as abundant post-
meiotic cysts and luminal spermatozoa (Figure 1d), indicating a more advanced stage of

spermatogenesis compared to the earlier group (Adult-Pro).

Figure 1. Micrographs of meagre testis sections. (a) Pre-pubertal control fish, PreP-C; (b) rFsh-treated
pre-pubertal fish, PreP-Fsh; (c¢) Adult fish sampled in March-April, Adult-Pro; (d) Adult sampled in
June, Adult-Meio. The presence of larger spermatocysts containing meiotic and post-meiotic cells
indicates that PreP-Fsh and Adult-Meio were at a more advanced spermatogenic stage compared
to PreP-C and Adult-Pro, respectively. Haematoxylin-eosin staining. Magnification bar = 100 um.
Arrowhead: single undifferentiated type A spermatogonium; asterisk: committed (differentiated
type A and type B) spermatogonia; curved arrow: spermatocytes; arrow: post-meiotic germ cells;
sz: spermatozoa.

The results of the relative quantification of germ cell types on testis sections are shown
in Figure 2. The density of single type A4 spermatogonia in PreP-C was similar to that
of Adults-Pro (Figure 2a). After the treatment with rFsh, the density of single type A ,q
decreased significantly (p < 0.05) and became similar to that of Adults-Meio (p = 0.33)
(Figure 2a). Committed spermatogonia were the prevalent germ cell types in the testes
of PreP-C fish and in Adult-Pro fish; hence, the testes of both these fish groups were
in the proliferative phase of spermatogenesis. A statistically significantly lower density
of committed spermatogonia was observed in PreP-Fsh compared with PreP-C and in
Adult-Meio compared with Adult-Pro (p < 0.05 for both comparisons) (Figure 2b). In
both comparisons, the lower density of committed spermatogonia was associated with
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an increase in both meiotic and post-meiotic germ cells (p < 0.05 for both comparisons)
(Figure 2b). Spermatocytes were the prevalent germ cell types in PreP-Fsh and Adult-Meio;
hence, these groups of fish were considered to be in the meiotic phase of spermatogenesis.
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Figure 2. Relative quantification of germ cell types in testis sections of pre-pubertal control (PreP-C)
and rFsh-treated (PreP-Fsh) fish and adult meagre in proliferative (Adult-Pro) and meiotic (Adult-
Meio) stages of spermatogenesis. (a) Density of single type A undifferentiated spermatogonia (type
Ayng); (b) Germinal epithelium surface occupied by committed spermatogonia (differentiated type
A and type B), spermatocytes and post-meiotic (spermatids/spermatozoa) cells. Different letters
represent statistically significant differences (ANOVA; p < 0.05).

The TUNEL staining, performed on testis sections of adult meagre, labelled apoptotic
cells, including spermatogonia, spermatocytes and Sertoli cells (Figure 3). In the Adult-
Meio group, a high number of cysts containing apoptotic germ cells was observed, and
apoptosis often involved all the germ cells contained in the affected cysts. The surface
area of apoptotic structures was significantly greater in the Adult-Meio group than in the
Adult-Pro group (32,147.3 £ 18,796.2 um? /mm? vs. 11,082.4 + 4925.5 um? /mm?; Student’s
t-test; p < 0.05), indicating that the spermatogenesis progression was associated with an
increase in apoptosis.
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Figure 3. Micrographs of adult meagre testis sections stained with the terminal deoxynucleotidyl
transferase-mediated 2/-deoxyuridine 5'-triphosphate nick end labelling (TUNEL) method, showing
nuclei of apoptotic germ cells stained in dark blue. (a) Adult fish in the proliferative phase of
spermatogenesis, Adult-Pro; (b) Adult fish in the meiotic phase of spermatogenesis, Adult-Meio.
Magnification bars = 100 um. Arrow: TUNEL-positive Sertoli cell; arrowhead: TUNEL-positive
spermatogonia; curved arrow: TUNEL-positive spermatocytes.

4. Discussion

The quantification of the different germ cell types performed in the present study
confirmed our previous observations based on the analysis of germ cell proliferation [9].
Although based on a limited number of specimens, the study by Zupa et al. [9] showed that
administration of rFsh for six weeks effectively triggered the activation of Fsh/Lh receptors
and steroidogenesis in 18-month-old pre-pubertal meagre. These fish showed signs of
spermatogenesis activation but were unable to finalise the first reproductive cycle and
did not produce releasable sperm, presumably due to insufficient endogenous Lh release
from the pituitary. In the present study, we showed that the treatment clearly advanced
spermatogenesis, as spermatocytes became the predominant germ cell type in the testes
of rFsh-treated pre-pubertal meagre, resembling the pattern observed in adult fish at an
advanced stage of spermatogenesis.

In vertebrates, germ cell apoptosis is an important homeostatic process that occurs
during normal testicular function [13,25] and has been documented in all three phases of
spermatogenesis: proliferative or spermatogonial, meiotic or spermatocytary, and spermio-
genesis or differentiation [13,26-33]. The rate of apoptosis of committed spermatogonia is
thought to be responsible for the spermatogenesis efficiency, a species-specific reproductive
trait that determines the final sperm output [32,34-36]. Gonadotropins, particularly Fsh,
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and androgens such as testosterone (T) act as survival factors for germ cells. Withdrawal
of Fsh and T has been correlated with increased germ cell apoptosis across different ver-
tebrate classes [13,15-17,20,37-45]. The existence of an inverse correlation between male
germ cell proliferation and apoptosis, with an increase in apoptosis during the testicular
regression/non-spermatogenic phase (corresponding to low androgen levels), has been
reported in mammals [13,46—-48], birds [49,50], reptiles [51], and amphibians [52,53].

In amniotes, Sertoli cells do not proliferate, and apoptosis is involved in maintaining
the correct germ cell/Sertoli cell ratio throughout the spermatogenic process [13,35,54-58],
a function that adds to the general role of apoptosis in preventing the maturation of
aberrant germ cells [13,54]. In the cystic testis of anamniotes, however, Sertoli cells divide
in parallel with spermatogonial proliferation [15,20,59-61]; therefore, a role of apoptosis
in maintaining the optimal germ cell/Sertoli cell ratio is implausible, and its biological
function needs to be further elucidated, as variations in this process can occur depending
on the species, reproductive phase, environmental conditions and ageing [28,31,62-64].

In adult teleost fish with annual reproductive cycles, such as swordfish Xiphias gla-
dius [62], Atlantic cod [32], Atlantic bluefin tuna [16], the Lake Van fish Chalcalburnus
tarichi [65], and greater amberjack [17], higher rates of testicular apoptosis have been
reported coinciding with the maximum germ cell proliferation activity and the highest
plasma levels of Fsh/Lh and androgens. This finding aligns with the hypothesised role
of germ cell apoptosis in eliminating aberrant cells and is consistent with the results of
our study, where we observed a high density of apoptotic cells during the meiotic phase,
coinciding with elevated plasma concentrations of 11-KT [21]. However, in teleost fishes,
as in seasonally breeding mammals, Fsh/Lh and sex steroids act as survival factors for
germ cells. Indeed, several genes involved in the initiation of germ cell apoptosis, whose
expression correlates with Fsh levels, have been recently identified [66,67]. In Atlantic cod,
the inhibition of the reproductive axis through exposure to a long photoperiod, which
is associated with insufficient stimulation, resulted in an increase in apoptosis of late
spermatogonia and Sertoli cells, and the restoration of the normal photoperiod reduced
apoptosis levels [20]. In zebrafish, Fsh stimulated retinoic acid production, which promoted
spermatogonia differentiation, supported 11-KT-stimulated meiosis, and reduced germ cell
apoptosis [68]. At the start of rFsh treatment, pre-pubertal meagre (PreP-C group) exhibited
high levels of testicular apoptosis (23,451.4 + 1554.8 um?/mm?), predominantly affecting
spermatogonia and Sertoli cells [9]. However, following rFsh treatment (PreP-Fsh group),
apoptosis decreased markedly (1700.8 & 297.3 um?/mm?) [9], reaching levels similar to or
even below those observed in adults (present study). The evidence that germ cell apoptosis
peaks concomitantly with the peak of spermatogenesis and the reported role of Fsh/Lh
and sex steroids as germ cell survival factors are in apparent reciprocal contradiction. By
combining the data collected in this study—albeit limited by the absence of a complete
steroid dataset—with findings from the relevant literature, a general pattern of apoptosis
during spermatogenesis in teleost fishes exhibiting seasonal reproductive cycles emerged.
During the proliferative phase of spermatogenesis (or spermatogonial phase), characterised
by rapid spermatogonial proliferation, the increasing levels of androgens exert their pro-
tective action against germ cell death, and apoptosis is very low. At this stage, apoptosis
mainly affects individual spermatogonia within the spermatocysts; the rate of apoptosis
is species-specific and is responsible for the efficiency of spermatogenesis. However, in
pre-pubertal fish that attempt the first reproductive cycle, apoptosis is very high due to
the insufficient Fsh/Lh and sex steroid levels, and spermatogonia that cannot proceed
towards spermatogenesis die. In this condition, spermatogenesis efficiency is negligible,
and releasable spermatozoa are not produced. In adults, when spermatogenic activity is
at its peak and spermatocytes are the predominant cell types in the seminiferous tubules
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(meiotic phase), apoptosis is high and no longer correlates with sex hormones, suggesting
that apoptosis in this phase decouples from androgens. Finally, coherently with literature
data on sand steenbras Lithognathus mormyrus [69], gilthead seabream Sparus aurata [28,70],
swordfish [62] and greater amberjack [17], when androgens withdraw, 173-estradiol in-
creases and testes prepare for a quiescent stage at the end of the reproductive season;
residual germ cells that cannot proceed in the spermatogenic process are removed by apop-
tosis. This has also been observed in adult post-spawning meagre (R.Z., unpublished data).
Not only does the role of apoptosis appear to change during the spermatogenic process,
but the way in which apoptosis occurs also changes. In fact, in pre-pubertal meagre [9] and
in adults sampled during the proliferation phase (present study), apoptosis affected mainly
one or a few individual spermatogonia within a spermatocyst, implying that the cell death
mechanism must involve the isolation of the spermatogonia undergoing apoptosis from
other cells of the spermatocyst clone, as already observed in cod [32]. Incidentally, in vitro
experiments on a mammal epithelial cell line indicated that detachment from neighbouring
cells, substratum, or extracellular matrix is likely to be a specific component of the apoptotic
process [71]. On the contrary, during the meiotic and post-meiotic phases, apoptotic cells
may not need to be isolated because apoptosis often affects the entire germ cell clone of
a spermatocyst.

5. Conclusions

Although constrained by the absence of comprehensive steroid hormone profiles and
a limited sample size, this study corroborates our previous observations on the effects
of Fsh on pre-pubertal meagre testes and offers new insights into the dynamic role of
apoptosis during the pre-pubertal phase and throughout spermatogenesis. Future research
with larger, hormone-characterised samples across teleost species with varied reproductive
strategies is warranted to validate the proposed apoptotic pattern.

Author Contributions: Conceptualization, N.D., 1.G., C.C.M. and A.C,; data curation, G.V., C.P. and
C.V,; formal analysis, R.Z.; investigation, G.V., C.P,, C.V. and R.Z.; methodology, G.V,, N.D.,, L.G.,
L.V, LP, A.C. and R.Z,; visualisation, G.V.; writing—original draft, G.V,, C.P, C.V,, A.C.and R.Z;
writing—review and editing, N.D., I.G., C.C.M., L.V. and L.P. All authors have read and agreed to the
published version of the manuscript.

Funding: The present work was funded by the project NewTechAqua (European Union’s Programme
H2020, GA 862658) awarded to N.D., C.C.M., and A.C., and by a grant from the Apulian Region to
R.Z. (POR PUGLIA FESR-FSE 2014 /2020—Asse X-Azione 10.4—Research for Innovation—REFIN).

Institutional Review Board Statement: The study complied with the European Directive, the Spanish
Royal Decree, and the Catalan Law on the Protection of Animals used for Scientific Purposes. The
use of pre-pubertal meagre was approved by IRTA’s (Institute of Agrifood Re-search and Technology)
Committee of Ethics and Experimental Animal (CEEA) and the Catalan Government’s Commission
of Animal Experimentation as protocol 4 in the experimental project 11264, which was approved on
27 January 2021 with expedient number FUE-2020-01809522 and ID CJQX0BOPH. Ethical committee
approval was not sought for the use of adult meagre, as all fish were purchased and sampled from a
commercial farm after routine harvesting. The authors complied with the ARRIVE guidelines.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: For fish maintenance and sampling, we thank Esteban Hernandez, Pol Moreno,
Magda Monlla6, Olga Bellot, Marta Sastre, and all IRTA technicians involved, and also Zohar Ibarra
and Joel Linares visiting from the Autonomous University of Nayarit, Mexico. Thank you to Ana
Mendes, Pedro Pousao and IPMA, Olhao, Portugal for supplying the pre-pubertal fish, and to Aldo



Animals 2025, 15, 2668 10 of 13

Reho and the staff of Rehomare InMare S.r.]. farm for supplying adult fish. Thanks are also given to
Deborah Maria Del Frassino and Alessandro Papaleo for their technical support and text formatting.

Conflicts of Interest: The authors have read the journal’s policy and have the following competing
interests: the author Ignacio Gimenéz is associated with the biotech company Rara Avis Biotech, S. L.,
which produced the recombinant Fsh. The other authors have no competing interests.

References

1.

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

Chao, L.N.; Trewavas, E. Sciaenidae. In Check-List of the Fishes of the Eastern Tropical Atlantic (CLOFETA); Quero, ].C., Hureau,
J.C., Karrer, C., Post, A., Saldanha, L., Eds.; JNICT: Lisbon, Portugal; SEI: Paris, France; UNESCO: Paris, France, 1990; Volume 2,
pp. 813-826.

Duncan, N.J.; Estévez, A.; Ferndndez-Palacios, H.; Gairin, I.; Herndndez-Cruz, C.M.; Roo, E]J.; Schuchardt, D.; Vallés, R.
Aquaculture production of meagre (Argyrosomus regius): Hatchery Techniques, Ongrowing and Market. In Advances in Aquaculture
Hatchery Technology; Allan, G., Burnell, G., Eds.; Woodhead Publishing Limited: Cambridge, UK, 2013; pp. 519-541.

Global Aquaculture Production Quantity (1950-2020). Available online: https://www.fao.org/fishery/statistics-query/en/
aquaculture/aquaculture_quantity (accessed on 20 January 2025).

Mylonas, C.C.; Mitrizakis, N.; Papadaki, M.; Sigelaki, I. Reproduction of hatchery-produced meagre Argyrosomus regius in
captivity I. Description of the annual reproductive cycle. Aquaculture 2013, 414-415, 309-317. [CrossRef]

Fernandez-Palacios, H.; Schuchardt, D.; Roo, J.; Izquierdo, M.; Hernandez-Cruz, C.; Duncan, N. Dose-dependent effect of a
single GnRHa injection on the spawning of meagre (Argyrosomus regius) broodstock reared in captivity. Span. |. Agri. Res. 2014,
12,1038-1048. [CrossRef]

Duncan, N.; Estévez, A.; Porta, J.; Carazo, I.; Norambuena, F; Aguilera, C.; Gairin, I.; Bucci, F; Valles, R.; Mylonas, C.C.
Reproductive development, GnRHa-induced spawning and egg quality of wild meagre (Argyrosomus regius) acclimatised to
captivity. Fish Physiol. Biochem. 2012, 38, 1273-1286. [CrossRef]

Mylonas, C.C.; Salone, S.; Biglino, T.; de Mello, PH.; Fakriadis, I.; Sigelaki, I.; Duncan, N. Enhancement of oogene-
sis/spermatogenesis in meagre Argyrosomus regius using a combination of temperature control and GnRHa treatments. Aquaculture
2016, 464, 323-330. [CrossRef]

Gonzélez-Quirés, R.; del Arbol, J.; del Mar Garcia-Pacheco, M.; Silva-Garcia, A.J.; Naranjo, ].M.; Morales-Nin, B. Life-history of
the meagre Argyrosomus regius in the Gulf of Cadiz (SW Iberian Peninsula). Fish. Res. 2011, 109, 140-149. [CrossRef]

Zupa, R.; Duncan, N.; Giménez, I.; Mylonas, C.C.; Pousis, C.; Passantino, L.; Cuko, R.; Corriero, A. Male germ cell proliferation
and apoptosis in sexually immature meagre Argyrosomus regius (Asso, 1801) treated with recombinant follicle stimulating hormone.
Sci. Rep. 2023, 13, 7013. [CrossRef] [PubMed]

Ventriglia, G.; Duncan, N.; Giménez, I.; Mylonas, C.C.; Pousis, C.; Corriero, A.; Zupa, R. Spermatogenesis advancement in
pre-pubertal meagre Argyrosomus regius treated with recombinant gonadotropins. Sci. Rep. 2025, 15, 15113. [CrossRef] [PubMed]
Xie, X.; Nobrega, R.; PSenicka, M. Spermatogonial Stem Cells in Fish: Characterization, Isolation, Enrichment, and Recent
Advances of In Vitro Culture Systems. Biomolecules 2020, 10, 644. [CrossRef]

Blanco-Rodriguez, J.; Martinez-Garcia, C. Spontaneous germ cell death in the testis of the adult rat takes the form of apoptosis:
Re-evaluation of cell types that exhibit the ability to die during spermatogenesis. Cell Proliferat. 1996, 29, 13-31. [CrossRef]
Young, K.A.; Nelson, R.J]. Mediation of seasonal testicular regression by apoptosis. Reproduction 2001, 122, 677—-685. [CrossRef]
Wistuba, J.; Schlatt, S. Transgenic mouse models and germ cell transplantation: Two excellent tools for the analysis of genes
regulating male fertility. Mol. Genet. Metab. 2002, 77, 61-67. [CrossRef]

Schulz, R.W.; de Franga, L.R.; Lareyre, J.-J.; LeGac, F; Chiarini-Garcia, H.; Nobrega, R.H.; Miura, T. Spermatogenesis in fish. Gen.
Comp. Endocrinol. 2010, 165, 390—-411. [CrossRef]

Zupa, R.; Fauvel, C.; Mylonas, C.C.; Santamaria, N.; Valentini, L.; Pousis, C.; Papadaki, M.; Suquet, M.; de la Gdndara, F.; Bello,
G.; et al. Comparative analysis of male germ cell proliferation in wild and captive Atlantic bluefin tuna Thunnus thynnus. J. Appl.
Ichthyol. 2013, 29, 71-81. [CrossRef]

Zupa, R,; Fauvel, C.; Mylonas, C.C.; Pousis, C.; Santamaria, N.; Papadaki, M.; Fakriadis, I.; Cicirelli, V.; Mangano, S.; Passantino,
L.; et al. Rearing in captivity affects spermatogenesis and sperm quality in greater amberjack Seriola dumerili (Risso, 1810). J. Anim.
Sci. 2017, 95, 4085-4100. [CrossRef]

Ventriglia, G.; Fakriadis, I.; Papadaki, M.; Zupa, R.; Pousis, C.; Mandalakis, M.; Corriero, A.; Mylonas, C.C. Effects of different
hormonal treatments on spermatogenesis advancement in hatchery-produced greater amberjack Seriola dumerili (Risso 1810). Gen.
Comp. Endocrinol. 2024, 348, 114447. [CrossRef] [PubMed]

Zohar, Y.; Mylonas, C.C. Endocrine manipulations of spawning in cultured fish: From hormones to genes. Aquaculture 2001,
197, 99-136. [CrossRef]


https://www.fao.org/fishery/statistics-query/en/aquaculture/aquaculture_quantity
https://www.fao.org/fishery/statistics-query/en/aquaculture/aquaculture_quantity
https://doi.org/10.1016/j.aquaculture.2013.09.009
https://doi.org/10.5424/sjar/2014124-6276
https://doi.org/10.1007/s10695-012-9615-3
https://doi.org/10.1016/j.aquaculture.2016.07.006
https://doi.org/10.1016/j.fishres.2011.01.031
https://doi.org/10.1038/s41598-023-34102-1
https://www.ncbi.nlm.nih.gov/pubmed/37117257
https://doi.org/10.1038/s41598-025-99372-3
https://www.ncbi.nlm.nih.gov/pubmed/40301651
https://doi.org/10.3390/biom10040644
https://doi.org/10.1111/j.1365-2184.1996.tb00091.x
https://doi.org/10.1530/rep.0.1220677
https://doi.org/10.1016/S1096-7192(02)00142-7
https://doi.org/10.1016/j.ygcen.2009.02.013
https://doi.org/10.1111/j.1439-0426.2012.02045.x
https://doi.org/10.2527/jas.2017.1708
https://doi.org/10.1016/j.ygcen.2024.114447
https://www.ncbi.nlm.nih.gov/pubmed/38216096
https://doi.org/10.1016/S0044-8486(01)00584-1

Animals 2025, 15, 2668 11 of 13

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

Almeida, EFL.; Taranger, G.L.; Norberg, B.; Karlsen, J.; Bogerd, ]J.; Schulz, R.W. Photoperiod-Modulated Testis Maturation in
Atlantic Cod (Gadus morhua, L.). Biol. Reprod. 2009, 80, 631-640. [CrossRef]

Zupa, R.; Hala, E.; Ventriglia, G.; Pousis, C.; Passantino, L.; Quaranta, A.; Corriero, A.; De Virgilio, C. Reproductive maturation of
meagre Argyrosomus regius (Asso, 1801) reared in floating cages. Animals 2023, 13, 223. [CrossRef]

Abou Shabana, N.M.; Abd El Rahma, S.H.; Al Absawy, M.A.; Assem, S.S. Reproductive biology of Argyrosomus regius (Asso, 1801)
inhabiting the south eastern Mediterranean Sea, Egypt. Egypt. |. Aquat. Res. 2012, 38, 147-156. [CrossRef]

Zupa, R.; Martino, N.A.; Marzano, G.; Dell’Aquila, M.E.; Corriero, A. Meagre Argyrosomus regius (Asso, 1801) stem spermatogonia:
Histological characterization, immunostaining, in vitro proliferation, and cryopreservation. Animals 2020, 10, 851. [CrossRef]
[PubMed]

Sokal, R.R.; Rohlf, FJ. Biometry: The Principles and Practice of Statistics in Biological Research, 3rd ed.; Freeman WH and Company:
New York, NY, USA, 1981.

Schulz, RW.; Miura, T. Spermatogenesis and its endocrine regulation. Fish Physiol. Biochem. 2002, 26, 43-56. [CrossRef]

Billard, R. La spermatogenése de Poecilia reticulata I. Estimation du nombre de generations goniales et rendement de la sper-
matogenese. Ann. Biol. Biochem. Biophys. 1969, 9, 251-271. [CrossRef]

Prisco, M.; Liguoro, A.; Comitato, R.; Cardone, A.; D’Onghia, B.; Ricchiari, L.; Angelini, F.; Andreuccetti, P. Apoptosis during
spermatogenesis in the spotted ray Torpedo marmorata. Mol. Reprod. Dev. 2003, 64, 341-348. [CrossRef] [PubMed]

Chaves-Pozo, E.; Mulero, V.; Meseguer, J.; Ayala, A.G. An overview of cell renewal in the testis throughout the reproductive cycle
of a seasonal breeding teleost, the gilthead seabream (Sparus aurata L.). Biol. Reprod. 2005, 72, 593-601. [CrossRef]

Schulz, RW.; Menting, S.; Bogerd, J.; Franca, L.R; Vilela, D.A.R.; Godinho, H.P. Sertoli cell proliferation in the adult testis-evidence
from two fish species belonging to different orders. Biol. Reprod. 2005, 73, 891-898. [CrossRef]

Nobrega, R.H. Alteragoes do Epitélio Germinativo Masculino, Células Enddcrinas Testiculares e Células Gonadotrépicas Durante
o Ciclo Reprodutivo de Serrasalmus spilopleura (Kner, 1859) e Pimelodus maculatus (Lacépede, 1803). Master’s Thesis, Universidade
Estadual de Campinas, Campinas, Brazil, 2006.

Nobrega, R.H.; Batlouni, S.R.; Franga, L.R. An overview of functional and stereological evaluation of spermatogenesis and germ
cell transplantation in fish. Fish Physiol. Biochem. 2009, 35, 197-206. [CrossRef]

Almeida, EEL.; Kristoffersen, C.; Taranger, G.L.; Schulz, R.W. Spermatogenesis in Atlantic cod (Gadus morhua): A novel model of
cystic germ cell development. Biol. Reprod. 2008, 78, 27-34. [CrossRef]

Zakariah, M.; Ibrahim, M.I.A.; Molele, R.A.; McGaw, L.J. Apoptosis of germ cells in the normal testis of the Japanese quail
(Coturnix coturnix japonica). Tissue Cell 2020, 67, 101450. [CrossRef]

Blanco-Rodriguez, . A matter of death and life: The significance of germ cell death during spermatogenesis. Int. |. Androl. 1998,
21, 236-248. [CrossRef]

de Rooij, D.G. Proliferation and differentiation of spermatogonial stem cells. Reproduction 2001, 121, 347-354. [CrossRef] [PubMed]
Heninger, N.L.; Staub, C.; Blanchard, T.L.; Johnson, L.; Varner, D.D.; Forrest, D.W. Germ cell apoptosis in the testes of normal
stallions. Theriogenology 2004, 62, 283-297. [CrossRef]

Tapanainen, J.S.; Tilly, J.L.; Vihko, K.K.; Hsueh, A.J. Hormonal control of apoptotic cell death in the testis: Gonadotropins and
androgens as testicular cell survival factors. Mol. Endocrinol. 1993, 7, 643-650. [CrossRef]

Nonclercq, D.; Reverse, D.; Toubeau, G.; Beckers, ].F.,; Sulon, J.; Laurent, G.; Zanen, ].; Heuson-Stiennon, J.-A. In situ demonstration
of germinal cell apoptosis during diethylstilbestrol-induced testis regression in adult male Syrian hamsters. Biol. Reprod. 1996,
55,1368-1376. [CrossRef] [PubMed]

Woolveridge, I.; de Boer-Brouwer, M.; Taylor, E; Teerds, K.J.; Wu, EC.W.; Morris, I.D. Apoptosis in the rat spermatogenic
epithelium following androgen withdrawal: Changes in apoptosis-related genes. Biol. Reprod. 1999, 60, 461-470. [CrossRef]
[PubMed]

Dawson, A.; King, V.M.; Bentley, G.E.; Ball, G.F. Photo-periodic control of seasonality in birds. J. Biol. Rhythms. 2001, 16, 365-380.
[CrossRef] [PubMed]

Dawson, A. Photoperiodic control of the annual cycle in birds and comparison with mammals. Ardea 2002, 90, 355-367.

Ohta, T.; Miyake, H.; Miura, C.; Kamei, H.; Aida, K.; Miura, T. Follicle stimulating hormone induces spermatogenesis mediated
by androgen production in Japanese eel, Anguilla japonica. Biol. Reprod. 2007, 77, 970-977. [CrossRef]

Zmora, N.; Kazeto, Y,; Kumar, R.S.; Schulz, RW.; Trant, ].M. Production of recombinant channel catfish (Ictalurus punctatus) FSH
and LH in S2 Drosophila cell line and an indication of their different actions. . Endocrinol. 2007, 194, 407—416. [CrossRef]
Ruwanpura, S.M.; Stanton, P.G.; Meachem, S.J. Follicle-stimulating hormone affects spermatogonial survival by regulating the
intrinsic apoptotic pathway in adult rats. Biol. Reprod. 2008, 78, 705-713. [CrossRef]

Corriero, A.; Medina, A.; Mylonas, C.C.; Bridges, C.R.; Santamaria, N.; Deflorio, M.; Losurdo, M.; Zupa, R.; Gordin, H.; de la
Gandara, F; et al. Proliferation and apoptosis of male germ cells in captive Atlantic bluefin tuna (Thunnus thynnus L.) treated
with gonadotropin-releasing hormone agonist (GnRHa). Anim. Reprod. Sci. 2009, 116, 346-357. [CrossRef]


https://doi.org/10.1095/biolreprod.108.071340
https://doi.org/10.3390/ani13020223
https://doi.org/10.1016/j.ejar.2012.12.002
https://doi.org/10.3390/ani10050851
https://www.ncbi.nlm.nih.gov/pubmed/32423131
https://doi.org/10.1023/A:1023303427191
https://doi.org/10.1051/rnd:19690208
https://doi.org/10.1002/mrd.10267
https://www.ncbi.nlm.nih.gov/pubmed/12548666
https://doi.org/10.1095/biolreprod.104.036103
https://doi.org/10.1095/biolreprod.105.039891
https://doi.org/10.1007/s10695-008-9252-z
https://doi.org/10.1095/biolreprod.107.063669
https://doi.org/10.1016/j.tice.2020.101450
https://doi.org/10.1046/j.1365-2605.1998.00133.x
https://doi.org/10.1530/rep.0.1210347
https://www.ncbi.nlm.nih.gov/pubmed/11226060
https://doi.org/10.1016/j.theriogenology.2003.10.022
https://doi.org/10.1210/mend.7.5.8316250
https://doi.org/10.1095/biolreprod55.6.1368
https://www.ncbi.nlm.nih.gov/pubmed/8949895
https://doi.org/10.1095/biolreprod60.2.461
https://www.ncbi.nlm.nih.gov/pubmed/9916015
https://doi.org/10.1177/074873001129002079
https://www.ncbi.nlm.nih.gov/pubmed/11506381
https://doi.org/10.1095/biolreprod.107.062299
https://doi.org/10.1677/JOE-07-0171
https://doi.org/10.1095/biolreprod.107.065912
https://doi.org/10.1016/j.anireprosci.2009.02.013

Animals 2025, 15, 2668 12 of 13

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Blottner, S.; Hingst, O.; Meyer, H.H.D. Inverse relationship between testicular proliferation and apoptosis in mammalian seasonal
breeders. Theriogenology 1995, 44, 320-328. [CrossRef]

Strbenc, M.; Fazarinc, G.; Bavdek, V.; Poga¢nik, A. Apoptosis and proliferation during seasonal testis regression in the brown
hare (Lupus europaeus L.). Anat. Histol Embryol. 2003, 32, 48-53. [CrossRef]

Valentini, L.; Zupa, R.; Pousis, C.; Cuko, R.; Corriero, A. Proliferation and apoptosis of cat (Felis catus) male germ cells during
breeding and non-breeding seasons. Vet. Sci. 2022, 9, 447. [CrossRef]

Jenkin, L.K.; Ross, W.L.; Young, K.A. Increases in apoptosis and declines in Bcl-XL protein characterise testicular regression in
American crows (Corvus brachyrhynchos). Reprod. Fertil. Dev. 2007, 19, 461-469. [CrossRef]

Nazrul Islam, M.; Tsukahara, N.; Sugita, S. Apoptosis-mediated seasonal testicular regression in the Japanese Jungle crow (Corvus
macrorhynchos). Theriogenology 2012, 77, 1854-1865. [CrossRef]

Chen, H.; Huang, Y.; Liu, T.; Haseeb, A.; Ahmed, N.; Zhang, L.; Bian, X.; Chen, Q. Characteristics of seasonal spermatogenesis in
the soft-shelled Turtle. Anim. Reprod. Sci. 2020, 214, 106307. [CrossRef]

Sasso-Cerri, E.; Cerri, P.S.; Freymiiller, E.; Miraglia, S.M. Apoptosis during the seasonal spermatogenic cycle of Rana catesbeiana.
J. Anat. 2006, 209, 21-29. [CrossRef]

Scaia, M.E,; Czuchlej, S.C.; Cervino, N.; Ceballos, N.R. Apoptosis, Proliferation and Presence of Estradiol Receptors in the Testes
and Bidder’s Organ of the Toad Rhinella Arenarum (Amphibia, Anura). ]. Morphol. 2016, 277, 412-423. [CrossRef] [PubMed]
Swerdloff, R.S.; Lue, Y.; Wang, C. Hormonal Regulation of Germ Cell Apoptosis. In Germ Cell Development, Division, Disruption
and Death; Zirkin, B.R., Ed.; Springer: New York, NY, USA, 1998; pp. 150-164.

Deviche, P; Hurley, L.L.; Fokidis, H.B. Avian Testicular Structure, Function, and Regulation. In Hormones and Reproduction of
Vertebrates; Norris, D.O., Lopez, K.H., Eds.; Academic Press: New York, NY, USA, 2011; pp. 27-70.

Gribbins, K.M. Reptilian spermatogenesis: A histological and ultrastructural perspective. Spermatogenesis 2011, 1, 250-269.
[CrossRef] [PubMed]

Abdul-Rahman, LI; Obese, FY.; Jeffcoate, I.A. Developmental changes in the histological structure of the testes, and testosterone
profiles in male guinea fowls (Numida meleagris). Theriogenology 2017, 101, 114e122. [CrossRef]

Beltran-Frutos, E.; Seco-Rovira, V.; Martinez-Hernandez, J.; Ferrer, C.; Serrano-Sanchez, M.IL; Pastor, L.M. Cellular Modifications
in Spermatogenesis during Seasonal Testicular Regression: An Update Review in Mammals. Animals 2022, 12, 1605. [CrossRef]
Vilela, D.A.R;; Silva, S.G.B.; Peixoto, M.T.D.; Godinho, H.P.; Franca, L.R. Spermatogenesis in teleost: Insights from the Nile tilapia
(Oreochromis niloticus) model. Fish Physiol. Biochem. 2003, 28, 187-190. [CrossRef]

Rozenblut-Késcisty, B.; Piprek, R.P; Pecio, A.; Bartmdnska, J.; Szymura, ].M.; Ogielska, M. The structure of spermatogenic
cysts and number of Sertoli cells in the testes of Bombina bombina and Bombina variegata (Bombinatoridae, Anura, Amphibia).
Zoomorphology 2017, 136, 483-495. [CrossRef]

Roco, A.S.; Ruiz-Garcia, A.; Bullejos, M. Testis Development and Differentiation in Amphibians. Genes 2021, 12, 578. [CrossRef]
[PubMed]

Corriero, A.; Desantis, S.; Bridges, C.R.; Kim, D.E.; Megalofonou, P.; Santamaria, N.; Cirillo, F.; Ventriglia, G.; Di Summa, A;
Deflorio, M.; et al. Germ cell proliferation and apoptosis during different phases of swordfish (Xiphias gladius L.) spermatogenetic
cycle. J. Fish Biol. 2007, 70, 83-99. [CrossRef]

Domingos, EET.; Thomé, R.G.; Martinelli, PM.; Sato, Y.; Bazzoli, N.; Rizzo, E. Role of HSP70 in the regulation of the testicular
apoptosis in a seasonal breeding teleost Prochilodus argenteus from the Sao Francisco River, Brazil. Microsc. Res. Tech. 2013,
76, 350-356. [CrossRef]

Ribeiro, Y.M.; de Matos, S.A.; Domingos, FE.T.; dos Santos, H.B.; Cruz Vieira, A.B.; Bazzoli, N.; Rizzo, E. Germ cell proliferation
and apoptosis during testicular regression in a seasonal breeding fish kept in captivity. Tissue Cell 2017, 49, 664—671. [CrossRef]
Kaptaner, B.; Kankaya, E. Analysis of germ cell proliferation, apoptosis, and androgenesis in the Lake Van fish (Chalcalburnus
tarichi) during testicular development. Fish Physiol. Biochem. 2013, 39, 1665-1679. [CrossRef]

Moreira, D.P,; Melo, RM.C.; Weber, A.A ; Rizzo, E. Insulin-like growth factors 1 and 2 are associated with testicular germ cell
proliferation and apoptosis during fish reproduction. Reprod. Fertil. Dev. 2020, 32, 988-998. [CrossRef] [PubMed]

Crespo, D.; Assis, LH.C.; Zhang, Y.T,; Safian, D.; Furmanek, T.; Skaftnesmo, K.O.; Norberg, B.; Ge, W.; Choi, Y.-C.; den Broeder,
M.].; et al. Insulin-like 3 affects zebrafish spermatogenic cells directly and via Sertoli cells. Commun. Biol. 2021, 4, 204. [CrossRef]
[PubMed]

Crespo, D.; Assis, L. H.C.; van de Kant, H.J.G.; de Waard, S.; Safian, D.; Lemos, M.S.; Bogerd, J.; Schulz, R.W. Endocrine and
local signaling interact to regulate spermatogenesis in zebrafish: Follicle-stimulating hormone, retinoic acid and androgens.
Development 2019, 146, dev178665. [CrossRef] [PubMed]

Besseau, L.; Faliex, E. Resorption of unemitted gametes in Lithognathus mormyrus (Sparidae, Teleostei): A possible synergic action
of somatic and immune cells. Cell. Tissue Res. 1994, 276, 123-132. [CrossRef]


https://doi.org/10.1016/0093-691X(95)00187-D
https://doi.org/10.1046/j.1439-0264.2003.00437.x
https://doi.org/10.3390/vetsci9080447
https://doi.org/10.1071/RD06079
https://doi.org/10.1016/j.theriogenology.2012.01.002
https://doi.org/10.1016/j.anireprosci.2020.106307
https://doi.org/10.1111/j.1469-7580.2006.00582.x
https://doi.org/10.1002/jmor.20507
https://www.ncbi.nlm.nih.gov/pubmed/26719144
https://doi.org/10.4161/spmg.1.3.18092
https://www.ncbi.nlm.nih.gov/pubmed/22319673
https://doi.org/10.1016/j.theriogenology.2017.06.024
https://doi.org/10.3390/ani12131605
https://doi.org/10.1023/B:FISH.0000030523.16010.62
https://doi.org/10.1007/s00435-017-0362-y
https://doi.org/10.3390/genes12040578
https://www.ncbi.nlm.nih.gov/pubmed/33923451
https://doi.org/10.1111/j.1095-8649.2006.01257.x
https://doi.org/10.1002/jemt.22173
https://doi.org/10.1016/j.tice.2017.09.003
https://doi.org/10.1007/s10695-013-9818-2
https://doi.org/10.1071/RD20128
https://www.ncbi.nlm.nih.gov/pubmed/32693911
https://doi.org/10.1038/s42003-021-01708-y
https://www.ncbi.nlm.nih.gov/pubmed/33589679
https://doi.org/10.1242/dev.178665
https://www.ncbi.nlm.nih.gov/pubmed/31597660
https://doi.org/10.1007/BF00354791

Animals 2025, 15, 2668 13 of 13

70. Chaves-Pozo, E.; Liarte, S.; Vargas-Chacoff, L.; Garcia-L6pez, A.; Mulero, V.; Meseguer, J.; Mancera, ].M.; Garcia-Ayala, A.
17Beta-Estradiol Triggers Postspawning in Spermatogenically Active Gilthead Seabream (Sparus aurata L.) Males. Biol. Reprod.
2007, 76, 142-148. [CrossRef] [PubMed]

71. Corfe, B.M.; Dive, C.; Garrod, D.R. Changes in intercellular junctions during apoptosis precede nuclear condensation or
phosphatidylserine exposure on the cell surface. Cell Death Differ. 2000, 7, 234-235. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1095/biolreprod.106.056036
https://www.ncbi.nlm.nih.gov/pubmed/17050857
https://doi.org/10.1038/sj.cdd.4400634
https://www.ncbi.nlm.nih.gov/pubmed/10819598

	Introduction 
	Materials and Methods 
	Sampling 
	Histological Analysis and Identification of Apoptotic Germ Cells 
	Relative Quantification of Germ Cell Types and Testicular Apoptosis 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

