': fishes

Article

Direct Feedback Regulation of E2, T, and hCG in the Brain-
Pituitary-Gonad Axis of Japanese Eel (Anguilla japonica) during
Artificial Maturation

Xiaojian Lai 2%, Shuai Peng 1-2, Zhaoren Bai !'?, Le Cao 12, Huixuan Huang 2, Yonghua Jiang !

check for
updates

Citation: Lai, X.; Peng, S.; Bai, Z.;
Cao, L.; Huang, H.; Jiang, Y.; Wang, Y.
Direct Feedback Regulation of E2, T,
and hCG in the Brain-Pituitary—
Gonad Axis of Japanese Eel

(Anguilla japonica) during Artificial
Maturation. Fishes 2024, 9, 265.
https:/ /doi.org/10.3390/ fishes9070265

Academic Editor: Sergio

Ricardo Batlouni

Received: 25 April 2024
Revised: 11 June 2024
Accepted: 13 June 2024
Published: 5 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Yilei Wang 1*

1 Fisheries College, Jimei University, Xiamen 361021, China; 13237184383@163.com (S.P.);

baizr@mu.edu.cn (Z.B.); caole@jmu.edu.cn (L.C.); hui%4@jmu.edu.cn (H.H.); yhjiang1974@jmu.edu.cn (Y.].)

Engineering Research Center of the Modern Technology for Eel Industry, Ministry of Education,

Xiamen 361021, China

*  Correspondence: laixj@mu.edu.cn (X.L.); ylwang@mu.edu.cn (Y.W.); Tel.: +86-592-6181420 (X.L.);
+86-592-6181420 (Y.W.); Fax: +86-592-6181476 (X.L.); +86-592-618147 (Y.W.)

Abstract: The feedback regulatory effects of estrogen (E2) and androgen (T) on the gonadotropin-
releasing hormone (GnRH) and gonadotropin (GtH) within the brain—pituitary-gonad (BPG) axis in
eels with undeveloped ovaries were investigated through in vivo studies. However, the regulatory
role of the BPG axis only became apparent during ovary development in the migratory stage. To
further elucidate the direct feedback regulation of the BPG axis, female Anguilla japonica underwent
artificial induction of vitellogenesis, and the regulation of BPG axis tissues by GtH (human chorionic
gonadotropin, hCG), E2, and T was explored through in vitro exposure. The mRNA expression levels
of GnRH (mGnRH), GtH (fshb and Ihb), and steroid biosynthesis enzymes (cyp11al, hsd3b, cypl7al,
and cyp17a2) in the diencephalon, pituitary, and ovary, respectively, were determined. The results
showed that the expression level of mGnRH in the diencephalon was significantly downregulated
by 0.1 IU/mL hCG but upregulated by both 1 nM E2 and higher concentrations of T, suggesting a
direct positive feedback regulation of E2 on mGnRH. In the pituitary, the expression levels of fshb
and Ihb were upregulated by E2, while fshb was suppressed by T. In the ovaries, the expression of
cypllal and hsd3b was upregulated by 1 nM E2, whereas T exposure resulted in an opposite effect.
Cyp17a1 mRNA levels did not differ significantly with E2 treatment but were upregulated by 1 nM T.
These findings suggest that low concentrations of E2 exhibited positive feedback regulation on all
three levels (diencephalon, pituitary, and ovary) of the BPG axis, while T showed weaker and
differential feedback regulation in BPG axis tissues. Overall, this study’s results revealed the direct
feedback regulation of hCG, E2, and T on the BPG axis in eels, a phylogenetic base of teleosts.

Keywords: Anguilla japonica; mGnRH; hCG; steroid biosynthesis enzyme; estradiol; testosterone
Key Contribution: Low concentrations of E2 showed positive feedback regulation on the three levels

(diencephalon, pituitary, and ovary) of the BPG axis directly; T showed a weaker and differential
feedback regulation among BPG axis tissues in Anguilla japonica, a phylogenetic base of teleosts.

1. Introduction

Anguillid eels, comprising 19 species, are widely distributed in tropical, subtropical,
and temperate regions spanning 70° N to 50° S latitude. Eels hold significant commer-
cial value, and are extensively cultured in East Asia. Eels follow a catadromous life
cycle with stages including the fertilized egg, pre-leptocephalus, leptocephalus, glass eel,
elver/juvenile eel, yellow eel, and silver eel. Unfortunately, the wild glass eel resources
in terms of the Japanese eel (Anguilla japonica), European eel (A. anguilla), and American
eel (A. rostrata) have sharply declined in the last 30 years [1]. Japanese scholars achieved
the groundbreaking feat of full artificial breeding of a second generation of Japanese eel
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offspring in 2010 [2]. However, challenges persist, such as variations in egg quality due
to exogenous hormone treatment, leading to low survival rates and high incubation costs
for artificial glass eels in captivity [1]. The current yield of artificial glass eels falls short of
meeting the demands of commercial culture, necessitating improvements in egg quality,
optimization of environments and systems for rearing leptocephali, and the reduction
of the leptocephalus stage [3]. Crucial aspects, including ovarian development and egg
maturation, involving steroid hormone synthesis, nutrient accumulation, and hydration,
require further research and enhancement for successful leptocephalus rearing.

Reproductive functions in vertebrates rely on the regulation of the brain—pituitary—
gonad (BPG) axis. However, eels, as the phylogenetic base of teleosts, exhibit significant
phylogenetic distances and substantial differences in reproductive strategy and life history
compared to other teleosts [4]. Notably, eel ovary and brain aromatase show much lower
enzymatic activity than that in other teleosts [5]. The whole-genome duplication event
in teleosts results in two cyp19al genes: cypl9ala and cyp19a1b [6]. By contrast, only one
copy of cyp19al has been identified in eels. The tissue-specific expression of eel cyp19al is
achieved through a tissue-specific promoter and alternative splicing, resembling patterns
found in most amphibians and mammals [7].

The feedback regulatory effects of estrogen (173--estradiol [E2]) and androgen (testos-
terone [T] and dihydrotestosterone [DHT]) on mGnRH and GtH levels in the BPG axis
in female eels have been extensively investigated in vivo. The female eels in these stud-
ies were either silver eels or immature eels with undeveloped ovaries, as the gonadal
development is inhibited during the freshwater life stage and only initiates during the
migratory stage. At the GnRH level, positive E2-dependent feedback on mGnRH was ob-
served in European eels [8], while sex steroids did not stimulate brain mGnRH in Japanese
eels [9]. Concerning GtH levels, an in vivo study revealed E2-specific positive feedback on
luteinizing hormone (LH) and T-specific negative feedback on follicle-stimulating hormone
(FSH) in European eels [10]. Only a triple treatment with T, GnRH agonist, and dopamine-
receptor antagonist (pimozide) could trigger dramatic increases in LH synthesis [11]. Both
E2 and T could dose-dependently increase pituitary LH content in Japanese eels, but with-
out any significant effect on the gonadosomatic index (GSI) [9]. Androstenedione (AD),
17x-methyltestosterone (MT), and T exhibited positive feedback effects on the BPG axis,
promoting mGnRH synthesis in the brain and/or GtH (fshb or [hb) mRNA expression in the
pituitary, along with a significant increase in GSI in A. japonica [12,13] and A. anguilla [14].
In summary, steroid feedback data exhibit substantial variations depending on species and
reproductive cycle stage. Consequently, for fully manifesting the regulatory role of the BPG
axis, eels in the process of gonadal maturation should be used to investigate the feedback
regulation. A previous study showed that the expression levels of most steroidogenesis
enzymes peaked in the midvitellogenic follicles of A. japonica [15]. Meanwhile, an in vitro
study showed that E2 increased fshb mRNA levels but had no effect on lhb expression,
while androgen (T and DHT) stimulation yielded opposite results. These data suggest that
sex steroid feedback on gonadotropins operates through multiple pathways, indirectly
involving cerebral control [16]. To further unveil the direct action of steroids on the BPG
axis, in vitro studies as a further investigative method should be conducted.

In this study, artificial vitellogenesis was induced in female A. japonica by admin-
istering exogenous GtH (carp pituitary extract [CPE]) injections during the migration
season. The feedback regulation on the diencephalon, pituitary, and ovary by GtH (hCG),
estrogen (E2), and androgen (T), respectively, was investigated through in vitro exposure.
The mRNA expression levels of key components including GnRH (mGnRH), GtH (fshb
and /hb), and steroid biosynthetic enzymes (cyp11al, hsd3b, cypl7al, and cyp17a2) in the
diencephalon, pituitary, and ovary were analyzed to elucidate the potential mechanisms of
hCG, E2, and T, respectively, in regulating the feedback loop of the BPG axis. The findings
of this study aim not only to provide a direct understanding of the feedback regulation of
the BPG axis during vitellogenesis but also to offer scientific evidence for enhancing the
artificial maturation of A. japonica.
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2. Materials and Methods
2.1. Ethics Statement

All experiments in this study received approval from the Animal Experimental Com-
mittee of Jimei University. Each surgery was conducted under anesthesia induction using
clove oil to reduce suffering.

2.2. Artificial Development Trial and Sampling Procedure

Three-year-old farmed female A. japonica eels (n = 30; mean body weight [BW]:
904.5 + 121.8 g and 75.2 & 5.5 cm; mean + SEM) were sourced from a commercial eel
farm (Fuqing, Fujiang Province, China). The eels were gradually acclimated to seawater
(35 psu) for 14 days and then maintained at 21 & 1 °C in a 500 L tank with a recirculating
seawater system for a month. Twenty-six females among them were silvered. Six of these
silver females were randomly sacrificed for serum E2 and T assessment and histological
observation before artificial ovarian development (previtellogenic [PV] stage). Blood was
sampled from the caudal vein with a disposable sterile injector. A piece of ovarian tissue
was stored in 4% paraformaldehyde solution for histological observation. The rest of the
silver females were weekly injected with CPE at a concentration of 10 mg/kg, facilitating
artificial ovarian development to the midvitellogenic (MV) stage. Eighteen females at
the MV stage (10-12 injections) were euthanized using a clove oil solution (2 mL/L) and
sampled according to our previous protocol [7]. Morphometric measurements included
total BW, total length, gonad weight, liver weight, and gut weight. These measurements
were used to calculate GSI. GSI (%) = [gonad weight (g) x 100/BW (g)], hepatosomatic
index (HSI), HSI (%) = [liver weight (g) x 100/BW (g)], and gut index (%) = [gut weight
(g) x 100/BW (g)]. Following gonad weight measurement, a small ovarian tissue piece
(randomly selected, 1 = 6), the diencephalon (tissues from three fish were pooled for one
sample, nn = 6), and the pituitary (tissues from three fish were pooled for one sample, 1 = 6)
were immediately dissected and collected for in vitro incubation. Blood was also collected
for serum E2 and T assessment (randomly selected, n = 6). The developmental stage of the
ovaries was also confirmed by histological observation.

2.3. Serum E2 and T Assessment by Immunoenzymatic Assays

Serum E2 and T levels were determined using a Testosterone EIA Kit and an Estra-
diol ELISA Kit (Cayman Chemical Company, Ann Arbor, MI, USA), following the man-
ufacturer’s instructions. Serum containing T and E2 was extracted using diethyl ether
or methanol, respectively, evaporated to dryness under inert gas, and then dissolved
in assay buffer. For consistency, all samples in each experiment were assayed simulta-
neously. Intra-assay and inter-assay coefficients of variation for T and E2 were below
15% and 12%, respectively.

2.4. Histological Observation

The fixed ovarian tissues were dehydrated, then embedded in paraffin wax, and cut
serially at 5 pm. Sections were stained with Erlich’s hematoxylin and Eosin, dried, and then
mounted with neutral balsam. Images were captured through a compound microscope
equipped with a camera (Leica DM5500B).

2.5. In Vitro Incubation of the Ovary, Diencephalon, and Pituitary

The ovary, diencephalon, and pituitary from MV stage eels were excised, rinsed in
phosphate-buffered saline, and sectioned into 0.5 mm thick slices on ice. These tissues
were promptly placed in a 24-well tissue culture dish, each well containing 1 mL of
L-15 medium (Gibco, Waltham, MA, USA) with 2% penicillin—-streptomycin (BI, Biological
Industries, Israel) and then incubated at 25 °C in a humidified atmosphere with 5% CO,.
T and E2 (Sigma, St. Louis, MO, USA) stock solutions were prepared in 100% ethanol at
concentrations of 33.3 mM and 166.7 mM, respectively, and diluted in L-15 medium just
before use. hCG (Ningbo Second Hormone Factory, Ningbo, China) was also prepared in
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L-15 medium immediately before use. Following a 6 h pre-incubation, tissue fragments
were treated with T (1, 10, or 100 nM), E2 (1, 10, or 100 nM), hCG (0.1, 1, or 10 IU/mL),
or ethanol (0.1%, control) for 24 h. Post-incubation, tissues were preserved in RNA-later
for subsequent real-time quantitative reverse transcription—polymerase chain reaction
(gqRT-PCR) analysis of mGnRH, fshb, Ihb, cyp11al, hsd3b, cyp17al, and cypl7a2 mRNA (n = 6).

2.6. qRT-PCR Analysis of mGnRH, fshb, Ihb, cyp11al, hsd3B, cypl7al, and cyp17a2 mRNA Levels

Total RNA extraction was performed using the SteadyPure™ kit (Accurate Biology,
Changsha, China) for qRT-PCR analysis of mGnRH, fshb, Ihb, cyp11al, hsd3b, cypl7al, and
cyp17a2 mRNA levels. Specific primers for measuring the expression of target genes were
designed and tested for specificity and efficiency (Table 1). The qRT-PCR assays were
performed using a QuantStudio 1 Plus Real-time PCR Instrument (Thermo Fisher Scientific,
Waltham, MA, USA) with 10 pL of PCR kit mixture that included 4.5 pL of diluted cDNA,
5 uL of SYBR GREEN 2 x Premix (Accurate Biotechnology, Changsha, China), and 0.25 pL
of each primer (10 pM). The protocol of the reaction, which was performed in a 96-well
optical plate, involved an initial 5 min denaturation at 95 °C, followed by 40 cycles of 95 °C
for 10 s, 60 °C for 15 s, and 72 °C for 15 s. A negative control (cDNA was replaced with
sterile water) for each primer pair was run in duplicate on all plates. qRT-PCR assays for
all target genes and the reference gene B-actin involved five biological replicates and at
least three technical replicates. Amplification efficiencies of primers were determined by
standard curves (Table S1, Figure S1). Amplification specificities were confirmed through
melting curve analysis (Figure 52). Relative gene expression levels were normalized to that
of B-actin and calculated using the 2724t method.

Table 1. Primer sequences for the seven genes and the reference gene.

Primer Gene Name Sequence (5—3)
mGnRH-F mammal gonadotropin- TGGCTGGGGCTGGCTGTG
mGnRH-R releasing hormone GCTGGGCAAACTGGAGGTGTC

fshb-E follicle-stimulating hormone AGAATGAAGAATGCCGTCGC

fshb-R ACAGGGTAGGTGAAGTGGAGGT

Ihb-F Luteinizine hormone TCACCAAGGACCCAAGCTAC

Ihb-R § CCATGGTGCACAGGTTACAG
cypllal-F PUS0 side-chain clegonee AAACTTTGGACCCATTTACCG
cypllal-R 8 CCTGAACCTGTGGAGCGATT

BSASDE g o steroid dehydrogenase MACTOCCCACCGCTGAACC

hsd3b-R yaroxy yares TGCGTGACTCCTCCCAACTA
cypl7al-F . 3 AAGAGTGGAAGAACCCGGAGAT
cypl7alR  ehydroxylase/C17-20lyase ) o oG AGGAAGAGGAACAGC
cyp17a2-F avdroxulase GAGAGGTTCATGCCAGAGCG
cyp17a2-R yaroxy GGAGAAGCGGTTACCCTCG

B-actin-F - ATCGTGCGTGACATCAAGGA
B-actin-R actin beta GCTCGTTGCCGATGGTGAT

2.7. Statistical Analysis

Data are presented as mean £ SEM. Groups were compared using one-way analysis of
variance (ANOVA), followed by Tukey’s multiple comparison test. All statistical analyses
were performed using IBM SPSS Statistics 22.0 software (New York, NY, USA), with
p-values < 0.05 considered statistically significant.
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3. Results
3.1. Reproductive Status of the MV Stage Female A. Japonica

After 10-12 weeks of intraperitoneal injections of CPE, significant increases in BW
and ovarian growth were observed. The GSI, HSI, and gut indexes were 21.86 + 1.43%,
0.18 4 0.01%, and 0.16 £ 0.02%, respectively (1 = 18). Serum E2 levels in sampled MV stage
eels were significantly higher (p < 0.01) compared to those in PV stage eels, whereas serum
T levels showed no significant change (1 = 6; Figure 1). Follicle growth was accompanied by
enlargement of vitellogenic oocytes, which were filled with oil droplets. The yolk granular
layer was observed in the peripheral ooplasm after weekly injection of CPE (Figure 2).

30— mm PV
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| 1 1
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e e
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| 1
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Figure 1. Serum levels of 17(3-estrogen (E2) and testosterone (T) in the previtellogenic (PV) stage
and midvitellogenic (MV) stage of A. japonica. Data are presented as mean + SEM (1 = 6). Asterisks
across the columns represent statistical significance between PV and MV (**, p < 0.01).

Figure 2. Histological sections from female A. japonica showing previtellogenic (PV) (A) stage and
midvitellogenic (MV) stage (B) ovaries. Scale bars = 100 um.

3.2. E2, T, and hCG Regulated mGnRH mRNA Levels in the Diencephalon In Vitro

mGnRH expression in the diencephalon was significantly downregulated (p < 0.05)
by 0.1 IU/mL hCG compared with the control group. However, higher concentrations of
hCG did not alter mGnRH expression (Figure 3A). mGnRH expression was significantly
(p < 0.05) increased by E2 at concentrations of 100 nM (Figure 3B). Additionally, mGnRH
expression was dose-dependently upregulated by T (Figure 3C).
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Figure 3. Changes in mGnRH expression in the diencephalon stimulated by hCG (A), E2 (B), or T (C)
in vitro. Data are presented as mean + SEM (n = 6). Groups are compared using one-way analysis
of variance, followed by Tukey’s multiple comparison test. Asterisks across the columns represent
statistical significance (*, p < 0.05).

3.3. E2 and T Regulated fshb and Ihb mRNA Levels in the Pituitary In Vitro

The expression of fshb in the pituitary was significantly upregulated (p < 0.05), and
peaked at 10 nM E2 (Figure 4A). By contrast, fshb expression significantly decreased
(p < 0.01) under the stimulation of 1 nM and 10 nM T (Figure 4B). The change in Ihb expres-
sion exhibited the same pattern as that in fshb expression in response to E2 (Figure 4C), but
no significant change was shown with increasing concentrations of T (Figure 4D).

(A) B)
12— . 1.5+ sk
) xk *ok
2 *
5 7
t 1.0
S
8 6
(=9
5
g 0.5
£ 3-
[}
: (15
0'_— T T 0.0- T T
0 1 10 100 0 1 10 100
E2 (nM) T (nM)
© (D)
8- * 15-
*
=
IS
5 67
g 107
£ 4
5
E 0.5-
5 24
Q
& |_'I'_|
O'j T T 0.0- T T
0 1 10 100 0 1 10 100
E2 (nM) T (nM)

Figure 4. Changes in the expression of fshb (A,B) and [hb (C,D) in the pituitary stimulated by E2 (A,C)
or T (B,D) in vitro. Data are presented as mean 4+ SEM (1 = 6). Groups are compared using one-way
analysis of variance, followed by Tukey’s multiple comparison test. Asterisks across the columns
represent statistical significance (*, p < 0.05; **, p < 0.01).
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3.4. E2 and T Regulated cyp11al, hsd3B, cypl7al, and cypl7a2 mRNA Levels in the Ovary In Vitro

In the ovaries, cypl1lal expression was significantly upregulated (p < 0.05) by 1 nM
E2, and decreased with increasing E2 concentrations (Figure 5A). Conversely, cypllal
expression was significantly reduced (p < 0.05) after 1 nM T stimulation, but increased with
higher T concentrations (Figure 5B). hsd3b expression was significantly altered (p < 0.05) by
1 nM E2 compared with the control group (Figure 5C). Conversely, hsd3b expression was
significantly (p < 0.05 or 0.01) downregulated by 1 nM or 10 nM T, respectively, compared
with the control group (Figure 5D). cyp17a1 mRNA levels did not change significantly with
E2 treatment (Figure 5E). cyp17al expression in the ovaries was significantly upregulated
(p < 0.05) by 1 nM T, then decreased with higher T concentrations (Figure 5F). cyp17a2
expression did not change significantly with either E2 or T at all tested concentrations
(Figure 5G,H). Overall, cyp11al and hsd3b expression in the ovaries was more sensitive to
E2 and T than cyp17al and cyp17a2.
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Figure 5. Changes in cyp11al (A,B), hsd3b (C,D), cyp17al (EF), and cypl7a2 (G ,H) expression in
the ovaries stimulated by E2 or T in vitro. Data are presented as mean + SEM (n = 6). Groups
are compared using one-way analysis of variance, followed by Tukey’s multiple comparison test.
Asterisks across the columns represent statistical significance (*, p < 0.05; **, p < 0.01).

4. Discussion

In the present study, the expression of genes involved in the BPG axis showed a
significant change to lower concentrations of exposure hormones, while converse results
were found in the highest-concentration group (Figure 3A, Figure 4B,C, and Figure 5). A
dose-dependent effect was not found in these groups. The exposure hormone concentra-
tions in this study were also used in the in vitro study of eels and other teleosts [17,18]. It
seems that the lowest concentration of E2 showed a positive feedback effect, and the highest
concentration, which reached nearly their maximum serum levels (Figure 1), showed a rare
biological effect in the present study.

4.1. E2, T, and hCG Regulated mGnRH mRNA Expression in the Diencephalon

mGnRH expression in the diencephalon was downregulated by 0.1 IU/mL hCG, while
it remained unchanged with other tested concentrations of hCG (Figure 3A). It appears
that hCG does not exhibit positive feedback regulation directly upstream of the BPG axis.
Our previous study demonstrated that hCG did not upregulate the expression of fshr or lhr
in the diencephalon in vitro [7]. Hence, the lack of positive feedback regulation by hCG
may be attributed to the failure to activate its receptor (LHR) expression. Another possible
explanation could be that the feedback regulation of hCG on the GnRH system may be,
at least in part, mediated indirectly by GnRH receptors. GnRH mRINA levels were not
significantly affected by hCG treatment in rat testes. By contrast, GnRH-R mRNA levels
markedly decreased in male rat testes and other non-pituitary target cells containing LH
receptors after hCG injection [19]. Additionally, hCG injections for 39 days resulted in the
potentiation of the GTH response to luteinizing hormone-releasing hormone (LHRH-A) in
mature male goldfish indirectly through the stimulation of endogenous T secretion [20].
However, further research is needed for direct evidence in female animals.

mGnRH expression was evaluated in response to E2 and T, with T showing a less
significant effect than E2 (Figure 3B,C). Prior research indicated that gonadal hormones,
including estrogens and androgens, positively affect GnRH during experimental matu-
ration [21]. In undeveloped ovaries, a combination of E2 and T or E2 alone increased
mGnRH synthesis in the diencephalon and mesencephalon of A. anguilla, whereas T alone
had no effect [8]. By contrast, neither E2 nor T stimulated mGnRH content in the brain
of A. japonica [9]. Recent studies have identified estrogen receptor 1 (ESR1)-positive neu-
rons in the preoptic area projecting to GnRH1 neurons in medaka [22], and have shown
that GnRH1, GnRH2, and GnRH3 neuronal populations in tilapia express various ESR
subtypes [23]. Two estrogen response elements (EREs) were found in the salmon mGnRH
gene [24], suggesting that E2 might directly act on the mGnRH gene in teleost fish. E2,
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rather than DHT, has also been observed to stimulate GnRH release in frogs in vitro [25],
indicating a growing acceptance of E2’s direct positive feedback on mGnRH.

The data on androgen feedback regulation of GnRH show considerable variability,
depending on the investigation methods and the reproductive cycle stage. Our previous
study demonstrated that the expression of esra, fshr, and [hr was significantly upregulated
by T, similarly to ara [7]. A prior in vivo study also revealed that androgens (AD and
MT) upregulated mGnRH expression, but the expression of ara was not evaluated, sug-
gesting that androgens’ positive feedback might predominantly occur through indirect
effects [13]. Previous research showed that T, by converting to E2, could enhance pituitary
responsiveness to exogenous LHRH-A in female goldfish in vivo [20].

4.2. E2 and T Regulated fshb and Ihb mRNA Expression in Pituitary

E2 was found to upregulate the expression levels of fshb and Ihb. It stimulated an
increase in LH content (A. japonica) [9] and Ihb mRNA (A. anguilla) in vivo, as well as fshb
mRNA levels in vitro [15] in the pituitary. However, E2 had no effect on Ihb expression in
A. anguilla in vitro [15]. Previous studies revealed that E2 or T injections for 6 or 8 weeks
did not significantly induce ovarian development in A. japonica [9]. Given that gonadal
development in eels begins at the migratory stage, we believe that supplementing MV stage
eels provides a more comprehensive understanding of the feedback regulatory role of the
BPG axis in this study. Earlier research suggested that positive steroid feedback is mediated
not only directly but also indirectly in model fish [26]. E2’s stimulation of pituitary GTH
II is thought to act through the GnRH pathway in European silver eels [8]. The positive
feedback regulation of E2 in fish seems to be multi-pathway.

In the current study, testosterone (T) was observed to downregulate the expression of
fshb, while having no effect on [hb expression levels. T treatment led to a slight decrease
in fshb mRNA levels in vitro [10]. Our in vivo study similarly found a reduction in fshb
expression, correlating with significant ovarian development due to androgens [13]. This
consistency between in vitro and in vivo results may be attributed to the lesser role of
GnRH in FSH regulation, as noted in both teleosts [27] and mammals [28], and to the
fact that FSH regulation is influenced not only by steroids but also by gonadal activin
in A. japonica [29,30].

Contrarily, T did not influence Ihb expression in this study. Although there was no
increase in ovarian ars expression, AD and MT upregulated lhb expression in vivo [13].
Studies on silver eels at the onset of ovarian development revealed that T and DHT
enhanced LH levels [9], yet neither ara nor arb expression saw an increase [31]. MT,
convertible by aromatase to 17-methylestradiol-173, can bind to the ovarian estradiol
receptor [32], suggesting that T exerts an indirect positive feedback regulation on Ihb
expression. Both E2 and T enhanced the GTH response to LHRH-A in female goldfish,
while nonaromatizable androgens (DHT and 11-KT) had no effect [19]. However, DHT,
a nonaromatizable androgen, also increased LH content [9], and T was found to elevate
Ihb expression in A. anguilla in vitro [10], indicating the possibility of alternative androgen
feedback mechanisms.

4.3. E2 and T Regulated cyp11al, hsd3B, cypl7al, and cyp17a2 mRNA Expression in Ovary

Regarding the expression of cypllal and hsd3b in the ovaries, these were more re-
sponsive to E2 and T than cyp17al and cypl7a2 in this study. The steroidogenic enzyme
genes cypllal, cypl7, and cyp19ala are crucial in the steroid biosynthesis pathway, rep-
resenting key regulatory stages [33,34]. Our prior research showed fluctuating mRNA
levels of enzymes (cyp11al, hsd3b, cypl7al, cypl7a2, cyp19al, hsd17b1, hsd17b12, and hsd20b)
during follicle development in artificially treated A. japonica with weekly CPE and hCG
injections [34]. Steroidogenesis in eels, as in other teleosts, is stringently regulated by
gonadotropins (CPE/hCG) [34].

Cholesterol is converted into pregnenolone by the cholesterol side-chain cleavage
enzyme, P450scc or cypllal. This step is the slowest and controls the rate of steroid
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hormone synthesis [34]. A previous study suggested that P450scc’s expression is relatively
insensitive to low to medium circulating E2 levels (1 ng/mL), although a reduction in
mRNA levels was observed with high-dose implants (90 ng/mL) [17] and was also found
in the present study. The present study indicated that positive feedback modulation at low
E2 concentrations (1 nM corresponding to 0.27 ng/mL) could increase the conversion rate
at this step, with E2 concentrations lower than those in serum.

In the ovaries, the expression level of hsd3b is upregulated by E2 but downregulated by
T. Its expression level is significantly higher than those of cyp11al, cyp17al, and cyp17a2 dur-
ing ovarian development [15], suggesting hsd3b as a primary target for steroid biosynthesis
feedback regulation. Previous research has shown that mammalian hsd3b’s transcriptional
activity is influenced by various signaling and regulatory pathways, including ERx and
AR [35]. Whether a similar phenomenon occurs in other teleosts is yet to be determined [33].
In rainbow trout, hsd3b mRNA levels significantly decreased with 1 and 10 ug E2/g BW
implants in previtellogenic ovarian follicles [17]. The discrepancy in hsd3b mRNA levels
between rainbow trout and this study might be due to different ovarian development stages.
Low E2 concentrations had a positive feedback effect on hsd3b, similar to cyp11al. Feedback
regulation of E2 may be divergent and requires further study in teleosts, a phylogenetic
base of vertebrates.

This study also found that mRNA levels of ovarian 17a-hydroxylase/17,20-lyase
(P450c17al) were upregulated by T. However, cyp17al expression did not significantly
change with E2 treatment. A similar result was observed in Gobiocypris rarus, where cyp17al
transcript level exhibited a highly significant increase in the ovary of female G. rarus when
exposed to 100 ng/L MT for 7 days but not when exposed to EE2. MT exposure also
significantly reduced cyp17al gene methylation levels in G. rarus, suggesting a negative
correlation between cyp17al gene methylation and mRNA expression in response to MT
and EE2 [36]. Several potential cis-elements, including a CRE binding site, were found in
cyp17al’s promoter regions, but ARE and ERE were absent [36]. A previous study indicated
that T elevated the mRNA levels of fshr and [hr rather than ar in the explant ovary [7]. This
suggests that T’s upregulation of cypl7al expression might be attributed to CRE binding
protein (CREBP). cAMP responsive element modulator (CREM) has been shown to decrease
the methylation levels of the cyp17al gene [37]. Increasing evidence indicates that cyp17
activation by cAMP occurs through CREs in its promoter in humans [38,39], bovines [40],
and mice [37].

5. Conclusions

Our study revealed the direct feedback regulation of hCG, E2, and T in the BPG axis in
eels (Figure 6). Low concentrations of hCG negatively regulated mGnRH expression, while
low concentrations of E2 positively regulated the BPG axis at three levels (diencephalon,
pituitary, and ovary). T exhibited a weaker regulation effect on mGnRH and a contrasting
effect on FSH. Taken together, considering the results of previous in vivo [8-10,12-14]
and in vitro [7] studies, the results of the present study suggest that estrogen showed a
direct positive feedback regulation in the BPG axis, and androgens’ positive feedback
in the diencephalon and pituitary might predominantly occur through ESR, FSHR, or
LHR indirectly in vivo. This study also highlighted the differential effect of T on enzymes
during sex steroid hormone synthesis. The mechanisms of regulation involved, such as the
structural basis of tissue-specific promoters and tissue-specific methylation levels, warrant
further investigation. To the best of our knowledge, this is the first study to describe the
direct feedback regulation of E2 and T at three levels of the BPG axis in eels. The findings
enhance our understanding of the direct feedback regulation of hCG, E2, and T in the BPG
axis in eels.
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