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Abstract Accumulating evidence suggests that the
growth hormone (GH)/insulin-like growth factor (IGF)
system participates in fish reproduction. To understand
the physiological functions of the GH/IGF system, the
mRNA expression profiles of all known members of the
GH/IGF system, including hepatic and ovarian gh, GH
receptor (ghr), IGFs (igf-i, igf-ii), IGF-I receptor (igf-ir)
and IGF binding protein (igfbp1, igfbp?2), pituitary gh,
and hepatic vitellogenin (v£g) were investigated during
ovarian development in turbot Scophthalmus maximus.
Results showed that ghr, igf-i, igf-ii, igf-ir, and igfbp2
were expressed in the liver and ovary, whereas igfbp!/
and gh were undetected. The hepatosomatic index (HSI)
and gonadosomatic index (GSI) gradually increased and
peaked during the late vitellogenesis (Latvtg) and mi-
gratory nucleus (Mig-nucl) stages, respectively. The
mRNA expression profiles of ovarian ghr, igf-ii, hepatic
igf-ir, vtg, and pituitary gh were similar to the HSI;
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ovarian igf-i and igf-ir expression was close to the
GSI. However, the hepatic mRNA levels of ghr, igf-i,
and igf-ii peaked at the early vitellogenesis (Evtg) stage,
and then drastically declined during ovarian develop-
ment. The mRNA expression of hepatic igfbp2 de-
creased and reached the lowest at the atresia (Atre)
stage, whereas that of ovarian igfbp2 increased and
peaked at Latvtg stage. Furthermore, significant corre-
lations between pituitary gh, ovarian ghr, igf-i, and igf-ii,
and hepatic ghr, igf-i, igf-ir, and igf-ii were observed,
respectively. These results suggest that GH/IGF mem-
bers appear to play distinct roles in the regulation of
ovarian development in turbot and will be valuable for
fish reproduction and broodstock management of aqua-
cultured fish species.

Keywords Growth hormone - Insulin-like growth
factors - Ovarian development - Turbot Scophthalmus
maximus

Introduction

Growth and reproduction are two closely related major
physiological processes that occur during the life cycle
of vertebrates. The growth hormone (GH)/insulin-like
growth factor (IGF) system is involved in the regulation
of growth and reproduction in both mammals and fish
(Kiapekou et al. 2005; Spicer and Aad 2007; Reinecke
2010; Ahumada-Solorzano et al. 2012, 2016; Zhou
et al. 2016). The GH/IGF system includes GH, GH
receptors (GHRs), GH-binding proteins (GHBPs),
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insulin-like growth factors (IGFs), IGF receptors
(IGFRs), and IGF-binding protein (IGFBPs). The com-
plexity of the fish GH/IGF system is attributed to a past
genome duplication event in their lineage that has re-
sulted in multiple subtypes of GHBPs, GHRs, IGFRs,
and IGFBPs (Duan 2002; Kamangar et al. 2006; Reindl
and Sheridan 2012). The classical perspective on the
GH/IGF system holds that the pituitary gland produces
GH and secretes it into the blood; circulating GH stim-
ulates the synthesis and secretion of hepatic and other
extrahepatic tissue IGF-I, and IGF-I, in turn, stimulates
cell proliferation and differentiation in various target
tissues by binding to IGF-I receptors (Wood et al.
2005; Laviola et al. 2007). GH/IGF system members,
including GH, IGFs, and their receptors, are expressed
in the ovaries of humans, rats, and fish (Abir et al.
2008; Zhao et al. 2002; Reinecke 2010). Baker et al.
(1996) found that IGF-I gene knockout in mice results
in reproductive incompetence. GH-insufficient states
disrupt ovarian function, causing problems in sexual
maturation, and the reproductive ability of the female
(Spiliotis 2003). It has been identified that GH directly
stimulates steroidogenesis in spotted seatrout (Singh
and Thomas 1993) and promotes the final maturation
of postvitellogenic oocytes in the catfish (Sarang and
Lal 2005). In addition, gh mRNA has been detected in
full-grown zebrafish oocytes (Zhou et al. 2016). IGF-I
and IGF-II stimulate oocyte maturation in numerous
fish species including zebrafish (Nelson and Van Der
Kraak 2010), rainbow trout (Bobe et al. 2004), and sea
bream (Kagawa et al. 1994). Wang et al. (2008) were
the first to discover another subtype of IGF, namely,
IGF-3, which is only expressed in the gonad of tilapia.
In zebrafish, the gonad-specific IGF-3 acts as an impor-
tant mediator of the action of Iuteinizing hormone in
oocyte maturation (Li et al. 2015). IGFBPs are synthe-
sized in various types of tissue and play pivotal roles in
the stabilization of IGFs, as well as regulate the avail-
ability of IGFs to target tissues. In mammals, IGFBPs
participate in the regulation of follicular growth, matu-
ration, and the selection of dominant follicles
(Mazerbourg et al. 2003; Mazerbourg and Monget
2018). Zhou et al. (2016) reported that an intrafollicular
network that involves the GH/IGF mini-axis exists in
the zebrafish ovary. Therefore, accumulating evidence
suggests that the GH/IGF system is involved in regu-
lating ovarian development via complex mechanisms
and plays important roles in the reproductive cycles of
mammals and fishes.
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Turbot (Scophthalmus maximus) is a commercially
valuable flatfish species that is widely cultured in Eu-
rope and China. The production has been maintained at
50,000—60,000 t during the past decade, which account
for approximately 80% of the world’s total output of
aqua-cultured turbot (Lei et al. 2012). Some members of
the turbot GH/IGF system have been cloned, and their
physiological functions have been characterized
(Berwert et al. 1995; Eliés et al. 1999; Duval et al.
2002). Wen et al. (2015) isolated IGF-II and analyzed
the expression patterns of IGFs during embryogenesis
and early larval development. They reported that the
highest and lowest mRNA expression levels of igf-ii
and igf-i were observed during the gastrula stage of
embryonic development. Meng et al. (2016) found that
IGF-I and IGF-II have different functions during the
metamorphic development of turbot. In fish broodstock
management, exogenous hormones can be applied to
induce reproductive maturation and promote high-
quality egg production (Mylonas et al. 2010). In farmed
fish, the GH/IGF axis is involved in regulating gonadal
growth and development and is correlated with puberty
control (Taranger et al. 2010). However, the physiolog-
ical function of the GH/IGF system in the regulation of
oocyte development during the turbot reproductive cy-
cle has yet to be completely elucidated. Thus, the pres-
ent study aimed to investigate the hepatic and ovarian
mRNA expression patterns of all known GH/IGF sys-
tem members (igf-i, igf-ii, igf-ir, gh, ghr, igfbpl, and
igfbp2), pituitary gh, and hepatic vtg during the repro-
ductive cycle of turbot. The finding of this work will be
valuable for fish reproduction and broodstock
management.

Materials and methods
Animals and tissue sampling

Four-year-old sexually mature female turbots weighting
3500-4000 g were obtained from Tianyuan Aquaculture
Co., Ltd. of Yantai Economic Development Zone, Yan-
tai, China. The fish (30 females) were kept in round
tanks (30 m’ in volume) supplied with recirculating
water at a rate of 25 L/min and exposed to a constant
photoperiod (16-h light/8-h dark). Water salinity and
oxygen were ranged from 20 to 25 g/LL and 5 to 9 mg/
L, respectively. Temperature was maintained between
12 and 13 °C. Fish were fed with a diet of frozen
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sardines, squid, and shrimp. The experiment period
commenced in mid-October and ended in mid-Decem-
ber. All fish experimental procedures were conducted
and approved according to the guidelines established by
the Institutional Animal Care and Use Committee at
Yellow Sea Fisheries Research Institute, Chinese Acad-
emy of Fishery Science. The fish were anesthetized with
100 mg/L tricaine methanesulfonate (MS-222, Sigma,
St. Louis, MO). Body, liver, and ovary weights were
recorded to calculate the hepatosomatic index [HSI = (
liver weight / body weight)] and gonadosomatic index
[GSI = (gonad weight / body weight)]. Hepatic, ovarian,
and pituitary tissues were collected from each fish and
stored in liquid nitrogen for RNA extraction. The ova-
ries were placed in Bouin’s solution for hematoxylin and
eosin (HE) staining to identify the oocyte developmental
stages. The stages of ovarian development were classi-
fied based on our previous study (Jia etal. 2014): briefly,
pre-vitellogenesis stages (Prevtg, appearance of multi-
ple nucleoli at the periphery of the nucleus), early vitel-
logenesis stages (Evtg, oocytes contain small
vitellogenic yolk granules/globules), late vitellogenesis
stages (Latvtg, oocytes contain many vitellogenic gran-
ules), migratory nucleus stage (Mig-nucl, oocytes be-
came larger and the nucleus migrated toward the periph-
ery of the cell), and atresia stage (Atre, oocytes shrunk
or collapse).

RNA isolation, reverse transcription, and polymerase
chain reaction

Total RNA was extracted from the collected samples
with TRIzol reagent (Gibco-BRL, USA) and then quan-
tified with NanoDrop 2000 (Thermo Fisher Scientific,
Rockford, IL, USA). The extracted total RNA was treat-
ed for 30 min with DNase I (Qiagen) at 37 °C to prevent
genomic DNA contamination. Subsequently, 1 pg of
total RNA from each sample was reverse-transcribed
with a Thermo Fisher One-Step RT-PCR Kit in accor-
dance with the manufacturer’s instructions. To identify
the distribution of igf-i, igf-ii, gh, igfbpl, igfbp2, igf-ir,
and ghr in the liver and ovary, 2 pL of the reverse
transcription products was used for amplification by
polymerase chain reaction (PCR). The PCR cycling
condition was as follows: denaturation at 94 °C for
30 s, annealing at 56 °C for 30 s, and extension at
72 °C for 1 min for 32 cycles. The primer sequences
and PCR product lengths are listed in Table 1. The
amplified products were verified by 1.2% agarose gel

electrophoresis, and individual DNA fragments were
collected with TIANamp Marine Animal DNA kit
(Tiangen Biotech, China) in accordance with the manu-
facturer’s protocol. Subsequently, the individual DNA
fragments were sequenced on an ABI 3730XL instru-
ment. Sequence reads were assembled and evaluated
using Geneious 8 software. The NCBI BLAST function
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to
identify turbot nucleotide.

Real-time quantitative PCR

To understand the GH/IGF network and its functions
during turbot ovarian development, the mRNA expres-
sion levels of hepatic and ovarian ghr, igf-i, igf-ii,
igfbp2, and igf-ir, pituitary gh, and hepatic vzg at differ-
ent stages of ovarian development were quantified via
quantitative real-time quantitative polymerase chain re-
action (QRT-PCR). The reaction was performed on an
ABI StepOnePluse Sequence Detection System (Ap-
plied Biosystems, USA) in accordance with the manu-
facturer’s instructions. The SYBR Premix Ex Tag™ kit
(Takara Bio., China) was used for amplification, and the
reaction mixture contained 10 uL of SYBR® Premix Ex
Taq™, 0.8 uL of each primer (10 uM), 0.4 uL of ROX
dye (50x%), 2 uL of cDNA sample (25 ng/uL), and 6 uL
of sterile distilled water. Initial denaturation was con-
ducted at 95 °C for 10 s, followed by 40 cycles at 95 °C
for 5 s and at 60 °C for 30 s. The qRT-PCR efficiency
(E) was established on the basis of the slopes of standard
curves that were generated by using a 10-fold dilution
series of purified PCR fragments (1:10,000 dilution) as a
template. £ was calculated using the formula £
(%) = (107151°P° — 1) x 100, and the E values of 90% to
110% were considered acceptable. The melt curve for
each amplicon of all aforementioned genes exhibited a
distinct peak (Supplemental data, S1). For normaliza-
tion, four commonly used housekeeping genes [elonga-
tion factor-la (efla), cathepsin d (ctsd),
glyceraldehyde-3-phosphate-dehydrogenase (gapdh),
and beta-actin ([-actin)] were evaluated to compare
the CT values of a subset of samples. Evaluation re-
vealed that ctsd is the most constantly expressed house-
keeping gene in this study. Thus, ctsd was selected as the
housekeeping gene, and the relative abundance of the
mRNA was normalized to czsd by using the 2 24T
method (Livak and Schmittgen 2001). The qRT-PCR
primers are listed in Table 1. All samples were amplified
in triplicate.
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Table 1 Primers for real-time RT-PCR

Genes Accession no. Primer sequence (5’ to 3) Product length (bp) Efficiency (%)

igf-i FJ160587.1 GTGGACGAGTGCTGCTTC 140 98.3
GCGGTACTAACCTGGGTG

igf-ii JN032705.1 GAGACGCTGTGCGGAGGAGA 196 97.5
TTTCAGACTTGGCGGGTTT

igf-ir AJ224993.1 CCTGATGTCACAGTGGGTGT 82 101.2
GTCTTCCCACTCACTTTGCTG

igfbpl JF441174.1 TTAGCTCCTGGAACGGCAAG 119 94.3
CTGGGTGAGTGTGCTCTTGA

igfbp2 HQ696115.1 TCAGCAAACATCGGGACAGA 139 93.1
AGTCCCGCAGACAAAGTAGG

gh AY837466.1 GTCCTCTCAGCCAATCACA 147 95.1
ATTTTGTTGACTTGACGCTG

ghr AF352396.1 TACTTTCCCTCTCGCGGTTG 87 98.2
CTGTGCTGCTGAGAGACGAT

ctsd EU077233.1 GAAGAAGGTGGAGCAGAACG 137 94.2
TGCGGGTGATGTTGATGTAG

Statistical analysis

All data were expressed as the means =+ standard error of
the mean. One-way analysis of variance was conducted
using SPSS16.0 software (SPSS Inc., USA). Differ-
ences were considered significant when P <0.05, and
Duncan’s test was conducted when necessary for multi-
ple comparisons. Levels of correlation were determined
by calculating the Person correlation coefficient (7).
Statistical significance was considered at P < 0.05.

Results

GH/IGF system-related gene expression in turbot liver and
ovary was analyzed by PCR. igf-i, igf-ii, igfbp2, igf-ir, and
ghr were detected in the hepatic and ovarian tissues,
whereas gh and igfbp! were undetected (Fig. 1). HSI

Fig. 1 Distribution of the GH/

IGF system genes (igf-i, igf-ii,

igfbpl, igfbp2, igf-ir, ghr, gh,

efla, ctsd, gapdh, (F-actin) in liver

and ovary of turbot. Nctl negative Ovary
control

Liver
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remained unchanged during the Prevtg and Evtg stages.
However, HSI significantly increased to the peak level at
the Latvtg stage and then began to decrease until the Atre
stage (Fig. 2a, P <0.05). GSI significantly increased from
the Prevtg to the Mig-nucl stage, with the highest values
observed at the Mig-nucl stage, and then decreased signif-
icantly at the Atre stage (Fig. 2b, P <0.05).

Given that gh and igfbp [ were undetected in the liver
and ovary, we only examined the expression profiles of
igf-i, igf-ii, igfbp2, igf-ir, and ghr at different stages of
ovarian developmental via qRT-PCR. The hepatic
mRNA levels of ghr, igf-i, and igf-ii gradually increased
during the Prevtg to Evtg stages, with the highest values
observed at Evtg stage, and then significantly decreased
at the Latvtg stage (Fig. 3a—c; P <0.05). During the
Latvtg to the Atre stages, hepatic igf-ii mRNA remained
unchanged (Fig. 3b; P> 0.05), and ghr and igf~ii mRNA
significantly decreased and increased (Fig. 3a, c;
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Fig. 2 Reproductive index of female turbot during ovarian devel-
opment. a Hepatosmatic index (HSI); b gonadosomatic index
(GSI). Values represent the mean £ SEM (n=6). Bars with

P <0.05), respectively. However, the hepatic mRNA
levels of ghr, igf-i, and igf-ii from the Latvtg to the Atre
stages were significantly lower than Prevtg and Evtg
stages (Fig. 3a—c; P<0.05). Similarly, the hepatic
mRNA levels of igf-ir gradually increased from the
Prevtg to the Latvtg stages, peaking at the Latvtg stage,
and then significantly decreased from the Mig-nucle to
the Atre stages (Fig. 3e; P <0.05). By contrast, hepatic
igfbp2 mRNA levels significantly decreased during
ovarian development and reach the lowest value at the
Atre stage (Fig. 3d; P<0.05). The results for ovarian
igf-i, igf-ii, and igf-ir mRNA were similar to those for
hepatic igf-ir, whereas ovarian igf-i and igf-ir peak at the
Mig-nucle stage (Fig. 3e, g, h, j; P<0.05). In addition,
the greatest increase in ovarian ghr and igf-ir was ob-
served at the Latvtg and Mig-nucle stages, respectively,
which were >20-fold compared with that at the Prevtg
stage (Fig. 3f, j; P <0.05). Hepatic vtg and pituitary gh
mRNA showed similar results to ovarian ghr (Fig. 4).
Statistically significant correlations were observed be-
tween HSI and hepatic v#g, between pituitary gh and
ovarian igf-i and ghr, between hepatic ghr and hepatic
igf-i and igf-ii, between hepatic igf~i and hepatic igf-ii
and ovarian igf-ii, between hepatic igf-ii and ovarian igf-
ii, and between hepatic igf-ir and hepatic vtg and ovarian
ghr and igf-i (Table 2, P < 0.05). Strong but statistically
nonsignificant correlations (Table 2, P> 0.05) were also
observed between GSI and hepatic igf~i and igf-ii and
ovarian igf-ii and igf-ir; between HSI and pituitary gh,
hepatic igf-ir, ad ovarian igf~i and igfbp2; between pitu-
itary gh and hepatic igf-ir and vtg, and ovarian igfi-r;
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different superscripts differ (P <0.05). Prevtg previtellogenesis,
Evtg early vitellogenesis, Latvtg late vitellogenesis, Mig-nucle
migratory nucleus, Atre atresia

between hepatic ghr and ovarian igf-ii; between hepatic
igf-i and hepatic vtg; between hepatic igf-ir and ovarian
igf-ir, hepatic vtg, and ovarian igf-i; between ovarian ghr
and ovarian igf-i and igf-ir; and between ovarian igf-i
and ovarian igf-ir, whereas these factors showed no
significantly correlation.

Discussion

The GH/IGF system plays important roles in coordinating
the growth and reproduction of vertebrates, including fish.
The liver stores and provides massive amount of energy
for oocyte growth and maturation during ovarian devel-
opment. HSI reflects hepatic energy content and physio-
logical status. Turbot oocytes increase in number and size
from the Prevtg to Evtg stages (Jia et al. 2014). This
finding suggests that hepatic energy accumulation is just
beginning and hepatic vitellogenesis not occurring. These
phenomena may account for the HSI remained unchanged
between the Prevtg and Evtg stages in the present study.
Xue et al. (2018) found similar results in the ovarian
development of turbot. In the present study, we detected
for the first time all known isoforms of igfs (igf-i, igf-ii),
igf-ir, gh, ghr, and igfbps (igfbp1, igfbp2) in the liver and
ovary, and quantified their mRNA expression during tur-
bot ovarian development. The GH/IGF system members,
GHR, IGFs, IGFRs, and IGFBPs, are widely expressed in
the tissues of fish and other vertebrates, and the liver is the
primary site for the localization of GHR and IGFs (Reindl
and Sheridan 2012). In the current study, igf-i, igf-ii, igf-ir,
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Fig. 4 The expression of pituitary g/ and hepatic vig mRNAs
during ovarian development of turbot. Values represent the mean +
SEM (n=6). Bars with different superscripts differ (P <0.05).

ghr, and igfbp2 were expressed in turbot liver and ovary,
whereas gh and igfbpl were undetected. GH is a plurip-
otent hormone that is produced primarily by the pituitary
gland and distributed in extrapituitary tissues (Dai et al.
2015). Yang et al. (1999) found that high levels of GH
mRNA were primarily detected in the pituitary gland,
brain, gill, and heart and low levels of GH mRNA were

Table 2 Correlation analysis among GSI, HSI, and GH/IGF members

961
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Prevtg previtellogenesis, Evtg early vitellogenesis, Latvtg late
vitellogenesis, Mig-nucle migratory nucleus, Atre atresia

also detected in the kidney, liver, and ovary in adult
rainbow trout. In zebrafish, igfbp1 is expressed in the liver
and absent in extrahepatic tissues, whereas igfbp2 was
detected in extrahepatic tissues (Duan et al. 1999).
Kamangar et al. (2006) found that igfbp?2 is expressed in
the liver and ovary and hypothesized that this gene par-
ticipates in the modulation of follicular steroid production

Correlation GSI HSI Pi  Hep Hep Hep Hep Hep Hep Ova Ova Ova Ova Ova
Coefficient gh  ghr igf-i igf-ii igf-ir  igfbp2 vig ghr igf-i igf-ii igf-ir igfbp2
Q)

GSI 1 0.177 035 —0.573 —0.703 —0.643 —0.386 —0.403 0472 —0.401 —0410 0.774  0.666  0.233
HSI 1 0.70 0.188 0447 0.192 0.739 0271 0.937° 0524 —0.828 —0245 0343 —0.757
Pigh 1 -0297 —0.565 0412 0875 0.093 0.687 0919° —0968° 0444 0.607 0319
Hep ghr 1 0.890° 0.963° 0.118 0.103 0314 0161 0.192 0.853 0545 0474
Hep igfi 1 0.954° 0.139 0178 —0.637 —0.307 0.522 0.966"" 0305 —0.234
Hep igf-ii 1 0.053 0.149 —0.380 —0.224 0.309 0.955" 0443  0.495
Hep igfir 1 0.136  0.991** 0.898" 0.898" 0.29 0.852  0.652
Hep igfbp2 1 0.018  0.109  0.092 0.383  0.060 0.326
Hep vig 1 0401 0.819 0.499 0.181 0.586
Ova ghr 1 0.832 0.171 0.734 0.274
Ova igf-i 1 0.387 0.616 0.509
Ova igf-ii 1 0.386 0410
Ova igf-ir 1 0.566
Ova igfbp2 1

Strong correlation (Jr| > 0.6) are in italics

GSI gonadosomatic index, HSI hepatosomatic index, Pi pituitary, Hep hepatic, Ova ovarian

*#*Correlation is significant at the 0.05 level (one tailed); correlation is significant at the 0.01 level (two tailed)
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by IGFs during follicular competence acquisition and
oocyte maturation. Meanwhile, gh, ghrs, igfs, and igf-irs
have all been detected in the zebrafish ovary (Zhou et al.
2016). We speculate that species difference and other
uncertain factors account for the absence of igfbp! and
gh in turbot liver and ovary. These results also suggest that
igfs (igf-i, igf-ii), igf-ir, ghr, and igfbp2 may participate in
the regulation of turbot ovarian development.

The development and maturation of ovarian oocytes
are key physiological processes in female reproduction.
The GSI and the HSI are good indicators of gonadal
development and liver energy content, respectively
(Dahle et al. 2003). In the present study, HSI significantly
increased at Latvtg and then gradually decreased from
Mig-nucle to Atre stages. GSI also showed similar results,
with the highest value observed at the Mig-nucle stages.
These results indicated that hepatic vitellogenesis occurred
and gradually transferred to the ovary during the Latvtg to
Mig-nucle stages. The decrease in HSI at the Atre stage
may be caused by the reduction in hepatic metabolic
activity. The turbot pituitary gh mRNAs showed similar
results as HSI, and their levels peaked at the Lavtg stage.
The pituitary gland secrets GH and is transferred to blood
bound to high-affinity GH binding protein (GHBP), which
has been shown to correspond to the extracellular part of
hepatic GHR (Baumann 1991; Baumann and Mercado
1993; Fisker et al. 1998). Increasing concentrations of
GHBP may modulate the binding of GH to its receptor
and exert a negative effect on receptor recycling and
synthesis (Amit et al. 1992; Gonzalez et al. 2007). Mean-
while, the circulating concentrations of human GHBP
peak in early adulthood (Schilbach and Bidlingmaier
2015). Turbot plasma GHBP concentrations were signifi-
cantly higher at the Latvtg stage than Evtg stage during
ovarian development (Supplemental data, S2) and may be
attributed to hepatic ghr peaking earlier than pituitary gh
during turbot ovarian development. However, the precise
mechanism of endocrine regulation remains unknown and
requires further investigation. In current study, significant-
ly correlations and strong correlations were observed be-
tween pituitary gh and ovarian ghr and igf-i and between
pituitary gh and hepatic igf~ir and vg, respectively. Zhou
et al. (2016) state that GH may be involved in regulating
the fast-secondary growth phase starting from Prevtg and
plays a local role in the early follicle stage of zebrafish. In
rat, the GH protein is present in oocytes and follicle cells of
the pre-antral follicles (Zhao et al. 2002). These results
suggest that GH is involved in the regulation of oocyte
growth during turbot ovarian development. In addition,
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IGF and IGFBP members also play important roles during
final oocyte maturation in teleost. Weber and Sullivan
(2005) found that IGF-I induces oocyte maturational com-
petence but not meiotic resumption in white bass. IGF-II
could directly induce maturational competence in southern
flounder by upregulating the mRNA and protein expres-
sion levels of mPRx (Picha et al. 2012). IGFBPs are a
family of secreted proteins that specifically bind to IGF-I
and IGF-II that prolong the half-lives of IGFs and buffer
the potential hypoglycemic effects of high concentrations
of IGFs in the circulation. In addition, biological actions of
some IGFBPs are IGF-independent. It has been identified
that IGFBP 2, 3, 4, 5, and 6 manifested different expres-
sion patterns and involve in regulating oocyte maturation
during reproductive cycle in rainbow trout (Kamangar
et al. 2006). To identify the possible mechanisms involv-
ing the GH/IGF system during turbot ovarian develop-
ment, we investigated the mRNA expression patterns of
igf-i, igf-ii, igf-ir, ghr, and igfbp2 in the liver and ovary at
different stages of ovarian development. Interestingly, the
mRNA expression levels of ovarian ghr, igf-ii, and igfbp2
and hepatic igf-ir gradually increased from the Prevtg to
the Latvtg stages and peaked at the Latvtg stage. Ovarian
igf-i and igf-ir showed similar expression patterns, but
peaked at the Mig-nucl stage. However, the mRNA levels
of hepatic igf, igf-ii, and ghr peaked at the Evtg stage and
then dramatically declined during reproductive cycle. Pre-
vious research identified the existence of an intraovarian
network in zebrafish follicles that involves GH/IGF mem-
bers (Zhou et al. 2016). Meanwhile, the hepatic mRNA
levels of vtg gradually increased from the Prevtg stage to
the Latvtg stage during reproductive cycle in turbot. Sig-
nificantly correlations were observed among HSI, ovarian
ghr, igf-i, and igf-ii, and hepatic vig, ghr, igf-i, igf-ir, and
igf-ii in the present study. Therefore, these results suggest
that the GH/IGF system is involved in regulating turbot
ovarian development and affects oocyte growth and mat-
uration by complex endocrine, paracrine, and autocrine
manner. However, the detailed mechanisms remain un-
known and await thorough investigation.

In conclusion, all known members of the GH/IGF
system present distinct expression profiles during turbot
ovarian development. The results indicate that GH/IGF
members are involved in the regulation of oocyte
growth, maturation, and ovulation during turbot ovarian
development. These findings extend our knowledge of
the expression patterns of the GH/IGF system during the
reproductive cycle in turbot and will be valuable for fish
reproduction and broodstock management. However,
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the direct evidence and detailed mechanism to evaluate
the GH/IGF member roles regulate turbot ovarian de-
velopment need to be further studied. Fish possess mul-
tiple isoforms of GH/IGF ligands, receptors, and bind-
ing proteins and that these isoforms exhibit distinct
expression patterns and functions. Therefore, other iso-
forms of the members of the GH/IGF system should be
identified and investigated through whole-genome se-
quencing. The roles of these isoforms must be deter-
mined to obtain information regarding the molecular
basis of the roles of GH/IGF in the turbot life cycle.
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