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Abstract 

A current review summarizes the role of the somatotropic GH-IGF-axis as a 

key endocrine regulator of growth, metabolism, reproductive development, and 

adaptive responses. In salmonids, this system is complicated by an ancient whole-

genome duplication event, resulting in functionally divergent paralogs. We focus 

on the structural organization and expression patterns of growth hormone genes 

(gh1 and gh2), their receptors (ghr1 and ghr2), insulin-like growth factors (igf1 

and igf2), and associated regulatory elements in rainbow trout. Despite strong 

conservation of coding regions, differences in regulatory motifs and intronic 

sequences likely drive functional specialization across physiological processes. 

The gh1 gene primarily supports baseline somatic growth, whereas gh2 is 

predominantly active during female reproductive development. Likewise, ghr 

paralogs exhibit functional complementarity, differing in somatotropin affinity, 

tissue specificity, and intracellular signaling pathways. 

During early embryogenesis, igf2 governs cell proliferation, while igf1 

mediates anabolic somatotropin effects during juvenile and adult stages. 

Expression of somatotropic components is highly dynamic and responsive to 

diverse contexts: the GH-IGF axis coordinates circadian rhythms linking 
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photoperiod to growth rate, regulates adaptation to saline water by allocating 

energy between osmoregulation and growth, influences social hierarchy by 

modulating metabolism and aggressive behavior, and facilitates the shift to 

catabolic metabolism under fasting and chronic stress. 

Collectively, these findings reveal that paralogous GH-IGF genes do not 

completely duplicate functions but partition them, forming a robust yet flexible 

hormonal system that enhances adaptability and plasticity in rainbow trout. This 

knowledge may underpin genetic and selective breeding strategies aimed at 

enhancing aquaculture productivity and improving fish resilience. 

Keywords: somatotropic axis, genomic duplication, rainbow trout, gene 

expression, adaptive mechanisms, aquaculture 

Abbreviations and terms: 

gh1; gh2 – growth hormone genes 

igf1; igf2 – insulin-like growth factor genes 

ghr1; ghr2 - growth hormone receptor genes  

sst – somatostatin gene  

GH – growth hormone protein  

IGF-I; IGF-II - insulin-like growth factor proteins 

SST – somatostatin protein  

GHBP – growth hormone binding protein 

IGFBP - insulin-like growth factor-binding protein 

IGFR1A; IGFR1B - insulin-like growth factor receptors  

GH-IGF - growth hormone-insulin-like growth factor axis  

Introduction 

The rainbow trout, a member of the Salmonidae family, holds significant 

economic, social, and scientific importance (Dysin et al., 2022; FAO, 2024). 

Consequently, investigating the genetics of rainbow trout is a critical step toward 

developing more productive breeds with genetically determined adaptive traits 
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(Blay et al., 2021; Shcherbakov et al., 2023). In this regard, genes within the 

somatotropic axis are particularly promising due to their roles in growth rate, body 

conformation, metabolic processes, immune response, and osmoregulation. 

Circulating levels of growth hormone (GH) and insulin-like growth factor I (IGF-I) 

remain among the most reliable growth indicators throughout vertebrate evolution 

(Pérez-Sánchez et al., 2018; Chandhini et al., 2021; Izutsu et al., 2022). 

The core components of the GH-IGF axis include ligands such as growth 

hormone paralogs 1 and 2 (GH1, GH2), insulin-like growth factors I and II (IGF-I, 

IGF-II), and somatostatin (SST). Receptors involved include growth hormone 

receptors 1 and 2 (GHR1, GHR2), duplicates of the IGF-1 receptor (IGFR1A, 

IGFR1B), as well as transport proteins that bind GH and IGFs (GHBP and IGFBP, 

respectively) (Reindl et al., 2012; Canosa et al., 2020). 

Considerable progress has been made in elucidating the function of the 

somatotropic axis. Current research focuses on the paralogs of growth hormone, 

insulin-like growth factors, and other axis components to understand their capacity 

to act as genetic backups and to perform diverted or specialized functions 

(Kamenskaya et al., 2015; Cleveland et al., 2018). Promising directions include 

studying physiological processes through tissue-specific gene expression analysis 

of the somatotropic axis and understanding its regulation by environmental 

conditions and epigenetic factors (Zhang et al., 2022). A detailed understanding of 

the molecular mechanisms governing the somatotropic axis, the interactions among 

its genes, and the influence of various internal and external factors is fundamental 

for devising genetic strategies aimed at enhancing growth performance and 

adaptive capabilities in rainbow trout (Yue et al., 2014; Tyshchenko et al., 2024). 

This study aims to conduct a comprehensive literature review on the 

functional role of the growth hormone gene in the biological and molecular 

processes of rainbow trout, with particular emphasis on its interactions within the 

GH-IGF somatotropic axis. 
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Material and methods 

Literature was identified using open-access scholarly search engines, 

including Google Scholar (scholar.google.ru), PubMed (pubmed.gov), and 

Semantic Scholar (semanticscholar.org). The academic networking platform 

ResearchGate (researchgate.net) was additionally used to obtain articles directly 

from authors. Relevant studies were also located through in-text citations and 

reference lists of the examined publications. The final dataset comprised 111 

articles published over the past 40 years, including 69 published within the last 

decade, 47 of which appeared in the past five years. 

Bioinformatic data were retrieved and analyzed using the NCBI 

(ncbi.nlm.nih.gov) and Ensembl (ensembl.org) databases. These data were used to 

construct the scheme «Comparison of the gene structures of gh1 and gh2 in 

rainbow trout» and the table «Pairwise comparison of coding and non-coding 

regions of gh1 and gh2 genes in rainbow trout» presented in first chapter. Data 

visualization for schematic representations was performed in Python using the 

Matplotlib library. Sequence analyses and pairwise alignments were conducted in 

Python with the Bio.pairwise2 module within the PyCharm Community Edition 

environment (version 2025.1). 

The schematics «Figure 2. Schematic representation of the effect of 

modulated circadian rhythms...» in subsection 2.1 and «Figure 3. Dynamic 

equilibrium of the GH–IGF axis during rainbow trout adaptation to seawater» in 

Subsection 2.2 were generated using the online diagramming platform Draw.io 

(drawio.com). 

1. Structure of growth hormone genes in rainbow trout 

Growth hormone, also known as somatotropin, is a highly conserved protein. 

Its molecular mass, amino acid composition, and biochemical, physicochemical, 

and immunochemical properties are remarkably similar across different animal 

https://scholar.google.ru/
https://pubmed.ncbi.nlm.nih.gov/
https://www.semanticscholar.org/
https://www.researchgate.net/
https://www.ncbi.nlm.nih.gov/?ref=website-popularity
https://www.ensembl.org/index.html
https://www.drawio.com/
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taxa (Hayashida et al., 1975). This similarity reflects deep evolutionary 

conservation, which is further supported by phylogenetic studies in fish showing 

that the genes encoding growth hormone, prolactin, and placental lactogens 

originated from a common ancestral gene whose structure has been retained in the 

sea lamprey (Petromyzon marinus) (Chen et al., 1994; Li et al., 2014). These 

findings suggest that growth hormone represents one of the most ancient regulatory 

factors in vertebrate development. 

In rainbow trout, two distinct forms of somatotropin were first isolated from 

the pituitary gland by Agellon et al. (1988), which allowed the determination of 

their molecular structures and amino acid sequences. The emergence of the second 

paralog, gh2, along with other duplicated genes, is associated with a whole-

genome duplication event that occurred during the evolutionary history of the 

Salmonidae family (Allendorf et al., 1984). According to the genome assembly O. 

mykiss (USDA_OmykA_1.1, Arlee line, USA), the gh1 gene is located on 

chromosome 12, spans 4,135 base pairs, and consists of six exons and five introns. 

The gh2 gene is located on chromosome 13, slightly shorter at 3,615 base pairs, but 

exhibits a structure analogous to that of gh1 (Fig. 1). 

 

 

Figure. 1. A comparative analysis of the structure of the growth hormone genes 

gh1 and gh2 in rainbow trout. Both genes have an identical number of exons, 
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which are highlighted by rectangular boxes. The scale bar along the axis shows 

the linear length of gh1 and gh2 from the 5' end to the 3' end. Similar nucleotide 

sequences are shown in green. Areas that differ from, or are not found in, the gh1 

gene sequence compared to the gh2 gene, and vice versa, are highlighted in red. 

Data visualisation was performed in Python using the Matplotlib library. 

 Sequence alignment of gh1 and gh2 using the Needleman–Wunsch 

algorithm revealed 84.0% overall nucleotide identity (Altschul et al., 1997). 

Pairwise comparison of exon and intron regions shows variable percentages of 

sequence similarity (table 1).  

Table 1. - Comparison of coding and non-coding regions of the gh1 and gh2 genes 

in rainbow trout. Analysis and pairwise alignment of sequences were performed in 

Python using the Bio.pairwise2 library. 

Parts of gene Length of gh1 

(b.p.) 

Length of gh2 (b.p.) Identity % 

exon 1 160 10 6.25 

exon 2 140 140 95,71 

exon 3 117 117 96,58 

exon 4 156 156 96,79 

exon 5 147 147 95,92 

exon 6 545 573 81,80 

intron 1 391 485 69,75 

intron 2 136 138 80,58 

intron 3 721 445 55,74 

intron 4 1116 1112 80,59 

intron 5 593 274 39,80 

As shown in Figure 1 and Table 1, the gene organization of gh1 and gh2 is 

largely conserved, though they differ in length and in the identity of certain 

segments. Exons 2–5 display high conservation, averaging 96% sequence identity, 

which is typical for coding regions of paralogous genes. These regions likely 

preserve amino acid sequences and protein functions (Kamenskaya et al., 2017). 

Exon 6 shows moderate conservation (82%), likely due to the presence of 

noncoding terminal regions that are nonhomologous between the genes. The first 

exon of gh2 is notably shorter than that of gh1, resulting in lower sequence 
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identity. The significant truncation of exon 1 in gh2 may have involved mobile 

genetic elements and could reflect adaptive restructuring that endowed gh2 with 

modified or novel physiological functions, possibly through compensatory 

mechanisms (Hu et al., 2023; Mallik et al., 2025). The intron identity percentage 

varies considerably (40–80%), as introns are generally less conserved, leading to 

distinct or nonhomologous intronic sequences between gh1 and gh2. 

Both gh1 and gh2 genes produce a single mRNA transcript with one splicing 

variant. The gh1 gene encodes a protein composed of 260 amino acid residues, 

while gh2 encodes a shorter polypeptide of 210 residues (ensembl_O.mykiss_gh1; 

ensembl_O.mykiss_gh2). Thus, despite their close evolutionary relationship, the 

two genes produce protein products that likely differ in their functional roles. 

Genomic features regulating gh paralogs 

Comparison of the regulatory elements of the gh1 and gh2 genes reveals 

both shared and distinct features that underlie differences in their expression 

patterns and hormonal responsiveness. The gh paralogs possess conserved A/T-

rich regions containing binding sites (F1–F4) for the transcription factor Pit‑1, also 

known as growth hormone factor 1 (GHF‑1 or POU1F1). The F1 site plays a key 

role in Pit‑1–mediated activation, whereas the F2–F4 sites enhance transcriptional 

activity (Bernardini et al., 1999; Argenton et al., 1996; Rhodes et al., 1996). This 

architecture supports expression of both genes in somatotrophs, as Pit‑1 is the 

principal determinant of pituitary‑specific growth hormone (GH) expression in 

vertebrates (Harvey et al., 2000), even though GH is also produced in multiple 

peripheral tissues where it functions as a local auto‑ or paracrine regulator (Harvey 

et al., 2012). 

The gh2 paralog is characterized by a higher level of polymorphism, 

particularly within the F2 and F3 binding motifs. These variations suggest the 

presence of functional cis‑regulatory variants (cis‑eQTLs) that may alter 

transcriptional activity, tissue specificity, and hormonal sensitivity of the promoter. 

https://www.ensembl.org/Oncorhynchus_mykiss/Gene/Summary?db=core;g=ENSOMYG00000042387;r=12:65517142-65521363;t=ENSOMYT00000100492
https://www.ensembl.org/Oncorhynchus_mykiss/Gene/Summary?db=core;g=ENSOMYG00000040998;r=13:32525255-32528851;t=ENSOMYT00000096640
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In contrast, the gh1 promoter remains highly conserved among species of the 

family Salmonidae, reflecting stabilizing selection maintaining precise Pit‑1–

dependent expression in somatotrophs (Kamenskaya et al., 2017; Alberts et al., 

2007). 

The promoter regions of both genes contain hormone‑responsive regulatory 

elements with canonical motifs such as cAMP response elements (CRE), 

glucocorticoid response elements (GRE), and retinoic acid response elements 

(RAR/RXR). However, the gh2 promoter lacks an estrogen response element 

(ERE) present in gh1, which may reduce gh2 sensitivity to estrogen‑dependent 

signaling and represents a potential determinant of tissue‑specific expression 

differences (Yang et al., 1997). Furthermore, the CRE motif in gh2 differs from the 

palindromic sequence in gh1 by a single nucleotide substitution, potentially 

modifying the promoter’s responsiveness to cAMP‑mediated pathways 

(Kamenskaya et al., 2017). 

An additional regulatory feature of gh2 is a long homopolymeric tract 

composed of 52 cytosines located within a fifth intronic region. The presence of 

such homopolymers can suppress gene expression, with polymer length inversely 

correlated with the level of transcriptional activity (Tesina et al., 2020). These 

regions can induce frameshift mutations or alter mRNA stability, increasing the 

energetic cost of transcription and manifesting as transcriptional attenuation 

(Kayhanian et al., 2024). 

 

1.2. Pleiotropic effects of growth hormone and GH-IGF axis signaling 

pathways 

Somatotropin exhibits pleiotropic effects, participating in a variety of 

physiological processes. Primarily, growth hormone regulates the synthesis and 

release of insulin-like growth factor, which mediates GH’s main anabolic effects 
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on growth, particularly in skeletal muscle (Reid et al., 2024). In teleost fish, GH 

also plays crucial roles in reproductive development, osmoregulation, and immune 

response (Rousseau et al., 2004; Yada et al., 2005; Cohen-Rothschild et al., 2024). 

The regulatory factors controlling growth hormone gene expression differ even 

among ray-finned fish (Teleostei), such that the mechanisms of GH release and 

inhibition are distinct from those found in birds and higher vertebrates, including 

humans. 

In vitro studies of GH gene expression in cultured pituitary cells of trout 

demonstrated GH secretion and gh gene expression in the absence of releasing 

hormones (Rousseau et al., 2004). Pituitary cells expressing GH genes possess 

high autonomous secretory activity but remain under dominant inhibitory control 

by the neurohormone somatostatin and IGF (Poppinga et al., 2007; Dai et al., 

2015). It is plausible that the release of gh1 and gh2 genes in rainbow trout can 

occur independently of releasing hormones, supporting sustained growth 

throughout the fish’s lifespan. Furthermore, somatostatin neutralization enhances 

growth rate and feed conversion efficiency (Bazyar et al., 2016). 

Different physiological states likely involve modulation of the GH gene by 

releasing hormones of the hypothalamic-pituitary axis. Growth hormone-releasing 

hormone (GHRH) stimulates growth; gonadotropin-releasing hormone (GnRH), 

together with the gonadotropic axis, initiates gametogenesis (Gomez et al., 1999b); 

dopamine (DA) is involved in stress responses (Ágústsson et al., 2000; Gesto et al., 

2013); and the multifunctional neuropeptide PACAP, related to GHRH and 

produced in the nervous system and peripheral organs, activates pituitary adenylate 

cyclase (Rousseau et al., 2004; Dufour et al., 2020; Urban-Sosa et al., 2024). 

PACAP is, however, primarily recognized for its immunomodulatory role in 

teleosts (Velázquez et al., 2023; Saha et al., 2024). 

The functional diversity of the GH gene is mediated through two receptor 

types encoded by ghr1 and ghr2, which differ in their binding affinities and the 
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signaling cascades they activate (Brivanlou et al., 2002). Somatotropin 

phosphorylates and activates Janus kinase 2 (JAK2) via its receptors, initiating a 

signaling cascade involving phosphorylation of downstream effectors including 

ERK1/2, PI3K-Akt, and STAT5 pathways (Kittilson et al., 2011). In the liver of 

rainbow trout, GH stimulates the ERK and PI3K-Akt pathways, triggering 

molecular interactions that promote igf expression and regulate metabolic 

processes (Reindl et al., 2012). 

These signaling mechanisms depend on the organism’s physiological state. 

For example, during fasting, GH predominantly activates ERK and PKC pathways, 

promoting lipolysis; whereas under normal feeding conditions, JAK/STAT and 

PI3K-Akt pathways dominate, supporting anabolism and growth (Bergan-Roller et 

al., 2018). Thus, the same hormone can modulate metabolic processes dynamically 

in response to the fish’s energetic status. 

1.3. Expression profile of GH–IGF in embryonic development and ontogenesis 

of rainbow trout 

The GH–IGF axis undergoes significant remodeling throughout the 

embryonic and ontogenetic development of rainbow trout, reflecting transitions 

from embryonic to juvenile and then to sexually mature stages (table 2). These 

changes are clearly traceable at the transcriptional level of key axis genes starting 

from early development stages. 

During the incubation period, gh1 and gh2 mRNA levels remain low for 

the initial hours and the first three days of embryogenesis. Notably, 

similar gh paralog transcript levels are detected in unfertilized eggs, indicating 

maternal origin (Yang et al., 1999). The embryonic genome becomes 

transcriptionally active around days 2 to 5 post-fertilization, coinciding with 

somatotropic axis formation. At this stage, gh2 mRNA copy numbers slightly 

surpass those of gh1 (up to 1200 copies), suggesting a leading role for gh2 during 

early development (Gabillard et al., 2003). During organogenesis (days 8–
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27), gh gene signals are almost undetectable except on a few specific days 

when gh mRNA is likely synthesized de novo. gh gene expression sharply 

increases at larval hatching - day 31 (Yang et al., 1999), marking activation of the 

endogenous somatotropic system responsible for initiating post-embryonic growth, 

with gh products expressed abundantly in both the head and body of larvae (Yang 

et al., 1999).   

At stage of GH receptors and IGF system development both growth 

hormone receptor genes show similar mRNA levels during the last week of 

organogenesis and at hatching, although ghr1 expression is more sensitive to water 

temperature changes, while ghr2 expression remains stable regardless of 

temperature (Gabillard et al., 2006). Insulin-like growth factors genes experience a 

notable expression surge between days 5–7 post-fertilization, 

especially igf2 reaching up to 500 × 10³ mRNA copies, highlighting the critical 

role of IGFs in early organismal development (Gabillard et al., 2003; Li et al., 

2007). This pattern suggests that gh paralogs initiate axis formation, while IGFs 

largely govern subsequent development. 

In juveniles, gh mRNA is detected in both head and trunk tissues, indicating 

expansion of GH regulatory expression domains. The mRNA levels of igf1 and 

igf2 increase dramatically, reaching approximately 15 million and 9 million copies, 

respectively, which corresponds with the rapid growth of juveniles that have fully 

transitioned to exogenous feeding (Gabillard et al., 2003). In early-stage juveniles, 

following complete yolk sac absorption and the transition to external feeding, the 

mRNA levels of ghr1 and ghr2 in liver are approximately 100 copies. However, 

decreased temperature and restricted feeding trigger an upregulation in the 

expression of ghr-paralogs (Raine et al., 2007). 

In one-year-old and mature rainbow trout, RT-PCR analyses reveal 

highest gh1 and gh2 expression in the pituitary and brain, moderate levels in gills 
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and heart, and lower expression in kidney, liver, pyloric caeca, and gonads (Yang 

et al., 1999). Tissue-specific expression is also evident in ghr paralogs: juveniles 

exhibit higher ghr1 mRNA in the brain, whereas ghr2 is more abundant in the 

pancreas and spleen, implying independent regulatory mechanisms for these 

receptors (Very et al., 2005). In one-year-old rainbow trout, muscle growth 

stimulation and compensatory myogenesis following fasting and refeeding are 

primarily mediated by insulin-like growth factor 1 (Chauvigné et al., 2003). 

During sexual maturation, systemic growth regulation shifts as 

reproductive organs mature and ovulation approaches. Gonadal steroids exert 

strong tissue-specific effects on the somatotropic axis. Estrogens 

inhibit ghr2 and igf gene expression in the liver but stimulate ghr2, igf1, 

and igf2 in muscle. Estrogen reduces IGF bioavailability by enhancing IGF binding 

protein (IGFBP) production, which suppresses anabolic signaling (Cleveland et al., 

2015a; Cleveland et al., 2015b). This effect coincides with increased vitellogenin 

synthesis, a yolk protein precursor marker reflecting liver metabolic 

reprogramming for oocyte development (Gupta et al., 2021). Conversely, another 

group of sex hormones, the androgens, stimulate somatotropic axis activity in the 

liver, which supports growth, but reduce igf2 and igfbp5b1 expression in muscle 

(Cleveland et al., 2015a; Vélez et al., 2017). Thereby, maintaining high nutritional 

status during maturation is crucial to counteract muscle wasting resulting from 

skeletal muscle atrophy driven by lowered ghr and igf expression and resource 

reallocation toward vitellogenin production necessary for reproduction (Nemova et 

al., 2021; Weber et al., 2022). 

In rainbow trout females, somatotropin, predominantly GH2 - is key during 

oocyte growth, vitellogenesis, and final follicle maturation (Li et al., 2007), while 

IGF has no direct effect on oogenesis or overall oocyte growth (Weber, 2023). In 

males, GH concentrations decrease in testes from spermatogonial proliferation 

through the completion of spermatogenesis (Gomez et al., 1998). GH and IGF-I 
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strongly modulate spermatogonial proliferation (Loir, 1999); however, as 

spermatogenesis progresses to later stages, GH’s role shifts from cellular 

proliferation stimulation to other functions, reflected by reduced GH levels in 

testicular tissue. 

Table 2. - Expression profile of GH-IGF components during embryonic 

development and ontogeny of rainbow trout based on literature of current chapter. 

In their studies on gene expression levels during embryogenesis, the authors 

followed the chronological sequence of embryonic and larval development stages 

of trout as described by Vernier in 1969 (Vernier J.M. 1969. Table chronologique 

du développement embryonnaire de la truite arc en ciel, Salmo Gairdneri. An Emb 

Morpho 2:495–520), which are also synchronized with the stages used in the 

present study, as shown in this table. The days are approximate, as they may vary 

depending on various factors. The larval stage 30-37 is not included, and 

milestones in fish life after hatching are outlined concisely. 

Day / Stage Key developmental events and status of mRNA gh, igf, ghr 

day 0 - 2 

Unfertilized eggs. 

Fertilized eggs. 

Cleavage (stage 1 - 2) 

Low mRNA levels of gh1 and igf1 genes are observed, alongside 

moderate levels of gh2 and ghr1, and high levels of igf2 and ghr2. 

Additionally, the maternal gh paralogs are present at low levels in 

unfertilized oocytes and fertilized eggs up to the late cleavage 

stage. 

day 2-7  

Cleavage (stage 3 - 10) 

Gastrulation (stage 10 - 

17) 

 

The formation of the GH-IGF axis begins at the early gastrulation 

stage. Expression of gh1 remains very low, not exceeding 10 

mRNA copies. Expression of igf2 increases, with the highest 

mRNA copy number observed for the ghr2 gene. From day 5 of 

incubation, a pronounced surge in the expression of igf1, ghr1, and 

ghr2 occurs, indicating their key role among somatotropic axis 

components in regulating early growth and development. 

day 8 – 9  

Early organogenesis 

(stage 18 - 19) 

An elevated gh signaling is established compared to earlier stages, 

consistent with its role in coordinating organ growth and the GH-

IGF axis prior to pituitary formation. The mRNA copy numbers of 

igf1 and ghr1 are substantially higher than those of igf2 and ghr2. 

day 10 – 13 

organogenesis 

 (stage  - 19) 

There is a marked embryonic activation of gh1 and gh2 genes, 

consistent with their role in coordinating the growth of organs -

including the brain, somatic musculature, and developing 

endocrine organs - and in establishing the GH-IGF axis before the 

pituitary forms. Primary somatotrophs emerge in the pineal gland. 

Although gh expression remains low, it occurs across several 

embryonic tissues, helping to regulate growth. Levels of ghr2 and 
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igf2 remain substantially higher than those of ghr1 and igf1 

(hundreds of thousands of copies compared to tens of thousands). 

Notably, igf2 expression persists at elevated levels until day 31, 

corresponding to the hatching stage.  

day 14 

organogenesis (stage  - 

21) 

The pituitary gland becomes visible for the first time, 

accompanied by an increase in gh levels. Somatotropin production 

begins in primary pituitary somatotrophs, supplementing 

extrapituitary sources and marking the onset of classical endocrine 

GH function alongside its paracrine and autocrine roles. 

day 16 – 27 

organogenesis (stage 22 - 

28) 

 

Expression of gh1 and gh2 genes remains low, consolidating 

within the maturing pituitary lobe while extrapituitary expression 

persists. There is a gradual increase in gh mRNA signal. As 

somatotrophs differentiate, somatotropin increasingly assumes its 

endocrine function as a growth hormone, preparing for rapid post-

hatch growth and metabolic regulation. Growth hormone receptor 

gene expression is roughly equivalent in magnitude, reaching tens 

of thousands of copies and maintaining this level through the 

alevin stage. 

day 31  

Hatching (stage 29-30) 

 

Post-embryonic growth is activated, characterized by high gh gene 

expression levels in the pituitary and yolk sac. Somatotropin 

primarily functions as a systemic growth hormone, promoting 

somatic growth and substrate metabolism, while retaining certain 

extrapituitary paracrine functions. 

Fry The levels of igf paralogs increase markedly, reaching millions to 

tens of millions of copies. 

Juvenile Regulatory expression domains of GH expand, with igf1 and igf2 

levels reaching 15х106 and 9х106, respectively. This corresponds 

to the rapid growth and development of the organism, which has 

fully transitioned to exogenous feeding. mRNA levels of ghr1 and 

ghr2 in liver are approximately 100 copies. 

1-year-old fish The highest expression of gh1 and gh2 is observed in the pituitary 

and brain, as is the case for ghr1, whereas ghr2 expression is 

higher in the pancreas and spleen. The main boost in muscle 

growth is mediated by igf1, not igf2. 

Adult female The gh2 gene plays a crucial role during oocyte growth and 

follicle maturation. During sexual maturation, estrogens suppress 

anabolic signaling by downregulating igf and ghr expression in the 

liver. The overall reduction of ghr levels during maturation 

contributes to muscle atrophy and the redirection of resources 

toward vitellogenin production. 

Adult male Both gh and igf-1 genes stimulate spermatogonial proliferation, 

but growth hormone levels decline during the later stages of 

spermatogenesis. During sexual maturation, androgens enhance 

somatotropic axis activity in the liver while suppressing igf2 

expression in muscle tissue. 

 

 



Научное электронное периодическое издание ЮФУ «Живые и биокосные системы», № 54, 2025 г. 

Nikolaeva O.A., Functional divergence of somatotropic axis genes in rainbow trout (Oncorhynchus 
mykiss): structural organization, regulation and physiological roles // «Живые и биокосные системы». – 
2025. – № 54; URL: https://jbks.ru/archive/issue-54/article-1; DOI: 10.18522/2308-9709-2025-54-1 

From endogenous control to exogenous determinants 

As previously noted, the functioning of the somatotropic axis and its 

associated metabolic processes are contingent on the current physiological state of 

rainbow trout. The activity and interplay of the GH-IGF axis components are 

significantly influenced by factors such as lighting conditions, water temperature, 

smoltification stage, social hierarchy, and specific aquaculture rearing practices. 

Since these factors delineate the context within which the regulatory mechanisms 

of the hormonal system operate, their roles will be examined in detail in the 

following chapter. 

2. Physiological and environmental determinants of somatotropic axis 

function 

2.1. Circadian Rhythms 

Photoperiod is a significant environmental factor in the rearing of rainbow 

trout as it shapes circadian patterns of genes and hormones associated with the GH-

IGF axis (Dong et al., 2024). In salmonids, an extended photoperiod enhances 

growth by increasing food consumption and stimulating somatic growth in the pre-

spawning and post-spawning periods, as well as improving resistance to fungal 

diseases. (Lundová et al., 2019). Rearing pre-spawning rainbow trout under 

continuous light with nocturnal feeding increases specific growth rate, driven by 

stimulation of GH axis components (ghr1, ghr2, igf1, igf2, igfr1a, igfbp2a) and 

sustained high expression of myogenic regulatory factors (myod, myf5, mstn1a) as 

well as myosin heavy and light chains (myhc, mlc2), likely reflecting enhanced 

aerobic metabolism (Rodin et al., 2025; Kuznetsova et al., 2025). 

In juvenile rainbow trout, efficient growth and feed utilization are not 

directly determined by photoperiod length, but are markedly improved by daytime 

feeding at fixed times. Such scheduled feeding entrains feeding activity and 

associated biochemical processes, including digestive enzyme activity and 
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circulating levels of glucose, triglycerides, and hormones (Xu et al., 2022). By 

contrast, continuous lighting during juvenile rearing can induce 

immunosuppression and increase energetic costs. This stress is manifested as 

reduced lysozyme secretion and elevated mucin concentration in skin mucus, along 

with alterations in leukocyte profiles, particularly in monocytes and macrophages, 

which act in concert with lysozymes in non-specific defense (Valenzuela et al., 

2022). 

Prolonged photoperiods therefore appear more suitable for rainbow trout that 

have reached reproductive age when the production target is carcass yield rather 

than roe, because extended light promotes somatic growth while suppressing 

gonadal development and delaying the timing of reproductive activity (Noori et al., 

2015; Mennigen et al., 2022; Al-Emran et al., 2024). This may be linked to 

differential regulation of growth hormone paralogs, as gh2 activity increases 

during the dark phase in contrast to gh1 and is generally higher in females 

approaching sexual maturity (Li et al., 2007; Dong et al., 2024). Growth hormone, 

particularly GH2, is potentially important during the initiation of oocyte growth, 

vitellogenesis, and final follicular maturation (Gómez et al., 1999a) (fig. 2). 
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Figure 2. Schematic representation of the effect of modulated circadian 

rhythms across the somatotropic axis on growth, immunity, and reproduction in 

rainbow trout. 

2.2. Osmoregulation 

Smoltification in Salmonidae species naturally begins in spring in response 

to increasing daylight. As a euryhaline species, rainbow trout adapts to fluctuating 

salinity through an energy trade-off within the GH–IGF axis balancing growth and 

osmoregulation (Xiang et al., 2022). Osmoregulatory processes enhance GH 

secretion (Sakamoto et al., 1993), which supports improved growth rates during 

transfer from freshwater to seawater in aquaculture (Kaneko et al., 2019). 

Smoltification precedes a phase of rapid post-smolt growth, initiating earlier 

transcription of igf-1, ghr, insulin receptor igfbp1b, and ctsl genes, the latter 
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encoding a protein essential for intracellular protein catabolism. Completion of 

smoltification is marked by accelerated growth, increased gill Na+/K+-ATPase 

activity, and elevated plasma growth hormone levels (Morro et al., 2019; Shulgina 

et al., 2021). Recent omics studies reveal that both endocrine factors and gut 

microbiota contribute to salinity adaptation regulation (Mkulo et al., 2025). 

Salinity levels from minimal to threshold values differently influence 

transcription of GH–IGF axis components. Expression of gh increases with salinity 

rising from 0 to 24‰ but markedly decreases near the threshold of 32‰, possibly 

reflecting resource depletion or reallocation for survival (Bi et al., 2021). This 

aligns with findings of increased plasma GH during stepwise acclimation to 

tolerated salinities (Shulgina and Mkulo). While igf1 gene expression remains 

steady at threshold salinity, IGF-binding proteins expression significantly declines, 

potentially leading to pathological liver changes (Bi et al., 2021; Cui et al., 2022). 

In gills, ghr1 and ghr2 transcript levels differ little between parr and smolts, 

indicating that growth hormone receptors may not critically influence salinity 

acclimation during the parr-to-smolt transformation (Kusakabe et al., 2025). 

Thus, during transfer to seawater, growth hormone prioritizes 

osmoregulation by suppressing growth temporarily. Upon stabilization of internal 

osmotic conditions at relatively constant levels, fish exhibit rapid growth spurts, 

signaling successful acclimation and positive salinity effects on growth and health 

(fig. 3). 



Научное электронное периодическое издание ЮФУ «Живые и биокосные системы», № 54, 2025 г. 

Nikolaeva O.A., Functional divergence of somatotropic axis genes in rainbow trout (Oncorhynchus 
mykiss): structural organization, regulation and physiological roles // «Живые и биокосные системы». – 
2025. – № 54; URL: https://jbks.ru/archive/issue-54/article-1; DOI: 10.18522/2308-9709-2025-54-1 

 

Figure. 3. Dynamic equilibrium of the GH-IGF axis during rainbow trout 

adaptation to salt water. Schematic diagram of growth activity and 

osmoregulation during the main stages of rainbow trout transition from fresh 

water to salt water. During smoltification and the initial transition to seawater, 

osmoregulatory processes dominated, supported by increased growth hormone 

secretion and increased activity of Na+/K+-ATPase in the gills, while growth was 

temporarily suppressed (Morro et al., 2019; Shulgina et al., 2021). The expression 

of genes involved in the GH-IGF axis depends on the salinity stage: gh transcripts 

typically increase with increasing salinity, while IGF-binding proteins decrease, 

indicating a redistribution of energy towards osmoregulation (Bi et al., 2021; 

Xiang et al., 2022). After successful osmoregulatory adaptation, insulin-like 

growth factor-induced growth resumes, leading to enhanced somatic development 

in the post-smolt stage (Kaneko et al., 2019). 

2.3. Social behaviour: hierarchy, aggression. Influence on sexual dimorphism. 

The somatotropic axis also plays an important role in shaping social 

hierarchy in juvenile rainbow trout. Although gh1 and gh2 pituitary expression 

does not differ between dominant and subordinate fish, subordinates exhibit higher 

circulating GH concentrations. In dominant individuals, expression 

of ghr and igf paralogs is elevated, supporting anabolic processes and promoting 
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growth, whereas subordinates show increased expression of igfbp paralogs, which 

limit IGF signaling and shift metabolism toward catabolism and lipolysis 

(Mennigen et al., 2022; Best et al., 2023). Thus, the GH–IGF axis acts as a 

mediator of social status–dependent differences in energy metabolism and growth. 

Enhanced GH action influences social interactions by increasing aggression, 

including territorial behavior (Jönsson et al., 1998). Expression of the growth 

hormone gene is continuously restrained by negative feedback from IGF1 and 

somatostatin (SST) (Rousseau et al., 2004; Canosa et al., 2007). This feedback may 

represent a selective pressure against chronically high GH levels that would 

otherwise drive excessive aggression, elevated energy expenditure, and increased 

mortality (Jönsson et al., 1998). 

Growth hormone genes also contribute to sexual dimorphism alongside key 

Y-linked loci such as dmrt1, amh, gsdf, foxl2, and cyp19a1a, which govern sex-

linked traits and direct male-type development under the chromosomal sex-

determination system of rainbow trout (Li et al., 2022). Males and females differ 

anatomically in the geometric configuration of body and head landmarks, and 

males display pronounced nuptial coloration and secondary sexual traits during 

spawning to attract females and compete with rivals (Auld et al., 2019; Turgut et 

al., 2024). These morphometric traits are associated with regulatory elements in 

intronic regions of the gh gene, particularly nucleotide repeats that can alter 

expression patterns (Zhang et al., 2025). 

On the Y chromosome of male rainbow trout, a gh pseudogene (gh-ψ) is 

located near variation in intron 5 of gh2 and its flanking regions. This putative 

pseudogene has been incorporated into PCR-based test systems for early sex 

determination and detection of neo-females in breeding programs 

(Akbarialmajough et al., 2020). 
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2.4. Temperature regime 

A distinctive feature of fish biology is their capacity for continuous growth 

throughout life. Growth can be constrained by various physical factors, among 

which water temperature is one of the most influential. Although rainbow trout is 

traditionally regarded as a cold-water aquaculture species (Singh et al., 2024), 

some populations inhabit environments well beyond the typical range of other 

salmonids and occur in tropical and subequatorial climatic zones (Nevoux et al., 

2022). Temperature regimes differentially affect expression of somatotropic axis 

genes during rainbow trout embryo and post-embryonic development, with direct 

consequences for growth. 

During early development, increased temperature has little apparent effect 

on GH levels but strongly modulates expression of igf2, the somatotropic axis gene 

with the highest embryonic expression. Depending on the incubation stage (days 

22, 24, 25, and hatching), igf2 mRNA levels can either increase or decrease, 

although they remain relatively high overall (Gabillard et al., 2005). Even modest 

elevation of incubation temperature (from 6°C to 8.5°C) causes a marked reduction 

in igf2 mRNA in embryos (Li et al., 2008). 

Later in ontogeny, rainbow trout growth rate becomes proportional to 

plasma GH concentration. Elevated temperatures within the species’ tolerated 

range (14–18°C) increase plasma GH and promote growth (Kocmarek et al., 2014), 

whereas at lower temperatures (around 8°C) GH levels constrain growth rate 

(Gabillard et al., 2003). When water temperature exceeds 20°C, fish develop 

hyperthermia, gh gene expression declines, and growth is suppressed (Kocmarek et 

al., 2014). Nevertheless, some rainbow trout populations can persist at much higher 

temperatures. In Turkey, for example, seasonal surface water temperatures may 

range from 18°C in mid-winter to 27°C in mid-summer, and expression levels of 

GH–IGF axis components vary in both juveniles and mature cultured trout across 

seasons. In adults, temperature-dependent regulation of igf1 expression appears 
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essential to maintain tissue metabolism and physiological plasticity. igf1 mRNA 

levels in muscle are substantially higher in mature fish, whereas in juveniles 

hepatic igf1 and igf2 expression is consistently slightly higher than in adults 

regardless of season (Tekeli et al., 2023), likely reflecting a more prominent role of 

liver-derived IGFs in systemic growth and development at early ontogenetic stages 

(Păpuc et al., 2025). 

2.5. Unfavourable conditions for aquaculture 

Adverse rearing conditions exert a pronounced influence on the functioning 

of GH–IGF axis components in rainbow trout. High stocking density induces stress 

through competition for oxygen, feed, and space, which alters igf1 expression and 

affects the biochemical status of the fish (Zahedi et al., 2017; Naderi et al., 2017). 

Prolonged crowding activates cellular homeostatic pathways such as autophagy, 

mitophagy, and ubiquitin–proteasome-mediated protein degradation, while 

suppressing spliceosome function, nucleo-cytoplasmic transport, and mRNA 

surveillance. This response reduces igf1 expression and promotes degradation of 

skeletal muscle proteins (Valenzuela et al., 2020; Aravena-Canales et al., 2025). 

Chronic stress is accompanied by sustained elevation of cortisol, a potent 

anorexigenic factor in rainbow trout (Conde-Sieira et al., 2018). Although the 

promoters of gh paralogs contain glucocorticoid-responsive elements and chronic 

cortisol elevation upregulates gh1 and gh2 transcription, circulating GH levels 

remain low due to changes in GH synthesis, secretion, and metabolism 

(Kamenskaya et al., 2020). In parallel, hepatic expression of insulin-like growth 

factor binding protein 1 (igfbp1) increases persistently, and this factor acts as a 

growth repressor by attenuating igf1 signaling and redirecting energy reserves 

within the GH–IGF axis (Madison et al., 2015). 

Under acute stress, cortisol transiently stimulates GH synthesis and 

secretion, leading to elevated plasma GH concentrations (Faught et al., 2016). 

However, short-term cortisol exposure downregulates ghr paralogs 
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and igf1 expression in the liver, inducing a state of GH resistance in which tissues 

become less responsive to GH despite its high circulating levels (Canosa et al., 

2023). 

In summary, acute cortisol exposure (short-term stress) is associated with 

elevated plasma GH, whereas chronic cortisol elevation (long-term stress) drives 

increased pituitary gh transcription but simultaneously enhances inhibitory 

mechanisms that lower circulating GH and suppress growth. 

The practice of fasting is another significant source of stress for aquaculture, 

with major consequences. It triggers endocrine reprogramming, stress hormone 

synthesis, and marked shifts in the physiological state of rainbow trout. It alters the 

activity of the GH–IGF axis and downstream metabolic pathways, with clear 

consequences for growth performance and muscle condition (Polaz et al., 2022). In 

vitro experiments on rainbow trout myogenic precursor cell cultures show that 

under “fasting” conditions (serum deprivation), GH no longer stimulates 

expression of key genes driving proliferation (myod1, myf5, pcna), differentiation 

and growth (igf1, igf2, myog, pax7a1, pax7a2). Instead, expression of genes 

promoting growth inhibition and proteolysis (atg4b, gabarapl1, lc3b, fbxo32) 

increases, indicating activation of autophagy and protein degradation pathways. 

Even so, GH can partially offset fasting-induced damage by 

upregulating ghr1 transcription in myotubes, helping to maintain some GH 

sensitivity (Reid et al., 2024). In vivo fasting studies in rainbow trout demonstrate 

that food deprivation activates ERK and PKC signaling and enhances lipid 

catabolism against a background of reduced growth. Under these conditions, GH 

fails to activate PI3K/Akt and JAK/STAT pathways in primary hepatocytes 

isolated from fasted fish. Instead, GH stimulates expression and activation of 

hormone-sensitive lipases HSL1 and HSL2, promoting mobilization of hepatic 

triglyceride stores via PLC- and ERK-dependent signaling (Bergan et al., 2012). 

Stress is further exacerbated when fish are fed at random times rather than on a 
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fixed schedule, as unpredictable feeding increases physiological stress load (Xu et 

al., 2022). During prolonged fasting, the GH–IGF system is reshaped by leptin, a 

key regulator of energy metabolism, alongside suppression of genes involved in 

lipid metabolism and gluconeogenesis. Expression of ghr1 decreases in liver, 

adipose tissue, and both red and white muscle (Walock et al., 2014). Leptin 

elevates circulating GH but simultaneously blunts its effect on igf1 expression, 

inducing GH resistance under catabolic conditions. This adjustment conserves 

metabolic energy by downregulating enzymes of lipid and carbohydrate 

metabolism and inevitably slows growth (Gong et al., 2022). 

Normalizing feeding, by contrast, reactivates JAK/STAT and PI3K/Akt 

signaling, restoring intracellular pathways that favor anabolism and growth in 

rainbow trout tissues (Bergan et al., 2012). Under chronic stress, GH signaling 

through JAK/STAT5 in the liver is impaired because these pathways induce 

suppressors of cytokine signaling (socs1, socs2), which mediate the glucocorticoid 

response to elevated cortisol. This results in reduced growth rates and impaired 

immune function (Philip et al., 2015). Cortisol-driven modulation of socs gene 

expression under chronic stress therefore contributes to both growth suppression 

and immunodepression. 

Overall, adverse influences on rainbow trout particularly fasting and chronic 

stress elicit coordinated molecular responses within the somatotropic axis. 

Although the specific pathways activated may differ, the phenotypic outcome 

remains consistent: reduced growth and visible growth retardation in affected fish. 

Conclusion 

A review of the available literature indicates that duplication of somatotropic 

axis genes in rainbow trout has led to functional divergence of their paralogs while 

preserving an overall common regulatory framework. The gh1 and gh2 genes are 

highly conserved in structure, particularly across exons 2–5, consistent with 

retention of shared core hormonal functions. At the same time, differences in the 



Научное электронное периодическое издание ЮФУ «Живые и биокосные системы», № 54, 2025 г. 

Nikolaeva O.A., Functional divergence of somatotropic axis genes in rainbow trout (Oncorhynchus 
mykiss): structural organization, regulation and physiological roles // «Живые и биокосные системы». – 
2025. – № 54; URL: https://jbks.ru/archive/issue-54/article-1; DOI: 10.18522/2308-9709-2025-54-1 

length of exon 1 and intronic regions, together with unique regulatory elements 

in gh2, point to its adaptation to more specialized physiological roles. For 

example, gh2 shows elevated activity in female reproductive tissues and 

contributes more strongly to the regulation of vitellogenesis, 

whereas gh1 maintains a primary role in supporting somatic growth and basal 

pituitary GH secretion. 

A similar pattern of functional complementarity is evident in other genes of 

the somatotropic axis. The paralogous receptors ghr1 and ghr2 encode proteins 

with distinct affinities and tissue distributions: ghr1 is predominantly expressed in 

liver and brain, mediating systemic GH actions, while ghr2 is more active in 

peripheral and digestive organs, suggesting a greater involvement in metabolic 

regulation and immune-related functions. An analogous division of labor is 

observed for insulin-like growth factors, where igf2 is crucial during early 

embryogenesis, driving cell proliferation and differentiation, and igf1 becomes the 

principal mediator of GH-dependent anabolic effects in later ontogeny and 

adulthood. As a result, dominance shifts between paralogs according to 

developmental stage, physiological status, and environmental influences such as 

temperature, photoperiod, salinity, and stress. 

Overall, the functional diversity of rainbow trout somatotropic paralogs 

arises from the combination of strong structural conservation and adaptive 

modulation of gene expression. The paralogs described in this review do not 

merely duplicate functions but partition and specialize them, providing fine-tuned 

regulation of growth, metabolism, reproduction, and environmental adaptation. 

This organization of the somatotropic axis confers high phenotypic plasticity and 

resilience to environmental fluctuations in rainbow trout, with important 

implications for improving aquaculture performance and the design of selective 

breeding programs. 
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