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A B S T R A C T

The growth hormone (GH)/insulin-like growth factor-1 (IGF-1) system plays an important role in regulating the
cellular growth and organ development. The present study investigated the seasonal expressions of growth
hormone receptor (GHR), IGF-1 and insulin-like growth factor 1 receptor (IGF-1R) in the scented glands of the
muskrats. Morphological changes in the scented glands of the muskrats were observed significantly between the
breeding and non-breeding seasons. Immunohistochemically, the expressions of GH, GHR, IGF-1 and IGF-1R
were found in glandular cells and epithelial cells of the scented glands in both seasons. The protein and mRNA
expression levels of GHR, IGF-1 and IGF-1R in the scented glands during the breeding season were noticeably
higher than those of the non-breeding season. In parallel, the levels of GH and IGF-1 in the sera and scented
glands were remarkably higher during the breeding season. In addition, small RNA sequencing showed that the
predicted targets of the significantly changed hsa-miR-5100 and mmu-miR-6937-5p might regulate the ex-
pressions of Ghr, Igf-1 or Igf-1r. These results suggested that the morphological changes in the scented glands of
the muskrats during the different seasons might be related to the expression levels of GHR, IGF-1 and IGF-1R.
Meanwhile, GHR/IGF-1 system might regulate the scented glandular functions via endocrine or autocrine/
paracrine manners.

1. Introduction

Growth hormone (GH) is classically identified as an endocrine
hormone that is synthesized and released from the anterior pituitary
gland into systemic circulation and exerts pleiotropic physiological
roles by regulating the growth of many target tissues in all vertebrates
(Hrabia et al., 2008; Harvey et al., 2015; Ahumada-Solorzano et al.,
2016). In addition to its key role in metabolism and body growth, it is
known as a regulator of immunity, osmoregulation, and reproduction,
which it is required for a proper control of puberty, sexual maturation,
steroidogenesis and gametogenesis (Harvey and Baudet, 2014). These
biological effects of GH are mediated via the growth hormone receptor
(GHR), which is a member of the cytokine/hematopoietin receptor
superfamily. GHR is a single-chain transmembrane glycoprotein, which
is composed of around 620 amino acids and can be encoded by a single
gene (Argetsinger and Carter-Su, 1996). Additionally, GHR is presented
in the widespread organs including the reproductive and non-re-
productive tissues (Hull and Harvey, 2000; Kaiser et al., 2001).

Correspondingly, previous studies demonstrate that GH is also pre-
sented in many extra-pituitary tissues, in which it may act as an auto-
crine/paracrine growth factor (Harvey, 2010; Harvey and Baudet,
2014; Harvey et al., 2015).

Insulin-like growth factor 1 (IGF-1) is a polypeptide that acts as the
major mediator of GH effects in many tissues, which is mainly produced
by the liver under GH stimulus and in turn, promotes growth actions by
the expression of its own receptor in many target cells (Butler and Le-
Roith, 2001; Bougneres and Goffin, 2007). Besides the role as a med-
iator of promoting growth effects of GH, IGF-1 has an additional role in
promoting growth and the maintenance of development, cellular
growth, differentiation, protein translation, metabolism, apoptosis, and
aging (Dantzer and Swanson, 2012). The physiological action of IGF-1
is elicited via insulin-like growth factor 1 receptor (IGF-1R), which is a
trans-membrane tetrameric complex composed of two α and two β
subunits (Leroith et al., 2008; Villalpando et al., 2008). The localization
of IGF-1R was precisely described in multiple organs of some species,
namely, in rat, pig, equine (Villalpando et al., 2008; Yoon et al., 2011).
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Numerous studies have shown the critical role of the GH/IGF-1 axis in
directing growth and development. GHR-deficiency or IGF-1-deficiency
mice had reduced body mass and tissues mass, while overexpression of
GH or IGF-1 in mice increased the mass of adult mice (Lupu et al., 2001;
Pitetti et al., 2013). Circulating IGF-1 in serum is derived mainly from
the liver. However, liver-specific deletion of IGF-1 did not result in
severe retardation of growth (Sjogren et al., 1999), which indicated that
locally produced IGF-1 might promote body growth in an autocrine/
paracrine manner (Hyun, 2013).

MicroRNAs (miRNAs) are endogenous ∼22 nt RNAs that exert a
vital role by pairing to the mRNAs of protein-coding genes to direct
their posttranscriptional repression (Bartel, 2004). Previous studies
have explored the regulatory mechanism of miRNAs that can simulta-
neously silence hundreds of target genes, and have key roles in the
large-scale transcriptomic changes (Bartel, 2009; Shenoy and Blelloch,
2014). Emerging evidence suggested that miRNAs might play important
roles in regulating the IGF-1 signaling. For example, deletion of miRNAs
(miR-8, miR-200) resulted in defective IGF signaling and decreased
body size (Jing et al., 2015). To date, several studies have investigated
the expression of multiple miRNAs that mediated the GH/IGF axis on
cell proliferation and differentiation (Jing et al., 2015; Lui, 2017). In
our previous studies, miRNAs sequencing revealed seasonal changes in
the expression profiles of miRNAs in the scented glands of the muskrats
(Ondatra zibethicus) (Cao et al., 2015; Zhang et al., 2017b). Significantly
changed miRNAs (e.g. hsa-miR-202-5p, mmu-miR-126b-5p and mmu-
miR-5119) were considered to be involved in regulating the scented
glands (Zhang et al., 2017a). However, the expressions and functions of
most miRNAs targeting the GH/IGF-1 system in the muskrat scented
gland remain unclear.

The muskrat is a medium-sized mammal that inhabits areas abun-
dant in water like wetlands, ponds, lakes and native to North America,
with a range that extends from Canada, down to northern parts of
Mexico (Li et al., 2011). The name of the muskrat derives from the
musky odor of secretions from paired perineal glands beneath the skin
near its tail (Cao et al., 2015). The muskrat reaches sexual maturity at
the age of 1 to 2 and is characterized by seasonal breeding which takes
place from March to October. Reproductive seasonality results from the
cyclic changes in testicular and scented glandular structure and ac-
tivity, and indicates the presence of molecular mechanisms responsible
for stimulation of cell proliferation and spermatogenesis induction
during testis and scented glandular growth in the breeding period
(Zhang et al., 2017d). The proper functioning of reproduction-related
organs is controlled by an orchestra of peptide and steroid hormones
(Kleinberg and Ruan, 2008; Wang et al., 2017). Our previous studies
have shown that the scented gland of the muskrat was the target organ
of the pituitary-derived hormones including prolactin, follicle stimu-
lating hormone (FSH) and luteinizing hormone (LH) (Cao et al., 2015;
Zhang et al., 2017c; Xie et al., 2019). Moreover, several studies suggest
that the scented gland also expresses steroidogenic enzymes and is
capable of sex hormone synthesis, which in turn affect the scented
glandular functions via their receptors (Li et al., 2011; Lu et al., 2011;
Lu et al., 2014; Han et al., 2017; Zhang et al., 2017a; Zhang et al.,
2017b). To date, few studies have investigated the relation between GH
and organs of seasonal animals. To this end, the objective of this study
was to investigate the seasonal changes in the expressions of GH and
IGF-1 during the breeding and non-breeding seasons in the scented
glands of the muskrats, which would complement the relationship be-
tween the GH/IGF-1 and scented glandular functions in the muskrats.

2. Materials and methods

2.1. Animals

Eight adult muskrats (750–880 g body mass) were collected in
December (the non-breeding season, n=4) and May (the breeding
season, n= 4) from Xinji Muskrats Breeding Farm, Hebei Province,

China. The animals were paralyzed with the use of anaesthetics ac-
cording to approved guidelines for the National Animal Welfare
Legislation. Each pair of scented glands and testes were excised from
the male muskrats after sacrifice. One side of the scented glands and
testes were immediately frozen in liquid nitrogen and stored at −80 °C
for RNA isolation, Western blotting and hormone assays; the others
were weighted and fixed immediately for 12 h in Bouin’s solution, and
then stored in 70% ethanol for histological and immunohistochemical
observations. Sera samples were immediately collected (6:00p.m. to
9:00p.m) and preserved in heparin-containing tubes and centrifuged at
3000×g in 4 °C and the stored at −80 °C for hormonal analysis.

2.2. Histology

The scented glandular and testicular samples were dehydrated in
ethanol series and embedded in paraffin wax. Serial sections (5 μm)
were mounted on slides. Some sections were stained with haematoxylin
and eosin following standard procedures for general histology ob-
servation. The rest of the sections were processed for im-
munohistochemistry.

2.3. Immunohistochemistry

Briefly, the serial sections of the scented glandular tissues were
blocked with 10% normal goat serum and then incubated with primary
polyclonal antibodies in 1:200 dilution against GH (bs-6579R,
Biosynthesis Biotechnology, Beijing, China), GHR (bs-0654R,
Biosynthesis Biotechnology, Beijing, China), IGF-1 (ab40657, Abcam,
Cambridge, UK), IGF-1R (ab90657, Abcam, Cambridge, UK), Ki-67
(9449s, Cell Signaling Technology, Danvers, MA, USA) and p27 (sc-
1641, Santa Cruz Biotechnology, Dallas, TX, USA) for 12 h under 4 °C.
The control sections were treated with normal rabbit IgG (DE0602,
Biodee Biotechnology, Beijing, China) or normal mouse IgG (DE0601,
Biodee Biotechnology, Beijing, China) at 1:2000 dilutions instead of the
primary antibody. The sections were then incubated with a secondary
antibody, goat anti-rabbit IgG or goat anti-mouse IgG conjugated with
biotin and peroxidase with avidin, using rabbit or mouse ExtrAvidin
Peroxidase staining Kit (Sigma Chemical Co., St. Louis, MO, USA),
followed by visualizing with 20mg 3, 3-diaminobenzidine (Wako,
Tokyo, Japan) solution in 100ml of 0.05M Tris–HCl buffer, pH 7.6,
plus 17 μl H2O2. The immunostained slides were examined using a
photomicroscope (BX51, Olympus, Tokyo, Japan). A semi-quantitative
score for positivity (− negative, to +++ very strong positive) was
analysed as described by Xie et al. (2019). The positive cell number of
glandular cells stained with anti-Ki-67 or anti-p27 in the muskrat
scented glands was assessed with NIH ImageJ software, with the
method described by Grishagin (2015).

2.4. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNAs from each sample was extracted using TRIzol Reagent
(Invitrogen Co., Carlsbad, CA, USA) in accordance with the manu-
facture’s protocol. The total RNAs was prepared as described by Han
et al. (2017). The integrity of RNA was tested by gel electrophoresis and
its concentration was measured with spectrophotometer. The first-
strand cDNA from total RNA was synthesized using StarScript II First-
strand cDNA Synthesis Mix (GenStar, Beijing, China). The 10 μl of re-
action mixture contained 1.5 μg of total RNA, 0.5 μl of Random Primer,
0.5 μl of StarScript II RT Mix, 5 μl of 2×Reaction mix, 2.5 μl of die-
thylprocarbonate-ddH2O according to the manufacturer’s protocol. The
PCR amplification was performed with 20 μl of reaction mixture con-
taining 1 μl of first-strand cDNA, 1 μl each primer (10 μM), 7 μl ddH2O,
10 μl 2×Taq PCR StarMix with Loading Dye (GenStar, Beijing, China)
under the following condition: 94 °C for 2min for the initial dena-
turation of the cDNA hybrid, 35 cycles of 94 °C for 30 sec, 58 °C for 30 s
and 72 °C for 30 sec with a final extension of 5min at 72 °C. The cDNA
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fragment was amplified by Ghr-F: 5′-TCACCACAGAAAGCCTTACC-3′
and R: 5′-TTCAGTTGGTCTGTGCTCAC-3′; Igf-1-F: 5′-CTTCAGTTCGTG
TGTGGACC-3′ and R: 5′-GTCTTGGGCATGTCAGTGTG-3′; Igf-1r-F:
5′-CGATATCCACAGCTGCAACC-3′ and R: 5′-GACACACATTCCCGCTG
ATC-3′. The PCR products were electrophoresed in the 1% agarose gel
and individual bands visualized by GelRed (Biotium Inc., Fremont, CA,
USA) staining. The gene Actb was selected as the endogenous control.
The optical absorbance density was measured by ImageJ, and the re-
lative density of target gene was normalized to that of Actb. DNA se-
quence samples were sent to Omega Genetics Co., Ltd (Beijing, China),
and determined using the ABIPRISM 3730 sequencer (Invitrogen Co.,
Carlsbad, CA, USA). After obtaining the sequence of each PCR product,
it was blasted with known mRNA sequence for rat, mouse, bovine and
human, found the homologous sequence fragment in each species and
compared for homology.

2.5. Quantitative real-time PCR

The cDNA was stored at −20 °C. The cDNA fragment used for
quantitative real-time PCR was amplified by primers Gh-F: 5′-GTTCG
AGCGTGCCTACATTC-3′ and R: 5′-TTCTCATAGACGCGGTCCGA-3′;
Ghr-F: 5′-CAACTGCTTTGCCTTTGCCT-3′ and R: 5′-TCCACTCTCATGCT
CTCCCA-3′; Igf-1-F: 5′-CTGGTGGACGCTCTTCAGTT-3′ and R: 5′-CTTC
AGCGGAGCACAGTACA-3′; Igf-1r-F: 5′-CCCAACTCTGCCCAATGGTA-3′
and R: 5′-CGGCGTACTTTCTGATGGGT-3′. The annealing temperature
used for all primers was 60 °C. The PCR reactions were carried out in a
10 µl volume using FastStart Essential DNA Green Master (Roche
Molecular System Inc., Basel, Switzerland). The PCR conditions were
performed in ABI PRISM 7500 Fast Real-Time System (Applied
Biosystems, Foster City, CA, USA) as described below: 10min at 95 °C,
followed by 40 cycles of 30 s at 95 °C, 30 s at 60 °C and 30 s at 72 °C. The
melting curves were also performed to test the homogeneity of the PCR
products by increasing the temperature progressively to 95 °C, then
decreasing it to 65 °C for 60 sec and increasing it again to 95 °C. The
target and reference genes had the similar PCR efficiency. Negative
control reactions in the absence of reverse transcriptase were performed
to test for genomic DNA contamination. All samples were run in tri-
plicate, including a negative control and the intra-assay variation was
less than 10%. The expression level of each target mRNA relative to
Actb mRNA was determined using the 2−ΔΔCt method.

2.6. Protein isolation and Western blotting analysis

Tissues were homogenized using high-speed homogenizer (Bead
Ruptor12, OMNI International Co., Ltd., CA, USA) in PBS. The total
homogenate was centrifuged at 12,000×g for 6min at 4 °C. Protein
extracts (30 μg) were mixed with an equal volume of 2× Laemmli
sample buffer. Equal amounts of each sample were loaded and run on a
12% SDS-PAGE gel at 18 V/cm and transferred to PVDF membranes
using a wet trans-blotting apparatus (Bio-Rad, Richmond, CA, USA).
The membranes were blocked in 3% bovine serum albumin (BSA) for
1 h at room temperature and incubated overnight in one of the primary
antibodies: rabbit polyclonal anti-GHR (1:500 dilution), rabbit poly-
clonal anti-IGF1 (1:1000 dilution), rabbit polyclonal anti-IGF1R
(1:1000 dilution), mouse polyclonal anti-Vinculin (1:1000 dilution) (sc-
73614, Santa Cruz Biotechnology, CA, USA) or mouse polyclonal anti-β-
actin (1:1000 dilution) (AM1021B, Abgent Biotechnology, Suzhou,
China) prepared in 1% BSA in Tris-buffered saline (TBS)-0.05% Tween
20. Secondary incubation of the membrane used a 1:5000 dilution of
goat anti-rabbit IgG tagged or goat anti-mouse IgG with horseradish
peroxidase for 1 h at room temperature. Finally, Proteins were visua-
lized using an enhanced chemiluminescence (ECL) kit and protein
content was determined by scanning exposed X-ray film.

2.7. Hormone measurement

The scented gland and serum samples from each animal were ana-
lysed by the enzyme linked immunosorbent assay (ELISA) to detect GH
and IGF-1 concentrations using the ELISA Kit (Kit CSB-E07342r for GH
and Kit CSB-E04582r for IGF-1, Cusabio Biotech Co., Ltd., Wuhan,
China). Briefly, 100 µl per well of tissue samples, sera samples or
standard were added into the assay plate which were coated with goat-
anti-rabbit IgG antibody. The microplate was covered with a new ad-
hesive strip and incubated for 2 h at 37 °C, and then remove the liquid
of each well. 100 µl of biotin-antibody were added to each well of the
plate and then incubated for 1 h at 37 °C. After aspirating and washing 3
times with 200 µl wash buffer, 100 µl per well of HRP-avidin were
added into the plate and incubated for 1 h at 37 °C. After aspirating and
washing 5 times with 200 µl wash buffer, the assay plate was colored
and read using a microplate reader (PT 3502G, Beijing Potenov
Technology Co., Ltd., Beijing, China) at 450 nm within 10min. The
detection limitation for GH and IGF-1 Kit is 0.78 pg/ml and 0.15 ng/ml,
respectively. The validation of ELISA Kit for muskrats were checked by
examining the parallelism between the standard curve and series di-
luted sample curve (Fig. S1a, b). The intra- and inter-assay coefficient of
variation were 1.01% and 4.47% in the assay using GH Kit and 3.28%
and 6.89% in the assay using IGF-1 Kit, respectively.

2.8. MicroRNAs-sequencing and bioinformatic analysis

The miRNA sequencing and analysis were previously described in
detail (Cao et al., 2015). Briefly, the small RNA (sRNA) libraries for the
scented gland of muskrat from the breeding season (named: SGB1) and
the non-breeding season (named: SGNB2) were constructed from total
RNAs using the Illumina Truseq Small RNA Preparation Kit (RS-930-
1012, Illumina Inc., San Diego, CA, USA), and were sequenced on the
Illumina GAIIx platform following the vendor s recommended protocol
at Beijing Yuanquanyike Biological Technology Co., Ltd (Beijing,
China). The target genes regulated by miRNAs were predicted using the
miRanda (version 3.3a, http://www.microrna.org/microrna/) and
Target Scan Human (version 7.0, http://www.targetscan.org/vert_70/).
R software was utilized to analyze the correlation between differential
expression profile of miRNAs and their targeted genes.

2.9. Statistical analysis

Statistical analyses were made with the Student’s t-test and per-
formed on GraphPad Prism 7.0 (GraphPad Software Inc., CA, USA).
Data were given as means ± SEM. P < 0.05 was considered statisti-
cally significant.

3. Results

3.1. Morphological and histological observation in the muskrat

Morphological and histological observations of the muskrat scented
glands and testes were presented in the male muskrat (Fig. 1). The
scented glands, located in the ventral base of the tail between the skin
and muscle layer, were situated anatomically inferior to the testis and
epididymis (Fig. 1a). The significant reduction of the morphological
size of the scented gland and the testis in the non-breeding season was
found when comparing to the breeding season (Fig. 1b). Histological
structure of the scented glands and testes in the male muskrats by
haematoxylin-eosin (HE) were set out (Fig. 1c). A cross section of the
muskrat testes between the periods of breeding and non-breeding re-
vealed the differences, and that all types of germ cells were shown in
the muskrat testes of the breeding season, while only spermatogonia
and primary spermatocytes could be identified in the non-breeding
season (Fig. 1c-i, ii). The differences of testicular cells indicated the
reproductive status of the muskrats during the seasonal changes. The
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three types of cells, including epithelial cells, glandular cells and in-
terstitial cells were observed in the scented glands during both seasons
(Fig. 1c-iii, iv). In addition, the average weight of scented glands and
testes in the breeding season showed conspicuously higher (P < 0.01
and P < 0.001) than those of the non-breeding season (Fig. 1d).

3.2. Immunohistochemical localizations of GH, GHR, IGF-1, IGF-1R, Ki-67
and p27 in the scented glandular cells of the muskrats

Immunolocalizations of GH, GHR, IGF-1 and IGF-1R in the scented
glands of the muskrats during the breeding and non-breeding seasons
were presented in Fig. 2. The immunoreactivity of GH and GHR was
detected in the cytoplasm of epithelial cells and glandular cells, but not
in interstitial cells, in both seasons (Fig. 2a-h). The positive signals of
IGF-1 and IGF-1R were localized at the cytoplasm of the glandular cells
and epithelial cells in the breeding season (Fig. 2i, j, m, n). Notably, the
staining signal was only weakly detected in the cytoplasm of the epi-
thelial cells and glandular cells in the non-breeding season, whereas no
signal observed in the interstitial cells (Fig. 2k, l, o, p, Table 1). There
was no staining observed in the negative control group (Fig. 2q–t).

To assess cell proliferation in the scented gland during the breeding
and non-breeding seasons, the immunolocalizations of Ki-67 and p27,
as the marker of cell proliferation and cell cycle inhibitor, were ex-
amined and the results were presented in Fig. 3. Ki-67 was localized in
nuclei of glandular cells and epithelial cells in the breeding season,
however, it was weakly (P < 0.001) detected in those cells during the
non-breeding season (Fig. 3a, b, d, e, Tables 1 and 2). On the other side,
p27 was immunolocalized in the nuclei of glandular cells and epithelial
cells, but not in interstitial cells during both seasons. The positive signal
of p27 in glandular cells and epithelial cells in the non-breeding season
was higher (P < 0.001) than those of the breeding season (Fig. 3g, h, j,
k, Tables 1 and 2). No signal was observed in the negative control group
(Fig. 3c, f, i, l). The staining results obtained from the images were
quantified and summarized in Table 1. The proportion of positive
glandular cells for Ki-67 and p27 staining results were summarized in

Table 2.

3.3. Gene expressions of Gh, Ghr, Igf-1 and Igf-1r in the scented glands of
the muskrats and homologous sequence comparison

The relative mRNA expression levels of Gh, Ghr, Igf-1 and Igf-1r were
compared between the breeding and non-breeding seasons by quanti-
tative real-time PCR (Fig. 4a–c). The level of Gh and Ghr transcripts in
the scented glands of muskrats decreased (P < 0.01, P < 0.05) no-
tably from the breeding season to the non-breeding season (Fig. 4a, b).
Similarly, the expression of Igf-1 and Igf-1r was significantly higher
(P < 0.01) in the scented glands of the breeding season, and markedly
reduced in the scented glands of the non-breeding season (Fig. 4c, d).
The Ghr, Igf-1 and Igf-1r cDNA nucleotide sequence in the muskrats had
high identity to those in rats (90%, 94%, 89%, respectively), mice
(90%, 93%, 88%, respectively), humans (82%, 89%, 85%, respectively)
and bovine (78%, 84%, 86%, respectively).

3.4. Protein expressions of GHR, IGF-1 and IGF-1R in the scented glands of
the muskrats

The Western blot analysis of the protein levels of GHR, IGF-1, IGF-
1R in the scented glands during the breeding and non-breeding seasons
were shown in Fig. 5. The major bands for GHR, IGF-1 and IGF-1R were
detected at a molecular weight of about 65 kDa, 21 kDa and 200 kDa,
respectively. The relative optional density of GHR, IGF-1 and IGF-1R in
the scented glands were significantly higher (P < 0.001 and P < 0.05)
in the breeding season than those of the non-breeding season
(Fig. 5a–c).

3.5. The concentration of GH and IGF-1 in the scented glands and sera

The concentrations of GH and IGF-1 in the scented glands and sera
of the muskrats were measured by ELISA (Fig. 6). The serum GH and
IGF-1 levels in the muskrats decreased (P < 0.001 and P < 0.01) from

Fig. 1. Anatomic localization and morphology of the
muskrat scented glands and testes. The anatomic lo-
calization and morphology of the scented glands and
testes (a). The morphology of the scented glands after
fixation during the breeding and non-breeding sea-
sons (b). Histological structure of the muskrats
scented glands and testes by hematoxylin-eosin (HE)
(c). Histological observation of the testes in the
breeding (i) and the non-breeding seasons (ii).
Histological observations of the scented glands in the
breeding (iii) and the non-breeding seasons (iv). The
average weight of the scented glands and testes in the
breeding and non-breeding seasons (d). ED, excretory
duct; GC, glandular cell; EC, epithelial cell; IC, in-
terstitial cell; LC, Leydig cells; SC, Sertoli cells; Spg,
spermatogonia; pSpc, primary spermatocytes; rSpd,
round spermatids; eSpd, elongate spermatids; B, the
breeding season; NB, the non-breeding season; Scale
bars represent 50 μm. The error bars represent
means ± SEM (n=6, each period). *Statistically
significant values (**P < 0.01; ***P < 0.001).
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33.42 ± 4.04 pg/ml and 2.23 ± 0.53 ng/ml in the breeding season to
3.69 ± 0.31 pg/ml and 0.16 ± 0.03 ng/ml in the non-breeding
season, respectively (Fig. 6a, c). Similarly, in the scented glands, the GH
and IGF-1 levels were significantly lower (P < 0.001) in the non-
breeding season (13.49 ± 1.42 pg/g, 2.24 ± 0.03 ng/g, respectively)
compared to those in the breeding season (53.81 ± 2.40 pg/g,
10.28 ± 0.34 ng/g, respectively) (Fig. 6b, d).

3.6. The bioinformatics analysis of miRNAs in the scented glands of the
muskrats

The seasonal expressions of global miRNAs in this tissue were re-
ported previously (Cao et al., 2015). To search for the miRNAs that may
have a direct impact on the GH, IGF-1 and their receptors, we used two
different software packages, miRanda and TargetScanHuman, to pre-
dict their target genes based on the sequences of these miRNAs and the
known mRNAs. Notably, totally 15 differential expressed miRNAs were
found to target Gh, Ghr, Igf-1 and Igf-1r, which were shown in Table 3.
In details, 5 down-regulated miRNAs including hsa-miR-5100, mmu-
miR-6937-5p, has-miR-4454, mmu-miR-8112 and rno-miR-451-5p in

the scented glands of the breeding season targeting to Ghr, Igf-1 or Igf-1r
were specially focused due to the expression patterns of those genes and
miRNA functions, although there were the other 10 up-regulated
miRNAs (Table 3). Furthermore, has-miR-5100 was predicated to target
both Ghr and Igf-1, and mmu-miR-6937-5p was predicted to target both
Ghr and Igf-1r (Table 3).

4. Discussion

In this study, we investigated the expressions and distribution pat-
terns of GH, IGF-1 and IGF-1R in the scented glands of the muskrats
during the breeding and non-breeding seasons. The results demon-
strated that expression levels of GH, GHR, IGF-1 and IGF-1R in the
scented glands of the muskrats were higher during the breeding season
and then decreased significantly in the non-breeding season. In parallel,
the concentration of GH and IGF-1 in the scented glands and sera were
also markedly higher during the breeding season than in the non-
breeding season. These findings suggested that GH and IGF-1 might be
involved in the morphological and functional changes of the scented
glands during different seasons.

In this study, the scented glandular size and weight were higher in
the breeding season compared with the non-breeding season. The sea-
sonality of the scented glandular size and weight of the muskrats were
correlated with the histological changes of the scented glands, con-
sistent with our previous observation (Han et al., 2017). The changes in
the positive cell proportion for Ki-67 and p27 in the glandular cells of
the scented glands during different seasons suggested that cell pro-
liferative rate was higher in the breading season than that in the non-
breeding season, resulting in larger size and higher weight of the
scented glands. Increasing evidence showed that growth factors (e.g.
GH, IGF-1) were the key regulators promoting the development and the
morphogenesis of various tissues, including muscle, skin, bone, and
nervous system (Sanders and Harvey, 2004). Moreover, the previous
reports demonstrated that GH played a key role in the organ regression
and regrowth in some seasonal breeders, such as roe deer (Capreolus
capreolus) (Wagener et al., 2000), white-tailed deer (Odocoileus virgi-
nianus) (Bubenik et al., 1975) and domestic nutria (Myocastor coypus)
(Sirotkin et al., 2003). In this study, the immunolocalization of GHR

Fig. 2. Immunolocalization of GH, GHR, IGF-1 and
IGF-1R in the scented glandular cells of the muskrats
during the breeding and non-breeding seasons. Black
arrow heads indicate the three cell types: glandular
cells, epithelial cells and interstitial cells.
Immunolocalization of GH in the scented glands of
the breeding (a, b) and non-breeding seasons (c, d).
Immunolocalization of GHR in the scented glands of
the breeding (e, f) and non-breeding seasons (g, h).
Immunolocalization of IGF-1 in the scented glands of
the breeding (i, j) and non-breeding seasons (k, l).
Immunolocalization of IGF-1R in the scented glands
of the breeding (m, n) and non-breeding seasons (o,
p). The negative control of the scented glands of the
breeding (q, r) and non-breeding seasons (s, t). NC,
negative control; GC, glandular cell; EC, epithelial
cell; IC, interstitial cell. Scale bars respectively re-
present 25 μm (the first and third columns of pic-
tures: a, c, e, g, i, k, m, o, q and s) and 10 μm (the
second and fourth columns of pictures: b, d, f, h, j, l,
n, p, r and t).

Table 1
Immunohistochemical localizations of GHR, IGF-1, IGF-1R, Ki-67 and p27 in
the scented glands of the muskrats during the breeding and non-breeding sea-
sons.1

EC GC IC

Antibodies B NB B NB B NB

GH +++ + +++ + − −
GHR +++ + +++ + − −
IGF-1 +++ + +++ + − −
IGF-1R +++ + +++ + − −
Ki-67 +++ + +++ + − −
p27 ++ +++ ++ +++ − −

EC, epithelial cells; GC, glandular cell; IC, interstitial cells; B, the breeding
season; NB, the non-breeding season.

1 –, negative staining; +, positive staining; ++, strong positive staining; +
++, very strong positive staining.
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showed that the glandular cells and epithelial cells were the target cells
of GH in the scented glands. Furthermore, the seasonal expressions of
GH levels in the scented glands and sera as well as that of GHR was in
parallel with the morphological and cellular changes in the scented

glands. These findings suggested that GH might be related to the
morphological changes of the scented glands and promote cell pro-
liferation.

Accumulating evidence indicated that GH might be involved in the
regulation of the extra-pituitary organs via binding to its receptor and
the induction of IGF-1 production (Harvey, 2010; Harvey and Baudet,
2014; Devesa et al., 2016). GH was previously shown to stimulate IGF-1
gene expression to regulate the organic growth of several species
(Woelfle et al., 2003). For instance, GH was able to induce IGF-1 ex-
pression in the ovarian granulosa cells in pigs and rats (Ptak et al.,
2004; Nakamura et al., 2012). In the present study, the positive signals
of IGF-1 and GHR were both observed in the scented glandular cells. In
addition, gene expression or circulating/local IGF-1 concentrations
during the different seasons had the similar trend as the circulating/
local concentrations of GH. Taken together, these data suggested that

Fig. 3. Immunolocalization of Ki-67 and p27 in the
scented glandular cells of the muskrats during the
breeding and non-breeding seasons. Black arrow
heads indicate the three cell types: glandular cells,
epithelial cells and interstitial cells.
Immunolocalization of Ki-67 in the scented glands of
the breeding (a, b) and non-breeding seasons (d, e).
Immunolocalization of p27 in the scented glands of
the breeding (g, h) and non-breeding seasons (j, k).
The negative control of the scented gland in the
breeding (c, i) and non-breeding seasons (f, l). GC,
glandular cell; EC, epithelial cell; IC, interstitial cell.
Scale bars respectively represent 25 μm (the first and
third columns of pictures: a, c, d, f, g, i, j, l) and
10 μm (the second columns of pictures: b, e, h, k).

Table 2
The proportion of positivity expressed nuclei in glandular cells of the scented
gland of the muskrats during the breeding and non-breeding seasons.

Proportion of positivity expressed nuclei (%)

Antibodies Breeding season Non-breeding season

Ki-67 65.82 ± 0.22a 23.96 ± 2.20b

p27 35.53 ± 1.68b 66.69 ± 1.03a

a,bValues within a row with different superscripts differ significantly at
P < 0.001.

Fig. 4. Real-time PCR analysis of gene expression
levels of Gh, Ghr, Igf-1 and Igf-1r in the scented glands
during the breeding and non-breeding seasons. The
seasonal profiles of mRNA expression of Gh (a), Ghr
(b), Igf-1 (c) and Igf-1r (d) in the scented glands. The
error bars represent means ± SEM (n=3, each
period). B, the breeding season; NB, the non-breeding
season. *Statistically significant values (*P < 0.05,
**P < 0.01, ***P < 0.001).
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IGF-1 might serve as one the mediator of GH/GHR signaling pathway in
the scented glandular cells. Several reports showed that IGF-1 could
regulate tissue growth in mammals. For example, in the red deer, the
co-existence of IGF-1 and IGF-1R in chondrocytes implied an autocrine/
paracrine role in stimulating the growth of antlers (Gu et al., 2007). In
rats and equine, IGF-1 and IGF-1R were localized in spermatogenic and
Leydig cells, suggesting that IGF-1 may be involved in male sperma-
togenesis and Leydig cell functions as an autocrine/paracrine factor
(Yagci and Zik, 2006; Yoon et al., 2011). Here, the mRNA and protein
levels of IGF-1 were observed in the scented glands, indicating that the
scented glands had the capability to locally produce IGF-1. Further-
more, the localizations of IGF-1R in the scented glandular cells were
also observed, suggesting that the produced IGF-1 under the stimulation
of GH/GHR signaling might act as an autocrine/paracrine factor to
regulate the scented glandular functions via its receptor.

In mammals, organ morphogenesis is an intricate physiological
process tightly regulated by a cascade network of various signaling
pathways (Silberstein, 2015). Besides, previous studies have demon-
strated the presence of gonadotropins receptors and steroid hormone

receptors as well as the local production of steroid hormones, sug-
gesting that gonadotropins might modulate local steroidogenesis, and
the locally produced steroid hormones may affect the functions of the
scented glands (Cao et al., 2015; Zhang et al., 2017a; Zhang et al.,
2017c; Xie et al., 2019). Although the relationship between GH/IGF-1
signaling and other peptide or steroid hormones signaling were not
investigated here, recent studies provided some clues. For instance,
there were combined effects of PRL, GH and LH in Leydig cell of rats to
maintenance of testicular LHR expression. Furthermore, GH-stimulated
IGF-1 regulated steroidogenesis in the immature testis by inducing the
expressions of steroidogenic enzymes in Leydig cells (Villalpando and
López-Olmos, 2003; Berensztein et al., 2008). GH could exert combined
effects with steroid hormones, such as 17β-estradiol (E2), and stimulate
the entire process of ductal morphogenesis in mammary cells depen-
dent or independent on IGF-1 production (Kleinberg and Ruan, 2008).
Together, these results shed light into the complex gene network in-
volved in the regulation of morphological and functional changes in the
scented glands of the muskrats, where steroid and peptide hormones
(such as GH/IGF-1) might be involved.

Fig. 5. Western blot analysis of the protein levels of GHR, IGF-1 and IGF-1R in the scented glands during the breeding and non-breeding seasons. The seasonal
profiles of protein expression of GHR (a), IGF-1 (b) and IGF-1R (c) in the scented glands. The error bars represent means ± SEM (n=3, each period). B, the breeding
season; NB, the non-breeding season. *Statistically significant values (*P < 0.05, **P < 0.01, ***P < 0.001).

Fig. 6. The seasonal concentrations of GH and IGF-1 in the scented glands and sera during the breeding and non-breeding seasons. The concentrations of GH in the
sera (a) and scented glands (b) of the muskrats. The concentrations of IGF-1 in the sera (c) and scented glands (d) of the muskrats. The error bars represent
means ± SEM (n=3, each period). B, the breeding season; NB, the non-breeding season. *Statistically significant values (*P < 0.05, **P < 0.01, ***P < 0.001).
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MiRNAs as short non-coding RNAs participate in multiple physio-
logical functions in different types of cells (Shenoy and Blelloch, 2014).
Recent studies unveiled that miRNAs can regulate the GH/IGF-1 axis
and affect organ and body growth (Lui, 2017). In mice, down-regula-
tion of growth-promoting genes (such as Igf-1) might be modulated by
miR-29 family in multiple organs (Kamran et al., 2015). Recent evi-
dence showed that miRNA-5100 could regulate the expression of cell
proliferation factors including cyclin D1 and cyclin-dependent kinases 2
(CDK2) (Huang et al., 2015). In this study, among the 15 significantly
expressed miRNAs targeting Gh, Ghr, Igf-1 and Igf-1r, we focused on the
5 down-regulated miRNAs due to their opposite expression profiles to
their target genes. In particular, hsa-miR-5100 and mmu-miR-6937-5p
were predicted to target Ghr and Igf-1 or Igf-1r genes, suggesting that
hsa-miR-5100 and mmu-miR-6937-5p might be involved in the GH/
IGF-1 signaling pathway to regulate cell proliferation of the scented
glands. However, the underpinning molecular mechanism requires
further validation and investigation.

5. Conclusions

In summary, the present study profiled the seasonal expressions of
GH/IGF-1 and their receptors as well as the putative regulatory miRNA
in the scented glands of the muskrats. These results suggested that the
scented gland was likely a target of GH and IGF-1, and GH/IGF-1
system that may function in an endocrine or autocrine/paracrine
manner. This study provided new insight into the functions of GH/IGF-
1 in the scented glands, a non-classical endocrine organ.
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