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A B S T R A C T

The glucocorticoid receptor (GR) is an important feedback regulator of the hypothalamic-pituitary-interrenal
(HPI) axis. However, there are a limited number of studies focused on host-pathogen interactions in which an
association between GR and immune response has been evaluated in monocytes/macrophages (MO/MФ) after
being challenged with highly pathogenic bacteria. Here, we cloned the cDNA sequence of the glucocorticoid
receptor (PaGR) gene from ayu fish. The PaGR transcript was expressed in all tissues, and changes in expression
were observed in immune tissues and MO/MФ after live Vibrio anguillarum infection. Subsequently, PaGR was
expressed and purified to prepare anti-PaGR antibodies. We analyzed the subcellular localization of PaGR. PaGR
was expressed not only in the intracellular space but also in the plasma membrane. PaGR activation decreased
the expression of pro-inflammatory cytokines and increased the expression of anti-inflammatory cytokines.
However, PaGR activation suppressed the phagocytosis activity of V. anguillarum-infected ayu MO/MФ via a
non-genomic pathway. Interestingly, PaGR activation could enhance MO/MФ bacterial killing capability and
apoptosis. Therefore, PaGR may modulate the immune response in ayu MO/MФ by genomic and non-genomic
pathways.

1. Introduction

Glucocorticoids, including cortisol and corticosterone, are secreted
by the cortex of the adrenal gland [1,2]. These hormones are widely
used as effective anti-inflammatory and immunosuppressive agents in
the treatment of many autoimmune, allergic, and inflammatory dis-
eases [3]. In teleosts, cortisol is the primary glucocorticoid in circula-
tion and is produced by the interregnal cells of the head kidney in re-
sponse to a stressor [4]. The neuroendocrine stress response in fish is
mediated by the hypothalamic-pituitary-interrenal (HPI) axis, which is
responsible for promoting the synthesis and secretion of cortisol [5,6].
The relationship between the immune system and HPI-axis indicates
that hormones are important modulators of this system [7]. Cortisol
action is mediated by two corticosteroid receptors (CRs), a glucocorti-
coid receptor (GR), and a mineralocorticoid receptor (MR); the GR is
considered the primary receptor for cortisol action in teleosts [8]. GR is
an important feedback regulator of the HPI axis and play a key role in
mediating the stress effects of cortisol [6,9].

GR, a nuclear hormone receptor, belongs to the superfamily of li-
gand-activated transcription factors. Like other members of the family,

GR possesses a modular structure consisting of three major domains:
the N-terminal activation function-1 domain (AF-1), DNA binding do-
main (DBD), and a C-terminal ligand binding domain (LBD) [10]. GR
signaling interacts with the immune system through two different me-
chanisms, namely genomic and non-genomic [11]. Upon ligand
binding, the GR translocates into the nucleus, where it can regulate the
expression of a diverse range of inflammatory and anti-inflammatory
genes [12]. However, a recent study has shown non-genomic effects
that are mainly mediated through glucocorticoid binding to plasma
membrane GR (mGR), which subsequently activates kinase cascades in
various tissues [13,14]. GR limits mortality and cytokine production by
inducing anti-inflammatory genes [15] and protects macrophages in an
LPS-induced shock model [14]. In monocytes, GR signaling is involved
in the regulation of apoptosis, adhesion, chemotaxis, phagocytosis, and
reactive oxygen metabolism, and can influence monocyte targeting to
specific macrophage subpopulations [7,11]. In mice, it has been found
that GR signaling in macrophages is involved in cell-and tissue-specific
actions of glucocorticoids and plays a crucial role in tissue-repair me-
chanisms [16].

In teleosts, GR is expressed in almost every cell and regulates genes
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controlling development, metabolism, and immune response [17,18].
Several teleosts contain two GR genes, GR1 and GR2 [8]. Other groups
have found only one GR in some species thus far, such as the Japanese
flounder, brown trout, and zebrafish [19]. Furthermore, GR has been
identified in a number of teleost species such as rainbow trout

(Oncorhynchus mykiss) [5], common carp (Cyprinus carpio L) [20], and
zebrafish (Danio rerio) [21]. Currently, there are limited studies focused
on host-pathogen interactions in which an association between GR and
immune response has been evaluated in macrophages after being
challenged with highly pathogenic bacteria.

Plecoglossus altivelis, commonly referred to as ayu, is an economic-
ally important fish in East Asia. Bacterial diseases caused by V. angu-
illarum have become widespread in this fish [22]. Innate immune re-
sponse is considered to be the first line of host defense in opposing
pathogenic infection in fish [23]. The innate immune response of tel-
eost fishes occurs primarily in lymphoid organs such as head kidney and
spleen, which produce cells and humoral parameters responsible for
clearing a pathogen [24]. A deeper understanding of the regulation of
the fish's innate immune response is currently required. In teleosts,
transcription factors have been found to regulate the expression of
immune genes. However, the intracellular signaling mechanisms of ayu
monocytes/macrophages (MO/MФ) are still unknown. Given the im-
portant roles of transcription factors in the inflammatory response,
studying and investigating their possible roles in pathological processes
is a worthwhile endeavor. Therefore, the aim of this study was to
evaluate the GR profile and modulation of stress- and innate immune-
related genes in macrophages challenged with Vibrio anguillarum. Here,
we determined the cDNA sequence of GR (PaGR) from ayu and ana-
lyzed the association between PaGR mRNA expression and protein le-
vels after V. anguillarum infection. The subcellular localization of PaGR
was analyzed. Moreover, the effect of PaGR on the expression of in-
flammatory cytokines, phagocytosis, bacterial killing, and apoptosis of
MO/MФ by genomic or non-genomic pathways during infection were
investigated.

2. Materials and methods

2.1. Fish maintenance

Healthy ayu weighing 40–50 g each were purchased from a fishery
in Ninghai County, Ningbo City, China. The fish were kept in freshwater
tanks at 20–22 °C in a recirculating system using filtered water and held
in the laboratory for ≥2 weeks, maintaining a healthy appearance and
normal activity prior to use in experiments. All fish used in this study
were healthy and without any pathological indications. All experiments
were performed according to the Experimental Animal Management
Law of China and approved by the Animal Ethics Committee of Ningbo
University, and were carried out in compliance with the National
Institutes of Health's Guide for the Care and Use of Laboratory Animals.

Table 1
GR sequences used for multiple sequence alignment and phylogenetic tree
analysis.

Accession number Species Gene

Latin name English name

MK086012 Plecoglossus altivelis ayu GR
XM_011483198 Oryzias latipes Japanese ricefish GR1
NM_001163133 Oryzias latipes Japanese ricefish GR2
NM_001124730 Oncorhynchus mykiss rainbow trout GR1
AY495372 Oncorhynchus mykiss rainbow trout GR2
AF263738 Haplochromis burtoni Burton's mouthbrooder GR1
AF263740 Haplochromis burtoni Burton's mouthbrooder GR2
AJ879149 Cyprinus carpio common carp GR1
AM183668 Cyprinus carpio common carp GR2
EF436284 Danio rerio zebrafish GR
MF766011 Ictalurus punctatus channel catfish GR1
MF766012 Ictalurus punctatus channel catfish GR2
XM_010729315 Larimichthys crocea large yellow croaker GR1
XM_010754714 Larimichthys crocea large yellow croaker GR2
ENSTRUT00000015714 Takifugu rubripes tiger puffer GR1
ENSTRUT00000018490 Takifugu rubripes tiger puffer GR2
ENSONIT00000010671 Oreochromis niloticus Nile tilapia GR1
ENSONIT00000022590 Oreochromis niloticus Nile tilapia GR2
XM_010871107 Esox lucius northern pike GR1
XM_010871111 Esox lucius northern pike GR2
AY619996 Dicentrarchus labrax European sea bass GR1
AY549305 Dicentrarchus labrax European sea bass GR2
XM_018675716 Lates calcarifer barramundi perch GR
AY863149 Salmo trutta brown trout GR
DQ486890 Sparus aurata gilthead seabream GR
AB013444 Paralichthys olivaceus Japanese flounder GR
DQ227738 Gallus gallus chicken GR
ENSMUSG00000024431 Mus musculus mouse GR
ENSG00000113580 Homo sapiens human GR
EF567113 Danio rerio zebrafish MR
AJ783704 Cyprinus carpio common carp MR
XM_019256038 Larimichthys crocea large yellow croaker MR
XM_011612957 Takifugu rubripes tiger puffer MR
NM_001163129 Oryzias latipes Japanese ricefish MR
XM_014209388 Salmo salar Atlantic salmon MR
NM_001124483 Oncorhynchus mykiss rainbow trout MR
M16801 Homo sapiens human MR
NM_001083906 Mus musculus mouse MR

Table 2
Oligonucleotide Primers used in this study.

Primer Gene Accession number Nucleotide sequence (5′→3′) Primer Usage

PaGRpF GR MK086012 CGGATCCCTCATCCCCACCATGCTGTCa Prokaryotic expression
PaGRpR GGAATTCTCATTTCTGGTGAAAGAGCAGAGb

PaGRF GR MK086012 TACATCAAGGAGCTGGGCAA RT-qPCR
PaGRR ACTGCCAGCCTTGAACTTTG
PaTNF-αF TNF-α JP740414 ACATGGGAGCTGTGTTCCTC RT-qPCR
PaTNF-αR GCAAACACACCGAAAAAGGT
PaIL-1βF IL-1β HF543937 TACCGGTTGGTACATCAGCA RT-qPCR
PaIL-1βR TGACGGTAAAGTTGGTGCAA
PaIL-10F IL-10 JP758157 TGCTGGTGGTGCTGTTTATGTGT RT-qPCR
PaIL-10R AAGGAGCAGCAGCGGTCAGAA
PaTGF-βF TGF-β JP742920 CTGGAATGCCGAGAACAAAT RT-qPCR
PaTGF-βR GATCCAGAACCTGAGGGACA
V. anguillarum 16SF 16S FM866241 AGAGTTTGATCATGGCTCAG RT-qPCR
V. anguillarum 16SR rRNA GGTTACCTTGTTACGACTT
Pa18SF 18S rRNA FN646593 GAATGTCTGCCCTATCAACT RT-qPCR
Pa18SR GATGTGGTAGCCGTTTCT

a Underlined sequence represent the restriction site for BamH I.
b Underlined sequence represent the restriction site for EcoR I.
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Fig. 1. Multiple alignment of the amino acid sequence of PaGR and other related fish GRs. The threshold for shading was 60%; Similar residues are marked with gray
shading, identical residues are marked with black shading, and alignment gaps are marked as “-”. The activation function domain (AF-1), DNA-binding domain
(DBD), hinge region, ligand-binding domain (LBD), and activation function domain-2 (AF-2) are indicated. The two zinc finger regions are underlined. The GenBank
accession numbers of sequences used are listed in Table 1.

Y.-J. Ning et al. Fish and Shellfish Immunology 86 (2019) 1151–1161

1153



2.2. Cloning and sequence analyses of PaGR

The cDNA sequence of PaGR was identified from transcriptome data
of ayu head kidney-derived monocytes/macrophages (MO/MФ). PCR,
cloning, and sequencing were used to confirm the authenticity of the
PaGR cDNA. Sequence similarity and identity were analyzed by the
BLAST tool (http://www.ncbi.nlm.nih.gov/blast). The prediction of the
protein structure was performed by the online tool SMART (http://
smart.embl-heidelberg.de/). Additionally, multiple sequence align-
ments were conducted by the ClustalW program (http://clustalw.ddbj.
nig.ac.jp/), and phylogenetic and molecular evolutionary analyses were
conducted using the neighbor-joining (NJ) method of MEGA version 7.
Sequences used in this study are listed in Table 1.

2.3. Primary culture of MO/MФ

MO/MФ were isolated and cultured as previously described [25].
Briefly, ayu were killed by an overdose of anesthetic (0.03% [v/v]
ethylene glycol monophenyl ether). Head kidneys were cut into small
fragments and dissociated by forcing through a 100 μm nylon mesh.
Head kidney leukocyte-enriched fractions were obtained using Ficoll
density gradient centrifugation, and seeded into 35-mm culture plates.
Non-adherent cells were washed away and the attached cells were in-
cubated with complete RPMI 1640 medium supplemented with 5%
fetal calf serum, 5% ayu serum, and 1% penicillin/streptomycin
throughout the experiment after overnight incubation at 24 °C. Ac-
cording to Giemsa staining results, over 96% of adherent cells were

monocytes/macrophages.

2.4. Bacterial infection

To investigate the impact of stimuli on PaGR mRNA and protein
expression, ayu were infected with live Vibrio anguillarum (ayu-
H080701, V. anguillarum were grown at 28 °C in nutrient broth and

Fig. 2. Phylogenetic (neighbor-joining) analysis of the complete amino acid
sequence of PaGR with other related GRs using the MEGA 7 program. The
values at the forks indicate the percentage of trees in which this grouping oc-
curred after bootstrapping (1000 replicates; shown only when > 60%). The
scale bar shows the number of substitutions per base. The GenBank accession
numbers of sequences used are listed in Table 1.

Fig. 3. RT-qPCR analysis of PaGR mRNA expression in various tissues. (A)
PaGR mRNA expression in healthy ayu tissues. The PaGR expression level of
liver was set to 1. (B–D) PaGR mRNA expression in immune tissues of ayu
following live V. anguillarum infection. The PaGR expression level of the control
at 4 hpi was set to 1 in every graph. Fish were injected intraperitoneally with
live V. anguillarum for 4, 8, 12, and 24 hpi, PaGR transcript levels were nor-
malized to that of 18S rRNA. Data are expressed as the mean ± SEM. n = 5,
*p < 0.05.

Fig. 4. Prokaryotic expression and western blot analysis of PaGR. (A) The SDS-
PAGE analysis of prokaryotically-expressed PaGR. Lane M: protein marker; 1
and 2: protein from BL21 (DE3) transformed with the pET-28a-PaGR plasmid
before and after IPTG induction; 3: purified recombinant PaGR. (B) Western
blot analysis of the specificity of the antibody for PaGR. Lane 4: purified re-
combinant PaGR; 5: PaGR in MO/MФ; 6: negative control (ayu serum).
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collected in the logarithmic growth phase). Briefly, infected ayu were
injected intraperitoneally with 100 μl bacterial suspension
(1.2×104 colony-forming units (CFU)/fish), and the control group was
challenged with the same volume of PBS. For in vitro MO/MΦ treat-
ment, cells were isolated and cultured at a concentration of 2× 106/ml,
and live V. anguillarum were added at a multiplicity of infection (MOI)
of 2. Fish were sacrificed at 4, 8, 12, and 24 h post-infection (hpi). The
tissue and cells were collected and stored at −80 °C until subsequent
use.

2.5. Prokaryotic expression and antibody preparation

The cDNA fragment encoding the ligand-binding domain (LBD) of
PaGR was amplified with gene-specific primer sets that added BamH I
and EcoR I (NEB) sites at the 5′ end, respectively (Table 2). Then, the
amplicon was inserted into the multiple cloning site of vector pET28a
and transformed into Escherichia coli BL21 (DE3). The recombinant His-
tagged PaGR protein (rPaGR) was induced by isopropyl-b-Dthioga-
lactopyranoside (IPTG). rPaGR was then purified using a nickel-ni-
trilotriacetic acid (Ni-NTA) column (QIAGEN, Shanghai, China), and
resolved by SDS-PAGE. The endotoxin level in the recombinant protein
was less than 0.1 EU/mg after toxin removal with an endotoxin-re-
moval column (Pierce, Rockford, IL). In addition, a polyclonal

antiserum against rPaGR was generated by subcutaneously injecting the
purified protein into ICR mice as described previously [26]. Protein G
HP SpinTrap columns (GE healthcare, New Jersey, USA) were used to
purify polyclonal anti-rPaGR IgG from antiserum according to the
manufacturer's instructions. The concentration of anti-rPaGR antibody
was 2.5mg/ml as quantified by the Bradford method. For the analysis
of the specificity of PaGR antibody, ayu serum was used as a negative
control.

2.6. Phagocytosis assay and bacterial killing

An in vitro phagocytosis assay of ayu MO/MФ was performed as
previously described [27]. Briefly, Escherichia coli DH5α in the loga-
rithmic phase of growth were labeled with fluorescein isothiocyanate
(FITC) (Sigma, St. Louis, MO, USA) and designated as DH5α-FITC. MO/
MФ were treated with cortisol (100 ng/ml, Sigma) or cortisol-BSA
(10−4 M, Cusabio, Wuhan, Hubei, China) for 1 h. To inhibit the activity
of PaGR, MO/MФ were pre-treated with GR antagonist RU486
(10−4 M, Sigma) for 30min before treatment with cortisol or cortisol-
BSA. MO/MФ were treated with diluent as a control group. DH5α-FITC
cells were added at a MOI of 10 and incubated for another 30min. Cells
were washed extensively with sterile PBS to remove extracellular par-
ticles. Trypan blue (0.4%) was used to quench the fluorescence that
resulted from non-specific adhesion of E. coli-FITC. Bacterial uptake was
measured using a Gallios flow cytometer (Beckman Coulter, Miami,
USA) and FlowJo software (TreeStar Inc).

The bacterial killing assay was performed by analyzing CFU as
previously described [28] with modifications. A standard curve was
generated with the real-time quantitative PCR (RT-qPCR) results to
assess the bacterial number. RNA obtained from V. anguillarum culture
at a concentration of 109 CFU/ml was serially diluted 10-fold. Each
RNA dilution was used to construct a standard curve. After pretreat-
ment with RU486, cortisol, or cortisol-BSA as previously described,
MO/MФ were infected with live V. anguillarum at a MOI of 10 for
30min and then washed extensively with PBS. One set of samples
(uptake group) were collected until RNA extraction. The samples of the
kill group were further incubated for 1.5 h to allow for bacterial killing
before cell lysis. Cells or bacteria were subjected to RNA template
preparation and RT-qPCR using primers 16SF and 16SR (Table 2) for
the V. anguillarum 16S gene [29]. The Ct values obtained from RT-qPCR
were used to calculate the total number of CFU/ml present in all
samples, based on the standard curve previously generated. Bacterial
survival was determined by dividing the number of CFU in the kill
group by those in the uptake group.

2.7. Immunofluorescence microscopy

Immunofluorescence assays were performed as previously described
[30]. Briefly, MO/MФ were fixed in 4% paraformaldehyde in PBS for
30 min and air-dried. Following three washes with PBS, cells were
blocked with PBS containing 5% BSA for 1 h at room temperature. The
slides were incubated with polyclonal mouse antibody to PaGR (1:50
dilution) at 4 °C overnight. Primary antibodies were removed, and cells
were washed three times in PBS before addition of secondary anti-
bodies. Cells were stained with FITC-labeled Goat Anti-Mouse IgG (H
+L) (1:500 dilution, Beyotime, Shanghai, China) for 2 h. DAPI (10 μg/
ml, Sigma) was used to stain the cell nucleus for 5 min, and rhodamine
phalloidin (66 nM, Invitrogen, Carlsbad, CA) was used to stain the fi-
lamentous cell membrane for 30 min. Cells were visualized using a laser
confocal microscope IX81-FV1000 (Olympus, Tokyo, Japan).

2.8. Detection of apoptosis by flow cytometry

Detection of apoptosis was conducted using a FITC Annexin V
Apoptosis Detection Kit I (BD Pharmingen, San Diego, CA, USA) ac-
cording to the manufacturer's protocol. Briefly, after pretreatment with

Fig. 5. Alteration of PaGR expression in V. anguillarum-infected in MO/MФ. (A)
RT-qPCR was performed to analyze changes in PaGR mRNA in MO/MФ. PaGR
transcript levels were normalized to that of 18S rRNA. Data are expressed as the
mean ± SEM. n = 5, *p < 0.05. (B) Western blot analysis was performed to
analyze variation in PaGR protein expression in MO/MФ. Histogram displaying
changes in relative band intensity of PaGR in samples collected at 0, 4, 8, 12,
and 24 hpi. PaGR protein expression was normalized to that of β-actin.
Representative blots of three independent experiments are shown. Data are
expressed as the mean ± SEM. *p < 0.05.

Fig. 6. Effect of PaGR activation by cortisol on inflammatory cytokine mRNA
expression in MO/MФ after live V. anguillarum infection. (A–D) MO/MФ were
treated with 100 ng/ml cortisol or diluent after live V. anguillarum infection. IL-
1β, TNF-α, IL-10, and TGF-β transcripts at different time points were detected.
PaGR mRNA transcript levels were normalized to that of 18S rRNA. Diluent as a
control group. Data are expressed as the mean ± SEM. n = 5, *p < 0.05.
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RU486, cortisol or cortisol-BSA as previously described, MO/MФ were
infected with live V. anguillarum at a MOI of 2 for 8 h. MO/MФ were
treated with diluent as a negative control group, and the V. anguillarum-
infected group without pretreatment served as a positive control. Then
the cells were collected, washed with PBS twice, and stained for 30min
in the dark at room temperature with Annexin-V-FITC and PI. Finally,
the stained cells were analyzed by flow cytometry using a Gallios flow
cytometer (Beckman Coulter). Ten thousand events were recorded for
each treatment group and analyzed using FlowJo software (TreeStar
Inc).

2.9. Western blotting

The cells were pelleted and lysed in a buffer (20mM HEPES, 1.5mM
MgCl2, 0.2mM EDTA, 100mM NaCl, 0.2mM DTT, 0.5mM sodium

orthovanadate, and 0.4mM PMSF [pH 7.4]) containing phosphatase
inhibitors (Phosphatase Inhibitor Cocktail; Sigma). The protein con-
centration was measured in each soluble fraction using the Bradford
method. For Western blot analysis, the proteins were resolved using
SDS-PAGE, transferred to membranes, incubated with specific anti-
bodies, and visualized using ECL as previously described [25]. The
optical density of the bands was quantified using NIH ImageJ software.

2.10. Real-time quantitative PCR (RT-qPCR)

To assess the level of gene expression of PaGR, fish were anesthe-
tized and sacrificed and tissues of the infected and control fish were
collected and preserved at −80 °C until examination. RT-qPCR was
performed as previously described [31]. Briefly, total RNA of ayu tis-
sues or MO/MФ was extracted using an RNeasy® Mini Kit (Qiagen,
Maryland, USA) and reverse-transcribed into cDNA using AMV reverse
transcriptase (TaKaRa, Dalian, China). The primer sequences for the
target genes are listed in Table 2. RT-qPCR were performed on an ABI
StepOne Real-Time PCR System (Applied Biosystems, Foster City, CA)
using SYBR Premix Ex Taq II (Takara). Amplifications were carried out
in a 25 μl reaction volume containing the sample cDNA, primers, and
SYBR Premix Ex Taq II. The reaction mixture was incubated for 300 s at
95 °C, followed by 40 amplification cycles of 30 s at 95 °C, 30 s at 60 °C,
and 30 s at 72 °C. The cycle threshold (Ct) values of PaGR and other
targets were normalized to housekeeping gene Pa18S rRNA expression
for all samples using the 2−ΔΔCt method. All RT-qPCR experiments were
carried out in quintuplicate and each assay was repeated five times.

2.11. Statistical analysis

Results are presented as mean ± standard error of the mean (SEM).
All data were subjected to one-way ANOVA with SPSS (version 13.0,
Chicago, IL, USA). P values < 0.05 were considered statistically sig-
nificant.

Fig. 7. Effect of PaGR activation by cortisol on the
phagocytosis and bacterial killing abilities of ayu
MO/MФ. (A) MO/MФ were pretreated with RU486
for 30min and then exposed to 100 ng/ml cortisol
for 1 h before FITC-DH5α cells were added at a MOI
of 10, followed by incubation for an additional
30min. Phagocytosis of FITC-DH5α was determined
by flow cytometry analysis. The MFI is presented as
fold change over the diluent-treated control group,
which was assigned an arbitrary unit of 100. (B) A
standard curve was generated from 10-fold serial
dilutions of live V. anguillarum, as detected by RT-
qPCR with V. anguillarum 16S rRNA. The Ct values
are plotted against the corresponding number of V.
anguillarum. (C) MO/MФ were pre-treated with
RU486 for 30min and then exposed to 100 ng/ml
cortisol for 1 h before live V. anguillarum were added
at a MOI of 10. The kill group was further incubated
for 1.5 h to allow for the killing of bacteria. The ef-
fect of cortisol on MO/MФ bactericidal activity was
determined using RT-qPCR. Data are expressed as the
mean ± SEM. n = 5, *p < 0.05.

Fig. 8. Expression and co-localization of PaGR in MO/MФ. (A–C)
Immunofluorescent staining of MO/MФ incubated with isotype IgG or anti-
PaGR IgG shows co-localization of PaGR to the cells. Nuclei (blue) were stained
with DAPI; plasma membranes (red) were detected with rhodamine phalloidin.
Green fluorescence indicates presence of PaGR. Scale bar, 10 μm. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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3. Results

3.1. Molecular characterization and sequence analysis of PaGR

The PaGR sequence was deposited in the GenBank Data Library
under accession number MK086012. The cDNA was 4236 nucleotides
(nt) in length and comprised a large open reading frame (ORF) of
2385 nt, which formed a 794 amino acid (aa) polypeptide. The 794 aa
predicted amino acids of the PaGR polypeptide resulted in a calculated
molecular weight (MW) of 85.42 kDa and a theoretical isoelectric point
(pI) of 6.64. PaGR comprises an N-terminal activation function-1 do-
main (AF-1) at aa position 1–431, a central DNA-binding domain (DBD)
at aa position 432–504, a D region (hinge domain) at aa position
505–544, and a C-terminal ligand-binding domain (LBD) at aa position
545–794, with a ligand-dependent activation function domain-2 (AF-2).
Multiple alignment of PaGR amino acid sequence with other known fish
GR sequences revealed that the DBD and LBD was highly conserved in
teleosts, and contained two conserved zinc finger regions in the DBD
which are critical for receptor dimerization and target binding (Fig. 1).

Phylogenetic tree analysis grouped teleost GR and mammalian GR
together in a cluster that was distinct from the MR cluster. The fish GR
clusters were distinct from the mammalian GR. PaGR was most closely
related to GR2 from rainbow trout (Fig. 2). The GenBank accession
numbers of sequences used are listed in Table 1.

3.2. Spatiotemporal expression of PaGR following live V. anguillarum
infection

To illustrate the relationship between V. anguillarum infection and
PaGR expression, RT-qPCR was performed to analyze the mRNA ex-
pression levels of PaGR in normal and infected tissues. As shown in
Fig. 3A, PaGR mRNA expression was detected in all tested tissues of
healthy ayu, including liver, spleen, intestine, head kidney, gill, and
muscle, with the highest expression being found in the muscle. Fol-
lowing infection with live V. anguillarum, PaGR mRNA expression was
shown to be altered in the tested immune tissues. In the liver and
spleen, PaGR mRNA expression was significantly up-regulated at 8, 12,
and 24 hpi (Fig. 3B and C). In the head kidney, PaGR mRNA expression
was up-regulated at 12 and 24 hpi (Fig. 3D).

3.3. PaGR prokaryotic expression and antibody preparation

The sequence comprising the LBD of PaGR (PaGR-LBD) was selected
for prokaryotic expression. The recombinant PaGR-LBD protein was
over-expressed after isopropyl-β-d-thiogalactopyranoside (IPTG) in-
duction and was subsequently purified using a Ni-NTA column and used
to immunize mice to produce antiserum (Fig. 4A). SDS-PAGE analysis
showed that the molecular weight of the purified PaGR-LBD was ap-
proximately 33 kDa including the 6 Χ His-tag (Fig. 4A), which was in
accordance with the western blot results (Fig. 4B lane 4). Moreover, The
PaGR-LBD antiserum was able to detect PaGR protein in MO/MФ
(Fig. 4B lane 5).

3.4. Altered PaGR expression after V. anguillarum infection in MO/MФ

In order to ascertain if PaGR expression was altered in MO/MФ after
infection, RT-qPCR and western blotting were performed to analyze the
expression levels of PaGR in normal and infected MO/MФ. RT-qPCR
showed that live V. anguillarum infection led to significantly higher
PaGR mRNA expression at 8 hpi (4.20 fold), 12 hpi (2.19 fold), and 24
hpi (2.65 fold) than that observed for the controls (Fig. 5A). Western
blot analysis showed that PaGR protein in MO/MФ was up-regulated at
8, 12, and 24 hpi (Fig. 5B).

3.5. Effect of PaGR activation by cortisol on inflammatory cytokine mRNA
expression in MO/MФ after live V. anguillarum infection

To investigate whether cortisol influences the expression of in-
flammatory cytokines IL-1β, TNF-α, IL-10, and TGF-β, we determined
the mRNA expression of these cytokines in live V. anguillarum-infected
MO/MФ after treatment with either cortisol or diluent. RT-qPCR ana-
lysis revealed significantly lower mRNA expression of IL-1β and TNF-α
at all time points in MO/MФ treated with cortisol than in the diluent
control group (Fig. 6A and B), while significantly higher mRNA ex-
pression of IL-10 and TGF-β was observed at all time points in MO/MФ
treated with cortisol than that observed in the diluent control group
(Fig. 6C and D).

3.6. Effect of PaGR activation by cortisol on the phagocytosis and bacterial
killing abilities of ayu MO/MФ

As cortisol was shown to alter cytokine mRNA expression of MO/
MФ, we next determined whether GR mediates the effect of cortisol on
the phagocytosis and bactericidal activity of ayu MO/MФ. In the pha-
gocytosis assay, treatment with cortisol resulted in a significant sup-
pression of MO/MФ phagocytosis, which was 0.44-fold compared to
that of the diluent-treated control group. However, pretreatment with
RU486 antagonized and nearly reversed the suppressive effect of cor-
tisol on the MO/MФ phagocytosis (Fig. 7A). In addition, to confirm the
CFU of viable V. anguillarum, RT-qPCR was performed by diluting
purified RNA from the bacteria and constructing a general standard

Fig. 9. The effect of PaGR activation by cortisol-BSA on inflammatory cytokine
expression, phagocytosis, and bacterial killing abilities of ayu MO/MФ. (A–D)
MO/MФ were treated with 10−4 M cortisol-BSA or diluent after live V. angu-
illarum infection. IL-1β, TNF-α, IL-10, and TGF-β transcripts at different time
points were detected. PaGR mRNA transcript levels were normalized to that of
18S rRNA. (E) MO/MФ were pre-treated with RU486 for 30min and then ex-
posed to 10−4 M cortisol-BSA for 1 h before FITC-DH5α cells were added at a
MOI of 10, followed by incubation for an additional 30 min. Phagocytosis of
FITC-DH5α was determined by flow cytometry analysis. MFI was presented as
fold change over the diluent-treated control, which was assigned an arbitrary
unit of 100. (F) The kill group was further incubated for 1.5 h to allow for the
killing of bacteria. The effect of cortisol-BSA on MO/MФ bactericidal activity
was determined using RT-qPCR. Data are expressed as the mean ± SEM.
n = 5, *p < 0.05.
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curve (Fig. 7B). After MO/MФ was treated with cortisol, RU486, or
diluents, the survival rate of the bacteria was determined by quanti-
fying intracellular V. anguillarum CFU number in ayu MO/MФ. In MO/
MФ treated with cortisol, the survival rate of V. anguillarum was sig-
nificantly reduced (49.33 ± 5.85%) compared to the diluent-treated
control group (86.19 ± 4.99%) (Fig. 7C). Moreover, after RU486
treatment, no significant effect was seen in the survival of V. angu-
illarum in MO/MФ compared to that of the diluent-treated control
group (84.42 ± 2.83%), but RU486 treatment reversed the effects of
cortisol on the survival rate of the V. anguillarum-infected MO/MФ
(80.48 ± 4.97%) (Fig. 7C).

3.7. The expression and co-localization of PaGR in MO/MФ

Immunofluorescence microscopy was used to determine the locali-
zation of PaGR in MO/MФ. Ayu MO/MФ was stained with PaGR an-
tibody to determine the cellular localization of PaGR. In addition, we
used rhodamine phalloidin and DAPI to mark the plasma membrane
and nucleus (Fig. 8A), respectively. The intracellular location of GR was
found in ayu MO/MФ (Fig. 8B). Interestingly, we also found that PaGR
was also localized on the plasma membrane (Fig. 8B). The result
showed that PaGR was expressed not only in the intracellular area but
also in the plasma membrane of ayu MO/MФ (Fig. 8C).

3.8. Cortisol-BSA-mediated PaGR effect on the inflammatory cytokine,
phagocytosis and bacterial killing abilities of MO/MФ

To explore whether PaGR could affect inflammatory cytokine ex-
pression, phagocytosis, or bacterial killing via non-genomic pathways
in MO/MФ after V. anguillarum infection, MO/MФ were treated with
cortisol-BSA (a membrane-impermeable agent), RU486, or diluent-

treated control before live V. anguillarum infection. There was no sig-
nificant change of cytokine expression between the cortisol-BSA and
diluent-treated control group for all tested incubation time points
(Fig. 9A–D). In addition, treatment with cortisol-BSA also resulted in a
significant suppression of MO/MФ phagocytosis, which was 0.52-fold
compared to that of the diluent-treated control group (Fig. 9 E). With
PaGR blockage using RU486, the phagocytosis activity of RU486-
treated MO/MФ was similar to that of the diluent-treated control
group. Interestingly, RU486 significantly almost antagonized cortisol-
BSA-suppressed MO/MФ phagocytosis (Fig. 9E). For the bacterial
killing assay, the result showed that cortisol-BSA had no significant
effect on the bacterial killing ability of MO/MФ (Fig. 9F).

3.9. Effect of GR activation on the apoptosis of ayu MO/MΦ challenged
with live V. anguillarum

We used flow cytometry with Annexin V-FITC and PI staining to
measure the rate of apoptosis. As shown in Fig. 10 A-C, the percentage
of MO/MΦ undergoing apoptosis (Annexin V+PI−) increased from
17.92 ± 1.5% to 41.62 ± 2.41%, and the percentage undergoing
necrosis (Annexin V+PI+) increased from 16.04 ± 2.48% to
29.96 ± 2.59% in the cortisol-treated group when compared with
those in the live V. anguillarum infected alone-treated group. Mean-
while, cortisol-BSA had no significant effect on apoptosis and necrosis
of MO/MΦ challenged with live V. anguillarum compared with the live
V. anguillarum infected alone-treated group (Fig. 10D). By contrast,
pretreatment with RU486 suppressed the apoptotic and necrotic rates of
the cortisol-treated group to 23.53 ± 3.64% and 12.05 ± 2.49%
(Fig. 10E and F).

Fig. 10. Effect of GR activation on the apoptosis of ayu MO/MΦ challenged with live V. anguillarum. (A–F) MO/MФ were pre-treated with RU486 for 30min and then
exposed to 100 ng/ml cortisol, 10−4 M cortisol-BSA, or diluent for 1 h before live V. anguillarum infection at a MOI of 2 for 8 h. Diluent-treated group was used as the
negative control, V. anguillarum-infected alone group was used as the positive control. Levels of apoptosis (Annexin V+PI−) and necrosis (Annexin V+PI+) were
analyzed by flow cytometry. Histograms represent the percentage of apoptosis and necrosis before and after incubation. Data are expressed as the mean ± SEM.
Scale bar, 10 μm, n = 5. *p < 0.05.
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4. Discussion

GR are members of the nuclear hormone receptor superfamily of
ligand-activated transcription factors. Previous studies have shown that
GR are involved in the immune response [8,17]. However, the function
of GR in an immune response after being challenged with pathogenic
bacteria remains unclear. In the present study, we identified the cDNA
sequence of a PaGR protein from ayu, a teleost fish. Multiple alignment
of ayu GR with other teleost GR sequences revealed that the DBD, zinc
finger regions and LBD were highly conserved. Phylogenetic analysis
showed that PaGR was most closely related to rainbow trout GR2. In
addition, GR gene and functions have been characterized in several
teleosts, including zebrafish, rainbow trout, and Japanese ricefish. A
study in zebrafish showed that activation of GR inhibits the expression
of pro-inflammatory cytokines and decreases the migration of neu-
trophils [32]. In rainbow trout, GR signaling induced the expression of
reactive oxygen species (ROS) via a non-genomic pathway [33]. In the
present work, we identified a novel GR gene in ayu, and analyzed the
subcellular localization of PaGR. Moreover, PaGR regulated in-
flammatory cytokine production, suppressed phagocytosis, promoted
bacterial killing and apoptosis in MO/MΦ after live V. anguillarum in-
fection. Taking together, these results suggest teleost GR play a crucial
role in the immune system and can provide valuable insights into the
role of nuclear hormone receptors in innate immunity from teleosts to
mammals.

In humans, GR cDNA was isolated by expression cloning in 1985,
and GR is expressed virtually in all organs and tissue of mammals [3].
In the present study, PaGR was detected in all the tested tissues, in-
cluding the main immune organs, the liver, head kidney, and spleen;
the highest mRNA expression was detected in the muscle. Unlike PaGR,
gilthead seabream GR mRNA is highly expressed in the heart and brain
[34]. In channel catfish, expression of GR transcript is found in a
number of immune tissues and is widely distributed in the gill and in-
testine [35]. Estuarine tapertail anchovy GR mRNA is strongly ex-
pressed in the liver and muscle [36]. The discrepancies in GR expres-
sion might result from both species variation and differences in
immunological status, growth stage, genetic background, and en-
vironment. After V. anguillarum infection, PaGR expression was up-
regulated in the liver, spleen, and head kidney, suggesting that PaGR
expression was induced by infection. In gilthead seabream, GR tran-
scripts were up-regulated in spleen, brain, and head kidney after LPS
injection [34]. These tissues are important immune organs in teleosts
and play a role in the immune response upon pathogen invasion [37].
Previous reports have shown that GR expression is up-regulated in
neutrophils and B lymphocytes in both blood and spleen after LPS
treatment [38]. Hence, both mRNA and protein levels of PaGR were
also significantly up-regulated in MO/MΦ after infection with live V.
anguillarum. Together, these results suggested that PaGR expression is
closely related to the ayu immune response against pathogenic infec-
tions.

The glucocorticoid-GR complex exerts wide-spread cellular effects
through two distinct mechanisms categorized as genomic and non-
genomic pathways [3,39]. Most non-genomic pathways originate from
activation of mGR [40]. These actions of the GR appear to all play an
important role in the regulation of the immune system. Although some
studies have previously alluded to the existence of mGR in other cell
types, including lymphoma cells and peripheral blood mononuclear
cells [41], their precise location is still unclear in teleosts. In the present
study, we found ayu mGR (mPaGR) by immunofluorescence detection,
and PaGR was expressed not only in the intracellular area but also in
the plasma membrane. However, there is a limit to the immune reg-
ulation of mGR via non-genomic pathways in teleost fish. Here, we used
cortisol-BSA, a membrane-impermeable agent, to verify the PaGR-non-
genomic effect. Macrophages across all vertebrate species are typically
one of the first cell types to encounter intruding pathogens and play
critical roles in host protection and tissue homeostasis [42–44].

Cytokines are major regulators of macrophage activation [7,45,46].
Therefore, the highly-regulated balance between pro-inflammatory
cytokines and anti-inflammatory cytokines plays an important role in
immune responses against pathogens [8]. In fish macrophages, treat-
ment with cortisol results in heightened anti-inflammatory cytokine
expression (IL-10 and TGF-β) and decreased pro-inflammatory cytokine
expression (IL-1β, TNF, and IL-6) [4,32]. In rainbow trout, Co-stimu-
lation of cortisol with the inflammatory agents resulted in the up-
regulated of IL-10, and the down-regulated of IL-6 and IL-8 in macro-
phage cell line [7]. Furthermore, cortisol does not show significant
modulatory effects on cytokine expression induced by V. anguillarum
bacteria in the rainbow trout macrophage cell line, while in sea bream
cortisol did produce a clear inhibitory effect on both pro-inflammatory
and anti-inflammatory cytokines by V. anguillarum bacterial infection in
head kidney cells [11]. These results indicate that there are species
differences in GR activity during immune regulation. A previous study
has found that the teleost immune system is very diverse in different
species [47]. In the present study, cortisol-induced activation of PaGR
resulted in the down-regulation of IL-1β and TNF-α, and up-regulation
of IL-10 and TGF-β mRNA expression after V. anguillarum infection in
ayu MO/MΦ. However, there were no significant changes in cytokine
expression between the cortisol-BSA treatment and the control. These
data suggest that activation of PaGR is involved in the regulation of
cytokine expression via a genomic pathway in ayu MO/MΦ during in-
fection.

Phagocytosis is a cellular process, a well-conserved innate defense
mechanism that is important to the induction of antimicrobial re-
sponses and the regulation of adaptive immunity [45,48]. Phagocyte
capacity has been described as an indicator of the health status of fish
[49,50]. A previous study has shown that GR signaling is involved in
regulating apoptosis and proliferation of B lymphocytes, inhibiting
phagocytosis of tilapia leukocytes, and respiratory bursts in striped bass
[51]. In addition, GR signaling promotes phagocytosis and bacteria
killing in mammal monocytes [52,53]. In this study, we found that both
cortisol and cortisol-BSA treatment could suppress phagocytosis in ayu
MO/MΦ, but only cortisol treatment could enhance its bacterial killing
capability. Furthermore, RU486 antagonized and nearly reversed the
effects of cortisol and cortisol-BSA on ayu MO/MΦ. The results indicate
that non-genomic pathway are involved in mediating the rapid sup-
pression of phagocytosis by PaGR activation. The bacterial killing effect
may be regulated by a genomic pathway. Our data suggested that PaGR
could increase bacterial killing and reduce inflammatory responses to
protect MO/MΦ during live V. anguillarum infection, and further sup-
port the GR's ability to modulate macrophage function via non-genomic
pathways in an antagonistic way. However, further investigation is
needed to determine the specific signaling pathways underlying the
effect of PaGR on phagocytosis and bacterial killing.

Apoptosis, a form of programmed cell death, is a critical component
in maintaining homeostasis and growth in all tissues and plays a sig-
nificant role in immunity and cytotoxicity [54,55]. Although GR are
expressed in all immune cells, the physiological outcomes of GR acti-
vation are highly cell type-specific: for example, glucocorticoids are
anti-apoptotic in neutrophils, but pro-apoptotic in eosinophils, den-
drites and some T-cells [56]. In addition, cortisol treatment could in-
crease apoptosis of B cells and inhibit apoptosis of neutrophils in carp
[57]. Previous studies have shown that apoptosis can be induced in fish
by exposure to environmental stressors during different stages of the
fish life cycle [58]. One of the interesting observations of this study is
that cortisol treatment promoted apoptosis by PaGR activation under
the condition of V. anguillarum infection, rather than in control MO/
MΦ, while RU486 antagonized and nearly reversed the effects of cor-
tisol. This result indicated that PaGR was also involved in MO/MΦ
apoptosis. The main role of apoptosis is to prevent inflammation by
removal of damaged cells [58]. Further investigations are needed on
the regulation of apoptosis and PaGR activation, which together con-
tribute to improving the understanding of the ayu immune system and

Y.-J. Ning et al. Fish and Shellfish Immunology 86 (2019) 1151–1161

1159



help to elucidate the innate immune mechanisms of other teleosts.
In summary, we have identified a novel GR protein from ayu, and

the presence of PaGR was found not only in the intracellular area, but
also in the plasma membrane. PaGR transcripts were significantly up-
regulated in immune tissues and cells after bacterial infection. We de-
monstrate that the activation of PaGR can mediate cytokine expression,
promote bacterial killing and apoptosis. Moreover, the activation of
PaGR suppressed the phagocytosis activity of ayu MO/MΦ via a non-
genomic pathway. This study establishes a basis for further examination
of disease prevention and treatment in ayu. Further studies are required
to determine the detailed mechanisms underlying the role of GR in the
regulation of the immune response in fish.
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