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Abstract: Cortisol is the predominant corticosteroid in ray-finned fish since it does not possess
the aldosterone synthase necessary to produce specific mineralocorticoids. Cortisol is tradition-
ally believed to function as a fish mineralocorticoid. However, the effects of cortisol are mediated
through corticosteroid receptors in other vertebrates, and there is an ongoing debate about whether
cortisol acts through the glucocorticoid receptor (GR) or the mineralocorticoid receptor (MR) in
teleosts. To investigate this issue, we conducted a study using euryhaline Mozambique tilapia
(Oreochromis mossambicus) as the experimental species. The experiment was designed to investigate
the effect of cortisol on ionocyte development at both the cellular and gene expression levels in tilapia.
We administered exogenous cortisol and receptor antagonists, used immunohistochemistry to quan-
tify ionocyte numbers, and performed real-time PCR to assess the expression of the differentiation
factor tumor protein 63 (P63) mRNA, an epidermal stem cell marker. We observed that cortisol
increased the number of Na+-K+-ATPase (NKA)-immunoactive ionocytes (increased by 1.6-fold)
and promoted the gene expression of P63 mRNA (increased by 1.4-fold). Furthermore, we found
that the addition of the mineralocorticoid receptor antagonist Spironolactone inhibited the increase
in the number of ionocytes (decreased to the level of the control group) and suppressed the gene
expression of P63 (similarly decreased to the level of the control group). We also provided evidence
for gr, mr, and p63 localization in epidermal cells. At the transcript level, mr mRNA is ubiquitously
expressed in gill sections and present in epidermal stem cells (cells labeled with p63), supporting
the antagonism and functional assay results in larvae. Our results confirmed that cortisol stimulates
ionocyte differentiation in tilapia through the MR, rather than the GR. Therefore, we provide a new
direction for investigating the dual action of osmotic regulation and skin/gill epithelial development
in tilapia, which could help resolve previously inconsistent and conflicting findings.

Keywords: cortisol; ionocytes; ionocyte development; mineralocorticoid receptor; P63; tilapia

Key Contribution: Cortisol increases the expression of the differentiation factor P63 gene and
promotes the increase of ionocyte number in tilapia via the mineralocorticoid receptor.

1. Introduction

Corticosteroids (CS) are vital hormones for mammals, which are involved in many
physiological functions such as ion regulation, fluid constants, energy metabolism, respira-
tion, and immune responses [1,2]. However, ray-finned fish lack the aldosterone synthase
to produce a specific mineralocorticoid [3,4]. Therefore, cortisol is currently considered
to be the major corticosteroid in fish. Cortisol action is mediated by two corticosteroid
receptors (CRs) of the glucocorticoid receptor (GR) and the mineralocorticoid receptor
(MR) in mammals [5,6]. The functional regulation of corticosteroids is determined by the
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complex (CS-GR or CS-MR) that binds the ligand (corticosteroids) to the receptor to initiate
the transcription of target cells to regulate diverse physiological phenomenon; that is, what
kind of regulation occurs depends on which receptor cortisol binds to [7].

The gills are the major organ for ionoregulation in fish. Before the gills are fully devel-
oped, the skin serves as the main organ for ionoregulation at early developmental stages of
fish [8,9]. Several studies have investigated the role of cortisol with GR and/or MR in fish
osmoregulation; it is an essential hormone for euryhaline fish to adapt to seawater. It also
participates in the ion regulation of freshwater acclimation. For instance, ionocytes secrete
ions using the Na+-K+-ATPase (NKA) and the Na+-K+-2Cl− cotransporter (NKCC); both
the activity of these ion transporters and expression of the encoding genes were found to be
regulated by exogenous cortisol [10–12]. It was also found that in the acclimation to the two
different water environments of seawater and freshwater, the regulation of cortisol should be
achieved by regulating the development and cell differentiation of fish gill ionocytes [10–12].
Previous studies have shown that the plasma cortisol levels of tilapia increased significantly
by 1.8-fold on day 1 of salinity stress [13]. The results of this study demonstrate that changes
in salinity and environmental conditions can directly affect the cortisol levels in fish. In
recent years, new hematological parameters have been used as important tools to study the
salinity adaptation and nutritional status of fish. Changes in environmental salinity can cause
significant changes in hematological parameters [14,15]. An increase in water salinity may
lead to erythropoiesis as an adaptive process in seawater fish.

The embryonic epidermis in most bony fish comprises three layers: a basal layer, an
intermediate stratum, and a microridge-rich superficial layer [16]. When surface epidermal
cells in fish are injured or die, they are replaced by cells from the intermediate layer. To
ensure the normal functioning of skin tissue, skin cells need to maintain a stable mechanism
of proliferation and differentiation [16]. The differentiation mechanisms of ionocytes
in zebrafish gills and epidermis have been established by numerous studies in recent
years [17–20]. The tumor protein 63 delta (∆Np63) is expressed in the monolayer of
zebrafish epidermis and plays an important role in maintaining the proliferation state of the
epidermis [21]. However, there have been no studies on epidermal cell proliferation and
ionocyte differentiation in the euryhaline Mozambique tilapia (Oreochromis mossambicus).
Compared to freshwater zebrafish, tilapia is a euryhaline teleost possessing strong salinity
acclimation ability. It can not only adapt to various salinities between freshwater and
seawater but also tolerate extremely low-ion water and survive in environments with
salinity twice that of seawater [22–24]. The different types of ionocytes in freshwater and
seawater have been well defined [25], making it a suitable euryhaline fish for studying
ionocytes regulation. Tilapia is also a maternal mouthbrooder, in which the female carries
the fertilized eggs in her mouth until hatching, making it possible to obtain embryos for
research purposes throughout the year.

Several studies have investigated the proliferation and differentiation mechanism
of ionocytes in fish. In zebrafish, researchers have defined some important transcription
factors like tumor protein 63 (P63), Forkhead Box transcription factors I 3a/b (Foxi3a/b),
and Glial Cells Missing Transcription Factor 2 (Gcm2) functions mainly controlling the
development of epidermal ionocytes. They affect the differentiation and specialization of
different types of ionocytes, respectively [17,19,20,26]. Meanwhile, the scientific literature
on zebrafish demonstrates that cortisol promotes the development and cell differentiation
of embryo ionocytes by modulating differentiation factors via GR. Similarly, studies on
medaka have reported analogous findings [27–29]. Based on the above studies, cortisol
participates in the differentiation of zebrafish and medaka epidermal ionocytes. However,
as a primary freshwater fish, it is still being determined whether zebrafish exhibit the same
regulatory pathway as euryhaline fish. In addition, recent related studies have found that
cortisol may act through the MR in teleosts [30]. The study suggests that cortisol also has
a high affinity for MR and affects the expression of ionocytes through MR, leading some
researchers to believe that cortisol may act on ionocytes in the gills of teleosts through
MR during salinity acclimation [13,31]. In addition, exogenous cortisol treatment can
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promote calcium absorption and epidermal calcium channel (ECaC) gene expression in
tilapia. However, no clear evidence indicates whether this occurs through GR or MR [32].
Therefore, the interaction between cortisol and MR is still controversial.

In recent years, studies on MR have mainly focused on the nervous system and mus-
cles. Some studies have indicated that 11-deoxycorticosterone (DOC), a mineralocorticoid
receptor agonist, has a relevant role in the stress response of skeletal muscles in rainbow
trout [33]. In addition, cortisol regulates muscle contraction and cell cycle regulation via
MR in rainbow trout [34]. Cortisol also regulates neural plasticity and stress responses
in Atlantic salmon under low temperature via MR [35]. Other studies suggest that min-
eralocorticoid signaling may be associated with brain behavior in mudskipper fish [36]
and medaka fish [37]. Recent studies have rarely addressed the impact of MR on salinity
acclimation and ionocyte development.

Previous studies have generally suggested that cortisol is involved in salinity accli-
mation of teleosts via GR, rather than MR. However, there is no direct molecular evidence
to support the non-involvement of MR in the salinity acclimation of euryhaline fish. This
study is the first to investigate the involvement of corticosteroid receptors in ionocyte dif-
ferentiation at multiple levels, including cell number, gene expression, and tissue staining.
In this study, we chose the euryhaline tilapia as the animal model to investigate whether
cortisol regulates the gene expression of epidermal stem cells or the number of ionocytes.
We further designed experiments to determine whether cortisol affects ionocyte develop-
ment and function through GR/MR by using the GR antagonist of RU-486 and the MR
antagonist of spironolactone. Therefore, we treated tilapia larvae with exogenous cortisol
and attempted to understand how cortisol acts on ionocytes (via which corticosteroid
receptor) by inhibiting the function of GR/MR with antagonists.

2. Materials and Methods
2.1. Experimental Animals

Mozambique tilapia (Oreochromis mossambicus), 1–60 g in body weight, were obtained
from stocks at National University of Tainan, Taiwan. Fish were kept in a freshwater (local
tap water) circulating system at 28 ± 0.5 ◦C under a 14-h:10-h light:dark photoperiod.
Tilapia embryos were acquired as follows: fertilized eggs were taken from the mouth of
female tilapia when mouthbrooding behavior was observed. Fertilized eggs were incubated
in aerated freshwater and were used in the experiments when they hatched immediately.
All sampled fish were clinically healthy. All incubation experiments were conducted on
larvae, and no feeding occurred. Adult fish and larvae were anesthetized with buffered
0.03% MS-222 (Tricaine, Sigma-Aldrich, Burlington, MA, USA) and then dissected for
experiments. The animal-use protocol listed below has been reviewed and approved by
the Institutional Animal Care and Use Group (Approval No.: IACUG1050005) at National
University of Tainan. All the experimental procedures and the collection of samples
were performed in compliance with the ethical considerations of the Taiwan Council of
Agriculture Executive Yuan Guideline for the Care and Use of Laboratory Animals (Decree
by the Council of Agriculture, Executive Yuan, Taiwan, 2018/06).

2.2. Cortisol and Receptor Antagonist Treatment of Tilapia Larvae

Cortisol dosages were determined according to previous studies [28,32,38–41]. Cortisol
(hydrocortisone, Sigma-Aldrich, Burlington, MA, USA) stock solution was prepared in
dimethyl sulfoxide (DMSO) and then diluted to the final working solution (20 mg/L)
in aerated tap water. Tilapia larvae were treated with cortisol media immediately after
hatching. The incubation media were refreshed daily to ensure consistent cortisol levels
were maintained. GR and MR antagonist dosages were determined according to previous
studies [32,42,43]. Tilapia embryos were grown in 10 µg/mL RU486 (GR antagonist,
Sigma-Aldrich, Burlington, MA, USA) or 10 µg/mL Spironolactone (MR antagonist, Sigma-
Aldrich, Burlington, MA, USA) with 20 mg/L cortisol, and the medium was changed every
day. In this study, higher dosages of cortisol and antagonists were employed as compared
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to some previous studies. Nonetheless, no significant mortality or aberrant behavior
was noted. The dosages of cortisol and antagonists that we used were proven to work
in cultured gills and fish larvae in previous studies [28,32,39–43]. After the experiment,
tilapia embryos were anesthetized with buffered 0.03% MS-222 (Tricaine, Sigma-Aldrich,
Burlington, MA, USA) for further analysis.

2.3. Total RNA Extraction

After conducting the treatment experiments, three tilapia larvae were collected as a
sample, and five replicates (n = 5) were performed. Total RNA was extracted from collected
samples using Trizol reagent (Thermo Fisher Scientific, Waltham, MA, USA) as per the
manufacturer’s instructions. Briefly, the samples were homogenized in 1 mL Trizol reagent,
and 0.2 mL chloroform was added and thoroughly mixed by shaking. The mixture was
then centrifuged at 12,000× g at 4 ◦C for 45 min. An equal volume of isopropanol was
added to the sample, and the mixture was centrifuged at 12,000× g at 4 ◦C for 30 min to
precipitate total RNA pellets. The pellets were washed twice with 70% alcohol for 30 min at
12,000× g at 4 ◦C. The quantity and quality of total RNA were assessed using absorbance at
260 and 280 nm, as well as gel electrophoresis, and then stored at −20 ◦C until further use.

2.4. Real-Time PCR

The cDNA of tilapia samples was synthesized using the GoScript™ Reverse Tran-
scription System (Promega, Madison, WI, USA) and poly(dT) primers. The mRNA used
for cDNA synthesis was treated with DNase I (Promega, Madison, WI, USA) to elim-
inate genomic DNA contamination. Real-time PCR was carried out using a StepOne
Plus Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific, Waltham,
MA, USA) in a final reaction volume of 20 µL, consisting of 10 µL Fast SYBR™ Green
Master Mix (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA), 300 nM
forward and reverse primers, 20–30 ng cDNA, and nuclease-free water. The primer set
for P63 (for detailed sequences of P63, please refer to the Supplementary Materials) was
designed to amplify a 175-bp fragment (Accession no. OQ626354, Supplementary Materi-
als) and comprised of the forward (5′- ACAGGCTATGGATTTTTCCC-3′) and reverse (5′-
GAAGGAGAAGTCGGACCA-3′) sequences, whereas that for the internal control β-actin,
with a 135-bp fragment, consisted of the forward (5′-CGGAATCCACGAAACCACCTA-3′)
and reverse (5′-ATCTCCTGCATCCTGTCA-3′) sequences. The β-actin was used as an
internal control to normalize mRNA expression and was taken from previous studies [44].

2.5. Whole-Mount Immunohistochemistry (IHC)

After conducting the treatment experiments, one tilapia larvae was collected as a
sample, and five replicates (n = 5) were performed. Drug-treated tilapia larvae were
collected and fixed with 4% paraformaldehyde in phosphate buffer saline (PBS) solution
overnight. After fixation, samples were transferred to 100% methanol and stored at −20 ◦C
until use. The samples were washed several times with PBST (0.1% Tween) and then
incubated with 3% bovine serum albumin (BSA) in PBST for 2 h at room temperature to
block non-specific binding. Samples were transferred into a Na+-K+-ATPase α5 monoclonal
antibody (1:400 dilution; Developmental Studies Hybridoma Bank, University of Iowa,
Ames, IA, USA) and incubated overnight at 4 ◦C. All antibodies were diluted in a blocking
PBST solution. The samples were washed with PBST six times for 10 min each and then
incubated in Alexa Fluor 488 goat anti-mouse IgG antibodies (Thermo Fisher Scientific,
diluted 1:400 with PBS) for 2 h at room temperature. The stained samples were mounted
with low-melting agarose (Agarose, II™, VWR Life Science AMRESCO, Radnor, PA, USA)
and then examined with a Zeiss LSM 780 confocal microscope.

2.6. RNA Probe Synthesis

RNA probe synthesis for double in situ hybridization was performed following a
previous study [19,32,44]. The fragments of tilapia p63, gr, and mr obtained by PCR were
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inserted into a pGEM-T easy vector (Promega, Madison, WI, USA). The primer set for p63
(for detailed sequences of P63, please refer to the Supplementary Materials) consisted of the
forward (5′- CGCCGGCTGCTTGGACTACTTCA -3′) and reverse sequences (5′- ACGCG-
GTTCCTTTCCATTCACG -3′) (a 693-bp fragment, Accession no. OQ626354, Supplementary
Materials), that for gr consisted of the forward (5′- TGATGGCAGGCATGAATCT-3′) and
reverse sequences (5′- GACAAACTCGCTGCAAATC -3′) (a 518-bp fragment, Accession no.
AB771724.1), and that for mr consisted of the forward (5′- CGAGCAGCACGCCCTTTAT-
CACA -3′) and reverse sequences (5′- TACACGACACGCCGGACAGTTTTT -3′) (a 748-bp
fragment, Accession no. AB771726). For double in situ hybridization, two types of RNA
probes were synthesized with DIG RNA Labeling Mix or Fluorescein RNA Labeling Mix
(Roche, Basel, Switzerland) by in vitro transcription with T7 and M13 RNA polymerase
(Promega, Madison, WI, USA). Two types of labeled RNA probes were examined with
RNA gels and dot-blot assay to confirm the quality and concentration.

2.7. Double In Situ Hybridization

In situ hybridization was performed following a previous study [19,45]. Briefly,
excised gills were fixed overnight with 4% paraformaldehyde in PBS. The fixed gills were
washed with PBS and cryoprotected in 30% sucrose prior to embedding in OCT compound
embedding medium (Sakura, Tokyo, Japan) at −20 ◦C. Frozen cross-sections of 10 µm were
cut with a CM 3050S rapid sectioning cryostat (Leica, Heidelberg, Germany) and attached
to hydrophilic adhesion slides (PLATINUM PRO, MATSUNAMI, Osaka, Japan). Before
in situ hybridization, the slide-mounted gill sections were air-dried and rehydrated by
a series of methanol and PBST (PBS with 0.1% Tween-20) mixtures. The hybridization
mix (HM) contained 50% formamide, 5× saline sodium sitrate (SSC), 9.2 mM citric acid,
and 0.1% Tween-20. The slides were washed with PBST several times and then incubated
in the pre-hybridization mix (HM+) (HM with additional 500 ng/mL and yeast tRNA
and 50 µg/mL heparin) for 2 h and hybridized with RNA probes (200µL HM+ contained
30~50 ng DIG-labeled/Fluorescein-labeled RNA probe) at 70 ◦C overnight. Next, the
hybridized slides were washed at 70 ◦C for 10 min in 100% HM (without tRNA and
heparin), 10 min in 75% HM and 25% 2× saline sodium citrate (SSC), 10 min in 50% HM
and 50% 2× SSC, 10 min in 25% HM and 75% 2× SSC, 10 min in 2× SSC, and finally
30 min in 0.2× SSC (this final step was repeated twice). Next, the hybridized slides were
washed at room temperature for 10 min in 75% 0.2× SSC and 25% PBST, 10 min in 50%
0.2× SSC and 50% PBST, 10 min in 25% 0.2× SSC and 75% PBST, and 10 min in PBST. The
washed slides were incubated for 2 h in blocking buffer containing 5% sheep serum and
2 mg/mL BSA in PBST and then transferred into alkaline phosphatase-conjugated anti-DIG
antibody (1:5000 dilution; Roche, Basel, Switzerland) and incubated overnight at 4 ◦C.
Finally, sections were washed with PBST six times for 15 min each and then transferred
to alkaline Tris buffer, containing 0.1 M Tris HCl, pH 9.5, 0.05 M MgCl2, 0.1 M NaCl,
and 0.1% Tween 20. Tissues were stained with a mixture of 225 µg/mL NBT (Nitro Blue
Tetrazolium) and 175 µg/mL BCIP (5-Bromo 4-Chloro 3-indolyl Phosphate) in alkaline Tris
buffer. The first labeling reaction would be stopped by a stop solution (containing 1 mM
EDTA, 0.1% Tween 20 in 1X PBS, pH 5.5) until the signal was strong enough for analysis.
After the first staining step of in situ hybridization, the gill slides were incubated in a stop
solution for 1 h to stop the reaction, and then the gill slides were washed with PBST three
times for 5 min each. Next, slides were transferred into PBST with 3% H2O2 for 30 min
and then washed with PBST four times for 5 min each. Next, slides were transferred into
a blocking reagent, containing maleic acid buffer (MABT) (100 mM maleic acid, 150 mM
NaCl pH 7.5 and 0.1% Tween 20) with 2% blocking reagent (Roche, Basel, Switzerland)
for 1 h at room temperature. Then, slides were transferred into horseradish peroxidase
(POD)-conjugated anti-Fluorescein antibody (1:500 dilution; Roche, Basel, Switzerland)
and incubated overnight at 4 ◦C. Finally, sections were washed with MABT four times for
10 min each and then washed with PBST two times for 10 min each. A Tyramide Signal
Amplification Plus System (TSA Plus Systems; PerkinElmer, Waltham, MA, USA) was used
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for the second staining step of in situ hybridization, referring to manufacturer’s protocol.
After incubation in TSA-Cyanine 3 reagent for 1 h at 28 ◦C, sections were washed at room
temperature for 5 min in PBST twice, 10 min in 75% PBST and 25% methanol, 10 min in
50% PBST and 50% methanol, 10 min in 25% PBST and 75% methanol, and 10 min in 100%
methanol. Then, slides were transferred to methanol with 1% H2O2 for 30 min to inactivate
the POD.

2.8. Immunohistochemistry (IHC) of Gill Sections

After double in situ hybridization, the sections were washed at room temperature for
10 min in 25% PBST and 75% methanol, 10 min in 50% PBST and 50% methanol, 10 min
in 75% PBST and 25% methanol, and 10 min in PBST; then, they were incubated with 3%
bovine serum albumin (BSA) in PBST for 2 h at room temperature. Next, samples were
transferred to a Na+-K+-ATPase α5 monoclonal antibody (1:400 dilution; Developmental
Studies Hybridoma Bank, University of Iowa, Ames, IA, USA) and incubated overnight at
4 ◦C. The samples were washed with PBST six times for 10 min each and then incubated
in Alexa Fluor 488 goat anti-mouse IgG antibodies (Thermo Fisher Scientific, diluted
1:400 with PBS) for 2 h at room temperature. The stained sections were mounted with
Fluoromount-G mounting medium (SouthernBiotech, Birmingham, AL, USA) and then
examined with a Zeiss LSM 780 confocal microscope.

2.9. Statistical Analysis

Statistical analysis was done using GraphPad Prism (GraphPad Inc., La Jolla, CA,
USA). The normality of the data was tested with the Shapiro-Wilk normality test. The
quantification of NKA-immunoreactive ionocyte cell numbers and P63 mRNA expression
levels was subjected to statistical analysis using a multi-step ANOVA. This analysis evalu-
ated the significance between the entire treatment group and the control group, as well as
between the cortisol group and the combination group. Significance was determined using
Dunnett’s multiple comparison test following a one-way ANOVA (p < 0.05).

3. Results
3.1. Effects of GR or MR Antagonist on Ionocyte Differentiation in Tilapia Larvae

To identify the specific pathway through which cortisol controls ionocyte development
in tilapia larvae, we exposed 20 mg/L cortisol-treated tilapia larvae with either 10 µg/mL
RU486 or spironolactone as GR or MR antagonists, respectively [32]. We used basolateral
NKA immunofluorescence staining to locate all four types of ionocytes, which has been
reported by Inokuchi and colleagues [46]. Red color staining for NKA-immunoreactive
ionocytes allowed us to measure the overall ionocyte number. For facilitating cell quan-
tification more precisely, only those cells located in the caudal fin area were measured
and compared (Figure 1A,B). We discovered that the number of NKA-immunoreactive
ionocytes was significantly increased after exogenous cortisol treatment (Figure 1D,G) as
compared to the control (p < 0.05) (Figure 1C). This result clearly demonstrated that cortisol
can promote ionocyte differentiation in tilapia larvae. Later, we treated cortisol-exposed
tilapia larvae with the MR antagonist of spironolactone to see whether spironolactone can
compete with cortisol for MR. Results show the NKA-immunoreactive ionocytes dramati-
cally decrease after spironolactone treatment (p < 0.05) (Figure 1E,G), supporting the idea
that cortisol might activate ionocyte differentiation via MR signaling. On the contrary, treat-
ment with the GR antagonist of RU-486 did not significantly affect NKA-immunoreactive
ionocytes (Figure 1F,G). This result suggests that cortisol might not be involved in ionocyte
differentiation via GR signaling. The quantification of NKA-immunoreactive ionocyte cell
numbers was subjected to statistical analysis using a multi-step ANOVA. This analysis
assessed the significance between the entire treatment group and the control group, as well
as between the cortisol group and the combination group. Significance was determined
using Dunnett’s multiple comparison test following a one-way ANOVA (p < 0.05). The
summarized results of this analysis can be found in Figure 1G.
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Figure 1. Effects of exogenous cortisol, glucocorticoid receptor (GR), and mineralocorticoid receptor
(MR) antagonists on Na+-K+-ATPase (NKA)-immunoreactive ionocyte number of tilapia. Tilapia
(Oreochromis mossambicus) larvae were immersed in exogenous cortisol (20 mg/L), GR antagonist
(RU-486) (10 µg/mL), and MR antagonist (spironolactone) (10 µg/mL) immediately after hatching
for 3 days. One tilapia larvae were collected as a sample, and five replicates (n = 5) were performed.
Whole tilapia larvae were studied 3 days post hatching (dph) (A), and representative images are
shown for 3 dph larvae caudal fin NKA ionocytes labeled with anti-NKA α5 antibody (B), control
group (C), cortisol treatment (D), cortisol treatment with GR antagonist (E), and cortisol treatment
with MR antagonist (F). (G) Quantification of ionocytes in 3 dph tilapia larvae. A multi-step ANOVA
was performed to assess the significance between the entire treatment group and the control group,
as well as between the cortisol group and the combination group. * Indicates a significant difference
(p < 0.05) using Dunnett’s multiple comparison test following a one-way ANOVA. The significance
between the whole group and the control group is symbolized by a black star while the combination
group with cortisol is symbolized by a red star. Values indicate the mean ± SD (n = 5). Scale
bar: 1 mm(A); 500 µm (B–F).
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3.2. Localization of GR and MR Expressing Cells in Adult Tilapia Gill

The previous antagonist experiment suggests cortisol affects epidermal ionocyte dif-
ferentiation through the MR but not the GR in tilapia larvae. To provide more solid data
to support this hypothesis, we conducted gr and mr in situ hybridization on adult gill
cryosections together with NKA immunostaining to evaluate whether there is any mr or
gr mRNA expression in the same NKA-immunoactive ionocytes (Figure 2). Gill tissues
were dissected from adult tilapia and subjected to perform gr and mr in situ hybridization
(black) and NKA immunofluorescence staining (green). Results demonstrate that gr mRNA
is indeed expressed in gill tissue in a salt and pepper pattern (Figure 2B, indicated by black
triangles). After comparing with NKA-immunoactive ionocytes (Figure 2A, indicated by
red triangles), we found that gr mRNA (Figure 2C, indicated by black triangles) is not
colocalized with NKA-immunoactive ionocytes (Figure 2C, indicated by red triangles).
We found that mr mRNA is indeed expressed in gill tissue in a salt and pepper pattern
(Figure 2E, indicated by black triangles). After comparing with NKA-immunoactive iono-
cytes in the same tissue section (Figure 2D, indicated by red triangles), we found that mr
mRNA (Figure 2F, indicated by black triangles) is not colocalized with NKA-immunoactive
ionocytes (Figure 2F, indicated by red triangles). Based on colocalization experiments, we
conclude that both mr and gr mRNA are indeed expressed in tilapia gill tissues, but they
are not co-localized with NKA-immunoactive ionocytes.

Figure 2. In situ hybridization and immunohistochemistry of adult tilapia (Oreochromis mossambicus)
gill epithelial cryosections. Double labeling with anti-NKA α5 antibody (a ionocyte marker) (A) and
gill gr mRNA (B) in the same section. (C) Merged image indicating that the gr (black arrowheads) was
not colocalized with NKA (red arrowheads). Double labeling with anti-NKA α5 antibody (D) and
gill mr mRNA (E) in the same section. (F) Merged image indicating that the mr (black arrows) was
not colocalized with NKA (red arrowheads). Scale bar: 20 µm.
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3.3. Localization of gr and mr mRNAs in the Same Tilapia Adult Gill Sections

The non-colocalization nature of gr/mr-expressing cells with NKA-immunoactive
ionocytes leads us to design more detailed experiments to determine whether gr and
mr mRNAs are co-expressed in the same cells. To reach this goal, we double the in situ
hybridization by using different color labeling for mr (black) and gr (red). Three gill
filaments in the same cryosection were stained, and results demonstrated that gr-expressing
cells did not exhibit mr-expressing signals (Figure 3A–C). Therefore, we conclude that mr
and gr mRNA are not colocalized in the same cell.

Figure 3. Double in situ hybridization against mr mRNA and gr mRNA of adult tilapia
(Oreochromis mossambicus) gill epithelial cryosections. Double labeling for tilapia mr mRNA (A) and
gr mRNA (B) in the same section. (C) Merged image indicating that the mr was not colocalized with
gr. Arrowheads indicate the locations of mr signals. Scale bar: 20 µm.

3.4. Localization of mr mRNA, p63 mRNA, and NKA Protein in the Tilapia Adult Gill Sections

The results above indicate that cortisol affects epidermal cell development through
the MR but not the GR signaling. However, in gill tissue sections, we failed to find
any colocalization pattern between mr/gr-expressing signals with NKA-immunoactive
ionocytes. This finding leads us to speculate whether mr/gr-expressing cells belong to
other cell categories. To validate this hypothesis, we examined the expression of mr, p63, and
NKA protein in the same cryosection of adult tilapia gills. Triple staining was conducted to
label mr mRNA (black) and p63 mRNA (red) by in situ hybridization and NKA (green color)
proteins by immunostaining. We found mr mRNA was nicely colocalized with some p63
mRNA cells (Figure 4A,B,D), which is supported by evidence from the high magnification
zoomed picture displayed in D. In conclusion, we found mr-expressing cells were positive
for p63 but negative for NKA staining (Figure 4B,C,E) in triple staining experiments. This
result suggests mr/gr mRNA-expressing cells might be derived from p63-expressed stem
cells but do not overlap with NKA-immunoreactive ionocytes in tilapia gills. In addition,
P63-labeled cells were also observed to co-express NKA at a low level (Figure 4F), which is
supported by evidence from the high magnification zoomed picture displayed in Figure 4F.
It could be that epidermal stem cells have started to differentiate into ionocytes.



Fishes 2023, 8, 283 10 of 18

Figure 4. Double in situ hybridization and immunohistochemistry of adult tilapia (Oreochromis
mossambicus) gill epithelial cryosections. Triple labeling for tilapia gill mr mRNA (A), tumor protein 63
(p63) mRNA (epidermal stem cell marker) (B), and anti-NKA α5 antibody (ionocyte marker) (C) in the
same section. (D) Merged image indicating that the mr (black arrowheads) was colocalized with p63
mRNA. The inset shows an enlarged picture of two co-stained cells (black arrowheads). (E) Merged
image indicating that the mr (black arrowheads) was not colocalized with NKA. (F) Merged image
indicating that the p63 (white arrows) was colocalized with NKA. The inset shows an enlarged picture
of two co-stained cells (white arrows). Scale bar: 20 µm.

3.5. P63 mRNA Expression after MR and GR Antagonist Exposure

After collecting all the information found in the previous experiment, we hypothesized
that cortisol might activate ionocyte differentiation via mr signaling by downregulating the
fate of epidermal skin cells. To support this hypothesis, we conducted real-time PCR for
measuring the P63 mRNA level after cortisol and MR/GR antagonist treatment. We initially
exposed 20 mg/L cortisol-treated tilapia larvae to either RU486 or spironolactone at 10 ug/mL.
Later, after either 1- or 3-day exposure, tilapia larvae were subjected to real-time PCR for the
mRNA expression measurement (Figure 5). The P63 mRNA expression levels were subjected
to statistical analysis using a multi-step ANOVA. This analysis assessed the significance
between the entire treatment group and the control group, as well as between the cortisol
group and the combination group. Significance was determined using Dunnett’s multiple
comparison test following a one-way ANOVA, with a significance threshold set at p < 0.05.
Results demonstrate that the P63 mRNA expression level was promoted in tilapia larvae after
cortisol exposure (Figure 5B) (p < 0.05), and this upregulation effect can be abolished after
being co-treated with MR antagonists after 3-day exposure (Figure 5B) (p < 0.05).
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Figure 5. Effects of exogenous cortisol, and GR and MR antagonists on P63 mRNA expression
in tilapia (Oreochromis mossambicus) larvae. Tilapia larvae were immersed in exogenous cortisol
(20 mg/L), GR antagonist (RU-486) (10 µg/mL), and MR antagonist (spironolactone) (10 µg/mL)
immediately after hatching. Three tilapia larvae were collected as a sample, and five replicates
(n = 5) were performed. The experimental samples were treated with the drug for 1 day (1 dph)
(A) and 3 days (3 dph) (B). Expression of mRNA was analyzed by real-time PCR, and values were
normalized to β-actin. A multi-step ANOVA was performed to assess the significance between
the entire treatment group and the control group, as well as between the cortisol group and the
combination group. * Indicates a significant difference (p < 0.05) using Dunnett’s multiple comparison
test following a one-way ANOVA. The significance between the whole group and the control is
symbolized with a black star while the combination group with cortisol is symbolized with a red star.
Values indicate the mean ± SD (n = 5).

4. Discussion

In the present study, we found that treatment of tilapia larvae with exogenous cortisol
significantly increased the density of ionocytes and P63 expression (p < 0.05). We also
provided pharmacological evidence to show that MR, but not GR, might control ionocyte
differentiation. We used RNA probes specific to tilapia mr and gr genes to show that gr and
mr are not present in NKA-immunoactive ionocytes of gills, and this is inconsistent with
the data reported for zebrafish [27,28]. Nonetheless, our antagonist treatment of tilapia
larvae validated the major involvement of MR in the NKA-immunoactive ionocytes in
tilapia and in affecting their respective roles in P63 mRNA expression. Currently, four
types of ionocytes are identified in tilapia, all of which can be labeled with anti-NKA α5
antibody [25,46,47]. Further research is needed to determine which type of ionocyte is
primarily increased by exogenous cortisol treatment.

Cortisol is the main corticosteroid hormone, and it may exert its actions through GR
and/or MR in fish. Previous studies have shown that cortisol is involved in the adap-
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tive responses of seawater and freshwater fish, while ionocytes in the skin and gills play
important roles in osmoregulation and ion regulation [11,12,48–51]. A series of studies
have indicated that changes in the proportion and morphology of ionocytes during the
environmental acclimation process of teleost fish are associated with cortisol-induced cell
differentiation and proliferation [27–29,52–62]. In fact, the administration of exogenous
cortisol can increase the number of ionocytes in teleost fish [54,61,62], which is consistent
with our experimental findings showing that exogenous cortisol increases the number of
NKA-immunoactive ionocytes in tilapia larvae. Prior to this study, it was unclear how
cortisol through GR/MR is involved in the differentiation and proliferation of ionocytes in
teleost fish other than zebrafish and medaka. In previous studies by Lin and colleagues,
tilapia larvae were exposed to cortisol to assess Ca2+ influx and the expression of related
ion transporters like ECaC during embryonic development. It has been demonstrated that
cortisol can increase the Ca2+ content in tilapia larvae by upregulating the expression of
epidermal calcium ion channel proteins, and high calcium environments can enhance the
expression of MR [32]. Here, we exposed cortisol-treated tilapia larvae with either GR (RU-
486) or MR (spironolactone) antagonists and discovered that spironolactone significantly
blocked the effect of exogenous cortisol in increasing the number of epidermal ionocytes,
while RU-486 also decreased the number of ionocytes but to a lesser extent than spirono-
lactone. These results suggest that cortisol may primarily regulate the differentiation and
proliferation of epidermal ionocytes in tilapia through the MR signaling.

In this study, spironolactone was used as an MR antagonist, but its antagonistic effects
have been controversial in different fish models or experimental designs. Spironolactone
revealed antagonist properties in the gills of killifish with freshwater acclimation and
cultured gills of salmon [42,59]. In previous studies, spironolactone, as an MR antagonist,
attenuated the stimulatory effects of exogenous cortisol on ECaC expression [32], and it
also acted as an antagonist in the present study. However, although RU-486 influenced
the number of ionocytes, it was not as significant as spironolactone, possibly because the
high dose of RU-486 with low affinity for MR may also have antagonistic effects on the
receptor. Further studies are needed to determine the optimal dosage of antagonists and
ligand-receptor affinity by the molecular docking approach in future research. In addition,
recent studies have utilized eplerenone as an MR antagonist in fish experiments and have
reported improved receptor specificity of this drug compared to spironolactone in these
experiments [34,63–65]. To the best of our knowledge, there are no other studies that have
used eplerenone as an MR antagonist in tilapia. There are reports indicating that eplerenone
did not have any effect on cultured trout gill epithelium [66]. This suggests potential species
differences in the response of fish to CR antagonists. In future studies, eplerenone could be
considered as an antagonist of tilapia MR and compared to spironolactone to determine
the optimal choice for this species.

Ionocytes enveloping the embryonic skin are responsible for iono-/osmoregulation
of internal fluid homeostasis [67]. During development, ionocytes also appear in func-
tional organs such as the gills of adult fish and eventually become one of the primary
regulators of osmotic pressure and ion regulation [8,26,50,51,67,68]. Therefore, it can be
expected that the developmental mechanism of ionocytes in tilapia larvae is similar to
that of gill in adult tilapia. In this study, at least 3 days of cortisol treatment was required
to significantly increase the number of ionocytes in tilapia larvae. This finding reflects
the fact that it takes about 3 days of cortisol treatment to induce ionocyte differentiation.
This is consistent with our experimental results of gene expression, where P63 expres-
sion significantly increased in the 3-day cortisol treatment group. However, as a model
organism, tilapia is limited by its biological characteristics and cannot accurately deter-
mine the developmental stage of individuals after fertilization. Therefore, experiments
can only be conducted from hatching, and there are not as many accumulated research
results as for zebrafish. According to Hsiao et al.’s 2007 study, ionocyte development is
generally divided into three major events: specification (from 90% epiboly to the 14-somite
stage), differentiation (14 s to 36 hpf), and maturation (36 hpf onwards) [19]. Based on
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a series of previous studies [19,27–29], we followed the research results of zebrafish and
attempted to understand whether the broad-spectrum Mozambique tilapia has similarities
in ionocyte proliferation and differentiation with zebrafish. However, unexpectedly, we
found that exogenous cortisol treatment promoted the expression of P63, which differs
from the research results of zebrafish [69]. Cortisol controls the epidermal ionocyte differ-
entiation process by regulating ionocyte master regulator Foxi3a and Foxi3b expression [28].
Therefore, we provided new molecular evidence suggesting that cortisol may primarily
promote ionocyte differentiation and proliferation through MR activation in p63-expressing
stem cells.

To further confirm the experimental results mentioned above, we also conducted in
situ hybridization to show that gr expression in the gill tissue of tilapia was different from
that of zebrafish. The location of gr in zebrafish was co-localized with NKA-immunoactive
ionocytes [27,28]. However, in this study, we found that gr mRNA in tilapia gills was
co-localized neither with NKA-immunoactive ionocytes nor with mr mRNA. Furthermore,
through triple staining in cryosections of adult tilapia gills, we found that some p63-
expressing cells were co-localized with mr-expressing cells, and some p63-expressing cells
were co-localized with NKA-immunoactive ionocytes. We suggest that MR is initially
co-expressed on p63-positive epidermal stem cells (Figures 4D and 6A). When cortisol
binds to MR, it will activate the gene expression of P63, and promote the proliferation and
differentiation of epidermal stem cells (Figure 6B). When epidermal stem cells begin to
differentiate into ionocytes, MR expression is no longer needed, and only p63 and NKA are
co-localized (Figures 4F and 6C). Finally, when ionocytes complete their differentiation and
development, p63 expression gradually downregulates and finally disappears (Figure 6D).
These results support our previous hypothesis that cortisol may regulate P63 through MR
to promote the differentiation and proliferation of ionocytes.

Figure 6. Model of cortisol regulating the differentiation of epidermal stem cells into ionocytes
through the mineralocorticoid receptor in tilapia. MR is initially co-expressed on p63-positive
epidermal stem cells (A). Cortisol binds to MR; it will activate the gene expression of p63 and
promote the proliferation and differentiation of epidermal stem cells (B). Epidermal stem cells begin
to differentiate into ionocytes, mr expression is no longer needed, and only p63 and NKA are co-
localized (C). Ionocytes complete their differentiation and development; p63 expression gradually
downregulates and finally disappears (D).
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In the past, it was commonly believed that ray-finned fish lack aldosterone synthase,
so MR may not be a physiologically critical corticosteroid receptor in ray-finned fish. Recent
studies have indicated that corticosteroids are involved in various physiological responses
through the action of the MR. It has been suggested that MR participates in the stress
response of skeletal muscles, muscle contraction, and cell cycle regulation in rainbow
trout [33,34]. The study also found that MR plays a crucial role in glucose regulation in
zebrafish skeletal muscle [70]. Moreover, MR has been implicated in neural plasticity and
stress responses in Atlantic salmon at low temperatures [35], and mineralocorticoid signal-
ing is also thought to be associated with brain behavior of mudskipper fish and medaka
fish [36,37]. These studies suggest that MR plays an important role in the physiological
actions of teleost fish, but its relevance to salinity acclimation remains unclear.

Cortisol plays a significant role in the osmoregulation and ion regulation necessary for
acclimation and survival in fluctuating environments for euryhaline teleost fish [10,11,71,72].
However, the exact pathways by which cortisol mediates these controls, via the GR, MR, or
both, have been controversial. A series of experimental results have mainly studied the effects
of cortisol on experimental species by detecting mRNA expression levels [42,43,73], and the
inconsistent results may be due to different experimental species or experimental designs.
Detecting mRNA expression levels can be affected by many factors——such as experimental
methods, individual differences in experimental species, and sample collection time——
and more molecular evidence is needed to support experimental hypotheses and explain
results. Currently, only studies on zebrafish as experimental species provide complete data,
indicating that cortisol controls osmoregulation and ion regulation mechanisms by binding
with GR [27,28]. However, zebrafish are a primary freshwater fish that cannot survive in
high-salinity environments or environments with high-salinity fluctuations, and we cannot
explain the regulatory mechanisms of euryhaline fish. In addition to demonstrating the effect
of cortisol on the mRNA expression levels of the differentiation factor P63, the experimental
results of this study provide more complete molecular evidence by counting the number of
ionocytes through immunohistochemical staining and molecular labeling on the epidermal
of tilapia larvae, which may provide new ideas and research directions for the regulation
of salinity acclimation in euryhaline fish in the future. Furthermore, recent research has
shown that cortisol regulates acute responses in energy metabolism on the fish gills via
GR [74]. Therefore, we propose a hypothesis that cortisol regulates energy metabolism in
euryhaline tilapia for salinity acclimation in the short term, to respond to acute environmental
changes, and initiate cell differentiation to adapt to long-term survival environments. Further
research is needed to explore in detail the differentiation effects of cortisol on the four types
of ionocytes and the regulation of downstream differentiation factors.

In summary, our findings indicate that cortisol stimulates ionocyte development in
tilapia through MR but not GR. As a result, we propose a new direction for investigating
the dual roles of tilapia in osmoregulation and epithelial development of skin/gills.

5. Conclusions

Extensive research has shown that the regulatory mechanism controlling osmotic
pressure and ion balance in mammals can be achieved through the action of cortisol in fish.
Here, we provide compelling molecular evidence that shows that cortisol influences the dif-
ferentiation of ionocytes, as treatment with exogenous cortisol promotes gene expression of
differentiation factor P63 and increases epidermal ionocytes of tilapia larvae. Co-treatment
experiments with an exogenous corticosteroid receptor antagonist also indicate that cortisol
regulates epidermal stem cell differentiation and development primarily through the action
of MR rather than GR. Moreover, from slice experiments, we found that mr was co-localized
in the same cell as p63, i.e., epidermal stem cells, which supports the results of our previous
experiments indicating that cortisol regulates ionocyte development via MR. Therefore, we
provide a new direction for investigating the dual action of osmotic regulation and skin/gill
epithelial development in tilapia, which could help resolve previously inconsistent and
conflicting findings. Our findings provide a novel concept that cortisol may regulate vari-
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ous physiological phenomena in fish adaptation to changing environments through both
the glucocorticoid receptor (GR) and mineralocorticoid receptor (MR), including energy
metabolism and cell differentiation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fishes8060283/s1. Molecular cloning and sequencing of tilapia tumor
protein 63 (P63) gene. We used RT-PCR and amplification from the cDNA tail to clone and successfully
sequence a partial cDNA of P63 from the gill tissue of tilapia. This sequence consists of 1163 bp with an
open reading frame encoding a 344-amino acid protein (Figure S1). It includes the protein’s C-terminal
position and a partial 3′-UTR fragment, and the entire sequence contains highly conserved regions
(Figure S2). The Genbank accession number for this sequence is OQ626354. Figure S1. Nucleotide
and deduced amino acid sequences of tumor protein 63 (P63) cDNA from tilapia gill epithelial cells.
# Translational stop codon. Accession no. OQ626354. Figure S2. The nucleotide sequence alignment of
zebrafish ∆Np63 (Accession no. AAM48108.1) and tilapia P63. The identical amino acids are indicated
by red uplines, and the non-identical amino acids were indicated by blue uplines.
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