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Freshwater teleosts frequently face the stress of varied ion and pH levels; therefore,
they have developed related defense mechanisms to maintain the homeostasis of
body-fluid ion and acid-base balance. The different subtypes of ionocytes
expressed in the branchial epithelium of adult fish or the skin of larvae are the
major sites for fish ion regulation. 1a,25-dihydroxyvitamin D3 (1o,25(0OH),D3), the
bioactive form of vitamin D, is a steroid hormone that is involved in the regulation of
Ca®* uptake and acid secretion in teleosts. Our results revealed that 1o, 25(0OH),Ds
levels were not changed in zebrafish larvae upon exposure to low Na* freshwater
compared to normal freshwater. In contrast, 1c,25(0OH),Ds levels were substantially
higher in fish exposed to acidic and low Ca®* freshwater than in those exposed to
normal freshwater. Some hormones regulate ion regulation and acid secretion by
modulating ionocyte differentiation and/or proliferation in teleosts; however, the
role of vitamin D in this process is unclear. Zebrafish larvae were used as a model in
the present study to explore the effect of vitamin D on ionocyte proliferation and/or
differentiation. The present study indicated that 10,25(0OH),D3 treatment increased
the number of foxi3a-positive cells, ionocyte progenitors, and mature ionocytes.
However, the number of P63-positive epidermal stem cells did not change in the
zebrafish larvae treated with 10,25(0OH),D3. These results revealed that vitamin D
exerts a positive effect on the number of ionocytes by increasing the differentiation
of ionocytes. Increased ionocyte differentiation by vitamin D is suggested to elevate
the capacity of ion regulation and acid secretion in zebrafish to cope with external
stress. The present findings indicate the role of vitamin D in the regulation of
ionocyte differentiation and provide new insights into the mechanisms of stress
adaptation of fish.
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Abbreviations: 10,25(0OH),D3, 10, 25-dihydroxyvitamin D;; AW, acidic normal freshwater; ANOVA, analysis
of variance; dpf, days post fertilization; ECCC, ECaC-expressing cell; Foxi3a/b, Forkhead box I3a/b; FW,
freshwater; HA, H™-ATPase; HRC, H"-ATPase-rich cell; LCa, low Ca*" normal freshwater; LNa, low Na*
normal freshwater; NHE3, Na"/H" exchanger 3; NW, normal freshwater; PBS, phosphate-buffered saline; SEM,

standard error of the mean; STC, Stanniocalcin; VDR, vitamin D receptor.
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1 Introduction

Teleosts living in freshwater (FW) environments easily face
environmental stresses, such as changeable pH values and ion
contents. Ionocytes expressed in the adult gills or skin of larvae are
vital sites in fish for ion and acid-base regulation (Evans et al., 2005;
Hwang et al., 2011). Previous studies have indicated that the mRNA
expression of hormone metabolism genes and hormone levels are
modulated in fish upon external changes in ion levels and pH values.
Modulated hormone levels are vital for the maintenance of body fluid
ions and acid-base homeostasis (Guh et al., 2015; Lin and Hwang,
2016; Yan and Hwang, 2019; Lin et al., 2021). la,25-
DihydroxyvitaminD; (10,25(0OH),D3), a bioactive vitamin D, is a
steroid hormone that regulates Ca®* uptake in vertebrates (Lips, 20065
Lin and Hwang, 2016). In teleosts, the genes for 10,25(OH),Ds-
related metabolic enzymes and receptors have also been identified
(Cheng et al, 2006; Goldstone et al, 2010; Lin et al, 2012). As
mammals, the fish vitamin D receptor (VDR) can regulate gene
expression with 10,25(OH),D; (Howarth et al., 2008). Several
studies have revealed the role of 10,25(OH),D3 in controlling Ca**
uptake in fish. In carp (Cyprinus carpiu) and Atlantic cod (Gadus
morhua), supplementation with 10,25(OH),D; through feeding or
intraperitoneal injection significantly increased plasma Ca®* level
(Swarup et al., 1991; Sundell et al., 1993). In addition, Ca?" influx
was significantly enhanced in zebrafish larvae after immersion in
10,25(0OH),D; for three days (Lin et al., 2012). Furthermore, 10,25
(OH),D; treatment stimulated gene expression of the epithelial Ca*
channel (ECaC), a vital transcellular pathway for Ca®* uptake in
ionocytes (Lin et al., 2012). These results revealed that vitamin D can
increase the Ca®" uptake of fish by affecting the gene expression
of ECaC.

In addition to controlling Ca** uptake, 10,25(OH),D; level were
elevated in zebrafish larvae after exposure to acidic freshwater (Lin
et al., 2022). When 1¢,25(0OH),D3 was used to treat zebrafish larvae,
acid secretion increased significantly (Lin et al., 2022). Both types of
vitamin D receptor (VDR) have been identified in H*-ATPase rich
cells (HRC), the subtype of ionocytes for acid secretion, in zebrafish
(Lin et al., 2022). Lin et al. (2022) indicated that two types of VDR are
involved in acid secretion. However, some studies have indicated the
potential role of vitamin D in the regulation of Na* uptake. NHE3,
which is expressed in a specific ionocyte subtype, is a major
transporter for Na® uptake in fish (Yan and Hwang, 2019). The
previous study indicated that 10,,25(OH),D5 treatment enhanced the
gene expression of NHE3 in zebrafish larvae (Lin et al.,, 2022). In
NHE3 knockout mice, the 10,25(0OH),D3; concentration was
significantly higher than that in wild-type mice (Pan et al., 2012).
When opossum kidney cells and mouse cortical tubule cells were
treated with exogenous 10,25(0OH),Ds, the activity of sodium/
hydrogen exchanger 3 (NHE3) was dominantly increased by 35-
55% (Binswanger et al., 1993). In Atlantic salmon (Salmo salar), the
concentration of body-fluid 10,25(OH), D3 was significantly higher in
the 50% seawater (SW) smolt than in the FW and SW smolts (Lock
et al, 2007). In addition, the mRNA expression of gill VDR was
significantly higher in the 50% SW smolt and SW smolt than in the
FW smolt (Lock et al., 2007). Ca®" level is very different between FW
and SW; therefore, changes in vitamin D levels and VDR mRNA
expression among FW, 50% SW, and SW smolt may be due to
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variations in external Ca>" level. However, the Na* level is different
between FW and SW and may also contribute to the changes in
vitamin D levels and VDR mRNA expression. Nevertheless, it is still
unclear whether the body fluid vitamin D level is regulated by
environment Na™ level.

In fish, ionocytes differentiate from epidermal stem cells (Bakkers
et al,, 2002). The expression of P63, a marker of epidermal stem cells,
is induced by bone morphogenetic protein (BMP) signaling and
initiates the progression of epidermal stem cell specification (Hsiao
et al,, 2007). Some P63-positive epidermal cells were then induced to
express forkhead box I3a (Foxi3a), a marker of ionocyte progenitor
cells (Hsiao et al., 2007; Janicke et al., 2007). Subsequently, ionocyte
progenitor cells are further regulated by Foxi3a and differentiate into
ionocytes. The differentiating cells later differentiate into different
subtypes of ionocytes through the mutual interaction of Foxi3a/-b
and Gem2 (a differentiation marker of acid-secretion ionocytes in
zebrafish) (Hsiao et al., 2007; Chang et al,, 2009). In fish, some
hormones modulate ion and acid-base regulation, mainly by
modulating the gene expression of ion transporters and/or the
number of ionocytes (Lin and Hwang, 2016; Yan and Hwang,
2019). 10,25(0OH),D; level are regulated in zebrafish exposed to
externally altered ions and pH values (Lin et al, 2012; Lin et al,
2022). 1a,25(0H),D5 treatment enhanced the capacity for ion and
acid-base regulation by increasing the mRNA expression of ion
transporters. 10,25(OH),D; treatment can increase the gene
expression of H*-ATPase and ECaC, cell markers for the acid-
secreting and Ca*" uptake ionocytes respectively in zebrafish (Lin
et al.,, 2012; Lin et al., 2022). Nevertheless, the effect of vitamin D on
ionocyte proliferation and differentiation in fish remains unclear.

Our previous studies indicated that vitamin D can affect the Ca*"
uptake and acid secretion in zebrafish by influencing the gene
expression of ion transporters that are expressed in the ionocytes
(Lin et al, 2012; Lin et al.,, 2022). Some hormones, such as cortisol,
isotocin, and stanniocalcin-1 (STC-1), can affect ion regulation and the
expression of ion transporters by modulating the ionocyte proliferation
and/or differentiation in fish (Yan and Hwang, 2019). To further clarify
the potential role and mechanism of vitamin D action in fish ion
regulation, we, therefore, designed experiments to explore the effects of
externally changing ion concentrations on 10,25(OH),D; level in
zebrafish larvae. In addition, the effects of 10,25(OH),D; on ionocyte
proliferation and differentiation in zebrafish were examined. Exploring
these issues can increase our understanding of the role of vitamin D in
fish ion regulation and hence elevate the knowledge of the
environmental adaptation mechanisms of fish.

2 Materials and methods
2.1 Experiment animals

The protocol for animal care and use was approved by the
Institutional Animal Care and Utilization Committee of the
National Kaohsiung University of Science and Technology
(NKUST). The used zebrafish (Danio rerio) were reared in local tap
water at 28.5°C under a 14:10-h light-dark photoperiod at the
Department of Marine Biotechnology, NKUST, Kaohsiung, Taiwan.
Mature zebrafish were paired for breeding in a breeding tank before
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the experiment, and zebrafish eggs were collected in a Petri dish the
next morning.

2.2 Acclimation experiments

The zebrafish fertilized eggs at 1-2 cell stage were incubated in
normal freshwater (NW, containing 0.5 mM NacCl, 0.2 mM CaSO,, 0.2
mM MgSO, 0.16 mM KH,PO,, 0.16 mM K,HPO, and pH value at
7.0), acidic NW (AW, containing 0.5 mM NaCl, 0.2 mM CaSO,, 0.2
mM MgSO,, 0.16 mM KH,PO,, 0.16 mM K,HPO,, and pH value at
4.0), low Na" NW (LNa, containing 0.05 mM NaCl, 0.2 mM CaSO,, 0.2
mM MgSO,, 0.16 mM KH,PO,, 0.16 mM K,HPO, and pH value at
7.0), and low Ca®>" NW (LCa, containing 0.5 mM NaCl, 0.02 mM
CaSOy4, 0.2 mM MgSO,4, 0.16 mM KH,PO,, 0.16 mM K,HPO, and pH
value at 7.0) separately. Chemicals purchased from Sigma-Aldrich (St.
Louis, MO, USA) were dissolved in ddH,O for each artificial water
preparation. The fertilized eggs were incubated until sampling at 2 or 3
days post fertilization (dpf). The medium was changed twice daily.

2.3 Vitamin D measurement

Whole-body 10, 25-dihydroxytamin D5 (10,25(0OH),Ds) levels in 3
dpf zebrafish larvae were determined using a 1o, 25(0OH),D5 ELISA kit
(Zgenebio Inc., Taipei, Taiwan). 3 dpf zebrafish larvae with NW, AFW,
LNa, and LCa treatment were anesthetized by 0.03% MS-222 (Sigma-
Aldrich) and then washed several times with 1X phosphate-buffered
saline (PBS). Twenty-five larvae were pooled in one vial as a single sample
and 6 samples at each treatment group were used for the analysis.
Zebrafish larvae in vials were homogenized at 4500 rpm for 1 min
(Dynamic homogenizer MS-100, TOMY Digital Biology, Tokyo, Japan).
Next, the homogenized homogenates were centrifuged at 15000 rpm at 4°
C for 15 min. The supernatant was collected for 10,25(0OH),D; and
quantified according to the manufacturer’s instructions for the ELISA kit.

2.4 Vitamin D incubation experiment

Following previous studies (Lin et al, 2012; Lin et al, 2022),
fertilized zebrafish eggs were treated with 0 (control) or 20 pug/L 10,25
(OH),Dj; (Sigma-Aldrich). At 2 and 3 dpf, the zebrafish larvae were
anesthetized and sampled for subsequent analyses. During the 10,25
(OH),D; treatment experiment, neither significant mortality nor
abnormal behavior was observed. The incubation medium was
changed with a new 10,25(OH),D; solution every day to maintain
constant levels of 10,25(0OH),Ds.

2.5 Whole body Na* content

3 dpf zebrafish larvae with 0 or 20 pg/L 10,25(OH),Dj5 treatment were
anesthetized with 0.03% MS-222 and then briefly rinsed in deionized water.
Twenty-five individuals were pooled as 1 sample and 10 samples were
analyzed at each group. After the samples were dried at 60°C oven and then
HNO; (13.1 N) was added to samples for digestion at 60°C overnight.
Digested solutions were diluted with deionized water, and the total sodium
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content was measured with a Z-8000 atomic absorption
spectrophotometer (Hitachi, Tokyo, Japan). Standard solutions (Merck,
Darmstadt, Germany) were used to make the standard curves.

2.6 Whole mount in situ hybridization

Zebrafish foxi3a, atp6vla (encoding the o subunit of H*-ATPase),
and ecac fragments were obtained by PCR, PCR primer design as
previously described (Chou et al, 2011; Lin et al, 2012). The PCR
fragment was inserted into the pGEM-T Easy Vector (Promega,
Madison, W1, USA). The inserted fragments were amplified with T7
and SP6 primers PCR, and the products were used as templates for in
vitro transcription with T7 and SP6 RNA polymerase (Roche) in the
presence of digoxigenin (DIG)-UTP (Roche) to synthesize the probes. 2
and 3 dpf zebrafish larvae were anesthetized on ice and fixed with 4%
paraformaldehyde (PFA) in a phosphate-buffered saline (PBS; 1.4 mM
Na(l, 0.2 mM KCl, 0.1 mM Na,HPO,, and 0.002 mM KH,PO,; pH 7.4)
solution at 4°C overnight. Subsequently, we performed in situ
hybridization as previously described (Lin et al, 2012). Images were
acquired using a Leica M205 microscope (Leica). We follow previous
studies (Horng et al,, 2009; Chou et al., 2011; Tong et al., 2020) for cell
counting. For comparison of cell densities, the staining cells in 8-10 unit
areas (100 x 100 um) from one side of the yolk sac for each larva were
counted and averaged. The staining cells in the yolk sac skin of larvae
were analyzed using Image J software (Wayne Rasband, NIH). The n
value for the cell counting experiments is 9.

2.7 Whole mount immunocytochemistry

For the immunocytochemistry, the collected samples were fixed
with 4% PFA at 4°C overnight. Thereafter, the samples were washed
with PBS and then transferred to 100% methanol for overnight at
—20°C. Next, zebrafish larvae were washed with PBST (PBS with
0.05% Tween 20) and then incubated with 3% bovine serum albumin
for 1 h to block non-specific binding at room temperature. Samples
were then incubated overnight at 4°C with a polyclonal antibody. The
dilution factors for P63 (sc-8431, Santa Cruz Biotechnology, Santa
Cruz, CA, USA), o subunit of H"-ATPase, and ECaC (custom
production) antibodies were 1:100, 1:100, and 1:1600, respectively.
The P63 antibody was used in the present study by referring to the
previous studies (Bakkers et al., 2005; Hsiao et al., 2007; Janicke et al.,
2007; Chou et al,, 2015). After that, the samples were washed with
PBST for 10 min three times and further incubated in Alexa Fluor 488
goat anti-mouse or rabbit IgG antibodies (Molecular Probes; diluted
1:400 with PBST) for overnight at 4°C. Images were acquired using a
Leica M205 microscope (Leica). The method for cell density counting
is described above. The n value for the cell counting experiments is 9

2.8 Morpholino oligonucleotide
(MO) knockdown
Following a previous study (Lin et al., 2012), zebrafish VDRa MO (5™-

AACGGCACTATTTTCCGTAAGCATC-3’), VDRb MO (5’-
AACGTTCCGGTCGAACTCATCTGGC-3), and a standard control
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MO (5-CCTCTTACCTCAGTTACAATTTATA-3’) were used for MO
knockdown experiments. As in previous studies, a 4 ng/embryo (for MO)
dosage was used for injection (Lin et al,, 2012; Lin et al,, 2022). MOs (4 ng/
embryo) were injected into embryos at the 1-2 cell stage using an IM-300
microinjector system (Narishige Scientific Instrument Laboratory, Tokyo,
Japan). The MO-injected larvae at 3 dpf were sampled for
subsequent analyses.

2.9 Statistical analysis

Values are expressed as mean + standard error of the mean
(SEM). The results were compared using one-way analysis of variance
(ANOVA) with Tukey’s pairwise test and Student’s ¢-test. Statistical
significance was set at p < 0.05.

3 Results

3.1 Effects of normal freshwater (NW), acidic
NW (AW), low Na* NW (LNa), and low Ca%*
NW (LCa) on whole-body 1¢,25(0OH),D3
level in 3 days post fertilization (dpf)
zebrafish larvae

To explore the effects of acidic, low Na", and low Ca?* media on
whole-body 10,25(0OH),D; level in zebrafish larvae, the zebrafish
fertilized eggs were exposed to NW (pH 7.0, 0.5 mM [Na‘], 0.2 mM
[Ca*']), AW (pH 4.0, 0.5 mM [Na'], 0.2 mM [Ca®']), LNa (pH 7.0,
0.05 mM [Na'], 0.2 mM [Ca®']), and LCa (pH 7.0, 0.5 mM [Na*],
0.02 mM [Ca2+]) for 3 days. Exposure to AW and LCa, but not LNa,
significantly elevated the 10,25(OH),D; level compared to that in
zebrafish larvae exposed to NW (Figure 1).

3.2 The effect of exogenous 10,25(0H),Dz
treatment on the whole-body Na* content
in 3 dpf zebrafish larvae

To explore the effect of 10,25(0OH),D3 on Na* uptake, zebrafish
fertilized eggs were treated with exogenous 10,25(0OH),Dj; (20 ug/L). At

10.3389/fmars.2023.1141116

3 dpf, the zebrafish larvae were sampled for measuring the Na* content.
The result indicated the incubation of exogenous 10,25(OH),D;
(20 pg/L) caused a significant increase in Na™ level compared to the
control group (Figure 2).

3.3 Effects of exogenous 1¢,25(0OH),D3
treatment on ionocyte in 3 dpf
zebrafish larvae

The whole-body 10,,25(0OH),D; level was significantly increased
in zebrafish larvae exposed to acidic and low Ca*' media. To
examine if 10,,25(OH),D5 affects the cell densities of H*-ATPse-
rich (HRC) and ECaC-expressing cells (ECCC), the two subtypes of
ionocytes for acid secretion and Ca®" uptake in zebrafish embryo
skin, fertilized zebrafish eggs at the 1-2 cell stage were incubated
with 1a,25(0OH),D5 (20 pg/L). Whole mount in situ hybridization
was performed to reveal the number of ionocytes in 3 dpf zebrafish
larvae. The results showed that 10,,25(0OH),D; treatment caused an
increase in the cell density of atp6vla, encoding the o subunit of H'-
ATPase, and ecac-expressing cells, respectively, in the yolk sac of
3 dpf zebrafish larvae (Figures 3A, C). By whole mount
immunocytochemistry, it also showed 1c,25(0OH),D; treatment
caused a dominant increase in the cell density of HRC and ECCC
in the yolk sac of zebrafish larvae (Figures 3B, D).

3.4 Effects of exogenous 1a,25(0OH),Dz
treatment on the number of epidermal
stem cell in zebrafish larvae

P63 is a marker of epithelial stem cells (Bakkers et al., 2002). To
explore whether 10,25(OH),Dj; regulates the number of ionocytes by
controlling epidermal stem cells, the number of P63-positive cells in
the yolk sac area of zebrafish larvae treated with 1¢,25(OH),D; (20
ug/L) was determined. The results indicated that the density of P63-
positive cells in the yolk sac area was not different between the control
and 10,25(0OH),D; treatment groups in 2 and 3 dpf zebrafish
larvae (Figure 4).

3.007 b
) 1 b
2 2.50 T
S
2
= 2.00
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>
- 1501 a a
a I I
T
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N
2 0.501

0.00

NW AW LNa LCa

FIGURE 1

Effects of normal freshwater (NW, 0.5 mM [Na*], 0.2 mM [Ca®*], pH 7.0), acidic NW (AW, 0.5 mM [Na*], 0.2 mM [Ca*], pH 4.0), low Na* NW (LNa, 0.05
mM [Na*], 0.2 mM [Ca?*], pH 7.0), and low Ca®* NW (LCa, 0.5 mM [Na*], 0.02 mM [Ca®*], pH 7.0) on whole body 1o, 25-dihydroxytamin D3 (1c,25(0H)
2D3) level in 3 days post fertilization (dpf) zebrafish larvae. Different letters indicate a significant difference (p<0.05), as determined using one-way ANOVA
followed by Tukey's multiple-comparison test. Values are the mean + SEM (n=6).
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FIGURE 2

The effect of 1a,25(0OH),D3 treatment on the whole-body Na™ content in 3 dpf zebrafish larvae. Values are mean + SEM (n = 10). Student's t-test, **p<0.01.

3.5 Effects of exogenous 10,25(0OH),D3
treatment on the ionocyte differentiation in
zebrafish larvae

Ionocyte precursor differentiation and epidermal stem cell
proliferation can affect ionocyte number (Hsiao et al, 2007; Yan
and Hwang, 2019). 10,,25(OH),D; treatment increased the number of
ionocytes, but did not affect the number of epidermal stem cells in the
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FIGURE 3

yolk sac of zebrafish larvae (Figure 4). To examine whether 10,25
(OH),D3 modulates the number of ionocytes by regulating ionocyte
differentiation, the number of foxi3a, a marker of ionocyte progenitor,
-expressing cells in the yolk sac of zebrafish larvae treated with 10,25
(OH),D;5 (20 pg/L) was measured. The results indicated that the
density of foxi3a-expressing cells was significantly increased in 2 and
3 dpf zebrafish larvae following 101,25(OH),Dj; treatment (Figure 5).
10,25(0OH),D; treatment enhanced the density of foxi3a-expressing

B HRC ECCC

°a

£2

Se

a_

PN

£d

o2

n o

NS

S

1000- O control (0 pgiL)
wxx O110,25(0H),D, (20 pgiL)

& I

3 ]
£ 800
3
8 600 [+
.‘? *kk
@ I
£ 4004
ke
3 T
8 200

0
HRC ECCC

Effects of exogenous 1a,25(0OH),Ds treatment on the density of ionocytes at the embryonic skin of 3 dpf zebrafish larvae. (A) The representative images
of whole mount in situ hybridization showing the expression of atp6vlia and ecac-expressing cell (black dots) in the yolk sac of zebrafish larvae treated
with O (control) and 20 pg/L 10,.25(0H),Ds. (B) The representative images of whole-mount immunocytochemistry showing the expression of H"-ATPase-
rich cell (HRC) and ECaC-expressing cell (ECCC) (green dots) in the yolk sac of zebrafish larvae treated with O (control) and 20 pg/L 10,25(0OH),Ds. (C, D)
The quantitative data for the cell density. Values are the mean + SEM (n = 9). Student’s t-test, **p<0.01, ***p<0.001. Scale bar: 100 um
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Effects of exogenous 1a,25(0OH),D3 treatment on the density of P63-positive cell at the embryonic skin of 2 and 3 dpf zebrafish larvae. (A—-D) The
representative images of whole mount immunocytochemistry showing the expression of P63-positive cells (green dots) in the yolk sac of zebrafish
larvae treated with 0 (control) and 20 pg/L 10,25(0H),Ds. (a-d) The enlarged images of white squares from (A—D). (E) The quantitative data for the cell

density. Values are mean + SEM (n = 9). Scale bar: 100 um.

cells in 2 and 3 dpf zebrafish larvae, respectively (Figure 5). On the
other hand, when the expression of the vitamin D receptor (VDR) was
knocked down, the increased number of foxi3a-expressing cells in the
yolk sac area by 1a,25(0OH),D; was suppressed and down to the
control level in 3 dpf zebrafish larvae (Figure 6).

4 Discussion

Vitamin D is a well-known hypercalcemic hormone and a previous
study indicated the 10,25-DihydroxyvitaminD; (10,25(0OH),Dj3) level
was significantly higher in zebrafish larvae exposed to high Ca®" (2
mM) than in Ca** (0.02 mM) water (Lin et al., 2012; Lin and Hwang,
2016). Compared to normal freshwater (NW, [Ca*'] = 0.2 mM), the
101,25(0OH),Dj5 level was also higher in zebrafish larvae exposed to low
Ca’* NW (LCa, [Ca*'] = 0.02 mM). 10,25(0H),D5 treatment
increased the capacity of Ca®" uptake in zebrafish larvae (Lin et al,
2012). Therefore, the higher 10,25(OH),D; level in zebrafish larvae
exposed to LCa is suggested to increase Ca*" uptake from the
environment. In addition, this study showed increased 1c,25(OH)
2Djs level in zebrafish larvae exposed to LCa and acidic NW (AW).
10,25(0OH),D; treatment increases the gene expression of Na'/H"
exchanger 3b (NHE3D), a vital route for Na* uptake in ionocytes, in
zebrafish larvae (Lin et al., 2022). In addition, the Na* content was
significantly increased in zebrafish larvae treated with 10,25(0OH),Ds.
However, the 10,25(OH),D;3 level was not different between normal
freshwater (NW) and low Na* NW (LNa) ([Na'] is 0.5 and 0.05 mM
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respectively) in the present study. 10,25(OH),D3 may not be involved
in regulating Na* uptake in zebrafish larvae under low Na® stress.

In zebrafish, H"-ATPase-rich cells (HRCs) are specific subtype
ionocytes that are responsible for Na™ uptake and acid secretion, and
ECaC-expressing cells (ECCC, also termed as Na*,K*-ATPase cell,
NaRC) are the subtype ionocytes for Ca** uptake (Yan and Hwang,
2019). 10,25(0H),D; levels were upregulated in zebrafish larvae
upon acidic stress, and 10,25(OH),D; treatment increased the
capacity for acid secretion at a single HRC level and whole
embryonic skin (Lin et al., 2022). In addition, the gene expression
of acid secretion-related transporters, such as H*-ATPase and
NHE3b, was stimulated in zebrafish larvae with 10,25(0OH),D3
treatment. The present study found that 10,25(0OH),D; treatment
increased the number of HRC. The number of ionocytes that express
the mRNA of ATP6V1A, the o subunit of H"-ATPase, was also
upregulated in zebrafish larvae treated with 10,25(OH),D5. Thus, the
increased number of HRC by vitamin D treatment may contribute to
the increased mRNA expression of acid secretion-related transporters
and the acid secretion capacity of the whole embryo. In the present
study, we found 10,,25(0OH),D; levels were not regulated in zebrafish
larvae with low and normal Na® adaptation. However, the Na®
content of zebrafish larvae was upregulated. It has been suggested
that NHE3D is expressed in the HRC, and NHE3b and H'-ATPase
contribute to Na* uptake in zebrafish (Shih et al., 2012). Therefore,
the increased Na" content induced by 10,25(OH),D; treatment is
suggested by the increased number of HRC. 10,,25(0OH),D; treatment
enhances Ca>" uptake mainly by upregulating the gene expression of
ECaC in zebrafish larvae (Lin et al., 2012). ECaC is a vital cell marker
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FIGURE 5
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larvae treated with O (control) and 20 pg/L 10,25(0H),Ds. (B) The quantitative data for the cell density. Values are mean + SEM (n = 9). Student's t-test,

***p<0.001. Scale bar: 100 um.

of ECCC, and the present study indicated that the number of
ionocytes expressing ECaC mRNA and protein was predominantly
upregulated in zebrafish larvae treated with 10,25(0OH),D; compared
to the untreated group. 1¢,25(OH),D; may be able to increase Ca*t
uptake by increasing the number of ECCC.

Hormones influence the number of ionocytes in fish by modulating
ionocyte precursor differentiation and/or epidermal stem cell
proliferation (Yan and Hwang, 2019). P63 is a marker of epidermal
stem cells (Bakkers et al,, 2002; Hsiao et al., 2007). The previous study
reported that isotocin and arginine vasopressin enhanced the number of
ionocytes by increasing the proliferation of P63-positive epidermal stem
cells in zebrafish (Chou et al., 2011; Tong et al,, 2020). The present study
showed that vitamin D treatment increased the number of HRC and
ECCC in zebrafish. To elucidate the potential regulatory mechanism by
which vitamin D affects the number of ionocytes, we examined the effect
of 10,25(0OH),D; treatment on the number of P63-positive cells. The
present results revealed that the number of P63-positive cells was not
regulated in zebrafish larvae treated with 10,25(0OH),D; treatment.
Vitamin D may not be able to stimulate the proliferation of epidermal
stem cells to increase the number of HRC and ECCC in zebrafish.

Foxi3a is a helix/forkhead box transcription factor that has been
identified as a progenitor marker, and functions as a vital regulator of
ionocyte differentiation (Esaki et al., 2007; Hsiao et al., 2007; Janicke
et al, 2007). Some hormones, such as cortisol and stanniocalcin-1
(STC-1), also affect the number of ionocytes by increasing foxi3a
expression in fish (Cruz et al, 2013; Chou et al,, 2015). In the
present study, 10,25(0OH),D; treatment increased the number of

Frontiers in Marine Science

3 dpf

foxi3a-positive cells, and this stimulation was inhibited in zebrafish
with vitamin D receptor (VDR) knockdown. Foxi3b is another vital
transcription factor involved in ionocyte differentiation (Hsiao et al.,
2007). Foxi3b is regulated by Foxi3a in ionocyte progenitors (Hsiao
etal,, 2007). In terminal ionocyte differentiation, the Foxi3a and Foxi3b
network specifically determines HRC and ECCC differentiation
specifically (Hsiao et al., 2007). Therefore, the present study revealed
that vitamin D can affect foxi3a expression and thereafter regulate the
differentiation of HRC and ECCC. In mammals, vitamin D acts with
VDR and is vital for skin keratinocyte differentiation by promoting the
expression of differentiation markers (Mostafa and Hegazy, 2015). Skin
keratinocyte differentiation was reduced in VDR-knockout mice
because the expression of keratinocyte markers is defective (Xie et al.,
2002). The present study showed that 10,,25(OH),D; treatment did not
increase the number of foxi3a-positive cell in zebrafish with vitamin D
receptor (VDR) knockdown. In addition, previous studies have
identified VDR expression in HRC and ECCC (Lin et al.,, 2012; Lin
et al,, 2022). Therefore, vitamin D may be via the VDR to regulate
ionocyte differentiation. Previous studies indicated that 10,25(OH),D5
treatment increased the gene expression of Gem2, a transcription factor
specific for HRC differentiation, in zebrafish larvae (Chang et al., 2009;
Lin et al,, 2022). Gem2 regulates ionocyte maturation at a later stage of
ionocyte development than Foxi3a in zebrafish (Chang et al., 2009).
The increased gcm2 expression in zebrafish larvae treated with 10,25
(OH),D; may partially result from the upregulated foxi3a expression.

The present and previous studies revealed that vitamin D levels
and gene expression of vitamin D synthesis were increased in fish

frontiersin.org


https://doi.org/10.3389/fmars.2023.1141116
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Lin et al. 10.3389/fmars.2023.1141116
A  Control (0 pg/L) 10a,25(0H),D;(20 pg/L) 1a,25(0H),D;(20 ug/L)
+VDRa/b MO
B
14001
"
2
= 12004
c
[
T 1000
g a
£ f
2g °° :
2%
88 6001
&
) 400+
3
X 200+
e
Control  1a,25(0H),D; 1a,25(0H),D,
(0 pglL) (20 pglL) (20 pglL)
+ VDRa/b MO
FIGURE 6
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whole mount in situ hybridization showing the expression of foxi3a-expressing cell (black dots) in the yolk sac of zebrafish larvae treated with O (control)
and 20 pg/L 10,25(0H),Ds. (B) The quantitative data for the cell density. Different letters indicate a significant difference (p<0.05), as determined using
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exposed to low Ca*" and acidic water (Lin et al., 2012; Lin et al., 2022).
In mammals, vitamin D regulates epidermal cell differentiation in
fish. To our knowledge, this is the first study to show that vitamin D
positively affects ionocyte differentiation in fish. Vitamin D may act
via VDR to increase the foxi3a expression to increase ionocyte
differentiation. The present study provides new insights into how
vitamin D modulates ion regulation and acid secretion in fish under
environmental stress. This study increases our knowledge of the stress
adaptation mechanisms of fish.
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