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Maintenance of an acid-base balance is essential for normal physiological processes in vertebrates. Freshwater fishes live in an aquatic environment with variable pH, and their buffering capacity for acid-base balance in body fluids is weak. Thus, after acid exposure, fishes secrete excess acid to prevent internal acidosis. Acid-secreting ionocytes present in the adult gills and embryonic skin are primarily responsible for acid secretion, and H+-ATPase and Na+/H+ exchanger 3 (NHE3) are the two main transporters responsible for apical acid secretion. Vitamin D is a well-known hormone involved in the maintenance of Ca2+ homeostasis and is suggested to be involved in acid-base regulation by modulating the activity and/or mRNA expression of NHE3 in mammalian models. It remains unclear whether vitamin D is involved in acid secretion in fishes. The aim of the present study was to use zebrafish as a model to determine whether vitamin D and its receptors influence acid secretion. Our results indicated that the levels of 1α, 25-dihydroxyvitamin D3 (1α,25(OH)2D3), the bioactive vitamin D, were significantly increased in 3 days post-fertilization zebrafish larvae after exposure to acidic freshwater (AFW, pH 4.0). Exogenous 1α,25(OH)2D3 (20 μg/L) incubation substantially enhanced the mRNA expression of acid-secreting transporters and acid secretion at the skin of the entire body and each H+-ATPase-rich cell (HRC), a type of acid-secreting ionocyte. Furthermore, the expression of vitamin D receptors (VDRs) was identified in HRCs of zebrafish. When both VDRa and VDRb were knocked down, acid secretion and the mRNA expression of acid-secreting transporters were significantly decreased. Moreover, double knockdown of VDRa/b prevented the increase in acid secretion induced by AFW and 1α,25(OH)2D3 treatment. This study is the first to indicate that vitamin D is involved in acid secretion in fish.
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Introduction

Fish living in freshwater environments frequently experience aquatic acidification, which is caused by natural and anthropogenic ambient factors. Maintenance of an internal pH homeostasis is vital for normal physiological processes (Karet, 2002). The acid-base buffering capacity of fish body fluids is low; therefore, fish easily have internal acidosis under ambient acidity and need to excrete excess acid (Evans et al., 2005; Perry and Gilmour, 2006; Hwang et al., 2011). While the gills are responsible for approximately 90% of the acid-base movement in adult fish, this function is mainly performed by the yolk skin during early embryonic stages (Evans et al., 2005; Hwang and Perry, 2010). Acid secretion at the cellular level in fish gills/skin is primarily accomplished by the excretion of protons across the apical membrane of ionocytes (Evans et al., 2005; Hwang et al., 2011). A specific subtype of ionocytes for acid secretion has been identified in the gills and embryonic skin of teleosts (Hwang et al., 2011). In acid-secreting ionocytes, apical H+-ATPase (HA) and Na+/H+ exchanger 3 (NHE3) are the two pathways for transepithelial proton secretion (Hwang et al., 2011; Guh et al., 2015). In addition, basolateral anion exchanger 1 (AE1) transports   from ionocytes to body fluid that is also involved in proton secretion in teleosts (Lee et al., 2011; Hsu et al., 2014).

Previous studies have combined electrophysiological, gene knockdown, and pharmacological experiments to determine HA and NHE3b mediated proton secretion at the apical membrane of H+-ATPase-rich cells (HRCs), the acid-secreting ionocytes, in zebrafish (Shih et al., 2008; Shih et al., 2012). In zebrafish, HA and NHE3b in HRCs are responsible for approximately 70% and 30% of the apical proton secretion, respectively (Shih et al., 2008; Shih et al., 2012). However, NHE3 is the major route for apical proton secretion in acid-secreting ionocytes of medaka (Lin et al., 2012; Lin et al., 2021). The function of other acid secretion-related transporters in ionocytes is homologous in fishes (Hsu et al., 2014; Liu et al., 2016; Yan and Hwang, 2019). Hormonal control plays an essential role in the maintenance of the acid-base balance in fishes (Guh et al., 2015; Yan and Hwang, 2019). Some hormones such as cortisol and endothelin-1 are induced after acid exposure in fishes (Guh et al., 2014; Lin et al., 2015; Lin et al., 2021). Overexpression and pharmacological approaches suggest that increased hormone levels can regulate the capacity for acid secretion by stimulating the mRNA expression and activity of acid-secreting transporters and/or ionocyte differentiation (Cruz et al., 2013; Guh et al., 2014; Lin et al., 2015; Lin et al., 2021).

Acid exposure simultaneously causes a decrease in Ca2+ absorption and increase in Ca2+ loss rate in zebrafish (Kwong and Perry, 2014). Moreover, acid exposure increases the gene expression and secretion of cortisol, a hypercalcemic hormone, but decreases the gene expression of stanniocalcin-1, a hypocalcemic hormone, in zebrafish (Kumai et al., 2012; Lin et al., 2015; Chou et al., 2015). Decreased whole-body Ca2+ levels in zebrafish after acid exposure may be compensated by an increase in the mRNA expression level of epithelial Ca2+ channels and the density of ecac-expressing ionocytes (Kwong and Perry, 2014). Thus, the different changes in cortisol and stanniocalcin-1 levels after acid exposure may reflect a compensatory mechanism for Ca2+ homeostasis. However, incubation and overexpression experiments have indicated that cortisol and stanniocalcin-1 are not only involved in the regulation of ecac transcripts but also ha and nhe3b transcripts in zebrafish (Lin et al., 2015; Chou et al., 2015). Furthermore, cortisol can affect the acid secretion capacity at each HRC in zebrafish (Lin et al., 2015). In contrast, knockdown of hypercalcemic parathyroid hormone 1 (PTH1) decreases HRC differentiation in zebrafish (Kwong and Perry, 2015). Calciotropic hormones may have multiple effects on ion regulation in fishes.

Vitamin D is a well-known hormone for Ca2+ homeostasis in mammals and has also been reported to elevate the body-fluid Ca2+ levels in carp, cod, and zebrafish (Swarup et al., 1991; Sundell et al., 1993; Lin et al., 2012). The vitamin D precursor is initially synthesized in the skin. Through a series of reactions, it is converted to 1α, 25-dihydroxyvitamin D3 (1α,25(OH)2D3), the active form of vitamin D, by renal 1α-OHase (CYP27B1) (Holick, 2007). Previous studies have indicated that renal tissues and the liver are vital for 1α,25(OH)2D3 production (Hayes et al., 1986; du Bois et al., 1988; Takeuchi et al., 1991), and cyp27b1 has also been identified in teleosts (Cheng et al., 2006; Lin et al., 2012). Vitamin D regulates target gene expression by binding to vitamin D receptors (VDRs) (Holick, 2007). There are two forms of VDR in teleosts (Taylor et al., 2001; Howarth et al., 2008). VDRa and VDRb are two paralogous VDRs in zebrafish. For Ca2+ uptake, vitamin D bound to VDRa has been proposed to regulate the gene expression of epithelial Ca2+ channels in zebrafish (Lin et al., 2012). However, in mammalian cell lines, teleost VDRs have been found to induce transcription of the expression construct with 1α,25(OH)2D3 (Reschly et al., 2007; Howarth et al., 2008; Krasowski et al., 2011). Although the two isoforms of medaka VDRs show different responses to 1α,25(OH)2D3, they still induce the transcripts of VDR responsive element-containing expression constructs in cell lines (Howarth et al., 2008). In mammals, metabolic acids are mainly excreted by the proximal tubules of the kidneys. NHE3 plays an essential role in apical proton secretion in the proximal tubules, and its activity provides the necessary driving force for bicarbonate reabsorption (Wagner et al., 2004; Bobulescu and Moe, 2006). Mice with targeted NHE3 disruption exhibit metabolic acidosis and decreased renal absorption of Na+ and Ca2+ (Bobulescu and Moe, 2006; Pan et al., 2012). In addition, increased serum 1α,25 (OH)2D3 levels have been found in NHE3 knockout mice (Pan et al., 2012). Treatment with 1α,25 (OH)2D3 stimulates apically located sodium-hydrogen exchange (NHE) activity in renal epithelial cell lines of mammals (Binswanger et al., 1993). Vitamin D has been suggested to be involved in the regulation of the acid-base homeostasis by enhancing urinary acid excretion in mammals (Stim et al., 1994). In contrast, 1α,25(OH)2D3 treatment inhibits the NHE activity in a Caco-2 colonic carcinoma cell line (Wali et al., 1992) and the rat ileum by downregulating the mRNA levels of NHE3 (Gill et al., 2002). The divergent responses of NHE to 1α,25(OH)2D3 in tissues and cell lines suggest the involvement of different cell-specific mechanism(s) in the regulation of NHE (Gill et al., 2002). To date, the major understanding of vitamin D in the ion regulation of fishes has focused on Ca2+ absorption (Lin and Hwang, 2016). Our understanding of whether acid exposure affects vitamin D synthesis in fishes is limited. Moreover, the effects of vitamin D on acid-secreting transporters and acid secretion in fishes remain unknown.

The zebrafish is an emerging model frequently used to explore the endocrine control on ion regulation in fishes because of its advantages in molecular, cellular, bioinformatic, and in vivo electrophysiological approaches (Guh et al., 2015; Yan and Hwang, 2019). In addition, acid-secreting transporters have been well identified in HRCs, and zebrafish can survive in acidic freshwater (AFW) with a pH as low as 4 (Guh et al., 2015). Thus, the present study used zebrafish as a model to investigate the following questions: (1) Does AFW (pH 4.0) change the mRNA expression of cyp27b1 that encodes an enzyme for 1α,25(OH)2D3 synthesis and 1α,25(OH)2D3 levels in zebrafish larvae? (2) Is vitamin D involved in regulating the mRNA expression of HA, NHE3b, and AE1b, a set of acid secretion-related transporters are expressed in HRC, and acid secretion in zebrafish larvae? (3) Does VDRa and/or VDRb mediate the effects of vitamin D on the regulation of acid secretion? Elucidating these questions would enhance our knowledge regarding the role of vitamin D in the acid-base regulation in fishes.



Materials and methods


Experimental animals

Zebrafish (Danio rerio) were kept in local tap water at 28.5°C under a 14:10 h light:dark photoperiod at the Department of Marine Biotechnology, National Kaohsiung University of Science and Technology, Kaohsiung, Taiwan. The experimental protocols were approved by the Institutional Animal Care and Utilization Committee of the university (approval no. 0109-AAAP-006).



Acclimation experiments

Freshwater (FW, pH 7.0) and acidic freshwater (AFW, pH 4.0) prepared from local tap water were used to determine the effects of an acidic medium. In accordance with previous studies (Lin et al., 2015; Lin et al., 2021), the acidic medium was prepared by adding H2SO4 to the FW; the concentrations of other ions in the AFW were same as those in the FW (see Supplemental Table S1). Fertilized zebrafish eggs were transferred to either FW or AFW and then incubated until sampling at 3 days post-fertilization (dpf). The media were changed twice daily. The pH values of all experimental media were verified using a pH meter (FP20; OHAUS, Parsippany, NJ, USA), and the ion concentrations were determined using an atomic absorption spectrometer (U-2000; Hitachi, Tokyo, Japan).



Vitamin D measurement

Following the method previously described by Lin et al., 2012, the amount of whole-body 1α,25(OH)2D3, the bioactive form of vitamin D, in zebrafish larvae was measured using an ELISA kit (E0467GE; EIAlab, Wuhan, China). Three dpf zebrafish larvae with FW and AFW treatments were anesthetized with 0.03% MS-222 and then washed several times with 1X phosphate-buffered saline (PBS). Twenty larvae were pooled in one vial as a single sample. The zebrafish larvae in vials were homogenized in 500 μL of 1X PBS. Next, diethyl ether (Merck, Darmstadt, Germany) was added to the homogenates and the mixtures were vortexed for 1 min. Then, the mixtures were centrifuged at 2000 × g at 4°C for 10 min. The diethyl ether phase was collected and dried under a nitrogen flux at room temperature. Finally, the dried samples were resuspended in the standard/sample solution of the ELISA kit, and 1α,25(OH)2D3 was quantified according to the manufacturer’s instructions.



Vitamin D incubation experiment

Following the method previously described by Lin et al., 2012, 0 (control) and 20 μg/L of 1α,25(OH)2D3 (CAS No. 32222-06-3, Sigma, USA) were used for an incubation experiment. Zebrafish eggs were incubated in 1α,25(OH)2D3 media immediately after fertilization and were sampled at 3 dpf for subsequent analysis. The incubation media were changed with new 1α,25(OH)2D3 solutions daily to maintain constant levels of 1α,25(OH)2D3. During incubation, no significant mortality or abnormal behavior was observed.



RNA extraction

After anesthetization with 0.03% MS-222, 20 zebrafish larvae were collected and homogenized in 1 mL TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and then mixed with 0.2 mL chloroform and thoroughly shaken. After centrifugation at 4°C and 12,000 × g for 30 min, the supernatants were collected. The samples were then mixed with an equal volume of isopropanol. Pellets were precipitated by centrifugation at 4°C and 12,000 × g for 30 min, washed with 70% alcohol, and stored at -20°C until use.



Reverse-transcription polymerase chain reaction

Complementary DNA (cDNA) was prepared according to the manufacturer’s protocol of SuperScript Reverse Transcriptase (Invitrogen). Briefly, 5 μg of total RNA was reverse-transcribed in a final volume of 20 μL containing 0.5 mM dNTPs, 2.5 μM oligo(dT)20, 250 ng random primers, 5 mM dithiothreitol, 40 units RNase inhibitor, and 200 units reverse transcriptase (SuperScript Reverse Transcriptase, Invitrogen) for 1 h at 50°C, followed by a 70°C incubation for 15 min.



Quantitative real-time PCR

qPCR was performed using a LightCycler real-time PCR system (Roche, Penzberg, Germany) in a 10 μL mixture containing 5 μL 2X SYBR Green I Master (Roche), 300 nM of the primer pairs, and 20–30 ng cDNA. The standard curve for each gene was checked in a linear range with β-actin as an internal control. The present study followed previous studies (Chang et al., 2009; Lin et al., 2012; Lin et al., 2015) for the qPCR primer design (Supplemental Table S2). To show each gene expression at the same scale, the expression value was multiplied by different fold, 1000x for cyp27b1, 100x for ha, 5000x for nhe3b, 2000x for ae1b and 1000x for gcm2, finally.



In situ hybridization

Zebrafish vdra or vdrb fragments were obtained by PCR using a PCR primer design. The PCR fragment was inserted into pGEM-T Easy Vector (Promega, Madison, WI, USA). The inserted fragments were amplified with T7 and SP6 primers by PCR, and the products were used as templates for in vitro transcription with T7 and SP6 RNA polymerase (Roche) in the presence of digoxigenin-11-uridine triphosphate (Roche) to synthesize the probes. Three dpf zebrafish larvae were anesthetized on ice and fixed with 4% paraformaldehyde in a PBS (1.4 mM NaCl, 0.2 mM KCl, 0.1 mM Na2HPO4, and 0.002 mM KH2PO4; pH 7.4) solution at 4 °C overnight. Subsequently, we performed in situ hybridization as previously described (Lin et al., 2012).



Immunocytochemistry

After in situ hybridization, the samples were immediately subjected to immunocytochemistry. The zebrafish larvae were washed with PBS and then incubated with 3% bovine serum albumin for 2 h to block non-specific binding. The samples were then incubated overnight at 4°C with a polyclonal antibody against the α subunit of zebrafish H+-ATPase (dilution at 1:100; synthetic peptide: AEMPADSGYPAYLGARLA). After washing with PBS for 30 min, the samples were further incubated with Alexa Fluor 488 goat anti-rabbit IgG antibodies (Molecular Probes; diluted at 1:200 with PBS) for 2 h at room temperature. Images were acquired using an Axioplan 2 microscope (Zeiss, Oberkochen, Germany).



Morpholino oligonucleotide knockdown

As previously described (Lin et al., 2012), zebrafish vdra morpholino oligonucleotide (MO) (5’- AACGGCACTATTTTCCGTAAGCATC-3’), vdrb MO (5’- AACGTTCCGGTCGAACTCATCTGGC-3’), and a standard control MO (5’-CCTCTTACCTCAGTTACAATTTATA-3’) were used for the MO knockdown experiment. A 4 ng/embryo (MO) dosage was used for the injection. The MOs (4 ng/embryo) were injected into the embryos at the 1–2 cell stage using an IM-300 microinjector system (Narishige Scientific Instrument Laboratory, Tokyo, Japan). At this dose, the MO knockdown did not cause embryos either significant abnormal development or mortality. The MO-injected larvae at 3 dpf were sampled for subsequent analyses.



Scanning ion-selective electrode technique, skin surface H+ gradients, and H+ flux in ionocytes of zebrafish larvae

Scanning ion-selective electrode technique (SIET), recording of the H+ gradients at the skin surface, and H+ flux at the surface of ionocytes in zebrafish larvae were performed as previously described (Lin et al., 2006). Briefly, SIET was performed at room temperature (26–28°C) in a small plastic recording chamber filled with 1 mL of a “recording medium” that contained 300 µM 3-(N-morpholino)propanesulfonic acid buffer (Sigma) and 0.1 mg/L ethyl 3-aminobenzoate (Tricaine, pH 7.0) (Sigma), as described previously (Lin et al., 2006). To record the H+ gradients at the skin surface of a larva, a microelectrode was moved to a target position 10–20 µm from the skin. After recording the target point, the microelectrode was moved to record the background. In the present study, Δ[H+] represents the difference between the measured H+ gradients of the skin surface and background.

To record the H+ flux at the surface of the ionocytes, the microelectrode was moved to a position 2 µm above the cell surface. At every position, the voltage difference in microvolts was measured by orthogonally probing the surface at 10-µm intervals. The recording was performed in 10 replicates, and the median of the repeats was used to calculate the ion flux of the cell. To calculate the ionic flux, the voltage differences were first converted into a concentration gradient ΔC (µmol·L-1·cm-3). ΔC was subsequently converted into ionic flux using Fick’s law of diffusion in the following equation: J = D(ΔC)/ΔX, where J (pmol·cm-2·s-1) is the net flux of the ion, D is the diffusion coefficient of the ion (2.09 × 10-5 cm2/s for H+), and ΔX (cm) is the distance between the two points.



Statistical analysis

The values were 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 t-test. The significance level was set at p < 0.05.




Results


Effects of AFW on the cyp27b1 transcripts and whole-body 1α,25(OH)2D3 levels in 3 dpf zebrafish larvae

To determine the effects of AFW (pH 4.0) treatment on the mRNA expression of cyp27b1, the key enzyme in the synthesis of 1α,25(OH)2D3, and whole-body 1α,25(OH)2D3 levels in zebrafish larvae, the zebrafish fertilized eggs were exposed to FW (pH 7.0) or AFW for 3 days. Zebrafish larvae exposed to AFW exhibited significantly elevated expression of cyp27b1 and 1α,25(OH)2D3 level compared with zebrafish larvae exposed to FW (Figures 1A, B).




Figure 1 | Effects of freshwater (FW, pH 7.0) and acidic freshwater (AFW, pH 4.0) on (A) the mRNA expression of cyp27b1 and (B) whole body 1α, 25-dihydroxyvitamin D3 (1α,25(OH)2D3) level in 3 days post-fertilization (dpf) zebrafish larvae. The mRNA expression was analyzed by qPCR, and the values were normalized to β-actin. Values were expressed as the mean ± SEM (n = 6). Student’s t-test, * p < 0.05; ** p < 0.01.





Effects of exogenous 1α,25(OH)2D3 treatment on the mRNA expression of genes related to acid secretion and proton secretion in 3 dpf zebrafish larvae

The mRNA expression of cyp27b1 and whole-body 1α,25(OH)2D3 levels were significantly upregulated in zebrafish larvae in AFW (Figure 1). Therefore, we further investigated whether exogenous 1α,25(OH)2D3 (20 μg/L) treatment causes changes in the mRNA expression of transporters related to acid secretion and the proton secretion. Compared with the control, exogenous 1α,25(OH)2D3 treatment predominantly increased the mRNA expression of the acid-secreting transporters, HA, NHE3b, and anion exchanger 1b (AE1b), and proton secretion on the skin surface of 3 dpf zebrafish larvae (Figures 2A, B).




Figure 2 | Effects of exogenous 1α,25(OH)2D3 treatment on (A) the mRNA expression of transporter genes and (B) proton secretion in the skin surface of 3 dpf zebrafish larvae. The mRNA expressions were analyzed by qPCR, and the values were normalized to β-actin. Scanning ion-selective electrode technique (SIET) was used to measure the H+ activity on the skin. Values were expressed as the mean ± SEM (n = 6–12). Student’s t-test, * p < 0.05; ** p < 0.01.





Colocalization of VDR mRNA with acid-secreting ionocyte in zebrafish larvae

To further confirm the role of vitamin D in acid secretion, we examined whether the mRNA expression of vdra and/or vdrb is expressed in HRCs, the acid-secreting ionocytes, by double in situ hybridization and immunocytochemistry against VDR mRNA and H+-ATPase, respectively, in 3 dpf zebrafish larvae. As shown in Figures 3A, B, partial vdra signals were localized in the HRCs but all vdrb signals were identified in the HRCs (Figures 3C, D).




Figure 3 | In situ hybridization staining of vdra and vdrb (A, C) and immunocytochemical staining of H+-ATPase (B, D) in 3 dpf zebrafish larvae. Co-localization of vdra mRNA and H+-ATPase protein signals in the same cell is indicated by arrows. Scale bar: 20 μm.





Effects of vdra and/or vdrb knockdown on the mRNA expression of genes related to acid secretion and proton secretion in 3 dpf zebrafish larvae

Exogenous 1α,25(OH)2D3 treatment significantly increased the mRNA expression of transporters related to acid secretion and the proton secretion on the skin surface of zebrafish larvae (Figure 2). Moreover, vdra and vdrb expressions were identified in HRCs (Figure 3). Thus, we further explored the effects of VDRa and/or VDRb on acid secretion in zebrafish larvae. Fertilized zebrafish eggs were injected with vdra or/and vdrb MO, and transporter expression and proton secretion were analyzed in 3 dpf larvae. The mRNA expression of ha, nhe3b, and ae1b and proton secretion from the skin surface did not change in vdra or vdrb morphants (Figure 4A). In contrast, double vdra and vdrb (vdra/b) knockdown caused a significant decrease in mRNA expression of acid-secreting transporters as well as the proton secretion from the skin surface (Figures 4A, B).




Figure 4 | Effects of vitamin D receptor (VDR) morpholino oligonucleotides (MOs) on (A) the mRNA expression of transporters and (B) proton secretion in the skin surface of 3 dpf zebrafish larvae. The mRNA expressions were analyzed by qPCR, and the values were normalized to β-actin. SIET was used to measure the H+ activity on the skin. Different letters indicate a significant difference (p < 0.05), as determined using one-way ANOVA followed by Tukey’s multiple-comparison test. Values were expressed as the mean ± SEM (n = 6–12).





Effect of exogenous 1α,25(OH)2D3 treatment on gcm2 expression in 3 dpf zebrafish larvae with vdra/b knockdown

To determine whether vitamin D can potentially promote the differentiation of acid-secreting ionocytes, we examined the effect of exogenous 1α,25(OH)2D3 (20 μg/L) treatment on the expression of gcm2, a key transcription factor controlling the differentiation of HRCs (Chang et al., 2009). Exogenous 1α,25(OH)2D3 treatment significantly stimulated gcm2 transcripts, while the stimulation was prevented in 3 dpf zebrafish larvae with vdra/b knockdown (Figure 5).




Figure 5 | The effect of VDR MOs on gcm2 expression in 3 dpf zebrafish larvae treated with 1α,25(OH)2D3. The mRNA expression was analyzed by qPCR, and the values were normalized to β-actin. Different letters indicate a significant difference (p < 0.05), as determined using one-way ANOVA followed by Tukey’s multiple-comparison test. Values were expressed as the mean ± SEM (n = 6).





Effects of exogenous 1α,25(OH)2D3 or AFW treatment on proton secretion of acid-secreting ionocytes in 3 dpf zebrafish larvae with vdra/b knockdown

Double vdra/b knockdown impaired proton secretion from the skin surface in zebrafish larvae (Figure 4B). To establish whether vdra/b knockdown mediated the effect of vitamin D and AFW on proton secretion of HRCs, vdra/b MO were co-injected into fertilized zebrafish eggs. Knockdown of vdra/b prevented the increase in proton secretion in HRCs induced by exogenous 1α,25(OH)2D3 (20 μg/L) treatment in 3 dpf zebrafish larvae (Figure 6A). In addition, the increased proton secretion in HRCs induced by AFW treatment was also blocked in vdra/b zebrafish morphants (Figure 6B).




Figure 6 | The effect of VDR MOs on proton secretion of acid-secreting ionocytes in 3 dpf zebrafish larvae treated with (A) 1α,25(OH)2D3 and (B) AFW. SIET was used to measure H+ flux on the skin. Different letters indicate a significant difference (p < 0.05), as determined using one-way ANOVA followed by Tukey’s multiple-comparison test. Values were expressed as the mean ± SEM (n = 12).






Discussion

In the present study, the level of 1α,25(OH)2D3, the bioactive vitamin D, was increased in 3 dpf zebrafish larvae after exposure to AFW (pH 4.0). AFW exposure also elevated the mRNA expression of cyp27b1, which encodes the enzyme for 1α,25(OH)2D3 synthesis. These findings suggest that AFW treatment stimulates cyp27b1 transcription, thereby enhancing the synthesis of 1α,25(OH)2D3 in zebrafish. In zebrafish larvae, acid secretion is stimulated after 3 and 4 days of AFW treatment (Horng et al., 2009; Lin et al., 2015). In addition, AFW treatment significantly stimulates HRC differentiation and the mRNA expression of acid-secreting transporters in HRCs of zebrafish larvae (Horng et al., 2009; Chang et al., 2009; Lin et al., 2015). The increased HRC differentiation and mRNA expression of acid-secreting transporters have been suggested to contribute to increased acid secretion in zebrafish (Lin et al., 2015). In the present study, 1α,25(OH)2D3 treatment substantially stimulated the gene expression of HA, NHE3b, and AE1b, the transporters related to acid secretion in HRCs. Furthermore, it significantly enhanced the capacity of acid secretion at the skin surface and each HRC. Therefore, we conclude that increased 1α,25(OH)2D3 level contributes to the enhanced acid secretion ability of zebrafish after exposure to AFW. This is the first study to demonstrate that 1α,25(OH)2D3 treatment increases acid secretion and the mRNA expression of acid-secreting transporters in fish.

1α,25(OH)2D3 treatment elevated the acid secretion capacity at each HRC. HA and NHE3b are the major routes for apical acid secretion and responsible for approximately 70% and 30% apical acid secretion in HRCs of zebrafish, respectively (Shih et al., 2008; Shih et al., 2012). Previous results have revealed that 1α,25(OH)2D3 treatment significantly increased the mRNA expression of both ha and nhe3b, which was approximately 0.25-fold for ha expression and 1-fold for nhe3b expression. 1α,25(OH)2D3 treatment had a greater effect on nhe3b expression. However, Lin et al. (2015) reported that the mRNA expression level of ha was far greater than nhe3b—approximately 50-fold—in 3 dpf zebrafish larvae, and the present study also found a similar result. Thus, the increased ha expression by 1α,25(OH)2D3 treatment predominantly contributed to the increased acid secretion in zebrafish larvae. The mRNA expression of ae1b also increased in zebrafish larvae treated with 1α,25(OH)2D3. ae1b is expressed in the basolateral membrane of acid-secreting ionocytes in zebrafish and medaka (Lee et al., 2011; Hsu et al., 2014). Knockdown of ae1b decrease acid secretion in zebrafish, and ae1b is suggested to extrude cytosolic   out of cells to fulfill the function of epithelial acid secretion (Lee et al., 2011). Therefore, 1α,25(OH)2D3 treatment may increase the capacity for acid secretion at each HRC by enhancing the expression of apical and basolateral acid-secreting transporters in zebrafish larvae.

Acid secretion at skin surface of the entire body and at each HRC of zebrafish was elevated by 1α,25(OH)2D3 treatment. Moreover, 1α,25(OH)2D3 treatment induced the mRNA expression of acid-secreting transporters. Therefore, vitamin D may exert a genomic effect on mRNA expression and subsequently increase the capacity for acid secretion at each HRC. This is done via VDR, a ligand-activated transcription factor  (Omdahl et al., 2002). Unlike mammals, there are two paralogous VDR forms in fishes because of genome duplication (Taylor et al., 2001; Howarth et al., 2008). By immunohistochemistry with a mammalian VDR antibody, VDR signals were detected in most tissues including the gills in zebrafish (Craig et al., 2008). However, this approach could not identify the respective expressions of paralogous VDRs. To reinforce our hypothesis, we performed double in situ hybridization and immunocytochemistry to determine the mRNA expression of VDRa and/or VDRb in HRCs. The mRNA expression signals of both VDRa and VDRb were identified in HRCs. However, when we knocked down either VDRa or VDRb, the mRNA expression of acid-secreting transporters and acid secretion were not affected. In contrast, double knockdown of VDRa and VDRb significantly decreased the mRNA expression and acid secretion. Knockdown of VDRa induced VDRb expression and vice versa (Supplemental Figure S1). The single knockdown of a VDR may be compensated by the expression of the other VDR form and the actual influence of a knocked-down VDR is neutralized. The transcription activity of VDR responsive element-containing expression constructs with medaka VDRα or VDRβ and steroid receptor coactivator co-expression is significantly induced by 1α,25(OH)2D3 treatment (Howarth et al., 2008). The present study demonstrated that the mRNA expression signals of both VDRa and VDRb were localized in HRCs. However, the knockdown of both VDRa and VDRb prevented 1α,25(OH)2D3- and AFW-induced acid secretion at each HRC. Under in vivo conditions, vitamin D may affect the mRNA expression of acid-secreting transporters and acid secretion via both VDRa and VDRb in zebrafish. However, a previous study has indicated that medaka VDRα and VDRβ respond differently to 1α,25(OH)2D3 treatment (Howarth et al., 2008). Lin et al., 2012 reported that zebrafish VDRa and VDRb show an amino acid sequence similarity of ~97% in the DNA binding domain and ~92% in the ligand binding domain. A slight change in the amino acid composition may result in a difference in transactivation (Lin et al., 2012). Thus, VDRa and VDRb may contribute differently to the regulation of acid secretion.

The present study demonstrated that VDRb knockdown increased VDRa mRNA expression. Lin et al., 2012 reported that VDRa but not VDRb knockdown is involved in the regulation of Ca2+ uptake and mRNA expression of Ca2+ transporters in zebrafish larvae. vdra and vdrb are universally expressed in tissues of zebrafish and the vdra expression is more dominant than vdrb expression in most tissues (Lin et al., 2012). The present data revealed that vdrb expression signals were present in HRCs. vdrb may not be expressed in Na+/K+-ATPase-rich cells, the subtype of ionocytes for Ca2+ absorption in zebrafish. Knockdown of vdrb caused increased vdra expression in most tissues but may not influence the vdra expression in Ca2+ absorption-related cells in zebrafish. Therefore, increased vdra mRNA expression following vdrb knockdown did not affect Ca2+ uptake. However, further evidence is required to support this hypothesis. Our results revealed that VDRa and VDRb are involved in acid regulation. Lin et al., 2012 reported that only VDRa is involved in Ca2+ absorption in zebrafish. VDRa and VDRb may have divergent roles in ion regulation in fishes. This is consistent with a previous study that reported that approximately 20%–50% of paralogous genes from gene duplication are conserved as one of the duplicates acquires a new function or subfunction (Lynch and Force, 2000).

Hormones can modulate the capacity for acid secretion through genomic and/or cytogenic pathways in fish (Guh et al., 2015; Yan and Hwang, 2019). For example, cortisol has been suggested to increase acid secretion at HRCs by stimulating the mRNA expression of acid-secreting transporters (Lin et al., 2015). Additionally, cortisol enhances ionocyte differentiation and elevates the systemic capacity for acid secretion (Cruz et al., 2013). Vitamin D and VDR have been shown to regulate the gene expression related to cellular differentiation (Gil et al., 2018). In the present study, treatment with 1α,25(OH)2D3 considerably stimulated the gcm2 expression, but knockdown of VDRs prevented this increase. gcm2 is a transcription factor specifically expressed in HRCs but not in Na+/K+-ATPase-rich cells or other ionocytes of zebrafish and is essential for the differentiation and functional regulation of HRCs (Chang et al., 2009). In addition, our preliminary result showed exogenous 1α,25(OH)2D3 treatment significantly increased HRCs density in 3 dpf zebrafish larvae (Supplemental Figure S2). Thus, vitamin D may increase the gcm2 expression and promote HRC differentiation in zebrafish. A previous study indicated that PTH1 knockdown reduces the gcm2 expression and the number of HRCs; however, when gcm2 is overexpressed in zebrafish after PTH1 knockdown, the decreased number of HRCs is recovered (Kwong and Perry, 2015). In mammals, parathyroid hormone is a major stimulator of vitamin D synthesis (Khundmiri et al., 2016). Therefore, PTH1 may increase vitamin D synthesis in zebrafish, and then, the increased vitamin D levels may enhance ionocyte differentiation. However, further studies are required to determine the role of vitamin D in ionocyte differentiation.

In summary, the present study reported that the synthesis and secretion levels of 1α,25(OH)2D3 were induced in zebrafish after AFW exposure, and the increased 1α,25(OH)2D3 levels may increase the expression of acid-secreting transporters in HRCs via VDRa and VDRb. This results in an increase in the acid secretion capacity of zebrafish larvae to prevent acidosis of body fluids. The present study is the first attempt to demonstrate a relationship between vitamin D and the acid-base balance in fish. This study extends our understanding of the role of vitamin D in ion regulation of fishes.
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