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Abstract—The data on gill ionocyte functions and the effects of hormones on the ion exchange in fish are
summarized. The ionocytes found in freshwater zebrafish, HR (H"-ATPase-rich), NaR (Na*/K*-ATPase-
rich), NCCC (Na"-Cl~-cotransporters expressing cells), SLC26C (solute transporter 26 expressing cells),
and KE (K*-excreting cells), are described. Information on the functions of each type of ionocyte, as well as
the characteristic ion transporters, are given. The current data on hormones that positively and negatively
affect Ca?*, Na™, CI-, H", and N HX transport through the gills are presented. Unresolved issues of hormonal
regulation of the ion exchange in fish are listed, and further research directions are outlined.
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INTRODUCTION

In the course of evolution, vertebrates have devel-
oped complex mechanisms of ion and osmotic regula-
tion that are necessary for maintenance of the water
and salt exchange. In fish, ion- and osmoregulation is
carried out by gills, kidneys, and intestines. The gills
are considered the main osmoregulatory organs of
adult fish: they make direct contact with the external
environment and provide most of the transepithelial
ion exchange (Evans et al., 2005; Takei et al., 2014;
Guh et al., 2015; Yan and Hwang, 2019). In embryos
and larvae of teleost fishes, which have undeveloped
gills, the ion exchange function is implemented by the
skin epithelium and yolk sac epithelium (Hiroi and
McCormick, 2012).

Ion exchange is carried out by specialized cells,
ionocytes. lonocytes were first found in the gills of the
European eel (Anguilla anguilla) and were called
“chloride-secreting cells,” which reflects their func-
tion (Keys and Willmer, 1932). Later, these cells in
many other teleost fishes were first called chloride
cells and, even later, mitochondria-rich cells (MRCs).
In modern literature, the term “ionocytes” is used. It
is preferable, since these cells are involved not only in
the secretion of Cl~ but also in other processes. They
are necessary for the ion absorption by freshwater fish,
for regulation of the acid-base balance, and for the
excretion of ammonium (Hiroi and McCormick, 2012).

Most fish species are stenohaline, i.e., they live
either in fresh or sea water and cannot tolerate signifi-
cant changes in environmental salinity. The remaining
fish (it is believed that about 5% of the species) are
euryhaline; they possess physiological mechanisms

that allow them to adapt to a wide salinity range and
changes in the aquatic environment (McCormick,
2001; Evans et al., 2005).

In marine, freshwater, and euryhaline fish, the reg-
ulation of the ion exchange is significantly different,
since these fish are faced with different ion composi-
tions and concentrations in the aquatic environment.

In particular, fish in fresh water passively absorb
water and lose salt ions. In order to counteract this,
they must actively absorb ions (mainly Na* and CI)
by the epithelial ionocytes in the gills, which are
equipped to do so with a set of transporter proteins
(ion channels). Ion transport is facilitated by an elec-
trical gradient created by Na*/K*-ATPase (NKA)
located on the basolateral membrane of ionocytes
(Marshall and Grosell, 2006; Shaughnessy and
McCormick, 2018).

In sea water, fish lose water and are “loaded” with
salt ions that enter the body along the concentration
gradient. In order to counteract this process, ionocytes
of the gill epithelium of marine fish and euryhaline
fish trapped in a marine environment (e.g., during
catadromous migration) must actively excrete ions.
The excretion of Cl~ occurs via transcellular transport,
i.e., chloride ions pass through the gill ionocytes. In
this process, they first enter the ionocytes from the
blood through the basolateral Na*-K*-2Cl~-cotrans-
porter (NKCC) and are then taken out through the
apical canal of cystic fibrosis transmembrane conduc-
tance regulator (CFTR). Na®* is excreted along the
electrical gradient set by chloride ions via paracellular
transport, i.e., through intercellular “leaky” tight
junctions of the branchial epithelium (McCormick,
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2001; Evans et al., 2005; Takei et al., 2014; Shaugh-
nessy and McCormick, 2018). The excretion of these
ions into the sea water is also highly dependent on
NKA activity.

The ion exchange in marine fish was studied in
detail earlier than that in freshwater fish, which is
apparently explained by the fact that the mechanisms
of ion transport in fresh water are more diverse and are
carried out with the participation of a larger number of
different types of cells. The high diversity of ionocytes
in freshwater fish may be associated with a higher vari-
ability in the composition of the freshwater environ-
ment as compared to the marine environment (Mar-
shall, 2002; Wilson and Laurent, 2002; Takei et al.,
2014). In addition, it is assumed that the ancestors of
fish were marine protovertebrates, which then repeat-
edly colonized fresh and brackish water bodies (Smith,
1932; Marshall, 2002; Evans et al., 2005; Ditrich,
2007; Dymowska et al., 2012). When new, fresh water-
bodies form as a result of a geological event, new adap-
tations to this habitat can arise in fish. For example,
the three-spined stickleback (Gasferosteus aculeatus)
has certain features that allow this species to evolve
towards freshwater forms. In sticklebacks, this evolu-
tion can take several generations, and these processes
have occurred repeatedly throughout the geological
history of freshwater lakes (Marshall and Grosell,
2006). Low concentrations of sodium chloride and
calcium chloride in some freshwater bodies may acti-
vate completely different sets of ion transporters that
are not typical of marine and brackish water; this also
increases the diversity of ion transport mechanisms.
For these reasons, it is clear that a single model of ion
transport operation cannot explain ion regulation in
all freshwater fish (Marshall and Grosell, 2006).

The osmoregulatory mechanisms are most flexible
in euryhaline fish, in particular, diadromous (migra-
tory) fish species, which experience extreme changes
in the salinity of the environment during their life
cycle. The survival of these fish when they move
between fresh and sea waters depends on the timely
switching of the gill epithelium ionocytes functioning,
in which the absorption of ions is replaced by the
excretion of salt or vice versa (McCormick, 2012;
Takei et al., 2014; Shaughnessy and McCormick,
2018).

Euryhaline fish species are often used in the study
of osmoregulation. This is especially true for two
groups of migratory fish, anadromous salmonids and
catadromous eels. These fish are characterized by
large differences in the mechanisms of ion exchange,
especially in its hormonal regulation (Takei et al.,
2014). Other model species in this area of research
include such euryhaline fish as tilapias (Oreochromis
mossambicus, Oreochromis niloticus), mummichog
(Fundulus heteroclitus), olive flounder (Paralichthys
olivaceus), European seabass (Dicentrarchus labrax),
medaka (Oryzias latipes), and milkfish (Chanos chanos).
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This review mainly summarizes the information on
ionocytes and their hormonal regulation in freshwater
zebrafish (Danio rerio). In addition, some data are
given on osmoregulation in euryhaline fish, medaka
(Oryzias latipes), rainbow trout (Oncorhynchus
mykiss), and some others. The ion transporter proteins
and ion exchange mechanisms in zebrafish have been
studied in greater detail than those in other stenoha-
line freshwater species. This is due, in particular, to the
fact that the zebrafish is a classic model species. Its
genome has been sequenced, and the signaling path-
ways of ionocyte proliferation, differentiation, and
maturation have been studied most fully (Esaki et al.,
2007, 2009; Guh and Hwang, 2017).

TYPES AND FUNCTIONS OF IONOCYTES
IN ZEBRAFISH AND MEDAKA

Several types of ionocytes have been found in
freshwater zebrafish and medaka (Dymowska et al.,
2012; Guh and Hwang, 2017; Yan and Hwang, 2019).

At least five types of ionocytes were identified in
the gills and skin of zebrafish: (1) H"-ATPase rich cells
(HR), (2) Na*/K*"-ATPase rich cells (NaR), (3) Na*-
Cl~-cotransporter expressing cells (NCCC), (4) solute
transporter 26 expressing cells (SLC26C), and (5) K*-
excreting cells (KE) (Guh and Hwang, 2017; Yan and
Hwang, 2019). Table 1 presents the functions of
zebrafish ionocytes and the localization of ion trans-
porters in the cells.

The role of the NBCel transporter (HCO; trans-
porter) in the regulation of the acid-base balance is
unknown. No transporters other than SLC26 and
NKA have been identified in SLC26C. In addition,
there is no information on any transporters other than
Kirl.1 in KE cells, and the physiological significance
of K* excretion is also unknown (Guh and Hwang,
2017).

Euryhaline medaka living in fresh water has the fol-
lowing ionocytes: (1) Na*/H"-exchanger cells
(NHEC), (2) epithelial Ca?* channel expressing cells
(ECaC-expressing cells, ECaCC), (3) NCCC, and (4)

HR cells. NHEC allow the excretion of H*, NH4+, and
K™, as well as the uptake of Na*. The ECaCC iono-
cytes are responsible for Ca?* uptake, and the NCCC
are ionocytes for Na* and CI~ uptake. The function of

HR ionocytes in freshwater medaka has not been yet
established (Yan and Hwang, 2019).

Ionocytes of the seawater (SW) type and accessory
cells (ACs) were found in medaka acclimated to sea
water. This set of ionocytes is characteristic of fish
inhabiting marine environment. In medaka, they
function in a manner typical of marine fish. Thus, SW

ionocytes excrete H, NHj, K™, Na™, and CI~. Na* is
excreted via paracellular transport, through the inter-
cellular space between ionocytes and ACs. The func-
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Table 1. Characteristics of ionocytes and ion transporters in freshwater zebrafish
Tonocyte| lon tra.n P .0 rier lon transporters Ionocyte functions Reference
type localization
HR Apically H*-ATPase (HA) Absorption of Nat | Lin et al., 2006, 2008;
_ Horng et al., 2007;
+ gt _ > >
Na*/H*-exchanger 3b (NHE3b) and HCO;, excre Yan et al., 2007:
s + + . .
Transporter NH rhesus-glycoprotein tion H" and NH, Shlh et al., 2008, 2012, 2013;
Liao et al., 2009;
(Rhegl)
Lee et al., 2011
Basolaterally Cl~/HCOj; -exchanger, or anion
exchanger 1b (AE1b)
Na*/K*-ATPase (atplala.5)
Apically Carbonic anhydrase CAl5a
Cytosol Carbonic anhydrase CA2-like a
NaR Apically Epithelial Ca?* channel (ECaC) Absorption Ca?* Pan et al., 2005;
o - Liao et al., 2009
Basolaterally | Ca2*-ATPase 2 of plasmatic mem-
brane (PMCA2)
Na't/Ca?*-exchanger 1b (NCX1b)
NKA (atplala.l)
NCCC | Apically Nat-Cl~-cotransporter 2b (NCC2b), |Absorption Nat and |Liao etal., 2009;
same NCC-like 2 and SLCI2A10.2 Cl- Wang et al., 2009, 2015;
Lee et al., 2011
Basolaterally | Cl~ channel 2¢ (CLC2c)
Na*-HCOj -cotransporter 1b
(NBCelb)
NKA (atplala.2)
SLC26C | Apically Transporters of the dissolved sub- Excretion of HCO; Bayaa et al., 2009;
stances 26 SLC26A3 and SLC26A4 . _| Perry et al., 2009
and absorption of Cl
Basolaterally NKA (atplala.l)
KE Apically K* channel (Kirl.1) Excretion of K* Abbas et al., 2011

tion of ACs has not yet been fully described (Yan and
Hwang, 2019).

It is believed that gill ionocytes in fish (as well as
ionocytes in the skin of fish embryos) and renal tubule
cells in mammals are very similar in terms of the
mechanisms of ion transport and the structure of
transport proteins (Yan and Hwang, 2019). For exam-
ple, HR of zebrafish and NHEC of medaka are similar
to proximal renal tubule cells and intercalated o-cells
of the mammalian collecting duct, since they also

carry out Na* uptake and H" and NH; excretion. In
addition, NCCC of both species are similar to mam-
malian distal convoluted tubule cells, since they also
uptake Na* and Cl7; lastly, NaR cells of zebrafish and
ECaC-expressing cells of medaka are similar to mam-
malian kidney cells in their ability to absorb (or reab-
sorb) Ca?".
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Therefore, the ionocytes of zebrafish and medaka
have been studied in sufficient detail. Although not all
of their functions have been revealed at present, we
argue that these fish species are successfully used in
the study of epithelial ion transport and its regulation.

CHARACTERISTICS OF IONOCYTES
OF ZEBRAFISH

Tonocytes Rich in H"-ATPase

HR ionocytes possess apically localized H'-
ATPase. They were first identified in the skin of
embryos and gills of adult fish, as the cells most
actively excreting acid (more precisely, acid equiva-
lents, i.e., protons) (Lin et al., 2006; Horng et al.,
2007; Hwang and Chou, 2013). NHE3b and Rhcgl

(NHI transporter) are also colocalized on the apical
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membrane of these ionocytes. The AE1b and ol sub-
units of the NKA (atplala.5) are located basolaterally.
Two carbonic anhydrases were also identified in these
cells: membrane-bound apical carbonic anhydrase
CAl5a and cytosolic CA2-like carbonic anhydrase a
(Esaki et al., 2007; Yan et al., 2007; Lin et al., 2008;
Shih et al., 2008; Liao et al., 2009; Lee et al., 2011;
Hwang and Chou, 2013).

HR ionocytes of zebrafish are similar to the cells of
proximal renal tubules and intercalated kidney cells
(type A) in terms of the mechanisms of the transport
and expression of transporter proteins (Hwang and
Chou, 2013). Thus, skin cells of zebrafish embryos can
serve as a useful, alternative model for the study of ion
transport in the kidneys of other vertebrates, including
humans (Hwang and Chou, 2013).

The excretion of H* through the apical membrane
of HR cells in zebrafish is provided by two transport-
ers, HA and NHE3b. It was proven experimentally
that HA plays a more important role in the excretion
of acid equivalents than NHE3b (Shih et al., 2012;
Hwang and Chou, 2013).

Unlike mammals, which excrete urea as the main
by-product of nitrogen metabolism, teleost fish are
mainly ammoniotelic, i.e., they excrete nitrogen
mainly as ammonium. Because teleost fish are able to

excrete NH4+ directly to the surrounding water, they do

not need to expend energy converting NH; to less
toxic urea. It is possible that the fish gills do not

excrete NHI ions but NH; gas, which is assumed in

studies on the binding of acid equivalents in NHj. At
the same time, acidification of the water layer adjacent

to the gills facilitates NH, excretion (Wright et al.,
1989). It was also shown that the combined work of
NHE3 and Rhcgl not only mediates the binding of

acid equivalents in the composition of excreted NHI;

it is also necessary for Na* uptake by ionocytes (Wu
et al., 2010; Hwang and Chou, 2013).

The uptake of Na* and HCO; by HR ionocytes
requires the presence of carbonic anhydrases and
other basolateral transporters, which makes them sim-
ilar to the cells of the proximal tubules and collecting
ducts in mammalian kidneys (Hwang and Chou,
2013).

Tonocytes Rich in Na*/K*-ATPase

The difference between NaR ionocytes and HR
ionocytes was first demonstrated via the labeling of the
skin of zebrafish embryos with monoclonal antibodies
to the NKA o subunit (Liao et al., 2007; Hwang and
Chou, 2013). The ECaC channels are located apically
on the membrane of these ionocytes, while PMCA,
NCX, and NKA (isoform atplala.l) are located baso-
laterally (Hwang and Chou, 2013).
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Six PMCA isoforms and seven NCX isoforms have
been identified in zebrafish. Of them, only PMCA2
and NCXI1b are colocalized in NaR cells (Liao et al.,
2007). In addition, only atp lala. 1 is expressed in NaR
cells of the six genes of a1 subunit of NKA (Liao et al.,
2009). The set of Ca®>" transporters in zebrafish NaR
cells is similar to that in Ca?*-absorbing cells of the
kidneys and intestines of mammals (Hoenderop et al.,
2005). In mammals, the calcium uptake across apical
membranes is closely related to TRPV5/6 (orthologs
of zebrafish ECaC), NCXI, and PMCAIlb. Ca**
transport through the TRPV6 transporter is a rate-
limiting step in vitamin D-dependent Ca?" uptake
(Hoenderop et al., 2005; Hwang and Chou, 2013).

The acclimation of zebrafish to an environment
with a low Ca?" content, which is known to stimulate
Ca?* uptake (Pan et al., 2005), also increases the
expression of ecac mRNA (Liao et al., 2007). In addi-
tion, the expression of ecac, but not pmcaZ2 and ncx1b,
depends on the effects of hormones, e.g., stanniocal-
cin (Tseng et al., 2009), cortisol (Lin et al., 2011), and
vitamin D (Lin et al., 2012). In general, the literature
data show that the regulation of transepithelial Ca?*
uptake due to the effect on ECaC exhibits conservative
properties in the phylogenetic range from fish to
mammals (Hwang and Chou, 2013).

Ionocytes Expressing Na*-Cl~ Cotransporters

It was found that the cotransporter NCC2b (same
NCC-like 2 or SLC12A10.2) is localized in zebrafish
on the apical membrane in a separate group of iono-
cytes, which differ from the previously identified HR
and NaR cells. These ionocytes were found to be anal-
ogous to cells of the distal convoluted tubules of mam-
malian kidneys, which also express Na*-Cl~ cotrans-
porters and are involved in the uptake of Na* and CI~
(Wang et al., 2009; Hwang and Chou, 2013).

The Na* uptake in zebrafish occurs mainly due to
the work of the NHE3Db transporter (in HR ionocytes),
and NCC apparently plays a minimal or auxiliary role
in this process (Esaki et al., 2009; Hwang and Chou,
2013). The functional redundancy associated with the
participation of two transporters in Na* metabolism,
NHE3 and NCC, seems to have been conserved from
zebrafish to mammals. In the proximal tubules of the
mammalian kidneys, massive Na* reabsorption is car-
ried out by the NHE3 transporter, while fine regula-
tion of Na* reabsorption is achieved by other, redun-
dant mechanisms, in particular, via NCC in the distal
convoluted tubules (Hwang and Chou, 2013).

The NKA (atplala.2) and NBCelb ion transport-
ers are located basolaterally in the NCCC ionocytes of
zebrafish (Liao et al., 2009; Lee et al., 2011). The api-
cal NCC transporter transports Na* from the environ-
ment into cells, and the basolateral NBCelb and NKA
(atplala.2) can direct intracellular Na™* ions from epi-
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thelial cells into the bloodstream; however, there is
insufficient molecular physiological evidence in the
literature for such work by transporters (Hwang and
Chou, 2013).

Twelve genes of the chloride channels of the clc
family (Cl~ channel) are also expressed in zebrafish.
Of these, only the clc-2c gene is coexpressed with the
nce2b gene (ncc2b expression is a marker of NCCC
ionocytes) in the gills and skin of the zebrafish. Appar-
ently, the CLC-2c channel is required for the move-
ment of Cl~ from ionocytes into the blood (Wang
et al., 2015).

lonocytes Expressing SLC26 Transporters

In mammalian collecting ducts, intercalated B-type
cells coexpress apical pendrin (SLC26A4) and baso-
lateral HA. They play a major role in the excretion of

HCO;, which is necessary to maintain acid-base
homeostasis (Wagner et al., 2011). In zebrafish, three
members of the SLC26 family have been identified:
SLC26A3, SLC26A4, and SLC26A6C (Bayaa et al.,
2009; Perry et al., 2009). The mRNA encoding these
proteins, as well as the SLC26A3 protein itself, is
expressed in certain types of cells in the gills of
embryos and adults, while a small fraction (less than
10%) of cells expressing SLC26A3 also coexpresses
basolateral NKA (atplala.l) (Bayaa et al., 2009;
Perry et al., 2009; Hwang and Chou, 2013).

Tonocytes Excreting K*

The expression of o1 subunits of the NKA subtype
atplala.4 was observed in a group of zebrafish iono-
cytes, which differ from HR, NaR, and NCCC iono-
cytes (Liao et al., 2009). It turned out that mRNA of
the transporter, which is orthologous to the human
Kirl.1 channel, is colocalized in the skin ionocytes of
zebrafish embryos, together with atplala.4 (Abbas
et al., 2011). Kirl.1 is the K* channel, an ortholog of
the ROMK channel (renal outer medullary K* chan-
nel) of mammals (Abbas et al., 2011). Loss of Kirl.1
function has been shown to lead to transient tachycar-
dia, followed by bradycardia (Abbas et al., 2011) which
are the effects seen in human hyperkalemia (Kahloon
et al., 2005).

Although the presence of potassium currents in
these cells has not been proven, ionocytes expressing
Kirl.1 are called K*-secreting cells (Abbas et al., 2011;
Hwang and Chou, 2013). In our opinion, it would be
more appropriate to call these cells K™-excreting,
since the concept of “secretion” is associated mainly
with the glands of internal and external secretion. In
non-Russian scientific publications, the term “secre-
tion” is often used to denote the transport of ions from
the body, and they speak of excretion only in the case
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of the release of any metabolic products, e.g., in the

case of NH;r ions release (Hwang and Chou, 2013).

ROLE OF HORMONES IN THE REGULATION
OF ION EXCHANGE IN FISH

Environmental changes rapidly affect the ionic
composition and osmotic pressure of body fluids in
fish. Thus, they must quickly and efficiently regulate
transepithelial ion transport in order to compensate
for these effects. Since the neuroendocrine system is
the main mediator between environmental signals and
physiological responses, it is the most important part
of the osmoregulatory mechanisms (Guh et al., 2015).

Two groups of processes can be distinguished in the
hormonal regulation of ion exchange: (1) fast adjust-
ment, which occurs within minutes or hours due to
already existing ionocytes and transporter proteins,
and (2) long-term regulation, which is carried out
within hours or days due to changes in the ionocyte
number and the expression of transporters (Hwang
and Chou, 2013). The processes of rapid regulation
mainly involve hormones that act through receptors of
plasma membranes (e.g., adrenaline), while the role of
hormones exerting effects on transcription in the cell
nucleus (e.g., steroid hormones) is more pronounced
in long-term regulation.

The classical mechanism of action of some hor-
mones is to influence the genetic apparatus of the cell,
but nonclassical, nongenomic mechanisms of regula-
tion have also been shown for these hormones. In the
middle of the 20th century, it was found that steroids
can have rapid, nongenomic effects (Duval et al.,
1983); however, their detailed study began only in
recent decades, including in fish (Das et al., 2018).

Table 2 lists the hormones and other signaling mol-
ecules that regulate ion exchange in zebrafish.

Hormonal Regulation of Ca’* Uptake

The following hormones are known to be involved
in regulation of the calcium metabolism in zebrafish:
prolactin, somatotropin (growth hormone), parathy-
roid hormone, parathyroid hormone-related protein,
cortisol, vitamin D, calcitonin, and stanniocalcin
(Hoshijima and Hirose, 2007; Tseng et al., 2009;
Lafont et al., 2011; Lin et al., 2011, 2012).

Some of these hormones can have a positive effect
on the level of Ca?" (i.e., they are hypercalcemic, or
calciotropic hormones). Others have a negative effect
(hypocalcemic hormones).

Hypercalcemic hormones include prolactin,
growth hormone, PTHI1, PTHrP, and cortisol.
Depending on its molecular form, vitamin D can
exhibit both hypercalcemic and opposite effects in fish
(Fraser, 2017).
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Table 2. Hormones and other signaling molecules that regulate the metabolism of certain ions in zebrafish

Ions Hormones increasing the ion level in the blood Hormones decreasing the ion level in the blood
Ca?t Parathyroid hormone (PTH1) Calcitonin (CT)
Parathyroid hormone related protein (PTHrP) Stanniocalcin (STC-1)
Cortisol Vitamin D (24,25(0OH),D5)
Vitamin D (1,25(OH),D5)
Prolactin
Somatotropin
Hydrogen sulfide
Na* Cortisol Hydrogen sulfide
Prolactin
Renin-angiotensin system (RAS)
Catecholamines
Cl- Prolactin STC-1
Calcitonin gene-related peptide (CGRP)
H Cortisol
Endothelin 1
B Estrogen receptor-related receptor oo (ERR)
STC-1

It is well known that prolactin is required for accli-
mation to fresh water in euryhaline fish, while growth
hormone is required for acclimation to sea water
(Manzon, 2002; Evans et al., 2005; Hwang and Chou,
2013). In a classical study, the hypophysectomized
mummihog (Fundulus heteroclitus) could survive in
fresh water only if it received exogenous prolactin
(Pickford and Phillips, 1959). Subsequent studies
revealed that the survival of fish in this case was asso-
ciated with a decrease in the loss of ions, not with
stimulation of their absorption (Potts and Evans,
1966). It was shown later that prolactin injections
restored blood plasma osmolality in hypophysecto-
mized channel catfish (Ictalurus punctatus) in fresh
water (Evans et al., 2005).

The hypercalcemic effect of prolactin is closely
related to its osmoregulatory effect. In euryhaline tele-
osts, the transfer from sea water to fresh water leads to
a significant increase in the level of prolactin in the
blood plasma, which is necessary to limit the loss of
Na™ (Arakawa et al., 1993). At the same time, prolac-
tin enhances the absorption of Ca2* ions from the sur-
rounding fresh water, in which the content of these
ions is lower than that in sea water. However, if there is
no salt load present, then a change in Ca?* concentra-
tion in the environment is apparently a less effective
stimulator of prolactin secretion in fish that have
adapted either only to fresh water or only to sea water
(Arakawa et al., 1993; Wongdee and Charoen-
phandhu, 2013).

In the freshwater-acclimated American eel
(Anguilla rostrata), the injection of ovine prolactin sig-
nificantly increased the plasma Ca?* concentration by
increasing PMCA activity in gill epithelial cells, as
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does hyperprolactinemia caused by pituitary trans-
plantation (Flik et al., 1989a). In Mozambique tilapia
males (Oreochromis mossambicus), 8 days of prolactin
injections increased the Ca?* influx into the gills and
decreased the outflow of these ions, which led to
hypercalcemia (Wongdee and Charoenphandhu, 2013).

The acclimation of zebrafish embryos to fresh
water diluted 20 times (0.8 uM Ca?") stimulated the
transcription of genes encoding prolactin, somatotro-
pin, and PTH1. When 16 uM CacCl, was added to
water, the transcription of these genes returned to the
initial level (Hoshijima and Hirose, 2007). However,
more detailed information on the role of prolactin and
somatotropin in ion homeostasis in stenohaline
zebrafish is absent (Hwang and Chou, 2013).

There are few studies on the effect of somatotropic
hormone on calcium metabolism in fish. It was shown
that the calcium level in scales and bones was slightly,
but significantly, lower in control fish than in the indi-
viduals of Mozambique tilapia (Oreochromis mossam-
bicus), which were injected with somatotropin (Flik
et al., 1993). In rainbow trout (Oncorhynchus mykiss)
treated with growth hormone, the Ca?* concentration
in the plasma was higher than that in the control group
(Zhu et al., 2013). Therefore, somatotropin presum-
ably has a hypercalcemic effect, although this effect
has been studied in a very limited number of fish spe-
cies (Hwang and Chou, 2013).

Parathyroid hormone (PTH) is expressed in the
parathyroid glands of higher vertebrates. In mammals,
parathyroid hormone functions as a hypercalcemic
hormone that can stimulate Ca?" reabsorption by the
kidneys, affecting the expression of the Ca2* trans-
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porter (Hoenderop et al., 2005; van Abel et al., 2005;
Guh et al., 2015).

It is assumed that the parathyroid glands of mam-
mals are evolutionarily derived from the gill tissue of
fish (Okabe and Graham, 2004). The evolution of the
parathyroid glands eliminated the need for terrestrial
vertebrates to absorb Ca?* from water; this allowed
them to regulate Ca?" levels in serum through the
CaSR—PTH (CaSR is calcium-sensing receptor) sig-
naling pathway. Therefore, the parathyroid glands
may be a mechanism that makes it possible for verte-
brates to exist in the terrestrial environment (Okabe
and Graham, 2004; Lin et al., 2014).

Fish, apparently, do not have parathyroid glands;
however, two Pth paralogs, Pthl and Pth2, have been
identified (Gensure et al., 2004). The expression of
Pth genes has been recorded in several tissues of the
zebrafish, including gills, muscles, and brain (Okabe
and Graham, 2004; Lin et al., 2014). The Ca?* level in
the blood serum of goldfish (Carassius auratus)
increased after the injection of heterologous PTHI1
(Suzuki et al., 2011). The same effect was observed in
zebrafish (Lin et al., 2014; Guh et al., 2015; Guh and
Hwang, 2017).

In addition to PTH, a number of fish have been
found to have another member of the PTH family: the
parathyroid hormone-related protein (PTHrP). It is
believed that PTHrP plays a key role in the evolution
of animals due to the role of this protein in the forma-
tion of pulmonary alveoli, which are necessary for ter-
restrial vertebrates to breathe in the air (Abbink and
Flik, 2007; Torday, 2013). PTHrP is produced in many
tissues and exerts a wide range of intracellular, para-
crine, and endocrine physiological actions. The key
role of PTHrP for normal life was demonstrated in
mice with knockout of the Pthrp gene (or its receptor),
which led to the death of animals at birth due to the
absence of alveoli (Guerreiro et al., 2007; Torday, 2013).

PTHrP is a pleiotropic hormone that has also
hypercalcemic effects. The action of the N-terminal
peptide (1-38)PTHrP led to a dose-dependent
increase in Ca?* accumulation in the larvae of gilt-
head bream (Sparus aurata) (Guerreiro et al., 2007,
Guh and Hwang, 2017). PTHrP was discovered in
humans in 1987 in connection with several forms of
cancer that caused an increase in the Ca®" level in the
blood. This condition is called humoral hypercalce-
mia of malignancy (HHM) (Abbink and Flik, 2007).
Hypercalcemia resulting from uncontrolled secretion
of PHTYP is a consequence of bone resorption and the
suppression of urinary Ca?* excretion, which is also
observed in hyperparathyroidism (Guerreiro et al.,
2007).

Cortisol is another hormone that influences Ca**
metabolism. In contrast to mammals, in which corti-
sol has a hypocalcemic effect (Patschan et al., 2001),
this hormone acts as a stimulator of CaZ" uptake in
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fish. Water with a low Ca?" content can cause an
increase in cortisol levels in freshwater rainbow trout
(Oncorhynchus mykiss gairdneri) (Flik and Perry,
1989). In the same fish species, exposure to exogenous
cortisol leads to activation of the expression of mRNA
and ECaC protein in the gills (Shahsavarani and
Perry, 2006).

In zebrafish embryos, exogenous cortisol increased
Ca?* uptake and ecac expression but did not affect the
mRNA expression of Ca’?* transporters, e.g., pmca2
and ncx1b (Lin et al., 2011; Hwang and Chou, 2013).
At the same time, an increase in ecac expression and
Ca?* uptake can be blocked by morpholine knockout
of GR (glucocorticoid) receptors but not MR (miner-
alocorticoid) receptors, which is convincing evidence
that the effect of cortisol on the work of ionocytes is
carried out mainly through the signaling pathway of GR
receptors (Lin et al., 2011; Hwang and Chou, 2013).

Since teleost fish lack aldosterone synthase, which
is necessary for the synthesis of aldosterone, cortisol is
the main corticosteroid in this group (Nelson, 2003).
Cortisol can bind to both GR and MR, albeit with dif-
ferent affinities, with each of the signaling pathways
having different effects on the transcription of genes
encoding ion transporters in the gills (Kiilerich et al.,
2007). The difference in the effect of cortisol on Ca?*
metabolism in terrestrial mammals and in fish may be
related to the difference in the pathways of Ca?* uptake
in these groups of animals (Hwang and Chou, 2013).

In addition, the cortisol-GR signaling pathway is
found to regulate the expression of the receptor and
enzyme for vitamin D synthesis (Lin et al., 2011),
which suggests that the effect of cortisol on Ca?*
uptake may be mediated by other factors (Guh and
Hwang, 2017).

Vitamin D is a vital hormone that regulates Ca?*
uptake in mammals. Complexes of vitamin Ds; and
vitamin D receptor (VDR) can enhance the expression
of proteins TRPV5 and TRPV6 (ECaC orthologs) in
mammals by binding to vitamin D response elements
(VDRE) in the promoter regions of calcium trans-
porter genes. This is how the “vitamin D;—VDR”
complex can activate transcription of the ecac gene
(aka frpv3) and, thus, accelerate Ca>" uptake (Hoen-
derop et al., 2005; Hwang and Chou, 2013). Thus, this
signaling pathway is an important regulator of calcium
homeostasis in mammals. The hypercalcemic effect of
vitamin D is conservative and persists from fish to ter-
restrial vertebrates (Hwang and Chou, 2013). How-
ever, unlike terrestrial vertebrates, the form of vitamin
D found in the maximum concentration in the blood
of rainbow trout is not 25(OH)D; but 1.25(0OH),D;
(Fraser, 2017).

Apparently, there is no such strict specificity of the
distribution of enzymes of vitamin D; hydroxylation in
fish organs, which is the opposite of the situation in
humans (Graff et al., 1999). In rainbow trout (Onco-
Vol. 11
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rhynchus mykiss gairdneri) (Hayes et al., 1986), Atlan-
tic cod (Gadus morhua) (Sundell et al., 1992), com-
mon carp (Cyprinus carpio), and olive flounder (Para-
lichthys olivaceus) (Takeuchi, 1994), 1.25(OH),D; is
synthesized in liver, not in kidneys, as it is in mam-
mals. Moreover, the activity of 1a-hydroxylase, which
is necessary for the synthesis of this form of the hor-
mone, is also found in kidneys in a number of fish spe-
cies (Graffet al., 1999; Fraser, 2018).

There is evidence that the biological effect of the
hormone 1,25(OH),D; is manifested only in fresh water,
and another form of the hormone, 24,25(OH),D;,
begins to act with the opposite activity after the migra-
tion of euryhaline fish into the marine environment,
where it is not Ca?* absorption but Ca?* excretion that
isrequired (Fraser, 2017). This change in the function-
ing of the two forms of the hormone is mediated by the
expression of their receptors, which presumably
depends on the Ca’>" concentration in the environ-
ment (Fraser, 2017).

The injection of vitamin D causes an increase in
plasma Ca?* levels in Atlantic cod (Gadus morhua)
(Sundell et al., 1993), as well as dose-dependent hyper-
calcemia in the common carp (Cyprinus carpio) (Swarup
et al., 1991). Exogenous vitamin D (1,25(OH),D;), as
well as exogenous cortisol, increased Ca?* uptake and
ecac expression in zebrafish embryos without affecting

pmca and nex expression (Lin et al., 2012; Hwang and
Chou, 2013).

The hypocalcemic hormones include STC-1 and CT.

Stanniocalcin is secreted by corpuscles of Stannius,
small endocrine glands attached to the kidneys of tele-
ost fish (Wagner et al., 1986; Guh and Hwang, 2017).
It was shown that STC-1 exhibits a hypocalcemic
effect, i.e., it suppresses Ca?* uptake (Wagner et al.,
1986; Yan and Hwang, 2019). The hypocalcemic effect
of STC-1 is well known in many fish species (Yeung et
al., 2012). In zebrafish embryos, knockdown of the
stcl gene by morpholine oligonucleotides led to an
increase in Ca?* content, Ca’>" uptake, and ecac
expression. These data suggest that STC-1 in zebrafish
suppresses the expression of the ecac gene, which, in
turn, leads to suppression of Ca?* uptake in fish (Tseng
et al., 2009; Yan and Hwang, 2019).

Chronic stress induced by dexamethasone caused a
decrease in the levels of Na*, Cl—, and Ca?* and also
decreased the secretion of STC from Stannius corpus-
cles in rainbow trout (Oncorhynchus mykiss) (Pierson
et al., 2004). This may indicate that STC-1 is involved
in the homeostasis of ions other than Ca?* (Yan and
Hwang, 2019).

Calcitonin (CT) is a small peptide (32 amino acid
residues) produced in mammals by parafollicular
C-cells of the thyroid gland (Baldisserotto, 2019). In
teleost fishes, CT is synthesized mainly in the ultimo-
branchial gland (Guh et al., 2015). The ultimobran-
chial gland originates from the last pharyngeal sac. It
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is homologous to the C-cells of the mammalian thy-
roid gland. In mammalian embryogenesis, C-cells are
part of the thyroid gland as parafollicular cells. In
zebrafish, C-cells do not fuse with the thyroid gland,
and these cells remain a separate ultimobranchial
gland (Holden et al., 2013).

Calcitonin is considered a hypocalcemic hormone
in fish and mammals (Evans et al., 2005; Guh et al.,
2015). The injection of a homologous or heterologous
CT was shown to induce hypocalcemic effects in vari-
ous fish species, including the red stingray (Dasyatis
akajei) (Sasayama et al., 1992), common carp (Cypri-
nus carpio) (Chakrabarti and Mukherjee, 1993), and
goldfish (Carassius auratus) (Sasayama et al., 1993).
In zebrafish embryos exposed to water with a high
Ca?* content, the expression of the calcitonin gene
and its receptor was increased, while the expression of
ecac decreased (Lafont et al., 2011). Some results sug-
gest a biphasic CT effect. In zebrafish embryos, the CT-
mediated decrease in Ca?" uptake results in short-term
hypocalcemia. In turn, this may activate hypercalce-
mic signaling pathways, which leads to compensation
for imbalances in the calcium metabolism by hyper-
calcemic hormones and various Ca?" transporters
(Hwang and Chou, 2013). Therefore, “plus-minus
interactions” can appear during the activity of calcio-
tropic and hypocalcemic hormones.

Hormonal Regulation of Na* and CI- Uptake

Teleosts living in sea water balance the osmotic
water loss by the ingestion of water, followed by the
absorption of NaCl in the intestine (Hickman Jr.,
1968). The resulting salt load is added to that occur-
ring due to the diffusional permeation of salt through
the gills. The total salt balance is restored due to the
active excretion of NaCl by the gill epithelium, since
the absence of the loop of Henle in the nephrons
makes fish unable to produce urine that is more hyper-
osmotic than blood plasma (Evans et al., 2005).

Conversely, fish living in fresh water should actively
absorb Na* and CI-, since the osmolality of blood
plasma under these conditions is higher than that of
the environment (Edwards and Marshall, 2012). The
exchange of sodium and chloride ions in freshwater
fish is regulated by signaling molecules, e.g., cortisol,
prolactin, catecholamines, hydrogen sulfide, STC-1,
CGRP peptides, and the renin-angiotensin system.
Hydrogen sulfide is hyponatremic, while STC-1 and
CGRP are hypochloremic.

Cortisol is considered a switch for water-salt
metabolism when fish move between marine and
freshwater environments (McCormick, 2001; Evans
et al., 2005; Takei et al., 2014; Guh et al., 2015; Guh
and Hwang, 2017). At the same time, the role of corti-
sol in osmoregulation is twofold, since it is involved in
adaptation to both salt and fresh water in euryhaline
fish species (McCormick, 2001). The combined
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action of cortisol and somatotropin is necessary for the
differentiation of gill ionocytes according to the
marine environment, while the action of cortisol and
prolactin is necessary for living in fresh water (McCor-
mick, 2001; Sakamoto and McCormick, 2006).

In zebrafish, cortisol is involved in the regulation of
Na* uptake (Kumai et al., 2012a). This cortisol func-
tion is mediated by GR, but not MR, receptors; this
was shown in both pharmacological studies and exper-
iments with gene knockdown (Guh and Hwang, 2017).

Conversely, there is evidence that cortisol can sup-
press Na' loss by altering epithelial permeability.
Exposure to exogenous cortisol in zebrafish larvae
leads to a significant increase in the expression of tight
junction proteins, occludin-a and claudin-b, which is
accompanied by a decrease in paracellular permeabil-
ity upon exposure to an acidic environment (Kwong
and Perry, 2013). These cortisol effects are also medi-
ated by GR receptors, since GR receptor knockdown
abolishes the effect of cortisol on paracellular perme-
ability. In addition, morphants with disabled GRs that
are exposed to an acidic environment have a more pro-
nounced increase in paracellular permeability (and a
more significant loss of Na* by diffusion) than the fish
of the control group (Kwong and Perry, 2013).

The pituitary hormone prolactin is necessary for
adaptation to fresh water; however, the mechanisms of
the effect of prolactin on the transport of certain types
of ions have long remained undetermined (Manzon,
2002; Sakamoto and McCormick, 2006; Breves et al.,
2014; Guh et al., 2015).

Prolactin stimulates the differentiation of NCC-
expressing ionocytes and, accordingly, the expression
of NCC transporters in euryhaline Mozambique tila-
pia (Oreochromis mossambicus) and zebrafish exposed
to fresh water (Breves et al., 2014; Guh and Hwang,
2017). Since NCC is a key factor necessary for the
uptake of both Na* and CI~ in zebrafish, these data sug-
gest that prolactin also affects the Cl~ exchange in fish.

The role of prolactin in ion uptake was further con-
firmed in studies on prolactin-knockout zebrafish lar-
vae. In these studies, during adaptation to fresh water
prolactin definitely plays a key role in the regulation of
ion absorption, not only of osmolarity. In the bran-
chial body region of larvae with prolactin gene knock-
out, the expression of NCC2b and the number of
NCCC ionocytes decreased by the fifth day after fer-
tilization; this led to a disruption in the uptake of Na*
and CI~ in these morphants on the sixth day after fer-
tilization (Guh and Hwang, 2017).

The role of the renin-angiotensin II system (RAS)
in enhancing salt reabsorption in mammalian kidneys
is well known (Guh et al., 2015). There is evidence that
this hormonal system affects the ion exchange in fish
as well. In particular, a compensatory increase in Na*
uptake in zebrafish larvae under acute exposure to
acidic or ion-poor water can be partially blocked by an
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angiotensin-II receptor antagonist. In addition,
knockdown of the renin gene prevents stimulation of
Na™ uptake after acute exposure to acidic or ion-poor
water (Kumai et al., 2014). Apparently, the action of
the RAS under these conditions does not depend on
cortisol, since neither RU486 (GR antagonist) nor
GR knockdown influence the stimulation of Na*
uptake (Kumai et al., 2014; Guh and Hwang, 2017).

Catecholamines, which are released either from
nerve endings or chromaffin cells (Reid et al., 1998),
play an important role in ion regulation in freshwater
fish by acting on o~ and B-adrenergic receptors (Evans
et al., 2005; Guh et al., 2015). Catecholamines con-
tribute to Na* uptake by zebrafish ionocytes (Evans
et al., 2005; Hwang and Chou, 2013). In particular,
knockout of B-adrenergic receptors by specific mor-
pholine oligonucleotides leads to impaired Na™ uptake
in acidic or ion-poor water (Kumai et al., 2012b).

Although most research focuses on the hormonal
mechanisms involved in the stimulation of Na* and
CI~ uptake, studies on zebrafish found negative regu-
lation of the salt uptake in fish. Hydrogen sulfide
(H,S), a gas that plays an important role in the regula-
tion of cardiorespiratory function and oxygen sensing,
can stimulate Ca®" uptake (Kwong and Perry, 2015).
In addition, this signaling molecule is a negative regu-
lator of Na* uptake. Thus, the addition of sodium sul-
fide (hydrolyzed to form H,S) to acidified water with
zebrafish embryos led to a significant decrease in Na*
uptake. This effect is not observed in zebrafish mor-
phants, which lack HR ionocytes due to gcm2 knockout,
and Na® is absorbed mainly by NCCC ionocytes. This
suggests that H,S affects Na* uptake via NHE3b trans-
porters rather than via NCC2b (Guh and Hwang, 2017).

Relatively little is known about the hypochloremic
effects of hormones in fish. Such effects can be exerted
by STC-1 and the CGRP peptide.

It has already been mentioned above that stannio-
calcin inhibits Ca?" absorption. Further studies have
shown that STC-1 has a broader effect on ion
exchange and is not limited to an effect only on Ca**
exchange (Chou et al., 2015). In particular, overex-
pression of STC-1 leads to a decrease in ECaC, NCC,
and HA expression with a concomitant decrease in the
contents of Ca>", Na*, and CI~ in the body and in H*
secretion. Knockdown of the sfc-1 gene has opposite
effects. In addition, an increase in STC-1 expression
causes a decrease in the number of ionocyte progeni-
tor cells and mature ionocytes in the skin of zebrafish
embryos. Therefore, STC-1 is a negative regulator of
the number of ionocytes and, accordingly, reduces
their functional activity (Chou et al., 2015).

Calcitonin gene-related peptide (CGRP) is another
regulator of Cl~ uptake. CGRP is a splice variant of
calcitonin, but, unlike the latter, CGRP has a hypo-
chloremic effect, not a hypocalcemic one. An increase
No. 6
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in CGRP expression in zebrafish larvae leads to a
decrease in NCC2b expression and a slowdown in CI~
uptake, and vice versa. This effect occurs via a change
in the number of NCCC, since knockdown of crirl
(CGRP receptor) leads to an increase in the density of
cells expressing NCC2b (Guh and Hwang, 2017).

Hormonal Regulation of H* Excretion

The information on the hormonal regulation of the
acid-base balance in fish is fragmentary. Most of the
research on this topic focuses on the regulation of ion
transport at low pH values (“acid stress” as opposed to
“alkaline stress”). The level of certain hormones, e.g.,
cortisol (Kumai et al., 2012a), prolactin (Flik et al.,
1989b), somatolactin (Kakizawa et al., 1996), endo-
thelin 1 (Guh et al., 2014) and angiotensin II (Kumai
et al., 2014), increases after fish exposure to acidified
water.

Cortisol is known to be involved in the regulation of
H™ excretion in fish. The activity of HA, which
excretes H* in the gills, increases upon the chronic
infusion of cortisol into the abdominal cavity of fresh-
water rainbow trout (Oncorhynchus mykiss) (Lin and
Randall, 1993). Exposure to exogenous cortisol
increases both H™ excretion and the expression of
transporters associated with H* excretion in the yolk
sac membrane of zebrafish embryos (Lin et al., 2015).
In addition, this enhancement is mainly mediated by
GR receptors, not MR receptors; it is achieved not
only via regulation of the total number of HR iono-
cytes but also via enhancement of the work of individ-
ual HR ionocytes (Lin et al., 2015; Guh and Hwang,
2017).

Exposure to cortisol increases the ionocyte number
(including HR cells) via a GR-dependent increase in
the expression of Foxi3a factor (Cruz et al., 2013).
This suggests that cortisol influences H* secretion, at
least in part, by regulating the proliferation and differ-
entiation of HR ionocytes (Cruz et al., 2013; Guh
et al., 2015).

Endothelins form a family of three peptides con-
sisting of 21 amino acid residues. The family includes
endothelin 1, 2, and 3 (EDNI1, EDN2, and EDN3),
which are involved in many physiological processes, in
particular, regulation of the vascular tone and the
transport of water and ions in the kidneys (Kohan
et al., 2011). EDN1 is a regulator of H* secretion in the
mammalian kidney (Wesson, 2011).

Overexpression of EDN1 increases H excretion
from the skin of embryos, while knockdown of the
endothelin receptor ednraa causes a significant
decrease in proton excretion induced by EDNI1 or
medium acidification (Guh et al., 2014, 2015).

The estrogen-related receptor o is an orphan
nuclear receptor that plays an important role in adap-
tive metabolic responses under conditions of increased
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energy expenditure, such as exposure to cold, exercis-
ing, and fasting (Villena and Kralli, 2008). It is
important to note that metabolism under these condi-
tions is usually accompanied by an increase in the pro-
duction of organic acids, which can threaten the acid-
base balance of the body (Guh et al., 2016). Knock-
down of the esrra gene, which produces ERRa, dis-
rupts H* excretion both in the entire body and in indi-
vidual HR ionocytes. This is accompanied by a
decrease in the number of HR cells, as well as a
decrease in the expression of genes required for H*
excretion and energy metabolism (Guh et al., 2016).
Thus, ERRo modulates H* excretion by affecting the
expression of transporters, ionocyte differentiation,
and energy metabolism (Guh and Hwang, 2017).

Stannocalcin is another regulator of H excretion.
Overexpression of STC-1 decreases both HA expres-
sion and H™ secretion. Knockdown of the sfc-1 gene
causes the opposite effects (Chou et al., 2015).

Hormonal Regulation of the Excretion of NH; and Urea

Unlike mammals, which excrete urea as the end
product of nitrogen metabolism, teleost fish are
mainly ammoniotelic, i.e., they excrete nitrogen
mainly in the form of ammonium. Since teleost fish

can excrete NHI directly into the surrounding water,

they do not need to expend energy converting NHj to
less toxic urea. It is also possible that fish gills do not

excrete NHI ions but NH; gas, which is assumed in

studies on the binding of acid equivalents in NH;. At
the same time, acidification of the water layer adjacent

to the gills facilitates NHZ excretion (Wright et al.,
1989).

Very little is known about the hormonal regulation

of NHZ excretion (Wilkie, 2002). Since ammonia and
ammonium are natural end products of protein catab-
olism in fish (Wright and Wood, 2012), hormones
stimulating such catabolism (for example, cortisol)
should apparently promote the formation of ammo-
nium and, possibly, its excretion.

Not all fish species are ammoniotelic. For exam-
ple, the Gulf toadfish (Opsanus beta) has a fully func-
tional ornithine-urea cycle; it is one of the few teleost
fish excreting nitrogenous waste mainly in the form of
urea (i.e., it is ureotelic) at the adult stage (Fulton
etal., 2017). In nature, the Gulf toadfish excretes
nitrogen in the form of 50% urea and 50% ammonia.
The excretion of urea serves as a “chemical cloak,”
that partially masks the smell of ammonia and protects
against predators (Barimo, 2004). Under laboratory
conditions, when a stressful environment is created
(overcrowding or limited mobility) and is accompa-
nied by an increase in the cortisol level, almost 100%
ureotely can be induced in the Gulf toadfish (Hopkins



626

et al., 1995; Wood et al., 1997, 2001). This process is
associated with the activation of enzymes for urea pro-
duction (Hopkins, et al., 1995) and an increase in the
expression of tUT transporter protein in the gills,
which is necessary to facilitate the diffusion of urea
(Walsh et al., 2000). In this case, urea is excreted
through tUT in separate impulses lasting from 1 to 3 h
once or twice a day (Wood et al., 1995, 1997, 1998). In
addition, cortisol is involved in the regulation of the
pulsatile excretion of urea, since plasma cortisol levels
fall 2 to 4 h before the urea-excretion pulse; excretion
then occurs, and the cortisol level recovers quickly
(Wood et al., 1997, 2001). A decreased cortisol level
does not directly induce pulsatile urea secretion
(Wood et al., 1997, 2001, 2003). This effect is believed
to be mediated by serotonin and its receptor (Wood
et al., 2003; Fulton et al., 2017).

Ureotelic fish are adapted to life in an alkaline
environment with a very high pH (Wilkie and Wood,
1996). It is quite possible that production and secre-
tion of urea are regulated by cortisol in these fish, too.

CONCLUSIONS

The successful existence of any fish species in a cer-
tain range of environmental salinity depends on the
effectiveness of osmoregulatory mechanisms, in par-
ticular, the capacity for hormonal regulation. It is
believed that modern teleost fish evolved from marine
protovertebrates (Evans et al., 2005), which then
repeatedly colonized fresh and brackish water bodies
(Smith, 1932; Marshall, 2002; Ditrich, 2007
Dymowska et al., 2012). Colonization of the fresh
water bodies would be impossible without adaptive
rearrangements of the endocrine system and effector
organs that performed osmoregulation, i.e., gills,
intestines, and kidneys. The variety of gill ionocytes
and regulating hormones in different fish species may
be a consequence of the repeated colonization of fresh
water bodies. This diversity was undoubtedly facili-
tated by the duplication of the entire genome that
occurred during the formation of teleost fish and thus
provided the genetic material necessary for evolution.

At the organ level, an essential feature of the fish
endocrine system is the absence of parathyroid glands,
and the presence of two additional glands that are
absent in mammals, the corpuscles of Stannius and
the urophysis (Bentley, 2002). The urophysis is
located in the caudal part of the spinal cord and pro-
duces two hormones necessary for the existence of fish
in a marine environment: urotensin I and urotensin II.
On the example of several species of marine fish, it was
reported that urotensin I stimulates the Cl~ excretion,
while urotensin II inhibits this process (Marshall,
2019). A detailed consideration of the function of
urotensins is beyond the scope of this review, since it
mainly examines the regulation of ion exchange in a
freshwater environment.
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Despite the observed diversity, many systems of ion
regulation are conservative. First, this conservatism is
manifested in the similarity of the transporter proteins
that allow the ion transport in both fish gills and the
kidneys of mammals, including humans. Second,
some systems of hormonal regulation are rather con-
servative, e.g., the structure and signaling pathways of
parathyroid hormone, calcitonin, vitamin D, and
their receptors.

The mechanisms of hormonal regulation of ion
exchange in fish have been discussed in many review
articles and monographs (Bentley, 2002; Norris and
Lopez, 2011; Dymowska et al., 2012; McCormick,
2012; Norris and Carr, 2013; Takei et al., 2014; Guh
and Hwang, 2017; Baldisserotto, 2019; Yan and Hwang,
2019). Despite the active study of these mechanisms,
there are many scientific issues that remain unre-
solved. In particular, the dual role of cortisol, which is
manifested in the adaptation of fish to both sea and
fresh water, is still unexplained. Cortisol is a stress hor-
mone. Does this mean that stress can contribute to
adaptation to changes in environmental salinity? Does
this manifest itself in all fish, including those undergo-
ing metamorphosis associated with spawning migra-
tion (e.g., salmonids and eels)? How does this relate to
stress reactivity in different fish species?

It is also known that cortisol exerts both glucocor-
ticoid and mineralocorticoid effects, both of which are
mediated through GRs. The functional ligand(s) of
the MRs remain unclear. What is the role of these
receptors? Is it the same in fish of different groups?

The mechanism of the action of vitamin D is also a
hot topic in fish biochemistry research. There have
been many questions regarding this hormone-vitamin,
some of which have been answered only in recent
years. Where do fish get their vitamin D? If exposure
to sunlight is necessary for this, then how can fish get
this exposure, living at great depths underwater? Why
do some fish have high levels of vitamin D? How is
vitamin D deficiency manifested in fish?

In recent years, much attention has been paid to
the paracrine and autocrine regulators, in particular,
the so-called gasotransmitters, which include nitrogen
monoxide (NO), carbon monoxide (CO), and hydro-
gen sulfide (H,S). There are a number of questions still
unanswered. Is there the effect of such signaling mol-
ecules transmitted from individual to individual, espe-
cially in schooling fish? How do these molecules
interact with industrial pollutants? How conservative
are the effects of these mediators?

The presence of a large number of regulators sug-
gests the possibility of cross-talk of their signaling
pathways. The synergism of the effects of cortisol and
growth hormone is an example of the intersection of
signaling pathways in the mechanisms of osmoregula-
tion. It is known that somatotropin increases both the
expression of cortisol receptors in zebrafish gills and
the sensitivity of the interrenal tissue of the kidneys to
Vol. 11
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ACTH. However, interactions are also possible
between different body systems. For example, gluco-
corticoids have an immunosuppressive effect in mam-
mals. To what extent are these effects manifested in
fish of different ecological and systematic groups?
How does this affect the processes of osmoregulation?

Thus, the mechanisms of the regulation of ion
exchange in fish are implemented by a complex system
of ionocytes, ion channels, and hormones necessary
for their coordinated work. Despite the significant
advances in biology in recent decades, many questions
remain to be answered in further research.
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