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Myo-inositol is a major intracellular osmolyte that can be accumulated to protect cells from a variety of
stresses, including fluctuations in the osmolality of the environment, and cortisol is thought to be an
osmotic hormone in teleost fish. In this study, dietary myo-inositol resulted in increased Na™-K"-ATPase
activity and gene expression of partial ion channel genes and prolonged survival time of turbot
(Scophthalmus maximus) under low salinity. The cortisol regulated by dietary myo-inositol also was
correlated with these outcomes. The optimal concentrations of cortisol stimulated gill Na™-K"-ATPase
activity and increased the expression of ion channel genes to enhance low salinity tolerance, as indicated
by longer survival time under low salinity. When cortisol level was suppressed, myo-inositol failed to
increase the survival time of turbot under low salinity, and strong correlations between cortisol con-
centration and Na™-K*-ATPase activity, expression of partial ion channel genes, and survival time of
turbot were detected. These results showed that myo-inositol enhanced the low salinity tolerance of

turbot by modulating cortisol synthesis.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

Myo-inositol is a B-complex vitamin that classified as an
essential vitamin for most animals [1]. It is synthesized by various
animal tissues and is an essential dietary ingredient for most
aquatic animals [2]. It is also a major intracellular osmolyte that can
be accumulated to protect cells from a variety of stresses including
increases in the osmolality of the extracellular environment [3].
Sakaguchi et al. [4] described the specific mechanism of myo-
inositol action in the eel gill. in which the chondrocytes of the gill
cartilage may function to produce and release inositol into the
bronchial circulation, allowing the epithelial cells to take up the
osmolyte via active membrane transport systems such as the
sodium-dependent myo-inositol transporter.

Cortisol is a glucocorticoid hormone and the major corticoste-
roid in teleost fish. It also has a mineralocorticoid function [5].
Accumulating evidences suggested that the hypo-osmoregulatory
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ability of euryhaline fishes can be improved by cortisol treatment
[6]. Kiilerich et al. [7] reported that cortisol stimulated the tran-
script levels of ion transporters in the gill of Atlantic salmon in
freshwater. McCormick found that during seawater acclimation,
cortisol stimulated chloride cell numbers and Na*-K*-ATPase ac-
tivity in the gill and increases overall salinity tolerance [8]. Wata-
nabe et al. [9]summarized cortisol’s osmoregulatory role as a
promoter of electrolyte conservation in freshwater teleosts and as a
promoter of ion excretion during seawater acclimation. Cruz et al.
[10] presented solid molecular evidence that the effects of cortisol
on ionocyte development and function were mediated by the
glucocorticoid receptor that is present on ionocytes.

Cruz et al. recently reported that exogenous cortisol promoted
epidermal ionocyte progenitor differentiation in zebrafish (Danio
rerio) [11].

Turbot (Scophthalmus maximus) have the ability to adapt to
opposing osmotic challenges and are an excellent model for
studying the physiological adaptations of flounder associated with
osmoregulatory plasticity [12]. The physiological and molecular
adaptability of turbot to salinity have been reported [13]. However,
the utility of myo-inositol in osmoregulation has been reported in
only a few fish, such as zebrafish (Danio rerio) [11], and little is
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known about the effects of myo-inositol on osmotic regulation in
turbot. Ma et al. [14] reported osmoregulation via the myo-inositol
biosynthesis pathway in turbot S. maximus, but the specific
mechanism of action remains unknown.

To study the role of myo-inositol on osmoregulation in turbot,
Na™-K*-ATPase activity, expression of ion channel genes, and sur-
vival time under low salinity were analyzed after dietary delivery of
exogenous myo-inositol, cortisol, and metyrapone (a cortisol in-
hibitor). Both the pattern of myo-inositol in osmotic regulation of
turbot and the functional mechanism of action were assessed.

2. Materials and methods
2.1. Fish

Turbot (total length 18.29 + 0.49 cm) were obtained from Yantai
Tianyuan Aquaculture Co., Ltd. (Shandong, China). Healthy fish
were stocked in circular fiberglass tanks supplied with seawater for
2 weeks to adapt them to the experimental facilities and conditions
(photoperiod, 14 h light: 10 h dark; temperature, 14.0 + 1.0 °C; pH
8.1). The use of fish in this study was approved by the Experimental
Animal Ethics Committee, Yellow Sea Fisheries Research Institute,
Chinese Academy of Fishery Sciences, Qingdao, China.

2.2. Experimental diets containing myo-inositol and the challenge
trial

To investigate the potential effects of myo-inositol on cortisol
synthesis and osmoregulation of turbot, experimental diets con-
taining myo-inositol were created and used in the salinity challenge
trial. The formulation of the basal diet and preparation of the myo-
inositol concentrations were the same as those described by Ma
et al. [14]. Myo-inositol (Solarbio, Beijing, China) was added to the
basal diet to provide graded concentrations of 300, 600, 900, and
1200 mg MI kg~' [14,15]. A diet containing no myo-inositol was
used as the control.

A total of 300 fish from the acclimatization aquarium were
randomly distributed into 15 groups (triplicate groups per treat-
ment). The experimental conditions were the same as those in the
acclimatization aquarium. The fish were fed a commercial diet
containing myo-inositol twice a day (8:00 and 18:00 h) for
2 weeks at a feeding rate of 1% body weight during the feeding trial.
At the end of the feeding trial, the gill and arterial blood were
sampled from 6 turbot from each group, and 10 fish from each
group were acutely transferred to lethally low salinity 0%.. The
survival time of fish was recorded for each treatment.

2.3. Experimental diets containing cortisol and the challenge trial

To investigate the potential effects of cortisol on osmoregulation
of turbot, experimental diets were created and a salinity challenge
trial was carried out. Analytical grade cortisol (Hydrocortisone;
H4001-1G; >99% HPLC; CAS No:50-23-7) was purchased from
Solarbio (Beijing, China). The stock solution of cortisol was pre-
pared by dissolving it in ethanol (0.1%) and sterile water. Cortisol
was added to the basal diet to provide graded concentrations of
125, 250, 500, and 750 mg kg~ ! [16]. A diet containing no myo-
inositol was used as the control.

A total of 450 fish from the acclimatization aquarium were
randomly distributed into 15 groups (triplicate groups per treat-
ment). The experimental conditions were the same as those in the
acclimatization aquarium. The fish were fed as described in section
2.2. At the end of the feeding trial, the gill and arterial blood were
sampled from 6 turbot from each group, and 20 fish from each
group were acutely transferred to lethally low salinity 0%.. The

survival time of fish was recorded for each treatment. After half of
the fish in a tank had died, the remaining 10 fish were transferred to
normal seawater (salinity 30) for 14 days to test whether cortisol
improved their osmotic regulation. The number of live fish and
changes of skin characteristics were observed and recorded.

2.4. Experimental diets containing myo-inositol and metyrapone
and the challenge trial

To investigate the potential effects of myo-inositol on osmo-
regulation of turbot in the context of cortisol suppression, experi-
mental diets containing myo-inositol and metyrapone were created
and used in the salinity challenge trial. Metyrapone (Cat No: HY-
B1232, CAS No: 54-36-4) was purchased from MedChem Express
(Monmouth Junction, N J, USA). It was dissolved in sterile water at
38 mg mL~! and further diluted to the indicated concentrations in
culture medium before use. Metyrapone was added to the basal
diet to provide graded concentrations of 300, 600, 900, and
1200 mg kg~ !, and myo-inositol was added to each basal diet to
provide a concentration of 1200 mg kg~ [16]. A diet containing no
metyrapone was used as the control.

A total of 300 fish from the acclimatization aquarium were
randomly distributed into 15 groups (triplicate groups per treat-
ment). The experimental conditions were the same as those in the
acclimatization aquarium. The fish were fed as described in section
2.2. At the end of the feeding trial, the gill and arterial blood were
sampled from 6 turbot from each group, and 10 fish from each
group were acutely transferred to lethally low salinity 0%.. The
survival time of fish was recorded for each treatment.

2.5. Plasma cortisol test

The concentration of cortisol in the plasma of experimental fish
was measured using the Fish Cortisol ELISA Kit following the
manufacturer’s protocol (Jianglaibio, Shanghai, China). Before the
experiment, the reliability and stability of the kit were validated by
serial dilution curve and high temperature (37 °C) destructive ex-
periments, respectively.

2.6. Na™-K"-ATPase activity assay

The Na™-K*-ATPase activity in the gills of the experimental fish
was measured using a Na™-K'-ATPase assay kit following the
manufacturer’s protocol (Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China) [17].

2.7. Fluorescence quantitative real-time PCR (qRT-PCR)

The gqRT-PCR assays were conducted to detect the expression
profiles of ion channel genes in gill tissues of turbot. The experi-
mental procedures and all primers (Table S1) for qPCR were
described in previous studies [14,18]. The 18S gene was used as the
internal control. All data are expressed as the change with respect
to the corresponding 18S Ct level.

2.8. Statistical analysis

The results are reported as mean + SEM. SPSS19.0 software
(SPSS, Chicago, IL, USA) was used to test for significant differences
among the means of different groups. P < 0.05 was considered to be
statistically significant. Normality and homoscedasticity assump-
tions were tested prior to the analysis. The t-tests (for two groups),
two-way analysis of variance (ANOVA), and the Pearson’s correla-
tion test were used to analyze the data.
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3. Results
3.1. Responses of turbot after consuming myo-inositol

To determine the effects of dietary myo-inositol on osmoregu-
lation in turbot, the Na™-K*-ATPase activity assay was conducted.
The Na'™-K*-ATPase activity was down regulated and then up
regulated as the concentration of dietary myo-inositol increased.
Na*t-K*-ATPase activity was highest without dietary myo-inositol,
and lowest for the 600 mg kg~ ! diet (Fig. 1A). After consuming myo-
inositol, AQP1, AQP3, AQP11, NHE3, 14-3-3, and CFTR were expressed
regularly (Fig. 1B). Exception for the control group, expression
levels of AQP1 and AQP3 were first up regulated and then down
regulated as the myo-inositol concentration increased. The
expression of AQP11 gradually decreased and those of NHE3, 14-3-3,
and CFTR increased as the myo-inositol concentration increased.
The survival time of turbot with myo-inositol feeding was longer
than that of fish without dietary myo-inositol. Survival time was
longest in the 600 mg kg~ myo-inositol group (Fig. 1C).

These results demonstrated that myo-inositol improved low
salinity adaptation by mediating osmotic regulation as represented
by ion channels and Na™-K*-ATPase activity. To determine whether
myo-inositol regulates osmoregulation of turbot by mediating
cortisol synthesis, the cortisol concentration after myo-inositol
feeding was studied. The ELISA assay showed that the average
concentration of cortisol slightly decreased and then increased as
the concentration of dietary myo-inositol increased. The
600 mg kg~' myo-inositol group had the lowest concentration of
cortisol (Fig. 1D).
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We conducted Pearson’s correlation analysis to examine the
correlation between the cortisol concentrations and Na™-K*'-
ATPase activity, expression of ion channel genes, and survival time.
We found a strong positive correlation (R = 0.9) between cortisol
concentration and Na™-K*-ATPase activity and a strong negative
correlation between cortisol concentration and expression of ion
channel genes AQP1 and AQP3 (Table S2). Correlations between
myo-inositol concentration in diets and expression of ion channel
genes AQP11, NHE3, 14-3-3, and CFIR were statistically significant
(p < 0.05), except for the control group. A significant negative
correlation (R = —0.994) between cortisol concentration and sur-
vival time was detected (p < 0.05).

3.2. Responses of turbot after consuming cortisol

To study the effects of cortisol consumption on cortisol content
in vivo, the cortisol concentrations in the plasma after cortisol
consumption were measured. The cortisol content in the plasma
gradually increased as the concentration of dietary cortisol
increased (Fig. 2A). The Na™-K™-ATPase activity assay and relative
expression of ion channel genes by quantitative real-time PCR were
performed to study the effects of cortisol on osmoregulation. As the
cortisol content in the plasma gradually increased, the average level
of Na™-K*-ATPase activity in the gill was up regulated, except for
the 750 mg kg~! group (Fig. 2B). The Na*-K*-ATPase activity was
significantly and positively correlated (R = 0.925) with the cortisol
concentrations, except for the 750 mg kg~! group (p < 0.05). The
expression of ion channel genes was regularly expressed as the
concentration of dietary cortisol increased. In the gill of turbot,
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Fig. 1. Responses of turbot after consuming myo-inositol. (A) Na*-K*-ATPase activity after myo-inositol feeding, (B)relative expression of ion channel genes after myo-inositol
feeding, (C) survival time of turbot under low salinity after myo-inositol feeding, (D) cortisol concentration in plasms after myo-inositol feeding. AQP1, Aquaporin 1; AQP3, Aquaporin
3; AQP11, Aquaporin 11; CFIR, cystic fibrosis transmembrane regulator; NHE3, Na"/H" exchanger 3. Different letters represent significant differences (p < 0.05) between the

columns.
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Fig. 2. Effects of consuming cortisol on turbot. (A) Cortisol concentration in the plasma, (B) Na*-K™-ATPase activity, (C) relative expression of ion channel genes, (D) survival time of
turbot under low salinity, (E) body characteristic of turbot in seawater after low salinity stress (white arrow indicate Unhealthy characteristics), (F) healthy fish rate in seawater after
low salinity stress. Different letters represent significant differences (p < 0.05) between the columns.

expression of CFTR exhibited zigzag-like changes. As the concen-
tration of cortisol in the feed increased, expression of AQP1, AQP3,
NHE3, and 14-3-3, which are related to ion transport, were up
regulated first and then down regulated, whereas expression of
AQP11 was down-regulated (Fig. 2C). The survival time of turbot
under salinity 0% increased after cortisol consumption but was
lower with each increase in cortisol concentration, and the survival
time was shorter in the 750 mg kg~ group compared to the control
group (Fig. 2D). Pearson’s correlation analysis detected a strong
negative correlation between cortisol concentration and survival
time (R = —0.857). To further probe the effects of cortisol on low
salinity tolerance of turbot, recovery of turbot in seawater after low
salinity exposure and cortisol consumption was assessed. The
number of healthy fish was defined as the total fish minus the dead
and the unhealthy fish (Fig. 2E). The number of healthy fish
increased after cortisol consumption but decreased as the cortisol
concentration increased. The number of healthy fish was lower in
the 750 mg kg~ group compared to the control group (Fig. 2F). The
correlation between cortisol concentration and healthy ratio was
strong (R = —0.863).

3.3. Responses of turbot after consuming myo-inositol and
metyrapone

To investigate the effects of metyrapone-mediated inhibition of
cortisol, the cortisol level in the plasma after fish had consumed
myo-inositol and metyrapone was measured. The cortisol level was
depressed, yet its effect decreased with the increase of metyrapone
concentration (Fig. 3A). The Na™-K*-ATPase activity assay and
relative expression of ion channel genes by quantitative real-time
PCR were performed to investigate the potential effects of myo-
inositol on osmoregulation of turbot in the context of cortisol
suppression. Although the turbot were fed with a high concentra-
tion of myo-inositol, the average level of Na™-K"-ATPase activity in
the gill was gradually down regulated as metyrapone content
increased (Fig. 3B). The ion channel genes were expressed regularly
as the metyrapone concentration increased. With increasing
metyrapone content in the diet, the expression of AQP1, AQP11, and
NHE3 was up regulated first and then down regulated, while the
expression of AQP3, CFIR, and 14-3-3 was continuously down-
regulated (Fig. 3C). The survival time of turbot under salinity
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(D) Survival time of turbot under low salinity. Different letters represent significant differences (p < 0.05) between the columns.

0 after consuming myo-inositol and metyrapone was also recorded
to study the fish’s tolerance to low salinity. Although the survival
time of some individuals in the 900 mg kg~! and 1200 mg kg
groups was longer than that in the control group, the survival time
of the other fish was lower than that of the control group (Fig. 3D).

Pearson’s correlation analysis was performed to examine the
correlation between cortisol concentration and Na'™-K™-ATPase
activity, expression of ion channel genes, and survival time under
low salinity. Na™-K"-ATPase activity was significantly and nega-
tively correlated (R = —1) with the cortisol concentrations, except
for the control group (p < 0.01). Additionally, significantly negative
correlations were identified between cortisol concentration and
expression of ion channel genes AQP3, 14-3-3, and CFIR (p < 0.05)
(Table S3). There also was a remarkably negative correlation be-
tween cortisol concentration and expression of AQP1 (Table S3).
Cortisol concentration and survival time also were strongly
correlated.

4. Discussion

Myo-inositol is a major intracellular osmolyte that can be
accumulated to protect cells from a variety of stresses, including
fluctuations in the osmolality of the environment [19,20]. In pre-
sent study, we found that dietary myo-inositol resulted in regular
changes in gene expression and Na'™-K™-ATPase activity in the
turbot gill. Consistent with a study in rats [21], in which myo-
inositol administration improved survival, dietary myo-inositol
prolonged the survival time of turbot under low salinity. Although
animals utilizing myo-inositol for osmoregulation was known
previously [22], its specific mechanism of action remains unclear.
We detected a tendency for regular change of cortisol content in the
plasma of turbot as the dietary myo-inositol concentration

increased, and this change was remarkably correlated with Na™-K*-
ATPase activity, expression of partial ions channel genes, and sur-
vival time under low salinity. Consistent with results of a previous
study, cortisol was significantly regulated by dietary myo-inositol
[23], and the process involved in the seawater adaptation by
stimulating gill Na*-K*-ATPase activity and transport of Na*, Cl-,
and H,O [24]. These results indicated that the actions of myo-
inositol on osmoregulation may be mediated by its anabolite
cortisol to regulate Na*-K"-ATPase activity and expression of par-
tial ion channel genes.

Cortisol is the major corticosteroid in teleost fish, and it is
considered to be dual regulator of chloride cell differentiation and
function [7]. It also is thought to be a seawater-adapting hormone,
as it promotes salt excretion in hypo-osmoregulating fish [25]. The
effects of cortisol on osmoregulation have been investigated in
numerous fish species [7,26,27], but the role of cortisol in the os-
motic regulation of turbot is still unknown. In present study,
increased plasma cortisol induced by dietary cortisol resulted in
changes in osmoregulation under low salinity stress in turbot. As
described by Madsen [25], the optimal concentration of cortisol
could stimulate gill Nat-K™-ATPase activity and increase the
expression of ion channel genes to enhance low-salinity tolerance,
as indicated by longer survival time under low salinity. Strong
correlations between cortisol concentrations and expression of ion
channel genes in turbot were detected, which emphasized the
important role of cortisol in regulating osmoregulatory gene
expression in the teleost fish gill [7]. The correlations between
cortisol concentrations and survival time and health in between
different treatment groups and the control group in this study also
demonstrated that exogenous cortisol may affect the development
of osmoregulatory mechanisms and, consequently, the physiolog-
ical features associated with ion and osmoregulation [24].
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Consequently, all of the evidence suggesting that cortisol directly
plays an important role in ionic and osmotic regulation [28,29],
argues for an adaptive role for cortisol during salinity stress in fish.

Metyrapone was used to investigate the potential effects of myo-
inositol on osmoregulation of turbot in the context of cortisol
suppression. Oral administration of metyrapone at low concentra-
tion depressed the plasma cortisol level in turbot, as described by
Marcolongo et al. [30] in which metyrapone administered at low
micromolar concentrations enhanced the oxidation of cortisol. The
previous result also suggested that oral administration of metyr-
apone decreased serum cortisol level in a dose-dependent fashion
[16]. Although high concentrations of myo-inositol were suppled in
the diets tested in this study, reduced cortisol levels resulted in
decreased expression of ion channel genes and Na'™-K*-ATPase
activity, which in turn led to reduced survival time of turbot under
low salinity. Myo-inositol also failed to increase the survival time of
turbot under low salinity in the context of cortisol suppression.
However, significant or strong correlations were identified between
cortisol concentration and Na™-K*-ATPase activity, expression of
partial ion channel genes, and survival time of turbot. Therefore,
cortisol is likely to be an intermediate substance on which inositol
acts during osmotic regulation in turbot.

5. Conclusion

Dietary myo-inositol resulted in regular changes in gene
expression and Na™-K™-ATPase activity and prolonged the survival
time of turbot under low salinity. Cortisol level regulated by dietary
myo-inositol also was correlated with these outcomes. The optimal
concentrations of dietary cortisol stimulated gill Na™-K*-ATPase
activity and increased the expression of ion channel genes to
enhance low salinity tolerance as indicated by longer survival time
under low salinity. In the context of cortisol suppression, myo-
inositol failed to increase the survival time of turbot under low
salinity. Significant or strong correlations between cortisol con-
centration and Na™-K*-ATPase activity, expression of partial ion
channel genes, and survival time of turbot were detected. These
results showed that myo-inositol enhanced the low salinity toler-
ance of turbot by modulating cortisol synthesis.
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