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Six isonitrogenous and isocaloric diets were formulated to contain 0% (control), 0.4, 0.8,

1.2, 1.6, or 2.4% dietary cholesterol and fed to juvenile Nile tilapia (Oreochromis niloticus)

(2.20 ± 0.12 g) twice daily to apparent satiation for 8 weeks in triplicate at a salinity of

16. Fish fed 0.4% cholesterol showed a higher weight gain and specific growth rate

and a lower feed coefficient ratio than fish fed other diets. No difference was found in

the survival of Nile tilapia fed various levels of cholesterol. Cholesterol in the serum and

liver and low-density lipoprotein cholesterol in the serum increased with the increase

in the dietary cholesterol content. Relative to the control, no significant difference was

found in the expression of head kidney P450scc mRNA between treatment groups. The

expression of head kidney 11β-HSD2 mRNA was the highest in the control group, and

it decreased significantly with increasing levels of diet cholesterol. Fish fed 0.4 or 1.2%

cholesterol had a higher 20β-HSD2 mRNA expression in the head kidney than those fed

other diets. Fish fed 0.8% cholesterol had higher expressions of GR1 and GR2B mRNA

in the liver than other groups. Fish fed 0.4% cholesterol had the highest activity of gill

Na+/K+-ATPase. Fish fed 0.8 to 2.4% cholesterol had higher serum cortisol contents

than the fish in the control group and the fish fed 0.4% cholesterol. This study suggests

that dietary cholesterol is not essential for Nile tilapia survival in brackish water, but 0.4%

cholesterol supplementation in the Nile tilapia diet contributes to the improvement of

hyperosmotic adaptation and increases in gill Na+/K+-ATPase activity and serum cortisol

content by regulating the hypothalamic-pituitary-interrenal stress axis.

Keywords: cholesterol, HPI-axis, cortisol, Na+/K+-ATPase, salinity, Nile tilapia Oreochromis niloticus

INTRODUCTION

Cholesterol, as a main structural component of animal cell membranes and a precursor for
biosynthesis of vitamin D3, prostaglandins, steroids and bile acids, is an essential nutrient
for eukaryotic animals (Steffens, 1989; Fast and Boyd, 1992; Sheen et al., 1994). Since bony
fish have the cholesterol synthesis ability, it is not essential to add dietary cholesterol for the
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health of bony fish (Sealey et al., 2001; Jobling, 2011). However,
recent research indicates that cholesterol supplements to a fish
diet formulated with soybean meal as a protein source can
improve the growth performance of tongue sole (Cynoglossus
semilaevis) larvae (Han, 2013) and promote the growth of
channel catfish (Ictalurus punctatus) (Twibell and Wilson, 2004).
In addition, the addition of 0.5–1.5% cholesterol to a flue-
cured soybean meal diet can significantly improve the activity
of digestive enzymes and promote digestion and absorption
in Japanese flounder (Paralichthys olivaceus) (Chen, 2006).
Dietary supplementation of 0.6–1.2% cholesterol can enhance the
nonspecific immunity of rainbow trout (Oncorhynchus mykiss)
(Long et al., 2013). However, our knowledge is limited on
other physiological roles that cholesterol can play to improve
fish health under stress conditions, although cholesterol is
closely linked to fish stress through the hypothalamic-pituitary-
interrenal axis (HPI axis) (Mormède et al., 2007).

In bony fish, cortisol is a main hormone in the HPI axis
that maintains the balance of physiological and biochemical
processes when fish are under stress (Bonga and Wendelaar,
1997; Barton, 2002; Flik et al., 2006). When fish are stressed,
the hypothalamus releases the corticosteroid-releasing factor
(CRF), which promotes the secretion of an adrenocorticotropic
hormone derived from proopiomelanocortin (ACTH) in the
anterior pituitary gland (Huising et al., 2004; Metz et al.,
2004). After entering the circulatory system, ACTH binds to
the melanocortin 2 receptor (MC2R) for steroid synthesis
in the stromal cells of the head kidney and promotes the
conversion of cholesterol to cortisol (Aluru and Vijayan, 2006).

FIGURE 1 | Conceptual pathways of the influence of dietary cholesterol. Upon exposure to a stressor, the hypothalamus secretes CRH in the area of the corticotropic

cells of the anterior pituitary. In response, the corticotrophs secrete adrenocorticotropic hormone derived from proopiomelanocortin (ACTH) to the circulation, which

stimulates cortisol synthesis and secretion from the interrenal cells of the head kidney in fish. The ACTH binding with adenylate cyclase stimulates the cAMP-signaling

cascade. The StAR limits the transportation of cholesterol, and the P450scc restricts the conversion from cholesterol to cortisol. Cortisol binds to the GR and

regulates the expression of Na+/K+-ATPase, which is involved in osmoregulation.

The conversion of cholesterol to cortisol involves several key
proteins and pathways in the renal tissue of the head kidney.
Steroid acute regulatory protein (StAR) transports cholesterol
to the mitochondrial inner membrane of the renal cells,
and the cholesterol side chain cleavage enzyme, cytochrome
P450 (P450scc), controls the conversion rate of cholesterol
to cortisol (Engelhardt et al., 1985; Aluru and Vijayan,
2008). The function of cortisol is limited by the enzymes
11β hydroxysteroid dehydrogenase 2 (11β-HSD2) and 20β
hydroxysteroid dehydrogenase 2 (20β-HSD2). In most animals,
cortisol binds to the glucocorticoid receptor (GR) and regulates
glucose metabolism, fat metabolism and the osmotic pressure
balance (Gold et al., 2002; Ismaili and Garabedian, 2004; Peckett
et al., 2011). In fish, cortisol can maintain the osmotic pressure
balance through the regulation of Na+/K+-ATPase activity in
the gill epithelial cells (Seidelin and Madsen, 1999). Based on a
review of the HPI axis in zebrafish (Alsop and Vijayan, 2009),
a hypothesized pathway illustrating the influence of dietary
cholesterol on fish under hyperosmotic conditions is presented
in Figure 1.

Nile tilapia (Oreochromis niloticus) is a global aquaculture
species, and its farming in brackish water has received much
attention in the past decade because proper salinity acclimation
can improve its flesh texture and taste (Li et al., 2007). In the past,
research has focused on the physiological adaptation to salinity
changes in Nile tilapia strains after selection for salinity tolerance
and transgenesis (El-Zaeem et al., 2011). However, a variety
of challenges, such as a high mortality (Lemarié et al., 2004),
slow growth (Ntabo, 2012), and changes in the composition of
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digestive proteases (Fang and Shufen, 1989) have impacted the
industry of Nile tilapia farming in brackish water. The analysis
of the whole transcriptome of the liver of Nile tilapia cultured
at different salinities shows that steroid biosynthesis, steroid
hormone biosynthesis and ovarian steroid biosynthesis pathways
are up-regulated by the increase in the environmental salinity,
and cholesterol is the shared substance among these biosynthesis
pathways (Xu et al., 2015). However, the potential role of
cholesterol in the diet of Nile tilapia in alleviating hyperosmotic
stress in brackish water is not clear. Is cholesterol an effective
substrate for osmoregulation in Nile tilapia under brackish water
conditions through the regulation of the HPI axis? Meanwhile,
is cholesterol an effective nutrient for improving the growth
performance of Nile tilapia under hyperosmotic stress? These
questions are both the focus of our current study.

MATERIALS AND METHODS

Experimental Diets
Six isonitrogenous and isocaloric diets (one control diet vs.
five test diets) were formulated to contain equal levels of
proteins (34%), lipids (6%) and digestible energy (3.2 kcal/g)
(Table 1). The ingredients were obtained from Sangon Biotech
(Shanghai) Co. Ltd., and the cholesterol had > 99% purity
(A610122-0250, Sangon Biotech Co. Ltd., Shanghai, China). The
actual cholesterol content of each diet were 0.00 (control), 0.42,
0.79, 1.17, 1.61, and 2.38 g/kg, and contents were measured
with a cholesterol detection kit (F002, Nanjing Institute of
Biological Engineering, Nanjing, China). Diets were processed
into 3-mm-diameter pellets, dried at room temperature to a

TABLE 1 | Percent composition and estimated nutrient contents of experimental

diets.

Composition Content (%)

Group 0 0.40% 0.80% 1.20% 1.60% 2.40%

Casein 32 32 32 32 32 32

Gelatin 8 8 8 8 8 8

Corn starch 33 33 33 33 33 33

Corn oil 6 5.6 5.2 4.8 4.4 3.6

Vitamin mixa 1 1 1 1 1 1

Mineral mixb 2 2 2 2 2 2

CMC 3 3 3 3 3 3

Cholesterol 0 0.4 0.8 1.2 1.6 2.4

Celufil 15 15 15 15 15 15

ESTIMATED NUTRIENT (%)

Crude protein 38.4 38.4 38.4 38.4 38.4 38.4

Crude lipid 6 6 6 6 6 6

aVitamin premix, diluted in cellulose, provided the following in mg/kg: Vitamin A

(500,000 IU/g), 8mg; Vitamin D3 (1,000,000 IU/g), 2mg; menadione, 10mg; dl-

alpha tocopherol acetate, 200mg; thiamin, 10mg; riboflavin, 20mg; pyridoxine, 20mg;

d-calcium pantothenate, 200mg; nicotinic acid, 150mg; vitamin B12, 0.02mg; biotin,

2mg; inositol, 400mg; choline chloride, 2,000mg; L-ascorbyl-2-polyphosphate (15%

vitamin C activity),100mg.
bMineral premix (g/kg mixture): CaCO3, 314.0 g; KH2PO4, 469.3 g; MgSO4·7H2O,

147.4 g; NaCl, 49.8 g; FeSO4, 10.0 g; MnSO4·H2O, 3.120 g; ZnSO4·7H2O, 4.670 g;

CuSO4·5H2O, 0.620 g; KI, 0.160 g; CoCl2·6H2O, 0.080 g; NH4 molybdate, 0.060 g;

NaSeO3, 0.020 g.

moisture content of approximately 10%, ground and sieved to an
appropriate size and stored at−20◦C until use (Peres et al., 2003).

Experimental Fish, Feeding, and Sampling
Sex-reversed all-male Nile tilapia (O. niloticus) were obtained
from a local farm in Shenzhen, China, and reared in the
laboratory for 2 weeks. 522 healthy juveniles (2.20 ± 0.12 g)
were randomly divided into six groups and stocked in 18
white polyethylene tanks (500 L) with three replicates of 29 fish
per tank. Fish were acclimated to the target salinity of 16 by
adding seawater and regulating a salinity increase of 4 units
per day. The freshwater was aerated thoroughly and double-
filtered before use. Seawater was pumped from the sea and
filtered before it was added to adjust the water salinity. The
salinity of the experimental water was 16, and it was checked
by a salinity meter (AZ Instrument, Taiwan) every day. During
the acclimation and experimental periods, the photoperiod
was 12:12 dark: light; the temperature was 32 ± 3◦C; the
pH was 7.3 ± 0.2; and the dissolved oxygen was maintained
above 7.6 mg/L. One half of the water was exchanged daily
with aerated water at salinity 16. Unfed feed and feces were
removed daily with a siphon tube. The unfed feed was dried and
weighed.

At the end of the 8-week experiment, all fish were counted
and deprived of feed for 24 h before sampling. The growth
performance-related parameters were measured as follows:

Survival (%)= (Ni − Nf) / Ni × 100
Weight gain (WG, %)= (Wf −Wi) / Wi × 100
Specific growth rate (SGR, % day−1) = [ln (Wf) − ln (Wi)]
×100/days
Feed conversion ratio (FCR)=Wt / (Wf −Wi)
Ni is the initial fish number, andNf is the final fish number.Wi

represents the initial average weight, while Wf is the final average
weight. Wt indicates the amount of feed intake.

Eight fish from each tank were anesthetized before sampling
in 3-aminobenzoic acid ethyl ester methane-sulfonate (MS-222,
Sigma, USA) for physiological parameter measurements. Blood
samples were taken from the fish caudal vein when there was
no response to touch. Blood samples in centrifuge tubes stood
overnight at 4◦C and were centrifuged at 3,000 rpm for 5min
at 4◦C (Eppendorf, Germany) before the serum was stored at
−80◦C. The liver, head kidney and the second gill arch of each
fish were extracted and frozen immediately in liquid nitrogen and
then stored at−80◦C. All experiments were conducted under the
standard protocols for the Care and Use of Laboratory Animals at
East China Normal University (Animal ethics approval number:
F20140101).

Biochemical Parameters Assay
Nine samples of the serum, liver and gill tissues in each treatment
(three per tank) were thawed on ice. The contents of cholesterol
in the serum and liver were measured with a cholesterol detection
kit (F002, Nanjing institute of Biological Engineering, China).
The content of low-density lipoprotein cholesterol (LDL-C)
was measured with an LDL-C detection kit (A113-1, Nanjing
institute of biological engineering, Nanjing, China), as described
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by Nauck et al. (2002). The activity of Na+/ K+-ATPase was
tested using a Na+/ K+-ATPase detection kit (A070-2, Nanjing
institute of Biological Engineering, Nanjing, China) by detecting
the amount of inorganic phosphate released fromATP (Bełtowski
and Wójcicka, 2002).

RNA Extraction, cDNA Synthesis and
Quantitative Real-Time PCR
Total RNA was extracted from the head kidney and liver
using Trizol (RN0101, Aidlab, China) according to the
manufacturer’s protocol. The quality and quantity of the total
RNAwere measured using a Nano Drop 2000 spectrophotometer
(Thermo, Wilmington, USA), and 1% agarose polyacrylamide
gel electrophoresis was used to check RNA integrity. A
PrimeScriptTM RT reagent kit (RR036A, Takara, Japan) was
used to synthesize the cDNA. The reverse transcription system
contained 4 µL of 5 × PrimeScript RT Master Mix and 1 µg
of total mRNA in a 20-µL volume made up with nuclease-free
water. The reverse transcription protocol was conducted at 37◦C
for 15min and 85◦C for 5 s.

The six groups containing nine parallel samples and
two technical repeats were run for each cDNA sample. The
nucleic acid sequences of EF1α (AB075952.1), 20β-HSD2
(KM279628.1), 11β-HSD2 (AY190043.2), P450scc (FJ713103.1),
GR1 (XM_013271702.1) and GR2B (AB245406.1) were
downloaded from the National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov/) and used as
samples to design the specific fluorescence quantitative primers
with Primer 6.0 (Table 2). The 11β-HSD2, 20β-HSD2 and
P450scc sequences in the head kidney and the GR1 and GR2B
sequences in the liver were amplified in a 20 µL reaction
volume containing 750 ng of cDNA, 0.4µM of each primer,
10 µL of UltraSYBR mixture (CW0957, KangWei, China) and
supplemental nuclease-free water by using a Bio-Rad CFX96
RealTime PCR system (BioRad, USA). The reaction program
was as follows: 95◦C for 30 s, followed by 39 cycles of 94◦C for
15 s and 58◦C for 20 s, and then a final step at 72◦C for 20 s.
The EF1A gene was used to normalize the target genes (Yang
et al., 2013). The 2−11Ct method of processing data was used to

TABLE 2 | Primers of genes in the HPI-axis used in this study.

Primer Sequence (5′
→ 3′) Production size (bp)

11β-HSD2 CACCATCCTGCCATCATC 92

CCTCACCGTAGTCCTCAA

20β-HSD2 ACACATGGCTACAGTATCTAC 95

ACAGTCAGTAGTGGTCATTC

P450scc GGAGGAGGATTGCTGAGA 118

GGTGACTGTGGTGTTGAG

GR2 CCGTTGAAGGATGGAGAG 97

CAGGCTGGACAGTTCTTC

GR1 CCTCTGCCTCTGTCATTG 98

CGTCTGCGTCTGAAGTAA

EF1α GGACTGGCTTATGCTGATT 100

ACTGAGAAGAGGCACTGT

obtain the fold change between control group and other groups
(Schmittgen and Livak, 2008).

Statistical Analysis
All data are presented as the mean ± standard errors (Mean
± S.E.) and were subjected to one-way ANOWA analysis
of variance (SPSS for Windows, version 11.5) to determine
significant differences between treatments after the homogeneity
test. Data as percentages and gene expression levels were arcsine-
transformed and then checked for homogeneity before one-way
ANOVA analysis was conducted. If a significant difference was
identified, the differences between the means were compared
by Duncan’s multiple range tests. The significance level for
differences was set at P < 0.05, and the extremely significant
difference level was set as P < 0.01.

RESULTS

Growth Performance
The survival of the Nile tilapia ranged from 80 to 96.67%
and was not affected by the dietary cholesterol levels (Table 3).
Fish fed the 0.4% cholesterol diet had higher weight gain and
specific growth rate than the fish fed other diets with various
cholesterol levels (P < 0.05), but no significant differences
in these parameters was found when they were compared to
those of the control fish (P > 0.05). The control fish and the
fish fed 0.4% cholesterol had the lowest feed coefficient ratios,
but a significant difference was only found when they were
compared with the ratio of fish fed 1.6% cholesterol (P < 0.05)
(Table 3).

The Content of Cholesterol in the Serum
and Liver or LDL-C in the Serum
The contents of cholesterol and LDL-C in the serum and the
content of cholesterol in the liver significantly increased with the
increasing percentage of dietary cholesterol, and the fish fed 2.4%
cholesterol had the highest contents of cholesterol and LDL-C in
the serum (P < 0.01) (Table 4).

TABLE 3 | Weight gain, survival, specific growth rate, and feed coefficient of Nile

tilapia fed different experimental diets for 8 weeks.

Treatments Survival (%) Weight gain (%) Specific growth

rate (%)

Feed conversion

ratio

0.0% 88.89 ± 4.01 736.35 ± 12.24bc 3.79 ± 0.03bc 1.34 ± 0.68a

0.4% 84.45 ± 1.11 798.41 ± 35.04c 3.92 ± 0.07c 1.32 ± 0.29a

0.8% 88.89 ± 2.94 634.41 ± 30.60a 3.56 ± 0.07a 1.52 ± 0.34abc

1.2% 84.44 ± 2.94 658.67 ± 33.80ab 3.62 ± 0.08ab 1.61 ± 0.14bc

1.6% 85.56 ± 2.22 620.67 ± 21.96a 3.53 ± 0.05a 1.62 ± 0.02c

2.4% 95.56 ± 1.11 653.33 ± 24.26ab 3.60 ± 0.06ab 1.37 ± 0.07ab

P-value 0.083 0.004 0.005 0.035

Numbers in the same column with different superscripts are significantly different

(P < 0.05).

Values of survival, weight gain, specific growth rate and feed conversion ratios (mean ±

S.E.) are the mean of three replicate tanks.
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TABLE 4 | The contents of cholesterol and LDL-C in the serum and liver of Nile

tilapia fed different cholesterol percentage diets for 8 weeks.

Treatment Cholesterol in

serum (mmol/L)

Cholesterol in

liver (mmol/L)

LDL-C1 in serum

(mmol/L)

0 3.22 ± 0.17a 0.43 ± 0.02a 1.51 ± 0.65a

0.40% 6.45 ± 0.19b 0.96 ± 0.06b 4.95 ± 0.62b

0.80% 7.92 ± 0.74c 1.07 ± 0.19b 6.96 ± 0.13b

1.20% 8.94 ± 0.03cd 0.98 ± 0.07b 12.44 ± 1.29c

1.60% 10.63 ± 0.40d 0.83 ± 0.66b 13.28 ± 0.27c

2.40% 15.39 ± 0.48e 1.06 ± 0.32b 14.91 ± 1.96c

P-value 0.001 0.003 0.001

Numbers in the same column with different superscripts are significantly different

(P < 0.05).
1LDL-C:low-density lipoprotein cholesterol.

Values of cholesterol in serum and liver and LDL-C in serum (mean ± S.E.) are the mean

of nine fish.

The mRNA Relative Expressions of Key
Genes in the HPI Axis
The P450scc mRNA level in the head kidney in the 0.4%
group was significantly lower than those in the 0.8%, 1.2% and
1.6% groups (P < 0.05) (Figure 2A). However, no significant
difference was found between the cholesterol-supplemented
groups and the control (P > 0.05). The expression of 11β-HSD2
mRNA expressions in the head kidney decreased with increasing
cholesterol (P < 0.05), and the control group had the highest
expression of 11β-HSD2 (Figure 2B). The 20β-HSD2 mRNA
expressions in the 0.4 and 1.2% groups were significantly higher
than those in the other groups (Figure 2C). The GR1 mRNA
expression in the liver initially increased with increasing dietary
cholesterol, reaching the maximum value in the 0.8% cholesterol
group, and then they decreased in the 1.2% cholesterol group
before increasing again and reaching a second peak in the 2.4%
cholesterol group (Figure 2D). The GR2B mRNA expression
in the liver initially increased with the increase in cholesterol,
reaching the highest value in the 0.8% cholesterol group, but it
significantly dropped when the dietary cholesterol exceeded 0.8%
(P < 0.05) (Figure 2E).

The Activity of Na+/K+-ATPase and the
Content of Cortisol
The activity of Na+/K+-ATPase in the gill filaments was
significantly elevated by the increase in cholesterol in the 0.4, 0.8,
1.2, and 2.4% groups compared with the control group, and it
achieved the highest level in the 4% group (P < 0.05) (Figure 3).
The concentration of cortisol in the serum initially increased
significantly with increasing levels of dietary cholesterol, but it
leveled off when the cholesterol level exceeded 0.8% (P < 0.05)
(Figure 4).

DISCUSSION

This is the first report on the effects of dietary cholesterol on
the growth performance and osmoregulation of Nile tilapia in
a brackish water environment. In this study, the weight gain of

fish fed 0.4% cholesterol was higher than those fed other diets
with cholesterol supplementation, but it did not differ from that
of fish fed the control diet. These findings indicate that dietary
cholesterol supplementation does not substantially improve the
growth of Nile tilapia, and high cholesterol in their diet could
lead to various negative effects. Similarly, other studies have
also found that cholesterol supplementation to a diet containing
high plant-derived protein does not significantly improve the
survival of juvenile turbot Scophthalmus maximus L. (Yun et al.,
2011), rainbow trout O. mykiss (Deng et al., 2013a, 2014) and
orange-spotted grouper Epinephelus coioides (Zhang et al., 2016).
Similarly, dietary cholesterol had no substantial beneficial effects
on growth or body composition of juvenile hybrid striped bass
(Sealey et al., 2001). The possible explanation for this is that
bony fish have the capacity of de novo cholesterol synthesis from
acetate (Bjerkeng et al., 1999; Deng et al., 2010). In mud crab
Scylla serrata, megalopa showed highest survival fed diet with
0.8% cholesterol (Holme et al., 2006). Similar to our study, no
benefits form cholesterol supplementation in excess of the dietary
requirement were observed when compared to the basal diet
under low salinity water (Roy et al., 2006).

Growth inhibition was found in fish fed > 0.8% cholesterol.
This result may be related to the inhibition of de novo synthesis
by converting cholesterol to bile acids through the up-regulation
of cholesterol 7α-hydroxylase activity and the down-regulation of
3-hydroxy-3-methylglutaryl-CoA reductase activity in fish (Yun
et al., 2011; Deng et al., 2013b). Meanwhile, negative effects on
growth by excessive dietary cholesterol supplementation may be
related to lipid metabolism disorder in the liver and serum of
Nile tilapia. Dietary cholesterol directly affected the cholesterol
contents in the serum and liver of Nile tilapia. The serum LDL-
C content significantly increased with the increase in serum
cholesterol in our study. LDL transfers cholesterol from the liver
to the peripheral tissues (Deng et al., 2010). It is well known
that serum components such as total cholesterol and LDL-C
play an important role in health, immunity and antioxidant
capabilities; therefore, the dynamic balance of these substances is
very important to the health of organisms (Zhu et al., 2003; Hui
et al., 2012). A significant increase in the contents of cholesterol
and LDL-C in the serum may cause lipid metabolism disorder
and induce hyperlipidemia (Ye et al., 2011; Zhai and Liu, 2013).
Similarly, Scylla serrate showed a higher weight gain when fed
0.5–0.79% dietary cholesterol, and diets containing more than
1.12% cholesterol had an adverse effect on growth performance
(Sheen, 2000). Therefore, excess dietary cholesterol supplements
can increases in serum cholesterol and LDL-C contents, which
may further affect the health of Nile tilapia cultivated in brackish
water.

During the synthesis of cortisol from cholesterol, the HPI axis
plays an important role in signal transduction and activation.
The HPI axis in teleost fish is comparable to the mammalian
stress axis (hypothalamus-pituitary-adrenal; HPA) as a result of
convergent evolution (Bonga and Wendelaar, 1997; Mommsen
et al., 1999), and it is also important in stress regulation and
adaptation and acclimation for fish in a dynamic environment. As
an effector of the HPI-axis, cortisol is the major stress hormone
regulating a variety of metabolic processes and mediating the
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FIGURE 2 | The mRNA expression of key genes in the HPI-axis. (A) The mRNA expression of P450scc in the head kidney; (B) the mRNA expression of 11β-HSD2 in

the head kidney; (C) the mRNA expression of 20β-HSD2 in the head kidney; (D) the mRNA expression of GR1 in the liver; (E) the mRNA expression of GR2B in the

liver. The abscissa indicates the diets, with the different cholesterol percentages labeled 0, 0.4, 0.8, 1.2, 1.6, and 2.4%. The ordinate represents the fold change in the

relative gene expression of the three genes in different groups relative to the 0% cholesterol group. The different lowercase letters represent significant differences

among groups (P < 0.05). Values (mean ± S.E.) of the mRNA expression levels are the mean of nine fish.

appropriate fight-or-flight response (Bonga and Wendelaar,
1997; Mommsen et al., 1999; McCormick et al., 2008). The
significantly higher mRNA expression levels of P450scc in Nile
tilapia fed 0.8, 1.2, and 1.6% cholesterol than those in Nile tilapia
fed 0.4% cholesterol corresponds to the increase in serum cortisol
in the Nile tilapia in our study. Meanwhile, the mRNA expression
levels of 11β-HSD2 significantly decreased with the increase in
the dietary cholesterol supplement. The 11β-HSD gene catalyzes
the intracellular interconversion between hormonally active

cortisol and inactive cortisone (Sandeep and Walker, 2001; Seckl
and Walker, 2001; Ishii et al., 2007), and the 11β-HSD2 gene
catalyzes the conversion of cortisol to cortisone (Tomlinson et al.,
2004). The significant decrease in 11β-HSD2 mRNA expression
in the serum and liver due to the increasing cholesterol levels is
related to the negative feedback of cortisol production (Kusakabe
et al., 2003; Terao et al., 2013). The 20β-HSD2 gene plays a
role in further catabolic steps of cortisol inactivation, and it
catalyzes the conversion of cortisone to 20β-hydroxycortisone
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FIGURE 3 | The activity of Na+/K+-ATPase in the gill. The abscissa indicates

the diets, with the different cholesterol percentages labeled as 0, 0.4, 0.8, 1.2,

1.6, and 2.4%. The ordinate represents the activity of Na+/K+-ATPase, and

the units are U/(mg protein). The different lowercase letters represent

significant differences among groups (P < 0.05). Values (mean ± S.E.) of the

Na+/K+-ATPase activity are the mean of nine fish.

(Tokarz et al., 2012). However, in the present study, the mRNA
expression of the 20β-HSD2 gene in the head kidney showed
fluctuating changes with the increase in dietary cholesterol. Thus,
the different mRNA expression tendencies of two crucial genes
involved in cortisol inactivation and excretion indicate a modest
increase in cortisol in the serum of Nile tilapia fed different levels
of cholesterol.

Chronic stress can increase the cortisol level after an exposure
period of hours, days, or weeks (Mcewen, 2008). The stress-
induced cortisol response mediated by the GR is a key signal
orchestrating metabolic adjustments that are critical to cope
with the enhanced energy demand for homeostasis due to stress
(Sathiyaa and Vijayan, 2003). Teleost fish have two different
GR paralogs, GR1 and GR2 (Prunet et al., 2006; Schaaf et al.,
2008), which are involved in the negative feedback loop of
circulating cortisol levels in response to elevated steroids (Bonga
andWendelaar, 1997;Mommsen et al., 1999). In Atlantic salmon,
cortisol can regulate ion transporter mRNA expression levels in
fresh water by signaling mediated via the GR (Kiilerich et al.,
2007). The up-regulation of GR1 and GR2 mRNA in the 0.4
and 0.8% cholesterol groups compared with the control group
reflects the positive regulation of cortisol contents in Nile tilapia,
as reported in rainbow trout (O. mykiss) (Teles et al., 2013). High
cholesterol in the serum of Nile tilapia fed a ≥ 1.2% cholesterol
supplement can induce the expression of GR1 and GR2 mRNA
in the liver due to the negative feedback regulation mechanism
in teleost fish (Barton, 2002). Although GR2 is more sensitive
to cortisol than GR1, it has a higher transactivation activity at a
lower cortisol level than GR1 (Bury et al., 2003). Nevertheless,
the functional difference between GR1 and GR2 is still poorly
understood (Bury et al., 2003; Prunet et al., 2006; Li et al.,
2012). More research should be done to explore the relationship
between the GR and salinity stress.

As an effector of the HPI axis, cortisol levels in the
serum are typically measured to determine the stress condition

FIGURE 4 | The content of cortisol in the serum. The abscissa indicates the

diets, with the different cholesterol percentages labeled 0, 0.4, 0.8, 1.2, 1.6,

and 2.4%. The ordinate represents the content of cortisol, and the units are

pg/mL. The different lowercase letters represent significant differences among

groups (P < 0.05). Values (mean ± S.E.) of the cortisol content in the serum

are the mean of nine fish.

of individuals (Ramsay et al., 2006). Plasma cortisol and
osmolality in tilapia changed rapidly in response to salinity
stress (Kammerer et al., 2010). Tilapia injected with cortisol
can increase the number of ion-transporting chloride cells
(Foskett et al., 1981) and the Na+/K+-ATPase activity in gills
to cope with osmotic stress (Dang et al., 2000; McCormick
et al., 2008). However, long-term exposure to cortisol leads
to a series of negative effects on fish (Gilmour et al., 2005),
including the reduction of cortisol sensitivity to other acute
stresses (Overli et al., 1999; Sloman et al., 2002; Jeffrey et al.,
2014). In our study, a slight increase in cortisol induced by
feeding fish with a 0.4% cholesterol supplement significantly
increased the activity of Na+/K+-ATPase in the gills of Nile
tilapia. The gill activities of Na+/K+ ATPase in fish fed the 0.8,
1.2, and 2.4% cholesterol supplement diets were significantly
higher than that of the control fish, although they were still
lower than the activity in the gills of fish fed the 0.4% cholesterol
supplement diet. Previous studies have shown that the chronic
exposure of fish to high cortisol could change energy metabolism
(Gilmour et al., 2012), down-regulate energy storage (Barton
et al., 1987; Gilmour et al., 2012) and slow growth rates (Dill,
1989; DiBattista et al., 2006). In Atlantic salmon, a cortisol
treatment resulted in increased physiological levels of cortisol,
increased gill Na+/K+ ATPase activity and improved salinity
tolerance (McCormick, 1996;McCormick et al., 2008). Therefore,
the increase in cortisol induced by feeding fish with a 0.4% dietary
cholesterol supplement may be an appropriate amount for the
osmoregulation of Nile tilapia under hyperosmotic stress.

CONCLUSIONS

Under chronic hyperosmotic stress, cholesterol is not an essential
requirement for Nile tilapia, but it can be used as a feed nutrient
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additive. TheHPI-axis and related genes, such as 11β-HSD2, 20β-
HSD2, GR1 and GR2, play an important role in the balance of
serum cortisol, although excessive cholesterol was supplemented
in the diet of Nile tilapia under salinity stress. The proper
concentration of dietary cholesterol (∼0.4%) can contribute to
the osmoregulation of Nile tilapia under salinity stress.
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