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Innate immunity is the first line of defence against invasion by foreign pathogens. One widely used
synthetic androgen for the production of all-male fish, particularly commercially valuable Nile tilapia,
Oreochromis niloticus, is 17 alpha-methyltestosterone (MT). The present study investigates the effect of
MT on innate immunity, cellular apoptosis and detoxification and the mortality rate, during and after the
feeding of fry with 0-, 40-and 60-mg MT/kg. Expression analysis was completed on interleukin 1 beta
(il1B), interleukin 8 (il8), tumour necrosis factor alpha (tnfa), CXC2- and CC-chemokines, interferon (ifn),
myxovirus resistance (mx), toll-like receptor 7 (tlr7), immunoglobulin M heavy chain (IgM heavy chain),
vitellogenin (vtg), cellular apoptosis susceptibility (cas) and glutathione S-transferase ol (gstal).
Expression analysis revealed that MT had a significant impact on these genes, and this impact varied
from induction to repression during and after the treatment. Linear regression analysis showed a sig-
nificant association between the majority of the tested gene transcript levels and mortality rates on the
7™ and 21% days of hormonal treatment and 2 weeks following hormonal cessation. The results are
thoroughly discussed in this article. This is the first report concerning the hazardous effect of MT on a

series of genes involved in immunity, apoptosis and detoxification in the Nile tilapia fry.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Worldwide, the Nile tilapia (Oreochromis niloticus) is a
commercially important fish. It has excellent culture characteristics
as it can efficiently utilize low protein feed, reproduce easily and
tolerate a wide range of environmental conditions, stresses and
infections [1]. Although many tilapia species are cultured, Oreo-
chromis niloticus (Linnaeus, 1758) is the most preferred in more
than 50 countries [2]. Currently, aquaculture is a promising global

Abbreviations: MT, 17 alpha-methyltestosterone; 11-KT, 11-ketotestosterone;
EDCs, endocrine disrupting chemicals; E2, 17 B-estradiol; EE2, 17 a-ethinyl estra-
diol; il1B, interleukin 1 beta; il8, interleukin 8; tnfa, tumour necrosis factor alpha;
ifn, interferon; mx, myxovirus resistance; tlr7, toll-like receptor 7; vtg, vitellogenin;
cas, cellular apoptosis susceptibility; gsta1, glutathione S-transferase ¢.1; dph, days
post-hatching.
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agricultural industry [3]. Nile tilapia aquaculture production
around the world resulted in 2,537,492 tons in 2010 and 3,425,121
tons in 2013. Aquaculture production of Nile tilapia in Egypt rep-
resented about 81%, 88% and 86% of tilapia yields in 2010, 2012 and
2013, respectively [4].

There is a need for monosex culturing, especially of all-male fish.
All-male monosex culture is characterized by greater uniformity in
growth, size and body weight, better flesh quality, more rapid
growth and the lack of spawning [5—8]. Androgens, such as 17
alpha-methyltestosterone (MT) [9—12], carp testis (natural
androgen), are widely used in this respect [ 13] as well as trenbolone
[14] or nonsteroidal aromatase inhibitors, such as fadrozole [15,16],
which efficiently produce a higher percentage of male fish. MT has
been used for the production of monosex stock in several species,
such as yellow catfish [17], spotted scat [18], medaka [19], Atlantic
cod [20], and guppy (Poecilia reticulata) [21]. In Nile tilapia,
masculinization processes begin when larvae are just finished the
yolk sac absorption, at which time, they are fed a diet containing
MT at doses of 40, 50, 60 or 70 mg MT/kg until 28 days of age
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[9,10,22—24].

There is a great deal of concern about the use of androgens in
aquaculture with regard to both the environment and the immu-
nity of the fish. First, several androgens and oestrogens derived
from animal wastes are widely polluting the environment, partic-
ularly drained agroecosystems [25]. Both 17 B-trenbolone and MT
have been detected in the environment [25], producing environ-
mental negative effects [26]. Second, regarding health concerns and
immunity, Chen, et al. [27] demonstrated a severe endocrine
disruption resulting from the use of MT. MT has a genotoxic effect
on human lymphocytes; in a dose dependent manner, it increases
the frequency of sister chromatid exchanges and decreases cell
cycle kinetics [28]. 11-ketotestosterone (11-KT) inhibits innate im-
mune responses in common carp [29] and three-spined stickle-
backs [30], and reduces Immunoglobulin M (IgM) production in
various teleost fish species [31—33].

Moreover, antibody producing cells were significantly
decreased in Chinook salmon leukocytes cultures containing MT,
testosterone or mibolerone [34,35]. High doses of testosterone
causes immunosuppression and a compromised T-cell immune
response [36,37]. Testosterone microencapsulation implants in
gilthead seabream showed a precocious pro-inflammatory ten-
dency, but later, mixed pro-/anti-inflammatory activation [38].

Cytokines are immune modulators and include interleukini
beta, (first isolated fish interleukin, I118), interleukin 8 (I18), tumour
necrosis factor alpha (Tnfa), CXC2- and CC-chemokines, interferon
(Ifn) and myxovirus resistance (Mx) [39—43]; they are involved in
chemotaxis, complement activation and pathogen killing and
opsonization in the phagocytosis process [44,45]. Previously, short
exposure to endocrine disrupting chemicals (EDCs) such as chem-
ical pollutants or 17 B-estradiol (E2) induced antioxidant activity
and innate immune gene expression, including il1g, il8, tnfa, CC-
chemokine, ifny and mx, in a concentration-dependent manner in
newly hatched zebrafish [43,46]. The other immunity member, toll-
like receptors (TLRs), which are present on phagocytic and
epithelial cells, are responsible for pathogen recognition [47—49].
TIr7 can recognize viruses [50], bacteria [51] and parasites [52].

The immunoglobulins of fish contain heavy and light poly-
peptide chains [53]. IgM is required to combat bacterial and viral
infections [54]. In the pre-larval stages of tilapia, IgM is derived
from the maternal fish [55]. In Nile tilapia, circulating IgM is
significantly affected by an increase or decrease in water temper-
ature and salinity [56]. In humans, it has been found that females
have higher plasma levels of IgM than males [57].

The precursor of yolk proteins, vitellogenin (Vtg) is not only
considered a nutrient source that is used by the developing em-
bryos, but it also has an important role in innate immunity [58,59].
The expression of vtg is induced following exposure to 17 a-ethinyl
estradiol (EE2) in the sand goby [60] and cadmium in rainbow trout
[61].

Many genes are involved in apoptosis, including cellular
apoptosis susceptibility (CAS), which has a function in cell prolif-
eration and apoptosis [62] and in protection against apoptotic cell
death [63].

Glutathione S-transferase (GST) plays a vital role in detoxifica-
tion and antioxidant defence [64,65]. A synthetic anabolic steroid,
stanozolol, increases glutathione reductase activities [66]. Kurtz,
et al. [30] found that high levels of circulating 11-kT causes even
more oxidative stress. Furthermore, Gst activity has value as a
biomarker of environmental pollution [67].

Synthetic steroids caused high mortality in many species
[Reviewed by 68]. MT has shown a significant negative effect on the
survival rate of fathead minnows [69], and caused a mortality rates,
54.43% and 71.25% for doses of 30 and 50 mg/kg of feed, respec-
tively, in Sabaki tilapia [70].

Based on this information, a better understanding of immune
related, cellular apoptosis and detoxification gene expression re-
sponses to orally administrated MT in Nile tilapia (Oreochromis
niloticus) fry is necessary to clarify the relationship between an-
drogens and immunity. The goal of this study is to evaluate the
relative change in mRNA levels of il10, il8, tnfa, CXC2- and CC-
chemokines, ifn, mx, tlr7, igM heavy chain, vtg, cas, and gsta1 as well
as the fish mortality rate induced by the hormone during and after
the use of MT with doses of 0-, 40- and 60-mg/Kg of diet for 21 days.

2. Material and methods
2.1. Fish and culture facilities

This work was reviewed and approved by the Animal Care and
Welfare Committee of Kafrelsheikh University, Egypt. All experi-
ments were carried out in accordance with the general guidelines
and recommendations of EU Directive 2010/63/EU for animal ex-
periments and the Canadian Council on Animal Care [71].

Nile tilapia (Oreochromis niloticus) larvae, with an average
weight of 0.01 g, were collected from the commercial fish hatchery
of Dr. Salah Ibrahim, Kafrelsheikh, Egypt. About 2520 two-day-old
larvae were stocked in nine glass tanks (280 fry in each tank).
Each glass tank (80 x 45 x 40 cm) was filled with about 130 L of
dechlorinated tap water. The aquaria were continuously aerated,
provided with heaters having thermostats to maintain the water
temperature at 28 + 1 °C, and half of the water was exchanged daily
to ensure high water quality. The photoperiod was a 14 h light:10 h
dark cycle. During the experimental period, the water quality pa-
rameters were set as follows: dissolved oxygen 6.7 + 1.4 mg/L and
pH 7 + 0.4. These parameters were stabilized during the
experiments.

2.2. Experimental setup

The larvae were left five days for acclimatization and yolk sac
absorption. The fry were fed a powdered mixed ration (40% crude
protein) contain a commercial meal (Joe FiD Co., Egypt; 30.0% crude
protein, 6.1% crude lipid, 4.5% pure crude fibre, total
energy > 4080 kcaL/kg) plus fish meal (Triple Nine, Denmark). The
feeding protocol was 2—3 times per day at a daily rate of 30% of
body weight.

Three different concentrations (0 mg, 40 mg and 60 mg) of 17
alpha-methyltestosterone  (MT) (Argent laboratories Inc.,
Philippines) were dissolved in 50 ml of absolute ethanol, sprayed
and mixed well with each kilogram of ration to create a concen-
tration of 0- (control), 40- and 60-mg MT/kg feed. The feed mix-
tures were left to completely dry at room temperature, packed in
air-tight black containers, and stored in the refrigerator until use.
At seven days post-hatching (dph) in which the acclimatization
period is finished, every three aquaria were assigned to one group
and fed with one of three concentrations of MT. Group 1 received
the ration containing the solvent only and served as a control
group, while group 2 received 40 mg of MT/kg feed and group 3
received 60 mg of MT/kg feed for 21 days (28 dph). Then, all groups
of fry were fed with the same diet, without addition of hormone or
ethanol, until 42 dph (the end of the experiment). The assessment
of three groups was performed after one week of hormonal treat-
ment (14 dph), at the end of hormonal treatment (28 dph) and 14
days following the cessation of hormonal treatment (42 dph). The
daily mortality was also recorded.

2.3. RNA extraction and reverse transcription (RT)

The fry had been fasting for 18 h before each sample was taken.
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The total RNA was isolated from the entire fry homogenate (n = 3
from each treated group) using TRIzol reagent (easy-RED™, iNtRON
Biotechnology, Korea), according to the manufacturer's protocol.
RNA integrity and quality were verified through visual inspection of
rRNA bands (18S and 28S) in ethidium bromide-stained 1% agarose.
The inspection confirmed that RNA was intact. The SensiFAST™
cDNA synthesis kit (Bioline, United Kingdom) was used for reverse
transcription (RT) of the isolated RNA following the manufacturer's
instructions. The synthesized cDNA was kept at — 40 °C.

2.4. Quantitative real-time PCR (qRT-PCR)

Gene specific primers of CXC2-chemokine, interferon (ifnn),
myxovirus resistance (mx), toll-like receptor 7 (tlr7) and vitelloge-
nin (vtg) were designed by primer 3 plus [72]. All sequences of gene
specific primers, along with the remaining tested genes, including
interleukin 1 beta (il13), interleukin 8 (il8), tumour necrosis factor
alpha (tnfa), CC-chemokine, immunoglobulin M heavy chain (IgM
heavy chain), cellular apoptosis susceptibility (cas), glutathione S-
transferase a1 (gsta1) and B-actin (as a reference gene) are shown
in Table 1.

Next, quantitative real-time PCR (qRT-PCR) was performed us-
ing the SensiFast™ SYBR Lo-Rox kit (Bioline, United Kingdom) and
the Stratagene MX3000P real-time PCR system. The reaction mix
consisted of 10 ul of SensiFast™ SYBR Lo-Rox, 0.5 uM of each primer
and 2 pl of cDNA. The qRT-PCR cycling parameters were as follows:
95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s, annealing
for 1 min at 60 °C for all genes, excluding tnfa and cas, which was
57 °C. The fluorescent signal was measured at the annealing/
extension step. Dissociation curve analyses were performed
beginning at 65 °C and ending at 95 °C, with incremental increases
of 0.5 °C every 5 s to validate the specificity of the PCR amplicons.
For all of tested genes, the dissociation curve analysis demonstrated
that only one peak existed at the corresponding melting tempera-
ture, indicating that the PCR was specifically amplified (data not
shown). The reactions were performed duplicately on triplicate
samples. The amount of target gene transcript was normalized to 3-
actin transcript. A threshold cycle (Ct) -based relative quantification
of all genes was analysed by the formula 2-AACt [80]; where AAC; =
(Ct (target) — C¢ (P-actin)) treated — (C; (target) — C: (B-actin))
control.

2.5. Statistical analysis

An unpaired Student's t-test with Welch's correction (without
the assumption of equal SDs) was used to determine the statisti-
cally significant differences between the treated and control
groups. Simple linear regression analysis was performed to identify

the relationship between normalized gene expressions and mor-
tality rate. The relative expression data were transformed using log-
base-two to ensure that the requirements of homogeneity of vari-
ance and normalized statistical distributions were met. GraphPad
Prism software version 6 (GraphPrism Software, La Jolla, California,
USA) was used for the statistical analysis, and the results were
expressed as mean + SEM. Differences were considered to be sta-
tistically significant at P values less than 0.05. The significant dif-
ference over the solvent controls was also estimated to be P < 0.04,
P < 0.006 and P < 0.0006.

3. Results

The modulation of 17 alpha-methyltestosterone (MT) in three
different concentrations (0-, 40- and 60-mg/kg of diet) on Nile tilapia
were estimated through the analysis of the relative expression of
genes involved in innate immune response, apoptosis and detoxifi-
cation. In all of the genes that were studied, excluding interleukin 8
(il8), a dose-dependent induction in mRNA transcript levels at the 7t
day of hormonal treatment (14 days post-hatching, dph) was fol-
lowed by a fluctuating decrease at the 21t day of treatment (28 dph)
and after 14 days of hormonal cessation (42 dph).

To characterise the expression patterns of pro-inflammatory
mediators, such as cytokines (including interleukin 1 beta (il13),
il8, tumour necrosis factor alpha (tnfa), CXC2- and CC-chemokines,
interferon (ifn) and myxovirus resistance (mx)), the mRNA levels of
these genes in Nile tilapia fry were determined at the 7™ and 215t
day of treatment and after 14 days of hormonal cessation. On the
7™ day of hormonal treatment, fry that were fed a 40- or 60-mg/kg
diet, the levels of the tested cytokines increased significantly,
excluding the up-regulation of CXC2-chemokine (at 40 mg/kg) was
insignificant (Fig. 1 and Fig. 2A—C). To illustrate, il1, il8, tnfa, CXC2-
and CC-chemokines, ifn and mx, showed significant increases of
3.3-,1.7-,1.97-,1.3-, 2.1, 2.5- and 1.23-fold, respectively, at a dose of
40 mg/kg (P < 0.04) and 4.3-, 1.8-, 3.1-, 3.3+, 4.3-, 4.4- and 3.4-fold,
respectively, at a dose of 60 mg/kg (P < 0.04). These increases were
followed by declines to approximately the normal or subnormal
levels (down-regulation) on the 21°t day of treatment, but il8
showed a marked increase, and the only point of significance
(P < 0.04) that identified was at 60 mg/kg in il18, il8 and ifn, which
showed 1.7-, 2.2- and 0.5-fold changes, respectively, and in CXC2-
chemokine (0.68-fold change) at 40 mg/kg. However, after 14 days
of hormonal cessation, all studied cytokines down-regulated and
this ranging from 0.74- to 0.25-fold in both treated groups,
excluding il8 and CC-chemokine at a dose of 40 mg/kg in which
they were close to the solvent control level (Figs. 1-2A—C).

In addition, the transcription levels of toll-like receptor 7 (tIr7),
immunoglobulin M heavy chain (IgM heavy chain) and vitellogenin

Table 1

Sequences of primer pairs used in the quantitative real-time PCR reactions.
Target gene Forward primer (5'-3") Reverse primer (5'-3") Accession No. Reference
il1g TGCACTGTCACTGACAGCCAA ATGTTCAGGTGCACTATGCGG DQ061114.1 [73]
il8 GCACTGCCGCTGCATTAAG GCAGTGGGAGTTGGGAAGAA NM_001279704.1 [74]
tnfo GGTTAGTTGAGAAGAAATCACCTGCA GTCGTCGCTATTCCCGCAGATCA NM_001279533.1 [75]
CXC2-chemokine CTATCCATGGAGCCTCAGGT CTTCTTGAGCGTGGCAATAA XM_003452201 This article
CC-chemokine ACAGAGCCGATCTTGGGTTACTTG TGAAGGAGAGGCGGTGGATGTTAT FF279635.1 [76,77]
ifn AGCACAACGTAGCTTTCCCT TAAACAGGGCAAACAGGTCA XM_003460533.2 This article
mx GGATCCTGATGGAGAGAGGA GCATTTGACCACCATGTAGC XM_003460517.2 This article
thr7 TCAGCAGGGTGAGAGCATAC ACATATCCCAGCCGTAGAGG XM_005477981.1 This article
IgM heavy chain AGGAGACAGGACTGGAATGCACAA GGAGGCAGTATAGGTATCATCCTC KJ676389.1 [78]
vtg AGACCCTCAGTTGCTGGAGT CGGTGTCGAGAGCTGAGTAG FJ709597 This article
cas CAGTCTGTGAAAGGCCACACTATAAG TCATTGGCTTGTGTTATTCCATGCTTCTG AF547173 [63]
gstal TAATGGGAGAGGGAAGATGG CTCTGCGATGTAATTCAGGA EU234530 [64]
B-actin CAGCAAGCAGGAGTACGATGAG TGTGTGGTGTGTGGTTGTTTTG XM_003455949.2 [79]
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Fig. 1. The relative gene expression levels of interleukin 1 beta (il18) (A), interleukin 8 (il8) (B), tumour necrosis factor alpha (tnfa) (C) and CXC2-chemokine (D) in Nile tilapia fry fed
40 and 60 mg MT/kg compared to control (0 mg MT/kg, represented by x-axis) at day 7 (14 dph) and day 21 (28 dph) of hormonal treatment and 14 days after treatment cessation
(42 dph). The B-actin was used as a reference gene to normalize the data and the data shown as mean + SEM (¥, **, ***, on the data bars indicate a significant difference over solvent

controls, P < 0.04, P < 0.006 and P < 0.0006, respectively).

(vtg) were determined (Fig. 2D; and Fig. 3A and B). In both treated
groups, the mRNA levels were significantly increased at the 7th day
of treatment. Their fold change resulting from doses of 40- and 60-
mg/kg as follows: 1.55 and 2.89, respectively, for tlr7; 1.5 and 4.17,
respectively, for IgM heavy chain; 4.2 and 7.2, respectively, for vtg.
Next, at the 21! day of treatment, the transcription levels decreased
but remained higher than those of the solvent control (P < 0.04).
However, this excludes the mRNA level of IgM heavy chain at a dose
of 40 mg/kg. Its induction at the 7 day of treatment was accom-
panied by down-regulation at the 215 day of treatment (P > 0.05).
The mRNA levels of tlr7, IgM heavy chain and vtg were markedly
down-regulated in both doses (P < 0.04) after 14 days of hormonal
cessation. This excludes IgM heavy chain (60 mg/kg dose, 1.18-fold,
P> 0.05).

The expression level of cellular apoptosis susceptibility (cas),
which is involved in apoptosis regulation was strongly induced at
the 7t day of treatment (40 mg/kg, 1.6-fold, P < 0.04; 60 mg/kg 2.5-
fold, P < 0.04) and then showed a sharp, significant reduction
(40 mg/kg, 0.11-fold, P < 0.0006; 60 mg/kg, 0.49-fold, P < 0.006) at
the 215 day of treatment. The low expression level was maintained,
but with 0.78-fold (P > 0.05) and 0.3-fold (P < 0.0006) levels after
14 days of treatment cessation compared to the solvent control for
the lowest and highest doses, respectively (Fig. 3C). A similar
behaviour of expression was noticed in the detoxification gene that
was studied, glutathione S-transferase a1 (gsta1) which was 40 mg/
kg, 1.9-fold, P < 0.04 and 60 mg/kg, 2.3-fold, P < 0.04 at the 7 day

of treatment. By the 215" day of treatment, the transcript levels were
suppressed (40 mg/kg, 0.52- fold, P < 0.006; 60 mg/kg, 0.74-fold,
P < 0.04). In addition, after treatment had been stopped for two
weeks, the expression remained lower than that of the solvent
control (40 mg/kg, 0.7- fold, P > 0.05; 60 mg/kg, 0.84-fold, P > 0.05;
Fig. 3D).

During the experiment, the fry didn't show any signs of disease
or infection. Mortality rates were 5, 9 and 10.4% at the 7™ day of
treatment; 9.2, 23.5 and 26% at the 21°% day of treatment; 20, 36.3
and 47.14% after 14 days of hormonal cessation at the doses, 0-, 40-
and 60-mg/kg of diet, respectively. A significant correlation
(P < 0.05) was observed between mortality rates and the expression
of the majority of tested genes when subjected to linear regression
analysis. The coefficient of determination (R?) for all of the genes in
the case of 40 or 60 mg/kg treatments are provided in Table 2. In the
case of 40 mg/kg, il10, tnfa, ifn, mx and vtg showed a significant,
highly positive correlation (P < 0.001). A moderate significant
correlation was detected in the CXC2-chemokine, tIr7 (P < 0.007),
IgM heavy chain (P < 0.005) and gsta1. Low or no correlation was
found between mortality and the il8, CC-chemokine and cas. In case
of 60 mg/kg, the tested genes showed a significant, highly positive
correlation (p < 0.005). This excludes CC-chemokine, IgM heavy
chain and gstal, all of which demonstrated a significant moderate
correlation (P < 0.03). This indicates that mortality is negatively
affected by most of the gene expressions that were studied in this
article.
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Fig. 2. The relative gene expression levels of CC-chemokine (A), interferon (ifn) (B), myxovirus resistance (mx) (C) and toll-like receptor 7 (tIr7) (D) in Nile tilapia fry fed 40 and
60 mg MT/kg compared to control (0 mg MT/kg, represented by x-axis) at day 7 (14 dph) and day 21 (28 dph) of hormonal treatment and 14 days after treatment cessation (42 dph).
The B-actin was used as a reference gene to normalize the data and the data shown as mean + SEM (*, **, ***, on the data bars indicate a significant difference over solvent controls,

P < 0.04, P < 0.006 and P < 0.0006, respectively).

4. Discussion

Aquaculture is a promising and an important industrial sector. It
provides a consistent supply of aquatic species for human con-
sumption. Nile tilapia, Oreochromis niloticus, is one of the most
important cultured freshwater fish in various countries [77]. Pro-
ducing a monosex culture that is all-male is vital for aquaculture
farming because of their advantages such as the male fish have over
female fish. 17 alpha-methyltestosterone (MT) is widely used in the
production of all-male Nile tilapia fry [8,10,81,82].

It is well-known that the immune system plays an essential role
in the protection against pathogens and external environmental
conditions in fish. Fish mainly depend on innate immunity. How-
ever, the administration of hormones, especially androgens, in fish
has been implicated as a negative regulator of both innate and
adaptive immunity. Since infections in aquaculture can cause great
losses in fish stock, an immunity deficiency caused by the admin-
istration of hormones is likely to endanger commercial fish
farming. Studies have reported that testosterone, an important
androgen, had a suppressive effect on immunity, particularly on
viral and host antigens [83—85]. Sullivan, et al. [86] showed that
androgens caused a reduction in the total number of T-cells, la-
positive lymphocytes, suppressor/cytotoxic T-cells, helper T-cells
and B-cells. The immunosuppressive effect of testosterone is
caused by increasing the activity of suppressor T-cells, without

directly affecting mature T-cells [87]. However, androgen-
deprivation, improved lymphoid haematopoiesis, and, thus, on
augmented the immune response [88] by increasing the levels of T-
cells and making them proliferate more vigorously in response to
antigens [89].

Cytokines are a large category of proteins that are crucial to
many immunological processes. In particular, there is a cross-talk
between cytokines. To explain, Hong and Secombes [90]| found
that the administration of the recombinant trout interleukin 1 beta
(I11B) induced gene expression of il1f, interleukin-8 (il8) and
myxovirus resistance (mx); 118 induced the transcripts of immuno-
globin M (IgM) [91] and II13 [92]. In addition, recombinant inter-
feron (Ifn) increased the expression of il1(, il8, tumour necrosis
factor alpha (tnfa), CC-chemokines and ifn [93]. Likewise, a recip-
rocal induction of expression was found between il8 and tnfa [94].
Meanwhile, the recruitment and activation of phagocytes were
mediated by Tnfa which induced of the endothelial cell expression
of CXC- and CC-chemokines [95]. This type of harmonious inter-
action was seen between the tested cytokines and almost of the
remaining tested genes in our study which all of the tested cyto-
kines showed an early up-regulation and a late down-regulation.

Interestingly, in our study, after 7 days of exposure to MT, all of
the studied gene mRNA levels were elevated in the Nile tilapia fry.
This observation may give an explanation to the elevated levels of
both IgA in orchiectomised rats [96] and of IL1B and TNFa in
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Fig. 3. The relative gene expression levels of immunoglobulin M heavy chain (IgM heavy chain) (A), vitellogenin (vtg) (B), cellular apoptosis susceptibility (cas) (C) and glutathione S-
transferase a.1 (gsta1) (D) in Nile tilapia fry fed 40 and 60 mg MT/kg compared to control (0 mg MT/kg, represented by x-axis) at day 7 (14 dph) and day 21 (28 dph) of hormonal
treatment and 14 days after treatment cessation (42 dph). The B-actin was used as a reference gene to normalize the data and the data shown as mean + SEM (¥, **, ***, on the data
bars indicate a significant difference over solvent controls, P < 0.04, P < 0.006 and P < 0.0006, respectively).

;asbcfﬁazre values of linear regression analysis between cumulative mortality and normalized target gene expression level (fold change).
Treatment Gene name
il1g il8 tnfa CXC2-chemokine CC-chemokine ifn
40 mg MT/kg of diet 0.7979 0.1580 0.9244 0.5221 0.4283 0.8814
60 mg MT/kg of diet 0.7715 0.7546 0.8431 0.5624 0.9749 0.7013
Treatment Gene name
mx thr7 IgM heavy chain vtg cas gstal

40 mg MT/kg of diet 09173 0.6595 0.6995 0.8637 0.08932 0.5155
60 mg MT/kg of diet 0.9315 0.8318 0.5758 0.9632 0.8221 0.5228

ovariectomised mice [97] following the administration of testos-
terone and oestrogen, respectively. Krasnov, et al. [98] observed
that there was a sharp decrease in lice infection during sexual
maturation of Atlantic salmon. Also, increased levels of ifn and mx
mRNA were observed in Atlantic salmon during the smolting pro-
cess [99]. This could have resulted from a naturally short elevation
in androgen and oestrogen levels.

In our study, the delayed effect of MT on the cytokines in the Nile
tilapia was similar to the direct negative effect that testosterone
had on the macrophage by reducing the expression of IL13, TNF«
[100] and IL8 production [101]. Furthermore, dihydrotestosterone
inhibited the mRNA expression of TNF [102]. Another study found

that juvenile Atlantic cod that were chronically exposed to water
discharged from the offshore oil industry (produced water) had
significantly up-regulated mRNA expressions of il1(, il8 and IgM
light chains [103]. However, these observations could be due to
disparate body responses to different chemicals.

Our results found that MT significantly enhanced the expression
of ifn, mx and the toll-like receptor 7 (tlr7) on the 7™ day of treat-
ment, although the levels rapidly declined to the normal on the 21
day and reached subnormal after 14 days post-treatment. In fact,
according to Christeff, et al. [ 104], IFN treatment reduced the serum
androgen concentrations in humans. Thus, most of the early im-
mune defences, particularly, ifn, mx and tlr7, which are the main



H.G. Abo-Al-Ela et al. / Fish & Shellfish Inmunology 60 (2017) 289—298 295

players in antiviral immunity, were dramatically affected by MT.

Low concentrations of 17 a-ethinyl estradiol (EE2) were seen to
induce il10, il8 and tnfo mRNA levels in non-activated macrophages,
whilst EE2 suppressed il16 in activated macrophages [105]. Diaz-
inon, an insecticide, could accelerate mRNA synthesis of Infy,
although the translation might be impaired [106].

A Long-term high dose of oral testosterone reduced IgM levels in
rainbow trout [31]. Although, in our study, the fry received 60 mg/
kg of MT in their diet, showed higher IgM heavy chain mRNA levels
than the control throughout the study. On the contrary, the fry
received 40 mg/kg of MT in their diet showed down-regulation of
IgM heavy chain on the 21° day of treatment and 14 days post-
treatment and this findings agree with the decrease in serum IgM
levels seen in men who received oral synthetic testosterone for 6
months [107].

Vitellogenin (Vtg) is an immune related protein and a biomarker
that is used to indicate environmental toxicity. Exposure of pengze
crucian carp to MT for 4 weeks and juvenile fathead minnows to MT
for 3 weeks showed significant increases in vtg transcripts
compared with the controls [108,109]. In our study, fry that were
fed either 40 mg or 60 mg of MT expressed the same effect at day 7
and day 21 of treatment but downregulated after 14 day of treat-
ment cessation.

Previously, Mandarin fish's Tnfo protein induced programmed
cell death in HeLa cells [110]. The attenuation of cellular apoptosis
susceptibility (CAS) protein reduced the cell's sensitivity to
apoptosis by TNF [111]. Meanwhile, the toll-like receptors (TLRs)
can induce programmed cell death [44]. Some mammalian viruses
can escape from the immune responses by targeting IFN or
apoptosis [112]. Besides the detoxification function of glutathione
S-transferase a1 (Gsta1) is also included in innate immune re-
sponses [113]. Both the cas and gstal genes showed evidence of
up-regulation at 1 week post-treatment of MT. These earlier re-
sponses were comparable to the early anti-apoptotic and antiox-
idant protective effects seen in rats given synthetic testosterone
[114] and also, the oxidative response in the liver of largemouth
bass following the EE2 feeding [115]. Another potential explana-
tion for this elevation is the anabolic effect of MT, which causes the
cas to be profusely expressed by the proliferating cells [63]. It is
worthwhile to note that, in our study, the increase in both cas and
gstal genes fell sharply to markedly low levels at day 21 of
treatment and after 14 days after hormonal cessation. These re-
sults agree with earlier reports in which oral MT (40 and 200 mg/
kg of body weight/day) given for 28 days clearly increased the
apoptotic germ cells in rat [116].

Our study looked at how a change that affected the immunity of
Nile tilapia fry clearly affected its survival. We found a strong cor-
relation between the majority of gene transcript levels and mor-
tality rate. These results agree with the findings of Pandian, et al.
[117] which showed that hormonal induction of sex reversal caused
low survival rates of converted male and female fish. Juvenile
rainbow trout that were given 17 B-estradiol (E2) in feed showed a
reduction in survival rate after being challenged with Yersinia
ruckeri bacteria compared with control populations [118]. Similarly,
Junior, et al. [119] showed that the survival rates for Nile tilapia
were 54.1% for the control population and 50.3% for the population
fed MT for 28 days. On the other hand, increasing the dose of MT,
increased the mortality in convict cichlid [120]. In addition, it was
shown that fish fed an E2-treated diet had higher survival rate than
fish fed an MT-treated diet [121]. At the same time, the mortality
rate of septic males (70%) was higher than the mortality rate of
septic females (26%) [122], which might be due to elevated sys-
temic anti-inflammatory mediators in females [123]. Mice that
were deficient in IgM showed a 70% mortality rate with a reduced
TNFo. and neutrophil recruitment and an increased peritoneal

bacterial load after caecal ligation and puncture [124]. These was
along with our regression analysis results, which reveal a signifi-
cant high and moderate correlation for TNFa (R? = 0.92, 0.84 for 40
and 60 mg/kg, respectively) and IgM (R*> = 0.7, 0.58 for 40 and
60 mg/kg, respectively), respectively.

Gene expression studies are known as powerful methods in
toxicology and environmental biomonitoring [125,126]. Our results
showed that the Nile tilapia fry that were fed 60 mg MT/kg had a
lower immunity and higher mortality than the fish fed 40 mg MT/
kg. To the best of our knowledge, this paper represents the first
study about how MT affects gene expression from the immune,
apoptosis and antioxidant views. Our findings established how
these systems could be affected by synthetic androgens. There was
a striking difference between the early- and late-gene responses
toward MT. The analysis of these genes could be taken as an indi-
cator of environmental toxicity. We should be aware that these
frequently used endocrine disrupting chemicals (EDCs) not only
affect the immune system of fish, but also markedly influence the
antioxidant system and even the survival rates.

5. Conclusion

In conclusion, the immune system is considered to be the army
of the body protecting the body against a variety of pathogens that
cause disease. Various studies showed that hormones and chem-
icals can alter the capacity of fish to respond to infection. Regard-
less, further investigations are needed to evaluate the
immunological response after a pathogenic challenge. Our results
showed that MT disrupted the immunity and detoxification sys-
tems and was a negative regulator of innate immunity in Nile
tilapia. The effect of MT was reflected in the gene expression of
several genes that were relevant to the immune, apoptosis and
antioxidant systems. MT treatment was also associated with a
higher mortality rate. Further studies should be done to link the
change of these gene transcript levels with other immunological
parameters and pathogen resistance.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

References

[1] H.A. Hassanien, ]. Gilbey, Genetic diversity and differentiation of Nile tilapia
(Oreochromis niloticus) revealed by DNA microsatellites, Aquac. Res. 36 (14)
(2005) 1450—1457, http://dx.doi.org/10.1111/j.1365-2109.2005.01368.x.

[2] AE. Eknath, G. Hulata, Use and exchange of genetic resources of Nile tilapia

(Oreochromis niloticus), Rev. Aquacult. 1 (3—4) (2009) 197—-213, http://

dx.doi.org/10.1111/j.1753-5131.2009.01017.x.

D.Ye, Z.Y. Zhu, Y.H. Sun, Fish genome manipulation and directional breeding,

Sci. China Life Sci. 58 (2) (2015) 170—177, http://dx.doi.org/10.1007/s11427-

015-4806-7.

Fisheries and Aquaculture Information and Statistics Branch (FAO), 2013.

www.fao.org/fishery/statistics/en (Accessed March, 2016).

N.O. Francis, Y.B. Esa, A review of production protocols used in producing

economically viable monosex tilapia, J. Fish. Aquat. Sci. 11 (1) (2016) 1-11,

http://dx.doi.org/10.3923/jfas.2016.1.11.

J.A. Beardmore, G.C. Mair, R.I. Lewis, Monosex male production in finfish as

exemplified by tilapia: applications, problems, and prospects, Aquaculture

197 (1-4) (2001) 283—301, http://dx.doi.org/10.1016/S0044-8486(01)

00590-7.

0.0. Ajiboye, The efficacy of the steroid hormone, 17 alpha-

methyltestosterone and semi flow-through culture system as growth pro-

moters and reproduction inhibitors of Nile tilapia (O. niloticus) fed two feed
type, Int. J. Aquac. 5 (2015), http://dx.doi.org/10.5376/ija.2015.05.0020.

W.S. Hasheesh, M.A.S. Marie, H.H. Abbas, M.G. Eshak, E.A. Zahran, An eval-

uation of the effect of 17 alpha-methyltestosterone hormone on some

biochemical, molecular and histological changes in the liver of Nile tilapia;

Oreochromis niloticus, Life Sci. ]. 8 (3) (2011) 343—358.

[9] A. Mateen, I. Ahmed, Androgen sex reversal, subsequent growth and meat

3

[4

[5

(6

[7

(8


http://dx.doi.org/10.1111/j.1365-2109.2005.01368.x
http://dx.doi.org/10.1111/j.1753-5131.2009.01017.x
http://dx.doi.org/10.1111/j.1753-5131.2009.01017.x
http://dx.doi.org/10.1007/s11427-015-4806-7
http://dx.doi.org/10.1007/s11427-015-4806-7
http://www.fao.org/fishery/statistics/en
http://dx.doi.org/10.3923/jfas.2016.1.11
http://dx.doi.org/10.1016/S0044-8486(01)00590-7
http://dx.doi.org/10.1016/S0044-8486(01)00590-7
http://dx.doi.org/10.5376/ija.2015.05.0020
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref8
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref8
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref8
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref8
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref8
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref9

296

(10]

(11]

[12]

[13]

(14]

[15]

(16]

[17]

(18]

(19]

[20]

[21]

[22]

(23]

(24]

[25]

[26]

[27]

(28]

[29]

(30]

H.G. Abo-Al-Ela et al. / Fish & Shellfish Immunology 60 (2017) 289—298

quality of Nile tilapia (Oreochromis niloticus), Pak. J. Agr. Sci. 52 (1) (2015)
199—-202.

I. Celik, Y. Guner, P. Celik, Effect of orally-administered 17 alpha-
methyltestosterone at different doses on the sex reversal of the Nile tilapia
(Oreochromis niloticus, Linneaus 1758), J. Anim. Vet. Adv. 10 (7) (2011)
853—857, http://dx.doi.org/10.3923/javaa.2011.853.857.

P.0. Angienda, B.O. Aketch, E.N. Waindi, Development of all-male fingerlings
by heat treatment and the genetic mechanism of heat induced sex deter-
mination in Nile tilapia (Oreochromis niloticus L.), Int. ]. Biol. Life Sci. 4 (1)
(2010) 50—55.

R.D. Guerrero, Use of androgens for the production of all-male Tilapia aurea
(Steindachner), Trans. Am. Fish. Soc. 104 (2) (1975) 342—348, http://
dx.doi.org/10.1577/1548-8659(1975)104. <342:UOAFTP>2.0.CO;2.

N.B. Khanal, M.K. Shrestha, S. Rai, R.C. Bhujel, Comparative evaluation of Carp
testis as an alternative to 17 alpha-methyltestosterone on tilapia sex
reversal, Our Nat. 12 (1) (2014) 1-7, http://dx.doi.org/10.3126/
on.v12i1.12251.

J.I. Galvez, J.R. Morrison, R.P. Phelps, Efficacy of trenbolone acetate in sex
inversion of the blue tilapia Oreochromis aureus, ]. World Aquacult. Soc. 27
(4) (1996) 483—486, http://dx.doi.org/10.1111/j.1749-7345.1996.tb00633.x.
T. Kitano, K. Takamune, Y. Nagaham, S. Abe, Aromatase inhibitor and 17
alpha-methyltestosterone cause sex-reversal from genetical females to
phenotypic males and suppression of P450 aromatase gene expression in
Japanese flounder (Paralichthys olivaceus), Mol. Reprod. Dev. 56 (1) (2000)
1-5,  http://dx.doi.org/10.1002/(Sici)1098-2795(200005)56,  1<1::Aid-
Mrd1>3.0.Co;2—-3.

G.H. Panter, T.H. Hutchinson, K.S. Hurd, A. Sherren, R.D. Stanley, C.R. Tyler,
Successful detection of (anti-) androgenic and aromatase inhibitors in pre-
spawning adult fathead minnows (Pimephales promelas) using easily
measured endpoints of sexual development, Aquat. Toxicol. 70 (1) (2004)
11-21, http://dx.doi.org/10.1016/j.aquatox.2004.06.007.

Z.G. Shen, Q.X. Fan, W. Yang, Y.L. Zhang, H.P. Wang, Effects of 17 alpha-
methyltestosterone and aromatase inhibitor letrozole on sex reversal,
gonadal structure, and growth in yellow catfish Pelteobagrus fulvidraco, Biol.
Bull-Us 228 (2) (2015) 108—117.

J.H. Chen, M.X. He, B.L. Yan, J.B. Zhang, S.C. Jin, L. Liu, Molecular character-
ization of dax1 and SF-1 and their expression analysis during sex reversal in
spotted scat, Scatophagus argus, ]. World Aquacult. Soc. 46 (1) (2015) 1-19,
http://dx.doi.org/10.1111/jwas.12165.

M. Seki, H. Yokota, H. Matsubara, M. Maeda, H. Tadokoro, K. Kobayashi, Fish
full life-cycle testing for androgen methyltestosterone on medaka (Oryzias
latipes), Environ. Toxicol. Chem. 23 (3) (2004) 774—781, http://dx.doi.org/
10.1897/03-26.

T. Haugen, E. Andersson, B. Norberg, G.L. Taranger, The production of her-
maphrodites of Atlantic cod (Gadus morhua) by masculinization with orally
administered 17-alpha-methyltestosterone, and subsequent production of
all-female cod populations, Aquaculture 311 (1—4) (2011) 248—254, http://
dx.doi.org/10.1016/j.aquaculture.2010.12.003.

S.B. Chakraborty, T. Molndr, C. Hancz, Effects of methyltestosterone,
tamoxifen, genistein and Basella alba extract on masculinization of guppy
(Poecilia reticulata), ]. Appl. Pharm. Sci. 2 (12) (2012) 48-52, http://
dx.doi.org/10.7324/JAPS.2012.21209.

V.G.V. Paller, RD. Guerrero, Histological effects of 17 alpha-
methyltestosterone on the gonadal sex differentiation of Oreochromis nilo-
ticus L. fry, Asia Life Sci. 101 (2001) 55—68 (Philipp.).

M. Marjani, S. Jamili, P.G. Mostafavi, M. Ramin, A. Mashinchian, Influence of
17-alpha methyl testosterone on masculinization and growth in tilapia
(Oreochromis mossambicus), ]. Fish. Aquat. Sci. 4 (1) (2009), http://dx.doi.org/
10.3923/jfas.2009.71.74.

D.L. Straus, J.D. Bowker, M.P. Bowman, D.G. Carty, A]J. Mitchell, B.D. Farmer,
CK. Ledbetter, Safety of feed treated with 17 alpha-methyltestosterone
(17MT) to larval Nile tilapia, N. Am. J. Aquacult. 75 (2) (2013) 212—-219,
http://dx.doi.org/10.1080/15222055.2012.758211.

H.E. Gall, S.A. Sassman, LS. Lee, C.T. Jafvert, Hormone discharges from a
midwest tile-drained agroecosystem receiving animal wastes, Environ. Sci.
Technol. 45 (20) (2011) 8755—8764, http://dx.doi.org/10.1021/es2011435.
CL.G. Rivero-Wendt, A.L. Miranda-Vilela, M.E.N. Ferreira, A.M. Borges,
CK. Grisolia, Cytogenetic toxicity and gonadal effects of 17 alpha-
methyltestosterone in Astyanax bimaculatus (Characidae) and Oreochromis
niloticus (Cichlidae), Genet. Mol. Res. 12 (3) (2013) 3862—3870, http://
dx.doi.org/10.4238/2013.September.23.4.

L. Chen, X. Jiang, H. Feng, H. Shi, L. Sun, W. Tao, Q. Xi, D. Wang, Simultaneous
exposure to estrogen and androgen resulted in feminization and endocrine
disruption, J. Endocrinol. 228 (3) (2016) 205—218, http://dx.doi.org/10.1530/
JOE-15-0432.

J. Gupta, Y.H. Siddique, T. Beg, G. Ara, M. Afzal, Protective role of green tea
extract against genotoxic damage induced by anabolic steroids in cultured
human lymphocytes, Biol. Med. 1 (2) (2009) 87—99.

S. Buchtikova, A. Simkova, K. Rohlenova, M. Flajshans, A. Lojek, E.M. Lilius,
P. Hyrsl, The seasonal changes in innate immunity of the common carp
(Cyprinus carpio), Aquaculture 318 (1-2) (2011) 169—175, http://dx.doi.org/
10.1016/j.aquaculture.2011.05.013.

J. Kurtz, M. Kalbe, S. Langefors, I. Mayer, M. Milinski, D. Hasselquist, An
experimental test of the immunocompetence handicap hypothesis in a
teleost fish: 11-ketotestosterone suppresses innate immunity in three-

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

(43]

[44]

[45]

(46]

(47]

(48]

[49]

(501

[51]

[52]

(53]

[54]

[55]

spined sticklebacks, Am. Nat. 170 (4) (2007) 509—519, http://dx.doi.org/
10.1086/521316.

Y.Y. Hou, Y. Suzuki, K. Aida, Effects of steroid hormones on immunoglobulin
M (IgM) in rainbow trout, Oncorhynchus mykiss, Fish. Physiol. Biochem. 20
(2) (1999) 155—162, http://dx.doi.org/10.1023/A:1007799617597.

Y. Hou, Y. Suzuki, K. Aida, Effects of steroids on the antibody producing ac-
tivity of lymphocytes in rainbow trout, Fish. Sci. 65 (6) (1999) 850—855.
N.R. Saha, T. Usami, Y. Suzuki, In vitro effects of steroid hormones on IgM-
secreting cells and IgM secretion in common carp (Cyprinus carpio), Fish
Shellfish Immun. 17 (2) (2004) 149-158, http://dx.doi.org/10.1016/
j.fs.2004.01.001.

C.H. Slater, M.S. Fitzpatrick, C.B. Schreck, Androgens and immunocompe-
tence in salmonids: specific binding in and reduced immunocompetence of
salmonid lymphocytes exposed to natural and synthetic androgens, Aqua-
culture 136 (3—4) (1995) 363—370, http://dx.doi.org/10.1016/0044-
8486(95)01062-9.

C.H. Slater, C.B. Schreck, Testosterone alters the immune response of Chinook
salmon, Oncorhynchus tshawytscha, Gen. Comp. Endocr. 89 (2) (1993)
291-298, http://dx.doi.org/10.1006/gcen.1993.1035.

KJ. Navara, G.E. Hill, M.T. Mendonca, Variable effects of yolk androgens on
growth, survival, and immunity in eastern bluebird nestlings, Physiol. Bio-
chem. Zool. 78 (4) (2005) 570—578, http://dx.doi.org/10.1086/430689.

S. Andersson, T. Uller, M. Lohmus, F. Sundstrom, Effects of egg yolk testos-
terone on growth and immunity in a precocial bird, J. Evol. Biol. 17 (3) (2004)
501-505, http://dx.doi.org/10.1111/j.1420-9101.2004.00706.x.

P. Castillo-Briceno, S. Aguila-Martinez, S. Liarte, A.G. Alcazar, ]J. Meseguer,
V. Mulero, A. Garcia-Ayala, In situ forming microparticle implants for delivery
of sex steroids in fish: modulation of the immune response of gilthead
seabream by testosterone, Steroids 78 (1) (2013) 26—33, http://dx.doi.org/
10.1016/j.steroids.2012.10.013.

J. Zou, C. Cunningham, C.J. Secombes, The rainbow trout Oncorhynchus mykiss
interleukin-1 beta gene has a different organization to mammals and un-
dergoes incomplete splicing, Eur. ]. Biochem. 259 (3) (1999) 901—-908, http://
dx.doi.org/10.1046/j.1432-1327.1999.00121 X.

E.Y. Lee, H.H. Park, Y.T. Kim, T.J. Choi, Cloning and sequence analysis of the
interleukin-8 gene from flounder (Paralichthys olivaceous), Gene 274 (1-2)
(2001) 237243, http://dx.doi.org/10.1016/S0378-1119(01)00600-X.

R. Savan, M. Sakai, Presence of multiple isoforms of TNF alpha in carp
(Cyprinus carpio L.): genomic and expression analysis, Fish Shellfish Immun.
17 (1) (2004) 87—94, http://dx.doi.org/10.1016/j.fsi.2003.11.001.

J. Zou, Y.B. Yasutoshi, J.M. Dijkstra, M. Sakai, M. Ototake, C. Secombes,
Identification of an interferon gamma homologue in Fugu, Takifugu rubripes,
Fish Shellfish Immun. 17 (4) (2004) 403—409, http://dx.doi.org/10.1016/
j.f5.2004.04.015.

H. Xu, X.L. Shao, Z. Zhang, Y.M. Zou, X.Y. Wu, L.Q. Yang, Oxidative stress and
immune related gene expression following exposure to di-n-butyl phthalate
and diethyl phthalate in zebrafish embryos, Ecotox. Environ. Safe. 93 (2013)
39—44, http://dx.doi.org/10.1016/j.ecoenv.2013.03.038.

B. Salaun, P. Romero, S. Lebecque, Toll-like receptors' two-edged sword:
when immunity meets apoptosis, Eur. ]J. Immunol. 37 (12) (2007)
3311-3318, http://dx.doi.org/10.1002/eji.200737744.

CJ. Secombes, T. Wang, S. Hong, S. Peddie, M. Crampe, KJ. Laing,
C. Cunningham, J. Zou, Cytokines and innate immunity of fish, Dev. Comp.
Immunol. 25 (8-9) (2001) 713—723, http://dx.doi.org/10.1016/S0145-
305x(01)00032-5.

Y.X. Jin, RJ. Chen, W.P. Liu, Z.W. Fu, Effect of endocrine disrupting chemicals
on the transcription of genes related to the innate immune system in the
early developmental stage of zebrafish (Danio rerio), Fish Shellfish Immun.
28 (5—6) (2010) 854—861, http://dx.doi.org/10.1016/j.fsi.2010.02.009.

P. Alvarez-Pellitero, Fish immunity and parasite infections: from innate im-
munity to immunoprophylactic prospects, Vet. Inmunol. Immunop. 126
(3—4) (2008) 171—198, http://dx.doi.org/10.1016/j.vetimm.2008.07.013.

S. Akira, K. Takeda, T. Kaisho, Toll-like receptors: critical proteins linking
innate and acquired immunity, Nat. Immunol. 2 (8) (2001) 675—680, http://
dx.doi.org/10.1038/90609.

K. Takeda, S. Akira, Roles of Toll-like receptors in innate immune responses,
Genes Cells. 6 (9) (2001) 733—742, http://dx.doi.org/10.1046/j.1365-
2443.2001.00458.x.

P.T. Lee, J. Zou, J.W. Holland, S.A.M. Martin, T. Kanellos, CJ. Secombes,
Identification and characterization of TLR7, TLR8a2, TLR8b1 and TLR8b2
genes in Atlantic salmon (Salmo salar), Dev. Comp. Immunol. 41 (2) (2013)
295—305, http://dx.doi.org/10.1016/j.dci.2013.05.013.

H. Kumar, T. Kawai, S. Akira, Pathogen recognition by the innate immune
system, Int. Rev. Immunol. 30 (1) (2011) 16—34, http://dx.doi.org/10.3109/
08830185.2010.529976.

F. Zhao, Y.W. Li, H.J. Pan, C.B. Shi, X.C. Luo, A.X. Li, S.Q. Wu, Expression profiles
of toll-like receptors in channel catfish (Ictalurus punctatus) after infection
with Ichthyophthirius multifiliis, Fish Shellfish Immun. 35 (3) (2013)
993-997, http://dx.doi.org/10.1016/j.fsi.2013.05.023.

G.W. Warr, The immunoglobulin genes of fish, Dev. Comp. Immunol. 19 (1)
(1995) 1—12, http://dx.doi.org/10.1016/0145-305x(94)00052-H.

M. Boes, Role of natural and immune IgM antibodies in immune responses,
Mol. Immunol. 37 (18) (2000) 1141—1149, http://dx.doi.org/10.1016/S0161-
5890(01)00025-6.

A. Takemura, Changes in an immunoglobulin M (IgM)-like protein during


http://refhub.elsevier.com/S1050-4648(16)30759-8/sref9
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref9
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref9
http://dx.doi.org/10.3923/javaa.2011.853.857
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref11
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref11
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref11
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref11
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref11
http://dx.doi.org/10.1577/1548-8659(1975)104
http://dx.doi.org/10.1577/1548-8659(1975)104
http://dx.doi.org/10.3126/on.v12i1.12251
http://dx.doi.org/10.3126/on.v12i1.12251
http://dx.doi.org/10.1111/j.1749-7345.1996.tb00633.x
http://dx.doi.org/10.1002/(Sici)1098-2795(200005)56
http://dx.doi.org/10.1016/j.aquatox.2004.06.007
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref17
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref17
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref17
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref17
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref17
http://dx.doi.org/10.1111/jwas.12165
http://dx.doi.org/10.1897/03-26
http://dx.doi.org/10.1897/03-26
http://dx.doi.org/10.1016/j.aquaculture.2010.12.003
http://dx.doi.org/10.1016/j.aquaculture.2010.12.003
http://dx.doi.org/10.7324/JAPS.2012.21209
http://dx.doi.org/10.7324/JAPS.2012.21209
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref22
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref22
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref22
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref22
http://dx.doi.org/10.3923/jfas.2009.71.74
http://dx.doi.org/10.3923/jfas.2009.71.74
http://dx.doi.org/10.1080/15222055.2012.758211
http://dx.doi.org/10.1021/es2011435
http://dx.doi.org/10.4238/2013.September.23.4
http://dx.doi.org/10.4238/2013.September.23.4
http://dx.doi.org/10.1530/JOE-15-0432
http://dx.doi.org/10.1530/JOE-15-0432
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref28
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref28
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref28
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref28
http://dx.doi.org/10.1016/j.aquaculture.2011.05.013
http://dx.doi.org/10.1016/j.aquaculture.2011.05.013
http://dx.doi.org/10.1086/521316
http://dx.doi.org/10.1086/521316
http://dx.doi.org/10.1023/A:1007799617597
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref32
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref32
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref32
http://dx.doi.org/10.1016/j.fsi.2004.01.001
http://dx.doi.org/10.1016/j.fsi.2004.01.001
http://dx.doi.org/10.1016/0044-8486(95)01062-9
http://dx.doi.org/10.1016/0044-8486(95)01062-9
http://dx.doi.org/10.1006/gcen.1993.1035
http://dx.doi.org/10.1086/430689
http://dx.doi.org/10.1111/j.1420-9101.2004.00706.x
http://dx.doi.org/10.1016/j.steroids.2012.10.013
http://dx.doi.org/10.1016/j.steroids.2012.10.013
http://dx.doi.org/10.1046/j.1432-1327.1999.00121.x
http://dx.doi.org/10.1046/j.1432-1327.1999.00121.x
http://dx.doi.org/10.1016/S0378-1119(01)00600-X
http://dx.doi.org/10.1016/j.fsi.2003.11.001
http://dx.doi.org/10.1016/j.fsi.2004.04.015
http://dx.doi.org/10.1016/j.fsi.2004.04.015
http://dx.doi.org/10.1016/j.ecoenv.2013.03.038
http://dx.doi.org/10.1002/eji.200737744
http://dx.doi.org/10.1016/S0145-305x(01)00032-5
http://dx.doi.org/10.1016/S0145-305x(01)00032-5
http://dx.doi.org/10.1016/j.fsi.2010.02.009
http://dx.doi.org/10.1016/j.vetimm.2008.07.013
http://dx.doi.org/10.1038/90609
http://dx.doi.org/10.1038/90609
http://dx.doi.org/10.1046/j.1365-2443.2001.00458.x
http://dx.doi.org/10.1046/j.1365-2443.2001.00458.x
http://dx.doi.org/10.1016/j.dci.2013.05.013
http://dx.doi.org/10.3109/08830185.2010.529976
http://dx.doi.org/10.3109/08830185.2010.529976
http://dx.doi.org/10.1016/j.fsi.2013.05.023
http://dx.doi.org/10.1016/0145-305x(94)00052-H
http://dx.doi.org/10.1016/S0161-5890(01)00025-6
http://dx.doi.org/10.1016/S0161-5890(01)00025-6

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

H.G. Abo-Al-Ela et al. / Fish & Shellfish Inmunology 60 (2017) 289—298

larval stages in Tilapia, Oreochromis mossambicus, Aquaculture 115 (3—4)
(1993) 233—241, http://dx.doi.org/10.1016/0044-8486(93)90139-P.

M. Dominguez, A. Takemura, M. Tsuchiya, S. Nakamura, Impact of different
environmental factors on the circulating immunoglobulin levels in the Nile
tilapia, Oreochromis niloticus, Aquaculture 241 (1—4) (2004) 491-500,
http://dx.doi.org/10.1016/j.aquaculture.2004.06.027.

NJ. Olsen, W.J. Kovacs, Gonadal steroids and immunity, Endocr. Rev. 17 (4)
(1996) 369—384, http://dx.doi.org/10.1210/Er.17.4.369.

S.C. Zhang, S.H. Wang, H.Y. Li, L. Li, Vitellogenin, a multivalent sensor and an
antimicrobial effector, Int. ]. Biochem. Cell Biol. 43 (3) (2011) 303—305,
http://dx.doi.org/10.1016/j.biocel.2010.11.003.

AlJ. Lu, X.C. Huy, J. Xue, J.R. Zhu, Y. Wang, G.Z. Zhou, Gene expression profiling
in the skin of zebrafish infected with Citrobacter freundii, Fish Shellfish
Immun. 32 (2) (2012) 273—283, http://dx.doi.org/10.1016/j.fsi.2011.11.016.
J.L. Humble, M. Saaristo, K. Lindstrom, K.K. Lehtonen, J.A. Craft, Effects of 17
alpha-ethinyl estradiol exposure on estrogen receptors alpha and beta and
vitellogenins A, B and C mRNA expression in the liver of sand goby (Poma-
toschistus minutus), Mar. Environ. Res. 96 (2014) 12—18, http://dx.doi.org/
10.1016/j.marenvres.2014.01.006.

F. Gagne, M. Fortier, L. Yu, H.L. Osachoff, R.C. Skirrow, G. van Aggelen,
C. Gagnon, M. Fournier, Immunocompetence and alterations in hepatic gene
expression in rainbow trout exposed to CdS/CdTe quantum dots, J. Environ.
Monit. 12 (8) (2010) 1556—1565, http://dx.doi.org/10.1039/c0em00031k.

P. Behrens, U. Brinkmann, A. Wellmann, CSE1L/CAS: its role in proliferation
and apoptosis, Apoptosis 8 (1) (2003) 39—44, http://dx.doi.org/10.1023/A:
1021644918117.

K. Praveen, J.H. Leary, D.L. Evans, L. Jaso-Friedmann, Molecular cloning of
cellular apoptosis susceptibility (CAS) gene in Oreochromis niloticus and its
proposed role in regulation of non-specific cytotoxic cell (NCC) functions,
Fish Shellfish Immun. 20 (4) (2006) 647—655, http://dx.doi.org/10.1016/
j.fs1.2005.06.010.

M. Puerto, D. Gutierrez-Praena, A. Prieto, S. Pichardo, A. Jos, ]. Miguel-Car-
rasco, C. Vazquez, A.M. Camean, Subchronic effects of cyanobacterial cells on
the transcription of antioxidant enzyme genes in tilapia (Oreochromis nilo-
ticus), Ecotoxicology 20 (2) (2011) 479—490, http://dx.doi.org/10.1007/
510646-011-0600-x.

C. Frova, Glutathione transferases in the genomics era: new insights and
perspectives, Biomol. Eng. 23 (4) (2006) 149—169, http://dx.doi.org/10.1016/
j.bioeng.2006.05.020.

J. Delgado, A. Saborido, A. Megias, Prolonged treatment with the anabolic-
androgenic steroid stanozolol increases antioxidant defences in rat skeletal
muscle, J. Physiol. Biochem. 66 (1) (2010) 63—71, http://dx.doi.org/10.1007/
s13105-010-0010-1.

E. Martinez-Lara, F. Toribio, ]J. Lopez-Barea, J.A. Barcena, Glutathione-S-
transferase isoenzyme patterns in the gilthead seabream (sparus aurata)
exposed to environmental contaminants, Comp. Biochem. Phys. C 113 (2)
(1996) 215—220, http://dx.doi.org/10.1016/0742-8413(95)02090-X.

T.J. Pandian, S.G. Sheela, Hormonal induction of sex reversal in fish, Aqua-
culture 138 (1—4) (1995) 1-22, http://dx.doi.org/10.1016/0044-8486(95)
01075-0.

G.T. Ankley, K.M. Jensen, M.D. Kahl, ].J. Korte, E.A. Makynen, Description and
evaluation of a short-term reproduction test with the fathead minnow
(Pimephales promelas), Environ. Toxicol. Chem. 20 (6) (2001) 1276—1290,
http://dx.doi.org/10.1897/1551-5028(2001)020. <1276:Daeoas>2.0.Co;2.
M.T. Ridha, K.P. Lone, Effect of oral administration of different levels of
17alpha- methyltestosterone on the sex reversal, growth and food conver-
sion efficiency of the tilapia Oreochromis spilurus (Giinther) in brackish wa-
ter, Aquac. Res. 21 (4) (1990) 391—-397, http://dx.doi.org/10.1111/j.1365-
2109.1990.tb00477 x.

CCAC, Guidelines on: the Care and Use of Fish in Research, Teaching and
Testing, Guide to the Care and Use of Experimental Animals, Canadian
Council on Animal Care (CCAC), Ottawa, Ontario, Canada, 2005.

A. Untergasser, H. Nijveen, X. Rao, T. Bisseling, R. Geurts, J.A.M. Leunissen,
Primer3Plus, an enhanced web interface to Primer3, Nucleic Acids Res. 35
(2007) W71-W?74, http://dx.doi.org/10.1093/nar/gkm306.

K. Choi, D.W. Lehmann, CA. Harms, J.M. Law, Acute hypoxia-reperfusion
triggers immunocompromise in Nile tilapia, J. Aquat. Anim. Health 19 (2)
(2007) 128—140, http://dx.doi.org/10.1577/H06-010.1.

C. Ming, W. Rui, L. Liping, T. Huang, H. Weiyi, L. Jian, L. Chao, L. Aiying,
L. Honglin, L. Wanwen, Sequence and evolution differences of Oreochromis
niloticus CXC contribute to the diversification of cellular immune responses
in Tilapias with treatment of Streptococcus iniae, ]. Anim. Vet. Adv. 12 (3)
(2013) 303—311, http://dx.doi.org/10.3923/javaa.2013.303.311.

K. Praveen, D.L. Evans, L. Jaso-Friedmann, Constitutive expression of tumor
necrosis factor-alpha in cytotoxic cells of teleosts and its role in regulation of
cell-mediated cytotoxicity, Mol. Immunol. 43 (3) (2006) 279—-291, http://
dx.doi.org/10.1016/j.molimm.2005.01.012.

C. Nakharuthai, N. Areechon, P. Srisapoome, Molecular Characterization and
Expression Analysis of a CDNA Encoding CC Chemokine Gene in Nile tilapia
(Oreochromis niloticus), in: Proceedings of the 49th Kasetsart University
Annual Conference, Fisheries, Kasetsart University, Thailand, 2011, pp.
189—199.

C. Nakharuthai, N. Areechon, P. Srisapoome, Molecular characterization,
functional analysis, and defense mechanisms of two CC chemokines in Nile
tilapia (Oreochromis niloticus) in response to severely pathogenic bacteria,

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

(88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

297

Dev. Comp. Immunol. 59 (2016) 207—228, http://dx.doi.org/10.1016/
j.dci.2016.02.005.

C. Phuyindee, S. Unajak, P. Srisapoome, Molecular characterization and
expression analysis of a cDNA encoding immunoglobulin (Ig) M heavy chain
secreted form of Nile tilapia (Oreochromis niloticus), in: Proceedings of the
49th Kasetsart University Annual Conference vol. 3, Kasetsart University,
Thailand, 2011, pp. 200—211.

J.C. Pang, F.Y. Gao, M.X. Lu, X. Ye, H.P. Zhu, X.L. Ke, Major histocompatibility
complex class IIA and IIB genes of Nile tilapia Oreochromis niloticus: genomic
structure, molecular polymorphism and expression patterns, Fish Shellfish
Immun. 34 (2) (2013) 486—496, http://dx.doi.org/10.1016/j.fsi.2012.11.048.
KJ. Livak, T.D. Schmittgen, Analysis of relative gene expression data using
real-time quantitative PCR and the 2784 method, Methods 25 (4) (2001)
402—408, http://dx.doi.org/10.1006/meth.2001.1262.

S. Homklin, S.K. Ong, T. Limpiyakorn, Degradation of 17 alpha-
methyltestosterone by Rhodococcus sp and Nocardioides sp isolated from a
masculinizing pond of Nile tilapia fry, J. Hazard. Mater. 221 (2012) 35—44,
http://dx.doi.org/10.1016/j.jhazmat.2012.03.072.

W.L. Gale, M.S. Fitzpatrick, M. Lucero, W.M. Contreras-Sanchez, C.B. Schreck,
Masculinization of Nile tilapia (Oreochromis niloticus) by immersion in an-
drogens, Aquaculture 178 (3—4) (1999) 349—357, http://dx.doi.org/10.1016/
S0044-8486(99)00136-2.

T. Bruland, H.Y. Dai, L.ASS. Lavik, LI Kristiansen, A. Dalen, Gender-related
differences in susceptibility, early virus dissemination and immunosup-
pression in mice infected with Friend murine leukaemia virus variant FIS-2,
J. Gen. Virol. 82 (2001) 1821—1827, http://dx.doi.org/10.1099/0022-1317-
82-8-1821.

M.G. Torcia, L. Nencioni, A.M. Clemente, L. Civitelli, I. Celestino, D. Limongi,
G. Fadigati, E. Perissi, F. Cozzolino, E. Garaci, A.T. Palamara, Sex differences in
the response to viral infections: TLR8 and TLR9 ligand stimulation induce
higher IL10 production in males, Plos One 7 (6) (2012), http://dx.doi.org/
10.1371/journal.pone.0039853.

J.GM. Markle, D.N. Frank, S. Mortin-Toth, C.E. Robertson, L.M. Feazel,
U. Rolle-Kampczyk, M. von Bergen, K.D. McCoy, A.J. Macpherson, ].S. Danska,
Sex differences in the gut microbiome drive hormone-dependent regulation
of autoimmunity, Science 339 (6123) (2013) 1084—1088, http://dx.doi.org/
10.1126/science.1233521.

D.A. Sullivan, H. Ariga, A.C. Vendramini, FJ. Rocha, M. Ono, E.H. Sato,
Androgen-induced suppression of autoimmune-disease in lacrimal glands of
mouse models of sjogrens-syndrome, Adv. Exp. Med. Biol. 350 (1994)
683—690, http://dx.doi.org/10.1007/978-1-4615-2417-5_115.

S.U. Rifé, M.G. Mdrquez, A. Escalante, T. Velich, The effect of testosterone on
the immune response 1.-mechanism of action on antibody-forming Cells,
Immunol. Invest. 19 (3) (1990) 259—270, http://dx.doi.org/10.3109/
08820139009041841.

J.B. Aragon-Ching, K.M. Williams, J.L. Gulley, Impact of androgen-deprivation
therapy on the immune system: implications for combination therapy of
prostate cancer, Front. Biosci. 12 (2007) 4957—4971, http://dx.doi.org/
10.2741/2441.

A.C. Roden, M.T. Moser, S.D. Tri, M. Mercader, S.M. Kuntz, H.D. Dong,
AA. Hurwitz, D.J. McKean, E. Celis, B.C. Leibovich, J.P. Allison, E.D. Kwon,
Augmentation of T cell levels and responses induced by androgen depriva-
tion, J. Immunol. 173 (10) (2004) 6098—6108, http://dx.doi.org/10.4049/
jimmunol.173.10.6098.

S. Hong, CJ. Secombes, Two peptides derived from trout IL-1 beta have
different stimulatory effects on immune gene expression after intraperito-
neal administration, Comp. Biochem. Phys. B 153 (3) (2009) 275—-280, http://
dx.doi.org/10.1016/j.cbpb.2009.03.008.

B.B. Zhao, T. Katagiri, H. Kondo, I. Hirono, Comparative analysis of two types
of CXCL8 from Japanese flounder (Paralichthys olivaceus), Dev. Comp.
Immunol. 52 (1) (2015) 37—47, http://dx.doi.org/10.1016/j.dci.2015.04.011.
L.M. van der Aa, M. Chadzinska, L.A. Golbach, C.M.S. Ribeiro, B.M.L. Verburg-
van Kemenade, Pro-inflammatory functions of carp CXCL8-like and CXCb
chemokines, Dev. Comp. Immunol. 36 (4) (2012) 741—750, http://dx.doi.org/
10.1016/j.dci.2011.11.011.

L. Grayfer, M. Belosevic, Molecular characterization, expression and func-
tional analysis of goldfish (Carassius aurutus L.) interferon gamma, Dev.
Comp. Immunol. 33 (2) (2009) 235—246, http://dx.doi.org/10.1016/
j.dci.2008.09.001.

Y.H. Hy, L. Chen, L. Sun, CXCL8 of Scophthalmus maximus: expression, bio-
logical activity and immunoregulatory effect, Dev. Comp. Immunol. 35 (10)
(2011) 1030—1037, http://dx.doi.org/10.1016/j.dci.2011.04.002.

FJ. Roca, I. Mulero, A. Lopez-Munoz, M.P. Sepulcre, S.A. Renshaw,
J. Meseguer, V. Mulero, Evolution of the inflammatory response in verte-
brates: fish TNF-alpha is a powerful activator of endothelial cells but hardly
activates phagocytes, J. Immunol. 181 (7) (2008) 5071-5081, http://
dx.doi.org/10.4049/jimmunol.181.7.5071.

D.A. Sullivan, L.E. Hann, Endocrine regulation of the ocular secretory immune
system, in: J. Mestecky, J.R. McGhee, ]. Bienenstock, P.L. Ogra (Eds.), Recent
Advances in Mucosal Immunology: Part A: Cellular Interactions, Springer US,
Boston, MA, 1987, pp. 765—774, http://dx.doi.org/10.1007/978-1-4684-
5344-7_89.

M. De, T.R. Sanford, G.W. Wood, Interleukin-1, Interleukin-6, and tumor
necrosis factor alpha are produced in the mouse uterus during the estrous
cycle and are induced by estrogen and progesterone, Dev. Biol. 151 (1)


http://dx.doi.org/10.1016/0044-8486(93)90139-P
http://dx.doi.org/10.1016/j.aquaculture.2004.06.027
http://dx.doi.org/10.1210/Er.17.4.369
http://dx.doi.org/10.1016/j.biocel.2010.11.003
http://dx.doi.org/10.1016/j.fsi.2011.11.016
http://dx.doi.org/10.1016/j.marenvres.2014.01.006
http://dx.doi.org/10.1016/j.marenvres.2014.01.006
http://dx.doi.org/10.1039/c0em00031k
http://dx.doi.org/10.1023/A:1021644918117
http://dx.doi.org/10.1023/A:1021644918117
http://dx.doi.org/10.1016/j.fsi.2005.06.010
http://dx.doi.org/10.1016/j.fsi.2005.06.010
http://dx.doi.org/10.1007/s10646-011-0600-x
http://dx.doi.org/10.1007/s10646-011-0600-x
http://dx.doi.org/10.1016/j.bioeng.2006.05.020
http://dx.doi.org/10.1016/j.bioeng.2006.05.020
http://dx.doi.org/10.1007/s13105-010-0010-1
http://dx.doi.org/10.1007/s13105-010-0010-1
http://dx.doi.org/10.1016/0742-8413(95)02090-X
http://dx.doi.org/10.1016/0044-8486(95)01075-0
http://dx.doi.org/10.1016/0044-8486(95)01075-0
http://dx.doi.org/10.1897/1551-5028(2001)020
http://dx.doi.org/10.1111/j.1365-2109.1990.tb00477.x
http://dx.doi.org/10.1111/j.1365-2109.1990.tb00477.x
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref71
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref71
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref71
http://dx.doi.org/10.1093/nar/gkm306
http://dx.doi.org/10.1577/H06-010.1
http://dx.doi.org/10.3923/javaa.2013.303.311
http://dx.doi.org/10.1016/j.molimm.2005.01.012
http://dx.doi.org/10.1016/j.molimm.2005.01.012
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref76
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref76
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref76
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref76
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref76
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref76
http://dx.doi.org/10.1016/j.dci.2016.02.005
http://dx.doi.org/10.1016/j.dci.2016.02.005
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref78
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref78
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref78
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref78
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref78
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref78
http://dx.doi.org/10.1016/j.fsi.2012.11.048
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1016/j.jhazmat.2012.03.072
http://dx.doi.org/10.1016/S0044-8486(99)00136-2
http://dx.doi.org/10.1016/S0044-8486(99)00136-2
http://dx.doi.org/10.1099/0022-1317-82-8-1821
http://dx.doi.org/10.1099/0022-1317-82-8-1821
http://dx.doi.org/10.1371/journal.pone.0039853
http://dx.doi.org/10.1371/journal.pone.0039853
http://dx.doi.org/10.1126/science.1233521
http://dx.doi.org/10.1126/science.1233521
http://dx.doi.org/10.1007/978-1-4615-2417-5_115
http://dx.doi.org/10.3109/08820139009041841
http://dx.doi.org/10.3109/08820139009041841
http://dx.doi.org/10.2741/2441
http://dx.doi.org/10.2741/2441
http://dx.doi.org/10.4049/jimmunol.173.10.6098
http://dx.doi.org/10.4049/jimmunol.173.10.6098
http://dx.doi.org/10.1016/j.cbpb.2009.03.008
http://dx.doi.org/10.1016/j.cbpb.2009.03.008
http://dx.doi.org/10.1016/j.dci.2015.04.011
http://dx.doi.org/10.1016/j.dci.2011.11.011
http://dx.doi.org/10.1016/j.dci.2011.11.011
http://dx.doi.org/10.1016/j.dci.2008.09.001
http://dx.doi.org/10.1016/j.dci.2008.09.001
http://dx.doi.org/10.1016/j.dci.2011.04.002
http://dx.doi.org/10.4049/jimmunol.181.7.5071
http://dx.doi.org/10.4049/jimmunol.181.7.5071
http://dx.doi.org/10.1007/978-1-4684-5344-7_89
http://dx.doi.org/10.1007/978-1-4684-5344-7_89

298

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

H.G. Abo-Al-Ela et al. / Fish & Shellfish Immunology 60 (2017) 289—298

(1992) 297—305, http://dx.doi.org/10.1016/0012-1606(92)90234-8.

A. Krasnov, M.SW. Breiland, B. Hatlen, S. Afanasyev, S. Skugor, Sexual
maturation and administration of 17 beta-estradiol and testosterone induce
complex gene expression changes in skin and increase resistance of Atlantic
salmon to ectoparasite salmon louse, Gen. Comp. Endocr. 212 (2015) 34—43,
http://dx.doi.org/10.1016/j.ygcen.2015.01.002.

B.K. Das, B. Collet, M. Snow, A.E. Ellis, Expression of interferon type I and II,
Mx and gamma IP genes in the kidney of Atlantic salmon, Salmo salar, is
induced during smolting, Fish Shellfish Immun. 23 (3) (2007) 514—520,
http://dx.doi.org/10.1016/].fsi.2006.10.010.

M.P. Corcoran, M. Meydani, A.H. Lichtenstein, E.J. Schaefer, A. Dillard,
S. Lamon-Fava, Sex hormone modulation of proinflammatory cytokine and
C-reactive protein expression in macrophages from older men and post-
menopausal women, J. Endocrinol. 206 (2) (2010) 217—224, http://
dx.doi.org/10.1677/Joe-10-0057.

A. Boje, L. Moesby, M. Timm, E.W. Hansen, Immunomodulatory effects of
testosterone evaluated in all-trans retinoic acid differentiated HL-60 cells,
granulocytes, and monocytes, Int. Immunopharmacol. 12 (4) (2012)
573—579, http://dx.doi.org/10.1016/j.intimp.2012.02.008.

G.D. Norata, G. Tibolla, P.M. Seccomandi, A. Poletti, A.L. Catapano, Dihy-
drotestosterone  decreases  tumor  necrosis  factor-alpha  and
lipopolysaccharide-induced inflammatory response in human endothelial
cells, J. Clin. Endocr. Metab. 91 (2) (2006) 546—554, http://dx.doi.org/
10.1210/jc.2005-1664.

J.C. Perez-Casanova, D. Hamoutene, S. Samuelson, K. Burt, T.L. King, K. Lee,
The immune response of juvenile Atlantic cod (Gadus morhua L.) to chronic
exposure to produced water, Mar. Environ. Res. 70 (1) (2010) 26—34, http://
dx.doi.org/10.1016/j.marenvres.2010.02.005.

N. Christeff, S. Gharakhanian, N. Thobie, E. Wirbel, M.T. Dalle, D. Costagliola,
E.A. Nunez, W. Rozenbaum, Effect of interferon alpha on high serum
androgen concentrations in HIV positive men with Kaposi's sarcoma, J. Clin.
Pathol. 50 (4) (1997) 341—345, http://dx.doi.org/10.1136/Jcp.50.4.341.

I. Cabas, S. Liarte, A. Garcia-Alcazar, ]J. Meseguer, V. Mulero, A. Garcia-Ayala,
17 alpha-Ethynylestradiol alters the immune response of the teleost gilthead
seabream (Sparus aurata L.) both in vivo and in vitro, Dev. Comp. Immunol.
36 (3) (2012) 547—-556, http://dx.doi.org/10.1016/j.dci.2011.09.011.

A.M. Alluwaimi, Y. Hussein, Diazinon immunotoxicity in mice: modulation of
cytokines level and their gene expression, Toxicology 236 (1-2) (2007)
123—131, http://dx.doi.org/10.1016/j.tox.2007.04.004.

J.E. Morley, Testosterone, in: J.E. Morley, L. Berg (Eds.), Endocrinology of
Aging, Humana Press, Totowa, NJ, 2000, pp. 127—149, http://dx.doi.org/
10.1007/978-1-59259-715-4_9.

M. Zerulla, R. Lange, T. Steger-Hartmann, G. Panter, T. Hutchinson,
D.R. Dietrich, Morphological sex reversal upon short-term exposure to
endocrine modulators in juvenile fathead minnow (Pimephales promelas),
Toxicol. Lett. 131 (1—2) (2002) 51—63, http://dx.doi.org/10.1016/S0378-
4274(02)00070-X.

Y. Zheng, L.H. Wang, M. Li, HW. Liang, F. Qin, S.Z. Liu, H.P. Wang, T.T. Wu,
Y.Y. Zhang, Z.Z. Wang, Molecular characterization of five steroid receptors
from pengze crucian carp and their expression profiles of juveniles in
response to 17 alpha-ethinylestradiol and 17 alpha-methyltestosterone,
Gen. Comp. Endocr. 191 (2013) 113-122, http://dx.doi.org/10.1016/
j.ygcen.2013.06.011.

J. Xiao, Z.C. Zhou, C. Chen, W.L. Huo, ZX. Yin, S.P. Weng, S.M. Chan, X.Q. Yu,
J.G. He, Tumor necrosis factor-alpha gene from mandarin fish, Siniperca
chuatsi: molecular cloning, cytotoxicity analysis and expression profile, Mol.
Immunol. 44 (14) (2007) 3615-3622, http://dx.doi.org/10.1016/
j.molimm.2007.03.016.

U. Brinkmann, CAS, the human homologue of the yeast chromosome-
segregation gene CSE1, in proliferation, apoptosis, and cancer, Am. J. Hum.

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

Genet. 62 (3) (1998) 509—513, http://dx.doi.org/10.1086/301773.

S. Goodbourn, L. Didcock, R.E. Randall, Interferons: cell signalling, immune
modulation, antiviral responses and virus countermeasures, J. Gen. Virol. 81
(2000) 2341-2364, http://dx.doi.org/10.1099/0022-1317-81-10-2341.

CY. Wang, J.M. Zhao, CK. Mu, Q. Wang, H.F. Wu, C.L. Wang, cDNA cloning
and mRNA expression of four glutathione S-transferase (GST) genes from
Mytilus galloprovincialis, Fish Shellfish Immun. 34 (2) (2013) 697-703,
http://dx.doi.org/10.1016/.fsi.2012.11.020.

S. Morimoto, C.A. Mendoza-Rodriguez, M. Hiriart, M.E. Larrieta, P. Vital,
M.A. Cerbon, Protective effect of testosterone on early apoptotic damage
induced by streptozotocin in rat pancreas, J. Endocrinol. 187 (2) (2005)
217—-224, http://dx.doi.org/10.1677/joe.1.06357.

R.C. Colli-Dula, CJ. Martyniuk, KJ. Kroll, M.S. Prucha, M. Kozuch, D.S. Barber,
N.D. Denslow, Dietary exposure of 17-alpha ethinylestradiol modulates
physiological endpoints and gene signaling pathways in female largemouth
bass (Micropterus salmoides), Aquat. Toxicol. 156 (2014) 148—160, http://
dx.doi.org/10.1016/j.aquatox.2014.08.008.

S. Wason, G. Pohlmeyer-Esch, C. Pallen, X. Palazzi, G. Espuna, R. Bars, 17
alpha-methyltestosterone: 28-day oral toxicity study in the rat based on the
“enhanced OECD Test Guideline 407" to detect endocrine effects, Toxicology
192 (2—-3) (2003) 119-137, http://dx.doi.org/10.1016/S0300-483x(03)
00265-8.

T.J. Pandian, S.G. Sheela, S. Kavumpurath, Endocrine sex reversal in fishes -
masculinization evokes greater stress and mortality, Curr. Sci. India 66 (3)
(1994) 240—243.

M. Wenger, A. Krasnov, S. Skugor, E. Goldschmidt-Clermont, U. Sattler,
S. Afanasyev, H. Segner, Estrogen modulates hepatic gene expression and
survival of rainbow trout infected with pathogenic bacteria Yersinia ruckeri,
Mar. Biotechnol. 14 (5) (2012) 530543, http://dx.doi.org/10.1007/s10126-
012-9473-0.

R.P. Junior, L. Vargas, M. Valentim-Zabott, RP. Ribeiro, A.V. da Silva,
LK. Otutumi, Morphometry of white muscle fibers and performance of Nile
tilapia (Oreochromis niloticus) fingerlings treated with methyltestosterone or
a homeopathic complex, Homeopathy 101 (3) (2012) 154—158, http://
dx.doi.org/10.1016/j.homp.2012.05.005.

H. Mousavi-Sabet, The effect of 17-alpha methyl testosterone on masculin-
ization, mortality rate and growth in convict Cichlid (Cichlasoma nigro-
fasciatum), World ]. Fish Mar. Sci. 3 (5) (2011) 422—426.

T. Arslan, R.P. Phelps, ].A. Osborne, Effects of oestradiol-17 beta or 17 alpha-
methyltestosterone administration on gonadal differentiation of largemouth
bass Micropterus salmoides (Lacepede), Aquac. Res. 40 (16) (2009)
1813—1822, http://dx.doi.org/10.1111/j.1365-2109.2009.02286.x.

J. Schroder, V. Kahlke, K.H. Staubach, P. Zabel, F. Stuber, Gender differences in
human sepsis, Arch. Surg. 133 (11) (1998) 1200—1204, http://dx.doi.org/
10.1001/archsurg.133.11.1200.

M.G. Schwacha, A. Samy, L.H. Chaudry, Gender and Cell-mediated Immunity
Following Trauma, Shock, and Sepsis, in: J.-L. Vincent (Ed.), Intensive Care
Medicine: Annual Update 2002, Springer New York, New York, NY, 2002, pp.
50—61, http://dx.doi.org/10.1007/978-1-4757-5551-0_5.

M. Boes, A.P. Prodeus, T. Schmidt, M.C. Carroll, J.Z. Chen, A critical role of
natural immunoglobulin M in immediate defense against systemic bacterial
infection, J. Exp. Med. 188 (12) (1998) 2381-2386, http://dx.doi.org/
10.1084/jem.188.12.2381.

T. Iguchi, H. Watanabe, Y. Katsu, Application of ecotoxicogenomics for
studying endocrine disruption in vertebrates and invertebrates, Environ.
Health Persp. 114 (2006) 101—105, http://dx.doi.org/10.1289/ehp.8061.

D. Knapen, H. Reynders, L. Bervoets, E. Verheyen, R. Blust, Metallothionein
gene and protein expression as a biomarker for metal pollution in natural
gudgeon populations, Aquat. Toxicol. 82 (3) (2007) 163—172, http://
dx.doi.org/10.1016/j.aquatox.2007.02.008.


http://dx.doi.org/10.1016/0012-1606(92)90234-8
http://dx.doi.org/10.1016/j.ygcen.2015.01.002
http://dx.doi.org/10.1016/j.fsi.2006.10.010
http://dx.doi.org/10.1677/Joe-10-0057
http://dx.doi.org/10.1677/Joe-10-0057
http://dx.doi.org/10.1016/j.intimp.2012.02.008
http://dx.doi.org/10.1210/jc.2005-1664
http://dx.doi.org/10.1210/jc.2005-1664
http://dx.doi.org/10.1016/j.marenvres.2010.02.005
http://dx.doi.org/10.1016/j.marenvres.2010.02.005
http://dx.doi.org/10.1136/Jcp.50.4.341
http://dx.doi.org/10.1016/j.dci.2011.09.011
http://dx.doi.org/10.1016/j.tox.2007.04.004
http://dx.doi.org/10.1007/978-1-59259-715-4_9
http://dx.doi.org/10.1007/978-1-59259-715-4_9
http://dx.doi.org/10.1016/S0378-4274(02)00070-X
http://dx.doi.org/10.1016/S0378-4274(02)00070-X
http://dx.doi.org/10.1016/j.ygcen.2013.06.011
http://dx.doi.org/10.1016/j.ygcen.2013.06.011
http://dx.doi.org/10.1016/j.molimm.2007.03.016
http://dx.doi.org/10.1016/j.molimm.2007.03.016
http://dx.doi.org/10.1086/301773
http://dx.doi.org/10.1099/0022-1317-81-10-2341
http://dx.doi.org/10.1016/j.fsi.2012.11.020
http://dx.doi.org/10.1677/joe.1.06357
http://dx.doi.org/10.1016/j.aquatox.2014.08.008
http://dx.doi.org/10.1016/j.aquatox.2014.08.008
http://dx.doi.org/10.1016/S0300-483x(03)00265-8
http://dx.doi.org/10.1016/S0300-483x(03)00265-8
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref117
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref117
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref117
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref117
http://dx.doi.org/10.1007/s10126-012-9473-0
http://dx.doi.org/10.1007/s10126-012-9473-0
http://dx.doi.org/10.1016/j.homp.2012.05.005
http://dx.doi.org/10.1016/j.homp.2012.05.005
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref120
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref120
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref120
http://refhub.elsevier.com/S1050-4648(16)30759-8/sref120
http://dx.doi.org/10.1111/j.1365-2109.2009.02286.x
http://dx.doi.org/10.1001/archsurg.133.11.1200
http://dx.doi.org/10.1001/archsurg.133.11.1200
http://dx.doi.org/10.1007/978-1-4757-5551-0_5
http://dx.doi.org/10.1084/jem.188.12.2381
http://dx.doi.org/10.1084/jem.188.12.2381
http://dx.doi.org/10.1289/ehp.8061
http://dx.doi.org/10.1016/j.aquatox.2007.02.008
http://dx.doi.org/10.1016/j.aquatox.2007.02.008

	The extent to which immunity, apoptosis and detoxification gene expression interact with 17 alpha-methyltestosterone
	1. Introduction
	2. Material and methods
	2.1. Fish and culture facilities
	2.2. Experimental setup
	2.3. RNA extraction and reverse transcription (RT)
	2.4. Quantitative real-time PCR (qRT-PCR)
	2.5. Statistical analysis

	3. Results
	4. Discussion
	5. Conclusion
	Funding
	References


