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A tropical species, the euryhaline milkfish (Chanos chanos), is a crucial economic species
in Southeast Asia and is intolerant of water temperature below 12°C. Large numbers of
milkfish die during cold periods in winter. Hypothermal environments usually increase
oxidative stress in teleosts, and the liver is the major organ for anti-oxidative responses
in the body. Peroxiredoxin-6 (Prdx6) in mammals is a multi-functional enzyme and acts
as both glutathione peroxidase, phospholipase A> and acyl-transferase for maintenance
of redox status and prevention of cell membrane peroxidation. Prdx6 can protect cells
from oxidant-induced membrane damage by translocating the Prdx6 protein from the
cytosol to the membrane. Upon cold stress, Ccprdx6 transcript levels were up-regulated
after 24 h and 96 h in livers of fresh water (FW)- and seawater (SW)-acclimated milkfish,
respectively. In the hypothermal FW group, the Prdx6 protein was up-regulated in the
cytosol of hepatocytes with a similar role as glutathione peroxidase to reduce oxidative
stress upon hypothermal challenge. Conversely, in hypothermal SW milkfish, total
Prdx6 protein was down-regulated. However, cytosolic Prdx6 protein was translocated
to the membrane, using the ability of phospholipase Ao to stabilize the membrane
redox state. Moreover, HoO» content was increased in FW-acclimated milkfish livers
upon hypothermal challenge. Ex vivo HoO» treatment of milkfish livers also induced
Ccprdx6 transcriptional expression, which provided more evidence of the antioxidant
role of milkfish Prdx6. Taken together, upon hypothermal challenge, greater oxidative
stress in livers of FW-acclimated milkfish rather than SW-acclimated individuals led to
different profiles of hepatic CcPrdx6 expression between the FW and SW group. The
results indicated that CcPrdx6 played the role of antioxidant with different mechanisms,
i.e., binding to reactive oxygen species and stabilizihng membrane fluidity, in livers of
hypothermal FW and SW milkfish, respectively.
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INTRODUCTION

Environmental temperature is an important factor affecting
many physiological and biochemical processes in ectotherms.
Most fishes are ectotherms with the best performance of
individuals (e.g., growth, exercise, reproduction) in the optimal
temperature range. Once out of the optimal range, fluctuating
environmental temperatures increase the formation rate of
reactive oxygen species (ROS) (Abele and Puntarulo, 2004;
Heise et al., 2006; Portner et al., 2007; Tseng et al., 2011). The
ROS consist of the superoxide anion (O ), hydrogen peroxide
(H,03), and hydroxyl radicals (OH™). Enhanced production of
ROS can be reactive to cellular components, such as oxidation
of proteins, peroxidation of lipids, damage to DNA strands,
and inhibition of enzyme activity, and can eventually lead to
cell death (Hermes-Lima and Zenteno-Savin, 2002). However,
antioxidant enzymes play an important role in the neutralization
of ROS and reduce oxidative stress that causes damage to
cellular components. Superoxide dismutase (SOD), glutathione
peroxidase (GPx), catalase (CAT), and peroxiredoxin (Prdx)
are major antioxidant enzymes for detoxification of different
kinds of ROS and protection of cells against oxidative stress
(Hermes-Lima and Zenteno-Savin, 2002; Wang et al.,, 2008;
Fisher, 2011).

The Prdx protein family contains six members of thiol-
specific antioxidant proteins in mammals and teleosts and
is categorized into three groups: typical 2-Cys (Prdx 1-4),
atypical 2-Cys (Prdx5), and 1-Cys (Prdx6) (Wood et al., 2003;
Pérez-Sanchez et al., 2011). Among them, the typical 2-Cys
Prdx group has two conserved catalytic cysteine residues at
the N- and C-terminus. Prdxl and Prdx2 are located in the
cytosol, and are also called the natural killer enhance factors
(NKEF-A, NKEF-B) (Dong et al., 2007; Pérez-Sanchez et al.,
2011), whereas Prdx3 is located in the mitochondria (Choi
et al,, 2014), and Prdx4 is located in the endoplasm reticulum
and extracellular space (Konno et al., 2015). Located in the
cytosol, the atypical 2-Cys group, the Prdx5, has one conserved
cysteine and another non-conserved cysteine for the catalytic
cycle (Choi et al.,, 2016). Prdx6 is a thioredoxin-like protein
that has a single active-site Cys-residue with the ability to
bind and reduce phospholipid hydroperoxides. Unlike the other
Prdx protein members, Prdx6 has dual functions, including
glutathione peroxidase and phospholipase A, activities (Fisher,
2011). In addition, this protein has two conserved enzyme active
sites: the peroxidase motif is PVCTTE containing a 1-Cys active
site at the N-terminus catalytic center, and the lipase motif has
GXSXG at position 30-34 of which the Ser®? and His?® are crucial
for PLA; activity of Prdx6 (Manevich et al., 2007; Fisher, 2011;
Priyathilaka et al., 2016).

Expression of Prdx6 has been reported in teleosts with
different treatments, including live bacteria (Yu et al., 2009;
Zheng et al., 2010), virus (De Zoysa et al,, 2012), pathogen-
associated molecular patterns (PAMP; Zheng et al, 2010;
Pérez-Sanchez et al., 2011; De Zoysa et al, 2012; Mu et al,,
2013; Priyathilaka et al., 2016), H,O, (Zheng et al., 2010;
Priyathilaka et al., 2016), and heat stress (Tolomeo et al., 2016).
Among these studies, the antioxidant and protective functions

of recombinant Prdx6 under oxidative stress were assayed
(Zheng et al., 2010; Priyathilaka et al., 2016). With increasing
temperature, the Antarctic emerald rockcod (Trematomus
bernacchii) demonstrated up-regulation of prdx6b and down-
regulation of prdx6a mRNA abundance (Tolomeo et al., 2016).
Moreover, prdx5 and prdx6 were found in thermally stressed
Antarctic bivalves (Laternula elliptica) during ESTs analysis,
and prdx5 and prdx6 mRNA expression were elevated in the
gill and digestive glands with time-course heat treatment (Park
et al., 2008). In mammalian studies, Prdx6 was reported to
be an antioxidant enzyme that protected the lung epithelial
cells from H,O;-induced oxidative stress (Wang et al., 2008).
On the other hand, Prdx6 has its maximal activity at an
acidic pH (oxidative status) and thus reduces phospholipid
peroxidation to neutral status in repaired cell membranes
(Manevich et al.,, 2009, 2013). Under heat stress, Prdx6 was
translocated to the membrane of erythrocytes to stabilize
membrane fluidity and reduce damage from thermal stress
(Sharma et al., 2013).

The milkfish (Chanos chanos) is an economically important
species that is widely farmed in Southeast Asia. Being a
marine euryhaline teleost inhabiting the tropical and subtropical
zone of the Indo-Pacific Ocean (Bagarinao, 1994), milkfish
are intolerant to temperatures lower than 12°C (Kang et al.,
2015). Moreover, SW (seawater)-acclimated milkfish exhibited
higher hypothermal tolerance than FW (fresh water)-acclimated
milkfish to critical thermal minimum (CTy,) analysis (Kang
etal., 2015). Hsieh and Kuo (2005) reported that under cold stress
(15°C) FW-acclimated milkfish would regulate desaturation of
fatty acids to maintain membrane fluidity. Under non-lethal low
temperatures (18°C), gill Na*, KT -ATPase (NKA) activity of SW
milkfish showed a partial compensatory response to moderate
cold effects and maintained ion homeostasis. Furthermore,
relative amounts of heat shock protein 70 in milkfish gills
were increased to stabilize protein structure under temperature
fluctuations (Kang et al., 2015). The proteomic analyses of
milkfish livers under hypothermal stress detected a pI shift of two
Prdx6 protein spots (Chang et al., 2016). From the transcriptome
database of milkfish with low-temperature treatments (Hu
et al, 2015), the partial sequence of Ccprdx6 could be
identified.

In this study, the full-length Ccprdx6 cDNA sequence was
further identified. The abundance of CcPrdx6 mRNA and protein
in FW and SW-acclimated milkfish livers under hypothermal
stress was determined. The membrane fraction of milkfish
livers was analyzed by immunoblotting to reveal whether the
translocation of CcPrdx6 protein occurred upon hypothermal
challenge. H,Ocontent, as an indicator of ROS levels, was
measured in livers of hypothermal FW and SW milkfish to
compare the salinity effects on oxidative stress caused by
low temperatures. In addition, ex vivo experiments of H,O,
treatment were performed to demonstrate that Ccprdx6 mRNA
was expressed in response to oxidative stress. Finally, hepatic
Prdx6 expression profiles between SW- and FW-acclimated
milkfish upon hypothermal challenge were compared to elucidate
the differences in potential mechanisms for the roles of an
antioxidant.
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MATERIALS AND METHODS

Experimental Animals

The juvenile milkfish (average total length: 9.3 & 0.1 cm; average
body weight: 10.4 £ 0.5 g) were purchased from a local fish farm
in Taiwan. Experimental animals were maintained in seawater
(SW; 35%0) and fresh water (FW) at 28 4+ 1°C with a 12/12h
light/dark photoperiod for at least 1 month. The water was
continuously circulated through fabric-floss filters, and fish were
fed daily with commercial pellets. The water of hypothermal SW
and FW groups was cooled at a constant rate (2°C h™!) from
28° to 18°C with cooling systems (PF-225M, PRINCE, Tainan,
Taiwan). After the temperature reached 18°C, the experimental
groups of milkfish were sampled at 1, 3, 6, 12, 24, 48, 96, and
168h (1 week). For the following analyses, the control groups
were kept in SW or FW at 28°C before sampling. The fish
were fed commercial pellets daily, but were not fed for 24h
before sampling. The protocol for the experimental fish was
reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC) of the National Chung Hsing University
(IACUC Approval No. 105-024 to THL).

Total RNA Extraction and Reverse

Transcription

Total RNA samples were isolated from livers of milkfish using
the TriPure Isolation Reagent (Roche, Mannheim, Germany)
following the manufacturer’s instructions. The RNA pellet was
dissolved in 50 pnL DEPC-H,O using the RNAspin Mini RNA
isolation kit (GE Health Care, Piscataway, NJ, USA) to eliminate
genomic DNA contamination according to the manufacturer’s
instructions. The quality of the extracted RNA was determined
by (i) the A260/A280 ratio (2.0-2.2) using the NanoDrop 2000
(Thermo, Wilmington, CA, USA); (ii) RNA electrophoresis.
Total RNA concentrations of all samples measured by the
NanoDrop 2000 (Thremo) were 0.3-0.5pug wL™!. First-strand
cDNA was synthesized by reverse transcribing 1 pug of the total
RNA using the iScript Reverse Transcription Supermix (Bio-Rad
Laboratories, Hercules, CA, USA), following the manufacturer’s
instructions.

Identification of Ccprdx6 cDNA Sequence

Partial DNA sequence presenting homology to Ccprdx6 was
identified from the milkfish NGS database (Hu et al., 2015).
The partial fragment of the Ccprdx6 gene was amplified
by PCR using cDNA as a template, and the primers were
designed by Primer 3 Plus (http://www.bioinformatics.nl/cgi-
bin/primer3plus/primer3plus.cgi) based on the highly conserved
region compared with that of other teleosts (Supplementary Table
1). The templates of cDNA for gene cloning were obtained
using the SMART RACE cDNA amplification kit (Clontech,
Palo Alto, CA, USA) following the manufacturer protocol.
For PCR amplification, 2 nL cDNA was used as the template
in a 50puL reaction containing 0.25uM dNTPs, 2 U Ex-
Taq polymerase (Takara, Shiga, Japan), and 0.1uM of each
primer. PCR products were subcloned into the pGM-T vector
(GeneMark, Taipei, Taiwan) and sequenced. The open reading
frame of Ccprdx6 was predicted with ORF finder (http://www.

ncbi.nlm.nih.gov/gorf/gorf.html). EMBOSS Needle online server
(http://www.ebi.ac.uk/Tools/psa/emboss_needle/) was applied to
pairwise sequence alignment. The protein molecular weight and
theoretical isoelectric point was predicated with ExPASy compute
pI/Mw tool (http://web.expasy.org/compute_pi). Amino acid
sequences for Prdx6 were aligned by ClustalW and a phylogenetic
tree was constructed using MEGA 6. The tree was built using
the neighbor-joining method with the pairwise deletion gaps
calculation option.

Quantitative Real-Time PCR

The Ccprdx6 mRNA of livers was detected by KAPA SYBR FAST
qPCR Kit Master Mix (Kapa Biosystems, Boston, MA, USA) and
quantified with the Mini Opticon real-time PCR system (Bio-
Rad). All qPCR primers were checked by (i) primer efficiency
90-105%, (ii) melting curve analysis, and (iii) presence of a
single amplification product in a 1.5% agarose gel. The Ccprdx6
mRNA values were normalized with the expression of Ccgapdh
mRNA from the same cDNA samples. PCR reactions contained
8 wL of ¢cDNA (100x dilution), 2L of qPCR primers (2 uM),
and 10 LL of SYBR Master Mix (Kapa). One liver sample from
SW-acclimated milkfish was used as the internal control among
different groups. Relative gene expression was analyzed by the
comparative Ct method with the formula 27 [(Ctcepraxen —
Ctcegapdnn) — (Ctceprdss,c — Ctegapdn,e)], where Ct corresponded
to the threshold cycle number. For tissue distribution of Ccprdx6
expression, the same internal control was used for normalization.

Protein Extraction and Western

Immunoblotting

According to the method of Chang et al. (2016), milkfish
livers were suspended in SEID medium (150 mM sucrose,
10mM EDTA, 50 mM imidazole, 0.1% sodium deoxycholate,
pH 7.5) containing protease inhibitor (vol/vol: 25:1; Roche) and
homogenized by a Polytron PT1200E homogenizer (Lucerne,
Switzerland) at maximal speed. The homogenates were then
centrifuged at 10,000 x g, 4°C for 10 min. Protein concentrations
of the supernatants were determined using reagents from the
Protein Assay Kit (Bio-Rad), and bovine serum albumin (Sigma-
Aldrich, St. Louis, MO, USA) was used as a standard. Aliquots
containing 100 ug of homogenates were heated at 60°C for
15 min and fractionated by electrophoresis on SDS containing
10% polyacrylamide gels. The pre-stained protein molecular
weight marker (#26616, Thermo) was applied in electrophoresis.
The separated proteins were transferred to 0.45pum PVDF
blotting membranes (Millipore, Bedford, MA, USA). Then, the
membranes were pre-incubated for 1 h in PBST with 5%
(wt/vol) nonfat dried milk to minimize non-specific binding.
The blots were incubated with the primary antibody (Prdx6,
1:3000, GTX115262, Genetex, Irvine, CA, USA; GAPDH, 1:5000,
GTX100118, Genetex) overnight at 4°C, followed by incubation
with the HRP-conjugated secondary antibody (goat anti-rabbit
IgG, 1:10,000, GTX213110, Genetex) for 1h at 28°C. The blots
were developed with the Immobilon Western Chemiluminescent
HRP substrate (Millipore). The images were photographed using
the universal hood with a cooling-charge-coupled device (CCD)
camera (ChemiDoc XRS™, Bio-Rad) and analyzed with the Image
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Lab software version 3.0 (Bio-Rad) to normalize numerical values
compared with relative intensities of immunoreactive bands. The
liver homogenates from SW-acclimated milkfish were used as
the internal control among different blots. The intensity of the
immunoreactive band of the internal control in the immunoblot
was set to one and used as a standard for normalizing relative
intensities of other bands in the immunoblot. Relative abundance
of target proteins was calculated using the following formula
(Prdx6,/GAPDH;)/(Prdx6internal control/ GAPDHinternal control)-

Preparation of Liver Membrane Fractions
Milkfish liver samples in the homogenization buffer (250 mmol
17! sucrose, 1 mmol 171 EDTA, 30 mmol 17! Tris base, pH =
7.6) containing protease inhibitor (vol/vol: 25:1; Roche) were
homogenized using a Polytron PT1200E (Lucerne, Switzerland)
homogenizer at maximal speed. The tissue debris, nuclei, and
lysosomes were removed by low-speed centrifugation (1300 x g
for 10 min, 4°C). The remaining supernatant was centrifuged at
20,800 x g for 1h at 4°C. The pellet containing large amounts of
membrane was suspended in homogenization buffer. Then, the
immunoblotting was performed as described above except that
Na™, KT-ATPase (NKA; a5, Developmental Studies Hybridoma
Bank, Iowa City, IA, USA) was used as the loading control.

H>O0, Content Assay

For quantification of H,0,, 50mg of milkfish livers were
homogenized in PBS solution and then centrifuged for 15 min
at 1000 x g. The H,O, contents were subsequently determined
using the hydrogen peroxide colorimetric/fluorometric assay kit
(Biovision, Bilpitas, CA, USA). We added 10 nL samples into
each well of the 96-well plate, and brought the volume to
50 L with the H,O; assay buffer. Different concentrations of
H,0; (0, 1, 2, 3, 4, 5nmol well™!) were used as the standard
for calculation. The VERSAmax microplate reader (Molecular
Devices, Sunnyvale, CA, USA) with the wavelength of ODs7onm
was used to measure the H,O, content.

Ex vivo H205 Induced Ccprdx6 Expression
Milkfish liver tissues were prepared according to Tang et al.
(2012) with minor modification. The livers from SW-acclimated
milkfish were excised and incubated in sterile 35-mm petri dishes
containing Leibovitz-15 (L-15) medium. The culture medium
Leibovitz-15 (L-15) containing 300 ug mL~! L-glutamine and
4mg mL~! BSA with 500 U mL™! penicillin and 500 pg mL~*
streptomycin were added to the petri dish before use. Milkfish
liver tissues were pre-incubated in the culture medium at 28°C
for 2h. Then, the liver tissues were transferred to L-15 medium
with or without 20 uM or 40 uM H,O;. After 24 h, incubation
was terminated by freezing the liver tissues in liquid nitrogen.
Total RNA extraction and quantitative real-time PCR were
performed as described above.

Statistical Analysis

The quantitative values from 1-week data (168 h) from
hypothermal and control groups were compared using a two-
way analysis of variance (ANOVA) followed by Student’s ¢-test
post hoc method. The values were expressed as the mean £

standard error of the mean (S.E.M.), and a p < 0.05 was set as
the significance level. Data from the time-course experiments
and the ex vivo HyO; induced Ccprdx6 expression experiments
were compared using one-way ANOVA analyses with Dunnett’s
pairwise method and Tukey’s pairwise method, respectively, and
a p < 0.05 was set as the significance level.

RESULTS

Identification and Characterization of

Ccprdx6 cDNA Sequence

Figure 1 shows the 974-bp full-length Ccprdx6 cDNA encoding
223 amino acids identified from livers of milkfish by Rapid
amplification of cDNA ends (RACE)-PCR. The cDNA sequence
contained a 5'-untranslated region (UTR) of 15bp, an open
reading frame (ORF) of 672 bp, and a 3/-UTR of 287 bp. The
ORF encoded 223 amino acids with a molecular weight of 24.6
kDa and theoretical isoelectric point (pI) of 5.96. The predicted
CcPrdx6 protein exhibited the typical 1-cysteine peroxiredoxin
domains, including the peroxiredoxin center (**PVCTTE?)
with a catalytic active site cysteine residue (C*°, Figure 1). The
catalytic triad residues involved in peroxidase (H®, C*, and
R131) and phospholipase A; (H?, 31, and D'¥) activity were
also identified. The highly conserved amino acid sequences were
observed in the entire Prdx6 sequence. The results of pair-wise
amino acid comparison showed the deduced CcPrdx6 amino acid
sequence was followed by Oncorhynchus mykiss (84.8%), Oryzias
latipes (84.3%), Takifugu rubripes (81.2%), Oreochromis niloticus
(74.1%), Salmo salar (74.0%), Homo sapiens (71.9%), and Mus
musculus (70.5%) (Table 1). According to the phylogenetic tree,
different prdx members selected from seven species of teleosts
clearly indicated six subgroups of prdx, as has been published
for mammals (Figure 2). The milkfish Prdx6 sequence was
categorized in the Prdx6 subgroup and was closely related to
zebrafish (Danio rerio) Prdxé.

Tissue Expression of Ccprdx6

To determine the tissue expression profile of Ccprdx6 in seawater
(SW)-acclimated milkfish, total RNA was extracted from the
brain, gill, pseudobranch, spleen, blood, muscle, heart, intestine,
kidney, head kidney, and liver for qPCR analysis. The Ccprdx6
expression level was normalized to Ccgapdh. The same internal
control was used to determine the tissue expression profile
(Figure 3). The highest Ccprdx6 expression level was found in the
liver.

Low-Temperature Effects on Liver Ccprdx6

Expression

In fresh water (FW)- and SW-acclimated milkfish, the liver
Ccprdx6 expression was up-regulated under hypothermal stress
(Figure 4). The two-way ANOVA analyses revealed that Ccprdx6
expression was affected by hypothermal stress [F(; 23y = 12.54,
p = 0.002] and salinity challenge [F(;, 3y = 4.73, p = 0.042].
The synergistic interaction between temperature and salinity
did not significantly affect Ccprdx6 expression [F(;, 23y = 1.63,
p = 0.216]. The time-course Ccprdx6 expression in livers was
determined by qPCR at 1, 3, 6, 12, 24, 48, 96, and 168h

Frontiers in Physiology | www.frontiersin.org

November 2016 | Volume 7 | Article 580


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Chang et al.

Prdx6 in Hypothermal Euryhaline Milkfish

Chanos chanos MP-GILLGDVFPNFEAETT IGK IKFHEFLGKISWG ILFSHPRDF TPVCIITELACAAKISDE 59
Takifugu rubripes MP-GILLGDEFPNFEANTT IGR IKFHDFLGSSWGILFSHPKDFTPVCITTELARAAKLSGE 59
Oreochromis niloticus MP-GLLLGDVFPDFEAETTTGT IKLHEFLGDSWG I LFSHPRDYTPVCIFTELGRAARLSSE 59
Oryzias latipes MP-GILLGDVFPNFEADTTAGRIKHHDFLGNSWGILFSHPRDFTPVCIFTELACAAKIENE 59
Oncorhynchus mykiss MP-GILLGDVFPNFEAETT IGK IKFHDFLGNSWGILFSHPRDFTPVCITGLACAAKISNE 59
Salmo salar MP-GLLLGDVFPNFEAETTKGK IKFHDFLGDSWGILFSHPSDYTPVCITELGRAAKLSDE 59
Mus musculus MPGGLLLGDEAPNFEANTT IGR IRFHDFLGDSWG I LFSHPRDFTPVCIFTELGRAAKLAPE 60
Homo sapiens MPGGLLLGDVAPNFEANTTVGR IRFHDFLGDSWG ILFSHPRDFTPVCIFTELGRAAKLAPE 60
Xkokokokkok kokekeks sk sk sk PR kel PREKkoRPKRRK Sk kelolpkpkek ko sk, . X
Chanos chanos FAKRDVKMIALSTDSVQDHRSWSEDVMAFSGVKAS-SPMPFPTTADDKRELSVMLGMLDP 118
Takifugu rubripes FKKRDVKMIALSVDSVEDHCSWSKDVMALNTE-PD-SPLPYPI TADDKRHLSVQLGMLDP 117
Oreochromis niloticus FSKRNVKL IALSVDFLEDHHGWAKD IVAYNCEESACCSLPFPITADSNRELAVALGMLDP 119
Oryzias latipes FKKRGVKMIALSIDSVEDHKHWSKDVMAFNDD-AG-SPLPFPITADDNRELSVQLGMLDP 117
Oncorhynchus mykiss FKKRDVKMIALSIDSVADHLAWSKDVMAFNSDGAD-SPLPFP1TADDKRELSVQLGMLDP 118
Salmo salar FSRRNVKMIALSIDSLEDHHGWTKD ILAYNNEESG-CAFPFPTTADNQRELAVALGMLDP 118
Mus musculus FAKRNVKL ITALSIDSVEDHLAWSKD INAYNGETPT-EKLPFPITDDKGRDLAILLGMLDP 119
Homo sapiens FAKRNVKL TALSIDSVEDHLAWSKD INAYNCEEPT-EKLPFPITDDRNRELATLLGMLDP 119
LD S © 3P © 23 SP SRS * JEE SES SHS S Skekkk ok ko ke s Skkekkkk
Chanos chanos DEKDKDGMPLTARCVFVIGHDKKLKLSILYPATTGRNFNEILRA IDSLQLTAKNKVATPV 178
Takifugu rubripes DELDKDGIPLTARCVFVIGHDKKLKLSILYPATTGRNFDELLRV IDSLQLTAQKKVATPV 177
Oreochromis niloticus DEKDKDGMPLTARCVF I IGHDKKLKLSLLYPATTGRNFDEILRVVDSLQLTAGKRVATPA 179
Oryzias latipes DEKDKDGLPLTARCVF VVGHDKKLKLSILYPATTGRNFDEILRVIDSLQLTAQKKVATPV 177
Oncorhynchus mykiss DELDKDGIPLTARCVFVIGHDKKMKLS ILYPATTGRNFDELLRVIDSLQLTALKKVATPV 178
Salmo salar NEKDKDGMPLTARCVFVIGQDKKLKLSLLYPATTGRNFDEILRVVDSLQLTAKNRVATPA 178
Mus musculus VEKDDNNMPVTARVVF IFGHDKKLKLSILYPATTGRNFDEILRVVDSLQLTGTKPVATPV 179
Homo sapiens AEKDEKGMPVTARVVFVFGHDKKLKLSILYPATTGRNFDEILRVVISLQLTAEKRVATPV 179
XK KRR KKk PR Sk Skekekekekokekekokek kL oKk . skekskekek L skekekek

Chanos chanos
Takifugu rubripes
Oreochromis niloticus
Oryzias latipes
Oncorhynchus mykiss
Salmo salar

Mus musculus

Homo sapiens

DWKPGDDVMVIPTLSDAEAAKLFPAGINTKDLPSGKKYLRYTPQP 223
DWKPGDKVMVIPSLSDAEAAALFPSGVTTKPMPSGKSYLRYTQP- 221
DWKPGNCVMVPPSMSEEEAASLFPAGVYTKDLPSGKKYLRYTPQP 224
DWKPGDKVMVIPSLSDAEAASLFPHGVTTKDLPSGKNYLRYTQP- 221
DWKPGEKCMVIPSLSDAEAAELFPNGVTTKELPSGKKYLRYTQP- 222
DWQPGERVMVPPNIPEEEAAAMFPAGVYTKELPSERKYLRYTPQP 223
DWKKGESVMVVPTLSEEEAKQCFPKGVFTKELPSGKKYLRYTPQP 224
DWKDGDSVMVLPT IPEEEAKKLFPKGVFTKELPSGKKYLRYTPQP 224
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FIGURE 1 | Multiple sequence alignment of Prdx6s of different vertebrates. Identical residues in all sequences are indicated by asterisks (*), conserved
substitutions are indicated by colons (:), and semi-conserved substitutions are indicated by dots (.) under the column. Deletions are indicated by dashes. The
peroxidase catalytic center is highlighted with blue color. Conserved amino acid residues in peroxidase catalytic triad are indicated by blue colored boxes. The
conserved active site for phospholipase As is highlighted with red color. Conserved amino acid residues in phospholipase A triad are indicated by red colored boxes.
Sequence alignment was performed by clustalW (1.2.1). The accession numbers of sequences were listed in Table 1.
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TABLE 1 | Pairwise identity and similarity percentages of CcPrdx6 with
selected Prdx6 amino acid sequences.

Species Accession Identity (%) Similarity (%) Amino
number acids
Takifugu rubripes XP_012695082 81.2 89.7 221
Orechromis XP_005458127 741 87.1 224
niloticus
Oryzias latipes XP_004068220 84.3 91.0 221
Oncorhynchus NP_001158604 84.8 91.5 222
mykiss
Salmo salar XP_013996229 74.0 88.8 223
Mus musculus AAP21829 70.5 84.4 224
Homo sapiens NP_004896 71.9 86.2 224
Stb Prdx 1 T
Sa Prdx 1
Ol Prdx 1 PrdX 1
Dr Prdx 1 i
Tn Prdx 2 N
Stb Prdx 2
Tm Prdx 2
Sa Prdx 2
Ol Prdx 2 PrdX2
8 Ss Prdx 2
36 | Pa Prdx2
Dr Prdx 2
Ss Prdx 2
99 = Cc Prdx 2 -
Dr Prdx 4 =
Ol Prd 4
95 10 J0o [ Le Prdx 4
97 Mm Prdx 4 PrdX4
52 |— S1Prdx 4
Sa Prdx 4
47 Stb Prdx 4 -
45 Dr Prdx 3 5
Lp Prdx 3
% Ol Prdx 3 PrdX3
Stb Prdx 3
97
7 Mm Prdx 3
69 '— Sa Prdx 3 -
53 Dr Prdx 6 7
39 Cc Prdx6
Ip Prdx 6
100 Om Prdx 6
Stb Prdx 6 PrdX6
Pm Prdx 6
37 Of Prdx6
58 Sa Prdx 6 J
,7 Dr Prdx 5 I
o Stb Prdx 5
%R&Mm g Prdx5
53 Sa Prdx 5 J
—
0.2
FIGURE 2 | Phylogenetic analysis of peroxiredoxin (Prdx) amino acid
family sequences. The putative Prdx protein sequences of other species
were obtained from the NCBI database. The results were confirmed by 1000
bootstraps.

after transfer to 18°C in FW (Figure 5A) or SW (Figure 5B).
Compared to the Oh controls (fish at 28°C), the mRNA
abundance of Ccprdx6 increased significantly after 24h in FW

1.0 q

(relative to Ccgapdh)
[—J
n

Relative mRNA abundance of Ccprdx6

0.0 -4—m-—7—-—vFb-——">-—" """
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Tissue

FIGURE 3 | Tissue distribution of Ccprdx6 mRNA expression detected
by qPCR in milkfish. Values are means + SEM (n = 3 for all groups).
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FIGURE 4 | The expression of hepatic Ccprdx6 of the fresh water (FW)
and seawater (SW) milkfish acclimated to 28°C (white bar) or 18°C
(stripe bar) for 1 week, respectively. Values are means + SEM, n = 6.
Different letters (a and b) indicate significant differences between the 28° and
18°C group, and (x and y) indicate significant differences between the FW and
SW group. The Student’s t-test pairwise comparison was used following
two-way ANOVA, P < 0.05.

(Figure 5A) and 96h in SW (Figure 5B), post-hypothermal
challenge.

The Protein Expression of CcPrdx6 upon
Hypothermal Challenge

The effects of hypothermal stress on CcPrdx6 protein abundance
were determined by immunoblots. CcPrdx6 was detected
as a single immunoreactive band at 25 kDa. At normal
temperature (28°C), higher protein abundance of CcPrdx6 was
found in the SW group than the FW group (Figure6). In
the low-temperature (18°C) group compared to the normal-
temperature group, however, protein abundance of hepatic
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FIGURE 5 | Time-course expression of Ccprdx6 mRNA in livers of (A) FW and (B) SW milkfish after transferred from 28° to 18°C. Values were normalized by
GAPDH. Values are means + SEM, n = 6. The asterisk indicates significant differences compared to the 0 h fish by one-way ANOVA (Dunnet’s comparison, P < 0.05).

CcPrdx6 was not significantly changed in the FW-acclimated
milkfish but significantly down-regulated in the SW-acclimated
milkfish (Figure 6). The two-way ANOVA analyses revealed
that neither hypothermal stress [F(; ;3 = 4.40, p = 0.189] nor
salinity challenge [F(; .3 = 4.88, p = 0.157] affected CcPrdx6
protein expression, whereas the synergistic interaction between
temperature and salinity [F(;, 3) = 18.55, p = 0.016] significantly
affected CcPrdx6 protein expression. After transfer from 28° to
18°C, hepatic CcPrdx6 protein expression was significantly up-
regulated from 6h to 7 days in the FW group (Figure 7A). In
the SW group, however, hepatic CcPrdx6 protein abundance was
down-regulated from 12 h to 7 days (Figure 7B).

Expression of Membrane CcPrdx6 Protein

under Hypothermal Stress

Immunoblotting of membrane fraction of milkfish livers using
the Na®, KT-ATPase (NKA) as the loading control showed
a single immunoreactive band of CcPrdx6 at 25 kDa. In
FW-acclimated milkfish, relative amounts of the CcPrdx6 in
membrane fraction proteins were not significantly different

between the normal- and low-temperature groups. In SW-
acclimated milkfish livers, however, membrane CcPrdx6 was
up-regulated in the low-temperature group, but not in the
control group. Moreover, expression of membrane CcPrdx6
protein was significantly higher in the hypothermal SW group
than in the hypothermal FW group (Figure 8). The two-way
ANOVA analyses revealed that hypothermal stress [F(; 23 =
5.40, p = 0.031], but not salinity challenge [F(; ;3 = 0.48,
p = 0.497], affected expression of membrane CcPrdx6. The
synergistic interaction between temperature and salinity also
significantly affected expression of membrane CcPrdx6 [F(j, »3)
=11.14, p = 0.003].

H>0, Contents in Milkfish Livers under
Hypothermal Stress

Hypothermal stress induced H,O, in livers of FW but not SW
milkfish. In the SW milkfish, similar H,O, contents were found
between the normal and low-temperature group. In addition,
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FIGURE 6 | Relative abundance of Prdx6 proteins in livers of the fresh
water (FW) and seawater (SW) milkfish acclimated to 28°C (white bar)
and 18°C (stripe bar) for 1 week, respectively. The representative
immunoblots showed single immunoreactive band of Prdx6 at about 25 kDa.
The single immunoreactive band at 37 kDa was GAPDH used as the loading
control. Different letters (a and b) indicate significant differences between the
28° and 18°C group, and (x and y) indicate significant differences between the
FW and SW group. Values are means + SEM, n = 6. The Student’s t-test
pairwise comparison was used following two-way ANOVA, P < 0.05.

under hypothermal stress, hepatic HO, contents of the FW-
acclimated milkfish were significantly higher than in the SW-
acclimated group (Figure9). The two-way ANOVA analyses
revealed that hypothermal stress [F(; 23y = 14.99, p = 0.001],
salinity challenge [F(;, 23y = 8.04, p = 0.010], and the synergistic
interaction between temperature and salinity [F(;, 3y = 6.87, p =
0.016] significantly affected hepatic HO; content.

Ex vivo Ccprdx6 Expression in Response to

Oxidative Stress

To examine Ccprdx6 expression under oxidative stress induced
by H, O3, ex vivo tissue cultures of milkfish livers were exposed to
different concentrations of H,O, for 24 h. qPCR analysis showed
that Ccprdx6 expression in cultured liver tissues increased with
H,0; concentrations in the medium (Figure 10).

DISCUSSION

Multiple sequence alignment revealed that the deduced amino
acid sequence of CcPrdx6 exhibited more than 60% identity
compared with the Prdx6 of other teleosts and mammals (81.2%
with T. rubripes, 84.8% with O. mykiss, 84.3% with O. latipes,
74.1% with O. niloticus, 74.0% with S. salar, 71.9% with H.
sapiens, and 70.5% with M. musculus). CcPrdx6 contained
sequences of conserved regions and catalytic triads involved
in peroxidase and PLA; domain regions (Choi et al., 1998;
Fisher, 2011). The peroxidase activity catalytic triad (Cysas-
His3s-Argi3;) and PLA; activity catalytic triad (Sers;-Hisys-
Aspy3g) of CcPrdx6 are highly conserved compared with those

of other mammals and teleosts. In the sequences of 1-Cysteine
cluster in peroxidase catalytic center (**PVCTTE*) and the
lipase motif (*?GXSXG*?), Prdx6 was classified as a member of
1-Cys peroxiredoxin in the Prdx protein family (Zheng et al,,
2010; Fisher, 2011; De Zoysa et al., 2012; Mu et al., 2013;
Priyathilaka et al., 2016; Tolomeo et al., 2016). Previous studies
revealed that in human Prdx6 sequence, Cysy; was bound to
Hiszg by the hydrogen bond and electrostatically activated by
Arg)3,. In addition, the Sers, in the motif for PLA, activity of
the human Prdx6 sequence is crucial for modulation of activity
(Manevich and Fisher, 2005; Fisher, 2011). An ex vivo study
further demonstrated that when the pH of culture medium
decreased to 4, phosphorylation of human Prdx6 increased,
and PLA; activity of human Prdx6 increased to more than
10 fold (Wu et al,, 2009). The conserved phosphorylation site
at Thry7; of the Prdx6 sequence first identified by the mass
spectroscopic analysis in the rat was also found in the milkfish
and other species. Highly conserved active residues of CcPrdx6
compared with the sequences of mammalian Prdx6 indicated
that they might have the same biological functions, as well as
phosphorylation site to regulate enzyme activity.

In mammals, Prdx6 is expressed in all major tissues, including
the liver, lung, heart, and spleen. The expression profiles in
these organs suggested the role of Prdx6 in maintaining ROS
balance (Da Silva-Azevedo et al., 2009; Fisher, 2011). In the
gilthead seabream (Sparus aurata), gene expression of Prdx1-6
was identified in 11 tissues. Prdx members were highly expressed
in livers of the gilthead seabream because the liver might
be exposed to oxidative stress by the products of metabolic
reaction (Pérez-Sanchez et al., 2011). The prdx6 mRNA was
ubiquitously expressed in all detected tissues of the other teleosts,
such as the Japanese eel (Anguilla japonica; Priyathilaka et al.,
2016), turbot (Scophthalmus maximus; Zheng et al., 2010), and
Antarctic emerald rockcod (Trematomus Bernacchii; Tolomeo
et al,, 2016). Furthermore, high abundance of prdx6 mRNA was
found in livers of rock bream (Acanthopagrus butcheri) and prdx6
mRNA expression changed with poly I:C treatment or iridovirus
challenge (De Zoysa et al., 2012). On the other hand, studies
on the Japanese eel and turbot focused on antioxidant functions
of hepatic Prdx6 against poly I:C and bacteria challenge (Zheng
et al., 2010; Priyathilaka et al., 2016). Studies on the Antarctic
emerald rockcod also focused on hepatic prdx6 expression in
response to warming environments (Tolomeo et al., 2016). In
this study, the milkfish prdx6 was expressed in 11 organs and
was most abundant in the liver. Taken together, highly expressed
Prdx6 in milkfish livers suggested its potential roles as an
antioxidant in metabolizing ROS and protection from increasing
oxidative stress induced by hypothermal environments.

The oxidative stress of fish arose when fish were placed in
environments outside the optimal range of temperature, whether
it was heat stress or hypothermal challenge (Portner et al., 2007).
Oxidative stress, as well as thermal stress threatened to damage
the structures of molecules. The anti-oxidant mechanism,
anaerobic metabolism, and molecular chaperones, however,
were regulated upon temperature fluctuation (Portner et al,
2007). This study revealed that H,O, content was elevated
in livers of FW-acclimated milkfish indicating an increase in
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FIGURE 7 | Time-course expression of Prdx6 protein in livers of (A) FW and (B) SW milkfish after transferred from 28° to 18°C. The representative immunoblots
indicate the immunoreactive bands of Prdx6 probed with a polyclonal antibody. GAPDH was used as the loading control. Values are means + SEM, n = 6. The
asterisks indicate significant differences by one-way ANOVA (Dunnet’s comparison, P < 0.05).

oxidative stress upon hypothermal challenge. Kammer et al.
(2011) found that oxidative stress of the three spine stickleback
(Gasterosteus aculeatus), determined by measuring the protein
carbonyls, glutathione index, and transcript levels of superoxide
dismutase, increased when fishes were acclimated to warm
(20°C) or cold (8°C) environments. Total ROS and lipid
peroxidation were also increased upon cold shock in the liver,
brain, and gill of the zebrafish (Wu et al., 2015). In addition,
lipid peroxidation and NO production increased in livers of
the gilthead seabream under cold conditions (Ibarz et al,
2010). Two-way ANOVA analyses in the present study further
illustrated that both environmental temperatures and salinities
were important factors for changes in the oxidative stress
(indicated by H,O; content) of milkfish livers. Moreover, ex vivo
H,0,; treatment induced dose-dependent Ccprdx6 expression
in cultured liver tissues of milkfish. Hence, it is reasonable to
infer that Ccprdx6 expression increased in response to low-
temperature induced oxidative stress in livers of hypothermal
FW- and SW-acclimated milkfish.

Analysis of the gilthead sea bream liver transcriptome revealed
immediate and sustained activation of NFE2L2/NRF2, the main
antioxidant response transcription factor, under cold stress
(Mininni et al, 2014). The gene expression of antioxidant
enzymes (SOD, GPx, and Cat) was also up-regulated upon
acute hypothermal challenge in zebrafish livers (Wu et al,
2015). In the present study, significant up-regulation in prdx6
transcript levels was found in both 18°C FW and SW groups.
In addition, ex vivo H,O, treatments on milkfish livers also
led to up-regulation of Ccprdx6 after 24 h incubation, implying
that prdx6 gene expression increased in response to oxidative
stress upon hypothermal challenge. On the other hand, changes
in environmental salinities were found to be associated with
the enhancement of ROS generation, whereas imbalance of
the antioxidant mechanisms induced oxidative damage in
aquatic organisms (Martinez-Alvarez et al., 2002; Paital and
Chainy, 2010; Lushchak, 2011). Acute up-regulation of both
enzymatic and non-enzymatic antioxidant mechanisms were
reported in fish to neutralize ROS damage against the oxidative
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FIGURE 8 | The immunoblots and relative intensities of Prdx6 in
membrane-fraction proteins of livers of the fresh water (FW) and
seawater (SW) milkfish acclimated to 28°C (white bar) and 18°C (stripe
bar) for 1 week, respectively. In the representative immunobilot, single
immunoreactive bands at 100 and 25 kDa represent Nat, KT -ATPase (NKA),
and Prdx6, respectively. The NKA was used as the loading control of the
membrane fraction. Different letters (a and b) indicate significant differences
between the 28° and 18°C group, and (x and y) indicate significant differences
between the FW and SW group. Values are means + SEM, n = 6. The
Student’s t-test pairwise comparison was used following two-way ANOVA,

P < 0.05.
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FIGURE 9 | HyO, contents in livers of fresh water (FW) and seawater
(SW) milkfish acclimated to 28°C (white bar) and 18°C (stripe bar) for 1
week, respectively. Different letters (a and b) indicate significant differences
between the 28° and 18°C group, and (x and y) indicate significant differences
between the FW and SW group. Values are means + SEM, n = 6. The
Student’s t-test pairwise comparison was used following two-way ANOVA,

P < 0.05.

stress (Mininni et al.,, 2014; Nakano et al.,, 2014; Wu et al,
2015). Therefore, salinity and hypothermal stress together might
enhance ROS generation and induce oxidative damage in FW
low-temperature milkfish, leading to more acute up-regulation
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FIGURE 10 | HoO, induced ex vivo Ccprdx6 expression of milkfish liver
tissues. Tissue cultures of milkfish livers were treated with different
concentrations of HoOo. Values were normalized by GAPDH. Different letters
indicated significant differences compared with 0 WM using one-way ANOVA
(Tukey's pairwise comparison, P < 0.05). Values were means + SEM, n = 4.

of prdx6 in the FW group (24h) than the SW group (96 h)
upon hypothermal challenge. Upon hypothermal challenge, FW-
acclimated milkfish might encounter more ROS (indicated by
H,0, content), which induced Ccprdx6 expression after 24 h of
low-temperature exposure.

Two functional domains of mammalian Prdx6 protein were
identified, i.e., the peroxidase and PLA, catalytic regions
(Manevich and Fisher, 2005; Fisher, 2011). This bi-functional
protein plays the role of peroxidase in the cytosol and reduces
oxidization of phospholipids in the membrane (Da Silva-
Azevedo et al, 2009; Fisher, 2011). The mass spectrometry
analysis of the rat revealed that the phosphorylation site was
at Thr177, which enables a 10-fold increase of PLA; activity
(Wu et al,, 2009). Under oxidative stress, the 2D-PAGE analysis
identified that the pI of prdx6 was shifted from 6.5 to 5.9 in
the skeletal muscle of knockout mice lacking nNOS (Da Silva-
Azevedo et al., 2009). In addition, the influence of heat stress
on membrane and cytosolic proteins in human erythrocytes
was analyzed by electrophoresis and Prdx6 protein was found
to be up-regulated in the membrane fraction in subsequent
mass spectrometry analyses (Sharma et al., 2013). Our previous
proteomic study found that pI of milkfish Prdx6 protein spots
was shifted from 6.35 to 6.19 in livers of the non-lethal and
lethal group, respectively (Chang et al, 2016). This study
further revealed that Prdx6 protein expression was up-regulated
after 6 h hypothermal challenge in FW-acclimated milkfish.
Because H,O; can be neutralized by Prdx6 in the cytosol
(Fisher, 2011), milkfish Prdx6 protein may play the role of
antioxidant enzyme through neutralizing oxidative stress in
the cytosol of hepatocytes. On the other hand, the oxidative
stress led to phospholipid peroxidation, and the major substrates
are polyunsaturated fatty acids containing more than one
double bond in their backbone. PUFAs play major roles in
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affecting cell membrane fluidity, which is particularly important
in physiological responses upon hypothermal challenge. A
continued peroxidation state of lipids led to the loss of membrane
fluidity, and hence decreased the functions of membrane proteins
(Portner et al.,, 2007; Fisher, 2011; de la Haba et al., 2013).
Accordingly, in livers of SW-acclimated milkfish, abundance
of membrane CcPrdx6 protein was significantly higher in the
hypothermal group than in the control group indicating its
potential role as an antioxidant through binding to membranes
to stabilize the membrane redox state.

In conclusion, this study identified the expression and
molecular characterization of the antioxidant, Ccprdx6, at
transcriptional and protein levels in milkfish livers. Ex vivo H,O,
treatments of milkfish liver tissues induced a dose-dependent
increase in Ccprdx6 mRNA abundance. Under hypothermal
environments, different redox states between livers of SW-
and FW-acclimated milkfish indicated different oxidative stress
between the SW and FW groups. More oxidative stress occurred
in hypothermal FW milkfish, rather than hypothermal SW
milkfish, and this may be caused by synergistic effects from
both salinity and temperature changes. In response to different
oxidative stress between SW and FW milkfish livers upon
hypothermal challenge, CcPrdx6 was found to express through
different mechanisms to play the role of an antioxidant. In
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