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a b s t r a c t

1-cysteine peroxiredoxin (Prx6) is an antioxidant enzyme that protects cells by detoxifying multiple
peroxide species. This study aimed to describe molecular features, functional assessments and potential
immune responses of Prx6 identified from the big-belly seahorse, Hippocampus abdominalis (HaPrx6).
The complete ORF (666 bp) of HaPrx6 encodes a polypeptide (24 kDa) of 222 amino acids, and harbors a
prominent peroxiredoxin super-family domain, a peroxidatic catalytic center, and a peroxidatic cysteine.
The deduced amino acid sequence of HaPrx6 shares a relatively high amino acid sequence similarity and
close evolutionary relationship with Oplegnathus fasciatus Prx6. The purified recombinant HaPrx6 pro-
tein (rHaPrx6) was shown to protect plasmid DNA in the Metal Catalyzed Oxidation (MCO) assay and,
together with 1,4-Dithiothreitol (DTT), protected human leukemia THP-1 cells from extracellular H2O2-
mediated cell death. In addition, quantitative real-time PCR revealed that HaPrx6 mRNA was constitu-
tively expressed in 14 different tissues, with the highest expression observed in liver tissue. Inductive
transcriptional responses were observed in liver and kidney tissues of fish after treating them with
bacterial stimuli, including LPS, Edwardsiella tarda, and Streptococcus iniae. These results suggest that
HaPrx6 may play an important role in the immune response of the big-belly seahorse against microbial
infection. Collectively, these findings provide structural and functional insights into HaPrx6.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Species of fish and shellfish are challenged by a variety of
pathogenic organisms and hazardous substances in marine aquatic
ecosystems. They are vulnerable to different oxidative stresses,
which can be caused by i) biological components, such as patho-
genic microorganisms and toxic algae; ii) physical components,
such as UV radiation and high temperature; and iii) chemical fac-
tors, including heavy metal pollutants [1]. Reactive oxygen species
(ROS) encompass a number of reactive molecules that are naturally
produced as byproducts of aerobic metabolism in somatic cells [2],
s Lab, Department of Marine
University, 66 Jejudaehakno,
blic of Korea.
including superoxide anions (O2�
-), superoxide radicals (O2

�), singlet
oxygen (1O2), hydrogen peroxide (H2O2), and hydroxyl radicals
(OH�) [3]. These ROS are vital for various cellular functions, like cell
proliferation, cell differentiation, maintaining intracellular
signaling cascades [4e6], and eliciting immune responses [7,8].
However, excessive levels of free radicals may cause serious dam-
age to host cells, including DNA strand breaks, lipid peroxidation,
protein oxidation, and cell death [9]. To protect host cells from
oxidative stress, aerobic cells have developed a potent antioxidant
defense system comprised of molecular antioxidants, such as
catalase (CAT), superoxide dismutase (SOD), glutathione peroxi-
dase (Gpx), and peroxiredoxin (Prx) enzymes.

Thiol-specific antioxidant enzymes of the Prx family can prevent
cellular oxidative damage [10]. Those Prx family members contain
the catalytically active cysteine (Cys) residues at N- or C-terminals,
even though the N-terminal region is directly involved in peroxi-
dase activity [11]. Based on the number of catalytically active Cys
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residues, Prxs are categorized into three main subgroups: typical 2-
Cys Prxs (Prx1, Prx2, Prx3, Prx4), atypical 2-Cys Prx (Prx5), and 1-
Cys Prx (Prx6). Among the six Prx subgroups, Prx 6 consists of a
single catalytically active peroxidatic Cys, while the others contain
two redox-active Cys residues [12]. Peroxiredoxins are crucial for
the reduction of hydrogen peroxide, peroxynitrite, and organic
hydroperoxides (ROOH) through their peroxidase activity
(ROOH þ 2e� / ROH þ H2O) [13,14]. In addition, Prxs are associ-
ated with host immune responses against viral and bacterial in-
fections [12,15].

Prx6 is referred to as a “bifunctional” enzyme; it is a crucial
participant in cellular redox reactions that protect cells against
oxidative injury [12], and is also involved in phospholipid meta-
bolism via its Ca2þ-independent phospholipase A2 activity [16e18].
Prx6s are restricted to the cytosol, which enables them to function
efficiently [19], however, the catalytic efficacies of the Prx family
are comparatively lower than those of CAT or Gpx [20]. To date,
several reports have described the functional and transcriptional
responses of Prx6 derived from the kingdoms, Animalia and Plan-
tae. However, comprehensive studies exploring structure and
function at the sequence level or host immune responses elicited by
Prx6 are limited to only a few fish species. Hence, further studies in
other teleost species, like the big-belly seahorse, would broaden the
understanding of Prx6 and its associated functions.

The big-belly seahorse (Hippocampus abdominalis) is an impor-
tant aquaculture species that has been used as a traditional medicine
in Asian countries like Korea, China, and Japan. Due to over-
exploitation and pathogenic attacks [21,22], the seahorse is catego-
rized under appendix II of CITES (the Convention on International
Trade in Endangered Species of Wild Fauna and Flora). In addition,
unfavorable environmental stress conditions lead to the suppression
of immunity in aquatic animals, but an understanding of stress re-
sponses and immune mechanisms in the seahorse is currently
lacking. Therefore, to broaden our understanding of the physiology
and immunity of seahorses, the present study focused on the char-
acterization of big-belly seahorse peroxiredoxin 6 (HaPrx6) in terms
of its molecular sequence features and structure, the antioxidant
activity of its recombinant protein, tissue-specific mRNA expression,
and mRNA expression in response to bacterial challenges.

2. Methodology

2.1. H. abdominalis transcriptomic database construction

A seahorse transcriptomic database was constructed by the
454 GS-FLX™ sequencing technique. Briefly, total RNA from blood,
liver, kidney, gill, and spleen tissues of 18 seahorses was extracted
and purified with an RNeasy Mini kit (Qiagen, USA), followed by
assessment of quality and quantity using an Agilent 2100 Bio-
analyzer (Agilent Technologies, Canada). In order to prepare the GS-
FLX 454 shotgun database, RNA was fragmented into an average
size of 1147 bp using the Titanium system (Roche 454 Life Science,
USA). Sequencing was performed on half of a picotiter plate on a
Roche 454 GS-FLX™ DNA platform by Macrogen Corp (Korea). The
raw 454 reads were trimmed to remove adaptor and low-quality
sequences, and de novo assembled into contigs using GS Assem-
bler (Roche 454 Life Science, USA) with default parameters set.

2.2. HaPrx6 cDNA sequence identification

A putative HaPrx6 cDNA contig (Accession number: KX228392)
that showed homology with known Prx6 counterparts was iden-
tified and isolated from the seahorse transcriptomic database. The
HaPrx6 sequence was affirmed through homology screening by the
BLAST algorithm (http://blast.ncbi.nlm.nih.gov/Blast.cgi), available
from the National Center for Biotechnology Information (NCBI).

2.3. Bioinformatics profiling

HaPrx6 cDNAwas subjected to DNAssist version 2.2 to obtain the
putative coding sequence (CDS) and to derive the corresponding
protein sequence. The functional domain search was accomplished
using the conserved domain search program (CDD; http://www.
ncbi.nlm.nih.gov/cdd) at NCBI. Conserved cysteine residues were
predicted using the Cys finder (http://clavius.bc.edu/~clotelab/
DiANNA/). Potential N-linked glycosylation sites were predicted
via the NetNGlyc web server (http://www.cbs.dtu.dk/services/
NetNGlyc/). Pairwise amino acid identity and similarity between
homologues were evaluated by the MatGAT program [23]. Multiple
sequence alignment was performed using the ClustalW2 program
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). The phylogenetic
tree was constructed using the neighbor-joining (NJ) method
available in the Molecular Evolutionary Genetics Analysis (MEGA v
5.0) program [24], with bootstrap values calculated for 5000 rep-
lications to estimate the robustness of internal branches. The
folding pattern for the tertiary arrangement of the HaPrx6 protein
sequence was predicted using the FoldIndex© (http://bip.
weizmann.ac.il/fldbin/findex) online bioinformatics tool [25].

2.4. Cloning of HaPrx6 CDS

The cDNA fragment encoding the CDS of the HaPrx6 gene was
cloned into the pMAL-c5X vector (New England Biolabs, USA) after
carrying out a restriction digestion at Nde I and BamH I sites
(Supplementary Table 1) using corresponding enzymes. Briefly, PCR
was performed for a 50 mL reaction containing 50 ng of liver cDNA,
5 mL of 10 � Ex Taq Buffer, 4 mL of 2.5 mM dNTPs, 25 pmol of each
primer, and 5 units (U) of Ex Taq polymerase (TaKaRa, Japan). The
PCR cyclic conditions were as follows: an initial denaturation at
95 �C for 5 min, 30 cycles of amplification at 95 �C for 30 s, 58 �C for
30 s, and 72 �C for 1 min, followed by a final extension at 72 �C for
5 min. The restriction digested HaPrx6 cDNA fragment and the
pMAL-c5X vector were gel purified using an Accuprep™ gel puri-
fication kit (Bioneer, Korea). Overnight ligation was then continued
at 4 �C using the Mighty Mix DNA Ligation Kit (TaKaRa, Japan).
Subsequently, the recombinant construct was transformed into
Escherichia coli DH5a competent cells, and positive clones were
confirmed by restriction digestion followed by sequence verifica-
tion (Macrogen, Korea). Finally, the sequence verified recombinant
construct was transformed into E. coli ER2523 (New England Bio-
Labs, UK) competent cells for protein expression.

2.5. Overexpression and purification of recombinant HaPrx6
(rHaPrx6)

rHaPrx6 fusion protein expression and purification were carried
out as described in our previous study [12], following the in-
structions for the pMAL Protein Fusion and Purification System (New
England Biolabs, USA). Recombinant maltose binding protein (rMBP)
was also expressed and purified under the same conditions. rHaPrx6
and rMBP protein concentrations were determined by the Bradford
assay [26]. Purified protein samples were further analyzed on a 12%
SDS-PAGE gel along with a protein marker (Enzynomics, Korea) in
order to examine the degree of rHaPrx6 protein induction, purity,
and integrity. The SDS-PAGE gel was stained with 0.05% Coomassie
blue R-250 and subjected to a standard de-staining procedure.

2.6. Metal-catalyzed oxidation (MCO) assay

The MCO assay was conducted to assess the DNA protection
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activity of rHaPrx6 as described earlier by De Zoysa et al. [27], with
slight modifications. In brief, a total volume of 100 mL of a reaction
mixture containing the MCO system (4 mM dithiothreitol, DTT;
30 mM FeCl3; and H2O) and different concentrations of purified
rHaPrx6 (6.25e100 mg/mL) was incubated for 2 h at 37 �C. After-
wards, 1000 ng of pUC19 DNA was added to each reaction mixture,
and incubated for 2.5 h at 37 �C. Purified rMBP- and bovine serum
albumin (BSA)-treated samples were used as controls. Finally, re-
action mixtures were terminated via PCR purification using a
commercial PCR products purification kit (Bioneer, Korea) accord-
ing to the vendor's protocol, and then samples were analyzed on a
1% agarose gel stained with ethidium bromide.

2.7. Effect of rHaPrx6 on cell protection during oxidative stress

In order to determine whether rHaPrx6 can protect human
leukemia THP-1 cells from oxidative stress mounted by H2O2, we
conducted the cell viability 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay as described in
Refs. [12,28], with slight modifications. Briefly, THP-1 cells were
cultured in RPMI 1640 culture medium supplemented with 10%
FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin in a 5% CO2
humidified incubator at 37 �C. A set of wells containing
1 � 105 cells/mL was incubated with different concentrations of
rHaPrx6 (25e100 mg/mL) or 100 mg/mL rMBP for 30 min in the
presence of 1 mM DTT. Then, samples were subjected to oxidative
stress by 400 mmol H2O2 for 24 h. Subsequently, the viability of
THP-1 cells was detected by the standard MTT assay.

2.8. Detection of apoptosis

Flow cytometry was conducted to detect the percentage of
viable versus apoptotic cells in THP-1 cell populations after H2O2
oxidative stress as described in Ref. [12], with slight modifications.
Briefly, THP-1 cells were cultured as described in section 2.7 and
cells were incubated with different concentrations of rHaPrx6
(25e100 mg/mL) or 100 mg/mL rMBP for 30 min in the presence of
1 mM of DTT. Then, samples were exposed to oxidative stress by
400 mmol H2O2 for 24 h and then washed with PBS. Finally, cells
were stained with annexin-V (ApopNexin Annexin-V FITC
Apoptosis Kit) for 30 min according to the manufacturer's protocol
(EMD Millipore, USA). Stained apoptotic cells were then analyzed
on a BD FACScalibur flow cytometer (BD Biosciences, USA) and data
were analyzed using CellQuest™ Pro software (BD Biosciences). All
of the experiments were performed in triplicate.

2.9. Animal husbandry and tissue sampling

Healthy seahorses (~8 g) were acquired from the Korea Marine
Ornamental Fish Breeding Center on Jeju Island, andwere acclimated
in laboratory aquarium tanks at 20 �C for one week prior to exper-
imentation. Six seahorses (3 male and 3 female) were aseptically
dissected for tissue specific mRNA expression analysis. Blood was
collected by injuring the tails, and the peripheral blood cells were
separated by immediate centrifugation at 3000g for 10 min at 4 �C.
Other tissues, including liver, intestine, kidney, pouch, ovary, gill,
heart, spleen, brain, stomach, muscle, testis, and skin were excised
and immediately snap frozen in liquid nitrogen and stored at�80 �C.

2.10. Immune responsive stimulation

Healthy seahorses (~3 g) were acquired from the Korea Marine
Ornamental Fish Breeding Center on Jeju Island andwere acclimated
as described in section 2.9. To study the immune related transcrip-
tional responseofHaPrx6 in liverandkidney tissues,fishweredivided
into four groups and challengedwith various substances: phosphate-
buffered saline (PBS), lipopolysaccharide (LPS), Edwardsiella tarda,
and Streptococcus iniae, as shown in Table 1. Five individuals were
randomly collected at 0, 3, 6, 12, 24, and 48 h post infection (p.i.) as
described above (section 2.9), and liver and kidney tissues were
collected, snap frozen in liquid nitrogen, and stored at �80 �C.

2.11. Total RNA extraction and cDNA synthesis

Total RNAwas extracted from a pool of tissue samples (n ¼ 6 for
tissue specific expression analysis; n¼ 5 for the immune challenge)
using RNAiso plus (TaKaRa) reagent followed by clean-up with an
RNeasy spin column (Qiagen). RNA concentration was determined
at 260 nm in a mDrop Plate reader (Thermo Scientific), and purity
was examined by 1.5% agarose gel electrophoresis. First strand
cDNA was synthesized as explained in Godahewa et al. [29] in a
20 mL reaction mixture containing 2.5 mg of RNA with a Prime-
Script™ II 1st strand cDNA Synthesis Kit (TaKaRa). The synthesized
cDNA was diluted 40-fold in nuclease-free water and stored
at �20 �C until use in quantitative real time PCR (qPCR) assays.

2.12. Quantification of HaPrx6 transcript abundance by qPCR

To study spatial expression in tissues and temporal expression
during an immune challenge of HaPrx6 in the seahorse, qPCR re-
actions were performed in accordance with MIQE guidelines [30].
qPCRwas carried out using a Thermal Cycler Dice™ TP800 (TaKaRa)
in a 10 mL reaction volume containing 3 mL of diluted cDNA tem-
plate, 5 mL of 2� TaKaRa Ex Taq™ SYBR premix, 0.4 mL of each of the
forward and reverse primer (10 pmol/mL) (Supplementary Table 1),
and 1.2 mL of PCR grade H2O. The qPCR cycle profile included one
cycle of 95 �C for 30 s, followed by 45 cycles of 95 �C for 5 s, 58 �C for
10 s, and 72 �C for 20 s, and a final single cycle of 95 �C for 15 s, 60 �C
for 30 s, and 95 �C for 15 s. Each assay was conducted in triplicate,
and data were analyzed according to the Livak method [31]. In or-
der to confirm that the primer pair used in the reaction amplified a
single product of the expected size, a dissociation curve was
generated and analyzed at the end of the amplification reaction,
and then samples were further assessed on a 1% agarose gel. Sea-
horse 40S ribosomal protein S7 (Accession number: KP780177) was
used as the internal control gene. Data were calculated as the
quantity of HaPrx6 mRNA normalized to the quantity of 40S ribo-
somal protein S7 mRNA and expressed as the mean ± SD. Tissue-
specific HaPrx6 mRNA expression levels were calculated relative
to the mRNA expression level in skin. Post infection temporal
expression analysis of HaPrx6 was further normalized to the cor-
responding mRNA expression levels of PBS injected controls, thus
keeping the expression level of untreated/un-injected (0 h) controls
as the baseline expression.

2.13. Statistical analysis

Data generated from the MTT assay, flow cytometry, and qPCR
assays are presented as the mean ± SD from triplicate experiments.
Statistical analyses were performed with GraphPad (GraphPad
Software, Inc., USA), using the unpaired, two-tailed t-test to
calculate P-values. P-values less than 0.05 were considered statis-
tically significant.

3. Results and discussion

3.1. Identification of HaPrx6 and in silico characterization

3.1.1. Sequence features
The Prx6 homolog ofH. abdominalis consisted of a 1422 bp cDNA



Table 1
Summary of the immune challenges used in the current study.

Pathogen Source Mode Dose/Fish Volume

LPS E. coli 055:B5, sigma Intra-peritoneal 125 mg 100 mL
E. tarda CNU, Korea Intra-peritoneal 5 � 105 CFU 100 mL
S. iniae CNU, Korea Intra-peritoneal 1 � 107 CFU 100 mL
PBS (injection control) e Intra-peritoneal e 100 mL

CNU: obtained from the Department of Aqualife Medicine at Chonnam National University (Republic of Korea).
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sequence containing a 62 bp 50 untranslated region (UTR), a 666 bp
open reading frame (ORF), and a 694 bp 30-UTR. The CDS of HaPrx6
could be translated into a putative polypeptide of 222 amino acids.
According to the DNAssist program, HaPrx6 has a predicted mo-
lecular mass of 24 kDa and a theoretical isoelectric point (pI) of 5.9.
The CDD search results at NCBI encountered a prominent peroxir-
edoxin super-family domain architecture covering ~97% of the
HaPrx6 amino acid sequence, which is a common feature of Prx
family members. The nucleotide and deduced amino acid se-
quences of HaPrx6 are shown in Supplementary Fig. 1. Although
several Cys residues were detected in the HaPrx6 sequence, a single
peroxidase cysteine was identified in the peroxidase catalytic
center (44PVCTTE49), which may act to cleave the peroxyl bonds of
various peroxide substrates [32,33]. 2-Cys Prx members contain a
resolving cysteine in order to resolve the oxidized enzyme via
completing the catalytic cycle [34]. However, in 1-Cys Prxs, absence
of the additional cysteine is compensated for by an external small-
molecule or proteins that act as thiol containing electron donors
[14]. Additional Cys residues in the HaPrx6 mature polypeptide can
form disulfide bonds, which may be crucial for dimer formation,
which is a commonly identified feature of typical 2-Cys Prx mem-
bers [14]. In addition, two potential N-glycosylation sites (29NKS31

and 191NVS193) were identified in HaPrx6, reflecting that HaPrx6
might need post-translational glycosylation modification for its
biological function. Indeed, absence of a signal peptide at the N-
terminal of HaPrx6 affirmed its function as an intracellular anti-
oxidant defense mechanism. As previously reported, mammalian
1-Cys Prx is localized to the cytosol and protects tissues from
Table 2
Pairwise homology comparison of the HaPrx6 amino acid sequence with Prx6 from othe
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3.1.2. Homology and alignment analysis
Pairwise homology comparison of HaPrx6 against other Prx6

counterparts from known vertebrates and invertebrates indicated
that HaPrx6 is most closely related to the striped beakfish at 84.7%
amino acid identity. In addition, fish counterparts were shown to
have comparatively higher identities (>75%) with the HaPrx6
amino acid sequence, while invertebrates shared only <60% iden-
tity at the protein level (Table 2). To further validate these results,
we aligned seventeen amino acid sequences of Prx6 counterparts,
and found that, among them, teleostan Prx6 shared the greatest
number of conserved amino acids. Furthermore, this multiple
alignment analysis aided in recognizing motifs that are crucial to
the structure and function of a Prx6 protein. Additionally, we
noticed that higher order vertebrate species consisted of 224 amino
acids, where teleost and invertebrates contained 218e223 amino
acids in their protein sequences. Insertions and deletions at the
amino acid level in Prx6 homologues reflect a specific molecular
evolutionary pattern. As expected, the peroxidase catalytic center
residues (44PVCTTE49) were conserved in all the assessed counter-
parts (Fig. 1), suggesting that they might play a crucial role in the
enzymatic activity of HaPrx6 [32,33]. In addition, 1-Cys Prxs
conserve a single peroxidatic cysteine, even though their amino
acid sequence consists of several cysteine residues [35]. Indeed, as a
characteristic feature of peroxiredoxin family, the peroxidatic
cysteine of HaPrx6 (46Cys) was well conserved among all the
counterparts considered for the analysis [14].
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3.1.3. Evolutionary position
An un-rooted phylogenetic treewas constructed to demonstrate

the molecular evolution of Prx family members using different
vertebrate Prxs (Prx1-6), according to the NJ method. As a result,
typical 2-Cys Prxs, atypical 2-Cys Prxs, and 1-Cys Prxs converged
into three main clusters. In fact, the 1-Cys Prx main cluster clearly
indicated the distinct clustering of teleosts and non-teleosts, where
HaPrx6 was evolutionary relevant to the O. fasciatus Prx6 homolog
(Fig. 2). According to the tree topology, HaPrx6 evolved from a
common vertebrate ancestor ensuring conventional taxonomy.
Until now, Prxs were identified and characterized from unicellular
to multicellular organisms, signifying that they were conserved
Fig. 1. Multiple sequence alignment of the HaPrx6 amino acid sequence with known Prx6 se
in all sequences are indicated by (:) under the column. Identical residues and conserved resi
catalytic center is indicated by a red box. The peroxidatic cysteine residue is colored red and
are denoted by green arrows. (For interpretation of the references to colour in this figure l
throughout evolution with the emergence of new isoforms [14].
Further, a similar clustering pattern was previously described for
different organisms, revealing an ancient origin for the Prx family
[9,12,36,37]. Collectively, our phylogenetic investigation strongly
validates that HaPrx6 is indeed a homolog of known Prx6s.

3.1.4. Protein structure analysis
In order to predict the three dimensional-structure arrange-

ment of HaPrx6, a fold index was determined and compared with
that of other fish, mammal, and invertebrate counterparts. Here,
average hydrophobicity and the absolute net charge of the amino
acid were used to determine the foldability of given Prx6 amino
quences. Identical residues in all sequences are indicated by (*) and conserved residues
dues within fish counterparts are in black and gray shade, respectively. The peroxidase
other cysteine residues are shaded blue. Peroxiredoxin super-family domain boundaries
egend, the reader is referred to the web version of this article.)



Fig. 2. Phylogenetic analysis of HaPrx6. The tree was constructed based on amino acid sequences and the number at each node indicates the percentage of bootstrapping after 5000
replications. Accession numbers are denoted next to the scientific names.
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acid sequences [25]. Thus, results of the FoldIndex© tool revealed
that the six Prx6 proteins analyzed were extremely folded (Fig. 3).
As illustrated in Supplementary Table 2, one intrinsically unfolded/
disordered region can be seen in the Prx6 sequences, with the
exception of the big-belly seahorse and disk abalone. Fig. 3 shows
one intrinsically unfolded/disordered region for the big-belly sea-
horse Prx6 sequence, which is similar to other vertebrate Prx6
counterparts. Particularly, Prx6 proteins were predicted to be well-
structured, depicting their high degree of foldability, which might
help them to act as an efficient antioxidant. According to a previous
report, the Prxs tend to be oligomerized for redox-sensitive in-
teractions [14]. Moreover, a folded protein can easily accomplish
correct interactions with its substrates versus a disordered protein,
since all the active site motifs are in the correct orientation.
Moreover, the peroxiredoxin super-family domain in HaPrx6 was
shown to be prominently folded, since it is enclosed within the
entire amino acid sequence (Supplementary Fig. 1). Collectively,
this suggests that the HaPrx6 protein is well structured and is in
accordance with its biological function to acquire optimum activity.
According to the present FoldIndex prediction, we can hypothesize
that all the Prx6s considered herein may have an efficient antiox-
idantmechanism, considering the high percentage (>94%) of folded
regions throughout the proteins.

3.2. Functional characterization of rHaPrx6

3.2.1. Recombinant protein overexpression and purification
The complete CDS fragment of HaPrx6 was cloned, IPTG-

induced within the bacterial system, and purified by amylose af-
finity chromatography per the manufacturer's protocol. Induced



Fig. 3. Folding predictions for the tertiary structure of the HaPrx6 amino acid sequence compared to other Prx6 counterparts. Green regions indicate the folded regions, whereas
unfolded regions are represented by red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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protein fractions were obtained at different expression and purifi-
cation steps and were subjected to SDS-PAGE analysis to assess the
efficacy of the whole process (Supplementary Fig. 2). Existence of
bands corresponding to the rHaPrx6 fusion protein of ~66.5 kDa
(HaPrx6: 24 kDa þ MBP: 42.5 kDa) revealed the successful induc-
tion and purification of rHaPrx6 fusion protein in Lane I, S, and E.
Afterwards, purified protein was subjected to different antioxidant
assays to reveal its functional behavior as an antioxidant.

3.2.2. Metal-catalyzed oxidation (MCO) assay
The MCO system forms a platform for the auto-oxidation of DTT

by varying ROS, like O2�
-, O2

�, 1O2, H2O2 and OH�. Specially, OH�

radicals readily react with DNA and result in DNA strand breakage.
Accordingly, this ROS mediated DNA disruption results in nicked
DNA due to a single strand break of supercoiled plasmid DNA [38].
Therefore, the DNA protection activity of rHaPrx6 was determined
via the metal-catalyzed ROS generated system using the pUC19
plasmid (Fig. 4). Results showed that there is no damage to the
pUC19 supercoiled DNA (B and C) when the MCO assay components
are not added completely, which was indicated by the presence of
the same ratio of supercoiled: nicked DNA as that of the control
sample (A). However, in the presence of the complete MCO assay
system, complete breakage of pUC19 DNA occurred (D and G). When
100 mg/mL BSA and rMBP was added to the MCO assay (E and F),
complete breakage of supercoiled DNA into its nicked form occurred,
revealing the absence of their DNA protection activity. In contrast,
with increasing doses of rHaPrx6 (G: 0 mg/mL e H: 100 mg/mL),
formation of nicked DNA decreased in a concentration dependent
manner. Hence, the present study revealed that the MCO assay
system was able to break pUC19 supercoiled DNA into its nicked
form, and that this conversion can be significantly inhibited by
rHaPrx6, reflecting its antioxidant activity. However, the efficacy of
Prx antioxidant activity could vary depending on other factors, such
as temperature, time, and pH [39]. Prxs are the most recently
discovered antioxidant enzymes [14] and are active in the presence
of DTT. Rock bream Prx6 [1], sheep Prx6 [40], and silkworm Prx6 [41]
also demonstrated protection of supercoiled DNA in the MCO assay,
and disk abalone Prx6 protected against DNA fragmentation induced
by H2O2 [9]. In addition to Prx6, other Prx members have also been
shown to protect DNA in theMCO system [42,43]. Therefore, Prxs are
vital constituents of the cellular antioxidant defense system that
protects live cells from ROS-mediated DNA damage.

3.2.3. Effect of rHaPrx6 on cell survival during the oxidative stress-
MTT assay

Next, the extracellular H2O2 scavenging activity of rHaPrx6 was
investigated by evaluating cell viability under oxidative stress using
the MTT assay. Here, DTT acts as an electron donor to accomplish
the redox reaction, where in vivo thioredoxin [44] or glutathione
[45] would act as an electron donor. In both the in vitro and in vivo
systems, this redox reaction is catalyzed by Prxs. The rHaPrx6 can
react with the extracellular H2O2 {Prx (reduce) þ H2O2 / Prx



Fig. 4. Protection of supercoiled DNA cleavage by rHaPrx6 in a metal-catalyzed oxidation (MCO) system. A) pUC19 without incubation; B) pUC19 only with FeCl3; C) pUC19 only
with DTT; D) pUC19 with MCO system; E) pUC19 þ MCO system þ 100 mg/mL BSA; F) pUC19 þ MCO system þ 100 mg/mL rMBP; G) pUC19 þ MCO system þ 0 mg/mL rHaPrx6; H)
pUC19 þ MCO system þ 6.25 mg/mL rHaPrx6; I) pUC19 þ MCO system þ 12.5 mg/mL rHaPrx6; J) pUC19 þ MCO system þ 25 mg/mL rHaPrx6; K) pUC19 þ MCO system þ 50 mg/mL
rHaPrx6; L) pUC19 þ MCO system þ 75 mg/mL rHaPrx6; and M) pUC19 þ MCO system þ 100 mg/mL rHaPrx6.
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(oxidize) þ 2H2O} and diminish the oxidative stress of the THP-
1 cells. Hence, cell viability might increase due to the antioxidant
activity of the rHaPrx6. In accordance with our MTT assay, signifi-
cant cell viability was noted in rHaPrx6-treated samples compared
to positive controls (B) under H2O2 stress (Fig. 5). Because of the
extracellular oxidative stress by 400 mmol H2O2, the mortality of
THP-1 cells increased (B) compared to that of negative controls (A).
However, the potential antioxidant activity of rHaPrx6 was
observed in a dose-dependent manner (D-G) by the increase in cell
survival, which was significantly higher than that of the recombi-
nant MBP-treated sample (C). Specifically, 100 mg/mL of rHaPrx6
exhibited a cell survival of 38.25% compared to H2O2-treated
samples, confirming that rHaPrx6 converts the oxidative H2O2 into
non-oxidative H2O. As previously reported, the H2O2 detoxification
activity of Prx family members was assayed with supplementary
thiols such as DTT [9,12,38,41,45] and they were confirmed as
potent antioxidants. Also, our study illustrated that the rHaPrx6
protein protects cells against ROS-mediated oxidative stress,
further corroborating that it is an active enzyme with typical
antioxidant function in the big-belly seahorse.
3.2.4. rHaPrx6 protects cell from ROS-dependent apoptosis
To further validate the extracellular H2O2 scavenging activity of

rHaPrx6, the extent of cell apoptosis under extracellular H2O2 stress
was determined via flow cytometry. Basically, extracellular oxida-
tive stress can increase the level of intracellular ROS, resulting in
cellular apoptosis [13]. However, peroxidatic cysteine residues in
Fig. 5. Survival effect of rHaPrx6 on THP-1 cells exposed to 400 mmol of H2O2. A)
Control cells; B) 1 mM of DTT þ 400 mmol of H2O2; C) 100 mg/mL of rMBP with 1 mM of
DTT þ 400 mmol of H2O2; D) 25 mg/mL of rHaPrx6 with 1 mM of DTT þ 400 mmol of
H2O2; E) 50 mg/mL of HaPrx6 with 1 mM of DTT þ 400 mmol of H2O2; F) 75 mg/mL of
rHaPrx6 with 1 mM of DTT þ 400 mmol of H2O2; and G) 100 mg/mL of rHaPrx6 with
1 mM of DTT þ 400 mmol of H2O2. Cell survival was determined by the MTT assay in
triplicate for each treatment. Vertical bars represent the cell survival % ± SD (N ¼ 3).
Prx6 could oxidize into their sulfhydryl forms while reacting with
H2O2 and the non-physiological electron donor, DTT [9,12]. Phos-
phatidylserines are common substances generated in the event of
apoptosis on the cell surface, and can easily bind with annexin-V
[46]. Here, we have assessed the percentage of apoptotic THP-
1 cells due to H2O2-induced oxidative stress, and the results
revealed that rHaPrx6-treated samples decreased cell apoptosis in
a dose dependent manner by scavenging extracellular H2O2 with
the help of DTT (Fig. 6). This was demonstrated by a significantly
decreasing annexin-V stained cell population measured as a per-
centage of the total cell population. Furthermore, it affirms that the
H2O2 scavenging activity of rHaPrx6 is thiol dependent. In the flow
cytometric assay, 400 mmol of H2O2 was induced cell apoptosis (B)
compared to negative controls (A). Also, reaction mixtures treated
with rMBP showed higher cell apoptosis, similar to H2O2 treated
samples (B), suggesting that rMBP did not have any impact on the
antioxidant activity of rHaPrx6. Collectively, we can suggest that
because of the rHaPrx6 antioxidant activity, extracellular oxidative
stress was reduced in the rHaPrx6-treated samples and thereby cell
apoptosis decreased. Similarly, disk abalone Prx6 and rock bream
Prx3 demonstrated their antioxidant potential by lowering cell
apoptosis [9,12]. Moreover, it was shown that human Prx5 can
control DNA damage induced by H2O2 in mitochondria [47]. These
results collectively signify the antioxidant role of rHaPrx6 via
scavenging extracellular H2O2, and consequently cellular protection
from apoptosis.

3.3. Transcriptional analysis of HaPrx6

3.3.1. Quantification of HaPrx6 mRNA in unchallenged tissues
The mRNA expression profile of HaPrx6 depicts their ubiquity in

body tissues, with highest expression found in liver, followed by
intestine, kidney, and pouch. Compared to these tissues, the ten
other examined tissues expressedHaPrx6 transcripts poorly (Fig. 7).
HaPrx6 expression in all tissues was compared to that in skin. Liver
generates an excessive amount of ROS due to a higher metabolic
rate, which may explain the pronounced HaPrx6 mRNA expression
in liver tissues observed here. Similarly, highly expressed Prx6 in
liver tissue has been documented in a few fish species, including
rock bream [1], black carp [48], and gilthead sea bream [36]. In
addition, disk abalone Prx6 [9] and Chinese mitten crab Prx6 [49]
was significantly expressed in gill and hepatopancreas, respec-
tively, while turbot Prx6 was dominant in blood [50]. These results
collectively signify that the spatial Prx6mRNA expression pattern is
organism specific. Specifically, the present study suggests the sig-
nificance of the Prx6 enzyme in several tissues as an antioxidant
defense molecule. In fact, intestine is a constantly challenged organ
by diet-derived toxins/oxidants and endogenously generated ROS,
which can induce serious damage to cell structures [49,51].
Therefore, HaPrx6 mRNA was significantly expressed in big-belly
seahorse intestine as well. Also, immune organs like the kidney



Fig. 6. Flow cytometry analysis of cell viability activity of the rHaPrx6 (X) on THP-1 cells exposed to 400 mmol of H2O2. A) Control cells; B) 1 mM of DTT þ 400 mmol of H2O2; C)
100 mg/mL of rMBP with 1 mM of DTT; D) 100 mg/mL of rMBP with 1 mM of DTT þ 400 mmol of H2O2; E) 25 mg/mL of rHaPrx6 with 1 mM of DTT þ 400 mmol of H2O2; F) 50 mg/mL of
rHaPrx6 with 1 mM of DTT þ 400 mmol of H2O2; and G) 100 mg/mL of rHaPrx6 with 1 mM of DTT þ 400 mmol of H2O2. Percentage of Annexin-V stained cells out of the total cell
population (Y). Live and dead cells were differentiated using Annexin-V. Apoptotic cells due to intracellular ROS are expressed as gated cell percentages (N ¼ 3; P < 0.05).
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are likely to have strong antioxidant defense systems against ROS,
which are generated as an immune response to invading microbes.

3.3.2. Quantification of HaPrx6 mRNA after bacterial stimulations
In order to explore the role of HaPrx6 in the seahorse immune

response, a time course experiment was performed after stimula-
tion with LPS, E. tarda, and S. iniae (Fig. 8). The liver showed the
greatest level of HaPrx6 expression in healthy fish and was found to
be the third-most abundant in the kidney. Since they are crucial in
immune responses, liver and kidney tissues were selected for the
immune responsive investigation in the present study. Though the
healthy tissues were abundant in HaPrx6 transcripts, the fold-
increase was found to be less in both liver and kidney, compared
to basal expression (0 h p.i.) upon the immune stimuli. However, the
Fig. 7. Spatial analysis of HaPrx6 mRNA expression from different big-belly seahorse tissues
heart, gill, ovary, pouch, kidney, intestine, and liver was analyzed by qPCR. mRNA expressio
40s ribosomal protein S7 as the internal control. Data were obtained from triplicate qPCR
(P < 0.05).
immune stimulation triggered significant inductive transcriptional
responses of HaPrx6mRNA at different post-infection times in both
liver and kidney tissues. Specifically, ~ 2e3 foldHaPrx6 transcription
was observed after the additional immune stimuli, suggesting its
potential role in immune responses against bacterial pathogens.
Upon LPS and S. iniae stimulation, HaPrx6 was significantly upre-
gulated early in both liver and kidney. However, upon E. tarda in-
jection, the liver showed a late response, while the kidney showed
an early response. In addition, relatively high basal expression of
HaPrx6 in liver and kidney tissues, which might be sufficient to
withstand septic conditions, may explain the above observation.

It is a well-known fact that bacterial infection is a typical stress
condition involving the production of ROS, which can have detri-
mental effects on the host [50]. On the other hand, it has been
. HaPrx6 tissue specific expression in skin, testis, blood, muscle, stomach, brain, spleen,
n was calculated using the Livak method relative to skin expression and normalized to
reactions (n ¼ 3) and presented as average values with error bars representing SD



Fig. 8. HaPrx6 mRNA expression analysis in liver (A) and kidney (B) after immune challenges. Relative mRNA expression was calculated using the Livak method relative to PBS-
injected controls and normalized to 40s ribosomal protein S7 as the internal control. Data were obtained from triplicate qPCR reactions (n ¼ 3) and presented as average
values with error bars representing SD. Data shown with ‘*’ indicates significantly different expression levels with respect to the 0 h control (P < 0.05).
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documented that Prxs were involved in a host defense system as an
antibacterial mediator [12,49,52], even though distinct antiviral
responses were observed among them. Similarly, mice Prx2 has
been reported to be a negative regulator of LPS-induced inflam-
mation [15]. Together, our findings suggests that HaPrx6 has an
indispensable role in host immune responses in the big-belly sea-
horse, plausibly by maintaining a correct redox balance in cells,
even though expression pattern and kinetics were different with
regard to the immune stimuli and tissue type. Also, the observed
variance in the tissue-specific HaPrx6 induction pattern could be
attributed to the difference in immune defense mechanisms that
are exerted in liver and kidney tissues in the big-belly seahorse.

Even though Prxs were mainly recognized as antioxidants that
combat ROS, they are known to play comprehensive roles in
inflammation, transcriptional regulation, immune alterations, cell
proliferation/differentiation, and apoptosis [11,13,53]. Furthermore,
Prx6 expressional upregulation at the mRNA level has been re-
ported under stress signals, which might have functional implica-
tions in different contexts. Other homologues of HaPrx6, including
those from the Pacific oyster, Antarctic bivalve, zebrafish, Chinese
shrimp, and turbot were induced by pollution intensity [53], ther-
mal exposure [54], brominated flame [55] and bacterial infection
[50,56], respectively. Conversely, several reports have documented
that Prx6 from winter flounder and disk abalone were down
regulated by chromium oxide exposure [57] and viral infection [9].
Therefore, Prxs are crucial in antioxidant defense systems that can
protect the host organism from ROS-mediated oxidative stress.

4. Conclusion

In conclusion, we have unequivocally identified a big-belly
seahorse Prx6 ortholog, which is similar to mammalian Prx6, with
the aid of structural, functional, and transcriptional studies. HaPrx6
demonstrated specific characteristics of 1-Cys peroxiredoxins and
ROS-mediated thiol-dependent antioxidant activity. In addition,
investigation of transcriptional modulation revealed that HaPrx6
mRNA expression is upregulated by bacterial infections. This might
support the notion that Prx6 could be used as an integrative
biomarker of fish health and welfare, in terms of intracellular
signaling and antioxidant defense. However, further studies are
warranted to reveal novel functions of Prx6 in different fish species
under different habitats, aquaculture systems, and infectious
outbreaks.
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