
Developmental and Comparative Immunology 46 (2014) 222–230
Contents lists available at ScienceDirect

Developmental and Comparative Immunology

journal homepage: www.elsevier .com/locate /dc i
Inflammatory responses in the Japanese pufferfish (Takifugu rubripes)
head kidney cells stimulated with an inflammasome-inducing agent,
nigericin
http://dx.doi.org/10.1016/j.dci.2014.04.010
0145-305X/� 2014 Elsevier Ltd. All rights reserved.

⇑ Corresponding author. Tel./fax: +81 985 58 7230.
E-mail address: jhikima@cc.miyazaki-u.ac.jp (J.-i. Hikima).

1 Both the authors contributed equally to this work.
Soner Bilen a,1, Gouranga Biswas b,1, Shohei Otsuyama c, Tomoya Kono c, Masahiro Sakai c,
Jun-ichi Hikima c,⇑
a Kastamonu University, Faculty of Fisheries, Department of Basic Sciences, Kastamonu 37200, Turkey
b Interdisciplinary Graduate School of Agriculture and Engineering, University of Miyazaki, 1-1 Gakuenkibanadai-nishi, Miyazaki 889-2192, Japan
c Department of Biochemistry and Applied Biosciences, Faculty of Agriculture, University of Miyazaki, 1-1 Gakuenkibanadai-nishi, Miyazaki 889-2192, Japan
a r t i c l e i n f o

Article history:
Received 17 March 2014
Revised 15 April 2014
Accepted 15 April 2014
Available online 24 April 2014

Keywords:
Pro-inflammatory cytokines
Multiplex RT-PCR assay
Nigericin
Japanese pufferfish
a b s t r a c t

A cytosolic receptor complex called inflammasome is responsible for mounting inflammatory response
by releasing pro-inflammatory cytokines, interleukin (IL)-1b and IL-18. However, inflammatory cascades
mediated by the inflammasome are unknown in a lower vertebrate like fish. Therefore, in an in vitro
experiment, in order to obtain a preliminary information, we conducted transcriptomic analysis of 18
cytokines including pro-inflammatory cytokines in the Japanese pufferfish (Takifugu rubripes) head
kidney (HK) cells stimulated with an inflammasome-inducing agent, nigericin, and a combination of
nigericin and LPS by a multiplex RT-PCR assay (GenomeLab Genetic Analysis System, GeXPS; Beckman
Coulter Inc.). Furthermore, expression of IL-1b, IL-6, IL-18, nuclear factor (NF)-jB, nucleotide-binding
oligomerization domain 2 (NOD2) and NOD-like receptor X1 (NLRX1) genes was examined in HK cells
by a quantitative real-time PCR. Additionally, to confirm functionality of activated inflammatory
immunity, we also assessed phagocytic activity, superoxide anion production (NBT assay) and lysozyme
activity in the nigericin-stimulated HK cells. An increased gene expression of pro-inflammatory cytokines
(IL-1b and IL-18), NF-jB and NOD2 was recorded in nigericin and combined nigericin + LPS- stimulated
HK cells. Enhanced cellular (phagocytic activity and NBT assay) and humoral (lysozyme activity) immune
parameters in the stimulated cells confirmed induction of inflammatory response. Results suggested
probable activation of inflammasome components for processing of the inflammatory cytokines in the
Japanese pufferfish.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The well conserved innate immune system acts as the first line
of defense against microbes in all living organisms. The critical role
of the innate immune system is initiation of instant response to
microbial pathogens, and this is induced by pathogen/pattern
recognition receptors (PRRs). PRRs detect molecular patterns of
pathogens and induce host innate immune cells towards inactiva-
tion of the pathogens (Zhu et al., 2013). Toll-like receptors (TLRs),
RIG-I like receptors (RLRs) and nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs) are classes of PRRs that have
been characterized from teleosts (Laing et al., 2008), rodents, birds
(Chen et al., 2009) and humans (Inohara and Núñez, 2003). NLRs
are a specialized group of intracellular receptors that represent a
key component of the host innate immune system, and in
mammals, they are very important on pathogenesis of inflamma-
tory diseases (Chen et al., 2009) with their ability to regulate
interleukin (IL)-1b releasing and nuclear factor (NF)-jB signaling.
The NLR family contains several proteins and some members
(NLRPs or NALPs) form a multi-protein complex called inflamma-
some by interacting with an inflammatory cysteine protease,
caspase-1 with or without involvement of an adaptor protein,
apoptosis-associated speck-like protein containing a caspase
activation and recruitment domain (ASC) (Franchi et al., 2012;
Martinon et al., 2009; Schroder and Tschopp, 2010). In the
inflammasome, caspase-1 is activated through auto-proteolytic
maturation to promote cleavage and secretion of biologically active
pro-inflammatory cytokines, IL-1b and IL-18 and pyroptotic cell
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death (Mariathasan et al., 2006; Martinon et al., 2006; Schroder
and Tschopp, 2010). Hence, the inflammasome is a key molecule
of inflammatory immune response in vertebrates.

The human and mouse genomes encode 23 and 34 NLRs,
respectively (Rathinam et al., 2012). Mammalian NLRs are catego-
rized into five groups, NLRA, NLRB, NLRC, NLRP and NLRX based on
their N-terminal effector domains (Hansen et al., 2011). However,
in fish, three distinct classes of NLR subfamily (NLRA, B and C) were
reported. NLRA resembled mammalian NODs, NLRB to mammalian
NLRPs, and NLRC was unique to the teleost fish (Laing et al., 2008).
Direct association of fish NLRs in inflammatory immunity is not
fully understood compared to the well-evident mammalian
reports.

Cytokines are protein mediators produced by immune cells, and
are mainly responsible for host innate defense mechanisms. Cyto-
kines include ILs, tumor necrosis factors (TNFs), transforming
growth factor (TGF), chemokines and interferons (IFNs) (Savan
and Sakai, 2006), are produced by macrophages, lymphocytes,
granulocytes, dendritic cells (DCs), mast cells, and epithelial cells,
and have proinflammatory, anti-inflammatory and pathogen-kill-
ing properties. Cytokines play an important role in the immune
system by binding to specific receptors at the cell membrane, set-
ting off a cascade that leads to induction, enhancement or inhibi-
tion of a number of cytokine-regulated genes in the nucleus
(Mulder et al., 2007).

Nigericin (an NLRP3/NALP3 inflammasome inducer) is a micro-
bial toxin derived from Streptomyces hygroscopicus, and acts as a
potassium (K+) ionophore. The NALP inflammasome activation is
specific to a low concentration of K+. Nigericin is a K+ channel
and is recognized to cause a marked efflux of intracellular K+

(Pétrilli et al., 2007) which is crucial for the activation of cas-
pase-1 (Locovei et al., 2007). The release of IL-1b in response to
nigericin has been demonstrated to be NALP3-dependent
(Mariathasan et al., 2006). Nigericin requires signaling through
pannexin-1 to induce caspase-1 maturation, and consequent
IL-1b processing and release (Pelegrin and Surprenant, 2007). Nige-
ricin was used as a stimulator in mouse to understand activation of
caspase-1 and pro-inflammatory cytokine releasing (Squires et al.,
2007; Wang et al., 2013).

As there is scarce information on inflammatory immune
activation in response to an inflammasome-inducer like nigericin
in fish, we focused mainly on transcriptomic analysis of pro-
inflammatory cytokines and NF-jB in the Japanese pufferfish (fugu,
Takifugu rubripes) head kindey (HK) cells in vitro. Further, expres-
sion of NOD2 and NLRX1 genes, which were found in GenBank
database, was examined as NLR family genes. Additionally to con-
firm functionality of activated inflammatory immunity, we also
assessed phagocytic activity, superoxide anion production (NBT
assay) and lysozyme activity in the nigericin-stimulated cells.
2. Materials and methods

2.1. Experimental fish, HK cells stimulation and RNA extraction

Japanese pufferfish (T. rubripes) (40 ± 1.2 g; n = 15) were
obtained from Matsumoto Fisheries Farm, Miyazaki, Japan, and
the fish were first acclimatized in an aerated saltwater tank at
20 �C and fed a commercial diet (Sango, Higashimaru Co., Ltd., Kag-
oshima, Japan) for 2 weeks under a natural photoperiod prior to
their use in the study. The health status of experimental fish was
checked following the method described earlier (Biswas et al.,
2013a). All animal experiments were conducted according to the
relevant national and international guidelines, ‘Act on Welfare
and Management of Animals’ (Ministry of the Environment, Japan).
Ethics approval from the local IACUC was not sought since this law
does not mandate protection of fish. HK cells from the healthy fish
were collected as per the protocol described previously (Biswas
et al., 2013a). Viable cells in RPMI 1640 medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 5% fetal bovine serum
(FBS) and 1% streptomycin/penicillin (Invitrogen) were adjusted
to 1 � 107 cells mL�1 after enumeration using trypan blue stain
(Life Technologies, NY, USA) and seeded in wells of a 24-well plate
(Nunc A/S, Roskilde, Denmark). The cells were treated with three
different stimulants, viz. bacterial lipopolysaccharide (LPS;
Sigma–Aldrich, St. Louis, MO, USA) at 20 lg mL�1, nigericin (Focus
Biomolecules, PA, USA) at 30 lM and a combination of nigericin
(30 lM) + LPS (20 lg mL�1) and incubated for 1, 4, 12, 24 and
48 h at 25 �C. The NLRP3 inflammasome-mediated IL-1b processing
requires a pre-treatment with a pro-inflammatory stimulus such as
a TLR agonist, bacterial LPS (Schroder et al., 2012). Caspase-1 acti-
vation by the pore-forming toxin and NLRP3 agonist, nigericin,
absolutely requires a pre-treatment with LPS (Bauernfeind et al.,
2009). Therefore, we conducted this combined stimulation of HK
cells with nigericin + LPS to evaluate their synergistic effect on
inflammatory response. A control (cells without stimulation) was
maintained for each time point. Each treatment and control had
three replicates. Incubated cells were harvested at the time points
mentioned above, submerged in RNAlater solution (Ambion, Aus-
tin, TX, USA) for overnight and finally stored at �80 �C prior to
RNA extraction.

Total RNA was extracted from the stimulated HK cells using
ISOGEN (Nippon Gene, Tokyo, Japan) according to the manufac-
turer’s instructions. RNA samples were treated with a recombinant
DNase I (RNase-free) for removal of genomic DNA, as per the
manufacturer’s protocol (Takara Bio Inc., Shiga, Japan). The
concentration of all RNA samples were checked quantitative and
qualitatively in a NanoDrop spectrophotometer, ND-1000 (Thermo
Scientific, Wilmington, DE, USA).

2.2. Multiplex RT-PCR assay and capillary electrophoresis

In the study, a multiplex reverse transcription- polymerase
chain reaction (RT-PCR) assay (GenomeLab Genetic Analysis
System, GeXPS; Beckman Coulter, Inc., Brea, CA, USA) was used
to analyze expression of 18 cytokine genes simultaneously from
a single reaction tube. RNA samples of the stimulated HK cells (1,
4 and 24 h) were used in this assay. Primer design (18-cytokine
plex) and multiplex assay were conducted using the multiplex
RT-PCR assay panel described previously (Kono et al., 2013). RT
and PCR were performed using 18 cytokine universal primers
adjusted to amplify target genes (Supplementary Table 1). The
PCR products from multiplex RT-PCR were prepared and run in
the GeXP Genetic Analysis System for capillary electrophoresis
and fragment size analysis as per the previously described protocol
(Biswas et al., 2013a). The data were normalized to the external
synthetic reference control transcript, kanamycin resistance gene
using GeXP profiler (eXpress Analysis) software, with the
area-under-the-curve set to 1. The relative expression level of each
cytokine gene was calculated by normalization to the reference
gene, b-actin using GeXP Quant Tool.

2.3. Quantitative real-time PCR (qPCR)

Extracted total RNA was used for cDNA synthesize via reverse
transcription from 0.5 lg mRNA using ReverTra Ace (Toyobo Co.,
Ltd., Osaka, Japan). The primer sequences of pro-inflammatory
cytokines, IL-1b, IL-6 and IL-18, and NF-jBp65, NOD2 and NLRX1
with 98–105% amplification efficiencies used in qPCR are enlisted
in Table 1. The qPCR reaction was conducted using THUNDER-
BIRD™ SYBR� qPCR Mix (Toyobo Co., Ltd.) for each sample run in
triplicate as per the protocol described earlier (Kinoshita et al.,



Table 1
Gene-specific primers used for real-time qPCR analysis.

Gene GeneBank accession No. Forward primer (50 ? 30) Reverse primer (50 ? 30) Product size (bp)

IL-1b AB704199 TCTTCAACAAGCACATCACTGG CCAGGAGGGTGAAGATAGTGTT 150
IL-6 NM_001032722 CAAGGATGCTTGTCTACGAAGG GCTCTTTGATCAGGATGTTGCT 137
IL-18 NM_001032632 GGAATCGTCTCTGTACCCATCT GTCCACGTCGTCATACTCTTTG 106
NF-jBp65 XM_003966703 TGCAGAGTCAATCGCAACTC GGAAGAAGCGGACTTCAATG 100
NOD2 DQ060247 CGACTAGGCCAGCTTGCCTTTA GCGAAGAAACACTGCATGGTCAC 188
NLRX1 XM_003976996 CACATGTGCCACTCTGCATTGCC GCATCAAAGAACTGTGGTGCTCC 167
b-Actin U37499 CCAGAAAGACAGCTACGTTGG GCAACTCTCAGCTCGTTGTAG 147
EF-1a NM_001037873 GCATGGTTGTCACCTTTGCTCCCG GTCAGCTCCCTTTGGTGGGTCGTT 191
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2014). The comparative threshold cycle (CT) method (2�DDCT

method) (Schmittgen and Livak, 2008) was used to analyze the
expression level of 3 cytokine and NF-jBp65 genes using b-actin,
and NOD2 and NLRX1 genes using EF-1a as internal control genes.

2.4. Detection of cellular and humoral immune parameters

After isolation of fugu HK cells according to the described
protocol, stimulation was carried out with LPS (20 lg mL�1),
nigericin (30 lM) and a combination of nigericin (30 lM) + LPS
(20 lg mL�1). The phagocytic activity of HK cells using flow
cytometry was performed at 4, 12 and 24 h post-stimulation
(hps) following the method described elsewhere (Biswas et al.,
2013b). Superoxide anions produced by phagocytic cells were
determined using the reduction of nitroblue tetrazolium (NBT;
Sigma–Aldrich, St. Louis, MO, USA) assay at 4, 12, 24 and 48 hps
as per the previously described method (Biswas et al., 2013b).
Lysozyme activity of stimulated HK cells was assessed at 4, 12,
24 and 48 hps using a bacterium, Micrococcus lysodeikticus (MP
Biochemicals, Illkirch, France). The optical density of the leukocyte
supernatant containing the said bacterium solution was measured
after 1 h incubation at 520 nm in a micro-plate photometer
(Multiskan FC, Thermo Scientific, DE, USA).

2.5. Statistical analysis

One-way analysis of variance followed by Tukey’s tests were
run to find out any difference in cytokine, NF-jBp65, NOD2 and
NLRX1 gene expressions, phagocytic activity, NBT and lysozyme
activity assay values between different stimulations at each
sampling time using SPSS for Windows v. 17.0 program (SPSS
Inc., Chicago, IL, USA). The accepted level of significance was
P < 0.05.

3. Results

3.1. Cytokine gene expressions

Transcriptional responses analyzed by multiplex RT-PCR assay
for 18 cytokine genes in the stimulated HK cells of the Japanese
pufferfish are presented is Table 2. Further, fold changes in expres-
sion levels analyzed by real-time qPCR for certain cytokine genes
(IL-1b, IL-6 and IL-18) in the stimulated HK cells and leukocytes
are illustrated in Fig. 1.

3.1.1. Pro-inflammatory cytokines
In multiplex RT-PCR assay, there were constitutively higher

expressions (P < 0.05) of the pro-inflammatory IL-1b and IL-6 genes
in the HK cells treated with LPS, nigercin and nigericin + LPS
(Table 2). IL-18 gene was constitutively expressed in the nigericin
and nigercin + LPS treated HK cells of the pufferfish (Table 2).
Although the pro-inflammatory cytokine, TNF-N (TNF-Novel) had
increased transcript levels at 1 and 24 hps with nigericin, 4 hps
with LPS, and 24 hps with nigericin + LPS stimulations, in HK cells,
TNF-a gene expression remained almost unchanged with all kinds
of stimulations (Table 2). In real-time qPCR analysis, the pro-
inflammatory cytokine genes, IL-1b, IL-6 and IL-18 were higher
expressed (P < 0.05) mainly by the combined nigericin + LPS
stimulation in HK cells (Fig. 1).

3.1.2. Other cytokines
IFN-c gene expression was significantly increased (P < 0.05) in

HK cells by nigericin treatment at all the time points, and LPS
and nigercin + LPS at 4 and 24 hps (Table 2). There were no specific
and significant trends in other cytokine expressions observed in
the stimulated HK cells.

3.2. Expression of NF-jBp65 gene

In real-time qPCR analysis, NF-jBp65 mRNA level in HK cells
was elevated (P < 0.05) by nigericin treatment at 4, 12 and
48 hps, and by nigericin + LPS stimulation at 1, 4 and 48 hps
(Fig. 2).

3.3. Expression of NOD2 and NLRX1 genes

A conspicuous elevated expression of NOD2 gene was observed
in HK cells stimulated with LPS, nigericin and nigericin + LPS at all
the time points (Fig. 3). However, NLRX1 gene expression was
enhanced at all the time points by LPS stimulation only, not by
nigericin and nigericin + LPS stimulations (Fig. 3).

3.4. Cellular and humoral immune responses in stimulated HK cells

In the stimulated HK cells, phagocytic activity was enhanced
(P < 0.05) by all three types of stimulations at 4, 12 and 24 hps
(Fig. 4). On the contrary, the production of superoxides assessed
by NBT reduction, was significantly higher at 4 and 24 hps in the
stimulation with nigericin only (Fig. 5). In this study, lysozyme
activity was noticed to be elevated later than phagocytosis and
superoxide anion production at 24 hps by nigericin and combined
nigericin + LPS, however, it continued to be increased until 48 hps
in the pufferfish HK cells induced with both the stimulations
(Fig. 6).

4. Discussion

Inflammatory response in fish seems to be little different from
that in mammals. For instance, fish have several orthologs of
IL-1b cytokine functioning in ways similar to those in mammals.
Pro-inflammatory stimulants and microbial infections up-regulate
IL-1b transcription in fish leukocytes, and recombinant IL-1b
causes an acute-phase inflammatory response (Koussounadis
et al., 2004; Martin et al., 2007). Although, caspase-1 dependent
IL-1b processing occurs in fish (Reis et al., 2012; Vojtech et al.,
2012) corresponding to that in mammalian species, an association



Table 2
Relative expression (to b-actin) of cytokine genes at different time points in the Japanese pufferfish head kidney cells stimulated with LPS (20 lg mL�1), Nigericin (30 lM) and
Nigericin (30 lM) + LPS (20 lg mL�1). Values with dissimilar superscript letters are significantly different (P < 0.05) at a time point.

Boxes highlighted in yellow, green and pink indicate the increased expression level more than 2, 5 and 10 times, respectively.
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of caspase-1 in the fish inflammasome could not be confirmed
(Angosto et al., 2012). Therefore, towards obtaining some insights
into the inflammatory response in the Japanese pufferfish we
conducted this stimulation experiment using nigericin, which
indirectly induces inflammasome and caspase-1 activation for
the processing and release of IL-1b by causing an outflow of
intracellular K+. This is the first report on inflammatory cytokine-
mediated immune responses in fish to the inflammasome-inducing
agent, nigericin. In this study, the up-regulated cytokine genes, and
elevated cellualar and humoral immune parameters in HK cells of
the Japanese pufferfish in response to nigericin stimulation
indicated induction of inflammatory responses by this immune-
stimulatory chemical.

4.1. Pro-inflammatory cytokine expressions

In the process of infection and inflammatory response, the kid-
ney as an immuno-competent organ transcripts pro-inflammatory
cytokines, IL-1b, IL-6, IL-18, TNF-a and TNF-N. In this study, most
of these pro-inflammatory cytokines were up-regulated in the HK
cells treated with nigericin. Here, an early and significantly
elevated expression of IL-1b was observed in the HK cells at 1
hps, and the expression sustained until 24 hps at a decreasing
level. Nigericin activates NLRP3 inflammasome that finally
processes IL-1b maturation through involvement of caspase-1
and ASC (Stout-Delgado et al., 2012). Extracelluar nigericin stimu-
lates K+ efflux that triggers the pore formation by pannexin-1,
allowing delivery of microbial products into cytosol to activate
inflammasome (Kanneganti et al., 2007; Pelegrin and Surprenant,
2007). Therefore, higher transcript level of IL-1b indicated likely
occurrence of caspase-1 mediated IL-1b processing resulted from
the combined treatment of nigericin and LPS. Similarly, in a
previous study, LPS priming induced NLRP3 expression that is
essential for NLRP3 inflammasome activation in mammalian cells
(Bauernfeind et al., 2009). Expression of caspase-1 specific activity
and IL-1b processing from a 30-kDa to 22-kDa forms were identi-
fied in zebrafish (Danio rerio) leukocytes in response to infection
with a bacterial pathogen, Francisella noatunensis (Vojtech et al.,
2012). On the contrary, gilthead seabream (Sparus aurata) macro-
phages during stimulation with nigericin released IL-1b without
caspase-1 processing (Angosto et al., 2012). At this juncture, it is
difficult to conclude that IL-1b processing in pufferfish cells
occurred due to inflammasome activation and needs further clari-
fication by conducting functional studies involving inflammasome
molecules. IL-1b is produced by macrophages, monocytes and lym-
phocytes and acts as a key molecule in acute response to microbial
invasion and tissue injury (Low et al., 2003), and downstream
release of other cytokines (Engelsma et al., 2002). Therefore, this
acute and sustained IL-1b expression in response to nigericin and
LPS treatments would have mediated the inflammatory response
and tissue damage (Arend, 2002), and also influenced the subse-
quent cytokine release cascade (Biswas et al., 2012).

IL-6 is generally regarded as a pro-inflammatory cytokine and
performs a diverse immune functions such as stimulation or inhi-
bition of inflammatory responses, recruitment of neutrophils to
infection sites, tissue repairs, and shifting from innate to adaptive
immunity by replacing neutrophils with monocytes and lympho-
cytes (McGeough et al., 2012). During the cytokine release cascade,
IL-1b is one of the most potent activators of IL-6 production.
Increased acute-phase and sustained expression of IL-6 in this
study may be related to the inflammatory immune response.
However, from mammalian experimental models it was suggested
that IL-6 is a reliable marker of inflammation, with no direct role in
inflammasome-mediated immunity (Lamkanfi et al., 2009;
McGeough et al., 2012).

The cell-mediating pleiotropic cytokine, IL-18 is produced by
monocytes/macrophages and participates in clearance of intracel-
lular pathogens through the induction of IFN-c, and of viruses by
activation of cytotoxic T cells (Arend et al., 2008; Gracie et al.,
2003). In response to intracellular pathogen, ASC and caspase-1
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in the NLR pathway play a pivotal role in the release of IL-18 (Pedra
et al., 2007). In this study, an increased transcription of IL-18 was
observed in pufferfish HK cells mainly in response to nigericin
and combined nigericin + LPS stimulations. Similarly, increased
NLRP3, caspase-1, ASC, IL-1b and IL-18 activities in mouse den-
dritic cells treated with nigericin (10 lM) indicated NLRP3 inflam-
masome activation (Stout-Delgado et al., 2012). Therefore, in the
present study, elevated expressions of IL-1b and IL-18 in nigeri-
cin-treated cells suggest an inflammatory immune response
through probable activation of inflammasome.

TNFs, produced mainly by macrophages/monocytes and T
lymphocytes have a variety of functions in the regulation of
inflammation and cellular immune responses including the stimu-
lation of respiratory burst activity and phagocytosis (Zou et al.,
2003). In our experiment, between two TNF genes, only the
fish-specific TNF-N was up-regulated by the nigericin and com-
bined nigericin + LPS treatments in fish HK cells. This elevated
TNF-N induction may be due to the activation of IL-18 (Puren
et al., 1998). Our results suggest the acute and synergistic
induction of pro-inflammatory cytokine transcriptions as conseuq-
unces of nigericin and LPS treatments.

4.1.1. Other cytokine expressions
Among the other cytokines, only IFN-c expression was

increased by the treatment of nigercin and nigericin + LPS. IFN-c
mainly participates in cell mediated and adaptive immunity (Zou
and Secombes, 2011) and induces intracellular pathogen killing
ability of leukocytes (van de Veerdonk et al., 2011). IL-18 causes
induction of Th1 response to produce IFN-c (Dinarello, 1999).
Therefore, the increased IFN-c transcription in the present experi-
ment might have resulted from IL-18 induction by the inflamma-
some-inducing agent. Remarkably, susceptibilty to infection in
ASC and caspase-1-deficient mice was increased due to the
absence of IL-18 secretion and reduced IFN-c levels (Pedra et al.,
2007).

4.2. NF-jBp65 gene expression

The transcription factor, NF-jB family modulates expression of
hundreds of genes that are related to various cellular activities,
such as pro liferation, differentiation and death, as well as innate
and adaptive immune responses (Rahman and McFadden, 2011).
In mammals, the NF-jB family is composed of five related tran-
scription factors viz. p50, p52, p65 (also called RelA), c-Rel, and
RelB that share an N-terminal DNA-binding/dimerization domain,
known as the Rel homology domain to form homo- and heterodi-
mers (Hayden and Ghosh, 2011). NF-jB dimers regulate gene
expression by binding to a variety of related target DNA sequences
called jB sites. In mammalian cells, NF-jB activation by TLRs as
well as by cytokine receptors such as the TNF-receptor not only
controls IL-1b gene transcription, but additionally turns on NLRP3
transcription, thereby licensing NLRP3 inflammasome activation
(Bauernfeind et al., 2009; Bryant and Fitzgerald, 2009). We noticed
an elevation in NF-jBp65 gene expression in pufferfish HK cells
treated with nigericin and nigericin + LPS. Therefore, this
NF-jBp65 activation might have modulated IL-1b gene expression
that was increased by the said stimulations in an inflammasome-
dependent or independent manner.

4.3. NOD2 and NLRX1 gene expressions

Some of the NLR genes discovered in mammals are partially
conserved in other vertebrates including fish. Among NLRs, NLRP1,
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NLRP3, NLRC4, NLRP6 and NLRP12 are known to be inflammasome
candidate proteins in mammals with NLRP3/NALP3 is the most
common and best-studied member (Rathinam et al., 2012). How-
ever, NLRP in fish is an enigmatic. Although, fish possesses a pyrin
domain (PYD) containing NLRs known as NLRCs, their function as
inflammasome proteins has not yet been confirmed. Therefore,
we could not find any such gene identified from fugu. Moreover,
no information on NLR molecules from fugu is available except
NOD2 and NLRX1. Therefore, we have chosen NOD2 and NLRX1
genes found in GenBank database for expression analysis to further
validate the inflammatory response triggered by nigericin.

NOD2, a member of NLR family comprises caspase recruitment
domain (CARD)-containing effector-binding domains. In mammals,
NOD2 recognizes bacterial components through its leucine-rich
repeats (LRR), then oligomerizes through its NOD domain and
recruits receptor-interacting protein 2 (RIP2) by an electrostatic
interaction of the CARD domain (Brooks et al., 2011). This inci-
dence steers activation and translocation of NF-jB into the nucleus
through a signaling cascade for transcription of pro-inflammatory
cytokines (Abbott et al., 2007; Chen et al., 2010; Hasegawa et al.,
2008; Hu et al., 2010; Inohara et al., 2000; Inohara and Núñez,
2003; Rosenzweig et al., 2009; Windheim et al., 2007). Similarly
in fish, overexpression of CARD domain of rainbow trout NOD2
significantly induced pro-inflammatory cytokines, including IL-1b
through interaction with RIP2 kinase (Chang et al., 2011).
Although, it is difficult to ascertain the exact reason behind an
increased expression of NOD2 in the present study, the intracellu-
lar LPS entered through the cell-membrane pores created by the
pore-forming agent, nigericin (Bauernfeind et al., 2009) probably
caused this as LPS has already been known to induce an increased
expression of NOD2 in grass carp (Chen et al., 2010) and goldfish
macrophages (Xie et al., 2013). Moreover, induction of NOD2 in
all the stimulations in this study would have elicited NF-jB and
subsequent pro-inflammatory cytokine up-regulations.

NLRX1 localizes to the outer membranes of mitochondria
through an N-terminal mitochondrial targeting (MT) sequence
(Arnoult et al., 2009; Moore et al., 2008; Tattoli et al., 2008). NLRX1
is an inducer of pro-inflammatory response through TNF-a
activation that brings about a production of reactive oxygen
species (ROS) (Arnoult et al., 2009; Tattoli et al., 2008). On the con-
trary, NLRX1 can also act as an anti-inflammatory regulator by
negatively regulating RIG-1 and TLRs through interaction with
the mitochondrial antiviral signaling adaptor (MAVS) and TRAF6-
IKK, respectively (Allen et al., 2011; Moore et al., 2008). Nigericin,
which is an indirect inducer of inflammasome and caspase-1 by
causing intracellular K+ efflux, did not have any effect on NLRX1
in our study. However, LPS stimulated its enhanced transcription
in HK cells. Consistent to our result, LPS stimulation could rapidly
induce NLRX1 protein ubiquity in mice cells (Xia et al., 2011).
Therefore, nigericin caused NLRX1-independent inflammatory
immune response in pufferfish HK cells. However, LPS induced
NLRX1 expression would suggest its probable participation in fish
defense against Gram-negative bacterial infections.

4.4. Cellular and humoral immune responses

As indicators of inflammatory response, cellular and humoral
immune parameters were measured in the pufferfish HK cells
stimulated with nigericin, and a combination of nigericin and
LPS. Among these parameters, phagocytic activity was increased
more consistently in the treated cells. Phagocytosis initiates an
early activation of the inflammatory response before antibody pro-
duction, and is mediated by phagocytic cells such as neutrophils,
monocytes and macrophages in fish (Balcázar et al., 2007). Release
of IL-1b is dependent on both phagocytosis and assembly of the
NLRP3 inflammasome in chitosan-stimulated murine macrophages
(Bueter et al., 2011). Therefore, the elevated IL-1b transcripts in the
stimulated cells may be a consequence of the increased phagocyto-
sis and activation of inflammasome. Production of ROS, such as
superoxide anion ðO�2 Þ, hydrogen peroxide (H2O2), and hydroxyl
radical (OH�) is preceded by phagocytic process to kill microbes
in vertebrate hosts (Harikrishnan et al., 2011). ROS plays an impor-
tant role in the activation of inflammasome (Bauernfeind et al.,
2011; Bryant and Fitzgerald, 2009; Martinon et al., 2009). Various
NLRP3 activators including nigericin cause ROS production in
mammalian monocytes (Hewinson et al., 2008). The production
of superoxides assessed by NBT reduction in the stimulation with
nigericin might have triggered inflammasome activation. Lyso-
zyme is a humoral non-specific mucolytic defense protein that
has leukocytic origin and wide distribution in fish (Lie et al.,
1989). It dissolves the peptidoglycan layers of Gram-positive
bacterial cell wall by hydrolyzing b (1?4) linkage between
N-acetylmuramic acid and N-acetylglucosamine (Saurabh and
Sahoo, 2008). In addition, it facilitates phagocytosis by activating
polymorphonuclear leukocytes and macrophages (Saurabh and
Sahoo, 2008). In this study, lysozyme activity was noticed to be ele-
vated later than phagocytosis and superoxide anion production at
24 hps, however, it continued to be increased until 48 hps in puf-
ferfish HK cells induced with both types of stimulations. From
these results, it was evident that inflammatory immune response
was mounted in nigericin treated pufferfish HK cells.

In this preliminary study, the inflammasome-inducing agent,
nigericin triggered an elevated transcription of pro-inflammatory
cytokines, especially IL-1b and IL-18 indicating probable activation
of inflammasome components for processing of these cytokines. In
addition, an increased expression of NF-jBp65 and NOD2 genes,
and induction of cellular and humoral immune responses also
supported activation of inflammatory response. Further character-
ization of NLR candidates and functional analysis of the inflamma-
some for the processing of IL-1b and IL-18 from the Japanese
pufferfish would elucidate the evolution of inflammasome func-
tioning in fish.
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