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a b s t r a c t

The transcriptomic effects of Ibuprofen (IBU) in the digestive gland tissue ofMytilus galloprovincialis Lam.
specimens exposed at low environmental concentrations (250 ng L�1) are presented. Using a 1.7 K
feature cDNA microarray along with linear models and empirical Bayes statistical methods 225 differ-
entially expressed genes were identified in mussels treated with IBU across a 15-day period. Tran-
scriptional dynamics were typical of an adaptive response with a peak of gene expression change at day-
7 (177 features, representing about 11% of sequences available for analysis) and an almost full recovery at
the end of the exposure period. Functional genomics by means of Gene Ontology term analysis unraveled
typical mussel stress responses i.e. aminoglycan (chitin) metabolic processes but also more specific ef-
fects such as the regulation of NF-kB transcription factor activity.

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

Pharmaceutically-active compounds (PhACs) reach the aquatic
environment i.e. surface/ground water, rivers, lakes, effluents of
wastewater treatment plants and seawater as a result of diverse
anthropogenic actions (Richardson and Ternes, 2005). This
continuous flow of PhACs poses concerns in terms of the potential
toxicological consequences to non-target organisms (Fent et al.,
2006). The group of environmental PhACs include pain and fever
relieves, anti-inflammatory drugs, antibiotics, blood lipid regula-
tors, beta-blockers, antidepressants, antiepileptics, sex hormones
as well as anti-neoplastics and anti-tumor drugs (Gaw et al., 2014;
Richardson and Ternes, 2005). Ibuprofen (IBU) is among the most
consumed non-prescription medication worldwide (Mestre et al.,
2007). It belongs to the class termed non-steroidal anti-inflam-
matory drugs (NSAIDs) (Mestre et al., 2007). These drugs are used
to treat pain, fever and inflammation, mainly acting via the inhi-
bition of the cyclooxygenases (COX), resulting in lower levels of
prostaglandins and hence reducing the typical symptoms (Cryer
ondero).
and Feldman, 1998).
The occurrence of IBU in surface waters ranges from 90 ng L�1

(river Rhine at Main, Germany) (Ternes, 1998) to 2370 ng L�1 (Tyne
estuary, England) (Thomas and Hilton, 2004) and to 2700 ng L�1 in
(Anoia river, Spain) (Ferrer et al., 2001). In waste water treatment
plant effluent it is easily found at ppm amounts (Pedrouzo et al.,
2007). More recently, a comprehensive review on the presence of
PhACs in seawater reported a IBU concentration range of
0.01e2370 ng L�1 (Gaw et al., 2014).

IBU effects in aquatic invertebrates was mainly assessed for sub-
lethal toxicity using either common ecotoxicological or biomarker
approaches (Contardo-Jara et al., 2011; Ericson et al., 2010; Fabbri
et al., 2014; Gonzalez-Rey and Bebianno, 2011, 2012; Matozzo
et al., 2012; Mezzelani et al., 2016; Parolini et al., 2009, 2011a,
2011b; Serrano et al., 2015). Nowadays, new techniques such as
transcriptomics offer a holistic viewpoint of the biological response
to environmental stressors in aquatic organisms (Waters and
Foster, 2004; Milan et al., 2013a). This technique provides a
systems-based unbiased approach for the development of bio-
markers able to respond to low realistic (environmental) contam-
inant concentrations. A transcriptomic assessment was successfully
applied in classical cellular model systems to evaluate possible
anticancer activity or cytotoxicity of IBU and/or similar drugs
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(Bonelli et al., 2011; Herpers et al., 2016; John-Aryankalayil et al.,
2009). In aquatic animals and in particular in marine ones, the in-
formation is scarce. Global transcriptomic responses were studied
in Daphnia magna (Heckmann et al., 2008) and clam Ruditapes
philippinarum (Milan et al., 2013b) exposed to IBU. In general,
however, the aforementioned studies did not considered the effects
at low realistic concentrations.

The aim of the present study is to determine the molecular
pathways involved in IBU response in a non-target organism
challenged with environmentally relevant amounts of the drug;
thus infer the action mode and the possible implications on the
individual performance and ecological risk assessment. To this end,
time-series gene expression analysis was carried out in the diges-
tive gland of the marine musselMytilus galloprovincialis exposed to
250 ng L�1 IBU across a 15-day period. Transcriptomics was based
on the custom 1.7 K cDNA mussel microarray (Mytarray V1.1)
(Venier et al., 2006; Dondero et al., 2011).

2. Materials and methods

2.1. Chemicals

Ibuprofen [2-(4-isobutylphenyl) propanoic acid] CAS number
15687-27-1 was purchased from Sigma-Aldrich (Germany).

2.2. Experimental design

Mytilus galloprovincialis (length size: 54 ± 2 mm) were collected
at low tide in Ria Formosa Lagoon (Portugal) and acclimated in
filtered (200 mm mesh) aerated seawater for 7 days, under labora-
tory conditions in 8 tanks of 25 L each at a density of 1 animal per
liter. After the acclimation period, some specimens were dissected
removing gonads and digestive glands. The latter were immediately
flash-frozen in liquid nitrogen and stored at �80 �C until analysis
while gonads were microscopically inspected for sex determination.
This group of samples was set as day-0 (control). The remaining
specimens were equally divided into 28 tanks, and then exposed in
four independent experimental setups either to natural seawater
(control) or 250 ng L�1 IBU during 3, 7 and 15 days in aquaria. For
each condition, digestive gland from 10 to 20 animals were
dissected, flash frozen in liquid nitrogen and kept at �80 �C until
further analysis. Microscopic inspection of gonads was performed in
order to determine sex and eliminate bias in gene expression pro-
files (Dondero et al., 2011; Banni et al., 2011). For this study only
females were considered. Media and the respective drug concen-
trations were renewed every 2 days. The selected IBU concentration
was sub-lethal in mussels (data not shown) and within environ-
mentally realistic levels in marine waters as previously reported
(Gaw et al., 2014). Seawater abiotic parameters, namely temperature
[19.3 ± 2 �C], salinity [(34.2 ± 2], pH [(7.8 ± 0.20], and dissolved
oxygen (7.2 ± 0.6) were measured [average ± standard deviation
(SD)] throughout the experiment prior to and following the water
exchange.

2.3. Microarray analysis and statistics

Transcriptomic analysis was performed using the Mytarray V1.1
platform. This array encompasses 3’ cDNA probes representing
1673 independent mussel sequences obtained from unbiased
M. galloprovincialis tissues-specific normalized cDNA libraries, plus
positive and negative control features. A detailed description of the
sequence catalogue and other information of the array construction
can be found in Venier et al. (2003, 2006). Total RNA was extracted
from the digestive glands as previously described (Dondero et al.,
2005). The procedures for dual color competitive microarray
hybridization using the Mytarray V1.1 (Venier et al., 2006; Dondero
et al., 2011) were carried out as previously described using Cy3/Cy5
labelled cDNA probes (Banni et al., 2011), starting from 5 mg total
RNA. For the assessment of transcriptomic effects, a loop design
was employed made of contrasts between two variable classes,
i.e.“time” (0, 3, 7, 15 days) and “treatment” (drug exposed, not-
exposed) for a total of 28 arrays (Fig. 1). This scheme encom-
passed 4 biological replicates and 4 technical replicates for all
samples except T0 for which only two biological replicates were
used. The dye swap procedure was used to suppress dye effects.
Each biological replicate consisted of equal amounts of total RNA
pooled from 4 to 6 females specimens collected in a single inde-
pendent tank.

Statistical analysis of microarray data was performed in R using
the package Linear Model for Microarray Analysis (LIMMA) (Ritchie
et al., 2015). Benjamini&Hochberg’s (BH) false discovery rate (FDR)
correction was used (Benjamini and Hochberg, 1995). Expression
values, M, refer as to the log2 ratio between mRNA level of exposed
vs not-exposed sample at each temporal condition.

Hierarchical clustering was carried out using the Genesis soft-
ware (Sturn et al., 2002) in combination with the Euclidean dis-
tance algorithm Dot Product (Brown et al., 2000).

Functional analysis was performed using Gene Ontology (GO)
annotation and the universal platform Blast2GO (Conesa et al.,
2005). GO terms over-representation analysis was implemented
within the Blast2GO platform through a hypergeometric statistics.
BH-FDR correction was applied on over-represented GO terms at
p < 0.05.
2.4. Quantitative PCR (QPCR) analysis

Total RNA (0.50e0.75 mg) from control or exposed mussels
(n¼ 6) were reverse transcribed in a 20 ml reactionmixturemade of
250 ng random hexamers (Invitrogen™, Thermo Scientifics, USA),
200 U M-MuLV H- reverse transcriptase (Fermentas, Vilnius, LI),
1.0 mM dNTPs (Roche) and 1X M-MulV enzyme buffer as described
in Dondero et al. (2005). Five (5) ng of RNA equivalent reverse-
transcribed cDNA were amplified in a real time PCR apparatus
(CFX384, Bio-Rad) using the “iQ multiplex powermix” (Bio-Rad) in
duplex or triplex TAQMAN reactions, in the presence of 0.2 mM each
forward and reverse primer and 0.1 mM each dual-labelled probe.
The thermal protocol was as follows: 30 s at 95 �C, followed by 40
cycles (10 s at 95 �C, 20 s at 60 �C). Primer, probes sequences and
PCR conditions for chitinase AJ624637, AJ625569, AJ624093,
AJ625051 and GM2 activator protein AJ624405, were as described
in Dondero et al. (2011). The analysis of the p63-73 (AJ625243)
relative mRNA abundances was carried out as previously reported
using the Sybr-Green chemistry (Banni et al., 2009). The same
conditions were also used to analyze the TNF receptor F19
(TNFRSF19, AJ624165) whose primers were designed using the
Beacon Designer V. 3.0 software (Premier Bio-soft International,
Inc.) (Table 1).

Gene expression data were expressed as group mean and
geometrically normalized on four invariant mussel sequences: 18 S
rRNA (L33452), an actin (ACT) isotype (AF157491), the ribosomal
protein L27 (AJ625928) and glyceraldehyde 3-phosphate dehy-
drogenase (G3PDH) (AJ625142) (for sequence details see Table 1).
Oligonucleotides and Taqman dual-labelled probes were manu-
factured by MWG-Biotech (Germany).

Statistical computation and analysis of QPCR data were carried
out using the REST and REST-mcs software using a threshold cycle
reallocation randomization test at p < 0.05 (Pfaffl, 2001; 2002).



Fig. 1. Experimental design for dual color microarray hybridization and Ibuprofen effect assessment. A total number of 28 microarrays (MytArray V1.1, 1673 cDNA features)
were used. Three different biological replicates were used to test control vs IBU samples. An additional biological replicate was used to link temporal conditions for either control or
IBU samples (two biological replicates were used for T0). In all cases, the dye swap procedure was used to suppress dye effects in data analysis. Legenda: ma, microarray; T0: post-
acclimation; T3: day-3; T7: day-7; T15: day-15. IBU, treated sample, Ø, control not-exposed sample. (For interpretation of the references to color in this figure caption, the reader is
referred to the web version of this article.)

Table 1
QPCR primers and probes.

Housekeeping genes Reporter dye Probe Sense primer Antisense primer

G3PDH (AJ625142) CY5 CTGCTCCTGTTGTCTCCACGGAAGTCTT TCTGAGGGTCCAATGAAGGGTG GAGCGATGCCAGCTTTGGC
18S (L33452) TEXAS RED ACCACATCCAAGGAAGGCAGCAGGC CGGAGAGGAGCATGAGAAAC CGTGCCAGGAGTGGGTAATTT
ACT (AF157491) HEX ACGCCAACACCGTCTTGTCTGGTGG GTGTGATGTCGATATCCGTAAGGA GCTTGGAGCAAGTGCTGTGA
L27 (AJ625928) FAM TGCGCCATTCAGCACAAGAACTACCT AAGCCATGGGCAAATTTATGAAAA TTTACAATGACTGCTTTACGACCT

Target genes Probe Sense primer Antisense primer

TNFR19F (AJ624165) SYBR Green I n.a. CCGAAGCCAACAGGACATTT TGATGGCACTTAGAACAAAATCC

Sequences are reported in the 50e30 format; n.a., not applicable in SYBR Green I analysis.
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3. Results

3.1. IBU transcriptomic effects across time

Using a 1.7-K feature cDNA microarray along with linear models
and empirical Bayes statistical methods transcriptome profiles
were generated for the digestive gland of mussels exposed to
environmental concentrations of IBU (250 ng L�1) across a 15-day
exposure period (see Fig. 1 for experimental design details).
Microarray analysis yielded distinct patterns for 225 differentially
expressed genes (DEGs) (Table 2; Supplementary Data
Tables S1eS3), representing 13.4% of sequences available for the
analysis (1673 features in the V1.1, Dondero et al., 2011). DEGs were
numerically distributed according to a bell shape curve (Table 2).
Relative mRNA abundances increased for the majority (81%) of
genes in the beginning of the exposure (day-3) (Supplementary
Data Table S1), conversely decreased in the middle of the expo-
sure (day-7) (Supplementary Data Table S2) and turned back to
nearly control values at the end of the exposure. At day-15, in fact,
only one statistically significant DEG could be identified i.e. GM2
activator protein (AJ624405) whose expression was up-regulated
(Supplementary Data Table S3).

Average Dot Product clustering of mRNA relative abundances
Table 2
Number of differentially expressed genes (DEGs) in M. galloprovincialis digestive
gland tissue exposed to IBU.

Time (d) Total (#) Up-regulated (#) Down-regulated (#)

3 73 69 14
7 177 53 124
15 1 1 0

Shown are number of DEGs founds for the effects of IBU (p < 0.05 BH-FRD
correction).
allowed a systematic dissection of gene expression patters into
three main clusters (Fig. 2). Cluster 1 encompasses genes showing a
U-shape profile across time; Cluster 2 genes were down regulated
all along the time-coursewhilst Cluster 3 genes display a bell-shape
trend with up-regulation at day-7 (Fig. 2).

Gene Ontology terms enrichment analysis was carried out to
unravel gene functions and biological processes statistically asso-
ciated to each cluster (see Supplementary Data Table S4 for full
details on the analysis output). The REVIGO tool was used to
summarize GO terms according to their semantic distance (Supek
et al., 2011), highlighting the most relevant and non-redundant
features. Table 3 shows the putative biological processes occur-
ring in digestive gland cells for the effects of the anti-inflammatory
drug. Cluster 1 basically accounts for amino-glycan (i.e. chitin)
metabolic processes; Cluster 2 for transcription factor regulation
activity involving NF-kB; Cluster 3 for mitochondrial organization
and biogenesis.
3.2. Quantitative PCR analysis

Real time quantitative PCR was carried out to confirm some
microarray data (Fig. 3). For IBU day-7 exposure (where the highest
amount of DEGs was found), the expression of different chitinase
genes (AJ625051, AJ624637, AJ624093, AJ625569), the p63-73
(AJ625243) and a TNF receptor F19 gene (TNFRSF19, AJ624165)
were assessed and the expression levels were down-regulated. For
15-day IBU exposure we could confirm the adaptive response of
chitinases (no changes with respect to the control level) and a
strong over-expression of the GM2 activator protein gene
AJ624405. In general, QPCR data rendered a good relationship be-
tween microarray and QPCR relative mRNA abundance levels,
demonstrating the reliability of the cDNA microarray data (Fig. 3).



Fig. 2. IBU transcriptional patterns (time series). Panel A. Hierarchical clustering (Average Dot Product, complete linkage). Panel B. Centroid view for each cluster. Centroid
represents the arithmetic average expression value (M) at each condition.
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4. Discussion

4.1. Molecular adaptive response to IBU

There is growing body of evidence that pharmaceutical active
compounds, such as NSAIDs, represent emerging contaminants in
marine ecosystems (Gaw et al., 2014). The ecological risk of this
class of chemicals is higher than that of common environmental
pollutants since these drugs were specifically formulated and/or
selected to induce biological effects at very low doses. Recent data
showed that in the marine mussel (M. galloprovincialis Lam.) sub-
micromolar concentrations of IBU are quickly bio-accumulated
into soft tissues and can be easily found at ppb amounts in tis-
sues of wild animals sampled in coastal areas during the touristic
season (Mezzelani et al., 2016). These facts point to the necessity to
test PhACs effects on non-target species at environmentally



Table 3
Functional genomics of IBU modulated genes (GO terms over-representation analysis).

GO term_ID Description Cluster Frequency Gene

GO:1901564 organonitrogen compound metabolic process 1 19.57% AJ624093, AJ625051, AJ625569, AJ624667, AJ625778, AJ624637, AJ623376, AJ625903,
AJ624419, AJ624495, AJ625276, AJ516903, AJ625832, AJ624501

GO:1901135 carbohydrate derivative metabolic process 1 11.65% AJ625569, AJ625778, AJ624093, AJ624637, AJ623376, AJ625051, AJ625903, AJ624419,
AJ624495, AJ625276, AJ516903

GO:1901575 organic substance catabolic process 1 9.32% AJ625569, AJ625778, AJ624093, AJ624637, AJ623376, AJ625051, AJ625903, AJ624509,
AJ624495

GO:0006022 aminoglycan metabolic process 1 1.10% AJ625569, AJ625778, AJ624093, AJ624637, AJ623376, AJ625051, AJ625903, AJ624419,
AJ625276, AJ516903

GO:0006040 amino sugar metabolic process 1 0.39% AJ625569, AJ625778, AJ624093, AJ624637, AJ623376, AJ625051, AJ624419, AJ625276,
AJ516903

GO:0006026 aminoglycan catabolic process 1 0.24% AJ625569, AJ625778, AJ624093, AJ624637, AJ625051
GO:1901071 glucosamine-containing compound metabolic

process
1 0.13% AJ625569, AJ625778, AJ624093, AJ624637, AJ623376, AJ625051, AJ624419, AJ625276,

AJ516903
GO:0044093 positive regulation of molecular function 2 0.23% AJ624130, AJ625043, AJ624383, AJ624165
GO:0051090 regulation of sequence-specific DNA binding

transcription factor activity
2 0.02% AJ624130, AJ625043, AJ624165

GO:0051091 positive regulation of sequence-specific DNA
binding transcription factor activity

2 0.01% AJ624130, AJ625043, AJ624165

GO:0051092 positive regulation of NF-kappaB transcription
factor activity

2 0.01% AJ624130, AJ625043, AJ624165

GO:0007005 mitochondrion organization 3 0.05% AY484747, AY484747, AY484747, AJ625490

Shown are GO terms statistically associated to each Cluster (1e3) depicted in Fig. 2 (BH-FRD correction p < 0.05). The REVIGO tool (Supek et al., 2011) was used to summarize
the information eliminating semantically redundant GO terms. Frequency represents the proportion of each GO term in the Uniprot database. Gene represents the EMBL
accession number of mussel sequences associated to each specific GO term.

Fig. 3. QPCR analysis. Shown are mean group log 2 relative mRNA abundances obtained from microarray (BH adjusted p < 0.05) and QPCR analysis. Each group is referred to each
specific control (not-exposed sample). *p < 0.05 (n ¼ 6), threshold cycle reallocation randomization test according to Pfaffl et al. (2001, 2002).
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relevant concentrations. High-throughput transcriptomics repre-
sents a discovery-based approach to predict the action mode of
noxious chemicals in a sensitive and specific way. To the best of our
knowledge, this work represents the first application of micro-
arrays to characterize low-dose effects of NSAIDs in marine bi-
valves. Our present study allowed capturing 225 different DEGs
with a high statistical confidence (BH FDR correction, p < 0.05).
Molecular responses to IBU peaked at day-7 where the highest
number of DEGs was identified (Table 2). In this case, Clusters 1
(basically accounts for amino-glycan (i.e. chitin) metabolic pro-
cesses) and 2 (regulation activity involving NF-kB) clearly differed
from Cluster 3 (mitochondrial organization and biogenesis) for
their average expression (centroid) values with negative centroid
values for Clusters 1 (trend of down-regulation) and 2 (trend of
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down-regulation) and positive for Cluster 3 (trend of up-
regulation). Cluster 1 and 2 differed also for their centroid values
at day-3 (for more details see Fig. 2, panel B). However, this mo-
lecular dynamics was transient and the expression levels returned
nearly to initial values (day-0) at the end of the exposure period in
all clusters (Fig. 2, Panel B). Microarray analysis identified a single
DEG at 15-day of IBU exposure (Table 2, Table S3) and QPCR
confirmed (Fig. 3). In systems biology this pattern is referred to as a
molecular adaptive response and indicates system resilience (Gasch
et al., 2000). Adaptation through epigenetics, i.e. gene expression
changes, was described in microorganisms exposed to a variety of
environmental stimuli. In the baking yeast (Gasch et al., 2000) and
Escherichia coli (Jozefczuk et al., 2010) it was demonstrated that
system perturbation by either diauxic shift, oxidants, temperature
or osmotic shock determined an adaptive molecular response
whose duration in time depends on the intensity of the initial
stimulus. The system adapts and survives only if this recovery
phase is terminated in a period of time compatible with the or-
ganism life-cycle. It is worth noting that results were also similar
for what concerns the type of genes involved in system adaptation.
In fact, the majority of DEGs were common independently on the
type of stress and only a marginal fraction (e.g. 10%) was treatment-
specific. Transcriptomics allowing the simultaneous evaluation of
thousands variables on the same hierarchical order of information
(i.e. mRNA level) seems to represent the ideal approach to inves-
tigate molecular dynamics and adaptive responses to environ-
mental stressors also in metazoans and, in this specific case, marine
bivalves. Despite the limited amount of information available on
the micro-chip used in the present study, that bears only 1673 se-
quences (Venier et al., 2003, 2006) our gene expression analysis
demonstrates that this is a sensitive tool to detect the effects of IBU
at low environmental concentration found in seawater (Gaw et al.,
2014). It should be pointed out, however, that the investigation of
low level NSAID effects may be hindered by the transient nature of
gene expression profiles. This consideration will be particularly
important in future field assessment using wild animals whose life
history is unknown. We, therefore, do recommend the imple-
mentation of good biomonitoring practices employing caged
mussels and transplantation experiments (Dondero and Calisi,
2015; Gorbi et al., 2008). Further research using larger array
(Boatti et al., 2012) and/or RNA-seq approach (Moreira et al., 2015)
will be required to identify candidate biomarkers of exposure to IBU
and other NSAIDs. The possible use of specific antibodies against
NF-kB peptides (Canesi et al., 2006) will be envisaged in further
investigations, since protein response is usually more robust.

4.2. Qualitative features of IBU adaptive responses: the involvement
of NF-kB pathway

Transcriptomics has the potential to convert quantitative
expression data into qualitative information on the mode of action
of noxious chemicals as well as pharmaceuticals active compounds.
To this end, we used Gene Ontology (GO) (Ashburner et al., 2000) to
carry out functional genomics analysis on the 225 DEGs found for
the effects of IBU in the digestive tissue of marine mussels. Over-
represented GO terms were assigned to each cluster gene set
(Supplementary Data Table S4 and Table 3). It is worth noting that
Cluster 2 genes are statistically associated to the NF- kB pathway
and that inhibition of NF-kB activation is a critical component of the
pharmacological mode of action of IBU (Tegeder et al., 2001) along
with the more established cyclooxygenase (COX) inhibition (Cryer
and Feldman, 1998; Scheuren et al., 1998). NF-kB family is a
group of heterodimeric transcription factors found in almost all
animal cell types and involved in cellular responses to stress, cy-
tokines, free radicals, ultraviolet irradiation and bacterial or viral
antigens (Oeckinghaus et al., 2011). In mammals there are five
component proteins: RelA (p65), RelB and c-Rel, and the precursor
proteins NF-kB1 (p105) and NF-kB2 (p100). Interestingly, IBU
exposure (7-day) increased the mRNA level of a genuine NF-kB
gene, i.e. the Rel homologue protein (AJ623779) (Supplementary
Data Table S2).

NF-kB plays a key role in regulating the immune response and
inflammation. Its activation is mediated by integral membrane
proteins belonging to the TNF receptor family (TNFR) like the
TNFRSF19 (AJ624165) gene found in the present study whose
relative mRNA abundance decreased in tissues from IBU exposed
animals (Supplementary Data Table S2, Fig. 3). TNFR activation
leads to a very complex signaling cascade pathway culminating
with degradation of an inhibitory protein and further NF-kB
translocation into the nucleus (Oeckinghaus et al., 2011). Functional
genomic analysis identified two more genes associated with the
NF-kB pathway, namely AJ624130 and AJ625043 whose expression
levels were down-regulated at 7 days of IBU exposure
(Supplementary Data Table S2). Both have sequence homologywith
members of the inflammasome protein complex, the NLR (nucle-
otide-binding, leucine-rich repeatecontaining) family (Davis et al.,
2011) whose activation is often induced by NF-kB (Bauernfeind
et al., 2009). Although inflammasome NLR proteins generally do
not interact directly with NF-kB signaling, some members can
positively or negatively modulate NF-kB activity depending on the
specific stimulus (Schneider et al., 2012). A gene responsible for
NRL/NF-kB crosstalk is IAP2. Interestingly, microarray results
identified also an IPA2 homologue (AJ624156) whose expression
was up-regulated at day-7 of IBU exposure (Supplementary Data
Table S2). IAP2 acts as an E3 ubiquitin-protein ligase regulating
the activity of NRL proteins such as Nod-like receptors (Abbott
et al., 2007). Furthermore, IAP2 is a central modulator of NF-kB
acting either positively or negatively respectively through the ca-
nonical or non-canonical signaling pathway culminating with NF-
kB translocation in the nucleus (Oeckinghaus et al., 2011). A second
E3 ubiquitin-protein ligase gene with similar expression level of
IAP2 was also found in our dataset (AJ623726, Supplementary Data
Table S2). These data are in accordance with those found in tissues
of the marine clam Ruditapes philippinarum challenged with much
higher IBU concentrations (1mg/L). Milan et al. (2013b) using a 15 K
oligonucleotide microarray identified three different E3 ubiquitin-
protein ligase (IAP) genes belonging to the Nod-like signaling
pathway as well as a genuine NF-kB gene (NF-kB1) whose
expression level increased. Furthermore, our present study and that
by Milan et al. (2013b) reveal interesting common patterns in the
modulation of cancer genes. The latter feature deserves particular
attention since the NF-kB and apoptosis pathways are tightly
correlated (Karin and Greten, 2005; Sokolova, 2009). In IBU treated
mussels caspase-7 (AJ625490, Table S2) ethat is activated through
NRL-mediated caspase-1 activation (Lamkanfi and Kanneganti,
2010)- was up-regulated at day-7. The b-cell translocation gene
anti-proliferative homologue (btg-1) that can positively regulate
the NF-kB pathway (Cho et al., 2005) was down-regulated in IBU
exposed mussels. The delta-N p63-p73 gene (AJ625243) p53 family
member -a transcription factor lacking the transactivation domain
and with yet unknown function in Mytilus sp. (Banni et al., 2009;
Muttray et al., 2007) -was also down-regulated at day-3 and day-
7 (Supplementary Data Table S1-S2; Fig. 3). In contrast, the tumor
suppressor Lethal Giant Larvae homologue 2 gene (Peng et al.,
2000), was over-expressed at day-7. This molecular response is
consistent with anti-proliferative and pro-apoptotic effects of IBU,
as previously described (Bonelli et al., 2011; Dey et al., 2008).

Summarizing, present results are consistent with previous hy-
pothesis of a conserved scheme of NF-kB gene organization and
regulation (Canesi et al., 2006; Montagnani et al., 2004, 2008;
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Sokolova, 2009), as well as a similar cellular target for IBU, NF-kB.
These findings point to the need to further investigate whether in a
real ecological context the observed transient response may give
rise to aberrant interactions with normal NF-kB signaling, in
response to a changing environment, viz. food availability, bacterial
infection, physical and chemical stress, etc. To this end, it would be
very useful to study the effects of multiple stress challenge and put
in relation NF-kB signaling activity with individual performance of
animals (Kearney et al., 2010). Since previous reports in Mytilus sp.
suggest the possibility to test NF-kB pathway activation using
commercially available antibodies (Canesi et al., 2006), high-
throughput microarray data should be combined with more
mechanistic evidence arising from NF-kB interactomics.

Another feature highlighted by the functional genomics analysis
concerns the effects of low IBU doses on genes related to mito-
chondrion organization (Table 3) (as three mitochondrial RNA
genes and the aforementioned caspase 7 were up-regulated at day-
7, see Supplementary Data Table S2). This might reflect mitochon-
drial biogenesis to cope for mitochondrial membrane depolariza-
tion by NSAIDs that ultimately can activate caspase 7 by means of
the apoptosis-inducing factor (AIF) (Lakhani et al., 2006). This hy-
pothesis seems compatible with the oxidative burst and antioxi-
dant system response observed in same mussel tissues by
Gonzalez-Rey and Bebianno (2012), but further data are needed
to shed light on the occurrence of this pathway. It should be pointed
out, however, that from our microarray data on mussels and those
on clams (Milan et al., 2013b), no evidence emerges for the occur-
rence of a genuine anti-oxidant molecular response. This is in
apparent contrast to what was observed in human gastric adeno-
carcinoma cells (Bonelli et al., 2011) where cytochrome family
transcripts and ROS levels were induced by p450 redox cycling.
4.3. Modulation of chitinase and GM2 activator protein genes

A remarkable finding is the involvement of chitinases and GM2
activator genes in response to IBU. These genes dominated Cluster 1
(Fig. 2, Table 3) and inMytilus sp. they seem to have a role in general
stress response. Several toxic treatments such as metals and pes-
ticides as well as hormones were shown to regulate the expression
levels of these genes (Dondero et al., 2010, 2011; Canesi et al., 2011).
Chitinase expression was severely down-regulated by IBU at day-7
(Fig. 3). In mussels these genes are up-regulated during energy
store accumulation (Banni et al., 2011) and therefore may serve in
basic metabolic functions (Birkbecka and McHenery, 1984).
Microarray data in clam supports the hypothesis of a metabolic
stress in response to IBU (Milan et al., 2013b), however, an impli-
cation of chitinase on the innate immune system cannot be
excluded since aminoglycans (i.e. chitin) are precursors of potent
bacterial antigens (Badariotti et al., 2007). GM2 activator is a class
of a lysosomal protein involved in beta-hexosaminidase A activa-
tion. These genes have been associated to fatal lipid disorder in the
nervous system of humans (Mahuran, 1998), however their func-
tions remain practically unknown. In the mussel digestive gland
tissue there are at least two homologs of GM2 activator whose
expression changes have been associated with the metal-induced
lysosomal hyperlipidosis (Dondero et al., 2011). The present re-
sults on IBU effects showed up-regulation of AJ624495 at day-3
(Supplementary Data Table S1) and the up-regulation of
AJ624405 at day-15 (Supplementary Data Table S3, Fig. 3). In gen-
eral, these results indicate that chitinase and GM-activator repre-
sent promising candidate gene for general stress biomarkers.
Further research is needed to clarify their expression and functional
involvement in response to chemical stress.
5. Conclusions

Our results demonstrated that environmental amounts of IBU
could transiently modulate the NF-kB gene pathway in Mytilus sp.
tissues, thus indicating specific pharmacological effects on non-
target organisms. Moreover, Chitinase and GM2 activator protein
genes were confirmed as novel candidates for general stress
biomarkers.
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