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Abstract
Fish macrophage function can be altered after exposure to pathogens as well as to xenobiotics. Considering that wild and farmed fish can be

exposed in their habitats simultaneously to different types of stressors, including chemical contaminants (e.g. heavy metals) and pathogens (e.g.
bacteria), it is fundamental to study their impact either isolated or in combination. Therefore, the present study aimed to evaluate the effects of copper
and bacterial lipopolysaccharide (LPS), alone and in combination, on the transcription of target genes related with immune system, respiratory burst
activity and cell death, using rainbow trout macrophages as in vitro model. A cell viability experiment was performed to determine the sub-lethal
concentrations of copper for rainbow trout macrophages and the LC50-24 h was estimated at
60 MM. The expression of proinflammatory cytokines, such as interleukin-1b (IL-1b), interleukin-6 (IL-6)
and tumour necrosis factor-a (TNFa) increased after copper and copper plus LPS exposure. Copper and LPS interact positively inducing an increase in
cytokine expression, which may be indicative of an increased inflammatory response. However, the increase in TNFa mRNA expression induced by 50
MM copper was not accompanied by protein secretion indicating that mRNA abundance does not always reflect the level of protein and that the
translation of the TNFa mRNA is somehow inhibited. Serum amyloid A (SAA) and trout C-polysaccharide binding protein (TCPBP) mRNA expression
also increased after copper, LPS or LPS plus copper exposure, indicating a role of acute phase proteins in the local response to inflammation. NADPH
oxidase and glutathione peroxidase gene expression increased in macrophages after 24 h exposure to copper, LPS or LPS plus copper. The results from
the present study improve the understanding of mechanisms involved in copper toxicity, as well as the interaction with a simulated-inflammatory
process.
1. Introduction reaction by secreting cytokines and chemokines [1,2]. Proin-
flammatory cytokines, such as interleukin-lbeta (IL-1b), inter-
Macrophages are multifunctional cells of the immune system  Jeukin-6 (IL-6) and tumour necrosis factor-a (TNFa), in turn, induce
with extended functional roles ranging from the clearance of  the synthesis of acute phase proteins (APP) [3], including serum
microorganisms, xenobiotic material and apoptotic cells to the amyloid A (SAA) which is considered, in mammals, a major APP due
regulation of both innate and acquired immune responses. They are  to its elevation in plasma in response to different inflammatory
involved in phagocytosis, antigen presentation and release of anti- conditions [4]. In fish, as in mammals, SAA is mainly synthesized in
microbial and anti-tumour agents, as well as in the inflammatory hepatocytes [5] although its expression in extra-hepatic tissues has
also been reported [6,7]. Trout C-polysaccharide binding protein
(TCPBP) is also considered an APP [3], but little is known about its
Abbreviations: APP, Acute phase protein; GPx, glutathione peroxidase; HKM, expression in fish and SpeCiﬂcally in macrophages.
head kidney macrophages; HMGBI, high mobility group box 1; IL-1b, interleukin 1 Studies on fish macrophages demonstrated that phagocytic and
b; IL-6, interleukin 6; SAA, serum amyloid A; TCPBP, trout C-polysaccharide binding respiratory burst activity are activated by exposure to bacteria [8],
protein; TNFa, tumour necrosis factor-a. bacterial lipopolysaccharide (LPS) [9], virus [10], and fungal cell wall
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context have been focused on the response to single stimuli,
immune or xenobiotic, and studies addressing the combined action
of these two stressors are limited. Considering that wild and farmed
fish may be simultaneously exposed to different types of stressors,
including chemical contaminants (e.g. heavy metals), investigation
of their impact on macrophage activation pathways during
combined exposures is of relevance. Among heavy metals, copper is
frequently found in aquatic systems, including freshwater bodies.
Copper is an essential nutrient, but it becomes toxic at high
concentrations, interfering with several metabolic pathways and
thereby inducing different responses at cellular and higher levels
[14]. Previous in vivo studies with fish revealed that copper induces
changes in the transcription of genes related with the immune and
cellular stress responses [15el7]. Nevertheless, these studies
concerned the isolated effects of copper on the whole head kidney
and, to our knowledge, no studies have been conducted assessing
the effects of copper upon bacterial lipopolysaccharide-induced
macrophage activation in fish.

It has been reported that copper toxicity is, in part, due to the
over-generation of reactive oxygen species (ROS) and depletion of
antioxidant defences [18]. On the other hand, ROS, showing a dual
role, are produced by macrophages as cytotoxic agents against
pathogens during the respiratory burst, via stimulation of the
NADPH oxidase system. Divergent results were reported by Murphy
et al. (1995) [19] demonstrating that oxidative stress may depress
macrophage function, while Kirkham (2007) [20] stated that
macrophages activated under conditions of oxidative stress can
generate enhanced inflammatory responses.

The present study aimed to evaluate the responses at the level of
gene expression including target mRNAs relevant to the activation
of immune system (IL-1b, IL-6, TNFa), inflammation (SAA, TCPBP),
cell death (caspase 6 and high mobility group box 1eHMGBI),
respiratory burst activity (NADPH oxidase) and antioxidant activity
(glutathione peroxidaseeGPx) of differentiated head kidney
macrophages (HKM) to exposure to both copper and LPS, individ-
ually and in combination. Finally, as mRNA abundance may not
strictly correlate with protein levels, the secretion of TNFa, was also
assessed.

2. Materials and methods
2.1. Animals

Rainbow trout (Oncorhynchus mykiss) specimens, weighing
approximately 170 g, were obtained from a local fish farm (Pisci-
factoria Andrés, St. Privat d’en Bas, Spain). Fish were acclimatized to
laboratory conditions for at least 15 days, maintained in a closed
freshwater flow circuit, at 15 °C,in a 12 h light/12 h dark cycle and
fed a commercial diet once a day. Water quality indicators, such as
dissolved oxygen, pH, nitrite and ammonia were analyzed period-
ically, and the measured values were acceptable considering
rainbow trout physiological requirements.

All experimental procedures were submitted to the Ethical
Committee of the Universidad Autonoma de Barcelona and
authorized by the “Departament d’Agricultura, Ramaderia i Pesca
de la Generalitat de Catalunya”, that agree with the International
Guiding Principles for Biomedical Research Involving Animals.

2.2. Macrophage isolation and in vitro assays

Fish were sacrificed by over-anesthetization with tricaine
methane sulphonate (MS222, SigmaeAldrich), bled from the
caudal vein to remove as much blood as possible and head kidneys
were excised. Cells from the head kidney were isolated and
cultured as described previously [1]. Briefly, head kidneys were

homogenized using 100 MM nylon mesh cell-strainers in presence
of Dulbecco’s Modified Eagle Medium (DMEM) containing high
glucose, 10% heat inactivated fetal bovine serum gold (Labclinics,
Spain) and the antibiotic Primocin (100 mg/ml) (Invivogen).
DMEM is a metal-free culture medium. The homogenates were
then centrifuged for 1 min at 1200 rpm, resuspended in 12 ml of
medium and plated on 12-well poly-p-lysine (SigmaeAldrich)
treated cell culture plates, 1 ml per well. The cultures were kept at

17 °C and 5% CO». Non-adhering cells were removed after 24 h and

new medium was added. The adherent cells were incubated for
another 4 days before treatment, changing the medium every 2
days. It was previously shown that head kidney cells incubated for 5
days under these conditions have the typical cytological charac-
teristics of macrophages and an increasing phagocytic capacity and
cytokine expression [1].

First, a cell viability experiment was performed in order to
estimate the LC50-24 h for copper (concentration that kills 50% of
macrophages after 24 h exposure) and to determine the concen-
trations to be used in the in vitro toxicity assay. For the copper and
LPS treatments, the medium of each well was removed and fresh
medium containing the required amounts of copper (as copper
chloride, SigmaeAldrich), LPS from Escherichia coli (Sigmae
Aldrich) or LPS plus copper were added and the cultures incubated
for 24 h. The tested concentrations were: 0.1, 1, 10, 50, 100, 1000
and 2000 MM copper, 10 mg/ml LPS or LPS (10 mg/ml) plus 1, 10 or
50 MM copper (the experiments were done using four fishes
per treatment, n % 4), and one well of each culture plate served
as a control. After exposures, cell viability was determined by MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide)
reduction assay (SigmaeAldrich). The MTT assay is based on the
cellular uptake of MTT and its subsequent reduction in the mito-
chondria of living cells to MTT formazan. Dead cells do not cause
this change. Following the 24 h exposure with copper, LPS and
copper plus LPS, medium was discarded and each well washed with
PBS (1x). After that, cells were incubated with 800 ml/well of
DMEM plus 80 ml/well of MTT solution (5 mg/ml) for 1 h at 37 °C.
The medium containing MTT was removed and the formazan
crystals solubilised with dimethyl sulfoxide and absorbance read at
570 nm. Cell viability was expressed as a percentage of the control.

For the main experiment, cells were isolated as described
previously but the homogenates were plated on 6-well poly-p-
lysine treated plates (2 ml/well) and kept at 17 °C and 5% CO,.
Afterwards, the medium of each well was removed and fresh
medium containing the required concentrations of copper (1, 10 or
50 mM Cu), LPS (10 mg/ml) or LPS (10 mg/ml) plus copper (1, 10 or
50 mM) was added and the cultures incubated for 24 h.

2.3. Analysis of gene expression

Total RNA was isolated from HKM using 1 ml/well of Tri Reagent
(Molecular Research Center Inc.) following the manufacturer’s
instructions. Quantification was carried out with a Nanodrop1000
(Thermo Scientific) and the quality of the RNA was checked with
a Bioanalyser (Agilent Technologies). All RIN values obtained were
>9, indicative of excellent RNA integrity and quality. Five mg of RNA
were used to synthesize cDNA with Superscript [II™ reverse tran-
scriptase (Invitrogen) and oligo-dT primer (Promega). After that,
cDNA was used for quantitative polymerase chain reaction (RT-PCR)
analysis using SYBR Green PCR Supermix (Bio-Rad). The sequences
of the primers used in gene expression analysis are presented in
Table 1. Total volume (20 ml) in every reaction contained 500 nM of
each amplification primer, 10 ml of iQ™ SYBR Green Supermix (Bio-
Rad) and 5 ml of a 1:50 dilution of ¢cDNA (1:500 for 18S). Controls
lacking ¢cDNA and controls containing RNA were included. Reac-
tions were run in the iCycler iQ™ Real-time PCR Detection System



Table 1

Sequences of primers used in gene expression analysis and accession numbers.

Gene Forward primer Reverse primer Accession number
IL-1b GGAACCGAGTTCAAGGACAA GGCTACAGGTCTGGCTTCAG NM_001124347.1
TNFa CGCTGACACAGTGCAGTGGA TCCCCGATGGAGTCCGAATA AJ401677

IL-6 TTTCAGAAGCCCGTGGAAGAGA TCTTTGACCAGCCCTATCAGCA DQ866150

SAA GGGAGATGATTCAGGGTTCCA TTACGTCCCCAGTGGTTAGC X99387

TCPBP TCCAGGACAATGAGGGCTAC ACTGTGGACCAGGTTGGTGT AF281345
NADPHoxid. CATCGCCCACCTGTTTAACT GTATGACCTGCGGATGACCT AB192465.1

GPx GATTCGTTCCAAACTTCCTGCTA GCTCCCAGAACAGCCTGTTG BG934453
HMGBI1 CTTCAGCTTTGCAGCCTT AAGATCCAAGGAAGCCGA DQ403261
Caspase 6 TGGTCTACACCCTCCCTGCT GCTCCTCATGGACACCTTCC AF212219

18S CGAGCAATAACAGGTCTGTG GGGCAGGGACTTAATCAA AF243428.2

(Bio-Rad Laboratories), under the protocol: 1 cycle of 95 °C for
5 min, 40 cycles of 95 °C for 10 s and 60 °C for 30 s, 1 cycle of 95 °C
for 1 min, 1 cycle of 55 °C for 1 min, and a melting curve of 81 cycles
(from 55 °C to 95 °C). All samples were run in triplicate. Cr
(threshold cycle) values for each sample were expressed as “fold
differences”, calculated relative to untreated controls and normal-
ized to endogenous control 18S rRNA. Throughout all experimen-
tation Ct values for 18S rRNA in the RTQ-PCR assays were observed
in the same range (18e22 cycles)as in all other experiments that
we have carried out in this cell type.
2.4. Western blot analysis of supernatants
Supernatants from stimulated cell cultures were recovered,
centrifuged and stored at —80 °C until use. Supernatants were boiled
in the presence of Laemmli buffer for 5 min and loaded onto 15%
SDS-PAGE. Proteins were transferred to polyvinylidene difluoride
membrane (Immmobilion, Millipore) using a Miniprotean III system
(Bio-Rad). Before blocking, membranes were stained with Ponceau-
S (Sigma) and completely “faded” with Towbin buffer and washed
with TBST before blocking for 2 h at room temperature in TBST with
5% non-fat dry milk. For TNFa detection, membranes were incubated
with anti-TNFa antibody 1:500 in blocking buffer overnight at 4 °C
and after 3 washes with TBST; the membrane was incubated
with Goat Anti-Rabbit IgG, HRP conjugated-antibody (Jackson
Immuno Research) 1:5000 in blocking buffer for 2 h at room
temperature. The membranes were developed using the enhanced
chemiluminescence detection kit (SuperSignal West Pico substrate,
Pierce) visualized and quantified with an image analyzer (ChemiDoc
with QuantityOne software, BioRad).

2.5. Data analysis

A logarithmic regression was adopted to estimate the LC50-24 h.
Statistica software (StatSoft Inc., Tulsa, OK) was used for statistical
analyses. All the data were first tested for normality and homoge-
neity of variance to meet statistical demands. Differences between
control and exposed groups were tested using one way ANOVA,
followed by LSD post hoc test and the significant level was ascer-
tained at P < 0.05 for the preliminary experiment (viability). For the
main experiment, a factorial ANOVA was used to compare results
between groups and evaluate eventual interactions, followed by
LSD test. Significance of results was ascertained at P < 0.05.

3. Results

Rainbow trout HKM incubated during 24 h with copper dis-
played cellular viability above 75%, in relation to the control, at
concentrations up to 10 MM (Fig. 1). For concentrations higher than
10 mM, cell viability decreased in a concentration-dependent
manner, reaching values near 100% mortality at 2000 mM. All tested

concentrations of copper caused a statistically significant reduction
in HKM viability when compared to control. The LC50-24 h for
copper was estimated at 60 MM (R2 %093 and p < 0.001). HKM
incubated with only LPS (10 mg/ml) had a viability score of 95.6%.
Concerning the effect of mixtures, HKM exposed to LPS plus 1 mM
copper had a viability of 84%, a significant decrease when compared
to control. LPS plus 10 or 50 MM copper also induced a significant
decrease compared to control and to LPS alone; however, cell
viability was above 50% in both cases.

Exposure of HKM to copper caused a general elevation on
cytokine mRNA abundance when compared to control values
(Fig. 2AeC). IL-6 expression was significantly increased 7-, 8- and
9-fold after incubation with 1, 10 and 50 MM copper, respectively,
displaying a dose-dependence (Fig. 2C). However, IL-1b and TNFa
expression were significantly increased only after incubation with
50 mM copper (86 and 55-fold, respectively) (Fig. 2A and B). LPS
exposure caused an increase in mRNA abundance for all cytokines,
though only significant for IL-6 (Fig. 2C).

Exposure of HKM to LPS plus copper (1, 10 and 50 mM) caused
a significant elevation in expression of all cytokines when compared
to control. Additionally, exposure of HKM to all the mixtures caused
an increase in IL-1b and TNFa expression when compared to LPS. For
these two cytokines, the increase induced by LPS plus 1 or 10 mM
copper was significantly higher than the increase induced by copper
alone. LPS plus 1 or 10 MM copper induced a potentiation in both
IL-1b and TNFa mRNA expression.

LPS plus 1 MM copper caused an increase in IL-6 transcription
greater than the increase caused by 1 MM copper alone. Further-
more, LPS plus 10 and 50 MM copper caused an increase of IL-6
compared to LPS, and to the respective concentrations of copper
alone, pointing out a synergistic interaction.

Copper exposure did not induce the secretion of TNFa from the
cells to the supernatant. However, LPS and LPS plus all copper
concentrations caused an increase in the secretion of this protein in
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Fig. 1. Viability (expressed as a percentage of the control) of rainbow trout macro-
phages exposed to copper (0.1 mMMe2000 mM), LPS (10 mg/ml) or LPS (10 mg/ml) plus
copper (1, 10 and 50 mMM) during 24 h. Values represent the means and S.E. (n % 4).
Significant differences are: a vs. control; b vs. LPS (P < 0.05).
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Fig. 2. Gene expression of interleukin-1 b (IL-1b) (A), tumour necrosis factor-a (TNFa) (B), interleukin-6 (IL-6) (C), serum amyloid A (SAA) (D) and trout C-polysaccharide binding
protein (TCPBP) (E) in rainbow trout macrophages exposed to copper (1, 10 or 50 MM) or/and LPS (10 mg/ml) for 24 h. Gene expression was analyzed by real-time PCR and normalized

to 18S rRNA. Values represent the means and S.E. (n % 4). Significant differences are: a vs. control; b vs. LPS; ¢ vs. 1 MM copper; d vs. 10 MM copper; e vs. 50 MM copper (P < 0.05). TNFa
secretion to the supernatant was measured and a representative western blot was included in the Fig. 2B (n % 4).

HKM culture supernatants. No differences were detected between
the concentration of TNFa detected in the supernatant of cells
exposed to LPS and those exposed to the mixture of LPS plus copper
(Fig. 2B).

Regarding APP genes, the concentrations of 10 and 50 MM copper
induced a significant increase in the expression of SAA and TCPBP
genes (Fig. 2D and E). Dose-dependence was clear for both genes
where the effect was more evident for TCPBP (4 and 10-fold increase
after incubation with 10 and 50 MM copper, respectively). Exposure
of rainbow trout HKM to LPS alone induced a significant increase
only in SAA mRNA abundance whereas TCPBP was unaltered.

LPS plus all concentrations of copper induced an increase in SAA
mRNAs, when compared to control or LPS. Furthermore, all condi-
tions caused an increase higher than the respective concentration of
copper alone. For SAA gene expression, some interactions occurred
between LPS and copper, namely a potentiation for LPS plus 1 mM
copper and a synergism for LPSplus 10 and 50 mM copper. LPS plus
10 and 50 MM copper caused an increase in TCPBP transcription,
when compared to control to LPS or to the same concentrations of
copper alone. A potentiation occurred for LPS plus 10 MM copper,
while for LPS plus 50 MM antagonism was observed.

Exposure of HKM to all copper concentrations caused a dose
dependent increase in NADPH oxidase and GPx gene expression
when comparedto control values (Fig. 3). NADPH oxidase increased
7, 12 and 28-fold after incubation with 1, 10 and 50 MM copper,
respectively (Fig. 3A); GPx increased 4, 5 and 7-fold after incubation
with 1, 10 and 50 mM copper, respectively (Fig. 3B). LPS alone also
caused a significant increase in both mRNAs. LPS plus 1, 10 and
50 mM copper induced an increase in NADPH oxidase and GPx

transcription when compared to control; however, this increase
was significantly lower when compared to LPS alone. Furthermore,
LPS was observed as antagonistic in respect to copper induced
increases in NADPH oxidase (plus 10 or 50 MM copper) and GPx
(1 and 10 MM copper) mRNA abundance.

The expression of HMGB1 was not altered (Fig. 4A), whereas, an
increase in caspase 6 mRNA abundance was induced by all treat-
ments compared to control. LPS plus 10 MM copper induced
a significant increase compared to LPS. Furthermore, LPSplus 1 MM
and LPS plus 10 MM copper caused a significantly higher increase
than 1 or 10 MM copper alone, respectively, suggesting an additive
effect (Fig. 4B).

4. Discussion

The present study concerns the in vitro effects of copper and LPS
on the expression of genes related with immune function, oxidative
stress status and cell death, using rainbow trout HKM as a model.
Copper effects are evaluated both alone and combined with LPS,
since fish in aquatic environment can be simultaneously exposed to
contaminants and pathogens.

The concentrations of copper tested on the cell viability assay
were based on previous in vitro studies conducted in rainbow trout
head kidney cells [21]. The copper concentrations selected for the
main experiment (I, 10 and 50 mMM) took into account the cell
viability results and the knowledge that fish captured at impacted
sites had concentrations in plasma that reach 50 mM [22].

The present results set the LC50-24 h for copper in rainbow
trout HKM at 60 mM, which is comparable to those obtained with
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Fig. 3. Gene expression of NADPH oxidase (A) and glutathione peroxidase (B) in
rainbow trout macrophages exposed to copper (I, 10 or 50 mM) or/and LPS (10 mg/ml)
for 24 h. Gene expression was analyzed by real-time PCR and normalized to 18S rRNA.
Values represent the means and S.E. (n % 4). Significant differences are: a vs. control;
b vs. LPS; ¢ vs. 1 MM copper; d vs. 10 MM copper; e vs. 50 MM copper (P < 0.05).

a grass carp kidney cell line exposed to copper (50% viability at
70 mM) [23]. However, rainbow trout HKM showed higher resis-
tance to copper considering that 100% mortality was reached at
around 2000 mM, while for carp cell line it was reached at
a concentration around 400 mM.

Cytokines, such as TNFa, IL-1 and IL-6, have a fundamental role
in the regulation of the fish immune response [24]. In the present
study, the exposure of rainbow trout HKM to copper, especially at
the highest concentration (50 mMM), caused a general increase in
IL-1b, TNFa and IL-6 mRNA indicating a stimulatory action upon
proinflammatory processes. Similarly, other authors obtained an
increased transcription of other immune related-genes (e.g. TGF-b)
in the whole head kidney of Morone saxatilis [15] and Solea sene-
galensis [16] exposed to copper in vivo. Previous studies with
mammals attributed this action to copper’s capacity to activate the
transcription factor NF-kappaB [25,26].

The increasing tendency observed in the transcription of IL-1b
and TNFa and the significant increase of IL-6 after LPS stimulation
was expected and confirms previous studies using rainbow trout
HKM under similar experimental conditions [1,7,27]. Copper and
LPS interact positively, inducing an increase in cytokine expression
in HKM suggesting a possible increase in inflammatory status.

The relation between the secretion of a given cytokine and its
mRNA abundance does not always reflect the level of protein.
Interestingly, increases in TNFa mRNA expression induced by
50 mM copper failed to induce TNFa protein secretion suggesting
that translation of the TNFa mRNA or secretion of the TNFa protein
is somehow inhibited. In line with the current results, a few studies
available in mammals showed that copper exposure caused an
increase in TNFa mRNA transcription but not in TNFa secretion in
human peripheral blood monocytes [28]. Furthermore, human
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Fig. 4. Gene expression of HMGBI (A) and caspase 6 (B) in rainbow trout macrophages
exposed to copper (1, 10 or 50 mM) or/and LPS (10 mg/ml) for 24 h. Gene expression was
analyzed by real-time PCR and normalized to 185 rRNA. Values represent the means
and S.E. (n ¥4 4). Significant differences are: a vs. control; b vs. LPS; ¢ vs. 1 MM copper;
d vs. 10 MM copper (P < 0.05).

THP-1 macrophages incubated for 24 h with copper had unchanged
TNFa secretion [29]. On the other hand, copper induced TNFa
secretion in human glioblastoma cells [30]. To our knowledge, this
is the first study identifying post-transcriptional effects of copper
on TNFa expression and secretion in fish.

In the present study, 10 and 50 MM copper caused an increase in
SAA and TCPBP mRNA expression. Previously, it was observed that
waterborne cadmium caused an increase in plasmatic C-reactive
protein of Catla catla [31], and that copper induced amyloid
precursor protein mRNA expression in the brain of mice [32].
Current LPS exposure also induced the expression of SAA, corrob-
orating the findings of Goetz et al. (2004) who detected an upre-
gulation of SAA mRNA transcription in rainbow trout HKM
stimulated during 12 h with 10 mg/ml of LPS. Furthermore, rainbow
trout exposed in vivo to LPS had increased levels of SAA mRNA
transcripts in head kidney as do isolated head kidney leukocytes
incubated for 1 h with LPS (25 mg/ml) [6]. Contrastingly, current LPS
exposure did not induce the transcription of TCPBP in HKM, which is
in agreement with previous findings where rainbow trout
challenged in vivo with an inflammatory stimulus (bacteria) had
unaltered TCPBP mRNA transcripts in the liver [33].

In mammals, SAA gene expression is regulated by inflammatory
cytokines, such as IL-1b, TNFa and IL-6 [3]. In fish, a correlation was
observed between increased production of SAA and elevated levels
of cytokine mRNA either in hepatocytes or extra-hepatic cells [5,34].
In the present study, an association between IL-1b or IL-6 and SAA
expression is apparent suggesting its involvement in the APP
response. For TCPBP, LPS alone had no effect although LPS and 10 mM
copper interacted positively (synergism), while LPS plus 50 mM
copper induced antagonism, revealing a concentration-dependent



response to copper. Although hepatocytes are the most important
site of APP production, the current results demonstrated SAA and
TCPBP expression in fish macrophages, indicating a role of APP and
a novel role for TCPBPin the local response to inflammation.

One of the most potent sources of superoxide anions is the
phagocyte respiratory burst NADPH oxidase system. Additionally,
exposure to environmental contaminants provides an exogenous
source of superoxide. To counteract the potential damage caused by
oxyradicals, cells have developed a number of protective mecha-
nisms that includes antioxidant enzymes, such as GPx. In the present
study, NADPH oxidase and GPx gene expression was increased in
rainbow trout HKM after 24 h exposure to copper, LPS and LPS plus
copper. These results support the view of copper as an inducer of ROS
production in fish [35]. Furthermore, it was previously found that
copper induced GPx transcription in gills of brown trout [36] and in
the liver of Pomatoschistus microps [37]. The results currently
obtained for GPx expression following exposure to LPS is in agree-
ment with Lazado et al. (2010) [38] who reported an increased
expression of GPx and catalase in Atlantic cod HKM stimulated in
vitro for 24 h with Pseudomonas sp. These results indicate that the
antioxidant defences of the cells were activated to counteract
the pro-oxidative potential of copper (a redox-active metal), LPS and
the mixture of both.

No studies are available concerning the effects of copper
concentration on NADPH oxidase, neither in fish nor in mammals.
Regarding LPS exposure, and in line with the present findings,
Boltafia et al. (2009) [39] obtained an increased expression of
NADPH oxidase system mRNAs in rainbow trout HKM stimulated
with 10 mg/ml LPS for 12 h. In our study the differences between the
effects caused by copper or LPS alone and those obtained after
exposure to the mixture, revealed an antagonistic interaction,
possibly due to a cumulative effect of both stimulus and subsequent
ROS overproduction, impairing cell metabolism.

High mobility group box 1 (HMGBI) can be released by cells in
response to inflammatory stimuli [40]. Under the present conditions
HMGB1 mRNA abundance was unchanged, suggesting that cells
were not undergoing necrosis. However, the exposure to copper, LPS
and both potentially results in apoptosis as suggested by enhanced
caspase 6 mRNA potentially an early sign of apoptosis. Previous in
vitro studies demonstrated that copper induced the activation of
caspase 3 suggesting its involvement in copper induced apoptotic
death [41]. Additionally, copper induces apoptosis in rainbow trout
hepatocytes and cultured gill cells [42,43].

5. Conclusions

In conclusion, present results indicate that all tested genes are
induced in HKM by copper in a dose effect manner, except for the
cell death HMGB gene. LPS, in general, induced the expression of
cytokines. Also acute phase protein genes (SAA) and oxidative
stress genes are sensitive to LPS challenge. When both stimuli were
applied together, at the concentrationsof 1 and 10 uM Cu, syner-
gistic effects were found in cytokine gene response, but not in
oxidative stress genes or cell death genes. Therefore, such a higher
response of the HKM to concurrent stimuli suggests a high degree
of sensitivity of these immune cells in front of different types of
challenges.

The studied cytokines may play a role notonly in responding to
immune challenges, as expected, but also to other challenges
affecting the cell integrity such as heavy metal treatments. The
increase in TNFa mRNA expression induced by 50 MM copper failed
to induce TNFa protein secretion suggesting that translation of
the TNFa mRNA is somehow inhibited and that the increase in the
expression of a given gene is not always accompanied by the
correspondent translation into protein.

Finally, more work has to be done on the mechanisms behind the
communication among the regulatory systems of such a network as
the alteration of the patterns of gene expression suggests.
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