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Gemfibrozil (GEM) effects were
assessed at molecular, endocrine and
physiological levels on Sparus aurata.

Hepatic mRNA levels of apolipopro-

tein Al and lipoprotein mRNA levels

were increased.

Proinflammatory cytokines mRNA
levels increased after GEM exposure.
High cortisol levels indicate that GEM
is recognized as stressor by the fish.
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abstract

The information on the potential hazardous effects of gemfibrozil (GEM) on marine fish is extremely
scarce. In the current study, molecular, endocrine and biochemical parameters were assessed in Sparus
aurata after 96 h waterborne exposure to a GEM concentration range. Hepatic mRNA levels of target genes
known to be regulated via peroxisome proliferator-activated receptor a (ppara) in mammals, such as
apolipoprotein Al (apoal) and lipoprotein (Ipl) were significantly increased, without a concomitant acti-
vation of the ppar pathways. GEM (15 jcgL™') induced an upregulation in mRNA levels of interleukin 1i3
(il17), tumour necrosis factor-a (tnf_) and caspase 3 (casp3), suggesting an activation of proinflammatory
processes in S. aurata liver. However, mRNA levels of genes related with the antioxidant defence system
and cell-tissue repair were unaltered under the tested experimental conditions. Higher levels of GEM
induced a cortisol rise, an indication that it is recognized as a stressor by S. aurata. Cortisol levels and the
mRNA levels of il17, tnf_ and casp3 may be suggested as potential biomarkers of GEM effects in marine
fish.
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1. Introduction

Substantial amounts of pharmaceuticals are permanently enter-
ing water bodies mainly due to inefficient removal during
wastewater and slurries treatments [1]. Thus, these compounds
represent a potential environmental threat to non-target organ-
isms and ultimately, to human health. Predators, such as some fish
species, may be particularly vulnerable to the presence of pharma-
ceuticals in the environment due to their capacity to bioaccumulate
and bioconcentrate xenobiotics [2,3] and to their position at the
top of the aquatic food chain that make them potential targets of
biomagnified compounds.

Fibrate drugs, such as gemfibrozil (GEM), are among the most
prescribed pharmaceuticals in human medicine [4]. GEM helps to
reduce cholesterol and triglycerides in the blood and, in this way,
reduce the risk of atherosclerosis [5]. Due to its widespread use,
continuous release and persistence in the environment, GEM is
consistently detected in the aquatic environment at concentra-
tions ranging from ng L™! in surface waters up to 5jcgL™! in the
effluents of sewage treatment plants from different European coun-
tries [6,7]. Previous studies in freshwater species showed that GEM
is taken up and bioconcentrate in Carassius auratus, causing an
increase in antioxidant defence enzymes [3]. GEM has also been
reported to induce genotoxicity in Danio rerio [8], reduced fecun-
dity in Pimephales promelas [9], and cause behavioural changes in D.
rerio [10]. In estuaries and sea, the concentrations of pharmaceuti-
cals have been poorly characterized. In the case of GEM, according
to Gaw et al. (2014), detected levels varied from 1 up to 758 ng L~!
[11]. Thereis also a need of information concerning GEM effects on
marine fish, since, to the author’s knowledge, there are only two
available studies with marine fish (Anguilla anguillaand Solea sene-
galensis) [12,13]. Furthermore, in these studies fish were exposed
through intraperitoneal injection,a procedure that does not repre-
sent an environmentally occurring exposure.

Regarding molecular effects, it has been shown in mammals that
fibrates mimic fatty acids and bind to the peroxisome proliferator-
activated receptors (ppar), ligand-inducible transcription factors
belonging to the nuclear hormone receptor superfamily. There
are three types of ppar (a, i3, ), though fibrates bind preferen-
tially to ppara [14]. Ppara regulates gene expression by binding,
as a heterodimer with the retinoid X receptor (rxr), to specific
DNA sequences, called peroxisome proliferator response elements
(ppre). This results in the transcriptional activation of target genes,
such as apolipoproteins (apo), lipoprotein lipase (Ipl) and acyl-CoA
oxidase [15]. In addition, ppara has been shown to modulate glu-
cose metabolism, liver inflammation and hepatocyte proliferation
in mammals [16].

Similar to mammals, three isoforms of ppar have been identi-
fied in different fish species, including Sparus aurata [17]. However,
divergent findings have been reported in fish regarding ppar
expression after exposure to fibrates. It was shown that GEM
induced ppar_ expression in D. rerio [18], whereas in C. auratus
ppar_ pathways were not activated [19]. Thus, further studies are
needed to clarify this topic in fish.

Changes in the hypothalamo—pituitary—interrenal (HPI) axis
function, measured as cortisol levels or selected stress-related
genes, are important indicators of fish condition [20]. Generally, fish
respond to stress with increases in plasma cortisol, the main cor-
ticosteroid in fish [21]. However, this adaptive cortisol response in
fish may be impacted by environmental chemicals [22,23]. A large
amount of the available studies concerning HPI alterations in fish
have focused on metals or environmental contaminated waters but
little is known about the effects of pharmaceuticals at the endocrine
level on marine fish.

The aim of the present study was to investigate GEM effects at
different levels of biological organization on a marine fish species,

S. aurata (gilthead sea bream), in order to produce knowledge

on possible toxicity pathways, and evaluate potential biomark-
ers of GEM exposure and effects on this species. On this regard,
molecular, endocrine and biochemical parameters were selected
as endpoints representing a component of individual fitness, useful
to address the effects of this emergent contaminant of concern on
S. aurata. This teleost fish is widespread in Atlantic and Mediter-
ranean coastal waters and has a high commercial importance
for fishery and aquaculture. As one of the most consumed fish
in the Mediterranean area, it may represent an important route
of possible entry of contaminants into humans. Thus, the study
of effects on this species becomes high relevant. Therefore, fish
were waterborne exposed, during 96 h to different concentra-
tions of GEM, and a set of biomarkers from different levels of
biological organization were measured. In order to get insights
into GEM mechanisms of action, mRNA levels of key genes were
assessed in the liver, a target organ of the majority of xenobiotics,
including GEM [13]. Liver also has an important role in the redox
metabolism of xenobiotics, as well as in the lipid and carbohydrate
metabolism. Selected genes belong to the following categories:
peroxisome receptors, lipid regulators, antioxidant enzymes, cell-
tissue repair, immune system and apoptosis regulation. To evaluate
the potential endocrine-disruptive effects of GEM, cortisol was
measured in plasma. Biochemical indicators of lipid metabolism
(cholesterol, triglycerides), carbohydrate metabolism (glucose) and
hepatic health indicators (aspartate aminotransferase — AST, ala-
nine transaminase — ALT, and alkaline phosphatase — ALP) were
also assessed in plasma.

2. Materials and methods
2.1. Test organisms

S. aurata specimens with 9 = 0.5 g (mean * standard deviation)
were commercially acquired from an aquaculture in the North
of Spain. Once in the laboratory, fish were acclimated to labo-
ratorial conditions for three weeks in 250 L aquaria containing
aerated and filtered (Eheim filters) artificial saltwater (35 gL™!) in
a 16:8 photoperiod and temperature controlled (20 =1 °C) room.
Fish were fed daily, with commercial fish food, up to 48 h before
the bioassay. All experimental procedures involving fish were car-
ried out according to the 3 R’s principles of Animal Experimentation
following the actual Portuguese legislation that agrees with the
International Guiding Principles for Biomedical Research Involv-
ing Animals (EU 2010/63). Animal handling was performed with
accredited researchers.

2.2. Fish bioassay

A stock solution of GEM was prepared by dissolving the phar-
maceutical in dimethyl sulfoxide. Test solutions were prepared by
dilution of the stock solution in artificial saltwater (salinity 35) to
test a concentration range from 1.5 to 15000 jcgL~!. Fish were ran-
domly distributed in 80 L tanks containing the test solutions and
exposed for 96 h. No food was provided to fish during the bioas-
say. During the experiment, photoperiod, temperature and aeration
conditions were similar to those used in the acclimation period.
Every 24 h, after checking fish mortality, water temperature, salin-
ity, conductivity, pH and dissolved oxygen in the tanks, 80% of
the test media was carefully changed, to reduce the build-up of
metabolic residues. At the end of the exposure period blood was col-
lected from the posterior cardinal. After blood sampling, fish were
sacrificed by spinal section and the livers were excised, flash frozen
in liquid nitrogen and stored at —80 °C until analysis. Plasma was



isolated by centrifugation (5 min at 13,000g)and stored at —80 °C
until analysis.

2.3. Total RNA extraction and complementary DNA (cDNA)
synthesis

Total RNA was extracted from each liver (n =7) using TRIReagent
(Sigma). All procedures were performed following the manu-
facturer’s protocols. The concentration and purity of RNA were
assessed with a NanoDropND-1000 Spectrophotometer (Thermo
Fisher Scientific, USA). An aliquot of RNA was run on a 1% agarose
gel and post-stained with ethidium bromide to verify the RNA
integrity. Reverse transcription (RT), to generate cDNA, was per-
formed using 1 jcg of total RNA, denatured 70 °C, 10 min, Oligo
dT;5 primer (Promega) and SuperScript™ IIl Reverse Transcriptase
enzyme (Invitrogen), in presence of the recombinant ribonuclease
inhibitor RNaseOUT™ (Invitrogen) in a final volume of 20 j.cL. The
reaction was performed at 37 °C for 1 h, heat inactivated at 70 °C
for 15 min.

2.4. Transcriptional analysis

The GenBank identification, primer sequences and efficiencies
are shown in Table 1. The set of genes included nuclear receptors of
fibrates (ppar_, ppar , ppary), rxr, markers of lipid and lipoprotein
metabolism (Ipl, apoal), antioxidant status, specifically glutathione
peroxidase 1 and 4 (gpxl, gx4), superoxide dismutase [Zn] (sod2),
glutathione reductase (gr), catalase (cat), glutathione S-transferase
3 (gst3) and peroxiredoxin 6 (prdx6); cell-tissue repair, including
heat-shock protein 70 (hsp70) and glucose regulated protein-75
(grp75); innate immune function, such as interleukin 1i3 (il17),
tumour necrosis factor-a (tnf_) and transferrin (tf); and apoptosis,
namely Bcl-2 associated X protein (bax) and caspase 3 (casp3). Effi-
ciency of the amplification was determined for each primer pair
using serial 5-fold dilutions of pooled cDNA. The efficiency was
calculated as E=10"1%) where s is the slope generated from the
serial dilutions, when Log dilution is plotted against Ct (threshold
cycle number) [24]. RT-qPCR was performed using iTaq™ Univer-
sal SYBR® Green Supermix (Bio-Rad). Reactions were assembled
according to manufacturer’s instructions with individual 20 jcL
reactions consisting of 10 jcL SYBR® Green PCR master mix (2x),
200 nM primers and 2 jcL of cDNA template. All reactions were
run in the Bio-RadCFX384 Real-Time PCR Detection System (Bio-
Rad Laboratories, USA), following the protocol: 95 °C for 5 min, 40
cycles of 95 °C for 30 s, 58 °C for 30 s, followed by melting curve
to verify the amplification of a single product. All samples were
run in triplicate. The expression data obtained from three indepen-
dent technical replicates were used to calculate the Ct value. After
checking for primers efficiency, RT-qPCR analysis of all the individ-
ual samples was determined following the same protocol described
above.

2.5. Normalization strategy

The most commonly used normalization strategy involves stan-
dardization to a single constitutively expressed control gene. In
recent years, it has become clear that the expression of the house-
keeping genes can change, for example, between tissues and
experimental conditions. Accordingly, the expression stability of
the potential housekeeping gene should be evaluated in each exper-
imental assay (Andersen et al., 2004). In the present study, we used
the NormFinder applicationto evaluate the mostappropriate house-
keeping gene among four (i3-actin, elongation factor-la—efl _; 18 s
ribosomal RNA gene — 18s, and glyceraldehyde 3-phosphate dehy-
drogenase — gapdh). This application is based on an algorithm for
identifying the most appropriate normalization gene among a set of

Table 1

Sequences and efficiencies of primers used for quantitative real-time PCR analysis in Sparusaurata liver.

Efficiency (%)

Reverse

GenBank accession No. Forward

Acronym

Gene name

99.5

CAGCAGTGTGGTTCCGTTAGC
AGTTGATAGGGCAGACATTCG
GACGTCGCACTTCATGATGCT

CCCGCCTCTGTTGCCTTCG

AF184170

efl _

Elongation factor-1a

96.7

GCATTTATCAGACCCAAAACC
TCCTGCGGAATCCATGAGA

AY993930
X89920

18s

18 S ribosomal RNA gene

i3-Actin

98.9
98

-actin

CAGACCCTCAATGATGCCGAAGTT
CTCCATCAGGTCTCCACACAGC
CACCCTGTCGTGCTGCTCTGTA

TGCCCAGTACGTTGTTGAGTCCAC

DQ641630
AY 590299
AY590301

gapdh
ppar_

Glyceraldehyde 3-phosphate dehydrogenase

99.7

GCAGCCTGTGAGTCTTGTGAGTGA
CGTGTTCGGGATTCGGGACT

Peroxisome proliferator-activated receptor alpha

99.0

ppar

Peroxisome proliferator-activated receptor beta

96.5
102.1

GAGGAGGAGGAGATGGAGGTGTA
TGCACCGCTTCTCTCTTCAT

CGGAGAGAGAAGCAAGAACAAGAA

GGGCTTCTTCAAGAGGACAGT

AY 590304
HS092100

ppary

rxr

Peroxisome proliferator-activated receptor gama

Retinoid X receptor

100.0

TGGTGACGGAGGCAGCGATG
AGGGTGTTCTGGTTGTCTGC

GAATACAAGGAGCAGATGAAGCAGATG

CGTTGCCAAGTTTGTGACCTG

AF013120

apoal
Ipl

Apolipoprotein Al

94.5

AY495672

Lipoprotein lipase

99.2

CTGACGGGACTCCAAATGATGG
GTCTGCCAGTCCTCTGTCGG

GAAGGTGGATGTGAATGGAAAAGATG

TGCGTCTGATAGGGTCCACTGTC
TGTTCAGCCACCCACCCATCGG

DQ524992

gpx1

Glutathione peroxidase 1

98.3

AM977818
AJ937873

gpx4
ar

Glutathione peroxidase 4

91.5

GCGTGATACATCGGAGTGAATGAAGTCTTG

AGGACGCAGAAATGGCAGAGG

Glutathione reductase

TGGTCGAGAACTTGAAGGCTGTC 97.8
CCTGACCTGACCTACGACTATGG

1Q308823
1Q308

cat

Catalase

99.0
100.3

AGTGCCTCCTGATAT TTCTCCTCTG

833

sod2
gst3

Superoxide dismutase [Mn]

CTGCTGATGTGAGGAATGTACCGTAAC

TGTGGCGACCTTCTTCTG

CCAGATGATCAGTACGTGAAGACCGTC

AGAGACAAGGACGGAATGC
AATGTTCTGCGCATCATCAA

JQ308828

Glutathione-S-transferase3

99.2
100.1
100.2
102.4

GQ252684
EUS05481

prdx6

Peroxiredoxin 6

GCCTCCACCAAGATCAAAGA

hsp70
grp75
il
tnf

tf

Heat-shock protein 70

TGTTTAGGCCCAGAAGCATCCATG
TTAACACTCTCCACCCTCCA

TCCGGTGTGGATCTGACCAAAGAC
GGGCTGAACAACAGCACTCTC
CAGGCGTCGTTCAGAGTCTC

DQ524993
AJ277166

Glucose-regulated protein, 75 kDa

Interleukin 1i3

99.3
100.2
100.3

CTGTGGCTGAGAGGTGTGTG

AJ413189

Tumour necrosis factor-a

TGGTGGAGTCCTTGAAGAGG
TGAACCCGCTCGTATATGAAA

CAGGACCAGCAGACCAAGTT
CAACAAGATGGCATCACACC

JF309047

Transferrin

AM963390
CT1799224

bax

Bcl-2 associated X protein

00 ¢

raen?
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Fig. 1. Overall S. aurata mRNA response profile to gemfibrozil represented as
a heatmap. Target genes were: ppar_, ppar , ppary (peroxisome proliferator-
activated receptors), apoal (apolipoprotein A-I), Ipl (lipoprotein lipase), gpx1, gpx4
(glutathione peroxidase 1 and 4), gr (glutathione reductase), cat (catalase), sod2
(superoxide dismutase [Mn]), gst3 (glutathione-S-transferase 3), prdx6 (peroxire-
doxin 6), hsp70 (heat-shock protein 70), grp75 (glucose-regulated protein, 75 kDa),
il17 (interleukin 1i3), tnf_ (tumor necrosis factor-a), tf (transferrin), bax (Bcl-2
associated X protein), casp3 (caspase 3). Differences were determined by one-way
ANOVA followed by Tukey’stest. An asterisk indicates statistically significant dif-
ferences from the control group (*p <0.05; **p <0.01).

S. aurata (gilthead sea bream), in order to produce knowledge
gene in a given sample set and experimental design is performed.
Intra- and inter-group variation calculations are another feature of
this program [25]. According to NormFinder results, the expression
of the target genes was normalized using the best combination of
two housekeeping genes. Relative gene expression was calculated
with the @ @Ct method including the PCR efficiencies of the target
and housekeeping gene accordingto Pfaffl (2001) [24].

2.6. Biochemical analysis in plasma

Cholesterol, triglycerides, AST, ALT and ALP were determined in
the plasma of seven fish per group using commercially available
kits (Olympus Systems Reagents; Olympus life and Material Sci-
ence Europe GmbH, Hamburg, Germany) following manufacturers
indications. Intra- and inter-CV were below 10% in all cases. All
parameters were performed with an automatic analyser (Olympus
Diagnostica, GmbH, Freiburg, Germany). Cortisol was measured in
the plasma by radioimmunoassay. The antibody for the assay was
purchased from M.P. Biomedicals LLC (OH, USA) and used in a final
dilution of 1:4500. Antibody cross-reactivity with cortisol is 100%.
The radioactivity was quantified using a liquid scintillation counter.
The lower detection limit of the cortisol assay is 0.16 ng mL~! . Glu-
cose was determined by enzymatic colorimetric analysis in ELISA
plates using commercial kits (Biomérieux, France).

2.7. Integrated biomarker response (IBR)

The tested endpoints were combined into one general index
termed IBR [26] and results presented divided by n, as suggested
by Broeg and Lehtonen (2006) [27]. Results of data standardization
procedure needed for IBR calculation were presented in experimen-
tal conditions star plot.

2.8. Statistical analysis

Results are expressed as mean = SD (standard deviation). Sta-
tistical analysis was done using SPSS software 22 (SPSS Inc, IBM,
IL, USA). The assumptions of normality and homogeneity of data
were verified. One-way analysis of variance (one-way ANOVA) was
performed in order to assess significant effects of the different con-
centrations of GEM. This analysis was followed by the post-hoc
Tukey test to signal significant differences between groups [28].
Significance of results was ascertained at a=0.05.

3. Results

In the present study, the variation of each housekeeping gene
was determined in the liverof S. aurata, prior to the analysis of the
target genes. According to NormFinder calculations the stability val-
ues of the candidate housekeeping genes were: 0.016 for efl _,0.022

for i3-actin, 0.025 for gapdhand 0.035 for 18s. The most stable gene
was efl _, and thus this gene was considered the best gene to be used

in RT-gPCR data analysis. Considering that multiple housekeeping
gene approaches are recommended as normalization strategy [29],
the best combination of two-genes, efl _ and 18s (stability value
0.017), was used for the calculationsin the current study.

The overall S. aurata mRNA response profile to GEM was repre-
sented as a heatmap (Fig. 1). The hepatic mRNA abundance of the
nuclear receptors (ppar and rxr) was at control level in fish exposed
to GEM, regardless of the tested concentration (Fig. 1 and Supple-
mentary material). Transcripts encoding for proteins involved in
lipid metabolism, such as Ipl were upregulated after 96 h expo-
sure to 150 and 1500jcgL~' GEM. Similarly, apoal presented an
increased mRNA abundance after 96 h exposureto 150 jcg L~! GEM.
With respect to the genes belonging to the antioxidant defence
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Fig. 2. Levels of cholesterol, triglycerides, cortisol, glucose, AST (aspartate aminotrasferase), ALT (alanine transaminase) and ALP (alkaline phosphatase) in the plasma of
Sparus aurata after 96 h waterborne exposure to gemfibrozil. Valuesrepresent the means *= SD (n=7 per group). Differences were determined by one-way ANOVA followed

by Tukey’stest. An asterisk indicates statistically significant differences from the control group (*p <0.05; **p <0.01).

(gpx1, gpx4, gr, cat, sod2, gst3, prdx6)and tissue-repair (hsp70, grp75)

categories, mRNA levels were unchanged for all GEM tested con-
centrations. Immune-related genes, namely ill ~ and tnf_ presented

an increased mRNA abundance after 96 h exposure to 15 jcgL™!'. On
the other hand, tf mRNA transcriptional levels were unaltered in
the liver of S. aurata exposed to GEM. The apoptosis-related gene
casp3, also presented an increased mRNA abundance in the liver of
S. aurata after 96 h exposure to the two lowest tested concentra-
tions (1.5 and 15 jcgL™!). On the other hand, bax mRNA abundance
was similar to that of the control group. In summary, from the six
categories of genes evaluated, GEM waterborne exposure induced
changes in mRNA transcripts mainly related with lipid metabolism,
inflammation and apoptotic response.

After exposure to 1500 jcg L' GEM, significantly higher plasma
cortisol levels were observed, when compared to the control group.
However, the levels of total cholesterol and triglycerides, as well as
glucose levels in plasma showed no significant differences among
study groups. Similarly, the hepatic health indicators, ALP, ALT and
AST, were unaltered in plasma (Fig. 2).

The IBR index depicted 15 jcgL~!' as the GEM concentration
inducing more alterations in S. aurata followed by 150 and 1500,
15,000 and then 1.5. The overall integrated response pattern is
displayed in Fig. 3.

4. Discussion

In mammals, GEM mechanism of action is mediated, in part,
through activation of the ppara, which regulates the transcrip-
tional levels of genes involved for example in lipid metabolism
[30]. In the present study, mRNA abundance of ppar and rxr was
unaltered in animals exposed for 96 h to GEM, which is in line
with other studies with freshwater fish showing no hepatic activa-
tion of ppar pathways. This was observed in Oncorhynchus mykiss
after 15 days injection with 100 mg kg~' GEM [4]. Similarly, ppar_
and ppary mRNA hepatic levels were unaffected in male C. aura-
tus waterborne exposed to 1500icgL~! GEM for 14 and 28 days,
whereas ppar” mRNA abundance was significantly reduced [19].
Nonetheless, increased whole-body ppar_ mRNA transcript levels

were observed in female D. rerio exposed through diet during 30
d, although not in males, with decreased ppary mRNA transcript

abundance in both males and females [18]. Despite the unaffected
levels of ppar mRNA abundance, the transcriptional levels of genes
known to be regulated via ppara in mammals, such as apoal (that
encodes for a protein involved in cholesterol homeostasis) and
Ipl (that encodes for lipoprotein lipase, which is involved in the
hydrolysis of triglyceride molecules present in circulating lipopro-
teins) [16], were significantly increased in the present study. The
obtained results also agree with previous findings showing unal-
tered ppar gene expressionin O.mykiss after 15 days injection with
GEM, despite the increased Ipl mRNA levels [4]. Similarly, Cyprinus
carpio exposed to the fibrate clorofibricacid displayed increased

mRNA levels of both apoal and Ipl in liver, without activation of
PPARa gene expression [30]. Thus, if the lack of change in ppar_

mRNA abundance observed in the present study could suggest that
GEM is not regulating ppar_ expression in S. aurata, the increased

transcriptional levelsof apoal and Ipl may suggest a previous ppar _
transient activation, with a peak of expression occurring before the
sampling moment. Results appear to reflect a time gap between
receptor activation and the activation of downstream pathways.
To clarify GEM effects in ppar pathways, further studies are needed
at shorter, as well as longer exposure times.

The S. aurata 96 h exposure to GEM did not induce changes in
the hepatic expression of antioxidant related-genes, unlike in other
studies with freshwater fish [19] and rodents [31]. This result sug-
gests that under the tested conditions, the pool of available basal
non enzymatic and enzymatic defences were enough to cope with
GEM potential pro-oxidant challenge. In other studies, induction
of enzymatic activities of hepatic cat and gpx has been reported in
male C. auratus after 14 and 28 days exposure to 1.5 or 1500jcgL ™!
GEM, without oxidative damage [19]. Under the present experi-
mental conditions GEM did not induce changes in hsp70 and grp75
transcriptional levels, indicating an absence of cellular stress strong
enough to induce de novo synthesis of these cell chaperones. Pre-
vious studies showed increases in both hepatic transcripts and
protein levels of hsp70 and grp75 in different fish species, including
S. aurata, after exposure to pesticides or confinement stress [32,33].

The expression of genes related to the innate immune func-
tion was studied in order to clarify the potential immunotoxicity
of GEM. Present results showed an upregulation of mRNA abun-
dance of transcripts encoding proinflammatory mediators, such as
il1” and tnf_, in the liver of S. aurata exposed to 15 jcgL~' GEM.
This finding is particularly important since it happens when fish
were exposedto low concentrations, but not at high concentrations.
The effects on the transcriptional levelsof il1~ and tnf_ suggest a
link between GEM exposure and altered immune response, prob-
ably through ppar independent mechanisms. As suggested in this
study for marine fish, in marine bivalves, the immune system can
be a target for GEM action. GEM injection induced lysosomal desta-
bilisation and lysosomal enzyme release, as well as an increased
phagocytic activity in marine mussels [34]. The present result also
shows that the immune response of fish to GEM is highly dependent
on the concentration. The expression of apoptosis related genes,
examined in the present study, revealed no alterations in expres-
sion of bax but increased casp3 mRNA levels in the groups exposed
to 1.5 and 15 jcgL~! GEM, suggesting an activation of part of the
cell-death cascade. Similar results were found in human erythro-
cytes, where GEM induced casp3 increase [35]. The activation of
proinflammatory cytokines and apoptosis-related genes at GEM
concentrations, in the same order of magnitude of levels previously
reported in effluents of sewage treatment plants [36], suggest that
this pharmaceutical may represent a risk to fish, rendering them
more susceptible to other internal or external insults.
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aminotransferase), ALP (alkaline phosphatase, ALT (alanine transaminase), ppar_, ppar , ppary (peroxisome proliferator-activated receptors), apoal (apolipoprotein A-I), Ipl

(lipoprotein lipase), gpx1, gpx4 (glutathione peroxidase 1 and 4), gr (glutathione reductase), cat (catalase), sod2 (superoxide dismutase [Mn]), gst3 (glutathione-S-transferase
3), prdx6 (peroxiredoxin 6), hsp70 (heat-shock protein 70), grp75 (glucose-regulated protein, 75 kDa),ill” (interleukin 1i3), tnf_ (tumor necrosis factor-a), tf (transferrin),

bax (Bcl-2 associated X protein) and casp3 (caspase 3).

In humans, GEM chronic administration leads to decreased
plasma triglycerides and cholesterol levels. Under the present con-
ditions, GEM did not induce changes in plasma concentrations of
triglycerides and cholesterol in S. aurata. Similarly, previous stud-
ies showed no changes (for 1.5 jcgL™!) or inconsistent results (for
600 jcgL™!)in these parameters in the plasma of P. promelas water-
borne exposed to GEM for 2, 8 and 21 days [9]. However, O. mykiss
sampled 15 days after GEM injection presented decreased triglyc-
erides and cholesterol concentrations in plasma [4]. Al-Habsiet al.
(2015) [18] reported decreased plasma levels of triglycerides and

cholesterol in the whole-body of D. rerio exposed to GEM through
diet during 30 d. These inconsistent results may be attributed to
differences in experimental methodologies like exposure dura-
tion, administration method, species used, organ studied, among
other factors. Furthermore, in the present study it is possible that
the mRNA increase in Ipl was not high enough to induce changes
reflected at the systemic level.

Acute stressors, including handling, transport, confinement as
well as xenobiotics, induce an elevation of plasma cortisol in most
fish species [20,37,38]. The results of the present study support



this premise, since GEM (1500jcgL™!) induced an increase in S.
aurata plasma cortisol. To the author’s knowledge, the only avail-
able study concerning GEM effects in fish cortisol response [18]
reported unaltered cortisol in the whole-body of zebrafish fed with
GEM. Studies in humans showed that GEM treatment caused an
elevation in serum levels of cortisol in men with dyslipidemia
[39]. The present results, demonstrated that S. aurata was able to
mount a normal physiological response to the chemical stressor
by increasing plasma cortisol levels. Nevertheless, the magnitude
of the response may be considered moderate taking into account
that acute handling stressors may induce 20 fold increases, and
in the present study, although significantly, a limited 4-5 fold
increase was observed after 1500 jcg L~! GEM exposure. Generally,
a fish stress response includes plasma cortisol and glucose increase.
However, different patterns of response have been found [38], indi-
cating that the relation between both parameters is not always
straightforward. In the present study, the cortisol increase was not
accompanied by glucose variation which seems to support the idea
that cortisol action on fish carbohydrate metabolism may be influ-
enced by a number of other factors, since glucose is not the only
fuel for fish energy metabolism [40]. Alternatively, it may also be
considered that the cortisol increase was not high enough to induce a
detectable increase in plasma glucose levels. The present results do
not point out to liver injury induced by GEM exposure, since AST,
ALP and ALT activities were unaltered in the plasma.

The star plots diversity shapes obtained for each GEM concen-
tration, reflected a dissimilar pattern of response, without a clear
relation with concentration. Further studies should focus on other
responses (e.g. linking gene expression with enzymatic activities).
Overall, despite the clear differences between the cited studies and
the present study (e.g. species, concentrations, exposure method-
ology), it appears that GEM may be recognized as a stressor to
fish and able to induce molecular alterations. Nonetheless, the
consequences of these alternations should be better explored by
assessing effects at longer exposures. Accordingto the present data,
GEM appears to induce in S. aurata a non-monotonic response
pattern, that may involve different molecular mechanisms (e.g.,
stress response, general toxicity, negative feed-back). It should
be taken into consideration that S. aurata is an estuarine/marine
fish, that will unlikely be exposed to the maximum reported lev-
els in the environment (effluents of sewage treatment plants)
tested in this study. Nonetheless, the maximum reported level
of GEM in seawater was, according to Gaw et al. (2014) [11],
758 ng L™!, approximately half of the lowest concentration tested
in the present study. Thus, more studies should be performed on
the effects of this pharmaceutical to fish, testing lower concen-
trations and also using endpoints with more obvious reflexes at
the population level such as behaviour alterations (e.g. swimming
performance).

5. Conclusions

Present study demonstrated that 96 h exposure to GEM, a
human pharmaceutical, caused effects on a non-target species.
It induced an increase in the transcriptional levels of key genes
involved in lipid homeostasis, even without a concomitant activa-
tion of ppar pathways. However, GEM does not appear to induce
an endocrine disruptive effect, since cortisol increased in plasma
which suggests that GEM may be recognized as a stressing agent
by fish although without affecting the intermediary metabolism.
Altogether present results suggest that S. aurata is sensitive to GEM
exposure thus producing a response that involves lipid homeosta-
sis, endocrine response and immune activation. Accordingto the
obtained data, il1 7, tnf_ and casp3 genes and cortisol plasma levels
appear as potential early warning indicators of GEM exposure, but

further studies should be performed in order to clarify effects both
at short- and long-term exposures.
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