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ARTICLE INFO ABSTRACT

Keywords: Racemic ketoprofen (RS-KP) and its enantiomer, dexketoprofen (S(+)-KP) are widely used non-steroidal anti-
Ketoprofen inflammatory drugs (NSAIDs), and commonly detected in the aquatic environment. The present study has
Dexketoprofen evaluated the toxicological effects of RS-KP and S(+)-KP on biotransformation and oxidative stress responses in
ESQIDS gills and liver of Atlantic salmon. Fish were exposed for 10 days using different concentrations of RS-KP (1, 10

and 100 pg/L) and S(+)-KP (0.5, 5 and 50 pg/L). Biotransformation and oxidative stress responses were analysed
at both transcript and functional levels. In the gills, significant inhibitory effect at transcriptional and enzymatic
levels were observed for biotransformation and oxidative stress responses. On the contrary, biotransformation
responses were significantly increased at transcriptional and translational levels in the liver, while the associated
enzymatic activities did not parallel this trend and were inhibited and further demonstrated by principal
component analysis (PCA). Our findings showed that both compounds produced comparable toxicological ef-
fects, by producing organ-specific effect differences. RS-KP and S(+)-KP did not bioaccumulate in fish muscle,
either due to rapid metabolism or excretion as a result of their hydrophobic properties. Interestingly, the
inhibitory effects observed in the gills suggest that these drugs may not undergo first pass metabolism, that might
result to downstream differences in toxicological outcomes.

Organ-differences
Toxicological responses

1. Introduction metabolized and transformed molecules (Williams, 2005). Furthermore,

the quantity of pharmaceutical products that are discharged into the

Pharmaceuticals are a big class of emerging environmental pollut-
ants widely used daily for different purposes. The concern about these
compounds is due to their accelerating usage and perpetual disposal
resulting in chronic-persistent presence in the environment and poten-
tial toxicity towards non-target organisms (aus der Beek et al., 2016; Yin
et al., 2017). Pharmaceuticals end up in different environmental com-
partments through multiple routes, and over the past two decades an
increasing number of reports have measured traces of various pre-
scription and over-the-counter pharmaceuticals (Jones et al., 2001;
Herberer, 2002; Fent et al., 2006; Gworek et al., 2019). Pharmaceuticals
mainly enter into environmental compartment as a consequence of
intense private usage and are released either as parent compound or as
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environment exceeds the transformation capability in the environment
(Nikolaou et al., 2007). Analysis of diverse aquatic environments led to
the identification of more than 600 pharmaceuticals and personal care
products (PPCPs), and transformed products in surface water, ground-
water, sewage treatment plants (STP), wastewater treatment plants
(WWTP) and soil (IWW, 2014; Kiimmerer, 2013). Once excreted,
pharmaceuticals may have different fate — they may undergo biodeg-
radation, either remain suspended or dissolved in water, bind to bio-
solids or sewage sludge (Trudeau et al., 2005). The degradation rate of
pharmaceuticals depends on their chemical proprieties and environ-
mental compartment they reach (Fent et al., 2006).

Non-steroidal anti-inflammatory drugs (NSAIDs) are considered one
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of the most used group of pharmaceuticals worldwide due to their
availability, low cost and absence of addictive side effects (Asghar et al.,
2015). NSAIDs are regularly detected in both WWTP and surface waters
at low concentrations, although the continuous and chronic exposure to
low concentrations may produce toxic effects (Fent et al., 2006; Weigel
et al., 2004; Kafaei et al., 2018). Among NSAIDs, Ketoprofen (KP) is one
of the most used and frequently detected compounds in many countries.
A large number of studies have reported the detection of KP in different
environmental compartments at concentrations, ranging from 250 ng/L
to 5.7 pg/L (Fent et al., 2006; Murray et al., 2010; Spongberg et al.,
2011; Lapworth et al., 2012; Marsik et al., 2017). KP is a racemic
mixture characterized by an equal amount of two enantiomers, R(-)-KP
and S(+)-KP (Fent et al., 2006). However, the anti-inflammatory effect
of the racemic RS—KP, resides almost exclusively in the S(+)-enan-
tiomer (Barbanoj et al., 2001). Consequently, the efficacy of the S
(+)-enantiomer has generated high interest in the commercialization of
the dextrorotatory enantiomer (dexketoprofen: S(+)-KP) (Agranat et al.,
2002). The enantiomeric distribution of NSAIDs in the aquatic envi-
ronment depends on the extent of both the chiral inversion of R-enan-
tiomers during human metabolism and preferential biodegradation of
S-enantiomer during wastewater treatment (Caballo et al., 2015).
Recently, ecotoxicological effects of both the racemic and S(+)-KP on
non-target organisms (bacteria, algae, crustaceans) were reported
(Mennillo et al., 2018a, b). In these studies, we also evaluated the
toxicity of these compounds by investigating the biotransformation
(cytochrome P450) and oxidative stress pathways in two different in
vitro cell models (Mennillo et al., 2018a, b).

The cytochrome P450 (CYP)-dependent monooxygenase system
plays a pivot role in the oxidative metabolism or biotransformation of a
wide range of foreign compounds, including drugs (Anzenbacher and
Anzenbacherova, 2001; Kulesar et al., 2016). Induction of Cypla at
transcriptional, translational and catalytic levels in fish organs such as
the liver and gills, is routinely used as biomarker of exposure to envi-
ronmental contaminants (Oris and Roberts, 2009; Jonsson et al., 2006).
Specifically in the gills, CYP-catalysed first-pass metabolism may take
place, resulting to decreases in systemic bioavailability of rapidly
metabolized waterborne pollutants Jonsson et al., 2006; Andersson and
Part, 1989; Levine and Oris, 1999). A high number of pharmaceuticals
are metabolized by CYP enzyme in fish, thus CYP enzymes are of critical
importance for both detoxification and formation of toxic metabolites
(Dorne et al., 2007). Moreover, there are evidences showing that phar-
maceutical products may also activate oxidative stress by increasing
reactive oxygen species (ROS) production and subsequently modulating
antioxidant responses (Mennillo et al., 2018b(Dorne et al., 2007; Osburn
and Kensler, 2008). The antioxidant system plays an important role in
the maintenance of cellular homeostasis in organisms (ibid).

Based on our knowledge, studies on toxicological responses related
to biotransformation and oxidative stress, after exposure to either RS-KP
or S(+)-KP are very limited or almost non-existent in fish. Therefore, the
aim of the present study is to evaluate the in vivo differential organ- and
compound-specific toxicological effects of these pharmaceuticals using
fish model and at both transcriptional and functional product levels.
Biotransformation and antioxidant pathways were examined in the liver
and gills of salmon exposed to different waterborne concentrations of
RS-KP and S(+)-KP. Our hypothesis is that waterborne exposure of
salmon to RS-KP and S(+)-KP will produce organ- and compound-
specific effects on anti-oxidant and biotransformation responses at
transcriptional and functional products (enzyme and proteins) levels,
and indicative of toxicological response patterns in the exposed animals.

2. Materials and methods
2.1. Chemicals and reagents

Pharmaceuticals ketoprofen RS-KP (CAS: 22071—15-4) and dexke-
toprofen S(+)-KP (CAS: 22161-81-5) were purchased from Sigma-
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Aldrich (St. Louis, MO, USA) and were of analytical standards with
purity of 99 %. Stock standard solutions of pharmaceuticals were pre-
pared the same day of exposure in deionized water at 10 mg/L. Amber
glassware was used to prevent light degradation of pharmaceuticals.

2.2. Experimental animals

Atlantic salmon (Salmo salar) juveniles were obtained from Sette-
fiskanlegget Lundamo AS (Lundamo, Norway) and brought to the ani-
mal holding facilities of the Norwegian University of Science and
Technology (NTNU), Department of Biology (Sealab, NTNU), where
acclimation and exposure was performed. Fish were acclimated for a
period of 9 days, in a 100-L tank with continuously running freshwater
at 10 °C, using a 12:12 h photoperiod. The animals were given food once
during acclimation, and thereafter starved during the exposure period,
to avoid possible interaction with contaminant absorption processes and
antioxidants in fish feed.

2.3. Exposure and sampling

The fish were divided into six exposure groups and two control
groups, of 6 individuals each. The treatment groups were exposed for 10
days to three different nominal concentrations for each compound (RS-
KP: 1, 10 and 100 pg/L or S(+)-KP: 0.5, 5 and 50 pg/L). The low (RS-KP:
1 and S(+)-KP: 0.5) and medium (RS-KP: 10 and S(+)-KP: 5) concen-
trations were chosen to resemble the environmental relevant concen-
trations, while the high concentration (RS-KP: 100 and S(+)-KP: 50)
were used to mimic an extreme condition. Each group was kept in a
separate 70 L glass aquarium with continuously aerated freshwater. The
water (80 %) was changed every five days, and new treatment solution
was added to restore the desired concentration within each tank. See SI
for detailed sampling protocol.

2.4. Quantitative (real-time) PCR

Total RNA was isolated directly from the liver and gills samples
performed using the Direct-zol RNA MiniPrep RNA isolation Kkit,
following the manufacturer’s instructions. RNA samples integrity was
confirmed by spectrophotometric analysis and formaldehyde agarose
gel electrophoresis. cDNA was generated using the iScript cDNA syn-
thesis kit, as described by the supplier (Bio-Rad). Real-time PCRs were
performed with gene-specific primers (SI Table S3) using the Mx3000 P
real-time PCR system (Stratagene, La Jolla, CA). Detailed real-time
protocol is presented in the SI.

2.5. Post-mitochondrial supernatant (PMS) and biochemical assays

PMS fractions were prepared by centrifugation as described previ-
ously (Pesonen and Andersson, 1987) and presented in the SI.

The 7-ethoxyresirufin O-deethylase (EROD) and 7-methoxyresorufin
O-demethylase (MROD) activities in the liver and gills were measured in
PMS fractions from all exposure groups as described by (Burke and
Mayer (1974)). Detailed protocol is presented in the SI.

Antioxidant enzyme activities were measured in gills and liver PMS
fractions from the RS-KP (100 pg/L) and S(+)-KP (50 pg/L), only, due to
limited sample materials. Glutathione peroxidase (Gpx), glutathione
reductase (Gr), glutathione-s-transferase (Gst), catalase (Cat) activities
were performed according to standard protocols and detailed protocols
are presented in the SL

Total amount of protein was determined with the method of (Brad-
ford (1976)), using bovine serum albumin (BSA) as standard. All en-
zymes and protein measurements were performed using a Synergy HT
microplate reader from Bio-Tek Instruments Inc. (Winnoski, Vermont,
USA) for absorbance and fluorescence readings.
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2.6. Immunoblotting assays

Total liver proteins (30 pg) was separated by 12 % precast sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE: Bio-
Rad). Protein bands intensity were quantified using ImageJ software
1.52 t. Detailed immunoblotting protocol is presented in the SI.

2.7. Analytical chemistry

Concentrations of RS-KP and S(+)-KP were measured in experi-
mental water solutions and fish muscle. Enantiomers were measured via
an enantioselective high-pressure liquid chromatography- ultraviolet
(HPLC-UV) detection method. Water samples were filtered and extrac-
ted with SPE (Strata™-XL 100 pm Polymeric Reversed Phase) followed
by HPLC analysis with a chromatographic system that consisted of a
Series 200 PerkinElmer gradient Pump coupled to a Series 200 Perki-
nElmer variable UV detector, which was set at 254 nm. Detailed protocol
is presented in the SI.

2.8. Statistical analyses

Statistical analyses were performed using GraphPad Prism, version
6.01 (GraphPad Software Inc. 2012). One-way ANOVA followed by
Dunnett’s multiple comparison test was performed to evaluate differ-
ences between treatment and control groups in each organ. Two-way
ANOVA followed by Sidak’s multiple comparison test was performed
to evaluate differences within exposure condition between liver and gills
and to compare the effects of racemate and its enantiomer in each tissue.
The level of statistical significance was set at p < 0.05. Principal
component analysis (PCA) was applied to evaluate the relationship be-
tween RS—KP and S(+)-KP and biomarkers in liver and gills of control
and exposure groups along the experimental period. This analysis was
performed using the PAST 3.25 software.

3. Results
3.1. RS-KP and S(+)-KP concentrations in test solutions and fish

Concentrations of RS-KP and S(+)-KP in the experimental water was
measured at day O and before renewal at day 5. The nominal exposure
concentrations for R(-)KP and S(+)-KP in RS-KP solutions are reported in
Table 1. At the nominal concentration of 100 pg/L of RS-KP, a similar
reduction level was measured for both enantiomers in the presence or
absence of fish. On the other hand, slight reduction values were

Table 1
Nominal and measured concentrations of RS-KP [R(-) and S(+) enantiomer] in
the different exposure tanks.

“Measured concentration (pg/L)

Day 0 Day 5 Deviation (%)
Nominal R() S(+) R(E) S(+) R() S(+)
concentration
(ng/L)
0 n.d. n.d. n.d. n.d. n.d. n.d.
1 1.6 + 1.2+ 1.5+ 2.0+ -9.3 67.2
0.1 0.1 0.2 0.2
10 4.1+ 4.0 + 5.8 + 58+ 39.8 43.8
0.3 0.2 0.5 0.6
100 640+ 71.0+ 55.0+ 60.0 + -141 -155
3.9 5.3 4.1 5.0
100 without fish 64.0 + 71.0 + 60.0 + 61.0 £ —6.3 —-14.1
3.9 5.3 3.6 3.4

n.d. = not detected. 0 = Control.

* Sum of 50 % R(-) and S(+) enantiomers.

# Deviation (%) = (Measured concentration (day 0 — day 5)/measured con-
centration (day 0) x 100).
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observed at day 5, for the S(4)-KP nominal exposure concentrations of
0.5, 5 and 50 pg/L, with deviation percentages at: -14.1, 2.8, -8.1 and
-10.9, respectively (Table 2). However, it is possible that these changes
might be due to experimental error or adsorption to the walls of expo-
sure tanks (Maharajan et al., 2018). The concentrations of RS-KP and S
(+)-KP were also measured in fish muscles and were found to be below
the detection limit (Data not shown).

3.2. Effects on biotransformation responses

Biotransformation responses were assessed in the liver and gills of
the experimental animals. Fish exposed to RS—KP showed significant
concentration-dependent increase (liver) or decrease (gills) for cypla
mRNA levels (Fig. 1A). These exposure response pattern represent an
opposing trend in the two organs after exposure (Fig. 1A). Specifically,
the expression of cypla in gills was significantly decreased at 10 and 100
pg/L RS—KP, compared to the control group, while the expression of
cypla in liver was significantly increased at the same concentrations of
RS—KP (Fig. 1A).

On the functional product level, we observed that the gills and liver
EROD activities were decreased after exposure to RS—KP, and signifi-
cantly so in the gills at 10 and 100 pg/L RS—KP, compared to the control
(Fig. 1C). Cypla protein levels measured by immunoblotting method
showed concentration-dependent increase in protein band intensity in
the liver samples (Fig. 3A).

The expression of gills cypla mRNA was significantly reduced after
exposure to S(+)-KP at 5 and 50 pg/L, compared to controls (Fig. 1B). In
the liver, we observed concentration-specific significant increase of
cypla expression after exposure to S(+)-KP at 5 and 50 pg/L, compared
to controls (Fig. 1B). For the EROD activity, we observed significant
decrease after exposure to S(+)-KP at all tested concentration for the
gills and liver (Fig. 1D). No significant changes in immunochemically
measured Cypla protein was observed in liver samples after exposure to
S(+)-KP (Fig. 3B).

For cyp3a transcript expression in the gills and liver, we observed
similar exposure effects between RS-KP and S(+)-KP. The expression
levels of cyp3a mRNA in gills significantly decreased below control, after
exposure to RS-KP at 1 and 100 pg/L concentrations (Fig. 2A). In
contrast, liver cyp3a transcript expression was significantly increased
after exposure to RS-KP at 10 and 100 pg/L of (Fig. 2A). The effects of
RS-KP paralleled the significant reduction (gills) and elevation (liver) of
MROD activity at all exposure concentrations (Fig. 2C) and immuno-
chemically determined Cyp3a protein expression levels in the liver
(Fig. 3 Q).

For the (S(+)-KP) enantiomer, gills cyp3a transcript levels were
significantly decreased in fish at all exposure concentrations (Fig. 2B). In
the liver, significant concentration-specific increase of cyp3a transcripts
was observed after exposure to S(+)-KP (Fig. 2B). On the functional
activity level, gills MROD decreased in a concentration-dependent
manner after exposure to S(+)-KP (Fig. 2D). For the liver, MROD ac-
tivity was significantly induced after exposure to 0.5 pg S(+)-KP/L, and

Table 2
Nominal and measured concentrations of S(+)-KP in the different exposure
tanks.

Measured concentration (ug/L)

Nominal concentration (ug/L)  Day 0 Day 5 Deviation” (%)
0 n.d. n.d. n.d.

0.5 0.7 £0.1 0.7 £0.1 -14.1

5 75+1.1 52+1.5 2.8

50 63.3+54 582+4.9 -8.1

50 without fish 63.3+54 56.4+4 -10.9

n.d. = not detected. 0 = Control.
# Deviation (%) = (Measured concentration (day 0 — day 5)/measured con-
centration (day 0) x 100).
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Fig. 1. Transcriptional changes of cypla in gills and liver (A and B), and EROD activity in gills and liver (C and D) of juvenile of Atlantic salmon after 10 days of
exposure to RS—KP and S(+)-KP. Transcripts and enzymatic data are reported as mean =+ standard error of the mean (SEM) and presented as percent (%) of control (n
= 6). Significant differences between control and exposure groups in each organ are reported as *p < 0.05; **p < 0.01 and ***p < 0.001 (One-way ANOVA followed
by Dunnett’s multiple comparison test) and between organs at the same concentration are marked with *p < 0.05, ##p < 0.01, *##p < 0.001 and *#*##p < 0.0001

(Two-way ANOVA followed by Sidak’s multiple comparison test).
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Fig. 2. Transcriptional changes of cyp3a in gills and liver (A and D), and MROD activity in gills and liver (C and D) of juvenile of Atlantic salmon after 10 days of
exposure to RS—KP and S(+)-KP. Transcripts and enzymatic data are reported as mean =+ standard error of the mean (SEM) and presented as percent (%) of control (n
= 6). Significant differences between control and exposure groups in each organ are reported as *p < 0.05; **p < 0.01 and ***p < 0.001 (One-way ANOVA followed
by Dunnett’s multiple comparison test) and between organs at the same concentration are marked with *p < 0.05, *#p < 0.01, **#p < 0.001 and *#*##p < 0.0001

(Two-way ANOVA followed by Sidak’s multiple comparison test).

thereafter, a non-significant concentration-dependent decrease of liver
MROD was observed (albeit above control levels: Fig. 2D). In general,
the liver cyp3a transcript expression pattern paralleled increases in
immunoblotted Cyp3a protein after exposure to S(+)-KP (Fig. 3D).
Although the biotransformation results showed similar responses for
the racemate and its enantiomer, differences between RS-KP and S

(+)-KP were evaluated for each concentration (Table 3). In particular, S
(+)-KP exposure produced higher induction of liver cypla mRNA,
compared to RS-KP at medium and high concentrations and stronger
inhibition of EROD activity at the same exposure conditions. In addition,
the expression of gill cyp3a mRNA was significantly reduced after
exposed to S(+)-KP, compared to RS-KP, particularly at the medium-
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Fig. 3. Immunoblotting analysis using western blotting of Cypla (A and B) and Cyp3a (C and D) in the liver of juvenile of Atlantic salmon after 10 days of exposure to
different concentrations of RS—KP and S(+)-KP. 30 pg of total protein concentration was loaded per well. Graphs below blotting images show scanned protein band
intensity and all arbitrary unit (AU) values represent mean =+ standard error of the mean (SEM; n = 2-3 protein bands).

and high exposure concentrations (Table 3).

3.3. Effects on antioxidant responses

Further assessment of toxicity was conducted by monitoring the
levels of the principal oxidative stress markers (gpx, gr, cat and gst) in the
gills and liver upon exposure to RS-KP and S(+)-KP. Transcriptional
analysis of gpx, gr, gst and cat revealed concentration-specific significant
decreases after exposure to RS-KP, compared to control (Fig. 4A, B, C
and D, respectively). On the other hand, liver gpx and gr mRNA
expression showed concentration-dependent significant increase after
exposure to RS-KP (Fig. 4A and B). However, liver gst and gr expressions
were significantly below control levels, after exposure to 1 pg RS-KP
(Fig. 4A and B). Furthermore, liver gst and cat mRNA also showed RS-
KP exposure-specific expression patterns, significantly increasing at
100 pg/L (gst) and at 10 and 100 pg/L (cat), compared to control (Fig. 4C
and D, respectively). Gills gst and cat mRNA showed RS-KP exposure-
specific expression pattern, that were generally below control levels
(Fig. 4C and D, respectively).

Fish exposure to S(+)-KP produced significant concentration-
dependent elevation in liver gpx, gr, gst and cat transcript levels,
compared to control (Fig. 5A, B, C and D, respectively). For the gills, S
(+)-KP produced significant concentration-dependent reduction (almost
to total inhibition in some variables) in gpx, gr, gst and cat transcript
levels, compared to control (Fig. 5A, B, C and D, respectively).

To further confirm the physiological relevance of the changes in
transcription patterns, we measured Gpx, Gr, Gst and Cat enzymatic
activities in the gills and liver of fish exposed to the highest (100 pg/L)
concentrations of RS—KP and S(+)-KP (Fig. 6). In the gills, the enzy-
matic activities paralleled the transcript expression patterns, showing
significant inhibition of all activities, compared to the control fish
(Fig. 6A). On the hand, liver Gpx, Gr, Gst and Cat activities did not show

significant changes, compared with control group and these were in
contrast with the transcript expression patterns observed at the 100 pg/L
exposure group (Fig. 6B).

The comparison between RS-KP and S(+)-KP showed that most of the
antioxidant genes were induced higher in liver (gpx, gr and gst) or
inhibited more in the gills, when exposed to S(+)-KP (Table 3).

3.4. Principal component analysis (PCA)

The relationship between all analytical observations and different
exposure groups of the tested pharmaceuticals in the liver and gills is
shown in Fig. 7. Principal component 1 and 2 (PC1 and PC2) together
accounted for 87 % of the total variance. In particular, PC1 accounted
for 70.4 %, showing the liver samples at the positive side of the axis,
while gills samples were at the negative side. Considering the liver
samples, both RS—KP concentrations (10 and 100 pg/L) exhibited high
correlation with all molecular biomarker, while antioxidant response
and biotransformation biomarkers displayed major correlation with S
(+)-KP (5 and 50 pg/L). Coloured convex hulls defined each set of point
for liver and gills exposed to RS—KP and S(+)-KP (Fig. 7) and overall
PCA data is presented in SI Table S4.

4. Discussion

In the present study, the toxicity of RS-KP and S(+)-KP was evaluated
by exposing salmon to different concentrations of these NSAIDs for a
period of 10 days. Limited amount of studies on the toxicity of RS-KP are
available, and non-existent for S(+)-KP. Previous reports have shown
that low concentrations of RS-KP may produce significant changes at
transcriptional levels, with strong impact on the representative trophic
levels of the aquatic ecosystem (Illés et al., 2014; Mezzelani et al., 2016).
In particular, we recently showed that biotransformation and oxidative
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Table 3

Comparison of the analysed biomarker responses between RS-KP and S(+)KP in
liver and gills at low (1 or 0.5 pg/L), medium (10 or 5 pg/L) and high (100 or 50
pg/L) concentrations. Data are presented as percentage (%) of control and re-
ported as mean =+ standard error of the mean (SEM). Significant differences
between RS-KP and S(+)-KP are determined by Two-way ANOVA followed by
Sidak’s multiple comparison test. “Data are given as mean + SEM.

Tissue  Exposure Biomarker  RS-KP* S(+)-Kp* Significant
Liver Low cypla 64.9 + 5.4 54.7 £ 6.8 no
Medium 205.3 + 743.3 + yes
12.9 39.3
High 209.5 + 8.4 519.2 + yes
26.9
Gills Low 85.6 + 5.2 138.0 + yes
12.8
Medium 62.6 + 4.7 46.7 +1.3 no
High 48.3 + 3.3 349 + 4.0 no
Liver Low EROD 96.9 + 5.7 70.4 + 4.3 yes
Medium 84.4+73 65.2 + 4.1 no
High 92.9 + 9.1 68.9 + 3.0 yes
Gills Low 95.7 + 4.1 75.8 + 8.9 no
Medium 70.8 + 3.7 71.2 £ 4.0 no
High 70.9 £ 4.3 75.8 £3.3 no
Liver Low cyp3a 112.1 + 141.2 + no
13.7 11.1
Medium 368.6 + 347.6 + no
24.3 27.4
High 394.6 + 193.5 + yes
24.3 17.3
Gills Low 42.6 + 2.3 59.3 + 3.6 no
Medium 84.6 + 6.6 62.1 + 5.8 yes
High 56.5 + 4.3 19.1 + 2.0 yes
Liver Low MROD 95.5 +5.3 161.0 + yes
13.4
Medium 125.0 + 126.1 + no
13.1 18.0
High 134.9 + 105.2 + no
20.9 18.5
Gills Low 79.1 £3.7 81.5+5.5 no
Medium 63.8 £ 2.4 73.7 £ 6.9 no
High 83.7 +2.8 67.4 + 4.4 no
Liver Low &ox 83.3+3.7 152.4 + no
12.7
Medium 177.5 + 424.9 + yes
29.2 51.6
High 292.2 + 399.2 + no
33.7 36.4
Gills Low 13.1+1.4 18.0 + 4.3 no
Medium 85.9 + 4.5 38.8 + 14.2 yes
High 47.3 + 7.0 10.2 + 2.9 yes
Liver Low gr 75.2 + 8.9 220.9 + yes
24.9
Medium 141.3 + 2.2 320.9 + yes
42.6
High 154.6 + 420.6 + yes
13.3 27.8
Gills Low 19.6 + 2.8 29.2 +£4.1 no
Medium 74.3 £ 6.5 69.6 + 8.6 no
High 53.9 + 6.8 12.1 + 4.0 yes
Liver Low gst 30.7 £ 2.9 136.9 + yes
31.4
Medium 91.5 + 5.2 186.9 + yes
24.1
High 124.0 + 211.6 + yes
13.4 29.8
Gills Low 34.2 £ 6.1 35.2 +4.1 no
Medium 76.7 + 2.7 46.4 + 6.4 yes
High 65.1 + 8.6 18.4 + 2.9 yes
Liver Low cat 66.4 + 5.8 90.4 +£15.3 no
Medium 1729 + 178.6 + no
19.4 22.4
High 208.9 + 185.9 £ 9.8 no
15.1
Gills Low 75.0 + 7.2 47.0 + 2.7 yes
Medium 74.5 + 3.5 58.9 + 3.8 no
High 64.3 + 5.9 43.1 +7.6 yes
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stress pathways were activated and differentially modulated in cell lines
exposed to these drugs (Mennillo et al., 2018a, b). Additionally, bio-
assays using non-target organisms such as algae and crustacean were
severely impacted after chronic exposure to RS-KP and S(+)-KP (Men-
nillo et al., 2018a). In the present study, exposure to these drugs pro-
duced significant, but differing effects on the liver and gills,
demonstrating that environmentally relevant concentrations of RS-KP
and S(+)-KP activated toxicological and protective cellular responses
in fish.

4.1. Biotransformation responses

The liver is the main metabolizing organ involved in detoxification
and biotransformation of xenobiotics (Nunes et al., 2015). The relevance
of using CYPs as biomarkers for toxicity has been documented over the
years (Hong and Yang, 1997; Kroon et al., 2017). Among the CYPs,
Cypla and Cyp3a represent the main enzymes involved in phase I
biotransformation (Popovic et al., 2015). Our study showed that both
compounds activated the AhR to produce cypla transcription. Despite
the increase of hepatic cypla mRNA observed after 10 days of exposure,
EROD activity in the liver was at the control levels in fish exposed to
RS-KP, and showing significant inhibition in fish exposed to S(+)-KP.
Several hypotheses could explain this discrepancy, such as
post-transcriptional stabilization of mRNA, translational delay or
inversion of response (Di Bello et al., 2007; Nahrgang et al., 2010). In
particular, an in vitro study showed that maximal induction of EROD
occurs after 6 h of exposure period to RS-KP, while an increase in
exposure time to 12 h, did not produce EROD induction (Thibaut and
Porte, 2008). As mentioned above, our study focused on a long-term
exposure in order to mimic the environmental chronic exposure and
thus, it is possible that extended exposure inhibited the EROD activity.
However, we can also not exclude that the lower activities registered
could be a consequence of a rapid metabolization of these drugs via
other detoxifying pathways.

Another important Cyp enzyme involved in drug metabolism is
Cyp3a and in fish, it can be induced by a variety of compounds. The
cyp3a expression is thought to be mediated by the pregnane X receptor
(PXR) in Atlantic salmon (Finn, 2007; Uno et al., 2012). PXR regulates
expression of many CYP isoforms and is activated by several xenobiotics
including pharmaceuticals, although the specific mechanism of inter-
action is not well understood (Popovic et al., 2015). Our results suggest
that both the racemate and his enantiomer can induce cyp3a gene and its
translation to protein in the liver, thus implicating the activation of PXR.
PCA analysis showed strong relationship between cyp3a and MROD
activity at the highest concentrations of RS-KP, while cypla expression
was more related to S(+)-KP. Overall, biotransformation data in liver
pointed to the conclusion that there was no evidence of any biotrans-
formation enzymatic activities, even though induction at both tran-
scriptional and translational level of CYPs occurred. The earlier response
at transcriptional and translational level compared to catalytic activity
could be explained by the timing of post-translational processes. Previ-
ous studies on biotransformation enzymes in organisms exposed to
different chemicals has reported this type of discrepancies between
transcriptional and catalytic levels (Regoli et al., 2005; Benedetti et al.,
2007, 2009). Specifically, the response discrepancies between mRNA
and functional products (enzymes and proteins) observed for the
biotransformation and antioxidant responses may imply that under
stressful conditions produced by NSAIDs, an induced mRNA transcrip-
tion may not be necessarily needed, in order to maintain metabolic
equilibrium at physiological levels. The argument for this is that mRNA,
proteins and enzymatic activities could be target of transcriptional,
post-transcriptional and/or post-translational toxicity that include, but
not limited to reduced mRNA stability, slower protein synthesis, folding
alterations, and cofactor depletion. Therefore, given that cells may
initiate transcriptional processes towards adaptation to stressors, a
reduction in functional response might limit cellular capacity to adapt to
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Fig. 4. Transcriptional changes of gpx (A), gr (B), gst (C) and cat (D) in gills and liver of juvenile of Atlantic salmon after 10 days of exposure to RS—KP. Data are
reported as mean =+ standard error of the mean (SEM) and presented as percent (%) of control (n = 6). Significant differences between control and exposure groups in

each organ are reported as *p < 0.05; **p < 0.01 an

***p < 0.001 (One-way ANOVA followed by Dunnett’s multiple comparison test) and between organs at the

same concentration are marked with *p < 0.05, #*p < 0.01, *##p < 0.001 and **##p < 0.0001 (Two-way ANOVA followed by Sidak’s multiple comparison test).

physiological changes resulting from exposure to NSAIDs, as has been
previously demonstrated with estrogenic and anti-estrogenic responses
(Celander, 2011; Arukwe et al., 2008) and sex-related differences in
biotransformation responses (Larsen et al., 1992; Arukwe and Goksgyr,
1997). However, a clear interpretation necessitates the determination of
expression at deepest level prior to defining a possible regulatory
mechanism.

CYPs expression was also evaluated in the gills, as they represent the
first physical barrier between the water compartment and fish. The gills
are relatively sensitive to water quality variations (Poleksic and
Mitrovic-Tutundzic, 1994; Fernandes and Mazon, 2003). Our data
showed that the gills responded with consistent inhibition of cypla and
cyp3a mRNA that parallel EROD and MROD activities. Additionally, PCA
analysis confirmed similar effect from exposure to both drugs on gills,
showing adjacent convex hulls located on the same side of the PCA di-
agram. Inhibitory responses measured in the gills was also observed in
other environmental studies, where some categories of pharmaceuticals
produced specific CYP inhibition in fish gills (Beijer et al., 2010).
Different molecular and biochemical responses between tissues are due
to their different metabolic capacity (Regoli et al., 2011), and in this
case, it can also be hypothesized that a delayed response in the liver
compared to the gills occurred.

4.2. Antioxidant responses

Previous studies in fish have reported increases in ROS production
following exposure to pharmaceuticals, including NSAIDs (Li et al.,
2010a, b; SanJuan-Reyes et al., 2013; Gonzalez-Rey and Bebianno,
2012). In particular, some classes of drugs can be metabolized by CYPs
to active metabolites, that further induce associated-oxidative stress.
Among antioxidants, Cat is a crucial enzyme which plays an important

role by breaking down hydrogen peroxide (H202) and maintaining the
cellular redox homeostasis. In our study, exposure to RS-KP and S(+)-KP
induced a significant increase of liver cat mRNA. Other transcripts
related to ROS detoxification (Gpx, Gr and Gst) were increased in the
liver in response to high RS-KP and S(+)-KP exposures, whilst their
transcripts were decreased in the gills. This is in accordance with pre-
vious reports Gonzalez-Rey and Bebianno, 2012), suggesting that
exposure to RS-KP or S(+)-KP may affect the capacity to form reduced
glutathione (GSH) in the gills. Furthermore, the different responses
observed in the liver and gills enforce the idea that antioxidants may
play diverse functions in different organs (Regoli et al., 2003). Indeed, in
the literature, there are several reports showing how the antioxidant
system can be modulated through either transient or permanent varia-
tion in different species, tissues and contaminant types (Regoli et al.,
2003; Osman et al., 2007; Xiao et al., 2007; Binelli et al., 2009). The
analysis of oxidative stress markers upon exposure to the racemate and
its enantiomer, highlighted similar responses between the two mole-
cules in both the liver and gills. However, the PCA analysis indicated
that a more significant correlation exists between activation of GSH
related oxidative markers and exposure to S(+)-KP in liver, while Cat is
more related to RS-KP.

Additionally, a significant reduction of catalytic activities, compared
to the control was observed in the gills after exposure to the highest
concentration of RS—KP and S(+)-KP, in line with transcript expression
levels. On the other hand, we observed activities similar to the control
group in the liver. Interestingly, a clear transcriptional activation of the
related antioxidant enzymes was also highlighted, suggesting that post-
transcriptional mechanisms may represent an extra layer of regulation
for the antioxidant defences (Regoli et al., 2003). A recent study that
exposed adult zebrafish to RS—KP concentrations for 42 days, showed
strong significant decreases of several hepatic antioxidant enzymes and
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Fig. 6. Enzymatic activities of GPx, GR, GST and CAT in gills (A) and liver (B)
of juvenile of Atlantic salmon after 10 days of exposure to highest concentration
of RS—KP (100 pg/L) and S(+)-KP (50 pg/L). Data are reported as mean =+
standard error of the mean (SEM) and presented as percent (%) of control (n =
6). Significant differences between control and exposure groups in each organ
are reported as *p < 0.05; **p < 0.01 and ***p < 0.001 (One-way ANOVA
followed by Dunnett’s multiple comparison test).

associated histological damage (Rangasamy et al., 2018). In light of
these and our findings, we may hypothesize that approximately 10 days
of chronic exposure to NSAIDs is sufficient to severely impair antioxi-
dant responses in the gills, as this organ represents the interface between
contaminants and environment.

Subsequently, prolonged exposure (>10 days) to NSAIDs may have
the potential to induce impairment and damage to other organs such as
the liver. Indeed, further studies, aimed at investigating histological
damage after chronic (>10 days) exposure to RS-KP and S(+)-KP are
needed to confirm this hypothesis. Even though some differences were
observed comparing the racemate to its enantiomer, showing pro-
nounced effects when fish were exposed to S(+)-KP, our in vivo data did
not highlight overall differential responses. This suggests that compound
stereo-dependent toxicity may not be an issue in whole organisms with
intact metabolic capacity. Nevertheless, more studies that include the R
(-)-KP enantiomer may help in providing support for this assumption.

In conclusion, the present study has demonstrated the differences
between RS-KP and S(+)-KP on toxicological responses related to
biotransformation and antioxidant defence systems of fish. Interestingly,
the exposure of fish to these NSAIDs produced significant, but differing
effects on the liver and gills, and demonstrating a mode of action (MOA)
that differentially targets toxicological and protective cellular responses
at both transcriptional and functional product levels. Thus, our study has
provided a solid overview and understanding on the molecular and
cellular MOA for NSAIDs and possibly other pharmaceuticals that are
ubiquitously distributed in environment.
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