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ARTICLE INFO ABSTRACT

Keywords: Lipid regulators, such as fibrates, are pharmaceuticals manufactured to treat dyslipidaemias in humans. Their
Lipid regulators constant use and discard combined to their environmental persistence and poor removal rates from wastewater
FibraFes makes of these emergent contaminants ubiquitous in aquatic systems, with gemfibrozil (GEM) being the most
ggll:(flsih commonly detected fibrate in water. The present study aimed to describe the effects of a 28day waterborne

exposure to both an environmentally relevant concentration (1.5 pg/L) and a spiked concentration (15 mg/L) of
GEM, in adult individuals of the model organism Carassius auratus (goldfish). To this end, bioaccumulation of this
compound in liver and muscle, as well as variations on haematological parameters, plasma biochemistry end-
points, and the expression of relevant target genes in the liver were investigated. The results indicated that,
following exposure to the highest concentration of GEM, this compound accumulated in both liver and muscle.
Similarly, significant increases were observed in haemoglobin levels, and mean corpuscular haemoglobin con-
centrations in individuals exposed to 15 mg/L of GEM. The biochemical profiling of plasma revealed significant
decreases of cortisol and glucose levels, as well as a significant increase in the total antioxidant capacity (TAC)
together with significant upregulations of gene transcripts related to antioxidant defences (gpx, gst) and lipid
metabolism (apoal). However, no changes were observed between treatments in the relative expression of key
pro-inflammatory markers (il14, il6 and il8) nor genetic markers of lipid metabolism (ppara pparp and ppary) or
plasma levels of cholesterol and triglycerides. Overall, the results suggest that bioaccumulation of GEM in
C. auratus triggers mild antioxidant responses at high doses but not at environmentally relevant ones.

Long-term exposure

Introduction

Lipid regulators, such as fibrates or statins, are pharmaceuticals
commonly prescribed to treat dyslipidaemias (Pahan, 2006), and their
production, use and discard rates are in accelerating growth (Fang et al.,
2012). The constant input of these compounds in wastewater influents
(Xia et al., 2005), combined with the common inefficacy of treatment
plants to remove these type of compounds from effluents (Khalil et al.,
2022; Martinez et al., 2012), and their environmental persistence (Fang
et al., 2012), makes of lipid regulators ubiquitous in natural environ-
ments (Pahan, 2006; Zhang et al., 2020). Fibrates decrease blood
cholesterol levels in humans by activating p-oxidation pathways
(Pahan, 2006), acting primarily as agonists to the peroxisome pro-
liferator system alpha (PPARq; Zhang et al., 2020), one of a class of
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transcription factors. Together with the § and y PPAR isotypes, PPARa
has a major role in mammalian lipid and carbohydrate metabolism, cell
differentiation and growth, inflammatory onset and antioxidant re-
sponses during whole-body homoeostasis and neurogenesis (Di Giacomo
et al.,, 2017). It has been reported that these lipid regulators act in a
similar manner in aquatic vertebrates (Al-Habsi et al., 2016), and that
prolonged exposure to these compounds might influence lipid meta-
bolism, reproduction, development, and immunity in fishes (Blonc et al.,
2023b; Skolness et al., 2012; Teles et al., 2016).

Concentrations of these pharmaceuticals in a series of aquatic sys-
tems have been quantified around Europe, with the most commonly
detected being gemfibrozil (GEM), a fibrate derivative widely prescribed
to regulate hypertriglyceridemia and cholesterol levels (Grenni et al.,
2013; Loos et al., 2009). GEM is a persistent emergent contaminant with
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a half-life between 119 and 288 days in surface waters (Araujo et al.,
2011). Measured values of GEM reach 1.7 ng/L in Italian tap water
(Loos et al., 2007), 10.34 ng/L in Portuguese surface waters (Pereira
etal., 2017), 758 ng/L in coastal waters (Gaw et al., 2014), up to 1 pg/L
in Spanish rivers (Martinez et al., 2010), an average of 16.9 pg/L in
commercial crop-derived irrigation waters (Garcia-Valverde et al.,
2023) and 5.315 pg/L in wastewaters derived from hospital practices in
the Mediterranean region (Castano-Trias et al., 2023). Insufficient or
unspecific wastewater management and climate-derived water scarci-
ties may alter the amount of pharmaceutically active compounds in
water bodies, aggravating the effects on the normal physiology in fish,
even in cultured ones, potentially having significant impacts on the fish
production sector. A major part of the literature investigating the effects
of fibrates in fish focuses precisely on GEM, its presence in the envi-
ronment, and its short-term effects (Blong et al., 2023b). However, more
long-term studies are needed to ascertain the impact of persistent xe-
nobiotics on marine organisms. Studies on the effects of prolonged ex-
posures to GEM in fish have focused mainly on zebrafish (Danio rerio), a
classical model species, with fewer studies dedicated to the effects of
these lipid regulators in commercial species (Al-Habsi et al., 2016; Blong
et al., 2023b; Fraz et al., 2018; Galus et al., M. 2014; Hammill et al.,
2018; Henriques et al., 2016).

The goldfish, Carassius auratus, also widely acknowledged as a model
organism (Blanco et al., 2018; Filice et al., 2022), presents some ad-
vantages compared to zebrafish, such as larger size, and greater resis-
tance to environmental extremes, facilitating handling and blood
extraction for haematological studies (Blanco et al., 2018). In goldfish,
chronic waterborne exposures to GEM may cause bioaccumulation of
GEM in plasma (Mimeault et al., 2005, 2006) leading to decreased levels
of plasmatic testosterone, and the activation of antioxidant defences, as
well as alterations in the lipid metabolism. Exposure to GEM in several
fish species seems to elicit alterations in swimming and social behaviour
(Barreto et al., 2018; Galus et al., M. 2014). However, in goldfish,
long-term co-exposure to GEM and serotonin uptake inhibitors not al-
ways correlate with neurotransmitter alterations and may not influence
swimming activity (Simmons et al., 2017). In other fish species, GEM
exposure tampers with the bioavailability of energetic resources
(Al-Habsi et al., 2016; Fraz et al., 2018), and have implications on
reproduction, transgenerational performance, development, and
homoeostasis, although often with evident differences between male
and female individuals (Fraz et al., 2019; Lee et al., 2019; Prindiville
et al., 2011; Skolness et al., 2012).

The present study aims to expand the knowledge available on the
effects of chronic exposures to GEM in fish, by challenging adult
C. auratus to a waterborne exposure to GEM over a period of 28 days. To
this end, the potential for bioaccumulation of GEM in muscle and liver,
the possible haematological alterations as well as differences in plasma
biochemical biomarkers linked to antioxidant defences and lipid meta-
bolism were investigated. Additionally, relative expression of transcripts
related to oxidative stress (catalase, cat; glutathione Peroxidase 1, gpx,
and glutathione S-transferase, gst), inflammatory responses (interleukins
14, 6 and 8, il1p, il6, il8) and lipid metabolism (apolipoprotein A, apoal;
lipoprotein lipase, Ipl; peroxisome proliferator-activated receptors o,
and y, ppara, pparp, ppary), were also assessed.

Materials & methods
Housing and husbandry

60 adult goldfish (14.03 + 1.47 cm total length, 26.8 + 5.45 g total
weight) were acquired from Acuario Plantado, Pamplona, Spain. The
fish were randomly allocated into 12 aerated experimental tanks, each
containing 20 L of water and 5 individuals, and left to acclimate for 1
week prior to the start of the challenge. Throughout the acclimation
period, fish were fed to satiation (Goldfish colour pellet, Tropical).
Water parameters (Temperature, pH, Ammonium, nitrites, and nitrates)
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were monitored daily, and 75% of the medium was changed every 3
days in order to avoid the accumulation of metabolites, and to maintain
water quality at optimal levels.

Exposure to gemfibrozil and sampling

Following the acclimation period, 75% of the water was replaced in
all tanks, guaranteeing that water quality parameters were at optimal
levels for the start of the experiment. The twelve experimental tanks
were randomly assigned to the different experimental treatments (5 fish
per tank, 4 replicates per treatment), namely “Control” (Ctrl), “Low
concentration” (LC), and “High concentration” (HC). Individuals
belonging to the Ctrl group were exposed solely to dimethyl sulfoxide
(DMSO, CAS: 67-68-5, MERCK) at a concentration of 0.5 mL DMSO/L of
water. The LC group was exposed to 1.5 ug/L GEM (CAS: 25,812-30-0,
MERCK) dissolved in DMSO, an environmentally relevant concentration
usually found on surface waters (Fang et al., 2012), and the HC group
was exposed to 15 mg/L GEM (Barreto et al., 2018). The exposure lasted
28 days, during which fish were fed daily to satiation at 10 am. Water
quality parameters, mortality, and abrupt changes in behaviour were
monitored throughout the experimental period, and the tanks were
maintained clean. Furthermore, 75% water changes were performed
every 3 days to avoid the accumulation of metabolites, and the test
compounds were added again to maintain experimental concentrations
in each tank throughout the test period.

Once the 28-day exposure period elapsed, fish were individually
euthanised by immersion in lethal doses (300 mg/L) of MS-222 (CAS
886-86-2) buffered with sodium bicarbonate (NaHCO3, CAS 144-55-8)
at a 1:2 ratio. Once stage 4 of anaesthesia (medullar collapse) was
reached, the fish were collected from the anaesthesia tank and blood was
extracted through caudal puncture employing 1 mL heparinised syringes
equipped with 25 G needles. 1 mL of blood was immediately transferred
into two Eppendorf (500 pL each) containing heparin. One aliquot was
destined for haematology, and therefore stored at 4° C until analysis,
whereas the remaining of the blood was centrifuged at 2000 G for 10
min in order to obtain plasma for biochemical analyses. Following blood
extraction, death of the fish was confirmed through spinal rupture and
necropsy was performed. Liver was collected from each fish and
immediately snap frozen in liquid nitrogen and stored at —80° C until
further analysis.

Gemfibrozil extraction

GEM was extracted from fish tissue samples according to Chen et al.
(2015) with little modifications. The whole liver or muscle (between
0.08 and 0.5 g) was homogenised and introduced in an Eppendorf tube.
Then, the matrix was spiked with 5 pl of Gemfibrozil p-16 (GEM-d16,
MERCK), here used as an internal standard, at 10 mg/L and left to
equilibrium for 20 min. Then, 1 ml of acetone (Chromasolv, USA) was
added, homogenized in a vortex for 1 min and for 5 min in an ultrasonic
bath. Then, the mixture was centrifuged at 12,000 rpm for 5 min, and
0.5 ml of the supernatant was collected and introduced in a LC-vial. This
procedure was repeated twice, and the acetone collected (1.5 ml) was
evaporated till dryness under nitrogen stream. Finally, the extracts were
reconstituted in 0.5 ml of methanol:water (1:9; Chromasolv, USA) and
preserved at —20 °C until instrumental analysis. In parallel to samples
extraction, a blank consisting on acetone was used to monitor any
possible cross contamination during the extraction process.

Gemfibrozil analysis

The analysis was carried out by means of liquid chromatography
coupled to high resolution mass spectrometry (LC—HRMS, QExactive).
The Acquity LC system was equipped with Purospher® STAR RP-18 end
capped analytical column (5 pm, 2 x 125 mm, MERCK). The injection
volume was 20 pL and the chromatographic separation was carried out
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using gradient conditions with (A) methanol and (B) water. The starting
gradient was 10% (A) for 30 s and then increased, reaching 90% (A) at
18.5 min. The gradient was maintained for 5 min in isocratic conditions,
re-equilibrated until the initial gradient during 1 min and maintained for
30 s, resulting in a total run time of 25 min. The chromatographic system
was coupled to the QExactive, equipped with an electrospray ionization
source (ESI), operating in negative ionization mode for GEM and GEM-
d16. Data acquisition was performed in Full MS (m/z 100 - 500) at a
resolution of 70,000 FWHM and data dependant scan MS2 (FS-ddMS2)
with a mass resolution of 17,500 FWHM for the most intense ion tran-
sition in both cases (m/z = 121).

The whole system was controlled by Xcalibur 3.0. The data was
processed by means of Xcalibur 3.0 QuanBrowser and the quantification
by means of calibration curve normalized by internal standard built in
methanol:water (1:9) from 0.1 to 500 ng/ml.

Control and quality parameters

Quality and control parameters including recoveries for each matrix,
reproducibility, expressed in relative standard deviation (%RSD), and
method limit of detection were experimentally calculated by spiking real
samples with labelled gemfibrozil pure standard (GEM-d6). Real sam-
ples were spiked at 50 ng/mL in water and with 5 ul of GEM-d6 at 1 mg/
L in muscle and liver. The recoveries for matrices were 77 % for liver and
104 % for muscle, both extracted with acetone, and 90 % for water
experiments extracted by SPE. The reproducibility expressed as%RSD
was adequate, being 23 % for liver (n = 10), 6 % for muscle (n = 10) and
32 % for water (n = 5). In addition, the method’s limits of quantification
were settled at 0.22 ng/g for liver and muscle as well as 0.2 pg/L for
water samples.

Haematology

Haematological analyses were performed less than 12 h after sam-
pling employing the automated flow cytometer blood cell analyser
Sysmex XN-1000 V, manufactured for veterinary purposes (Sysmex
Corp., Kobe, Japan). The system undergoes a daily internal quality
control using commercially available material specifically manufactured
for this purpose: Sysmex XN Check level 1 (low range), level 2 (normal
range), level 3 (abnormally high range).

Biochemistry

Total oxidative status (TOS) was determined as per Erel (2005),
whereas total antioxidant capacity (TAC) was measured through anal-
ysis of the ferric reducing ability of the plasma (Benzie and Strain,
1996). Adenosine Deaminase (ADA) activity was determined with
commercially available kits (Adenosine Deaminase assay kit, Diazyme
Laboratories, Poway, CA, USA). Cortisol levels were determined with a
commercially available enzyme immunoassay involving solid-phase
chemiluminescence (COR Cortisol, LKCO1, Siemens Health Di-
agnostics, Deerfield, IL) in an automated analyser (Immulite 1000,
Immulite System, Siemens Health Diagnostics; Franco-Martinez et al.,
2019). Plasma glucose, cholesterol and triglyceride levels were
measured using the automated analyser Olympus Diagnostica (GmbH,
Freiburg, Germany) following the manufacturer’s indications (Blong
et al., 2023a; Brandts et al., 2021).

Gene expression

Total RNA extraction was performed using TRI REAGENT (Sigma) as
per manufacturer’s recommended protocols. RNA concentration and
purity was determined employing a NanoDropND-1000 Spectropho-
tometer (Thermo Fisher Scientific). cDNA was generated through
reverse transcription with a commercially available kit (iScript cDNA
Synthesis Kit, Bio-Rad), following the manufacturer’s indications. The
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selected primers were tested for efficiencies through RT-qPCR using
serial dilutions of pooled cDNA (Pfaffl, 2001), and primers with effi-
ciencies between 90% and 110% were selected (Table 1). RT-qPCRs
were run in 384-well plates each containing 10 pL of SsoAdvanced™
Universal SYBR® Green Supermix (Bio-Rad), 200 nM primers and 2 pL
of cDNA, for a total volume of 20 pL, through the BIO-RADCFX384
Real-Time PCR Detection System (Bio-Rad). The selected house-
keeping genes, namely pactin, rps5 and rpl7, were assessed for suitability
using the GENorm algorithm integrated into the Bio-Rad CFX Maestro
software (Bio-Rad). The results indicated that the most stable genes were
rps5 and rpl7, which were therefore employed as reference genes. The
gene expression was calculated relative to 0 as per the Bio-Rad CFX
Maestro Used Guide’s recommendations.

Statistical analyses

All collected data was analysed using the open-source software
RStudio. Data was tested for homoscedasticity and normality employing
the Bartlett’s test and the Shapiro-Wilk test, respectively. As the data met
the assumptions for parametric tests, one-way Analyses of Variance
(ANOVA) were run to determine significant differences amongst groups
(P-values < 0.05). For the post-hoc test, the authors employed a pairwise
comparison with Bonferroni adjustment.

Results
Bioaccumulation of gemfibrozil in liver and muscle

The results from the quantification of GEM in both liver and muscle
indicate that bioaccumulation occurred at significantly higher rates in
the HC group, compared to both the Ctrl and the LC groups (Fig. 1). GEM
was also detected in both organs of Ctrl and LC, but levels remained
below the threshold for quantification. Therefore, no statistically sig-
nificant differences were found between these two groups. Furthermore,
no significant differences were detected in the bioaccumulation rates
between liver and muscle.

Haematology

The results obtained from the haematological analyses indicate a
significant increase of haemoglobin (HGB) in HC compared to Ctrl
(Fig. 2). Mean corpuscular haemoglobin concentration (MCHC) resulted
significantly lower in LC compared to HC. However, no significant dif-
ferences were found between Ctrl and LC nor between Ctrl and HC. None
of the other investigated parameters, including white and red blood cell
counts (WBC; RBC), haematocrit (HCT), and platelet count (PT), dis-
played significant variations between experimental groups.

Biochemical markers in plasma

The results from the biochemical analyses of blood plasma (Fig. 3)
indicate significant reductions in cortisol and glucose levels between the
Ctrl and both exposed groups. No significant differences in these pa-
rameters were detected between LC and HC. Whereas no differences
between treatments were found concerning TOS, TAC showed a signif-
icant increase in the HC group when compared to Ctrl and LC. No sig-
nificant differences were found between treatment groups in ADA
activity, triglycerides and cholesterol plasma levels between treatments.

Gene expression in liver

The results obtained through real time qPCR analysis (Fig. 4)
revealed that apoal transcripts were significantly upregulated in the HC
group compared to the Ctrl and LC groups but the expression of the rest
of transcripts associated to lipid metabolism (Ipl, and ppara, pparf and
ppary) remained unaltered at the end of the 28-day exposure to GEM.
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Table 1
Primer sequences used in the real time qPCR analysis.
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Gene GenBank Accession number Sequence (5->3") Product size

ps5 XM_026226870.1 Fw 5 CACGCCTTTGAGATCATCCAC 128
Rv 5 TGTCTCCTCACGGTTCCAG

rlp7 XM_026286641.1 Fw 5 ATGGTGTCAGCCCTAAAGTCC 190
Rv 5 ATCTTGCCAAATCCACGCTTG

ppara XM_026238527.1 Fw 5 CCCCAGAGTCTCCAAATGACC 269
Rv 5 TGACTGGCTTTGTGAGGAGG

pparp XM_026270284.1 Fw 5 TGGCTTTGTGGATCTCTTCC 178
Rv 5 GATCTCGCTGAAAGGTTTGC

pparv XM_026240742.1 Fw 5¢ TTCCACAGCTGTCAGTCTCG 201
Rv 5 CATGAAGATCTGTCCGTAGG

Ipl XM_026198452.1 Fw 5 GGCCAAGTTTGTCAACTGG 166
Rv 5 CTCAAAACTAGGGCCAGCA

apoa 1 XM_026226007.1 Fw 5 TCAACTGGGAGGAGACCAAG 201
Rv 5 TGCCCAACTCTTCCATCTTC

il1p XM_026220385.1 Fw 5" GATGCGCTGCTCAGCTTCT 66
Rv 5 AGTGGGTGCTACATTAACCATACG

il6 XM_026289280.1 Fw 5 CTGGATGCAGTGCCTGTCTA 214
Rv 5 TCACGTCTTCAAACGCAGTC

il8 XM_026204952 Fw 5 CTGAGAGTCGACGCATTGGAA 75
Rv 5 TGGTGTCTTTACAGTGTGAGTTTGG

cat XM_026203265.1 Fw 5 TACACCGATGAGGGCAACT 170
Rv 5 AACGATTCAGGACGCAAAC

&x XR_003293223.1 Fw 5 GAAGTGAACGGTGTGAACGC 94
Rv 5 GATCCCCCATCAAGGACACG

gst XM_026224781.1 Fw 5 GTGGATTACTTCAATGGCAGAG 211
Rv 5 CAGCGATGTAGTTCAGGATGG

N
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2 =]
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Fig. 1. Bioaccumulation of gemfibrozil (GEM; mean + SD) in liver and muscle
of adult Carassius auratus following a 28-day waterborne exposure (n = 10; Ctrl:
0 mg GEM/L; LC: 1.5 pg GEM/L; HC: 15 mg GEM/L). Significant differences
(P<0.05) are depicted by different letters.

Similarly, the expression of transcripts related to inflammatory re-
sponses (il1p, il6 and il8) did not change the expression levels between
treatments. Concerning the anti-oxidative mediators, gpx and gst, but not
cat, transcripts appeared significantly upregulated in LC compared to
Ctrl and in HC compared to LC.

Discussion

Once absorbed by the gastrointestinal tract, GEM exerts its multi-
tissue hypolipidemic effects in mammals by activating the PPAR

receptors, inducing an up-regulation of apoal and Ipl mainly in muscle
and adipose tissues. In turn, this decreases the levels of plasma tri-
glycerides, inhibits peripheral lipolysis, and reduces the hepatic removal
of fatty acids by mechanisms still not entirely understood (Roy and
Pahan, 2009). The present results showed that GEM bioaccumulates at
quantifiable concentrations in the liver and muscle of fish at high (15
mg/L) exposure concentrations (Fig. 1). However, GEM was also
detected in the control group and in fish challenged with LC (1.5 pg/L)
concentrations of this compound, although below the threshold for
quantification. The bioaccumulation of GEM observed in goldfish tissues
is in accordance with the described bioaccumulation of GEM in
muscular and fatty tissues of fish(X. Zhang et al., 2010), plasma (Mim-
eault et al., 2005), and liver (Ramirez et al., 2009; Skolness et al., 2012),
at environmentally relevant, and spiked waterborne concentrations. In
addition, a previous study described bioretention of GEM in whole-fish
samples collected from wild populations, with lower concentrations
being quantified in fish tissues than in the surrounding water (Meador
et al., 2016). The detection of GEM in the tissues of the control group
could be explained by the possible current presence of this compound in
Spanish tap water, as described in other European countries (Loos et al.,
2007). Furthermore, it is likely that, as in humans, GEM undergoes he-
patic metabolism, being transformed into inactive metabolites in the
liver (Quintanilla Rodriguez and Correa, 2019). Therefore, the evident
differences in accumulation rates between the analysed organs might be
directly linked to the pharmacokinetic properties of this compound, and
the enzymatic differences between liver and muscle. In fact, the bio-
accumulation properties of pharmaceuticals and other xenobiotics in
fish seem to differ between organs and tissues, due to species-specific
metabolic needs (Chen et al., 2017), and usually the liver seem to be
more efficient (due to a more complex enzymatic pool of xenobiotic
degradative components) than muscle in the short-term clearance of
xenobiotics and unwanted pharmaceuticals, lessening the outcome of
oxidative stress (Beghin et al., 2021). This may explain the observed
accumulation of GEM in the muscle vs. liver in goldfish (the former
being a bona fide indicator of chronic contamination, as suggested by
Orias et al. (2015), and may also relate to the appearance on myopa-
thologies and muscle disorders related to an excess of Gemfibrozil in
mammals, mainly due to inhibition of the glucuronidation pathway and
cytochrome P4502C8 (CYP2C8) activity (Dubinska-Magiera et al.,
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Fig. 2. Haematological parameters of adult Carassius auratus following a 28-day exposure to gemfibrozil (GEM; n = 10; Ctrl: 0 mg GEM /L; LC: 1.5 pg GEM/L; HC: 15
mg GEM/L; mean + SD). Significant differences (P<0.05) are depicted by different letters. The investigated parameters were: White Blood Cell count (WBC), Red
Blood Cell count (RBC), Haemoglobin (HGB), Haematocrit (HCT), Packed Cell Volume (PCV), Prothrombin Time test (PT), Mean Corpuscular Volume (MCV), Mean
Corpuscular Haemoglobin (MCH), Mean Corpuscular Haemoglobin Concentration (MCHC), Platelet count (PLT), Red Cell Distribution Width (RDW).

2021) Present results, however, contrast with a previous report of bio-
accumulation in C. auratus plasma following a 14-day waterborne
exposure to 1.5 pg/L and 1.5 mg/L of GEM (Mimeault et al., 2005).
Altogether this suggests a variable pattern of bioaccumulation during
chronic exposures to the drug that, once taken up through the gills
(Mimeault et al., 2005), is then transported by blood and accumulated
within the plasma at first, accumulating in organs (e.g. muscle) only
after longer exposures, or at higher doses.

A common side effect of GEM in humans is the development of
anaemia (Strauss et al., 2012). Present results indicate that chronic
exposure to GEM did not induce significant changes in the number of
erythrocytes, leukocytes nor haematocrit in goldfish after the 28-day
treatment. Nonetheless, total haemoglobin (HGB), as well as mean
corpuscular haemoglobin concentration (MCHC) resulted higher in the
HC group. This could indicate that, as opposed as what has been

reported in humans (Scatena et al., 1995), haemoconcentration
occurred due to a reduced affinity of red blood cells to haemoglobin.
Therefore, the observed response is similar to that observed in fish
subjected to hypoxic conditions (Tervonen et al., 2006), or to an acidic
medium (Kulkarni and Barad, 2015). However, it cannot be ruled out
that the present results reflected the remains of an over-compensatory
erythropoietin (EPO)-mediated effect regulated by the activation of
hypoxia-inducible factor (HIF) as described for PPARa-knockout mice
exposed to GEM (Estrela et al., 2020). The authors reported a transient
(14 days) PPARa-dependant anaemia, leukopenia and changes in hae-
moglobin and haematocrit levels that were reverted on day 21 after GEM
treatment, concurrent with elevated EPO plasma levels and increased
expression of HIF-2a and EPO in renal tissue of treated mice. The
mechanisms of GEM-induced anaemia are still far from being resolved,
and the EPO-dependant regulation of erythropoiesis in fish differs from
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Fig. 4. Relative gene expression of Carassius auratus liver homogenates following a 28-day waterborne exposure to gemfibrozil (GEM; n = 10; Ctrl: 0 mg GEM/L; LC:
1.5 pg GEM/L; HC: 15 mg GEM/L; mean + SD). Statistical differences (P<0.05) are represented by different letters above the corresponding columns. The inves-
tigated endpoints were Catalase, cat; Glutathione Peroxidase 1, gpx, glutathione S-transferase, gst, interleukins 6, 8 and 18, il6, il8, il1f; apolipoprotein A, apoal;
lipoprotein lipase, Ipl; peroxisome proliferator-activated receptors «, B, and Y, ppara, pparfs, ppary.

that of mammals (Kulkeaw and Sugiyama, 2012), but present results
seem to agree with the timing of haematological variations described for
short-term/chronic GEM exposure in mice.

Absence of major changes in lipid metabolism and immune biomarkers in
goldfish after chronic exposure to gemfibrozil

The 28-day exposure to GEM did not lead to significant changes in
plasma levels of neither cholesterol nor triglycerides. These results agree
with previously published literature, stating that no significant changes
in plasma cholesterol and triglycerides occurred following a waterborne
exposure of Pimephales promelas (fathead minnow) to GEM (Skolness

et al., 2012). In contrast, it has been reported that Oncorhynchus mykiss
(rainbow trout) exposed to this emergent contaminant through injection
did display significant alterations in these parameters (Prindiville et al.,
2011). This suggests a species-specific scenario of lipid physiology in
fish that also involves the regulatory adipogenesis networks. The man-
agement of lipids in fish results from a balance between hypertrophy and
hyperplasia of adipocytes in visceral adipose tissues (Salmeron, 2018).
This is orchestrated by ppary and assisted by adipogenic gene markers
such as Ipl, involved in the hydrolysis of circulating triglycerides to
produce the free fatty acids (FFA) required for growth and metabolism
(Rakhshandehroo et al., 2010), or apoal, implicated in the transport of
cholesterol (Xie et al., 2020). Ppara and pparf complete the minimal
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genetic repertoire to adequately process lipids, with varied tissue rep-
resentation but similar ligands in fish species (Pascoa et al., 2022).
However, the pleiotropic effects of the PPAR family extend beyond the
management of lipids and affect general homoeostasis. For instance, the
activation of PPARa upon feeding on high-fat content diets enhances the
expression of antioxidant regulators, such as cat and gpx. Furthermore, it
inhibits the expression of pro-inflammatory cytokines such as il1f or il6
in an effort to control the upsurge of reactive oxygen species (ROS)
derived from the oxidative metabolism of lipids and FFA absorption
(Ahmadian et al., 2013). Ppary, in turn, may be inhibited by an excess of
ROS, adding layers of complexity to the regulation of lipid metabolism
in presence of xenobiotics (Li et al., 2022). In the present experiment, a
significant increase in the expression of apoal mRNA in goldfish liver
exposed to GEM was observed, being consistent with previously pub-
lished literature. It has been reported that after a short-term exposure to
150 pg/L of GEM in water, Sparus aurata (gilthead seabream) displayed a
significant upregulation of this gene in the liver (Teles et al., 2016).
Concerning PPARSs, the significant differences in the expression of ppara
transcripts were somewhat expected, as it has been demonstrated that
PPARs may be affected, to some extent, by GEM. In addition, they may
regulate the expression of other genes involved in lipid metabolism (e.g.
apoal, Ipl) in mammals (Singh et al., 2011; Staels et al., 1998),. How-
ever, previous studies on fishes have stated that GEM does not neces-
sarily induce the activation of ppar pathways in the liver, although it
may alter the abundance of other genes related to lipid metabolism, such
as Ipl and apoal (Teles et al., 2016). This was reported, for instance, in
rainbow trout exposed to GEM through injections over a period of 15
days, where an increase in Ipl, was observed, although not accompanied
by up- or down-regulations of ppara (Prindiville et al., 2011). This is
consistent with the results obtained through the present experiment.
Additionally, C. auratus exposed to waterborne GEM at concentrations
reaching 1500 pg/L failed to display increased levels of ppara and ppary.
However, the expression of pparf mRNA resulted significantly down-
regulated (Mimeault et al., 2006). On the other hand, an experiment
challenging D. rerio with dietary exposure to GEM over a 30-day period
resulted in significant upregulations of ppara, only in females, and of
ppary, regardless of sex (Al-Habsi et al., 2016). In addition to ppara,
pparp and ppary transcripts remained unresponsive to GEM that,
together with the lack of differences in plasma cholesterol and triglyc-
eride levels between treatments, indicates a lack of altered overall lipid
metabolism in response to long-term exposure to GEM in goldfish.

The absence of changes in the expression of ppara transcripts may
explain the absence of inflammation at day 28, as indicated by the lack
of changes in the expression of key pro-inflammatory immune tran-
scripts, namely il1f, il6, and il8. Previously published studies have re-
ported a significant increase in the expression of il1p following a short-
term waterborne exposure to GEM, both in the liver (Teles et al., 2016),
and in the gills and head kidney of S. aurata (Oliveira et al., 2018).
However, the authors described this effect as time- and dose-dependant.
Similarly, the expression of il6 did not change between groups in the
present study. Oliveira et al. (2018) described a significant increase in
the abundance of this gene in the head kidney of S. aurata. However, this
was only observed at 1500 pg/L, and not at lower nor higher concen-
trations in this organ. In addition, the levels of this gene remained un-
changed in the gills of gilthead seabream, regardless of the exposure
concentration (Oliveira et al., 2018). This further corroborates that the
response to this emergent contaminant is dependant on the dose and the
organ investigated. Lastly, the expression of il8 did not display any
significant differences amongst groups in the present study. In humans,
GEM has been demonstrated to significantly reduce the expression levels
of this pro-inflammatory cytokine, either as a direct effect (Wagner
et al., 2011), or through the inhibition of il14-induced expression of il8,
as observed with other fibrates (Stolarz et al., 2015). However, as the
present results did not indicate any significant decrease in either il1f or
il8, it can be hypothesized that the mechanism of actions of GEM, as
other fibrates, may differ from mammals to fish. Therefore, further
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studies are required to fully understand the effects GEM may have on the
immune response amongst these taxa.

Impact of long-term exposure to gemfibrozil on cortisol levels in goldfish

More intriguing is the downfall of plasma cortisol levels at day 28 in
goldfish exposed to low and high concentrations of GEM (see Fig. 3). The
expected physiological response to stressors is an increase of cortisol
levels in plasma, resulting from an activation of the hypothalamic-
pituitary-interrenal (HPI) axis (Aluru and Vijayan, 2009). Enduring a
chronic exposure to GEM, which also acts as an endocrine disruptor,
could alter the availability of energetic resources, such as steroids, and
affect the HPI axis as observed with other endocrine disruptors (Teles
et al., 2006), impairing the cortisol-mediated response. Alterations of
stress neuroendocrine axis in fish exposed to pharmaceutical xenobiotics
have been described previously in zebrafish (Al-Habsi et al., 2016).
Indeed, low levels of cortisol were also demonstrated in females, but not
in males, treated chronically (30 days) with GEM and other
anti-dyslipidaemics. The authors argued that this could be due to altered
signalling in reproductive-related triglyceride and cholesterol balance
and abundance (Al-Habsi et al., 2016), which were unaltered in the
present study. Instead, present results seem to correlate with the effects
described in zebrafish exposed to antipsychotic drugs such as diazepam
and fluoxetine, that diminish cortisol levels at short- and long-term
challenges, effectively blocking the cortisol-mediated behavioural re-
sponses to acute stress and anxiety (Egan et al., 2009), whereas risper-
idone and aripiprazole increase the plasma cortisol levels in the same
species (reviewed by Mauro et al., 2021). In the present research study,
glucose follows the same pattern described for cortisol, but, considering
the lack of expression of ppara transcripts, that once active are known to
decrease glucose levels (Chou et al., 2002), the diminishing pattern
probably reflects the decrease in the cortisol-dependant hepatic gluco-
neogenesis (Jentoft et al., 2005). Reduced plasma glucose levels may
also reflect the depletion of an energetic resource due to a higher en-
ergetic demand of exposed individuals undergoing a series of highly
energetically demanding processes. These may include antioxidant
mechanisms to counter the effects of ROS associated with xenobiotic
exposure (Liang et al., 2020). Clearly, the effects of pharmaceutically
active compounds, such as GEM, on the stress physiology of fish are
species-, sex-, drug-, dose-, and developmental stage-dependant and may
be influenced by the combined interaction between several xenobiotics.
The underlying physiological mechanisms that lower plasma cortisol
levels in presence of pharmaceutical xenobiotics are still unresolved in
fish but may correlate with the affectation of serotonergic signalling in
the central nervous system (Porretti et al., 2022), that partially de-
termines behavioural patterns. In this sense, male zebrafish early
exposed to fluoxetine maintained hypocortisolism and exploratory
behaviour in the offspring (Vera-Chang et al., 2018). This suggests that,
if persistent, the potential anxiolytic effects induced by chronic exposure
to both low and high levels of GEM in goldfish may be of special concern.
Furthermore, these may be difficult to predict in terms of behavioural
coping with stressful environments prone to biomagnification and un-
predictable changes in physicochemical variables. It has been suggested
that, in fish, plasmatic cortisol levels are tightly linked to the hierar-
chical position of individuals (Sloman et al., 2004), and that, conse-
quently, cortisol-linked social interactions might be hampered by
prolonged exposure to GEM. Similarly, a wide range of cortisol-related
processes, such as anti-predatory behaviour, responses to environ-
mental stressors, or growth, might be impaired, having strong delete-
rious effects on the fitness of individuals, and significantly affecting their
survival. (Gagnon et al., 2006; Teles et al., 2006). Therefore, the pres-
ence of GEM in aquatic systems may have effects not only at an indi-
vidual level, but also at a population or species scale.
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GEM has been considered an agonist of PPAR«a and thus been added
to the formulation of fish diets with high content of carbohydrates, in an
attempt to control for the undesirable oxidative and immune effects of
such diets in such dysregulated metabolism scenarios (Luo et al., 2020).
However, the present results indicate that the agonistic effects of GEM
on goldfish were only partially fulfilled: the apparent immune quies-
cence  contrasts with the  upregulated expression  of
oxidative-stress-related transcripts at high doses, together with an
enhanced TAC. TAC and TOS reflect the combined action of different
antioxidants, and the presence of different oxidant species, respectively,
and have been suggested as valuable endpoints to assess the possible
oxidative damage in fish following an exposure to chemicals (Teles
et al., 2016). In the present study, TAC, but not TOS nor ADA, a
biomarker for both oxidative stress and immune response (Blonc et al.,
2023a), increased in the HC group, compared to both the LC and Ctrl
groups. The observed TAC values may reflect, in part, the upregulation
of transcripts related to antioxidant defences. The relative expression of
hepatic gpx mRNAs was significantly higher in the HC group when
compared to the Ctrl and LC groups, agreeing with the previous findings
in the same species (Mimeault et al., 2006). However, in contradiction
with the results of the present experiment, the authors described a sig-
nificant increase of gpx related enzymes at the lowest tested concen-
trations, equivalent to the one hereby imposed on the LC group,
compared to the control, but not between exposed groups. In S. aurata,
previous findings have reported an upregulation of this antioxidant
defence-related transcript, as well as superoxide dismutase (sod2), in
gills and head kidney after a 96-h exposure to 15 mg/L GEM (Oliveira
et al., 2018). However, the authors stated that no other antioxidant in-
dicator resulted significantly altered by this exposure. In contrast, Teles
et al. (2016), following a similar experimental design, described no
significant changes in the activity of any antioxidant genes in the liver of
the same species, under the same exposure conditions. On the other
hand, a study replicating the experiment found significant increases in
the hepatic expression of gpx at concentrations ranging from 15 pg/L to
15 mg/L GEM (Barreto et al., 2018). On the contrary, intraperitoneal
(IP) injection of GEM in Solea senegalensis resulted in significantly lower
gpx activity compared to the control group (Solé et al., 2014). The
upregulation of hepatic gst transcripts observed in the present study with
increasing GEM concentration agrees partly with previously published
results stating significant increases in this gene’s activity only at 1.5
ug/L, but not at higher concentrations (Mimeault et al., 2006). None-
theless, no changes in the expression of this antioxidant indicator were
reported in either liver, gills nor head kidney of S. aurata and Anguilla
anguilla (European eel; Barreto et al., 2018; Lyssimachou et al., 2014;
Oliveira et al., 2018; Teles et al., 2016). As with gpx, gst activity in the
liver of S. senegalensis was significantly lowered by IP injection of GEM
(Solé et al., 2014). Lastly, no significant differences were found in
abundance of cat mRNA in the present study. These results agree with
previous findings on S. aurata challenged with an acute waterborne
exposure to GEM, where no significant alterations in catalase activity
were described (Oliveira et al., 2018; Teles et al., 2016). Nonetheless, a
study on C. auratus with similar experimental design as the present,
resulted in a significant increase in the expression of hepatic cat with
increasing GEM concentration. Similarly, Barreto et al. (2018) observed
an increase in cat at 15 mg/L GEM in S. aurata. In addition, Lyssimachou
et al. (2014) reported an upregulation of cat, although only in A. anguilla
injected with 0.1 pg/L, and not at higher concentrations. In contrast, in
S. senegalensis injected with GEM, a significant decrease in catalase ac-
tivity was reported (Solé et al., 2014).

Overall, the anti-oxidative response in goldfish enduring 28 days of
GEM seems restricted to high doses and limited in intensity and
recruitment of antioxidant markers. This may indicate a decaying
defence against ROS during the initial exposure to GEM that trends to-
wards normal homoeostasis at day 28. Alternatively, this could indicate
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a mildly oxidative stress elicited by continuous exposure to GEM.
However, as discussed above, ppary and pro-inflammatory transcripts
remained unaltered, which suggests an absence of a strong immune-
related ROS production that may eventually inhibit ppary (Li et al.,
2022). On the other hand, this could result from the activation of
macrophages and other cellular components on the defence response
against a xenobiotic. Therefore, the anti-oxidative response to GEM may
obey the complex effects of the breakdown of GEM at high but sublethal
doses following the bioaccumulation in liver and muscle of goldfish. In
mammals, drug and xenobiotic biotransformation involves the cyto-
chrome P450 (CYP)-dependant phase I and the conjugation-dependant
phase II enzymatic reactions. The former includes hydrolysis and
oxidation of molecules and the later the presence of endogenous polar
components, such as glutathione, that links to the xenobiotic due to
transferases such as glutathione S-transferases (Xu et al., 2005). Both
enzymatic complexes oxidize GEM to highly reactive phenolic and
glucuronide metabolites and induce oxidative stress that, in turn, re-
quires the activation of antioxidant biomarkers (Stading et al., 2020).
Activity of CYP enzymes was not hereby evaluated. However, consid-
ering the upregulation of gst transcripts observed in goldfish exposed to
high doses of GEM, and the quiescence of the pro-inflammatory mRNAs
analysed, the overrepresentation of reactive metabolites derived from
the biotransformation of chronic exposure to high doses of GEM may
account for the mild anti-oxidative responses observed. However, it is
worth mentioning that the biotransformation reactions are complex, still
poorly studied in fish and strongly organ-, species-, sex-, and xenobiotic
type-dependant.

Concluding remarks

To summarize, the present results show that a chronic (28-day)
exposure to environmentally relevant and high sublethal doses of GEM
induced bioaccumulation of this pharmaceutical in the goldfish liver and
muscle. The latter is of particular importance to the aquaculture in-
dustry, as it is the most relevant in terms of fish consumption. Therefore,
it represents an additional exposure and biomagnification pathway for
humans through the consumption of contaminated seafood products.
Both prolonged exposure and bioconcentration may have played a role
in the observed differences in biochemical plasma endpoints between
treatments, suggesting (1) a mild anti-oxidative response to high but not
low doses of GEM that maybe related to the biotransformation enzy-
matic reactions to GEM, (2) the possibility of transient anaemia during
the treatment, (3) an unaltered expression of lipid metabolism bio-
markers, including key regulators such as ppara and ppary, and pro-
inflammatory cytokine transcripts, notably il1f3, a canonical telltale of
inflammatory outbursts, and (4) an intriguing reduction of plasma
cortisol levels. This indicates that GEM may act, to some extent, as a
stress-inducing agent, and, as described in other fish species, may
tamper with reproduction, development, stress responses, and overall
fitness of both wild and cultured populations, affecting the bioavail-
ability of energetic resource in a strongly species-specific manner. The
effects of GEM depend upon the developmental stage, sex, exposure
concentration and duration. Therefore, further studies are needed to
describe the in-deep mechanisms of physiological disturbance that high
doses of GEM. These disturbances may originate from inappropriate
wastewater management or unregulated bioaccumulation in natural and
cultured systems. The present findings should serve as a foundation for
future research, which is needed to understand their potential effects at
different life stages of different species, both wild and cultured, and may
help shape future legislations concerning pharmaceutical waste man-
agement and sewage treatment practices. Furthermore, the relevance of
long-term exposure in terms of adaptive phenotypes in the population
and persistent transgenerational physiological changes must be looked
into. Moreover, investigating the synergistic effect of GEM in combi-
nation with other contaminants (Andrzejczyk et al., 2020), or environ-
mental factors, may give a more comprehensive insight on the
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mechanism of action of this compound, and their implications, not only
from an environmental point of view, but for the aquaculture industry,
and ultimately global food security.
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