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Abstract Nitric oxide (NO) is a mediator and biomark-
er of pro- and anti-inflammatory processes. Excessive
levels of NO for long periods have been associated with
inflammation and tissue damage. The metabolism and
synthesis of NO is usually measured indirectly, as me-
tabolites and enzymes involved in reactions, often as the
nitrite/nitrate (NOXx) level. The aim of the present study
was to measure the NOx levels in vital organs of juve-
nile silver catfish (Rhamdia quelen) exposed to various
levels of eprinomectin in the water. The fish were ex-
posed for 24 and 48 h to start concentration (0 h) of
eprinomectin in water (0.0, 1.12, 1.80, and 3.97 pg/L).
The eprinomectin concentrations in water were lower at
24h(0.0,0.85,1.14,and 1.15 pg/L) and 48 h (0.0, 0.39,
0.69, and 1.28 pg/L), due to the process of eprinomectin
metabolization. Subsequently, the fish were left for 48 h
of recovery in eprinomectin-free water. NO levels were
measured indirectly, as NOx levels in brain, liver, and
gill tissue. Within 24 h of exposure, there was no
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significant increase in NOx levels in the organs evalu-
ated at any of the concentrations tested. However, in-
creases in NOx levels did occur at 48 h of exposure in all
organs, particularly at the two highest concentrations of
eprinomectin (1.80 and 3.97 pg/L). The transfer of fish
to eprinomectin-free water did not result in reversal of
NOx levels after 48 h of recovery, especially in fish that
had been exposed to the two highest concentrations in
the brain and liver tissues, and for the highest concen-
tration in the gills. We conclude that silver catfish ex-
posed to eprinomectin for up to 48 h present possible
cerebral, hepatic, and branchial inflammatory process
associated with increased tissue NOx levels, and that
recovery for 48 h in water without antiparasitic is insuf-
ficient for the fish to recover from the poisoning.

Keywords Avermectin - Environmental
contamination - Impairment of organ functions -
Freshwater fish - Vital organs

Introduction

Nitric oxide (NO) is a simple, small, versatile gas mol-
ecule with high diffusibility; however, it is highly toxic
by virtue of the presence of a free radical (an extra
electron) that causes it to become highly reactive. NO
is produced by enzymes iNOS (nitric oxide synthase)
and eNOx (endothelial oxide synthase) (Thomas et al.
2008). When diluted, NO has a half-life of less than 10 s
due to its rapid oxidation to nitrite and nitrate, which
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gives rise to the variable used to measure NO, the nitrite/
nitrate level (NOx) (Tatsch et al. 2011). NO functions as
a neurotransmitter, in addition to endocrine, autocrine,
and paracrine activity. It is also recognized as intercel-
lular messenger or NO-messenger in the cardiovascular,
bronchopulmonary, renal, and nervous systems
(Bahadoran et al. 2020). NO can act beneficially or as
a toxin, depending on its concentration and the tissue in
question, as well as on the tissue clearance capacity for
NO. Among its cytotoxic effects, NO can bind to he-
moglobin or other proteins that contain a heme nucleus
and can induce cell death, compromising tissues and
organs (Flora Filho and Zilberstein 2000).

Eprinomectin is a veterinary antiparasitic drug from the
group of macrocyclic lactones and is a member of the
avermectin family. It is administered primarily in topical
or injectable form. Its main indication is the prevention or
treatment of infections by endoparasitic organisms, mainly
nematodes, and ectoparasites such as flies. Veterinary
drugs that contain eprinomectin are intended for ruminants,
especially cattle (Merck 1996), and also can be used for
treatment of cats (Kvaternick et al. 2014) and dogs (Kozan
et al. 2008). Contamination of terrestrial and aquatic biotas
by eprinomectin can occur through direct or indirect hu-
man activity, inadequate disposal of residual drugs or
packaging, leaching, through the feces of animals treated
during grazing or organic fertilization, or through contact
of these animals with water during baths or rain exposure
(when the animal is treated topically) (Serafini et al. 2019a,
2019b, 2019¢). According to the Environment Agency of
England, the predicted eprinomectin concentration in sur-
face water and groundwater used to treat pasture animals
are 0.94 ug/L and 0.001 pg/L, respectively, or 1.11 pg/L
in surface water when used to treat intensively reared
livestock. The pollution of the aquatic environment with
eprinomectin, as well as its effects on non-target aquatic
organisms, has attracted particular attention because of the
lack of scientific data on its toxicological aspects.

Recent studies have focused on demonstrating that
eprinomectin has adverse and toxic effects on non-target
terrestrial (Serafini et al. 2019a) and aquatic (Alak et al.
2017; Serafini et al. 2019b, 2019¢) organisms, and that
these effects can cause concerning impacts on the
environment, even directly or indirectly in aquaculture
production, especially in freshwater fish. Recently,
Serafini et al. (2019b) found that silver catfish (Rhamdia
quelen) exposed to 1.124, 1.809, and 3.976 ug
eprinomectin/L. water for 24 and 48 h gave rise to
hepatic oxidative stress caused by increased levels of
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oxidation biomarkers (reactive oxygen species
(ROS) and lipid peroxidation) and impaired activity of
antioxidant enzymes (glutathione peroxidase, superox-
ide dismutase, and glutathione-S transferase), contribut-
ing to hepatic damage and toxicity. The same authors
reported an impairment of essential enzymes involved in
maintenance of bioenergetic homeostasis in silver cat-
fish exposed to eprinomectin, as adenylate kinase and
pyruvate kinase (Serafini et al. 2019b), which reveals
the negative effects of this drug on non-target organ-
isms. Serafini et al. (2019¢) also found that these same
concentrations of eprinomectin affect brain tissue, man-
ifesting as behavioral changes caused by increased
levels of ROS and inhibition of important neurotrans-
mitters, including acetylcholine and the sodium-
potassium ATPase. It is important to note that the re-
covery periods proposed by these studies (i.e., 48 h in
eprinomectin-free water) were insufficient to reverse the
effects of the drug on the broadest range of biochemical
and behavioral effects, especially those caused by expo-
sure to the highest concentrations of eprinomectin in
water (Serafini et al. 2019b, ¢). These data indicate
impairment of fish health in environments contaminated
by eprinomectin, even if in the presence of low concen-
trations over short exposure periods.

The findings also suggest that NO is an important
mediator and biomarker molecule in pro- and anti-
inflammatory processes; NOx exerts cytotoxic and tissue
effects, contributing to the impairment of organs and their
physiological functions (Souza et al. 2017; Baldissera et al.
2017). Although NO can be considered a defense molecule
that participates in the anti-inflammatory pathway when
generated in low concentrations and for short periods of
time, at high concentrations, it acts as an inflammatory
agent that contributes to tissue injury (Souza et al. 2017;
Baldissera et al. 2018b). Therefore, the aim of this study
was to measure levels of NOx levels in the brain, liver, and
gills of silver catfish exposed to eprinomectin and to
determine its toxic effects.

Materials and methods
Eprinomectin
Eprinomectin (C40H73NO14) (3.6%; molecular weight

of 900.1 g/mol) was purchased commercially
(Eprinex®; Merial, Brazil) and was directly applied in
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the water to evaluate its possible toxic effects on silver
catfish exposed to 1.12, 1.80, and 3.97 pg/L.

Fish maintenance and experimental design

Juvenile R. quelen (males; 7 months old; 60.99 +4.14 g;
14.10+ 1.11 cm) were collected from a fish farm located in
Southern Brazil. The animals were transported alive and
were maintained for acclimation in 250-L fiberglass tanks
with continuous aeration and controlled water variables
(temperature 21 +0.2 °C; pH 6.41 +0.1; ammonia 0.84 +
0.06 mg/L; non-ionized ammonia 0.0046 +0.00031 mg/L;
dissolved oxygen 6.71 +0.59 mg/L) for 10 days, which was
monitored once per day. The fish were fed to apparent
satiation with commercial pellets (Supra®; Alisul, RS, Bra-
zil), 2.5-mm in size, once a day, in the proportion of 10% of
the biomass of the group and with continuous feeding
during the experimental period. Any uneaten feed, feces,
and other residues were removed daily 30 min after feeding.

The fish were randomly allocated in aerated tanks
(static water system) with the same characteristics used
in the acclimation period, with three replicates per con-
centration and six fish per replicate, a total of 72 fish.
Water quality variables remained unaltered throughout
the entire experimental period. Four treatments were
applied: 0.0 pg/L of eprinomectin (control group) and
three actual concentrations of eprinomectin in water—
1.12, 1.80, and 3.97 pg/L—as recommended by
Serafini et al. (2019b), (2019¢) who observed negative
impacts on silver catfish.

Actual water eprinomectin concentration

Actual eprinomectin concentration in water was quantified
using ultra-high-performance liquid chromatography
coupled to mass spectrophotometry (UHPLC-MS), as
published in detail by Serafini et al. (2019b), (2019c).
The actual concentrations at each time period of collection
(0, 24, and 48 h) were as follows: at 0 h, eprinomectin
concentrations in water were 1.12, 1.80, and 3.97 pg/L in
the three groups, respectively. At 24 h, eprinomectin con-
centrations in water were 0.85, 1.14, and 1.15 pg/L in the
three groups, respectively. At 48 h, eprinomectin concen-
trations in water were 0.39, 0.69, and 1.28 pg/L in the three
groups, respectively (Serafini et al. 2019b, 2019c). It is
important to note that the concentration of eprinomectin
decreases in water over time due to metabolism of
eprinomectin molecule; no additional water was added to
the boxes between 0 and 48 h.

Sample collection

After 24 and 48 h of exposure and after 48 h of recovery
in eprinomectin-free water, two fish from each tank (six
fish per treatment at each given time) were anesthetized
using 50 mg/L eugenol (Odontofarma®, RS, Brazil) (Da
Cunha et al. 2010), followed by spinal cord section
according to ethics committee recommendations. Sub-
sequently, brain, liver, and gills were removed and
dissected in glass dishes over ice to evaluate the param-
eters detailed below. Cerebral, hepatic, and branchial
tissues were homogenized (1:10 w/v) in glass Potter
tubes with 10 mM Tris-HCI buffer pH 7.4 and centri-
fuged at 2000xg for 10 min. The supernatants were
collected and stored at —20 °C.

Nitrite/nitrate (NOX) concentration

Cerebral, hepatic, and branchial NOx levels were eval-
uated indirectly using nitrite/nitrate quantification ac-
cording to the Griess method (Tatsch et al. 2011) as
described by Baldissera et al. (2018b). Results were
expressed as pmol/mg of protein.

Statistical analysis

Data were tested for normality and homoscedasticity
using Kolmogorov—Smirnov and Levene tests, respec-
tively. Subsequently, statistical analysis was performed
using bilateral two-way analysis of variance (ANOVA),
followed by the Tukey post hoc test. Significance was
determined when p < 0.05. The results were expressed
as mean and standard deviation.

Results

No significant differences were observed between
groups with respect to brain, hepatic, or branchial NOx
levels after 24 h of exposure at all eprinomectin concen-
trations from those of the control group (0.0 pg/L)
(Figs. 1, 2, and 3).

Brain NOx levels were significantly higher (p =
0.021) in fish exposed to 1.80 and 3.97 ug/L of
eprinomectin compared to the control (0.0 pg/L)
after 48 h of exposure and remained significantly
higher after 48 h of recovery in eprinomectin-free
water (p=0.003) (Fig. 1).
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Fig. 1 Nitric oxide (NOx) levels in brain of juvenile silver catfish
(Rhamdia quelen) after 24 and 48 h of eprinomectin exposure in
the water experimentally contaminated, and after 48 h of recovery
in eprinomectin-free water. Data are expressed as mean and stan-
dard deviation () in six animals for each group. Different letters

In liver at 48 h, NOx levels were significantly
higher (p=0.018) in fish exposed to 1.12 and
3.97 ug/L of eprinomectin in water compared to
the control (0.0 pug/L). After 48 h of recovery in
eprinomectin-free water, all groups exposed to the
contaminant showed a significant increase in NOx
levels in the liver compared to the control group
(p=0.031) (Fig. 2).

In gills at 48 h, NOx levels were significantly higher
(»<0.001) in fish exposed to 1.80 and 3.97 pg/L
eprinomectin compared to the control (0.0 pg/L). After
48 h of recovery in eprinomectin-free water, levels in
fish exposed to 1.80 pg/L eprinomectin did not differ
significantly from those of the control group, while NOx
levels remained significantly increased in the group
exposed to 3.97 ug/L eprinomectin (p < 0.001) (Fig. 3).
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(a, b) under the bar indicate statistically significant differences
between treatments using analysis of variance (ANOVA) and
Tukey’s test (p <0.05; n=6 per group), at each evaluation time
point

There was no significant difference (p>0.05)
with respect to time within the same exposure
group for all tissues analyzed (Figs. 1, 2, and 3).
There was also no mortality in fish at any of the
concentrations or times of exposure to
eprinomectin or even during the recovery period.

Discussion

Our results indicate, for the first time, that eprinomectin
promotes increased NOx levels in the brain, liver, and
gills of silver catfish. The brain and liver were the most
affected organs during exposure to eprinomectin due to
the significant increase in NOx levels and the lack of
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Fig. 2 Nitric oxide (NOx) levels in liver of juvenile silver catfish
(Rhamdia quelen) after 24 and 48 h of eprinomectin exposure in
the water experimentally contaminated, and after 48 h of recovery
in eprinomectin-free water. Data are expressed as mean and stan-
dard deviation () in six animals for each group. Different letters
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(a, b) under the bar indicate statistically significant differences
between treatments using analysis of variance (ANOVA) and
Tukey’s test (p <0.05; n=6 per group), at each evaluation time
point
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Fig. 3 Nitric oxide (NOx) levels in gills of juvenile silver catfish
(Rhamdia quelen) after 24 and 48 h of eprinomectin exposure in
the water experimentally contaminated, and after 48 h of recovery
in eprinomectin-free water. Data are expressed as means and
standard deviations () in six animals for each group. Different

recovery in eprinomectin-free water, revealing its per-
sistence and the possibility of causing damage for long
periods of time, as well as the possible capacity to
accumulate in the tissues. This may have a direct rela-
tionship with the mode of action of avermectins,
which can act on the central nervous system of
fish (Serafini et al. 2019¢), and by the metabolism
of detoxification of fish, whose main organ re-
sponsible is the liver (Serafini et al. 2019b).
Baldissera et al. (2018a) showed a significant in-
crease in splenic and serum NOX levels after exposure
to 22 mg/L of ectoparasitic trichlorfon for 48 h, which
remained elevated after 48 h of recovery in trichlorfon-
free water. According to these authors, the exacerbated
increases and the absence of reduction in NOx levels to
physiological levels suggests that NO is an important
mediator of the inflammatory process and tissue damage
during exposure to environmental concentrations of tri-
chlorfon. Exposure to the pesticide pyriproxyfen caused
toxicity in larvae of zebrafish (Danio rerio) via an
increase in NOx levels, which contributes to its toxic
effects (Maharajan et al. 2018). In vitro exposure to
pesticides carbaryl (105 uM), kepone (144 uM), and
malathion (170 uM) elicited increased brain NOx levels
due to interactions with ionic calcium, exerting toxic
effects in the brain (Rao et al. 1999) that can be consid-
ered a possible mechanism of action of eprinomectin.
Increased brain NOx levels in common carp (Cyprinus
carpio) exposed to pesticide imidacloprid was associat-
ed with upregulation of iNOs and eNOS activity, which
can be another pathway involved on eprinomectin-
induced NOx formation (Ozdemir et al. 2018). In this
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letters (a, b, ¢) under the bar indicate statistically significant
differences between treatments using analysis of variance
(ANOVA) and Tukey’s test (p <0.05; n=6 per group); at each
evaluation time point

sense, increased NOx levels over long periods can indi-
cate oxidative and inflammatory damage in silver cat-
fish. When evaluating our results and those of studies by
Serafini et al. (2019b), (2019c), it is possible to empha-
size that there are pro-oxidant and pro-inflammatory
profiles in the brain, liver, and gills of fish exposed to
eprinomectin that can contribute to the compromise of
their physiological functions and survival.

Conclusions

Elevation of NO levels occurred in brain, liver, and gill
tissues following eprinomectin exposure. This can be
interpreted as negative effects on fish health, because
increased NO metabolism causes nitrosative stress and
inflammatory responses, changes that increase tis-
sue and cellular damage. Despite removing the fish
for 48 h from the water contaminated by
eprinomectin, the alterations in the levels of NOx
did not return to baseline levels.
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