
Page 1/24

Biochemical and Cellular Biomarkers in Brown Trout
(Salmo trutta f. fario) in Response to the
Antidepressants Citalopram and Venlafaxine
Michael Ziegler  (  michael.ziegler@student.uni-tuebingen.de )

University of Tübingen: Eberhard Karls Universitat Tubingen https://orcid.org/0000-0002-0841-350X
Helene Eckstein 

University of Tübingen: Eberhard Karls Universitat Tubingen
Shannon Ottmann 

University of Tübingen: Eberhard Karls Universitat Tubingen
Lukas Reinelt 

University of Tübingen: Eberhard Karls Universitat Tubingen
Sabine Stepinski 

University of Tübingen: Eberhard Karls Universitat Tubingen
Heinz-R. Köhler 

University of Tübingen: Eberhard Karls Universitat Tubingen
Rita Triebskorn 

University of Tübingen: Eberhard Karls Universitat Tubingen

Research

Keywords: Antidepressants, Citalopram, Venlafaxine, Brown trout, Histopathology, Biochemical biomarker

Posted Date: October 19th, 2020

DOI: https://doi.org/10.21203/rs.3.rs-92741/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.   Read
Full License

Version of Record: A version of this preprint was published on December 16th, 2020. See the published
version at https://doi.org/10.1186/s12302-020-00437-z.

https://doi.org/10.21203/rs.3.rs-92741/v1
mailto:michael.ziegler@student.uni-tuebingen.de
https://orcid.org/0000-0002-0841-350X
https://doi.org/10.21203/rs.3.rs-92741/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s12302-020-00437-z


Page 2/24

Abstract
Background: During the last decades, a worldwide increase in the number of cases of depression
accompanied by rising prescription rates of antidepressants was recorded. In Germany, the two most
prescribed antidepressants are the selective serotonin reuptake inhibitor (SSRI) citalopram and the serotonin
and noradrenalin reuptake inhibitor (SNRI) venlafaxine, taking about 30 % of the market share. Both
antidepressants are found frequently in surface waters and have the potential of adversely affecting aquatic
organisms. Most studies dealing with antidepressants address apical endpoints and behaviour, however, only
few studies investigate biochemical biomarkers and histopathological alterations.

We conducted citalopram and venlafaxine exposure experiments with brown trout eggs in the eyed ova stage
for �ve months, as well as with juvenile brown trout for four weeks. Exposure concentrations ranged from
environmentally relevant 1 µg/L up to 1 mg/L. In this study, we investigated the effects of the antidepressants
on b-esterase activity (neurotoxicity), stress protein level (proteotoxicity) and superoxide dismutase activity
(oxidative stress). Additionally, we assessed the health status of the liver by means of histopathological
analyses.

Results: We were able to show that both antidepressants did neither induce proteotoxic nor neurotoxic effects
in brown trout. But for the antidepressant venlafaxine, the biochemical biomarker for oxidative stress
(superoxide dismutase activity) was signi�cantly increased in larvae exposed to at least 10 µg/L venlafaxine
at 7°C. With regard to liver histopathology, �sh exposed to higher citalopram concentrations were in a worse
health condition than control �sh irrespective of their life stage. Also the energy storage of �sh exposed to 1
mg/L citalopram was reduced.

Conclusion: Thus, we here report citalopram-dependent histopathological alterations in brown trout liver, and
the induction of oxidative stress by venlafaxine. 

Background
Depression is one of the most common mental illnesses worldwide and has undergone a continuous increase
during the last decades (34, 70). Worldwide, the number of cases of depression showed an increase of about
50% since 1990 (34). Associated with an increasing number of cases of depression, the number of prescribed
antidepressants is constantly rising. In Germany, prescription rates of antidepressants increased about 40%
between 2009 and 2018 (59). Selective serotonin reuptake inhibitors (SSRI) and serotonin and noradrenalin
reuptake inhibitors (SNRI) constitute the majority of antidepressants. Two of the most prescribed
antidepressants worldwide are citalopram (SSRI) and venlafaxine (SNRI). They amount to about 30% of the
market share in Germany (59). This leads to a total consumption of 4.5 t (262.3 million de�ned daily doses
(DDD)) of citalopram and 20.5 t (205.4 million DDD) of venlafaxine in 2018 in Germany only (59). Both
antidepressants affect a similar biochemical pathway by inhibiting the reuptake of neurotransmitters like
serotonin and noradrenalin from the synaptic cleft. They are known to be metabolised in liver and kidney of
the human body. However, 12% of citalopram and 4.7% of venlafaxine are excreted unmetabolised via the
urine and, therefore, enter wastewater treatment plants (22, 37). There, 18–27% of the citalopram is degraded,
while the degradation of venlafaxine is even less e�cient, amounting to 1–19% (19, 32). Therefore, both
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antidepressants are found frequently in surface waters around the world (16, 17, 20, 21, 31, 47, 57).
Citalopram surface water concentrations commonly range from 4 ng/L to 219 ng/L (47, 57) but, occasionally,
also concentrations of up to 8 µg/L have been found in Indian lakes (17). Concentrations of citalopram in
wastewater treatment plant e�uents are in the range of 44 ng/L to 431 ng/L (21, 47, 62), but up to 76 µg/L
citalopram was found downstream of an Indian wastewater treatment plant, and up to 840 µg/L in the
e�uent of an Indian drug manufacturer (17, 33). Venlafaxine concentrations in surface waters are higher than
those for citalopram and range between 8 and 690 ng/L in wastewater-dominated streams (16, 20, 21).
Moreover, up to 2.5 µg/L venlafaxine was found in wastewater e�uents (32). Being detected in such high
concentrations, the effects of antidepressants, particularly of venlafaxine and citalopram, on aquatic life are
important to being investigated. For both antidepressants, most studies were conducted regarding
behavioural and apical endpoints in several �sh species (7, 61). Behavioural changes in �sh following
exposure to venlafaxine or citalopram include changes in circadian rhythm (43), decreased escape behaviour
(50), reduced attacks on food (26), changes in swimming behaviour (28, 40) and increased curiosity (27).
With regard to biochemical or structural biomarkers, however, knowledge about possible effects of citalopram
and venlafaxine in aquatic wildlife is scarce. While venlafaxine did not affect the activity of the enzymes
citrate synthase, catalase and pyruvate kinase in zebra�sh, effects on superoxide dismutase (SOD) and
acetylcholine esterase activities and the heat shock response were detected in �sh exposed to different
antidepressants (41, 71, 73). In respect to possible histopathological consequences in �sh different results
have been reported. Fathead minnow exposed to either venlafaxine, �uoxetine or sertraline did not reveal any
histological effects in liver (58), while zebra�sh and Chichlosoma dimerus exposed to �uoxetine, sertraline,
paroxetine or mianserine showed histopathological alterations in liver, spleen and head kidney (48, 54). Thus,
no consistent picture of possible effects of these pharmaceuticals on suborganismic effects in aquatic
species can be drawn. In addition, data on the interplay of antidepressants and the confounding factor
temperature are lacking up to now, and potential variation in the sensitivity of different life stages of �sh has
not been investigated so far. Consequently, we conducted experiments with brown trout (Salmo trutta f. fario),
a feral �sh species at different life stages at two temperatures. Eggs in the eyed-ova stage and juvenile �sh
were exposed to environmentally relevant and explicitly higher concentrations of the antidepressants
citalopram and venlafaxine with focus on neurotoxicity (b-esterase activity), oxidative stress (SOD activity),
proteotoxicity (stress protein level) and liver histopathology (overall health condition).

B-esterases, including acetylcholinesterase and carboxylesterases among others, are enzymes that are
inhibited by paraxon (2, 30). Acetylcholinesterase (AChE) is an enzyme present in the synaptic cleft of
cholinergic synapses, hydrolysing the neurotransmitter acetylcholine into its subcomponents acetic acid and
choline (52). AChE is inhibited by various substances, such as carbamates or organophosphates and, thus,
their inhibition can be seen as an adequate biomarker for neurotoxicity (71). Carboxylesterases (CbE) are
known to detoxify insecticides like organophosphates, carbamates or pyrethroids and protectively counteract
organophosphate-induced acetylcholinesterase inhibition (8, 56). It has already been shown, that
antidepressants like citalopram, �uoxetine or sertraline affect acetylcholinesterase activity in aquatic
organisms (45, 71, 72).

Superoxide dismutase (SOD) is an enzyme of the �rst line of the antioxidant defence system that catalyses
the dismutation of O2

− radicals to hydrogen peroxide (H2O2). This compound can subsequently be
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decomposed to water and oxygen, catalysed by the enzyme catalase (53, 71). Reactive oxygen species (ROS)
are formed in several biological reactions, however, can also be induced by xenobiotics (51). These ROS,
including superoxide radicals (O2

−) are known to react with proteins, DNA and lipids resulting in oxidative
stress for the organism (69). Therefore, an increased SOD activity is accompanied by an increased amount of
ROS and thus represents an appropriate biomarker for oxidative stress (66). An increased SOD activity has
been shown in amitriptyline-exposed zebra�sh (73), sertraline-exposed gold�sh (71), venlafaxine-exposed
meagre (41) and citalopram-exposed daphnids (72).

Stress proteins or heat shock proteins with 70 kDa molecular weight (Hsp70) are chaperones, that bind to
unfold, malfold or newly synthesised proteins to assist correct folding to the native protein (15, 18). These
Hsp70s are induced by an increased portion of malfolded proteins in the cytoplasm and their induction is
therefore regarded as a suitable biomarker for proteotoxicity (29). Maulvault, et al. (41) have shown an
elevated heat shock protein response and ubiquitin level in meagre exposed to venlafaxine.

The liver is the main metabolic organ of vertebrates and is responsible for many vital functions like the
metabolism of proteins, lipids and carbohydrates, as well as the detoxi�cation of xenobiotics (55). Therefore,
histopathological investigation of the liver is a powerful tool to assess sublethal effects of xenobiotics in �sh
(4, 25, 64). In zebra�sh exposed to the antidepressants sertraline, paroxetine or mianserine a reduced
proliferation of liver hepatocytes has been detected (48). Changes in liver-associated macrophage centres
were shown in �uoxetine-exposed Chichlosoma dimerus (54).

The present study has been designed to complement existing data on citalopram and venlafaxine toxicity
exerted on freshwater organisms, particularly in respect to biochemical and cytological effects of these two
compounds. Behavioural and apical endpoints that, furthermore, have been investigated in our experiments
have been previously published (74, 75).

Material And Methods

Test organisms
Juvenile brown trout and brown trout eggs were purchased from a commercial trout farm in Southern
Germany (Forellenzucht Lohmühle, Alpirsbach-Ehlenbogen, Germany). This commercial �sh breeder is listed
as disease free (category I) according to the EC Council Directive (14). The eggs were obtained in the eyed ova
stage and directly transferred into the experiments. Experiments with brown trout larvae took place in two
climate chambers set on 7 °C or 11 °C, respectively, with a 10:14 hour light-dark-cycle. Prior to the
experiments, juvenile brown trout were kept in an acclimation tank for at least one week. Experiments with
juvenile brown trout were carried out in a climate chamber at 7 °C and the same photoperiod. All animal
experiments were approved by the animal welfare committee of the Regional Council of Tübingen, Germany
(ZO 2/16).

Test substances
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Citalopram hydrobromide (C20H21FN2O · HBr, CAS: 59729-32-7) and venlafaxine hydrochloride (C17H27NO2 ·
HCl, CAS: 99300-78-4) were obtained by Sigma Aldrich (Steinheim, Germany). Citalopram and venlafaxine
stock solutions with concentrations of 1 and 100 mg/L were prepared with double distilled water and diluted
to the respective test concentrations with �ltered tap water (iron �lter, active charcoal �lter, particle �lter). The
concentrations refer to the respective free base substance (citalopram: C20H21FN2O; venlafaxine: C17H27NO2).

Exposure conditions
In both experiments, real chemical concentrations only differed slightly from nominal concentrations by 16%
for venlafaxine and 19% for citalopram on the average, and limnochemical analyses revealed optimal test
conditions with respect to temperature, oxygen content, pH and conductivity. Detailed data can be taken from
(74, 75).

Experiments with brown trout larvae
As described previously (74, 75), the eyed-ova staged eggs of brown trout were exposed in a semi-static
randomised three-block design at 7 °C and 11 °C. The respective nominal exposure concentrations of either
citalopram or venlafaxine were 0, 1, 10, 100, 1000 µg/L. Fish were exposed in 25 L aquaria containing 10 L of
the respective test solution, half of which was renewed twice a week. From the total yolk sac consumption
until the end of the experiment �sh were fed daily 3% of body weight with commercial trout feed (�rst 0.5 mm,
then 0.8 mm, Inico Plus, Biomar, Brande, Denmark). Fish were exposed until eight respectively seven weeks
after yolk sac consumption in the citalopram respectively venlafaxine experiment. At the end of the
experiments, �sh were euthanised with an overdose of the anaesthetic MS222 (1 g/L tricaine
methanesulphonate buffered with NaHCO3), followed by a cervical spine cut. Subsequently, �sh were
dissected. Livers were used for histopathology, heads for analyses of the b-esterase activity and the dorsal
body part containing muscle and kidney for testing superoxide dismutase activity (only for the venlafaxine
experiment). Livers were directly �xed in 2% glutardialdehyde (GA) dissolved from 25% GA with cacodylic
buffer (0.1 M, pH 7.6) and stored at 4 °C until further processing. Samples for superoxide dismutase activity
analysis were rinsed in PBS buffer (pH 7.4), and, along with the samples taken for b-esterase activity, frozen
in liquid nitrogen and stored at -80 °C.

Experiments with juvenile brown trout
As described in previous publications (74, 75), juvenile brown trout were exposed to 0, 1, 10, 100 and
1000 µg/L of either citalopram or venlafaxine at 7° C in a semi-static randomised block design with three
replicates. The �sh were exposed in 25 L tanks containing 15 L of the respective concentrations. Twice a
week, half of the respective test solution was replaced by freshly prepared test medium. Trout were fed 3% of
body weight daily (0.8 mm, Inico Plus, Biomar, Brande, Denmark). After approximately four weeks of exposure
(citalopram experiment: 28 days, venlafaxine experiment: 25 days), �sh were euthanised with an overdose of
MS222 (1 g/L buffered with NaHCO3) followed by a cervical spine cut. Samples were taken from the liver for
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histopathological analyses, the head was used for analyses of b-esterase activity, the dorsal part of the body
containing mainly muscle and kidney was taken for superoxide dismutase testing (only venlafaxine
experiment), and the gills were used for stress protein analysis. Liver samples were directly �xed in 2%
glutardialdehyde (GA) dissolved from 25% GA with cacodylic buffer (0.1 M, pH 7.6) and stored at 4 °C.
Samples for superoxide dismutase activity were rinsed in PBS buffer (pH 7.4) and, along with samples for the
other biochemical biomarkers, frozen in liquid nitrogen and stored at -80 °C.

Histopathology
After at least one week of �xation, samples were washed three times with cacodylic buffer (0.1 M, pH 7.6),
dehydrated in an ascending ethanol series, followed by 2-propanolol as an intermedium and in�ltrated with
para�n wax in a tissue processor (TP 1020, Leica, Wetzlar, Germany). Afterwards, 3 µm sections were cut
with a sledge microtome (SM 2000 R, Leica, Wetzlar, Germany). One of the microscope slides were stained
with haematoxylin-eosin as an overview staining, and every other slide with alcian blue in combination with
periodic acid-Schiff reagent (alcian blue-PAS) as a stain for glycogen and mucopolysaccharides. Slides were
visually analysed using a light microscope (Axioskop 2, Zeiss, Oberkochen, Germany). A �rst evaluation of all
samples was conducted to get an overview and to qualitatively assess occurring pathologies. In a second
round, samples were re-labelled in a randomised order to obtain an observer-blinded assessment. The second
evaluation was semi-quantitative, in which samples were classi�ed into �ve different categories (1 - control, 2
- slight reaction, 3 - moderate reaction, 4 - strong reaction, 5 - destruction) according to the criteria described
by Triebskorn, et al. (65). Additionally, the glycogen content of the samples was classi�ed into three
categories (1 - low, 2 - medium, 3 - high glycogen content). After the observer-blind evaluation, the respective
class was assigned to the corresponding treatment.

Biochemical biomarkers

Superoxide dismutase activity
Superoxide dismutase (SOD) activity was measured in venlafaxine-exposed �sh only, by using the superoxide
dismutase assay kit by Cayman Chemical (Item No. 706002, Cayman Chemical Company, Ann Arbor,
Michigan, USA). Tissues were homogenised in HEPES buffer (20 mM HEPES, 1 mM EGTA, 210 mM mannitol,
70 mM sucrose, pH 7.2, tissue/buffer ratio 1:5 w/v) with a pestle, and subsequently centrifuged (1500 × g,
5 min, 4 °C). After centrifugation, the supernatant was taken, mixed with Tris-HCl buffer (50 mM, pH 8)
(supernatant/buffer ratio 1:30 w/v) and stored at -80 °C. Before performing the assay, the radical detector
solution was freshly prepared from 19.95 mL assay buffer (50 mM Tris-HCl, 0.1 mM DTPA, 0.1 mM
Hypoxanthine) and 50 µL tetrazolium salt solution (Item No. 706004, Cayman Chemical Company, Ann Arbor,
Michigan, USA). Additionally, the SOD-standard curve (0, 0.005, 0.01, 0.02, 0.03, 0.04, 0.05 SOD activity
(U/mL)) was freshly prepared containing bovine erythrocyte SOD (Item No. 706005, Cayman Chemical
Company, Ann Arbor, Michigan, USA). The assay was performed in 96-well plates with each well being �lled
with 200 µL radical detector. In the �rst wells, 10 µL of the standard and in the remaining wells, 10 µL sample
was pipetted in duplicates. Subsequently, 50 µL xanthine oxidase (Item No. 706006, Cayman Chemical
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Company, Ann Arbor, Michigan, USA) was mixed with 1.95 mL assay buffer. 20 µL of this solution was given
in each well, the plate was sealed with adhesive foil and incubated for 30 min at room temperature.
Subsequently, the plate was measured photometrically at 450 nm and the SOD-activity was calculated
according to the following equation:

Results are expressed as unit (U)/mL. One unit is de�ned as the amount of enzyme needed to exhibit 50% of
the superoxide radical.

B-esterase activity
For measuring the b-esterase activity, �sh head samples were homogenised manually in Tris-buffer (10 mM
Tris, 10 mM NaCl, pH 7.3) mixed with protease inhibitors (aprotinin, leupeptin, pepstatin, antipain, trypsin).
After homogenisation, samples were centrifuged (5000 × g, 10 min, 4 °C), the supernatant was taken and 10%
glycerol was added before storage at -20 °C. The protein content of the samples was determined
photometrically at 650 nm according to the method of Lowry, et al. (36), modi�ed by Markwell, et al. (39).
Bovine serum albumin was used as a standard. The determination of the acetylcholinesterase (AChE) activity
was conducted according to Ellman, et al. (13), modi�ed by Rault, et al. (52) and measured for �ve minutes at
405 nm. The activity of the carboxylesterases (CbE) was analysed using the substrates 4-nitrophenylacetate
(NPA) and 4-nitrophenylvalerate (NPV). Determination was conducted according to Carr and Chambers (8)
and Chanda, et al. (9), modi�ed by Sanchez-Hernandez, et al. (56). The activity was also measured for �ve
minutes at 405 nm. All samples were analysed in triplicates. The activity of AChE and CbE is referred to the
protein content and expressed as milliunits (mU)/mg protein. One unit is de�ned as one micromole of
substrate hydrolysed per minute.

Stress protein level
The quanti�cation of 70 kDa stress proteins (Hsp70) was conducted in gill samples of the juvenile �sh.
Samples for larvae were not analysed in this assay due to the low weight of the samples and the high base
loads of stress proteins in developing brown trout (24). Gills were homogenised with 98% of extraction buffer
and 2% protease inhibitor (tissue/buffer ratio 1:4 w/v) according to the protocol of Dieterich, et al. (10). The
total protein content was quanti�ed according to Bradford (6). For the quanti�cation of Hsp70, a total amount
of 40 µg total protein was analysed. The proteins were separated by sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) and subsequently blotted on a nitrocellulose membrane in a semi-dry
chamber according to Dieterich, et al. (10). Subsequently, the protein bands on the membrane were
immunostained with a monoclonal α-Hsp70 IgG (mouse anti-human Hsp70, Dianova, Hamburg, Germany)
and secondary peroxidase-coupled α-IgG (goat anti-mouse IgG conjugated to peroxidase, Jackson
Immunoresearch, West Grove, Pennsylvania, USA). Subsequently, membranes were stained with 4-chloro-1-
naphthol until the protein bands became visible. Finally, the optical volume (= band area × average grey scale
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value) of the bands was quanti�ed by planimetry and densitometry and referred to an internal standard
(brown trout total body homogenate). Results are expressed relative to the standard.

Statistics
Statistical analyses were performed with SAS JMP 14 software. Data for histological evaluation, either
pathological classes or glycogen classes, were analysed with the likelihood-ratio-χ²-test. Whenever signi�cant
differences occurred, single comparisons between control and each treatment were also performed with the
likelihood-ratio-χ²-test. To correct for multiple comparisons, the α-level was adjusted according to the method
developed by Benjamini and Hochberg (3). Data for biochemical biomarkers were analysed using a nested
ANOVA with a subsequent post-hoc Dunnett’s test. If necessary, data were transformed to ful�l model
assumptions. If no normal distribution could be achieved by transformation, data were analysed using a
Kruskal-Wallis-Test with subsequent post-hoc Steel with control. If no homogeneity of variance was given,
data were analysed using a Welch ANOVA with subsequent post-hoc Dunnett’s test. The α-level was always
set to 0.05.

CRED
Criteria for reporting and evaluating ecotoxicity data (CRED) aim to improve the evaluation, transparency,
reproducibility and consistency of reliability of ecotoxicological studies. For the experiment with citalopram
CRED were previously published and provided by Ziegler, et al. (74) and, for the experiments with venlafaxine,
CRED are provided in Ziegler, et al. (75).

Results

Histopathology
Generally, the health status of the liver was negatively affected by an exposure in the experimental setup.

In the citalopram experiments, livers of the control and the 1 and 10 µg/L-exposed animals were characterized
by large hepatocytes with a bright cytoplasm (Figure 1 A). In contrast, brown trout exposed to 100 and 1000
µg/L citalopram had darker cells and regularly showed hyperplasia of hepatocytes (Figure 1 C). In livers of
�sh exposed to 1000 µg/L citalopram, in�ammations occurred more frequently (Figure 1 B). Additionally,
livers of �sh exposed to the highest treatment showed reduced glycogen contents compared to the control
�sh (Figure 1 D, E). In juvenile �sh treated with 100 or 1000 µg/L citalopram, vacuolisation was more
pronounced than in the controls. In all treatments, dilated capillaries, necrosis and macrophages occurred
(Figure 1 C, F). When comparing the overall health status of the larvae, those animals exposed at 11 °C
generally were in a worse condition than �sh exposed at 7 °C. Livers of larvae exposed to 1000 µg/L
citalopram at 11 °C and those exposed to 100 µg/L citalopram at 7 °C, as well as juvenile brown trout
exposed to 1000 µg/L citalopram were in a signi�cantly worse condition than livers of control �sh (Figure 2 A-
C) (brown trout larvae 11 °C: likelihood-ratio-χ²-test: df=16, χ²=30.986, p=0.0135, pairwise comparison
[control|1000 µg/L] p=0.0036; brown trout larvae 7 °C: likelihood-ratio-χ²-test: df=16, χ²=40.467, p=0.0007,
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pairwise comparison [control|1000 µg/L] p=0.0047; juvenile brown trout: likelihood-ratio-χ²-test: df=16,
χ²=30.706, p=0.0147, pairwise comparison [control|1000 µg/L] p=0.0095). Furthermore, brown trout larvae
treated with 1000 µg/L citalopram had a signi�cantly decreased glycogen content when exposed at 11 °C
(Figure 2 D) (brown trout larvae 11 °C: likelihood-ratio-χ²-test: df=8, χ²=48.951, p<0.0001, pairwise comparison
[control|1000 µg/L] p=0.0008). Both, brown trout larvae exposed to 1000 µg/L at 7 °C and juvenile brown trout
exposed to 1000 µg/L had, tendentially a lower glycogen content than the control (Figure 2 E, F). However, this
effect was not signi�cant (brown trout larvae 7 °C: likelihood-ratio-χ²-test: df=8, χ²=19.807, p=0.0111, pairwise
comparison revealed no difference to control; juvenile brown trout: likelihood-ratio-χ²-test: df=8, χ²=8.804,
p=0.3591). Generally, the glycogen content appeared to be lower in juvenile brown trout than in brown trout
larvae. With regard to the liver condition however, no distinct differences between larvae and juveniles were
observed.

After exposure to venlafaxine as well as in control �sh larvae, livers were characterized by large hepatocytes
with a bright cytoplasm (Figure 1 A). Throughout all treatment groups at 11 °C, in�ammations and
macrophage in�ltration occurred more frequently (Figure 1 B) compared to larvae exposed at 7 °C (and the
respective controls). In �sh exposed at 11 °C, necrosis and �brosis was more abundant than in �sh exposed
at 7 °C, however, no difference between the control and venlafaxine- treated groups were detected. The liver
conditions of venlafaxine-exposed juvenile brown trout ranged between category 1 and 5. In most cases, the
cytoplasm of the hepatocytes did not appear bright (Figure 1 C) and the cells were medium-sized. In livers of
juvenile �sh exposed to 10 and 1000 µg/L, in�ammations were observed more frequently than in the other
treatments (Figure 1 B). Dilated capillaries, intercellular spaces, vacuolisation, irregular shaped nuclei and
necrosis occurred equally throughout all treatments (Figure 1 C, F). The semi-quantitative assessment
revealed no difference in the health status between controls and venlafaxine-exposed �sh (brown trout larvae 
11 °C: likelihood-ratio-χ²-test: df=16, χ²=10.701, p=0.8275; brown trout larvae 7 °C: likelihood-ratio-χ²-test:
df=16, χ²=15.494, p=0.4888; juvenile brown trout: likelihood-ratio-χ²-test: df=16, χ²=19.575, p=0.24). Likewise,
the glycogen content of �sh did not differ signi�cantly from the respective controls at both temperatures
(brown trout larvae 11 °C: likelihood-ratio-χ²-test: df=8, χ²=9.941, p=0.2692; brown trout larvae 7 °C: likelihood-
ratio-χ²-test: df=8, χ²=6.98, p=0.5388; juvenile brown trout: likelihood-ratio-χ²-test: df=8, χ²=9.911, p=0.2713).
However, livers of venlafaxine-exposed brown trout larvae showed a lower glycogen content than the livers
from �sh in all other experiments. 

Biochemical biomarkers
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Table 1
Biochemical biomarkers in brown trout larvae exposed to citalopram.

Results are given as arithmetic means and standard deviations. AChE= acetylcholinesterase, CbE=
carboxylesterase, NPA= 4-nitrophenylacetate, NPV= 4-nitrophenylvalerate.

  11 °C 7 °C

concentration
citalopram (µg/L)

0 1 10 100 1000 0 1 10 100 1000

AChE activity
(mU/mg Protein)

45.4
±

8.4

43.8
±

9.1

47.8
±
10.4

42.8
±

8.6

47.0
±
10.4

43.3
±

8.4

45.3
±
10.8

41.7
±

9.1

44.7
±

7.9

43.9
±

6.7

CbE activity (NPA
substrate) (mU/mg
Protein)

112.3
±
26.7

121.5
±
19.1

120.9
±
28.1

123.0
±
21.8

125.0
±
26.7

94.6
±
12.9

98.8
±
20.0

91.7
±
15.3

96.5
±
21.4

96.2
±
16.0

CbE activity (NPV
substrate) (mU/mg
Protein)

82.1
±
25.0

95.8
±
21.5

97.6
±
28.4

96.4
±
28.0

94.6
±
28.3

71.2
±
16.4

71.2
±
26.5

66.0
±
19.1

73.4
±
23.5

74.8
±
19.7

 

Table 2
Biochemical biomarkers in brown trout larvae exposed to venlafaxine.

Results are given as arithmetic means and standard deviations. AChE= acetylcholinesterase, CbE=
carboxylesterase, NPA= 4-nitrophenylacetate, NPV= 4-nitrophenylvalerate, SOD= superoxide dismutase;
asterisks represent signi�cant differences to the respective control (*p≤0.05; **p≤0.01; ***p≤0.001).

  11 °C 7 °C

concentration
venlafaxine
(µg/L)

0 1 10 100 1000 0 1 10 100 1000

AChE activity
(mU/mg
Protein)

63.0
±

8.0

64.4
±
11.1

59.9
±
16.5

61.6
±
16.4

57.1
±
14.5

70.8
±
14.8

71.0 ±
11.0

71.5
±
15.1

69.3
±
15.9

64.1
±
12.0

CbE activity
(NPA
substrate)
(mU/mg
Protein)

141.8
±
23.3

146.5
±
26.6

143.2
±
27.9

130.2
±
29.6

129.9
±
22.9

142.3
±
22.4

145.5
± 22.9

143.8
±
19.5

139.5
±
16.0

135.5
±
23.9

CbE activity
(NPV
substrate)
(mU/mg
Protein)

104.2
±
28.9

108.2
±
28.0

105.1
±
32.8

94.5
±
36.9

93.0
±
22.9

92.2
±
23.7

92.8 ±
20.1

90.1
±
19.4

85.2
±
13.7

84.2
±
20.1

SOD activity
(U/mL)

166.0
±
29.3

149.3
±
31.7

148.2
±
40.4

158.8
±
51.6

161.1
±
29.3

133.9
±
37.5

140.2±
37.1

158.2
±
36.0
*

165.6
±
36.1
**

155.7
±
34.9
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Table 3
Biochemical biomarkers in juvenile brown trout exposed to citalopram and venlafaxine.

Results are given as arithmetic means and standard deviations. AChE= acetylcholinesterase, CbE=
carboxylesterase, NPA= 4-nitrophenylacetate, NPV= 4-nitrophenylvalerate, Hsp70= 70 kDa stress protein

family, SOD= superoxide dismutase, n.a.= not assessed.
  citalopram venlafaxine

concentration
(µg/L)

0 1 10 100 1000 0 1 10 100 1000

AChE activity
(mU/mg Protein)

48.6
±
13.8

54.6
±
14.6

48.0
±

9.6

48.6
±

9.0

58.3
±
16.0

70.6
±
13.4

73.6
±
12.5

73.1
±
10.9

71.2
±
11.6

69.6
±

9.0

CbE activity (NPA
substrate) (mU/mg
Protein)

66.6
±
16.6

64.9
±
17.7

63.4
±
16.8

65.7
±
17.7

61.6
±
17.4

104.7
±
20.2

111.4
±
26.2

114.0
±
19.0

113.1
±
18.1

107.5
±
19.6

CbE activity (NPV
substrate) (mU/mg
Protein)

55.6
±
23.3

50.1
±
25.6

50.1
±
24.7

51.2
±
26.4

42.7
±
24.7

94.7
±
29.2

102.8
±
32.4

106.1
±
26.0

106.8
±
24.6

97.3
±
22.9

SOD activity (U/mL) n.a. n.a. n.a. n.a. n.a. 88.4
±
31.4

100.4
±
38.9

91.6
±
32.5

100.4
±
31.1

107.9
±
35.2

Hsp70 level (relative
greyvalue)

2.10
±
0.35

2.21
±
0.58

1.95
±
0.43

2.02
±
0.44

1.93
±
0.41

2.06
±
0.24

2.02
±
0.24

2.06
±
0.23

2.13
±
0.31

1.90
±
0.22

Superoxide dismutase activity
Regarding the activity of the superoxide dismutase (SOD) in brown trout larvae exposed at 11 °C to
venlafaxine, no differences between controls and chemical-treated �sh were observed (brown trout larvae 11
°C: nested ANOVA: df=4,10, F=1.5387, p=1946). However, at 7 °C, the SOD activity of venlafaxine-exposed
larvae was increased up to 24 % in relation to the control. Brown trout larvae exposed to 10 and 100 µg/L
venlafaxine at 7° C showed a signi�cantly increased SOD activity compared to the respective controls,  and
for larvae exposed to 1000 µg/L  the same trend became obvious (brown trout larvae 7 °C: nested ANOVA:
df=4,10, F=3.7377, p=0.0064, post-hoc Dunnett’s Test [control 10 µg/L] p=0.0442, [control|100 µg/L]
p=0.0048, [control|1000 µg/L] p=0.082). Comparing the SOD-activity between the two temperatures, the
activity in control larvae exposed at 11 °C (165.96 ± 29.32 U/ml) was remarkably higher (24 %) than in larvae
exposed at 7 °C (133.86 ± 37.49). Regarding the SOD activity of juvenile brown trout, the activity of �sh
treated with venlafaxine was on average higher than the SOD activity of control �sh. The activity of the SOD
in juvenile �sh exposed to the highest treatment was increased by 22 % compared to the respective controls,
however, the difference was not statistically signi�cant (juvenile brown trout: nested ANOVA: df=4,10,
F=1.5804, p=0.1834).
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B-esterase activity
The b-esterase activity did not differ between antidepressant-treated �sh and the respective controls in all
experiments. Thus, the b-esterase activity was neither in�uenced by citalopram nor venlafaxine and,
furthermore, did not depend on the life stage or temperature (statistical details in the supplement).

Stress protein level
Hsp70 levels of juvenile brown trout were neither in�uenced by citalopram nor venlafaxine (juvenile brown
trout + citalopram: nested ANOVA: df=4,10, F= 1.7073, p=0.1522; juvenile brown trout + venlafaxine: nested
ANOVA: df=4,10, F=3.2671, p=0.0138, post-hoc Dunnett’s test revealed no difference to control).

Discussion
Histopathological analyses made evident that the health status of the liver was negatively affected by
citalopram in �sh exposed to 100 µg/L or 1000 µg/L of the pharmaceutical. The most prominent symptoms
were hyperplasia of the hepatocytes and in�ammations, which occurred in larvae exposed at both
temperatures, as well as in juvenile brown trout. The impaired health status of the �sh liver is plausibly related
to the accumulation of citalopram in the tissue of exposed �sh (74) which might be responsible for an
increased biotransformation activity and metabolism rate. High metabolism rates in the liver are likely
re�ected by a reduction of glycogen in the �sh liver and hyperplasia of hepatocytes (63). Additionally,
oxidative stress could also have contributed to the depicted damages (1, 76). According to previous studies,
antidepressants in general were shown to have the potential for inducing negative effects in liver tissue.
Although Schultz, et al. (58) did not observe any liver alterations in response to either �uoxetine, sertraline or
venlafaxine in fathead minnow, Nowakowska, et al. (48), however, reported a decrease in hepatocyte
proliferation in zebra�sh exposed to 10 µg/L of the SSRIs sertraline, paroxetine and the antidepressant
mianserin. Rats exposed to the SSRI �uoxetine revealed histopathological liver injury, with symptoms like e.g.
increased numbers of Kupffer and in�ammatory cells as well as focal necrosis (49, 76). Likewise, rats
exposed to 20 mg/kg citalopram showed increased in�ammation in their livers, higher numbers of Kupffer
cells and liver lymphocytes as well as an increased activity of liver enzymes (1, 44). Additionally, isolated rat
hepatocytes exposed to 500 µM citalopram showed cell death, oxidative stress and mitochondrial toxicity (1).
Also in humans, exposure to citalopram resulted in acute liver damage and increased levels of liver enzymes,
indicating hepatitis (23, 46). The observed reduction of glycogen in brown trout exposed to 1000 µg/L very
likely went along with the observed reduced food uptake. A reduced food uptake may directly cause a
decrease in glycogen storage in the liver (11, 67) and might be responsible for the lower growth rate in brown
trout exposed to 1000 µg/L citalopram, compared to the controls (74).

Venlafaxine exposure did not cause severe liver damage in brown trout. Only in juveniles exposed to 10 and
1000 µg/L venlafaxine, slightly more in�ammations became evident than in control �sh. The lacking cellular
reactions in the �sh livers might be due to the fact, that tissue concentrations of venlafaxine were up to 500-
fold lower than those for citalopram in citalopram-exposed �sh (74, 75), resulting in lower metabolic and
biotransformation activity. Similarly, Schultz, et al. (58) did not �nd any evidence of venlafaxine-dependent
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histopathological alterations in fathead minnow livers. Furthermore, venlafaxine had no effect on the
glycogen storage in the liver of exposed brown trout. Moreover, it has to be mentioned that also in control �sh,
slight histopathologies became obvious which might be due to the arti�cial exposure conditions in the
aquaria which, however, were kept as appropriate as possible during the experiments. As previously stated by
(60), this might be a general physiological response of the �sh to the laboratory exposure. Furthermore, the
liver status was generally impacted by temperature. Livers of larvae exposed at 11 °C were in a worse
condition with increased in�ammations and necrosis than livers of larvae exposed at 7 °C. The diminished
health condition might be related to the higher metabolism of �sh exposed at 11 °C. In a study with Japanese
�ounder also a reduced liver health status could be shown in relation to higher temperature (35). Additionally,
data for SOD-activity suggested a higher oxidative stress when exposed to the higher temperature with SOD
values being 24% higher at 11 °C than at 7 °C. This difference in SOD activity might be in�uenced by the
higher temperature of 11 °C, but differences due to different exposure time cannot be excluded. Additionally,
larvae exposed at 11 °C showed a higher mortality rate compared to larvae exposed at 7 °C substantiating the
poorer health condition at 11 °C (75). The higher temperature might have increased the overall SOD-activity
which could possibly resulted in the worse health status and the elevated mortality. In several studies it has
become evident, that oxidative stress responses are in general temperature sensitive (5, 38, 68). Possibly, the
relatively high basic level of SOD in controls at 11 °C prevented a further induction by venlafaxine, which
became obvious in �sh exposed at 7 °C, with more pronounced responses in larvae than in juveniles. In larvae,
this effect appeared in individuals exposed to at least 10 µg/L, with a maximum increase of 24% while, in
juveniles, the maximum SOD-activity was 22% higher than in the control, however not signi�cant. Along this
line, effects of different antidepressants on oxidative stress were previously published. Elevated oxidative
stress indicated by changes in catalase, peroxidase, glutathione-S-transferase (GST) and SOD-activity have
been shown in meagre exposed to venlafaxine (41), zebra�sh exposed to amitriptyline (73), gold�sh exposed
to sertraline (71) and daphnids exposed to citalopram (72). In a multi stressor experiment temperature effects
on the anti-oxidant defence have been shown and potential deleterious effects of venlafaxine on the anti-
oxidant defence mechanism of zebra�sh were indicated (42). However, in one study, �uoxetine-exposed
Pomatoschistus microps did not show a change in SOD activity (12). In general, both the vast majority of
literature results and our own data indicate that venlafaxine and other antidepressants can induce oxidative
stress in �sh.

In both life stages of brown trout, neither citalopram nor venlafaxine did alter the AChE or CbE activity, thus,
no neurotoxic effect of venlafaxine or citalopram on brown trout was detected. Nevertheless, effects of
antidepressants on AChE have been reported before: decreased AChE activity could be detected in a marine
clam species exposed to low µg/L �uoxetine (45), Pomatoschistus microps exposed to 1 mg/L �uoxetine (12)
and Daphnia magna exposed to 1 mg/L citalopram (72). In contrast, gold�sh exposed to low µg/L sertraline
showed an increased AChE activity, which could not be detected at higher concentrations (71). Concerning the
impact of antidepressants on carboxylesterases, to our knowledge, no data are published for �sh so far.

Likewise, neither citalopram nor venlafaxine exposure induced a response of the Hsp70 system, thus, no
proteotoxic effects became evident in juvenile brown trout. However, Maulvault et al. (2019) observed an
increased heat shock response in meagre exposed to 20 µg/L venlafaxine. As Hsp70 is a rather unspeci�c
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biomarker, which is induced by various types of stressors, differences might be attributed to different
exposure conditions or to species-speci�city.

Generally, temperature plays an important role in our scenarios, because it can have an impact on many
physiological responses in �sh (35, 38, 42, 68). We could see that �sh exposed at 11 °C revealed an overall
higher SOD-activity, however, differences between larvae exposed at 11 °C and 7 °C cannot solely be
attributed to temperature effects, because of different exposure times. Furthermore, it could be shown that
effects in larvae were more pronounced than in juveniles, however, these differences can also not solely be
accredited to different sensitivities of the life stages but can also result from longer exposure times of larvae.
A comparison of the presented biomarker data with previously published results obtained for endpoints like
behaviour and growth impairment from the same experiments (74, 75) make evident, that the effect
concentrations for behavioural and growth effects are in the same range as those for the biomarker
responses shown here. The lowest observed effect concentration (LOEC) in citalopram-exposed brown trout
was 100 µg/L re�ected by histopathological as well as behavioural alterations. Similarly, in venlafaxine-
exposed brown trout, behavioural and growth endpoints show similar LOECs of 10 µg/L as the biochemical
biomarker SOD-activity. This demonstrates that citalopram and venlafaxine can induce effects on cellular and
biochemical markers in equivalent concentrations as it affects growth and behavioural endpoints. As a result,
the no observed effect concentrations (NOEC) in these experiments are just an order of magnitude above
environmentally relevant concentrations and thus reasonably call for increased vigilance towards these
pharmaceuticals in the environment.

Conclusion
Combining the results for histopathology, neurotoxicity, proteotoxicity and oxidative stress with previously
published data, it became evident that effects and side-effects of citalopram and venlafaxine in brown trout
are similar to those known for humans. LOECs were at 10 µg/L for venlafaxine and at 100 µg/L for
citalopram, matching LOECs previously recorded for behavioural and growth endpoints. Although the NOECs
for citalopram and venlafaxine are at least a decimal power higher than environmentally relevant
concentrations, in consideration of safety factors and additive effects both antidepressants have necessarily
to be considered in environmental risk assessment.
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Figures

Figure 1

Histological status of brown trout livers: A: control status, HE-stain, B: reaction status: in�ammation, HE-stain,
C: reaction status: smaller and darker hepatocytes with extended intercellular spaces (IC), HE-stain, D: high
glycogen content in the liver of control �sh, alcian-blue-PAS-stain, E: low glycogen content, alcian-blue-PAS-
stain, F: destruction status: necrosis, HE-stain. All pictures show livers of brown trout larvae, but also represent
adequately the depicted pathologies in juvenile �sh.



Page 23/24

Figure 2

Semi-quantitative assessment of the liver status in citalopram-exposed brown trout. A+D: brown trout larvae
at 11 °C, B+E: brown trout larvae at 7 °C, C+F: juvenile brown trout; A-C: assessment of the histopathological
symptoms classi�ed in categories 1 to 5; D-F: assessment of the glycogen content in the liver classi�ed in
categories low, medium and high; asterisks represent signi�cant differences to the respective controls at
p≤0.05.
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Figure 3

Results for the semi-quantitative assessment of the liver status in venlafaxine-exposed brown trout. A+D:
brown trout larvae at 11 °C, B+E: brown trout larvae at 7 °C, C+F: juvenile brown trout, A-C: assessment of the
histopathological symptoms classi�ed in categories 1 to 5. D-F: assessment of the glycogen content in the
liver classi�ed in categories low, medium and high, asterisks represent signi�cant differences to the respective
controls.
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