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Abstract 34 

In this study, a non-target metabolomic approach was used to investigate changes in the 35 

metabolome of juvenile meagre (Argyrosomus regius) exposed to venlafaxine (20 µg/L). A total 36 

of 24, 22 and 8 endogenous metabolites tentatively identified in liver, brain and plasma, 37 

respectively, were significantly changed in venlafaxine exposed meagre, showing tissue-38 

dependent variations in the metabolic profile. The amino acids tryptophan, tyrosine and 39 

phenylalanine, which are related to the synthesis, availability, and expression of neurotransmitters 40 

(e.g., serotonin, dopamine, epinephrine), showed to be dysregulated by venlafaxine exposure. A 41 

high impact was observed in fish brain metabolome that showed a trend of up-regulation for most 42 

of the tentatively identified metabolites. In conclusion, the identification of possible biomarkers of 43 

exposure in fish metabolome to environmental stressors such as venlafaxine is crucial to assess 44 

early signal changes at molecular level, enabling the prevention of deleterious effects at the 45 

organism and population levels. 46 

 47 

 48 
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1. Introduction 52 

Venlafaxine, a selective serotonin-norepinephrine reuptake inhibitor (SNRI) 53 

antidepressant, is among the most prescribed for depression treatment (Magalhães et al., 2014). 54 

For instance, its consumption registered an increment of around 400% from 2005 to 2015 in 55 

Germany (Boulard et al., 2020). Its high human consumption allied to its incomplete removal in 56 

wastewater treatment plants (WWTPs) (Golovko et al., 2021; Lopez et al., 2022) led to a 57 

ubiquitous occurrence of venlafaxine in the aquatic environment (Čelić et al., 2019; Lopez et al., 58 

2022), including marine waters at concentrations up to 291 ng/L (Fernández-Rubio et al., 2019). 59 

Its detection in wild fish species has also been reported, reaching levels up to 22.9 ng/g (Moreno-60 

González et al., 2016; Grabicova et al., 2017; Huerta et al., 2018; Rojo et al., 2019). 61 

There is a growing concern on the potential negative effects of pharmaceuticals to non-62 

target organisms, including marine species, representing a current research challenge. Laboratory 63 

exposure experiments have shown that venlafaxine may adversely affect fish (Painter et al., 2009; 64 

Best et al., 2014; Maulvault et al., 2018a; Tang et al., 2022). These studies mainly focused on 65 

endpoints related to the mode of action of venlafaxine in humans, which acts by inhibiting the 66 

reuptake of the neurotransmitters serotonin (also known as 5-hydroxytriptamine (5-HT)) and 67 

norepinephrine (or noradrenalin) from the synaptic cleft, increasing the levels of these 68 

neurotransmitters (Magalhães et al., 2014). Although the mechanism of action of venlafaxine in 69 

non-target organisms has not been established, the dysregulation of serotonin levels has been 70 

reported as a response to venlafaxine exposure in fish (Salahinejad et al., 2022). This dysregulation 71 

can cause several adverse effects at different levels, since serotonin can be related with different 72 

neuronal and hormonal mechanisms in fish, participating in several regulatory and endocrine 73 

functions related to appetite, reproduction, immune system and fish behaviour (Santos et al., 2010). 74 
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For instance, the metabolic response of rainbow trout to stress was compromised after exposure to 75 

venlafaxine (0.2 and 1.0 µg/L for 7d) by attenuating the plasma glucose levels and lowering the 76 

levels of glycogen in the liver, suggesting a disruption in liver metabolism by increasing the liver 77 

energy demand. The capacity of gluconeogenesis and amino acid catabolism were also enhanced 78 

(Best et al., 2014), while the antioxidant defences of meagre tissues were impaired by the exposure 79 

to 20 µg/L of venlafaxine for 28d, reducing their capacity to prevent the induced oxidative stress 80 

(Maulvault et al., 2019). Venlafaxine is also able to affect fish behaviour, by decreasing the anxiety 81 

in fish and, thus increasing their exploratory behaviour (Maulvault et al., 2018a), slowing their 82 

escape response (Painter et al., 2009), or increasing their time to capture preys (Bisesi Jr et al., 83 

2014). Additionally, exposure to venlafaxine can also impact social interactions between fish by 84 

lowering the initiative to pursue fish of the opposite sex (Tang et al., 2022) or decreasing the 85 

tendency to stay within the shoal formation, which can compromise their chances of survival and 86 

make fish more vulnerable to predators (Maulvault et al., 2018a). Fish reproduction, development 87 

and survival can also be jeopardized due to exposure to venlafaxine. For instance, zebrafish 88 

showed a reduction in embryo production when exposed to 10 µg/L of venlafaxine for 72h (Galus 89 

et al., 2013), while a higher concentration (88 µg/L for 167-168d) induced an increase in egg 90 

production of fathead minnows (Parrott and Metcalfe, 2017). 91 

Besides the detection of adverse effects to aquatic organisms at the phenotype level, 92 

changes at molecular level are even more pronounced since they will allow an early signalling of 93 

environmental exposure to pharmaceuticals. In this context, metabolomic studies appear as an 94 

interesting approach, since they allow getting an overview of endogenous metabolites resulting 95 

from chemical reactions that occurs in a cell, tissue or biofluid of a living organism in response to 96 

external stressors or stimuli (Courant et al., 2014). Metabolomic studies to assess the effect of 97 
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pharmaceuticals in aquatic organisms have been described in literature following either target 98 

(David et al., 2018) or non-target approaches (Bonnefille et al., 2018; Serra-Compte et al., 2019; 99 

Ziarrusta et al., 2019; Brew et al., 2020; Ramirez et al., 2022). The former is more sensitive and 100 

very specific, focusing on particular target compounds or metabolic pathways, while the latter is 101 

an open analysis that allows the identification of undocumented metabolites, having the potential 102 

to find new biomarkers (Courant et al., 2014). 103 

A few studies have assessed the perturbations in the metabolome of aquatic organisms 104 

(e.g., fish, oysters, mussels) exposed to antidepressants (Mishra et al., 2017; Ziarrusta et al., 2019; 105 

Brew et al., 2020; Ramirez et al., 2022), though little information is available on the metabolites 106 

disrupted by venlafaxine exposure (Ramirez et al., 2022). In the present study, a non-target 107 

metabolomic approach using liquid chromatography coupled to high-resolution mass spectrometry 108 

(LC-HRMS) was applied to evaluate changes in the metabolic fingerprint of juvenile meagre 109 

(Argyrosomus regius) exposed to 20 µg/L of the antidepressant venlafaxine. Environmental 110 

concentrations of venlafaxine generally do not exceed 1 µg/L (Fernández-Rubio et al., 2019; 111 

Wilkinson et al., 2022). However, in highly impacted rivers this antidepressant can reach levels up 112 

to 55.0 µg/L (Voloshenko-Rossin et al., 2015). Therefore, a nominal concentration of 20 µg/L was 113 

selected as a representative concentration of a worst-case exposure scenario and based on previous 114 

studies that showed that levels of venlafaxine ranging from 1 to 500 µg/L affect fish behaviour 115 

(Bisesi Jr et al., 2014; Wigner et al., 2020) and the levels of neurotransmitters in fish (50-500 µg/L) 116 

(Bisesi Jr et al., 2014; Thompson and Vijayan, 2020). Therefore, we can guarantee the 117 

identification of endogenous metabolites impacted by the exposure to venlafaxine. Indeed, in our 118 

previous study such nominal concentration showed to affect fish behaviour, making fish more 119 

susceptible to predators and impairing their chances of survival in wild environment (Maulvault 120 
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et al., 2018a). Overall, variations in the metabolome of brain, liver and fish plasma were evaluated 121 

to identify outcomes related either with venlafaxine mode of action (monoamine neurotransmitters 122 

reuptake inhibition) or off-target effects (interaction with receptors unrelated to monoamines 123 

reuptake e.g., 5-HT receptors), which may affect other biochemical pathways, such as energy 124 

metabolism, amino acid metabolism and hormone signalling (Webhofer et al., 2011; Ziarrusta et 125 

al., 2019; Costa et al., 2021). 126 

 127 

2. Materials and Methods 128 

2.1. Chemicals and reagents 129 

Analytical standards of venlafaxine and ibuprofen of high-grade purity (> 98%) were 130 

purchased from Sigma-Aldrich and LGC Standards, respectively. Methanol, acetonitrile and water 131 

were provided by Fisher Scientific (Geel, Belgium). All solvents were MS grade. Formic acid 98–132 

100% was purchased from Merck (Darmstadt, Germany) and ammonia 30% (as NH3) was 133 

purchased from Panreac (Barcelona, Spain). 134 

 135 

2.2. Experimental design 136 

The experimental design is described in detail in our previous work (Santos et al., 2020). 137 

Briefly, meagre (A. regius) specimens were raised at the aquaculture pilot station of the Portuguese 138 

Institute for the Sea and Atmosphere (EPPO-IPMA, Olhão, Portugal) until reaching the juvenile 139 

stage. Then, fish with similar biometric characteristics (total length: 6.8 ± 0.4 cm; total weight: 2.6 140 

± 0.5 g) were transported to the aquaculture facilities of Laboratório Marítimo da Guia (MARE-141 

FCUL, Cascais, Portugal), where they were randomly distributed in 50 L glass tanks filled with 142 

natural UV-disinfected seawater for acclimation.  143 
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Juvenile meagre (A. regius) was selected as biological model because: i) it is a predator 144 

fish species that tends to accumulate organic chemical contaminants (Bodin et al., 2014), being 145 

more susceptible to the impact of environmental contaminants; and ii) its commercial value has 146 

been growing in the last years, especially in Mediterranean area (FAO, 2022), thus the data 147 

obtained can contribute to the protection of the specie by allowing the assessment of early signal 148 

changes at molecular level, which will enable the prevention of deleterious effects at the organism 149 

and population levels, which might compromise the survival of the specie. Furthermore, the early 150 

life stages of fish species (such as juvenile) are more susceptible to deleterious effects due to 151 

exposure to environmental chemical contamination. 152 

The exposure experiment to venlafaxine (nominal concentration of 20 µg/L) was 153 

performed using 10 individuals per tank. Two treatments (control and exposure to venlafaxine) 154 

were performed in triplicate. For the exposure to venlafaxine, seawater of the exposure tanks was 155 

daily spiked with an aqueous stock solution of venlafaxine to obtain a nominal concentration of 156 

20 µg/L. Control and exposed tanks were maintained under the following conditions: i) dissolved 157 

oxygen (DO) > 5 mg/L; ii) temperature (19.0 ± 0.5 ºC); iii) pH = 8.0 ± 0.1; iv) salinity = 35 ± 1 158 

‰; and v) photoperiod = 12h light: 12h dark. There was a 25% daily renewal of seawater. The 159 

exposure time was 28 days, followed by 7 additional days (until 35 days), during which the spiking 160 

of venlafaxine was stopped. Measured concentrations of venlafaxine in seawater are indicated in 161 

Supplementary Material (Table S1). In total, ten fish were randomly sampled from each treatment 162 

(c.a. 3-4 fish per tank) at days 28 and 35. Then, two composite samples were prepared (5 163 

individuals in each of them) for brain and liver tissues and for fish plasma. Detailed description of 164 

sample collection and preparation (including fish and seawater from each replicate tank, as well 165 

as liver, brain and plasma) are described in our previous work (Santos et al., 2020). 166 
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 167 

2.3. Sample preparation 168 

Freeze-dried liver and brain (50 and 25 mg, respectively) were extracted with a mixture 169 

methanol:water (75:25, v/v) using ultrasonic assisted extraction (Santos et al., 2020). Briefly, 170 

tissues were extracted with 1 mL of methanol:water (75:25, v/v) in an ultrasonic bath for 15 min 171 

in ice bath. Then, samples were centrifuged (7500 rpm, 15 min, 4 °C) and the supernatant was 172 

collected in a glass tube. This protocol was repeated three times and all supernatants were 173 

combined and evaporated under a gentle stream of nitrogen to remove the organic solvent. Then, 174 

evaporated extracts were reconstituted in 50 mL Milli-Q water with 0.1% formic acid and a clean-175 

up step was performed by solid phase extraction (SPE) using Oasis® MCX (3 cc, 60 mg) (Waters, 176 

Ireland). Extracts were reconstituted in 1 mL of methanol:water (50:50, v/v). For fish plasma, 50 177 

µL of methanol were added to 50 µL of fish plasma, centrifuged (5000 rpm, 10 min, 4 ºC), and 60 178 

µL of supernatant were transferred to an insert for further analysis. 179 

 180 

2.4. LC-HRMS analysis for non-target metabolomics 181 

Non-target metabolomics analysis was performed using a LC-LTQ-OrbitrapVelos™ from 182 

Thermo Fisher Scientific Inc., equipped with a heated electrospray ionization (HESI-II) operating 183 

both in positive and negative mode. An analytical methodology adapted from Serra-Compte et al. 184 

(2019) was used. Briefly, chromatographic separation was performed on a Hypersil GOLD PFP 185 

column (100 x 2.1 mm; 1.9 µm) (Thermo ScientificTM, USA). For positive mode, the mobile phase 186 

consisted in 0.1% formic acid in water and acetonitrile, while for negative mode, the mobile phase 187 

was water and acetonitrile. A flow rate of 0.5 mL/min was used for both ionization modes, the 188 

column was kept at room temperature and the autosampler was operated at 10 ºC. An injection 189 
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volume of 10 µL was used. For positive mode, ESI parameters were set up as follow: spray voltage 190 

at 3.5 kV, source heater temperature at 300 ºC, capillary temperature at 350 ºC, sheath gas flow at 191 

40 and auxiliary gas flow at 20 (arbitrary units). For negative mode, spray voltage was kept at 3.0 192 

kV, source heater temperature at 450 ºC, capillary temperature at 450 ºC, sheath gas flow at 35 193 

and auxiliary gas flow at 10 (arbitrary units). Data were acquired through Data Dependent 194 

Acquisition (DDA) mode: a full-scan mode from a mass-to-charge (m/z) range of 100 to 700 at a 195 

resolving power of 60,000 FWHM, followed by a MS/MS full-scan fragmentation from a m/z 196 

range of 50 to 700 at 30,000 FWHM of the three most intense ion masses selected in each MS scan 197 

event. 198 

 199 

2.5. Post-acquisition metabolic fingerprint data processing 200 

2.5.1. Quality control 201 

Due to limited availability of sample material, LC-LTQ-Orbitrap performance during batch 202 

analyses was monitored using two independent standards (venlafaxine and ibuprofen for positive 203 

and negative ionization mode, respectively) instead of composite samples. The variation of 204 

retention time was less than ±0.01 min for positive quality control (venlafaxine) and less than 205 

±0.02 min for the negative one (ibuprofen). For both ionization modes, the variation of mass 206 

accuracy was less than ±4 ppm. Quality controls were injected at the beginning, middle and end 207 

of the analytical batches and there was no difference in the mean response values between batches, 208 

guaranteeing a little drift in the instrument sensitivity. Instrumental blank samples (methanol and 209 

a mixture methanol:water, 50:50 (v/v)) were also injected every 4 samples for monitoring possible 210 

carryover. 211 

 212 
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2.5.2. Metabolomics data processing 213 

 Non-target metabolomics data analysis was processed using Compound Discoverer 3.0 214 

software (Thermo ScientificTM). An automated data processing workflow was used for the 215 

identification of endogenous metabolites in fish tissues and plasma, which consisted of peak 216 

alignment, peak feature extraction, peak identification, compound grouping across all samples, 217 

and differential analysis. Background subtraction was also performed using blank samples. Data 218 

pre-treatment was run separately in positive and negative ionization modes in fish tissues (liver 219 

and brain) and plasma, for the two exposure times (28 and 35 days), to identify the endogenous 220 

metabolites that displayed significantly changes between the control and the exposed conditions 221 

(28 days – end of the exposure; 35 days – 7 days after stopping venlafaxine spiking). 222 

First, computational data files (chromatograms and mass spectra) were loaded into the 223 

software. Then, automated data processing started with data filtering in the m/z range of 50-700 224 

and by setting a peak intensity threshold at a signal-to-noise (S/N) ratio of 1.5. Chromatographic 225 

alignment was performed using a mass tolerance error of 5 ppm and a maximum retention time 226 

shift of 0.3 min. For peak extraction, a mass tolerance of 5 ppm was set, as well as an intensity 227 

tolerance of 30%, a S/N ratio of 3, a minimum peak intensity of 10,000, a maximum peak width 228 

of 0.5 min, and a minimum of 5 scans per peak. The identification of metabolites was automatically 229 

performed using compound exact masses and MS/MS ion fragmentation spectra, which were 230 

compared with mzCloud, mzVault and ChemSpider databases for metabolite annotation. From the 231 

list of features automatically generated only those with a best match (with databases) ≥ 65% and 232 

a statistically significant difference (p-value < 0.1) between control and exposure to venlafaxine 233 

were considered. Then, the list of significant features was manually checked, and those peaks that 234 

presented a poor chromatographic shape were discarded for further data processing. Finally, from 235 
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the tentatively identified metabolites, only those that had a positive finding in open-source 236 

databases, such as KEGG Pathways or the Endogenous Metabolites database with 4400 237 

compounds (both integrated in Compound Discoverer 3.0 software (Thermo ScientificTM)), or the 238 

Human Metabolome database or LIPIDS MAPS (which were manually checked), were considered 239 

for further statistical analysis.  240 

 241 

2.6. Data treatment 242 

Data were processed using Compound Discoverer 3.0 software and 4 datasets for each 243 

tissue were generated, namely POS28 days, POS35 days, NEG28 days and NEG35 days, that were merged 244 

in a single dataset and were analysed together. To avoid statistical misreading of the data, peaks 245 

of venlafaxine and its metabolites were discarded (Santos et al., 2020).  246 

For identification purposes only those features with a statistically significant difference (p-247 

value < 0.1) between control and exposure to venlafaxine were considered. Although a p-value < 248 

0.05 is statistically more powerful, the low number of fish per group may lead to a low statistical 249 

power, that could be partial surpassed using a higher p-value (p-value < 0.1). Using a threshold 250 

limit of p-value < 0.1, a trend in the down- or up-regulation of several metabolites of the same 251 

metabolic pathway could be identified, allowing the assessment of biologically relevant 252 

modulation trend due to the exposure to venlafaxine. The same approach was followed by 253 

Bonnefille et al. (2018) in the evaluation of the effect of diclofenac exposure on mussels (Mytilus 254 

galloprovincialis) metabolome, allowing the identification of a trend in the three main impacted 255 

biological pathways, namely down-regulation of tyrosine metabolism, up-regulation of tryptophan 256 

metabolism, and up-regulation of hormone biosynthesis pathway. 257 
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Principal Component Analysis (PCA) was performed to cluster samples. For annotated 258 

metabolites, fold change (FC) values were calculated for fish liver, brain and plasma, at both 259 

exposure times (28 and 35 days), according to Ziarrusta et al. (2019) (Equation 1): 260 

 261 

Fold Change (FC) = 
Average area metabolite in the exposed sample at day 28 or 35

Average area metabolite in control sample at day 28 or 35
          (Eq. 1) 262 

 263 

The identification of the metabolic pathways potentially affected based on the tentatively 264 

identified metabolites was performed using the integrated web-based platform MetaboAnalyst 5.0. 265 

Based on the number of metabolites identified belonging to the same pathway and on the role of 266 

each metabolite in a specific pathway, a p-value for each metabolic pathway was assessed. 267 

 268 

3. Results and Discussion 269 

3.1. Analytical performance  270 

Following a non-target screening approach, a total of 24,265, 15,510, and 12,533 features 271 

were detected in fish liver, brain and plasma, respectively, in both positive and negative ionization 272 

modes. From these, a total of 3,812, 2,296 and 2,279 features in fish liver, brain and plasma, 273 

respectively, showed statistically significant differences between control and exposure to 20 µg/L 274 

of venlafaxine, allowing the tentatively identification of 24, 22 and 8 endogenous metabolites in 275 

fish liver, brain and plasma, respectively, with confidence level 2 according to the classification 276 

defined by Schymanski et al. (2014). 277 

 278 

3.2. Impact of venlafaxine in fish metabolome 279 
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Changes in the metabolome of juvenile meagre (A. regius) exposed to the antidepressant 280 

venlafaxine were evaluated after 28 days of exposure and following a period of 7 days (until 35 281 

days), during which the spiking of venlafaxine was stopped. The concentration of venlafaxine in 282 

seawater was kept constant through the 28 days of exposure phase (19.2 ± 1.6 µg/L at day 28) 283 

(Table S1). However, due to a limitation of the semi-static system used to perform the exposure 284 

experiment, it was not possible to completely remove venlafaxine from seawater, since only 25% 285 

of the total tank volume was renewed in a daily basis. Additionally, venlafaxine could be excreted 286 

by fish as well, since it was shown the ability of meagre to accumulate, metabolize and eliminate 287 

venlafaxine (Maulvault et al., 2018b; Santos et al., 2020). Therefore, at the end of the experiment 288 

(day 35) it was still detected venlafaxine in the seawater (17.6 ± 1.4 µg/L) (Table S1).  289 

The metabolic fingerprint of exposed fish was assessed separately in different tissues (brain 290 

and liver) and in plasma. A Principal Component Analysis (PCA) using all the tentatively 291 

identified metabolites was performed to assess the overall effect of venlafaxine on fish 292 

metabolome in the different organs (Figure 1). Brain and liver PCAs revealed a clear separation 293 

between control and both times (28 and 35 days) (Figure 1A and 1B), while fish plasma PCA only 294 

showed a separation between control and exposed fish and no differences were detected between 295 

both exposure times (Figure 1C). 296 

 297 

Insert Figure 1 298 

 299 

In total, 24, 22 and 8 endogenous metabolites, that showed statistically significant 300 

differences between control and exposure to venlafaxine, were tentatively identified in fish liver, 301 

brain and plasma, respectively, comprising a variety of metabolites of classes such as amino acids, 302 
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purines, carboxylic acids and derivatives, fatty acids and hydroxy fatty acids, and lipids (Figure 2 303 

and Table S2). Alterations in the same classes of metabolites were also described in fish species 304 

exposed to other antidepressants, such as fluoxetine (Mishra et al., 2017) and amitriptyline 305 

(Ziarrusta et al., 2019). 306 

Exposure to venlafaxine showed tissue-dependent variations in the metabolome of fish 307 

(Figure 2). After 28 days of exposure, most metabolites (15 out of 22) detected in the brain showed 308 

up-regulation, being more pronounced at day 35. On the other hand, an opposite trend was seen in 309 

fish liver after 28 days, where most metabolites (14 out of 24) were down-regulated. However, at 310 

day 35, there was a reversion in the expression of liver metabolites that revealed a marked up-311 

regulation (21 out of 24). In the case of fish plasma, most metabolites were down-regulated at both 312 

times (28 and 35 days). Tissue-dependent variations were also observed in the liver and brain 313 

metabolome of gilthead seabream (Sparus aurata) exposed to 0.2 µg/L of the antidepressant 314 

amitriptyline (Ziarrusta et al., 2019). 315 

 316 

Insert Figure 2 317 

 318 

The tentatively identified metabolites are involved in different metabolic pathways that 319 

may be altered due to the exposure to venlafaxine. Figure 3 shows the most significantly impacted 320 

metabolic pathways by the exposure to venlafaxine in the different fish organs. Considering a 321 

threshold limit of p-value < 0.05, a pathways analysis using the web-based platform 322 

MetaboAnalyst revealed a total of 5 metabolic pathways significantly altered in brain, 1 in liver 323 

and 2 in fish plasma (Tables S3-S5), mainly associated with amino acids metabolism, signalling 324 

pathway and lipid metabolism. In the brain, aminoacyl-tRNA biosynthesis and several metabolic 325 
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pathways involved in the biosynthesis and metabolism of different amino acids, such as 326 

phenylalanine, tyrosine, tryptophan, lysine, methionine, arginine, and leucine, were among the 327 

most altered metabolic pathways due to the venlafaxine exposure (Table S3). In liver, arginine 328 

biosynthesis was the only metabolic pathway that was significantly altered by the exposure to 329 

venlafaxine (Table S4), while in fish plasma, the most altered metabolic pathways are involved in 330 

lipid metabolism (biosynthesis of unsaturated fatty acids; and linolenic acid metabolism) (Table 331 

S5). 332 

 333 

Insert Figure 3 334 

 335 

3.2.1. Fish brain 336 

 The present study showed that fish brain was among the organs with a higher number of 337 

endogenous metabolites affected by the exposure to venlafaxine, being noteworthy several amino 338 

acids, including some related to the synthesis of neurotransmitters. This is not surprising, since 339 

venlafaxine belongs to the family of SNRI antidepressants and acts by inhibiting the reuptake of 340 

the neurotransmitters serotonin and norepinephrine from the pre-synaptic nerve cleft (Salahinejad 341 

et al., 2022), by targeting transporters of serotonin, norepinephrine and even dopamine, when 342 

present at high concentrations (Thompson and Vijayan, 2020). Nevertheless, contrarily to what 343 

should be expected, a decrease in brain serotonin levels of fish exposed to venlafaxine (Bisesi Jr 344 

et al., 2014; Thompson and Vijayan, 2020) and even to other antidepressants such as fluoxetine 345 

(Gaworecki and Klaine, 2008) has been described. In the present study, a down-regulation of 346 

tryptophan, the precursor amino acid of serotonin, was observed in meagre brain (Figure 2 and 347 

Table S2), which might indicate an increase in serotonin synthesis as an attempt to overcome the 348 
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depletion of this neurotransmitter in fish. However, in Thompson and Vijayan (2020) study, the 349 

spatial distribution of the gene tph2, a key gene encoding a protein essential for the biosynthesis 350 

of serotonin in fish brain, was not affected by the exposure of zebrafish embryos to venlafaxine, 351 

as well as it was not altered the transcripts abundance of the gene serta, which encodes for 352 

serotonin transporter that it is inhibited in humans by venlafaxine, leading to a higher content of 353 

serotonin in the synaptic cleft. Nevertheless, the expression of the gene mao that encodes an 354 

enzyme responsible for the breakdown of serotonin, was lower in zebrafish exposed to venlafaxine. 355 

Therefore, Thompson and Vijayan (2020) suggested that the decrease in serotonin levels might 356 

not be associated with the disruption of serotonin turnover in the brain, but rather to a disruption 357 

in its reuptake into nerve fibres. 358 

The amino acids phenylalanine and tyrosine were also altered in meagre brain, showing 359 

both up-regulation (Figure 2 and Table S2). Phenylalanine is the precursor of tyrosine, which in 360 

turn leads to the formation of dopamine, norepinephrine and epinephrine, neurotransmitters related 361 

with different monoaminergic systems where venlafaxine acts, being highly phylogenetically 362 

conserved between mammals and fish (Gould et al., 2021). Our results are in agreement with 363 

findings of Costa et al. (2021) who described alterations in pathways that regulate dopamine and 364 

tyrosine level in the brain of European seabass (Dicentrarchrus labrax) exposed to 1 µg/L of 365 

venlafaxine. The synthesis of dopamine in the pre-synaptic neuron is reduced due to the action of 366 

pre-synaptic dopamine receptors that recognize the concentration of dopamine in the synaptic cleft, 367 

which in turn should be increased due to the exposure to venlafaxine (Costa et al., 2021), 368 

eventually leading to an increase in its amino acid precursors (phenylalanine and tyrosine) as 369 

observed in the present study. Costa et al. (2021) also observed a significant decrease in the 370 

expression of dopamine d2 and d3 receptors in the brain of venlafaxine exposed fish. An up-371 
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regulation of the precursor tyrosine in mice brain was also reported after chronic exposure to 372 

paroxetine (Webhofer et al., 2011). Conversely, zebrafish embryos exposed to fluoxetine (12 ng/L 373 

to 700 µg/L) showed a down-regulation of phenylalanine and tyrosine (Mishra et al., 2017). These 374 

contradictory responses may be attributed either to differences in the developmental stage of both 375 

species and/or to species-specific responses to antidepressants exposure. 376 

The amino acid arginine was also up-regulated in fish brain after exposure to venlafaxine 377 

(Figure 2 and Table S2). Antidepressants can induce their effect by inhibiting the synthesis of nitric 378 

oxide (Wigner et al., 2020), a by-product of the transformation of arginine to citrulline by the 379 

enzyme nitric oxide synthase (NOS). Antidepressants might bind to this enzyme, preventing the 380 

formation of nitric oxide (Ziarrusta et al., 2019), and leading to an increase in arginine levels in 381 

the brain, as seen in this study. Ziarrusta et al. (2019) also observed alterations in arginine level in 382 

the brain of gilthead seabream (Sparus aurata) exposed to amitriptyline. Likewise, venlafaxine 383 

induced a decrease in the generation of nitric oxide in the brain of rats by reducing the NOS1 384 

mRNA expression in the brain (Wigner et al., 2020). 385 

Finally, up-regulation of vitamin choline in fish brain was observed as a consequence of 386 

venlafaxine exposure (Figure 2 and Table S2). Antidepressants may affect the activity of 387 

acetylcholinesterase (AChE), which is an enzyme responsible for hydrolysing the neurotransmitter 388 

acetylcholine into acetic acid and choline in the synaptic cleft and neuromuscular junctions 389 

(Ziegler et al., 2020), by either inhibiting (Duarte et al., 2019) or inducing (Xie et al., 2015) AChE 390 

activity in fish. An increase in choline levels in fish brain exposed to venlafaxine might indicate a 391 

potential increase in the AChE activity. However, while two previous studies did not observe a 392 

significant effect in AChE activity in the brain of fish exposed to venlafaxine via water 393 

(concentrations ranging from 1 to 1000 µg/L) (Maulvault et al., 2019; Ziegler et al., 2020), another 394 
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study reported a significant increase in AChE activity in the brain of fish exposed to venlafaxine 395 

via contaminated feed (concentration = 161.7 ± 17.1 ng/g, dw) (Maulvault et al., 2019). 396 

 397 

3.2.2. Fish liver 398 

Although the main mechanism of action of antidepressants like venlafaxine is associated 399 

with the dysregulation of monoaminergic systems, especially the serotonergic one in brain, 400 

serotonin can also be involved in different signalling pathways outside the brain. Antidepressants 401 

can inhibit serotonin transporters existing in peripheral fish tissues, increasing circulatory levels 402 

of serotonin, which may alter several physiological processes (Salahinejad et al., 2022). However, 403 

the mechanisms involved in modifications of non-brain serotonin levels are not clearly understood, 404 

and further research is still needed. In fish, the synthesis of serotonin predominantly occurs in 405 

liver, followed by brain (Salahinejad et al., 2022); thus, it was not surprising that levels of its 406 

precursor, tryptophan, were also altered in fish liver (Figure 2 and Table S2). A down-regulation 407 

of tryptophan was observed in liver during meagre exposure to venlafaxine, indicating a possible 408 

increase in serotonin production. However, at the end of the experiment (day 35), this trend was 409 

reversed, and tryptophan become up-regulated (Figure 2 and Table S2). The amino acid tyrosine 410 

that is the precursor of different neurotransmitters, including epinephrine (also known as 411 

adrenalin), was also down-regulated in liver (Figure 2 and Table S2), indicating a possible decrease 412 

in the noradrenergic transmission (Webhofer et al., 2011). This could be attributed to the fact that 413 

venlafaxine might also act as beta-blocker by blocking the β-adrenoceptor signalling in 414 

hepatocytes, reducing the epinephrine-stimulated glucose production and interfering with energy 415 

metabolism (Ings et al., 2012). Arginine also showed a similar trend to tryptophan, i.e., it was 416 

down-regulated in fish liver at day 28, whereas was up-regulated at the end of the experiment (day 417 
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35), but in this last case the difference was not statistically significant relatively to the control 418 

(Figure 2 and Table S2). Moreover, arginine biosynthesis was the only metabolic pathway 419 

significantly affected in meagre liver (Figure 3 and Table S4). These results suggest that arginine 420 

synthesis was reduced, lowering its level in liver and, consequently, decreasing the enzymatic 421 

generation of nitric oxide.  422 

 423 

3.2.3. Fish plasma 424 

Venlafaxine enhances the generation of reactive oxygen species (ROS) in fish, inducing 425 

oxidative stress (Ziegler et al., 2020), a common adverse effect due to the exposure to xenobiotics. 426 

In a previous study, Maulvault et al. (2019) described changes in the response of several oxidative 427 

stress biomarkers of meagre exposed to venlafaxine, namely the enhancement of catalase (in liver) 428 

and glutathione-S-transferase (in muscle) activities, which are enzymes usually associated to the 429 

antioxidant defence system of organisms to overcome the formation of ROS induced by stressors. 430 

In addition, an increase in lipid peroxidation was reported in different fish tissues, including liver 431 

and brain. In the current study, most altered metabolites detected in fish plasma were related to 432 

lipid metabolism (Figure 2 and 3, Table S2), suggesting the occurrence of oxidative stress. In 433 

general, lipid metabolites were down-regulated in fish plasma. Changes in the expression of genes 434 

related to lipid metabolism were also reported in the brains of European seabass (Costa et al., 2021) 435 

and zebrafish larvae (Rodrigues et al., 2020) exposed to venlafaxine. Alterations in lipid 436 

metabolism were also described in fish exposed to other antidepressants such as amitriptyline 437 

(Ziarrusta et al., 2019). Other effects of oxidative stress caused by the exposure to venlafaxine 438 

were also observed in fish brain, particularly a down-regulation of oxidized glutathione (Figure 2 439 

and Table S2). Low levels of oxidized glutathione might impact the production of reduced 440 
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glutathione by decreasing the substrate of glutathione reductase, potentiating the risk of lipid 441 

peroxidation due to a decrease in the production of reduced glutathione (Dringen, 2000). 442 

 443 

4. Conclusions 444 

Understanding the effect of environmental stressors such as venlafaxine in fish 445 

metabolome can be a very challenging task, since different tissues show distinct biomarkers 446 

response and trends. This is related to the fact that antidepressants act in different receptors, which 447 

may be differently expressed in cells and organs, thus exerting varying influence on a variety of 448 

biochemical, physiological and behavioural processes associated with basic functions of fish 449 

(Rodrigues et al., 2020; Gould et al., 2021). Using non-target metabolomics, it was possible to 450 

identify changes in endogenous metabolites of fish exposed to venlafaxine, revealing that brain, 451 

liver and plasma possess different metabolic profiles, which can be related to their sensitivity to 452 

venlafaxine and the different physiological functions they are involved. Due to the mechanism of 453 

action of SNRI antidepressants, a high impact in brain metabolome was observed, since 454 

venlafaxine dysregulates the levels of serotonin, which is the most widely distributed 455 

neurotransmitter in brain. Additionally, phenylalanine, tyrosine and tryptophan biosynthesis were 456 

among the most significantly altered pathways in brain, indicating a significant impact on the 457 

nervous system. The exposure of meagre to venlafaxine caused perturbations in several 458 

metabolites that are related to the synthesis, availability and expression of neurotransmitters (e.g., 459 

serotonin, dopamine, epinephrine) that can affect fish behaviour, as it was shown in a previous 460 

study (Maulvault et al., 2018a). Thus, amino acids related to the synthesis of neurotransmitters, 461 

such as tryptophan, tyrosine, or phenylalanine, that showed to be dysregulated in fish tissues, can 462 

be further used as biomarkers of venlafaxine exposure and impact. Assessing the alterations in 463 
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specific biochemical pathways in an early stage of development of fish can be crucial to prevent 464 

irreversible damage of their biological systems and to guarantee their survival. Furthermore, 465 

differences in the developmental stages of fish and species-specific response to the contaminant 466 

might also affect fish metabolome and should be considered in further studies. 467 

  468 
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 469 

Figure Captions 470 

 471 

Figure 1 – Principal component analysis score plots and component loadings for fish A) brain, B) 472 

liver, and C) plasma, using all the tentatively identified metabolites statistically significant (p < 473 

0.1). Each dot represents a composite sample corresponding to a pool of 5 individuals. 474 

 475 

Figure 2 – Fold change values, expressed as log2, of the endogenous metabolites significantly 476 

changed in fish brain (A), liver (B) and plasma (C) after exposure to venlafaxine (p-value < 0.1). 477 

Identity of the metabolites is indicated in the y axis of each graphic. 478 

 479 

Figure 3 – Most relevant impacted metabolic pathways due to the exposure to venlafaxine in fish: 480 

A) brain; B) liver; and C) plasma. 1 – Aminoacyl t-RNA biosynthesis; 2 - Arginine and proline 481 

metabolism; 3 - Phenylalanine, tyrosine and tryptophan biosynthesis; 4 - Phenylalanine 482 

metabolism; 5 - Arginine biosynthesis; 6 - Biosynthesis of unsatured fatty acids; 7 - Linoleic acid 483 

metabolism. Only the pathways with a p-value < 0.05 are identified in the figure. Bubble area is 484 

proportional to the impact of each pathway, with color denoting the significance from highest in 485 

red to lowest in white. 486 

  487 
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