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Introduction

Numerous studies have demonstrated how anthropogenic pollution, such as those related to agricultural activities, industrial effluents and urbanization can impair aquatic environments [START_REF] Amoatey | Effects of pollution on freshwater aquatic organisms[END_REF][START_REF] Kümmerer | The presence of pharmaceuticals in the environment due to human usepresent knowledge and future challenges[END_REF]. Human pharmaceuticals, including their metabolites, mainly enter surface waters, rivers, and lakes by releasing treated effluents from municipal sewage treatment plants [START_REF] Ebele | Pharmaceuticals and personal care products (PPCPs) in the freshwater aquatic environment[END_REF][START_REF] Giri | Ecotoxicological Aspects of Pharmaceuticals on Aquatic Environment[END_REF]. These products can lead to serious environmental threats to the resident biota. Despite their ability to be more or less degraded by natural processes in the environment, pharmaceutical compounds are considered as pseudo-persistent since they are continually released at low concentrations into the water bodies [START_REF] López-Pacheco | Anthropogenic contaminants of high concern: Existence in water resources and their adverse effects[END_REF]. Consequently, these contaminants can be found in the aquatic environment with concentrations ranging from ng/L to µg/L [START_REF] Kümmerer | The presence of pharmaceuticals in the environment due to human usepresent knowledge and future challenges[END_REF][START_REF] Miller | A review of the pharmaceutical exposome in aquatic fauna[END_REF]. Among the diverse and extensive group of human pharmaceuticals, it is known that the non-steroidal anti-inflammatory drugs (NSAIDs), and especially diclofenac (DCF), are one of the most commonly found within the aquatic environment in receiving waters throughout the western world [START_REF] Sathishkumar | Occurrence, interactive effects and ecological risk of diclofenac in environmental compartments and biota -a review[END_REF]. DCF is prescribed for oral use such as DicloCare (Advacare Pharma) or available as an ointment for local application such as Flector® (Laboratories Genevrier) without a prescription to both humans and livestock to treat various acute or chronic pain and inflammatory conditions, with a global annual consumption of up to 1000 tons [START_REF] Näslund | Diclofenac affects kidney histology in the three-spined stickleback (Gasterosteus aculeatus) at low μg/L concentrations[END_REF]. It is thus frequently detected in treated wastewaters, streams, rivers, lakes, and even drinking water [START_REF] Sathishkumar | Occurrence, interactive effects and ecological risk of diclofenac in environmental compartments and biota -a review[END_REF], with maximal concentrations in freshwater reported as high as the µg/L range, such as in Nigeria with a concentration up to 57.16 µg/L [START_REF] Sathishkumar | Occurrence, interactive effects and ecological risk of diclofenac in environmental compartments and biota -a review[END_REF]. DCF has known effects in aquatic non-target fishes at µg/L concentrations such as oxidative stress, cytological and histopathological effects, mortality, or effects on the immune system [START_REF] Hoeger | Water-borne diclofenac affects kidney and gill integrity and selected immune parameters in brown trout (Salmo trutta f. fario)[END_REF][START_REF] Islas-Flores | Diclofenac-induced oxidative stress in brain, liver, gill and blood of common carp (Cyprinus carpio)[END_REF][START_REF] Joachim | Effects of diclofenac on sentinel species and aquatic communities in semi-natural conditions[END_REF][START_REF] Näslund | Diclofenac affects kidney histology in the three-spined stickleback (Gasterosteus aculeatus) at low μg/L concentrations[END_REF][START_REF] Schwaiger | Toxic effects of the non-steroidal anti-inflammatory drug diclofenac[END_REF][START_REF] Schwarz | Impact of the NSAID diclofenac on survival, development, behaviour and health of embryonic and juvenile stages of brown trout, Salmo trutta f. fario[END_REF][START_REF] Triebskorn | Ultrastructural effects of pharmaceuticals (carbamazepine, clofibric acid, metoprolol, diclofenac) in rainbow trout (Oncorhynchus mykiss) and common carp (Cyprinus carpio)[END_REF][START_REF] Triebskorn | Toxic effects of the non-steroidal anti-inflammatory drug diclofenac[END_REF].

The three-spined stickleback (Gasterosteus aculeatus) is commonly used as a model species in ecotoxicology tests as it is sensitive to a range of different toxicants [START_REF] Kemble | Contaminants in Stream Sediments From Seven United States Metropolitan Areas: Part II-Sediment Toxicity to the Amphipod Hyalella azteca and the Midge Chironomus dilutus[END_REF][START_REF] Pottinger | Indices of stress in three-spined sticklebacks Gasterosteus aculeatus in relation to extreme weather events and exposure to wastewater effluent[END_REF][START_REF] Van Geest | Toxicity of two pyrethroid-based anti-sea lice pesticides, AlphaMax(R) and Excis(R), to a marine amphipod in aqueous and sediment exposures[END_REF], abundant, and easy to manipulate under laboratory and in situ conditions [START_REF] Catteau | Water quality of the Meuse watershed: Assessment using a multi-biomarker approach with caged threespined stickleback (Gasterosteus aculeatus)[END_REF][START_REF] Hani | Effects of chronic exposure to cadmium and temperature, alone or combined, on the threespine stickleback (Gasterosteus aculeatus): Interest of digestive enzymes as biomarkers[END_REF]. For example, [START_REF] Joachim | Effects of diclofenac on sentinel species and aquatic communities in semi-natural conditions[END_REF] reported effects of DCF on its survival rate and the immune system with traditional endpoints. They highlighted a perturbation of the final population structure, with a decrease of the total abundance of fish and the percentage of juveniles. [START_REF] Näslund | Diclofenac affects kidney histology in the three-spined stickleback (Gasterosteus aculeatus) at low μg/L concentrations[END_REF] also observed that DCF exposure affects kidney histology of the stickleback also with traditional endpoints.

Although the literature has highlighted the development of biomarkers related to various physiological functions such as reproduction, immunity, or oxidative stress [START_REF] Catteau | Water quality of the Meuse watershed: Assessment using a multi-biomarker approach with caged threespined stickleback (Gasterosteus aculeatus)[END_REF][START_REF] Sanchez | Biomarker responses in wild three-spined stickleback (Gasterosteus aculeatus) as a useful tool for freshwater biomonitoring: A multiparametric approach[END_REF], discrepancies are observed, reflecting the limitations of the current understanding of the effects of DCF. Indeed, the widely used ecotoxicological tools promoted by research communities for stress evaluation in organisms (genotoxicity tests, histology…), cannot comprehensively picture biological effects upon exposure to stressors, due to their unidimensional nature. Recently, omics approaches, combining biological approaches and modern analytical techniques, have become a promising opportunity to overcome such limitations and provide reliable information of the different biological processes [START_REF] Brockmeier | The Role of Omics in the Application of Adverse Outcome Pathways for Chemical Risk Assessment[END_REF]. Among them, metabolomics is applied in ecotoxicology to measure metabolites (molecular weight < 1000 Da) involved in various biological functions [START_REF] Pomfret | Metabolomics for biomonitoring: an evaluation of the metabolome as an indicator of aquatic ecosystem health[END_REF].

The production and level of these molecules can be affected by physiological factors or the environment [START_REF] Pomfret | Metabolomics for biomonitoring: an evaluation of the metabolome as an indicator of aquatic ecosystem health[END_REF].

The present study uses untargeted metabolomics analyses by LC-HRMS to assess the effects of DCF on G. aculeatus. Individuals were exposed for 21 days in laboratory conditions to relevant environmental concentrations of DCF followed by 3 days of depuration. The DCF exposed fish were compared to unexposed ones. The aim was to investigate whether DCF alters the metabolic profile of the three-spined stickleback's liver at environmental doses and different exposure and depuration times. A secondary goal was also to evaluate the biochemical response between males and females post-exposure.

Materials and methods

Chemicals and reagents

Analytical grade diclofenac sodium salt was supplied by Interchim (Montluçon, France 

Fish exposure design and parameters

A flow-through exposure was carried out over 21 days, followed by 3 days of depuration, using the following nominal concentrations: 0 µg/L (control), 1 µg/L (low) or 100 μg/L (high). Fish were exposed into 24 aquaria divided into 2 identical benches containing each 6 aquaria for controls, 3 aquaria for 1 µg/L and for 100 µg/L exposures (Figure S1). Ten organisms (5 males and 5 females) were randomly placed in each 10 L aquarium. All aquaria were visually isolated by placing grey opaque plastic plates and pictures of aquatic decoration on all sides to avoid visual contact between fish from different aquaria (stress named "mirror induced aggression").

A piece of PVC was also placed in each aquarium as a hiding place to limit potential aggressivity.

Aquaria were daily controlled for survival, aeration maintenance, and waste cleanup. A scoring list covering a wide range of clinical aspects was used to provide an overview of the health status of animals over time. Thresholds of severity were used for fish presenting clinical signs to end test procedure earlier in order to avoid pain or prolonged distress. The temperature (16 ± 0.2 °C), the dissolved oxygen (8.3 ± 0.2 mg/L), the pH (7 ± 0.1), and the conductivity (441 ± 34 µS/cm) were stable along the experiment. Exposure concentrations were measured every 3 days in the aquarium water. Mean values were 0.4 µg/L ± 0.1 and 77.8 ± 5.4 µg/L for both low and high doses of DCF. There was no contamination of unexposed aquaria.

Fish sampling and biometric measurements

At each sampling date (0, 3, 7, 21, and 24 days), 40 fish were anesthetized using ethyl 3aminobenzoate methanesulfonate (100 mg/L, Tricaine Pharma, Overhalla, Norway) to avoid handling stress and then killed by cervical dislocation. Each fish was weighed, measured and sexed to determine Fulton's condition index (K, total body weight/standard length 3 , [START_REF] Gabriel | Fulton's condition, organ indices and haematological response of catfish hybrid (Heterobranchus longifilis, ♂ x Clarias gariepinus, ♀) to aqueous extracts of leaves of Lepidagathis alopecuroides[END_REF]. The livers were sampled and weighed to determine the somatic liver index (SLI, 100 × liver weight/total body weight, [START_REF] Slooff | Relative liver weights and xenobioticmetabolizing enzymes of fish from polluted surface waters in the Netherlands[END_REF]. K indicates the reproduction ability of the fish while SLI indicates their physiological state. The collected livers were pooled by sex, by time, and by treatment, freeze-dried and stored at -80°C until analysis. For each condition, the remaining organs (gills, brain, kidney…) were sampled, stored at -80°C and used in another study with other approaches.

Sample preparation for DCF accumulation and metabolomics analysis

Each pool was homogenized by vertical agitation (2 min, 1,000 rpm) with a Genogrinder® SPEX SamplePrep® (Metuchen, USA) in polypropylene centrifuge tubes (50 mL) containing steel beads (3 mm, Retsch, Germany). Depending on the mass available for each pool, 1 to 3 aliquots of 45.0 ± 0.2 mg dry weight (dw) were weighed in a 5 mL tube. Each sample was fortified with a spiking mixture of labeled internal standards (Table S1) prepared in ACN, then a solid-liquid extraction was performed with water, MeOH, and heptane as described in our previous study [START_REF] Lebeau-Roche | An optimized LC-HRMS untargeted metabolomics workflow for multi-matrices investigations in the three-spined stickleback[END_REF]. Two aliquots of each final extract were transferred into two 2 mL tubes then dried under a slight nitrogen flow at 35°C. The dry extracts were reconstituted in 100 µL of ACN/H2O (10:90, v/v) or 100 µL of ACN/H2O (95:5, v/v) for reversed-phase liquid chromatography (RPLC)-HRMS and hydrophilic interaction liquid chromatography (HILIC)-HRMS analyses, respectively. These extracts were used for both metabolomics analysis and assessment of DCF accumulation. Extraction blanks, corresponding to extracts without matrix, were also prepared to check for the presence of contaminants throughout the analytical process. Moreover, to ensure the reliability of the results, a quality control sample (QC) was prepared for each analytical condition (RPLC-or HILIC-based) by pooling 15 L of all the sample extracts.

Quantification of DCF and some of its metabolites in fish liver

For accumulation assays, the concentrations of DCF and of 4 of its primary metabolites (4'hydroxy DCF (4'-OH DCF), DCF carboxylic acid (DCF COOH), 2-oxindole and DCF glucuronate) previously detected in fish were evaluated as previously described [START_REF] Daniele | Rapid analysis of diclofenac and some of its transformation products in the three-spined stickleback, Gasterosteus aculeatus, by liquid chromatography-tandem mass spectrometry[END_REF]. Briefly, the extracts were vortexed (10 s), centrifuged (10,000 g, 3 min) and 300 µL of supernatant was sampled, evaporated to dryness, and finally reconstituted in 60 µL of H2O/MeOH (90:10, v/v).

LC-HRMS analysis of fish liver

LC-HRMS analyses were performed on an Ultimate 3000 UHPLC system (Thermo 

LC-HRMS data processing

Statistical analyses of metabolomics data obtained in sticklebacks' liver were performed using Metaboscape (v4.0, from Bruker Daltonics®), R software (v4.1.1) and the BioStatFlow platform (v2.9.2; http://biostatflow.org, a website developed for statistical omics data analyses using R scripts).

The data were preprocessed (peak picking or peak detection, peak grouping and peak alignment) using Metaboscape to generate a buckets table for each sequence containing all the information for 1 bucket i.e. the mass to charge ratio m/z of each detected peak, the retention time RT, the intensity in each sample and the adduct forms.

The generated data were then normalized with the labeled internal standard methionine-d3. This standard was chosen since it was very reproducible during all datasets' analyses (RT and intensity). After normalization, a matrix cleanup was performed based on the coefficient of variation in the QCs (CVQC) and the dispersion-ratio (d-ratio) calculated for each signal with the following formula (with SD: Standard Deviation):

𝑑 -𝑟𝑎𝑡𝑖𝑜 (%) = 𝑆𝐷(𝑄𝐶) 𝑆𝐷(𝑠𝑎𝑚𝑝𝑙𝑒𝑠) 𝑥 100%
It compared the technical variation measured in replicated QCs to the biological variation [START_REF] Broadhurst | Guidelines and considerations for the use of system suitability and quality control samples in mass spectrometry assays applied in untargeted clinical metabolomic studies[END_REF]. Thus, a feature was discarded from the dataset when it was present in the matrix blanks, or with a CVQC over 30% or a d-ratio over 50%.

Then, uni-and multivariate statistical analyses were performed with the BioStatFlow platform.

Missing intensities in a replicate were replaced by the mean intensities in the corresponding group. A descriptive unsupervised Principal Component Analysis (PCA) was first performed with Pareto scaling to observe any differences in the metabolic profiles of the studied conditions. Then, a mean comparison test (Student's test) was implemented to identify the metabolites responsible of the observed discriminations between the experimental groups on the score plots. Features showing abundance differences with a FDR adjusted p-value < 0.05 and a fold change (FC, ratio of the intensity means for a feature) ≤ 0.5 or ≥ 2 were considered significantly different. Visual inspection of the extracted ion chromatograms of raw data for all buckets reported as significantly different was then performed with R to ensure that each integrated signal at a defined couple m/z and RT corresponded to a metabolite presenting a Gaussian chromatographic peak (i.e. not a baseline drift or background noise). If not, features were discarded from the dataset.

Metabolite annotation and identification strategy

Metabolite annotation and identification were performed using Metaboscape (v4.0, from Bruker Daltonics®) and DataAnalysis (v4.3).

To to the list of fragments obtained with DataAnalysis [START_REF] Wolf | In silico fragmentation for computer assisted identification of metabolite mass spectra[END_REF], while indicating the 2 main fragments. This comparison of the fragments helps the putative identification by reducing the list of possible molecules. Finally, after obtaining potential identification, we eliminated the biological inconsistencies (e.g. names of antibiotics, chemical products). We putatively identified metabolites according to the level of identification confidence from 1 to 5 [START_REF] Schymanski | Non-target screening with high-resolution mass spectrometry: critical review using a collaborative trial on water analysis[END_REF].

Results and discussion

Biometric measurements and quantification of DCF and some of its metabolites in fish livers

We did not observed any significant differences in mortality rate or physiological parameters (weight, length, K, SLI) between conditions for both genders (Table S2). Similar results were reported by [START_REF] Näslund | Diclofenac affects kidney histology in the three-spined stickleback (Gasterosteus aculeatus) at low μg/L concentrations[END_REF] with no impact on three-spined sticklebacks weight and length after 28 days of exposure to DCF at concentrations from 4.6 to 271 µg/L.

Among the studied compounds, DCF and its metabolite 4'-OH DCF were quantified in water and in fish liver along the 24 days of experiment (Table 1), the other metabolites being under the limit of detection in liver (1.0, 50.0 and 100.0 for DCF COOH, 2-oxindole and DCF glucuronate, respectively). The 4'-OH DCF detected in the aquaria is supposed to come from the photodegradation of DCF, as already observed in previous experiments [START_REF] Qin | Photochemical characteristics of diclofenac and its photodegradation of inclusion complexes with β-cyclodextrins[END_REF][START_REF] Schmitt-Jansen | Phytotoxicity assessment of diclofenac and its phototransformation products[END_REF].

In males, no significant accumulation of DCF was observed for the lowest dose of exposure whereas for the highest dose an accumulation of DCF was observed over time after 7 days of exposure (75.8 ± 2.0 ng/g) with a p-value = 0.0005. The 4'-OH DCF was quantified at significant levels both for low and high doses exposures, after 7 days (0.5 ± 0.4 ng/g and 21.5 ± 1.7 ng/g) with p-values of 0.0093 and 0.0139.

For females, a significant accumulation of DCF was observed in the liver after 7 (0.5 ± 0.1 ng/g) and 3 days (31.9 ± 2.3 ng/g) of exposure at low and high doses with p-values of 0.0292 and 0.00003, respectively. The 4'-OH DCF was also quantified at a significant level after 3 days of exposure (71.8 ± 11.3 ng/g) at the highest dose with a p-value = 0.00008. The internal concentration of 4'-OH DCF was not significant during the exposure at the lowest dose.

Our results are in line with the literature since the uptake and metabolization of DCF in stickleback was already demonstrated during a chronic exposure with the presence of DCF and the phase I metabolite 4'-OH DCF in whole fish exposed 6 months in mesocosms [START_REF] Daniele | Rapid analysis of diclofenac and some of its transformation products in the three-spined stickleback, Gasterosteus aculeatus, by liquid chromatography-tandem mass spectrometry[END_REF]. The concentration of DCF was under the limit of quantification while 4'-OH DCF was detected at concentrations from 1.4 to 7.7 ng/g in sticklebacks exposed to a concentration of 4.1 µg/L of DCF. However, in some studies such as Schwaiger et al. ( 2004), higher internal concentrations of DCF have also been shown after 28 days of exposure to similar doses in rainbow trout liver (Oncorhynchus mykiss) with 2,800 and 5,500 ng/g (reported in wet weight and not dry as in our study) for 1 and 100 µg/L, respectively.

On the other hand, our results showed a sex-specific ability to uptake or metabolize the DCF since the internal concentrations of DCF and 4'-OH DCF were different during the experiment between males and females, especially when exposed to the highest dose. Indeed, at the highest dose, DCF was more accumulated in males (60.2-132.4 ng/g) than in females (23.1-38.7 ng/g) whatever the exposure time. On the contrary, after exposure at the highest dose 4'-OH DCF was detected in higher content in females (34.0-71.8 ng/g) than in males (19.9-21.5 ng/g) at all times except 21 days of exposure (males 122.9 ± 33.1 ng/g vs females 63.9 ± 3.1 ng/g). This

observation agrees with the literature since it was already demonstrated that sex could influence the ability to accumulate and transform compounds in fish [START_REF] Burger | A framework and methods for incorporating gender-related issues in wildlife risk assessment: Gender-related differences in metal levels and other contaminants as a case study[END_REF][START_REF] Burger | Metal Levels in Tissues of Florida Gar (Lepisosteus Platyrhincus) from Lake Okeechobee[END_REF].

Moreover, the metabolization process and the defence system induce a high energy consumption in an organism [START_REF] Sokolova | Bioenergetics in environmental adaptation and stress tolerance of aquatic ectotherms: linking physiology and ecology in a multi-stressor landscape[END_REF]. Therefore, these measured differences could induce different impacts on the energy metabolism between genders. In addition, our results highlighted that the internal concentrations of DCF and 4'-OH DCF in fish liver were readily and efficiently eliminated both in males and females, after 3 days of depuration [START_REF] Meredith-Williams | Uptake and depuration of pharmaceuticals in aquatic invertebrates[END_REF][START_REF] Nkoom | Biological uptake, depuration and biochemical effects of diclofenac and carbamazepine in Carassius carassius[END_REF].

Table 1. Measured concentrations of diclofenac (DCF) and 4'-hydroxy diclofenac (4'-OH DCF) in water (µg/L) for nominal doses of 1 and 100 µg/L DCF and in fish liver (ng/g, dw). Data are represented as mean ± SD; dw: dry weight. LOQ DCF (water) = 0.025 µg/L, LOQ 4'-OH DCF (water) = 0.02 µg/L, LOQ DCF and 4'-OH DCF (liver) = 0.5 ng/g. LOQs were determined as the concentrations that would result in a signal to noise ratio higher than 10. (n = 3) 0.7 ± 0.6

(n = 3) 1.6 ± 0.2 (n = 2) < LOQ (n = 3) 60.2 (n = 1)
75.8 ± 2.0

(n = 3)
132.4 ± 8.5 (n = 3) 122.9 ± 33.1

(n = 3) 0.6 ± 1.0 (n = 3) Females' liver (ng/g) < LOQ (n = 3) LOQ (n = 3) < LOQ (n = 3) < LOQ (n = 3) 31.9 ± 2.3 (n = 3) 23.1 ± 2.6 (n = 3) 38.7 ± 2.1 (n = 3) < LOQ (n = 3)
(n = 3) 1.4 ± 0.1 (n = 3) Females' liver (ng/g) < LOQ (n = 3) < LOQ (n = 3) < LOQ (n = 3) < LOQ (n = 3) 71.8 ± 11.3 (n = 3) 34.0 ± 7.2 (n = 3)
63.9 ± 3.1

(n = 3) < LOQ (n = 3)

Responses of the sticklebacks' liver metabolome

Distribution of the samples according to the exposure conditions in both sexes

Before any statistical filter, 10059 and 1949 features were initially detected in males, while 10923 and 2062 were detected in females, both with RPLC and HILIC conditions, respectively.

To provide an overview for both genders, an unsupervised PCA was initially performed considering all exposure conditions, including the 3 concentrations of DCF (control, low and high doses) and all times of exposure (3, 7, and 21 days) and depuration (24 days). The resulting score plots PC1 vs PC2 obtained in both RPLC and HILIC are respectively presented in Figure 1A for males on C18-column, (Figure S2 on HILIC-column), and Figure 1B for females on C18-column, (Figure S3 on HILIC-column). First of all, the tightly clustering of the QCs confirmed the quality of the data in terms of analytical repeatability. Secondly, for both genders the replicates are relatively clustered but no clear separation was observed according to the treatments. However, a clear discrimination is observed according to the exposure concentration when we consider each sampling date separately (Figure 2). Consequently, the exposure concentrations were considered at each time of exposure and depuration for both genders and the exposed individuals were compared to the controls as reference (C0 at each time). In this case, the metabolomics profiles differed among concentrations at each date, indicating that the DCF exposure influenced the sticklebacks' metabolic state, for both males and females (Figures 2).

The same PCA score plots were obtained for the other dates on the C18-column and also on the HILIC-column. These plots are presented in supplementary information (Figures S4-S17).

The first 2 dimensions expressed between 69 and 82% of the total variance for males, mainly explained by PC1 (from 47 to 69%). The first 2 dimensions expressed between 61 and 79% of the total variance for females, mainly explained by PC1 (from 38 to 56%). However, it is important to note that the temporal natural evolution of the sticklebacks metabolome over time could influence the results. This is particularly apparent for control organisms (C0) that were not exposed to DCF (Figure 3). These results suggest that the potential impact of DCF exposure may be partly masked by a natural evolution of the metabolome over time. It is therefore necessary to consider this natural variation over time to interpret the effects of DCF exposure on sticklebacks [START_REF] Marie | Disentangling of the ecotoxicological signal using "omics" analyses, a lesson from the survey of the impact of cyanobacterial proliferations on fishes[END_REF][START_REF] Wei | Systemic Homeostasis in Metabolome, Ionome, and Microbiome of Wild Yellowfin Goby in Estuarine Ecosystem[END_REF]. 

Modulated metabolites during the exposure

The Student's t-test confirmed the differences in metabolomic profiles in the controls and between the treatments. It was used to identify the features that were significantly modulated in the controls and in the exposed individuals at each time of exposure and depuration. The evolution through time of each metabolite of interest was then studied. After the application of the following filters: CVQC < 30%, d-ratio < 50%, absence in the matrix blanks, gaussian chromatographic peak, 6865 and 1185 signals were highlighted in males, and 1760 and 395 in females, both with C18 and HILIC conditions, respectively. Among the features detected with both C18 and HILIC columns, 2487 were differentially expressed in exposed compared to controls males and females individuals with 1217 and 243 features for males and 1023 and 4 features for females, for each column respectively. Thus, a more significant number of discriminant features was reported in total (RPLC and HILIC conditions) in males than in females, with 1460 and 1027, respectively. The significance was established when a FC ≤ 0.5

or ≥ 2 and a p-value corrected by False Discovery Rate (FDR) < 0.05 were recorded.

For all these discriminant signals, when MS/MS data were available, DataAnalysis was used to obtain a list of fragments. Then the databases were queried to identify the corresponding compound of interest. Because databases are incremented with spectra originating from different separation and detection systems (chromatographic columns, mass spectrometers, collision energies…), we only assigned 30 putative compounds in males and females including 19 features with one name proposition (18 metabolites at level 2 and 1 metabolite at level 3 of the identification confidence) and 11 features assigned to several possible names (level 3 of the identification confidence) (Table 2).

The signaling pathway of 10 putative molecules (level of the identification confidence 2) were identified, including metabolisms of arginine/proline, methionine/cysteine, tyrosine, purines, pyrimidine, and pyridoxine. In these biological pathways, 6 other metabolites were also identified (level of the identification confidence 2 to 3) among the features (homoserine, hypoxanthine, adenine, glutamate/methyl aspartate, valine/amino pentanoate, uracil), but they

were not significantly impaired during the experiment (Table S3).

Table 2. Annotated metabolites modulated in males and females three-spined sticklebacks exposed at 1 and 100 µg/L of DCF for 21 days followed by 3 days of depuration. 

Modulated metabolites in the control sticklebacks

In unexposed males we putatively identified 15 molecules modulated over time (level 2 to 3 of the identification confidence) implicated in the neurotransmitters production and the nervous transmission (pyridoxin, norepinephrine, onchidal), the energy metabolism (acyl-carnitines, ndecenoyl glycine, oleoyl glycerol), the aging process (methionine sulfoxide), the anti-oxidant system (methionine), the DNA/RNA damages and the transmission of cellular messages (xanthine, cytidine, AMP and derivatives, succinyl-adenosine). On the other hand, in unexposed females we putatively identified 1 metabolite (level 2 of the identification confidence) modulated over time: the adipoyl-carnitine, which is implicated in the energy metabolism. The deoxyinosine which is an indicator of DNA damages was discriminated in both males and females (level 2 of the identification confidence).

A temporal evolution of metabolites involved in various physiological functions (energy metabolism, anti-oxidant system, hormones release…) due to other factors (age, sexual maturity…) than a chemical stress has already been observed in controlled laboratory conditions [START_REF] Ivanisevic | Metabolic drift in the aging brain[END_REF][START_REF] Marie | Disentangling of the ecotoxicological signal using "omics" analyses, a lesson from the survey of the impact of cyanobacterial proliferations on fishes[END_REF][START_REF] Wei | Systemic Homeostasis in Metabolome, Ionome, and Microbiome of Wild Yellowfin Goby in Estuarine Ecosystem[END_REF]. These variations could be induced by fish internal biological differences. This substantial natural evolution of metabolomic signatures over time could be due to an evolution of the sexual maturity of individuals. Indeed, although our study was conducted when sticklebacks were at sexual rest, the fish could start to evolve during the experiment. Moreover, the physiological and behavioral responses could be affected through time by changes in the sticklebacks' environment (space, density…) as demonstrated in the literature [START_REF] Bell | Behavioral and respiratory responses to stressors in multiple populations of three-spined sticklebacks that differ in predation pressure[END_REF][START_REF] Kopecka | Temporal and spatial variations of selected biomarker activities in flounder (Platichthys flesus) collected in the Baltic proper[END_REF][START_REF] Sanchez | Biomarker responses in wild three-spined stickleback (Gasterosteus aculeatus) as a useful tool for freshwater biomonitoring: A multiparametric approach[END_REF]. Indeed, when males are confined in fewer individuals in a smaller container, they can be more aggressive and territorial. Moreover, it is generally observed that in sticklebacks' behavior 1 male become the most dominant compared to the others [START_REF] Mehlis | Cain and Abel reloaded? Kin recognition and male-male aggression in three-spined sticklebacks Gasterosteus aculeatus[END_REF][START_REF] Norton | The three-spined stickleback as a model for behavioural neuroscience[END_REF]. These changes may be more critical than the induction or inhibition factors due to DCF. These differences between control male and female could also be imply in the difference of DCF accumulation and metabolization (see above).

Modulated metabolites by the DCF exposure in the sticklebacks' liver a. Male sticklebacks

Two metabolites involved in the energy metabolism were impaired in males due to the exposure to DCF (Table 2), namely adipoyl-carnitine and n-oleoyl-phenylalanine. At the highest dose, the adipoyl-carnitine level is reduced after 7 days compared to control group (FC = 0.34, J7), suggesting a disturbance of the energy metabolism. Indeed, the adipoyl-carnitine is involved in fatty and organic acids transport through the mitochondrial membrane and plays a key role in fatty acids β-oxydation, leading to ATP production providing energy (lipids metabolism) [START_REF] Houten | Metabolic interactions between peroxisomes and mitochondria with a special focus on acylcarnitine metabolism[END_REF][START_REF] Li | Systemic regulation of L-carnitine in nutritional metabolism in zebrafish, Danio rerio[END_REF][START_REF] Ramsay | Molecular enzymology of carnitine transfer and transport[END_REF]. DCF at the highest dose induced a higher energy consumption in fish after only 7 days.

N-oleoyl-phenylalanine, that allows glucose homeostasis and glucose storage, was significantly higher in fish exposed 21 days to the lowest dose of DCF compared to control, with p-value = 0.118 and FC = 2.86 at 21 days. This effect is less pronounced for the highest concentration of DCF (FC = 0.45, J21). In addition, this modulation was also observed after 7 days, although it

was not yet statistically significant (p-value = 0.464, FC = 4.72). When comparing the lowest dose to the controls, a similar trend for this metabolite was observed with p-value = 0.118 and FC = 2.86 at 21 days, likely indicating impairment of this metabolite by DCF. We could suggest that n-oleoyl-phenylalanine was impaired by longer exposure to DCF at low concentration, triggering an increase in the energy demand resulting in a glucose stores reduction. [START_REF] Triebskorn | Ultrastructural effects of pharmaceuticals (carbamazepine, clofibric acid, metoprolol, diclofenac) in rainbow trout (Oncorhynchus mykiss) and common carp (Cyprinus carpio)[END_REF] demonstrated as well that the exposure to 1 µg/L of DCF in rainbow trout and common carp induced an increase in energy consumption resulting in glycogen reduction. [START_REF] Gravel | Non-steroidal anti-inflammatory drugs disturb the osmoregulatory, metabolic and cortisol responses associated with seawater exposure in rainbow trout[END_REF] also reported similar results with other NSAIDs (ibuprofen and salicylate) in rainbow trout at 1 mg/L. Both drugs significantly depressed liver glycogen and glucose content. Other studies have previously shown an enhanced capacity for glycogen depletion in stress in fishes [START_REF] Mommsen | Cortisol in teleosts: dynamics, mechanisms of action, and metabolic regulation 58[END_REF][START_REF] Singer | Tissuespecific modulation of glucocorticoid receptor expression in response to salinity acclimation in rainbow trout[END_REF]. Consequently, the disturbance of glucose homeostasis seen here with DCF may limits the adaptive glucose response critical to coping with the increased energy demand for liver functions.

A third metabolite, the opthtalmate, involved in the antioxidant defence system as a biomarker of glutathione (GSH) depletion in liver [START_REF] Contaifer | A Preliminary Investigation towards the Risk Stratification of Allogeneic Stem Cell Recipients with Respect to the Potential for Development of GVHD via Their Pre-Transplant Plasma Lipid and Metabolic Signature[END_REF][START_REF] Soga | Differential Metabolomics Reveals Ophthalmic Acid as an Oxidative Stress Biomarker Indicating Hepatic Glutathione Consumption[END_REF] was impaired by the exposure to DCF. GSH acts as a reducing agent and reacts with oxidant species before interacting with macromolecules like proteins or DNA [START_REF] Pompella | The changing faces of glutathione, a cellular protagonist[END_REF]. The decrease of this compound after 7 days followed by an increase after 21 days of exposure to the highest dose of DCF may reflect changes in the antioxidant system (FC = 0.41, J7, FC = 4, J21). The redox imbalance may be triggered by antioxidant defence responses activated to counteract enhanced Reactive Oxygen Species (ROS) levels. Indeed, DCF seems to cause oxidative stress, leading to the organism's consumption of this metabolite followed by its higher production to continue to face this stress. The disturbance of the antioxidant system by DCF exposure was previously observed in several non-target species such as fish [START_REF] Guiloski | Effects of environmentally relevant concentrations of the anti-inflammatory drug diclofenac in freshwater fish Rhamdia quelen[END_REF] or invertebrates [START_REF] Ajima | Sublethal diclofenac induced oxidative stress, neurotoxicity, molecular responses and alters energy metabolism proteins in Nile tilapia, Oreochromis niloticus[END_REF][START_REF] Gonzalez-Rey | Effects of non-steroidal anti-inflammatory drug (NSAID) diclofenac exposure in mussel Mytilus galloprovincialis[END_REF][START_REF] Trombini | Assessing the effect of human pharmaceuticals (carbamazepine, diclofenac and ibuprofen) on the marine clam Ruditapes philippinarum: An integrative and multibiomarker approach[END_REF]. This stress seems to be a common response to NSAIDs contamination. Interestingly, oxidative stress was only observed at a high concentration of DCF, while [START_REF] Guiloski | Effects of environmentally relevant concentrations of the anti-inflammatory drug diclofenac in freshwater fish Rhamdia quelen[END_REF] observed these effects at lower concentrations of DCF (0.2, 2 and 20 µg/L) in silver catfish. Sticklebacks might be slightly less sensitive to DCF than other investigated fish species, as already suggested by [START_REF] Näslund | Diclofenac affects kidney histology in the three-spined stickleback (Gasterosteus aculeatus) at low μg/L concentrations[END_REF]. Moreover, as observed in the invertebrates Dreissena polymorpha by [START_REF] Schmidt | Effects of the pharmaceuticals gemfibrozil and diclofenac on the marine mussel (Mytilus spp.) and their comparison with standardized toxicity tests[END_REF], we could suppose that the increase of the ophtalmate may have avoided DNA damage in the sticklebacks' liver due to an exposure that lasts over time.

The fold change of ophtalmate (FC = 4) showed a higher degree of modulation than the adipoylcarnitine and n-oleoyl-phenylalanine, suggesting a more important effect of DCF on this compound and thus on the antioxidant defence system. It is important to note that none of these metabolites were still significantly modulated by the DCF exposure after the depuration period.

b. Female sticklebacks

Two metabolites involved in the energy metabolism were impaired in females due to the exposure to DCF (Table 2), namely adipoyl-carnitine and glutaryl-carnitine. At the highest dose, the latter was significantly higher in fish compared to the lowest dose after 7 days of exposure. These results could suggest changes in fatty acids β-oxydation (lipids metabolism) implicated in the energy metabolism of sticklebacks. The DCF increased the level of this metabolite suggesting a metabolic slowdown or an overactivation of energy metabolism to meet the energy demand, leading to increased energy production by β-oxydation (lipids metabolism) in females at the highest dose of DCF. The organism has to maintain an energy balance to cover all the biological functions (i.e. basic functions, defences to a chemical stress) requirements.

However, to a certain degree of stress exposure (long time or high concentration), this increase could have adverse effects on physiological parameters such as growth or reproduction, since the energy balance is now considering the maintenance and the repair of the essential functions of the organism as a priority [START_REF] Ficke | Potential impacts of global climate change on freshwater fisheries[END_REF].

After the depuration, glutaryl-carnitine and adipoyl-carnitine were still significantly higher in fish previously exposed at high dose of DCF compared to low dose. Comparison of fish previously exposed to the highest dose to controls indicates that there is probably still modulation of these metabolites in the body after 3 days of depuration. Furthermore, the fold change of glutaryl-carnitine (FC = 4.17) showed a high modulation of this compound after 3 days of depuration, underlying a more significant change on this metabolite and, consequently, the enhancement of the energy production.

A third metabolite, namely the amino acid arginine involved in immunes functions [START_REF] Azeredo | Dietary Tryptophan Induces Opposite Health-Related Responses in the Senegalese Sole (Solea senegalensis) Reared at Low or High Stocking Densities With Implications in Disease Resistance[END_REF][START_REF] Salze | Taurine: a critical nutrient for future fish feeds[END_REF] and antioxidant defences in fish [START_REF] Hoseini | Roles of arginine in fish nutrition and health: insights for future researches[END_REF] was impaired by the exposure to DCF. It was decreased at the highest dose of DCF after 3 days of depuration. The reduction of this amino acid may be associated with a higher mobilization of protective defences in the organism to face the backlash of the DCF exposure. These results are consistent with other studies on different fish species [START_REF] Islas-Flores | Diclofenac-induced oxidative stress in brain, liver, gill and blood of common carp (Cyprinus carpio)[END_REF][START_REF] Saravanan | Ecotoxicological impacts of clofibric acid and diclofenac in common carp (Cyprinus carpio) fingerlings: Hematological, biochemical, ionoregulatory and enzymological responses[END_REF].

c. Comparison of the DCF effects on the biological functions in both genders

Stress does not seem to similarly affect males and females. As we previously reported, males and females showed different internal concentrations of DCF and 4'-OH DCF according to the concentration and time of exposure (Table 1), demonstrating a different ability to metabolize the DCF and thus a different cost in energy between genders. These observations seemed to be attested by the opposite impairments measured in males and females on the energy metabolism (decreasing in males, increasing in females). This could be due to a different metabolism as it was already suggested in the literature [START_REF] Marie | Disentangling of the ecotoxicological signal using "omics" analyses, a lesson from the survey of the impact of cyanobacterial proliferations on fishes[END_REF][START_REF] Wei | Systemic Homeostasis in Metabolome, Ionome, and Microbiome of Wild Yellowfin Goby in Estuarine Ecosystem[END_REF].

The sex-dependent responses observed in this study highlight the importance of distinguishing sexes before interpreting untargeted omics data on ecotoxicological issues such as pollutant contamination, and to specifically explored males and females. Our results were in line with a recent review, which confirmed that sex-specific molecular responses induced by environmental stress or toxicity appear to be almost universally observed [START_REF] Liang | Environmental toxicology and omics: a question of sex[END_REF].

In addition, our study is based on data of the metabolome of the liver, a tissue that is known to present distinct structure and functions among species and fish genders (Le [START_REF] Manach | Gender-Specific Toxicological Effects of Chronic Exposure to Pure Microcystin-LR or Complex Microcystis aeruginosa Extracts on Adult Medaka Fish[END_REF][START_REF] Qiao | Deep sexual dimorphism in adult medaka fish liver highlighted by multi-omic approach[END_REF], which could explain these strong sex-dependent responses.

Our results suggest a general state of stress of both stickleback genders induced by the 2 concentrations of exposure to DCF. However, the effects were more pronounced at the highest concentration for both sexes. We did not show evidence that 1 signaling pathway was mainly modulated but different biological functions related to each other reflecting global stress of the organism.

Moreover, during the depuration period, some metabolites were still significantly impaired by DCF exposure in females whereas none were altered in males.

Metabolites as potential metabolic biomarkers

Numerous biochemical and physiological biomarkers of defense (e.g. metallothionein (MT) induction) and damage (e.g. DNA strand breaks) have been proposed in ecotoxicology [START_REF] Amiard-Triquet | Ecological Biomarkers: Indicators of Ecotoxicological Effects[END_REF][START_REF] De Lafontaine | Biomarkers in zebra mussels (Dresseina polymorpha) for the assessment and monitoring of water quality of the St Lawrence River (Canada)[END_REF]. However, these "core" biomarkers related to various physiological functions such as reproduction, immunity, or oxidative stress [START_REF] Catteau | Water quality of the Meuse watershed: Assessment using a multi-biomarker approach with caged threespined stickleback (Gasterosteus aculeatus)[END_REF][START_REF] Sanchez | Biomarker responses in wild three-spined stickleback (Gasterosteus aculeatus) as a useful tool for freshwater biomonitoring: A multiparametric approach[END_REF], discrepancies are observed, reflecting the limitations of the current understanding of the effects of emerging contaminants including pharmaceuticals.

Omics approaches, combining biological approaches and modern analytical techniques, have become a promising opportunity to overcome such limitations and provide reliable information of the different biological processes and their impairment due to chemical exposure [START_REF] Trapp | Next-Generation Proteomics: Toward Customized Biomarkers for Environmental Biomonitoring[END_REF]. Generally, a promising biomarker is an early warning marker modulated (significantly or not) traducing an exposure or biological effect (toxicity) of a chemical stress on organisms. Its variations need to be measurable through time, showing a notable trend during exposure to the stress. Based, on the metabolomic approach apply in these study, we proposed several metabolites (identified or not) as potential metabolic biomarkers, traducing an impairment of physiological function, which could be more relevant than actual core biomarkers. Among the 2487 significantly modulated features (FC ≤ 0.5 or ≥ 2, p-value < 0.05) detected in males and females, the most discriminant signals according to the FC values (FC ≤ 0.2 or ≥ 5) were sorted out. In that respect, 65 and 148 highly modulated metabolites were highlighted in males and females, respectively. Then, we eliminated the features only detected at one time and those with no notable, constant and explainable trend. This sorting finally led to 1 and 4 compounds in males and in females, respectively. Among these metabolites, the glutaryl-carnitine and the adipoyl-carnitine were identified (level 2 of the identification confidence) in females (section 3.2.2.2., Table 2). The 3 other were unidentified (level 5 of the identification confidence). The metabolite discriminated by DCF exposure in males (detected at RT = 1.04 min with m/z = 287.1969) showed a severe decrease between the control and the exposure condition. An evolution over time is observed at the highest dose of DCF, between 7 (FC = 1.85x10 -4 ) and 21 days (FC = 0.02) of exposure (Figure 4). This constant diminution over time highlights the interest in this compound as metabolic biomarkers to traduce metabolism impairment. Three days of depuration were sufficient to return to a basal level. Among the metabolites discriminated by DCF exposure detected in females, glutaryl-carnitine and adipoyl-carnitine (level 2 of the identification confidence) (Table 2) and 2 unidentified (level 5 of the identification confidence) may be potential metabolic biomarkers. L-carnitine is proposed as metabolic biomarker and could be utilized as an effective tool for the early detection of gastric cancer in human [START_REF] Han | High serum levels of L-carnitine and citric acid negatively correlated with alkaline phosphatase are detectable in Koreans before gastric cancer onset[END_REF]. Glutaryl-carnitine and adipoyl-carnitine were increased throughout exposure at the highest dose of DCF after 7 and 21 days, respectively. This increase was maintained for both compounds during the depuration time. The two unidentified metabolites showed to be considerably impaired (FC ≤ 0.2 or FC ≥ 5) by the exposure to the highest dose of DCF over time. One showed a decrease after 3 days of exposure followed by a progressive increase, maintained during the depuration period (RT = 5.54 min, m/z = 425.2239). The second one (RT = 4.77 min, m/z = 453.1232) was first not impacted after 3 days of exposure, then constantly increased during the rest of the exposure and the depuration times. The maintained modulations over time measured for these 2 compounds suggest them as potential metabolic markers of interest to traduce a metabolism impairment in organisms, but, as for metabolite proposed for male, further researches are necessary to identify these metabolites and their metabolic rule. The evolution of the intensity of these 4 metabolites according to the experimental conditions over time is shown in Figures 5 and6. 

Conclusions

Our results highlighted an accumulation of DCF and one of its main metabolites, namely 4'-OH DCF, in fish liver. Moreover, we observed that the internal concentrations of both compounds were readily and efficiently eliminated after 3 days of depuration.

Furthermore, our study without a priori showed a clear separation of sticklebacks' profiles exposed to DCF according to the concentration and time of exposure. We revealed 2487 metabolites that were significantly impaired during the experiment, including 30 annotated compounds. The 5 molecules modulated by the exposure to DCF putatively identified suggest that DCF alters the antioxidant defence system, the immunity system, and the energy metabolism triggering a loss of protective defences of three-spined sticklebacks. These results suggest a general state of stress of the sticklebacks induced by the 2 concentrations of exposure to DCF, although the effects were more pronounced at the higher dose.

Finally, our metabolomics approach revealed 1 and 4 metabolites as potential metabolic biomarkers in male and female sticklebacks, respectively. Among these compounds, 2 acylcarnitines, namely glutaryl-carnitine and adipoyl-carnitine, were putatively identified in females and showed to be promising metabolic biomarkers of energy metabolism impairment.

Moreover, both metabolites were also detected as discriminant signals in males. Although they did not show evolution through time in males, it should be interesting to validate the potential of these 2 metabolites as metabolic biomarkers in both genders. In addition, our results highlight that male and female sticklebacks exhibit sex-dependent molecular responses to the same experimental conditions. The examination of the gonads may confirm or not an evolution of the sexual maturity of the individuals inducing the important natural changes reported in the liver of the unexposed individuals. This substantial evolution should also be considered for the analysis of other organs since the other compartments could be differently prone to fluctuations.

Figure S7

. Principal Component Analysis score plots of male fish after 3 days of exposure (LC-HRMS performed on the HILIC-column with electrospray ionisation in negative mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

Figure S8

. Principal Component Analysis score plots of male fish after 7 days of exposure (LC-HRMS performed on the HILIC-column with electrospray ionisation in negative mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

Figure S9

. Principal Component Analysis score plots of male fish after 21 days of exposure (LC-HRMS performed on the HILIC-column with electrospray ionisation in negative mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

Figure S10

. Principal Component Analysis score plots of male fish after 3 days of depuration (D24) (LC-HRMS performed on the HILIC-column with electrospray ionisation in negative mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality. Table S1. Labeled internal standards employed and various adducts used during the untargeted LC-HRMS method.

Table S2. Biometric parameters (mean ± SD) measured in males and females three-spined stickleback exposed to diclofenac (DCF) during 21 days followed by 3 days of depuration (D24). Controls (ctrl): n = 20, DCF 1 and DCF 100 : n = 10; HSI = 0.1 Table S3. Annotated metabolites not significantly impaired, detected in males and females three-spined sticklebacks exposed at 1 and 100 µg/L of diclofenac (DCF) for 21 days followed by 3 days of depuration. 
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  elucidate the chemical structure of the discriminant features, Metaboscape provides various tools helping the annotation based on the MS/MS data: (i) SmartFormula, providing raw formula of the compounds according to their exact mass and their isotopic signature; (ii) Compound Crawler, searching corresponding molecular structures into available online databases including Kyoto Encyclopedia of Genes and Genomes (KEGG), Human Metabolome Database (HMDB), Chemical Entities of Biological Interest (ChEBI); (iii) MetFrag, corresponding to in silico fragmentation and comparing its suggested fragments of a given m/z

Figure 1 .

 1 Figure 1. Principal Component Analysis score plots of (A) male and (B) female fish (LC-HRMS performed on the C18-column with electrospray ionisation in positive mode) according to the dose and time of exposure. C0 : controls, C1 : low concentration, C100 : high concentration; Exposure : D3 : 3 days, D7 : 7 days, D21 : 21 days ; depuration : D24 : 24 days (corresponding to 3 days of depuration); QC : control quality.

Figure 2 .

 2 Figure 2. Principal Component Analysis score plots of (A) male fish after 21 days of exposure and (B) female fish after 3 days of exposure (LC-HRMS performed on the C18-colmun with electrospray ionisation in positive mode). C0 : controls, C1 : low concentration, C100 : high concentration; QC : control quality.

Figure 3 .

 3 Figure 3. Principal Component Analysis score plots of unexposed male fish (controls) (LC-HRMS performed on the C18-column with electrospray ionisation in positive mode). Exposure : D3 : 3 days, D7 : 7 days, D21 : 21 days ; depuration : D24 : 24 days (corresponding to 3 days of depuration) ; QC : control quality.

Figure 4 .

 4 Figure 4. Metabolite (RT = 1.04 min, m/z = 287.1969) impaired by diclofenac (DCF) exposure after 21 days of exposure and 3 days of depuration in stickleback males exposed to 1 and 100 µg/L. For the same time, different colors indicate different conditions. Asterisks indicate significant differences between treatments and control (*p-value < 0.05 and FC ≤ 0.5 or ≥ 2).

Figure 5 .

 5 Figure 5. Metabolites (level 2 of the identification confidence) impaired by diclofenac (DCF) exposure after 21 days of exposure and 3 days of depuration in stickleback females exposed to 1 and 100 µg/L. For the same time, different colors indicate different conditions. Asterisks indicate significant differences between treatments and control (*p-value < 0.05 and FC ≤ 0.5 or ≥ 2).

Figure 6 .

 6 Figure 6. Metabolites (unidentified, level 5 of the identification confidence) impaired by diclofenac (DCF) exposure after 21 days of exposure and 3 days of depuration in stickleback females exposed to 1 and 100 µg/L. For the same time, different colors indicate different conditions. Asterisks indicate significant differences between treatments and control (*p-value < 0.05 and FC ≤ 0.5 or ≥ 2).

Figure S11 .

 S11 Figure S11. Principal Component Analysis score plots of female fish after 7 days of exposure (LC-HRMS performed on the C18-column with electrospray ionisation in positive mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

Figure S12 .

 S12 Figure S12. Principal Component Analysis score plots of female fish after 21 days of exposure (LC-HRMS performed on the C18-column with electrospray ionisation in positive mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

Figure S13 .

 S13 Figure S13. Principal Component Analysis score plots of female fish after 3 days of depuration (D24) (LC-HRMS performed on the C18-column with electrospray ionisation in positive mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

Figure S14 .

 S14 Figure S14. Principal Component Analysis score plots of female fish after 3 days of exposure (LC-HRMS performed on the HILIC-column with electrospray ionisation in negative mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

Figure S15 .

 S15 Figure S15. Principal Component Analysis score plots of female fish after 7 days of exposure (LC-HRMS performed on the HILIC-column with electrospray ionisation in negative mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

Figure S16 .

 S16 Figure S16. Principal Component Analysis score plots of female fish after 21 days of exposure (LC-HRMS performed on the HILIC-column with electrospray ionisation in negative mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

Figure S17 .

 S17 Figure S17. Principal Component Analysis score plots of female fish after 3 days of depuration (D24) (LC-HRMS performed on the HILIC-column with electrospray ionisation in negative mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

Figure S3 .

 S3 Figure S3. Principal Component Analysis score plots of female fish (LC-HRMS performed on the HILIC-column with electrospray ionisation in negative mode) according to the dose and time of exposure. C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; Exposure : D3 : 3 days, D7 : 7 days, D21 : 21 days; depuration : D24 : 24 days (corresponding to 3 days of depuration) ; QC : control quality.

Figure S10 .

 S10 Figure S10. Principal Component Analysis score plots of male fish after 3 days of depuration (D24) (LC-HRMS performed on the HILIC-column with electrospray ionisation in negative mode). C0 :controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

Figure S13 .

 S13 Figure S13. Principal Component Analysis score plots of female fish after 3 days of depuration (D24) (LC-HRMS performed on the C18-column with electrospray ionisation in positive mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

Figure S16 .

 S16 Figure S16. Principal Component Analysis score plots of female fish after 21 days of exposure (LC-HRMS performed on the HILIC-column with electrospray ionisation in negative mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.
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Figure S17 .

 S17 Figure S17. Principal Component Analysis score plots of female fish after 3 days of depuration (D24) (LC-HRMS performed on the HILIC-column with electrospray ionisation in negative mode).C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

  

  

  

  

  

  

  

  

  

  

  

  

  

  1°C with pH at 7.6, at a day/night cycle of 10h/14h to keep them in an inactive reproductive condition. Food (frozen commercial blood worms, 3% of the fish body weight/day, Ocean nutrition, Belgium) was provided once a day[START_REF] Leloutre | A bioenergetics model of the entire life cycle of the three-spined stickleback, Gasterosteus aculeatus[END_REF]. All experiments were conducted in accordance with the European directive 2010/63/UE on the protection of animals used for scientific purposes at INERIS facilities (registration number E60-769-02). Furthermore, the Ethical Committee of INERIS approved all processes.

	2.2. Three-spined stickleback maintenance, exposure, sampling and measurements
	2.2.1. Fish maintenance
	A total of 240 adults (120 males and 120 females) were used. Individuals were collected from
	the INERIS (French National Institute of Industrial Environment and Risks) husbandry located
	in Verneuil-en-Halatte (France), in which the population is maintained in an outdoor pool with

).

UPLC-MS grade acetonitrile (ACN), methanol (MeOH) (purity ≥ 99%) and ethyl 3aminobenzoate methanosulfonate, dimethylsulfoxide (DMSO) (purity ≥ 99.7%) were purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France). Heptane (purity ≥ 90%) was supplied by Merck-Millipore (Saint-Quentin en Yvelines, France). HPLC water was ordered by Fisher (Illkirch, France). Labeled ( 15 N, 13 C, D) analytical standards (Table

S1

) (purity ≥ 97%) were purchased from Sigma-Aldrich or CDN isotopes (Quebec, Canada). Stock solutions of individual standards at concentrations of 0.2 mg/mL were prepared in ACN, ACN/H2O, DMSO, or MeOH according to their solubility, and stored at -18°C until use. Working standard mixtures were prepared monthly by diluting the stock solutions with ACN. natural vegetation and macro-invertebrate communities. The fish were collected in Autumn 2019 and were first placed during 7 days into aquaria in a circulating freshwater system for acclimatization set at 16 ±

. Statistical analyses and data treatment 2.3.1. Biometric parameters and concentration of DCF and some of its metabolites in fish liver

  

	samples were randomly analyzed in full-MS scan over a m/z range of 50-1200 Da with a
	quadrupole energy of 5 eV. QCs were also analyzed in auto MS/MS mode with a collision
	energy ranging from 7 to 65 eV depending on the mass to obtain fragments information for
	annotation.
	2.3The variability of morphological parameters (weight, length, K, SLI) and livers' accumulation
	of DCF and its 4 metabolites were evaluated by analysis of variance (ANOVA) across the
	different conditions of exposure (time and concentration) using Excel software 2016. If the p-
	value was significant (< 0.05) and the homogeneity of variance (Fisher's test) and the normal
	distribution (Shapiro's test) were verified, then a Tukey test was further applied to confirm the
	discrimination of the values.
	Scientific®, MA, USA) coupled to a quadrupole time-of-flight mass spectrometer (QToF)
	(Maxis Plus, Bruker Daltonics®, Bremen, Germany) equipped with an electrospray ionization
	interface (ESI). The LC separations were carried out on 2 chromatographic columns. HILIC
	acquisitions were performed with a Nucleodur HILIC-column (100 mm x 2 mm; 3 µm) from
	Macherey-Nagel (Hoerdt, France) in negative ionization mode and RPLC acquisitions with an
	Acquity UPLC® HSS T3 C18-column (100 mm x 2.1 mm; 1.8 µm) in positive ionization mode.
	The analysis conditions are described in Lebeau-Roche et al. (2021). QCs were run several
	times at the beginning of the analytical sequence to equilibrate the column and at regular
	intervals throughout the sequence to check for instrument drift and to control analytical
	repeatability and sensitivity. Instrument control, data acquisition, and processing were
	performed using OTOF Control and HystarTM (v4.1, Bruker Daltonics®) softwares. All the

Table S1 .

 S1 Labeled internal standards employed and various adducts used during the untargeted LC-HRMS method.

	Compounds	Chemical group	Supplier	Purity (%)	Formula	Adduct	Exact mass	LC-HRMS conditions	RT (min)
	15 N-Valine	Amino acid	Sigma-Aldrich	98.0	C5H11 15 NO2	[M+H] + 119.0833 [M-H] -117.0676	118.0760	RPLC ESI+ HILIC ESI-	1.1 8.0
	13 C-Glycine	Amino acid	Sigma-Aldrich	99.0	13 CCH5NO2	[M-H] -75.0270	76.0354	HILIC ESI-	8.9
	D-Lysine	Amino acid	Sigma-Aldrich	98.0	D4C6H10N2O2	[M+H] + 151.1379	150.1306	RPLC ESI+	0.7
	D-Methionine	Amino acid	Sigma-Aldrich	98.0	D3C5H8NO2S	[M-H] -151.0615	152.0699	HILIC ESI-	7.7
	13 C, 15 N-Leucine	Amino acid	Sigma-Aldrich	98.0	13 C6H13( 15 N)O2	[M-H] -137.1034	138.1118	HILIC ESI-	7.4
	D-Octanoyl-L-carnitine	Peptide	Sigma-Aldrich	97.0	D3C15H26NO4	[M+H] + 291.2358 [M+Na] + 313.2177 [M-H] -289.2201	290.2285	RPLC ESI+ RPLC ESI+ HILIC ESI-	10.3 10.3 8.3
	D-Biotine	Vitamin	Sigma-Aldrich	98.0	D2C10H14N2O3S	[M-H] -245.0923	246.1007	HILIC ESI-	4.4
	D-β-estradiol	Hormone	CDN isotopes	99.5	D2C18H22O2	[M+H] + 275.1975	274.1902	RPLC ESI+	13.0
	D-Testosterone	Hormone	CDN isotopes	99.7	D2C19H26O2	[M+H] + 291.2288	290.2215	RPLC ESI+	13.3
	D-Progesterone	Hormone	CDN isotopes	98.5	D9C21H21O2	[M+H] + 324.2883	323.2811	RPLC ESI+	14.3
	13 C-Mannose	Sugar	Sigma-Aldrich	99.0	13 CC5H12O6	[M-H2O-H] -162.0478 [M-H] -180.0584	181.0667	HILIC ESI-HILIC ESI-	2.6 2.6
									66

Table S2 .

 S2 Biometric parameters (mean ± SD) measured in males and females three-spined stickleback exposed to diclofenac (DCF) during 21 days followed by 3 days of depuration (D24).

	Controls (ctrl): n = 20, DCF 1 and DCF 100 : n = 10; HSI = 0.1									
	Time		D3			D7			D21			D24	
	Condition	Ctrl	DCF 1	DCF 100	Ctrl	DCF 1	DCF 100	Ctrl	DCF 1	DCF 100	Ctrl	DCF 1	DCF 100
	Weight (g)	2.5 ±0.6	2.6 ±0.6	2.3 ±0.6	2.8 ±0.5	2.6 ±0.6	2.5 ±0.5	2.7 ±0.7	2.6 ±0.6	2.7 ±0.6 2.6 ±0.5 2.7 ±0.4	2.7 ±0.4
	Size (mm)	55.0 ±4.6	55.3 ±5.2 53.8 ±5.4 58.3 ±2.5 55.3 ±4.1	55.2 ±3.5	56.9 ±4.1 56.4 ±4.7 55.6 ±3.5	55.55 ±4.1	56 ±2.7	56.9 ±3.1
	Fulton index (K)	1.5 ±0.1	1.5 ±0.2	1.5 ±0.2	1.4 ±0.2	1.5 ±0.2	1.5 ±0.2	1.4 ±0.2	1.4 ±0.1	1.6 ±0.3 1.5 ±0.2 1.5 ±0.2	1.5 ±0.1

Table S3 .

 S3 Annotated metabolites, not significantly impaired, detected in males and females three-spined sticklebacks exposed at 1 and 100 µg/L of diclofenac (DCF) for 21 days followed by 3 days of depuration.

	Metabolism pathway	Level of the identification confidence	Annotation/Identification	Sex	m/z	Error mass (ppm)	RT (min)	Molecular ion species detected
	Cysteine and					4.16		
	methionine	Level 2	Homoserine	♂	120.0656		0.82	[M+H] +
	metabolism							
						3.38		[M+H] +
				♂	148.0605		0.82	
	Arginine and	Level 3	Glutamate; methyl aspartate			2.70		[2M+H] + [M+H] +
	proline			♀	148.0606		0.82	
	metabolism							[M-H2O+H] +
		Level 3	Valine; amino pentanoate	♂ ♀	118.0864 118.0864	3.39 3.39	1.15 1.13	[M+H] +
						4.42		[M+H] +
	Pyrimidine metabolism	Level 2	Uracil	♂	113.0346		1.56	[M+Na] +
				♀	113.0346	4.42	1.55	[M+H] +
				♂	135.0313	4.44	2.61	[M-H] -
	Purin metabolism	Level 2	Hypoxanthine	♀	135.0314	5.18	2.61	[M-H] -[2M-H] -
		Level 2	Adenine	♀	134.0474	5.22	2.75	[M-H] -

FC : Fold Change was considered as a significant change if ≤ 0.5 or ≥

2 p-value was corrected by False Discovery Rate (FDR) and considered as significantly different if < 0.05

Figure S8. Principal Component Analysis score plots of male fish after 7 days of exposure (LC-HRMS performed on the HILIC-column with electrospray ionisation in negative mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

Figure S9. Principal Component Analysis score plots of male fish after 21 days of exposure (LC-HRMS performed on the HILIC-column with electrospray ionisation in negative mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

Figure S11. Principal Component Analysis score plots of female fish after 7 days of exposure (LC-HRMS performed on the C18-column with electrospray ionisation in positive mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

Figure S12. Principal Component Analysis score plots of female fish after 21 days of exposure (LC-HRMS performed on the C18-column with electrospray ionisation in positive mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

Figure S14. Principal Component Analysis score plots of female fish after 3 days of exposure (LC-HRMS performed on the HILIC-column with electrospray ionisation in negative mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

Figure S15. Principal Component Analysis score plots of female fish after 7 days of exposure (LC-HRMS performed on the HILIC-column with electrospray ionisation in negative mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

It is thus important to better understand and assess this natural evolution to determine how it could impact the metabolomic profiles under stress exposure. 

SUPPLEMENTARY INFORMATION Time and dose-dependent impairment of liver metabolism in

Figure S2.

Principal Component Analysis score plots of male fish (LC-HRMS performed on the HILIC-column with electrospray ionisation in negative mode) according to the concentration and time of exposure. C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; Exposure : D3 : 3 days, D7 : 7 days, D21 : 21 days; depuration : D24 : 24 days (corresponding to 3 days of depuration); QC : control quality.

Figure S3

. Principal Component Analysis score plots of female fish (LC-HRMS performed on the HILIC-column with electrospray ionisation in negative mode) according to the dose and time of exposure. C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; Exposure : D3 : 3 days, D7 : 7 days, D21 : 21 days; depuration : D24 : 24 days (corresponding to 3 days of depuration); QC : control quality.

Figure S4

. Principal Component Analysis score plots of male fish after 3 days of exposure (LC-HRMS performed on the C18-colmun with electrospray ionisation in positive mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

Figure S5

. Principal Component Analysis score plots of male fish after 7 days of exposure (LC-HRMS performed on the C18-column with electrospray in positive mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.

Figure S6

. Principal Component Analysis score plots of male fish after 3 days of depuration (D24) (LC-HRMS performed on the C18-colmun with electrospray ionisation in positive mode). C0 : controls, C1 : 1 µg/L, C100 : 100 µg/L; QC : control quality.