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Abstract
[bookmark: _Hlk37271446]The presence of pharmaceuticals and personal care products (PPCPs) in natural water resources due to incomplete removal in Wastewater Treatment Plants (WWTPs) is a serious environmental concern at present. In this work, the effects of three pharmaceuticals (propranolol, triclosan, and nimesulide) on Gammarus pulex metabolic profiles at different doses and times of exposure have been investigated by liquid chromatography coupled to high-resolution mass spectrometry (LC-HRMS). The complex data sets generated in the different exposure experiments were analyzed with the ROIMCR procedure, based on the selection of the MS regions of interest (ROI) data and on their analysis by the Multivariate Curve-Resolution Alternating Least Squares (MCR-ALS) chemometrics method. This approach, allowed the resolution and identification of the metabolites present in the analyzed samples, as well as the estimation of their concentration changes due to the exposure experiments. ANOVA Simultaneous Component Analysis (ASCA) and Partial Least Squares Discriminant Analysis (PLS-DA) were then conducted to assess the changes in the concentration of the metabolites for the three pharmaceuticals at the different conditions of exposure. The three tested pharmaceuticals changed the concentrations of metabolites, which were related to different KEGG functional classes. These changes summarize the biochemical response of Gammarus pulex to the exposure by the three investigated pharmaceuticals. Possible pathway alterations related to protein synthesis and oxidative stress were observed in the concentration of identified metabolites. 
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1. Introduction 
Water pollution is one of the most significant ecological threats to natural ecosystems and human health. Water treatment systems are used to improve the quality of water and protect the aquatic organisms and human beings. Nowadays, pharmaceuticals are an emerging class of environmental pollutants continuously introduced into the environment which can then pollute drinking water supplies, and as a result, they can affect the ecosystem and human health (Daughton and Ternes, 1999; Rivera-Utrilla et al., 2013; Evgenidou et al., 2015; Gomez-Canela et al., 2016). The occurrence of pharmaceuticals in surface waters (river, seas, lakes) and their incomplete removal in wastewater and drinking water treatment plants (WWTP/DWTP) are a serious environmental problem which requires the development of analytical techniques able to detect the low concentration (up to µg L−1) of these contaminants in natural water samples. In the last decades, significant research has been performed to evaluate the effects of pharmaceuticals on biological organisms exposed to pharmaceutical products (Monteiro and Boxall, 2010; Rivera-Utrilla et al., 2013; Yuan et al., 2013; Franquet-Griell et al., 2015). Miller et al. published the occurrence and relative distribution of pharmaceuticals and personal care products (PPCPs) in surface waters and Gammarus pulex collected from several tributaries located in the greater London catchment area at ng L-1 in river waters, and ng g-1 in G. pulex (Miller et al., 2015). G. pulex is a small, greyish amphipod crustacean animal species found in freshwaters rivers across Europe (Pinkster, 1970). They can be collected at large numbers by kick sampling techniques (Gomez-Canela et al., 2016). G. pulex has a significant role in freshwater food chains as a food source for other invertebrates, fish, and birds (Miller et al., 2015). G. pulex is an environmental biomonitoring model increasingly used for water pollution quality and toxicity determination in environmental risk assessment studies (Maltby et al., 2002; Pellet et al., 2014; Miller et al., 2015; Gomez-Canela et al., 2016).  Metabolomics is one of the major omics technologies used to study physiological phenotypic responses to drug action, toxic effects, and metabolic disorders (Peng et al., 2015; Gomez-Canela et al., 2016). Untargeted metabolomics is becoming a very popular approach  for metabolite biomarker discovery and in the investigation of the metabolic pathway changes related to disease and exposure of contaminants (Gertsman et al., 2014; Cappello, 2020). The most commonly used techniques for the identification and quantification of metabolites and other related substances in a biological system are nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS) (Peng et al., 2015). Several approaches are used among MS based methods, like the direct infusion mass spectroscopy (DI-MS) (Højer-Pedersen et al., 2008), liquid chromatography coupled with mass spectroscopy (LC-MS) (Bajad et al., 2006), gas chromatography coupled with mass spectroscopy (GC-MS) (Lu et al., 2008) and capillary electrophoresis coupled with mass spectrometry (CE-MS). Due to recent developments and improvements of analytical tools, LC coupled to high-resolution mass spectrometry (HRMS) has emerged as a  highly sensitive and selective method which allows enhanced identification capabilities in aquatic organisms (Rochat et al., 2018). HRMS instruments are the most powerful analyzers to provide accurate mass determination estimations, as well as with quantification capabilities in metabolomics studies (Villas-Boas et al., 2005; Dettmer et al., 2007; Gertsman et al., 2014; Chen et al., 2016; Gomez-Canela et al., 2017a; Gomez-Canela et al., 2018). The main aim of this work has been to assess the metabolic changes observed in G. pulex after exposure to three pharmaceuticals using LC-HRMS. The animals were exposed to two concentrations of propranolol (100 and 153 mg L-1), triclosan (0.1 and 0.3 mg L-1) and nimesulide (0.5 and 1.4 mg L-1) during 2 h, 6 h and 24 h (Gomez-Canela et al., 2016). In a previous work (Gomez-Canela et al., 2016) a targeted metabolomics study was presented to characterize the concentration changes of  29 metabolites of G. pulex after, exposure to pharmaceuticals. According to the results obtained ion this previous work, three pharmaceuticals were selected representing the low(propranolol), middle (nimesulide) and high(triclosan) range of acute measured toxicities (Gomez-Canela et al., 2016). In order to assess properly the alterations in the metabolic profile of G. pulex, low and high concentrations were selected for the drug exposures, which were equivalent, respectively to, non-observed-adverse-effect-level (NOAEL) and to lowest-observed-adverse-effect-level (LOAEL) concentrations, and at 2, 6 and 24 h times after exposure (Gomez-Canela et al., 2016). 
Chemometrics provides a set of powerful tools for data analysis of chemical systems and it can be used for the assessment of the effects of chemical contaminants on aquatic organisms and on their metabolic pathways. Recently, a new chemometrics approach based on the combination of the region of interest (ROI) concept (Tauler et al., 2015; Bedia et al., 2016; Gorrochategui et al., 2019) and the multivariate curve resolution-alternating least squares (MCR-ALS) method (Tauler, 1995; de Juan et al., 2014; Jaumot et al., 2015)  has been proposed to filter, compress and resolve the complex big data sets gathered in LC-MS analysis of metabolomics data (Gomez-Canela et al., 2018; Gorrochategui et al., 2019). The ROI method allows a significant reduction and filtering of the raw MS data without reducing the information nor the mass accuracy of the measured data through the search of the region of interest in the m/z domain (Pere-Trepat et al., 2005; Gomez-Canela et al., 2017b). A large amount of data can be easily compressed using the ROI method (Gorrochategui et al., 2019). In the present study, the performance of the MCR-ALS modeling of ROI LC-MS data is shown for to the resolution, relative quantitation and identification of a large number of metabolites in the analysis of G. pulex samples under the exposure of different pharmaceutical products. Peak areas of the MCR-ALS resolved  profiles were analyzed by the Analysis of Variance Simultaneous Component Analysis method (ASCA) (Barker and Rayens, 2003; Smilde et al., 2005) to statistically ascertain what were the metabolites of G. pulex more affected by the pharmaceutical drugs at different concentration levels and over different exposure times. 
2. Materials and methods
2.1 Chemicals and materials 
All pharmaceuticals and metabolites standards (organic acids, nucleosides, nucleotides, sugars, and amino acids) were purchased from Sigma-Aldrich (Steinheim, Germany) and Fluka (Buchs, Switzerland) with purity higher than 97%. HPLC grade acetone, dimethylsulfoxide (DMSO), ethanol (EtOH) and methanol (MeOH) were obtained from Fischer Scientific (Loughborough, UK). Ultra-pure water was provided by Millipore Milli-Q water purification system with a specific resistance of 18.2 MΩ cm or greater (Millipore, Bedford, MA, USA). Stock solutions (40 mg mL−1) were prepared in ultrapure water or DMSO. All stock solutions were stored in silanized amber vials (40 mL) and at −20 °C in the dark for optimum stability. The concentration of acetone, MeOH, EtOH, and DMSO in aqueous solutions used for toxicity testing was insignificant (Gomez-Canela et al., 2016). 

2.2  Sample collection and preparation 
Adult G. pulex were collected by the kick sampling netting method from the Cray River, UK and Thames River (51°23′10.5″N 0°06′34.8″E) for several times between September 2014 and April 2015. They were transported to the laboratory with 500 mL grab sample of freshwater from the Cray River in Nalgene flasks. In the laboratory, G. pulex were maintained in artificial freshwater tanks and acclimatized for a minimum of 2–3 days at 15 ± 2 °C under a 12 h:12 h light: dark cycle to remove any residual contamination (Ashauer et al., 2011; Miller et al., 2015; Gomez-Canela et al., 2016). Artificial freshwater (AFW) was prepared following the United States Environmental Protection Agency (USEPA) regulation (2002).  

2.3 Pharmaceutical exposures and extraction method
In order to select what pharmaceuticals and at what concentrations,  acute toxicity tests of 26 pharmaceuticals were assessed following OECD 1488/94 guideline (European Communities Commission, 1996) as explained in previous study (Gomez-Canela et al., 2016). Lethal median concentration effects and its 95% confidence interval (CI), were estimated by fitting immobility concentration responses to the Hill regression model Eq. 1:
                                                                                                       (1)
Where, I(Ci) is the proportion of immobile animals at concentration Ci; Ci is the concentration of the respective compound (i); LC50 is the median lethal concentration to the 50% of population and Hill is the shape constant.
According to the prior study (Gomez-Canela et al., 2016), acute toxicity of 26 pharmaceuticals in G. pulex was also assessed as an initial screen for compound selection for metabolomics. From the initial toxicity tests on 26 pharmaceuticals, three pharmaceuticals showing low (propranolol), medium (nemisulide) and high (triclosan) range of measured acute toxicity were then selected for exposures at NOAEL and LOAEL concentrations to evaluate alterations in the metabolite profile at 2, 6 and 24 h. Animals were exposed at the NOAEL (C1) and LOAEL (C2) : triclosan (C1= 0.1 mg L-1, C2= 0.3 mg L-1), nimesulide ( C1= 0.5 mg L-1, C2= 1.4 mg L-1) and propranolol (C1= 100 mg L-1, C2= 153 mg L-1) following the toxicity study of a previous published paper (Gomez-Canela et al., 2016). Though these concentrations were much higher than expected to be found in the environment, they still represented a mainly non-lethal exposure level to learn about the effects of these pharmaceuticals in G. pulex in the first instance.  Approximately 100 specimens were introduced in a tank containing 1 L of AFW non-spiked with drugs (control samples), 1 L of AFW spiked with C1 and 1 L of AFW with C2. At three different times (2, 6 and 24 h), 4 replicates of live G. pulex (a pool of 6–7 animals for each replicate) were collected, frozen on dry ice and then stored at −80 °C before metabolite profiling was performed. G. pulex were all sampled from the field at the same time. Therefore, control and dose experiments for each drug were performed with separate sets of fields collected invertebrates each time. A preliminary extraction protocol with 1, 3, 6 and 10 animals showed that a pool of 6–7 G. pulex provided the best method recoveries. Prior to extraction, frozen G. pulex samples were lyophilized at −50 °C under vacuum for 48 h and milled in an agate mortar to a fine powder. For each analysis, 20 mg of a lyophilized composite sample were transferred to 2 mL polypropylene tubes (Eppendorf®, Hamburg, Germany), for solid-liquid extraction (SLE). After the addition of 80 μL of stable isotope-labelled internal standards at concentrations between 3.29 and 43.11 ng μL−1 (final concentration dependent on the AA concentration in the stock reference material mixture), 800 μL of MeOH:HPLC water (90:10) mixture was added and the samples were thoroughly mixed using a Vortex mixer. Then, samples were shaken for 25 min on a vibration plate (IKA® KS 260 basic) and centrifuged at 14,000 rpm for 25 min at 0 °C. Finally, the supernatant was transferred to a chromatographic vial by using a 0.20 μM syringe filter (Whatman, GE Healthcare Life Sciences, Buckinghamshire, UK). All samples were stored at −80 °C until LC-HRMS analysis (Gomez-Canela et al., 2016). 

2.4 LC-HRMS
In this study, liquid chromatography coupled with high-resolution mass spectrometry (LC-HRMS) consisted of an HTC PAL autosampler, Surveyor MS Plus pump and heated electrospray ionization (H-ESI) source from Thermo Fisher Scientific, Bremen, Germany. HPLC separation was achieved in a TSK Gel-Amide 80 column (2 × 250 mm, 5 μm) which was supplied from Sigma Aldrich. The HPLC mobile phase was (A) acetonitrile and (B) 5 mM ammonium acetate (pH=5) in HPLC-grade water. Chromatographic separation was performed starting at 75% A and 25% B, increasing to  30% B in 8 min. In the next 4 min, an increasing of 60% B was carried out and then held for a further 5 min, returning finally to initial conditions in 3 min. The system was stabilized after a total equilibration time of 10 min, having a total run time of 30 min. The flow rate was set at 150 μL min−1 and the injection volume was 5 μL. The negative and positive ionization modes were used to analyzing all experiments in the following conditions: spray voltage, 3.00 kV; capillary voltage, 30 V; skimmer voltage, 28 V; tube lens voltage, 130 V; sheath gas flowrate, 45 arbitrary units (au);  auxiliary gas flow rate, 10 (au); and capillary temperature, 300 °C. The mass detector was performed in full scan mode (80-800 Da) at 70,000 fullwidth at half maximum (FWHM) (Gomez-Canela et al., 2016).

2.5 Chemometric data arrangement, preprocessing and analysis
In this study, two chemometric data analysis methods have been employed in a complementary way, the ROIMCR method (Tauler et al., 2015; Dalmau et al., 2018; Gorrochategui et al., 2019) incorporating the regions of interest (Tauler et al., 2015) and Multivariate Curve Resolution-Alternating Least Squares (MCR-ALS) methods (Tauler, 1995), and the Analysis of Variance Simultaneous Component Analysis (ASCA) (Jaumot et al., 2005; Jaumot et al., 2015) method applied to the results obtained by the ROIMCR method. The preliminary search of regions of interest of the LC-MS data (MS-ROI) is used as a data compression and filtration step (Tauler et al., 2015) without losing mass accuracy nor data resolution. MATLAB 2016b, MCR-ALS toolbox and PLS toolbox 8.6.2 were used as computer programing environments for all chemometric analyses. 

2.5.1 Selection of the regions of interest, ROI
One of the critical steps in data analysis of high-resolution LC-MS based metabolomics data sets is in the compression of the large volumes of data produced. In this study, the regions of interest (ROI) (Tauler et al., 2015; Gorrochategui et al., 2019) procedure has been  applied to filter and compress the acquired LC-HRMS data without losing spectral resolution neither accuracy (Tauler et al., 2015). The ROI strategy produces a set of mass traces and intensities belonging to the same m/z values of distinct dimensions, which should be then reorganized into the data matrix (Gorrochategui et al., 2019) for chemometric analysis. This method takes advantage of the information and benefits obtained when high resolution, HRMS, techniques are applied. More details about the ROI strategy are reported in previous published works (Tauler et al., 2015; Gorrochategui et al., 2016; Gorrochategui et al., 2019). The three ROI input parameters selected in this work were: 1) the mass intensity filtering threshold (SNRthr) value equal to 105 (0.1% of the maximum MS signal intensity measured on each sample); 2) the m/z error or mass accuracy of the spectrometer was set at 0.001 Da/e, and 3) the minimum number of retention times to be considered in a ROI to define an elution profile (10 retention times). The ROI outputs were a vector containing the mean of all m/z values selected belonging to the same ROI, a data matrix containing MS spectra at every scan of retention time (MSROI), and a cell array including the information of m/z values, retention time, mass intensities, scan numbers, and mean m/z values of ROIs. Then, the MSROI data matrices were arranged to include all those ROI m/z values with significant traces because the  MSROI data matrices should be suitable for MCR-ALS analysis (Tauler et al., 2015; Gorrochategui et al., 2019).

2.5.2 Data arrangement
As shown in Fig. 1, the MSROI individual data matrices from each chromatographic run in the analysis of every sample were column-wise augmented to build the different augmented MSROI data matrices containing several chromatographic runs. For every drug, three augmented data matrices were initially built from the data corresponding to a particular exposure time, at 2 hours (D2, aug), at 6 hours (D6, aug) and at 24 hours (D24, aug). In each of these three augmented data matrices at the different exposure times, the LC-HRMS individual data matrices from the analysis of every (three) replicate sample, at 
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Fig. 1. Building the one drug column-wise augmented data matrix containing the individual 27 data matrices, one for the LC-MS analysis of every samples at the different drug doses and exposure times. MCR-ALS analysis of this superaugmented data matrix, Dsaug produces Csaug and ST factor matrices. Csaug has the elution profiles of all the MCR-ALS resolved components in every sample analyzed and ST has the HRMS spectra associated to each of these MCR-ALS resolved components.
control (non-exposed, Control1, Control2 and Control3), at low and high drug concentration (C1,1, C1,2 and C1,3; C2,1, C2,2 and C2,3) are arranged one on top of the other, sharing their selected ROI m/z values in their columns. For every drug, D2,aug, , D6,aug and D24,aug were then further augmented to give the super augmented data matrix Dsaug matrix (see Fig. 1). Three different super augmented data matrices, Dsaug were therefore obtained, with a total of 27 individual data matrices, one for the analysis of the effects of each drug  at the three exposure times 2, 6 and 24 h and at three replicate concentration levels (Control, C1, and C2). In addition, since these three augmented data matrices were obtained in positive as well as in negative ionization mode, a total number of 54 different samples and individual LC-HRMS data matrices were analyzed in this work. Fig. 1 shows these column-wise augmented data matrices and their respective bilinear model decomposition.
 
2.5.3 MCR-ALS analysis of MSROI data matrices
MCR-ALS was applied to the super augmented data matrices obtained in the analysis of the data from every drug. MCR-ALS is based on a bilinear decomposition method which gives the concentration/elution profiles (Csaug) of the constituents in all 27 simultaneously analysed samples, as well as their MS spectra (ST).  Since MS is a highly selective spectrometric method, a large number of components (>100) can be simultaneously resolved in a single run of the MCR-ALS procedure (Gorrochategui et al., 2019). See more details of the MCR-ALS procedure in previous works (Jaumot et al., 2015). Non-negativity constraints were applied during the ALS optimization for both elution and mass spectra profiles. Mass spectra of the resolved components were constrained to have the same maximum height to reduce the intensity ambiguities associated to the bilinear factor decomposition MCR model (Tauler, 1995). Every component resolved by MCR-ALS is defined by one elution profile and one unique  mass spectrum (see the example of Fig. 2). The selection of the number of MCR-ALS components was performed according to the following criteria 1) most of the experimental data variance was described by the proposed MCR model, 2) no significant improvement was observed when  increasing this number of MCR components, and 3) the shapes of the MCR resolved profiles were chemically (chromatographically and spectrally) meaningful (Jaumot et al., 2015). The area under each of the elution profiles and their peak heights resolved by MCR-ALS for all samples (control and exposed samples) are used to evaluate the effects of the drug exposures over time. Identification of the metabolites corresponding to these elution profiles and peak areas/intensities is possible using their associated  mass spectra resolved by MCR-ALS. In this work, accurate estimations of the spectral m/z mass values (up to four decimal places) for each spectrum resolved by MCR-ALS were used for the identification of possible metabolites candidates (Gomez-Canela et al., 2017a). 
In order to visualize the changes of the concentrations of the metabolites due to the exposition of G. pulex samples to the different pharmaceutical drugs, and to perform an unsupervised exploratory multivariate data analysis of these changes, the peak area changes of the metabolites resolved by MCR-ALS were displayed graphically in a heat map plot (clustergram). This clustergram plot creates a hierarchical clustering of the data set with dendrograms. In the heat map hierarchical clustergram, the rows of the plot give the metabolites and the columns the samples (Gomez-Canela et al., 2017a). 

2.6  Identification of metabolites
Each MCR-ALS resolved component was identified as being a possible metabolite using their elution and MS spectrum profiles. The human metabolome database (HMDB) was used for the identification of the metabolites according to their MCR-ALS resolved mass spectra (Wishart et al., 2013). Different criteria were used to confirm their identification: 1) The precursor ions obtained were recognized with four decimal digits limiting considerably the number of possible candidates for each component; 2) accurate mass obtained from molecular and product ions should have a mass error value less than 5 ppm; and 3) the presence of possible selected metabolites should be examined in KEGG Atlas (Kyoto Encyclopedia of Genes and Genomes) using the maps for global analysis of metabolic pathways (Okuda et al., 2008; Gomez-Canela et al., 2017a). Between different metabolites with the same exact mass (m/z), the metabolite with the minimum mass error value was selected. Also, protonated [M+‏H] +‏ and deprotonated [M-H]- molecular adducts were a priority option. In addition, the candidate metabolites should be present in the G. pulex metabolome database. Finally, the relative area fold change (FC) between controls and exposed samples for all metabolites identified were calculated according to Eq.2:

Fold change (FC) = (Peak area exposed sample)/ (Peak area control sample)                            (2)

2.6.1 Statistical analysis results and Analysis of Variance Simultaneous Component Analysis (ASCA) 
Before statistically comparing the changes observed across G. pulex samples, the peak areas of the resolved elution profiles were normalized using the probabilistic quotient normalization (PQN) method (Dieterle et al., 2006). In this way, they were corrected for changes in the instrumental MS sensitivity and sample size. 
Firstly, individual univariate two-way ANOVA analysis were performed on the peak areas (concentrations) of every identified metabolite in all analysed samples (27) to statistically asses the effect of the dose (control, low and high levels) and exposure time (2, 6 and 24 hours) of the drugs (propranolol, triclosan and nimesulide) separately, and the possible interaction between these two effects (drug dose and exposure time). 
ANOVA- simultaneous component analysis (ASCA) is a multivariate extension of ANOVA that is used to analyze statistically the changes produced in multivariate datasets obtained in designed experiments with several factors. In this case it was used to statistically assess the changes produced in the concentrations of the metabolites in G. pulex samples obtained across different concentrations (control/non-exposed, low and high) of three pharmaceutical drugs and during different exposition times (2, 6 and 24 hours). Therefore, the experimental setup in the analysis of the effects of every drug implied two different factors, drug dose and exposition time, and their possible interaction. ASCA combines the advantages of ANOVA and principale component analysis methods (PCA), to separate (ANOVA) the multivariate (multi metabolite) sources of data variance, removing the covariation between variables (PCA), respectively. A PCA model is fitted to the effects of each factor individually (Smilde et al., 2005). A permutation test is performed to assess statistically the significance of the observed effects of factors and of their interaction after ASCA application. The permutation test used in this study was randomly permuting the original data matrix (1000 permutations) and recalculating the sum of squares due to the factors(Timmerman et al., 2015). 

2.6.2 Cluster analysis
Cluster analysis is a method to visualize how clusters of samples (or variables) are formed using a dendrogram. The clustergram function creates a heat map with dendrograms to show hierarchical clustering of the whole data set. In this work, the clustering was used to visualize the separation of time-affected and dose-affected metabolites. The peak areas of the metabolites resolved by MCR-ALS were shown in a heat map (clustergram) type of plot. According to the loading plots, the high-intensity metabolites at time and dose factors were displayed separately for use in clustergram. In the rows of the clustergram plot the metabolites were displayed and in the columns were the samples. The heat map of the peak areas of metabolites was calculated from clustergram function  (see below).

2.7 Software
MCR-ALS has been implemented using the MATLAB (The Mathworks Inc., https://www.mathworks.com)  computing language and visualization and environment and it can be downloaded freely from  www.mcrals.info (Jaumot et al., 2015). 
The ROI procedure MATLAB functions are available at  
http://cidtransfer.cid.csic.es/descarga.php?enlace1=298348e5b34daf9e844835352bafa645250ee1. Also, the step-by-step information of how to use the ROIMCR procedure is described at https://www.nature.com/protocolexchange/protocols/4347(Tauler et al., 2015; Gorrochategui et al., 2019).  
The heatmap clustergram function is included in the Bioinformatic ToolboxTM of MATLAB (The Mathworks Inc, 2019b Version). ASCA analysis was performed with the PLS Toolbox 8.6.2 (Eigenvector Research Inc., Wenatchee, WA, USA) 

3. Results and discussion
3.1 MCR-ALS of full scan LC-HRMS chromatograms
Method performance was evaluated in G. pulex to ensure the reliability of quantify targeted analytes with quality control samples in previous study(Gomez-Canela et al., 2016) . Moreover, in the present study, the peak area of the replicates were reviewed in order to determine the repeatability of the analytical method, and the results were acceptable in terms of sensitivity and robustness.  
All data sets obtained in the LC-MS analysis of the G. pulex samples at the three concentration levels (Control, C1, and C2 dose) and at the three exposure times of 2h, 6h and 24h, using both, positive and negative MS ionization, were simultaneously analysed using the augmented data matrices as explained above with the MCR-ALS method (see Fig. 1). A total number of 190 components were finally resolved. As an illustrative example of the resolution of one of the sample constituents, the results of the resolution of component number 17 in the analysis of the three control (Control1, Control2, and Control3), triclosan drug low dose C1 (C1,1, C1,2, and C1,3), and triclosan drug high dose C2 (C2,1, C2,2, and C2,3) samples across the  three exposure times (2h, 6h, and 24h) using negative ionization are given in Fig. 2.
In Fig. 2a, the elution profiles of this component (metabolite) 17 are plotted. Significant changes of the concentration of this component were observed for the samples exposed at C1 dose levels and particularly at C2 dose levels compared to control samples. It can be observed also that for this component, the time factor has also a significant effect, and after 2h, 6h and 24h, the concentration of this metabolite also increased with time. In Fig. 2b, the mass spectrum of this component 17 resolved by MCR-ALS is plotted. According to the most abundant ion at m/z 164.0704, in KEGG Atlas this component was identified to be the metabolite l-phenylalanine (the KEGG Atlas has been accessed at https://www.genome.jp/kegg/). In Fig. 2c the bar plot of the peak areas of this component in the twenty-seven samples simultaneously analysed are given. 
Using a similar procedure of identification for the other MCR-ALS resolved components, taking into account their measured mass and retention time values, forty-nine metabolites were identified for propranolol, forty-four metabolites for triclosan and fifty metabolites for nimesulide in positive and negative ionization modes . Principal amino acids and other
important metabolites were well resolved with MCR-ALS method and similarly to the metabolites identified in a previous target analysis by our group (Gomez-Canela et al., 2016) in G. pulex. However, with the present non-target approach, it has been possible to obtain more metabolic information from G. pulex. In Tables 1, 2 and 3, the final list of 
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Fig. 2. Example of MCR-ALS results in the analysis of a MSROI augmented data matrix including twenty-seven samples of the three control samples (Control1, Control2, Control3), three C1 exposed samples (C1,1, C1,2, C1,3) and three C2 exposed samples (C2,1, C2,2, C2,3), at 2h, 6h and 24h of exposure time respectively. (a) MCR-ALS resolved elution profiles of component 17 in these twenty-seven samples (b) Mass spectrum of this component resolved by MCR-ALS with its most abundant ion at m/z of 164.0704, and (c) Profile peak areas of the component 17 in these twenty-seven samples.
the MCR-ALS resolved components in the case of propranolol, triclosan, and nimesulide are given, respectively.
In these tables, the tentative name of the different identified metabolites, measured mass, KEGG numbers, identified adducts, retention times of the elution peak maximum, and the ANOVA two-way p-results associated to the effects produced by the exposure to the drugs at the different doses, to the exposure times and to their interaction are given for both positive and negative ionization modes.  
In Fig. S1, S2 and S3 of the Supplementary Material, the fold changes (FC) in the concentrations of the 27 metabolites for propranolol treatment, 18 metabolites for triclosan treatment and 40 metabolites for nimesulide dose and time treatments are given, respectively. For example, in Fig. S1, when G. pulex was exposed to propranolol at C1 and C2 doses from 2h to 24h of exposure, the concentration of 7,8- dihydropteroic acid increased compared to the control samples (FC values >1). Conversely, the trans-cinnamic and thymidine decresed in their concentration according to control samples (FC values ˂ 1). Also, at C2 dose, the concentration of l-alanine dramatically declined with increasing exposure time (from 2h to 24h) according to control samples. In Fig. S2 for triclosan treatment, the concentration of ketoleucine, l-threonine, hypoxanthine and d-maltose increased (FC values >1), whereas taurine, trehalose, 12-hydroxy-12-octadecanoylcarnitine and d-maltose concentrations decresed their concentration compared to control samples (FC values >1), during C1 and C2 exposures and 2h to 24h times. Finally in Fig. S3, at C1 and C2 nimesulide doses, the concentration of l-kynurenine sharply increased from 2h to 24h of exposure, and on the other hand the concentration of n-leucine had the oppiste trend. Furthermore, the concentration of uridine 5'-diphosphate showed an increasing trend only after 6h of exposure regarding control samples. In addition, the concentration of d-maltose suddenly decreased after 2h, 6h and 24h of nimesulide exposure. 




Table 1. Identification of the 49 metabolites resolved by MCR-ALS and two-way ANOVA evaluation of the effects on their concentration changes due to propranolol exposure (dose and time factors).
	Mode
	
	Namea
	Experimental massb
	KEGGc
	Adductd
	tRe
	p-valuef
(time)
	p-valueg
(dose)
	p-valueh
(time x dose)

	(ESI)-
	
	4-hydroxyphenytoin 
	267.078
	
	[M-H] -
	8.78
	0
	0.0115
	0.0187

	
	
	L-Glutamine 
	145.0614
	C00064
	[M-H] -
	16.32
	0.0142
	0.022
	˃0.05

	
	
	phenylalanine
	164.0702
	C00079
	[M-H] -
	11.06
	˂0.01
	˂0.01
	˂0.01

	
	
	 L-Leucine 
	130.088
	C00123
	[M-H] -
	11.71
	0
	˃0.05
	˃0.05

	
	
	 Alpha-CEHC 
	299.1251
	
	[M+Na-2H] -
	2.78
	0
	˃0.05
	˃0.05

	
	
	 L-Valine 
	116.0715
	C00183
	[M-H] -
	14.2
	˂0.01
	˃0.05
	˃0.05

	
	
	L-Alanine 
	88.0403
	C00041
	[M-H] -
	15.23
	˃0.05
	˂0.01
	˃0.05

	
	
	 L-Proline 
	114.0558
	C00148
	[M-H] -
	14.66
	˂0.01
	˂0.01
	˃0.05

	
	
	Dodecanoic acid 
	199.1696
	C02679
	[M-H] -
	2.97
	0.0164
	0
	0

	
	
	L-Isoleucine 
	130.088
	C00407
	[M-H] -
	11.65
	˃0.05
	˃0.05
	˃0.05

	
	
	 L-Methionine 
	148.0434
	C00073
	[M-H] -
	13.69
	0.0207
	˂0.01
	˃0.05

	
	
	L-Tryptophan 
	203.0821
	C00078
	[M-H] -
	9.89
	0
	0.0183
	˂0.01

	
	
	Dimethylbenzimidazole 
	291.1621
	C03114
	[2M-H] -
	2.51
	˃0.05
	˃0.05
	˃0.05

	
	
	N-Leucine
	137.1043
	C00123
	[M-H] -
	11.57
	˃0.05
	˃0.05
	˃0.05

	
	
	5-Methylthioribose 
	180.0455
	C03089
	M
	2.55
	˃0.05
	˃0.05
	˃0.05

	
	
	Glycerylphosphorylethanolamine 
	214.0479
	C01233
	[M-H] -
	15.81
	˃0.05
	0.0157
	˃0.05

	
	
	Trans-Cinnamic acid 
	147.0448
	C00423
	[M-H] -
	10.98
	˂0.01
	˃0.05
	˃0.05

	
	
	Uridine 
	243.062
	C00299
	[M-H] -
	7.57
	0
	0.0265
	0.0331

	
	
	Inosine 
	268.0808
	C00294
	M
	8.79
	0
	˂0.01
	˂0.01

	
	
	Ketoleucine 
	129.0553
	C00233
	[M-H] -
	3.28
	˃0.05
	˂0.01
	˃0.05

	
	
	Hydrocinnamic acid 
	299.1297
	C05629
	[2M-H] -
	2.8
	0
	˃0.05
	˃0.05

	
	
	Thymidine 
	241.0824
	C00214
	[M-H] -
	5.91
	0.0385
	˂0.01
	0.0456

	
	
	2,8-Dihydroxyadenine 
	166.0367
	
	[M-H] -
	10.15
	˃0.05
	˃0.05
	˃0.05

	
	
	L-Tyrosine 
	202.0477
	C00082
	[M+Na-2H] -
	12.69
	˃0.05
	˂0.01
	0.0109

	
	
	7,8-Dihydropteroic acid 
	313.1067
	C00921
	[M-H] -
	16.23
	˂0.01
	˂0.01
	˂0.01

	
	
	1,4-beta-D-Glucan 
	557.1336
	C00760
	[M+Na-2H] -
	8.73
	˂0.01
	˃0.05
	˃0.05

	
	
	Diadenosine triphosphate 
	755.0779
	C06197
	[M-H] -
	15.84
	˂0.01
	˃0.05
	˃0.05

	
	
	Pyroglutamic acid 
	110.0241
	C01879
	[M-H2O-H] -
	7.63
	˃0.05
	˃0.05
	˂0.01

	
	
	L-Threonine 
	118.0508
	C00188
	[M-H] -
	16.76
	˃0.05
	˂0.01
	˃0.05

	(ESI)+
	
	Threonic acid 
	137.044
	C01620
	[ M+H] +
	8.78
	0
	˂0.01
	˃0.05

	
	
	Betaine 
	118.0861
	C00719
	[ M+H] +
	13.93
	˂0.01
	˃0.05
	˃0.05

	
	
	Galactosylsphingosine 
	162.1122
	C01747
	[M+2H+Na]+
	16.39
	0.0259
	˃0.05
	0.0134

	
	
	Taurine 
	126.0217
	C00245
	[ M+H] +
	12.12
	˃0.05
	0.0249
	0.0265

	
	
	Tyramine 
	120.0806
	C00483
	[M+H-H2O]+
	10.99
	˂0.01
	0.0178
	0.0169

	
	
	Dopamine glucuronide 
	347.1453
	C03033
	[M+NH4]+
	5.4
	˃0.05
	˃0.05
	˃0.05

	
	
	Guanine 
	152.0564
	C00242
	[ M+H]+
	10.16
	˃0.05
	˂0.01
	˃0.05

	
	
	Urocanic acid
	139.0500
	C00785
	[ M+H]+
	4.59
	˃0.05
	0
	0.0398

	
	
	Neurine 
	86.0962
	
	[M+H-H2O]+
	11.64
	˂0.01
	0.022
	0.016

	
	
	3-Hydroxydodecanoic acid 
	199.1689
	
	[M+H-H2O]+
	2.74
	0
	0
	˂0.01

	
	
	p-Octopamine 
	136.0755
	C04227
	[M+H-H2O]+
	12.75
	˃0.05
	0.058
	˃0.05

	
	
	Glycerophosphocholine 
	258.1101
	C00670
	[M+H] +
	16.35
	˃0.05
	˃0.05
	˃0.05

	
	
	Triethanolamine 
	132.1018
	C06771
	[M+H-H2O ] +
	16.73
	˂0.01
	˃0.05
	˂0.01

	
	
	CL(20:1(11Z)/18:2(9Z,12Z)/18:1(11Z)/18:1(11Z)) 
	764.5138
	
	[M+2Na]+
	3.08
	˂0.01
	˃0.05
	˃0.05

	
	
	DG (18:2(9Z,12Z)/20:4(5Z,8Z,11Z,14Z)/0:0) 
	623.5026
	C00165
	[M+H-H2O ]+
	2.71
	0.0114
	0.0473
	˃0.05

	
	
	L-Glutamic acid 
	130.0498
	C00025
	[M+H-H2O ] +
	16.32
	˃0.05
	˂0.01
	0.055

	
	
	8,8-Dimethoxy-2,6-dimethyl-2-octanol 
	236.2218
	
	[M+NH4] +
	2.8
	˂0.01
	˂0.01
	0

	
	
	Acetylcholine 
	146.1174
	C01996
	M
	18.31
	0.0122
	˂0.01
	˂0.01

	
	
	DG (16:0/20:4(5Z,8Z,11Z,14Z)/0:0) 
	634.543
	C00165
	[M+NH4 ] +
	2.89
	0.0214
	˂0.01
	˃0.05

	
	
	Tryptophanol 
	162.0914
	C00955
	[M+H] +
	16.15
	˂0.01
	˂0.01
	˂0.01


a  Name of the identified metabolites.	
b  Mass of the metabolites.
c KEGG number.
d Identified adducts.	
e Retention times of the elution peak maximum.	
f p-value (time factor corresponds at the different times studied (2, 6 and 24 h)).
g p-value (dose factor corresponds at the two different concentrations used for each pharmaceutical).
h p-value (time and dose interaction).








Table 2. Identification of the 44 metabolites resolved by MCR-ALS and two-way ANOVA evaluation of the effects on their concentration changes due to triclosan exposure (dose and time factors).
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	Namea
	Experimental
Massb
	KEGGc
	Adductd
	tRe
	p-valuef (time)
	p-valueg (dose)
	p-valueh
(time x dose)

	(ESI)-
	Taurine
	124.0074
	C00245
	[M-H]-
	12.12
	˂0.01
	˃0.05
	˂0.01

	
	L-Leucine
	130.0853
	C00123
	[M-H] -
	11.45
	0
	˃0.05
	˃0.05

	
	L-Valine
	116.0719
	C00183
	[M-H] -
	14.05
	˃0.05
	˃0.05
	˃0.05

	
	Dodecanoic acid
	199.1705
	C02679
	[M-H] -
	2.94
	˃0.05
	˃0.05
	˃0.05

	
	Indoleacetaldehyde
	180.0435
	C00637
	[M+Na-2H]-
	2.53
	0
	˃0.05
	˃0.05

	
	L-Proline
	114.0562
	C00148
	[M-H] -
	14.58
	˃0.05
	˃0.05
	˃0.05

	
	L-Alanine
	88.0404
	C00041
	[M-H] -
	15.24
	˃0.05
	˃0.05
	˃0.05

	
	Stearic acid
	283.263
	C01530
	[M-H] -
	2.82
	˃0.05
	˂0.01
	˃0.05

	
	Hydrocinnamic acid
	299.1276
	C05629
	[2M-H]-
	2.75
	˂0.01
	˃0.05
	˃0.05

	
	L-Tryptophan
	203.0819
	C00078
	[M-H] -
	9.75
	˃0.05
	0
	˃0.05

	
	L-Isoleucine
	130.0889
	C00407
	[M-H] -
	11.45
	˃0.05
	˃0.05
	0.022

	
	L-Methionine
	148.0434
	C00073
	[M-H] -
	13.03
	˃0.05
	˂0.01
	˃0.05

	
	Thymidine
	241.0839
	C00214
	[M-H] -
	5.88
	˃0.05
	˃0.05
	˃0.05

	
	Ketoleucine
	129.0558
	C00233
	[M-H] -
	3.21
	˃0.05
	˂0.01
	˃0.05

	
	L-Glutamine
	127.0514
	C00064
	[M-H2O-H]-
	16.20
	˃0.05
	˃0.05
	˃0.05

	
	N-Leucine
	137.1046
	C00123
	[M-H] -
	11.55
	˃0.05
	0.012
	˃0.05

	
	Deoxyuridine
	683.219
	C00526
	[3M-H]-
	15.84
	˂0.01
	˃0.05
	˃0.05

	
	Pyrrole-2-carboxylic acid
	110.025
	C05942
	[M-H] -
	7.59
	0
	˂0.01
	˃0.05

	
	Uridine
	243.0642
	C00299
	[M-H] -
	7.67
	0
	0
	˃0.05

	
	L-Threonine
	118.051
	C00188
	[M-H] -
	16.8
	˂0.01
	˂0.01
	˃0.05

	(ESI)+
	Hypoxanthine
	137.0453
	C00262
	[M+H]+
	8.64
	0
	˂0.01
	˃0.05

	
	Betaine
	118.0861
	C00719
	[ M+H] +
	13.81
	˃0.05
	˃0.05
	˃0.05

	
	Galactosylsphingosine
	162.1124
	C01747
	[M+2H+Na] +
	16.48
	˂0.01
	˃0.05
	0.02

	
	LysoPC (20:2(11Z,14Z))
	565.3999
	C04230
	[M+NH4] +
	2.91
	˃0.05
	˃0.05
	˃0.05

	
	D-Maltose
	365.1057
	C00208
	[M+Na]+
	15.85
	0
	˂0.01
	˃0.05

	
	Tyramine
	120.0806
	C00483
	[M+H-H2O ]+
	10.73
	˃0.05
	0
	˃0.05

	
	Guanine
	152.0564
	C00242
	[M+H]+
	10.17
	˃0.05
	0
	˃0.05

	
	Dopamine glucuronide
	347.1455
	C03033
	[M+NH4]+
	5.34
	˃0.05
	˃0.05
	˃0.05

	
	PC (14:0/20:1(11Z))
	760.584
	C00157
	[M+H]+
	5.67
	0
	˃0.05
	˃0.05

	
	Urocanic acid
	139.05
	C00785
	[ M+H]+
	5.37
	˃0.05
	˃0.05
	˃0.05

	
	Neurine
	86.0962
	
	[M+H-H2O ]+
	11.35
	˃0.05
	˂0.01
	˃0.05

	
	2-Phenylacetamide
	136.0757
	C02505
	[M+H]+
	12.37
	0.0277
	˂0.01
	˃0.05

	
	4-Hydroxycyclohexylcarboxylic acid
	162.1118
	
	[M+NH4]+
	16.48
	0
	˂0.01
	˃0.05

	
	8,8-Dimethoxy-2,6-dimethyl-2-octanol
	236.2218
	
	[M+NH4]+
	2.78
	˃0.05
	˃0.05
	˃0.05

	
	Maltotriose
	522.2011
	C01835
	[M+NH4]+
	16.83
	˂0.01
	0.0164
	˃0.05

	
	Glycerophosphocholine
	258.1102
	C00670
	[M+H]+
	16.36
	˃0.05
	˂0.01
	˃0.05

	
	3-Hydroxydodecanoic acid
	199.169
	
	[M+H-H2O ]+
	2.7
	0.0203
	˂0.01
	˃0.05

	
	Trehalose
	325.1118
	C01083
	[M+H-H2O ]+
	16.75
	˃0.05
	˂0.01
	˃0.05

	
	Inosine
	269.0876
	C00294
	[ M+H]+
	8.64
	˃0.05
	˃0.05
	˃0.05

	
	Pyroglutamic acid
	130.0497
	C01879
	[M+H]+
	16.18
	˃0.05
	˃0.05
	˃0.05

	
	12-Hydroxy-12-octadecanoylcarnitine
	426.3556
	
	[M+H-H2O]+
	3.54
	˂0.01
	0.0147
	˃0.05

	
	D-Glucose
	145.0487
	C00031
	[M+H-2H2O]+
	15.79
	˂0.01
	˂0.01
	˂0.01

	
	Indoleacrylic acid
	188.0705
	C00331
	[M+H]+
	9.78
	˃0.05
	0
	˃0.05

	
	Acetylcholine
	146.1174
	C01996
	M
	18.23
	˃0.05
	˃0.05
	˃0.05


a  Name of the identified metabolites.	
b  Mass of the metabolites.
c KEGG number.
d Identified adducts.	
e Retention times of the elution peak maximum.	
f p-value (time factor corresponds at the different times studied (2, 6 and 24 h)).
g p-value (dose factor corresponds at the two different concentrations used for each pharmaceutical).
h p-value (time and dose interaction).






	Mode 
	Namea
	Experimental massb
	KEGGc
	Adductd
	tRe
	p-valuef (time)
	p-valueg (dose)
	p-valueh
(t x d)

	(ESI)-
	Taurine 
	124.0078
	C00245
	[M-H] -
	11.72
	0
	0
	˂0.01

	
	L-Phenylalanine 
	164.0704
	C00079
	[M-H] -
	10.24
	˂0.01
	˂0.01
	˂0.01

	
	Vanillin acetate 
	194.0575
	
	M
	2.49
	˃0.05
	˃0.05
	˃0.05

	
	Deoxyinosine 
	251.0795
	C05512
	[M-H] -
	7.48
	˂0.01
	˂0.01
	˂0.01

	
	L-Isoleucine 
	130.0879
	C00407
	[M-H] -
	10.74
	˃0.05
	0
	0.023

	
	Arachidonic acid 
	303.2321
	C00219
	[M-H] -
	2.91
	˃0.05
	˃0.05
	˃0.05

	
	(R)-3-Hydroxy-Octadecanoic acid 
	299.2601
	C08492
	[M-H] -
	3.039
	0
	˂0.01
	˃0.05

	
	L-Glutamine 
	145.0623
	C00064
	[M-H] -
	16.0515
	˃0.05
	0.012
	˂0.01

	
	Palmitic acid 
	256.2395
	C00249
	M
	2.89
	0
	˃0.05
	˃0.05

	
	Lysyl-Tyrosine 
	309.1675
	
	M
	2.538
	˂0.01
	˃0.05
	0.0341

	
	Arginyl-Glutamate 
	283.1271
	
	[M-H2O-H] -
	2.84
	˃0.05
	˂0.01
	0.022

	
	Prolyl-Methionine 
	267.0789
	
	[M+Na-2H] -
	8.56
	0
	˂0.01
	˂0.01

	
	Uridine 
	243.0642
	C00299
	[M-H] -
	7.35
	0
	˂0.01
	0

	
	L-Valine 
	116.0722
	C00183
	[M-H] -
	13.39
	˃0.05
	˂0.01
	˂0.01

	
	L-Tryptophan 
	203.083
	C00078
	[M-H] -
	9.33
	˃0.05
	˂0.01
	˃0.05

	
	L-Kynurenine 
	229.0589
	C00328
	[M+Na-2H] -
	3.14
	0
	˂0.01
	˂0.01

	
	L-Proline 
	114.0562
	C00148
	[M-H] -
	14.0722
	˂0.01
	˃0.05
	˂0.01

	
	L-Methionine 
	148.0443
	C00073
	[M-H] -
	12.66
	˃0.05
	˂0.01
	0.0113

	
	1,4-beta-D-Glucan 
	557.1336
	C00760
	[M+Na-2H] -
	8.45
	˃0.05
	˂0.01
	˃0.05

	
	Guanine 
	150.0424
	C00242
	[M-H] -
	9.82
	˃0.05
	0.031
	0.0109

	
	Uridine 5'-diphosphate 
	402.993
	C00015
	[M-H] -
	6.716
	˂0.01
	˂0.01
	˂0.01

	
	N-Leucine
	137.1046
	C00123
	[M-H] -
	11.0801
	˃0.05
	˂0.01
	˃0.05

	
	Ketoprofen glucuronide 
	429.1175
	C03033
	[M-H] -
	13.7509
	0
	˂0.01
	0.032

	
	Paraxanthine 
	180.0656
	C13747
	M
	12.068
	˂0.01
	0
	0.0172

	
	Methionyl-Phenylalanine 
	296.1192
	
	M
	2.7456
	0
	˃0.05
	˂0.01

	
	L-Alanine 
	88.0408
	C00041
	[M-H] -
	14.96
	˃0.05
	˃0.05
	˃0.05

	
	D-Maltose 
	683.2266
	C00208
	[2M-H] -
	15.7343
	0.0206
	˃0.05
	˂0.01

	
	Dodecanoic acid 
	199.1709
	C02679
	[M-H] -
	2.966
	0
	˂0.01
	˃0.05

	
	Histidinal 
	277.1425
	C01929
	[2M-H] -
	2.5179
	0
	˃0.05
	˃0.05

	
	L-Leucine 
	130.0879
	C00123
	[M-H] -
	10.7444
	˃0.05
	˂0.01
	˃0.05

	
	trans-Cinnamic acid 
	147.0448
	C00423
	[M-H] -
	10.2029
	0.0471
	˂0.01
	˂0.01

	
	Phenylalanyl-Histidine 
	283.1182
	
	[M-H2O-H] -
	2.848
	˃0.05
	0
	˂0.01

	
	FMNH2 
	228.0523
	C01847
	[M-2H] -
	3.1138
	˂0.01
	˂0.01
	˃0.05

	(ESI)+
	Threonic acid 
	137.044
	C01620
	[ M+H]+
	8.54
	˂0.01
	0
	0

	
	Betaine 
	118.086
	C00719
	[ M+H] +
	13.6
	0
	0.013
	˂0.01

	
	Tyramine 
	120.081
	C00483
	[M+H-H2O ] +
	1.17
	˃0.05
	˂0.01
	0.054

	
	Nicotine imine 
	144.1042
	C00745
	[M+H-H2O ] +
	14.15
	0
	˂0.01
	˂0.01

	
	4-Hydroxycyclohexylcarboxylic acid 
	162.1119
	
	[M+NH4] +
	16.45
	˃0.05
	0.039
	0.015

	
	Homovanillic acid 
	165.0539
	C05582
	[M+H-H2O] +
	11.95
	0
	˂0.01
	˂0.01

	
	Inosine 
	269.09
	C00294
	[ M+H] +
	8.53
	˂0.01
	˂0.01
	˂0.01

	
	Urocanic acid 
	139.05
	C00785
	[ M+H] +
	5.3
	˃0.05
	˂0.01
	˃0.05

	
	Acetylcholine 
	146.118
	C01996
	M
	18.16
	˃0.05
	0
	˂0.01

	
	3-Hydroxydodecanoic acid 
	199.169
	
	[M+H-H2O ] +
	2.75
	0
	˂0.01
	0

	
	Neurine 
	86.0962
	
	[M+H-H2O ] +
	10.74
	˃0.05
	0
	˃0.05

	
	Glycerophosphocholine 
	258.1102
	C00670
	[M+H]+
	16.25
	˃0.05
	0
	0.0252

	
	Glutathione 
	325.1161
	C00051
	[ M+NH4] +
	16.73
	˂0.01
	˂0.01
	˂0.01

	
	Arginyl-Proline 
	543.3355
	
	[2M+H] +
	5.43
	0
	˃0.05
	˃0.05

	
	Cytosine 
	112.0501
	C00380
	[M+H] +
	9.64
	˃0.05
	0
	˂0.01

	
	8,8-Dimethoxy-2,6-dimethyl-2-octanol 
	236.222
	
	M+NH4
	2.8
	0.014
	˃0.05
	˃0.05

	
	p-Octopamine 
	136.076
	C04227
	[M+H-H2O ] +
	12.038
	˃0.05
	˂0.01
	˃0.05


 Table 3. Identification of the 50 metabolites resolved by MCR-ALS and two-way ANOVA evaluation of the effects on their concentration changes due to nimesulide exposure (dose and time factors). 
a The name of the identified metabolites.	
a  Name of the identified metabolites.	
b  Mass of the metabolites.
c KEGG number.
d Identified adducts.	
e Retention times of the elution peak maximum.	
f p-value (time factor corresponds at the different times studied (2, 6 and 24 h)).
g p-value (dose factor corresponds at the two different concentrations used for each pharmaceutical).
h p-value (time and dose interaction).



3.2  ANOVA and ASCA results
ANOVA two-way p-values given in Tables 1, 2 and 3 for propranolol, triclosan, and nimesulide show what metabolites and in what cases their concentration changes (fold changes) were more significative statistically (p-values lower than 0.01, marked in bold in the Tables). 
	Contaminant 
	Factor
	Cum EigenVala
	Percentage of variationb
	Significance(p-value)

	
	timec
	13.29
	27.12
	˂0.01

	Propranolol
	dosed
	9.29
	18.96
	˂0.01

	
	time x dosee
	10.31
	21.05
	˂0.01

	
	residuals
	-
	32.87
	-

	
	timec
	8.94
	20.32
	˂0.01

	Triclosan 
	dosed
	11.04
	25.10
	˂0.01

	
	time × dosee
	4.10
	9.32
	0.67

	
	residuals
	-
	45.26
	-

	
	timec
	14.11
	28.23
	˂0.01

	Nimesulide
	dosed
	12.54
	25.09
	˂0.01

	
	time × dosee
	11.02
	22.03
	˂0.01

	
	residuals
	-
	24.65
	-


Table 4. ASCA results: Significance and partitioning of the total variance into the individual terms corresponding to dose and time factors and their interaction for propranolol, triclosan and nimesulide.
a Cumulative Eigenvalue.
b Percentage of variation expressed as sums of squared deviations from the overall mean.
c Time of drug exposure factor (2 h, 6 h, and 24 h levels).
d Dose of drug exposure levels (Controls, C1 and C2, see for each drug in “pharmaceutical exposures and extraction method” section of the manuscript).
e Time and dose interaction.

In order to investigate more in-depth and simultaneously for all identified metabolites, the effects of dose and exposure time of the three drugs on G. pulex and assess statistically the significance of these effects in a more summarized way, the ASCA method was applied. In Table 4, ASCA results are given for propranolol, triclosan and nimesulide. The effect of both factors, time and dose were significative (p-values ˂0.01) for the three drug treatments and in the case of propranolol, triclosan and nimesulide also for their interaction. Whereas in ASCA, the effects are evaluated simultaneously over all considered metabolites and consider therefore their possible covariation, in ANOVA these effects were evaluated individually, every metabolite independently of the others. Therefore, the views obtained by the two approaches are complementary. The ASCA results for the three drugs include their cumulative eigenvalues, the explained variances and the significances (p-value) of the effects for each factor (time and dos) and their interaction for every drug separately. The significance of these effects (p-values) in ASCA was evaluated using a permutation tests, as described above in the method section and in(Vis et al., 2007). 
In Fig. 3, 4 and 5 ASCA score and loading plots for propranolol, triclosan and nimesulide treatment are given. In Fig. 3a, 4a and 5a the ASCA scores obtained in the ASCA analysis of the time factor are plotted, and in Fig. 3b, 4b and 5b, the ASCA scores obtained in the analysis of the dose factor are plotted. In Fig. 3c, 3d, 4c, 4d, 5c and 5d the ASCA loadings in the analysis of the effects of the two factors (time and dose) are given for the different drugs. And finally, in Fig. 3e, 3f, 4e, 4f, 5e and 5f the ASCA scores and loadings for the evaluation of the effects of the interaction between the two factors are given. It is clear from these figures that dose and time exposures for the three pharmaceutical products were significantly affecting the metabolism of G. pulex, and, except for triclosan, these effects were interacting, i.e., they were not independent. Metabolites whose concentrations were manifesting these changes more clearly due to the dose and time of exposure of every pharmaceutical product are also given in the plots of these three figures, with their identification in their captions. 
In addition, in Fig. 6, the results of the PLS-DA analysis of the changes of the peak areas of the MCR-ALS resolved components for the three drugs (a, b and c in Fig. 6) due to the 
[image: ]Fig. 3. ASCA results: (a) SCA scores plot of the “time” factor matrix for propranolol. Symbols indicate the different samples studied. Red diamonds, green squares, and blue triangles correspond to replicate G. pulex samples collected after 2 h, 6 h, and 24 h of exposure time, (b) SCA scores plot of the “dose” factor matrix. Color symbols indicate the different samples studied: red diamonds are controls, green squares are the G. pulex samples at C1 and blue triangles are the G. pulex samples at C2, (c) SCA PC1 loadings plot of the “time” factor matrix with their metabolite identification in the x-axis, (d) SCA PC1 loadings plot of dose sample factor matrix with their metabolite identification in the x-axis, (e) SCA scores plot of the “interaction between dose and time” factor matrix, and (f) SCA PC1 loadings plot of interaction between dose and time factor matrix with their metabolite identification in the x-axis.Metabolites: 1-4-hydroxyphenytoin , 2-L-Glutamine, 3-phenylalanine, 4- L-Leucine , 5-Alpha-CEHC, 6-L-Valine, 7-L-Alanine, 8-L-Proline, 9-Dodecanoic acid, 10-L-Isoleucine, 11- L-Methionine, 12-L-Tryptophan, 13-Dimethylbenzimidazole, 14-N-Leucine, 15- 5-Methylthioribose, 16- Glycerylphosphorylethanolamine, 17 trans-Cinnamic acid, 18-Uridine, 19-Inosine, 20-Ketoleucine, 21-Hydrocinnamic acid , 22-Thymidine , 23-2,8-Dihydroxyadenine , 24-L-Tyrosine ,25-7,8-Dihydropteroic acid , 26-1,4-beta-D-Glucan , 27-Diadenosine triphosphate ,28-Pyroglutamic acid , 29-L-Threonine , 30-Threonic acid ,  31-Betaine , 32-Galactosylsphingosine , 33-Taurine, 34-Tyramine, 35-Dopamine glucuronide , 36-Guanine, 37-Urocanic acid,38-Neurine ,39-3-Hydroxydodecanoic-acid,40-p-Octopamine,41-Glycerophosphocholine,42-Triethanolamine,43-CL(20:1(11Z)/18:2 (9Z,12Z)/18:1(11Z)/18:1(11Z)),44-DG(18:2(9Z,12Z)/20:4(5Z,8Z,11Z,14Z)/0:0),45-L-Glutamicacid,46-8,8-Dimethoxy-2,6-dimethyl-2-octanol ,47-Acetylcholine,48 DG(16:0/20:4(5Z,8Z,11Z,14Z)/0:0), 49-Tryptophanol.





[image: ]Metabolites: 1-Taurine, 2-L-Leucine,3-L-Valine, 4-Dodecanoic acid,  5-Indoleacetaldehyde, 6-L-Proline, 7-L-Alanine, 8-Stearic acid, 9-Hydrocinnamic acid, 10-L-Tryptophan, 11-L-Isoleucine, 12- L-Methionine, 13-Thymidine, 14-Ketoleucine, 15-L-Glutamine, 16-N-Leucine, 17-Deoxyuridine, 18-Pyrrole-2-carboxylic acid, 19-Uridine, 20-L-Threonine, 21-Hypoxanthine, 22-Betaine, 23-Galactosylsphingosine, 24-LysoPC(20:2(11Z,14Z)), 25-D-Maltose, 26-Tyramine,  27-Guanine,  28-Dopamine glucuronide, 29-PC(14:0/20:1(11Z)), 30-Urocanic acid, 31-Neurine, 32-2-Phenylacetamide,  33-4-Hydroxycyclohexylcarboxylic acid, 34-8,8-Dimethoxy-2,6-dimethyl-2-octanol,  35-Maltotriose, 36-Glycerophosphocholine, 37-3-Hydroxydodecanoic acid, 38-Trehalose, 39-Inosine, 40-Pyroglutamic acid, 41-12-Hydroxy-12-octadecanoylcarnitine, 42-D-Glucose, 43-Indoleacrylic acid, 44-Acetylcholine.

Fig. 4. ASCA results: (a) SCA scores plot of the “time” factor matrix for triclosan. Symbols indicate the different samples studied. Red diamonds, green squares, and blue triangles correspond to replicate G. pulex samples collected after 2 h, 6 h, and 24 h of exposure time, (b) SCA scores plot of the “dose” factor matrix. Color symbols indicate the different samples studied: red diamonds are controls, green squares are the G. pulex samples at C1 and blue triangles are the G. pulex samples at C2, (c) SCA PC1 loadings plot of the “time” factor matrix with their metabolite identification in the x-axis, (d) SCA PC1 loadings plot of dose sample factor matrix with their metabolite identification in the x-axis, (e) SCA scores plot of the “interaction between dose and time” factor matrix and (f) SCA PC1 loadings plot of interaction between dose and time factor matrix with their metabolite identification in the x-axis.
[image: ]Fig. 5. ASCA results: (a) SCA scores plot of the “time” factor matrix form nimesulide. Symbols indicate the different samples studied. Red diamonds, green squares, and blue triangles correspond to replicate G. pulex samples collected after 2 h, 6 h, and 24 h of exposure time, (b) SCA scores plot of the “dose” factor matrix. Color symbols indicate the different samples studied: red diamonds are controls, green squares are the G. pulex samples at C1 and blue triangles are the G. pulex samples at C2, (c) SCA PC1 loadings plot of the “time” factor matrix with their metabolite identification in the x-axis, (d) SCA PC1 loadings plot of dose sample factor matrix with their metabolite identification in the x-axis, (e) SCA scores plot of the “interaction between dose and time” factor matrix and (f) SCA PC1 loadings plot of interaction between dose and time factor matrix with their metabolite identification in the x-axis.Metabolites: 1- Taurine , 2- L-Phenylalanine, 3-Vanillin acetate , 4-Deoxyinosine , 5-L-Isoleucine , 6-Arachidonic acid , 7-(R)-3-Hydroxy-Octadecanoic acid , 8-L-Glutamine ,9- Palmitic acid , 10- Lysyl-Tyrosine , 11-Arginyl-Glutamate , 12-Prolyl-Methionine , 13-Uridine , 14- L-Valine , 15-L-Tryptophan ,16- L-Kynurenine , 17- L-Proline, 18-L-Methionine , 19-1,4-beta-D-Glucan, 20- Guanine , 21-Uridine 5'-diphosphate , 22-N-Leucine, 23-Ketoprofen glucuronide , 24- Paraxanthine , 25-Methionyl-Phenylalanine , 26-L-Alanine , 27-D-Maltose, 28- Dodecanoic acid , 29-Histidinal, 30- L-Leucine , 31-trans-Cinnamic acid , 32-Phenylalanyl-Histidine , 33-FMNH2, 34-Threonic acid , 35-Betaine , 36-Tyramine, 37-Nicotine imine , 38-4-Hydroxycyclohexylcarboxylic acid, 39- Homovanillic acid , 40-Inosine, 41-Urocanic acid , 42-Acetylcholine, 43- 3-Hydroxydodecanoic acid, 44-Neurine , 45-Glycerophosphocholine, 46-Glutathione, 47-Arginyl-Proline, 48-Cytosine, 49-8,8-Dimethoxy-2,6-dimethyl-2-octanol, 50- p-Octopamine.
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[bookmark: _Hlk31204375][image: ]Fig. 6. Variables importance in projection (VIP scores) plot resulting from PLS-DA analysis of the chromatographic peak areas obtained by MCR-ALS analysis. a1) and a2) effects of the propranolol “time” and “dose” factors. b1) and b2) effects of the triclosan “time” and “dose” factors; and c1) and c2) effects of the nimesulide “time” and “dose” factors. Horizontal red line (VIP = 1) shows the threshold value selecting the most important variables.



time and dose of exposure (1 and 2 in Fig. 6), in the supervised discrimninatuion between control and treated samples are given. Results of these two analysis allow on one side to confirm the validity of the assessment of the effects of the two factors, and on the other side to also allow the discovery and confirmation of those metabolites more affected by the treatments with the three drugs (Farres et al., 2015). PLS-DA results were validated using the Venetian blinds cross validation method. Fig. S4a, S4b and S4c give the score  plots of the first latent PLS-DA variable (LV1) obtained in the analysis of the 27 samples for  propranolol (S4a), triclosan (S4b) and nimesulide (S4c), considering the time (S4a1, S4b1 and S4c1), and dose (S4a2, S4b2 and S4c2) factors. In all these PLS-DA score plots, the different groups of samples (exposed at 2h, 6h and 24h and Control, C1 and C2 dose levels) are distinguished. In addition, the PLS-DA VIP (variable importance in projection) values help top visualize the more significant metabolites (see Fig. 6). The horizontal red line in Fig. 6 shows the selected threshold value (VIP >1) from which the more relevant metabolites are considered to be significantly affected by the investigated treatments with the three pharmaceutical products. In the captions of Fig. 6 these metabolites are identified and marked in bold. 

3.3 Heat map hierarchical clustering results 
Simultaneous hierarchical clustering of samples and variables for the dose and time effects on G. pulex using heat map clustering plots (see method section) are displayed separately in Fig. 7 for three pharmaceuticals (propranolol in Fig. 7a and 7b, triclosan in Fig. 7c and 7d, and nimesulide in Fig. 7e and 7f). These clustering plots have been prepared using the metabolites showing clearer changes due to the dose and time exposure effects according to the previous analysis by ANOVA, ASCA, and PLS-DA. In Fig. 7a, 
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Fig. 7. Relative metabolite concentration changes due to propranolol, triclosan and nimesulide treatment. for the “time” factor, (a), (c) and (e) respectively and for the “dose” factor, (b), (d) and (f) respectively. Concentration ranges go from blue (low concentration) to red (high concentration). The top bar indicates the levels ) for the time factor (in a, c and e) at 2 h (yellow), 6 h (red), and 24 h (purple), and for the “dose” factor (in b, d and f) at Control (green), C1 (red) and C2 (pink) levels. Dendrograms corresponding to the hierarchical clustering of both samples and metabolites are shown on the top and on the left of the heatmaps, respectively.1 8,8-Dimethoxy-2,6-dimethyl-2-octanol, 2 Glycerophosphocholine. 


the time-affected metabolites are distinguished into two categories, on one hand 9 metabolites showed a higher concentration level at 2 h (marked in yellow at the top of the plot), and on the other hand, other 4 metabolites showed their higher concentrations at 24h (marked in purple at the top of the plot). In Fig. 7b, the dose affected metabolites are displayed. There are 12 metabolites whose concentrations increase at C2 dose of propranolol compared to control samples (marked in pink at the top of the plot), while an opposite decreasing pattern is observed for many other metabolites (most of them marked in green and red at the top of the plot) when these C2 samples are compared to control and C1 dose samples. In Fig. 7c and 7d, the relative concentration changes of the   metabolites due to time and dose factors for triclosan are given respectively. In Fig. 7c, 7 metabolites were at low concentrations at the beginning of the triclosan experiments (time 2h and 6h, in yellow and red labels at the top of the figure), while after 24 h of the triclosan exposure, their concentrations increased significantly (purple label at the top). In Fig. 7d, metabolites affected by the exposition at different triclosan doses revealed a regular pattern. The concentration of metabolites increased at higher doses, except trehalose, which showed the opposite trend. According to Fig. 7e, after 2 h of nimesulide tratament, 3 metabolites had higher concentrations (yellow label at the top of the figure), while at 6 h and 24 h, other 15 metabolites increased their concentration (red and purple labels at the top). In the case of the dose treatment in Fig. 7f, the metabolites acetylcholine and n-leucine had a high concentration level in control samples and a significative concentration decreased after 6 h and 24 h of nimesulide exposure, while the other the metabolites showed the inverse pattern. 

3.4 Biochemical interpretation of the observed metabolite changes 
The three tested pharmaceuticals enhanced the concentrations of up to 24 metabolites, which enriched up to 23 KEGG functional pathways (Table S1). These metabolites are involved in different biochemical processes, such as protein/amino acid metabolic pathways, aminoacyl-tRNA biosynthesis, oxocarboxylic acid metabolism, glucosinolate biosynthesis, pyrimidine and purine metabolism, neuroactive ligand-receptor interaction and glycerophospholipid metabolism. Minor de-regulated pathways with at least three metabolites included carbohydrate digestion, sucrose and starch metabolism and choline metabolism by triclosan. Propranolol has been reported to affect lipid metabolism in the freshwater crustacean Daphnia magna (Taylor et al., 2010; Fuertes et al., 2020), which is in line with the observed effects on glycerophospholipid pathways. There is also reported information that propranolol affected branched amino acids such as valine, leucine and isoleucine (Jeong and Simpson, 2019), which is in line with the Valine, leucine and isoleucine biosynthesis pathways reported in Table S1  The metabolites showing the highest degrees of up-regulation upon propranolol treatments were phenylalanine, inosine and thymidine. There is reported information that propranolol enhances adenine nucleotide degradation in human muscle during exercise resulting in increasing levels of inosine (Broberg et al., 1988), and of β-Adrenergic regulation of certain amino acid transport (i.e Phe) across the blood-brain barrier (Takao et al., 1992). DNA synthesis in the adipose rat tissue is under the beta-adrenergic control and beta-blockers such as propranolol inhibit it leading to accumulation of superfluous nucleaotides such as thymidine (Rehnmark and Nedergaard, 1989).
 Beta-blockers such as propranolol have also been reported to affect cathecholamines in mice and humans (Criscuoli and Subissi, 1988; Ferrara et al., 2014) and have anti-cholinesterase activity in amphipods (Ek et al., 2019), which are in line with the observed de-regulation of tyrosine and acetylcholine concentrations, respectively. 
On the other hand, triclosan is known to affect energetic metabolism in Daphnia decreasing glucose, serine and glycine concentrations and increasing asparagine and threonine concentrations (Kovacevic et al., 2019). In our study we found similar trends for glucose and threonine and for other sugars such as trehalose and maltriose. In zebrafish embryos triclosan affected the metabolites of biological pathways, such as amino acid synthesis, starch and sucrose metabolism (Fu et al., 2019), which agree with those reported in Table S1. There is little information of metabolomics effects of the NSAID nimesulide on metabolomic profiles but it is known that these analgesic type by inhibiting COX de-regulated prostaglandins and many associated lipids and fatty acids (Garreta-Lara et al., 2018; Fuertes et al., 2020), which accounted for the observed de-regulation of several fatty acids in Fig S3 and of the Glycerophospholipid metabolism pathways in Table S1. 
L-tryptophan was enhanced by the three tested pharmaceuticals. Tryptophan concentration would probably increase due to reactive oxygen and nitrogen species (ROS/RNS) produced by the metabolism of the pharmaceuticals (Peyrot and Ducrocq, 2008; Gomez-Canela et al., 2016). Uridine is a member of the class of compounds known as pyrimidine nucleosides (Gaull et al., 1981), and it was also enhanced by the three drugs. Guanine, one of the five main nucleobases found in the nucleic acids DNA and RNA (Sculley et al., 1992)Proline, an essential amino acid that prevents oxidative stress, has enhanced levels of concentration upon exposure to propranolol, probably due to an imbalance between free radicals and antioxidants in body of the organism (Peyrot and Ducrocq, 2008; Maity et al., 2012). In summary, the observed effects on tryptophan, proline, glucoside and nucleobases are in concordance with oxidative stress responses, the maintenance of osmoregulation, the energy production and many other biological functions as in plants and amphipods as has been already published in previous studies (Choudhary et al., 2007; Maity et al., 2012; Gomez-Canela et al., 2016). Observed effects of the three studied drugs on metabolites related with amino acid. DNA, lipid biosynthesis, and energy metabolism are also in line with previous reported studies.

4. Conclusions 
Analysis of LC-HRMS data was performed using a chemometric strategy based on the selection of the LC-MS regions of interest (ROI) and multivariate curve resolution (MCR-ALS) simultaneous analysis of control and exposed samples. This work has shown the power of the application of the ROIMCR procedure to discover the effects produced by the exposition of three different pharmaceuticals  on the metabolome of the G. pulex environmental specimen. The simultaneous processing of a large number of LC-HRMS data sets obtained in designed experiments evaluating the effects of multiple factors and treatments allowed the resolution and identification of the metabolites present in the different samples analysed, as well as the evaluation of their concentration changes due to the investigated factors and pharmaceutical products. Exposure of G. pulex to different concentrations (NOAEL and LOAEL levels) of the three investigated pharmaceuticals (propranolol, triclosan and nimesulfide) at 2 h, 6 h, and 24 h caused significant changes in the concentrations of several metabolites with adverse effects on the organism health. Whilst these concentrations are higher than would normally be observed in the environment, this work provides important insights into understanding effects at the mechanistic level of molecular biology in these organisms. The most important effects were oxidative stress that caused an imbalance between reactive oxygen species (free radicals) and antioxidants defences, which could result in the damage of fatty tissues, DNA, and proteins (Betteridge, 2000; Uttara et al., 2009). 
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