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HIGHLIGHTS

e Untargeted and targeted metabolomics
was applied to Procambarus clarkii.

e An analytical platform based on the use
of organic and inorganic MS is
proposed.

e Metabolic impairments caused by As, Cd
and DCF are described for the first time.

e Bioaccumulation in tissues was deter-
mined along several exposure times.
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ABSTRACT

Water pollution poses an important problem, but limited information is available about the joined effects of
xenobiotics of different chemical groups to evaluate the real biological response. Procambarus clarkii (P. clarkii)
has been demonstrated to be a good bioindicator for assessing the quality of aquatic ecosystems. In this work, we
studied the bioaccumulation of cadmium (Cd), arsenic (As) and diclofenac (DCF) in different tissues of P. clarkii
during 21 days after the exposure to a “chemical cocktail” of As, Cd and DCF, and until 28 days considering a
depuration period. In addition, a combined untargeted and targeted metabolomic analysis was carried out to
delve the metabolic impairments caused as well as the metabolization of DCF. Our results indicate that As and Cd
were mainly accumulated in the hepatopancreas followed by gills and finally abdominal muscle. As and Cd show
a general trend to increase the concentration throughout the exposure experience, while a decrease in the
concentration of these elements is observed after 7 days of the depuration process. This is also the case in the
abdominal muscle for Cd, but not for As and DCF, which increased the concentration in this tissue in the dep-
uration phase. The hepatopancreas showed the greatest number of metabolic pathways affected. Thus, we
observed a crucial bioaccumulation of xenobiotics and impairments of metabolites in different tissues. This is the
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first study combining the exposure to metals and pharmaceutically active compounds in P. clarkii by untargeted
metabolomics including the biotransformation of DCF.

1. Introduction

The problem of environmental pollution due to the occurrence of
pharmaceutically active compounds (PACs), organic pollutants or heavy
metals in aquatic ecosystems has led to a growing interest about the
study and use of biomarkers (Fernandez-Cisnal et al., 2017, 2018; Gar-
cia-Sevillano et al., 2015; Hodson, 2002; Zhang et al., 2019, 2021).
Likewise, aquatic invertebrates, among other organisms are very good
bioindicators that result particularly useful for assessing the quality of
aquatic ecosystems since they present a relationship between the con-
tent of contaminants in their tissues and in the environment (Hodson,
2002). The freshwater crayfish P. clarkii is an invasive foreign species in
Spain, native of north-eastern Mexico and south-central USA that was
spread around the world (HUNER, 1988). P. clarkii is considered an
effective bioindicator of environmental pollution (Suarez-Serrano et al.,
2010) and has been used for a wide number of studies related with the
bioaccumulation of heavy metals (Fernandez-Cisnal et al., 2017), Cd and
Zn (Bini et al., 2015) and As or As species (Devesa et al., 2002; Gedik
et al., 2017). Other studies have been related with the alteration of the
metabolite profile since the exposure to stressors could modify the
metabolic pathways for reproduction, growth and survival (Hines et al.,
2010). Metabolomics is the study of the entirety metabolome, defined as
the set of endogenous low molecular mass compounds (LMM). Since
metabolic changes are the ultimate response of an organism to envi-
ronmental stimuli, metabolomics is most predictive of the phenotype.
Likewise, environmental metabolomics allows obtaining a global view
of the metabolic fingerprint of biological systems exposed to contami-
nants, providing information at the same time about the interactions of
contaminants with living organisms (Garcia-Sevillano et al., 2015). Mass
spectrometry techniques are widely used in metabolomics, usually
coupled to gas chromatography (GC-MS), which is a robust tool that
provides high sensitivity and good resolution for LMM metabolites
(Pasikanti et al., 2008) or liquid chromatography (LC), for the simul-
taneous determination of metabolites with very diverse chemical nature,
extending from metabolites detectable by GC-MS to non-volatile com-
pounds, through the use of complementary retention mechanisms and
ionization techniques (Kuehnbaum and Britz-Mckibbin, 2013).

Previous works described the metabolic impairments caused by
environmental pollution (Fernandez-Cisnal et al., 2018), food avail-
ability and dissolved oxygen concentration (Izral et al., 2018) in
P. clarkii showing that environmental metabolomics is a powerful bio-
assesment tool capable of identifying ecological consequences of
stressors. The effects of Cd on oxidative stress, histopathology and
transcriptome changes (Zhang et al., 2019), microbiota (Zhang et al.,
2020) and immunosuppression (Wei et al., 2020) have been reported, as
well as the effects of DCF exposure on intestinal histology, antioxidant
defense and microbiota (Zhang et al., 2021). However, although the
synergistic and antagonistic interactions between elements have been
extensively reviewed (Garcia-Barrera et al., 2012), limited information
is available about the effects of the exposure to joint environmental
pollutants of different biochemical characteristics to assessment the ef-
fects in the environment (Van Genderen et al., 2015). DCF has been
selected as a pharmaceutical model in this work because of its high
potential to form metal complexes, which completely modifies its
properties and may lead to the creation of other possible emerging
contaminants (Lonappan et al., 2016).

In the present study, we investigated the metabolic impairments
caused by a mixture of DCF, Cd and As at environmentally relevant
concentrations to the crayfish P. clarkii. To this end, a combined targeted
and untargeted metabolomic analytical multiplatform based on the use
of quadrupole time of flight mass spectrometry (QTOF) with ultra-high

performance LC (UPLC) and GC has been applied to establish alterations
in metabolic pathways. The bioaccumulation of these xenobiotics and
biotransformation of DCF have also been investigated in different tissues
of P. clarkii.

2. Materials and methods
2.1. Animals, experimental design and dosage information

P. clarkii specimens were captured at the rice crops of Isla Mayor
(Sevilla, Spain), using traps placed in the waterways and shipped to our
laboratory under cool conditions (<4 °C). The crayfish were acclimated,
in tanks with aerated and dechlorinated freshwater during 2 weeks
before the beginning of the experiment.

DCF, CdCl; and Asy;0O3 were purchased from Sigma Aldrich, Stein-
heim, Germany. Stock solutions were prepared in water to obtain a final
nominal concentration in the exposure tank of 2 pg L1 of CdCl, and
As;03 and 40 pg L1 of DCF. These doses were selected as they are
consistent with the concentrations previously observed in specimens
sampled in the environment (Fernandez-Cisnal et al., 2018; Lonappan
et al., 2016) and also they are a compromise between semi-realistic
conditions and concentrations that are expected to cause an effect.
Crayfish were fed with fish feed pellets (Surtropic Company, Spain) and
water of every tank was totally renewed every 48 h. Besides, natural 12
h light/dark photoperiods were set.

The experiment lasted 28 days (21 days of exposition and 7 addi-
tional days of depuration). To ensure exposure, the chemical cocktail
was administered every two days, when the water of the tanks was
renewed. Animals were separated into control group and treated group.
Crayfish (ten animals per group and sampling time) were sampled at the
start of the assay (0 days after acclimatization), after 10 and 21 days of
exposure, and finally after 7 days of depuration (28 days after exposure).
Hepatopancreas, antennal gland, gills, abdominal muscle and spinal
nerve tissues were excised, cold in liquid nitrogen and stored at —80 °C.
Additionally, crayfish mass and total length were measured prior to
animals being sacrificed (7.7 + 0.4 cm in length and 20.1 + 2.3 g in wet
weight).

Physicochemical water parameter values of temperature, conduc-
tivity, dissolved oxygen, pH, hardness and ions, measured every day
during the assay varied little showing values of 17.8 + 1.6 °C, 477.4 +
30.5 pS/cm; 8.5 + 0.8 mg/L Oy, 8.3 + 0.2 for pH, 145 + 3.7 mg/L
CaCOs3, 0.6 0.7 mg/L, NH; ", 4.1 + 2.1 mg/LK", 0.5+ 0.6 mg/LNO, ",
0.1 £0.1 mg/LNOs3™, <0.2mg/L PO43’, 69.7 +15.7 mg/L Cl” and 6.8
+ 1.7 mg/L SO4%~, respectively. Crayfish mortality was daily checked
being lower than 2% (averaged).

2.2. Sample preparation for total metal concentration of cadmium and
arsenic

Samples were individually homogenized using liquid nitrogen with a
SEPX SamplepREP (ten strokes/second during 30s). The acid digestion
for total metal determination was carried out using a microwave-
accelerated reaction system model MARS (CEM Corporation, Mat-
thews, NC, USA) as previously described (Rodriguez-Moro et al., 2020)
and analysed by triple quadrupole inductively coupled plasma mass
spectrometer (ICP-QQQ-MS) model Agilent 8800 Triple Quad (Agilent
Technologies, Tokyo, Japan). TORT-2, crab hepatopancreas, was used as
certified reference material to validate the analysis.
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2.3. Sample preparation for diclofenac and metabolites analysis

To determine DCF and their metabolites a previous method was
applied (Kazakova et al., 2018). In brief, 0.1 g of lyophilized tissue were
extracted in microwave (Ethos One, Millestone, Sorisole (BG), Italy) at
50 W for 5 min using 2 mL of a mixture 1:1 (v/v) acetonitrile/water, 10
pL of proteinase-k and 1 pL of pure formic acid. Then, samples were
centrifuged at 12,825 g for 10 min (20 min for hepatopancreas) at 4 °C,
evaporated to dryness using a speed vacuum system and stored at
—80 °C until analysis. The samples were reconstituted to 1 mL with 0.1%
(v/v) formic acid aqueous solution and microfiltered (0.22 pm) prior to
analysis.

2.4. Sample preparation for untargeted metabolomic analysis

After criohomogenization, metabolites were removed from tissues
applying an optimized methodology (M. A. Garcia-Sevillano et al.,
2015). Before the analysis by UPLC-QTOF-MS, 100 pL of 1:1 (v/v)
acetonitrile/water were added to the extracts and 10 pL were injected
into the system.

Before GC-MS analysis, the extracted metabolites were derivatized
following the protocol described in the literature (Begley et al., 2009).
Finally, 1 pL of the supernatant was injected into the GC-MS in splitless
mode.

Quality control samples (QC) were used throughout the analysis and
were prepared adding the same volume of all samples of each group and
were treated and analysed identically to the rest of the samples.

2.5. Diclofenac and metabolites determination

DCF and their hydroxylated metabolites quantification on abdominal
muscle and hepatopancreas was performed using a previous methods
with several modifications (Barreales-Suarez et al., 2018; Trombini
et al., 2021). An Acquity® UPLC (Waters, Milford, MA, USA) coupled to
a Xevo® G2S QTOF mass spectrometer (Waters, Micromass, Manchester,
UK) was used. 10 pL of sample were injected into an Acquity® BEH C18
column (50 mm x 2.1 mm i. d, 1.7 pm) at 30 °C. For full mass analysis,
the mobile phase consisted of water (A) and a methanolic solution of
formic acid 0.1% (v/v) (B) at 0.3 mL min~! for 17 min. Gradient elution
was applied starting with an initial composition of 70% A, decreased to
45% A at 3 min and maintaned for 7 min. From 10 to 13 min, it changed
to 10% A and returned to the initial conditions at 15 min and kept for 2
min. Detection was carried out within 50-800 m/z, with an ESI source at
2.0 kV capillary voltage, cone voltage 40 V and source and desolvation
temperatures of 120 °C and 400 °C, respectively. The nebulization gas
and cone gas (N5) were set at 600 Lh™! and 30 Lh ™}, respectively. Under
these conditions recoveries obtained for DCF were (85 + 3.6) % for
hepatopancreas and (90 + 4.8) % for abdominal muscle.

Besides quantification, a target search of DCF metabolites was also
carried out using ESI* and ESI™ polarities. Gradient elution started at
90% A, decreasing to 5% A in 17 min, returning to initial conditions at
18 min and keeping for 2 min before the following injection.
UPLC-QTOF-MS detection collects data within 50-800 m/z using two
scan functions that provides fragment ion information without precursor
ion selection. Thus, two functions were acquired at different collision
energies: a low energy function obtained at 2 eV; and a high-energy
function obtained using a collision energy ramp ranging from 15 to
30 eV.

Data acquisition were performed using a reference spray (lock-
Spray®) to certify accuracy and reproducibility. Leucine Enkephalin
(200 pg pL ™ in acetonitrile/0.1% aqueous formic acid 1:1 v/v) was used
as the reference mass (m/z [M+H]" 556.2771 and m/z [M — H]
554.2615) at a flow rate of 10 pL. min . The lockSpray® frequency was
set at 30 s (every 30 s the flow from the lockSpray® needle was intro-
duced into the mass spectrometer for 0.30 s) to mass correction of the
analyte. The lockSpray® capillary was set at 2.54 KV.
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MassLynx® version 4.1 software was used as data process, while
metabolites were identified using Cromalynx® XS (Waters, Micromass,
Manchester, UK) which identifies metabolites previously defined. In this
case a target search of 46 candidates was realized based on previous
metabolites reported in bibliography (Wilson et al., 2018). The identi-
fication was based on exact mass (error <5 ppm), the isotopic pattern of
chlorine (Cl) and the MS/MS fragments obtained in the second function
by comparison with that reported previously in literature.

2.6. Untargeted metabolomic fingerprinting

2.6.1. UPLC-ESI-QTOF-MS analysis, data processing and metabolite
identification

UPLC-QTOF-MS experiments were performed using an Agilent 6550
iFunnel Q-TOF LC/MS System (Agilent Technologies, Tokyo, Japan)
coupled to an Agilent 1290 Series LC pump with a reversed phase
chromatography using the methodology described by Xiong et al.
(2018). Briefly, 10 pL of the extract were placed into an autosampler
maintained at 4 °C and injected into an Acquity® HSS T3 column (100
mm x 2.1 mm, 1.8 pm) at 40 °C. The mobile phase flow was set at 0.2
mL min~! with solvent A (0.1% (v/v) formic acid in water) and solvent B
(0.1% (v/v) formic acid in acetonitrile). Metabolites were separated
using the following gradient conditions: 100% of solvent A for 0.5 min,
decreased to 5% A in 20 min, maintained for 1 min and returned to the
initial conditions in 24 min. For the period of the analysis, two reference
masses were constantly infused into the system for mass correction in
both ionization modes: m/z 121.0509 and 922.0098 for ESI* and m/z
112.9856 and 1033.9881 for ESI". The optimized parameters of the
system were as follows: full-scan mode from 50 to 1100 m/z, drying gas
flow rate 12 L min~! at 250 °C, capillary voltage set at 3 KV, gas
nebulizer 52 psi, fragmentor voltage: 175 V for ESI™ and 250 V for ESI~,
skimmer voltage 65 V and octopole radio frequency voltage 750 V.

The data pre-processing was performed with the software Mass
Profinder® version B.10.00. The Mass Profinder® contains different
molecular features extraction (MFE) algorithms to develop the steps for
pre-processing, including the peak picking and peak alignment step.
Data obtained were imported to Mass Profiler® Professional (MPP)
B.8.00 to achieve univariate and multivariate analysis. An unsupervised
Principal Component Analysis (PCA) was performed to supervise the
trend of QCs samples with the purpose of evaluating the stability and
reliability of the metabolomic study. Finally, differences among the
groups were investigated by partial least square discriminant analysis
(PLS-DA) and the quality of the built models was determined with the
values of R? and Q2 provided by the software (indicative of class sepa-
ration and predictive power of the model, respectively). The identity of
compounds was confirmed by METLIN and LC-MS/MS experiments,
with the same chromatographic conditions. Moreover, differences
among the three times of exposure in each tissue were evaluated for each
individual metabolite using one-way ANOVA (p < 0.05) followed by
Post hoc Tukey’s t-test. Finally, the false discovery rate at level a 0.05
was checked by Benjamini-Hochberg correction.

2.6.2. GC-EI-MS analysis

Metabolomic analysis by GC-MS was carried out using a Factor Four
column VF-5MS (30 m x 0.25 pm ID, 0.25 pm film thickness) into a
Trace GC ULTRA gas chromatograph coupled to an ITQ900 ion trap
mass spectrometer detector (Thermo Fisher Scientific). The analyses
were carried out in full scan mode with the mass range of 40-650 m/z
and ionization by electronic impact (EI) with a voltage of 70eV. The
temperature of injector was maintained at 280 °C, using helium as
carrier gas (1 mL minfl). The chromatographic method was: the column
temperature was set at 100 °C for 0.5 min, and then increased to 320 °C
at 15 °C min~!, and finally hold for 7 min.

Data processing from GC-MS was carried out with R platform based
free access XCMS software. The XCMS parameters were optimized to
extract the maximum information as possible. Finally, the settings
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applied were: S/N threshold 2, full width at half-maximum (fwhm) 3,
and width of the m/z range 0.1 (step parameter). After peak extraction,
grouping and retention time correction of peaks (alignment) was
accomplished in three iterative cycles with descending bandwidth (bw)
from5to1s.

The data matrix obtained, including the resulting abundances of each
metabolite, was processed with SIMCA-P software (version 11.5, pub-
lished by UMetrics AB, Ume&, Sweden) to achieve partial least-squares
discriminant analysis (PLS-DA) with the aim of finding significant dif-
ferences between the studied groups.

For GC-MS, the commercial library NIST Mass Spectral Library, was
used to the annotation the unknown compounds, agreed only those
metabolites that had a spectrum score higher 80%. The Kovat’s retention
indices of the compounds were also determined using a n-alkane mix
(from C10 to C40, Sigma Aldrich, Germany). In our study, the metabo-
lites were identified to MSI (Metabolomics Standards Initiative) as Level
2 (Sumner et al., 2007).

2.6.3. Pathway analysis

To identify the most significant pathways in relation to altered me-
tabolites after As, Cd and DCF exposure in different studied organs,
Metaboanalyst 5.0 (https://www.metaboanalyst.ca/) was performed.
The library selected was “Danio rerio” zebrafish using the algorithms
Hypergeometric Test for pathway enrichment and Relative-Betweenness
Centrality for pathway topological analysis.

3. Results

Herein we describe a nontargeted metabolomic methodology, based
on the combination of two complementary analytical techniques, to
investigate the metabolic damages caused by a chemical cocktail of As,
Cd and DCF in the crayfish P. clarkii (hepatopancreas, antennal gland,
gills, abdominal muscle and spinal nerve). Moreover, targeted metab-
olomics was applied to examine the effects of the exposure on the up-
take, distribution and metabolism of DCF in samples of abdominal
muscle and hepatopancreas.
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Fig. 1. Bioaccumulation of As and Cd in:
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3.1. Bioaccumulation of contaminants in different tissues

As and Cd concentrations were quantified by ICP-QQQ-MS in
important metabolic organs (hepatopancreas, abdominal muscle and
gills) of crayfish P. clarkii and the results are presented in Table S1 and in
Fig. 1.

As and Cd accumulated in hepatopancreas and gills along the
exposure time and their concentration decreased after the 7-days
deputation period. The maximum concentration of As was similar in
both organs, but Cd reached concentrations two fold higher in hepato-
pancreas than in gills. A similar pattern was observed for Cd in the
abdominal muscle, but the maximum concentration was 50 times lower
than that of the hepatopancreas. However, As showed a quite different
pattern in abdominal muscle, with concentrations significantly lower
than control crayfish during the exposure period and almost doubling
the control after depuration.

Water in the housing tanks was renewed every 48 h and samples
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Fig. 2. Concentration of DCF (dots) in the tank water and the abdominal
muscle (bars) of P. clarkii along the experimental time. Water from the tanks
was renewed every 48 h and DCF concentration measured just before renewing.
The purification period is marked in blue. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)

1600 540
B35
1400 =30
S
1200 B2
€
S1s
1000 S I
S s
800
s o "
600 d
400
“ ] /
° - — =
As cd

Control T10 mT21 mT28

cd
T10 =721 mT28

a) hepatopancreas; b) abdominal muscle and c) gills of P. clarkii along the exposure experiment.


https://www.metaboanalyst.ca/

G. Rodriguez-Moro et al.

collected just before renewing to determine the DCF concentration in the
water (Fig. 2, Table S2), in order to compare the nominal concentration
versus measured concentration along the exposure survey. Data in Fig. 2
and Table S2 show that DCF concentration in water decreased 13-60%
during the first five days of the survey, but then increased to almost 3
times the nominal value on day 10 and remained at 3 times the nominal
value until day 15, to finally remain close to the nominal concentration
until day 21 of exposure. During the purification phase (days 22-28),
non-quantifiable levels of DCF were found in the analysed water, but the
compound was detected in all the water samples, which indicates the
organisms suffer a depuration process during this phase of the survey.

All but one (with 1.35 + 0.21 ng g~ wet weigh at 21 day) crayfish
were free of DCF in their hepatopancreas at any time (Table S2) and
bioaccumulation of DCF occurred at very low levels in the abdominal
muscle. The bioconcentration factor (BCF) was calculated at 10 (BCF1¢)
and 21 (BCFg;) days as the ratio between the analyte concentration in
the tissue and in the exposure water. The obtained BCF;y and BCFyg
values, 0.17 + 0.26 and 0.11 + 0.12 respectively, demonstrate no
relevant bioconcetrations of DCF in the abdominal muscle of this
arthropod as according to regulatory thresholds established in Regula-
tion (EC) No 1907/2006 (REACH), PACs with a high potential for bio-
accumulation have BCF >1000 and log Kow >3 (European Commission
Regulation (EC) No 1907/2006). These low bioconcentrations have been
previously reported in fish specimens (Memmert et al., 2013), attrib-
uting the behavior to the chemical properties of DCF due to its ionizable
character (pKa of 3.99-4.16), and its octanol-water distribution coeffi-
cient (logKp within 1.3-1.9).

3.2. Untargeted metabolomics

After data processing, PLS-DA showed significantly separated clus-
ters among exposed groups versus control in each tissue at the different
days of the exposure, except for the hepatopancreas and spinal nerve by
UPLC-QTOF-MS (ESI™). The PLS-DA obtained by UPLC-QTOF-MS (ESI™
and ESI") and GC-MS are shown in Figs. S1 and S2, respectively.
Moreover, Table S3 shows the values of R? and Q2 of PLS-DA score plot
for UPLC-QTOF-MS and GC-MS analysis in individual organs.

As can be seen in Figs. S1 and S2, P. clarkii undergoes metabolic
disorders promoted by the “chemical cocktail” in all the tissues and the
clusters are well differentiated. Metabolites with statistically significant
difference among the groups are shown in Tables S4, S5, S6, S7, S8.
Moreover, Tables S9 and S10 show fragments obtained in the MS/MS
identification of the metabolites for LC-MS/MS and GC-MS. Moreover, a
heatmap summarizing the significant metabolites altered in hepato-
pancreas is shown in Fig. 3.

Fig. 4 shows the number of significant compounds that have been
found to be common or uncommon on the different days in different
tissue.

The highest number of altered metabolites were obtained after 28
days of the exposure for all the tissues studied, except for abdominal
muscle where the highest number was found after 21 days. Hence, this
exposure time was selected to illustrate (Fig. 5) the number of common
significant metabolites between the different tissues. As can be seen, the
“chemical cocktail” caused different metabolic impairments in the
various analysed tissues, and only a little number of metabolites are
independent of tissue and experimental conditions.

Our results also showed interrelations between metals and metabo-
lites as can be seen in the spearman correlation heatmap (Fig. S3).
Likewise, Cd significantly correlates with 7 metabolites (possitive and
negative), but As only with 1, positively. These metabolites belongs to
carboximidic acids, fatty acyls, glycerolipids, glycerophospholipids,
Sphingolipids and unsaturated hydrocarbons.

The Metaboanalyst 4.0 web tool was used to identify the most sig-
nificant pathways altered by the exposure to the “chemical cocktail”.
The exposure time T28 was selected in this analysis since, as previously
explained, a greater number of metabolites were found to be altered in
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Fig. 3. Heatmap showing significant metabolites altered in hepatopancreas of
P. clarkii after As, Cd and DCF co-exposure at different times. DG: diac-
ylglycerol; MG: Monoradylglycerol; PE: phosphatidylethanolamine; LysoPC:
lysophosphatidylcholine; EA: ethanolamide.

most tissues. The most significantly altered pathways in each tissue are
represented in Fig. 6. The hepatopancreas showed the greatest number
of metabolic pathways affected followed by gills, abdominal muscle,
antennal gland and spinal nerve.

The metabolites involved in the significant metabolic pathways
altered obtained by Metaboanalyst at 28 days, have been represented in
bar charts to visualize their response (fold change variation) along the
exposure time (Fig. 7).

4. Discussion
4.1. Bioaccumulation

The determination of the different xenobiotics of the “chemical
cocktail” reveals that As and Cd were mainly accumulated in hepato-
pancreas followed by gills and finally abdominal muscle (Fig. 1). This
same trend was found in previous studies of crayfish P. clarkii captured
in contaminated areas of southwestern Spain (Fernandez-Cisnal et al.,
2018; Gago-Tinoco et al., 2014). Previous studies have revealed that
hepatopancreas could accumulate Cd in a time- and dose-dependent
manner (Zhang et al., 2019). Results show that As concentration is
predominant over Cd concentration in abdominal muscle and gills,
which has been previously reported by other studies in P. clarkii
(Anandkumar et al., 2020).

To our knowledge, there are not previous studies showing the bio-
accumulation of metals after a depuration process. As can be seen in
Fig. 1, As and Cd show a general tendency to increase the concentration
throughout the exposure experience (21 days), while a decrease in the
concentration of these elements is observed after 7 days of the
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Fig. 4. Venn diagrams containing metabolites altered in each tissue analysed by UPLC-QTOF-MS and GC-MS at different days of the exposure.
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Fig. 5. Venn diagrams containing relevance metabolites in organs of P. clarkii
crayfish after 28 days of exposure identified by UPLC-QTOF-MS and GC-MS.

depuration process. This can be observed in hepatopancreas, especially
for As and for both metals in gills, where the levels decreased to those
found control or even below. This is also the case in the abdominal
muscle for Cd, but not for As, which increased the concentration in this
tissue in the depuration phase.

Analysis of DCF concentration in both P. clarkii tissues and in the
water tank strongly suggests that the crayfish controls the bio-
accumulation process. We found a DCF concentration in the water 2-3
times higher than the nominal concentration on days 5-15, and this DCF
could only result from crayfish excretion. DCF accumulation occurred in
the abdominal muscle, but not in the hepatopancreas, with low bio-
concentration factors. A high interindividual variability was found in the

DCF amount detected in the abdominal muscle of exposed crayfish at the
10th day, ranging from undetected to 24.2 ng g~ (w/w), indicating
different capacity to cope with DCF. Interindividual variability
decreased on successive days, but mean values remained relatively
constant over time, even after the depuration period. The results ob-
tained for water and tissues suggest that crayfish are able to regulate
DCF accumulation in their tissues. However, we found that DCF was
present in the abdominal muscle of P. clarkii after depuration and at a
concentration similar/superior to that found in the previous days, sug-
gesting that the strategy followed to accumulate and neutralize DCF
turned out to be a double-edged sword that hampered its excretion. DCF
can form complexes via chelation with certain metal ions (Lonappan
et al., 2016) changing its properties, thus its association with metals
could produce changes in the metabolism of the organisms exposed to a
chemical cocktail containing metals and DCF, which could explain the
similar behaviour in the bioaccumulation pattern of As. As previously
commented, DCF was detected only in one hepatopancreas of one or-
ganism after 21 days of exposure. These results differ significantly from
those obtained by other authors (Schwaiger et al., 2004) in fish, where
very high levels of DCF were found in the liver after exposure, what
might evidence the joined effect of the chemical cocktail exposure.

4.2. Biotransformation of DCF

In relation to the target metabolite screening, it is worth noting their
low presence in the abdominal muscle samples at all exposure times
studied. Of the 46 metabolites analysed (Table S11 for more details),
only three metabolites were identified in the abdominal tissue samples.
This is in stark contrast with the reports of other authors (Triebskorn
et al., 2004) who identified up to nine metabolites in invertebrate
samples. Specifically, in the samples analysed after 10 days of exposure
only one sample out of five showed the presence of
OH-DCF-dehydrogenated (C14H9CloNO3) with m/z 310,0038 (fragment
291.9953) at 6.44 min in positive polarity.

With regard to the samples at 21 days of exposition, only the pres-
ence of OH-DCF-dehydrogenated (C;4HoCI;NO3) with m/z 310.0038
(fragment 291.9953) at 6.48 min in positive polarity was observed in
one sample out of the five specimens analysed. On the other hand,
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samples processed after 28 days gave positive results for hydrox-
yglucuronide indoline (Na') (CpoH;6C1oN10gNa) with m/z 492,0229
(fragment 175.1130) at 2.46 min and hydroxyglucuronide (Na+)
(C20H18C12N10OgNa) at 13.63 min with m/z 510,0335 (fragment
175.1130).

In contrast, hepatopancreas showed the presence of 6 metabolites.
Thus, in hepatopancreas analysed after 10 days the presence of a
metabolite with m/z 376.0899 and retention time 5.5 was found in all
exposed samples, main fragment ion in the fragment spectrum at
322.1635 was identified. This would match with the previously reported
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metabolite 1-beta-O-acylglucuronide (Co0H;902N;Clp). The OH-DCF-
dehydrogenated metabolite (C;4HoCloNO3) with m/z 310.0038 (frag-
ment 291.9953) at 6.40 min and methyl ester metabolite
(C15H13CINO3) with m/z 310.0244 (fragment 278.0150) at 6.94 min
were also confirmed in three of the five specimens exposed.

The presence of the 3-OH and 4-OH-DCF (level of concentration <
LOQ) was confirmed in 4 of the five specimens analysed, at 6.33 and
6.60 min respectively in samples collected after 21 days of exposition.
Additionally, a metabolite with m/z 310.1348, initially assigned by
Chromalynx as methyl ester, was also identified in all samples at 3.9
min. The deep analysis of the retention time and spectra, with fragments
m/z 292.1221, 124.0071 did suspecting this metabolite corresponds to
other DCF-derived structure not reported before.

In the samples collected at 28 days, only the metabolite 1-beta-O-
acylglucuronide (CooH1902N1Cly) with m/z 376.0870 and retention
time 5.5 min was found, which would be in accordance with the depu-
ration phase in which the animals were not feed the chemical cocktail.

The targeted analysis reveals the presence of DCF metabolites is
higher in the hepatopancreas samples, with a higher number of me-
tabolites found at higher exposure times, concretely at 21 days.

The metabolic transformation pathway that appears to be most
recurrent involves hydroxylation and conjugation of DCF with glucur-
onic acid, this would be in contrast to reported by Qiuguo et al. in in-
vertebrates, who found the most important metabolic transformation
pathway to be the taurine conjugation of DCF. Accordingly, the
metabolization of DCF and therefore its toxicity depends to a large
extent not only on the species involved, but also on the conditions under
which the drug is assimilated, so that, “chemical cocktails” may change
the main biotransformation pathways of the animals exposed to,
changing their metabolism.

4.3. Alteration of metabolic pathways

The untargeted metabolomic analysis reveals that the “chemical
cocktail” induces the impairment of an important number of metabolites
in each tissue along the exposure time. Hepatopancreas was the organ
where a major number of metabolic pathways resulted affected, which
could be explained by the fact that is an organ of great metabolic ac-
tivity. However, other tissues revealed important metabolic impair-
ments. In fact, the highest number of altered metabolites were found
after 28 days of the exposure experiment in the abdominal muscle >
hepatopancreas > gills > antennal glands > spinal nerve. As can be seen
in Fig. 3, there is a band of metabolites that are considerably increased in
hepatopancreas after 10 days of exposure (serine, malic acid, proline,
glutamic acid and cholesterol), while other is clearly downregulated (e.
g. choline, glucosphingosin, taurine, guanosine, glutamine PE (15:0/
22:4), C16 sphinganine, phosphate, DG (20:2/22:5), MG (20:5), 3-eico-
syne). After 21 days of exposure, the abundance of the first band is
partially restored to the abundance of the control, but the second band
decrease again, especially sarcosine, 3-eicosyne, PE (15:0/22:4), linalyl
benzoate and chloroquine. After 7 days of depuration (T28), the trend is
different and there are two new altered bands, one with overexpressed
metabolites against the control (isoleucyl-threonin, MG (15:0), benta-
zole, choline, glucosylsphingosin, taurine, guanosine, guggulsterone)
and other with downregulated metabolites (e.g. asparagine, valine,
inosine, 2-hexenoylcholine, turanose, threonine).

The most altered pathways are commented in the following sections.

4.4. Glycerophosphoslipid metabolism

Pathway analysis showed alterations in the glycerophospholipid
metabolism of the hepatopancreas, abdominal muscle, gills and
antennal gland (Fig. 6). Increased abundance of phospholipids de-
rivatives was found in hepatopancreas and antennal gland while a
decrease was observed in the gills. Lysophosphatidylcholines (LPCs),
components of plasma membranes, are converted to
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glycerolphosphocholines (GPCs), obtaining phosphocholine and choline
as final products. The variation in the levels of these compounds shows
oxidative stress due to the presence of As, Cd and DCF in P. clarkii
crayfish (Fernandez-Cisnal et al., 2018). In environmental metabolomic,
oxidative stress has become an important issue to evaluate exposure to
environmental or native stressors like pesticides, heavy metals, salinity
values, temperature and others. In gills, we observed a general
decreasing trend of the fold changes along the exposure time (higher
downregulation in the exposed group and control group) (Table S6),
which may indicate greater oxidative stress as the experience of expo-
sure progresses. Moreover, phosphocholine has been found increased in
gills which is a product of fragmentation of the plasma membranes
(Table S6). Other authors have demonstrated that Cd induced oxidative
stress and other disorder diseases in the hepatopancreas of P. clarkii
(Zhang et al., 2019).

On the other hand, an increase in choline levels (1.40- and 1.77-fold
at 21 and 28 days of exposure, respectively) was observed in the hepa-
topancreas (Table S4). Choline is part of the structure of the LPCs, which
are major components of plasma membranes together with lysophos-
phatidylethanolamines (LPEs). The highest fold change values of choline
were found in hepatopancreas.

4.5. Fatty acids metabolism

The analysis of metabolic pathways shows that biosynthesis of un-
saturated fatty acid was significantly altered in antennal gland and
abdominal muscle (Fig. 6).

Lipids are necessary compounds for the conservation of the tissue
role, using as an important source of energy organisms. Linoleic acid and
stearic acid were significantly downregulated in antennal gland
(Table S5) and palmitic acid, linoleic acid, stearic acid,11-conjugated
linoleic acid, 12-methyl myristic acid, colneleic acid, 15-oxo-11-eicose-
noic acid and 16-hydroxy hexadecanoic acid were also downregulated in
abdominal muscle (Table S7). Some fatty acids were also downregulated
in the hepatopancreas, although they were not related with any signif-
icant pathway in Metaboanalyst (Fig. 6). This could indicate that As, Cd
and DCF impair the biosynthesis of fatty acids or favour their
degradation.

Other authors have shown similar alterations in some fatty acids in
the crustacean Daphnia magna planktonic after Cd exposure (Taylor
et al., 2010). In contrast, fatty acids were found over-expressed in the
spinal nerve throughout the exposure experiment, especially after 28
days. The process of desaturation of fatty acid increases the amount of
double bonds, originating some benefits to the membrane as fluidity and
integrity, ion trafficking and improves the disorder of cellular functions
(Mao et al., 2012).

4.6. Amino acid metabolism

Metabolic pathway analysis showed alterations in different routes
affecting amino acids: (i) In hepatopancreas: aminoacyl-tRNA biosyn-
thesis; valine, leucine and isoleucine biosynthesis; glycine, serine and
threonine metabolism; arginine and proline metabolism; and arginine
biosynthesis and (ii) in gills: aminoacyl-tRNA biosynthesis, valine,
leucine and isoleucine biosynthesis, glycine, serine and threonine
metabolism. Moreover, several amino acids were also altered in
abdominal muscle (Table S7) at 10 and 21 days of exposure, but they
were not significant after 28 days of exposure experiment, when the
pathway analysis were performed.

A decrease in the level of several amino acids, such as asparagine,
arginine, glutamine, serine, valine, threonine and proline, was found in
different tissues of P. clarkii after As, Cd and DCF exposure. Numerous
authors have demonstrated that exposure to pollutants can affect amino
acid levels due to many toxic compounds can disturb osmoregulation,
where they are used as the main osmolytes to equilibrate their intra-
cellular osmolarity with outside environmental conditions (Viant,
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2003). The results obtained are in agreement with previous results ob-
tained by other authors, which reported down-regulated amino acid in a
wide number of exposure experiments to metals, mainly in bivalves
(Zhang et al., 2011).

4.7. Alterations in the levels of neurotransmitters

Our data shown increased levels of acetylcholine in gills in the
exposed group after 21 and 28 days of exposure (Table S6). Acetylcho-
line, which is generated by choline acetyltransferase and then trans-
formed to acetate and choline by the acetylcholinesterase enzyme, is an
important neurotransmitter in nervous system, produced by enzyme.
Our data are in good agreement with several studies that have demon-
strated that the enzyme acetylcholinesterase is powerfully inhibited by
numerous pollutants such as pesticides and metals, which causes accu-
mulation of acetylcholine (Colovi¢, M.B et al., 2013). Moreover,
acetylcholine performs a key function in several physiology activities
such as the regulation of the inflammatory answer to prevent the
morbidity and mortality of individuals (Fernandez-Cisnal et al., 2018).

Taurine has been found increased in spinal nerve throughout the
exposure experiment and after 28 days in hepatopancreas (Tables S8 and
S4, respectively). This sulfonic acid, is involved in many important
biological roles, like antioxidant activity, osmoregulation and mem-
brane stabilization (Manna et al., 2009). This result is in agreement with
the results obtained by other authors in aquatic invertebrates exposed to
xenobiotics such as mercury (Cappello et al., 2015), copper (Liu et al.,
2011) or niquel (Jones et al., 2008).

Finally, our results shown the association of As and Cd with metab-
olites as they can disturb a wide number of enzymes and metabolic
pathways (Fig. S3) (Konz et al., 2017).

5. Conclusions

The combination of target and untargeted metabolomics allowed the
decipherment of a large number of altered compounds of P. clarkii in
response to a chemical cocktail. In this sense, results show that P. clarkii
is a good bioindicator to be used in environmental pollution studies,
especially environmental metabolomics. Pathway analysis showed al-
terations in glycerophospholipid metabolism in hepatopancreas, abdom-
inal muscle, gills and antennal gland; fatty acids metabolism in antennal
gland and abdominal muscle; amino acid metabolism in hepatopancreas
and gills; and, neurotransmitters such as acetylcholine in gills and taurine
in spinal nerve. In addition, data highlight the great potential of mass
spectrometry to assess metabolic perturbations in living organisms
under toxic agents. Finally, the study of various organs allowed us a
deeper knowledge of the metabolic pathways affected in P. clarkii after
As, Cd and DCF exposure.
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