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ABSTRACT: The exposure of ecologically critical invertebrate
species to biologically active pharmaceuticals poses a serious risk to
the aquatic ecosystem. Yet, the fate and toxic effects of
pharmaceuticals on these nontarget aquatic invertebrates and the
underlying mechanisms are poorly studied. Herein, we investigated
the toxicokinetic (TK) processes (i.e., uptake, biotransformation,
and elimination) of the pharmaceutical diclofenac and its
biotransformation in the freshwater invertebrate Hyalella azteca.
We further employed mass spectrometry-based metabolomics to
assess the toxic effects of diclofenac on the metabolic functions of
H. azteca exposed to environmentally relevant concentrations (10
and 100 μg/L). The TK results showed a quick uptake of diclofenac by H. azteca (maximum internal concentration of 1.9 μmol/kg)
and rapid formation of the conjugate diclofenac taurine (maximum internal concentration of 80.6 μmol/kg), indicating over 40 times
higher accumulation of diclofenac taurine than that of diclofenac in H. azteca. Depuration kinetics demonstrated that the elimination
of diclofenac taurine was 64 times slower than diclofenac in H. azteca. Metabolomics results suggested that diclofenac inhibited
prostaglandin synthesis and affected the carnitine shuttle pathway at environmentally relevant concentrations. These findings shed
light on the significance of the TK process of diclofenac, especially the formation of diclofenac taurine, as well as the sublethal effects
of diclofenac on the bulk metabolome of H. azteca. Combining the TK processes and metabolomics provides complementary
insights and thus a better mechanistic understanding of the effects of diclofenac in aquatic invertebrates.
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■ INTRODUCTION

Pharmaceutical pollution has raised global concerns for human
health and the environment. Pharmaceutical production and
consumption is expected to increase over the coming years
driven by a number of factors such as population growth and
growing demand for drugs that treat age-related and chronic
illness.1−3 The main classes of pharmaceuticals being produced
and used globally are antibiotics, beta-blockers, antidepressants,
antiepileptic, contraceptives, lipid regulators, analgesics, and
nonsteroidal anti-inflammatory drug (NSAID).3,4 These chem-
icals are continuously being released to the aquatic environment
mainly from disposal and excretion of wastewater from
household, hospital, and industrial effluent and incomplete
removal in the wastewater treatment plants.5−7 Once in the
aquatic environment, these chemicals may be taken up by the
aquatic organisms. Not surprisingly, studies have shown that
many pharmaceuticals have been detected in rivers (ng/L−μg/
L),7,8 aquatic vertebrates (e.g., fish),9 and invertebrates (e.g.,
gammarids) (ng/g−μg/g).10−12 Diclofenac as a widely used
NSAID in both humans and livestock, has been widely found in
various environmental media, including in the ng/L to μg/L
range in surface waters and ng/g to μg/g range in aquatic

organisms.10,13,14 Even though the detected concentrations are
low, pharmaceuticals may pose a risk to the nontarget organisms
in the aquatic ecosystems because they are designed to be
biologically active at low doses for targeted organisms (e.g.,
humans) and often have a specific mechanism of action (MoA).
For example, the pharmacological MoA of diclofenac in humans
is the reduction of prostaglandin synthesis by inhibiting
cyclooxygenase-1 (COX-1) and COX-2.15,16 Interestingly, a
few studies have shown that diclofenac also affects the
prostaglandin metabolome in several nontarget organisms
such as rainbow trout (Oncorhynchus mykiss),17 zebrafish
(Danio rerio),18 and marine mussels (Mytilus galloprovincialis)
by using metabolomics.19,20 Also, studies have shown that
exposure of diclofenac induces adverse effects in different
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aquatic vertebrates and invertebrates,17,19,21−27 as exemplified
by the toxic effects in different organs (e.g., cytological
alterations in the liver, kidney, and gills) of rainbow trout
exposed to environmentally relevant concentrations (1−5 μg/
L).21

The toxic effects of pharmaceuticals are mainly driven by their
toxicokinetic (TK) processes in the living organism. In general,
the TK processes include the uptake, biotransformation,
distribution, and elimination of the pharmaceuticals and their
biotransformation products (BTPs). The uptake process
determines how much and how fast a pharmaceutical from the
external environment enters the organisms. Then, a pharma-
ceutical’s internal concentration can be eliminated by forming
BTPs and/or the excretion via gills, dermal tissue, urine, or feces.
Biotransformation is often a vital pathway to detoxify chemicals,
but sometimes leads to higher toxicity in biological sys-
tems.28−30 Thus, biotransformation plays an essential role in
influencing pharmaceuticals’ TK processes in living organisms.
Despite its importance in evaluating overall body burden and the
resulting toxicity of diclofenac, studies on its TK processes
including biotransformation are rather limited in freshwater
invertebrates, who play an essential ecological role in aquatic
ecosystems.31 There are only a few TK studies of diclofenac in
nontarget aquatic organisms, including Gammarus pulex,32

oligochaetes Lumbriculus variegatus,33 rainbow trout, and
zebrafish,34 but these studies were only focused on the kinetics
of the parent compound diclofenac without considering the
biotransformation process. In our recent study, we identified
several BTPs of diclofenac, including the two major BTPs
diclofenac taurine and diclofenac methyl ester, in aquatic
invertebrates Hyalella azteca and Gammarus pulex, but did not
investigate their toxicokinetic processes.28

TK processes of pharmaceuticals, especially biotransforma-
tion, can involve endogenous metabolites (i.e., metabolome) in
living organisms for example by enzymatic energy-requiring
conjugation with amino acids or sugars. Other TK processes
(e.g., bioaccumulation, elimination) can also influence diclofe-
nac’s effects on the metabolome by regulating the internal
concentrations of diclofenac in organisms. Thus, understanding
the metabolome changes induced by pharmaceuticals can help
to identify the toxic effects at the molecular level in living
organisms. Metabolomics offers a powerful and sensitive
technique to characterize metabolome in organisms at the
molecular level.35 It has been shown that metabolomics is useful
to identify the perturbed metabolites and pathways in zebrafish
exposed to three pharmaceuticals (i.e., clarithromycin, florfeni-
col, sulfamethazine, and their mixture) for 72 h at 100 μg/L, at
which no observable morphological changes were induced.36

Similarly, the prostaglandin metabolome in the common roach
(Rutilus rutilus) was dramatically changed by wastewater
effluent.37 In addition, nontargeted metabolomics could help
discover new early response metabolic biomarkers for
reproductive impairment of Daphnia magna exposed to
cadmium, 2,4-dinitrophenol, or propranolol.38 Together, these
studies suggest that metabolomics is an appropriate approach to
study the toxic effects of diclofenac at the molecular level, which
is underexplored for freshwater invertebrates but critical for a
comprehensive evaluation of its ecotoxicological risk.
The objective of this study was to evaluate the TK processes of

diclofenac and its sublethal effects on the metabolome in
Hyalella azteca, a keystone invertebrate species of the aquatic
food web. We hypothesized that diclofenac would dysregulate
metabolic processes at environmentally relevant concentrations

such as the prostaglandin synthesis. Further, the conjugation of
diclofenac with endogenous metabolites (i.e., taurine) may
influence the metabolome homeostasis of the exposed
organisms. To test these hypotheses, first, we monitored the
uptake and depuration kinetics of diclofenac and its major
conjugate diclofenac taurine inH. azteca. Second, we applied TK
modeling to quantify the accumulation and elimination rates of
diclofenac and diclofenac taurine inH. azteca. Third, we profiled
the polar and nonpolar metabolome including taurine of H.
azteca and further identified the perturbed metabolic pathways.

■ MATERIALS AND METHODS
Chemicals andMaterials.Chemicals and solutions used in

this study are provided in the Supporting Information (SI) part
A and Tables S1 and S2. H. azteca were cultured in aerated
Borgmann water (BW) at optimal culture conditions (23± 2 °C
and 16 h/8 h light/dark cycle), withmore details on experiments
and culture maintenance provided in SI part B.

Exposure Experiments. For the TK exposure experiments,
H. azteca (n = 30, two replicates) were introduced into 600 mL-
glass beakers filled with 500 mL BW. A piece of cotton gauze (6
× 8 cm) was added into each beaker for H. azteca to perch and
hide. H. azteca were fed every second day with 2 g of fish food
(ground TetraMin powder). The TK experiment was separated
into a 10 day-uptake phase and a 5 day-depuration phase. In the
10 day uptake phase, an aliquot of 50 μL of stock solution of
diclofenac sodium in ethanol (i.e., 10.0 g/L) was spiked to the
media to yield an initial diclofenac concentration of 1000 μg/L.
The stock solution and exposure concentration of diclofenac
sodium is in the range of solubility of diclofenac sodium
(21 g/L).39 The exposure medium was replaced with the same
concentration of fresh medium every 5 days. A glass rod was
used to gently stir the medium every day to stabilize the oxygen
level in the glass beaker. For the 5 day depuration phase, H.
azteca was pre-exposed to 1000 μg/L of diclofenac for 1 day,
quickly rinsed with nanopure water, and then transferred to the
clean BW medium to depurate for 5 days. H. azteca were
sampled at different sampling times during the uptake and
depuration phase (SI part C, Table S3).
For the metabolomics experiment, H. azteca (n = 10, ten

replicates) was exposed to increasing concentrations of
diclofenac (0, 10, 100 μg/L) in 600 mL-glass beakers for 1
and 10 days. All concentrations used in this study showed no
acute toxicity (no mortality) to H. azteca.
At sampling points, animals were sieved, quickly rinsed with

nanopure water, blotted dry using tissue paper, transferred into 2
mL centrifuge tubes, weighed, flash-frozen in liquid nitrogen,
and stored at −80 °C until further analysis. The exposure
medium was sampled in 2 mL LC-glass vials at the beginning
(t0d), after 1 day (t1d), and after 10 days (t10d) of the experiment.
Different controls were performed in parallel, i.e., organisms
(including food and cotton) without diclofenac in BWmedium,
diclofenac (including food and cotton) in BW medium without
organisms, and only diclofenac in pure BW medium without
organisms, food, and cotton.

Sample Preparation. For the TK experiment, the collected
animals were spiked with 100 μL of methanol containing
diclofenac-d4 (100 μg/L), 500 μL of pure methanol, and 300 mg
of 1 mm zirconia/silica beads (BioSpec Products, Inc.). A
FastPrep bead beater (MP Biomedicals) was used for sample
homogenization and extraction (15 s at 6 m s−1, two cycles,
cooling on ice for 5 min in between). The homogenate was
centrifuged (20 000g × 6 min, 20 °C) and filtered through 0.45
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μm regenerated cellulose filters (BGB Analytic AG). The filters
were washed with 400 μLmethanol, and the filtrate and the wash
solution were combined. The exposure media (500 μL) were
spiked with 100 μL of methanol containing diclofenac-d4 (100
μg/L), and 400 μL pure methanol, and mixed evenly. The final
extracts and media samples were stored at −20 °C prior to
diclofenac and its BTP analysis.
For the metabolomics experiments, the sample preparation

was performed on wet ice. The collected animals in 2 mL tubes
were placed on wet ice and then mixed with 1 mL precooled (at
−20 °C overnight) methanol/H2O (80:20) and precooled 300
mg of 1 mm zirconia/silica beads (BioSpec). Extraction and
homogenization were carried out with a FastPrep bead beater
(MP Biomedicals) in two cycles of 30 s at 6.5 m s−1 (cooling on
wet ice for 5 min in between). The homogenates were incubated
for 10 min on ice and followed by a centrifuge (10 min, 20 000g,
4 °C). The supernatant was transferred to a new precooled 2mL
Eppendorf tube, and the extraction process was repeated once.
The supernatant from the two rounds of extractions was
combined and stored at−80 °Cbefore themetabolome analysis.
Diclofenac and Biotransformation Products Analysis

by Reversed Phase LC-HRMS/MS. The extracted samples of
the TK experiment were primarily cleaned and enriched with an
automated online-solid phase extraction (SPE) method
followed by the reversed phase liquid chromatography-high
resolution tandem mass spectrometry (LC-HRMS/MS) anal-
ysis using a Q Exactive mass spectrometer, equipped with an
electrospray ionization interface (ESI) (Thermo Fisher
Scientific Inc.).28,40 Briefly, 200 μL of the extract from the TK
experiment was added to 20 mL headspace amber glass vials and
filled up with 20 mL of ultrapure water to be injected into online
SPE. After online SPE enrichment, the chromatographic
separation was achieved on an XBridge C18 column (3.5 μm,
2.1 × 50 mm, Waters) at 30 °C. Water with 0.1% (vol.) formic
acid and methanol with 0.1% (vol.) formic acid was used as the
mobile phases A and B, respectively. The gradient program
(with respect to mobile phase B) was at 0−5 min, 13%; 5−20
min, 13 to 95%; 20−29.5 min, 95% to 13%; and 29.5−35 min,
13% at a flow rate of 300 μL/min. HRMS/MSwas used to detect
and quantify diclofenac and its BTPs. Full scan acquisition with a
resolution of 70 000 (at m/z 200) was conducted in polarity
switching mode followed by data-dependentMS/MS scans (five
scans at positive mode, and two at negative mode) with a
resolution of 17 500 (at m/z 200) and an isolation window of 1
m/z. Quantification of compounds with the available reference
standards was performed with the respective standard
calibration using the software TraceFinder v4.1 (Thermo
Scientific). Details of the analytical approaches are provided in
SI part D, Tables S4 and S5, and in our previous study.41

Nontargeted Analysis of Water-Soluble Metabolites
by HILIC-UPLC-HRMS/MS. Before polar metabolomics
analysis, the metabolomics experiment’s extracts were thor-
oughly vortexed and prepared in the injection solution (90%
acetonitrile, 8.8% methanol, 0.056% ammonium hydroxide, 50
mM ammonium acetate, pH 9). Briefly, 100 μL aliquot was
transferred to a new Eppendorf tube and blown down to
complete dryness under a gentle nitrogen stream. The extract
was redissolved in 20 μL nanopure water and 80 μL of injection
solution. The mixture was vortexed for 1 min and centrifuged at
20 000g for 10 min at 4 °C to eliminate any possible remaining
particles. After centrifugation, 80 μL of the supernatant was
transferred to 1.5 mL-LC glass vials. The quality control (QC)

sample was prepared by mixing 20 μL of each sample and run
every 10th sample in the sequence.
Polar metabolites were analyzed by a Waters nanoACQUITY

UPLC coupled to a Waters Synapt G2Si QTOF type MS by a
nanoelectrospray ionization (nanoESI) source (Waters Inc.).
The chromatographic separation was achieved on aWaters BEH
Amide column (1.7 μm, 0.15× 130mm) at 25 °C. The flow rate
was 2 μL/min, and the injection volume was 1 μL. Water
(containing 0.5 mM ammonium acetate and 0.05% ammonium
hydroxide, pH 9) and acetonitrile (containing 5%water, 0.5 mM
ammonium acetate, and 0.05% ammonium hydroxide) was used
as mobile phases A and B, respectively. The following gradient
program (for mobile phase B) was used: 0−10 min, 90 to 50%;
10.0−10.1 min, 50 to 90%; 10.1−16 min, 90% (SI part E, Table
S6). Data independentMSe full scan acquisition for a mass range
of 50−1200 m/z with a resolution of 20 000 (at m/z 554) was
conducted using negative ESI polarization at 1.8 kV and an
isolation window of 1 Da. The mixtures of polar metabolite
standards including taurine (SI part E, Table S7) were inserted
into the analytical sequence every 10−15th sample.

Nontargeted Analysis of Lipophilic Metabolites by
Reversed Phase UPLC-HRMS/MS. For nonpolar metabolo-
mics analysis, the metabolomics experiment’s extracts were
thoroughly vortexed and prepared in the injection solution
(methanol/H2O, 1:1). Briefly, 100 μL aliquot of the extracts was
transferred to a new Eppendorf tube and diluted to methanol/
H2O (1:1) by adding 100 μL of methanol/H2O (1:4). The
mixture was vortexed for 1 min and centrifuged at 20 000g for 10
min at 25 °C. After centrifugation, 80 μL of the supernatant was
transferred to 1.5 mL-LC glass vials. The QC sample was
prepared in a similar way as above and also measured every 10th
sample.
Nonpolar metabolites were analyzed by a nanoACQUITY

UPLC (Waters Inc.) coupled with a Picoview nanoESI source
(NewObjectives Inc.) to a Q Exactive mass spectrometer
(Thermo Fisher Scientific Inc.). The chromatographic separa-
tion was achieved on a Waters HSS T3 C18 column (1.8 μm,
0.15 × 30 mm) at 25 °C. Water (containing 5% acetonitrile, 5
mM ammonium acetate) and isopropanol (containing 10%
acetonitrile, 5 mM ammonium acetate) were used as mobile
phases A and B, respectively. The following gradient program
(with respect to mobile phase B) was used: 0−10 min, 1% to
99%; 10.0−15 min, 99%; 15.0−16 min, 99% to 1%; 16.0−20.0
min, 1% (SI part F, Table S8). The flow rate was 2 μL/min, and
the injection volume was 1 μL. HRMS was performed with
positive and negative electrospray polarization in separate runs,
with spray voltages of +2.6 and −1.8 kV, respectively. Full scan
acquisition for a mass range of 80−1200 m/z with a resolution
setting of 70 000 was conducted by data-dependent MS/MS
scans (top five most abundant ions) with a resolution setting of
17 500 and an isolation window of 1 Da. The mixtures of
nonpolar metabolite standards (SI part F, Table S9) were also
run in the sequence every 10−15th samples.

Data Processing, Statistical Analysis, and Pathway
Analysis of Metabolomics Data. Progenesis QI (Nonlinear
Dynamics, Waters) was used for raw data processing (peak
picking, retention time alignment, deconvolution, and normal-
ization) to generate a feature matrix containing compound ID,
normalized ion intensity, sample ID, and groups. Parameter
settings with Progenesis QI are provided in SI part G, Tables S10
and S11. The feature matrix was then imported into
MetaboAnalyst 4.0. Data processing and statistics were
performed by following the previously reported step-by-step
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protocol.42 Prior to further analysis, quality control was
performed for all metabolomic data sets (SI part H, Figure
S1) to ensure the quality of the acquired data. Principal
component analysis (PCA) and partial least-squares discrim-
inant analysis (PLS-DA) was used to check the differences in the
metabolic composition among the different treatment groups of
diclofenac exposure level and time. The PLS-DA model in each
analysis was tested to check for overfitting based on permutation
testing.43 One-way analysis of variance (ANOVA) and the post
hoc testing was used for the multiple pairwise comparisons of
each metabolite, to identify the significantly altered metabolites
(adjusted p < 0.05). To analyze the potential perturbed
metabolic pathways, the list of altered metabolites and their p-
values were uploaded as input in the module of “MS peaks to
pathways” in MetaboAnalyst 4.0 by following the protocol.42

The significant metabolites in the perturbed metabolic pathways
were then structurally identified by matching MS with the
databases of Human Metabolome Database (HMDB, https://
hmdb.ca/), the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway database (www.genome.jp/kegg/), and lipid
maps database (https://www.lipidmaps.org/) as well as MS/
MS fragments with MassBank (MoNA, https://massbank.us/)
and mzCloud (https://www.mzcloud.org/), and further con-
firmed with authentic reference standards if available.
Toxicokinetic (TK) Modeling of Diclofenac and

Biotransformation Products. A first-order one-compartment
TK model was applied to estimate the rate constants for the
toxicokinetic processes. The model is described by the following
ordinary differential equations (ODEs):
Parent compound diclofenac:

C t

t
C t k C t k C t k

d ( )

d
( ) ( ) ( )in,p

water u in,p e in,p m= · − · − ·
(1)

The formed product of diclofenac taurine:

C t

t
C t k C t k

d ( )

d
( ) ( )in,m

in,p m in,m em= · − ·
(2)

where Cin,p (t) and Cin,m (t) [μmol kgwet weight (ww)
−1] are the

whole body internal concentrations of the parent compound and
the major BTP diclofenac taurine in H. azteca, respectively.
Cwater (t) [μmol L−1] describes the parent compound’s time
course in the exposure medium. Measured exposure medium
concentrations during the uptake and depuration phase were
used as input forCwater. Uptake of the parent compound via food,
dermal, and respiratory surfaces is described by the uptake rate
constant ku [L kgww

−1 d−1]. ke [d
−1] is a lumped parameter for the

direct elimination of the parent compound diclofenac via passive
(respiratory and dermal surfaces) and active (excretion of feces)
processes as well as the biotransformation of the parent
compound to other BTPs. km and kem, are the biotransformation
rate constants [d−1] and the elimination (including the direct
excretion and further biotransformation) rate constants [d−1]
for the major BTP, respectively.
The rate constants were obtained by maximum likelihood

estimation. We assumed that the model describes the mode of a
Gamma distribution with a standard deviation that was kept
fixed based on the variance of the replicates. The models were
implemented in Julia44 with the package DifferentialEqua-
tions.jl.45 The measured internal concentrations of diclofenac
and diclofenac taurine in organisms during toxicokinetic
experiments are provided in SI part I, Tables S12 and S13.

Profile likelihood47 of the parameters of the one-compartment
toxicokinetics model was evaluated with details in SI part J.
Elimination half-lives (t1/2) [d] were calculated for the parent

compound diclofenac and its BTP diclofenac taurine based on
the total elimination:
t1/2 of parent compound diclofenac:

t
k k

ln 2
1/2,p

e m
=

+ (3)

t1/2 of diclofenac taurine:

t
k
ln 2

1/2,m
em

=
(4)

Additionally, a two-compartment TK model was applied. The
details about its equations and description are provided in SI
part K.

■ RESULTS AND DISCUSSION

Toxicokinetics of Diclofenac and its Major Biotrans-
formation Product in H. azteca. To quantitatively compare
the TK of diclofenac and its major BTP, their internal
concentrations in H. azteca were determined during a 10 day
uptake phase and a 5 day depuration phase. We primarily
focused on the BTP diclofenac taurine in this study because it is
a major BTP, with the concentration found substantially higher
than that of its parent compound diclofenac inH. azteca after 10
days. No mortality of H. azteca was observed during the
experiments. The concentrations of diclofenac in the medium
were not significantly changed, no diclofenac was found in
chemical-free controls and the temperature and pH were 23± 2
°C and 8.1 ± 0.3, respectively, throughout experiments. No
BTPs were detected in the exposure medium above the
detection limit (0.5 ng/L).
In the uptake phase, diclofenac was quickly taken up by H.

azteca, and the internal concentrations of diclofenac increased to
a maximum of 1.9 μmol/kg (≙ 0.6 mg/kg) at 1 day and
plateaued from 2 to 10 days (Figure 1A). Diclofenac taurine was
continuously formed from the beginning of the diclofenac
exposure and achieved the maximum internal concentration of
80.6 μmol/kg (≙ 32.5 mg/kg) after 5 days (Figure 1B). In the
depuration phase, the levels of diclofenac inH. azteca decreased
from 1.9 μmol/kg (≙ 0.6 mg/kg) to negligible levels (0.003
μmol/kg≙ 0.01mg/kg) at the end of the 5 day depuration phase
(Figure 1C), representing a greater than 99% elimination
including excretion and biotransformation. In contrast, the
elimination (excretion and further biotransformation) of
diclofenac taurine was relatively slow. The levels of diclofenac
taurine inH. azteca slowly decreased from 33.6 μmol/kg (≙13.5
mg/kg) to 22.3 μmol/kg (≙9 mg/kg) at the end of the
depuration phase (Figure 1D), indicating only 34% elimination.
To investigate the TK processes of diclofenac, the time-course

concentration of diclofenac and diclofenac taurine in H. azteca
were simultaneously modeled to gain the rate constant of TK
processes including uptake (ku), biotransformation (km), and
elimination (ke). To reduce the number of parameters and
uncertainties of TK modeling, only the biotransformation rate
constant of diclofenac to diclofenac taurine was set km, whereas
biotransformation of the parent compound to other BTPs was
lumped to the elimination rate constant parameters ke. We fitted
all parameters for uptake (including 1 and 10 days) and 5 day
depuration of diclofenac and diclofenac taurine simultaneously
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because this approach reduces the uncertainty and risk of
overfitting.41,46

The uptake rate of diclofenac ku was 6.4 L kg−1 d−1 (95% CI:
6.30−6.50) in H. azteca. The formation rate of diclofenac
taurine km was 13.5 d−1 (95% CI: 13.2−13.8). Profile likelihood
plots47 (SI part I, Figure S2) indicated a very poor identifiability
of the elimination rate of diclofenac ke (including the direct
excretion of diclofenac and the biotransformation to other
BTPs). While the exact value could not be estimated, it is
certainly very small (<1 × 10−10). Thus, the total elimination
rate ket of diclofenac (ke + km) inH. azteca can be explained fully
(∼100%) by its transformation to diclofenac taurine. The total
elimination rate of diclofenac taurine (kem) was 0.21 d−1 (95%
CI: 0.20−0.22) in H. azteca, representing 64 times slower
elimination of diclofenac taurine compared to ket of diclofenac.
These parameters correspond to the half-life of diclofenac and
diclofenac taurine of 0.05 d−1 and 3.3 d−1, respectively.
However, the best fit predicts faster elimination of diclofenac
and diclofenac taurine during the depuration phase than the
experimental data (Figure 1C,D). Thus, these rate constants
should be carefully interpreted. Nevertheless, in general, the
model was able to describe the experimental data sufficiently
well (Figure 1A−D). Furthermore, we tested a two-compart-
ment TK model (SI part K), which provides a better fit (SI part
K, Figure S3). However, unique parameter values could not be
estimated with the given data (SI part K, Figure S4).
The slower elimination of diclofenac taurine was unexpected

because it is more polar (log Dow (pH 7.9), 0.3) than its parent
compound diclofenac (log Dow (pH 7.9), 0.9), which leads to a
lower bioaccumulation prediction. Nevertheless, the slower
elimination was also observed for the BTPs of other organic
pollutants in H. azteca41 and other aquatic invertebrates (e.g.,

gammarids, daphnia).48,49 While the exact mechanism is still
unclear, Jeon et al.48 and Ashauer et al.49 speculated that the
lower permeability of cell membranes for the hydrophilic
(ionized) BTPs leads to ion trapping and decreases the
excretion. In mammals (e.g., humans, dogs, mice), the formation
of more hydrophilic BTPs via phase II conjugation accounts for
a major route of excretion. For example, diclofenac taurine
conjugates and its hydroxyl BTPs are mainly excreted via urine
and feces in mice and dogs.50,51 This may be because mammals
have a developed kidney, which contains nephrons that can
efficiently filter out the ionized compounds such as taurine
conjugate and concentrate them into the urine. However,
invertebrates such as H. azteca lack this kind of renal function,
preventing the excretion of taurine conjugates. Together, these
results indicate the relevance of taurine conjugation reactions in
aquatic invertebrates.

Influence of the Formation of Diclofenac Taurine on
Endogenous Taurine levels and the Other Polar
Metabolome in H. azteca. To investigate the effects of the
formation of diclofenac taurine from diclofenac on the taurine
pool in H. azteca under environmental settings, we exposed H.
azteca to more environmentally relevant concentrations (i.e., 10
and 100 μg/L) of diclofenac. Herein, we determined the internal
concentrations of diclofenac, diclofenac taurine, and the
endogenous taurine after 1 and 10 day exposure. The internal
concentrations of diclofenac were similar between 1 and 10 day
exposures, whereas the internal concentration of diclofenac
taurine after 10 day exposure was >3 times higher than that after
1 day exposure (Figure 2A,B). These results are consistent with
the observations in H. azteca that were exposed to a higher
concentration (1000 μg/L) of diclofenac in the above-
mentioned TK experiments. The continuous production of

Figure 1. : Toxicokinetics of diclofenac and its BTP diclofenac taurine in H. azteca. (A) The uptake of diclofenac during 10 day exposure (exposure
concentration of 1000 μg/L diclofenac). (B) The formation of diclofenac taurine during the 10 day exposure. (C) The kinetics of diclofenac in H.
azteca during 1 day uptake (diclofenac, 1000 μg/L) and 5 day depuration (diclofenac, 0 μg/L). (D) The kinetics of the formed diclofenac taurine inH.
azteca during 1 day exposure of diclofenac and depuration. Note: depuration started at 1 day uptake. Two different colors represent two replicates at
each time point.
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diclofenac taurine requires taurine consumption, an amino acid
that is involved in many functions such as bile salt formation and
membrane stability.52 Thus, we hypothesized that the formation
of diclofenac taurine might influence the taurine pool in the
tissues of H. azteca. We first calculated the ratio of the response
area of taurine and that of taurine-d4 in the organisms, and then
compared the response ratios among different exposure groups
of H. azteca. The taurine response ratios among three exposure
levels at 1 and 10 day exposure were not significantly different
(Figure 2C,D), which was against our hypothesis. These results
indicate that diclofenac taurine accumulation did not directly
affect the taurine pool in H. azteca after 10 days exposure at the
sublethal concentration (10 and100 μg/L). Besides, taurine
level (16−25 mg/kg) in exposedH. azteca was >10 times higher
than diclofenac taurine (0.2−1.3 mg/kg) based on our
semiquantification data, suggesting that the conjugation of
diclofenac only consumed a limited proportion of the taurine in
H. azteca and thus did not disrupt the taurine pool.
We further examined the effects of diclofenac on the

metabolome of H. azteca by nontargeted profiling of polar
endogenous metabolites. PCA score modeling showed no
separation between the three different exposure concentrations
(0, 10, and 100 μg/L) at 1 and 10 day exposure and no
significant metabolite was observed after the ANOVA and post
hoc testing statistical analysis (SI part L, Figure S5A,B). PLS-DA

modeling gave a better separation among the three exposure
concentrations at both 1 and 10 day exposure (SI part L, Figure
S5C,). Still, themodeling was probably overfitting, given that the
Q2 values were less than 0.5. The overfitting is supported by the
results from ANOVA and the post hoc analysis, which showed
no significant features (p > 0.05) in H. azteca after 1 day
exposure, and only 24 significantly changed features (p < 0.05)
after 10 day exposure. These results suggest that diclofenac
exposure had a limited effect on polar metabolites including
taurine in H. azteca. In addition, no significantly perturbed
biological pathways were observed based on the polar
metabolomics data. At similar or lower concentrations of
diclofenac (0−25 μg/L),Mehinto et al.53 also found that there is
no distinct separation in the PCA and PLS-DA modeling of bile
and plasma metabolome of fish. Together, these results suggest
that diclofenac at environmentally relevant concentrations (10,
100 μg/L) might not significantly impact the core polar
metabolic functions in H. azteca.

Dose-Dependent Effects of Diclofenac on the Non-
polar Metabolome in H. azteca. To further explore the
effects of diclofenac on the metabolome in H. azteca, extracts of
the exposed H. azteca (0, 10, and 100 μg/L) were profiled for
nonpolar metabolites, that is, lipids by reversed phase UPLC-
HRMS/MS in both positive and negative modes. PLS-DA
modeling of the three data sets revealed a clear separation
between the three exposure concentrations after 1 day as well as
10 day exposure and a dose-dependent effect (SI part L, Figure
S6). PLS-DA modeling’s Q2 values were >0.8 for both 1 and 10
day exposure, indicating that the models were not overfitting.
ANOVA post hoc analysis suggests that 1123 and 1015 features
were significantly changed (p < 0.05) inH. azteca after 1 and 10
day exposure, respectively, among the lipids detected using ESI
negative mode. Using ESI positive mode, 2113 and 1031
significantly changed (p < 0.05) features were detected in H.
azteca after 1 and 10 day exposure, respectively (SI part L, Figure
S7). These results suggest that diclofenac’s effects on the
nonpolar metabolome in H. azteca.
MetaboAnalyst 4.0 was used to further analyze the potential

perturbed metabolic pathways. Biological pathways were
characterized for the diclofenac-induced metabolic perturbation
based on the metabolites that had changed significantly. Among
pathways, prostaglandin metabolism and carnitine shuttle
pathways were significantly impacted and continuously detected
in samples from different analysis modes and exposure lengths,
suggesting that they were the most relevant pathways influenced
by diclofenac (Figure 3A−D). The perturbed metabolites were
identified based on the mass spectrum libraries and/or available
reference standards. Arachidic acid, arachidonic acid, eicosa-
pentaenoic acid, prostaglandin E1, o-oleoylcarnitine, hexadeca-
noylcarnitine/palmitoylcarnitine were further confirmed by
their reference standards (SI part M, Table S14). The
prostaglandin metabolism involves the cyclooxygenase (COX)
and prostaglandin synthases (PGS), which is known to be
inhibited by another endogenous metabolite eicosapentaenoic
acid or xenobiotic COX inhibitor diclofenac (Figure 3A).
Dihomo-γ-linolenic acid can be converted to arachidonic acid,
which can then be converted to prostaglandins by PGS, or to the
other two metabolites, namely arachidic acid and 2-arachido-
noylglycerol. Prostaglandin E1 was decreased with diclofenac
exposure in H. azteca and this decrease was not alleviated even
when the inhibition of eicosapentaenoic acid was decreased
(Figure 3B). These results indicate that the synthesis of
prostaglandin E was inhibited in H. azteca. In addition to

Figure 2. : Accumulation of diclofenac and diclofenac taurine does not
directly affect endogenous taurine levels in H. azteca. The internal
concentration of diclofenac (A) and diclofenac taurine (B) inH. azteca
exposed to 100 μg/L (note: internal concentration of diclofenac and
diclofenac taurine at 10 μg/L was below detection limit); the response
level of taurine (i.e., taurine/taurine-d4) in H. azteca exposed to 0, 10,
100 μg/L at 1 day (C) and 10 days (D). Note: diclofenac and diclofenac
taurine were analyzed by RP-UPLC-HRMS/MS, whereas taurine was
measured by HILIC-UPLC-HRMS/MS. ns stands for not significant.
*** stands for significant.
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COX inhibition, the decreased level of arachidonic acid upon
exposure to diclofenac could also contribute to the reduced level
of prostaglandin E. The decrease of arachidonic acid is perhaps
because other metabolic pathways consuming arachidonic acid
were induced. Indeed, we observed arachidic acid and 2-
arachidonoylglycerol (two other metabolites of arachidonic
acid) were significantly increased by diclofenac in a dose-
dependent manner (Figure 3B). Similarly, Courant et al.20

found a dose-dependent reduction of prostaglandin E levels in
marine mussel after exposure to diclofenac for 72 h at 0, 1, and
100 μg/L. Importantly, the disruption of prostaglandins was also
induced by treated wastewater that contained diclofenac and
other NSAIDs (e.g., ibuprofen, naproxen, felbinac, mefenamic,
and celecoxib),37 which are other known COX2 or COX1
inhibitors. Thus, according to our hypothesis, the inhibitory
effects of diclofenac on COX was similar in H.azteca as in other
aquatic species, including zebrafish, rainbow trout, and marine
mussel.17,18,20 Interestingly, diclofenac’s inhibitory effects on
COX inH. azteca and other aquatic species share a similar MoA
of diclofenac in humans.15,16 As prostaglandins are essential
signaling molecules in regulating physiology, and these results
together highlight the importance of understanding the effects of
this perturbation on aquatic organisms.
Diclofenac exposure also significantly affected the carnitine

shuttle pathway in H. azteca. The carnitine shuttle is a critical

process of transporting long-chain fatty acids from cell plasma
across the membrane to mitochondria subsequent β-oxidation
(Figure 3C). This process is carried out by forming acylcarnitine
species and subsequent transport by carnitine transporters.54

Among the four identified acylcarnitines, three of them
significantly decreased in H. azteca after exposure to diclofenac
(Figure 3D), indicating the reduced formation of fatty acid
acylcarnitines. Similarly, Sepuĺveda et al. found that the carnitine
shuttle pathway was also affected inH. azteca exposed to atrazine
by using metabolomics analysis.55 The formation of carnitine
conjugates of fatty acids is catalyzed by carnitine acyltransferases
such as carnitine O-octanoyltransferase (CROT). Ibuprofen, a
diclofenac-like NSAID drug, affected the expression of CROT in
ibuprofen-treatedmice, which in turn could change the fatty acid
β-oxidation and lipid metabolism.56 Together, these results
suggest that diclofenac and other NSAIDs alter the carnitine
shuttle pathway of fatty acids and potentially lipid metabolism,
especially the fatty acid β-oxidation in various species.

Environmental Implications. Biotransformation plays a
critical role in regulating the fate of contaminants in organisms.
Our findings highlight that biotransformation via conjugation
influences the toxicokinetic processes and thus, bioaccumula-
tion of the pharmaceutical diclofenac in the aquatic invertebrate
H. azteca. The unexpected slower elimination of the polar BTP
diclofenac taurine in H. azteca suggested the importance of

Figure 3. The perturbed prostaglandin and carnitine shuttle metabolism pathways. (A) Perturbation of the prostaglandin metabolism induced by
diclofenac. (B) Dose-dependent changes of representative metabolites, that is, arachidic acid, arachidonic acid, eicosapentaenoic acid, prostaglandin
E1, and 2- arachidonoylglycerol in prostaglandin metabolism pathways. (C) Perturbation of the carnitine shuttle pathway metabolism induced by
diclofenac. (D) Dose-dependent changes of representative metabolites (e.g., stearidonylcarnitine, o-pentadecanoyl carnitine, o-oleoylcarnitine,
hexadecanoylcarnitine/palmitoylcarnitine) in the carnitine shuttle pathway. Note: QE- and QE+ in (A) and (B) represent the negative and positive
scan mode, respectively, with a Q-Exactive mass spectrometer. Data are presented as the normalized peak area.N = 10. ANOVA post hoc analysis was
used during the statistical analysis inMetaboAnalyst 4.0. ***: p < 0.001. Bars in the box plot indicate theminimum andmaximum value, and lines in the
boxes indicate the mean and quartiles.
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toxicokinetic information for both the precursor chemicals and
their BTPs. In addition, the slow elimination of diclofenac
taurine in the invertebrate H. azteca is distinct from the fast
excretion of taurine conjugates that have been observed in
vertebrates, including humans. This species’ difference high-
lights the necessity of ecotoxicological risk assessment of
pharmaceuticals to nontarget invertebrates. The toxicokinetics
model can predict the uptake and depuration behavior under
different exposure scenarios in the environment.57 However, the
impact of environmental factors such as temperature, pH, food
resources likely influence the rates of uptake and depuration.
Metabolomics analysis in the current study revealed that

diclofenac affects the prostaglandin metabolism and carnitine
shuttle pathways in H. azteca at environmentally relevant
concentrations. Our results confirm that the MoA of diclofenac
in aquatic invertebrates H. azteca, that is, inhibition of
prostaglandin biosynthesis, is similar to that in humans,
exemplifying the read-across hypothesis.58 Notably, the
identified carnitine shuttle is a newly identified pathway being
altered by diclofenac at environmentally relevant concentra-
tions. Further investigation on the impact of these molecular
changes in tissue physiology and eventually reproduction and
population of H. azteca is needed. Nonetheless, these findings
support that metabolomics is a powerful tool to advance our
understanding of the endogenous molecular changes and the
potentially toxic effects of organic contaminants on nontarget
organisms. While it was not investigated in the current study,
pharmaceuticals’ distribution into specific tissues by mass
spectrometry imaging-based metabolomics and multicompart-
ment TK modeling within an organism is recommended since
certain pathways may be relevant in specific organs. The
exploration of the localized effects will help better understand
pharmaceuticals’ potential risk and their underlying mechanism
of action.
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