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ABSTRACT: Biotransformation plays a crucial role in regulating the
bioaccumulation potential and toxicity of organic compounds in a /i
organisms but is, in general, poorly understood for emerging i n?;:;'}‘:‘f;;z'n a \5‘\;@'
contaminants. Here, we have used diclofenac as a model compound @E\é Y
to study the impact of biotransformation on the bioaccumulation Bmlogrcal |

. s el a9 demethylation
potential and toxicity in two keystone aquatic invertebrates: Gammarus
pulex and Hyalella azteca. In both species, diclofenac was transformed
into several oxidation products and conjugates, including two novel
products, that is, diclofenac taurine conjugate (DCF-M403) and
unexpected diclofenac methyl ester (DCF-M310.03). The ratios of
biotransformation products to parent compound were 12—17 for
DCF-M403 and 0.01—0.7 for DCF-M310.03 after 24 h exposure. Sose Soxle Route Towotly
Bioconcentration factors (BCFs) of diclofenac were 0.5 and 3.2 L
kg, ' in H. azteca and G. pulex, respectively, whereas BCFs of DCF-M310.03 was 164.5 and 104.7 L kg, ', respectively,
representing a 25- to 110-fold increase. Acute toxicity of DCF-M310.03 was also higher than the parent compound in both species,
which correlated well with the increased bioconcentration potential. The LCg, of diclofenac in H. azteca was 216 mg L™!, while that
of metabolite DCF-M310.03 was reduced to only 0.53 mg L™/, representing a 430-fold increase in acute toxicity compared to
diclofenac. DCF-M403 is less toxic than its parent compound toward H. azteca, which may be linked to its slightly lower
hydrophobicity. Furthermore, the transformation of diclofenac to its methyl ester derivative was explored in crude invertebrate
extracts spiked with an S-adenosylmethionine cofactor, revealing possible catalysis by an S-adenosylmethionine-dependent carboxylic
acid methyltransferase. Methylation of diclofenac was further detected in fish hepatocytes and human urine, indicating a broader
relevance. Therefore, potentially methylated metabolites of polar contaminants should be considered for a comprehensive risk
assessment in the future.
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B INTRODUCTION tons.” Diclofenac is frequently detected in treated wastewaters,
streams, rivers, lakes, and even drinking water,> % with the
concentration in freshwater reported as high as the ug/L
range.'"'* Given that at 1 ug L™" diclofenac causes cytological
alterations in the liver, kidney, and gills of rainbow trout
(Oncorhynchus mykiss)13 and, at S ug L™', causes renal lesions

In the environment, the influence of anthropogenic activities is
clearly evidenced by the pervasive occurrence of man-made
chemicals as emerging contaminants, such as pharmaceuticals,
which have the potential to jeopardize ecosystems and the

human health.'™ As the global population increases, - L ] .
. . . and alterations of the gills, it is possible that environmentally
economies grow as well as health care provision and insurance

. . . determined concentrations of diclofenac may pose a risk to
mechanisms expand, pharmaceutical products are being . 4 i i
. . . . . .43 aquatic organisms. = Several more studies have revealed toxic
increasingly used in both human and animal applications. . . )

The ubiquitous use of pharmaceuticals in a wide range of effects' toward c'hffelrsent aquatic species such as common ?2’1}7)
settings has resulted in continuous emission of these (Cyprinus carpio), ™ brown trout (S?ir?f lstrutta fario),
compounds and their metabolites into the environment, rainbow trout (Oncorhynchus mykiss), and stickleback

leading to their “pseudo-persistence”.’ Pharmaceuticals are

designed to be biologically active, and thus, when taken up, Received: November 24, 2019
have the potential to exert acute or chronic effects on non- Revised:  February 9, 2020
target aquatic organisms, including vertebrate and invertebrate Accepted:  February 10, 2020

species. For example, the pharmaceutical diclofenac is a heavily Published: February 10, 2020

used nonsteroidal anti-inflammatory drug in both humans and
livestock, with a global annual consumption of up to 1000
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(Gasterosteus aculeatus)19 at low ug L™ concentrations. In a
well-known incident in Pakistan and India, vulture populations
were driven to near extinction after feedin§ on cattle carcasses
containing diclofenac and its residues.”””' As a precaution,
diclofenac was added to the watch list under the European
Union Water Framework Directive.”

Generally, biotransformation plays a crucial role in
regulating the toxicity of chemicals. However, knowledge of
relevant metabolites and their formation mechanisms is
limited.”>** Risk assessment for these bioactive pharmaceut-
icals typically operates under the assumption that biotransfor-
mation would result in greatly decreased toxicological risks.
However, there is growing evidence indicating that metabolites
of contaminants such as trenbolone, tetrabromobisphenol A,
bisphenol A, and triclosan maintain the bioactive moieties, are
more hydrophobic, and exhibit similar or even greater
toxicity.” >’ Biotransformation via methylation could lead to
more hydrophobic and thus more bioaccumulative metabolites
in biological systems and has been detected in fungi, bacteria,
and plants for different compounds.‘?’o_‘?’2 At present, the
biotransformation and nontarget toxicity of diclofenac in
aquatic organisms, especially invertebrates, is largely unex-
plored.

In this study, we used diclofenac as a model emerging
contaminant to characterize the crucial role of biotransforma-
tion in modifying the bioaccumulation potential and toxicity of
such compounds in aquatic organisms. First, we demonstrated
the biotransformation patterns of diclofenac in two keystone
invertebrate species of the aquatic food web: Hyalella azteca
and Gammarus pulex. Second, we compared the bioaccumu-
lation potential and acute toxicity of the parent compound,
diclofenac, and its two main metabolites in these two
invertebrates. Third, to determine the broader impact of
biotransformation, we investigated whether methylation of
diclofenac would occur in other model biological systems, such
as fish hepatocytes or humans. Additionally, we screened
methylation of other emerging contaminants with carboxylic
and phenolic groups in the tested invertebrates.

B MATERIALS AND METHODS

Chemicals, Solutions, and Test Organisms. Chemicals
and solutions used in this study are provided in the Supporting
Information and are listed in Tables S1 and S2. Diclofenac
taurine standard was synthesized in-house based on a United
States patent” and identified by NMR spectroscopy. The
synthesis protocol and the NMR data of diclofenac taurine are
provided in Table S6 and Figure S1—S3. H. azteca were
cultured in aerated Borgmann water (BW) in the laboratory
(23+2°C,16h/8h light/dark cycle), whereas G. pulex were
collected from uncontaminated creeks in Switzerland (loca-
tion: E 702150, N 2360850) and acclimatized for 3—5 days to
the optimal culturing conditions (11 + 2 °C, 12 h light/12 h
dark cycle) in an aquarium with aerated artificial pond water
(APW). Details on experiments concerning H. azteca and G.
pulex are provided in section SI. B. Rainbow trout hepatocytes
(RT-HEPs) were prepared in-house according to a method
published by Bischof et al.**

Metabolite Screening Experiments in Vivo. G. pulex
(number of organisms n = 4 per replicate, two replicates) and
H. azteca (n = 30 per replicate, two replicates) were introduced
into 600 mL glass beakers filled with 500 mL APW and BW,
respectively. G. pulex and H. azteca were exposed to each
chemical (i.., diclofenac, triclosan, atorvastatin, acemetacin,
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naproxen, rosuvastatin) for 24 h. An aliquot of 50 or 100 yL of
stock solution of each chemical in ethanol (ie., 10.0 and 1.0 g
L") was spiked to the media to yield an initial chemical
concentration of 1 mg L™ (£3.4 uM) and 0. 2 mg L™" (£0.68
uM), respectively. The final media contained less than 0.02%
organic solvent. Chestnut leaves collected in the creek (or a
piece of cotton gauze (6 X 8 cm)) were added into each beaker
and stayed at the bottom of the beaker for G. pulex (or H.
azteca) to perch and hide, respectively. Chestnut leaves also
served as a food source for G. pulex, whereas H. azteca was fed
with fish food (ground TetraMin powder). The metabolite
screening was performed separately for each selected
compound. Experiments were performed in a climate cabinet
(Binder KB 115) maintaining the optimal conditions for G.
pulex (11 = 2 °C and a 12 h/12 h light/dark cycle) and H.
azteca (23 + 2 °C and a 16 h/8 h light/dark cycle). After 24 h
exposure, animals were collected, sieved (0.6-mm sieve),
quickly rinsed with ultrapure water (18.2 megaohm cm™),
blotted dry using tissue paper, transferred into the preweighed
2 mL centrifuge tubes, and weighed. The exposure medium
was sampled at the beginning (t,) and after 24 h (t,,) of the
experiment. Different controls were performed in parallel, that
is, chemical control (without target compounds, with
organisms, leaf or cotton or fish food), organism control
(without organisms, with chemical, leaf or cotton), and
sorption control (only chemical in pure APW or BW medium,
without organisms, leaf, or cotton) and standard control (stock
solution of diclofenac in methanol, ethanol, or acetonitrile). To
investigate the formation of metabolites through abiotic
processes during chemical spiking or sample preparation,
diclofenac in ethanol was spiked into the vials containing
organisms, and then the organisms were homogenized and
extracted using methanol and acetonitrile separately.

To determine the broader impact of biotransformation, we
investigated the biotransformation of diclofenac in humans.
Three adult healthy volunteers (two females and one male)
provided their informed consent for this study. The age of
volunteers was 29, 32, and 54 years old, respectively. Human
urine (~10 mL) was collected into the glass vials at 1, 2, 4, and
7 or 8 h after oral administration of a diclofenac tablet (100
mg, 1.3 to 2 mg kg ~' (bodyweight)). Urine samples were
stored at 4 °C in the fridge and analyzed by using online SPE
LC-HRMS/MS on the same day.

Metabolite Screening Experiments in Vitro. To
elucidate the biological mechanism for methylation of
diclofenac, diclofenac was spiked into the crude extract of
the invertebrates and incubated for 24 h. Briefly, G. pulex (n =
4) and H. azteca (n = 30) were collected in a preweighed 2 mL
microcentrifuge tube and flash-frozen in liquid nitrogen. After
addition of 1 mL of phosphate buffer (0.05 M, pH = 7.5), the
extraction and homogenization were carried out with an
ultrasonic homogenizer Labsonic M (Sartorius Stedim Biotech,
Switzerland) in four cycles of 30 s with an amplitude of 100%
and 15—30 s break in between cycles (whole process
performed under ice-cooling). Afterward, the homogenates
were centrifuged (4 °C, 10,500 x g, and 10 min). Supernatants
were collected and used as crude extracts for incubation. For in
vitro incubation, 250 uL of supernatant extracts was combined
and mixed with 50 uL of 300 ug L™ (£1 uM) diclofenac in
phosphate buffer and 25 uL of 10 mM S-adenosylmethionine
(SAM) as a co-factor in phosphate buffer and incubated for 24
hat 16 °C (G. pulex) and 23 °C (G. pulex and H. azteca). After
2 and 24 h, 125 uL of aliquots of the incubation mixture was

https://dx.doi.org/10.1021/acs.est.9b07127
Environ. Sci. Technol. 2020, 54, 4400—4408


http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07127/suppl_file/es9b07127_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07127/suppl_file/es9b07127_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07127/suppl_file/es9b07127_si_001.pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.9b07127?ref=pdf

Environmental Science & Technology

pubs.acs.org/est

sampled and quenched by adding 175 pL of acetonitrile. These
samples were centrifuged (4 °C, 10,500 x g, 10 min), and the
supernatants were collected in 2 mL glass vials and kept at —80
°C until online SPE LC-HRMS analysis.

The rainbow trout hepatocyte experiments were performed
in triplicate in accordance with the draft guidelines for
hepatocyte depletion assays (OECD 319A).>° An aliquot of
S uL stock solution in ethanol was spiked into 1 mL of a
hepatocyte suspension medium with a concentration of 2 X
10° cells mL™" in a 7 mL glass vial. The concentration of
diclofenac at the start of the reaction was 636 ug L(£2.14
uM). After 4 h incubation at 13 °C under gentle shaking, the
reactions were stopped by adding 4 mL of acetonitrile.
Negative controls for abiotic reactions were run in parallel and
under identical conditions using heat-inactivated hepatocytes.

Acute Toxicity of Diclofenac and Diclofenac Methyl
Ester. Animals (n = 10 per replicate, two replicates for each
concentration) were separately exposed to increasing nominal
concentrations of diclofenac (100—500 mg L™ £ 338—1688
uM) and diclofenac methyl ester (100—900 pg L™' £ 0.32—2.9
UM). The concentrations ranges of diclofenac and diclofenac
methyl ester were selected based on preliminary range-finding
tests. After 24 h of exposure, the number of deceased animals
was counted. A glass rod was used to prod immobile
organisms. An organism was defined as “dead” when no
movement of its appendages was observed. All living organisms
were quickly rinsed with ultrapure water, dried with tissue
paper, transferred into the preweighed 2 mL centrifuge tubes,
and weighed. Media and internal concentrations of diclofenac
and diclofenac methyl ester were determined using the below-
described online solid phase extraction (online SPE) and liquid
chromatography high-resolution tandem mass spectrometry
(LC-HRMS/MS) method. The medium LCy, and the internal
LCy, were determined by fitting a four-parameter log—logistic
model (v. 5.02, GraphPad Software Inc., U.S.A.).

Toxicity Classification. We used a quantitative structure—
activity relationship (QSAR) model for baseline toxicity and
classification of specific modes of action of diclofenac and its
metabolites. A large compilation of QSAR studies exist for fish
(embryo) and some for Daphnia magna but have not been
established for G. pulex and H. azteca. Since G. pulex, H. azteca,
and D. magna are all freshwater crustaceans, we adopted a
QSAR model for D. magna36 to predict LCy, of diclofenac and
its metabolite diclofenac methyl ester in G. pulex and H. azteca.
The equation for LCy, (QSAR: predicted baseline toxicity) is
described as follows:

1()

The liposome-water partitioning coefficient log Dy, of the
ionic compound diclofenac was 2.6 (at pH = 8) calculated by
Baumer et al. based on COSMOmic.”” For the neutral
chemical diclofenac methyl ester, log D,, (4.4) was used
instead of log thw(pH) (the liposome-water partitioning
coefficient) in eq 1. The toxic ratio (TR) analysis was used to
classify the mode of action (MoA) (baseline toxicity or specific
MoA) of diclofenac and its metabolite diclofenac methyl ester.
TR was calculated based on the ratio of the LCs, predicted
with the baseline toxicity QSAR and the experimental LCy, as
follows (eq 2):

] = 0.77 X log Dy, (pH) + 1.89
(1)

50
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TR = LC4o( QSAR: predicted baseline toxicity)

LC,,(experimental) (2)

For TR < 10, a chemical is considered as a baseline toxicant;
for TR > 10, a chemical is considered specifically acting or
reactive.”®

Sample Preparation. In the tubes containing collected G.
pulex and H. azteca, 100 uL of internal standard diclofenac-d,
(100 ug L"), 500 L of pure methanol and 300 mg of 1 mm
zirconia/silica beads (BioSpec Products, Inc.) were added. A
FastPrep bead beater (MP Biomedicals) was used for sample
homogenization and extraction (15 s at 6 m s, two cycles,
cooling on ice in between). The homogenate was centrifuged
(4 °C, 10,500 x g, and 10 min) and filtered through 0.45 ym
regenerated cellulose filters (BGB Analytic AG). The filters
were washed with 400 4L methanol, and the filtrate and the
wash solution were combined. The exposure media (500 yL)
were sampled in 2 mL LC vials at 0 and 24 h, spiked with 100
UL of methanol containing diclofenac-d, (100 ug L™") and S00
uL pure methanol, and were mixed evenly. We also examined
whether the methylated metabolite of diclofenac had formed
through chemical reactions in the presence of methanol during
the preparation of sample extracts. In this case, the sample
preparation steps for the non-exposed and exposed samples
were similar to those described above but using pure
acetonitrile instead of methanol.

Sample preparation of fish hepatocyte assays was conducted
in a similar way to that described in the OECD TG 319A.*
Briefly, after the addition of acetonitrile solution and internal
standard (10 ng of diclofenac-d,), the sampled cell suspension
was vortex mixed for 10 min at 10,500 x g. Subsequently, the
cellular debris was pelleted by centrifugation (10 min at 10,500
x g 4 °C). The supernatant sample was transferred into 4 mL
glass vials. All samples were stored at —20 °C until chemical
analysis.

Urine samples (2 mL) were centrifuged (4 °C, 10,500 x g,
and 10 min), and the supernatants were analyzed using the
below-described online SPE LC-HRMS/MS method on the
same day.

Chemical Analysis by LC-HRMS/MS and GC-HRMS/
MS. Details of all analytical approaches are provided in our
previous study.’” Briefly, all samples were primarily cleaned up
and enriched with an automated online-SPE method followed
by the LC-HRMS/MS analysis using a Q Exactive or Q
Exactive Plus mass spectrometer, equipped with an electro-
spray ionization interface (Thermo Fisher Scientific Inc.). For
sample analysis, 200 uL of the extract was added to 20 mL of
headspace amber glass vials and filled up with 20 mL of
ultrapure water to pre-enrich by online SPE. After online SPE
enrichment, the chromatographic separation was achieved on
an XBridge C18 column (3.5 ym, 2.1 X S0 mm, Waters) at 30
°C. The flow rate was 300 uL min . Water with 0.1% (vol)
formic acid and methanol with 0.1% (vol) formic acid were
used as mobile phases A and B, respectively. Full scan
acquisition with a resolution of 70,000 (full width half-
maximum (FWHM) at 200 m/z) was conducted in polarity
switching mode followed by data-dependent MS/MS scans
(five MS/MS scans in positive mode and two MS/MS scans in
negative mode) with a resolution of 17,500 (FWHM at 200 m/
z) and an isolation window of 1 Da. The detailed parameters of
LC-HRMS/MS are given in Tables S3 and S4. Quantification
of parent compounds and biotransformation products with the
available reference standard (e.g, diclofenac methyl ester and

https://dx.doi.org/10.1021/acs.est.9b07127
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Figure 1. Proposed biotransformation pathways of diclofenac based on the organism-specific detection in H. azteca (H), G. pulex (G), and rainbow
trout (Oncorhynchus mykiss) hepatocytes (F) and humans (U). More detailed information on the individual metabolites can be found in section SI.
J. and Table S8. Red arrows indicate phase I reactions, and blue arrows indicate phase II reactions. Please note that all the metabolites are displayed
in the neutral form. The number in the abbreviation of metabolites’ name stands for the molecular mass of the detected ion. Please note that
identification confidence levels according to Schymanski et al.* are shown in Table S8.

diclofenac taurine) was performed with the respective standard
calibration method using the software TraceFinder v4.1
(Thermo Scientific). To test if diclofenac methyl ester could
be formed during chemical analysis, diclofenac stock solutions
were prepared in methanol, ethanol, or acetonitrile and then
analyzed by LC-HRMS/MS. Additionally, acetonitrile with
0.1% (vol) formic acid was used instead of methanol with 0.1%
(vol) formic acid as mobile phase B together with mobile
phase A (water with 0.1% (vol) formic acid) to verify whether
methylation of diclofenac would occur under LC-MS/MS
conditions.

Triclosan methyl ether was analyzed by gas chromatography
high-resolution tandem mass spectrometry (GC-HRMS/MS)
with positive mode electron ionization (Q Exactive, Thermo
Fisher Scientific Inc.). For separation, we used an RTX-SMS
column (15 m X 0.25 mm, 0.25 ym film thickness) equipped
with a guard column (5 m X 0.25 mm). The column oven
program started at 60 °C was held for 1 min, increased at 10
°C/min to 300 °C, and was then held for 3 min. The transfer
line temperature was 280 °C. Splitless injection of 1 yL was
used at an injector temperature of 260 °C. Data analysis of
triclosan methyl ether was performed by external standard
calibration using the software Xcalibur Quan Browser
(Thermo Scientific).

Identification of Metabolites and Structure Elucida-
tion. The acquired HRMS/MS raw data were analyzed by
Compound Discoverer software 2.1 (CD2.1) (Thermo
Scientific; for criteria and parameter settings, see Table SS)
with a suspect and non-target screening approach. Treatment
and different control groups (i.e., chemical control, organism
control, and sorption control) were compared by CD2.1 to
generate the potential candidate list. The candidates were
identified based on their unique presence in the treatment
and/or at least 5-fold increase in the treatment compared to
the control, peak intensity >10°, and >3 scans in the extracted
ion chromatograms. For the screening of possible metabolites,
the generated candidate list was compared to the mass list of
predicted metabolites, which was based on (i) in silico manual
prediction of metabolites considering the most common
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enzymatic biotransformation reactions and (ii) already
identified metabolites reported in any organism in the scientific
literature. For non-target screening, the generated candidate
list from CD2.1 was filtered with (i) a peak area threshold of
0.1% of the parent compound and (ii) an integrated intensity
ratio between treatment and control samples of at least S.
Structure elucidation was based on the exact mass, isotopic
pattern (Cl pattern), MS/MS spectral information, MS/MS
information from the available literature, in silico fragmenta-
tion tool (Mass Frontier v 7.0, HighChem), and reference
standards. Finally, confidence levels of the metabolite

identification were proposed according to Schymanski et al.*’

B RESULTS AND DISCUSSION

Biotransformation of Diclofenac Leads to Various
Metabolites in Different Species. Metabolite screening
experiments in the presence of H. azteca and G. pulex were
carried out with exposure to diclofenac for 24 h. Suspect and
non-target screening strategies were applied to comprehen-
sively identify metabolites in the test species using the data
acquired with LC-HRMS/MS. The isotopic pattern of chlorine
(Cl) was used to support the identification of Cl-containing
diclofenac metabolites. To determine the broader impact of
diclofenac biotransformation, we investigated the biotransfor-
mation of diclofenac in other biological systems, including fish
hepatocytes and humans. In all tested species, the trans-
formation of diclofenac was detected (Figure 1). In total, 17
diclofenac metabolites were detected across the tested
biological systems, with nine detected in H. azteca and G.
pulex and eight in fish hepatocytes and human urine (Figure 1
and Figure S4). The postulated biotransformation reactions
included methylation, hydroxylation, dehydration, and con-
jugation with taurine, glutathione, glucose-sulfate, and
glucuronic acid (Figure 1 and Table S8). A biotransformation
pathway based on the tentative chemical structures and
biological reaction rationale is shown in Figure 1. Among
these metabolites, we unambiguously confirmed the structures
of diclofenac methyl ester (DCF-M310.03) and diclofenac
taurine (DCF-M403) using authentic reference standards (for
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details of the synthesis and NMR-based identification of
diclofenac taurine; see section SI. E and Figure S1—S3). After
24 h exposure at media concentration of 0.2 mg L™" diclofenac,
the internal concentrations of diclofenac and biotransformed
products DCF-M403 and DCF-M310.03 in exposed H. azteca
were 120—158 ng g™ (wet weighty 1761—1996 ng g, and
0.7—-116.5 ng g, ', respectively, using different extraction
solvents (i.e., acetonitrile, ethanol, methanol, acetone, ethyl
acetate). These results suggest that the ratios of biotransfor-
mation products to parent compound were 12—17 for DCE-
M403 and 0.01-0.7 for DCF-M310.03. A subsequent
extraction with acetonitrile followed by methanol indicates
that the extraction efliciency of DCF-M10.03 inside of H.
azteca is increased with methanol. Detailed quantification and
discussions are given in section SI. F, Figure S4, and Table S7.
Taurine conjugation of diclofenac (Figure 1, entries DCF-
M403) has previously been proposed as a minor reaction
pathway in both mice”' and dogs.** Here, for the first time, we
have shown this to be a major pathway in the transformation of
diclofenac in small aquatic invertebrates (Figure 1 and Figure
S4). Similarly, taurine conjugation of azoxzfstrobin was
identified for H. azteca in our previous study.”” In general,
taurine conjugates of any compound are formed from
compounds carrying a carboxylic acid group and have been
identified in crustacean,**** fish,**® and humans.*”*®
Hydroxylation and conjugation of diclofenac with glutathione,
glucuronic acid, and sulfate (Figure 1, entries DCF-M312,
DCF-M371, DCF-M470, and DCF-M486) have been also
reported in other species, such as Mediterranean mussels (
Mytilus galloprovincialis) and the rainbow trout
(Oncorhynchus mykiss).">**=>* Species specificity for the
metabolic reactions was observed, for example, glucuronic
acid conjugation (Figure 1, entries DCF-M470 and M486) was
the major transformation product of diclofenac detected in
humans®® and fish hepatocytes but was not observed in the
tested invertebrates (Figure 1, entries DCF-M470 and M486)
nor has it previously been detected in plants.”* Instead, glucose
or amino acid (e.g., glutathione or glutamic acid) conjugations
of diclofenac were predominant reactions in invertebrates
(Figure 1, entries DCF-M538), mussels,”” or plants.54
Among all metabolites, DCF-M310.03 via methylation of
diclofenac emerged as an unexpected metabolite. Therefore,
we have tried to rule out the possibility that DCF-M310.03 had
formed as an artifact of our sample preparation or analysis
procedures. To do so, several control samples were prepared to
assess the formation of DCF-M310.03 through unexpected
chemical reactions or as procedural artifacts (ie., a false-
positive result). In the absence of diclofenac (chemical
control), neither diclofenac nor any of its metabolites were
detected, suggesting that there was no background contami-
nation. When applying diclofenac without organisms or in pure
media, no obvious degradation of diclofenac or formation of its
metabolites was observed after 24 h, suggesting that there was
no detectable abiotic transformation of diclofenac in the test
system. We also examined whether DCF-M310.03 might have
formed by chemical reactions in the presence of methanol
during the preparation of stock solutions, sample extraction, or
LC separations. The results showed that no detectable amount
of DCF-M310.03 was formed during sample extraction or in
LC mobile phase containing methanol and 0.1% formic acid or
acetonitrile and 0.1% formic acid, suggesting that methylation
did not occur during sample preparation and LC-MS
instrumental analysis. No DCF-M310.03 was detected in the
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ethanol stock solution of diclofenac sodium salt or in the
methanol stock solution of diclofenac sodium salt. Only minor
amounts of DCF-M310.03 (<0.17% with respect to diclofenac)
were detected in the methanol stock solution of the free acid of
diclofenac, formed either by methylation in the stock solution
or more probably already present as an impurity in the
diclofenac free acid standard. In this study, we used diclofenac
sodium salt for preparing the diclofenac stock solution. In
conclusion, methylation due to the use of methanol as a
solvent was negligible under the current experimental
conditions.

Methylation of diclofenac, which had been tentatively
proposed for rainbow trout (Oncorhynchus mykiss),'® has
been unambiguously identified and quantified for the first time
in the current study in the metabolic pathway of the selected
invertebrates. It is worth noting that methylation of diclofenac
emerged as an unexpected biotransformation pathway in G.
pulex, H. azteca, fish hepatocytes, and human urine. DCF-
M310.03 was detected in fish hepatocytes after 4 h exposure
and in human urine after oral administration of diclofenac (1—
8 h, formation kinetics shown in Figure SS). In other studies,
methylated metabolites have been previously identified in
microorganisms such as methylation of tetrabromobisphenol A
(TBBPA)*® and bisphenol A (BPA) in bacteria® as well as
bezafibrate in algae.”®> To determine the environmental
relevance, we performed a retrospective analysis of digitally
stored HRMS data to investigate DCF-M310.03 in muscle
samples of 10 fish and 14 gammarid samples (diclofenac
concentration: 1—5 ng g,,,) collected in wastewater-impacted
streams.” The retrospective analysis revealed that DCF-
M310.03 was not present in the collection of field samples
of fish and gammarids. However, based on the ratio of DCF
and DCF-M310.03 in our laboratory experiments and the limit
of quantitation (LOQ) of DCF-M310.03 (low ng g '), we
estimated the concentrations of DCF-M310.03 in field samples
to have been below the LOQ.

We further screened five more widely used pharmaceuticals
and pesticides with hydroxyl or carboxyl group (triclosan,
atorvastatin, acemetacin, naproxen, and rosuvastatin) to test
whether a methylation reaction was detectable for these
compounds in invertebrates. We found that the methylation of
triclosan occurred in G. pulex and H. azteca but was not
observed for atorvastatin, acemetacin, naproxen, or rosuvasta-
tin. The structural differences may contribute to the different
methylation among these chemicals. The formation of triclosan
methyl ether was confirmed using an authentic reference
standard (see section SI. J). The methylation takes place at the
hydroxyl group of triclosan leading to the methyl ether.

Methylated products may also undergo enzyme-catalyzed
demethylation, which was confirmed by exposing H. azteca and
G. pulex to only DCF-M310.03 for 24 h, as diclofenac was
detected in both species. Demethylation was also observed for
triclosan methyl ether in both invertebrates (see section SI. J).
Demethylation of DCF-M310.03 is most probably catalyzed by
ester hydrolases, while demethylation of triclosan methyl ether
is catalyzed by cytochrome P450.°° Our observation is in line
with previous studies describing the conversion of pollutant
conjugates into their parental form (e.g, sulfamethoxazole,
estrogens, trenbolone, triclosan, and carbamazepine) in the
environment.”>*%*7 7

Formation of Diclofenac Methyl Ester by Enzymes in
the Crude Extract. We hypothesized that the DCF-M310.03
was formed from enzymatic reactions via methyltransferases in

https://dx.doi.org/10.1021/acs.est.9b07127
Environ. Sci. Technol. 2020, 54, 4400—4408


http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07127/suppl_file/es9b07127_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07127/suppl_file/es9b07127_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07127/suppl_file/es9b07127_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07127/suppl_file/es9b07127_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07127/suppl_file/es9b07127_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07127/suppl_file/es9b07127_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07127/suppl_file/es9b07127_si_001.pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.9b07127?ref=pdf

Environmental Science & Technology

pubs.acs.org/est

the biological systems. Two S-adenosylmethionine-dependent
O-methyltransferases are known, namely, the caffeoyl-CoA O-
methyltransferases, which catalyze phenolic groups, and the
carboxylic acid O-methyltransferases, which catalyze carboxyl
groups.’”®" Therefore, in vitro crude extracts from G. pulex
and H. azteca were incubated with the co-factor S-
adenosylmethionine and diclofenac for up to 24 h. In the
control groups of the in vitro incubation experiment, no DCEF-
M310.03 was found. Methylation of diclofenac was detected in
the in vitro experiments of enzymes extracted from adult H.
azteca. This was not the case for either juvenile H. azteca or
adult G. pulex in vitro. A possible explanation for this may be
that the activity of the responsible enzymes might be lost or
inhibited in the crude extract. It might also be that the activity
of the responsible enzyme(s) varies depending on the species
and age. Our results from the in vitro enzymatic reactions
indicate that methylation of diclofenac probably is catalyzed by
the carboxylic acid O-methyltransferases in the tested bio-
logical systems. However, transformation by other unknown
enzymes or bacteria in the crude extract cannot be fully
excluded. Similarly, O-methyltransferases have been identified
in plants,éo bacteria,*"*> yeast,63 and humans,®* making this
conclusion plausible.

Significantly Higher Bioconcentration of the Metab-
olite Diclofenac Methyl Ester versus Diclofenac. The
formation of diclofenac methyl ester (DCF-M310.03) leads to
significantly altered physicochemical properties. A physico-
chemical property that is of importance to toxicity and
bioaccumulation is changed by the methylation of the
carboxylic group. The partitioning coefficient of diclofenac
between octanol and water (log D,,) is 0.9 (anionic at
medium pH 7.9), while log D,,, increases to 4.4 for DCF-
M310.03 (neutral compound). Accordingly, bioconcentration
potential and biological activity of DCF-M310.03 could be
elevated compared to diclofenac and other known metabolites.
Bioconcentration factors (BCFs) were calculated based on (i)
in silico simulations using EPI 3.0 and (ii) the ratio of the
internal concentration of the chemical in the organisms to the
concentration of the chemical in the exposure medium at a
steady state. The predicted BCFs of diclofenac and DCEF-
M310.03 (EPI 3.0 simulation) were 1.3 and 351 L kg™,
respectively, for lower trophic level fish (Figure 2A), indicating
a higher bioconcentration potential of DCF-M310.03 than
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Figure 2. Comparison of the bioconcentration potential of diclofenac
and diclofenac methyl ester (DCF-M310.03). Bioconcentration factor
of diclofenac and DCF-M310.03 determined by (A) in silico
prediction using EPI suite® and (B) experimentally in H. azteca
and G. pulex under static conditions after 24 h.
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diclofenac. The predicted BCFs of diclofenac and DCEF-
M310.03 were similar to the BCFs found in the experiment.
The experimentally determined BCFs of diclofenac were 0.5
and 32 L kg ' in H. azteca and G. pulex, respectively,
whereas BCFs of DCF-M310.03 was 164.5 and 104.7 L kg,,,~"
(Figure 2B), respectively, which corresponds to a 25- to 110-
fold increase. Thus, the higher BCFs of DCF-M310.03
compared to those of diclofenac in both organisms can
actually be explained by the higher hydrophobicity of DCF-
M310.03.

Comparison of the Toxicity between Diclofenac and
Its Major Metabolites. The toxicity of two major metabolites
(i.e, DCF-M310.03 and DCF-M403) was compared to the
parent compound in two invertebrate species. The acute
toxicity of diclofenac and DCF-M310.03 was assessed by
deriving the 24 h media LCy, values for H. azteca and G. pulex
based on mortality. The LCs, of diclofenac in media was 216
and 175 mg L™' for H. azteca and G. pulex, respectively,
indicating relatively low acute compared to environmental
concentrations (Figure 3A). However, the strongly reduced
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Figure 3. Lethal toxicity of diclofenac and DCF-M310.03 toward H.
azteca. (A) Medium concentration—response (mortality) curves of
lethal toxicity of diclofenac and DCF-M310.03. (B) Internal
concentrations of diclofenac and DCF-M310.03 in H. azteca at the
corresponding media LCsy’s. Student’s t-test, unpaired.

media LCs, of 0.53 mg L™" obtained for DCF-M310.03 with
H. azteca represents a 430-fold increase in acute toxicity
compared to diclofenac (Figure 3A). The LCy, of DCF-
M310.03 (>1 mg L™") in media was obtained for G. pulex but
could not be exactly determined due to the limited water
solubility of DCF-M310.03 (<1 mg L™"). Our results are
consistent with previous observations that the methylated
metabolites of BPA are more toxic than the parent compound,
leading to increased toxicity to the developing zebrafish (Danio
rerio) embryo.”’

Internal concentrations of the chemicals reflect the
organism’s actual exposure that links to the observed
toxicological effects. We therefore determined the internal
concentrations (body residue) of diclofenac and DCF-
M310.03 in H. azteca using LC-HRMS/MS (Figure S6). For
H. azteca at media LCy, concentrations of diclofenac (216
mg L") or DCF-M310.03 (0.5 mg L") as shown in Figure
3A, very similar internal concentrations of DCF-M310.03 of
157 + 43 and 83 + 23 mg kg' ,, were determined,
respectively. In contrast, the internal levels of diclofenac
significantly differed (p < 0.05) by one order of magnitude
(Figure 3B). This observation indicates that DCF-M310.03
likely contributes more to the observed toxicity, while both
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diclofenac and DCF-M310.03, as a mixture, might be of
relevance.

The acute toxicity of another major metabolite diclofenac
taurine DCF-M403 was also compared to the data of the
parent compound diclofenac. Due to the limited availability of
synthesized DCF-M403 (section SI. E and Figure S1—S3), we
were only able to determine the toxicity difference at a
concentration of 220 mg L™ (similar to media LCs, of
diclofenac). In two separate batches, H. azteca was exposed to
220 mg L™! diclofenac or DCF-M403 for 24 h each. About
50% of the organisms died at 220 mg L' diclofenac after 24 h,
while no death was observed at 220 mg L™' DCF-M403. These
results suggest that DCF-M403 is less toxic than its parent
compound diclofenac toward H. azteca, which may be linked
to the slightly lower hydrophobicity of DCF-M403 (log D,
(pH 7.9), 0.3) as compared to diclofenac (log D,,, (pH 7.9),
0.9).

Mode of Action of Diclofenac and Its Metabolite
Diclofenac Methyl Ester. The mode of action (MoA) for
acute toxicity of diclofenac and DCF-M310.03 toward H.
azteca at environmentally relevant pH 7.9 was evaluated. Toxic
ratios (TR) of 3.3 and 0.2 were determined for diclofenac and
DCF-M310.03, respectively, which were within the baseline
toxicity range (0.1 < TR < 10), meaning that both compounds
are classifiable as baseline toxicants toward H. azteca. In
contrast, diclofenac was recently classified as a specific toxic
chemical with a high TR (TR = 35) toward zebrafish,
explained with the specific cyclooxygenase inhibition (COX)
assay.”® This discrepancy may be attributed to differences in
the diclofenac—COX interactions between invertebrates and
vertebrates.

Environmental Implications. We have shown that
diclofenac unexpectedly produces a more bioaccumulative
and toxic metabolite in invertebrates, fish, and humans that
could contribute to enhanced toxicity not previously reported.
In addition to diclofenac, we also observed that the
methylation of triclosan occurred in two keystone inverte-
brates, while methylation was not observed for atorvastatin,
acemetacin, naproxen, and rosuvastatin in the same species.
These findings indicate that methylation is relevant only for
certain compounds. Methylation leads to more hydrophobic
metabolites for some polar emerging contaminants, which in
turn leads to enhanced bioaccumulation and associated toxicity
across different nontarget species. Accordingly, potentially
methylated metabolites should be screened to allow for better
risk assessment of polar contaminants in the future. A full
consideration of both methylation and demethylation con-
version is needed to better understand the dynamics of the
methylated products and their precursors in aquatic organisms.

Environmental concentrations of most contaminants are
much lower than the concentrations used in this study, which
were necessary to identify the metabolites. In future studies,
methylated metabolites should be screened in field samples;
however, extremely sensitive analytical methods are necessarily
required.
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