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Exposed Japanese medaka

ABSTRACT: Oxygenated polycyclic aromatic hydrocarbons (oxy- e sbaresemedoe

PAHs) are ubiquitous contaminants that can be formed through O O sOPmhbitor @'“‘“"“emm""m*"‘"’s@
oxidation of parent PAHs. Our previous studies found 2- suGTinitor  —
hydroxychrysene (2-OHCHR) to be significantly more toxic to o

Japanese medaka embryos than 6-hydroxychrysene (6-OHCHR), e Sensitve window of development

an example of regioselective toxicity. We have also previously (ertematen

identified a sensitive developmental window to 2-OHCHR toxicity OO ovpmhibtor OiSjO/ o1 @é}@/
that closely coincided with liver development, leading us to O‘ JRP— S e
hypothesize that differences in metabolism may play a role in the o T e Jode
regioselective toxicity. To test this hypothesis, Japanese medaka S-OHCHR

embryos were treated with each isomer for 24 h during liver

development (52—76 hpf). Although 6-OHCHR was absorbed 97.2 + 0.18% faster than 2-OHCHR, it was eliminated $7.7 + 0.36%
faster as a glucuronide conjugate. Pretreatment with cytochrome P450 inhibitor, ketoconazole, reduced anemia by 96.8 + 3.19% and
mortality by 95.2 + 4.76% in 2-OHCHR treatments. Formation of chrysene-1,2-diol (1,2-CAT) was also reduced by 64.4 + 2.14%
by ketoconazole pretreatment. While pretreatment with UDP-glucuronosyltransferase inhibitor, nilotinib, reduced glucuronidation
of 2-OHCHR by 52.4 + 2.55% and of 6-OHCHR by 63.7 + 3.19%, it did not alter toxicity for either compound. These results
indicate that CYP-mediated activation, potentially to 1,2-CAT, may explain the isomeric differences in developmental toxicity of 2-
OHCHR.

KEYWORDS: hydroxychrysene, polycyclic aromatic hydrocarbons, developmental toxicity, oxy-PAHs, Japanese medaka, oil spills,
cytochrome P4S0
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1. INTRODUCTION In addition to the potential for enhanced exposure,
enhanced lethality, endocrine disruption, and developmental
effects such as circulatory defects and malformations of the
brain, jaw, and eyes have also been shown to be greater in
exposures to oxy-PAHs relative to parent PAHs.'*"> Given the
potential for enhanced formation durlng remediation events
due to increased microbial oxidation,’ 617
characterize the toxicity of oxy-PAHs in various environmental

Oxygenated polycyclic aromatic hydrocarbons (oxy-PAHs) are
ubiquitous contaminants that can be formed through the
photochemical or biological oxidation of parent PAHs.'™”
PAHs enter aquatic environments through runoff, atmospheric
deposition, accidental discharge, and oil spills.*”® While few
environmental measurements of oxy-PAHs exist, they have

it is critical to better

been found at concentrations that are similar to or even higher media.

than parent PAHs.”* Some groups have suggested that oxy- Oxy-PAHs have been identified as quinones, carboxylic
PAHs are “dead-end” products that will likely not break down acids, and hydroxylated compounds with moieties at one or
any further, which could lead to accumulation as a legacy more carbon atoms within the molecule. Interestingly,
contaminant.”~"" The polar properties of oxy-PAHs increase regioselective toxicity has been observed for multiple isomers
their mobility within the environment that increases the risk of

exposure to fauna and flora compared to parent PAHs.'>!3 Received: September 15, 2022

While analytical technologies have improved dramatically over Revised:  December 8, 2022

the past few decades, it is still not feasible to measure every Accepted: December 8, 2022

oxy-PAH in the environment. Therefore, narrowing the range Published: December 27, 2022

of oxy-PAHs to monitor to specific compounds would be
beneficial for regulators.
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of several oxy-PAHs, making it difficult to predict adverse
effects.'™' ™" For example, in zebrafish (Danio rerio), 2-
hydroxychrysene (2-OHCHR) caused greater anemia in
embryos than 6-hydroxychrysene (6-OHCHR), although 6-
OHCHR was more lethal."® However, in Japanese medaka
(Oryzias latipes), 2-OHCHR caused both anemia and
mortality, but 6-OHCHR caused neither, implying potential
for species-specific effects.'” In addition, the parent compound
chrysene did not cause any toxicity in either species.'®"”

The toxicity of 2-OHCHR in Japanese medaka embryos
closely coincided with liver development.'” Since the liver
contains high concentrations of metabolic enzymes such as
cytochrome P450s (CYPs), UDP-glucuronosyltransferases
(UGTs), and sulfotransferases (SULTSs),”"">* differences in
metabolism between the isomers may play a role in the
regioselective toxicities of 2- and 6-OHCHR in Japanese
medaka. Hydroxy-PAHs can be detoxified through conjugation
by UGTs and SULTs leading to metabolites that may be
readily excreted from the body. Conversely, activation of
hydroxylated PAHs may occur through subsequent hydrox-
ylation of the phenolic compounds by CYP to a catechol,
which could undergo further oxidation to a quinone, allowing
the formation of semiquinone radicals through one-electron
reduction reactions, which may generate reactive oxygen
species (ROS). In excess concentrations, ROS deplete
endogenous antioxidants and cause oxidative stress, potentially
leading to damaged proteins, lipids, and DNA.*»**

Therefore, to explore the role of metabolism in the toxicity
of 2-OHCHR, we investigated the following hypotheses: (1) 2-
OHCHR is taken up more rapidly and has a longer embryonic
half-life than 6-OHCHR, (2) 2-OHCHR undergoes phase I
metabolism and activation at a greater rate than 6-OHCHR by
CYP, (3) quinone metabolites of 2-OHCHR cause greater
toxicity than 2-OHCHR or quinone metabolites of 6-OHCHR,
and (4) 6-OHCHR undergoes conjugation and detoxification
at a greater rate than 2-OHCHR.

2. MATERIALS AND METHODS

2.1. Chemicals. 2-OHCHR (>99% purity, Toronto
Research Chemicals, Ontario, Canada) and 6-OHCHR
(>99% purity, MRIGlobal, Kansas City, MO) were dissolved
in DMSO and stored at —20 °C in a dark environment.
Benzo(a)pyrene-3,6-quinone (BPQ) (>99% purity, Toronto
Research Chemicals, Ontario, Canada) was dissolved in
methanol and stored at —20 °C in a dark environment.
Exposure solutions were made by dilution of stock solutions to
0.1% DMSO in deionized (DI) water. f-Glucuronidase from
Escherichia coli (140 U/mg, Millipore-Sigma, St. Louis, MO)
and sulfatase from Helix pomatia (200 units/mL, Millipore-
Sigma, St. Louis, MO) were stored at 4 °C in a dark
environment. 1,2- and 5,6-Quinones of chrysene (CHQ) were
synthesized photochemically as described in Tiruye and
_](argensen,25 while 1,2-catechol (CAT) of chrysene was
synthesized by the reduction of 1,2-quinone using NaBH,
based on the methods of Platt and Oesch®® and by
photochemical cyclization of the corresponding 1,2-dimethoxy
stilbene (detailed description in the Supporting Information).
Both methods gave 1,2-CAT, fully characterized by nuclear
magnetic resonance (NMR) and high-resolution mass
spectrometry (HRMS) analyses. Synthesis of 2,8-dihydrox-
ychrysene (DHC) was performed following a combination of
previously published methods””*® with modifications (detailed
description in the Supporting Information). All analytes were
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identified by fluorescence absorption and mass spectral
analyses (see the Supporting Information for details). A table
of chemical names, CAS, LogKow, and structures is also
provided in the Supporting Information.

2.2. Maintenance of Medaka Culture. Adult Japanese
medaka were maintained under the UCR Institutional Animal
Care and Use Committee (IACUC)-approved protocol
(AUP#20190017). Collection of embryos occurred 1 h after
the lights turned on. Embryos were evaluated for viability
under a transmitted light microscope and sorted for the correct
stage (<4 hpf) following staging guidelines from Iwamatsu et
al.” for stage-specific morphological characteristics. Japanese
medaka were maintained at 28 °C on a 14 h:10 h light:dark
cycle.

2.3. Exposure Regime. Thirty embryos at 4 hpf were
selected from a previously sorted pool and placed in glass petri
dishes (60 X 15 mm) for exposure. Three replicate petri dishes
were utilized, each containing 30 embryos. Exposure solutions
were made fresh daily by dilution of stock solutions to 0.1%
DMSO at appropriate nominal concentrations. The embryos
were exposed to 0.5, 3, and 5 M 1,2-CHQ or 5,6-CHQ from
4 to 172 hpf to test the toxicities of these putative
hydroxychrysene metabolites. A vehicle control of 0.1%
DMSO water underwent the same exposure regime. The
concentrations of OHCHRs and CHQs for treatments were
based upon a previous study in our laboratory."”

Ten embryos at 52 hpf were exposed to S uM 2- or 6-
OHCHR for uptake and depuration analysis. Embryos were
exposed for 2, 4, 8, 12, and 24 h for uptake exposures. For
depuration exposures, embryos were exposed for 24 h, washed
with deionized (DI) water, then transferred to 0.1% DMSO
water in a clean petri dish to allow depuration. Depuration
exposures lasted for 4, 8, 12, and 24 h following transfer to
water. As mentioned above, the duration and timing of
exposures were based on our earlier studies and the timing of
liver formation within Japanese medaka.'’

To explore the role of cytochrome P450s in the toxicity of 2-
OHCHR, 30 embryos were exposed to 20 M ketoconazole, a
broad-spectrum cytochrome P450 inhibitor, from 28 to 52 hpf
then to 10 #M 2-OHCHR from 52 to 76 hpf. Embryos were
also pretreated with 10 M nilotinib, a UGT inhibitor, to
assess the effects of glucuronidation on hydroxychrysene
toxicity. Embryos (30 pooled individuals) were then trans-
terred to 0.1% DMSO water until 172 hpf. Embryos were
washed prior to transfer to new exposure solutions and a new
petri dish was used for each exposure to minimize retention of
residual chemicals. Ethoxyresorufin-O-deethylase (EROD)
activity and measurements of hydroxylated parent compounds
within embryos were used to determine the respective efficacy
of the inhibitors. To determine if pretreatments with inhibitors
provided protection or exacerbated toxicity, anemia and daily
mortality were evaluated under transmitted light using an
Accu-Scope 3000 microscope as previously described.'”
Anemia was defined by no visible blood cells and mortality
was identified by no observable heartbeat.

2.4. EROD Imaging. EROD activity was measured by
following methods described in Nacci et al.’’ with slight
modifications. Embryos were exposed to 10 uM 2- or 6-
OHCHR and 21 pg/mL 7-ethoxyresorufin (ER) from 52 to 76
hpf. Following exposures, embryos were anesthetized with MS-
222, washed with DI water, and then transferred to a petri dish
with molded agarose for imaging. Resorufin was quantified
within embryos using fluorescence microscopy. A Keyence BZ-
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X710 microscope was used. Embryos were positioned in
molded agarose dorsally with the heart centered within the
image. Image analysis was conducted in Image] version 1.8.0.
The circumferences of the embryos were traced, and the
integrated density values of the selection were measured for
each embryo. High integrated density values corresponded to
high EROD activity.

2.5. Sample Preparation. Following exposure from 52 to
76 hpf, Japanese medaka embryos were washed with DI water
three times. The water was then removed, and the embryos
were dried and weighed before being transferred to a clean 1.5
mL polypropylene conical centrifuge tube. The embryos were
flash-frozen in liquid nitrogen and then stored at —80 °C in a
dark environment until extraction.

To measure the metabolism of OHCHRs in embryos,
treatment samples of 30 pooled embryos underwent solid
phase extraction (SPE). To identify potential glucuronides or
sulfates as putative metabolites, 200 uL of DI water was added
to 1.5 mL centrifuge tubes and the embryos were homogenized
with a pestle homogenizer for 1 min. Glucuronidase (100 U),
sulfatase (10 U), or SO uL of DI water was then added, and the
vial was placed in a temperature-controlled shaker at 37 °C for
1 h. Methanol (200 pL) and S0 uL of 2 pug/mL BPQ were
added as an internal standard to the tube and underwent
further homogenization for 1 min. The homogenate was then
transferred to a glass test tube with the subsequent addition of
500 pL of methanol and 4000 uL of DI water. The final
concentration of the homogenate was 15% methanol and 85%
DI water.

To enrich putative metabolites from embryonic treatments
for chromatographic measurements, Waters Sep-Pak C18 SPE
cartridges (3 cm?, 1 g sorbent, S5—10S um particle size) were
utilized for extractions on a vacuum manifold. Cartridges were
conditioned with S mL of methanol and then equilibrated with
S mL of 15% methanol in DI water. Samples were then loaded
onto the cartridges and then washed with 15% methanol in DI
water. Cartridges were then eluted with 10 mL of methanol
into 20 mL glass scintillation vials. The eluents were blown
down to dryness under a stream of nitrogen gas in a water bath
at 40 °C. Samples were reconstituted in 500 uL of acetonitrile
(ACN), vortexed for 10 s, and then transferred to autosampler
vials for chromatographic analysis. Recovery values ranged
from 79 to 97% based on the total loss of internal standard
(BPQ) in each extract.

2.6. Chromatographic Conditions. A Shimadzu Prom-
inence-i LC-2030 HPLC system with an RF-10AXL fluor-
ometer was used for chromatographic analysis. Samples were
injected onto a C18 column (4.6 X 150 mm, Shiseido, Japan)
at a flow rate of 1 mL/min. The column temperature was
maintained at 40 °C. All mobile phases were acidified with
formic acid at a concentration of 0.1% by volume. Initial
conditions were 30% ACN/H,0. The chromatographic
conditions were as follows: gradient to 60% ACN/H,O from
0 to 25 min, gradient to 95% ACN/H,0 from 25 to 27 min,
maintain 95% ACN/H,O from 27 to 29 min, gradient to 30%
ACN/H,0 from 29 to 30 min, and maintain 30% ACN/H,0O
from 30 to 34 min. Retention times of analytes were as follows:
2,8-DHC: 14.159, 1,2-CAT: 16.575, 56-CAT: 17.856, 2-
OHCHR: 18.361, 6-OHCHR: 18.842, and chrysene: 20.336.
Since quinones fluoresce poorly, UV/vis detection at 254 nm
was required for their detection. Their retention times were as
follows: 1,2-CHQ: 17.246, 5,6-CHQ: 17.704, and BPQ:
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18.083. The limit of quantification was 10 ng/mL for all
compounds.

2.7. Metabolism of 2- and 6-OHCHR. OHCHRs, CHQs,
and CATs were identified based on coelution with analytical
standards using ultraviolet (UV) absorbance or fluorescence, as
well as fragmentation patterns using HRMS (Figures S1—S4).
Glucuronide and sulfate conjugates were quantified by
calculating the difference between parent OHCHR concen-
trations in extracts treated with glucuronidase or sulfatase and
in extracts without deconjugation enzyme treatments.

Percent conversion and mass balance analyses of 2- and 6-
OHCHR were conducted after 24 h uptake beginning at the 52
hpf timepoint, since liver formation begins to occur at this
developmental stage. As noted above, each treatment
contained 30 embryos at 52 hpf. Water concentrations after
24 h uptake were compared to initial water concentrations and
the difference was assumed to have either entered the embryos
or adsorbed to the glass petri dish or to the surface of embryos.
To quantify OHCHRSs adsorbed to the petri dishes, all water
was removed from the dishes, the dishes were dried
completely, and then washed with 10 mL of acetone and 10
mL of hexane. Acetone and hexane were collected in a glass
scintillation vial, blown to dryness under a stream of nitrogen
gas, then reconstituted in 1 mL of ACN and transferred to a 2
mL screw thread vial for liquid chromatography (LC) analysis.
OHCHRs adsorbed to the surface of embryos that were
removed during the wash step were quantified by collecting the
water from the embryo washes that underwent SPE extraction
using the same protocol described above. The OHCHRSs in the
embryos were further divided into parent forms and
metabolites, consisting of glucuronides, sulfates, CATs, and
CHQs based on coelution with standards.

2.8. Uptake and Elimination Rate Constants. Concen-
trations of 2- and 6-OHCHR were calculated using body
burden values from glucuronidase and sulfatase-treated
extracts. Due to glucuronides being the major metabolite
after 24 h uptake, additional timepoints were sampled for
glucuronide metabolite concentrations. This allowed the
calculation of absorption (K,,) and elimination (K,) rate
constants for 2- and 6-OHCHR using body burden values from
glucuronidase-treated extracts by linear regression analysis.

2.9. Statistical Analysis. All statistical analyses were
conducted in Rstudio version 1.2.5019 and IBM SPSS
Statistics 27. All data were checked for normality and equal
variance assumptions by plotting residuals and quantiles of the
data sets. Rate constants and body burdens between 2- and 6-
OHCHR were compared using two-sample t-tests. Percent
mortality and percent anemic phenotype data were compared
to the control using a generalized linear model. EROD
activities were compared using a two-way ANOVA and a post
hoc Tukey HSD test. EROD comparisons utilized 30
replicates, while the rest of the statistical tests were conducted
using three replicates. A p-value of 0.05 was used for all
statistical tests. All figures were generated using GraphPad
Prism version 8.4.3.

3. RESULTS

3.1. Metabolism of 2- and 6-OHCHR. Approximately
4.22 + 1.23% aqueous 2-OHCHR and 9.17 + 1.03% aqueous
6-OHCHR were taken up by the embryos after 24 h (Table
S1). Significant differences in the conversion of parent
compounds to sulfates, CATs, and CHQs were observed
between OHCHRs; 68.1 + 24.1% more 2-OHCHR was
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converted to sulfate conjugated compared to 6-OHCHR and
370 + 59.9% more 2-OHCHR was converted to a CAT
compared to 6-OHCHR. While 18.0 + 4.58% of 6-OHCHR
was converted to 5,6-quinone, quinones were not detected in
2-OHCHR extracts (Table 1). Figure 1 is a representative

Table 1. Conversion of 2- and 6-Hydroxychrysene
(OHCHR) Metabolites within Embryos after 24 h Uptake”

type of metabolite 2-OHCHR 6-OHCHR
% parent 10.8 + 3.63 4.92 + 2.26
% glucuronide 31.8 +2.92 34.6 + 3.14
% sulfate*® 25.1 + 2.24 18.7 £ 2.01
% catechol® 209 + 1.68 4.64 + 1.34
% quinone* BLD 18.0 = 4.58
% unknown 11.49 + 2.22 19.1 = 7.39

“Percent parent represents unmetabolized OHCHRs and percent
unknown represents uncharacterized metabolites. Asterisk represents
a significant difference between 2- and 6-OHCHR revealed by a t-test.
Values represent the mean of three replicates + SEM.

chromatogram of an embryonic extract treated with OHCHRs.
In addition to CATs and CHQs (for 6-OHCHR only), several
other metabolites were observed. Based on retention times and
mass spectra, these may have been hydroxy-dihydrodiols, triols,
or methylated metabolites. To assess the possibility of 2,8-
dihydroxychrysene formation, this putative metabolite was
synthesized and ran as a standard following chrysene treatment
in embryos. However, coelution was not observed. In addition,
other putative compounds could not be quantified due to the
limit of detection (LOD) for LC/MS and limited availability of
analytical standards.

3.2. Toxicokinetics of 2- and 6-OHCHR. No significant
differences in body burden were found at 2 or 24 h uptake
between 2- and 6-OHCHR (Figure 2). All depuration body
burden measurements for 2- or 6-OHCHR were below the
LOD at these timepoints. However, when samples were treated
with glucuronidase or sulfatase, the resulting hydroxylated
compounds allowed the calculation of absorption and
elimination rates for the metabolites. Significant differences
were found between body burdens of extracts treated with and
without glucuronidase or sulfatase at 24 h uptake, as well as
during 12 and 24 h depuration (Figure 2). To better estimate

rates of uptake and conjugation, glucuronides were measured
at additional timepoints (Figure 3). Absorption rates for 2- and
6-OHCHR glucuronides were 2.14 + 0.08 and 4.20 = 0.29 ng/
mg-h, respectively. Depuration rates for 2- and 6-OHCHR
glucuronides were 2.16 + 0.09 and 341 + 0.35 ng/mgh,
respectively. Significant differences in both absorption and
elimination rates were found between 2- and 6-OHCHR (p <
0.05) with 6-OHCHR being taken up and eliminated more
rapidly than 2-OHCHR.

3.3. Toxicity and Uptake of 1,2- and 5,6-CHQ.
Exposures to 1,2- or 5,6-CHQ_did not result in significant
anemia or mortality at any tested concentration (Tables S2 and
S3). Body burdens of 1,2- and 5,6-CHQ_within embryos
following exposure to 3 uM for 24 h from 52 to 76 hpf were
17.9 + 1.01 and 9.68 + 0.77 nmol/mg, respectively (Figure
S5).

3.4. CYP and UGT Inhibitor Pretreatments. Significant
differences in percent mortality and anemia were found at 100
hpf between 10 yM 2-OHCHR treatments from 52 to 76 hpf
and embryos that were pretreated with 20 uM ketoconazole
from 28 to 52 hpf (Figure 4). Percent anemia and mortality
were 96.8 + 3.19 and 952 + 4.76% lower in ketoconazole
pretreatments compared to 2-OHCHR treatments, respec-
tively. CYP inhibition caused a 64.4 + 2.14% reduction of
chrysene-1,2-diol (CAT), a phase I CYP metabolite of 2-
OHCHR (Figure S). Significant differences in EROD activity
were observed between 10 uM 2-OHCHR-treated embryos
with and without 20 yM ketoconazole pretreatments, with a
90.8 + 7.00% reduction in EROD activity in pretreated
individuals when normalized to controls (Figure 6). Pretreat-
ments with 10 #M nilotinib did not affect toxicity of 10 uM 2-
or 6-OHCHR treatments (Figure 4) but did significantly
reduce glucuronide formation by 52.4 + 2.55 and 63.7 +
3.19% (Figure S).

4. DISCUSSION

Previous studies in our laboratory indicated isomeric differ-
ences in toxicity between 2- and 6-OHCHR in embryos of
Japanese medaka, 2-OHCHR being more potent than 6-
OHCHR.'"®"” A sensitive window of development was
identified between 52 and 100 hpf, which closely coincided
with liver development. The liver contains high concentrations

2-OHCHR
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Figure 1. Representative chromatograms of tissue extracts incubated with glucuronidase and sulfatase following treatment with 2- or 6-
hydroxychrysene (OHCHR) from 52 to 76 hpf. (A) and (B) were pretreated with 20 4M ketoconazole (CYP inhibitor) from 28 to 52 hpf, while
(C) and (D) were not. Peaks 1 and 10 indicate a 1,2-catechol and 5,6-catechol metabolite, while peaks 2 and 11 indicate the parent OHCHR. All

other peaks are unknown metabolites.
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Figure 3. Uptake and depuration body burdens of 2- and 6-hydroxychrysene (OHCHR)-treated Japanese medaka embryos following treatment
with glucuronidase. Dotted lines indicate the transfer of embryos from exposure solution to water to allow depuration (after 24 h exposure). Body
burdens were measured after 2, 4, 8, 12, or 24 h of uptake. Depuration body burdens were determined at 28, 32, 36, and 48 h that correspond to 4,
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of metabolic enzymes, such as CYP, UGT, and SULT.
Therefore, we hypothesized that metabolism may play a role
in the regioselective toxicities of 2- and 6-OHCHR.

Conversion of 2- and 6-OHCHR to metabolites differed
between compounds after 24 h of treatment at 52 hpf. While
formation of glucuronides was similar, sulfates constituted a
significantly higher proportion of total metabolites of 2-
OHCHR than 6-OHCHR, although there was no significant
difference in concentrations. Although no significant differ-
ences were found in proportions of glucuronide between 2-
and 6-OHCHR, it was the major metabolite for both
compounds at 24 h with significantly higher concentrations
compared to controls. Due to it being the major metabolite,
glucuronide formation was further analyzed for toxicokinetic
parameters and their effects on OHCHR toxicities.

While uptake was greater with the less toxic 6-OHCHR,
conversion and elimination to predominantly conjugated
metabolites was also faster, indicating conjugation to
metabolites may be a factor explaining the toxicity of either
compound (Figure 1). Although the concentrations of both
OHCHRSs in glucuronidase-treated extracts decreased follow-
ing depuration, the concentrations significantly increased in
sulfatase-treated 2-OHCHR extracts and did not change in 6-
OHCHR extracts. This indicates that sulfate conjugates may
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not be readily eliminated like glucuronide conjugates and
instead may be retained within the embryos. However, due to
the lack of available SULT inhibitors, the effects of inhibiting
sulfation could not be assessed. Glucuronides are more
hydrophilic compared to sulfates, which make them more
likely to be eliminated from the body. Schebb et al.*' observed
that in larval Japanese medaka treated with triclocarban,
glucuronide was the major metabolite and was eliminated
more rapidly compared to the sulfate conjugate. However, Van
Wijk et al.”* observed that zebrafish larvae excreted sulfate
conjugates of paracetamol more rapidly compared to
glucuronides. It should be noted, however, that paracetamol
sulfate was the major metabolite and was observed at a 10-fold
higher concentration within the larvae compared to glucur-
onide. In a study with benzo(a)pyrene (BaP), Hornung et al.**
observed little to no elimination of metabolites from Japanese
medaka embryos between 1 and 7 dpf but observed
elimination post-hatch, contrasting our results. However, this
study only quantified a single glucuronide metabolite (BaP-3-
glucuronide) and sulfates were neither targeted for analysis nor
detected, which could indicate that other phase II metabolites
could have been missed. Additionally, since there are few
toxicokinetic studies of PAHs, let alone oxy-PAHs, in fish
embryos, the distribution of different PAHs or oxy-PAHs
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within embryos could vary, which may explain the differences test. Values represent the mean of 30 replicates +SEM.

observed with other studies.
Given the relatively high conversion of 2- and 6-OHCHR to

glucuronides, inhibiting conjugation reactions could potentially showing that this compound was effective as a UGT inhibitor
enhance the toxicity of these compounds. Nilotinib is a potent in Japanese medaka embryos. However, no significant change
UGT1ALl inhibitor, which has been characterized in mamma- in toxicity was observed, suggesting diminished glucuronida-
lian models but not in fish.** 7> Significant reductions in tion of 2- or 6-OHCHR may not have significant influence on
overall glucuronides were observed in embryonic treatments, the regioselective differences in toxicity.
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Figure 7. Theoretical metabolic pathway of hydroxy-polycyclic aromatic hydrocarbons using 2-OHCHR as a model compound: (1) 2-
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1,2-semiquinone radical, (7) 1-hydroxychrysene-2-O-glucuronide, and (8) 1-hydroxychrysene-2-sulfate.

While conjugation may not be an important pathway of
detoxification, sequential oxidation of hydroxy-PAHs to
dihydroxy derivatives, catechols, or quinones has been shown
to enhance the toxicity of phenolic PAHs.'**”*® Exposures to
putative quinone metabolites of 2- and 6-OHCHR did not
result in significant anemia or mortality. Quinone metabolites
were observed following treatment with 6-OHCHR in
Japanese medaka embryos (5,6-CHQ), but quinones were
not detected following treatments with the more toxic 2-
OHCHR. Body burden measurements following 24 h
treatment with both quinones were similar to concentrations
of 2- and 6-OHCHR, indicating uptake occurred with
embryonic concentrations approaching that of 2-OHCHR.
Since similar concentrations of quinones and 2-OHCHR were
observed within embryos, and toxicity was not observed with
quinone treatments, quinone formation may not be a critical
step in the isomeric differences in embryotoxicity. While 1,2-
CHQ was neither detected nor toxic to embryos, other
unidentified quinones may play more of a role. para-Quinones
tend to be more toxic relative to ortho-quinones. Knecht et
al."* observed that while 9,10-anthraquinone was not toxic to
zebrafish embryos, 1,4-anthraquinone was very toxic. However,
the same study also observed similar levels of toxicity between
ortho and para-quinones of phenanthrene and naphthalene,
which suggests that the trend may be PAH-specific. para-
Quinones also tend to be more stable than ortho-quinones,
which may contribute to greater half-lives for para-quinones,
allowing higher concentrations for potential redox cycling and
the generation of ROS. Since several unknown metabolites
were present in chromatograms from embryos treated with 2-
OHCHR, further analyses were performed to generate para-
metabolites of chrysene, such as the 2,8-dihydroxy metabolite.
However, formation of this metabolite was not observed in
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embryos. Thus, additional spectroscopic analyses may be
necessary to determine if other compounds may be more
important.

One metabolite that was identified in 2-OHCHR treatments
that correlated with the anemic phenotype and mortality was
1,2-CAT, a catechol of chrysene. Catechols are commonly
formed via oxygenation of phenolic metabolites catalyzed by
CYP."* To determine if CYP played a role in 2-OHCHR
toxicity, embryos were pretreated with ketoconazole, a broad-
spectrum CYP inhibitor, prior to 2-OHCHR exposure.
Formation of 1,2-CAT was significantly reduced with the
CYP inhibitor and pretreatment provided significant protec-
tion from both 2-OHCHR-induced anemia and mortality.
Previous in vitro studies also indicated that 2-OHCHR has a
four-fold higher affinity to aryl hydrocarbon receptors
compared to 6-OHCHR,*** suggesting 2-OHCHR may
induce CYP1 orthologues at a greater rate than 6-OHCHR.
Treatment of embryos with 2-OHCHR induced the CYP1
enzyme EROD activity and pretreatment with ketoconazole
significantly diminished EROD activity (Figure 6), suggesting
CYP1 may be involved in CAT formation and toxicity.
Ketoconazole has also been shown to inhibit CYP1 and CYP3
catalytic activities in rainbow trout, Atlantic cod, and
killifish. "+

A hypothetical mechanism of action may involve oxidation
of 1,2-CAT to a semiquinone radical, which may elicit
oxidative stress (Figure 7). This has been observed in other
studies with catechols of benzene, naphthalene, and benzo(a)-
pyrene where semiquinone radical formation from catechols
resulted in toxicity by binding to macromolecules or through
redox cycling.**™* Further studies are needed to determine
the mechanistic relevance of oxidative stress and its relation-
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ship to the anemic phenotype and/or mortality associated with
2-OHCHR.

In summary, metabolism likely plays a significant role in 2-
OHCHR toxicity. While uptake and depuration as a
glucuronide conjugate were significantly higher for 6-
OHCHR than for 2-OHCHR, pretreatments with a UGT
inhibitor did not affect the toxicity of either compound.
However, pretreatments with a CYP inhibitor significantly
reduced the toxicity of 2-OHCHR, indicating that a toxic
metabolite may contribute to its toxicity. A significantly higher
proportion of 2-OHCHR was converted to a catechol
metabolite compared to 6-OHCHR, the formation of which
was significantly reduced following pretreatments with a CYP
inhibitor along with toxicity. These results indicate that 1,2-
CAT may be a toxic metabolite, which plays a role in 2-
OHCHR toxicity in embryonic Japanese medaka.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.2c06774.

Part 1: analysis; mass balance of 2- and 6-OHCHR
(Table S1); percent anemic phenotype in medaka
embryos exposed to 1,2- and 5,6-CHQ (Table S2);
percent mortality in medaka embryos exposed to 1,2-
and 5,6-CHQ_(Table S3); information for chemicals
examined in this study (Table S4); high-resolution mass
spectra (HRMS) of 2-OHCHR (Figure S1); HRMS of
6-OHCHR (Figure S2); HRMS of 5,6-CHQ (Figure
S3); HRMS of 1,2-catechol (Figure S4); body burdens
of 1,2- or 5,6-CHQ_in medaka embryos (Figure SS);
chromatograms of tissue extracts of embryos exposed
from 52 to 76 hpf 2- or 6-OHCHR (Figure S6);
fluorescence chromatograms of sodium borohydride
reductions of 1,2- and 5,6-CHQ_(Figure S7); sodium
borohydride reduction method (Text S1); mass
spectrometric identification (Text S2); Part 2: synthesis
of 1,2-dihydroxychrysene (1,2-catechol); and Part 3:
synthesis of 2,8-dihydroxychrysene (PDF)

B AUTHOR INFORMATION

Corresponding Author

Philip Tanabe — Environmental Toxicology Graduate
Program, University of California, Riverside, California
92521, United States; Department of Environmental Sciences,
University of California, Riverside, California 92521, United
States; Present Address: Hollings Marine Laboratory,
National Oceanic and Atmospheric Administration, 331
Fort Johnson Rd, Charleston, South Carolina 29412,
United States; ® orcid.org/0000-0002-7812-6258;
Email: philip.tanabe@noaa.gov

Authors

Daniela M. Pampanin — Department of Chemistry, Bioscience
and Environmental Engineering, University of Stavanger,
Stavanger 4021, Norway

Hiwot M. Tiruye — Department of Chemistry, Bioscience and
Environmental Engineering, University of Stavanger,
Stavanger 4021, Norway

Kire B. Jorgensen — Department of Chemistry, Bioscience and
Environmental Engineering, University of Stavanger,

546

Stavanger 4021, Norway;
1839

Rachel I. Hammond — Department of Chemistry, University
of Ilinois at Urbana-Champaign, Urbana, Illinois 61801,
United States

Rama S. Gadepalli — Department of Biomolecular Sciences,
The University of Mississippi School of Pharmacy, The
University of Mississippi, University, Mississippi 38677,
United States

John M. Rimoldi — Department of Biomolecular Sciences, The
University of Mississippi School of Pharmacy, The University
of Mississippi, University, Mississippi 38677, United States

Daniel Schlenk — Department of Environmental Sciences,
University of California, Riverside, California 92521, United
States

orcid.org/0000-0003-0662-

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.2c06774

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This research was made possible by a grant from CNAS
graduate research award through USDA/AES RSAP and
CNAS sustainability GSR. Synthesis and analysis of 2,8-
dihydroxychrysene were partially supported by the National
Institute of General Medical Sciences of the National Institutes
of Health under Award No. P30GM122733.

B REFERENCES

(1) Saeed, T.; Ali, L. N.; Al-Bloushi, A.; Al-Hashash, H.; Al-Bahloul,
M.; Al-Khabbaz, A.; Al-Khayat, A. Effect of environmental factors on
photodegradation of polycyclic aromatic hydrocarbons (PAHs) in the
water-soluble fraction of Kuwait crude oil in seawater. Mar. Environ.
Res. 2011, 72, 143—150.

(2) Esbaugh, A. J.; Mager, E. M; Stieglitz, ]. D.; Hoenig, R.; Brown,
T. L,; French, B. L; Linbo, T. L,; Lay, C.; Forth, H.; Scholz, N. L;;
et al. The effects of weathering and chemical dispersion on Deepwater
Horizon crude oil toxicity to mahi-mahi (Coryphaena hippurus) early
life stages. Sci. Total Environ. 2016, 543, 644—651.

(3) Sweet, L. E;; Magnuson, J.; Garner, T. R; Alloy, M. M.; Stieglitz,
J. D.; Benetti, D.; Grosell, M.; Roberts, A. P. Exposure to ultraviolet
radiation late in development increases the toxicity of oil to mahi-
mahi (Coryphaena hippurus) embryos. Environ. Toxicol. Chem. 2017,
36, 1592—1598.

(4) Pham, T.-T.; Proulx, S. PCBs and PAHs in the Montreal Urban
Community (Quebec, Canada) wastewater treatment plant and in the
effluent plume in the St Lawrence River. Water Res. 1997, 31, 1887—
1896.

(5) Mackay, D.; Hickie, B. Mass balance model of source
apportionment, transport and fate of PAHs in Lac Saint Louis,
Quebec. Chemosphere 2000, 41, 681—692.

(6) Gocht, T.; Klemm, O.; Grathwohl, P. Long-term atmospheric
bulk deposition of polycyclic aromatic hydrocarbons (PAHs) in rural
areas of Southern Germany. Atmos. Environ. 2007, 41, 1315—1327.

(7) McKinney, R. A; Pruell, R. J.; Burgess, R. M. Ratio of the
concentration of anthraquinone to anthracene in coastal marine
sediments. Chemosphere 1999, 38, 2415—2430.

(8) Tidwell, L. G.; Allan, S. E.; O’Connell, S. G.; Hobbie, K. A;
Smith, B. W.; Anderson, K. A. PAH and OPAH flux during the
deepwater horizon incident. Environ. Sci. Technol. 2016, 50, 7489—
7497.

(9) Cerniglia, C. E. Biodegradation of polycyclic aromatic hydro-
carbons. Curr. Opin. Biotechnol. 1993, 4, 331—-338.

https://doi.org/10.1021/acs.est.2c06774
Environ. Sci. Technol. 2023, 57, 539—-548


https://pubs.acs.org/doi/10.1021/acs.est.2c06774?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06774/suppl_file/es2c06774_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philip+Tanabe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7812-6258
mailto:philip.tanabe@noaa.gov
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniela+M.+Pampanin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hiwot+M.+Tiruye"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="K%C3%A5re+B.+J%C3%B8rgensen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0662-1839
https://orcid.org/0000-0003-0662-1839
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rachel+I.+Hammond"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rama+S.+Gadepalli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+M.+Rimoldi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Schlenk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c06774?ref=pdf
https://doi.org/10.1016/j.marenvres.2011.07.004
https://doi.org/10.1016/j.marenvres.2011.07.004
https://doi.org/10.1016/j.marenvres.2011.07.004
https://doi.org/10.1016/j.scitotenv.2015.11.068
https://doi.org/10.1016/j.scitotenv.2015.11.068
https://doi.org/10.1016/j.scitotenv.2015.11.068
https://doi.org/10.1002/etc.3687
https://doi.org/10.1002/etc.3687
https://doi.org/10.1002/etc.3687
https://doi.org/10.1016/S0043-1354(97)00025-0
https://doi.org/10.1016/S0043-1354(97)00025-0
https://doi.org/10.1016/S0043-1354(97)00025-0
https://doi.org/10.1016/S0045-6535(99)00486-5
https://doi.org/10.1016/S0045-6535(99)00486-5
https://doi.org/10.1016/S0045-6535(99)00486-5
https://doi.org/10.1016/j.atmosenv.2006.09.036
https://doi.org/10.1016/j.atmosenv.2006.09.036
https://doi.org/10.1016/j.atmosenv.2006.09.036
https://doi.org/10.1016/S0045-6535(98)00435-4
https://doi.org/10.1016/S0045-6535(98)00435-4
https://doi.org/10.1016/S0045-6535(98)00435-4
https://doi.org/10.1021/acs.est.6b02784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b02784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0958-1669(93)90104-5
https://doi.org/10.1016/0958-1669(93)90104-5
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c06774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

(10) Kochany, J.; Maguire, R. Abiotic transformations of polynuclear
aromatic hydrocarbons and polynuclear aromatic nitrogen hetero-
cycles in aquatic environments. Sci. Total Environ. 1994, 144, 17—31.

(11) Cerniglia, C. E. Fungal metabolism of polycyclic aromatic
hydrocarbons: past, present and future applications in bioremediation.
J. Ind. Microbiol. Biotechnol. 1997, 19, 324—333.

(12) Wang, W,; Jariyasopit, N.; Schrlay, J.; Jia, Y.; Tao, S.; Yu, T.-W,;
Dashwood, R. H,; Zhang, W,; Wang, X, Simonich, S. L. M.
Concentration and photochemistry of PAHs, NPAHs, and OPAHs
and toxicity of PM2. S during the Beijing Olympic Games. Environ.
Sci. Technol. 2011, 45, 6887—6895.

(13) Achten, C.; Andersson, J. T. Overview of polycyclic aromatic
compounds (PAC). Polycyclic Aromat. Compd. 2015, 35, 177—186.

(14) Knecht, A. L.; Goodale, B. C.; Truong, L.; Simonich, M. T.;
Swanson, A. J.; Matzke, M. M.; Anderson, K. A.; Waters, K. M,;
Tanguay, R. L. Comparative developmental toxicity of environ-
mentally relevant oxygenated PAHSs. Toxicol. Appl. Pharmacol. 2013,
271, 266—-275.

(15) Elie, M. R.; Choi, J.; Nkrumah-Elie, Y. M.; Gonnerman, G. D.;
Stevens, J. F.; Tanguay, R. L. Metabolomic analysis to define and
compare the effects of PAHs and oxygenated PAHs in developing
zebrafish. Environ. Res. 2015, 140, 502—510.

(16) Andersson, B. E.; Henrysson, T. Accumulation and degradation
of dead-end metabolites during treatment of soil contaminated with
polycyclic aromatic hydrocarbons with five strains of white-rot fungi.
Appl. Microbiol. Biotechnol. 1996, 46, 647—652.

(17) Lundstedt, S.; Haglund, P.; Oberg, L. Degradation and
formation of polycyclic aromatic compounds during bioslurry
treatment of an aged gasworks soil. Environ. Toxicol. Chem. 2003,
22, 1413—1420.

(18) Diamante, G.; do Amaral e Silva Miiller, G.; Menjivar-
Cervantes, N.; Xu, E. G; Volz, D. C,; Bainy, A. C. D.; Schlenk, D.
Developmental toxicity of hydroxylated chrysene metabolites in
zebrafish embryos. Aquat. Toxicol. 2017, 189, 77—86.

(19) Tanabe, P.; Mitchell, C. A.; Cheng, V.; Chen, Q.; Volz, D. C,;
Schlenk, D. Stage-dependent and regioselective toxicity of 2-and 6-
hydroxychrysene during Japanese medaka embryogenesis. Aquat.
Toxicol. 2021, 234, No. 105791.

(20) Andreasen, E. A; Spitsbergen, J. M.; Tanguay, R. L.; Stegeman,
J. J; Heideman, W.; Peterson, R. E. Tissue-specific expression of
AHR2, ARNT2, and CYP1A in zebrafish embryos and larvae: effects
of developmental stage and 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin
exposure. Toxicol. Sci. 2002, 68, 403—419.

(21) Burkina, V.; Zamaratskaia, G.; Sakalli, S.; Giang, P. T.; Zlabek,
V.; Rasmussen, M. K. Tissue-specific expression and activity of
cytochrome P450 1A and 3A in rainbow trout (Oncorhynchus mykiss).
Toxicol. Lett. 2021, 341, 1—-10.

(22) Basit, A,; Fan, P. W.; Khojasteh, S. C.; Murray, B. P.; Smith, B.
J.; Heyward, S.; Prasad, B. Comparison of Tissue Abundance of Non-
Cytochrome P450 Drug-Metabolizing Enzymes by Quantitative
Proteomics between Humans and Laboratory Animal Species. Drug
Metab. Dispos. 2022, 50, 197—-203.

(23) Gant, T. W,; Rao, D. R; Mason, R. P.; Cohen, G. M. Redox
cycling and sulphydryl arylation; their relative importance in the
mechanism of quinone cytotoxicity to isolated hepatocytes. Chem. -
Biol. Interact. 1988, 65, 157—173.

(24) Guaiquil, V. H.; Vera, J. C; Golde, D. W. Mechanism of
vitamin C inhibition of cell death induced by oxidative stress in
glutathione-depleted HL-60 cells. J. Biol. Chem. 2001, 276, 40955—
40961.

(25) Tiruye, H. M.; Jorgensen, K. B. Oxidative synthesis of ortho-
quinones from hydroxy-PAHs by stabilized formulation of 2-
iodoxybenzoic acid (SIBX). Tetrahedron 2022, 129, No. 133144.

(26) Platt, K. L.; Oesch, F. Efficient synthesis of non-K-region trans-
dihydrodiols of polycyclic aromatic hydrocarbons from o-quinones
and catechols. J. Org. Chem. 1983, 48, 265—268.

(27) Hwang, K. J.; O'Neil, J. P.; Katzenellenbogen, J. A. S, 6, 11, 12-
Tetrahydrochrysenes: synthesis of rigid stilbene systems designed to

547

be fluorescent ligands for the estrogen receptor. J. Org. Chem. 1992,
57, 1262—1271.

(28) Johnson, W. S.; Erickson, C. A.; Ackerman, J. 2, 8-Dihydroxy-S,
6, 11, 12-tetrahydrochrysene. J. Am. Chem. Soc. 1952, 74, 2251—2253.

(29) Iwamatsu, T. Stages of normal development in the medaka
Oryzias latipes. Mech. Dev. 2004, 121, 605—618.

(30) Nacci, D.; Coiro, L.; Kuhn, A,; Champlin, D.; Munns, W., Jr;
Specker, J.; Cooper, K. Nondestructive indicator of ethoxyresorufin-
O-deethylase activity in embryonic fish. Environ. Toxicol. Chem. 1998,
17, 2481—-2486.

(31) Schebb, N. H.; Flores, 1; Kurobe, T.; Franze, B.; Ranganathan,
A,; Hammock, B. D.; Teh, S. J. Bioconcentration, metabolism and
excretion of triclocarban in larval Qurt medaka (Oryzias latipes).
Aquat. Toxicol. 2011, 105, 448—454.

(32) Van Wijk, R. C.; Krekels, E. H.; Kantae, V.; Ordas, A.; Kreling,
T.; Harms, A. C.; Hankemeier, T.; Spaink, H. P.; van der Graaf, P. H.
Mechanistic and quantitative understanding of pharmacokinetics in
zebrafish larvae through nanoscale blood sampling and metabolite
modeling of paracetamol. J. Pharmacol. Exp. Ther. 2019, 371, 15—24.

(33) Hornung, M. W.; Cook, P. M.; Fitzsimmons, P. N.; Kuehl, D.
W.; Nichols, J. W. Tissue distribution and metabolism of benzo [a]
pyrene in embryonic and larval medaka (Oryzias latipes). Toxicol. Sci.
2007, 100, 393—405.

(34) Fujita, K.-I; Sugiyama, M.; Akiyama, Y.; Ando, Y.; Sasaki, Y.
The small-molecule tyrosine kinase inhibitor nilotinib is a potent
noncompetitive inhibitor of the SN-38 glucuronidation by human
UGT1AL. Cancer Chemother. Pharmacol. 2011, 67, 237—241.

(35) Liu, Y,; Ramirez, J.; Ratain, M. J. Inhibition of paracetamol
glucuronidation by tyrosine kinase inhibitors. Br. J. Clin. Pharm. 2011,
71, 917-920.

(36) Ai, L; Zhy, L; Yang, L; Ge, G; Cao, Y,; Liu, Y.; Fang, Z;
Zhang, Y. Selectivity for inhibition of nilotinib on the catalytic activity
of human UDP-glucuronosyltransferases. Xenobiotica 2014, 44, 320—
328.

(37) Wislocki, P. G.; Wood, A. W.; Chang, R. L.; Levin, W.; Yagi,
H.; Hernandez, O.; Dansette, P. M.; Jerina, D. M,; Conney, A. H.
Mutagenicity and cytotoxicity of benzo (a) pyrene arene oxides,
phenols, quinones, and dihydrodiols in bacterial and mammalian cells.
Cancer Res. 1976, 36, 3350—3357.

(38) Moorthy, B; Miller, K. P Jiang, W.; Williams, E. S;
Kondraganti, S. R;; Ramos, K. S. Role of cytochrome P4501B1 in
benzo [a] pyrene bioactivation to DNA-binding metabolites in mouse
vascular smooth muscle cells: evidence from 32P-postlabeling for
formation of 3-hydroxybenzo [a] pyrene and benzo [a] pyrene-3, 6-
quinone as major proximate genotoxic intermediates. J. Pharmacol.
Exp. Ther. 2003, 305, 394—401.

(39) Bolton, J. L.; Dunlap, T. Formation and biological targets of
quinones: cytotoxic versus cytoprotective effects. Chem. Res. Toxicol.
2017, 30, 13-37.

(40) Jones, C. A.; Moore, B. P.; Cohen, G. M,; Fry, J. R.; Bridges, J.
W. Studies on the metabolism and excretion of benzo (a) pyrene in
isolated adult rat hepatocytes. Biochem. Pharmacol. 1978, 27, 693—
702.

(41) Moore, B. P.; Cohen, G. M. Metabolism of benzo (a) pyrene
and its major metabolites to ethyl acetatesoluble and water-soluble
metabolites by cultured rodent trachea. Cancer Res. 1978, 38, 3066—
307S.

(42) Carmichael, A. B.; Wong, L. L. Protein engineering of Bacillus
megaterium CYP102: the oxidation of polycyclic aromatic hydro-
carbons. Eur. J. Biochem. 2001, 268, 3117—3125.

(43) Ly, D,; Harvey, R. G; Blair, I. A,; Penning, T. M. Quantitation
of benzo [a] pyrene metabolic profiles in human bronchoalveolar
(H358) cells by stable isotope dilution liquid chromatography—
atmospheric pressure chemical ionization mass spectrometry. Chem.
Res. Toxicol. 2011, 24, 1905—1914.

(44) Villeneuve, D. L.; Khim, J.; Kannan, K; Giesy, J. Relative
potencies of individual polycyclic aromatic hydrocarbons to induce
dioxinlike and estrogenic responses in three cell lines. Environ. Toxicol.
2002, 17, 128—137.

https://doi.org/10.1021/acs.est.2c06774
Environ. Sci. Technol. 2023, 57, 539—-548


https://doi.org/10.1016/0048-9697(94)90424-3
https://doi.org/10.1016/0048-9697(94)90424-3
https://doi.org/10.1016/0048-9697(94)90424-3
https://doi.org/10.1038/sj.jim.2900459
https://doi.org/10.1038/sj.jim.2900459
https://doi.org/10.1021/es201443z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es201443z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/10406638.2014.994071
https://doi.org/10.1080/10406638.2014.994071
https://doi.org/10.1016/j.taap.2013.05.006
https://doi.org/10.1016/j.taap.2013.05.006
https://doi.org/10.1016/j.envres.2015.05.009
https://doi.org/10.1016/j.envres.2015.05.009
https://doi.org/10.1016/j.envres.2015.05.009
https://doi.org/10.1007/s002530050875
https://doi.org/10.1007/s002530050875
https://doi.org/10.1007/s002530050875
https://doi.org/10.1002/etc.5620220701
https://doi.org/10.1002/etc.5620220701
https://doi.org/10.1002/etc.5620220701
https://doi.org/10.1016/j.aquatox.2017.05.013
https://doi.org/10.1016/j.aquatox.2017.05.013
https://doi.org/10.1016/j.aquatox.2021.105791
https://doi.org/10.1016/j.aquatox.2021.105791
https://doi.org/10.1093/toxsci/68.2.403
https://doi.org/10.1093/toxsci/68.2.403
https://doi.org/10.1093/toxsci/68.2.403
https://doi.org/10.1093/toxsci/68.2.403
https://doi.org/10.1016/j.toxlet.2021.01.011
https://doi.org/10.1016/j.toxlet.2021.01.011
https://doi.org/10.1124/dmd.121.000774
https://doi.org/10.1124/dmd.121.000774
https://doi.org/10.1124/dmd.121.000774
https://doi.org/10.1016/0009-2797(88)90052-X
https://doi.org/10.1016/0009-2797(88)90052-X
https://doi.org/10.1016/0009-2797(88)90052-X
https://doi.org/10.1074/jbc.M106878200
https://doi.org/10.1074/jbc.M106878200
https://doi.org/10.1074/jbc.M106878200
https://doi.org/10.1016/j.tet.2022.133144
https://doi.org/10.1016/j.tet.2022.133144
https://doi.org/10.1016/j.tet.2022.133144
https://doi.org/10.1021/jo00150a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00150a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00150a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00030a039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00030a039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00030a039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01129a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01129a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.mod.2004.03.012
https://doi.org/10.1016/j.mod.2004.03.012
https://doi.org/10.1002/etc.5620171214
https://doi.org/10.1002/etc.5620171214
https://doi.org/10.1016/j.aquatox.2011.07.020
https://doi.org/10.1016/j.aquatox.2011.07.020
https://doi.org/10.1124/jpet.119.260299
https://doi.org/10.1124/jpet.119.260299
https://doi.org/10.1124/jpet.119.260299
https://doi.org/10.1093/toxsci/kfm231
https://doi.org/10.1093/toxsci/kfm231
https://doi.org/10.1007/s00280-010-1445-3
https://doi.org/10.1007/s00280-010-1445-3
https://doi.org/10.1007/s00280-010-1445-3
https://doi.org/10.1111/j.1365-2125.2011.03911.x
https://doi.org/10.1111/j.1365-2125.2011.03911.x
https://doi.org/10.3109/00498254.2013.840750
https://doi.org/10.3109/00498254.2013.840750
https://doi.org/10.1124/jpet.102.044271
https://doi.org/10.1124/jpet.102.044271
https://doi.org/10.1124/jpet.102.044271
https://doi.org/10.1124/jpet.102.044271
https://doi.org/10.1124/jpet.102.044271
https://doi.org/10.1021/acs.chemrestox.6b00256?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.6b00256?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0006-2952(78)90506-3
https://doi.org/10.1016/0006-2952(78)90506-3
https://doi.org/10.1046/j.1432-1327.2001.02212.x
https://doi.org/10.1046/j.1432-1327.2001.02212.x
https://doi.org/10.1046/j.1432-1327.2001.02212.x
https://doi.org/10.1021/tx2002614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx2002614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx2002614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx2002614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/tox.10041
https://doi.org/10.1002/tox.10041
https://doi.org/10.1002/tox.10041
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c06774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

(45) Lam, M. M; Biilow, R.; Engwall, M.; Giesy, J. P.; Larsson, M.
Methylated PACs are more potent than their parent compounds: A
study of aryl hydrocarbon receptor—mediated activity, degradability,
and mixture interactions in the H4IIE-luc assay. Environ. Toxicol.
Chem. 2018, 37, 1409—1419.

(46) Hegelund, T.; Ottosson, K; Ridinger, M.; Tomberg, P.;
Celander, M. C. Effects of the antifungal imidazole ketoconazole on
CYP1A and CYP3A in rainbow trout and killifish. Environ. Toxicol.
2004, 23, 1326—1334.

(47) Hasselberg, L.; Grosvik, B. E.; Gokseyr, A.; Celander, M. C.
Interactions between xenoestrogens and ketoconazole on hepatic
CYP1A and CYP3A4, in juvenile Atlantic cod (Gadus morhua). Comp.
Hepatol. 2005, 4, No. 2.

(48) Penning, T. M.; Ohnishi, S. T.; Ohnishi, T.; Harvey, R. G.
Generation of reactive oxygen species during the enzymatic oxidation
of polycyclic aromatic hydrocarbon trans-dihydrodiols catalyzed by
dihydrodiol dehydrogenase. Chem. Res. Toxicol. 1996, 9, 84—92.

(49) Schweigert, N.; Zehnder, A. J.; Eggen, R. I. Chemical properties
of catechols and their molecular modes of toxic action in cells, from
microorganisms to mammals: minireview. Environ. Microbiol. 2001, 3,
81-91.

(50) Bukowska, B.; Kowalska, S. Phenol and catechol induce
prehemolytic and hemolytic changes in human erythrocytes. Toxicol.
Lett. 2004, 152, 73—84.

(51) Goetz, M. E.; Luch, A. Reactive species: a cell damaging rout
assisting to chemical carcinogens. Cancer Lett. 2008, 266, 73—83.

(52) Barreto, G.; Madureira, D.; Capani, F.; Aon-Bertolino, L.;
Saraceno, E.; Alvarez-Giraldez, L. D. The role of catechols and free
radicals in benzene toxicity: An oxidative DNA damage pathway.
Environ. Mol. Mutagen. 2009, 50, 771—780.

548

[0 Recommended by ACS

Good News: Some Insecticides Have Been Virtually
Eliminated in Air near the Great Lakes

Ronald A. Hites and Marta Venier
FEBRUARY 02, 2023

ENVIRONMENTAL SCIENCE & TECHNOLOGY READ &

Real-Time Monitoring of Selenium in Living Cells by
Fluorescence Resonance Energy Transfer-Based Genetically
Encoded Ratiometric Nanosensors

Reshma Bano, Mohammad Suhail Khan, et al.
FEBRUARY 22,2023

ACS OMEGA READ &

3D Imaging of Roadside and Underground Railway
Particulate Matter Structures

David Wertheim, Jonathan Grigg, et al.
JANUARY 03, 2023

ENVIRONMENTAL SCIENCE & TECHNOLOGY LETTERS READ &

Detection of Hepatic Drug Metabolite-Specific T-Cell
Responses Using a Human Hepatocyte, Immune Cell
Coculture System

Serat-E Ali, Dean John Naisbitt, et al.
FEBRUARY 22, 2023

CHEMICAL RESEARCH IN TOXICOLOGY READ &

Get More Suggestions >

https://doi.org/10.1021/acs.est.2c06774
Environ. Sci. Technol. 2023, 57, 539—-548


https://doi.org/10.1002/etc.4087
https://doi.org/10.1002/etc.4087
https://doi.org/10.1002/etc.4087
https://doi.org/10.1897/03-155
https://doi.org/10.1897/03-155
https://doi.org/10.1186/1476-5926-4-2
https://doi.org/10.1186/1476-5926-4-2
https://doi.org/10.1021/tx950055s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx950055s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx950055s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1046/j.1462-2920.2001.00176.x
https://doi.org/10.1046/j.1462-2920.2001.00176.x
https://doi.org/10.1046/j.1462-2920.2001.00176.x
https://doi.org/10.1016/j.toxlet.2004.03.025
https://doi.org/10.1016/j.toxlet.2004.03.025
https://doi.org/10.1016/j.canlet.2008.02.035
https://doi.org/10.1016/j.canlet.2008.02.035
https://doi.org/10.1002/em.20500
https://doi.org/10.1002/em.20500
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c06774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.est.2c08318?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acsomega.2c07809?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
http://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00343?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1678708168&referrer_DOI=10.1021%2Facs.est.2c06774
https://preferences.acs.org/ai_alert?follow=1

