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ABSTRACT: Greater knowledge of biotransformation rates for ionizable :

. . . ) Liver S9
organic compounds (IOCs) in fish is required to properly assess the
bioaccumulation potential of many environmentally relevant contaminants. In 10C
this study, we measured in vitro hepatic clearance rates for 50 IOCs using a L +
pooled batch of liver S9 fractions isolated from rainbow trout (Oncorhynchus co-factors

mykiss). The IOCs included four types of strongly ionized acids (carboxylates,
phenolates, sulfonates, and sulfates), three types of strongly ionized bases
(primary, secondary, tertiary amines), and a pair of quaternary ammonium
compounds (QACs). Included in this test set were several surfactants and a
series of beta-blockers. For linear alkyl chain IOC analogues, biotransforma-
tion enzymes appeared to act directly on the charged terminal group, with the
highest clearance rates for tertiary amines and sulfates and no clearance of
QAGCs. Clearance rates for C;,—IOCs were higher than those for Cg—IOC
analogues. Several analogue series with multiple alkyl chains, branched alkyl
chains, aromatic rings, and nonaromatic rings were evaluated. The likelihood of multiple reaction pathways made it difficult to
relate all differences in clearance to specific molecular features the tested IOCs. Future analysis of primary metabolites in the S9
assay is recommended to further elucidate biotransformation pathways for IOCs in fish.
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B INTRODUCTION

The majority of pharmaceuticals and a substantial percentage of
all industrial chemicals are ionizable organic compounds

contaminants which links the chemical concentration in water
to that in tissues of an exposed organism. A generic BCF
prediction model for IOCs in fish (BIONIC V1.0) has been

(I0Cs).'~ A large proportion of these IOCs are acids with a
logarithmic dissociation constant (pK,) < S or bases with a pK,
> 8. As such, these compounds are predominantly present in
their ionic form in aquatic environments and the tissues of
exposed organisms. The majority of environmental partitioning
and bioaccumulation models have been developed for neutral
compounds and neglect the role of pH on the speciation of
IOCs and the contribution of ionic species in partitioning
processes. Adapting such models to adequately address ionic
species requires empirical data and mechanistic insights into all
relevant partitioning and reactive processes. Although studies
on this topic can be found over the last century,”~ '’ the need to
better understand the behavior of IOCs has recently received
increased attention in the environmental sciences.'' ™'
Combined chemical fate and risk assessment models aim to
derive critical exposure concentrations that result in internal
concentrations causing adverse effects in exposed organ-
isms.””~>* The bioconcentration factor (BCF) is a parameter
used in hazard and risk assessment of environmental
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developed, which incorporates partitioning and permeation
submodels for neutral and corresponding ionic species.”> Like
other BCF models optimized for neutral compounds,”*™* the
BIONIC-BCF model is based on uptake rates from water and
several elimination rates, including those for the processes of
branchial elimination, fecal egestion, growth dilution, and
biotransformation. For hydrophobic compounds, elimination
via biotransformation may result in a measured BCF well below
that predicted on the basis of simple equilibrium partition-
ing.>°™* The significance of biotransformation as an
elimination process for IOCs in fish is less well-known. With
the exception of some pharmaceuticals and surfactants,”* ™’ the
biotransformation of IOCs by fish has rarely been studied.
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Table 1. Strongly Acidic Test Compounds with Dissociation Constants (pK,) and Extrapolated in Vivo Intrinsic Clearance
Rates (CL;,; mL/h/g liver) Determined from in Vitro Parent Depletion Results Using RT-S9*

Carboxylic acids CO, Sulfonic acids SO, Sulfates SO,
1) nonanoic acid  2) tridecanoic acid 3) dodecanoic acid 12) 1-octane- 13) 1-dodecane- 18) octylsulfate 19) dodecylsulfate
C,-CO, C,-CO, C,-CO, sulfonate sulfonate C,-SO, C,,-SO,
C,-SO, C,-SO,
pK, 4.9° pK, 4.8° pK, 5.3° pK, -0.4 pK, -0.4 pK,-1.4 pK, -1.4
CcL,,: - CL,,: 55 cL,.:82 CcL,.:22 CL,,: 562 cL,.: 101 CL,,: 445
\/\/\Mo Ci/Mo o \/\/\/\/S\\O s\(o W\O/ S\\o O/s\\o
4) 4-methyl- 5) 2-methyl- 6) 2-methyl-2-ethyl | 14) C,,-2-LAS 15) C,,-5-LAS
octanoic acid octanoic acid octanoic acid
pK, 5.2 pK, 5.2 pK, 5.2 pK, -1.7 pK -1.7
CL,: - CL,,: - cL,: 67 CL,,,, - L,.: 136

WY\/CQO \/\/\/\(io \/\/\ng

Phenolic acids ArO

7) 4-phenyl- 8) 4-t-butyl  9) 3(4-t-butylphenyl)-2- 17) docusate 20) pentachloro- 21) 2,3,4,6-tetra-
butyric acid benzoic acid methyl-propanoic acid phenol chlorophenol
pK, 4.8° pK, 4.4° pK 4. 4"’ pK,-0.8 pK, 4.7° pK, 5.2°
CLInt CLlnr & mt CLmt 81 CL,,,,: = CLmt 102

o) v o
0=5=0°
I cl cl Cl
© Cl cl
10) dehydroabietic acid 11) isopimaric acid 17) 2-naphthalenesulfonate 22) dinoseb
pK, 5.3° pK, 5.3° pK,-1.8 pK, 4. 6a
CcL,:322 _ CcL,,: 281 - CcL,,:- (o CcL,:7
0\\ /O- O,N
°
NO,

“Gray marked IOC structures did not show significant clearance in the RT-S9 assay; all other IOCs showed significant clearance. pK, values are
experimental values (noted with an “a”) or estimated with ChemAxon.

On the basis of in vivo testing data with fish, quantitative

. . 47
biotransformation enzymes.

Although S9 fractions have been

structure—activity relationships (QSARs) have been con-
structed for predicting in vivo biotransformation rate constants
(ky) for organic contaminants in fish.**™*' The experimental
data set underlying the development of these ky—QSARs
represents over 600 chemicals, covering a diverse array of
structures.”” However, only 10 of these chemicals are
substantially ionized at physiological pH values (>95% ionic
at pH 7.4): three bases and seven acids (Section S1, Table S1).
A factor complicating the inclusion of more in vivo fish ky
estimates for IOCs relates to the uncertainty in calculating the
other uptake and elimination rates. In vitro hepatic clearance
assays may provide opportunities to address these uncertainties,
because the chemicals are brought in direct contact with
enzymes present in fish liver. With adequate in vitro—in vivo
extrapolation (IVIVE) modeling,*” in vitro-based ky estimates
may serve as conservative inputs to BCF models. Moreover,
such data could be used as a training set for further
development of ky—QSARs, expanding their current chemical
applicability domain.”>*

Clearance rates are likely to differ among fish species and
tissues”* and may depend on pre-exposure to other xenobiotics
that induce or inhibit specific biotransformation pathways.*>*°
For QSAR development, biotransformation rate data from in
vitro assays should be consistent and conservative to capture
baseline activity. Liver S9 fractions provide a “complete”
metabolizing system, which contains both phase I and phase II

used to characterize biotransformation rates in several fish
species, the rainbow trout (Oncorhynchus mykiss) has become a
valuable model species, due to the existence of highly
standardized assay procedures,*™® as well as important IVIVE
parameter estimates.”” Rainbow trout S9 fractions (RT-S9)
were used to study 12 pharmaceuticals that display extensive
hepatic metabolism and CYP-isoform selectivity in humans."’
Eight of these drugs were >90% ionized at the pH of trout
plasma (7.8). Of these, significant clearance was measured only
for diclofenac (acid, pK, = 4) and propranolol (base, pK, =
9.5). On the basis of these results, the metabolic stability of
many pharmaceuticals appears to be greater in fish than might
be expected on the basis of human clearance data.

The goal of the present study was to measure in vitro fish
hepatic clearance rates for 50 IOCs representing the most
common types of monoprotic acids and bases. By testing
several series of structural analogues, we investigated which
basic structural features common to IOCs may determine or
influence their metabolic stability in fish. Empirical BCF data
are available for 20 of the selected IOCs.”® The remaining 30
IOCs were selected to populate the series of structural
analogues. Included in the entire test set were a number of
hydrocarbon-based amines (C,H,N*) and a variety of hydro-
carbon-based anions (C,H,A”). Clearance rates were deter-
mined with the RT-S9 assay by measuring rates of parent
chemical depletion. In recent years, the “substrate depletion”
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Table 2. Strongly Basic Test Compounds with Dissociation Constants (pK,) and Extrapolated in Vivo Intrinsic Clearance Rates
(CLy,s mL/h/g liver) Determined from in Vitro Parent Depletion Results Using RT-S9*

Primary amines (1°)

Secondary amines (2°)

Tertiary amines (3°)

23) octylamine  24) dodecylamine 30) N-methyl- 31) N-methyl- 32) N-methyl- 42) N,N-dimethyl-  43) N,N-dimethyl-
Cy-NH,' C,-NH," octylamine dodecylamine decylamine octylamine dodecylamine
Ca'N(C)Hz* C12'N(C)H2* Cw'N(C)Hz CB'N(C)ZH C12'N(C)2H+
pK, 10.6° pK, 10.6° pK, 10.5 pK 10.6° pK,10.5 pK, 9.8 pK, 9.8
CL,,:- cL,.:37 CL,.:- :162 CL,.:NA CL,.:184 CL,:472

+ +
oAAANNH; NH,

C/\/\/w Q\/\/» PPN C/\/\/»W

25) decylamine  26) 4-phenylbutyl-|  33) dibenzylamine 34) dicyclo- 35) dihexylamine | 44) N,N-dimethyl- 45) N,N-dimgthyl-
C,~NH," amine hexylamine decylamine benzylamine
a a Cm'N(C)2H
pK, 10.6 pK, 10.4 pK, 9.1 pK, 11.1 pK, 10.7 DK, 9.8 0K 8.9
CL,: - CL,: - cL,: 110 CL,: 58 k/iLA 172 CL,,: 495 CL,: -
+ [ ] + * o+ | +
N N N (/\/\/\/NH ©\/NH
(/\/\/\/NHB Q/\/\NH @\/H}/@ H2 H2 N
27) 2-methyl ~ 28) amantadine | 36) diphenyl- 37) propranolol 38) alprenolol 46) tributylamine ~ 47) spiroxamine
benzylamine guanidine
pK, 9.5 pK, 10.7 pK, 10.1° pK, 9.4° pK, 9.7° pK, 10.9° pK, 9.3
CL,:- CL,,,,'-+ cL,:118 CL it s 137 CL,: 157

NH,

o 0

:162 CL,,: 54 K/C\L

Ky oA
@Lh)@ v QU

O

29) tert-octylamine 39) acebutolol 40) timolol 41) nadolol Quaternary ammonium (4°) 48) fenpropidin
1al
pK, 10.6 pK, 5.3° pK, -1.8 pK, 9.7 prop
G CL,.: 281 cL,,:- y Clu- 49) trimethyl- 50) trimethyl- pK, 10.1°

octylammonium dodecylammonium

\+

|
\/\/\/\/N\/ N

o . (© cL,: 92
NH5 O H\( %ﬂ/hr Cs'N(C); C12'N(C'):-x+ H
© N 5o 5o
><>< /\)?\N/CI,O( 2 h\‘s)‘ HZ\I/ \/\/H\l/ CL’M. |+ Ci/c\l-m/‘\/ ><©/Y\'\©

7

“Gray marked IOC structures did not show significant clearance in the RT-S9 assay; all other IOCs showed significant clearance. pK, values are
experimental values (noted with an “a”) or estimated with ChemAxon. $N-Methyldecylamine (#32) was not tested as the parent compound, but it
was identified as the most likely 1° metabolite of N,N-dimethyldecylamine (Figure 2). NA, not applicable.

approach has gained increasing popularity over the “product
formation” approach, as it accounts for all reaction pathways
and does not require knowledge of chemical products and their
analysis.”>* 73

B MATERIALS AND METHODS

Brief Outline of the RT-S9 Assay. A detailed description
of the RT-S9 assay is provided elsewhere.*® Specific test
conditions are presented in Section S2. The concentration of
parent compound spiked into the active S9 matrix was followed
over time with duplicates, and each reaction was stopped by the
addition of ice-cold acetonitrile. Samples containing heat
denatured S9 material were included as a control to account
for possible nonenzymatic losses. The main modification of the
standard S9 protocol was that for most IOCs we first
performed a screening assay with duplicate samples taken at
three time points over a 1 or 2 h incubation period. This
approach allowed for the testing of three compounds using one
sample of active RT-S9, along with a reference base
(propranolol) to verify activity. If the depletion curve
determined in these experiments did not exhibit a positive
slope significantly different from 0, no further tests were
performed, saving resources and S9 samples. For chemicals
exhibiting significant clearance, additional assays were per-
formed with six time points in studies lasting up to 2 h.

I0Cs, Cofactors, and RT-S9 Material. Structures of the 50
IOCs tested are shown in Tables 1 and 2, along with
dissociation constants. CAS numbers, suppliers, and purities are
presented in Section S3, Table S3. The S9 assays were
performed in 100 mM potassium phosphate-buffered saline
(PPBS), adjusted to pH 7.8. Stock solutions of the IOCs were
prepared as 10 mg/mL in a 20/80 mixture of acetone/PPBS.
The nominal starting concentration of each test compound was
0.5 uM. Alamethicin (Sigma-Aldrich, Zwijndrecht, The Nether-
lands) was added from a methanol stock to support uridine 5'-
diphospho-glucuronosyltransferase (UGT) activity.”* The
cofactors nicotinamide adenine dinucleotide 2’-phosphate
(NADPH, Sigma-Aldrich), uridine $’-diphosphoglucuronic
acid (UDPGA, Sigma-Aldrich), L-glutathione (GSH, Sigma-
Aldrich), and 3'-phosphoadenosine-S’-phosphosulfate (PAPS,
Sigma-Aldrich) were added as recommended.”® All of the IOCs
were tested using a single batch of pooled trout liver S9
fractions (active and denatured), prepared by the US EPA in
Duluth, MN. The batches had been shipped on dry ice to the
testing facilities at Utrecht University. The pooled sample was a
composite of material from S juvenile males, weighing 453 + 50
g. Characterization data for this pooled sample is provided in
Section S2. Measured levels of ethoxyresorufin-O-deethylase
(EROD), UGT, and glutathione-S-transferase (GST) activity
were similar to those reported for other RT-S9 batches
originating from the same laboratory.””** Protein concentration
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was determined using Peterson’s modification of the micro
Lowry assay (Sigma technical bulletin TP0300; Sigma-Aldrich).
The S9 suspensions were stored at —80 °C and thawed on ice
before use.

Analysis. IOC concentrations in all extracts were quantified
with a PerkinElmer liquid chromatography system, coupled to a
triple quadrupole/linear ion trap mass spectrometer (API 3000
LC-MS/MS, AB Sciex). Analytical details are presented in
Section S2. Subsequently, log,,-transformed concentrations
(uM) of the parent chemicals were plotted as a function of time
(min). The linear portions of the resulting curves, generally
encompassing most of the data, were fitted with a linear
regression. A first-order depletion rate constant (k,; h™') was
calculated by multiplying the fitted slope term by —2.3 (ie.,
—In(10)) and then by 60 (to convert from min to h). The in
vitro intrinsic clearance rate (CLintysg,heP,' mL/h/mg S9 protein)
was calculated by dividing k, by the S9 protein concentration in
the assay. The CLj;go.1,ep Was then multiplied by a scaling factor
(163 mg S9 protein/g liver) determined previously for
O. mykiss” to estimate an in vivo intrinsic clearance value for
liver tissue (CL, mL/h/g liver).

int,in vivo-hep’

B RESULTS AND DISCUSSION

General Performance of the RT-S9 Assay. For all tested
10Cs, a constant concentration close to the nominal value was
measured in heat-inactivated controls (see raw data plots in
Section S5), indicating that there were no significant non-
enzymatic loss processes and that the recoveries of the
acetonitrile extraction procedure were good. The data
generated by repeated use of the reference base propranolol
showed that there was no loss of RT-S9 activity in stored
samples over time and that assays performed using a single
batch of RT-S9 can be conducted with a high degree of
consistency (Section S4, Figure S1). Figure S2 shows the close
correspondence between clearance data obtained in screening
experiments and full time-course studies for 12 of the tested
IOCs. Out of the 50 compounds tested, no depletion was
observed in the screening series for 22 IOCs. The assays for
these chemicals were run for 100 min, except for 2-
naphthalenesulfonate, octylamine, N-methyloctylamine, N,N-
dimethyloctylamine, and trimethyloctylammonium bromide,
which were incubated for 60 min. Incubation for longer than 2
h was not pursued, because the activity of the S9 system has
been shown to decline over time.**

The ability to detect significant depletion in the S9 assay
depends on the reproducibility of the replicates, the total
number of time points, and the trend (i.e., fitted slope) over the
course of an experiment for both active samples and negative
controls. For example, the slope of the linear depletion curve
for the quaternary ammonium compound (QAC) trimethyldo-
decylammonium bromide (IOC #50) was not significantly
different from 0 (p = 0.054), although the average
concentration in active S9 samples at the last time point was
0.14 log units lower than that in heat inactivated controls. In
another experiment, the slope of the depletion curve for 1-
octanesulfonate (#12) was significantly different from 0 (p =
0.003) and the average concentration at the last time point was
0.1 log units lower than the average initial concentration, but
the slope of the curve was not significantly different from that
for the heat-inactivated controls.

The average absolute difference between duplicate values
from all experiments was 11 + 9% and did not exceed 20% (see
discussion Section S5, Table S4). Differences between

replicates may be caused by variability of the analytical results,
heterogeneity of the S9 samples, or experimental variability
(e.g, pipetting reproducibility). Simulated depletion curves
indicate that, if duplicate values at all 6 time points differ by less
than 15%, a decrease in signal of 0.1 log units (down to 80% of
the starting concentration) over 100 min is required to achieve
a significant difference in slope between active samples and
inactive controls (assuming no loss of chemical from controls; p
< 0.02) (Section S4, Figure S3). This “lower limit boundary” is
case-specific but, in the simulated example, would result in a
slope of —0.001 min~', a k, of 0.14 h™', and a CLy,;, vivo-hep OF
22.5 mL/h/g liver. As shown in Table 1, clearance rates
determined for amantadine (#28) and 1-octanesulfonate (#12)
were significant but are near this lower limit. These
CLingin vivo-hep Values are therefore considered less certain.

I0Cs with Significant RT-S9 Clearance. Out of the S0
compounds tested, 28 showed significant (p < 0.05) depletion.
For most I0Cs, the reaction followed first order kinetics, as
illustrated by the reference base propranolol (Figure S1) and
the many examples in Figure 1. In contrast, for some I0Cs,
rapid depletion was observed initially, which then slowed after
the first hour (e.g, some C;,—IOCs in Figure 1 and others in
Section SS). The cause of this apparent second order behavior
probably relates to loss of enzymatic activity, for which possible
explanations include depletion of required cofactors and
product inhibition. For the chemicals concerned, we fitted
parent depletion curves to data from the first hour of the
incubation, in order to be able to report first order depletion.
The resulting data are listed in Table S4. CLiyin vivohep Values
are listed in Table 1 for acids and Table 2 for bases.

RT-S9 Clearance for I0Cs with a Single Hydrocarbon
Chain. The different IOCs with octyl-chains (C,) and dodecyl-
chains (C,,) provided a particularly good opportunity to study
the influence of molecular structure on the clearance capacity of
RT-S9 (see Figure 1AB). For the set of seven Cg—IOCs,
clearance by RT-S9 was significant only for the tertiary (3°)
amine C4—N(C),H" (#42) and sulfate C4—SO,” (#18)
compounds. The fact that five Cg—IOCs were not cleared by
RT-S9 suggests that the linear octyl chain is not a target for
biotransformation. Instead, the in vitro clearance of Cg—
N(C),H" (184 mL/h/g liver) and Cg—SO,” (101 mL/h/g
liver) was probably caused by enzymes that are specific for
these charged functional groups.

In contrast to the Cg—IOC:s, significant clearance rates were
observed for all C;,—IOCs, with the exception of the QAC
trimethyldodecylammonium bromide (#50). The absence of
clearance for this QAC again suggests the absence of enzymatic
activity directed toward the alkyl chain. Clearance rates for the
3° amine C;,—N(C),H" (#43), the sulfonate C;,—SO;~ (#13),
and the sulfate C,—SO,~ (#19) were maximal during the first
hour but declined thereafter. The initial CL;y¢jn yivo-hep values for
these compounds were 472, 455, and 562 mL/h/g liver,
respectively. The 2° amine C,,—N(C)H," (#31) exhibited
log—linear depletion during the full 100 min incubation period
(162 mL/h/g liver). Intrinsic clearance rates for the 1° amine
C;,—NH;* (#24) and carboxylic acid C;,—CO,” (#2) were
significant (37 and 82 mL/h/g liver, respectively) but about a
factor of 10 lower than those for the three most rapidly cleared
C,,—10Cs.

We did not test IOCs with alkyl chains longer than C,,, but
other IOCs with intermediate linear alkyl chain lengths
included decylamine (#25, C,,—NH;*), N,N-dimethyldecyl-
amine (#44, C,,—N(C),H"), and dodecanoic acid (#3, C,,—
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Figure 1. Rainbow trout S9 depletion data and fitted curves for: (A)
octylchain-based 10Cs; (B) dodecylchain-based I0Cs; (C) hydro-
carbon-based (C,H,N*) 2° amines; (D) hydrocarbon-based (C,H,N*)
3° amines; (E) hydrocarbon-based anions (C,H,A”), all carboxylic
acids; (F) various sulfonates. Duplicate averages are shown; full
duplicate data are in Section SS. A red X indicates compounds that
were not significantly cleared. A green checkmark indicates
compounds that exhibited significant clearance.

CO,"). As shown in Table 2, the 1° amine C,,—NH;" was not
cleared, whereas C;,—NH;* showed minimal clearance. The
CLiptin vivohep Of the 3° amine C,,—N(C),H* (495 mL/h/g
liver) was three times faster than that of Cg—N(C),H" (#42)
and essentially identical to that of C;,—N(C),H" (#43). Lower
clearance rates were observed for both C;;,—CO,~ (#3, 82 mL/

h/g liver) and C,,—CO,~ (#2, 55 mL/h/g liver). Collectively,
these results suggest that both alkyl chain length and the type of
ionizable group can impact metabolic clearance rates.
Although most of the experiments performed in this study
were conducted using a substrate depletion approach, for the
rapidly cleared 3° amine (#44, C,,—N(C),H"), we attempted
to measure production of the putative metabolite C,y—
N(C)H,* (#32) in order to verify the most likely
biotransformation pathway. For many 3° amine drugs, N-
dealkylation results in production of a 2° amine analogue.
These 2° amines can then be biotransformed to 1° amines.>> >
Although we could only identify the metabolite C;,—N(C)H,"
by the assumed m/z fragment of 172.4 and did not include
calibration standards, Figure 2 shows that a strong and
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Figure 2. Depletion of the 3° amine C,,—N(C),H" and appearance of
the 2° amine metabolite C;,—N(C)H," in the RT-S9 assay.

increasing metabolite signal was observed during the clearance
of C,c—N(C),H". This indicates that N-dealkylation is a major
transformation process in rainbow trout. Minor traces of
apparent C,;,—N(C)H," were also observed in the assay with
heat-inactivated RT-S9 suggesting that C,,—N(C)H," was
present at low concentrations as an impurity in the original
C1o—N(C),H" standard. It is likely that other metabolites were
formed in the reaction, but optimizing the identification of
other metabolites was outside the scope of this study. Future
testing of other 2° and 3°amines in the RT-S9 assay could
readily incorporate a scan for logical dealkylation products in
the LC-MS analysis, confirming the relevance of this
biotransformation pathway. However, a lack of standards may
still hamper adequate quantification. For structurally complex
bases, the larger number of potential phase I and phase II
reaction products results in additional analytical challenges,
though these could be minimized for pharmaceuticals by
collation of biotransformation information for other tested
species.59

RT-S9 Clearance for Branched C,H,N" 10Cs. Whereas
the C3—IOCs and C,—IOCs contain single linear alkyl chains,
our test chemical set also included compounds with multiple
alkyl chains, branched alkyl chains, aromatic rings, and
nonaromatic rings. Figure 1C,D shows depletion curves for
different 2° amines and a selection of 3° amines, respectively.
Three of the 2° amines have two identical hydrocarbon side
chains on the charged nitrogen moiety: dihexylamine, dibenzyl-
amine, and dicyclohexylamine. Dihexylamine (#35,
CLintin vivohep 172 mL/h/g liver) was cleared at a similar rate
as N-methyldodecylamine (#31, 162 mL/h/g liver), which
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contains one additional CH, unit. Assuming that the same
enzyme in the S9 fraction is transforming these two 2 °C,H N*
amines and that this biotransformation is directed toward the
amine group, it appears that the position of the charged
nitrogen in both molecular structures is equally accessible.
Sorption of the cationic N-methyldodecylamine to phospholi-
pids is approximately one-hundred times stronger than that of
cationic dihexylamine,”’ suggesting that this “indicator of
hydrophobicity” does not correlate with substrate affinity for
the enzyme responsible for amine metabolism. Compared to
dihexylamine, the intrinsic clearance rates of dibenzylamine
(#33) and dicyclohexylamine (#34) were a factor of 1.5 and 3
lower (Table 1; 110 and 58 mL/h/g liver, respectively). The
more structurally complex the IOC becomes, the more difficult
it is to speculate on the molecular basis for differences in
biotransformation rate. The nonaromatic cyclohexyl side
groups of dicyclohexylamine may confer lower hydrophobicity
to the molecule than the hexyl chains of dihexylamine®® and
could therefore result in lower affinity for the active site of the
enzyme; however, steric effects are also possible. For dibenzyl-
amine, it is unlikely that the benzyl groups are targets for
biotransformation, since several of the IOCs that were not
significantly cleared also contain phenyl rings, such as the 3°
amine N,N-dimethylbenzylamine (#4S) and the sulfonate
surfactant C,-2-LAS (#14).

The 3° amine tributylamine (#46) has only one CH, unit
less than the 3° amine C;,—N(C),H" (#43), but the
CLingin vivohep (137 mL/h/g liver) was lower than that of
C;,—N(C),H" (472 mL/h/g liver) and Cg—N(C),H" (#42,
184 mL/h/g liver). This result clearly contrasts with that of the
2° amine pair of dihexylamine (#35) and C,,—N(C)H," (#31)
and suggests that the presence of all butyl chains on the
charged nitrogen results in a lower biotransformation rate than
that observed for N,N-dimethyl(C,H,)amine compounds.
Fenpropidin (#48) contains an ionizable nitrogen atom as
part of a nonaromatic ring and is metabolized at a relatively low
(92 mL/h/g liver), yet measurable, rate. The tert-butylphenyl-2-
methylpropanoic side group of fenpropidin is also present in
the carboxylic acid 3-(4-tert-butylphenyl)-2-methylpropanoic
acid (#9), which did not exhibit measurable biotransformation.
This finding indicates that there are no significant enzymatic
reactions directed toward this branched side chain and suggests
instead that fenpropidin is transformed mainly at the (charged)
piperidine ring.

RT-S9 Clearance for Branched CMH,A~ 10Cs. Three
carboxylic acids with a branched group next to the charged
C(0O)O™ unit were not biotransformed by RT-S9:2-methyl-
octanoic acid (#5), 4-tert-butylbenzoic acid (# 8), and 3-(4-tert-
butylphenyl)-2-methyl-propanoic acid (#9) (Table 1). Interest-
ingly, 2-ethyl-2-methyl-octanoic acid (#6) exhibited a clear
depletion curve (Figure 1E). This suggests that steric hindrance
was not the reason for the absence of enzymatic conversion of
the three above-mentioned carboxylic acids. The two resin
acids dehydroabietic acid (#10) and isopimaric acid (#11) were
cleared four times faster (322 and 281 mL/h/g liver,
respectively) than the linear chain carboxylic acid C;,—CO,~
(82 mL/h/g liver). It is not clear, however, whether this activity
was directed toward the carboxylate unit (as is most likely for
C,—CO,") or the polycyclic structure. C;,-2-LAS (#14) was
not cleared, while the isomer C;,-S-LAS (#15) showed an
intermediate CLiyjp vivo-hep Of 136 mL/h/g liver (Figure 1F).
This finding contrasts with the rapid clearance of the linear
C,—SO;™ and suggests that reactions involving the sulfonate

group strongly depend on surrounding molecular features. The
higher activity for the inner LAS isomer C,,-5-LAS is also
inconsistent with the lower clearance rates observed for
centrally charged dihexylamine compared to terminally charged
C;,—N(C)H,", indicating that structural trends observed for
one IOC type do not necessarily apply to another.

RT-S9 Clearance for 10Cs with Multiple Functional
Groups. Results obtained for the series of hydrocarbon-based
cations (CxHyN+) and anions (CxH),A_) suggest that enzymatic
conversions are largely focused on the charged functional
group. However, several of the IOCs contain additional
structural features (Tables 1 and 2) that may be targets for
enzymatic action. For example, the sulfonate anion docusate
(#16) contains two ester groups that are candidates for
enzymatic cleavage. Docusate, with a centrally positioned
sulfonic group, is cleared by RT-S9, but the clearance rate for
this relatively large and branched anion (81 mL/h/g liver) is
much lower than that for linear C,,—SO;~ (562 mL/h/g liver)
and somewhat lower than that of C,-5-LAS (136 mL/h/g liver,
Figure 1). As for LAS, the surrounding molecular features may
substantially limit reactions involving the sulfonate group. The
hydrophilicity of the structure may also lower its affinity for
enzymes that catalyze this activity. Although the intrinsic
clearance rate is a useful measure for further studies of
docusate, it remains unclear whether the ester groups
contribute to its biotransformation.

A careful identification of primary metabolites would provide
additional insight into the factors that determine relative S9
clearance rates for a specific molecular feature. For example,
depletion data were obtained for a series of five 2° amine beta-
blockers (#37—41: propranolol, alprenolol, acebutolol, timolol,
and nadolol), four of which share a similar structural backbone
with alterations only on the phenyl ring (Table 2). Propranolol
(#37) was cleared at an intermediate rate by RT-S9, but
acebutolol, timolol, and nadolol were not cleared to any
significant extent. The naphthalene structure of propranolol is
readily hydroxylated in the liver of rats and humans.’”®> The
only other beta-blocker that was cleared by RT-S9 was
alprenolol, which has a vinyl side chain. Alprenolol undergoes
N-dealkylation of the isopropyl group in rat liver microsomes,
as well as benzylic and aromatic hydroxylation.”> The primary
metabolites of acebutolol in mammals are diacetolol and
acetolol. These metabolites, which are excreted in urine, result
from enzymatic activity involving the butylamide side chain.
However, neither of these metabolites was produced by rat liver
microsomes, and it was sug(%ested that these reactions largely
occur in nonhepatic tissues.”” In humans, the primary pathway
for metabolism of timolol involves hydroxylation of the
morpholine ring.”* Nadolol undergoes little or no metabolism
in mammals and is excreted unchanged in urine.”> Collectively,
these findings suggest that functional groups in the beta-blocker
backbone structure, including the secondary amine, may not be
major targets for hepatic biotransformation in mammals or fish.
Further complicating an evaluation of relative clearance rates
for analogous, but multifunctional IOCs, is the fact that some
enzymatic processes are enantiomer-specific, as has been
observed previously for the metabolism of propranolol by
RT-$9%° and humans.”> Observed differences in metabolic
clearance of different beta-blockers may also partially relate to
differences in relative hydrophobicity,”> as suggested when
attempting to explain the lower clearance rates for Cg—IOCs
compared to those of C;,—IOCs. This may also explain why
there was no significant clearance of 2-naphthalenesulfonate
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(#17) which, like propranolol, contains a naphthalene side
chain (Figure 1).

Comparisons with Other RT-S9 Studies on 10C
Clearance. The increasing in vitro clearance of IOCs with
increasing alkyl chain length (single linear chain) agrees to
some extent with RT-S9 data and perfused liver clearance rates
measured for a series of increasingly hydrophobic polycyclic
aromatic hydrocarbons (PAHs).”® Connors et al.*” reported a
CLin89-hep ©f 2. 74 mL/h/mg S9 protein for propranolol, which
is 2.8 times faster than the value measured in our study. When
Connors et al.*” extrapolated this value to the intact tissue, they
used a scaling factor (50 mg S9/g liver) that was based on the
microsomal protein content of liver tissue from mammals, while
the scaling factor determined specifically for rainbow trout was
163 mg S9/g liver.” As a result, the CLinjin vivo-hep value (137
mL/h/g liver) reported by Connors et al.*” appears close to
that determined in the present study (162 mL/h g liver) but
was actually a factor of 2.7 higher. Gomez et al.** reported a
CLiysohep for propranolol of ~04 mL/h/mg S9 protein
(corrected in ref 47), which is a factor of 2.5 lower than that
measured in our study. However, Gomez et al.** used higher
starting concentrations of propanolol (10 pM) than those
employed in our study (0.5 uM) and that by Connors et al.*’ In
vitro clearance rates are concentration dependent when
determined at substrate concentrations close to the Michae-
lis—Menten affinity constant for the reaction.”® Tables 1 and 2
list 22 I0Cs for which there was no significant clearance.
Connors et al.*” did not observe any clearance for 6 ionized
pharmaceuticals. In the present study, there was no measurable
depletion of the 2° amine Cg—NH," and only a moderate
clearance for C;,—NH,*. These observations are consistent
with the reported lack of clearance for the 2° amine drugs
methylphenidate and fluoxetine in the RT-S9 system.'” In
contrast, the absence of any measurable clearance for the 3°
amine diphenhydramine®” is surprising, given the relatively fast
clearance observed in the present study for the other 3° amines.

In a previous study with trout hepatocytes, it was reported
that pentachlorophenol undergoes glucuronidation and sulfa-
tion of the hydroxyl unit, depleting 40% of the parent
compound within 2 h.>* We did not observe any clearance of
this compound (#20) in the RT-S9 assay. In contrast, the
phenols dinoseb (#22) and 2,3,4,6-tetrachlorophenol (#21)
exhibited measurable clearance. Pentachlorophenol has a lower
pK, value than 2,3,4,6-tetrachlorophenol (4.7 vs 5.6), which
results in a lower neutral fraction at the tested pH of 7.8. In
either case, however, more than 99% of the test compound was
present as the dissociated phenolate anion. For these and other
tested compounds, it is unclear to what extent the neutral and
ionized forms contributed to observed clearance rates.

Another surprising result was the apparent lack of clearance
for C,-2-LAS (#14). Tolls et al.*> reported that fathead
minnows metabolize C;,-2-LAS, resulting in estimated ky's
ranging from 0.3 to 0.7 d™'.** This in vivo ky accounted for
more than 40% of total elimination in these fish and
significantly decreased the measured BCF.>> On the basis of
the observed metabolites, the initial biotransformation process
for C;,-2-LAS was shown to be w-oxidation of the alkyl-
terminus, followed by a sequence of f-oxidation steps.”® Using
this and other information from fathead minnows,>>®” Arnot et
al.* deduced in vivo biotransformation rate constants (ky) of
0.32 and 0.58 d7! for C;,-2-LAS and C,;,-5-LAS (#15)
(normalized to a 10 g fish at 1S °C), respectively. Thus,
while fathead minnows have been shown to metabolize both

compounds, C,,-5-LAS appears to be cleared more rapidly than
C,-2-LAS. Dyer et al.%® studied the biotransformation of **C
labeled C,-2-LAS using liver homogenates and microsomes
from common carp and rainbow trout, as well as primary carp
hepatocytes and hepatocarcinoma cells from desert topminnow.
The clearance rates determined for subcellular fractions from
carp and trout (roughly equivalent to the S9 fraction) were
0.076 and 0.282 mL/h/mg protein (~12 and ~45 mL/h/g
liver),*® respectively, which are close to the clearance rate
threshold determined here for RT-S9. In the present study, the
absence of any measurable clearance for C;,-2-LAS, combined
with the lack of clearance for several IOCs with linear alkyl
chains (e.g, Cs—NH;*, C4—CO,”, and C4—SO;~), suggests
that w-oxidation does not occur in RT-S9. Alternatively, this
reaction may be occurring, but the rate of activity is below the
detection threshold. This functional limit on the ability of the
RT-S9 assay to detect low enzymatic activity may also explain
the apparent lack of metabolism for pentachlorophenol.

Outlook for the Use of in Vitro RT-S9 Clearance Rates
in Bioaccumulation Assessments for 10Cs. There are
merits and limitations to any method used to estimate
biotransformation rates in fish. Liver S9 fractions may be
prepared for any fish which contains a discrete liver tissue. The
resulting material retains its activity when frozen and is easy to
ship and use. With regard to the RT-S9 assay, scaling factors
developed for trout can be employed to extrapolate measured
rates of activity to the intact animal. The resulting ky; estimates
may be used at a screening level to assess chemicals for their
bioaccumulation potential. Alternatively, this information can
be compared to measured k), values for benchmark chemicals
(neutral or IOCs) for which reliable estimates of in vivo ky; and
steady-state BCF are available.

The current data set is too small to initiate development of a
RT-S9 clearance QSAR. Nevertheless, these data suggest
several trends with respect to biotransformation of IOCs: (i)
within a chemical series, CLn vivo-hep tends to be lower for
smaller and/or more polar compounds; (ii) the contribution of
cationic moieties to CLiyiy vivohep 1S i the order: tertiary amine
> secondary amine > primary amines > quaternary ammonium;
for anionic moieties, it is: sulfate ~ sulfonate > phenolate >
carboxylate; (iii) the molecular structure surrounding the
charged moiety influences CLiin vivo-nep: 2 Deighboring phenyl
ring (alkylbenzenesulfonate surfactants) or a central positioning
of the charged moiety (tributylamine) seems to reduce intrinsic
clearance, while branching does not (carboxylic 2-ethyl-2-
methyl-octanoic acid).

With the addition of carefully selected chemical structures to
the current test set, existing knowledge of chemical
biotransformation in fish can be extended for a number of
functional groups and molecular conformations. The substrate
depletion approach is of high value because it is easy to perform
and takes all transformation processes into account. As such, it
may be used to evaluate a substantial number of chemicals in a
relatively short period of time, thereby providing a means of
prioritizing chemicals for additional study. Follow-up studies
that involve analysis of primary metabolites can then help
elucidate the main biotransformation pathways involved.
Although generating a single hepatic clearance rate QSAR for
rainbow trout based on molecular fragments is a desirable goal,
it may be more feasible to identify compounds that share the
same biotransformation pathway in order to first develop
(Q)SARs or expert guidance rules for the most relevant
biotransformation processes. Given the importance of bio-
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transformation as a mechanism for eliminating hydrophobic
chemicals, the extension of the present data set to include more
hydrophobic structures (e.g, longer alkyl chain lengths) may
help define the relationship(s) between biotransformation rate
and hydrophobicity and clarify the importance of other factors
relating to molecular size and shape. As shown for C,-2-LAS
and pentachlorophenol in this study, the absence of significant
or detectable biotransformation rates in the RT-S9 assay does
not necessarily imply that the test chemical is resistant to
biotransformation or that biotransformation rates are low. The
RT-S9 results should be compared with results from other in
vitro assay systems (i.e., hepatocytes) as well as in vivo data to
better define possible limitations of the S9 method and perhaps
in vitro methods in general. Comparative evaluations of
methods for a broader range of chemicals may also provide
guidance as to which in vitro systems are most appropriate for
certain different chemical classes, functional groups, and
metabolic pathways to help inform the development and
application of integrated (tiered) testing strategies for assessing
bioaccumulation potential.
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