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Abstract

In-vitro biotransformation studies were performed to support the bioaccumulation assessment of 

three hydrophobic organic ultraviolet filters (UVFs), 4-methylbenzylidene camphor (4-MBC), 2-

ethylhexyl-4-methoxycinnamate (EHMC), and octocrylene (OCT). In-vitro depletion rate 

constants (kdep) were determined for each UVF in rainbow trout liver S9 fractions. Incubations 

performed with and without added cofactors showed complete (4-MBC) or partial (EHMC and 

OCT) dependence of kdep on phase I cofactors (NADPH), suggesting that hydrolysis of EHMC 

and OCT by cofactor-independent enzymes (e.g. carboxylesterases) is an important metabolic 

route. The concentration dependence of kdep was evaluated to estimate Michaelis-Menten 

parameters (Km and Vmax) for each UVF. Measured kdep values were then extrapolated to apparent 

whole-body biotransformation rate constants using an in-vitro to in-vivo (IVIVE) extrapolation 

model. Bioconcentration factors (BCF) calculated from kdep measured at concentrations well 

below Km were closer to empirical BCFs than those extrapolated from kdep measured at higher test 

concentrations. Modeled BCFs were also sensitive to in vitro binding assumptions employed in the 

IVIVE model, highlighting the need for further characterization of chemical binding effects on 

hepatic clearance. This study suggests that BCFs of the tested UVFs are expected to be less than 

2000 L kg−1, but consideration of appropriate in-vitro test concentrations and binding correction 

factors are important when using IVIVE methods to refine modeled BCFs.
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INTRODUCTION

The potential for bioaccumulation in fish and other aquatic species is a critical component in 

the assessment of commercial chemicals for their risk to the environment and human health. 

International and national regulations specify criteria for categorizing bioaccumulation 

behavior based on a chemical’s measured bioconcentration factor (BCF), bioaccumulation 

factor (BAF), and/or octanol-water partition coefficient (KOW) (Gobas et al. 2009). For most 

chemicals, BCF or BAF data are unavailable, so computational models are often used to 

estimate a BCF for fish based on a chemical’s measured or estimated KOW (Arnot & Gobas 

2006). However, if a chemical is biotransformed, a BCF calculated based solely on KOW 

may overestimate the true extent of accumulation, thereby mischaracterizing that chemical’s 

bioaccumulation potential (Weisbrod et al. 2009; Nichols et al. 2009). This makes 

biotransformation in fish a key parameter in the bioaccumulation assessment of commercial 

chemicals.

Biotransformation rates in fish can be measured in controlled in vivo experiments (Sijm& 

Opperhuizen 1989; Sijm et al. 1990; Arnot et al. 2008; Lo et al. 2015b; Lo et al. 2016) but 

these approaches are costly and labor-intensive, involving efforts similar to those in BCF 

tests. In addition, such experiments require a large numbers of animals, which is inconsistent 

with the replacement, reduction, and refinement of animal use promoted under REACH 

(Laue et al. 2014). Alternatives to animal testing are needed to provide screening-level 

information that may be used to refine modeled bioaccumulation calculations (Fay et al. 

2016). One approach is to use quantitative structure-activity relationship (QSAR) models to 

estimate biotransformation rates (Arnot et al. 2009). While these models are useful, they are 

limited by access to empirical data (typically measured BCFs) for development and testing. 

Another alternative to in vivo testing is in vitro to in vivo extrapolation (IVIVE), whereby 

chemical biotransformation is measured using an in vitro system derived from liver tissue 

(hepatocytes or subcellular liver preparations) (Han et al. 2007; Cowan-Ellsberry et al. 2008; 

Han et al. 2009; Mingoia et al. 2010; Connors et al. 2013; Lee et al. 2014; Laue et al. 2014; 

Lo et al. 2015a; Nichols et al. 2017). This information is then scaled to the intact animal to 

estimate a whole-body biotransformation rate constant (Han et al. 2007; Cowan-Ellsberry et 

al. 2008; Han et al. 2009; Laue et al. 2014; Trowell et al. 2018). Results to date show that 

BCFs calculated by incorporating measured in vitro biotransformation rates into established 

BCF models are much closer to measured values than are BCFs generated under the 

assumption of no metabolism (Han et al. 2007; Cowan-Ellsberry et al. 2008; Han et al. 2009; 

Laue et al. 2014). Nevertheless, there is a consistent tendency for these methods to 

overestimate BCFs relative to empirical BCF values (Han et al. 2009; Laue et al. 2014). This 

suggests that in vivo rates of biotransformation are systematically underestimated by IVIVE 

methods.

The IVIVE approach assumes that chemical biotransformation occurs predominantly in the 

liver; extrahepatic biotransformation is generally ignored, as are other potential elimination 

pathways such as secretion of parent chemical to bile and urine. The IVIVE approach also 

ignores the possibility that enzyme induction occurs during standardized in vivo exposures. 

With respect to the extrapolation procedure itself, it is assumed that the chemical 

concentration in vivo at the site of biotransformation is well below saturating levels. 
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Application of the method requires, therefore, that in vitro measurements be made under 

non-saturating (i.e. first-order) conditions. Recent work with trout liver S9 fractions has 

shown, however, that substrate concentrations commonly used in earlier studies (typically ≥ 

1 μM) may saturate biotransformation enzymes (Lo et al. 2015a; Nichols et al. 2017). 

Another source of uncertainty in IVIVE methods is the effect of chemical binding on 

calculated hepatic clearance rates. Binding correction factors used to extrapolate in vitro 

data to the intact tissue can have large impacts on estimated biotransformation rates (Nichols 

et al. 2013b; Laue et al. 2014). Errors with respect to the specification of these factors and/or 

violations of the assumptions they represent may explain apparent discrepancies between 

empirical BCFs and BCFs calculated by IVIVE procedures (Nichols et al. 2013a; Laue et al. 

2014).

The primary objective of this study was to investigate the in vitro biotransformation of three 

organic ultraviolet filters (UVFs) in rainbow trout: 4-methylbenzylidene camphor (4-MBC), 

2-ethylhexyl-4-methoxycinnamate (EHMC), and octocrylene (OCT) (Figure 1). 

Measureable concentrations of these UVFs have been reported in surface waters, sediments, 

sewage sludge, and aquatic biota (Nagtegaal et al. 1997; Balmer et al. 2005; Fent et al. 2006; 

Buser et al. 2006; Zenker et al. 2008; Fent et al. 2010; Bachelot et al. 2012; Gago-Ferrero et 

al. 2012; Gago-Ferrero et al. 2013; Picot Groz et al. 2014). Concern regarding the 

bioaccumulation potential of UVFs exists because of their hydrophobicity (log KOW > 4). 

However, measured BCFs (Blüthgen et al. 2014; Li et al. 2016; Sigma-Aldrich 2014; US 

National Library of Medicine 2006), BAFs (Fent et al. 2010), and biota-sediment 

accumulation factors (BSAF) (Gago-Ferrero et al. 2015) for the selected UVFs in fish fall 

well below established bioaccumulation criteria (Table 1), suggesting that fish have the 

capacity to biotransform these chemicals (Gago-Ferrero et al. 2015). Ester groups present on 

EHMC and OCT may provide a target for esterases and/or cytochrome P450 (CYP) 

enzymes. 4-MBC and EHMC are biotransformed by rodents (Völkel et al. 2006; Fennell et 

al. 2017), but there is limited information available on UVF biotransformation in fish.

In vitro depletion rate constants (kdep) were measured for each UVF using trout liver S9 

fractions. The S9 fraction is a “complete” metabolizing system insofar as it contains the full 

complement of microsomal and cytosolic enzymes. Initial experiments were performed in 

the presence and absence of phase I and phase II cofactors as a means of exploring potential 

reaction pathways involved in UVF biotransformation. Additional studies were then 

conducted to evaluate the in vitro concentration dependence of biotransformation, and to 

estimate Michaelis-Menten parameters (Km and Vmax) for each reaction. Finally, a model-

based approach was used to evaluate the effects of the initial substrate (UVF) concentration 

as well as different in vitro and in vivo binding assumptions on BCFs calculated using 

IVIVE methods.

MATERIALS AND METHODS

Chemicals

Acetonitrile and hexane were obtained from Caledon Laboratories. Tricaine 

methanesulfonate (MS 222) was obtained from Syndel. All other chemicals, reagents and 
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cofactors were obtained from Sigma-Aldrich and were reagent-grade or higher in quality 

and at purities > 97%.

Liver S9 preparation and characterization

Rainbow trout (Oncorhynchus mykiss) were obtained from Miracle Springs Hatchery 

(Mission, BC, CAN) and the USGS Upper Midwest Environmental Sciences Center (La 

Crosse, WI, USA). Fish were held in flow-through tanks and were acclimatized for at least 2 

weeks before use. Details on study animals and holding conditions are displayed in Table 

S1.

Fish were euthanized by a 5 min exposure to 0.3 g L−1 MS 222 buffered with 0.3 g L−1 

NaHCO3. Two pools (A and B) of liver S9 fractions were prepared using procedures given 

by Johanning et al. (Johanning et al. 2012). Homogenization buffers and centrifugation 

conditions are summarized in the Supplemental Data (Table S1). Aliquots (0.5 mL) of both 

S9 pools were collected, flash-frozen in liquid nitrogen, and stored at −80 °C until use. The 

protein concentration of Pool A was determined by the Bradford assay (A rapid and 

sensitive method for the quantitation of microgram quantities of protein utilizing the 

principle of protein-dye binding 1976), while that of Pool B was measured by Peterson’s 

modification of the Lowry method (Sigma technical bulletin TP0300; Sigma-Aldrich, St. 

Louis, MO) using bovine serum albumin (Fraction V) as the standard. Previous 

investigations show that these two techniques produce very similar estimates of protein 

content (van den Heuvel et al. 1995). Total lipids were determined in the S9 pools using the 

Bligh and Dyer method (Bligh & Dyer 1959).

Substrate depletion experiments with pyrene, a well-known substrate for CYP1A, were 

performed to assess the activity of liver S9 fractions. In vitro intrinsic clearance rates 

averaged 0.33 ± 0.06 mL h−1 mg−1 S9 protein at 0.78 μM and 0.46 ± 0.1 mL h−1 mg−1 S9 

protein at 0.50 μM for Pools A and B, respectively. Both values are in good agreement with 

previously determined intrinsic clearance rates for pyrene measured using trout liver S9 

fractions (0.36 ± 0.12 mL h−1 mg−1 S9 protein at 1.0 μM) (Lo et al. 2015a).

Effect of cofactors on biotransformation of UVFs

Substrate depletion experiments with 4-MBC, EHMC, and OCT were performed in 4 

different incubation mixtures: (i) Inactivated (heat-treated) S9; (ii) Active S9 incubation with 

no added cofactors; (iii) Active S9 incubation containing 2.0 mM β-NADPH; (iv) Active S9 

incubation containing 2.0 mM β-NADPH, 2.0 mM reduced glutathione (GSH), 0.1 mM 

3’phosphoadenosine 5’-phosphosulfate (PAPs), and 5.0 mM uridine 5’-diphosphoglucuronic 

acid (UDPGA). Incubations performed without added cofactors (test ii) were designed to 

test for biotransformation by cofactor-independent enzymes such as carboxylesterases, while 

those performed in the presence of β-NADPH (test iii) and β-NADPH plus phase II 

cofactors (test iv) were included to evaluate the contribution of CYP and phase II reaction 

pathways, respectively. Three independent incubations, using a multi-tube approach 

(Johanning et al. 2012) were conducted. Each experiment included one replicate of each 

incubation mixture (tests i through iv) to determine a mean in vitro depletion rate constant 

(n=3) for each UVF for the tested set of conditions.
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Stock solutions of 4-MBC, EHMC, and OCT were prepared in acetonitrile with the goal of 

achieving a nominal concentration of 0.5 μM in the incubation medium. Experiments were 

initiated by spiking with 2.4 μL (4-MBC and EHMC) or 5 μL (OCT) of stock solution into 

an incubation mixture containing S9 protein in 0.2 M pH 7.8 potassium phosphate buffer. 

Incubations containing 4-MBC and EHMC were performed at 13 °C using 4.3 mg mL−1 S9 

protein (Pool A) and a final incubation volume of 0.5 mL. Incubations with OCT were 

performed at 11 °C using 1 mg mL−1 S9 protein (Pool B) at a final incubation volume of 1 

mL. The volume of acetonitrile in the incubation mixture was always < 0.5% (v/v). 

Incubations were terminated at regular time intervals (0–90 min) by adding 200 μL ice-cold 

acetonitrile. Internal standard (d12-chrysene; 5 μL of 0.5 μM) was added to each vial and 

mixed using a vortex mixer for 10 s. Then, 1.0 mL of n-hexane was added to the vial and the 

vials were shaken on a vortex mixer for 5 min to extract each UVF and internal standard. 

Following extraction, the vials were centrifuged at 2000 g for 10 min. The hexane 

supernatant was transferred to a clean 2 mL amber glass vial (Agilent) for gas 

chromatography/mass spectrometry (GC/MS) analysis.

First-order depletion rate constants (kdep; min−1) for each UVF were determined as the slope 

of the relationship between the natural logarithm of measured concentrations and incubation 

time (t):

LnCt = LnC0 − k dep × t (1)

where C0 and Ct are the concentrations of UVF (μM) at time 0 and time t (min).

Mean kdep values derived for each UVF using the 4 different incubation mixtures were 

evaluated by ANOVA and Tukey’s HSD test. If significant UVF depletion was observed in 

active S9 fractions without added cofactors, subsequent incubations were performed to 

evaluate the in vitro concentration dependence of these reactions with and without cofactors. 

If the inclusion of the phase II cofactors had no impact on the rate of UVF depletion, then 

phase II cofactors were omitted from future incubations with added NADPH. All statistical 

analyses were performed in JMP 10. A p-value < 0.05 was considered statistically 

significant.

Effect of concentration on biotransformation of UVFs

Triplicate incubations were performed for 4-MBC, EHMC, and OCT at 7 or 8 initial 

concentrations ranging from 0.05 to 12.5 μM. All initial concentrations were well below the 

estimated solubility of each UVF in the incubation media (Table S2). Independent heat-

treated controls were run simultaneously at each concentration. Preliminary experiments 

were performed to develop sampling protocols for each tested concentration, resulting in 

sampling schedules that differed somewhat across chemicals and tests.

Depletion rate constants determined for replicate incubations were averaged to calculate a 

mean kdep for each initial substrate (UVF) concentration (C0). These mean values were then 

fitted by weighted nonlinear regression to a re-written form of the Michaelis–Menten 

equation (Obach & Reed-Hagen 2002; Nath & Atkins 2006):
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kdep = k dep , C 0 × 1 −
c0

C0 + Km

(2)

where (k
dep,C 0

) (min−1) is the in vitro depletion rate constant at an infinitesimally low 

substrate concentration and Km is the Michaelis-Menten affinity constant (μM) for the 

reaction. The fitted equation for each UVF was used to obtain estimates of k
dep,C 0

 and Km 

(JMP 10). The in vitro intrinsic clearance rate (CLin vitro, int; mL h−1 mg protein−1), which 

represents enzyme activity under true first-order conditions, was estimated by dividing 

k
dep,C 0

 by the measured protein concentration in the incubation media. The maximum 

reaction velocity (Vmax; pmol min−1 mg protein−1) was then obtained as the product of 

CLin vitro, int and Km (Nath & Atkins 2006). Importantly, the derived parameters Km, Vmax, 

and CLin vitro, int reflect the net result of all metabolic pathways operating on the chemical of 

interest.

GC/MS analysis

Analysis of each UVF and d12-chrysene was performed using an Agilent 6890 gas 

chromatograph coupled to an Agilent 5973 mass spectrometer and an Agilent 7683 auto 

sampler (Agilent, Mississauga, ON). The GC was fitted with a cool-on-column capillary 

inlet and the injection volume was 1 μL. Chemicals were separated on an HP-5MS 5% 

phenyl methylpolysiloxane-coated column (30 m × 0.25 mm i.d., 0.25 μm film thickness) 

connected to a fused-silica deactivated guard column (5 m × 0.53 mm i.d.). The oven was 

held at an initial temperature of 45 °C for 2 min, then increased at 25 °C min−1 to 200 °C 

(0.5 min), followed by an increase at 13 °C min−1 to a final temperature of 280 °C (5 min). 

Helium was used as carrier gas at a constant flow rate of 1.0 mL min−1. Conditions for MS 

measurements were: electron impact ionization at 70 eV; ion source temperature at 230 °C; 

selected ions at m/z 254 (4-MBC), 178, 290 (EHMC), 249, 232 (OCT), and 240 (d12-

chrysene). Agilent MSD ChemStation software (G1701CA) was used for instrument control 

and data processing. The calibration curves had strong linearity (R2 ≥ 0.99) with constant 

relative response factors obtained over the range of UVF concentrations.

In vitro to in vivo extrapolation and bioconcentration factors

The kdep values measured at each initial UVF concentration were extrapolated to a set of in 

vivo biotransformation rate constants (kMET; d−1) using an IVIVE model (Nichols et al. 

2013b). Estimated kMET values were then used as inputs to a one-compartment 

bioaccumulation model to derive steady-state BCFs (Arnot & Gobas 2004). The IVIVE 

model (Nichols et al. 2006; Nichols et al. 2013b) has been outlined previously (Cowan-

Ellsberry et al. 2008; Han et al. 2009; Laue et al. 2014). Briefly, kdep was divided by the S9 

protein concentration to calculate an apparent in vitro intrinsic clearance rate 

(CLin vitro, int, app; mL min−1 mg protein−1). Here the term “apparent” is used because many 

of the calculated values represent rates measured under non first-order conditions. 

Additional scaling factors were used to extrapolate CLin vitro, int, app to an estimate of in vivo 
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intrinsic clearance (CLin vivo, int; L d−1 kg fish−1), which was then employed as an input to a 

well-stirred liver model (Wilkinson & Shand 1975) to calculate hepatic clearance (CLH; L d
−1 kg fish−1):

CLH =
QH × f U × CLin vivo, int

QH + f U × CLin vivo, int

(3)

The well-stirred liver model accounts for possible rate limitations imposed by liver blood 

flow (QH; L d−1 kg fish−1) on the hepatic clearance rate. This model also includes a 

parameter, fU, that corrects for potential binding effects on clearance. The value of fU is 

calculated as the ratio of the unbound (or free) chemical fractions in blood plasma (ϕP; 

unitless) and the S9 incubation medium (ϕS9; unitless):

f U =
ϕP

ϕS9

(4)

The ϕP was calculated as:

ϕP = vWBL/PBW (5)

where vWBL is the fractional water content of blood (0.84) and PBW is the equilibrium 

blood-water partition coefficient, calculated according to Fitzsimmons et al. 2001:

PBW = 100.73log Kow × 0.16 + 0.84 (6)

It was shown previously that Eqn. 6 provides reasonable estimates of ϕP when compared to 

blood binding data for chemicals covering an extensive log KOW range (Nichols et al. 

2013b).

The ϕS9 was estimated using algorithms given by Han et al. 2009, Nichols et al. 2017, and 

Lee et al. 2017. The empirical relationship given by Han et al. 2009 was originally 

developed using binding data for rat liver microsomes, but has been incorporated in current 

IVIVE approaches (Nichols et al. 2013b) to describe the unbound chemical fraction in trout 

liver S9 as a function of chemical log KOW and S9 protein content (CS9; mg mL−1):

ϕS9; Han = 1/ CS9 × 100.694logKow − 2.158 + 1.0 (7)

More recently Nichols et al. 2017 measured unbound chemical fractions for 3 polycyclic 

aromatic hydrocarbons (PAH) in rainbow trout S9 using a vial equilibration method, and 

derived a general equation to estimate chemical binding:
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ϕS9; Nichols = 1/ CS9 × 101.33logKow − 4.6 + 1.0 (8)

The tissue-composition based algorithm given by Lee et al. 2017 estimates ϕ,S9 based on 

fractional amounts of lipid and non-lipid organic matter (protein) in the incubation medium:

ϕ s9;Lee  = FW , S9/ FL, S9KOW + FP, S9βKOW + FW , S9 (9)

where FW,S9, FL,S9, and FP,S9 are the fractions of water, lipid, and protein (v/v; unitless), 

respectively. The proportionality constant (β) reflects the sorptive capacity of protein relative 

to that of octanol and was assumed to be 0.05 (deBruyn & Gobas 2007). Measured values of 

FL,S9 and FP,S9 determined in the present study are provided in Table S2.

Unbound fractions determined using Eqn. 7–9 were employed as inputs to the well-stirred 

liver model to evaluate the effects of estimated S9 binding on calculated levels of CLH, and 

by extension modeled BCFs. Additional estimates of CLH were obtained under the 

assumption that ϕS9 = ϕP (i.e. fU=1.0), as previous work suggests that chemical 

bioavailability to metabolizing enzymes in S9 and blood plasma is effectively the same 

(Nichols et al. 2013a; Laue et al. 2014). In vivo biotransformation rate constants (kMET; d−1) 

were calculated by dividing CLH by the chemical’s apparent volume of distribution (VD; L 

kg−1). The VD relates the sorptive capacity of the fish to that of blood at steady state, and 

was calculated as: (vL,WB KOW)/PBW, where vLWB is the fractional lipid content of the 

organism (0.05). Parameters and equations contained within the IVIVE model are displayed 

in Table S3 of the Supplemental Data.

The model used to describe chemical bioaccumulation in fish may be written as (Arnot & 

Gobas 2004):

dc f

dt
= k1 × CWTϕ − k2 + kE + kMET + kG × CF (10)

where CF is the concentration of chemical in the fish (g kg−1); t is time (d); k1 is the mass 

and volume specific rate constant for uptake from respired water (L kg−1 d−1); CWT is the 

total concentration of chemical in the water (g L−1); ϕ is the bioavailable solute fraction 

(unitless); and k2, kE, kMET, and kG are first-order rate constants (d−1) representing chemical 

elimination from the fish by passive diffusion across gills, fecal egestion, metabolic 

biotransformation, and growth dilution, respectively. Parameters and equations contained 

within the model are provided in Table S4 of the Supplemental Data.
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RESULTS AND DISCUSSION

Characterization of UVF biotransformation reactions in vitro

No significant depletion of any UVF was observed in assays with heat-treated S9 (Figure 2). 

4-MBC was not significantly depleted in active S9 fractions without cofactors, suggesting 

negligible contribution of cofactor-independent enzymes (p=0.98; Figure 2, Panel A). In 

vitro biotransformation of 4-MBC was entirely dependent on the addition of NADPH, as the 

mean kdep measured in S9 with added NADPH did not differ from the mean kdep measured 

in S9 fractions with added NADPH and phase II cofactors (p=0.22). This finding is 

indicative of the involvement of one or more CYPs. Previous work has shown that rats 

rapidly metabolize 4-MBC and that this activity involves CYP-mediated oxidation reactions 

(Völkel et al. 2006).

Significant depletion of EHMC was observed in the absence of NADPH (p=0.01; Figure 2, 

Panel B). The addition of NADPH resulted in maximal rates of activity for EHMC; the mean 

kdep did not significantly differ between incubations containing NADPH and those with 

NADPH and phase II cofactors (p=0.18). NADPH addition had no apparent impact on the 

metabolism of OCT, as the kdep values measured for OCT were statistically similar in all 

active S9 fractions both with and without NADPH (p=0.49; Figure 2; Panel C). These 

findings suggest that hydrolysis of EHMC and OCT by carboxylesterases is an important 

route of metabolism. Carboxylesterases do not require cofactors and are active in rainbow 

trout liver (Barron et al. 1999; Butt et al. 2010). Biotransformation of EHMC in rodents 

proceeds exclusively through initial hydrolysis of the ester bond (Fennell et al. 2017). If 

hydrolysis is the primary biotransformation pathway for EHMC in trout, our findings 

suggest that both CYP enzymes and carboxylesterases may catalyze this activity 

(Guengerich 1987). Identification of UVF metabolites would provide additional insight to 

the pathways involved in UVF biotransformation. Addition of the phase II cofactors GSH, 

PAPs, and UDPGA did not affect depletion rates of 4-MBC, EHMC, or OCT, suggesting 

that phase II conjugation enzymes do not act directly on these UVFs. Phase II cofactors were 

therefore excluded from all subsequent depletion experiments.

Concentration dependence of UVF in vitro depletion rate constants

Depletion studies with EHMC and OCT were conducted across a range of initial 

concentrations with and without added NADPH to obtain kinetic parameters for these two 

incubation mixtures. For 4-MBC, only incubations with added NADPH were performed 

(Figure 3). The rate of UVF depletion decreased with increasing initial concentration. Fitted 

kdep values for each UVF exhibited a sigmoidal relationship with initial substrate 

concentration, consistent with Eqn. 2 (Figure 4). The inflection point of each fitted 

relationship (dashed lines) represents the apparent Km value for the reaction. Kinetic 

parameters for each UVF are given in Table 2.

Initial findings did not suggest an effect of NADPH addition on the in vitro depletion of 

OCT (Figure 2, Panel C); however, studies with multiple concentrations of OCT (Figure 4, 

Panel C) revealed a contribution of both NADPH independent and dependent activity. The 

Saunders et al. Page 9

Environ Toxicol Chem. Author manuscript; available in PMC 2020 March 01.

E
P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
E

P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
E

P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t



failure of earlier work to show an effect of NADPH may have been due to the variance in the 

kdep measured at a single concentration.

The CLin vitro, int measured for 4-MBC was significantly greater (7 to 25-fold) than values 

obtained for EHMC or OCT. This finding can be attributed in part to a lower Km and higher 

estimated Vmax for 4-MBC, compared to values determined for EHMC and OCT. Using the 

described methods, however, Vmax is a dependent variable, calculated as CLin vitro, int × Km. 

Interpretation of Vmax is therefore complicated by the possibility of errors in measurement 

of CLin vitro, int, estimation of Km, or both. For EHMC and OCT, addition of NADPH 

resulted in modest (2-fold) increases in CLin vitro, int, which were associated with 

corresponding increases in Vmax. Kinetic constants determined for EHMC and OCT in the 

absence of NADPH may represent a single reaction pathway catalyzed by a 

carboxylesterase. In contrast, metabolism of EHMC and OCT in the presence of NADPH 

almost certainly involves more than one enzyme, possibly including both a CYP and a 

carboxylesterase.

The IVIVE approach assumes that in vitro activity is measured under near non-saturating 

conditions. By testing over a range of in vitro substrate concentrations, it is possible to 

confirm that this assumption has been met. The derived Km value for 4-MBC was 0.29 μM, 

and overall 3 of the 5 determined Km values were < 1.0 μM. In previous studies, the IVIVE 

approach has been applied using in vitro data collected at initial concentrations ≥ 1.0 μM. 

More recent work, conducted using trout liver S9 fractions, has shown that Km values for 

several polycyclic aromatic hydrocarbons (PAHs) are substantially lower than 1.0 μM. For 

example, Lo et al. 2015a obtained Km values of 0.14 μM, 0.18 μM, and 0.31 μM for 

chrysene, benzo(a)pyrene, and pyrene, respectively. In a similar study, Nichols et al. 2017 

reported Km values of 0.52 μM, 0.07 μM, and 0.03 μM for phenanthrene, pyrene, and 

benzo(a)pyrene, respectively. The present work is consistent, therefore, with recent studies 

on PAHs, and suggests that an initial concentration ≥ 1.0 μM may exceed the Km value for 

many hydrophobic substrates.

Use of the IVIVE method to inform bioaccumulation models also depends on the existence 

of first-order reaction conditions in fish under field conditions. To test this assumption, lipid-

normalized concentrations of UVFs in fish were compared to lipid-normalized Km values 

measured in the present study (Table 2). Measured concentrations of 4-MBC, EHMC, and 

OCT in field-collected fish range between 0.11 to 1.42 nmol g lipid−1 (Gago-Ferrero et al. 

2012) and are 2 orders of magnitude lower than the lipid normalized Km values presented 

here. This finding suggests that for these chemicals the metabolic pathways in field-collected 

fish operate under non-saturating conditions and that extrapolated in vivo biotransformation 

potential is better represented by k
dep,C 0

 than by the kdep measured at initial concentrations 

of ≥ 1.0 μM.

Fraction unbound in the incubation medium

Binding correction factors (fU= ϕP/ϕS9) used to extrapolate in vitro data to the intact tissue 

can have large impacts on IVIVE-estimated biotransformation rates and BCFs (Nichols et al. 

2013b; Laue et al. 2014). Because there is considerable uncertainty in the determination of 
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ϕS9, available S9 binding algorithms (Eqn. 7 to 9) were evaluated. Chemical bound/free 

ratios estimated using Eqn. 7 to 9 increased linearly with chemical log KOW (Figure 5), but 

these estimates diverged substantially at log KOW > 5 due to differences in slope terms 

between the available algorithms. In earlier studies, it was assumed that the unbound 

chemical fraction in fish liver S9 was the same as in rat liver microsomes (Han et al. 2009). 

More recently, Nichols et al. developed a binding algorithm using measured data for 3 PAHs 

in trout S9 fractions. At log KOW > 5, this algorithm estimates substantially greater binding 

than the ϕS9; Han algorithm (Nichols et al. 2017). This disparity may be due to differences in 

the composition of liver S9 and microsomal systems. Procedures used to isolate liver 

microsomes begin with isolation of the S9 fraction, but include two additional high-speed 

centrifugation steps and a wash/reconstitution step that are likely to remove residual non-

polar lipid. Species differences between rat and trout may also contribute to differences 

between the two binding models.

An examination of available empirical ϕS9 data for trout indicates that measured bound/free 

ratios in S9 (normalized to 2 mg protein mL−1) also vary substantially (Figure 4). For 

example, values given for pyrene (log KOW = 4.88) vary 10-fold while those reported for 

benzo(a)pyrene (log KOW = 6.13) vary by100-fold. This variation may be due in part to the 

use of different measurement methods. Equilibrium dialysis is widely employed to study 

chemical binding, but this technique is difficult to use when unbound chemical fractions are 

extremely low (< 0.1%). Nichols et al. measured the extent of S9 binding using both solid 

phase microextraction (Nichols et al. 2013a) and a vial equilibration technique (Nichols et 

al. 2017). Unbound chemical fractions have also been measured using a thin-film sorbent 

(ethylene vinyl acetate) phase dosing system (Lee et al. 2014; Lo et al. 2015). Liver S9 

binding measurements reported by Escher et al. 2011 were obtained using a 

polydimethylsiloxane (PDMS) depletion method. Standardized methods for measuring ϕS9 

may help to reduce variability in the experimental binding data and lead to improved binding 

algorithms. Uncertainty in the determination of ϕS9 greatly impacts the extrapolation of in 

vitro biotransformation rates to generate modeled BCFs, and may explain apparent 

discrepancies between empirical BCFs and BCFs calculated by IVIVE procedures. The 

effect of chemical binding on hepatic clearance remains a principal source of uncertainty in 

the extrapolation of biotransformation rates in fish (Laue et al. 2014).

Modeled bioconcentration factors

Modeled BCFs for each UVF illustrate how differences in in vitro activity at different initial 

concentrations, when combined with different estimates of ϕS9, can yield different estimates 

of bioconcentration (Figure 6). Because the calculation of fU considers unbound chemical 

fractions in both blood plasma and S9, different ϕS9 values estimated using Eqn. 7 to 9 

produced different fU values (Table 3). In this evaluation, ϕP was assumed correct and left 

constant as previous work suggests that Eqn. 6 provides reasonable estimates of ϕP when 

compared to empirical data (Nichols et al. 2013b). Individual panels in Figure 6 show the 

range of empirical BCFs for each UVF, the REACH criterion for bioaccumulative 

substances (BCF > 2000 L kg−1), the measured Km value for the reactions, and the BCFs 

calculated assuming no biotransformation (kdep = 0 min−1). These latter values are 

approximately 4000, 17600, and 17200 L kg−1 for 4-MBC, EHMC, and OCT, respectively.
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Modeled BCFs for 4-MBC, EHMC, and OCT decreased with decreasing initial test 

concentration in the incubation medium at each assumed level of binding, and approached a 

minimum value at initial test concentrations well below Km. For each UVF, however, 

differences in BCFs calculated at concentrations below Km were relatively small (< 50%), 

suggesting that it may be possible to establish guidance (e.g., ≤ 1/10th Km) regarding test 

concentrations that would be required to yield high-quality BCF predictions.

The apparent in vitro concentration dependence of modeled BCFs may also help explain the 

tendency of IVIVE methods to overestimate BCFs relative to empirical data (Han et al. 

2009; Laue et al. 2014). The past use of substrate concentrations ranging from 1 to 10 μM 

(Han et al. 2007; Cowan-Ellsberry et al. 2008; Johanning et al. 2012) may have saturated 

biotransformation enzymes, resulting in underestimates of kMET and overestimates of the 

BCF. In the present study, BCFs calculated from both k
dep,C 0

 and the kdep measured at 

initial concentrations of 0.05 μM were up to 2-fold and 7-fold lower than those generated 

from reaction rates measured at 1 μM and 10 μM, respectively.

Differences in the estimated ϕS9 values resulted in different BCFs for a fixed level of in vitro 

activity; but the extent of these differences depended on the rate of biotransformation. For 

example, all BCFs for 4-MBC (Figure 6, Panel A) fell below the BCF criterion of 2000 L kg
−1. This is due to 4-MBC’s rapid in vitro biotransformation. Moreover, kdep values measured 

at concentrations ≤ 1 μM resulted in BCFs that differed less than 2-fold under all binding 

scenarios. The similarity of these modeled BCFs can be attributed to the behavior of the 

well-stirred liver model (Eqn. 3). When intrinsic clearance rates are high, hepatic clearance 

becomes rate-limited by blood flow to the liver, resulting in modeled hepatic clearance that 

is relatively insensitive to changes in fU (Laue et al. 2014). When intrinsic clearance rates 

are low, competing binding assumptions can result in substantial differences in calculated 

hepatic clearance rates, and by extension modeled BCFs (Nichols et al. 2013b). The BCFs 

calculated for EHMC and OCT were much more sensitive to differences in fu across all 

tested concentrations, including those well below Km. Measured CLin vitro, int rates for 

EHMC and OCT were approximately one order of magnitude lower than that determined for 

4-MBC (Table 2).

Using the ϕS9; Han algorithm, the kdep measured at an initial concentrations of 1 μM, resulted 

in modeled BCFs of approximately 2400 L kg−1 and 2500 L kg−1 for EHMC and OCT, 

respectively, exceeding the REACH criterion for bioaccumulative substances (Figure 6; 

Panels B and C). At the same tested concentrations, the ϕS9; Nichols and ϕS9; Lee algorithms 

resulted in BCFs well below 2000 L kg−1. Using the k
dep,C 0

, all modeled BCFs fell below 

the REACH criterion, ranging from 324 to 1578 L kg−1 for EHMC and from 177 to 1914 L 

kg−1 for OCT. When interpreted in the context of chemical concentrations likely to exist in 

fish under field conditions, these findings suggest that bioaccumulation (BCF ≥ 2000 L kg
−1) of EHMC and OCT is unlikely. The empirical BCF data for these chemicals, determined 

in in vivo laboratory experiments, are also consistent with this suggestion (Figure 6).

This investigation highlights the need for further refinement of the fU calculation. 

Uncertainty in the determination of ϕS9 greatly impacts the extrapolation of in vitro 
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biotransformation rates to generate modeled BCFs (Figure 6). While the available binding 

algorithms may be appropriate for screening-level assessments, high quality estimates of fU 

will require additional empirical ϕS9 and ϕP data for a range of chemicals, representing 

different chemical classes. Additionally, the present investigation assumed that ϕP estimates 

were correct, yet this assumption may itself be incorrect. Several of the fu values calculated 

in this study approached or exceeded 1.0 (Table 3). The lipid and protein content of trout 

plasma (1.84 and 4.12 %, respectively (Escher et al. 2011)) is substantially higher than that 

of liver S9 fractions (measured here (Table S2) and elsewhere (Escher et al. 2011)). Absent 

specific binding, it would be reasonable to expect that ϕP would be substantially lower than 

ϕS9, producing fU estimates of less than 1.0. Using the same PDMS depletion method, 

Escher et al. 2011 obtained ϕS9 and ϕP data for several hydrophobic chemicals (log KOW 4.5 

to 5.1). Resulting fU values ranged from 0.0042 to 0.02333 indicating that ϕP is up to 240 

times lower than ϕS9. These findings may have been impacted, however, by heat-treatment 

of the S9 sample to eliminate metabolic activity. Others have found that binding 

measurements may be made using S9 samples inactivated by time and the absence of 

cofactors (Nichols et al. 2017).

Finally, there is some reason to question whether the steady-state assumption represented by 

use of the fU binding term is appropriate. In the present study, setting fU =1.0 resulted in 

BCFs that fell within or slightly below the range of empirical values for most of the modeled 

conditions. Several authors have reported that BCFs calculated using in vitro 

biotransformation data exhibited improved agreement with empirical data when fU was set 

to 1.0 (Escher et al. 2011; Laue et al. 2014). One explanation for these findings is that bound 

chemicals rapidly dissociate from molecular binding sites in plasma, making them available 

for metabolism in the time available for this activity to occur (i.e., the residence time of 

blood in the liver (Escher et al. 2011; Nichols et al. 2013b)). This or a similar kinetic process 

may also help explain the observed trend toward overestimation of measured BCFs by 

current IVIVE methods (i.e., when fU = ϕP/ϕS9), and would require development of a more 

sophisticated model to estimate hepatic clearance rates from measured kdep values.

Summary and conclusions

The present study highlights the importance of using appropriate in vitro test concentrations 

and fU binding correction factors when using extrapolated in vitro biotransformation rates to 

refine modeled BCFs. Previously, it was suggested that use of different binding terms 

(including fU = 1.0) may be appropriate to estimate upper and lower limits of hepatic 

clearance, generating a range of BCFs (Nichols et al. 2013b; Laue et al. 2014). The use of 

multiple in vitro test concentrations could also provide a conservative assessment when 

evaluating chemical bioaccumulation potential in fish. For example, if the highest measured 

rate of biotransformation does not reduce the BCF below a regulatory criterion, lower levels 

of activity would only result in higher estimates (Nichols et al. 2017). This type of 

information could complement weight-of-evidence approaches that have been advocated for 

in chemical bioaccumulation assessments (Weisbrod et al. 2009). When these factors are 

taken into consideration, the data in this study indicate that 4-MBC, EHMC, and OCT are 

metabolized by trout at rates high enough to reduce bioconcentration below existing criteria. 
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Additional data are needed to determine whether other fish species metabolize these UVFs, 

although BCFs measured for other species are suggestive of this.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures, names, and abbreviations of 4-methylbenzylidene (4-MBC), 2-ethylhexyl-4-

methoxycinnamate (EHMC), and octocrylene (OCT).
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Figure 2. 
Mean in vitro biotransformation rate constants (kdep) for 0.5 μM 4-MBC (A), 0.5 μM EHMC 

(B), and 0.5 μM OCT (C) measured using heat-treated and active liver S9 fraction. Active 

incubations were conducted in the presence and absence of NADPH and phase II cofactors. 

Error bars represent the standard deviation of the mean (n=3). The different lowercase letters 

denote significant differences between the incubation mixtures (analysis of variance and 

Tukey’s honestly significant difference; p< 0.05).
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Figure 3. 
Decline of the natural logarithm of the concentration of 4-MBC with added NADPH (A), 

EHMC with (B) and without (C) added NADPH, and OCT with (D) and without (E) added 

NADPH in S9 incubation medium over time (min) at various initial concentrations ranging 

from 0.05 to 12.5 μM.
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Figure 4. 
Effect of initial concentration on in vitro biotransformation of 4-MBC (A), EHMC (B), and 

OCT (C). The data presented are from incubations performed with (closed circles) and 

without (grey triangles) added NADPH. Error bars represent the standard deviation of the 

mean (n=3). Each curve was obtained by fitting Eqn. 2 to measured data using a weighted 

nonlinear least squares regression. Dashed lines denote the Michaelis-Menten affinity 

constant Km (corresponding to the Y-axis intercept), determined from the inflection point of 

each fitted curve.
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Figure 5. 
Chemical binding in trout liver S9 fraction as a function of log KOW. Measured binding 

values, which are plotted as the log of the bound/free ratio (log (1-ϕS9/ϕS9)), are from 

Nichols et al. 2017 (grey circles), Nichols et al. 2013 (solid circles), Escher et al. 2011 (solid 

squares), Lo et al. 2015 (open triangles), and Lee et al. 2014 (grey diamonds). The lines 

represent binding algorithms given by Nichols et al. 2017 (dotted line), Lee et al. 2017 

(dashed line), and Han et al. 2009 (solid line). All binding data were normalized to an S9 

protein concentration of 2 mg mL−1.
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Figure 6. 
Effect of in vitro concentration and estimated chemical binding (fU = ϕP/ϕS9) on modeled 

bioconcentration factors (BCF) of 4-MBC (A), EHMC (B), and OCT (C). Error bars 

represent the standard deviation of BCFs (n=3) calculated by extrapolating each measured 

kdep value to a whole-body biotransformation rate constant (kMET; see text for details). The 

asterisks represent BCFs calculated using the in vitro depletion rate constant at an 

infinitesimally low substrate concentration (k
dep,C 0

). The different BCFs calculated at each 

initial concentration reflect the use of different binding models to estimate ϕS9. The models 
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evaluated were those given by Han et al. 2009 (solid squares), Lee et al. 2017 (grey 

diamonds), Nichols et al. 2017 (open circles). Additional BCFs were generated assuming 

that fU= 1.0 (grey triangles). The horizontal solid lines show modeled BCFs, assuming no 

biotransformation (kdep= 0 min−1), while dashed vertical lines show the Km value for each 

reaction. The red shaded areas represent BCFs that exceed regulatory bioaccumulation 

criteria (BCF > 2,000) and the blue shaded areas show the range of empirical BCFs for each 

UVF.
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Table 1.

Bioaccumulation (B) metrics reported for 4-MBC, EHMC, and OCT

B
Metric

4-MBC EHMC OCT B Criteria Regulatory
Program

log KOW 4.95 5.80 6.88 ≥ 5.0 CEPA

BCF
251–1995

a
175 – 433

b,c
41– 915

d,e ≥ 2000
‘Bioaccumulative’

≥ 5000 ‘Very
Bioaccumulative’

REACH

BAF
5,200

f
250 – 970

g N/A ≥ 5000 CEPA

BMF N/A
0.6 – 1.5

g N/A ≥ 1.0 NL

BSAF N/A
0.04 – 0.3

h
0.04 – 0.3

h ≥ 1.0 NL

a
Li et al. 2016;

b
Nagtegaal et al. 1997;

c
US National Library of Medicine. 2006;

d
Blüthgen et al. 2014;

e
Sigma-Aldrich. 2014;

f
Nagtegaal et al. 1997;

g
Fent et al. 2010;

h
Gago-Ferrero et al. 2015

Log KOW - Logarithmic octanol water partition coefficient; BCF - Bioconcentration Factor (L kg−1); BAF- Bioaccumulation Factor (L kg−1); 

BMF - Biomagnification Factor (kg lipid kg lipid−1); BSAF - Biota-Sediment Accumulation Factor (kg-organic carbon kg lipid−1); CEPA - 

Canadian Environmental Protection Act; REACH - Registration, Evaluation and Authorization of Chemicals; N/A – not available; NL - indicates 

that the B endpoint is not listed under a regulatory program
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Table 2.

Kinetic parameters for in vitro biotransformation of UVFs by trout liver S9 fractions
a

Kinetic parameter 4-MBC EHMC OCT

NADPH
present

NADPH
present

NADPH
absent

NADPH
present

NADPH
absent

k
dep,C 0

 (min−1) 0.47
(0.06)

0.042
(0.002)

0.017
(0.003)

0.015
(0.002)

0.008
(0.001)

CLin vitro, int

(mL· h−1 · mg protein−1)

6.54
(0.79)

0.59
(0.03)

0.24
(0.04)

0.90
(0.12)

0.48
(0.06)

Km (μM) 0.29
(0.07)

0.70
(0.07)

1.09
(0.55)

1.89
(0.57)

0.63
(0.25)

Km (μmol · g lipid−1) 0.28
(0.07)

0.69
(0.10)

1.07
(0.54)

7.41
(2.24)

2.47
(0.98)

Vmax

(pmol· min−1 · mg protein−1)

31.85
(0.94)

6.84
(0.03)

4.31
(0.38)

28.35
(1.13)

5.04
(0.25)

a
All values are reported as the mean (SE), n=3.

k
dep,C 0

 - in vitro depletion rate constant at an infinitesimally low substrate concentration; CLin vitro, int - in vitro intrinsic clearance rate; Km 

- Michaelis-Menten affinity constant; Vmax - maximum reaction velocity
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Table 3.

Estimates of the fraction unbound of 4-MBC, EHMC, and OCT in trout S9 incubation media (ϕS9) and in trout 

plasma (ϕP). Calculated hepatic clearance binding correction factors (fU = ϕP / ϕS9) are also provided

4-MBC EHMC OCT

Fraction unbound in S9 (ϕS9)

 Han et al. 2009 0.011859 0.003076 0.002411

 Lee et al. 2017 0.004997 0.000709 0.000366

 Nichols et al. 2017 0.002355 0.000175 0.000028

Fraction unbound in plasma (ϕP)

 Fitzsimmons et al. 2001 0.001277 0.000306 0.000050

Hepatic clearance binding correction factor (fU)

 Han et al. 0.11 0.10 0.02

 Lee et al. 0.25 0.43 0.14

 Nichols et al. 0.54 1.75 1.77

 fU=1.0 1.00 1.00 1.00
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