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Abstract 31 

In vitro biotransformation assays using hepatocytes or liver sub-cellular fractions, combined with 32 

in vitro-in vivo extrapolation (IVIVE) models, have been proposed as an alternative to live fish 33 

bioconcentration studies. The uncertainty associated with IVIVE approaches to date has been 34 

attributed to assay protocols, model assumptions, or variability of in vivo data. An isolated 35 

perfused trout liver model that measures hepatic clearance has been proposed for validating 36 

IVIVE predictions in the absence of other confounding factors. Here, we investigated the hepatic 37 

clearances of five chemicals (pyrene, phenanthrene, 4-n-nonlyphenol, deltamethrin, and 38 

methoxychlor) in this model and compared measured rates to values predicted from published in 39 

vitro intrinsic clearances for validation of IVIVE models. Additionally, we varied protein 40 

concentrations in perfusates to test binding assumptions of these models. We found that 41 

measured and predicted hepatic clearances were in very good agreement (root mean squared 42 

error 16.8 mL h-1 g-1) across three levels of protein binding and across a more diverse chemical 43 

space than previously studied within this system. Our results show that current IVIVE methods 44 

can reliably predict in vivo clearance rates and indicate that discrepancies from measured 45 

bioconcentration factors might be driven by other processes, such as extrahepatic 46 

biotransformation, etc., and help streamline optimization efforts to the processes that truly 47 

matter. 48 

 49 

Keywords: Biotransformation, bioconcentration, in vivo, in vitro, in vivo-in vitro extrapolation 50 

 51 

Synopsis: Hepatic clearance measurements in isolated perfused fish livers were compared to 52 

values predicted from in vitro assay results to validate existing in vitro-in vivo extrapolation 53 

models, demonstrating very good predictive performance across five chemicals and three protein 54 

concentrations.  55 
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1. Introduction 58 

 Chemical risk assessment seeks to characterize environmental contaminants based on 59 

standardized methods that can be applied by regulators, stakeholders, and researchers. 60 

Contaminants in the aquatic environment are often characterized by three information 61 

requirements related to their persistence, bioaccumulation potential, and toxicity (PBT).1 Of 62 

these, studying bioaccumulation potential presents significant challenges due to the costs 63 

associated with generating empirical data from whole animal testing, e.g., according to the test 64 

guidelines 305 of the Organisation for Economic Co-operation and Development.2 This guideline 65 

outlines methods for determination of the bioconcentration factor (BCF), which is defined as the 66 

ratio between a chemical’s accumulation within an organism through non-dietary routes of 67 

exposure compared to its ambient environment. These studies are experimentally challenging, 68 

and require large numbers of animals, resulting in low throughput.3 Despite these issues, BCF is 69 

still recognized as a standard endpoint for bioaccumulation studies within risk assessment.4 In 70 

consequence, results of BCF studies are not always conducted, and simple models and 71 

quantitative structure-activity relationships that estimate BCF based on physiochemical 72 

characteristics of chemicals, e.g., the n-octanol-water partitioning coefficient (log KOW) are 73 

frequently used in chemical risk assessment.5,6 These models often agree well with empirical 74 

models for chemicals that do not undergo biotransformation. For chemicals that undergo 75 

biotransformation, however, these estimates are often inaccurate, leading to sometimes dramatic 76 

overestimations of a chemical’s bioaccumulation potential.7,8  77 

Newer modelling approaches and prediction methods seek to eliminate the use of whole 78 

fish on both ethical and economic grounds, while enabling the incorporation of experimental data 79 

from alternative test methods, include those from recently standardized in vitro assays using 80 

isolated rainbow trout (Oncorhynchus mykiss) hepatocytes (RT-HEP) or liver sub-cellular 81 

fractions (RT-S9).9–11 Such alternative approaches require extrapolation from a low level of 82 

biological organization (in vitro) to that of the whole organism (in vivo); this process has been 83 

termed in vitro-in vivo extrapolation (IVIVE).12,13 The goal of these methods is to create data of 84 

sufficient quality for use in environmental risk assessment. However, previous studies have 85 

focused on a relatively narrow and well-characterized chemical space (specifically polycyclic 86 

aromatic hydrocarbons, PAHs), that is not entirely representative of current risk assessment 87 

needs.14–16Recent studies have sought to expand this understanding using in vitro assays to 88 
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investigate pesticides, fragrance chemicals, and other emerging contaminants.17–19. Thus, there is 89 

a need to expand validation of IVIVE approaches to a broader chemical space, potentially by 90 

using assays of intermediate biological organization to reduce uncertainty.. 91 

Incorporating in vitro biotransformation data into predictive models through 92 

comprehensive IVIVE methods has been demonstrated to enhance predictive performance 93 

markedly but is still limited by several factors. One such factor is the influence of chemical 94 

binding to lipids and plasma proteins  on freely dissolved chemical concentrations and 95 

consequently on in vitro biotransformation rates. Many researchers in this space found that 96 

incorporating the assumption that no difference in binding exists between in vitro assays and 97 

blood plasma in vivo, which is neither supported by theory nor empirical evidence, improved the 98 

apparent accuracy of models.20,21 More recently, however, consensus has been reached that this 99 

practice was misleading and should be avoided, while instead more research is needed to identify 100 

the potential reasons for these discrepancies.5,22 One such reason has been hypothesized to be the 101 

potential contribution of extrahepatic biotransformation in organs such as gill and 102 

gastrointestinal tract.23,24 Additionally, the substantial variability of BCF measurements 103 

questions the robustness of its use as a  comparator for IVIVE predictions.3,25 104 

To overcome the current limitations pertaining to the ability to validate current IVIVE 105 

approaches, an isolated perfused rainbow trout liver model has been developed that can be used 106 

to determine hepatic clearance of chemicals in the absence of these confounding factors.26 Based 107 

on studies with six PAHs, Nichols et al. showed that hepatic clearances measured in isolated 108 

perfused trout livers and those predicted using IVIVE were generally in good agreement.14 109 

In the present study, we used the isolated perfused liver model to expand the covered 110 

chemical space beyond PAHs by measuring the hepatic clearances of pyrene and phenanthrene 111 

(both PAHs, to demonstrate comparability with previous studies), as well as 4-n-nonylphenol, 112 

deltamethrin, and methoxychlor. These chemicals were chosen based on both their relative 113 

chemical diversity, and their previous analysis using standardized in vitro biotransformation 114 

assays. 11 Furthermore, we conducted these experiments at three different concentrations of 115 

bovine serum albumin (BSA) to investigate the impact of protein binding on free chemical 116 

concentrations and thus hepatic clearance.14 117 

 118 

 119 
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2. Materials and Methods 120 

2.1 Organisms 121 

 Rainbow trout were acquired as eyed embyros (Troutlodge, Bonney Lake, WA, United 122 

States) and raised at the Aquatic Toxicology Research Facility (University of Saskatchewan, 123 

Saskatoon, Canada) to suitable size. Fish were fed commercially available size #3 Floating 124 

Salmonid Feed (Corey Aquafeeds, Fredericton, Canada) once daily at 1% body weight, and 125 

maintained at a photoperiod of 16 h light: 8 h dark at 12 ± 1°C. Water chemistry was consistent 126 

at pH 7.8, dissolved oxygen > 80%, with ammonium, chlorine, nitrate, and nitrite all measuring 127 

< 0.1 mg L -1. The masses of fish used in this study were between 210 and 440 grams, with livers 128 

ranging from 1.4 to 4.0 g in mass. Approval from the University Animal Care Committee was 129 

obtained (Animal Use Protocol number 20070049) and all animal use was performed in 130 

accordance with Canadian Council on Animal Care (CCAC) regulations. 131 

 132 

2.2 Chemicals 133 

 The preparation of perfusion and clearing buffers was adapted from that described in 134 

Nichols et al.14,26 This procedure had been specifically optimized to prolong the perfusion time 135 

available for data collection. All chemicals were purchased from Sigma-Alrich, unless noted 136 

otherwise. Clearing buffer consisted of a solution of 9.5 g L-1 Hank’s balanced salts, modified 137 

without phenol red, magnesium sulfate, or calcium chloride (HBSS), 2.38 g L -1 4-2(-138 

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 0.55 g L -1 sodium pyruvate, 0.73 g L -1 139 

ethylenediaminetetraacetic acid (EDTA), and 17.5 mL 1 M aqueous sodium hydroxide solution 140 

(NaOH) in 1 L of ultrapure water. Perfusion buffer consisted of 90 g Hank’s balanced salts, 141 

modified without phenol red, with magnesium sulfate and calcium chloride (HBS), 23.83 g 142 

HEPES, 3.5 g sodium bicarbonate, 10.0 g glucose, and 147.0 mL 1 M sodium hydroxide solution 143 

in 10 L of ultrapure water. Control perfusate was gassed for 24 hours with carbogen gas (0.5% 144 

CO2/99.5% O2 mixture), followed by the introduction of bovine serum albumin (BSA) at desired 145 

concentrations (1, 2.5, or 10 g L-1) until thoroughly dissolved. Sodium hydroxide and 146 

hydrochloric acid were used to adjust and maintain a pH of 7.8 for both clearing and perfusion 147 

buffers throughout preparation prior to perfusions.  148 

 Pyrene, phenanthrene, 4-n-nonylphenol, deltamethrin, and methoxychlor all had purities 149 

≥98%. Stock solutions of test chemicals were prepared in acetone, spiked into perfusion buffers 150 
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at nominal concentrations of 0.1, 0.1, 2.0, 1.0, and 0.32 µM, respectively, and given 24 hours to 151 

equilibrate prior to perfusions. Acetone concentrations never exceeded 0.05%. Buffers were 152 

maintained at 12ºC in a temperature-controlled water bath throughout the experiments. 153 

 154 

2.3 Liver isolation and perfusion 155 

 Trout livers were isolated and perfused following methods adapted from Nichols et 156 

al.14,26 Fish were fasted for approximately 24 h, then euthanized with an overdose of buffered 157 

ethyl 3-aminobenzoate methanesulfonate (MS 222, 250 mg L -1). Fish were weighed prior to 158 

initiating the liver isolation procedure. An initial incision along the ventral midline from the anus 159 

to the gill isthmus was made, followed by an incision along the lateral line to the operculum and 160 

removal of the muscle flap to expose the body cavity. The intestine was severed at the anus, and 161 

the gastrointestinal tract was manipulated to fully expose the liver and esophagus, which was 162 

severed to permit the careful removal of the intact organ and viscera for transfer to the perfusion 163 

equipment. Any damage to the liver, gallbladder, or hepatic portal vein during this process 164 

resulted in rejection from the experiment, but was generally rare.  165 

 Isolated livers and viscera were transferred in their entirety to a specifically built stainless 166 

steel apparatus. The method of full removal and transfer of both liver and viscera and letting 167 

perfusate buffer drain freely from the liver was adopted as a change compared to the procedure 168 

outlined by Nichols et al., who also cannulated efferent blood vessels and collected efferent 169 

perfusates from the cannula. This change was employed to reduce exposure of the liver to non-170 

physiological conditions and thus prevent deterioration, as well as to increase the success rate of 171 

the procedure as compared to excising the liver and hepatic vasculature alone. The liver and 172 

viscera were manipulated to expose the hepatic portal vein within the apparatus, and 5-0 silk 173 

suture was placed around the vein and surrounding vasculature as required to secure the vein in 174 

place for cannulation. The portal vein was cannulated directly using appropriately sized 175 

intravenous catheters secured by the sutures connected to a syringe pump using Tygon tubing, 176 

and the apparatus was placed within a humidified refrigerator maintained at an average internal 177 

temperature of 12ºC as monitored by a Type K thermocouple throughout the experiment.  178 

A UP-100 Universal Perfusion System (Harvard Apparatus, Holliston, MA, United 179 

States) equipped with a water-jacketed bubble trap was maintained at 12ºC using a recirculating 180 

temperature-controlled water bath and was fed by a syringe infusion pump (KD Scientific, KDS 181 
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200 Series) using 60 mL BD Luer-Lok syringes. Initially, clearing buffer solution was pumped 182 

through at a flow rate of 8.9 mL kg-1 body weight min-1 to clear the liver of blood. If after 10 183 

minutes the liver was less than ~95% cleared of blood by visual determination, it was rejected 184 

from the experiment and discarded. Once cleared of blood, the perfusate was switched to 185 

perfusion buffer spiked with the test chemicals. Afferent and efferent samples were collected in 186 

15-minute intervals for the duration of the experiment. Afferent samples were collected by a T-187 

junction sampling port immediately prior to the apparatus chamber. Efferent samples were 188 

collected from below the liver in a glass beaker, as the perfusate drained from the liver. Samples 189 

of perfusate were analyzed concurrently for pH and glucose over the duration of each experiment 190 

using a benchtop pH meter and a handheld glucose test meter (ContourTM Next meter, Ascensia, 191 

Basel, Switzerland). Glucose efflux and decrease in pH were calculated as indicators of 192 

physiological performance of each liver. 193 

Experiments were designed with n=3-4 individual livers per treatment, differing in test 194 

chemical, BSA concentration, and duration of experiment. Perfusions followed one of three 195 

conditions: (1) perfusion for 2-5 hours at 1 g L-1 BSA, (2) perfusion for 3 hours at 2.5 g L-1 BSA, 196 

(3) perfusion for 3 hours at 10 g L-1 BSA. Concentrations of test chemicals and BSA remained 197 

constant throughout a single perfusion experiment. 198 

 199 

2.4 Sample extraction and analysis 200 

 For perfusates containing pyrene, phenanthrene, and 4-n-nonylphenol, a 333 μL aliquot 201 

was taken from both afferent and efferent samples, mixed with 1 mL of chilled acetonitrile 202 

(mass-spectrometry grade, Fisher Scientific) in 1.5 mL centrifuge tubes, and stored on ice for the 203 

duration of the experiment. Samples were vortex mixed for 30 s, then centrifuged for 10 min at 204 

10,000 × g. A 1 mL aliquot of the supernatant was removed and transferred to a 2 mL LC vial 205 

and stored at 4°C until analysis using liquid chromatography. 206 

For deltamethrin and methoxychlor perfusates, 500 μL aliquots were taken and mixed 207 

with 500 μL of chilled acetonitrile, followed by identical storage and centrifugation compared to 208 

prior samples. A 5 μL spike of internal standard (isotopically labelled deltamethrin-(phenoxy-d5) 209 

and hexachlorobenzene-13C6, respectively) was added to each sample. A 500 μL aliquot of 210 

supernatant was removed and transferred to a 2 mL LC vial and liquid-liquid extracted using 500 211 

μL of hexanes (ACS grade, Fisher Scientific) by vortex-mixing for 30 s and allowing for phase 212 
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separation. Finally, a 200 μL aliquot of the supernatant was removed and transferred to a 2 mL 213 

LC vial containing a 300 μL glass micro insert for analysis. Blank samples were taken after the 214 

addition of BSA, prior to spike chemicals. 215 

 Pyrene, phenanthrene, and 4-n-nonylphenol were analyzed using an HP Agilent 1100 216 

Series High Performance Liquid Chromatography (HPLC) system with HP 1046A 217 

Programmable Fluorescence Detector. A gradient program ranging from 90% A/10%B to 218 

0%A/100%B at a fixed 0.500 mL minute -1 over a period of 35 minutes was used. Solvent A 219 

consisted of HPLC grade water; solvent B consisted of HPLC purity acetonitrile. The following 220 

fluorescence excitation/emission wavelengths (nm) were used: pyrene – 237/385, phenanthrene – 221 

250/390, 4-n-nonylphenol – 225/315. Data acquisition and peak integration were performed 222 

using Agilent Chemstation software. Quantification of pyrene, phenanthrene, and 4-n-223 

nonylphenol was performed based on a seven-point matrix-matched external standard 224 

calibration, that is calibration curves were prepared in perfusate buffer containing the same BSA 225 

concentrations. Measured concentrations were generally within ± 20% of nominal 226 

concentrations. 227 

Deltamethrin and methoxychlor were analyzed using a Thermo Scientific Trace 1300 gas 228 

chromatograph equipped with an ISQ 7000 quadrupole mass detector and programmable-229 

temperature vaporizing injector operating in splitless mode. Samples were separated on an 230 

Agilent DB-5MS (30 m length, 0.25 mm diameter, 0.25 µm film thickness) capillary column 231 

with high purity helium at a flow rate of 1.0 mL min -1 as a carrier gas. Data acquisition and 232 

processing was performed using Thermo Scientific Chromeleon software in single ion 233 

monitoring (SIM) mode. 234 

For analysis of deltamethrin, the injector temperature, transfer line, and ion source 235 

temperatures were 280°C, 280°C, and 230°C, respectively. The gas chromatograph followed a 236 

temperature gradient program of 70°C held for 1 minute, ramped at 25°C min-1 to 250°C, ramped 237 

at 5°C min-1 to 280°C and held for 8 minutes. Ions with m/z 181 and 186 (retention time, RT, 238 

16.9 min for both analytes) were used for quantification of native and mass-labelled 239 

deltamethrin, respectively. 240 

For analysis of methoxychlor, the injector temperature, transfer line, and ion source 241 

temperatures were 270°C, 300°C, and 250°C, respectively. The gas chromatograph followed a 242 

temperature gradient program of 90°C held for 1 minute, ramped at 12°C min-1 to 150°C, ramped 243 
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at 2°C min-1 to 230°C, then ramped at 20°C min-1 to 275°C and held for 45 s. Ions with m/z 227 244 

(RT 43.1 min) and 290 (RT 14.1 min) were used for quantification of methoxychlor and 245 

hexachlorobenzene-13C6 as internal standard, respectively. 246 

Quantification was performed based on a seven-point calibration standard and recovery-247 

corrected based on internal standard recoveries. Across all analyses for both deltamethrin and 248 

methoxychlor, internal standard recovery ranged from 80 to 120% and measured concentrations 249 

were generally within ± 30% of nominal concentrations. 250 

 251 

2.5 Data analysis 252 

 Quantification of hepatic clearance was derived from the total concentration of target 253 

chemicals within afferent (CAFF, dimensionless) and efferent (CEFF, dimensionless) samples, 254 

yielding hepatic extraction efficiency (EH, dimensionless; Equation 1). Calculation of hepatic 255 

clearance was performed according to Nichols et al.14, using a body weight normalized perfusion 256 

rate (perfusion rate, mL h-1 g liver-1; Equation 2) to calculate hepatic clearance of each chemical 257 

per sample. 258 

 259 

𝐸𝐸𝐻𝐻 = (𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴−𝐶𝐶𝐸𝐸𝐴𝐴𝐴𝐴)
𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴

    (Equation 1) 260 

 261 

𝐶𝐶𝐶𝐶𝐻𝐻 = 𝐸𝐸𝐻𝐻  × perfusion rate   (Equation 2) 262 

  263 

The average hepatic extraction fraction and thus clearance was calculated for each liver, 264 

ignoring the initial 60 minutes of sampling, during which the observed rate of clearance is driven 265 

by chemical partitioning rather than biotransformation and therefore not indicative of steady-266 

state clearance. Consequently, the average hepatic clearance values reported were determined 267 

based on varying numbers of samples (between 4 and 16) depending on the experimental design. 268 

Measurements of glucose efflux as well as pH were used on a qualitative basis to ensure the 269 

observed hepatic clearance was the result of physiological activity within each liver, as together 270 

these represent an observation of cellular respiration.14,26  271 
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2.6 In vitro-in vivo extrapolation 272 

To compare the hepatic clearance values obtained using the isolated perfused trout liver 273 

model with values predicted from in vitro data, we applied an IVIVE approach  previously 274 

published by Krause & Goss.27 To this end, a well-stirred liver model that explicitly accounts for 275 

the blood flow limitation of the perfused livers was implemented in a Microsoft Excel 276 

spreadsheet (Equation 3; attached to this publication in the Supplementary Materials).  277 

 278 

𝐶𝐶𝐶𝐶𝐻𝐻 =
𝑄𝑄𝐻𝐻×

𝑓𝑓𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑢𝑢𝑢𝑢𝑏𝑏

𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑢𝑢𝑢𝑢𝑏𝑏×𝐶𝐶𝐶𝐶𝑖𝑖𝑢𝑢 𝑣𝑣𝑖𝑖𝑣𝑣𝑣𝑣𝑏𝑏,𝑖𝑖𝑢𝑢𝑣𝑣×
𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑤𝑤𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑄𝑄𝐻𝐻+
𝑓𝑓𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑢𝑢𝑢𝑢𝑏𝑏

𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑢𝑢𝑢𝑢𝑏𝑏×𝐶𝐶𝐶𝐶𝑖𝑖𝑢𝑢 𝑣𝑣𝑖𝑖𝑣𝑣𝑣𝑣𝑏𝑏,𝑖𝑖𝑢𝑢𝑣𝑣×
𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑤𝑤𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

  (Equation 3) 279 

 280 

Where CLH is the body weight-normalized hepatic clearance (mL h-1 g-1 liver), QH is the 281 

hepatic blood flow or perfusion rate (mL h-1 g-1 liver), 𝑓𝑓𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑢𝑢𝑢𝑢𝑏𝑏 and 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑢𝑢𝑢𝑢𝑏𝑏 are the unbound 282 

chemical fractions in blood and assay media, respectively, CLin vitro,int is the in vitro intrinsic 283 

clearance determined using in vitro test procedures, and 𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and 𝑤𝑤𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 are the water 284 

fractions (mLwater/mLassay/blood) in both assay media and blood, respectively. The term 𝑓𝑓𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑢𝑢𝑢𝑢𝑏𝑏

𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑢𝑢𝑢𝑢𝑏𝑏 is 285 

often referred to as 𝑓𝑓𝑢𝑢 in the literature.7 𝑓𝑓𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑢𝑢𝑢𝑢𝑏𝑏 and 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑢𝑢𝑢𝑢𝑏𝑏 were calculated based on 286 

partition coefficients between assay media and water, as well as liver and water, that were 287 

predicted based on combining the contributing sorption to proteins, lipids, and water of the phase 288 

of interest as estimated by poly-parameter linear free energy relationships (pp-LFER). This 289 

approach allowed us to explicitly account for the differing freely dissolved fractions of the 290 

various chemicals between the three different BSA levels that were applied. Using this model, 291 

we extrapolated previously published in vitro intrinsic clearance values for the chemicals of 292 

interest5,11,28 that were generated using either rainbow trout hepatocytes or RT-S9. For pyrene, an 293 

in vitro intrinsic clearance value of 1.03 ± 0.12 mL h-1 106 cells-1 was generated according to 294 

OECD 319A using hepatocytes from the same source of fish as the isolated perfused trout livers 295 

(Figure S1). 296 

For each chemical-BSA combination, we plotted the arithmetic mean and standard 297 

deviation of measured hepatic clearance over time (Figures S2-S6) and against those predicted 298 

using the IVIVE.27 The root mean squared error (RMSE) was calculated as a measure of the 299 
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goodness-of-fit. Additionally, we created Bland-Altman plots using Prism 9 software (GraphPad, 300 

LaJolla, FL, USA) to estimate potential systematic biases of one method compared to the other. 301 

 302 

 303 

3. Results and Discussion 304 

3.1 Physiological performance of isolated perfused livers 305 

 To obtain reliable and robust clearance measurements in isolated perfused trout livers, it 306 

is imperative to ensure proper physiological functioning of the organ during the entire 307 

experiment.14,26 A net glucose efflux was measured across all experiments and chemical 308 

treatment (Figure 1A). Values ranged from 2.4 to 79 µmol h-1 g-1 liver, indicating continuous 309 

glycogen mobilization.24,29 These values are comparable to previously published values by 310 

Nichols et al.14, which ranged from 8.2 to 72 µmol h-1 g-1 liver. Furthermore, a continuous 311 

decrease in pH was detected between afferent and efferent perfusate samples (Figure 1B), 312 

indicating active respiration of the organ.29 The drop in pH ranged from -0.20 to -0.01 and was 313 

generally more pronounced than previously reported by Nichols et al.14, who reported pH 314 

decreases ranging from -0.034 to -0.014. These differences might be due to our use of a simple 315 

benchtop pH meter, while Nichols et al. used a more sophisticated total blood gas analyzer. 316 

Regardless of the absolute magnitude, the determined decrease in pH and concurrent net glucose 317 

efflux together are sufficient to demonstrate physiological performance. 318 

 319 

3.2 Hepatic clearance in isolated perfused livers 320 

 Two sets of chemicals were analyzed in our study: (1) the PAHs pyrene and 321 

phenanthrene were studied here to demonstrate proficiency and compare the performance of our 322 

experimental setup to the only other published dataset by Nichols et al.14, while (2) our 323 

measurements for 4-n-nonylphenol, deltamethrin, and methoxychlor represent the first 324 

measurements of hepatic clearance within an isolated perfused trout liver model for these 325 

chemicals (Table 1, Figures S1-S5). 326 

The concentration of BSA changes the amount of free chemical fraction available, which 327 

had a significant impact on measured hepatic extraction fractions and clearances of all five 328 

chemicals, with the 10 g L-1 treatment consistently showing the lowest, and the 1.0 g L-1 329 
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treatment consistently showing the greatest values (Table 1). Except for deltamethrin, the 2.5 g 330 

L-1 treatment consistently fell in between the values measured at 1.0 and 10 g L-1, respectively. 331 

Nichols et al.14 reported hepatic extraction fractions of 85% and 85% for pyrene and 79% 332 

and 54% for phenanthrene at 1.0 and 10 g L-1 BSA, respectively, while in our study, we 333 

measured hepatic extraction fractions of 80.9 and 50.1 for pyrene and 39.5 and 18.6 for 334 

phenanthrene at 1.0 and 10 g L-1 BSA, respectively (Table 1). While the overall trends agree well 335 

between both studies, Nichols et al. measured systematically greater values for both pyrene and 336 

phenanthrene. In addition, the authors did not observe the same clear trend in binding-dependent 337 

clearance, which they speculate could be attributed to saturation under all measured conditions. 338 

Indeed, measured concentrations of pyrene and phenanthrene in perfusates were approx. 0.25 339 

and 1.1 µM, respectively, while those targeted in the present study were somewhat smaller, with 340 

nominal concentrations of 0.1 µM for both PAHs. In a different study, Nichols et al.30 measured 341 

the saturable hepatic biotransformation of pyrene and phenanthrene by fitting initial rates of 342 

substrate depletion to the Michaelis-Menten model. The Michaelis-Menten constants (KM; µM) 343 

determined in this way were 0.075 and 0.84 µM, respectively, suggesting that slight 344 

concentration increases beyond these levels could have marked impacts on the measured 345 

clearance rates, thereby explaining the systematic discrepancies between both studies. Indeed, 346 

the in vitro intrinsic clearance (1.03 ± 0.12 mL h-1 106 cells-1) of pyrene (Figure S1) generated 347 

using hepatocytes from the same source of fish as the isolated perfused trout livers reported here 348 

is three-fold lower compared to the average clearance reported by Nichols et al. (3.48 mL h-1 106 349 

cells-1).11 Values reported by Nichols et al.14,26 for S9 in their liver perfusion studies were more 350 

in line with those reported in the ring trial.11 This indicates that the lower overall clearance may 351 

be attributed to metabolic variability in the strain of trout used. This might be the result of inter-352 

strain variability, as has been previously reported.31 353 

In addition to the two PAHs, one goal of this study was to expand upon and validate the 354 

isolated perfused fish liver model based on a broader chemical space compared to prior studies. 355 

Here, we generated additional hepatic clearance measurements for 4-n-Nonylphenol, 356 

deltamethrin, and methoxychlor respectively (Table 1).11 Measured hepatic extractions fractions 357 

for these chemicals ranged from 27.2 to 99.3% at 1.0 g L-1 BSA and 21.8 to 67.5% at 10 g L-1 358 

BSA, respectively, generally following the trend 4-n-Nonylphenol > methoxychlor > 359 

deltamethrin. Interestingly, the same trend was not observed when evaluating in vitro intrinsic 360 
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clearance values generated using S9 and hepatocytes, which followed the trend deltamethrin > 4-361 

n-nonylphenol > methoxychlor and 4-n-Nonylphenol > deltamethrin > methoxychlor, 362 

respectively. These apparent discrepancies are the result of differences in protein binding and 363 

partitioning, and flow limitations in case of the perfused livers, between the three experimental 364 

systems, thereby further underlining the necessity to extrapolate results of in vitro assays to the 365 

in vivo level (or ex situ, in the case of isolated perfused livers) using adequate IVIVE models that 366 

explicitly represent these aforementioned differences. 367 

 368 

3.4 Comparison of measured and predicted hepatic clearance  369 

Previously published in vitro intrinsic clearance measurements from the ring trial reports 370 

associated with the standardization of OECD guidelines 319A and B were used as inputs for an 371 

IVIVE model that was refined from prior studies7 and described in detail in Krause and Goss.27 372 

Hepatic clearance values extrapolated from extrapolated from published in vitro RT-S9 or RT-373 

HEP intrinsic clearance values were compared with those directly measured in the isolated 374 

perfused liver model for both S9 and hepatocyte in vitro data separately (Figure 2). 375 

As was observed for the impacts of protein binding on directly measured hepatic 376 

clearances in isolated perfused livers, hepatic clearance was predicted based on the in vitro data 377 

and partitioning taking into account the predicted binding in presence of the different BSA 378 

concentrations, and followed the same trend. The obvious impacts of protein binding on 379 

clearances of all five chemicals, with the 10 g L-1 treatment consistently showing the lowest, and 380 

the 1.0 g L-1 treatment consistently showing the greatest values measured values, are another 381 

clear indication that setting the term 𝑓𝑓𝑢𝑢 = 𝑓𝑓𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑢𝑢𝑢𝑢𝑏𝑏

𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑢𝑢𝑢𝑢𝑏𝑏 to 1 is mechanistically inappropriate as it fails 382 

to correct for systemic bioavailability.5,20–22,32 Generally, the agreement between directly 383 

measured and extrapolated hepatic clearances was good for both in vitro input data based on 384 

hepatocytes (Figure 2A) and S9 (Figure 2C), with RMSEs of 16.8 and 22.7 mL h-1 g-1 liver, 385 

respectively. Deviations of predicted from measured BCFs based on current IVIVE exercises 386 

may span several orders of magnitude, especially if the assumption of fu=1.0 is not entertained.11 387 

Our dataset, on the contrary, indicates that current IVIVE models can be used to extrapolate 388 

confidently and quantitatively from in vitro measurements to the organ level, with a coefficient 389 

of variation of approximately 20% that falls within the observed variability of standardized in 390 



15 
 

vitro assays.11,15Additionally, Bland-Altman analyses indicate that there was very little, if any, 391 

systematic bias of 4.1 and 9.8 mL h-1 g-1 liver between extrapolated and measured hepatic 392 

clearances for hepatocytes and S9, respectively (Figure 2B and D). 393 

In this light, our dataset provides important insights into the potential reasons for the 394 

previously observed difference between measured and modeled BCFs. Our study has added data 395 

for the three non-PAH chemicals to the breadth of data available for validation of IVIVE models. 396 

It has been discussed previously whether uncertainties arose from in vitro assays, IVIVE models, 397 

or in vivo BCFs used for validation, or all of these combined.5,25 We believe that the present 398 

dataset provides additional confidence that IVIVE based on current models and in vitro assay 399 

protocols can yield reliable extrapolations from sub-cellular preparations or hepatocytes to the 400 

organ level, with a level of variation that does not exceed levels of inter-individual variability 401 

observed in standardized biological test systems. Mismatches between predicted and measured 402 

BCFs can therefore be assumed to be rooted in factors beyond the organ level and which have 403 

been discussed before,5,11,33 including neglect of extrahepatic biotransformation, variability in 404 

BCFs test designs25, enzyme induction during live fish BCF studies, inaccuracies in partitioning 405 

estimates and other kinetic processes (e.g., gill uptake rate constant k1). 406 

 407 

3.5 Future applications and research needs 408 

 This study has demonstrated that the isolated perfused fish liver model can be reliably 409 

used as a tool to quantify hepatic clearance of chemicals. Therefore, this model can be 410 

considered valuable for generating high-quality biotransformation data. Without further 411 

extrapolation, the obtained hepatic clearance measurements may be used directly as input 412 

parameters to physiologically-based toxicokinetic models, such as the ones developed in 413 

Brinkmann et al.34 414 

Furthermore, we show that this quantitative information is useful for validating current 415 

approaches for IVIVE. In this way, we demonstrate that current IVIVE models, such that of 416 

Krause & Goss27 applied here, yield quantitatively accurate predictions of hepatic clearance. 417 

That is, if differences in binding between in vitro assays and perfused livers are accurately 418 

accounted for by means of pp-LFERs predictors, and if flow limitations are explicitly 419 

incorporated. In this way, we believe that the dataset presented here has the potential to 420 

demonstrate whether uncertainties in in vitro assay protocols, IVIVE models, BCFs used for 421 
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validation, or all these factors combined were the source of commonly observed incongruities in 422 

predicted and measured BCFs.  423 

Isolated perfused livers could also be used to further refine IVIVE models, e.g., by 424 

systematically studying the dependence of hepatic clearance on perfusion rates. An influence 425 

seems plausible based on the assumption that limitations occur through slow desorption of 426 

chemicals from plasma proteins, here albumin, or rate-limiting permeation of chemicals through 427 

cell membranes. These factors are not currently considered in most IVIVE models, including the 428 

one applied here. Krause and Goss35 show in their recent publication that both factors could 429 

impact the results of IVIVE predictions under some circumstances, and it would therefore be 430 

useful to study their impact in the isolated perfused trout liver model in greater detail. 431 

Last, our study has also shown that this method can be expanded to a more diverse 432 

chemical space than previously studied. It should thus be the goal of subsequent studies to 433 

expand the covered chemical space even further. However, the throughput of the isolated 434 

perfused liver model is still limited, and our group has thus begun concurrent work investigating 435 

mixtures of chemicals in the isolated perfused liver model, representing a move towards 436 

substantially higher throughput screening of environmental contaminants. 437 

 438 

 439 

Supplementary Information 440 

The Supporting Information is available free of charge at https://pubs.acs.org/  441 

• Detailed time-resolved plots of hepatic clearance and extraction fraction over time, 442 

broken down according to each chemical and BSA treatment. 443 

• In vitro-in vivo extrapolation toolbox including individual measured and modelled 444 

hepatic clearance and hepatic extraction fraction values for each liver (XLSX). 445 

 446 

Acknowledgements 447 

 This research was supported by the Long-range Research Initiative of the European 448 

Chemical Industry Council (CEFIC LRI, ECO 47 project “SNAPFISH”). Dr. Markus Brinkmann 449 

is currently a faculty member of the Global Water Futures (GWF) program, which received 450 

funds from the Canada First Research Excellence Funds (CFREF). This research was supported 451 

https://pubs.acs.org/


17 
 

by the Canada Foundation for Innovation (CFI) towards infrastructure, as well as a Discovery 452 

Grants of the Natural Sciences and Engineering Research Council of Canada (NSERC) to Dr. 453 

Markus Brinkmann. The authors wish to acknowledge animal care support of Zoë Henrikson, 454 

Azadeh Hatef, and Dale Jefferson. 455 

 456 

 457 

References 458 

(1)  Scheringer, M.; Strempel, S.; Ng, C. A.; Hungerbühler, K. Response to Comment on 459 
Screening for PBT Chemicals among the “Existing” and “New” Chemicals of the EU. 460 
Environ. Sci. Technol. 2013, 47 (11), 6065–6066. https://doi.org/10.1021/es401769z. 461 

(2)  OECD. Test No. 305: Bioaccumulation in Fish: Aqueous and Dietary Exposure. 2012. 462 
https://doi.org/10.1787/9789264185296-en. 463 

(3)  Arnot, J. A.; Gobas, F. A. P. C. A Review of Bioconcentration Factor (BCF) and 464 
Bioaccumulation Factor (BAF) Assessments for Organic Chemicals in Aquatic 465 
Organisms. Environ. Rev. 2006, 14 (4), 257–297. https://doi.org/10.1139/A06-005. 466 

(4)  A. Lillicrap, A.; T. Springer T; Tyler, C.R. A tiered assessment strategy for more effective 467 
evaluation of bioaccumulation of chemicals in fish. Regul. Toxicol. Pharmacol. 2016, 75, 468 
20-26. http://dx.doi.org/10.1016/j.yrtph.2015.12.012.. 469 

(5)  Laue, H.; Hostettler, L.; Badertscher, R. P.; Jenner, K. J.; Sanders, G.; Arnot, J. A.; 470 
Natsch, A. Examining Uncertainty in in Vitro-In Vivo Extrapolation Applied in Fish 471 
Bioconcentration Models. Environ. Sci. Technol. 2020, 54 (15), 9483–9494. 472 
https://doi.org/10.1021/acs.est.0c01492. 473 

(6)  ECHA. Part C: PBT/VPvB Assessment. Guid. Inf. Requir. Chem. Saf. Assess. 2017, No. 474 
June, 1–22. https://doi.org/10.2823/139408. 475 

(7)  Nichols, J. W.; Huggett, D. B.; Arnot, J. A.; Fitzsimmons, P. N.; Cowan-Ellsberry, C. E. 476 
Toward Improved Models for Predicting Bioconcentration of Well-Metabolized 477 
Compounds by Rainbow Trout Using Measured Rates of in Vitro Intrinsic Clearance. 478 
Environ. Toxicol. Chem. 2013, 32 (7), 1611–1622. https://doi.org/10.1002/etc.2219. 479 

(8)  Watze de, W.; Willem, S.; Hermans, J. L. M.; Bruljn, J. H. M. Influence of 480 
Biotransformation on the Relationship between Bioconcentration Factors and Octanol-481 
Water Partition Coefficients. Environ. Sci. Technol. 1992, 26 (6), 1197–1201. 482 
https://doi.org/10.1021/es50002a608. 483 

(9)  OECD. Test No. 319A: Determination of in Vitro Intrinsic Clearance Using 484 
Cryopreserved Rainbow Trout Hepatocytes (RT-HEP). 2018. 485 
https://doi.org/10.1787/9789264303218-en. 486 

(10)  Organization for Economic Co-operation and Development. Test No. 319B: 487 
Determination of in Vitro Intrinsic Clearance Using Rainbow Trout Liver S9 Sub-Cellular 488 



18 
 

Fraction (RT-S9). OECD Guidel. Test. Chem. 2018, Section 3 (October). 489 
https://doi.org/10.1787/9789264303232-en. 490 

(11)  Nichols, J.; Fay, K.; Bernhard, M. J.; Bischof, I.; Davis, J.; Halder, M.; Hu, J.; Johanning, 491 
K.; Laue, H.; Nabb, D.; Schlechtriem, C.; Segner, H.; Swintek, J.; Weeks, J.; Embryc, M. 492 
Reliability of in Vitro Methods Used to Measure Intrinsic Clearance of Hydrophobic 493 
Organic Chemicals by Rainbow Trout: Results of an International Ring Trial. Toxicol. Sci. 494 
2018, 164 (2), 563–575. https://doi.org/10.1093/toxsci/kfy113. 495 

(12)  Brian Houston, J. Utility of in Vitro Drug Metabolism Data in Predicting in Vivo 496 
Metabolic Clearance. Biochem. Pharmacol. 1994, 47 (9), 1469–1479. 497 
https://doi.org/10.1016/0006-2952(94)90520-7. 498 

(13)  Obach, R. S. Prediction of Human Clearance of Twenty-Nine Drugs from Hepatic 499 
Microsomal Intrinsic Clearance Data: An Examination of in Vitro Half-Life Approach and 500 
Nonspecific Binding to Microsomes. Drug Metab. Dispos. 1999, 27 (11), 1350–1359. 501 

(14)  Nichols, J. W.; Hoffman, A. D.; ter Laak, T. L.; Fitzsimmons, P. N. Hepatic Clearance of 502 
6 Polycyclic Aromatic Hydrocarbons by Isolated Perfused Trout Livers: Prediction from 503 
In Vitro Clearance by Liver S9 Fractions. Toxicol. Sci. 2013, 136 (2), 359–372. 504 
https://doi.org/10.1093/toxsci/kft219. 505 

(15)  Nichols, J. W.; Ladd, M. A.; Fitzsimmons, P. N. Measurement of Kinetic Parameters for 506 
Biotransformation of Polycyclic Aromatic Hydrocarbons by Trout Liver S9 Fractions: 507 
Implications for Bioaccumulation Assessment. Appl. Vitr. Toxicol. 2018, 4 (4), 365–378. 508 
https://doi.org/10.1089/aivt.2017.0005. 509 

(16)  Lee, Y. S.; Lee, D. H. Y.; Delafoulhouze, M.; Otton, S. V.; Moore, M. M.; Kennedy, C. J.; 510 
Gobas, F. A. P. C. In Vitro Biotransformation Rates in Fish Liver S9: Effect of Dosing 511 
Techniques. Environ. Toxicol. Chem. 2014, 33 (8), 1885–1893. 512 
https://doi.org/10.1002/etc.2636. 513 

(17)  Tust, M.; Kohler, M.; Lagojda, A.; Lamshoeft, M. Comparison of the in Vitro Assays to 514 
Investigate the Hepatic Metabolism of Seven Pesticides in Cyprinus Carpio and 515 
Oncorhynchus Mykiss. Chemosphere 2021, 277, 130254. 516 
https://doi.org/10.1016/j.chemosphere.2021.130254. 517 

(18)  Black, S. R.; Nichols, J. W.; Fay, K. A.; Matten, S. R.; Lynn, S. G. Evaluation and 518 
Comparison of in Vitro Intrinsic Clearance Rates Measured Using Cryopreserved 519 
Hepatocytes from Humans, Rats, and Rainbow Trout. Toxicology 2021, 457 (April), 520 
152819. https://doi.org/10.1016/j.tox.2021.152819. 521 

(19)  Kropf, C.; Begnaud, F.; Gimeno, S.; Berthaud, F.; Debonneville, C.; Segner, H. In Vitro 522 
Biotransformation Assays Using Liver S9 Fractions and Hepatocytes from Rainbow Trout 523 
(Oncorhynchus Mykiss): Overcoming Challenges with Difficult to Test Fragrance 524 
Chemicals. Environ. Toxicol. Chem. 2020, 39 (12), 2396–2408. 525 
https://doi.org/10.1002/etc.4872. 526 

(20)  Cowan-Ellsberry, C. E.; Dyer, S. D.; Erhardt, S.; Bernhard, M. J.; Roe, A. L.; Dowty, M. 527 
E.; Weisbrod, A. V. Approach for Extrapolating in Vitro Metabolism Data to Refine 528 
Bioconcentration Factor Estimates. Chemosphere 2008, 70 (10), 1804–1817. 529 



19 
 

https://doi.org/10.1016/j.chemosphere.2007.08.030. 530 

(21)  Escher, B. I.; Cowan-Ellsberry, C. E.; Dyer, S.; Embry, M. R.; Erhardt, S.; Halder, M.; 531 
Kwon, J. H.; Johanning, K.; Oosterwijk, M. T. T.; Rutishauser, S.; Segner, H.; Nichols, J. 532 
Protein and Lipid Binding Parameters in Rainbow Trout (Oncorhynchus Mykiss) Blood 533 
and Liver Fractions to Extrapolate from an in Vitro Metabolic Degradation Assay to in 534 
Vivo Bioaccumulation Potential of Hydrophobic Organic Chemicals. Chem. Res. Toxicol. 535 
2011, 24 (7), 1134–1143. https://doi.org/10.1021/tx200114y. 536 

(22)  Krause, S.; Goss, K. U. Prediction of Unbound Fractions for in Vitro-in Vivo 537 
Extrapolation of Biotransformation Data. Chem. Res. Toxicol. 2021, 34 (1), 7–11. 538 
https://doi.org/10.1021/acs.chemrestox.0c00349. 539 

(23)  Saunders, L. J.; Fontanay, S.; Nichols, J. W.; Gobas, F. A. P. C. Concentration 540 
Dependence of in Vitro Biotransformation Rates of Hydrophobic Organic Sunscreen 541 
Agents in Rainbow Trout S9 Fractions: Implications for Bioaccumulation Assessment. 542 
Environ. Toxicol. Chem. 2019, 38 (3), 548–560. https://doi.org/10.1002/etc.4342. 543 

(24)  Schlenk, D.; Celander, M.; Gallagher, E.; George, S.; James, M.; Kullman, S.; van den 544 
Hurk, P.; Willett, K. Biotransformation in Fishes; 2008. 545 
https://doi.org/10.1201/9780203647295.ch4. 546 

(25)  Wassenaar, P. N. H.; Verbruggen, E. M. J.; Cieraad, E.; Peijnenburg, W. J. G. M.; Vijver, 547 
M. G. Variability in Fish Bioconcentration Factors: Influences of Study Design and 548 
Consequences for Regulation. Chemosphere 2020, 239, 1–9. 549 
https://doi.org/10.1016/j.chemosphere.2019.124731. 550 

(26)  Nichols, J. W.; Hoffman, A. D.; Fitzsimmons, P. N. Optimization of an Isolated Perfused 551 
Rainbow Trout Liver Model: Clearance Studies with 7-Ethoxycoumarin. Aquat. Toxicol. 552 
2009, 95 (3), 182–194. https://doi.org/10.1016/j.aquatox.2009.09.003. 553 

(27)  Krause, S.; Goss, K. U. In Vitro- in Vivo Extrapolation of Hepatic Metabolism for 554 
Different Scenarios - A Toolbox. Chem. Res. Toxicol. 2018, 31 (11), 1195–1202. 555 
https://doi.org/10.1021/acs.chemrestox.8b00187. 556 

(28)  OECD. Study Report Multi-Laboratory Ring-Trial to Support Development of OECD 557 
Test Guidelines on Determination of in Vitro Intrinsic Clearance Using Cryopreserved 558 
Rainbow Trout Hepatocytes and Liver S9 Sub- Cellular Fractions. 2017. 559 

(29)  Carlson, E.; Zelikoff, J. T. The Immune System of Fish: A Target Organ of Toxicity. 560 
Toxicol. Fishes 2008, 489–530. https://doi.org/10.1201/9780203647295. 561 

(30)  Nichols, J. W.; Ladd, M. A.; Hoffman, A. D.; Fitzsimmons, P. N. Biotransformation of 562 
Polycyclic Aromatic Hydrocarbons by Trout Liver S9 Fractions: Evaluation of 563 
Competitive Inhibition Using a Substrate Depletion Approach. Environ. Toxicol. Chem. 564 
2019, 12, 2729- 2739. https://doi.org/10.1002/etc.4595 565 
https://doi.org/10.002/etc.xxxx.Publisher. 566 

(31)  Koponen, K.; Ritola, O.; Huuskonen, S.; Linder, D.; Monostory, K.; Lindström-Seppä, P. 567 
Intrastrain and Interstrain Variability in Biotransformation Enzyme Activities of Rainbow 568 
Trout (Oncorhynchus Mykiss). Can. J. Fish. Aquat. Sci. 1997, 54 (12), 2901–2906. 569 



20 
 

https://doi.org/10.1139/f97-191. 570 

(32)  Saunders, L. J.; Diaz-Blanco, G.; Lee, Y. S.; Otton, S. V.; Gobas, F. A. P. C. Hepatic 571 
Clearance Binding Terms of Hydrophobic Organic Chemicals in Rainbow Trout: 572 
Application of a Streamlined Sorbent-Phase Dosing Method. Environ. Sci. Technol. Lett. 573 
2020, 7 (9), 672–676. https://doi.org/10.1021/acs.estlett.0c00518. 574 

(33)  Saunders, L. J.; Fitzsimmons, P. N.; Nichols, J. W.; Gobas, F. A. P. C. In Vitro-in Vivo 575 
Extrapolation of Hepatic and Gastrointestinal Biotransformation Rates of Hydrophobic 576 
Chemicals in Rainbow Trout. Aquat. Toxicol. 2020, 228 (August), 105629. 577 
https://doi.org/10.1016/j.aquatox.2020.105629. 578 

(34)  Brinkmann, M.; Schlechtriem, C.; Reininghaus, M.; Eichbaum, K.; Buchinger, S.; 579 
Reifferscheid, G.; Hollert, H.; Preuss, T. G. Cross-Species Extrapolation of Uptake and 580 
Disposition of Neutral Organic Chemicals in Fish Using a Multispecies Physiologically-581 
Based Toxicokinetic Model Framework. Environ. Sci. Technol. 2016, 50 (4), 1914–1923. 582 
https://doi.org/10.1021/acs.est.5b06158. 583 

(35)  Krause, S.; Goss, K. U. Relevance of Desorption Kinetics and Permeability for in Vitro-584 
Based Predictions of Hepatic Clearance in Fish. Aquat. Toxicol. 2021, 235 (January), 585 
105825. https://doi.org/10.1016/j.aquatox.2021.105825.  586 



21 
 

Figures and Tables 587 

Table 1. Experimentally measured hepatic clearance (CLH, mL h-1 g-1) and hepatic extraction 588 

fractions (EH, dimensionless) of the five tested chemicals in isolated perfused trout livers in the 589 

presence of 1.0, 2.5, and 10 g L-1 BSA. All values are expressed as arithmetic means ± standard 590 

deviation of n=3-4 replicate livers per condition. 591 

  CLH (mL h-1 g-1)  EH (%) 

BSA (g L-1) 1.0 2.5 10 1.0 2.5 10 

Pyrene 46.4±7.44 37.5±3.52 30.2±18.7 80.9±12.5 49.1±8.81 50.1±14.8 

Phenanthrene 24.1±5.64 17.1±2.40 9.81±3.63 39.5±13.8 29.6±7.69 18.6±5.00 

4-n-Nonylphenol 76.0±12.7 55.4±17.0 47.1±7.01 99.3±1.47 73.8±18.9 67.5±14.4 

Deltamethrin 19.0±8.87 7.54±2.46 12.9±8.87 27.2±10.3 12.4±1.44 21.8±16.2 

Methoxychlor 39.4±18.7 33.5±16.9 14.9±6.34 64.1±30.5 60.8±30.6 27.0±11.5 

  592 
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 593 

Figure 1. Physiological performance of isolated perfused livers was evaluated through 594 

measurement of glucose efflux (A) and pH change between afferent and efferent samples (B). Data 595 

shown summarizes all perfusions performed across BSA concentrations. Symbols indicate the 596 

arithmetic means of all livers across all conditions per chemical. Gray shaded areas indicate the 597 

range of reference values from previous studies conducted by Nichols et al.14.  598 
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Figure 2. Experimental clearance of assayed chemicals in isolated perfused livers compared with 600 

extrapolated clearance in isolated hepatocytes (A) or S9 (C). Each chemical is represented by a 601 

unique color (see legend) in the presence of 1.0, 2.5, and 10 g L-1 BSA through squares, circles, 602 

and triangles, respectively. The solid line indicates the 1:1 line, dotted lines correspond to ± the 603 

root means squared error (RMSE). Symbols indicate the arithmetic means, error bars the standard 604 

deviations of n=3-4 replicate livers per condition. Horizontal error bars represent the variability in 605 

extrapolated hepatic clearance values from RT-HEP and RT-S9, vertical error bars indicate 606 

variability of clearance measurements across replicate perfused livers. Bland-Altman plots for 607 

clearances predicted from isolated hepatocytes (B) or S9 (D) versus measured hepatic clearances 608 

were generated to test for systematic differences (biases). 609 
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