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BACKGROUND: Although in vivo studies of internal exposure to hazardous substances have been carried out for many years, there is room for progress
to improve their informative value while adhering to the four R’s: replacement, reduction, refinement, and responsibility rule.

OBJECTIVES: The objective of the study was to illustrate how toxicokinetic (TK) study design and data analysis can be implemented under the 4R
rule to plan a chronic dosage regimen for investigating TK/toxicodynamic (TD) relationships.

METHODS: The intravenous (IV) and oral serum concentrations of eight hazardous environmental contaminants including 1,1-Dichloro-2,2-bis(p-
chlorophenyl)ethylene (pp’DDE), 8-Hexachlorocyclohexane (B-HCH), hexachlorobenzene (HCB), 2,2'4,4’-tetrabromodiphenyl ether (BDE-47), per-
fluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA), di(2ethylhexyl)phthalate (DEHP), and bisphenol S (BPS) were obtained after mixture
dosing in rabbits using a sparse sampling design. Data were comprehensively analyzed using nonlinear mixed effect (NLME) modeling.

ResuLTs: The short persistence of BPS and of the DEHP metabolite (mono-2-ethylhexyl phthalate), reflected by their mean residence times (MRT)
of a few hours, was due to their efficient clearance (CL, 3.2 and 0.47 L/kg/h). The longer MRT of the other compounds (1-48 d) resulted either
from their extremely low clearance (lower than 0.01 L/kg/h for PFOA and PFOS) or from their very large volume of distribution (Vgs) ranging from
33 to 45 L/kg. Estimates of CL, Vg, and bioavailability were used to compute the oral loading and daily maintenance doses required to attain a nom-
inal steady-state serum concentration of 1 ng/mL. Simulations with the NLME model were applied to predict the serum concentration profile and to
contrast the differential rates of accumulation in the central vs. peripheral compartments.

ConcLusioN: NLME modeling of the IV and oral TK of hazardous environmental contaminants, in rabbits while fulfilling the 4R rule, was able to
provide the physiological basis for interspecies extrapolation of exposure rates in a TK/TD approach to risk assessment. https://doi.org/10.1289/

EHP8957

Introduction

Measuring in vivo exposure to xenobiotics for all relevant
human scenarios is not feasible, and minimizing the number of
animals involved in regulatory toxicology is an ethical priority
(Tannenbaum and Bennett 2015). This dual constraint has led to
the promotion of several alternative nonanimal approaches in the
field of risk assessment for the prediction of toxicity in humans
(Hofer et al. 2004). These approaches are collectively known as
New Approach Methodologies (NAMs) and are based on apply-
ing “read-across” to predict end-point information for one sub-
stance (the target substance) by using data from the same end
point from (an)other substance(s), [the source substance(s); Ball
et al. 2020; Benfenati et al. 2019; Dimitrov and Mekenyan 2010].
Despite the sophistication of these NAMs, traditional animal-
based testing is still of value and continues to play an important
role in toxicology. Recently we demonstrated, using an in vivo
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pig model, that the oral bioavailability of bisphenol S (BPS),
which is structurally closely related to bisphenol A (BPA) and
promoted as a substitute, was about 100 times higher than that of
BPA (Gayrard et al. 2019). It can thus be deduced, at least
regarding toxicokinetics (TK), that BPA cannot be used indis-
criminately as a source substance for all other bisphenols in a
“read-across” prediction. Nevertheless, given the necessary
objective to reduce and optimize animal testing, there is still
room for the improvement of experimental designs, data analysis,
and results interpretation in these in vivo approaches. In our opin-
ion, routine TK tests are frequently designed to meet regulatory
requirements rather than to maximize their informational value,
the data analyses being generally simplistic and typically based
on noncompartmental analysis (NCA). Furthermore, interpreta-
tion of the results relates more to descriptive variables of expo-
sure, namely maximal concentration (Cmax), time to Cmax and
area under the concentration—time curve (AUC), than to primary
parameters with direct physiological significance, such as clear-
ance or volume of distribution at steady-state (Vss), that are more
amenable to interspecies extrapolation (Sharma and McNeill
2009). For example, the intravenous (IV) route is the only one
able to unambiguously generate TK parameters such as clearance
(CL) and Vss and to measure an absolute bioavailability (Benet
and Zia-Amirhosseini 1995) but is nevertheless rarely used. One
reason is the difficulty of analyzing the data when sufficiently
large samples cannot be obtained from the same animal (rich
sampling) due to body size limitations (e.g., rodents) or when ani-
mals are sampled destructively. However, modeling approaches
able to simultaneously manage unbalanced and sparse data from
different animals or even from different trials do exist, such as
nonlinear mixed effect (NLME) modeling (Li et al. 2015).
Although it was introduced in TK more than 20 y ago (Burtin
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et al. 1996), NLME modeling requires in-depth knowledge of the
modeling process and has rarely been applied. Finally, a factual
rather than mechanistic interpretation of the results could be
favored in a strictly regulatory context to minimize the risk of the
evaluators raising new questions to which the tenderers do not
wish to answer.

The present study was aimed to illustrate how a sparse sam-
pling design and conduct of animal studies (mixture approach),
advanced data analysis using NLME modeling, and a reasoned
data interpretation can reduce and optimize animal testing and be
integrated into the overall rationale of NAMs. These concepts were
investigated by performing a kinetic evaluation of a mixture of
eight environmental contaminants. This TK assay constituted the
first phase of a larger project to document, in female rabbits, the
TK/toxicodynamic (TD) relationship between the systemic expo-
sure to a mixture of environmental contaminants and their repro-
ductive toxicity. More specifically, the goal was to determine the
doses (loading and daily maintenance doses) to be administered by
oral route to ensure immediate and subsequent maintenance of se-
rum concentrations of the eight substances at a level suitable for
TK/TD approaches to risk assessment. These compounds were
selected for their widespread occurrence in the environment and
their potential threat to human health (see for review Gentry et al.
2011; Mrema et al. 2013; Pelch et al. 2019; Sunderland et al.
2019; Wu et al. 2020). They were also representative of different
classes of chemicals including polybrominated diphenyl ether
[2,2'4,4’-tetrabromodiphenyl ether (BDE-47)], perfluorinated alkyl
substances with perfluorooctane sulfonate (PFOS) and perfluorooc-
tanoic acid (PFOA), phthalate esters [di(2-ethylhexyl)phthalate
(DEHP)], bisphenols (BPS), and organochlorines with 1,1-
Dichloro-2,2-bis(p-chlorophenyl)ethylene (pp’DDE), a break-
down product of DDT [1,1,1-trichloro-2,2-bis(p-chlorophenyl)
ethane], 8-Hexachlorocyclohexane (B-HCH) a by-product in
the manufacturing of lindane and hexachlorobenzene (HCB).
Organochlorine pesticides/herbicides such as DDT, HCH, and
HCB have been extensively used to control insect-borne diseases
and agricultural pests. Although these chemicals have been banned
in most countries, they still persist in the environment (WHO
2003) and remain of concern for human health mainly due to their
chemical stability and bioaccumulation in living organisms (Geyer
et al. 1986; Keswani et al. 2021). Concerns for BDE-47 have also
arisen because it was proven to be one of the dominant congeners
of polybrominated diphenyl ether detected in the environment and
human tissues (Wu et al. 2020). Despite their phaseout, PFOA and
PFOS (the two most widely known perfluorinated alkyl substan-
ces) remained widely distributed in the environment and human
samples due to their persistence and bioaccumulation capability
(Calafat et al. 2007; Knutsen et al. 2018). One of the main BPA
substitutes, BPS, was widely found in the environment throughout
the world (Qiu et al. 2019). Extensive use of DEHP as a plasticizer
in manufacturing a wide variety of consumer products, such as
packed food and beverages, has led to its ubiquitous presence in
the environment and human exposure (Gao and Wen 2016; Wang
et al. 2019). Because the conversion of DEHP into mono(2-
ethylhexyl) phthalate (MEHP) is considered to be a critical factor
in the toxicity of DEHP, MEHP exposure was regarded as relevant
in terms of risk assessment (Gentry et al. 2011).

Due to the widespread occurrence of these contaminants in
the air, soils, and water, the ingestion of contaminated food and
beverages was assumed to be a major route of exposure (Gasull
et al. 2011; Haug et al. 2011; Serrano et al. 2014; Wu et al. 2018,
2020). Even though a large number of studies have reported prev-
alent systemic human exposure to all the above-selected pollu-
tants (Bjerregaard-Olesen et al. 2017; Ettinger et al. 2017; Johns
etal. 2017; Lee et al. 2017; Lewin et al. 2017; Philips et al. 2018;
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Robinson et al. 2015; Tamayo-Uria et al. 2019; Wilson et al.
2018; Woods et al. 2017), TK data remain scarce. Our approach,
based on a simultaneous TK assessment of these contaminants,
using mixture dosing and a nonlinear mixed effect model,
allowed simultaneous analysis of sparse sampling data from the
time profiles of environmental contaminants serum concentra-
tions after IV and oral route administrations and provided robust
estimates of the mean TK parameters. A preliminary study was
performed to check the ability of these parameters to predict the
oral and maintenance doses required to attain targeted serum
steady-state concentrations in female rabbits.

Methods

Animals

The experiment was authorized by the French Ministry of Research
under the number APAFIS No. 14787-201804201607003 v3. Only
female rabbits were used because this work was a preliminary step
in the FEDEXPO research project of which one goal is to study the
consequences of chronic exposure to a complex mixture of environ-
mental chemicals on the female reproductive system, notably ovar-
ian function. The rabbits were housed individually in inox cages. A
sample of drinking water and of the unique batch of commercial
feed (Stabifibre), used during the course of the TK assay and sup-
plied ad libitum, were analyzed to assess possible residual concen-
trations of the test compounds. The room was illuminated by
artificial 12:12 h light:dark cycle, and the temperature was main-
tained at about 18°C.

Experimental Design and Dosing

TK assay. The experiment was carried out on thirty 10-wk old
female New Zealand white rabbits (INRA 1777 line) weighing
2.37 £0.14 kg. Twelve rabbits received a mixture of the 8§ com-
pounds by IV route, and a mixture of the same compounds was
administered by oral route to 12 other rabbits, except that DEHP
instead of MEHP was administered orally. Blood samples were
taken at the designated time points post IV and oral administra-
tion: 15 min, 30 min, 1 h, 2h, 4 h, 8 h, 12 h, 24 h,3 d, 7 d, and
28 d from groups of 3 or 6 rabbits at each sampling time. Each
rabbit was sampled 3 times and 3 rabbits were sampled at each
sampling time, except at 30 min post administration, when 6 sam-
ples were collected to provide a sufficient blood volume for
assaying the compounds. The doses and assay time points were
selected to allow the calculation of TK parameters (Table 1)
based on preliminary TK data. Residual concentrations of the
compounds, and their possible evolution over time, were deter-
mined by sampling six entirely untreated rabbits during the TK
study on the day of drug administrations, then 14 d and 28 d
later.

Chronic exposure. The objective of this preliminary experi-
ment was to check the ability of our approach to determine the
loading and maintenance doses of the eight compounds to be
administered simultaneously by oral route to reproduce in female
rabbits targeted serum concentrations. The experiment was car-
ried out on thirty-two 2-wk old female New Zealand white rab-
bits (INRA 1777 line) randomly allocated to a treatment and
control groups of 16 rabbits weighing 309 +45 g and 298 +62 g,
respectively. The treated rabbits were orally administrated a mix-
ture of the eight compounds at a dosage corresponding to the sum
of the loading and daily maintenance doses followed by daily
administrations of the maintenance dose for 17 wk (see the
“Estimation of the doses” section). The control group was orally
administrated the vehicle for the same duration. At 19 weeks of
age, blood was collected immediately ante mortem from the
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treated and control rabbits weighing 4.028 +0.564 kg and
4.070 +0.393 kg, respectively.

Test Material, Treatments, and Blood Sampling

All materials for the preparation of solutions, including the materi-
als used for sampling, processing, and analysis, were made of glass
or polypropylene. BDE-47 (2,2’,4,4'-tetrabromodiphenyl ether)
and HCB (hexachlorobenzene) were purchased from Toronto
Research Chemicals. BPS, pp’DDE, DEHP, BHCH, MEHP,
PFOA, and PFOS potassium salt were purchased from Sigma-
Aldrich. Based on quantification using a linear isomer of PFOS
(nPFOS) as standard, the PFOS isomer profile of the Sigma stand-
ard used for dosing, indicated that the branched PFOS (brPFOS)
isomer content (39%) was of the same order as that determined in
human serum (27%—44%; Beesoon et al. 2011).

For the TK study, the IV dosing solution was prepared by dis-
solving together BDE-47, BPS, pp’DDE, B-HCH, MEHP, PFOA,
and PFOS in DMSO at the measured respective concentrations of
48,26, 7, 4.4, 12, 0.82, and 0.94 mg/mL while an oily emulsion
containing 0.13 mg of HCB per milliliter (corn oil:lecithin:
Ringer solution, 10:0.5:89, vol:wt:vol) was prepared. The oral
dosing solution was prepared by dissolving together BDE-47,
BPS, pp’DDE, DEHP, HCB, B-HCH, PFOA, and PFOS in corn
oil containing 3% of ethanol at the measured respective concen-
trations of 2.9, 1.1, 1.1, 2.8, 1.9, 0.5, 0.1, and 0.09 mg/mL. The
volume administered was adjusted to the animal’s body weight
(BW) recorded the day before.

Intravenous administrations were performed via an indwelling
catheter (22G Terumo, 0.9 X 25 mm) just after its insertion into
an ear vein. Immediately after administration of the solution con-
taining all compounds (0.1 mL/kg) except HCB, the emulsion
containing HCB (0.5 mL/kg) was slowly injected. For oral
administrations, the mixture of all compounds (4 mL/kg) was de-
posited directly in the mouth of rabbits using a catheter (22G BD
Insyte 22G, 0.9 X 25 mm). Prior to the study, the rabbits had been
trained to gradually swallow water and then corn oil.

Blood samples were collected from the auricular artery
using a 20 G needle (0.9 X 25 mm) and a dry tube. The first two
blood samples were 8—10 mL in volume, whereas a large vol-
ume (about 20 mL) was obtained antemortem immediately after
electrical stunning (95LX rabbit stunner; Burdis), followed by
exsanguination.

For the chronic exposure, the first-day dosing solution (load-
ing plus maintenance doses, 4 mL/kg) was prepared by dissolv-
ing together BDE-47, BPS, pp’'DDE, DEHP, HCB, B-HCH,
PFOA, and PFOS in corn oil containing 20% of ethanol at the re-
spective concentrations of 2.5, 38.5, 287, 258, 46, 44, 4.9, and
14 pg/mL. The maintenance dosing solution was prepared by
dissolving together BDE-47, BPS, pp’DDE, DEHP, HCB,

B-HCH, PFOA, and PFOS in corn oil containing 5% of ethanol at
the respective concentrations of 1.1, 122, 96, 770, 5.6, 10, 10,
and 1.0 pg/mL. The volume of the maintenance dosing solution
(1 mL/kg) was weekly adjusted to the mean BW estimated from
the known pattern of growth of the INRA 1777 rabbit line. Oral
dosing and antemortem blood sampling were performed as previ-
ously described.

Blood samples were left to clot for about 20-30 min at ambi-
ent temperature and centrifuged for 20 min at 3,000 X g at 25°C.
The separated serum was stored in glass tubes at —20°C until
assayed.

Sample Analysis

Serum analysis. The assay time points are given in Table 1. Four
concurrent quantifying methods were performed to analyze BPS/
MEHP, BDE-47, pp'DDE/HCB/BHCH, and PFOA/PFOS, res-
pectively, using liquid chromatography—tandem mass spectrome-
try (LC-MS/MS) measurement for perfluorinated compounds
(PFAS; Cariou et al. 2015), GC-HRMS measurement for poly-
bromodiphenylether (PBDE) compounds (BDE-47; Antignac et al.
2009) and gas chromatography—tandem mass spectrometry (GC-
MS/MS) measurement, on one hand for organochlorine pesticides
(OC; Bichon et al. 2015) and on the other hand, bisphenols and
phthalates with detailed conditions described elsewhere
(Deceuninck et al. 2015, 2019). Serum concentrations of BPS
(total and unconjugated), MEHP, PFOA, and PFOS were also
evaluated in the samples collected from control rabbits on the day
of drug administrations and 14 d later. The serum concentrations
of BDE-47, HCB, and B-HCH were evaluated in the samples col-
lected from control rabbits 28 d after the administrations.

Briefly, for BDE and OC analysis, formic acid was added to
200 pL of serum samples before extraction of the compounds with a
mixture of hexane/dichloromethane (80/20 vol/vol). '*C-labeled in-
ternal standards (Wellington Laboratories) were added to the sam-
ples before the extraction step ('*C-BDE-47, *C-pp'DDE,
13C-HCB, *C-BHCH). BDE-47 was detected by GC-EI(+)-HRMS
(7890, Agilent Technologies/IMS800D, R = 10,000, Jeol), using a
DB 5MS capillary column (30 mx0.25 mm, 0.25 pm, J&W
Scientific). Organochlorine pesticides (pp'DDE, HCB and HCH)
were separated and detected by GC-EI(+)-MS/MS (Agilent
Technologies 7890 gas chromatograph coupled with an Agilent
7010 triple quadrupole mass spectrometer) using an HT8-PCB capil-
lary column (60 m X 0.25 mm, 0.25 pm, TRAJAN). Analytes were
identified by two unique diagnostic signals [multiple reaction moni-
toring (MRM) transitions] and quantified based on the most intense
signal.

For PFOA and PFOS, 400 pL of serum was spiked with
13C-labeled standard ('*C4-PFOA and 'C4-PFOS) before being
extracted using a mixture of methanol and potassium hydroxide.

Table 1. Intravenous, oral doses, and time points of assay of the different compounds.

Compound IV dose (umol/kg) IV dose (mg/kg) Oral dose (pumol/kg) Oral dose (mg/kg) Time points of assay

BDE-47 9.88 4.80 24.0 11.7 30 min, 24 h,3d,7d, and 28 d

BPS 10.5 2.63 18.2 4.56 15 min, 30 min, 1 h,2h,4h,8h, 12 h,24 h,and 3 d
pp’'DDE 2.26 0.72 14.4 4.57 30 min, 24 h,3d,7d, and 28 d

DEHP NA NA 28.3 11.1 15 min, 30 min, 1 h,2h,4h,8h, 12h,24 h,and 3 d
HCB 0.231 0.066 27.3 7.717 30 min, 24 h,3d,7d, and 28 d

B-HCH 1.52 0.44 6.97 2.03 30 min, 24 h,3d, 7d, and 28 d

MEHP 4.18 1.16 NA NA 15 min, 30 min, 1 h,2h,4h,8h, 12h,24 h,3d
PFOA 0.198 0.082 0.966 0.400 15 min, 30 min, 4 h, 12 h,24 h,3d, 7d, and 28 d
nPFOS 0.114 0.057 0.400 0.200 15 min, 30 min, 4 h, 12 h,24 h,3d, 7 d, and 28 d
brPFOS 0.073 0.037 0.299 0.150 15 min, 30 min, 4 h, 12h,24 h,3d,7d, and 28 d

Note: The doses were back calculated from an assay of the dosing solutions. NA, not applicable; BDE-47, 2,2’ 4,4 -tetrabromodiphenyl ether; B-HCH, B-hexachlorocyclohexane;
BPS, bisphenol S; brPFOS, branched isomer of perfluorooctane sulfonate; HCB, hexachlorobenzene; IV, intravenous; MEHP, mono(2-ethylhexyl)phthalate; PFOA, perfluorooctanoic
acid; nPFOS, linear isomer of perfluorooctane sulfonate; pp’DDE, 1,1-Dichloro-2,2-bis(p-chlorophenyl)ethylene.
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After 12 h of contact, samples were acidified and purified using
two solid phase extraction steps (polystyrene divinyl benzene
then carbon stationary phase). Final purified extracts were ana-
lyzed by LC-ESI(-)-MS/MS. At least two diagnostic signals
(MRM transitions) were monitored per analyte.

For BPS and MEHP, 100 pL of serum samples were spiked with
internal standard (13C 12-BPS and 4C3—MEHP), then deconjugated
using enzymatic hydrolysis (20 pL mixture of water/acetate buffer
2 M/B-glucuronidase 100/100/10 vol/vol/vol - B-glucuronidase
from Abalonase™, ASF beta-gluc-10 reference) for 2 h at 50°C. A
liquid/liquid extraction was then performed with ethyl acetate, and
organic phase was evaporated to dryness before derivatization with
N-methyl-N-(trimethylsilyDtrifluoroacetamide (MSTFA). Extracts
were analyzed by GC-MS/MS, monitoring two diagnostic signals
(MRM transitions) per compound.

Total serum concentrations of BPS (i.e., unconjugated +
conjugates) were quantified following incubation with a
B-glucuronidase. Concentrations of unconjugated BPS were
determined without the enzymatic hydrolysis step using the
same methodology described above for total BPS. Considering
that total serum concentrations of BPS represents mainly the
sum of unconjugated and glucuronoconjugated BPS (BPSG),
we derived BPSG serum concentrations by subtracting unconju-
gated BPS from total BPS concentrations for TK analyses.

Drinking water and feed analysis. After drying feed in an
oven at 80°C for 48h, BDE-47 and OCs were extracted with a tol-
uene/acetone mixture (70:30, vol/vol) by Pressurized Liquid
Extraction (SpeedExtractor-Biichi), and a liquid/liquid extraction
using hexane was applied to the water sample. The '3C-labeled
internal standards were added to the samples before the extraction
step. Purification steps were achieved on successive columns
manually packed. The first step was a silica gel column loaded
with sulfuric acid. The extract was further purified on Florisil”
and carbon columns. Injection and quantification conditions were
those described above for serum samples.

PFOA and PFOS were extracted and purified from 1 g of feed
by solid/liquid extraction using a mixture of methanol and
0.01 M potassium hydroxide as described in a previous paper
(Couderc et al. 2015). 3C-labeled internal standards ('*C4-PFOA
and 3C4-PFOS) were added to the sample before the extraction
step. After 12 h of contact at room temperature, centrifugation at
700 X g for 5 min was performed, and the feed extract was acidi-
fied with formic acid (4 mL; 0.1 M) and then purified on two
solid phase extraction cartridges polystyrene divinyl benzene
(Waters) and carbon stationary phases (Supelco Sigma-Aldrich),
and '3C-labeled internal standards were directly added to 10 mL
of water before the acidification and purification steps. Injection
and quantification conditions were those described above for se-
rum samples.

For BPS and MEHP, samples were analyzed as previously
described (Deceuninck et al. 2014). Briefly, 1 g of feed sample
was spiked with internal standard (3C1,-BPS and *C4,~MEHP)
before performing solid/liquid extraction with a water/acetonitrile
mixture. After 12 h of contact, the sample was purified using two
solid phase extraction steps (polystyrene divinyl benzene,
Macherey-Nagel) and MIP (Affinimip-BPA, Affinisep). The final
purified extract was evaporated to dryness under a gentle stream
of nitrogen before derivatization with MSTFA. A 5-mL sample
of water was spiked with internal standards (3C1»-BPS and
13C4-MEHP), then deconjugated using enzymatic hydrolysis with
1 mL of acetate buffer 2 M and 10 pL of B-glucuronidase. After
12 h of contact, the sample was purified using a solid phase
extraction step (polystyrene divinyl benzene) as described in
Deceuninck et al. (2014). The final purified extract was evapo-
rated to dryness before derivatization with MSTFA. Injection and
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quantification conditions were those described above for serum
samples.

For all substances, the limits of detection (LOD) of the assays
are given in Table S1.

Toxicokinetic Analyses

All TK analyses were performed using Phoenix WinNonlin” (ver-
sion 8.3; Certara L.P.). Serum mass concentrations were con-
verted into molar concentrations before analysis.

Noncompartmental analysis. Serum concentration-time pro-
files of the different compounds were first analyzed using a non-
compartmental approach (NCA) involving a sparse data option.
Sparse data methodology consists of calculating TK parameters
based on the mean profile of all the subjects in the dataset and is
appropriate when a rich data series cannot be obtained, as in the
present experiment (FDA 1999). The area under the concentration
time curve (AUC_ yas) and the area under the first moment curve
(AUMC) _ a5) from dosing time (# = 0) to the time of the last meas-
urable concentration were calculated using the linear trapezoidal rule
after IV and oral dosing. The area under the serum concentration
time curve from dosing time to infinity (AUC _ i) was obtained by
adding to AUC_ g,y the area extrapolated from the time of the last
measurable concentration to infinity by dividing the last quantifiable
serum concentration by the slope of the terminal phase (A7), as esti-
mated by linear regression using the best fit option of Phoenix”.

The clearance (CL) and apparent clearance (CL_F) were respec-
tively estimated after IV and oral administrations by dividing the
administered dose by the AUC _ i, calculated for each analyte.

The terminal half-life (HL) was estimated with Equation 1:

HL=0.69315/%7 (1)

where Az is the slope of the terminal phase.
The oral bioavailability (F) was estimated using Equation 2:

AUCvoq — 45t X Dose;y,
T AUCIV)  yjass X Dosey,”

(@)

where AUCiv(_ gast and AUCvVO(_y, are the values of AUC_ ya
obtained after IV and oral dosing, respectively, and Dose;, and
Dosey, are the IV and oral doses.

The mean residence time (MRT) was estimated using
Equation 3:

MRT = AUMCjiVO — tlast . (3)
A UCIV() — tlast
where AUCMivg_gase and AUCivy_yas are the values of
AUMC _ a5t and AUC _ a5 Obtained after IV dosing.
The steady-state volume of distribution (Vgs) was estimated
using Equation 4:

Vgs =CL X MRT, (€]

with CL and MRT as defined above.

TK modeling. A nonlinear mixed effect (NLME) modeling
approach was used to analyze simultaneously all data obtained
from the different rabbits after both IV and oral administrations
and to provide robust estimates of the typical TK parameters.

For all compounds except PFOA, the two-compartment
model depicted in Figure 1 was selected based on the likelihood
ratio test (LRT), the Akaike Information Criterion (AIC), and
inspection of different diagnostic plots to better fit simultaneously
the merged serum concentrations obtained after both IV and oral
administrations. For PFOA, a three-compartmental model offered
a better fit and was preferred.
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Figure 1. Schematic representation of the compartmental model. The model
includes both a central and a peripheral compartment whose respective vol-
umes are V1 and V2. For the oral route, the compounds are administered in
the absorption compartment (designated GIT) and linked to the central com-
partment with a rate constant of transfer (Kus). The exchanges between the
central and the peripheral compartments are bilateral, with K;, being the
rate constant between the central and the peripheral compartments and Ky;
the rate constant between the peripheral and the central and compartments.
Elimination of the compounds was modeled with a first-order rate constant
designated Ko. The fraction of the compounds that reaches the central com-
partment unchanged, i.e., the bioavailability, is designated by F%. Note:
G.i.t, Gastrointestinal tract.

The primary parameters of the model, namely the volume of
distribution of the central compartment (V1), the first-order rate
constants (Ko, Ki2, Ky, and Ky plus K3, K3y for PFOA) and
the bioavailability (F) and their associated precisions [standard
error (SE)] were estimated by minimizing an objective function
value (OFV) expressed as minus twice the log of the likelihood
estimation (—2LL). Oral bioavailability was estimated by apply-
ing an ILogit transformation to preclude a value greater than 1.
Marginal likelihood was approximated by using the Laplacian
engine by default and, when this engine was unable to determine
the SE of the estimate, the Quasi-Random Parametric
Expectation Maximization (QRPEM) was selected.

Between subject variability (BSV) of the parameters was
measured using the exponential model

eparame[er_i = etv_pammeter X exp (ni)!

where 0,qramerer_i 15 the parameter estimated for the ith individual,
O _paramerer 18 th