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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 0DDE), �-Hexachlorocyclohexane (b-HCH), hexachlorobenzene (HCB), 2,204,4 0-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 (VSS) ranging from
33 to 45 L=kg. Estimates of CL, VSS, 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
(Höfer 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

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
[2,204,40-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 0DDE), a break-
down product of DDT [1,1,1-trichloro-2,2-bis(p-chlorophenyl)
ethane], �-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
et al. 2017; Lee et al. 2017; Lewin et al. 2017; Philips et al. 2018;

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, 2 h, 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 (2,20,4,40-tetrabromodiphenyl ether)
and HCB (hexachlorobenzene) were purchased from Toronto
Research Chemicals. BPS, pp0DDE, 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, pp0DDE, 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, pp0DDE, 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× 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× 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× 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, pp0DDE, 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 lg=mL. The maintenance dosing solution was prepared by
dissolving together BDE-47, BPS, pp0DDE, 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 lg=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× 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, pp0DDE=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 lL of serum samples before extraction of the compoundswith a
mixture of hexane/dichloromethane (80/20 vol/vol). 13C-labeled in-
ternal standards (Wellington Laboratories) were added to the sam-
ples before the extraction step (13C-BDE-47, 13C-pp0DDE,
13C-HCB, 13C-bHCH). BDE-47was detected byGC-EIð+Þ-HRMS
(7890, Agilent Technologies/JMS800D, R=10,000, Jeol), using a
DB 5MS capillary column (30 m× 0:25 mm, 0:25 lm, J&W
Scientific). Organochlorine pesticides (pp0DDE, HCB and bHCH)
were separated and detected by GC-EIð+Þ-MS=MS (Agilent
Technologies 7890 gas chromatograph coupled with an Agilent
7010 triple quadrupolemass spectrometer) using anHT8-PCBcapil-
lary column (60 m×0:25 mm, 0:25 lm, 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 lL of serum was spiked with
13C-labeled standard (13C4-PFOA and 13C4-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 (lmol=kg) IV dose (mg/kg) Oral dose (lmol=kg) Oral dose (mg/kg) Time points of assay

BDE-47 9.88 4.80 24.0 11.7 30 min, 24 h, 3 d, 7 d, and 28 d
BPS 10.5 2.63 18.2 4.56 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, 24 h, and 3 d
pp 0DDE 2.26 0.72 14.4 4.57 30 min, 24 h, 3 d, 7 d, and 28 d
DEHP NA NA 28.3 11.1 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, 24 h, and 3 d
HCB 0.231 0.066 27.3 7.77 30 min, 24 h, 3 d, 7 d, and 28 d
b-HCH 1.52 0.44 6.97 2.03 30 min, 24 h, 3 d, 7 d, and 28 d
MEHP 4.18 1.16 NA NA 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, 24 h, 3 d
PFOA 0.198 0.082 0.966 0.400 15 min, 30 min, 4 h, 12 h, 24 h, 3 d, 7 d, and 28 d
nPFOS 0.114 0.057 0.400 0.200 15 min, 30 min, 4 h, 12 h, 24 h, 3 d, 7 d, and 28 d
brPFOS 0.073 0.037 0.299 0.150 15 min, 30 min, 4 h, 12 h, 24 h, 3 d, 7 d, and 28 d

Note: The doses were back calculated from an assay of the dosing solutions. NA, not applicable; BDE-47, 2,2 0,4,4 0-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 0DDE, 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 andMEHP, 100 lL of serum samples were spikedwith
internal standard (13C12-BPS and 4C3-MEHP), then deconjugated
using enzymatic hydrolysis (20 lL 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-(trimethylsilyl)trifluoroacetamide (MSTFA). Extracts
were analyzed by GC-MS/MS, monitoring two diagnostic signals
(MRMtransitions) 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-Büchi), and a liquid/liquid extraction
using hexane was applied to the water sample. The 13C-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). 13C-labeled internal standards (13C4-PFOA
and 13C4-PFOS) were added to the sample before the extraction
step. After 12 h of contact at room temperature, centrifugation at
700× 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 13C-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 (13C12-BPS and 13C4–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 (13C12-BPS and
13C4-MEHP), then deconjugated using enzymatic hydrolysis with
1 mL of acetate buffer 2 M and 10 lL 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

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 (AUC0− tlast) and the area under the first moment curve
(AUMC0− tlast) from dosing time (t=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 (AUC0− inf) was obtained by
adding to AUC0− tlast 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 (kZ), 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 AUC0− inf calculated for each analyte.

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

HL=0:69315=kZ (1)

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

F=
AUCvo0− tlast ×Doseiv
AUCiv0− tlast ×Dosevo

, (2)

where AUCiv0− tlast and AUCvo0-tlast are the values of AUC0− tlast
obtained after IV and oral dosing, respectively, and Doseiv and
Dosevo are the IV and oral doses.

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

MRT =
AUMCiv0− tlast

AUCiv0− tlast
, (3)

where AUCMiv0− tlast and AUCiv0− tlast are the values of
AUMC0− tlast and AUC0− tlast obtained after IV dosing.

The steady-state volume of distribution (VSS) was estimated
using Equation 4:

VSS =CL×MRT, (4)

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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The primary parameters of the model, namely the volume of
distribution of the central compartment (V1), the first-order rate
constants (K10, K12, K21, and Kabs plus K13, K31 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

hparameter i = htv parameter × exp ðgiÞ,
where hparameter i is the parameter estimated for the ith individual,
htv parameter is the typical population value of the parameter, and
gi is the deviation associated with the ith individual from the cor-
responding value of the parameter at the population level.

The distribution of gi was assumed to be normal with a mean
of 0 and a variance x2. BSV was reported as a coefficient of vari-
ation (CV) in the original scale CVð%Þ=100×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
exp ðx2Þ− 1

p
.

Due to the very limited number of data, this random component
could only be estimated for Kabs and F for which the shrinkage
for g calculated as shrinkage=1− SD ðEBEgÞ

x was lower than 30%,
SD (EBE) being the standard deviation (SD) of the individual
values of the Empirical Bayesian estimates (EBE) of g.

The residual variance was modeled using a combined additive
and proportional error model Cobsij =Cpredijð1+ e1ijÞ+ e2ij,
where Cobsij and Cpredij are respectively the jth observed and
predicted concentrations for the ith individual, and e1ij and e2ij
are the multiplicative and additive residual errors.

The predictive ability of the model was checked graphically
by plotting visual predictive check plots to compare the
observed data with the 50th percentile of data simulated using
the model and obtained from 500 replicates based on the

structure of the original data (i.e., dosing, timing, and number
of samples). Due to the limited number of data, other quantiles
were ignored.

Secondary parameters were calculated from the population
primary parameters.

The clearance values (CL) were estimated using Equation 5:

CL=K10 ×V1, (5)

where V1 is the volume of the central compartment and K10 is the
elimination rate constant from the central compartment.

The volume of the peripheral compartment (V2) was esti-
mated with Equation 6:

V2=V1× ðK12=K21Þ, (6)

where K12 and K21 are the distribution rate constants between the
central and the peripheral compartments.

The clearance of distribution (Q) was estimated using
Equation 7:

Q=K12 ×V1, (7)

with V2 and K12 as defined above.
VSS and MRT were estimated with Equations 8 and 9:

VSS =V1+V2, (8)

and

MRT =VSS=CL , (9)

with V1, V2, VSS, and CL as defined above.
The volume of distribution associated with the terminal phase

was estimated with Equation 10:

VZ =CL=kZ , (10)

with kZ as defined above.
The AUC was computed as a secondary parameter using

Equation 11:

AUC=Dose=CL: (11)

The terminal half-life was estimated with Equation 1, as pre-
viously described.

Estimation of the doses and model simulations. The ultimate
goal of this TK investigation was to compute a dosage regimen
that allowed targeted steady-state serum concentrations to be
attained rapidly for a planned TK/TD trial on the reprotoxic effect
of a mixture of environmental contaminants in female rabbits.
Because some compounds were expected to have very long half-
lives, a loading dose might be required to rapidly attain steady-
state conditions. With that in mind, the loading and the daily
maintenance doses of each compound were evaluated using
Equations 12 and 13, respectively.

Loading dose=
Vss×Css

F
(12)

and

Dailymaintenance dose=
Daily CL×Css

F
, (13)

where CSS is the steady-state serum concentration set at an arbi-
trary value of 1 ng=mL, and CL, VSS, and F as defined above are
the parameters estimated by the NLME model.

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 (Kabs). The exchanges between the
central and the peripheral compartments are bilateral, with K12 being the
rate constant between the central and the peripheral compartments and K21
the rate constant between the peripheral and the central and compartments.
Elimination of the compounds was modeled with a first-order rate constant
designated K10. 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.
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For each substance, the NLME model was used to simulate
the serum concentration–time profiles resulting from oral admin-
istration of a dose corresponding to the sum of the loading and
daily maintenance doses followed by that of the daily mainte-
nance dose for 4 to 200 d. Although the serum concentrations
apparently attained equilibrium, a possible delayed accumulation
of compounds in a deep but small compartment cannot be ruled
out. This point is often overlooked and had to be verified to elimi-
nate the risk that such a deep compartment might include the
ovarian system, which was precisely the subject of the TK/TD
study. This risk was also the reason why the NLME model was
employed to simulate the time development of the amounts of
compounds in the central and peripheral compartments following
administration of the daily maintenance dose of each compound
over the same duration.

Because a random component is also considered in a NLME
model, aMonte Carlo simulation that included a randomcomponent
of 30% on the bioavailability was applied to assess its possible
impact on the targeted steady-state serum concentrations (CSS).

The loading and maintenance doses computed to ensure a
nominal CSS of 1 ng=mL were scaled to determine the doses to
be administrated by oral route to female rabbits to maintain the
targeted CSS.

Results
BDE-47 and HCB were detected in drinking water at 1.5 and
226 ng=mL, respectively, and at lower levels in the commercial

feed (0.01 and 0:1 ng=g weight of feed, respectively). The feed
also contained DEHP at 8 ng=g weight of feed The concentrations
of the other compounds were below the LOD of the assays reported
in Table S1. Despite the amounts of compounds detected in the
drinking water and feed, the serum concentrations of all the tar-
geted compounds in control rabbits, except for one BPS and one
b-HCH serum concentration (30 ng=mL and 0:09 ng=mL), were
lower than the LOD of the assay. This finding suggests that little to
no external contamination had occurred during sample collection,
processing, and assay.

Internal Exposure after IV and Oral Dosing
Figure 2 shows the time course of individual serum concentra-
tions after IV and oral dosing. We identified a very large differ-
ence in persistence of the eight tested compounds, with the serum
concentrations being undetectable 8–12 h after BPS and MEHP
administration in several rabbits, whereas the concentrations of
HCB and PFOS were still well above the LOD at the last sam-
pling time (28 d) in all rabbits (Figure 2). Figure 2 also indicates
the relatively “uniform” distribution of serum concentration and
a likely biexponential decay for all compounds except PFOA,
whose serum concentration–time profile followed a triexponen-
tial time course.

Tables 2 and 3 give the NCA estimates of TK parameters
obtained after IV and oral dosing, respectively. The computed
much longer half-lives of HCB and nPFOS after oral dosing sug-
gested that NCA was unable to provide a correct estimate of this
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Figure 2. Semilogarithmic plots of individual serum concentrations (lmol=L) vs. time (h) of BDE-47, BPS, pp 0DDE, HCB, bHCH, MEHP, PFOA, nPFOS,
and brPFOS after intravenous (black circles) and oral dosing (red squares) in rabbits. The summary data can be found in tables S2 and S3. Note: BDE-47,
2,2 0,4,4 0-tetrabromodiphenyl ether; b-HCH, b-hexachlorocyclohexane; BPS, bisphenol S; brPFOS, branched isomer of perfluorooctane sulfonate; HCB, hexa-
chlorobenzene; LOD, limit of detection of the assays; MEHP, mono(2-ethylhexyl)phthalate; nPFOS, linear isomer of perfluorooctane sulfonate; PFOA, per-
fluorooctanoic acid; pp 0DDE, 1,1-Dichloro-2,2-bis(p-chlorophenyl)ethylene.
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parameter (see “Discussion” section). Similarly, the bioavailabil-
ity estimations were greater or much greater than 100% for at
least three compounds (PFOA, nPFOS, and brPFOS), which is
theoretically impossible if a linearity of disposition is assumed
(Toutain and Bousquet-Mélou 2004a). Because NCA was unable
to generate robust estimates of TK parameters, a compartmental
analysis using NLME modeling (or population modeling) was
applied to analyze simultaneously all data collected after both IV
and oral administrations.

TKModeling
The population predicted vs. observed serum concentrations of
BDE-47, BPS, pp0DDE,HCB,b-HCH,MEHP, PFOA, nPFOS, and
brPFOS (Figures S1–S9) were evenly distributed around the line of
identity of the diagnostic plots, suggesting that these data were
appropriately described by the model. The goodness-of-fit plots for
the corresponding individual predicted values suggested the absence
of anymajor bias in the randomcomponent of themodel.

Figures 3 and 4 show the results of the visual predictive check
of the model after respective IV and oral dosing. For each com-
pound, the observed 50% quantile was reasonably well overlaid
by the 50% predictive check quantile, indicating that the model
was able to capture the general trend of substance disposition.
BSV could not be estimated for all the structural parameters due
to the very few data available, and a random component was only
added for Kabs and F. Nevertheless, these BSV estimates were
rather poor and showed relatively high shrinkage.

The estimated primary parameters of the model (noted as vec-
tor thetas), namely Vc, F, K10, K12, K21 and Kabs are reported
with their SE and their coefficients of variation (Tables S4–S12).

Table 4 shows the population secondary parameters of the
eight substances. The oral bioavailability (F) was total for

nPFOS, brPFOS, and PFOA; very high (greater than 85%) for
BDE-47 and b-HCH; intermediate for pp0DDE (72%) and BPS
(63%); and ∼ 50% for HCB. The F value for MEHP, estimated
from the AUC values of MEHP obtained after MEHP IV and
DEHP oral administrations (corresponding to the lowest esti-
mated fraction of the DEHP dose that was metabolized into
MEHP) was high (87%).

Persistence of the different compounds, as reflected by the
MRT values, was highly variable, ranging from a few hours for
BPS and MEHP to about 1,000 h for nPFOS and brPFOS, with
intermediate values of 25 h for PFOA and one or a few hundred
hours for BDE-47, pp0DDE, HCB, and b-HCH.

The low persistence of BPS resulted from very high clearance
(3:2 L=kg=h) despite the relatively high distribution volume
(20 L=kg). Similarly, MEHP persisted for only a few hours
(8.2 h) because of its rather high clearance (0:47 L=kg=h) and its
rather high distribution volume (about 4 L=kg). The long persist-
ence of BDE-47, pp0DDE, HCB, and b-HCH (133–678 h), with
lower clearance values ranging from about 0.05 to 0:34 L=kg=h,
was mainly due to their very high volumes of distribution
(33–45 L=kg). In contrast, the long persistence of the brominated
and linear isomers of PFOS (about 1,000 h), with very small dis-
tribution volumes (0.19 and 0:37 L=kg), was related to their
extremely low clearance (0.00019 and 0:00032 L=kg=h). The 40
times higher clearance of PFOA (0:0076 L=kg=h) in comparison
with that of PFOS, despite being very low, explained its much
lower persistence (25 h), even though the volume of distribution
(0:19 L=kg) was similar.

The half-lives of the compounds, except for MEHP and
PFOA, were of the same order as or lower than the respective
MRT values. The terminal half-lives of MEHP (31 h) and PFOA
(92 h) were greater than the corresponding MRT values (8.2 h
and 25 h).

Table 3. Toxicokinetic parameters estimated by noncompartmental analysis after oral dosing (n=12).

BDE-47 BPS BPSG pp 0DDE HCB b-HCH MEHP* PFOA nPFOS brPFOS

Dose (lmol=kg) 24.0 18.2 NA 14.4 27.3 6.97 28.3 (DEHP) 0.966 0.400 0.299
Cmax (lM) 0.64 6.93 6.91 0.58 0.505 0.297 6.87 9.07 1.3 1.94
Tmax (h) 24.0 0.23 0.27 24.0 24 24 4.05 4.05 24 72
AUC0− inf (lmol × h=L) 79.5 3.38 15.8 78.6 340 67.1 65.2 169 1,919 1,959
CL_F (L/kg/h) 0.30 5.39 1.15 0.18 0.080 0.104 NA 0.00572 0.000208 0.000153
Half-life (h) 267 5.65 4.23 260 816 314 10.4 77.6 1195 719
MRT (h) 258 6.54 7.66 307 1,115 369 12.0 25.9 1678 997
VZ F (L/kg) 116 44.0 7.03 68.8 95.0 47.0 6.53 0.64 0.359 0.158
F 0.78 0.81 NA 0.62 0.64 0.55 0.99 1.26 1.66 1.33

Note: *MEHP serum concentrations were measured following oral administration of DEHP, so the bioavailability (F) represents the fraction of the dose of DEHP that has been metab-
olized into MEHP. AUC0− inf , area under the serum concentration-time curve from dosing time to infinity; NA: not applicable; BDE-47, 2,2 0,4,4 0-tetrabromodiphenyl ether; b-HCH:
b-hexachlorocyclohexane; BPS, bisphenol S; BPSG, bisphenol S glucuronide; brPFOS, branched isomer of perfluorooctane sulfonate; CL_F, apparent clearance; Cmax, maximal se-
rum concentration; DEHP, di(2-ethylhexyl)phthalate; F, bioavailability; HCB, hexachlorobenzene; MEHP, mono(2-ethylhexyl)phthalate; MRT, mean residence time; PFOA,
perfluorooctanoic acid; nPFOS, linear isomer of perfluorooctane sulfonate; pp 0DDE, 1,1-Dichloro-2,2-bis(p-chlorophenyl)ethylene; Tmax, time of Cmax; VSS, steady-state volume of
distribution; VZ F, apparent volume of distribution associated to the terminal phase.

Table 2. Toxicokinetic parameters estimated by noncompartmental analysis after IV dosing (n=12).

BDE-47 BPS BPSG pp 0DDE HCB �-HCH MEHP PFOA nPFOS brPFOS

Dose (lmol=kg) 9.88 10.5 NA 2.26 0.231 1.52 4.18 0.198 0.114 0.073
Cmax (lM) 1.82 4.06 5.78 0.90 0.019 0.32 14.4 2.33 0.427 0.562
AUC0− inf (lmol × h=L) 42.2 2.41 5.18 19.8 4.52 26.7 9.73 27.4 330 359
CL (L/kg/h) 0.23 4.35 NA 0.11 0.051 0.057 0.429 0.00723 0.000346 0.000203
Half-life (h) 162 2.56 3.80 238 413 330 12.7 31.8 708 601
MRT (h) 86.9 1.26 3.16 203 551 543 16.3 18.7 971 813
VSS (L/kg) 20.3 5.45 NA 23.2 28.1 30.9 7.00 0.135 0.336 0.165
VZ (L/kg) 54.8 16.1 NA 39.2 30.5 27.1 7.85 0.332 0.353 0.176

Note: AUC0− inf , area under the serum concentration-time curve from dosing time to infinity; NA, not applicable; BDE-47, 2,20,4,40-tetrabromodiphenyl ether; b-HCH,
b-hexachlorocyclohexane; BPS, bisphenol S; BPSG, bisphenol S glucuronide; brPFOS, branched isomer of perfluorooctane sulfonate; CL, clearance; Cmax, maximal serum concentration;
HCB, hexachlorobenzene; IV, intravenous; MEHP, mono(2-ethylhexyl)phthalate; MRT, mean residence time; NA, nPFOS, linear isomer of perfluorooctane sulfonate; PFOA, perfluoroocta-
noic acid; pp0DDE, 1,1-Dichloro-2,2-bis(p-chlorophenyl)ethylene; Tmax, time ofCmax; VSS, steady-state volume of distribution; VZ, volume of distribution associated to the terminal phase.
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Simulations and Dose Determination
Table 5 shows the loading and daily maintenance doses of the
compounds required to rapidly attain and maintain serum concen-
trations at an arbitrary value of 1 ng=mL. Assuming the linearity
of disposition, to extrapolate the rate of exposure, a factor corre-
sponding to the targeted CSS could be applied to the doses thus
determined.

Figure 5 shows, for the eight compounds, the model-
simulated serum concentration–time profiles resulting from the
oral administration of a dose corresponding to the sum of the
loading and daily maintenance doses followed by that of the daily
maintenance dose for 4 to 200 d. Visual inspection of the figure

shows that the serum concentrations of BPS, MEHP, and PFOA
are predicted to widely fluctuate around the targeted concentra-
tion of 1 ng=mL while almost no fluctuations around the targeted
concentration were observed for the serum concentrations of
BDE-47, DDE, HCB, b-HCH, nPFOS, and brPFOS. Despite
fluctuations, the trough concentrations remained constant across
time from the first administration of BPS and after approximately
four administrations of MEHP and PFOA. The magnitude of fluc-
tuations in serum BPS concentrations, as reflected by the ratio
between the minimal and maximal concentrations of about 100,
was much greater than those of MEHP and PFOA, whose con-
centration ratios were about 5.

Figure 3. Visual predictive check (VPC) of serum concentrations of BDE-47, BPS, pp 0DDE, HCB, b-HCH, MEHP, PFOA, nPFOS, and brPFOS after intrave-
nous dosing as obtained with 500 replicates of each animal. Dashed lines: observed 50% quantile; solid lines: 50% quantile predicted by Monte Carlo simula-
tion; black symbols: observed data. When the model ideally predicts the data, the observed and predicted quantiles are expected to be superimposed. The
summary data can be found in Table S2. Note: BDE-47, 2,2 0,4,4 0-tetrabromodiphenyl ether; b-HCH, b-hexachlorocyclohexane; BPS, bisphenol S; brPFOS,
branched isomer of perfluorooctane sulfonate; HCB, hexachlorobenzene; MEHP, mono(2-ethylhexyl)phthalate; nPFOS, linear isomer of perfluorooctane sulfo-
nate; PFOA, perfluorooctanoic acid; pp 0DDE, 1,1-Dichloro-2,2-bis(p-chlorophenyl)ethylene.
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Compartmental modeling was able to simulate the time develop-
ment of the amounts of each substance in the central and peripheral
compartments following daily oral administration of the mainte-
nance dose alone (Figure 6). Visual inspection of Figure 6 reveals a
parallel accumulation of HCB in the deep and the central compart-
ments. In contrast, progressive accumulation in the peripheral com-
partment continued for BDE-47, pp0DDE, b-HCH, MEHP, PFOA,
nPFOS, and brPFOS, whereas the central compartment seemed to
attain pseudoequilibriummore rapidly. Figure S10 illustrates this sit-
uation forMEHPwhen an analytical method associated with an esti-
mated measurement uncertainty of 20% was used to measure daily
serum concentrations. For PFOA, the situation was even more com-
plicated because the plasma and superficial compartments rapidly

attained pseudoequilibrium, whereas accumulation continued to
increase over time in the small and deepest compartment (Figure 6).

Table 6 gives for each compound the nominal loading and
maintenance doses therefore computed to ensure the targeted CSS.
These targeted CSS were selected to achieve 10-fold either the 90th
or 95th percentile values from biomonitoring studies in pregnant
women for all compounds except BPS, for which it was 10-fold the
geometric mean. Doses that were actually administered were close
to the predicted nominal doses (Table 6). Observed CSS were eval-
uated in female rabbits treated from 2 to 19 weeks of age (Table 6).
In control rabbits, BPS, MEHP, PFOA, and BDE-47 were not
detected, whereas the mean serum concentrations of PFOS,
b-HCH, HCB, and pp0DDE were 0:76±0:80, 0:073± 0:017,

Figure 4. Visual predictive check (VPC) of serum concentrations of BDE-47, BPS, pp 0DDE, HCB, b-HCH, MEHP, PFOA, nPFOS, and brPFOS after oral
dosing as obtained with 500 replicates of each animal. Dashed lines: observed 50% quantile; solid lines: 50% quantile predicted by Monte Carlo Simulation;
black symbols: observed data. When the model ideally predicts the data, the observed and predicted quantiles are expected to be superimposed. The summary
data can be found in Table S3. Note: BDE-47, 2,2 0,4,4 0-tetrabromodiphenyl ether; b-HCH, b-hexachlorocyclohexane; BPS, bisphenol S; brPFOS, branched iso-
mer of perfluorooctane sulfonate; HCB, hexachlorobenzene; MEHP, mono(2-ethylhexyl)phthalate; nPFOS, linear isomer of perfluorooctane sulfonate; PFOA,
perfluorooctanoic acid; pp 0DDE, 1,1-Dichloro-2,2-bis(p-chlorophenyl)ethylene.
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0:013± 0:013, and 0:067±0:089 ng=mL, respectively, indicating
some background exposure. The ratio between observed and tar-
geted CSS ranged from 0.77 to 1.21 for all compounds except BPS,
for which only total BPS was measured. By considering the mean
fraction of total BPS in plasma that was unconjugated in rabbits 4 h
after oral administration in the TK study (7%), themean serum con-
centration of BPS was estimated at 0:98 ng=mL for a targeted CSS
of 1 ng=mL.

Discussion
The purpose of this study was to experimentally determine, while
respecting the rule of 4R, the dosage regimen (loading and main-
tenance doses) required for a series of eight environmental con-
taminants to ensure a nominal steady-state plasma concentration
of 1 ng=mL. Our broader goal was to allow the determination of
a dosage regimen for these eight substances so that any other
plasma concentrations that might need to be targeted for some
specific toxicological objectives could be obtained by simple
scaling of these calculated doses. To achieve this objective and
respect a minimal usage of laboratory animals, a mixture
approach involving the simultaneous administration of all eight
substances was adopted, and blood sampling was limited to three
per animal. The concurrent assay of numerous substances in a
single sample and adherence to these ethical constraints required
the availability of efficient analytical techniques, in terms of level
of quantification, and advanced data analyses able to handle
sparse and unbalanced data, namely NLME modeling. Indeed,
NLME is the only tool that is appropriate for analyzing sparse
and unbalanced data [i.e., from a study design in which not all
individuals supply the same amount of information (Li et al.
2015)].

Besides oral dosing, IV administrations were also required
because major TK parameters such as plasma clearance and
VSS can only be estimated by IV route (Benet and Zia-
Amirhosseini 1995). These two parameters can be used not
only to calculate the respective maintenance and loading doses
(Toutain and Bousquet-Mélou 2004d), but are most appropriate
for interspecies and in vitro/in vivo extrapolations (i.e., the so-
called IVIVC approach) and consideration in PBPK modeling.
In addition, the data obtained by IV route provide internal refer-
ence exposures for other modalities of administration of these
eight substances, making it possible to estimate the order of
magnitude of bioavailability without such IV administrations
needing to be repeated for each substance. More broadly, the in-
formation provided by the present experiment could be incorpo-
rated into an a posteriori Bayesian estimation approach,
allowing individual exposures (e.g., AUC) to be calculated
from just a few individual observations collected in new trials,
for any TK/TD investigation.

The interest in themixture approach has received extensive dis-
cussion, especially in the context of the pharmacokinetics of active
substances used as drugs (Frick et al. 1998; Nguyen et al. 2016). Its
main advantage is to satisfy several of the needs for high-
throughput methods. In the present trial, the mixture approach also
enabled eight times fewer rabbits to be used than a routine design
based on classical discrete dosing studies. Limits of the mixture
approach regarding possible disposition interactions between the
test articles and the need to satisfy the linearity hypothesis to permit
extrapolation to higher therapeutic doses have been well identified
(White and Manitpisitkul 2001). These two issues present differ-
ently in the context of environmental toxicology for two reasons.
First, the mixture approach is not necessarily a limit with regard to
environmental exposure to a mixture of contaminants, now the
subject of recent methodological developments (Pletz et al. 2020).
Indeed, our eight hazardous substances assessed simultaneously inT
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Table 5. Estimated loading and daily maintenance doses of the compounds required to rapidly attain and maintain serum concentration levels set at an arbitrary
value of 1 ng=mL.

BDE-47 BPS pp0DDE HCB b-HCH DEHP PFOA nPFOS brPFOS

Loading dose (lg=kg) 47 32 49 68 37 4.4 0.19 0.37 0.19
Daily maintenance dose (lg=kg) 8.4 122 4.5 2.4 2.4 13 0.18 0.0077 0.0046

Note: BDE-47, 2,2 0,4,4 0-tetrabromodiphenyl ether; BPS, bisphenol S; brPFOS, branched isomer of perfluorooctane sulfonate; DEHP, Di(2-ethylhexyl)phthalate; HCB, hexachloroben-
zene; b-HCH, b-hexachlorocyclohexane; MEHP, Mono(2-ethylhexyl)phthalate; nPFOS, linear isomer of perfluorooctane sulfonate; PFOA, perfluorooctanoic acid; pp 0DDE,
1,1-Dichloro-2,2-bis(p-chlorophenyl)ethylene.

Figure 5. Time development of serum concentrations (ng/mL) of BDE-47, BPS, pp 0DDE, MEHP, HCB, b-HCH, PFOA, nPFOS, and brPFOS after an initial
oral administration of a dose corresponding to the sum of the loading and daily maintenance doses followed by daily administrations of the maintenance dose
for 4 to 200 d. The red horizontal line represents the targeted steady state concentration of 1 ng=mL (CSS). The loading vs. daily maintenance doses were 47
vs. 8:4 lg=kg for BDE-47, 32 vs. 122 lg=kg for BPS, 49 vs. 4:5 lg=kg for pp 0DDE, 68 vs. 2:4 lg=kg for HCB, 37 vs. 2:4 lg=kg for b-HCH, 4.4 vs.
13 lg=kg for DEHP, 0.19 vs. 0:18 lg=kg for PFOA, 0.37 vs. 0:0077 lg=kg for nPFOS, and 0.19 vs. 0:0046 lg=kg for brPFOS. Note: BDE-47, 2,2 0,4,4 0-tetra-
bromodiphenyl ether; b-HCH, b-hexachlorocyclohexane; BPS, bisphenol S; brPFOS, branched isomer of perfluorooctane sulfonate; HCB, hexachlorobenzene;
MEHP, mono(2-ethylhexyl)phthalate; nPFOS, linear isomer of perfluorooctane sulfonate; PFOA, perfluorooctanoic acid; pp 0DDE, 1,1-Dichloro-2,2-bis(p-
chlorophenyl)ethylene.
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rabbits were selected because they represent major classes of com-
pounds ubiquitous in the environment and human samples.
Second, the oral doses used to determine the kinetic parameters
weremuch higher (from 37 to 32,609-fold) than the daily doses ex-
trapolated for our future toxicodynamic investigations, and besides
this, the concentrations actually achieved in the rabbits used for the
chronic studywere indeed in conformity with the expected concen-
trations. This result eliminates the risk for future trials that would
be carried out with higher doses than the toxicodynamic dose of a
nonlinearity of disposition due to the saturation of the clearing
mechanisms. In the present trial, the closeness of our brPFOS
clearance estimate, for a dosage of 200 lg=kg (0:19 mL=kg=h),
to the apparent clearance previously determined from oral
kinetic data observed in rabbits under low repeated oral dosing
(0:085 lg=kg=d), i.e., 0:08 mL=kg=h (Tarazona et al. 2016), sup-
ported the reliability of our approach. The comparability of our
estimate of HCB half-life (480 h) with that previously evaluated in
rabbits from data derived from a single dose administration (768 h,
Scheufler and Rozman 1984) was also worth mentioning. Finally,
the success of our TK model-based predictions may give confi-
dence to our estimates of the TK parameters for all the tested chem-
icals. Indeed, the preliminary results of the chronic study based on
dosage regimen computed from these estimates have shown that
the mean concentrations of the eight substances ranged from 0.77
to 1.21 of the targeted CSS, which fullymet the assigned objectives.
It also supported the lack of dose-dependent kinetics for the eight
compounds and significant drug–drug interactions in the large
range of doses used.

Our data analysis was based on using NLME modeling that
has already been promoted for TK by other authors (Aarons and
Graham 2001; Fourcot et al. 2020) but rarely applied because of
its relative complexity. Its main advantages are that it is able to
handle sparse and unbalanced data and thereby preclude the risk
of obtaining unrealistic estimates of certain parameters, as can
happen with NCA when the data are not rich enough, are poorly
distributed, and are thus unable to capture the shape of the dispo-
sition curve (Nguyen et al. 2016) or are censored for experimen-
tal or analytical reasons (Hing et al. 2001a). For example, the
oral bioavailabilities of PFOA and nPFOS estimated by NCA
were 126% and 166%, respectively, which was biologically
impossible but not unlikely if the NCA estimates of bioavailabil-
ity were derived from different groups of animals for the IV and
non-IV routes of administration. More generically, NLME mod-
eling provides more reliable and less biased parameters than rou-
tine analyses of naïve pooled data for TK as documented using
simulations (Hing et al. 2001b). Another advantage of NLME
modeling is that it allows for the use of the population model to
obtain subsequent empirical Bayesian estimates of individual TK
parameters of new animals exposed to the substance for which
data is very sparse or sampling destructive (Nguyen et al. 2016).
In this way, a complete individual concentration profile can be
estimated for each animal according to its dosing history, allow-
ing, for example, the individual TK/TD relationship for such ani-
mals to be determined (see Steimer et al. 1993). Regarding the
present project, this approach will now be adopted to investigate
the female reprotoxic effect of the final mixture of eight substan-
ces, and NLME forecasting should preclude the need for a satel-
lite group of rabbits (Nedelman et al. 1993) and thus save their
use for a pivotal trial. Although the sex differences in the half-life
of PFOA that exist in rats were not reported in other species,
including rabbits (Hundley et al. 2006; Kudo and Kawashima
2003), we cannot rule out possible sex differences in the TK pa-
rameters of the other compounds, which should be taken into
account for dose selection in future studies aiming to test male-
mediated reproductive toxicity in rabbits.

Our investigation, based on the use of simple two- or three-
compartmental models, also highlighted the need for caution
when interpreting an apparent steady-state serum concentration
in the presence of experimental noise with regard to the actual
time development of the amount of substance in a peripheral
deep compartment. This caution must be considered for BDE-
47, pp 0DDE, b-HCH, MEHP, PFOA, nPFOS, and brPFOS.
Depending on the value of the clearance of distribution and the
apparent volume of the deep compartment, it appeared that se-
rum concentrations could rapidly attain a more or less steady
concentration even though the substance continued to accumu-
late in the deep compartment (see Figure 6 for MEHP). This
point deserves attention regarding the organ or tissue to be tar-
geted in future toxicological investigations. Indeed, the serum
concentrations measured under experimental conditions were
inevitably marred by an analytical error, and serum concentra-
tions of the same order of magnitude could be measured at the
start of exposure or after long-term exposure to the substance in
question. Actually, a given measured serum concentration
could correspond to two totally different situations in terms of
tissue concentrations at the level of a target structure belonging
to the deep compartment. In contrast to a PB/PK model, the
exact location of the deep compartment remains unknown, but
the time required to reach a true state of equilibrium can be cor-
rectly anticipated for the whole organism when a maintenance
dose is to be administered, and a loading dose can be used if
that time might be considered too long.

Based on the IV data and assuming the linearity of substances dis-
position, the estimated oral bioavailability was greater than 72% for
all compounds except BPS (63%) and HCB (51%), indicating that the
high range of oral systemic exposures (from 0.20 for BPS to
5,268 lmol=h=L per lmol=kg BW for brPFOS) could be mainly
explained by differences in substance clearance (from0:19 mL=kg=h
for the branched isomer of PFOS to 3,200 mL=kg=h for BPS). The
very high bioavailabilities of BDE-47 (96%), pp0DDE (72%), b-HCH
(88%), PFOA, and PFOS (100%) were in agreement with their effi-
cient intestinal absorptions, as previously demonstrated in rodents for
BDE-47 (82%, Staskal et al. 2005), bHCH (80%–95%; WHO 1992),
PFOA (93%, (Kudo andKawashima 2003), and PFOS (117%, Chang
et al. 2012). Sieber (1976) showed that gastrointestinal absorption by
the intestinal lymphatic system contributed to the efficient uptake of
pp0DDE. The high rate of conversion of DEHP into MEHP (87%)
suggested that MEHP, derived mostly from presystemic DEHP me-
tabolism,was also efficiently absorbed. Collectively these results sup-
ported the utility of using rabbits as an experimental species for TK
studies and the validity of our oralmixture approach for the next phase
of our project.

In human investigations, the parameter most often reported is
the (terminal) HL, because it can be computed without any knowl-
edge of the level of external exposure and also because the time
units (hour, day) make it a more attractive parameter to deal with
than clearance for which the unit is a flow (e.g., liter per kilogram
per hour, Toutain and Bousquet-Mélou 2004c). The high values
obtained here for HL (>150 h), except for PFOA (92 h), MEHP
(31 h), and BPS (9.9 h), indicated their considerable persistence
and the need for a loading dose to rapidly attain the target plasma
concentrations. MRT provided an even more attractive and more
accurate metric of persistence. The MRT encompasses all phases
of substance disposition, whereas the HL only reflects the rate of
elimination during the terminal phase (Toutain and Bousquet-
Mélou 2004c). For example, the MRT was 47.6 d for nPFOS, i.e.,
higher than its terminal HL of 33 d. Conversely, the terminal HL of
PFOA (92 h) was much longer than its MRT (25 h), indicating a
slower rate of elimination from the deep compartment but a rela-
tively small contribution of this compartment to the overall
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substance disposition. The same situation held forMEHP, with HL
and MRT values of 31 h and 8.2 h, respectively (see Sobol and
Bialer 2004 for an explanation of the origin of the differences
betweenMRT andHL for a two-compartment bodymodel).

MRT and HL are hybrid parameters reflecting both the
plasma clearance and a volume term (VSS for MRT and Vz for
HL), and a same long MRT or HL can be obtained by using dif-
ferent combinations of these two primary parameters (Toutain
and Bousquet-Mélou 2004c, 2004b, 2004d). This was the case

for nPFOS or brPFOS vs. HCB. Although the MRT of all three
substances exceeded 800 h, for nPFOS and brPFOS this long
MRT was due to a very low plasma clearance, and for HCB, it
resulted mainly from a very large volume of distribution.
Similarly, the overall elimination of BDE-47, pp0DDE, and
b-HCH was not limited by the body’s extraction capacities,
which for these persistent organic pollutants were not negligible
(0:051–0:34 L=kg=h), but rather by their high VSS, which ranged
from 33 to 45 L=kg. These high VSS values indicated that a large

Figure 6. Time development of the amount of BDE-47, BPS, pp 0DDE, MEHP, HCB, b-HCH, PFOA, nPFOS, and brPFOS in the central compartment (solid
line) and peripheral compartment (dashed line) for repeated daily oral administrations of the maintenance doses, intended to achieve a serum steady state con-
centration of 1 ng=mL. The amounts of PFOA in the superficial (dashed line) and the deep (thick solid line) peripheral compartments are represented. The load-
ing vs. daily maintenance doses were 47 vs. 8:4 lg=kg for BDE-47, 32 vs. 122 lg=kg for BPS, 49 vs. 4:5 lg=kg for pp 0DDE, 68 vs. 2:4 lg=kg for HCB, 37
vs. 2:4 lg=kg for b-HCH, 4.4 vs. 13 lg=kg for DEHP, 0.19 vs. 0:18 lg=kg for PFOA, 0.37 vs. 0:0077 lg=kg for nPFOS, and 0.19 vs. 0:0046 lg=kg for
brPFOS. Note: BDE-47, 2,2 0,4,4 0-tetrabromodiphenyl ether; b-HCH, b-hexachlorocyclohexane; BPS, bisphenol S; brPFOS, branched isomer of perfluorooc-
tane sulfonate; HCB, hexachlorobenzene; MEHP, mono(2-ethylhexyl)phthalate; nPFOS, linear isomer of perfluorooctane sulfonate; PFOA, perfluorooctanoic
acid; pp0DDE, 1,1-Dichloro-2,2-bis(p-chlorophenyl)ethylene.
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fraction of these substances remained outside the central com-
partment, in agreement with the reported high concentration ratio
in adipose tissue (lipid weight) and plasma (total weight) of the
highly lipophilic compounds, pp0DDE (230:1), HCB (246:1), and
bHCH (292:1, Needham et al. 1990). The potential of BDE-47 to
accumulate in lipid-rich tissues was also evidenced in early stud-
ies of its distribution in humans (She et al. 2002) and animals
(Orn and Klasson-Wehler 1998).

In contrast, the elimination of perfluorinated alkyl compounds
was not limited by their VSS, which was very low (0:19–0:37 L=kg)
like those previously estimated in rats (0:5 L=kg), monkeys
(0:202–0:272 L=kg), and humans (0:23 L=kg, Pizzurro et al.
2019), but by their very limited capacities of extraction. Indeed, per-
fluorinated alkyl substances are not known to be metabolized in the
liver or other tissues (U.S. EPA 2016), and their very low elimina-
tion kinetics have been attributed to a highly efficient renal resorp-
tion of these compounds by saturable efflux transporters (Andersen
et al. 2006). These polar differences need to be considered when
developing a physiologically basedmodel or for interspecies extrap-
olation, the factor of variability being different for VSS (tissular af-
finity, tissue volumes, etc., Toutain and Bousquet-Mélou 2004d)
and plasma clearance (affinity for plasma protein and mechanisms
of intrinsic clearance that are most often metabolic (Vmax, Km,
etc., Toutain andBousquet-Mélou 2004b).

Conclusion
In conclusion, this TK assessment of a mixture of environmental
contaminants in rabbits was able to demonstrate that animal TK
studies complying with the 4R rule and analyzed by population
TK modeling approach could make it easier to understand the
patterns of internal exposure to contaminants that underlie their
potential adverse effects. Along with mechanistic considerations,
such studies could prove useful for the interspecies extrapolation
of exposure rates in a TK/TD approach to risk assessment.
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