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Abstract—Physiologically based pharmacokinetic (PBPK) models are
mathematical models that are largely based upon the physiological characteristics
of the species and the biochemical properties of the chemical of interest. They
quantitatively describe and predict the kinetics of pollutants inside the body
and can be of major importance for risk assessment of chemicals in marine
mammals. PBPK models which consist of five compartments (liver, blubber,
kidney, brain, and the rest of the body) were made for selected polychlorinated
biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs) in order to
address the bioaccumulation of these compounds in tissues of harbour porpoises
(Phocoena phocoena). Harbour porpoises have relatively long life spans, are
common cetaceans in the North Sea, a heavily polluted area, and are known to
be very sensitive to pollution. Models developed for all compounds (some
PCBs and PBDEs) were evaluated using existing datasets from the literature
and from analyses performed by GC-MS, the latter being obtained from
stranded porpoises in the Black Sea and the North Sea over a period of 18 years
(1990-2008) to assess spatial and temporal trends in bioaccumulation of the
respective PCBs and PBDEs. We demonstrate that PBPK models are a feasible
computational approach that can be used as anon-destructive tool for predicting
the chemical pollution status of the marine mammals.

Keywords: PBPK modeling, harbour porpoises, PCBs, PBDEs, spatial trends,
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BACKGROUND

Physiologically based pharmacokinetic (PBPK) modeling is an in silico or
computer-based technique that allows to show the distribution and kinetics of
chemicals in the body of an organism (Andersen, 1995; Reddy et al., 2005;
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Fig. 1. Conceptual diagram of the PBPK model for PCB 153 in male and female ((*) included)
harbour porpoises. Figure taken from Weijs et al. (2010).

Clewell and Clewell, III, 2008). Divided into several compartments, the body
represents a mass-balanced system in which the movements of the compound
obey the biochemical properties of the compound and the physiological
characteristics of the organism of interest (Fig. 1). Usually, a PBPK model
follows on or is strongly attached to a certain exposure experiment in organisms
like rodents (Lee et al.,2002,2007; Emond et al.,2010). Both compound-specific
and species-specific parameters are then largely deduced from the experimental
set-up.

However, this approach is not possible as in vivo exposure experiments are
undesired and prohibited in marine mammals. For decades, toxicological research
in marine mammals has focused mainly on the analyses of chemicals in tissues of
dead, stranded animals and sometimes also in blood taken from live animals (e.g.,
Law et al., 2002; Houde et al., 2006; Lebeuf et al., 2007; Weijs et al., 2009a, b).
Currently, in vitro exposure experiments in blood or liver cell lines of marine
mammals are gaining more and more attention (McKinney et al., 2006; Das et al.,
2008; Frouin et al., 2010). This has the potential to go deeper into the toxic
mechanisms of pollutants, but lacks the knowledge to put the observed effects
into a broader perspective as it focuses on one tissue only. For marine mammals,
PBPK models can be seen as a non-destructive replacement for the traditional in
vivo investigations that can combine results of recent in vitro research and on-
going biomonitoring efforts.
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PBPK MODELING IN MARINE MAMMALS

In the past, several attempts were made to develop PBPK models for some
pollutants in marine mammals. PBPK models for hydrophobic contaminants
were presented by Hickie ez al. (1999) and applied to the sum of PCBs in beluga
whales (Delphinapterus leucas). The same was done for PCBs in killer whales
(Orcinus orca; Hickie et al., 2007) and for individual PCB congeners in ringed
seals (Phoca hispida; Hickie et al., 2005). PBPK models have species-specific
parameters which make that models developed for one species are of limited
value to assess bioaccumulation in tissues of other species (Clewell and Clewell,
II1, 2008). Thus, we have developed new models for harbour porpoises, one of the
most abundant marine mammal species in the European North Sea. Harbour
porpoises accumulate high loads of contaminants and are considered to be
sensitive to pollution because of their limited capacities for metabolic
biotransformation of some pollutants (e.g., PCBs and PBDEs) compared to other
species such as harbour seals (Weijs et al., 2009a). Linking body burdens to in
vitro toxic effects would enhance our understanding of the pollution status in
these animals and would create opportunities towards their conservation.
Therefore, assessing body burdens through PBPK modeling of some of the most
persistent PCBs (PCB 99, 101, 118, 153, 149, 170 and 180) and PBDEs (PBDE
47,99, 100 and 153) was performed for harbour porpoises recently (Weijs et al.,
2010, 2011, 2012).

In these studies, tissues included were the blubber, brain, kidneys, muscle
and liver to cover processes such as storage, elimination through the production
of feces and urine and through metabolic biotransformation. Parameters in the
models were either taken from the literature or were fitted to the data. Datasets
used for the evaluation of the models were from harbour porpoises from the Black
Sea and the North Sea (Weijs et al., 2010, 2011, 2012). All models run over the
entire lifetime (approximately 20 years) of the harbour porpoises.

RESULTS AND APPLICATIONS OF PBPK MODELS IN HARBOUR PORPOISES

Results reveal that the highest and lowest concentrations of the selected
PCBs and PBDEs were consistently found in the blubber and brain, respectively.
All models show that there is a huge peak in the concentrations of PCBs and
PBDEs for animals from birth until the age of 1 year mostly because of the high
concentrations of these congeners in milk (Weijs et al., 2010, 2011, 2012). After
that, concentrations decrease until the age of 3 or 4 years followed by an increase
in levels of all modeled congeners until the end of their lives. For some congeners
(e.g., PCB 101, PBDE 47), the maximum levels observed overall are the
concentrations in calves at the end of lactation. Other congeners reach a maximum
in animals at the age of 20 years (e.g., PCB 99, PCB 149, PCB 170, PCB 180,
PBDE 99, PBDE 100, PBDE 153) thereby even exceeding the peak concentrations
in calves. Reverse dosimetry modeling, thus reconstructing exposure scenarios
from a given concentration in the tissues, was also applied using data of PCBs and
PBDE:s in blubber of North Sea harbour porpoises from 1990-2008. During this
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time period of 18 years, all concentrations of PCBs and PBDEs decreased,
although not at the same rate. For PBDEs, levels of PBDE 99 and PBDE 100
seemed to decrease the fastest and slowest, respectively (Weijs et al., 2012). For
PCBs, levels of PCB 101 and PCB 149 decreased the fastest and slowest,
respectively (Weijs et al., 2011). Levels of PCBs in harbour porpoises in 2008
were on average 2.8 times lower than in animals from 1990, whereas PBDEs were
on average 2.6 times lower in 2008 compared to 1990. Overall, decreases are
going slowly, thereby leaving the harbour porpoises at risk for several years to
come.

POTENTIAL APPLICATIONS OF PBPK MODELS
IN MARINE MAMMAL TOXICOLOGY

In the pharmaceutical industry, PBPK models are often used to predict and
evaluate the PK characteristics of candidate drugs, to understand and compare the
fate and disposition of chemicals in animals and humans, to help with the design
and the interpretation of toxicological studies, to calculate exposure based safety
margins and to compare the bioavailability for different dosage schemes or
administration routes (Andersen, 2003; Theil et al., 2003; Khalil and Lier, 2011;
Rowland et al., 2011). This particular industry mainly uses typical model
organisms such as rodents or rabbits for these applications and can thus control
several parameters (e.g., dosage schemes, acute versus chronic exposure) in the
experiments. It is not possible to control exposure conditions for wild marine
mammals. Nevertheless, some of the applications may still be a possibility in
marine mammal toxicology. A better understanding of the fate, kinetics and
disposition of pollutants like PCBs and PBDEs has been achieved using PBPK
models for harbour porpoises (Weijs et al., 2010, 2011) and other marine
mammal species (Hickie et al., 1999, 2005, 2007). Together with in vitro toxicity
data, these models could be useful to set up safety margins which may consequently
be a useful tool for the conservation of a species. Following the example of
Verwei et al. (2006), acombination of in vitro and in silico techniques has already
been proven to work for the prediction of in vivo embryotoxic effect levels.

Currently, on-going research is focusing on the extrapolation of the PBPK
models for several PCBs and PBDEs to other new lipophilic compounds with
similar properties. This aspect of modeling has been tested already by Wang et al.
(2000) for dioxins and deserves further attention as it would give the opportunity
to deduce the potential for bioaccumulation of an unknown compound in an
organism based on previous knowledge of the behavior of similar-looking
compounds. However, more information about the bioaccumulation processes of
these compounds in mammals is needed before such extrapolations are possible.

Acknowledgments—Liesbeth Weijs acknowledges financial support from the Scientific
Research Foundation—Flanders (FWO). Adrian Covaci is financially supported by a
postdoctoral fellowship from the Scientific Research Foundation—Flanders (FWO).
Krishna Das is a FRS—FNRS Research Associate. Ursula Siebert, Alexei Birkin and
Ludo Holsbeek are acknowledged for performing the necropsies and for providing the
samples of the harbour porpoises from the Black Sea. SOS Dolfijn, Dolfinarium Harderwijk,



PBPK Modeling as a Tool for Assessing Pollution in Marine Mammals 71

The Netherlands is acknowledged for providing the samples of the animals from the North
Sea that died during rehabilitation. Thierry Jauniaux is acknowledged for providing the
samples from animals that were found stranded or by-caught on the Belgian coast of the
North Sea.

REFERENCES

Andersen, M. E. (1995): Development of physiologically based pharmacokinetic and physiologically
based pharmacodynamic models for applications in toxicology and risk assessment. Toxicol.
Lett., 79, 35-44.

Andersen, M. E. (2003): Toxicokinetic modeling and its applications in chemical risk assessment.
Toxicol. Lett., 138, 9-27.

Clewell,R. A.and H.J. Clewell, II1 (2008): Development and specification of physiologically based
pharmacokinetic models for use in risk assessment. Regul. Toxicol. Pharmacol., 50, 129-143.

Das, K., U. Siebert, A. Gillet, A. Dupont, C. Di-Poi, S. Fonfara, G. Mazzucchelli, E. De Pauw and
M. C. De Pauw-Gillet (2008): Mercury immune toxicity in harbour seals: links to in vitro
toxicity. Environ. Health, 7, 52.

Emond, C., J. H. Raymer, W. B. Studabaker, C. E. Garner and L. S. Birnbaum (2010): A
physiologically based pharmacokinetic model for developmental exposure to BDE-47 in rats.
Toxicol. Appl. Pharmacol., 242, 290-298.

Frouin, H., M. Lebeuf, M. Hammill, S. Masson and M. Fournier (2010): Effects of individual
polybrominated diphenyl ether (PBDE) congeners on harbour seal immune cells in vitro. Mar.
Pollut. Bull., 60, 291-298.

Hickie, B. E., D. Mackay and J. de Koning (1999): Lifetime pharmacokinetic model for hydrophobic
contaminants in marine mammals. Environ. Toxicol. Chem., 18, 2622-2633.

Hickie, B. E., D. C. G. Muir, R. F. Addison and P. F. Hoekstra (2005): Development and application
of bioaccumulation models to assess persistent organic pollutant temporal trends in arctic ringed
seal (Phoca hispida) populations. Sci. Total Environ., 351-352, 413-426.

Hickie, B. E., P. S. Ross, R. W. MacDonald and J. K. B. Ford (2007): Killer whales (Orcinus orca)
face protracted health risks associated with lifetime exposure to PCBs. Environ. Sci. Technol.,
41, 6613-6619.

Houde, M., G. Pacepavicius, R. S. Wells, P. A. Fair, R. J. Letcher, M. Alaee, G. D. Bossart, A. A.
Hohn, J. Sweeney, K. R. Solomon and D. C. G. Muir (2006): Polychlorinated biphenyls and
hydroxylated polychlorinated biphenyls in plasma of bottlenose dolphins (Tursiops truncatus)
from the western Atlantic and the Gulf of Mexico. Environ. Sci. Technol., 40, 5860-5866.

Khalil, F. and S. Léer (2011): Physiologically based pharmacokinetic modeling: Methodology,
applications, and limitation with a focus on its role in pediatric drug development. J. Biomed.
Biotechnol., 2011, 1-13.

Law, R. J., C. R. Allchin, M. E. Bennett, S. Morris and E. Rogan (2002): Polybrominated diphenyl
ethers in two species of marine top predators from England and Wales. Chemosphere, 46, 673—
681.

Lebeuf, M., M. Noél, S. Trottier and L. Measures (2007): Temporal trends (1987-2002) of
persistent, bioaccumulative and toxic (PBT) chemicals in beluga whales (Delphinapterus
leucas) from the St. Lawrence Estuary, Canada. Sci. Total Environ., 383, 216-231.

Lee, S. K., Y. C. Ou and R. S. H. Yang (2002): Comparison of pharmacokinetic interactions and
physiologically based pharmacokinetic modeling of PCB 153 and PCB 126 in nonpregnant
mice, lactating mice, and suckling pups. Toxicol. Sci., 65, 26-34.

Lee, S. K., Y. C. Ou, M. E. Andersen and R. S. H. Yang (2007): A physiologically based
pharmacokinetic model for lactational transfer of PCB 153 with or without PCB 126 in mice.
Arch. Toxicol., 81, 101-111.

McKinney, M. A., S. De Guise, D. Martineau, P. Béland, A. Arukwe and R. J. Letcher (2006):
Biotransformation of polybrominated diphenyl ethers and polychlorinated biphenyls in beluga
whale (Delphinapterus leucas) and rat mammalian model using an in vitro hepatic microsomal
assay. Aquat. Toxicol., 77, 87-97.



72 L. WEUS et al.

Reddy, M., R. S. H. Yang, H. J. Clewell, III and M. E. Andersen (2005): Physiologically Based
Pharmacokinetics: Science and Applications. John Wiley & Sons, 420 pp.

Rowland, M., C. Peck and G. Tucker (2011): Physiologically based pharmacokinetics in drug
development and regulatory science. Ann. Rev. Pharmacol. Toxicol., 51, 45-73.

Theil, F. P., T. W. Guentert, S. Haddad and P. Poulin (2003): Utility of physiologically based
pharmacokinetic models to drug development and rational drug discovery candidate selection.
Toxicol. Lett., 138, 29-49.

Verwei, M., J. A. van Burgsteden, C. A. M. Krul, J. J. M. van de Sandt and A. P. Freidig (2006):
Prediction of in vivo embryotoxic effect levels with a combination of in vitro studies and PBPK
modeling. Toxicol. Lett., 165, 9-87.

Wang, X., M. J. Santostefano, M. J. DeVito and L. S. Birnbaum (2000): Extrapolation of a PBPK
model for dioxins across dosage regimen, gender, strain and species. Toxicol. Sci., 56, 49-60.

Weijs, L., A. C. Dirtu, K. Das, A. Gheorghe, P. J. H. Reijnders, H. Neels, R. Blust and A. Covaci
(2009a): Interspecies differences for polychlorinated biphenyls and polybrominated diphenyl
ethers in marine top predators from the Southern North Sea: Part 1. Accumulation patterns in
harbour seals and harbour porpoises. Environ. Pollut., 157, 437-444.

Weijs, L., K. Das, U. Siebert, N. van Elk, T. Jauniaux, H. Neels, R. Blust and A. Covaci (2009b):
Concentrations of chlorinated and brominated contaminants and their metabolites in serum of
harbour seals and harbour porpoises. Environ. Int., 35, 842-850.

Weijs, L.,R.S. H. Yang, A. Covaci, K. Das and R. Blust (2010): Physiologically based pharmacokinetic
(PBPK) models for lifetime exposure to PCB 153 in male and female harbor porpoises
(Phocoena phocoena): Model development and evaluation. Environ. Sci. Technol., 44, 7023—
7030.

Weijs, L., A. Covaci, R. S. H. Yang, K. Das and R. Blust (2011): A non-invasive approach to study
lifetime exposure and bioaccumulation of PCBs in protected marine mammals: PBPK modeling
in harbour porpoises. Toxicol. Appl. Pharmacol., 256, 136—-145.

Weijs, L., A. Covaci, R. S. H. Yang, K. Das and R. Blust (2012): Computational toxicology:
physiologically based pharmacokinetic models (PBPK) for lifetime exposure and bioaccumulation
of polybrominated diphenyl ethers (PBDEs) in marine mammals. Environ. Pollut., 163, 134—
141.

L. Weijs (e-mail: liesbeth.weijs@ua.ac.be)



