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Abstract
Persistent organic pollutants such as halogenated aromatic hydrocarbons (HAHs) biomagnify in
food webs and accumulate to high concentrations in top predators like odontocete cetaceans
(toothed whales). The most toxic HAHs are the 2,3,7,8-substituted halogenated dibenzo-p-dioxins
and furans, and non-ortho-substituted polychlorinated biphenyls (PCBs), which exert their effects
via the aryl hydrocarbon receptor (AHR). Understanding the impact of HAHs in wildlife is limited
by the lack of taxon-specific information about the relative potencies of toxicologically important
congeners. To assess whether Toxic Equivalency Factors (TEFs) determined in rodents are
predictive of HAH relative potencies in a cetacean, we used beluga and mouse AHRs expressed in
vitro from cloned cDNAs to measure the relative AHR-binding affinities of ten HAHs from five
different structural classes. The rank order of mean IC50s for competitive binding to beluga AHR
was: TCDD<TCDF<PCB-126< PCB-169< PCB-77< PCB-81≪< PCB-156~PCB-128<
PCB-105< PCB-118. The rank order of mean IC50s for binding to the mouse AHR was
TCDD<TCDF< PCB-126< PCB-169< PCB-81< PCB-77< PCB-156≪
PCB-128~PCB-105~PCB-118. Ki values for binding of HAHs to beluga and mouse AHRs were
highly correlated (r2= 0.96). Comparison of Ki values suggested that the beluga AHR had a higher
affinity than the mouse AHR for most of the HAHs tested, consistent with the ~2-fold higher
[3H]TCDD-binding affinity determined previously. These results are consistent with the World
Health Organization mammalian TEFs for non- and mono-ortho PCB congeners. The
comparatively high HAH binding affinities of the beluga AHR relative to those of an AHR from a
dioxin-responsive mouse suggests that beluga, and perhaps cetaceans in general, may be
particularly sensitive to the toxic effects of AHR agonists. Further study is warranted in order to
more fully address this important question affecting protected and endangered species.
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1. Introduction
Halogenated aromatic hydrocarbons (HAHs) and other persistent pollutants are ubiquitous
in the marine environment. As top predators, cetaceans are exposed to particularly high
levels of these lipophilic chemicals as they biomagnify in the food web (AMAP 1998).
Reports have documented substantial levels of chemical burdens in tissues coincident with
adverse health status in certain populations of cetaceans, including St. Lawrence beluga (De
Guise et al. 1995), Puget Sound killer whales (Ross et al. 2000), the Mediterranean striped
dolphin (Borrell et al. 1996) and the coastal Southeast and Gulf of Mexico bottlenose
dolphin (Finklea et al. 2000). This epidemiological evidence, combined with some
experimental evidence (Ross 2000) and the presence of high concentrations of
polychlorinated biphenyls (PCBs) and other HAHs in marine mammals in general, has
raised concern about the possible impact of these contaminants on marine mammal health
(MMC 1999). However, attempts to assess the impact of HAHs on marine mammals are
complicated by the inability to obtain direct experimental evidence pertaining to their
sensitivity to chemicals of concern.

HAHs that can achieve a planar conformation exert their toxic effects via the aryl
hydrocarbon receptor (AHR) (Schmidt and Bradfield 1996). Mechanistic studies of AHR-
dependent toxicity have focused predominantly on 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), the most potent AHR agonist. However, TCDD is not the most prevalent HAH in
the environment. HAHs found in environmental samples include the polychlorinated
dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs), and PCBs, among
others. Hundreds of HAH isomers and congeners exist, and these differ in toxic potency by
orders of magnitude. Consequently, assessing the risk associated with exposure to mixtures
of HAH is complicated by the need to account for these varying toxic potencies.

Toxic Equivalency is a means of integrating the toxicity estimates for mixtures of HAHs
that bind to and cause toxicity via the AHR. The potency of AHR-binding compounds can
be expressed relative to that of TCDD. In single experiments, these values are referred to as
Relative Potencies (REPs). REP values from multiple experiments and endpoints are
integrated to produce Toxic Equivalency Factors (TEFs) (van den Berg et al. 1998; van den
Berg et al. 2006). TEFs are order of magnitude estimates of a compound’s toxic potency
relative to the toxic potency of TCDD, and are derived from a large database of information
on toxic and biochemical effects. TEFs are used to convert measured concentrations of
HAHs to an expression of TCDD equivalents, or TEQ (Safe 1990). Because this has become
an important and widely applied concept in environmental risk assessment, the World
Health Organization (WHO) and affiliates have derived TEFs of AHR agonists for humans
and mammals, and significant effort has been made to update and refine these to include the
best available data on relative potencies (Ahlborg et al. 1994; van den Berg et al. 1998; van
den Berg et al. 2006) combined with expert judgment that incorporates other mechanistic
information. However, the TEFs for wildlife have not been updated since 1997 (van den
Berg et al. 1998).

REPs contribute to the derivation of TEFs according to the type of endpoint measured and
its assessed relevance to whole-animal toxicity. In general, REPs generated by measuring
AHR-dependent, non-toxic endpoints tend to correlate with REPs for toxic endpoints, thus
supporting the TEQ concept (Safe 1990). Several different endpoints can used to determine
REPs. While in vivo toxicity is generally favored for use in the derivation of TEFs, in vitro
endpoints, including AHR binding affinity, are also used, especially when information from
in vivo effects is not available (Safe 1990; Haws et al. 2006; van den Berg et al., 2006;
USEPA, 2008).
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To circumvent the practical and ethical limitations on toxicological research in marine
mammals, indirect approaches such as extrapolation of results from laboratory rodents have
been proposed (Ross 2000). One approach to assessing the risk of HAHs in marine
mammals involves the use of TEQs to express the cumulative toxic potential of HAH
mixtures. The use of the TEQ approach to express marine mammal contaminant burdens is
widespread (Berggrena et al. 1999; Jones et al. 1999; Minh et al. 2000; Ross et al. 2000;
Watanabe et al. 2000; Wilson et al. 2007).

An important uncertainty is inherent in the use of TEFs derived from studies in laboratory
rodents to calculate TEQs in marine mammal tissues. TEF values can vary among species,
sometimes dramatically (Walker and Peterson 1991; Kennedy et al. 1996; USEPA 2001).
There have been very few determinations of REPs for HAH congeners in wildlife (Walker
and Peterson 1991; Kennedy et al. 1996), and AHR-dependent REPs have not been
determined for any marine mammal. TEFs for mammals (including humans) have been
derived almost exclusively from studies in laboratory rodents (Haws et al. 2006).
Application of these TEF values to marine mammals assumes that structure-activity
relationships for AHR agonists are similar between rodents and marine mammals, but this
assumption has not yet been tested. If TEFs are to be a part of the standard language for
assessing risk to cetacean populations, it would be desirable, at minimum, to have relative
potency data that assess the validity of using “mammalian” (i.e. rodent) TEFs for cetaceans.
However, in vivo studies of dose-response relationships for HAH toxicity or enzyme
induction are not possible in cetaceans. Because of this, assessment of cetacean TEFs must
rely exclusively on in vitro approaches.

The aim of this study was to determine REPs for HAHs binding to the beluga AHR.
Although specific binding of [3H]TCDD to beluga AHR can be measured using beluga
hepatic cytosol, the lability of AHR expressed in beluga tissue even under the best possible
conditions of tissue preparation make tissue cytosols unreliable for determining binding
constants (Jensen and Hahn 2001). We therefore utilized an approach involving in vitro
expression from cloned cDNA. A competitive binding assay was optimized for beluga and
mouse AHRs expressed in vitro from cDNAs (Burbach et al. 1992; Jensen and Hahn 2001)
and this assay was used to determine the binding affinities (expressed as Ki) of ten
representative HAHs relative to TCDD. The Ki values were used to infer the REPs for HAH
binding to beluga and mouse AHRs. This is the first determination of a set of REPs for a
marine mammal. These data support the use of mammalian TEFs for assessing HAH
impacts in cetaceans.

2. Materials and Methods
2.1. Chemicals

2,3,7,8-Tetrachloro[1,6-3H]dibenzo-p-dioxin ([3H]TCDD) (specific activity 33.3 Ci/mmol,
purity >97%) was purchased from Chemsyn Science Laboratories (Lenexa, KS). Unlabeled
TCDD, TCDF and PCBs (IUPAC numbers 126, 169, 77, 81, 105, 118, 156, and 128) were
purchased from Ultra Scientific (North Kingstown, RI).

The purity of each PCB congener as stated by the manufacturer was ≥99%. However, to
determine whether the mono-ortho PCBs possessed traces of the highly potent AHR agonist
PCB-126, the congeners were analyzed by comprehensive two-dimensional gas
chromatography with flame ionization detection (GC×GC-FID) and mass spectral detection
(GC×GC-MS). Compared to one-dimensional high-resolution gas chromatography, which
often lacks the resolving power for separating mixtures of PCBs (Frame 1997), GC×GC
separates and resolves at least an order of magnitude more compounds, has a much larger
signal to noise ratio, and sorts compounds based on their chemical class. It therefore can
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provide highly refined inventories of PCBs and other organochlorines and pollutants in
environmental samples (Reddy et al. 2002; Frysinger et al. 2003; Marriot et al. 2003;
Korytár et al. 2006). For example, GC×GC analysis of PCBs is capable of separating non-
ortho and mono-ortho PCBs from PCBs fully halogenated in the ortho position (Korytár et
al. 2002). We analyzed the purity of the individual compounds (PCB-105, PCB-118,
PCB-126, and PCB-156) with a particular interest in contamination by PCB-126. Detailed
instrument settings and sample results are shown in the Appendix. Based on these analyses,
the congeners employed in this study did not contain any other PCBs. Serial dilutions of the
TCDD, TCDF, and PCBs were made in dimethylsulfoxide (DMSO) as described previously
(Hahn et al. 1996).

2.2. In vitro expression of AHR
The mouse AHR expression construct (pSPORTmAHR, Ahb−1 allele) and human AHR
expression construct (pSPORThAHR) were gifts from Dr. Christopher Bradfield (Burbach
et al. 1992; Dolwick et al. 1993). The beluga AHR expression vector (pSP64belAHR) was
described previously (Jensen and Hahn 2001).

AHR proteins were expressed using the SP6 Quick Transcription/Translation system
(Promega) per the supplier’s instructions, with 2 μg DNA/reaction. A TNT reaction
programmed with empty pSP64polyA vector (“unprogrammed lysate” or UPL) was used to
determine non-specific binding (Jensen and Hahn 2001). For competitive binding assays, the
reaction volumes were diluted with 8 parts MEEMDG buffer (35mM MOPS, 1mM EDTA,
5 mM EGTA, 0.02% NaN3, 20mM Na2MoO4, 10% (v:v) glycerol, 1mM DTT, pH 7.5
containing protease inhibitors (Jensen and Hahn 2001)).

2.3. Competitive binding assay
The hydroxyapatite (HAP) adsorption assay is a well-established method for measuring
AHR binding in rodent liver cytosols (Gasiewicz and Neal 1982; Petrulis and Bunce 2000)
and has also been used with AHR proteins expressed by in vitro transcription and translation
(Coumailleau et al. 1995; Kim and Hahn 2002; Karchner et al. 2006). We optimized the
HAP assay for use with TNT-expressed beluga and mouse AHR proteins (Jensen 2000).
Optimization was attempted for the TNT-expressed human AHR as well, but detectable
levels of specific binding were very low under these conditions, so the comparison with
human AHR was not possible.

Briefly, diluted TNT reactions (150 μl) were added to 16×100-mm glass tubes containing
[3H]TCDD (1–2 nM nominal concentration) and one of 10 concentrations of unlabeled
HAH competitor (0–133 μM, 1% DMSO final) in duplicate. Incubations were vortexed
thoroughly and kept on ice for 8–16 hours. For these experiments, 1–2 nM [3H]TCDD was
chosen because it was at least two times the Kd for both beluga and mouse AHRs. In each
experiment, the actual concentration of radioligand was determined by liquid scintillation
counting of an aliquot of each incubation mixture; actual concentrations are listed in table
and figure legends.

Following the incubation on ice, tubes were vortexed again, and a 25 μl aliquot of each
incubation mixture was taken for liquid scintillation counting. Aliquots (150 μl) of 10%
DNA grade HAP (Bio-Rad) in MEEDMG (maintained in suspension by stirring) were
distributed to 13×100-mm glass culture tubes and 50 μl from each incubation tube were
added to duplicate HAP tubes and mixed by gently vortexing until the HAP pellet was fully
resuspended. Tubes were placed on ice for 30 min, with resuspension by vortexing every 10
minutes. After adding 500 μl of wash solution (MEEDMG with 0.1% Tween 20), the tube
was vortexed and spun at 1000 rpm (approx. 300 g) for 5 min at room temperature. The
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supernatant was removed by aspiration, and the pellet was washed two more times as above.
After the last wash, the pellet was resuspended in 500 μl of 95% ethanol and transferred to a
7ml scintillation vial. Two ml of Scintiverse II was added, and the radioactivity in dpm was
measured on a Beckman LS5000TD liquid scintillation counter.

Competitive binding curves were obtained for ten HAHs: 2,3,7,8-TCDD, 2,3,7,8-TCDF,
PCB-126, PCB-169, PCB-77, PCB-81, PCB-105, PCB-118, PCB-156, and PCB-128. Three
sets of competitive inhibition curves were generated for each compound representing
independent experiments and separate fresh batches of translated AHR proteins.

2.4. Binding curve analysis
Specific binding (SB) was defined as the difference between total binding (incubations
containing [3H]TCDD) and nonspecific binding. Non-specific binding (NSB) was measured
by incubation of unprogrammed TNT lysate with [3H]TCDD and treatment with HAP as
above. The binding detected using UPL was the same as the minimum levels of binding
detected when 200-fold excess unlabeled TCDF is used, as described earlier (Jensen and
Hahn 2001). Specific binding of [3H]TCDD in the presence of competitor was expressed as
fractional specific binding:

(1)

where SBx is SB in the presence of a given concentration of compound x and SBmax is the
SB of [3H]TCDD in the absence of competitor. The fractional SB data were analyzed using
the following model for one-site competition:

(2)

Top is the fraction of [3H]TCDD specific binding in the absence of competitor, Bottom is the
fraction of [3H]TCDD binding observed when specific binding sites are occupied with
unlabeled competitor, X is the log of the concentration of competitor in nM, and Y is the
fractional SB at each competitor concentration. Data were fit by unweighted non-linear
regression using Prism version 2.0 for the Macintosh (GraphPad Software, San Diego).

Analyses were carried out both by “fixing” the top and bottom of the curves to 1.0 and 0
fractional SB, respectively, as well as by allowing the program to determine the maxima and
minima from provided data. The rationale for fixing the top and bottom of the curves is as
follows. Because data points are expressed as fractional specific binding, the only way that a
one-site competition model can be correct is if the actual minimum of the curve is zero (no
specific binding, full displacement of [3H]TCDD by competitor). In practice, however, the
actual concentration of competitor needed to displace >95% of [3H]TCDD specific binding
may be greater than the highest concentrations tested, and perhaps beyond the limits of
solubility. By allowing the model to fit the data points assuming that 100% inhibition is
possible, the equation is able to predict an IC50 that is based on the data points yet is not
underestimated because of solubility limitations and the resulting false minima. Comparing
the IC50 values for each compound determined by both methods showed that, in general, the
IC50s derived from both sets of curve fitting parameters were in close agreement for
compounds that compete well for AHR binding (e.g. TCDD, 126, 81). For compounds that
did not compete as well for [3H]TCDD binding (e.g. 105, 118) the fitted curve minimum
was far from 0%, and the IC50s calculated from the “fixed” fits tended to be higher than
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those estimated from the “unfixed” fits (Jensen 2000). In order to best compare the binding
of HAH compounds, the data from the “fixed” analysis were used throughout.

The Ki for each competitor was calculated from the IC50 and the Kd for [3H]TCDD binding
using the method of Cheng and Prusoff (1973):

(3)

The Kd values used for the expressed beluga, and mouse AHRs were those reported
previously: 0.43 nM ± 0.16 nM (beluga) and 0.68 ± 0.23 nM (mouse) (Jensen and Hahn
2001).

The one-site competition model (equation (2)) assumes a Hill slope of 1. To test the
sensitivity of our results to this assumption, we also fit the data using a sigmoid curve with
variable slope. Ki values obtained from these fits were almost identical to those obtained
from the one-site competition model.

3. Results and discussion
In order to begin to establish an experimental basis for the application of the TEQ concept to
cetaceans and to further characterize the beluga AHR, we performed competitive inhibition
studies to measure the relative affinities and infer ligand-binding REPs for HAH binding to
the beluga AHR. For comparison, a high affinity AHR from a strain of mouse that is
sensitive to the toxic effects of AHR agonists (mouse Ahb−1 allele) was included in the
analysis. This is the first determination of HAH REPs for a marine mammal, and the most
comprehensive set of REPs derived for in vitro HAH binding to mouse AHR.

3.1. Competitive binding of beluga and mouse AHRs to various HAH
To compare the HAH structure-AHR binding relationships of beluga and mouse AHRs, the
HAP assay was used to measure the relative abilities of HAHs to compete for binding to in
vitro expressed AHRs from these two species. Five different structural classes of HAH were
represented: 2,3,7,8-TCDD (PCDD), 2,3,7,8-TCDF (PCDF), PCB-126, -169, -77, and -81
(non-ortho PCBs), PCB-105, -118, and -156 (mono-ortho PCBs), and PCB-128 (di-ortho
PCBs). All of these HAH classes are found in the environment and detected in marine
mammal tissues, including beluga (Martineau et al. 1987; Vorkamp et al. 2004).

Representative inhibition curves generated for these compounds for beluga and mouse
AHRs are shown in Figure 1. All of the HAHs tested were able to displace [3H]TCDD from
the beluga AHR (Figure 1). The data were fit to a one-site competition model (Equation 2)
as described in Methods. The IC50 values spanned 5 orders of magnitude (Table 1). The rank
order of mean IC50s for inhibition of [3H]TCDD binding to beluga AHR was:
TCDD<TCDF<PCB-126< PCB-169< PCB-77< PCB-81≪< PCB-156~PCB-128<
PCB-105< PCB-118. The rank order of mean IC50s for inhibition of [3H]TCDD binding to
the mouse AHR was TCDD<TCDF< PCB-126< PCB-169< PCB-81< PCB-77< PCB-156≪
PCB-128~PCB-105~PCB-118 (Table 1).

Inhibition constants (Ki) were calculated based on the IC50s, the Kd values for binding of
[3H]TCDD to the beluga and mouse AHRs (Jensen and Hahn 2001), and the measured
[3H]TCDD concentration in the incubations (Equation 3). Ki values are specific for the
receptor and competitor, and should be independent of radioligand incubation
concentrations. Therefore, Ki values can be compared across experiments conducted under
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similar conditions. The Ki values were not sensitive to the choice of model (constant or
variable slope) used to fit the data (see Methods).

The mean Ki values for TCDD were 0.10 nM (95% confidence interval: 0.05–0.22 nM) for
the beluga AHR and 0.36 nM (95% confidence interval: 0.25–0.51 nM) for the mouse AHR
(Table 1). These are in reasonable agreement with the Kd values determined for TCDD
binding directly using a saturation binding assay, 0.43 nM for beluga AHR, and 0.68 nM for
mouse AHR (Jensen and Hahn 2001). 2,3,7,8-TCDF also had a very high affinity for both
AHRs. All of the non-ortho PCBs had binding affinities that were less than those of TCDD
and TCDF, but greater than those of the mono or di-ortho PCBs. Of these four non-ortho
PCBs, PCB-126 clearly had the highest affinity for both AHRs. The Ki values for PCB 77,
169, and 81 were very similar to each other for both beluga and mouse AHR.

The Ki values calculated for HAH inhibition of [3H]TCDD binding to beluga and mouse
AHRs shared a very similar rank order overall and within HAH structure groups (Table 1,
Figure 2). These in turn were very similar to the rank order of IC50 values determined for
inhibition of [3H]TCDD binding in rat hepatic cytosol (Bandiera et al. 1982). There was a
strong correlation between log Ki values obtained for beluga and mouse AHRs (r2= 0.96)
(Figure 2). The similarity of the structure-binding relationships of the beluga AHR
compared with those of rodent AHRs suggests that the structural requirements for high
affinity ligand binding are very similar among these mammalian AHRs.

In addition to illustrating the similar structure-binding relationships for beluga and mouse
AHRs, Fig. 2 shows that the Ki values for the beluga AHR were consistently lower than
those for the mouse AHR (all points but one fall below the line of equal Ki values); this is
unlikely to have occurred by chance (p~0.01, binomial test). To determine whether this
difference was merely a reflection of the species-specific differences in the [3H]TCDD Kd
values used in equation 3 (0.43 nM and 0.68 nM for beluga and mouse AHRs, respectively),
we repeated the Ki calculation using the mean of the beluga and mouse Kd values (0.55 nM)
rather than the species-specific Kd values. Ki values for the beluga AHR remained
consistently lower than those for the mouse AHR. Although it will require additional
experiments to confirm, this result suggests that, as compared to the mouse AHR, the beluga
AHR may exhibit a somewhat greater affinity for a variety of AHR ligands.

For the beluga and mouse AHRs, the three mono-ortho and the single di-ortho PCBs
examined had similar affinities that were much lower than the affinities of the coplanar
HAHs. The di-ortho PCB 128 had a binding affinity that was similar to or greater than some
of the mono-ortho PCBs. Binding studies with rat cytosols have shown that di-ortho PCBs
tend to have IC50s that are one to two orders of magnitude greater than the mono-ortho
congeners (Bandiera et al. 1982). In this study, the ability of PCB 128 to inhibit [3H]TCDD
binding was not an artifact of curve fitting to few points, because the PCB 128 curves
reached 90% inhibition for beluga AHR and 80% for mouse AHR. Di-ortho PCBs are
known to act as partial agonists or antagonists of the AHR and can exert toxic effects via
non-AHR pathways; because of this, they have been eliminated from the TEF database (van
den Berg et al. 2006).

The HAP competitive binding assay described here was also used in attempts to derive HAH
IC50 values for the in vitro-expressed human AHR. Despite several experiments under
various conditions, binding of [3H]TCDD to the human AHR was not sufficiently stable in
this assay to allow determination of [3H]TCDD SB or its displacement by competitors
(Jensen 2000). This is consistent with a previous report that the HAP assay was not effective
in measuring [3H]TCDD binding to AHR from human placenta (Nakai and Bunce 1995).
Specific binding of [3H]TCDD to in vitro-expressed human AHR can be measured using
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other assays (Ema et al. 1994; Jensen and Hahn 2001; Fan et al. 2009), suggesting that the
difficulty lies in the association of the human AHR with HAP or in the stability of the AHR-
[3H]TCDD complex to buffer washes, rather than instability of the human AHR protein
under these conditions. Similar results have been seen with AHRs from common tern
(Karchner et al. 2006). Additional studies to assess the relevance of rodent-derived TEFs for
humans are warranted.

3.2. Relating beluga relative potencies to mammalian Toxic Equivalency Factors
We used competitive binding assays to infer structure-activity relationships for HAHs acting
through the beluga AHR. Relative potencies for AHR binding were determined from the
mean Ki values for each HAH (Table 1). The REPs span 5 orders of magnitude in the beluga
(1.0 to 0.00007), and 4 orders of magnitude for the mouse (1.0 to 0.0002). The compound
with the lowest REP for both beluga and mouse was mono-ortho PCB-118.

It is informative to compare the REPs derived from competitive binding of HAHs to beluga,
mouse, and rat AHRs (Table 2) to WHO-06 TEFs. For the most potent AHR agonists
(TCDD, TCDF, 126,169), REPs derived from AHR binding reflect TEFs derived from
broad toxicity assessments quite well. For non-ortho PCBs 77 and 81, and mono- and di-
ortho PCBs, however, the binding REPs vary across species and do not always correspond
as well to the suggested mammalian TEF. For example, PCB 81 has higher binding REP in
beluga (14-fold) and mouse (28-fold) compared to rat, so it is possible that the TEF might
also be an order of magnitude higher in these species. On the other hand, PCB 118 has a
much lower REP in beluga (15-fold) and mouse (10-fold) compared to rat. These species
differences underscore the importance of continuing to generate cetacean-specific REPs
with a variety of molecular endpoints.

3.3 Limitations of using competitive binding affinities to infer relative potencies
Relative potencies inferred from measures of relative AHR binding affinities have long been
included among the endpoints that can contribute to the estimation of TEFs, especially when
information from in vivo effects is not available (Safe 1990; Haws et al. 2006; van den Berg
et al., 2006; USEPA, 2008). A limitation of using relative AHR-binding affinities to infer
REPs is that competitive binding assays do not distinguish full agonists from partial agonists
or antagonists. For example, in rodents, di-ortho PCBs bind to the AHR with low affinity
but generally do not elicit in vivo toxic or biochemical effects (Goldstein and Safe 1989).
More recent studies have shown that di-ortho PCBs can antagonize downstream responses
of more potent AHR agonists (Petrulis and Bunce 1999; Hestermann et al. 2000). PCB-128,
the di-ortho PCB used in our study, is among the congeners shown to act as a competitive
antagonist (Aarts et al. 1995; Hestermann et al. 2000; Suh et al. 2003). Thus, although we
can calculate an AHR-binding REP for this compound (Table 2), it would be inappropriate
to assign a TEF based on these data. Assignment of TEFs must incorporate all available
information, including mechanistic understanding obtained from studies demonstrating
antagonistic effects. In addition to the caveats about di-ortho PCBs, some mono-ortho PCBs
have partial AHR agonist activity, which also results in antagonistic effects at high ratios of
partial agonist to full agonist (Hestermann et al. 2000; Howard et al. 2010). The latest WHO
panel acknowledged the potential importance of this factor in the determining the risk of
mixtures (van den Berg et al. 2006).

An additional limitation of our data, and of all data used to infer relative potencies, is that
the single REP values determined for each compound do not reflect the uncertainties
inherent in the measurements of the endpoints (Starr et al. 1999). We might consider the
variation around our Ki values as an indication of the uncertainties associated with the
calculated REPs. The coefficients of variation associated with the beluga Ki values averaged
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35% with a range of 6–59%. With this degree of variability, our REP values can be
considered estimates within an order-of-magnitude or less of the actual relative potencies
inferred from this endpoint.

3.4 Implications for sensitivity of beluga to HAHs
Despite the important limitation noted above, the similarity in the structure-activity
relationships observed for HAH binding to the beluga and mouse AHRs suggests that the
mechanisms of toxicity observed in rodent models, and TEF values determined in those
models, are relevant to beluga and likely to other cetaceans as well. The Ki values and REPs
calculated for the binding of HAHs to the beluga AHR suggest that some of these
compounds can activate the beluga AHR and cause downstream responses such as CYP1A
induction and toxicity. Consistent with this, in a study of stranded beluga, hepatic CYP1A
protein levels correlated well with the concentrations of non-ortho and mono-ortho PCBs in
blubber (White et al. 1994). In addition, several studies have shown relative depletion of
coplanar HAHs among the suite of HAHs detected in cetacean tissues, suggesting a high,
possibly induced, capacity for CYP1A-dependent metabolism in cetaceans (Tanabe et al.
1988; Boon et al. 1997). This and other evidence for CYP1A inducibility in cetaceans
(Godard et al 2004; Garrick et al 2006), along with the demonstration of high affinity AHR
binding of various HAHs shown here, confirms the presence of a complete AHR signaling
cascade in cetaceans.

An important factor that can be easily overlooked in discussions of species-specific relative
potencies is absolute differences in sensitivity. Beyond structure-activity relationships,
another potentially important observation from our results is that the absolute binding
affinities of HAH for the beluga AHR were consistently 2- to 3-fold higher than those for
the mouse AHR (Figure 2, Table 1). This is especially true for TCDD and PCBs 126, 77, 81,
and 128, for which the 95% confidence intervals for the Ki values do not overlap those of
mouse AHR. (An exception to this pattern was PCB 156, which had nearly identical Ki
values in both species.) Thus, the beluga AHR has a higher affinity than mouse AHR for
most of the HAHs tested; this is consistent with the ~2-fold higher binding affinity of
[3H]TCDD for the beluga AHR vs. the mouse AHR as determined by saturation binding
(Jensen and Hahn 2001). Such differences in AHR affinity for TCDD may predict species-
or strain-differences in sensitivity to TCDD toxicity. For example, differences in absolute
TCDD binding affinities among mouse AHR alleles in vitro correspond with differences
between strains in sensitivity to TCDD effects (Poland et al. 1994). Similarly, a 7-fold
difference between bird species in AHR binding affinity for TCDD corresponds to an 80- to
250-fold difference in sensitivity to toxicity in vivo (Karchner et al. 2006). Thus, for two
species that differ in overall sensitivity to AHR ligands, the same mixture containing a
particular level of TEQ might be more toxic (potent) in one species (e.g. beluga) compared
to the other (e.g. mouse), even if TEF values do not differ substantially between the two
species. One caveat concerning this conclusion is that although low affinity AHRs are
always associated with reduced sensitivity, possession of a high-affinity AHR does not
guarantee high sensitivity. Additional studies will be needed to explore other factors that
may influence the sensitivity of beluga and other cetaceans to these chemicals.

Our studies utilized AHR proteins expressed by in vitro transcription and translation to
measure AHR-binding affinities and infer relative potencies. More detailed receptor-binding
experiments might be possible using systems for expressing higher levels of AHR
(Ramadoss and Perdew 2004; Fan et al. 2009). In addition, transfection assays to measure
transcriptional activation by ligand-bound AHR might be used to obtain a more direct
assessment of agonist activity (Karchner et al. 2006). Finally, the assessment of ligand
potency in cell cultures may be useful for species such as cetaceans (Carvan et al. 1994;
Garrick et al. 2006) and humans (Silkworth et al. 2005) that cannot be studied in vivo.
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4. Conclusion
These results support the application of the WHO mammalian TEFs for coplanar and mono-
ortho HAHs to belugas and likely other cetaceans. Together with available field and in vitro
data, the relatively high binding affinity of the beluga AHR for HAHs suggests that beluga
and perhaps cetaceans in general may have greater sensitivity to HAHs than that predicted
by extrapolation from experiments in rodents. Studies that examine other endpoints in
cetacean-specific cell culture and in vitro systems, such as those described by Godard et al.
(2004) and Garrick et al. (2006), will be important for further addressing questions of
relative sensitivity and for refining the application of TEFs to cetaceans. Finally, these
results demonstrate the value of molecular and in vitro approaches for addressing
toxicological questions in protected species for which direct testing is impossible.
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Figure 1. Competitive binding curves for mouse and beluga AHR for various HAH
Inhibition of binding of [3H]TCDD (2 nM nominal; 1.6 nM measured) to (A) beluga and (B)
mouse AHRs by various HAH was determined with the HAP assay. Curves were fit to a
one-site competition model. IC50s were calculated for ten HAHs: 2,3,7,8-TCDD, 2,3,7,8-
TCDF, PCB-126, PCB-169, PCB-77, PCB-81, PCB-105, PCB-118, PCB-156, and
PCB-128. Bars represent 1 standard deviation.
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Figure 2. Log plot of beluga and mouse AHR Ki for various HAH
Log[Ki] derived from competitive binding of [3H]TCDD to beluga and mouse AHR are
plotted for each HAH examined. The equation of the line for log mouse Ki vs log beluga Ki
is y = 1.03x - 0.54. The dashed line indicates y=x. Bars represent 95% confidence interval.
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