
































































































































































































































































































































































































































To assess whether the compartment-specific TCDD concentrations provide an accurate surrogate
for experimentally-derived concentrations reported in Wang et al. (1997), modelled
concentrations were evaluated as to whether they fall within the 95% confidence intervals
(represented by 2.575-times the standard deviation for 5 observations) of the experimental
results. Table 5.10, below, provides the results of this analyses, and indicates that the modeiled
concentrations fell within the 95% confidence interval approximately 80% of the time with most
of the excursions occurring at later time points (i.e., > 14 days following exposure).

Furthermore, the vast majority of the excursions were observed in the lung and spleen
compartments, with the important disposition compartments (i.e., the skin, liver, and adipose
tissue) demonstrating a high degree of correlation between experimental and modelled data

(falling within the 95% confidence interval approximately 89% of the time).

Figure 5.17 provides a snapshot comparison of the experimental data, including the 95%
confidence intervals, and the modelled TCDD concentrations in the liver and adipose tissue
compartments over time. As indicated in Table 5.10, the figure demonstrates the high degree of
consistency between the experimental results and modelled TCDD compartmental concentration

predictions.
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Table 5.10  Evaluation of Time Course Compartment-Specific Concentration
(% Administered Dose/Gram) for Modelled versus Experimental Data.

Time . 95% Cl v Diff vs.
(hrs) Experiment sD bound 5% Cl 95% Cl Modelled Match ® Difference Exp
Blood
0.5 0.001 0 0.0005 0.0005 0.0015 0.004 0.00250 250%

1 0.003 0.002 0.00515 0.0001 0.00815 0.008 /

3 0.012 0.002 0.00515 0.00685 0.0172 0.017 4

8 0.012 0.002 0.00515 0.00685 0.0172 0.018 0.000850 7%
24 0.009 0.004 0.0103  0.0001 0.0193 0.008 4
72 0.005 0.001 0.00258 0.00243 0.00758 0.006 '4
168 0.006 0.002 0.00515 0.00085 0.0112 0.005 7/

336 0.004 0.002 0.00515 0.0001 0.00915 0.003 v/
840 0.001 0 0.0005 0.0005 0.0015 0.001 v
77.8%
Lungs
0.5 0.004 0.001 0.00258 0.00143 0.00658 0.019 0.0124 311%

1 0.016 0.005 0.0129 0.00313 0.0289 0.036 0.00713 45%

3 0.094 0.019  0.0489  0.0451 0.143 0.075 4

8 0.077 0.012 0.0309 0.0461 0.108 0.0777 4
24 0.053 0.015 0.0386 0.0144 0.0916 0.035 v/

72 0.024 0.003 0.00773 0.0163 0.0317 0.027 4
168 0.022 0.007 00180 0.00398 0.0400 0.022 4
336 0.013 0.003 0.00773 0.00528 0.0207 0.016 v/

840 0.003 0.001 0.00258 0.000425 0.00558 0.006 0.000425 14%
66.7%
Spleen
05 0.016 0.025 0.0644 0.0001 0.0804 0.02 4

1 0.016 0.008 0.0206 0.0001 0.0366 0.041 0.00440 28%

3 0.073 0.025 0.0644 0.00862 0.137 0.091 v/

8 0.037 0.008 0.0206 0.0164 0.0576 0.094 0.0364 98%
24 0.023 0.004 0.0103 0.0127 0.0333 0.042 0.00870 8%
72 0.013 0.001 0.00258 0.0104 0.0156 0.032 0.0164 126%
168 0.011 0.002 0.0051S 0.00585 0.0162 0.026 0.00985 90%
336 0.01 0.004 0.0103 0.0001 0.0203 0.019 /

840 0.002 0.003 0.00773 0.0001 0.00973 0.007 4
44.4%
Rest of the Body
0.5 0.003 0.002 0.00515 0.0001 0.00815 0.001 v/

1 0.004 0.002 0.00515 0.0001 0.00915 0.003 4

3 0.013 0.005 0.0129 0.000125 0.0259 0.016 4

8 0.022 0.002 0.00515 0.0169 0.0272 0.027 7/

24 0.018 0.005 0.0129 0.00513 0.0309 0.012 7/

72 0.007 0.002 0.00515 0.00185 0.0122 0.009 7/

168 0.007 0.002 0.00515 0.00185 0.0122 0.007 v/

336 0.003 0.001 0.00258 0.000425 0.00558 0.005 4

840 0.002 0.001 0.00258 0.0001 0.00458 0.002 7/
100.0%
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Table 5.10  Evaluation of Time Course Compartment-Specific Concentration
(% Administered Dose/Gram) for Modelled versus Experimental Data.

Time o 95% Cl ® Diff vs.
(hrs) Experiment sSD bound 5% Cl 95% CI Modelled Match® Difference Exp
Fat
0.5 0.006 0005 0.0129 0.0001 0.0189 0.002 4
1 0.01 0.007 0.0180 0.0001 0.0280 0.008 7/
3 0.041 0.01 0.0258 0.0153 0.0668 0.062 7/
8 0.206 0.034 0.0876 0.118 0.294 0.237 4
24 0.435 0.225 0.579 0.0001 1.01 0472 v/
72 0.626 0.137 0.353 0.273 0.979 0.553 v/
168 0.547 0.209 0.538  0.00882 1.09 0.498 7/
336 0.204 0.083 0.214 0.0001 0.418 0.36 v/
840 0.091 0.017 0.0438 0.0472 0.135 0.127 v/
100.0%
Kidneys
0.5 0.007 0.003 0.00773 0.0001 0.0147 0.004 7/
1 0.01 0.004 0.0103  0.0001 0.0203 0.015 7/
3 0.05 0.012 0.0309 0.0191 0.0809 0.063 e
8 0.072 0.014 0.0361 0.0360 0.108 0.084 /
24 0.049 0.013 0.0335 0.0155 0.0825 0.038 4
72 0.023 0.004 0.0103 0.0127 0.0333 0.028 7/
168 0.04 0.024 0.0618 0.0001 0.102 0.023 4
336 0.017 0.004 0.0103  0.0067 0.0273 0.017 4
840 0.003 0 0.0005 0.0025 0.0035 0.007 0.00350 117%
88.9%
Liver
0.5 0.032 0.012 0.0308 0.0011 0.0629 0.028 7/
1 0.108 0.042 0.108 0.0001 0.216 0.11 4
3 0.958 0.184 0474 0.484 1.43 0.76 4
8 3.321 0.376 0.968 2.35 4.29 2.715 7/
24 4.046 1.416 3.65 0.400 7.69 4.443 v/
72 3.502 0.541 1.39 2.1 4.90 4014 4
168 2.824 0.852 2.19 0.630 5.02 3.19 v/
336 1.461 0.277 0.713 0.748 217 2175 *¢  0.000725 0.0496%
840 0.288 0.091 0.234 0.0537 0.522 0.61 0.0877 30.4%
77.8%
Skin
0.5 0.005 0.003 0.00773  0.0001 0.0127 0.001 7/
1 0.003 0.002 0.00515 0.0001 0.00815 0.003 v
3 0.021 0.005 0.0129 0.00813 0.0339 0.02 v/
8 0.075 0.021 00541 0.0209 0.129 0.068 7/
24 0.093 0.025 00644 0.0286 0.157 0.092 4
72 0.061 0014 0.0361  0.0250 0.0971 0.062 4
168 0.056 0.008 0.0206 0.0354 0.0766 0.049 7/
336 0.036 0006 0.0155 0.0206 0.0515 0.035 7/
840 0.002 0 0.0005 0.0015 0.0025 0.012 0.00950 475%
88.9%
OVERALL 80.6% 0.014 116%

e _____________________________________________________________________ 3

*  Time course tissue distribution of TCDD after oral administration (Wang et al., 1997).

®  Does modelled results fail within the 95% confidence interval (2.575x SD for 5§ observations)?

¢ Predicted value was marginally outside of the 95% confidence interval, with onty a 0.05% difference between
the predicted value and the upper Cl limit value.
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Figure 5.17 Comparisoa of experimental (with 95% confidence intervals) versus
modelled liver and adipose tissue compartmental TCDD distribution.
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A statistical analysis of the sums of squares variance between the experimental and modelled
disposition results was also conducted, based upon the percentage of administered dose per gram
tissue in each compartment and time point. The sums of squares was 51.9 and 60.2 for the
experimental and modelled mean values, respectively. This results in a residual Sums of Squares
of 1.66, indicating that the modelled data effectively represented the experimental data 96.8% of

the time, based upon its residual sums of squares error.

Based upon the above evaluations, it was concluded that the Sprague-Dawley TCDD PBPK
model appears to accurately duplicate the output of the model presented in Wang et al. (1997).
Furthermore, it also appears to accurately represent the experimentally-derived data presented in

Wang et al. (1997).
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CS7BL/6J Mice

The experimental results (Diliberto er al., 1999) of the time course of TCDD distribution in all
relevant tissue compartments (i.e., the blood, liver, lungs, kidneys, spleen, skin, muscle, and
adipose tissues) after an oral administration of 25 pg ["H]TCDD/kg to C57BL/6J mice, and
similar compartment-specific estimates calculated by the steady-state PBPK model are provided
in Table 5.11. Unfortunately, experimental results were only provided at 4 days post-treatment,
and as such it is difficult to determine whether the model accurately reflects the experimental

results at differing time points.

Table 5.11 Comparison of experimental * and modelled compartment-specific time
course distribution of TCDD (% administered dose/g) after oral
administration to CS7BL/6J mice, 4-days Post-treatment.

Parameter Experimental Modelled
Lungs 0.27 £0.07 0.144
Kidneys 0.17£0.02 0.213
Spleen 0.14 £0.02 0.178
Skin 0.8990.19 0.79
Liver 16.52 + 2.58 18.27
Adipose Tissue 4.67 £0.70 491
Liver/Fat Ratio 3.55+041 72

*  Time course tissue distribution (expressed as means + SD) of TCDD after oral administration of 25 ug [*HITCDD/kg to
C57BL/6J mice, 4-days post-treatment (Diliberto er al., 1999).

While the modelled results slightly overestimated disposition in most of the assessed
compartments, they were generally within one standard deviation of the experimental mean
concentration (see Figure 5.18), and well within the 95% confidence interval of the experimental
results. Given the agreement between experimental and modelled results in most compartments,
as well as with the liver-to-fat ratios, it was concluded (based upon the minimal experimental
data available) that the modified model provided a reasonable estimation of TCDD disposition,
based upon the Diliberto et al. (1999) data.
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Figure 5.18 Comparison of experimental and modelled compartment-specific TCDD
concentrations (% administered dose/gram) after oral administration of
25 pg/kg to CS7TBL/6J mice, 4-days post-treatment.
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Diliberto er al. (1999) also conducted a time course study of 4-PeCDF distribution in all relevant
compartments after an oral administration of 300 ug [*H]4-PeCDF/kg to CS7BL/6J mice. Table
5.12, below, provides the results of this study compared to the similar compartment-specific
estimates calculated by the research steady-state model, after 4-days of exposure.

Table5.12 Comparison of experimental * and modelled compartment-specific time
course distribution of 4-PeCDF (% administered dose/g) after oral
administration to C57BL/6J mice, 4-days Post-treatment.

Parameter Experimental Modelled
Lungs 0.09 #0.03 0.093
Kidneys 0.028 + 0.002 0.07
Spleen 0.06 + 0.01 0.06
Skin 0.22 + 0.09 0.233
Liver 2544213 24.6
Adipose Tissue 1.3820.14 1.43

Liver/Fat Ratio 18.68 £ 2.96 17.2
L 3

*  Time course tissue distribution (expressed as means + SD) of 4-PeCDF after oral administration of 300 pg "H}4-
PeCDF/kg to C57BL/6J mice, 4-days post-treatment (Diliberto ez al., 1999).
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While the modelled results slightly overestimated disposition in most of the assessed
compartments, the modelled results were generally within one standard deviation of the
experimental mean concentration (see Figure 5.19), and well within the 95% confidence interval
of the experimental results. Given the agreement between experimental and modelled results in
most compartments, as well as with the liver-to-fat ratios, it was concluded (based upon the
minimal experimental data available) that the modified model provided a reasonable estimation
of 4-PeCDF disposition, based upon the Diliberto et al. (1999) data.

Figure 5.19 Comparison of experimental and modelled compartment-specific 4-PeCDF
concentrations (% administered dose/gram) after oral administration of 300
pg/kg to CS7TBL/6J mice, 4-days post-treatment.
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Given the low % administered dose/gram found in the lungs, kidneys, spleen, and skin
compartments, Figure 5.20, below, provides a closer evaluation of these particular
compartmental tissue groups.
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Figure 5.20 Comparison of experimental and modelled compartment-specific 4-
PeCDF concentrations (% administered dose/gram) after oral
administration of 300 pug/kg to CS7BL/6J mice, 4-days post-treatment
(only lungs, kidneys, spleen, and skin).
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5.2.3 Sensitivity Analysis of Prototype Steady-State PBPK Model

A sensitivity/uncertainty analysis was conducted on the steady-state PBPK model based upon
5,000 Monte Carlo iterations, to determine which variables pose the largest influence on the
ultimate outcome of the model (i.e., overall body sequestration of TCDD). Table 5.13 provides
the contribution to variance (by percentage) of each parameter group, over a range of
administered dose levels, at 8-, 24-, and 48-hours after exposure, for the Sprague-Dawley rat. A
complete breakdown of the contribution to variance of each individual parameter is provided in

Table B-1.0 of Appendix B.
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Table 5.13  Sensitivity Analysis of Contribution to Variance between TCDD PBPK
Model Variables and Sequestration Outcome for Specific Parameter
Groups® the Sprague-Dawley Rat.

Administered Dose of TCDD (ug/kg)

Parameter Groups 0.1 0316 1 316 10
8-Hours after Exposure
General Physiological Parameters 19.6% 2.7% 2.2% 1.6% 4.3%
Equilibrium Distribution Ratio 26.3% 9.1% 12.3% 25.0% 13.2%
Permeability 7.0% 10.6% 10.8% 13.9% 25.4%
Compartment Volumes 13.1% 13.1% 15.0% 27.0% 11.1%
Absorption and Elimination 18.5% 12.7% 14.6% 54% 26.1%
Ah Receptor Pharmacodynamics 4.2% 18.8% 35.7% 9.6% 5.6%
CYPI1A2 Receptor Pharmacodynamics 11.3% 33.1% 9.4% 17.5% 14.4%
24-Hours after Exposure
General Physiological Parameters 17.6% 1.6% 5.7% 1.8% 3.4%
Equilibrium Distribution Ratio 21.9% 8.2% 11.0% 22.3% 13.3%
Permeability 1.3% 12.2% 16.2% 14.5% 27.2%
Compartment Volumes 12.5% 17.0% 14.1% 29.4% 12.8%
Absorption and Elimination 19.6% 18.1% 11.5% 5.5% 23.5%
Ah Receptor Pharmacodynamics 5.4% 9.8% 32.3% 10.6% 6.2%
CYP1A2 Receptor Pharmacodynamics 15.6% 33.1% 9.2% 16.0% 13.6%
72-Hours after Exposure
General Physiological Parameters 9.1% 317% 6.1% 2.3% 2.4%
Equilibrium Distribution Ratio 16.8% 11.2% 14.4% 20.5% 13.4%
Permeability 1.2% 19.7% 10.4% 14.8% 26.0%
Compartment Volumes 19.0% 15.0% 14.7% 29.9% 14.5%
Absorption and Elimination 22.1% 11.6% 14.5% 6.1% 20.2%
Ah Receptor Pharmacodynamics 4.6% 11.0% 27.6% 12.0% 8.9%
CYP1A2 Receptor Pharmacodynamics 21.2% 21.7% 12.3% 14.4% 14.5%

* Applicable parameters were added to produce an overall total contribution to variance percentage for each
parameter group. A detailed list of the specific parameters combined to form each group can be found in Table
B-2.0 of Appendix B.

Graphical comparisons of the contribution of variance for each of the parameter groups at various
administered dose levels are presented in Figure 5.21 through 5.23 at 8-, 24-, and 48-hours
following exposure, respectively.
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Figure 5.21 Comparison of contribution of variance (%) for key parameter
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Figure 5.22 Comparison of contribution of variance (%) for key parameter
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Figure 5.23 Comparison of contribution of variance (%) for key parameter
groups at each administered dose level, 72-hours after exposure.
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Results of the sensitivity analysis indicate that while individual parameters within the set
parameter groups do vary as to their relative impacts on overall contribution to variance, there
appears to be very little difference in overall group variance patterns between the three exposure

times (i.e., 8-, 24-, and 48-hours following dose exposure).

Unlike the relative lack of variance at differing time points after exposure, results of the
sensitivity analyses indicates a definite dose-dependancy in those variable groups showing the
highest contribution of variance. In addition to the overall parameter group evaluations, Table
5.14 provides the top 15 individual parameters demonstrating the largest contribution to variance

in TCDD disposition for each dose level, 24-hours following initial exposure.

At low administered doses (i.e., below the 0.1 pg/kg bodyweight level), the compartment-
specific equilibrium ratios and general physiological parameters dominated the contribution to
variance in TCDD disposition kinetics (i.e., > 45%), with ligand-receptor pharmacodynamics
typically playing a very minor role. The receptor body weight, biliary excretion rate, and

equilibrium ratio of skin tissue to blood concentration appear to be the key leverage parameters at
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this particular dose level. However, as the exposure dose increases, these roles become reversed

with pharmacodynamic impacts dominating the overall contribution to variance.

For example, at the 0.316 pg/kg bodyweight dose, CYP1A2 binding kinetic parameters
(primarily the concentration resulting in half maximum induction folds) have the largest
contribution to variance, with Ah receptor related parameters playing a lesser (though still
elevated) role. However, at the 1 pg/kg bodyweight dose, the contribution of Ah receptor
binding parameters (primarily the Ah receptor binding capacity in the large compartments such
as the skin and lungs) to overall variance in TCDD disposition is elevated, with CYP1A2-related

parameters having a greatly reduced role.

It is interesting to note that the oral bioavailability of TCDD appears to be a significant leverage
variable at the 0.316 ug/kg bodyweight dose level, while playing a very minor role at the 1 pg/kg
bodyweight level. Conversely, the compartmental permeability of the liver is important at the

higher dose rate, while not even in the top 15 list of parameters at lower dose exposures.

As the administered dose increases beyond the 3.16 pg/kg bodyweight level, the contribution to
variance from ligand-receptor parameters return to the levels observed at the very low doses (i.e.,
<0.1 pg/kg bodyweight), while parameters related to compartmental permeability, as well as
TCDD absorption and elimination, play key roles in the ultimate disposition of the contaminant.
At the 3.16 pg/kg bodyweight dose level, the equilibrium ratio of liver tissue to blood
concentration and the rest of the body volume as a percentage of body weight appear to be the
dominant parameters, while at the higher 10 pg/kg bodyweight dose, the compartmental
permeability of the adipose tissue and liver compartments contribute more than 20% of the

overall variance in TCDD disposition.
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Table 5.14  Top 15 Physiological Parameters by Contribution to Variance to TCDD
Disposition, 24-Hours at each Administered Dose Level.

Physiological Parameter Contribution to Variance
0.1 ug TCDD/kg Dose
Body weight of the receptor 11.6%
Biliary excretion rate 8.6%
Equilibrium ratio of skin tissue to blood concentration 7.8%
Allometric parameter for cardiac output from bodyweight 6.1%
Absorption rate constant from GI tract to blood 5.5%
Equilibrium ratio of kidney tissue to blood concentration 5.4%
Lung volume as a percentage of body weight 4.8%
Basal level of CYP1A2 within the liver 4.4%
Compartmental permeability of the skin 3.9%
Urinary excretion rate 3.8%
Dissociation constant of CYP1 A2 binding 3. 7%
Equilibrium ratio of spleen tissue to blood concentration 3.6%
Equilibrium ratio of tissue in the rest of the body to blood concentration 3.3%
Hill coefficient 2.9%
CYP1A2 physiological delay time 2.8%
0.316 uyg TCDD/kg Dose
Concentration to cause half of the maximum induction folds 15.7%
Oral btoavailability of TCDD 12.3%
Maximum induction folds over the basal induction rate 7.1%
Compartmental permeability of the skin 6.2%
Equilibrium ratio of adipose tissue to blood concentration 5.5%
CYP1A2 physiological delay time 5.3%
Skin volume as a percentage of body weight 5.1%
Hill coefficient 4.6%
Compartmental permeability of the rest of the body 4.4%
Kidney volume as a percentage of body weight 4.1%
Venous blood volume as a percentage of body weight 3.0%
Ah receptor binding capacity in the liver 2.8%
Ah receptor binding capacity in the spleen 2.7%
First-order degradation rate constant of CYP1A2 binding 2.5%
Ah receptor binding capacity in the skin 2.3%
1 ug TCDD/kg Dose
Ah receptor binding capacity in the skin 19.4%
Compartmental permeability of the liver 11.2%
Ah receptor binding capacity in the lungs 71%
Equilibrium ratio of adipose tissue to blood concentration 7.0%
Urinary excretion rate 6.2%
Allometric parameter for cardiac output from bodyweight 4.4%
Compartmental permeability of the adipose tissue 4.0%
Lung volume as a percentage of body weight 3.8%
Kidney volume as a percentage of body weight 3.7%
Skin volume as a percentage of body weight 3.6%
Oral bioavailability of TCDD 2.9%
Basal level of CYP1A2 within the liver 2.6%
Dissociation constant of Ah receptor binding 2.6%
Hill coefficient 2.6%
Ah receptor binding capacity in the spleen 2.3%

3.16 ug TCDD/kg Dose
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Table 5.14  Top 15 Physiological Parameters by Contribution to Variance to TCDD
Disposition, 24-Hours at each Administered Dose Level.

Physiological Parameter

Contribution to Variance

Equilibrium ratio of liver tissue to blood concentration
Rest of the body volume as a percentage of body weight
Maximum induction folds over the basal induction rate
Compartmental permeability of the skin

Kidney volume as a percentage of body weight
Compartmental permeability of the kidneys

Basal level of CYP1A2 within the liver

Ah receptor binding capacity in the skin

Ah receptor binding capacity in the liver

Spleen volume as a percentage of body weight
Equilibrium ratio of kidney tissue to blood concentration
Lung volume as a percentage of body weight

Adipose tissue volume as a percentage of body weight
Urinary excretion rate

Equilibrium ratio of lung tissue to blood concentration

10 yg TCDD/kg Dose
Compartmental permeability of the adipose tissue
Compartmentai permeability of the liver
First-order degradation rate constant of CYP1A2 binding
Absorption rate constant from Gl tract to blood
Maximum induction folds over the basal induction rate
Equilibrium ratio of tissue in the rest of the body to blood concentration
Concentration to cause half of the maximum induction folds
Equilibrium ratio of liver tissue to blood concentration
Biliary excretion rate
Compartmental permeability of the kidneys
Skin volume as a percentage of body weight
Dissociation constant of Ah receptor binding
Kidney volume as a percentage of body weight
Lung volume as a percentage of body weight
Equilibrium ratio of adipose tissue to blood concentration

5.3  Validation of Prototype Equilibrium-based Model

13.0%
12.5%
1.5%
7.1%
6.4%
5.6%
5.2%
4.6%
4.3%
18%
3.0%
2.9%
24%
2.3%
1.8%

11.6%
9.7%
8.3%
8.1%
7.4%
5.7%
4.5%
4.3%
4.1%
4.0%
19%
3.8%
2.7%
27%
2.1%

Following construction of the prototype equilibrium-based model, it is useful to validate the

model against both the graphical output presented in the Evans and Andersen (2000) source

paper. This step ensures that an accurate duplication of the Evans and Andersen methodology

was used in the development of the base equilibrium-based model used in this research project.
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5.2.1 Comparison of Modelled Results versus Evans and Andersen (2000) Graph

Evans and Andersen (2000) conducted an analysis of liver fraction (FH) fluctuations with respect
to changing average body concentrations, and presented a plot of the resulting curve (see the
default FH curve in Figure 5.24, below). To demonstrate an accurate reproduction of the
published Evans and Andersen (2000) results, the equilibrium-based methodology and described
analysis was recreated in an Excel spreadsheet. The resulting curve is provided in Figure 5.25.
Based upon a visual comparison of the two figures, it appears that the based equilibrium model

correctly reproduces the results presented by Evans and Andersen.

A similar analysis was conducted using the corrected version of the Evans and Andersen (2000)
methodology, and the resulting curve is plotted along with the previous curve in Figure 5.26. As
outlined in the methodology section, the mis-specification in the Evans and Andersen (2000)
model results in a lower ceiling value for the liver fraction due to the 10-fold restriction in the
maximum CYP1A2 induction fold increase. As noted previously, this impact is not immediately
evident at lower exposure doses (i.e., < 0.01 ng/kg), and only becomes apparent when Ah
receptor occupancy is sufficient to result in an induction fold increase in microsomal CYP1A2

levels.
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Figure 5.24 Simulation results for the liver fraction (FH) presented in Evans and
Andersen (2000).
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Figure 5.25 Reproduction of dose-dependency curve based on original Evans and
Andersen (2000) methodology.
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Figure 5.26 Reproduction of dose-dependency curves using both the original and
corrected Evans and Andersen (2000) methodology.
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5.2.2 Comparison of Steady-State versus Equilibrium-based Model

A comparison of the three assessed model methodologies (i.e., steady-state PBPK model,
original equilibrium-based model, and corrected equilibrium-based model) was conducted to
determine if a two-compartment equilibrium-based model could adequately estimate the
disposition pattern of TCDD in the Sprague-Dawley rat. This would allow one to determine
whether the more complex, steady-state PBPK model is over-parameterized in its simulation of

the physiological process involved.

To achieve this comparison, the excretion pathway was eliminated from the Wang ez al. model to
allow compartmental concentrations to reach a “pseudo” steady-state. As indicated in Figure
5.27, this pseudo steady-state level appeared to occur 24-hours following exposure to an
administered dose of 10 pg/kg bodyweight. As such, comparisons with the equilibrium-based
models were conducted using the data estimated at 24-hours following exposure. Interestingly
enough, pseudo steady-state was not achieved until the 96-hour point at dose exposures less than
0.01 pg/kg bodyweight (see Figure 5.28) as a further physiological delay was required while

initial liver and fat compartmental concentrations equilibrated. As such, comparisons with the
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equilibrium-based models were conducted using the data estimated at 96-hours following

exposure, for doses at and below 0.01 pg/kg bodyweight.

Figure 5.27 Graphical plot of time-series chemical concentrations in the
liver and fat compartments following a 10 pg/kg bodyweight
dose, using the steady-state PBPK model with excretion
eliminated.
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Figure 5.28 Graphical plot of time-series chemical concentrations in the
liver and fat compartments following a 0.01 pg/kg bodyweight
dose, using the steady-state PBPK model with excretion
eliminated.
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Table 5.15 provides the dose-specific liver-to-fat ratios, Ah and CYP1A2 receptor occupancy,
and CYP1A2 fold induction estimates for the steady-state PBPK model (model A), the original
equilibrium-based model (model B), and the corrected equilibrium-based model (model C).

Table 5.15  Comparison of steady-state results of the three assessed models of TCDD
disposition in the Sprague-Dawley rat.

Receptor Occupancy
Dose Liver-to-Fat Ratio CYP1A2 Fold Induction
(og/kg) Ab CYP1A2
A* B*® Cc A B L of A B C A B C

0.001 05 0.86 0.86 0.0002% 0.008% 0.008% 0% 0% 0% 1 0.002 0022
0.01 0.5 0.86 094 0002% 0.08 008% 0% 0% 0% 1 0.02 0.21
0.1 0.6 0.94 1.57 0018% 1% 1% 0% 0% 0% 1.1 02 1.63
I 0.7 1.45 4.31 0.2% 7% 7% 0.001% 0.0001% 0.001% 14 1.41 7.9
10 1.2 2.99 1218  1.5%  44% 4% 0.005% 0.008% 0.002% 24 4.84 258
100 49 42 26.12  11.5% 89% 89% 0.043% 0.060% 0.012% 53 1.7 57.7
1000 7.9 4.31 3542 438% 99% 99% 0.259% 0.58% 0.092% 10.5 8.34 79.3
10000 9.8 395 3724 854% 100% 100% 191% 5.88% 0.8% 15.1 8.41 83.7

¢ Model results at pseudo steady-state from Wang et al. (1997) PBPK model with excretion eliminated.
®  Model results from equilibrium-based model detived from original Evans and Andersen (2000) methodology.
¢ Model results from equilibrium-based model derived from corrected Evans and Andersen (2000) methodology.

Results of the comparison indicate that neither the original nor corrected equilibrium-based
model adequately reflected the results estimated by the modified steady-state PBPK model.
While the original equilibrium-based model (model B) provided an accurate reflection of the
steady-state results (model A) at moderate to low dose levels (i.e., <1.0 ng/kg), due to the mis-
specification in the CYP1A2 indiction and binding calculations it failed to adequately predict
potentially elevated exposure doses. Unfortunately, as some of the parameters specified by
Evans and Andersen (2000) appear to have been selected to ensure the modelled outcome
accurately reflect the desired dose-dependency curves of compartmental disposition, correction
of the mis-specification (model C) produces even less-accurate results at elevated exposures

doses.
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In an attempt to correct this over-specification in the selected receptor-ligand parameters, the
following three parameters (Table 5.16) were systematically adjusted until the corrected
equilibrium-based model provided a reasonably accurate prediction of the results produced by the

steady-state model (model A) at all dose levels.

Table 5.16 Revised parameters used in the updated equilibrium-based model.

Physiological Parameter Abbreviation Original Value Revised Value
Ah receptor binding constant KBI 0.04 nM 5nM

Ah receptor/DNA receptor binding constant Kd 0.05 nM 0.005 nM
CYP1A2 induction fold increase BM2i 85 fold 16 fold

A comparison of steady-state results to those predicted using the updated version of the
equilibrium-based model (Model D) are presented in Table 5.17. Using these revised receptor-
ligand based parameters, the updated model appears to adequately reflect the results estimated by
the steady-state PBPK model.

Table 5.17 Comparison of steady-state results with an updated version of the
equilibrium-based model of TCDD disposition in the Sprague-Dawley rat.

Receptor Occupancy

Dose Liver-to-Fat Ratio CYP1A2 Fold Induction
(og/kg) Abh CYP1A2

A' D A D A D A D
0 0.5 0.46 0.0002% 0.0001% 0% 0% 1 0.0004
0.01 0.5 0.46 0.002% 0.0006% 0% 0% 1 0.004
0.1 0.6 0.48 0.018% 0.006% 0% 0% 1.1 0.038
1 0.7 0.62 0.2% 0.062% 0.001% 0.002% 1.4 0.352
10 1.2 1.45 1.5% 0.62% 0.005% 0.012% 24 22
100 49 39 11.5% 5.8% 0.043% 0.063% 53 7.6
1000 7.9 6.43 43.8% 38.3% 0.259% 0.4% 10.5 13.7
10000 9.8 7.1 85.4% 86.1% 1.91% 3.8% 15.1 15.7

Model results at pseudo steady-state from Wang et al. (1997) PBPK model with excretion eliminated.
¢ Model results from equilibrium-based model derived from the updated corrected Evans and Andersen (2000)
methodology.

While this updated version of the equilibrium-based model appears to provide a reasonable
representation of the results produced by the steady-state PBPK model, the biological validity of
the updated values for the parameters selected to *“‘correct” model outcomes (particularly the KB1
value which represents the K, for Ah receptor binding) is questionabie.
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5.3  Dose-Dependent Application of PBPK Model

A range of administered doses (i.e., 0.001, 0.01, 0.1, 1, 10, and 100 pg/kg bodyweight) was used
to model a time-series of chemical disposition for each of the assessed PCDD/Fs (i.e., TCDD,
TCDF, 1-PeCDF, and 4-PeCDF) for both the Sprague-Dawley rat and the Gapper’s red-backed
vole. The results of these simulations are presented in Tables 5.18 through 5.21 and Tables 5.22
through 5.25 for the Sprague-Dawley rat and red-backed vole, respectively. Based upon the
estimated daily dietary intake of PCDD/Fs (see Table 5.8), the time-series deposition of each
assessed congener was also modelled for the Gapper’s red-backed vole at site 107 and presented
in Table 5.26.

To provide a better reflection of the overall deposition patterns predicted for the red-backed voles
over time, whole body concentration and liver-to-fat ratio curves are presented in Figures 5.29
through 5.40 for each of the administered dose levels (i.e., 0.001, 0.01, 0.1, 1, 10, and 100 pg/’kg
bodyweight, respectively). Results of the time-series modelling indicates that the highest whole
body concentration appears to occur near the 15 hour mark for the lower doses, yet shifts towards
the 24 hour mark as the dose levels increase. Liver-to-fat ratios are demonstrated to start high
(approximately 8-fold) regardless of the dose level, but drops rapidly as the model begins to
equilibrate based upon the overall lipophilicity of each of the tissue compartments. The impacts
of ligand binding to CYP1 A2, in both whole body concentrations and liver-to-fat ratios, begin to
become evident at administered doses of 1 pg/kg and higher (see Figures 5.35 through 5.40).

Based upon an overview of each modelled dose level, maximal impacts appear to be in full effect
at 24-hours following initial administration. This delay is likely due to the time required for
CYP1A2 induction to occur. These impacts can be better viewed, on an administered dose basis,
in comparisons of congener-specific liver-to-fat ratios presented in Figures 5.41 and 5.42 for the
Sprague-Dawley rat and red-backed vole, respectively. Results of the analyses indicate that
while liver-to-fat ratios follow a similar inter-congener pattern at each of the dose levels, liver-to-
fat ratios for the Sprague-Dawley rat are typically nearly 2-fold higher than those in the red-
backed vole. While this pattern is due to species-specific differences in ligand binding to
CYP1A2 within the liver, there are also significant inter-congener differences between the two
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modelled species. As indicated in Table 5.27, a comparison of TCDF : TCDD and 1-PeCDF :
TCDD liver-to-fat ratios indicates a similar pattem between the two modelled species. However,
a comparison 4-PeCDF : TCDD indicates that the 4-PeCDF liver-to-fat ratios tend to be 1.5 to 2-
fold higher than TCDD liver-to-fat ratios in the Sprague-Dawley rat, and 2.2 to 2.9-fold higher
for the red-backed vole. This indicates, when compared against the TCDD benchmark, that the
red-backed vole appears to sequester more 4-PeCDF in the liver than the Sprague-Dawley rat
(based upon the chemical-specific assumptions outlined in Tables 4.8 through 4.11).

These differences would likely have large implications on the apparent toxicity of 4-PeCDF
when comparing the red-backed vole to the Sprague-Dawley rat. Studies have indicated that the
relative potency of 4-PeCDF is dramatically different when determined based on administered
dose or tissue dose. For example, in a mouse study conducted by DeVito et al. (1998), the
relative potency of 4-PeCDF for inducing skin EROD activity based on administered dose was
0.08, similar to that noted for hepatic EROD induction. However, when estimated based upon
tissue dose, the relative potency of 4-PeCDF to induce skin EROD activity increased to 1.25,
while the relative potency to induce hepatic EROD activity decreased to 0.04 when estimated
based upon tissue dose. The authors concluded that for some compounds, the difference in
hepatic sequestration (as reflected in liver-to-fat ratio) compared to TCDD may impact their
relative potencies depending on which dose metric is used to estimate the relative potency

(DeVito et al., 1998), as is inherent in the selection of model parameters for the current study.

These differences in congener-specific sequestration in the liver are also apparent in the
congener-specific difference in CYP1A2 fold induction between the two species (see Figures
5.43 and 5.44). As expected, minimal CYP1A2 induction was viewed at the low administered
doses for each of the evaluated congeners. However, as the administered dose increased beyond
the 1 pg/kg bodyweight level, the difference in TCDD and 4-PeCDF CYP1A2 induction, when
compared to the comparable induction rates for TCDF and 1-PeCDF, is much greater in the red-
backed vole than observed in the Sprague-Dawley rat. Again, these differences in congener-
specific CYP1A2 induction between the two modelled species, would have significant
implications in the overall sequestration of each congener in the liver, and species-specific

apparent toxicity. These implications will be discussed in depth in Section 6.0.
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Table 5.18  Time-Series Dose-Dependent Modelled Disposition of TCDD for the Sprague-Dawley Rat.

Percent of

Elaped Mass of T?DD (pmoles) Concentration ot'.TCDD (pmoles/g) ""“"5‘;2;,‘2’,"3“““ Liver-to-Fat  Recepior Oceupancy CYPLAZ Administere
(hours)  Liver  ATPose ‘;23;” Liver  Adipose ‘;:3;:’ Liver  Adipose  Ratio Ah  CYPIAZ Induction DO
0.001 ug TCDD/kg bodyweight (0.000776 nmoles)
1 000751  0.00107 000859 00008  <0.0001 00009 0.107%  0.008% 134  00I65% 0.00005% | 0.260%
2 0.116 0152 0152 00128 000879 00216  165%  1.13% 146 0.192% 0.00064% 139 17.1%
a8 00656 0185 0251 000724 00107 00179  0933%  138% 0678  0.114% 000038%  1.33 25.9%
72 00484 0178 0226 000535  0.0103 00156  0689%  1.32% 0521  00873% 0.00029%  1.27 32.0%
9% 00392  0.16) 0.2 000433 000929 00136  0.558%  1.20% 0466  00724% 0.00024% 124  369%
0.01 yg TCDD/kg bodyweight (0.00776 mmoles)
| 00751 00107 00859 00083 00006 000893 0.107%  0.008% 135  0.164% 000055% | 0.700%
24 1.62 1.31 2.93 0179 00758 0254  230%  0976%  2.36 1.63%  0.00551%  2.38 16.3%
a8 1.0 1.65 27 0116 00956 0211 149%  1.23% 1.21 112%  000376%  2.25 28.7%
7 0.77 166 243 00851 00958 0181  1.10%  1.23% 0889  0887% 0.00298% 207  38.1%
9 0.61 1.55 216 00674 00893 0157  0868%  115% 0755  0.743% 000250% 195 45.8%
0.1 yg TCDD/kg bodyweight (0.0776 nmoles)
! 0752 0.107 086 00831 00062 00894  0.107% 0008% 134 1.60%  000542% 102 0.731%
2 232 9.94 332 2.56 0.575 304 329%  0740% 445 103%  0.0384%  5.09 11.2%
a8 18.6 12.6 312 2.06 0.728 279 265%  0937%  2.83 852%  0.0310% 507  206%
7 153 13.2 28.5 1.69 0.765 2.45 217%  0984% 2.2 748%  00270% 476  28.8%
96 12.8 13 25.8 141 0.75 2.16 1.82%  0965% 188  6.68%  0.0239% 45 36.0%
1.0 ug TCDD/kg bodyweight (0.776 nmoles)
! 7.57 1.08 865 0837 00622 09  0.108%  0008% 135 135%  00521% 108  0.717%
24 289 74.1 363 31.9 4.28 362 411%  0551% 745 420%  0241% 103 7.04%
a8 266 8.6 354 294 5.12 345 378%  0.659% 573 3858%  0211% 108 13.2%
7 240 93 334 26.6 5.38 3.9 342%  0.692% 494  37.0%  0.195% 10,6 19.0%
96 219 93.1 312 24.2 5.38 29.6 311% _ 0.693% 4.5 35.4%  0.182% 103 24.3%
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Table 5.18 Time-Series Dose-Dependent Modelled Disposition of TCDD for the Sprague-Dawley Rat.

. Percent of Administered Percent of
E_lralpnicd Mass of TCDD (pmoles) Concentration of TCDD (pmoles/g) Dose/Gram Liver-to-Fat Receptor Occupancy C:':::z Administere
(hours) Liver Adipose Whole Liver Adipose Whole Liver Adipose Ratio Ah CYP1A2 Induction d Dose
Tissue Body Tissue Body Tissue Excreted
10 ug TCDD/kg bodyweight (7.76 nmoles)
1 76.6 10.8 B7.5 8.47 0.624 9.1 0.109%  0.00806% 13.6 58.5% 0.468% 1.27 0.698%
24 3127 63.5 3762 346 36.7 382 4.45% 0.473% 941 84.6% 1.80% 15 5.29%
48 3006 72.4 3730 332 41.8 374 4.28% 0.539% 7.94 83.0% 1.60% 16.3 10.0%
72 2824 74.4 3569 312 43 355 4.02% 0.554% 7.26 82.1% 1.50% 16.3 14.5%
9 2659 739 3398 294 42.7 337 3.78% 0.550% 6.88 81.2% 1.42% 16.2 18.6%
100 ug TCDD/kg bodyweight (77.6 nmoles)
| 773 10.8 881 854 6.22 91.7 0.110% 0.00801% 13.7 92.5% 3.97% 1.56 0.661%
24 30920 6506 37430 17 376 3793 4.40% 0.484% 9.08 98.3% 16.4% 164 5.52%
48 29580 7482 37070 3268 433 3701 421% 0.557% 7.56 98.1% 14.4% 17.9 10.5%
72 27780 7664 35440 3069 443 3512 3.95% 0.570% 6.93 97.9% 13.4% 18 15.0%
96 26180 7560 33740 2893 437 3330 3.72% 0.563% 6.62 91.7% 12.6% 17.8 19.3%
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Table 5.19 Time-Series Dose-Dependent Modelled Disposition of TCDF for the Sprague-Dawley Rat.

Percent of Administered Percent of

E'Ilalp"s:d Mass of TCDF (pmoles) Concentration of TCDF (pmoles/g) Dose/Gram Liver-to-Fat Receptor Occupancy CYF::II :2 Administere
. Adipose Whole . Adipose Whole . Adipose Ratio . d Dose
(hours) Liver Tissue Body Liver Tissue Body Liver Tissue Ah CYPIAZ  Induction g, rereq
0.001 pyg TCDF/Ag bodyweight (0.000776 nmoles)
l 0.00332 0.00136  0.00469 0.0004 <0.000001 0.0004 0.0472% 0.0101% 4.66 0.00927% 0.0000228% l 32.10%
24 0.00118 0.024 0.0252 0.0001 0.00139 0.00152 0.0168%  0.179% 0.0937  0.00317% 0.0000078%  1.06 93.9%
48 0 0.00347  0.00356 <0.000001  0.0002 0.0002 0.00128% 0.0258%  0.0496 0.00025% 0.0000006% 1.02 98.9%
72 0.0001 0.0004 0.0005 <0.00000! <0.000001 <0.000001 0.000152% 0.00327%  0.0465 0.00003% 0.0000001% l 99.5%
96 <0.0000001 <0.000000] <0.0000001 <0.000001 <0.000001 <0.000001 0.0000190% 0.000410% 0.0462  0.000004% <0.0000001% 1 99.7%
0.01 ug TCDF/Ag bodyweight (0.00776 nmoles)
| 0.0333 0.0136 0.0469 0.00368 0.0008  0.00447 0.0473%  0.0101% 4.67 0.0925%  0.000227% 1 312.1%
24 0.0135 0.241 0.254 0.00149 0.0139 0.0154 0.0192% 0.179% 0.107 0.0319% 0.0000784% 1.24 93.9%
48 0.0009 0.0348 0.0357 0.0001 0.00201  0.00211 0.00134% 0.0259%  0.0517 0.00251% 0.0000062%  1.07 98.9%
72 0.000! 0.0044 0.00451  <0.000001  0.0003 0.0003  0.000265% 0.00328%  0.047  0.000301% 0.0000007%  1.02 99.5%

96 <0.000001  0.0006 0.0006 <0.00000] <0.000001 <0.000001 0.0000191% 0.000412% 00463 0.000038% 0.0000001% 1.0 99.6%
0.1 ug TCDF/kg bodyweight (0.0776 nmoles)

1 0.335 0.136 0.47) 0.037 000786  0.0449  0.0476% 0.0101% 47 0.914%  0.00226% 1.02 32.0%
24 0.206 2.42 2.62 0.0228 0.14 0.163 0.0290%  0.180% 0.161 0.328%  0.000807% 1.94 93.7%
48 0.0111 0.351 0.362 0.00122 0.0203 00215 0.00157% 0.0261%  0.0601 0.0255% 0.0000625% 1.28 98.9%
72 0.00114 0.0445 0.0456 0.0001 0.00257 00027 0.000162% 0.00331% 0.0491  0.00304% 0.0000075% 1.07 99.5%
96 0.0001 0.00558  0.00571 <0.000001 0.0003 0.0003 0.0000195% 0.000415% 0.0469  0.000379% 0.0000009%  1.02 99.6%

1.0 ug TCDF/kg bodyweight (0.776 nmoles)

1 342 1.37 4.79 0378 0.079 0.458 0.0486%  0.0102% 4.77 8.33% 0.0223% 1.07 32.0%
24 5.18 245 29.7 0573 1.42 1.99 00737%  0.182% 0.404 3.60% 0.00916% 4.69 92.8%
48 0.184 3.63 31.82 0.0203 0.21 0.23 0.00261%  0.0270% 0.0966 0272%  0.000670% 213 98.9%
72 0.0141 0.462 0.476 0.00155 0.0267 0.0283  0.000200% 0.00344%  0.0581 0.0319% 0.0000783% 1.31 99.5%

96 0.0015 0.058 0.0595 0.0002 0.00336  0.00352  0.0000213% 0.600433%  0.0493  0.00396% 0.0000097%___ 1.09 99.6%
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Table 5.19 Time-Series Dose-Dependent Modelled Disposition of TCDF for the Sprague-Dawley Rat.

E'l]fli?:d Mass ofTC'DF (pmoles) Concentration of.TCDF (pmoles/g) P"“"é‘;;’)ég:‘:“‘”" Liverao-Fa Receptor Occupancy cxgln:z A';‘:fl.f"i';:fe
(hours)  Liver  Adipose ‘;"og'; Liver "T"i's‘::: ‘g(';:;‘ Liver “,;’i's‘;z:‘ Ratio Ah CYPIAZ  Induction D%
10 ug TCDF/kg bodyweight (7.76 nmoles)
i 16 13.7 498 3.98 0793 478 00513%  0.0103% 5 463%  0211% 125 31.5%
2 148 248 396 16.3 14.4 307 0210%  0185%  LI14  316%  0.113% 112 90.4%
48 5.32 394 4.7 0.588 2.28 286 000757% 00293% 0258  326%  0.00827% 537  98.7%
7 0.261 5.1 536 00288 0295 0324 0.000371% 000380% 0.0975  0364% 0000896% 228  99.5%
96 00202 0643 0664 000224 00372 00394 0.0000288% 0.000480% 006  0.0443% 00000109% 136  99.6%
100 ug TCDF/kg bodyweight (77.6 nmoles)
) 386 136 522 426 7.88 506  00549% 00101% 541 88.9% 1.92% 155 30.3%
2% 2110 2480 4590 233 143 377 0300%  0.184% 163 82.8% L17% 156  89.0%
48 155 a3 568 17.1 23.9 41 00221% 00307% 0718  305%  0.107% 124  98.4%
72 7.92 56.3 64.2 0.875 325 413 000113% 000419% 0269  441%  00113% 587  99.5%
9% 0.408 7.24 765 00451 0419 0464 0.0000580% 0.000540% 0.107  0519%  0.00128%  2.53

99.6%
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Table 5.20

Time-Series Dose-Dependent Modelled Disposition of 1-PeCDF for the Sprague-Dawley Rat.

Ela_psed Mass of 1-PeCDF (pmoles) Concem(r:l '::';:ng)'PCCDF Perccn[t)(;i;sgrrna:::slcrcd Liver-to-Fat Receptor Occupancy CYP1A2 A‘;ﬁ:?;g:e
Time . Adipose  Whole . Adipose  Whole . Adipose  Ratio Fold ™4 Dose
(hours) Liver Tissue Body Liver Tissue Body Liver Tissue Ah CYPIA2 Induction o .
0.001 ug 1-PeCDF/kg bodyweight (0.000776 nmoles)
1 0.00429  0.00128  0.00557 0.0005 <0.000001 0.0005 0.0610% 0.00958% 6.37 0.00544% 0.0000202% 1 17.9%
24 0.00286 0.0818 0.0847 0.0003 0.00473  0.00505 0.0407%  0.608% 0.0669  0.00355% 0.0000132% 1.06 74.8%
48 0.0009 0.062 0.0629 0 0.00359  0.00368 0.0125% 0.461% 0.0272  0.00111% 0.0000041% 1.03 85.1%
72 0.0005 0.0431 0.0436 0 0.00249 0.00254 0.00705% 0.320% 0.022  0.000628% 0.0000023% 1.02 90.3%
9% 0.0003 0.0293 0.0296 0 0.00169 000173 0.00442% 0.218% 0.0203 0.000395% 0.0000015% 1.0) 93.4%
0.01 ug 1-PeCDF/&g bodyweight (0.00776 nmoles)
1 0.0429 0.0128 0.0557 0.00474 0.0007 0.00549  0.0610% 0.00960% 6.6 0.0543%  0.000201% 1 19.9%
24 0.0314 0.818 0.85 0.00346 0.0473 0.0508 0.0448% 0.608% 0.0733 0.0357% 0.000133% 1.22 74.8%
48 0.0092 0.621 0.63 0.00102 0.0359 0.0369 0.0131% 0461% 0.0284  0.0111% 0.0000413% 1.1 85.1%
72 0.00509 0.431 0.436 0.0006 0.0249 0.0255 0.00723%  0.320% 0.0226  0.00629% 0.0000233% 1.06 90.3%
96 0.00317 0.293 0.296 0.0004 0.0169 0.0173  0.00450% 0.218% 0.0207  0.00395% 0.0000147% 1.04 93.4%
0.1 ug 1-PeCDF/kg bodyweight (0.0776 nmoles)
| 0.43 0.128 0.559 0.0475 0.0074 0.055 0.0612% 0.00960% 6.38 0.539% (.00201% 1.01 17.9%
24 0427 8.17 8.598 0.0472 0472 0.519 0.0607%  0.607% 0.1 0367%  0.00136% 1.89 74.5%
48 0.107 6.21 632 00119 0.359 0.371 0.0152%  0.462% 0.033 0.112%  0.000417% 1.4 85.0%
72 0.0561 431 437 0.0062 0.249 0.256 0.00797% 0321% 0.0249 0.0632%  0.000234% 1.25 90.3%
96 0.034) 294 297 0.00377 017 0.174 0.00484% 0.218% 0.0222 0.0397% 0.000147% 1.18 93.4%
1.0 ug 1-PeCDF/kg bodyweight (0.776 nmoles)
| 4.35 1.29 5.64 0.48 0.0743 0.556 0.0618% 0.00958% 6.46 5.10% 0.0199% 1.05 17.7%
24 9.1 81.1 90.3 1.0} 4.69 5.7 0.130% 0.603% 0216 3.93% 0.0152% 444 73.3%
48 7 624 64.1 0.189 3.6l 38 0.0244% 0.464% 0.0525 1.15% 0.00432% 263 84.8%
72 0.777 434 44.2 0.0858 2.51 26 0.0110% 0.323% 0.0342 0.641% 0.00239% 2 90.2%
96 0.438 29.6 30 0.0484 1.71 1.76 0.00622%  0.220% 0.0283 0.401% 0.00149% 1.72 93.3%
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Table 5.20 Time-Series Dose-Dependent Modelled Disposition of 1-PeCDF for the Sprague-Dawley Rat.
' . " Concentrationof I-PecCDF  Percent of Administered o, Percentof
E'lrafns:d Mass of |-PeCDF (pmoles) (pmoles/g) Dose/Gram Liver-to-Fat Receptor Occupancy C:‘Z: dAZ Administere
. Adipose Whole ‘ Adipose Whole . Adipose Ratio . d Dose
(hours) Liver Tissue Body Liver Tissue Body Liver Tissue Ah CYPIA2 Induction o "
10 g 1-PeCDF/hg bodyweight (7.76 nmoles)
1 44.5 12.9 57.5 4.92 0.746 5.67 0.06033% 0.00961% 6.59 34.2% 0.192% 1.18 17.6%
24 239 793 1032 26.4 45.8 72.2 0.339% 0.590% 0.575 32.7% 0.180% 10.8 70.1%
48 433 62.8 672 4.79 36.3 41.1 0.0616% 0.467% 0.132 11.5% 0.0480% 7.05 84.0%
72 16.7 44 457 1.85 25.5 27.3 0.0238%  0.328% 0.0726 6.40% 0.0254% 4.92 89.8%
96 84 30.) 309 0.928 174 183 00119% 0.224% 0.0533 4.04% 0.0156% 3.86 93.1%
100 ug 1-PeCDF/kg bodyweight (77.6 nmoles)
I 461 128 590 509 741 58.5 0.0656% 0.00955% 6.87 82.4% 1.76% 1.46 16.9%
24 3385 7805 1120 374 451 825 0.482% 0.581% 0.829 83.3% 1.82% 15.5 68.0%
48 905 6263 7169 100 362 462 0.129%  0.466% 0.276 58.4% 0.517% 14.5 82.8%
72 407 4424 4832 45 256 301 0.0579%  0.329% 0.176 42.5% 0.273% 12.2 89.1%
96 213 3041 3254 235 176 199 0.0303% 0.226% 0.134 31.1% 0.167% 10.3 92.7%
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Table 5.21 Time-Series Dose-Dependent Modelled Disposition of 4-PeCDF for the Sprague-Dawley Rat.

Concentration of 4-P¢CDF Percent of Administered of
E.'l:p;:d Mass of4-Pc'CDF (pmoles) (P@ledg) Dosc/Gram Liver-to-Fat Receptor Occupancy CY"_.::::Z Al;er:;:li‘;lere
(hours)  Liver  AiPose ‘;’L‘:;‘ Liver  Adipose ‘;’:g;‘ Liver  Adipose  Ratio Ah CYPIA2 Induction DO
0.00] ug 4-PeCDF/kg badyweight (0.000776 nmoles)
|} 0.00806 0.00105 0.00911 0.0009 0.0001 0.00} 0.115% 0.00782% 14.7 0.00599% 0.0000666% | 0.638%
24 0.192 0.104 0.297 0.0212 0.00604 0.0273 2.73% 0.777% 241 0.115% 0.00128% 1.27 22.2%
48 0.127 0.11 0.237 0.014 0.006.38 0.0204 1.80% 0.821% 22 0.0766% 0.000852% 1.25 41.1%
72 0.0905 0.00924 0.183 0.0] 0.00534 0.0153 1.29% 0.687% 1.87 0.0566%  0.000629% 1.21 54.8%
96 0.0669 0.0731 0.14 0.00739 0.00423 0.0116 0951% 0.544% 1.75 0.0429% 0.000477% 1.18 65.0%
0.01 yig 4-PeCDF/kg bodyweight (0.00776 nmoles)
| 0.0806 0.0105 0.0911 0.00891 0.0006 0.00952 0.0115% 0.000782% 14.7 0.00599% 0.0000666% i 0.638%
24 2.31 0.89 3.2 0.256 0.0514 0.307 0.273% 0.0777% 3.52 0.115% 0.00128% 1.27 22.2%
48 1.74 0.944 2.68 0.192 0.0546 0.247 0.180%  0.0821% 22 0.0766%  0.000852% 1.25 41.1%
72 1.32 0.836 2.16 0.146 0.0483 0.194 0.129% 0.0687% 1.87 0.0466% 0.000629% 1.21 54.8%
96 1.01 0.704 1.72 0412 0.0407 0.153 0.0951% 0.0544% 1.75 0.0429% 0.000477% 1.18 65.0%
0.1 ug 4-PeCDF/kg bodyweight (0.0776 nmoles)
| 0.807 0.105 0.912 0.0891 0.00606 0.0953 0.115% 0.00781% 14.7 0.590% 0.00659% 1.00 0.626%
24 28.8 6.68 354 3.8 0.186 31.56 4.09% 0.497% 8.23 5.59% 0.0658% 377 12.0%
48 25.3 6.75 32 279 0.39 318 1.59% 0.502% 7.16 4.84% 0.0565% 386 23.1%
72 21.6 6.24 278 2.38 0.361 2.74 3.07% 0.464% 6.61 4.34% 0.0504% 37 33.0%
96 184 5.65 24 2.03 0.327 2.35 261% 0.420% 6.21 3.88% 0.0449% 3153 41.9%
1.0 ug 4-PeCDF/kg bodyweight (0.776 nmoles)
1 8.11 1.05 9.16 0.896 0.0608 0.957 0.115% 0.00783% 14.7 5.47% 0.0642% 1.05 0.623%
24 333 49 382 36.8 2.83 39.6 4.74% 0.364% 13 25.1% 0.371% 7.8 7.04%
48 322 43.8 366 35.6 2.53 38.1 4.58% 0.326% 14 23.5% 0.339% 8.25 13.5%
72 299 39.5 339 334 2.28 354 4.26% 0.294% 14.5 22.5% 0.321% 8.11 19.7%
96 277 36.6 i3 20.6 2.11 32.7 3.94% 0.0272% 14.5 21.5% 0.303% 7.93 25.5%
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Table 5.21 Time-Series Dose-Dependent Modelled Disposition of 4-PeCDF for the Sprague-Dawley Rat.

Percent of

Concentration of 4-PeCDF Percent of Administered
E_lra:pn::d Mass of 4-Pc-CDF {pmoles) e ml es/g) Do. sdGmW Liver—lg-Fat Receptor Occupancy C?EII 5\2 Administere
(hours) Liver ﬁ"l“’ulsl;::e \z::;;e Liver '?].dl's':::e \;ho:;e Liver A.lfli gzie Ratio Ah CYPI1A2 Induction E‘:‘g:::d
10 ug 4-PeCDF/kg bodyweight (7.76 nmoles)
t 81.8 10.6 924 9.04 0612 9.66 0.116% 0.00788% 14.8 34.7% 0.586% 1.17 0.615%
24 3554 404 3958 393 233 416 5.05% 0.300% 16.8 68.2% 2.33% 13.3 4.60%
438 3566 320 3886 394 18.5 413 5.07% 0.238% 213 66.5% 216% 14.4 8.77%
72 3435 272 3706 380 15.7 395 4.88% 0.202% 24.2 65.6% 2.08% 14.4 12.8%
92 3287 247 3534 363 14.3 378 4.67% 0.184% 254 64.8% 2.00% 14.3 16.7%
100 pg 4-PeCDF/kg bodyweight (77.6 nmoles)
| 823 106 929 2.9 6.11 97.1 0117% 0.00787% 149 82.2% 4.87% 1.43 0.591%
24 35610 4012 39630 3935 232 4167 5.07% 0.299% 17 95.6% 19.3% 16.1 4.50%
48 35770 N 38940 3952 183 4136 5.09% 0.236% 216 95.1% 17.8% 17.6 8.64%
72 34530 2669 37190 3815 154 3969 4.91% 0.199% 24.7 94 9% 17.0% 17.7 12.6%
926 33410 2399 35540 3661 139 3800 4.71% 0.179% 26.4 94.6% 16.4% 17.7 16.3%
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Table 5.22 Time-Series Dose-Dependent Modelled Disposition of TCDD for the Gapper’s Red-Backed Vole.
E'Iralp"s:d Mass of TC.DD (pmoles) Concentration oft TCDD (pmoles/g) Perccn[t)z;fl\gl:;r:slcrcd Liver-tp-Fal Receptor Occupancy C:l:ﬂl :2 Al:;:::‘?;t::;
(hours) Liver ér(:'s’;:? V];'::;c Liver ,?l“:lsis’::c ";:g;e Liver A.I‘.i"s‘;z:e Ratio Ah CYP1A2  induction E‘:ul:)r:::d
0.001 ug TCDD/kg bodyweight (0.0000885 nmoles)
| 0.0008 0.0002 0.00101 0.0007 0.0001 0.0008 0.697% 0.122% 5.69 0.0149% 0.0000425% i 3.24%
24 0.00547 0.0189 0.0244 0.00438  0.00976 0.0142 4.94% 11.0% 0.449 0.0861%  0.000246% 1.27 36.8%
48 0.0003 0.0161 0.0188 0.00218  0.00931 0.0105 2.46% 9.37% 0.262 0.0450%  0.000129% 1.2 54.1%
72 0.00191 0.0121 0.014] 0.00153 000626  0.00779 1.75% 7.07% 0244 0.0326% 0.0000932%  1.15 65.7%
96 0.00138  0.00905 0.0104 0.00111  0.00467 0.00578 1.25% 5.27% 0.237 0.0241% 0.0000689%  1.13 74.2%
0.01 ug TCDD/kg bodyweight (0.000885 nmoles)
1 0.00821) 0.00192 0.0101 0.00658 0.001 0.00757  0.738% 0.114% 6.49 0.156%  0.000445% 1 2.36%
24 0.0816 0.178 0.26 0.0654 0.092 0.157 7.38% 10.4% 0.711 0.847%  0.00244% 2.03 3.10%
48 0.0403 0.158 0.199 0.0323 0.08t6 0.114 3.64% 92.21% 0.395 0.467% 0.00134% 1.8 52.0%
72 0.0266 0.122 0.149 0.0213 0.0629 0.0842 2.40% 7.10% 0.338 0.337%  0.000966% 1.63 64.0%
96 0.0186 0.0921 0.111 0.0149 0.0475 0.0624 1.68% 5.36% 0.313 0.251%  0.000718% 1.52 72.8%
0.1 ug TCDD/kg bodyweight (0.00885 nmoles)
) 0.082!} 0.0192 0.10) 0.0658 0.00992 0.0758 0.758% 0.112% 6.77 1.57% 0.00457% | 2.27%
24 1.49 1.51 3 1.19 0.78) 1.97 13.5% 8.82% 1.53 7.03% 0.0216% 443 27.4%
48 0.981 1.45 234 0.714 0.746 1.46 8.05% 8.42% 0.957 4.70% 0.0141% 4.04 45.1%
72 0.587 1.19 1.78 047 0.615 1.09 5.30% 6.93% 0.765 31.56% 0.0105% 354 57.9%
96 0.404 0.946 1.35 0.323 0.488 0.812 3.65% 551% 0.662 2.74% 0.00805% 316 67.9%
1.0 yg TCDD/kg bodyweight (0.0885 nmoles)
| 0.823 0.193 1.02 0.66 0.0995 0.76 0.746% 0.113% 6.62 13.6% 0.0449% 1.01 2.28%
24 23.2 1.9 35.0 18.6 6.14 24.7 21.0% 6.93% 303 35.9% 0.160% 9.61 19.3%
48 18.1 11.6 29.6 14.5 5.96 204 16.3% 6.74% 242 30.2% 0.123% 9.7 33.6%
72 14 10.2 242 1.2 5.25 16.5 12.7% 5.93% 2.14 26.4% 0.102% 9.06 45.5%
96 10.9 8.72 19.7 8.75 4.5 13.3 9.89% 5.08% 1.94 23.0% 0.0854% 8.44 55.3%
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Table5.22 Time-Series Dose-Dependent Meodelled Disposition of TCDD for the Gapper’s Red-Backed Vole.

Percent of

E'Ira!p"s:d Mass of TCDD (pmoles) Concentration of TCDD (pmoles/g) Perccn:)zfssgmlstcrod Liver-to-Fat Receptor Occupancy CYlel éaz Administerc
(hours)  Liver ~ AiPOse ";"od";: Liver ~ Adipose ‘;2;;:’ Liver ~ Adiose Ratio Ah CYPIA2 Induction Do,
10 ug TCDD/kg bodyweight (0.885 nmoles)
1 8.26 1.95 10.2 6.62 t.0l 7.6 0.748% 0.114% 6.59 61.4% 0.453% 1.04 2.32%
24 275 102 n 220 52.8 273 24.9% 5.96% 4.19 81.7% 1.26% 14.6 15.1%
48 239 96.6 335 191 499 241 21.6% 5.63% 383 78.1% 1.01% 15.9 26.7%
72 204 85.3 289 163 44 207 18.4% 497% 3.7 75.4% 0.870% 15.7 36.7%
96 174 74.6 249 140 385 178 15.8% 4.35% 362 72.8% 0.757% 154 45.3%
100 ug TCDD/kg bodyweight (8.85 nmoles)
i 82.5 19.6 102 66.1 10.1 76.3 0.747% 0.114% 6.54 94.2% 4.40% 1.} 2.39%
24 273 1031 3765 2190 532 2722 24.7% 6.01% 4.12 97.8% 11.4% 16.1 15.3%
48 219} 964 3355 1915 497 2413 21.6% 5.62% 3.85 97.2% 9.01% 17.8 26.8%
72 2076 838 2915 1663 433 2096 18.8% 4.88% 3.84 96.7% 7.78% 179 36.4%
9% 1805 724 2530 1446 374 1820 16.3% 4.22% 3.87 96.2% 6.78% 17.8 44.6%
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Table 5.23  Time-Series Dose-Dependent Modelled Disposition of TCDF for the Gapper’s Red-Backed Vole.

Percent of Administered Percent of

E'Il?l;'):d Mass of TCjDF (pmoles) Concentration otj TCDF (pmoles/g) Do schram_ Liver-to- Receptor Occupancy CT:ISII :2 Administere
(hours) Liver qf:;':::e V;Ll:;e Liver éﬁ;ﬂ:’: \;:;;«: Liver A..f:;";z:e Fat Ratio Ah CYP1A2 Induction E(icl:)r:ts:d
0.001 ug TCDF/kg bedyweight (0.0000885 nmoles)
1 0.0002 0.0002 0.0004 0.0001 0.0001 0.0002 0.150% 0.125% 1.21 0.00389%  0.0000082% 1 51.5%
24 0 0.00119  0.00123 0.0003 0.0006 0.0006 0.0323%  0.695% 0.0464 0.000823% 0.0000017% 1.03 96.8%
48 9.13x 107 <0.000000) 9.34x 107 2.31 x 107 <0.0000001 7.32x 107 0.000826% 0.0278% 0.0297 0.0000214% 0.00000045% 1.0l 99.6%
72 237x10* 1.40x10* 1.43x10° 190x10* 7.23x107 7.42x 107 0.0000214% 0.000817% 0.0263 0.0000006% <0.0000001% | 99.7%
96 6.20x 10" 3.81x10* 3.87x10* 497x 10 1.96x 10* 2.0l x 10* 0.0000006% 0.000022% 0.0253 <0.0000001% <0.0000001% 1 99.7%
0.01 uyg TCDF/kg bodyweighs (0.000885 nmoles)
1 0.00166  0.00212 0.00378  0.00133  0.00109 0.00243 0.150% 0.124% 1.22 0.0389%  0.0000819% l 51.5%
24 0.0004 00119 0.0123 0.0003 0.00616 0.00646 0.0345%  0.695% 0.0496 0.00824% 0.0000173% 1.12 96.8%
48 928 x 10*  0.0005 0.0005 743x10°  0.0002 0.0003  0.000840% 0.0278% 0.0302 0.000214% 0.00000451% 1.03 99.6%
72 238 x 107 <0.000000) 2.39x 107 190x 107 7.23x10° 7.42x 10° 0.0000215% 0.000817% 0.0263 0.0000056% 0.00000012% | 99.7%
9% 6.21 x 10° 3.81x 107 3.87x107 497x10° 1.97x 107 2.02x 107 0.0000006% 0.000022% 0.0253 0.00000015% <0.0000001% ! 99.7%
0.1 ug TCDF/kg bodyweight (0.00885 nmoles)
1 0.0166 0.0212 0.0379 0.0133 0.0109 0.0243 0.150% 0.124% 1.22 0.388% 0.000820% I 51.5%
24 0.00478 0.119 0.124 0.00383 0.0616 0.0655 0.0433%  0.696% 00622 0.0828%  0.000174% 1.49 96.8%
48 0.0001 0.00478  0.00488 0.0007 0.00247  0.00255 0.000895% 0.0279% 0.0321 0.00215% 0.0000045% 1.12 99.6%
72 241x10°  0.000] 0.0001 1.93x10° 00001 293x10° 0.0000218% 0.000818% 0.0266 0.000056% 0.00000012% 1.02 99.7%
96 6.23x 10 3.82x10° 3.88x10° 4.99x10* 1.97x10* 2.02x 10° 0.0000006% 0.000022% 0.0253 0.00000147% <0.0000001% | 99.7%
1.0 ug TCDF/kg bodyweight (0.0885 nmoles)
! 0.167 0.213 0.38 0.134 0.11 0.244 0.151% 0.1224% 1.22 3.75% 0.00821% 1.01 51.7%
24 0.0866 1.2 1.29 0.0694 0.618 0.688 0.0784% 0.698% 0.112 0.839% 0.00178% 293 96.7%
48 0.00123 0.0481 0.00494 0.001 0.0248 0.0258 0.00112% 0.0280% 0.0398 6.0217%  0.0000457% 1.46 99.6%
72 0 0.00141 0.00144 0 0.0007 0.0007  0.0000228% 0.000823% 0.0277 0.000564% 0.00000187% 1.07 99.7%

96 6.30 x 107 0 0 5.05 x 107 0 0 0.0000006% 0.000022% 0.0255  0.0000148% <0.0000001% 1.0} 99.7%
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Table 5.23

Percent of

E'll:f:d Mass of TC.DF (pmoles) Concentration ott TCDF (pmoles/g) Dose/ Graml Liver-to- Receptor Occupancy C\lf:fﬂl ‘:\2 Administere

(hours)  Liver "T‘:g:‘ Vg:;;" Liver '“1‘.:'5';:2‘ v;::;e Liver ";‘.’i‘s’:::‘ FatRatio  oh CYPIA2 Induction E‘igg:d
10 yg TCDF/kg bodyweighs (0.885 nmoles)

1 1.66 2.14 1.81 1.33 1.11 244 0.151% 0.125% 1.21 28.1% 0.0821 .03 52.0%

24 2.18 12.1 14.3 1.75 6.23 798 0.197% 0.704% 0.28 8.25% 0.0189 7.45 96.5%

48 0.0217 0.489 0.511 0.0174 0.253 0.27 0.00196% 0.0285% 0.0689 0.224% 0.000473 2.74 99.6%

72 0.0003 0.0144 0.0147 0.0002 0.00742 0.00765 0.0000267% 0.000838% 0.0319 0.00575% 0.00001 1.29 99.7%

96 6.55x 10%  0.0004 0.0004 525x10* 0.0002 0.0002  0.0000006% 0.000023% 0.0261 0.000150% <0.0000001 104 99.7%
100 ug TCDF/kg bodyweight (8.85 nmoles)

) 16.4 215 38 13.2 11 243 0.149% 0.125% 1.19 79.5% 0.811% 1.09 52.3%

24 41.3 122 163 331 62.7 95.9 0.374% 0.709% 0.528 48.8% 0.200% 13.7 96.0%

48 0.509 5.02 554 0.408 2.59 3 0.00460% 0.0293% 0.157 237% 0.00510% 6.39 99.6%

72 0.00443 0.148 0.153 0.00355 0.0764 0.08 0.0000461% 0.000863% 0.0465 0.0598% 0.000126% 2.02 99.7%

96 0 0.00402 0.0041 0 0.00208 0.00214 0.0000007% 0.000023% 0.0281 0.00155% 0.00000326% 1.15 99.7%
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Table 5.24  Time-Series Dose-Dependent Modelled Disposition of 1-PeCDF for the Gapper’s Red-Backed Vole.

nionof !-PF Percent of Administered Percent of

E%';s:d Mass of l-Pe.CDF (pmoles) (pmt.)le s/g) Dos dGmm, Liver-tg- Receptor Occupancy CYFI;I :2 Administere
(hours) Liver “,\Ift's':ﬁ:c \;’2:;? Liver A;c:;;;z:e \;::;;e Liver 43;22? Fat Ratio Ah CYPIA2  Induction Eig::’!s:d
0.001 pg 1-PeCDF/kg bodyweight (0.0000885 nmoles)
| 0.0003 0.0002 0.0005 0.0002 0.0001 0.0003 0.252% 0.125% 2.02 0.00285% 0.00000905% 1 35.2%
24 0.0001 0.00748  0.00759 0 0.00386  0.00394 0.0930% 4.36% 00213  0.00104% 0.00000331% 1.03 81.0%
48 0 0.00399  0.00403 0 0.00206  0.00209 0.0280% 2.33% 0012  0.000316% 0.00000101% 1.01 90.6%
72 0 0.00202  0.00203 0.00001 0.00104 0.00105 0.0136% 1.18% 00116 0.000154% 0.00000049% 1.01 95.2%
96 7.39x 10 0.0010) 0.00102 592x10°  0.0005 0.0005 0.00668% 0.589% 0.0113 0.0000757% 0.00000024% ) 97.5%
0.01 ug 1-PeCDF/kg bodyweight (0.000885 nmoles)
1 0.00279  0.00214  0.00493  0.00223 0.0011 0.00334 0.252% 0.125% 2.02 0.0285%  0.0000905% | 35.2%
24 0.0m07 0.0748 0.0759 0.0009 0.0386 0.0395 0.0969% 4.36% 0.0222  0.0t04% 0.0000331% 1.2 81.0%
48 0.0003 0.04 0.0403 0.0003 0.0206 0.0209  0.0285% 1022%  0.0123  0.00316% 0.0000101%  1.05 90.6%
72 0.0002 0.0202 0.0203 0.0001 0.0104 0.0105 0.0137% 1.18% 00117 0.00154% 0.00000489% 1.03 95.2%
96 0..00001 0.0104 0.010} 0 0.00522 0.00528 0.00673% 0.589% 0.0114 0.000758% 0.00000241% 1.02 97.5%
0.1 ug 1-PeCDF/kg bodyweight (0.00885 nmoles)
! 0.0279 0.0214 0.0493 0.0223 0.0]} 0.0334 0.252% 0.125% 2.02 0.284% 0.000905% 1 35.2%
24 0.0125 0.748 0.761 0.00999 0.386 0.396 0.113% 4.36% 0.0259 0.105% 0.000333% 1.46 80.9%
48 0.00338 04 0.403 0.00271 0.206 0.209 0.0306% 2.33% 0.0131 0.0317%  0.000101% 1.2 90.6%
72 0.00158 0.202 0.203 0.00127 0.104 0.105 0.0143% 1.18% 0.0122  00154% 0.0000489% 1.11 95.2%
96 0.0008 0.101 0.102 0.0006 0.0522 0.0528 0.00691% 0.589%  0.0117 0.00758% 0.0000241%  1.07 97.5%
1.0 ug 1-PeCDF/kg bodyweight (0.0885 nmoles)
l 0.279 0.215 0.495 0.224 0.111 0335 0.253% 0.125% 2.02 2.77% 0.00906% 1.01 35.3%
24 0.195 7.48 7.68 0.156 3.86 4.02 0.176% 4.36% 0.0404 1.05% 0.00338% 2.82 80.8%
48 0.0429 4 4.05 0.0344 2.06 2.1 0.0388% 2.33% 0.0167 0317% 0.00101% 1.8 90.6%
72 0.0183 2.02 2.04 0.0147 1.04 1.06 0.0166% 1.18% 0.0141 0.154% 0.000491% 1.46 95.2%

96 0.00844 1.00 1.02 0.00676 0.553 0.529 0.00764%  0.590% 0.0129 0.0759% 0.000241% 1.29 91.5%
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Table 5.24  Time-Series Dose-Dependent Modelled Disposition of 1-PeCDF for the Gapper’s Red-Backed Vole.
k- ______________________ ]

Concentration of 1-PeCDF Percent of Administered
E%p":d Mass of I-Pe'CDF (pmoles) (Pni(?leslg) P DosdGm e Livcr-lq- Receptor Occupancy C‘él;lldA2 A‘:lcl:ici:'i‘;lgfc
(hours) Liver '?;.:2;:::‘ \;::;e Liver ér‘:;';::c ‘;:3;: Liver A.;.ii zs;pzzc Fat Ratio Ah CYP1A2 Induction EicDr:ts:d
10 ug 1-PeCDF/kg bodyweight (0.885 nmoles)
| 28 2.16 5 2.24 1.1 336 0.254% 0.126% 202 22.2% 0.0906% 1.02 35.5%
24 4.36 74.8 79.2 3.5 38.6 42.1 0.395% 4.36% 0.0906 10.1% 0.0357% 7.21 80.3%
48 0.779 40.1 40.9 0.624 20.7 213 0.0705% 2.34% 0.0301 114% 0.0103% 4.05 90.5%
72 0.284 20.3 20.6 0.228 10.5 10.7 0.0257% 1.18% 0.0217 1.54% 0.00496% 28 95.2%
96 0.117 10.2 10.3 0.0933 525 5.35 0.0105% 0593% 0.0178 0.761% 0.00244% 2.16 97.4%
100 ug 1-PeCDF/kg bodyweight (8.85 nmoles)
1 279 21.6 49.6 224 11.2 336 0.253% 0.126% 2 74.0% 0.895% 1.07 35.6%
24 80.5 746 827 64.5 385 449 0.728% 4.35% 0.168 54.1% 0.373% 13.6 79.5%
48 17.7 403 421 14.2 208 222 0.160% 235% 0.068} 25.1% 0.106% 10.2 90.2%
72 6.35 204 211 5.09 105 110 0.0575% 1.19% 0.0483 13.8% 0.0509% 7.38 95.1%
96 2,38 103 105 1.91 529 54.8 0.0215% 0.598% 0.036 7.27% 0.0249% 54 97.4%
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Table 5.25 Time-Series Dose-Dependent Modelled Disposition of 4-PeCDF for the G

apper’s Red-Backed

Vole.

Concentration of 4-PcCDF Percent of Administered
Elapsed  Mass of 4-PeCDF (pmoles) (pmoles/g) Dos/Gram  Liver-to-Far 1 coPior Occupaney  CYPIAZ Admimstete
(hours) Liver é;:;g::c ‘;::;c Liver '}1;2::: \g::;c Liver Aﬂlsx:c Ratio Ah CYPIA2 Induction deg:'s:d
0.001 ug 4-PeCDF/kg bodyweight (0.6000885 nmoles)
1 0.0009 0.0002 0.00108 0.0007 0.0001 0.0008 0.813% G.107% 7.63 0.00597% 0.0000569% l 1.95%
24 0.0102 0.0122 0.0224 0.00816 0.0063 0.0145 9.21% 7.12% 1.29 0.0574% 0.000547% 1.2 46.6%
48 0.00448 0.0075 0.012 0.00359 0.00387 0.00746 4.06% 4.37% 0.928 0.0263% 0.000250% 1.IS 71.8%
72 0.00224 0.00404 0.00628 0.0018 0.00208 0.00388 2.03% 2.35% 0.862 0.0137% 0.000130% 1.1 84.7%
96 0.00114 0.00214 0.00328 0.0009 0.0011 0.00202 1.03% 1.24% 0.829 0.00717% 0.0000683% 1.07 91.5%
0.01 ug 4-PeCDF/kg bodyweight (0.000885 nmoles)
| 0.609 0.00183 0.0108 0.0072 0.0009 0.00815 0.813% 0.107% 7.63 0.0597% 0.000569% { 1.95%
24 0.137 0.132 0.249 0.109 0.0579 0.167 12.4% 6.54% 1.89 0.536% 0.00513% 1.74 41.9%
48 0.0665 0.0742 0.141 0.0533 0.0383 0.0916 6.02% 4.32% 1.39 0.283%  0.00270% 1.61 67.5%
72 0.033 0.0431 0.0762 0.0265 0.0223 0.0487 2.99% 2.51% 119 0.157%  0.00150% 1.43 81.8%
96 0.0164 0.0242 0.0406 0.0132 0.0125 0.0257 1.49% 1.41% 1.06 0.0856% 0.000816% 1.3 89.8%
0.1 ug 4-PeCDF/hg bodyweight (0.00885 nmoles)
| 0.0899 0.0183 0.108 0.072 0.00944 0.0815 0.814% 0.107% 7.63 0.593%  0.00568% | 1.95%
24 2.11 0913 3.02 1.69 0.471 216 191% $.32% 1.59 4.13% 0.0410% 342 32.0%
48 1.36 0.662 2.02 1.09 0.34! 1.43 12.3% 3.86% 318 2.84% 0.0278% 3.24 55.2%
72 0.804 0.457 1.26 0.644 0.236 0.88 1.27% 2.66% 2.7 1.94% 0.0189% 2.82 71.5%
96 0452 0.306 0.758 0.362 0.158 0.52 4.09% 1.79% 229 1.27% 0.0123% 243 82.3%
1.0 ug 4-PeCDF/kg bodyweight (0.0885 nmoles)
| 0.901 0.183 1.09 0.722 0.0946 0.817 0.816% 0.107% 7.63 5.63% 0.0567% 1.01 1.95%
24 29.6 6.78 364 23.7 15 27.2 26.8% 3.95% 6.77 22.1% 0.269% 7.39 20.8%
48 24.5 4.86 294 19.6 2.51 221 22.2% 2.83% 7.82 18.7% 0.218% 7.52 37.4%
72 18.8 3.82 22.6 15.1 1.97 17 17.0% 2.22% 7.66 15.9% 0.180% 7 51.4%
96 14 3.08 17.1 11.3 1.59 12.8 12.7% 1.80% 7.07 13.3% 0.146% 6.43 62.8%
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Table 5.25 Time-Series Dose-Dependent Modelled Disposition of 4-PeCDF for the Gapper’s Red-Backed Vole.
. ____________________________________ - - ___________ - - — - - - - - |
Concentration of 4-PeCDF Percent of Administered Percent of
Elapsed Mass of 4-PcCDF (pmoles) (pmoles/g) Dose/Gram  Liver-to-Far RCccPior Occupancy  CYPIAZ 0 ere
(h'l‘;::) Li Adipose Whole Li Adipose Whole Li Adipose Ratio Ah CYPIA2 ln:t:::lﬁon d Dose
fver Tissue Body tver Tissue Body tver Tissue Excreted
10 ug 4-PeCDF/kg bodyweight (0.885 nmoles)
1 9.06 1.85 109 7.26 0.952 8.22 0.820%  0.108% 7.62 37.3% 0.564% 1.03 1.97%
24 346 54.3 400 277 28 305 31.3% 317% 9.87 65.7% 1.79% 13 14.2%
48 319 35.5 355 256 18.3 274 28.9% 2.07% 13.9 62.1% 1.54% 14 25.7%
7 277 28.2 305 222 14.5 236 25.0% 1.64% 15.2 59.1% 1.36% 13.7 36.0%
9 237 24.1 261 190 124 202 21.4% 1.41% 15.2 55.9% 1.19% 134 45.0%
100 ug 4-PeCDF/kg bodyweight (8.85 nmoles)
) 90.7 18.5 109 726 9.57 82.3 0.821%  0.108% 7.59 85.8% 5.45% 1.07 2.03%
24 3495 534 4029 2799 276 3075 31.6% 3.11% 10.2 94.9% 14.9% 15.8 13.6%
48 3269 339 3609 2619 175 2794 29.6% 1.98% 1S 93.8% 12.7% 174 24.5%
72 2891 261 3152 2316 135 2451 26.2% 1.52% 17.2 92.9% 11.1% 17.5 34.0%
96 2534 220 2754 2030 13 2143 22.9% 1.28% 17.9 92.0% 9.82% 174 42.2%
_ R
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Table 526 Time-Series Modelled Disposition of each Assessed PCDD/F Congener for the Gapper’s Red-Backed Vole,

based upon Intake Rates at Site 107 following Emission Incident. *

E - - - - - . - _______ . -_ - ]
Concentration of Assessed PCDD/F Percent of Administered Percent of

E%p“s:d Mass of Assessed. PCDD/F (pmoles) (pnple s/g) Do. sc/Gram. l.iver-tq- Receptor Occupancy C\‘(:l;ll 5\2 Administere
(hours)  Liver ‘“T"i's's’z:" ‘;L‘g;‘ Liver "T‘:’s';::‘ ‘;:3;‘ Liver Aﬁ;’;ﬁ:" FatRatio CYPIA2 Induction Eiggf:d
0.000186 ug TCDD/kg bodyweight (0.0000165 nmoles)
| 0.0002 <0.000001 0.0002 0.0001  <0.000001 0.0001 0.743% 0.112% 6.63 0.00292% 0.0000083% 1 2.26%
24 0.0009 0.00357  0.00447 0.0007 0.00184  0.00256 4.36% 11.2% 0.39 0.0160% 0.0000456% 1.1 37.5%
48 0.0005 0.003 0.00346 0.0004 0.00155 0.00192 2.22% 941% 0.236 0.00830% 0.0000237% 1.07 54.6%
72 0.0003 0.00225  0.00258 0.0003 0.00116  0.00143 1.59% 7.06% 0225 0.00602% 0.0000172% 1.06 66.1%
96 0.0002 0.00168  0.00192 0.0002 0.0009 0.00106 1.17% 5.25% 0222 0.00445% 0.0000127% 1.05 74.5%
0.136 ug TCDF/kg bodyweight (0.0120 nmoles)
1 0.0226 0.0288 0.0515 0.0181 0.0149 0.0331 0.150% 0124% 1.22 0.527% 0.00111% | 51.5%
24 0.00687 0.162 0.169 0.0055 0.0838 0.0893 0.0457%  0.696%  0.0656 0.113%  0.000237% 1.59 96.8%
48 0.0001 0.00651 0.00665 0.0001 0.00336 0.0347  0.000910% 0.0279% 0.0326 0.00293% 0.000006% 1.14 99.6%
72 <0.000001  0.0002 00002 263x10° 0.0001 0.0001 0.000022% 0.000819% 0.0267 0.0000762% <0.000001% 1.02 99.7%
96 848 x 10" 5.19x10° 528x10° 6.79x 10 2.68x 10° 2.75x 10* <0.000001% 0.000022% 0.0254 <0.000001% <0.000001% | 99.7%
0.0248 ug 1-PeCDF/kg bodyweight (0.00220 nmoles)
| 0.00691 0.00531 0.0122 0.00553 0.00274 0.00829 0.252% 0.125% 2.02 0.0706% 0.000224% | 35.2%
24 0.00276 0.186 0.188 0.00221} 0.0957 0.098 0.101% 436% 00231 0.0259% 0.000082% 1.2 81.0%
48 0.0008 0.0991 0.0999 0.0006 0.0511) 0.0518 0.0290% 2.33% 0.0125 0.00785% 0.000025% 1.09 90.6%
72 0.0004 0.05 0.0504 0.0003 0.0258 0.0261 0.0139% 1.18% 00118 0.00381% 0.000012% 1.05 95.2%
96 0.0002 0.0251 0.0253 0.0001 0.0129 0.0131 0.00677%  0.589% 0.0115 0.00188% 0.000006% 1.03 97.5%
0.0713 pg 4-PeCDF/kg bodyweight (0.00631 nmoles)
1 0.0641 0.013 0.0772 0.0514 0.00673 0.0581 0.814% 0.107% 7.63 0.424%  0.00405% ) 1.95%
24 1.41 0.677 2.09 1.13 0.349 1.48 19.9% 5.53% 3.24 3.12% 0.0307% 3.05 33.8%
48 0.867 0.486 1.35 0.695 0.251 0.945 11.0% 3.97% 2.77 2.06% 0.0200% 2.87 57.6%
72 0.493 0.326 0.82 0.395 0.168 0.564 6.26% 2.67% 235 1.36% 0.0131% 249 13.7%

96 0.267 0.212 0.479 0.214 0.109 0.323 3.39% 1.73% 1.96 0.853%__ 0.00820% 2.14 84.1%
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Table 5.26  Time-Series Modelled Disposition of each Assessed PCDD/F Congener for the Gapper’s Red-Backed Vole,
based upon Intake Rates at Site 107 following Emission Incident. *

oncemrtion of As -77 rccnt of Aiise o Percmof 7
E,ll‘,‘i'::d Mass of Assessed PCDD/F (pmoles) (pmoles/g) Dose/Gram Liver-to- Receptor Occupancy C‘;E::z Administere
(hours) Liver Adipose Whole Liver Adipose Whole Liver Adipose  Fat Ratio Ah CYPIA2 Induction Dosc
Tissue Body Tissue Body Tissue Excreted
0.0605 ug TCDD TEQ-equiv./kg bodyweight (0.00536 nmoles)
| 0.0497 0.0116 0.0613 0.0398 0.006 0.0458 0.743% 0.112% 6.63 0.939% 0.00271% i 2.26%
24 0.791 0.96 1.75 0.634 0.495 1.13 11.8% 9.25% 1.28 4.57% 0.0137% 3.69 29.2%
48 0.445 0.902 1.35 0.357 0.466 0.823 6.66% 8.70% 0.766 2.90% 0.00852% 3.31 47.1%
72 0.288 0.73 1.02 0.231 0.377 0.607 4.31% 7.03% 0.613 2.14% 0.00626% 2.89 59.9%
926 0.197 7 0.571 0.768 0.158 0.294 0452 2.94% 5.50% 0.535 1.63% 0.00473% 2.59 69.4%

Administered doses were calculated based upon ambient congener-specific concentrations measured on sampled Labrador tea at site 107 in winter 1996 (post-incident), and
the typical daily food consumption rate for Gapper’s red-backed voles of 0.31 g/g/day (McManus, 1979).



Figure 5.29 Modelled red-backed vole time-series whole body concentration
results for each assessed PCDD/F congener for an administered dose
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Figure 5.30 Modelled red-backed vole time-series liver-to-fat ratios for each
assessed PCDD/F congener for an administered dose of 0.001 pg/kg.
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Figure 5.31 Modelled red-backed vole time-series whole body concentration
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Figure 5.32 Modelled red-backed vole time-series liver-to-fat ratios for each
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Figure 533 Modelled red-backed vole time-series whole body concentration
results for each assessed PCDD/F congener for an administered dose

of 0.1 pg/kg

8

;

8
)

Whole Body Concentration (nmoles/g)
[=]
8
[4.]

0.001
1-PeCDF
//\ [ PP S
0.0006
0 . . , —_— - ‘ : . .
0 1 22 2 4 S 6 W & % 10 110

Elapsed Time following Administration (hours)

Figure 534 Modelled red-backed vole time-series liver-to-fat ratios for each
assessed PCDD/F congener for an administered dose of 0.1 ug/kg.
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Figure 5.35 Modelled red-backed vole time-series whole body concentration
results for each assessed PCDD/F congener for an administered dose

of 1 pg/kg.
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Figure 5.36 Modelled red-backed vole time-series liver-to-fat ratios for each
assessed PCDD/F congener for an administered dose of 1 pg/kg.
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Figure 5.37 Modelled red-backed vole time-series whole body concentration

Whole Body Concentration (nmoles/gram)
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results for each assessed PCDD/F congener for an administered dose
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Figure 538 Modelled red-backed vole time-series liver-to-fat ratios for each

Liver-to-Fat Raio (unitiess)
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Figure 5.39 Modelled red-backed vole time-series whole body concentration

Whole Body Concentration (nmoles/gram)
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Figure 5.40 Modelled red-backed vole time-series liver-to-fat ratios for each
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Figure 5.41

Congener-specific liver-to-fat ratios for various administered doses (ug/'kg

bodyweight) for the Sprague-Dawley rat after 24 hours.
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Figure 542 Congener-specific liver-to-fat ratios for various administered doses (pg/kg

bodyweight) for the red-backed vole after 24 hours.
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Figure 5.43 Congener-Specific CYP1A2 fold induction for various administered doses

CYP1A2 Fold Induction

(pg/kg bodyweight) for the Sprague-Dawley rat after 24 hours.
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Figure 5.44 Congener-Specific CYP1A2 fold induction for various administered doses

CYP1A2 Fold induction

(ug/kg bodyweight) for the red-backed vole after 24 hours.
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Table 5.27 Comparison of Liver-To-Fat Ratios between TCDF, 1-PeCDF, and 4-
PeCDF to that of TCDD for the Sprague-Dawley Rat and Gapper’s Red-

Backed Vole.
£ - ______________________________
TCDF : TCDD Ratio 1-PeCDF : TCDD Ratio 4-PeCDF : TCDD Ratio
Administered
Dose (pg’kg) Sprague- Red-Backed Sprague- Red-Backed Sprague- Red-Backed
Dawley Rat Vole Dawley Rat Vole Dawley Rat Vole
0.001 0.064 0.103 0.046 0.047 1.65 2.87
0.0! 0.045 0.07 0.031 0.031 1.49 2.66
0.1 0.036 0.041 0.022 0.017 1.85 235
1 0.054 0.037 0.029 0.013 1.75 223
10 0.121 0.067 0.061 0.022 1.79 236
100 0.18 0.128 0.091 0.041 1.87 2.48

Note: The TCDF:TCDD, 1-PeCDF:TCDD, and 4-PeCDF:TCDD ratio values were calculated by dividing the Liver-to-Fat
ratio value for each of the congeners by that of TCDD, for each dose group.

Based upon the predicted red-backed vole whole body concentrations, congener-specific vole-to-
plant BAF values can be calculated and compared to similar values observed in the actual
environmental data (see the calculated vole-to-plant BAF values for site 107 provided in Table
5.6). A dose-specific comparison of the modelled versus measured vole-to-plant BAF values for
each assessed PCDD/F congener and the TCDD-TEQ is provided in Table 5.28. Results of this
comparison indicate that the modelled results under-estimate the vole-to-plant BAF for all
congeners, when compared to the comparable BAFs calculated based upon environmental
sampling data. However, given the current PBPK model is designed to only simulate the
congener-specific deposition based upon a single acute dose, rather than chronic exposures,
whole body concentrations arising from bioaccumulation of specific congeners over time would
be greatly underestimated (development of a chronic administration submodule was attempted
but could not be effectively integrated into the existing model methodology). Accordingly, it
would likely be useful to observe the BAF values of various congeners to that of TCDD to
determine whether similar congener-specific patterns are evident between modelled and
measured BAF data. As indicated in Table 5.29, the congener-specific BAF pattern observed in
the modelled data closely approximates that observed in the environmentally sampled data for
the TCDF and 1-PeCDF congeners. However, this similarity breaks down when one compares
the congener-specific BAF patterns for the 4-PeCDF congener and the TCDD-TEQ group.
Again, this is not unexpected, given the acute dosing nature of the PBPK model, which would
ultimately result in underestimation of chronic whole body concentrations for the more
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bioaccumulative PCDD/F congeners (i.e., 4-PeCDF and the TCDD-TEQ group) over an
extended period of time.

Table5.28 Dose-Specific Comparison of Modelled versus Measured Vole-to-Plant BAF
values for each Assessed PCDD/F Congener.

Elapsed Time Vole Whole Body Concentration Concentration  Modelled Vole-to- Measured Vole-to-
(hours) Plant BAF Plant BAF
pmoles/gram ppt ppt
0.000186 ug TCDD/kg bodyweight (0.0000165 nmoles)
1 0.000141 0.0454 0.244
24 0.00256 0.824 443
48 0.00192 0618 0.186 332 63.75
72 0.00143 0.46 2.48
96 0.00106 0.341 1.84
0.136 ug TCDF/kg bodyweight (0.0120 nmoles)
1 0.0331 10.1 0.0743
24 0.0893 27.3 0.2
48 0.0347 10.6 136.4 0.0778 291
n 0.000101 0.0309 0.000227
96 0.000003 0.000842 0.000006
0.0248 ug 1-PeCDF/kg bodyweight (0.00220 nmoles)
1 0.00829 2.82 0.114
24 0.098 334 1.35
48 0.0518 17.6 24.8 0.711 10.67
72 0.0261 8.88 0.358
96 0.0131 4.46 0.18
0.0713 ug 4-PeCDF/kg bodyweight (0.00631 nmoles)
| 0.0581 19.8 0.277
24 1.48 504 7.07
48 0.945 322 7.3 4.51 240.96
72 0.564 192 2.69
96 0323 110 1.54
0.0605 ug TCDD TEQ-equiv./kg bodyweight (0.00536 nmoles)
1 0.458 14.7 0.244
24 1.13 364 6.01
48 0.823 265 60.5 438 320.99
72 0.607 195 3
96 0452 146 241
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Table 5.29

Comparison of Congener-Specific to TCDD BAF values in based on
Modelled and Environmental Data.

Congener Modelled Data Environmental Data
Vole-to-Plant BAF Ratio to TCDD * Vole-to-Plant BAF Ratio to TCDD

TCDD 4.43 - 63.75 -

TCDF 0.2 0.0451 291 0.0456

1-PeCDF 1.35 0.305 10.67 0.167

4-PeCDF 7.07 1.6 240.96 3.78

TCDD-TEQ 6.0! 1.36 320.99 5.04

to-TCDD).

BAF ratios for each congeners to TCDD (i.e., TCDF-to-TCDD, 1-PeCDF-t0-TCDD, 4-PeCDF-to-TCDD, and TCDD-TEQ-
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6.0  DISCUSSION

The principal objectives of the current research involved: (1) the empirical characterization and
preliminary validation of computer-based models used for exposure and toxicological (i.e.,
PBPK modeling) assessment; (2) characterization of the potential health consequences related to
environmental exposure to bioaccumulative chemicals; and (3) improved scientific support for

risk management decisions concerning industrial activities, such as incineration.

As indicated in the methodological overview, there were three key research aims and questions
stressed, which follow a chronological order of implementation: a) modelling issues; b) empirical

issues, and; c) application issues.

6.1 Modelling Issues
1. Evaluation of relative merits of simple (i.e., two-compartment or equilibrium-based)
pharmacokinetic models versus complex (i.e., multi-compartmental) PBPK models for the

assessment of health risks related to environmental exposures to dioxins and furans.

Detailed multi-compartmental PBPK models, such as the prototype steady-state model used in
this research, provide an excellent framework by which to estimate the effects of absorption,
disposition, metabolism, and excretion on the tissue-specific distribution and uitimate toxicity of
contaminants. This is particularly the case when non-linear ligand-receptor binding kinetics alter
the natural lipophilicity-driven tissue disposition of the chemical. For example, TCDD typically
partitions primarily according to its lipophilic nature at low doses, while higher doses result in
binding to CYP1A2, leading to preferential accumulation in the liver. However, extension of the
model to very high doses predicts that, as specific hepatic binding sites become saturated, TCDD
concentrations in liver will plateau, and TCDD will again preferentially accumulate in adipose

tissue.

While these multi-compartmental models appear to adequately reflect the disposition of POPs,
such as the PCDD/Fs, across a wide variety of exposure doses, there is always some concern that

these large, complex models may be over-parameterized. This becomes pertinent as the inherent
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uncertainty within the model invariably increases with incorporation of each additional variable
into its framework, especially given the inherent difficulty in quantifying many of these
parameters. As such, there is considerable interest in determining whether less complex models,
such as the equilibrium-based model proposed by Evans and Andersen (2000), can adequately
simulate the disposition kinetics of TCDD, using far fewer model parameters.

To evaluate the significance of this concem, the steady-state PBPK model was adjusted to
approximate the equilibrium-based conditions of the Evans and Andersen model, by disabling
both urinary and biliary/fecal excretion. With the two models being evaluated on an “‘even
playing field”, if the two-compartment equilibrium-based model could accurately duplicate the
key indicator variables (i.e., liver-to-fat ratio, receptor occupancy, and CYP1A2 induction fold),

then the more complex, steady-state model may be deemed as “‘over-parameterized”.

This investigation indicated that the TCDD disposition following a variety of exposure doses did
not result in close agreement between the equilibrium-based model and the prototype PBPK
model. Results were even more divergent after the equilibrium-based model was corrected for a
mis-specification in its methodology (i.e., incorrect calculation of CYP1A2 fold induction). As
with the more complex steady-state PBPK model, many of the parameters used in the
equilibrium-based model were “fitted” to allow the model outcome to correctly duplicate a set of
experimental data. While this allows for the accurate prediction of TCDD disposition under
these particular exposure conditions, the use of fitted parameters to represent biological functions
makes it very difficult to generalize model predictions outside of a particular set of exposure

scenarios (i.e., impacts of high versus low exposure doses).

This is particularly the case when parameters were fitted to a mis-specified model methodology,
as viewed in the biologically impossible results predicted by the “corrected” Evans and Andersen
model using the originally defined parameters. For example, the “corrected” model predicted a
CYP1A2 induction increase exceeding 80-fold, when research studies have indicated that the
maximum induction fold increase, at high TCDD exposure doses, is approximately 20-fold in
rats (Xu et al., 2000). Given the amount of leverage the CYP1A2 induction fold parameter has
on the ultimate outcome (see results of the sensitivity analysis in Section 5.2.3), a four-fold
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difference in this parameter would have serious implications on the empirical validity of the

model results.

The equilibrium-based model was able to closely duplicate the results predicted by the more
complex PBPK model with the adjustment of the Ah receptor binding constant (KB1) to 5 nM
(125-fold higher than the original value of 0.04 nM), the Ah receptor/DNA binding constant (Kd)
to 0.005 nM (10-fold less than the original value of 0.05 nM), and the CYP1A2 induction fold
increase to 16-fold (approximately 5-times less than the original value of 85-fold). While this
updated version of the equilibrium-based model appeared to provide a reasonable representation
of the results produced by the steady-state PBPK model, the biological reality of the updated
values for the parameters selected to “correct” model outcomes is questionable. Many studies
into TCDD-A receptor binding kinetics have indicated that the binding constant (Kd) for
Sprague-Dawley rats is less than 1 nM, if not 0.1 or 0.01 nM, depending on the particular type of
study (Sloop and Lucier, 1987; Tukey et al., 1982; Gasiewicz and Rucci, 1984; Safe, 1988).
Wang et al. (1997) indicated that, as the reported values of the Ah receptor concentration in each
tissue and the dissociation constant of TCDD bound to the Ah receptor from different studies
were different, those values were selected as initial seed values and the final results (e.g., a Kd of
0.1 nM) were obtained by fitting the model to an experimental TCDD tissue distrtbution. While
certainly possible, it is likely that a value of S nM would over-estimate the degree of TCDD
disassociation from the Ah receptor. It is difficult to determine whether the values selected for
the Ah receptor/DNA binding constant and CYP1A2 induction fold increase are biologically
unlikely given the considerable amount of uncertainty surrounding these types of

pharmacodynamic parameters.

While the modified equilibrium-based model may be able to provide a reasonable estimation of
TCDD disposition, it is likely that the inherent uncertainty in its methodology outweighs any
benefits gained by its simplicity. Furthermore, this methodology is only appropriate when
exposure conditions have reached a “quasi” steady-state, and body burden concentrations have
reached an equilibrium plateau. However, given that the elimination half-life of TCDD, based
upon a single dose, can range from 10 to 43 days depending on the rodent species being tested, it
may take some time to reach a steady-state body burden plateau (Delzell et al., 1994). Moreover,
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as the elimination half-life of TCDD in humans is least § years, it could conceivably take well
over 15 years to reach 90% of steady state, and over 30 years to reach 99% of steady state levels
in human populations (U.S. EPA, 1994). As such, it is questionable as to whether an equilibrium-
based model could ever adequately estimate the complex dispositional patterns of TCDD, arising
from typical environmental exposure conditions over an extended period of time. Based upon
these arguments, it is likely that the steady-state PBPK model provides a more appropriate
methodology to address potentially complex exposure conditions, despite the increased level of
uncertainty arising from the higher degree of inherent parameterization. However, one must be
aware that the model assumptions play a dominant role in determining the predicted model
outcomes, and that any uncertainty associated with these assumptions will ultimately affect the

overall validity of the predicted PBPK model results.
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2. Evaluation of the feasibility of using a PBPK model developed using laboratory rodents for
use with the vole sentinel species (i.e., availability of detailed physiological data for the vole
receptors or adequate allometric methodologies to produce equivalent data for the

appropriate biological receptor).

Results of the application of the PBPK model developed using laboratory rodents for use with the
vole sentinel species has indicated that this model methodology appears to provide a reasonably
accurate estimation of chemical-specific disposition and elimination patterns within the vole
sentinel species. Thus, it appears that the vole is a useful and relevant sentinel species to
evaluate the pharmacokinetic and pharmacodynamic issues surrounding the environmental
impacts of PCDD/Fs released as a result of anthropogenic activities. PBPK model systems, such
as the one developed based upon the Wang et al. (1997) methodology, provide valuable tools for
use in long-term environmental monitoring programs such as that in place at the Swan Hills

Treatment Centre.

Uncertainties surroudning the use of this methodology can be attributed to the lack of species-
specific pharmacokinetic and pharmacodynamic parameter information for the vole sentinel
species. While some tissue-specific physiological data, primarily tissue volumes, are available
from the scientific literature and field researchers, there are still significant data gaps in the
physiological data available for voles. In this work, allometric equations developed for similar
rodent species (i.e., the C57BL/6] mouse) were used. However, experimental values of the
parameters related to the ligand-receptor binding (both Ah and CYP1A2) are required to reduce
the inherent uncertainty present within the model outcomes. A number of research labs which
work with Gapper’s red-backed voles were contacted for such information. Unfortunately, none
of them performed this type of detailed analyses. Nor was any of the information discovered
during an extensive review of the scientific literature on the Microtus and Clethrionomys vole

families.

While not currently available, it is likely that this type of information could be obtained for future
expansion of the current research. It would likely require the capture of a number of live red-

backed voles as part of the ongoing monitoring program (or from other stock sources), and
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immediate transport of the live specimens or extracted liver tissues (properly packed for
transport) to a laboratory capable of performing this type of analyses. Obviously, the transport of
live specimens would be preferable (especially given the Ah receptor is notoriously unstable), as
it would allow a more complete characterization of the necessary physiological parameters (e.g.,
tissue weights, fraction of overall tissue volume composed of biood, tissue permeability, etc.), in

addition to the required pharmacodynamic information.

Unfortunately, research has indicated that the vole species are notoriously difficult to maintain
long-term under laboratory conditions, and tend to react detrimentally to extended contact or
captivity (D. Skinner, personal communication, 2000). As such, it would be difficult to do an
extended time-series study of the impacts of TCDD (or other congeners) on voles, so that the
current PBPK models may be better calibrated for this use. However, until this type of
information is obtained, there will still be considerable uncertainty expressed within the outcome

of any PBPK model-based assessment of PCDD/F environmental exposure.
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3. Discussion of the relative strengths and weaknesses of the selected PBPK model for dioxins

and furans. Objective measures of model strength and weakness such as i) robustness, ii)

sensitivity, iii) parsimony, and iv) explanatory value will be evaluated to provide a better

indication of the potential uncertainty related to the application of this particular model

design.

Various model methodologies used to describe the pharmacokinetics of PCDD/Fs within a

biological system each have their own relative strengths and weaknesses, depending on the

exposure scenario. For the current research, a PBPK model and an equilibrium-base model were

evaluated to determine their relative effectiveness in predicting the disposition of PCDD/Fs. The

following criteria, provided in Table 6.1, were used to evaluate the overall appropriateness of

each model in addressing the research objectives. Refer back to Section 3.2.4 for a more detailed

description of each criterion.

Table 6.1 Comparison of Prototype Models based upon Several Validity Criteria.
Criteria Steady-State Model Equilibrium-Based Model
(Wang et al., 1997) {Evans and Andersen, 2000)

Generalizability

With the modification of a few parameters, this
model is able to accurately predict the disposition
of various PCDD/F congeners in a number of
biological test species.

The use of “custom” fitted parameters has greatly
reduced the applicability of this model
methedology outside of the specific scenario it
was designed in.

Internal consistency

Internal diagnostic routines ensure consistency in
variables such as total organism-based blood
volumes. The designed shell system also ensure
consistency for other variables across
compartments (i.e., consistency in Ah receptor
Kd value between tissue groups).

The lower number of assumed parameters allows
for easier maintenance of internal consistency.
However, the original model methodology had
very few “consistency” checks, resuiting in the

mis-specification not being caught by any
QA/QC processes.

Computational
correctness

The original Wang ef al. (1997) model contained
numerous gaps and inaccuracies in the published
methodology. These were corrected through
research into its original source papers and
logical adjustments for biological validity.

The original Evans and Andersen (2000) model
contained a serious mis-specification in the
CYPI1A2 fold induction calculation.

Model form is correct

Once properly developed, the overall model
structure accurately reflected the methodological
objectives.

Once the mis-specification in the original
methodology was corrected, the overall model
structure accurately reflected the methodological
objectives.

Robustness

While the model did initially show significant
instabilities at low exposure doses, this was
corrected through reduction of the model time
step. Once rectified, the model has demonstrated
considerable robustness across doses, chemicais,
and species.

Due to the large number of fitted parameters, this
model had considerable difficulty under differing
input and exposure scenarios.
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Table 6.1

Comparison of Prototype Models based upon Several Validity Criteria.

Criteria Steady-State Model Equilibrium-Based Model
(Wang et al., 1997) (Evans and Andersen, 2000)
Analyses of model results indicate that changes to Wh'lz:ycp;:::g tz. ?"i‘::zcl::‘tei::::?:x t';'dt;::mn
Sensitivity input var?ables appear to have biologically magnitude of C'Y'i;l A2 induction f(;l dis
appropriate changes to model outcomes. incorrectly calculated.
The muiti-compartmental nature of this PBPK . R
methodology allows for a biologically realistic o> iﬁ'gig?:;;ﬁig'?zﬁ'zﬁyﬁ?
Biological realism and and rg[e\imt dcplct_lon of PCDD./F compartments, no modelled movement between
pharmacokinetics. The biological realism does )
relevance . compartments via the blood, etc). Furthermore,
not comple!cly extend to c!elallcd the impacts of absorption, metabolism, and
pharmacodynamic and metabolic processes, excretion are iéno red
which are assumed “lumped” in with excretion. ’
Agreement between Considerable amount of manipulation of the fitted parameters within the equilibrium-based model
different models was required to achieve a reasonable duplication of the disposition outcomes predicted by the

describing the same
process

steady-state PBPK model. However, it is questionable as to whether these adjusted parameters are
biologically realistic.

Heuristic value

A full suite of excellent indicator variables is
available at each significant point in the post-
treatment time series.

A full suite of excellent indicator variables is
available for the one equilibrium state.

Using the original methodology, this model
showed a significant lack of capacity to estimate

Capacity to deal with The model is fully capable of estimating disposition outside of the limited dose levels on
dose-dependent disposition kinetics under dose-dependent which it was built. However, once “corrected”
behaviour conditions. and modified, this model was abie to estimate
disposition kinetics under dose-dependent
conditions.
Due to the more simplistic nature of the model
(as compared to the full PBPK model), it appears
While the model did initially show significant  to be generally free of numerical artifacts. While
Absence of numerical instabilities at low exposure doses, this was not necessarily an artifact or error, the
antifacts corrected through reduction of the model time inefficiencies of using the implicit equation

step. solver to determine blood concentrations does
pose problems (particularly when attempting
Monte Carlo simulations or sensitivity analyses).

Useful in extrapolation to

other conditions

Given the equilibrium-based nature of this
methodology, it is very limited in its ability to
extrapolate to conditions outside of those for
which it was originally designed. As it handles
dose as an internal dose at equilibrium, external
calculations would be required to allow for
assessments using alternative exposure routes or
dose rates.

This model can adequately evaluate relative
absorption, disposition and elimination kinetics
across a variety of exposure routes, doses, and
dose-rates, with very minor adjustiments to its
underlying methodology (many of which were

added during this research project).

Based upon this evaluation of the relative strengths and weaknesses of each model methodology,

it would appear that the steady-state PBPK model provides the more robust, sensitive, and

parsimonious methodology for predicting PCDD/F disposition kinetics in a variety of biological

species.
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6.2 Empirical Issues

1. Evaluate the apparent empirical relationship between the octanol-water partitioning
coefficient (log K ,,) and Bioaccumulation Factor (BAF) or Bioconcentration Factor (BCF)

of dioxins and furans in the vole sentinel receptor.

The octanol-water partitioning coefficient, also referred to as the K, provides an empirical or
experimental representation of the distribution of a particular organic chemicai between water
and an organic liquid phase. All organic compounds have an inherent level of lipophilicity,
which is indicative of their general affinity for lipids (or fats). The more lipophilic (or
hydrophobic) the compound, the larger the K, that would be assigned. Given the large range in
potential K_, values (i.e., 0 to > 1 x 10%), the lipophilicity of a compound is typically presented as
the log of the K. Table 6.2, below, provides an overview of the log K, values for each of the
dioxin and furan congener groups.

Table 6.2 Overview of Log Octanol-Water Partition Coefficient
Values for the key Dioxin and Furan Congeners.

Congener LgK,,*®
Dioxins
TCDD 6.8 (6.1t07.1)
PeCDD 6.64 (6.2107.4)
HxCDD 7.8 (6.851t07.8)
HpCDD 8
OctaCDD 8.2
Furans
TCDF 6.1 (5.6106.79)
PeCDF 6.5 (6.19106.92)
HxCDF 7
HpCDF 7.4
OctaCDF 8

®»  Summarized in U.S. EPA (2000).

Physico-chemical properties have demonstrated that the log K, of an organic compound
increases with the compound’s propensity to accumulate within the tissues of biological
organisms (i.e., due to storage within fats or tissues, the concentrations of the compound within

the organism are greater than the ambient concentrations found in the environment of the
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organism). Based upon this behaviour, compounds with log K, values which exceed 3 are
generally viewed as “bioaccumulative” in nature. Bioaccumulate compounds, such as the
PCDD/Fs, are of particular concern as they concentrate the compound within the organism,
greatly increasing the opportunity for a potentially toxic exposure dose to occur over an extended

period of time (sometimes well after the initial environmental release).

As indicated by Table 6.2, as the degree of chlorination increases, the log K, and lipophilic
tendencies of a particular congener also increase (if one ignores the potential impacts of
solubility and gastric absorption on congener-specific bioavailability). Based upon this pattern,
one would expect the degree to which a particular congener bioaccumulates within an organism
would also increase with degree of chlorination (e.g., one would expect the OCDD/Fs to be more
bioaccumulative than the TCDD/Fs). However, if one evaluates the vole-to-plant
bioaccumulation factors (BAFs) calculated based upon the SHTC environmental monitoring data
(refer to Tables 5.4 through 5.6), it becomes quite evident that the PecCDD/Fs and HxCDD/Fs are
far more bioaccumulative than their HPCDD/F and OCDD/F counterparts. As this behaviour
would typically be counter-intuitive, obviously there are other factors in addition to the
lipophilicity of the compound which impact upon the disposition and rate of elimination of these

congeners.

As previously discussed, research has demonstrated that the variable ligand-receptor binding of
the PCDD/F congeners to CYP1A2 results in a significant sequestration/accumulation of the
compound within the liver. This sequestration temporarily prevents the metabolism (if
applicable) and excretion of a large portion of the internal congener dose; thus leading to a much
greater degree of bioaccumulation within the organism than would be expected through
lipophilicity partitioning to adipose tissue depots alone.

Of all the congeners, the PeCDFs and the HxCDFs appear to have the greatest affinity to
CYP1A2, resulting in a much larger degree of sequestration and accumulation, than their weakly
binding, higher-chlorinated counterparts. This makes the weaker binding, higher-chlorinated
congeners relatively more susceptible to metabolic breakdown and/or excretion in mammalian

systems, typically leading to a much lower degree of bioaccumulation once the congener has
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been mobilized from adipose tissue stores (i.e., through stress or elevated activity). Other issues,
such as the gastric bioavailability (or lack thereof) of the higher-chlorinated congeners (i.e.,
OCDD/Fs), also impact upon the degree to which a particular congener will accumulate with a

particular biological organism.

As such, the apparent toxicity of compounds such as PCDD/Fs (i.e., a biological endpoint) can
never be simply related to their inherent lipophilicity as described by its log K, (a physio-
chemical parameter), but requires a more significant evaluation of the toxicokinetics and

toxicodynamics of the particular congener being assessed (i.e., through the use of PBPK
modelling).
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2. Evaluate whether the Toxic Equivalency Factors (TEFs) for dioxins and furans provide a
suitable surrogate for toxicity in the vole species, considering such parameters as chemical

bioavailability, pharmacokinetic factors, and toxicodynamic equivalency.

Based upon the current research, it is likely that pharmacokinetic and pharmacodynamic
differences between the vole and the Sprague-Dawley rate may result in significant implications
on PCDD/F toxicodynamic equivalency in an environmental setting. For example, a larger
proportion of the persistent 4-PeCDF congener appears to become sequestered in the liver of the
vole, than observed in its rat counterpart, when scaled on a species-specific basis to the TCDD
benchmark (see Table 5.21). While the adipose tissue can be viewed as a temporary depot for
PCDD/F concentrations (easily mobilized under stress or elevated activity), 4-PeCDF appears to
bind tightly to the CYP1A2 in the liver, causing the liver to serve as a ligand sink, binding and
effectively removing free 4-PeCDF from the general body circulation until CYP1A2 protein
turnover and/or slow ligand disassociation occurs. The same pattern is observable with TCDD

and the other Ah-responsive congeners, though to a lesser extent.

As noted previously, the overt signs of toxicity in animals from exposures to chlorinated dioxins
and furans are characterized by a general wasting syndrome, with an overall loss in body weight,
even though food consumption is normal. These effects are typically accompanied by wide-
ranging impacts upon the functions of the immune, reproductive, adrenocortical, and thyroid
endocrine systems. These toxic outcomes have been largely traced back to ligand-receptor
interactions between the PCDD/Fs and the Ah receptor, resulting in a cascade series of systemic
impacts (e.g., inhibition of glucocorticoid-regulated enzymes, abnormal impacts on levels of
growth factor receptors, antiestrogenic impacts mediated through receptor-based “cross-talk”,

etc.).

As these toxic outcomes appear to be mediated by Ah receptor ligand interactions principally
within extrahepatic tissues (e.g., thyroid, adrenal cortex, reproductive organs, thymus, spleen,
etc.), it is likely that a high degree of ligand sequestration within the liver (as denoted by a high
liver-to-fat ratio) would result in less “free” ligand available in the body circulation to bind to Ah
receptors in these tissue organs. Accordingly, the lower number of ligand-receptor binding
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events would result in fewer AhR-mediated toxic outcomes, decreasing the overall apparent

systemic toxicity of the administered congener dose.

This variability in inter-species (and even inter-strain) toxicity has been observed in a number of
toxicity studies. For example, the acute LD, values of PCDDs in guinea pig and various rat
strains have been shown to follow the typical order (and accordingly, potency) predicted by their
TEF values. However, in the resistant Hann-Wistar rat strain for example, the order of potency
for male and female rats was 1,2,3,4,7,8-hexaCDD > 1,2,3,4,6,7,8-heptaCDD > 1,2,3,7,8-
pentaCDD > TCDD. The data from these studies indicate that 1,2,3,4,6,7,8-heptaCDD was
slightly more acutely toxic than TCDD in Hann-Wistar rats, whereas in other rat strains and the
guinea pig, TCDD is at least 100 times more toxic than 1,2,3,4,6,7,8-heptaCDD (Safe, 1998b).
For example, acute LD, values for TCDD in guinea pigs, the most sensitive species tested,
ranged from 0.6 to 2.1 pg/kg bodyweight (Schwetz et al., 1973; McConnell et al., 1978), while
an LD, value for the hamster, the least sensitive species tested, was determined to be 5000 pg/kg
bodyweight (Olson et al., 1980; Henck et al., 1981). In addition to differences in relative
adiposity, research has demonstrated that differences in ligand-receptor binding affinity to the Ah
receptor (Poland and Glover, 1990; Poland er al., 1994), as well the degree to which the congener
is sequestered in the liver through binding to CYP1A2 protein, can result in significant species-

and strain-specific differences in potency.

This hypothesis has considerable implications on the selection of representative TEFs for specific
PCDD/F congeners for environmental sentinel species, such as the red-backed vole. For the
most part, TEF values are established based upon in vivo and/or in vitro laboratory assays using
species such as the Sprague-Dawley rat. Therefore, if the red-backed vole is less sensitive to the
4-PeCDF congener than the rat, due to its higher degree of hepatic sequestration or more rapid
metabolism and excretion, it is likely that the established TEF would also overestimate the toxic
potential of 4-PeCDF in the vole sentinel species. Given the 4-PeCDF congener represents the
vast majority of both the mass- and TEF-based concentration of PCDD/F measured in biota
surrounding facilities such as the SHTC (see Table 5.4), a systemic over-estimation of the TEF
for the 4-PeCDF congener would have significant impacts on the outcome of an environmental

risk assessment, based upon the red-backed vole as a sentinel species.
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3. Evaluate the “fractionation”’ characteristics of the dioxin/furan congener emission mixtures
in both the environment and within the vole receptor, on a (i) mass ratio and (ii) TEQ ratio.
More specifically, the relative congener and isomeric ‘fingerprint” breakdown of dioxin
and furan concentrations present in both environmental (e.g., water, soil, and sediment) and
biological (e.g., Labrador tea plants and voles) sinks are highly dependent upon a variety
factors. For example, each specific congener group has differing physico-chemical
properties, leading to differing physiological disposition, metabolism and ultimately
toxicological impacts on biological receptors, such as the red-backed vole. These
“fractionation’’ characteristics provide much of the basis for the TEQ methodology for

evaluating the toxicity of individual dioxin-like congeners as an overall functional group.

When evaluating the PCDD/F congener-specific fractionation characteristics in both the
environment (using Labrador tea as a surrogate for ambient environmental concentrations) and
the vole sentinel receptors, at each of the three primary monitoring sites (i.e., sites 11, 107, and
114), an interesting pattern emerges (see Table 5.4 and Figures 5.7 and 5.8). Environmental
sampling conducted on Labrador tea indicates that 2,3,7,8-TCDF dominates the congener
fingerprint pattern on a mass basis, typically representing between 50 and 60% of the total
PCDD/F mass, with 2,3,4,7,8-PeCDF representing a further 10 to 20% of the total PCDD/F
mass. As expected, this particular congener-specific pattern closely mirrors the PCDD/F
emission pattern of the SHTC facility, arising from the PCB incineration process (Ferguson,
1998). However, when these congener-specific concentrations are adjusted to TCDD TEQ-
equivalent concentrations, 2,3,4,7,8-PeCDF typically dominates representing between 45 and
60% of the total TEQ-adjusted PCDD/F concentration, with 2,3,7,8-TCDF a close second
(typically 30 to 40% of the total TCDD TEQ-eqivalent concentration).

When one examines the congener-specific pattern observed in the vole samples, 2,3,4,7,8-PeCDF
is by far the most important congener, typically representing 65 to 80% of the total PCDD/F
mass, with the HxCDF isomeric group providing approximately 10% of the total PCDD/F mass,
and TCDF less than 5% of the total congener mass. On a TEQ-equivalent basis, the 2,3,4,7,8-
PeCDF congener represents more than 90% of the total. While the TCDF congener was a heavy

contributor to the pattern viewed in ambient concentrations, the lack of hepatic sequestration and
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its rapid excretion rate resulted in no significant disposition in the voles over time. The
2,3,4,7,8-PeCDF congener, on the other hand, was heavily stored in the liver due to CYP1A2
sequestration, which resulted in significant bioaccumulation and dominance of the overall mass-
and TEQ-based congener-specific fractionation within the vole. As such, this particular pattern

is as expected based upon the research presented in this project.

Interestingly enough, the congener-specific fingerprint patterns do not appear to differ
significantly in relative contribution percentages, for both mass- and TEQ-based concentrations,
between pre-incident (summer 1996) and post-incident (winter 1996), for either biota sampling
set. The only noticeable differences in the pattern are the significant elevation in ambient
PCDDY/F, particularly the PCDF congeners, in post-incident biota sampling when compared to
those observed immediately prior to the October 1996 release incident, and the slightly elevated
environmental concentrations of 2,3,7,8-TCDF. Both of these observations are consistent with

stack monitoring data during and immediately following the October 1996 incident event.

During the incident, dioxin concentrations were ten times higher than normal, while HxCDDs,
which normally accounts for 33% of dioxin emissions, were not present during the process gas
release. Overall, the concentrations of total dioxin were also much higher during the release

(2.5 pg/m’ versus 4.9 ng/m*) when compared to normal operational conditions (CanTox, 1998).
Furthermore, the typical incinerator stack gas composition demonstrates that PeCDFs and
HxCDFs are important emission constituents, accounting for a majority of total furans on a mass
basis. However, during the incident, the TCDF congener was a more important emission
constituent, accounting for approximately 47% of the total furans in the stack gas (as opposed to
16% under normal conditions). As with the dioxins, the concentrations of total furans were
much higher during the incident release than under normal operational specifications (520 pg/m’
versus 56 ng/m’ in normal stack gas) (CanTox, 1998). As such, the similar but elevated PCDD/F
congener-specific concentration pattern and the observable spike in TCDF concentrations noted
in the winter 1996 ambient sampling data can be directly linked to the congener-specific
emission pattern arising from the October 1996 incident event. A more detailed discussion of the
incident emissions and the corresponding environmental congener-specific fingerprint can be

found in this researcher’s Masters thesis report (Ferguson, 1998).
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6.3  Application Issues
1. Discuss the implications of research results on mammalian (both vole and human) risk
assessments, and the applicability of laboratory developed TEF values under environmental

conditions.

In the past, hazard and risk assessment of PCDD/Fs have focused on the quantitation of TCDD
concentrations in various environmental media. However, with development of high-resolution
analytical techniques coupled with studies on structure-toxicity relationships, it has become
apparent that the bulk of the toxicity induced by most PCDD/F mixtures is not due to TCDD
alone, but has significant contribution from other less-studied congeners. Furthermore, as
confirmed in sampling done as part of the SHTC monitoring program, TCDD has been
demonstrated to represent only a very small portion of the overail PCDD/F mass present in the

environment (typically < 1%).

As a result, the complex nature of environmental mixtures of persistent organic pollutants, such
as PCDD/Fs and PCBs, greatly complicates the task of risk evaluation for humans, fish, and
wildlife. For this purpose, the concept of toxic equivalency factors (TEFs) was developed and
introduced to facilitate risk assessment and regulatory control of exposure to these mixtures.
While widely accepted, it is also generally understood that the TEF concept is based on
assumption that the individual compounds all act through the same biologic or toxic pathway
(i.e., Ah receptor mediated effects), and that the combined effects of the different congeners are

dose or concentration additive.

While many studies support this assumption (summarized in Van den Berg et al., 1998), research
has indicated that the TEF for each 2,3,7,8-substituted congener compared to TCDD is variable
among cell types, laboratory animal species, target organs, and responses. For example, recent
studies done by Safe (1998¢) with immunotoxicity-derived TEFs for several HAHs in mouse
models has indicated that the TEFs for inhibition of the plaque-forming cell response to
trinitrophenyl-lipopolysaccharide by 2,3,4,7,8-pentachlorodibenzofuran in C57BL/6, DBA/2, and
B6C3F 1 mice varied by approximately 7-fold, and in some assays this congener was more
potent than TCDD. Over a broader spectrum of responses, TEFs for individual PCDD/PCDF
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congeners have been shown to vary by over 100-fold (Safe, 1998c). As such, the broad range of
potencies for a specific congener compromises the use of a single TEF for this congener and may
over- or underestimate the calculated TEQ for a mixture. While this overall variability in
calculated TEF values is due to many factors, it is primarily a result of the differential

pharmacokinetics and metabolism of HAHs in different exposed species.

Given this variability in potency values and the potential implications this variability has on the
predictive power of human and ecological risk assessments, validation of its applicability under
mixture conditions typically observed in the environment, becomes a vital concern. Validation
of the TEF value can be investigated by determining the in vitro or in vivo toxicities of
reconstituted mixtures of PCDDs and PCDFs and comparing their observed versus calculated
potencies. In a limited number of validation studies using mixtures, a good correlation was
found between the observed in vivo or in vitro response and TEQ values calculated from the
relative concentrations of individual congeners in the mixture using multiple end points (Van den
Berg et al., 1998; Schrenk et al., 1990; Eadon et al., 1986). However, for more complex
mixtures containing compounds that act through multiple pathways to give both similar and
different toxic responses, recent thought is that the TEF/TEQ approach may not be appropriate
(Safe, 1998c). For example, even for PCDDs/PCDFs, there is some evidence that TEFs do not

always predict relative congener potency in different rat strains (Pohjanvirta et al., 1995).

Several studies have also demonstrated that the coplanar PCBs (i.e., 3,3°,4,4 -tetra-,
3,3°,4,4",5-penta, and 3,3",4,4°,5,5" -hexachlorobiphenyl) bind to the AhR and induce a broad
spectrum of AhR-mediated biochemical and toxic responses (summarized in Safe, 1994).
Provisional TEFs have been proposed for coplanar and mono- ortho coplanar PCBs and these
values are used routinely for determining total TEQs in risk assessments (Van den Berg et al.,
1998). While the relative TEQ contributions of different classes of HAHs are variable, there are
numerous examples that demonstrate that PCB TEQs contribute >50% of total TEQs (Safe,
1998c).

While many of these PCBs integrate well into the TEF approach, one of the major problems
associated with the TEF approach for HAHs is the potential nonadditive antagonistic interactions
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between AhR agonists (i.e., PCDDs/PCDFs and certain PCBs) and PCB congeners that exhibit
response and cell/species-specific antagonistic activity. Table 6.3, below, provides a few
examples of the antagonistic impacts of various HAHs have on the AhR-mediated HAHs, such
as TCDD.

Table 6.3 Examples of Antagonistic Interactions of Halogenated Aromatic
Hydrocarbons through Inhibition of TCDD or 3,3'4,4',5-PentaCB-induced
Responses (Safe, 1998¢c).

Antagonists Antagonistic Response (Animal Cell)
1,3,6,8-TetraCDF

2,3,6,8-TetraCDF AHH/EROD activities (H4lIE cells)
Aroclor 1254

2,2.4,4' 5 6-HexaCB EROD activity (chick embryo hepatocytes)
2,2',5,5-TetraCB Luciferase activity (mouse and rat cell lines)

Aroclors 1232, 1242, 1248, 1254, and 1260

Reconstituted PCB mixtures

1,3,6,8-TetraCDF

2,3,3'4,5"-PentaCB

2,3,3'4,4'5-HexaCB Splenic plaque-forming cell response to sheep red blood cells or
2,3,3'4,5,5-HexaCB trinitrophenyl-lipopolysaccharide (mouse strains)
2,3,4,4'5,6-HexaCB

2,2'.4,4'5,6'-HexaCB

22'4.4'6,6'-HexaCB

2,244’ 55-HexaCB

22.44'55-HexaCB Serum IgM units (mice)

Aroclor 1254

2,2',5,5-TetraCB Fetal cleft palate and hydronephrosis (mice)
2,2'4.4'5,5-HexaCB

2,2°'44'5 5-HexaCB Chick embryotoxicity, maiformations ,edema, liver lesions

For example, 2,2°,4,4°,5,5 -hexachlorobiphenyl (PCB 153), a major persistent congener in
environmental samples, inhibits the following TCDD or 3,3°,4,4',5-pentachlorobiphenyl-induced
responses: 1) induction of ethoxyresorufin O -deethylase activity in chick embryo hepatocytes; ii)
inhibition of the plaque-forming cell response to sheep red blood cells in mice; iii) inhibition of
the plaque-forming cell response to trinitrophenyl lipopolysaccharide in mice; iv) inhibition of
serum [gM units in mice; v) induction of fetal cleft palate in mice; vi) induction of chick embryo
malformations; vii) induction of chick embryo edema; viii) induction of chick embryo liver

lesions, and; ix) induction of fetal hydronephrosis in mice (Safe, 1998¢).
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While not discussed directly in the current research project, the implications of such antagonistic
HAHs on the ligand binding kinetics and overall tissue-specific disposition of PCDD/Fs are quite
far-reaching. Humans and wildlife are constantly environmentally exposed (primarily through
diet) to complex mixtures of these persistent HAHs. Hazard and risk assessment of these
mixtures is a difficult process and the TEF approach has been utilized to attempt to address these
issues. However, these nonadditive interactions, coupled with the unusually broad range of TEF
values observed for some PCB congeners (e.g., 3,3,4,4 -tetraCB), compromises the utility of the
TEF approach for hazard and risk assessment of HAHs that contain PCBs (Safe, 1998c).

These and other uncertainties that impact upon the applicability and utility of the TEF concept
(e.g., differences in shape of the dose-response curve, species responsiveness, efc.) were
discussed in detail at an expert meeting organized by the World Health Organization (WHO) and
held in Stockholm on June 15-18, 1997. In spite of these uncertainties, it was concluded that the
TEF concept is still the most plausible and feasible approach for risk assessment of HAHs with
dioxin-like properties. In view of the available scientific evidence from studies with mixtures, it
was concluded that it is unlikely for the use of this additive model to result in a great deal of error
in predicting the concentrations of TCDD-TEQs or responses at environmentally relevant levels

due to non-additive interactions (Van den Berg er al., 1998).

Despite these assurances, these uncertainties may have significant implications on the predictions
of toxicological impacts in environmental risk assessments. For example, based upon the tissue
sampling conducted on voles living in the area surrounding the SHTC following the October
1996 release incident, the PCDD/F and PCB whole body concentrations (on a TEQ-basis) were
sufficiently elevated as to result in the prediction of an observable population-wide negative
impact on reproductive success. However, vole populations levels have actually increased in the
years following the incident, with no obvious short- or long-term deleterious impacts appearing

as a result of the significant short-term increase in environmental HAH levels (Chem-Security
Ltd, 1999).

Obviously there is still a significant amount of uncertainty present in the current TEF
methodology, likely arising from some of the inter-species pharmacokinetic and
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pharmacodynamic issues identified in the current research project. Therefore, while the
prediction of TEQs according to the TEF model is considered to be plausible and to be the most
feasible approach for risk assessment of HAHs with dioxin-like properties, given these
uncertainties, the application of TEFs to evaluate overall toxicity in environmental risk
assessments of facilities such as the SHTC must be made with caution. As aptly concluded by
Safe (1998c), TEFs/TEQs for HAHs must be used very selectively, and more research on the
utility, applications, and limitations of this method should be conducted.
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2. Using uncertainty analyses, evaluate the potential impacts of leverage variables on the

PBPK model, and accordingly the results of a health assessment involving these variables.

Results of the uncertainty analyses conducted on the steady-state PBPK model for the Sprague-
Dawley rat provided some very interesting indications of the key leverage variables, and the
relative dose-dependencies involved. At low doses, general physiological parameters (i.e., body
weight, biliary excretion rate) and compartment-specific equilibrium ratios play the most
significant role in TCDD disposition. However, as the exposure dose increases (i.e., above the
0.1 pg/kg bodyweight level), ligand-receptor pharmacodynamics appear to become the dominant
factor, with binding kinetic parameters providing the largest leverage on the model outcome. At
the lower doses (i.e., around the 0.316 ug/kg bodyweight dose level), the CYP1A2 binding
kinetic parameters appear to play the largest role in model outcome. While at the more elevated
doses (i.e., around the 1 pg/kg bodyweight dose level), the contribution of Ah receptor binding
parameters to overall variance in TCDD disposition has a dominant impact on model outcome.
Finally, as the administered dose increases beyond the 3.16 pg/kg bodyweight dose leveli, the
contribution to variance from ligand-receptor parameters returns to the levels observed at the
very low doses (i.e., 0.1 ug/kg bodyweight), while the parameters retated to compartmental
permeability, as well as TCDD absorption and elimination, become the key leverage varniables in

the pattern of TCDD whole-body disposition.

This dose-dependent pattern of leverage parameter impacts on TCDD disposition is as expected
based upon the research presented in this paper. At low doses, there are not sufficient levels of
TCDD within the body to result in significant occupancy of the Ah receptors or CYP1A2
proteins. Furthermore, the levels of TCDD-Ah receptor complexes are too low to result in a
significant induction of CYP1A2 protein levels. As such, TCDD disposition is controlled by
tissue-specific equilibrium and permeability parameters related the lipophilicity of the

compound, as well as relative rates of elimination via urinary and fecal/biliary excretion.

However, as the concentration of TCDD within the organism increases, the Ah receptor
occupancy level increases leading to further induction of CYP1A2 protein within the liver. The
binding to the Ah receptor and CYP1A2 protein results in sequestration of the TCDD within the
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liver, dramatically impacting upon the whole-body disposition and elimination pattern. This
hepatic sequestration results in CYP1A2 binding kinetic parameters (primarily the concentration
resulting in half maximum induction folds) initially playing the largest role in TCDD disposition.
It is important to remember that the Ah receptor is a constitutive high affinity, low-capacity
receptor, while CYP1A2 are inducible, low-affinity, and high-capacity receptor proteins. As
such, as the concentration of ligand increases, the Ah receptors become more saturated and result
in significant induction of CYP1A2 protein in response. Thus, at concentrations approaching
levels which result in saturation of available Ah receptor, ligand-Ah receptor binding kinetics

become a dominant factor over those related to CYP1A2 sequestration.

Similar results were observed in sensitivity analyses conducted by Evans and Andersen (2000) on
Sprague-Dawley rats. Their research indicated that, at elevated doses nearing 0.1 pg/kg
bodyweight, the inflection point indicative of the major shift in liver-to-fat ratio was more related
to characteristics of DNA binding/induction steps of the Ah receptor-DNA complex than by the
CYP1A2 affinity of TCDD or concentrations of CYP1A2.

Finally, once the concentration of TCDD within the body reaches a sufficient level as to result in
complete saturation of both the available Ah receptors and CYP1A2 protein pool, remaining free
TCDD can no longer be sequestered within the liver and pharmacokinetic processes (primarily
compartmental permeability and TCDD absorption and excretion rates) begin to dominate its

disposition throughout the body (i.e., disposition in the adipose tissue increases as the liver-to-fat

ratio begins to fall).

Given the obvious importance of ligand-receptor pharmacodynamics on the dose-dependent
nature of PCDD/F absorption, disposition, metabolism, and excretion, it is vital that any inherent
uncertainty within these pharmacodynamic parameters be minimized. Results of the
uncertainty/sensitivity analyses indicate that the pharmacodynamic parameters which have the
greatest impact on PCDD/F disposition are: concentration to cause half of the maximum
CYP1A2 induction folds; maximum CYP1A2 induction folds over the basal rate; Ah receptor
binding capacity in each of the key compartments; CYP1A2 physiological delay time, and; the
Hill coefficient (see Tables 5.13 and 5.14). Unfortunately, these parameters are also the most
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difficult to characterize, not only on a chemical-specific basis, but particularly on a species-
specific basis. While QSAR research provides significant promise in bridging these data gaps, a
considerable amount of research is still required to better characterize the uncertainty inherent

within these key leverage variables.
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3. Discuss the value of the results of the research as well as future empirical research needs.

Based upon a limited set of validation exercises, it appears that the current research has
successfully developed an integrated PBPK model system for evaluating the absorption,
disposition, metabolism, and excretion of key PCDD/F congeners (i.e., TCDD, TCDF, 1-PeCDF,
and 4-PeCDF) in three separate test organisms (i.e., the Sprague-Dawley rat, the C57BL/6J
mouse, and the Gapper’s red-backed vole). As a result of the research, significant differences in
tissue-specific disposition of key congeners (i.e., TCDD and 4-PeCDF) has been noted between
the laboratory rat and the vole. These differences have significant implications for the
application of congener-specific TEF values, and the overall predicted toxicity (on a TCDD-TEQ
equivalency basis) to the vole population evaluated as part of an ongoing environmental risk

assessment process.

As noted previously, there are a number of uncertainties and conservative assumptions inherent
within the development of the current PBPK modelling system, especially as it pertains to the
red-backed vole. In addition to the relative strengths and weaknesses of the selected PBPK

model discussed previously, other areas of uncertainty include:

»  Due to the limited data set on which the model was developed, the appropriateness and
accuracy of the model predictions at very low and very high doses has not been validated.

»  Due to a lack of species-specific data, many of the pharmacokinetic and pharmacodynamic
parameters used for the red-backed vole were based upon those used for the C57BL/6J
mouse (based upon similar size and body composition). Given the lack of time-series
congener-specific data for vole, it is difficult to determine whether these parameter
selections are appropriate or not.

» Differences in pharmacokinetic disposition due to the chemical-specific lipophilicity were
incorporated into the model by using a lipophilicity adjustment factor calculated for each
congener based upon the ratio of its octanol-water partition coefficient (K,,) to that of
TCDD. While likely an acceptable measure of variability in tissue-to-blood equilibrium
ratios, more accurate data can be easily gathered through simple tissue-based assays.
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» Based on the similarities in lipophilicity of the assessed congeners, the fraction of the total
dose absorbed (K,,,) via the GI tract was assumed to be equal to that used for TCDD. While
likely reasonable for these congeners, such an assumption would be highly inappropriate for
the higher chiorinated congeners should they be assessed with the current model
methodology (i.e., research has demonstrated that very little of the OCDD and OCDF
congeners is absorbed through the gut wall and is quickly excreted following an oral
administration dose).

» Ahand CYP1A2 ligand-receptor binding affinities (K values) were estimated and modelled
based upon their relative differences to the TCDD base ligand. Due to the lack of suitable
chemical- and species-specific pharmacodynamic data, this is likely the largest source of
uncertainty in the current model methodology.

»  Congener-specific metabolism (specifically CYP1A1 modulated) was included as part of the
overall urinary and biliary/fecal excretion rates, and excretion half-lives were used to
calculate chemical-specific excretion rate adjustment factors. Depending on the
administered dose and treatment scenario, excretion half-lives can vary dramatically from

study to study and species to species.

Results of the model-based uncertainty/sensitivity analyses indicates that one would get the most
“bang for your buck” by investing resources into gathering more detailed pharmacodynamic
information related to Ah and CYP1A2 ligand-receptor interactions (i.e., concentration to cause
half of the maximum CYP1A2 induction folds; maximum CYP1A2 induction folds over the
basal induction rate; Ah receptor binding capacity in each of the key compartments; CYP1A2
physiological delay time, and the Hill coefficient). As indicated previously, these parameters are
also the most difficult to characterize, not only on a chemical-specific basis, but particularly on a
species-specific basis. While QSAR research provides significant promise in bridging these data
gaps, a considerable amount of research is still required to better characterize the uncertainty

inherent within these key leverage variables.

On important issue for resolution in future research is the conversion of the model basis to allow
for a better approximation of whole body concentrations under chronic dosing conditions. The

current mode is designed based upon an initial acute oral bolus exposure to a particular
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congener, and appears to be able to effectively predict short-term whole body concentrations
when faced with sudden elevated ambient PCDD/F levels (i.e., immediately following a release
incident). However, the model is less successful in predicting body loads when the vole is
chronically exposed to low levels of PCDD/Fs, particularly when assessing the more
bioaccumulative congeners (i.e., TCDD, 4-PeCDF, and some HxCDFs). This discrepancy is
obvious when one compares modelled vole-to-plant BAF values to those estimated based upon
environmental sampling (see Tables 5.28 and 5.29). Given their much longer
metabolic/excretion half-lives, elevated concentrations of the bioaccumulative congeners would
concentrate in the liver and adipose tissue over time. While short-term levels may not be
sufficiently elevated as to result in a threshold-based toxic outcome, bioaccumulation of these
congeners may result in significant toxicological impacts in the longer term. Unfortunately, the
version of the PBPK model used in the current research is unable to assist in the assessment of

these risks.
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7.0 CONCLUSIONS

Exposure concentrations of contaminants found in air, water, soil, dust, food, or other
environmental media to which populations are in contact are typically the dose scales most
commonly used when evaluating potential health effects for environmental or occupational
pollutants. However, research has indicated that external exposure is often only a rough
approximation for the overall intemal exposure delivered at the critical target sites in the body.
This discrepancy can have significant implications on the overall toxicity manifested based upon

a given environmental concentration and exposure scenario.

Pharmacokinetic models have been shown to provide the much needed functional relationship
between external measures of chemical exposure and internal, target tissue measures of exposure
to the actual toxic moiety. Accordingly, physiologically based pharmacokinetic modelling has
become a scientifically attractive method of conducting this aspect of toxicological risk
assessment. A number of recent toxicological evaluations (e.g., arsenic, trichloroethylene,
benzene, etc.), conducted by the U.S. EPA, have incorporated PBPK modelling in its decision
making process. This methodology has been shown to be particularly appropriate for the
evaluation of the potential impacts that pharmacokinetics and pharmacodynamics may have on

the ultimate toxicity of persistent organic pollutants, such as dioxins and furans.

Around midday on July 10", 1976, an explosion occurred in a 2,4,5-trichlorophenol reactor of
the ICMESA chemical plant on the outskirts of Meda, a small town about 20 kilometres north of
Milan, Italy. A toxic cloud containing TCDD and other related compounds was accidentally
released into the atmosphere. The “dioxin” cloud contaminated a densely populated area about
six kilometres long and one kilometre wide, lying downwind from the site. This event became
internationally known as the Seveso disaster, after the name of a neighbouring municipality that
was most severely affected. The Seveso accident, in addition to the outcry arising from the U.S.
military’s use of dioxin-contaminated Agent Orange during the Vietnam war, triggered a rarely
precedented global surge of interest in one single class of chemical substances, the
polyhalogenated dibenzo-p-dioxins and dibenzofurans. One member of this group of several

200



hundred individual compounds, TCDD, suddenly became the focus of media attention and in the

ensuing years dominated the public debate all over the world.

This public interest and scrutiny has resulted in a considerable amount of research into the
dispersion, deposition, and bioaccumulation of these compounds in the environment.
Unfortunately, the history of PBPK modelling use by regulatory agencies, such as the U.S. EPA,
is a rather checkered one. In Apnil 1991, EPA announced that it would undertake a reassessment
of the risks of exposure to dioxin. When released in draft form in 1994 (U.S. EPA, 1994), most
of the chapters in the reassessment had been appropriately reviewed at peer review workshops.
Strangely, Chapter 9 - “Risk Characterization of 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)
and Related Compounds™ was not subjected to early peer review and did not appear to have the
significant involvement of anyone in the scientific community outside the EPA. In particular, a
group of well-known dioxin researchers stated that “[t]he conclusions in the EPA’s current risk
characterization are thus heavily dependent upon many unproven assumptions and untested
hypotheses that deserve careful scrutiny by the scientific community” (Conolly, 1994). In
response to the criticisms put forward by the EPA's own Science Advisory Board (SAB), public
comments, and newly available scientific information EPA has been working to revise and
update the 1994 draft, and recently issued a revised draft document (U.S. EPA, 2000) which
provides a more complete review of the current state of scientific knowledge surrounding the

pharmacokinetics and pharmacodynamics of dioxin.

In an effort to provide an on-going assessment of the potential environmental impacts related to
the inadvertent release of these anthropogenic compounds, regulatory agencies (in response to
public concern) have also mandated that extensive long-term monitoring programs be typically
undertaken, as part of the facility approval and operation licence. These programs endeavour to
monitor and assess emission releases, as well as measure ambient environmental concentrations
in a variety of key sentinel biota species (e.g., red-backed voles, Labrador tea, moss, efc.), to
provide a better indication of the current and future human and ecological health risks related to

facility emissions.
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While emission release and dispersion kinetics play a significant role in the ultimate congener-
specific fingerprint observed in environmental biota, as discussed previously, pharmacokinetics
can have considerable impact on congener-specific disposition, metabolism and excretion rates.
Alteration of the disposition and elimination behaviour of a particular congener can have
particularly significant implications on tissue-specific sequestration. Given the importance of
these congener-specific differences on the overall toxicity observed in a variety of species, it is
vital that a reasonably accurate model of the congener-specific pharmacokinetic and
pharmacodynamic processes be developed to better characterize the toxicodynamic properties of
the compound. This would also allow for a truer evaluation of the appropriateness of the
congener-specific TEF values used as part of the toxicological risk assessment process, on a

species-specific basis.

Results of the current application of the PBPK model developed using laboratory rodents for use
with the vole sentinel species has indicated that this model methodology appears to provide a
reasonable estimation of chemical-specific disposition and elimination pattems within the vole
sentinel species, at least under short-term acute exposure scenarios. Accordingly, it appears that
the vole is a useful and relevant sentinel species to evaluate the pharmacokinetic and
pharmacodynamic issues surrounding the environmental impacts of PCDD/Fs released as a result
of anthropogenic activities. PBPK model systems, such as the one developed based upon the
Wang et al. (1997) methodology, may provide valuable tools for evaluating data from long-term

environmental monitoring programs, such as that in place at the Swan Hills Treatment Centre.

However, the current PBPK modelling systems still have a considerable amount of inherent
uncertainty associated with the parameter and methodological assumptions. Research is
continuing to attempt to provide a better comprehension of the intricate ligand-receptor
mechanisms at play within hepatic and extrahepatic tissues, particularly at the P450 isozyme
molecular level. While great strides forward have been taken in the past decade, it is only
through further detailed research into the pharmacokinetic and pharmacodynamic properties of
these compounds, will a more accurate and precise understanding of the disposition and ultimate
toxicity of these intriguing persistent organic pollutants be achieved.
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APPENDIX A

Detailed Overview of Mathematical Equations
used in Prototype PBPK Models

224



A-1.0 Prototype Steady-State PBPK Model (Wang et al., 1997)

The following section provides the detailed mathematical equations used in the development of
the prototype steady-steate PBPK model for the current research on PCDD/F pharmacokinetics.

The model methodology is based upon the Wang et al. (1997) published model, with a

considerable amount of information added (based upon other published source material) to fill in

gaps in the methodology provided by the Wang er al. (1997) source paper.

Figure A-1 A schematic representation of the equilibrium TCDD PB-PK model

(Wang et al., 1997)
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TCDD Distribution in a Generic Tissue Compartment

Figure A-2 TCDD Distribution in a Generic Tissue Compartment

(Wang et al., 1997)
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The total concentration of TCDD in a typical intracellular domain can be simulated as:

| (S A [ I Y I

Cr= foCrr + frip Clip+ fas Can + Csp1 + Cib2

Total concentration of TCDD in the intracellular tissue (nmoles/g tissue)
Concentration of TCDD in the water fraction of the tissue (nmoles/g tissue)
Concentration of TCDD in the lipid fraction of the tissue (nmoles/g tissue)
Concentration of TCDD non-specifically bound in the tissue (nmoles/g tissue)
Concentration of TCDD bound to resident Ah receptors (nmoles/g tissue)
Concentration of TCDD bound to resident CYP1A2 (nmoles/g tissue)
Water-filled volume fraction in the tissue compartment (unitless)

Lipid-filled volume fraction in the tissue compartment (unitless)

Volume fraction of linear binding constituents in the tissue compartment
(unitless)

The concentration of TCDD bound to proteins and other cellular constituents (C,) can be

calculated as:

Cw=KiCrr
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Where:
K, = the linear binding constant for that tissue compartment (unitless)
Therefore, the concentration of TCDD non-specifically bound to proteins and other linear

binding constituents of the tissue (i.e., not bound to Ah receptors or CYP1A2 metabolic sites)
can be represented as:

Cl (specific bound) = fw Cyf + fLip Ks CTf + fab Kn CTf
Linear Binding of TCDD to Plasma Proteins

The total TCDD concentration in the blood entering this compartment can be expressed as:

Cs= ﬁb Cor + (l - ﬁb) Chs

Where
Ce = Total TCDD concentration in the compartment blood supply (nmoles/g)
Cyr = Free TCDD concentration in the compartment blood supply (nmoles/g)
Cs = Plasma-bound TCDD concentration in the compartment blood supply (nmoles/g)
Sub = Water fraction of the compartment blood supply (unitless)
and,
Cs = Kus Cor
Where
K.z = the linear binding constant of TCDD to plasma proteins.(unitless)
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TOTAL BODY WEIGHT CHANGE

aoxt
W, = Wi (1+ u)
(bo+1t)
Where:
W, = Body weight at time ¢ (g)
W, = Body weight at time of exposure (g)
a, = Body weight fitting parameter A (0.41)
bo = Body weight fitting parameter B (1402.5)

t Elapsed time following exposure (hours)
CALCULATION OF COMPARTMENT VOLUMES

Tissue Volume

V=V.W
Where:
Vv = Tissue volume within the compartment (g tissue)
\A = Allometric constant used to calculate arterial compartment volume
(g tissue/g bodyweight)
W, = Body weight at time ¢ (g)
Tissue Blood Volume
Vo= Vo V
Where:
V, = Tissue blood volume within the compartment (g tissue)
V.. = Tissue blood volume as a fraction of tissue volume (unitless)

CALCULATION OF CARDIAC OUTPUT

0.75
W
Qror = Qe x 60 x ( '
1000
Where
Q;or = Total cardiac output for the test species (ml/hour)
Q.. = Allometric coefficient to calculate cardiac output from bodyweight (ml/kg/min)
W, = Body weight at time 7 (g)
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CALCULATION OF ABSORBED DOSE

a) Flow rate of delivery of administered oral dose of TCDD to the stomach (nmoles/hour)

R = M5 _ ko Me BAreoo

dt

b) Flow rate of absorption of TCDD from stomach through the gut wall into the lumen
(nmoles/hour)

Raus = M. = Ks Ms: BArcop — Kass Mium

dt

M, ... is calculated through an integration of R,,, over time, using A, as the
initial amount of TCDD present in the lumen.

c) Flow rate of TCDD transfer from lumen to venous blood supply via lymphatic flow
(nmoles/hour)

RLymplz =ax Klbs M.um

d) Flow rate of TCDD transfer from lumen to liver via portal vein (nmoles/hour)

RAr:en’al = (l - a) X Klbs Mum

Where:

a = Proportion of absorbed oral dose entering venous blood via lymphatic flow
from the GI tract (unitless)

A, = [nitial amount of TCDD in the lumen (nmoles)

BA;pp = Fraction of the total dose absorbed/bioavailable (unitless)

| . = TCDD absorption rate from the lumen to the systemic circulation (1/hour)

K, = the stomach emptying rate (1/hour)

Mpm = the amount of TCDD absorbed into the lumen (nmoles)

M;, = the amount of TCDD in the stomach (nmoles)

R = Flow rate of absorption of TCDD from stomach through the gut wall into the
lumen (nmoles/hour)

Riarterial = Flow rate of TCDD transfer from lumen to liver via portal vein (nmoles/hour)

Ry ymph = Flow rate of TCDD transfer from lumen to venous blood supply via lymphatic
flow (nmoles/hour)

Rg, = Flow rate of delivery of administered oral dose of TCDD to the stomach
(nmoles/hour)
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VEN BLOOD PLY

ﬂf& = QK(CKB - Cs) + Os(Csz — Cs) + Qr(Crs — Cs)

+ QRe(CReB -Cs)+ QL.'(CLm — Cs) + Riympn

Where

W, = Weight of the blood (g)

Cs = Concentration of TCDD in the arterial blood (nmoles/g tissue)

Cws = Concentration of TCDD in the kidney venous blood (nmoles/g tissue)

Cus = Concentration of TCDD in the lung venous blood (nmoles/g tissue)

Csz = Concentration of TCDD in the skin venous blood (nmoles/g tissue)

Cs = Concentration of TCDD in the venous blood of the adipose tissue
(nmoles/g tissue)

Crs = Concentration of TCDD in the venous blood of the rest of the body
(nmoles/g tissue)

Cus = Concentration of TCDD in the liver venous blood (nmoles/g tissue)

Qx = Blood flow in the kidneys (ml/hour)

Qs = Blood flow in the skin (ml/hour)

Q: = Blood flow in the adipose tissue (ml/hour)

Qr. = Blood flow in the rest of the body (ml/hour)

Q. = Blood flow in the liver (ml/hour)

Ryymph Flow rate of TCDD transfer from lumen to venous blood supply via lymphatic
flow (nmoles/hour)
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LUNGS  Flow-Limited Compartment

a)

b)

d)

(only blood flow rate controls tissue uptake)

Concentration of unbound (free) TCDD in lung compartment (nmol/g tissue)
CLu X B
CLuf =C- CLqu PLu+$
Ki+ CLuf

Concentration of TCDD in lung tissue blood (nmol/g tissue)
(this is the concentration leaving the lungs into the arterial blood supply)

CLuB = CLuf

Note: As membrane permeability has no impact on tissue concentrations in flow-limited
compartments, such as the lungs, the outgoing TCDD blood concentration would be
equal to the concentration of unbound TCDD found within the lung compartment
(i.e., flow-through except for those bound to compartmental tissue constituents).

Overall tissue concentration of TCDD in lung compartment (nmol/g tissue)
ALu
C = —V'
LuB
Vie +

Lu

Rate of change of TCDD in compartment (nmol/hour)
W:
d(WL..+ P"‘” Cua c
u Lu
RLu = L = QLu (CB - )
dt Lu
Overall TCDD concentration (tissue and blood) in the lungs (nmol/g tissue)
(CX Vie + Crs X Vi)
CLuLu =
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Amount of TCDD concentration in the lungs (nmol)

(Based on integration of R, at a specific time slice)

Abh receptor nonlinear binding capacity (nmol/g)

Concentration of TCDD in the lung tissue at a specific time (nmol/g)
Concentration of TCDD in the blood entering the lungs (nmol/g)
Concentration of bound TCDD in the lungs (nmol/g)

Concentration of unbound TCDD in the lungs (nmol/g)

Concentration of TCDD in the lung tissue blood (nmol/g)

Overall TCDD concentration (tissue and blood) in the lungs (nmol/g tissue)
Equilibrium dissociation constant for Ah receptor binding (nmol/g)
Equilibrium ratio of the lung tissue concentration to blood concentration (unitless)
Blood flow in the lungs (ml/hour)

Rate of change of TCDD concentration in the lungs (nmol/hour)

Tissue volume of the lungs (g)

Tissue blood volume within the lungs (g)

Tissue weight of the lungs (g)

Weight of blood in the lungs (g)
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KIDNEYS  Membrane-Limited Compartment
(only membrane transfer controls tissue uptake)

a) Concentration of unbound (free) TCDD in kidney compartment (nmol/g tissue)

fo = C—[Ckfx PK+M:I

Ki+ Cxr

b) Overall tissue concentration of TCDD in kidney compartment (nmol/g tissue)

c=A
Ve

c) Rate of change of TCDD in compartment (nmol/hour)

dWx Cx
dt

Rk = = PAx(Cks — Ckr) — Rurinary

d) Flow rate of TCDD lost due to renal urinary excretion (nmol/hour)

Rurinary = Kx CxrVk

e) Concentration of TCDD in kidney tissue blood (nmol/g tissue)
(this is the concentration leaving the kidneys in the venous blood supply)

(Cs + PA: X fo)

( PA&)
1+
Ok

f) Overall TCDD concentration (tissue and blood) in the kidney (nmol/g tissue)

CKB =

(Ax+ Coo x Vi)
KK =
(Vx + be)

233



I

(I T | (| A 'S (A [

| T T (A 1 |

Amount of TCDD concentration in kidneys (nmol)

(based on integration of Ry at a specific time slice)

Ah receptor nonlinear binding capacity (nmol/g)

Concentration of TCDD in the kidney tissue at a specific time (nmol/g)
Concentration of TCDD in the blood entering kidneys (nmol/g)
Concentration of bound TCDD in the kidney (nmol/g)

Concentration of TCDD in the kidney tissue blood (nmol/g)
Concentration of unbound TCDD in the kidney (nmol/g)

Overall TCDD concentration (tissue and blood) in the kidney (nmol/g tissue)
Equilibrium dissociation constant for Ah receptor binding (nmol/g)
Urinary linear elimination constant (1/hour)

Equilibrium ratio of the kidney tissue concentration to blood concentration
(unitless)

Permeability of the kidney (ml/hour)

Blood flow in the kidney (ml/hour)

Rate of change of TCDD concentration in the kidneys (nmol/hour)

Flow rate of TCDD lost due to renal urinary excretion (nmol/hour)

Tissue volume of the kidneys (g)

Tissue blood volume within the kidneys (g)

Tissue weight of the kidneys (g)
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REST OF BODY Membrane-Limited Compartment
(only membrane transfer controls tissue uptake)

a) Overall tissue concentration of TCDD in the rest of the body (nmol/g tissue)

C: ARe
VRe

b) Rate of change of TCDD in compartment (nmol/hour)

R, = e Cre _ PA#(Cs - <,
dt Re

¢) Concentration of TCDD in tissue blood within the compartment (nmol/g tissue)
(this is the concentration leaving the rest of the body in the venous blood supply)

(Cg-{-PAhX C)

CR,B - QR: P Re
( P AReJ
1+
QRc
d) Overall TCDD concentration (tissue and blood) in the rest of the body (nmol/g tissue)
(Are + Chreb X Vies)
CReRe =
(Ve + Vres)
Where:

Az, = Amount of TCDD concentration in the rest of the body (nmol)

(based on integration of R, at a specific time slice)
C = Concentration of TCDD in the rest of the body tissue at a specific time (nmol/g)
Cs = Concentration of TCDD in the blood entering the rest of the body (nmol/g)
Ceis = Concentration of TCDD in the tissue blood within the rest of the body (nmol/g)
Crere = Overall TCDD concentration (tissue and blood) in the rest of the body

(nmol/g tissue)
Pi. = Equilibrium ratio of the tissue concentration to blood concentration in the rest of

the body (unitless)
PAg. = Permeability of the rest of the body (mi/hour)
Qr. = Blood flow in the rest of the body (ml/hour)
Rg. = Rate of change of TCDD concentration in the rest of the body (nmol/hour)
Vg = Tissue volume of the rest of the body (g)
Vess = Tissue blood volume within the rest of the body (g)
Wg. = Tissue weight of the rest of the body (g)
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SKIN Membrane-Influenced Compartment
(Both blood flow rate and membrane transfer control tissue uptake)

a) Concentration of unbound (free) TCDD in the skin (nmol/g tissue)

CSf = C—|:Csyx Ps+ M]

Ki+ CS[

b) Overall tissue concentration of TCDD in the skin (nmol/g tissue)

c=2
Vs

c) Concentration of TCDD in tissue blood within the skin (nmol/g tissue)
(this is the concentration leaving the skin in the venous blood supply)

ASB

VSB

Css =

d) Rate of change of TCDD in compartment (nmol/hour)

Blood
Re= % = O«(Cs — Css) — PAs(Css — Cy)
Tissue
Rs=C5 _ pad(Con- C)

dt

e) Overall TCDD concentration (tissue and blood) in the skin (nmol/g tissue)

o o (As + As)
(Vs + Vsa)
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Amount of TCDD concentration in the skin (nmol)

(based on integration of R at a specific time slice)

Amount of TCDD concentration in the skin blood (nmol)

(based on integration of Ry at a specific time slice)

Ah receptor nonlinear binding capacity (nmol/g)

Concentration of TCDD in the skin tissue at a specific time (nmol/g)
Concentration of TCDD in the blood entering the skin (nmol/g)
Concentration of bound TCDD in the skin (nmol/g)

Concentration of TCDD in the skin tissue blood (nmol/g)
Concentration of unbound TCDD in the skin (nmol/g)

Overall TCDD concentration (tissue and blood) in the skin (nmol/g tissue)
Equilibrium dissociation constant for Ah receptor binding (nmol/g)
Equilibrium ratio of the skin tissue concentration to blood concentration (unitless)
Permeability of the skin (ml/hour)

Blood flow in the skin (ml/hour)

Rate of change of TCDD concentration in the skin (nmol/hour)

Rate of change of TCDD concentration in the skin blood (nmol/hour)
Tissue volume of the skin (g)

Tissue blood volume within the skin (g)

Tissue weight of the skin (g)

Weight of blood in the skin (g)
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ADIPOSE TI [FAT Membrane-Limited Compartment

(only membrane transfer controls tissue uptake)

a) Overall tissue concentration of TCDD in the adipose tissue (nmol/g tissue)

c=Z&
Ve

b) Rate of change of TCDD in compartment (nmol/hour)

_ dWr Cr
dt

Re - PAC -
P:

¢) Concentration of TCDD in tissue blood within the compartment (nmol/g tissue)
(this is the concentration leaving the adipose tissue in the venous blood supply)

(Cn + PAr X g)

Cra= o Pr
[ PAF)
1+
Or
d) Overall TCDD concentration (tissue and blood) in the adipose tissue (nmol/g tissue)
(Ar + Cr x Vi)
Crr =
(Ve + Vi)
Where:

A = Amount of TCDD concentration in the adipose tissue (nmol)

(based on integration of R at a specific time slice)
C = Concentration of TCDD in the adipose tissue at a specific time (nmol/g)
Ce = Concentration of TCDD in the blood entering the adipose tissue (nmol/g)
Cs = Concentration of TCDD in the tissue blood within the adipose tissue (nmol/g)
Cex = Overall TCDD concentration (tissue and blood) in the adipose tissue

(nmol/g tissue)
P = Equilibrium ratio of the tissue concentration to blood concentration in the adipose

tissue (unitless)
PA; = Permeability of the adipose tissue (ml/hour)
Qf = Blood flow in the adipose tissue (mV/hour)
Re = Rate of change of TCDD concentration in the adipose tissue (nmol/hour)
Ve = Tissue volume of the adipose tissue (g)
Ve = Tissue blood volume within the adipose tissue (g)
W; = Tissue weight of the adipose tissue (g)
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SPLEEN Flow-Limited Compartment

a)

b)

c)

d)

(only blood flow rate controls tissue uptake)

Concentration of unbound (free) TCDD in spleen (nmol/g tissue)

CSpf X Bmax

C =C— Cp X Pp+
¥ ! ; Kd-I-CSpf

Concentration of TCDD in spleen tissue blood (nmol/g tissue)
(this is the concentration leaving the spleen into the portal vein)

CSpB = CSpf

Note: As membrane permeability has no impact on tissue concentrations in flow-limited
compartments, the outgoing TCDD blood concentration would be equal to the
concentration of unbound TCDD found within the spleen (i.e., flow-through except
for those bound to compartmental tissue constituents).

Overall tissue concentration of TCDD in spleen (nmol/g tissue)

C — ASp

VSB
VSp+ a

Sp

Rate of change of TCDD in compartment (nmol/hour)

Cs
RSp = > = ( - —ﬂ)
Os| Ca b

Sp
Overall TCDD concentration (tissue and blood) in the spleen (nmol/g tissue)

(C X Vsp + Cspp X VS‘pb)
(Vsp + Vipe)

Copsp =
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Amount of TCDD concentration in the spleen (nmol)

(based on integration of Ry, at a specific time slice)

Ah receptor nonlinear binding capacity (nmol/g)

Concentration of TCDD in the spleen tissue at a specific time (nmol/g)
Concentration of TCDD in the blood entering the spleen (nmol/g)
Concentration of bound TCDD in the spleen (nmol/g)

Concentration of unbound TCDD in the spleen (nmol/g)

Concentration of TCDD in the spleen tissue blood (nmol/g)

Overall TCDD concentration (tissue and blood) in the spleen (nmol/g tissue)
Equilibrium dissociation constant for Ah receptor binding (nmol/g)
Equilibrium ratio of the spleen tissue concentration to blood concentration
(unitless)

Blood flow in the spleen (ml/hour)

Rate of change of TCDD concentration in the spleen (nmol/hour)

Tissue volume of the spleen (g)

Tissue blood volume within the spleen (g)

Tissue weight of the spleen (g)

Weight of blood in the spleen (g)
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PORTAL VEIN Miscellaneous Compartment

(Handles mass flow into liver via portal vein)

a) Flow rate of TCDD leaving portal vein into liver (nmoles/hour)

RPor!aI = (QLi - QSp) X CB + QSp X CSpB + RAnerial

Concentration of TCDD in the blood entering the portal vein (nmol/g)
Concentration of TCDD in the blood entering from the spleen (nmol/g)
Blood flow in the liver (ml/hour)

Blood flow in the spleen (ml/hour)

Flow rate of TCDD transfer from lumen to liver via portal vein (nmol/hour)
Flow rate of TCDD in the blood leaving portal vein into the liver (nmol/hour)
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LIVER  Membrane-Influenced Compartment

c)

d)

d)

(Both blood flow rate and membrane transfer control tissue uptake)

Concentration of unbound (free) TCDD in the liver (nmol/g tissue)

Cu = C—(Cufx P+ Cui X Brus + Clr x CCYP)

Kai+ CLij‘ Kacre + CLif

Overall tissue concentration of TCDD in the liver (nmol/g tissue)

_ Au
VL:‘

C

Concentration of TCDD in tissue blood within the liver (nmol/g tissue)
(this is the concentration leaving the liver in the venous blood supply)

ALt‘B

LiB

CL:’H =

Rate of change of TCDD in compartment (nmol/hour)

Blood
Rus = d—"%gf‘i"- = Rroat — Qu x Cuia — PAw(Cus — Cur)
Tissue
Ru= “'—’-V;—C-’:i = PAu(Cus - Ciy) — Ro

Flow rate of TCDD lost due to biliary excretion (nmol/hour)

Rbile = KLi Cqu

Concentration of Ah receptor occupied by TCDD ligand and available for binding to
CYP1A2 (nmol/g)

B maxx CLtf
Ki+ Cuf

CbAb -
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f) Overall TCDD concentration (tissue and biood) in the liver (nmol/g tissue)

C (Au + Aviz)
LiLi =
(Vi + Vis)
Where
A; = Amount of TCDD concentration in the liver (nmol)
(based on integration of R; at a specific time slice)
Ays = Amount of TCDD concentration in the liver blood (nmol)
(based on integration of R;, at a specific time slice)
B« = Ah receptor nonlinear binding capacity (nmol/g)
C = Concentration of TCDD in the liver tissue at a specific time (nmol/g)
Cian = Concentration of Ah receptor occupied by TCDD ligand, available for binding to
CYP1A2 in the liver (nmol/g)
Ccyp = Concentration of unbound CYP1A2 available in the liver (nmol/g)
C, = Concentration of bound TCDD in the liver (nmol/g)
Cus = Concentration of TCDD in the liver tissue blood (nmol/g)
Cyur = Concentration of unbound TCDD in the liver (nmol/g)

Cuu = Overall TCDD concentration (tissue and blood) in the liver (nmol/g tissue)

Ky = Equilibrium dissociation constant for Ah receptor binding (nmol/g)

Kicyp = Equilibrium dissociation constant for binding to CYP1A2 (nmol/g)

Ky, = Biliary linear elimination constant (1/hour)

PA,;, = Pemeability of the liver (ml/hour)

Py = Equilibrium ratio of the liver tissue concentration to blood concentration (unitless)
Q. = Blood flow in the liver (ml/hour)

Ryie = Flow rate of TCDD lost due to biliary excretion (nmol/hour)

R; = Rateof change of TCDD concentration in the liver (nmol/hour)

Ris = Rate of change of TCDD concentration in the liver blood (nmol/hour)

Rpw = Flow rate of TCDD in the blood leaving portal vein into the liver (nmol/hour)
Vi = Tissue volume of the liver (g)

Vs = Tissue blood volume within the liver (g)

W, = Tissue weight of the liver (g)

Wus = Weight of blood in the liver (g)
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CYP1A2 Binding

In the current model, the degradation of free CYP1A2 and bound CYP1A2 are assumed to be the
same. The change of CYP1A2 with time was obtained from a simulation model proposed by
Dayneka et al. (1993). As such, the concentration of unbound CYP1A2 available for TCDD-Ah
binding was simplified using the following set of equilibrium binding equations:

a) Calculate zero-order basal induction rate for CYP1A2 synthesis (nmoles/g/hour)

Ko=Ccrro x K>

b) Rate of change of initially available CYP1A2 within the liver (nmol/hour)

Row. = QW‘;—IC@ = (S Ko— K2 Cerr) Wa

¢) The CYP1A2 stimulation function is represented as follows (unitless)

(Coun)*
(ICAZ)h + (thu)’I

As the binding of TCDD to available CYP1A2, via Ah-receptor complexing, is not an
instanteous process, a set of two interconnected holding periods were used to represent
physiological induction delays in the processing of free CYP1A2. The concentration of free
CYP1A2, after completion of the two physiological holding periods, is what ultimately is used by
the liver compartment to determine the amount of free CYP1A2 available for binding to existing
concentrations of the TCDD ligand.

St'—'l"}'[NAZ

d) Calculation of the concentration of available CYP1A2 in the liver after the first physiological
holding period (nmoles/g)

dCCYP: _ CCYP: - CCYP:
dt T

RCYP: =

Ccyr; is then calculated based upon its integration with the basal
concentration of CYP1A2 within the liver (Ccypo)-
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e) Calculation of concentration of available CYP1A2 in the liver after the second physiological
holding period (nmoles/g)

dCCYP) _ CCYP: - CCYP
dt T

RCYPy=

Ccvr s then calculated based upon its integration with the basal
concentration of CYP1A2 within the liver (Ccypo). This concentration is
used by the liver compartment as the amount of free CYP1A2 available for
TCDD binding.

Concentration of Ah receptor bound to TCDD ligand and available for binding to
CYP1A2 in the liver (nmol/g)

Concentration of unbound CYP1A2 available in the liver after the two
physiological induction holding periods (nmol/g). This concentration is used by
the liver compartment as the amount of free CYP1A2 available for TCDD
binding.

Basal concentration of unbound CYP1A2 available in the liver (nmol/g)
Concentration of unbound CYP1A2 available in the liver before first
physiological holding period (nmol/g)

Concentration of unbound CYP1A2 available in the liver following first
physiological holding period (nmol/g)

Concentration of TCDD in the liver tissue (ng/g tissue)

the Hill coefficient (unitless)

Michaelis-Menten constant of CYP1A2 induction (nmol/g)

the maximum induction of CYP1A2 synthesis rate over the basal rate (unitless)
the zero-order basal induction rate for CYP1A2 synthesis (nmol/g/hour)

the first-order rate constant for CYP1A2 degradation (1/hour)

the rate of change of unbound CYP1A2 available within the liver (nmol/hour)
the rate of change of unbound CYP1A2 available within the liver after the first
physiological holding period (nmol/hour)

the rate of change of unbound CYP1A2 available within the liver after the first
physiological holding period (nmol/hour)

CYP1A2 induction delay holding time (hours)

the stimulation function (unitless)

the tissue weight of the liver (g)
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A-2.0 Prototype Equilibrium-based PBPK Model (Evans and Andersen, 2000)

The following section provides the detailed mathematical equations used in the development of
the prototype steady-state PBPK model for the current research on PCDD/F pharmacokinetics. It
is based upon the Evans and Andersen (2000) published model, with modifications to correct
minor inaccuracies and gaps in the methodology provided by the Evans and Andersen (2000)
source paper.

Figure A-3 A schematic representation of the steady-state TCDD PBPK
model (Evans and Andersen, 2000)

Fat Compartment

PF (partition coefficient)

Liver Compartment

PL (partition coefficient)

CV=CA

BM!| (Ah availability)
(Ah] + [TCDD]

¢ KBI (binding)

[Ah-TCDD] + [DNA}* {DNA receptors)
L_ ¢$ KB (binding)
Protein induction (Initial level, Induction factor)
(CYP1A2) (BM20) (BM2i)
[CYP1A2] + [TCDD]

¢ KB2 (binding)

[CYP1A2 - TCDD]
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CALCULATION OF AVAILABLE BINDING RECEPTORS
Ah Receptor Binding

a) Calculation of total amount of Ah-TCDD complex in liver (nmoles)

BM\

Ah.TCDD = Co x ———
KB+ C»
b) Concentration of TCDD bound to Ah receptors in the liver (nM)

Ah:TCDD
W

Ah =
CYPI1A2 Binding

c) Amount of induced CYP1A2 in the liver (nmoles)

h: "
BM:2r= BM2.+ BM2,x BMaix AR TCDD

Kd" + A TCDD"

d) Calculation of total CYP1A2:TCDD complex in liver (nmoles)

BMr
KB:2+ Cs

e} Calculation of overall CYP1A2 occupancy by TCDD (unitless)

CYP1A2: TCDD = Cs x

CYPI1A2: TCDD
BM:r

Fcrriaz =

f) Calculation of overall CYP1A2 fold increase (unitless)

BMr
BMZO

IFcyriaz2 =

f) Concentration of TCDD bound to CYP1A2 in the liver (nM)

CYP1A2: TCDD
W

Ccyriaz =
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Where:

Ah:TCDD
CYPI1A2:TCDD
BM,,

Amount of TCDD bound to Ah receptors in the liver (nmoles)
Amount of TCDD bound to CYP1A2 in the liver (nmoles)
Basal level of CYP1A2 in the liver (nmoles)

CYP1A2 fold increase due to induction (unitless)

Amount of induced CYP1A2 in the liver (nmoles)
Concentration of TCDD in the pooled blood (nM)
Concentration of TCDD bound to Ah receptors in the liver (nM)
Concentration of TCDD bound to CYP1A2 in the liver (nM)
Concentration of TCDD bound to CYP1A2 in the liver (nM)
Fraction of total CYP1A2 occupied by TCDD (unitless)
CYP1A2 induction fold increase over basal level (unitless)

Ah receptor binding constant (nM)

Binding affinity for CYP1A2 (nM)

Ah receptor complex/DNA receptor dissociation constant (nM)
Hill coefficient (unitless)

Liver weight (kg)
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CALCULATION OF TCDD B1L.OOD CONCENTRATION

The following equation is used to calculate the amount of TCDD that is present in the blood pool
at steady-state. As the C, variable is present on both sides, the equation is termed an implicit
equation, and must be solved with an application capable of resolving the equation to a point of
stable convergence. The authors (Evans and Andersen, 2000) recommend the use of Simusolv’s
IMPL algorithm with the number of points set to 200, supplied with an initial value for blood of
zero, a convergence criterion of 0.000001, and the number of allowable iterations set at 10.
Other options include using the IMPLC algorithm in ACSL Tox, using the Solver system built
into Microsoft Excel, or simply adjust the temporary blood concentration manually in a
spreadsheet version of the model until a satisfactory convergence occurs. As multiple solutions
are possible, only the maximum value should be used.

For the current research, the methodology was created in an Excel spreadsheet, and solved using
both the built-in Solver as well as manual convergence.

a) Concentration of TCDD in blood pool (nM)

Co
Co =
Vot Pux VitPrx Vet —o_, BMor
X X
b mEX LT KBi+ Co KB2+ Cb
Where
BM, = Ah receptor maximum availability (nmoles)
BM,; = Amount of induced CYP1A2 in the liver (nmoles)
G = Concentration of TCDD in the pooled blood (nM)
Co = Administered dose of TCDD (nM)
KB, = Ah receptor binding constant (nM)
KB, = Binding affinity for CYP1A2 (nM)
Pe = Fat partitioning coefficient (unitless)
P, = Liver partitioning coefficient (unitless)
Vg = Blood volume as a percentage of bodyweight (unitless)
Ve = Fat volume as a percentage of bodyweight (unitless)
\'A = Liver volume as a percentage of bodyweight (unitless)
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CALCULATION OF TCDD TISSUE FRACTIONS
Blood Fraction

a) Fraction of TCDD in blood (unitless)

_Cbx Ve

B
F Co

Liver Tissue Fraction

b) Concentration of TCDD bound to liver tissue (nM)

Cu=Cox Pt x Vi

¢) Concentration of TCDD bound to Ah receptors in the liver (nM)

BM)

Can=Cs x m

d) Concentration of TCDD bound to CYP1A2 in the liver (nM)

BM:r
KB2+ Cs

Cceyrra2 = Cb x
e) Overall concentration of TCDD found in liver tissue (nM)
Ci= Cu + Car + Cevriaz

f) Calculation of overall fraction of administered TCDD found in the liver (unitless)
Fa - &
D
Fat Tissue Fraction
g) Fraction of TCDD stored in adipose tissue (unitless)

FF = (1- FH - FB)

h) Overall concentration of TCDD found in liver tissue (nM)
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FF
Cr= CD*VF'

Liver to Fat Mass Ratio

h) Calculation of liver to fat mass ratio (unitless)

| R I | I T |

Ce
LTOF = Cr

Fraction of TCDD stored in blood (unitless)
Fraction of TCDD stored in adipose tissue (unitless)
Fraction of TCDD stored in liver (unitless)

Liver to fat mass ratio (unitless)

Ah receptor maximum availability (nmoles)

Amount of induced CYP1A2 in the liver (nmoles)
Administered dose of TCDD (nM)

Concentration of TCDD in the pooled blood (nM)
Concentration of TCDD bound to Ah receptors in the liver (nM)
Concentration of TCDD bound to CYP1A2 in the liver (nM)
Concentration of TCDD in adipose tissue compartment (nM)
Concentration of TCDD in liver compartment (nM)
Concentration of TCDD bound to liver tissue (nM)

Ah receptor binding constant (nM)

Binding affinity for CYP1A2 (nM)

Liver partitioning coefficient (unitless)

Blood volume as a percentage of bodyweight (unitless)

Fat volume as a percentage of bodyweight (unitless)

Liver volume as a percentage of bodyweight (unitless)
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A-3.0 Evans and Andersen (2000) Simulsolv Source Code

The following source code was provided by the primary author (M. Evans, personal
communication, 2001; reproduced with permission), and is designed for the Simulsolv (Dow
Chemical Company, Midland, MI, Version 3.0, 1993) computer simulation package.

PROGRAM DIOXIN STEADY STATE MODEL - WITH DATA GAETAN.CSL'

‘MEL E. ANDERSEN'
'STEADY STATE MODEL 16 NOV 1993’

INITIAL

CONSTANT
CONSTANT
CONSTANT
CONSTANT
CONSTANT
CONSTANT
CONSTANT
CONSTANT

PL=10. $'BLOOD LIVER PARTITION COEFFICIENT'
PF=350. SFAT/BLOOD PARTITION COEFFICIENT"

PS=10. $SLOWLY PERFUSED TISSUE/BLOOD PARTITION'
PR=10. $RICHLY PERFUSED PARITION COEFFICIENT
VLC =0.04 $LIVER VOLUME PROPORTION BW'

VFC =0.06 $FAT VOLUME PROPORTION BW'

BW=0.215 $'BODY WEIGHT IN KG'

MwW=322 $'MOLECULAR WEIGHT OF DIOXIN'

wexs+2+++D[OXIN SECTION FOR LIVER BINDING**#**#*sraexs:

CONSTANT
CONSTANT
CONSTANT
CONSTANT
CONSTANT
CONSTANT
CONSTANT

BM1=0.054 $DIOXIN BINDING CAPACITY TO AHH LOCUS'
KB1 =0.04 $'DIOXIN BINDING CONSTANT AHH LOCUS'
BM20 = 10. $DIOXING BINDING CAPACITY TO P448'

BM2I = 85. $INCREASE DUE TO MICROSOMAL INDUCTION'
KB2 =7. $'DIOXIN BINDINB CONSTANT TO P=448'

N=1.  $'HILL COEFFICIENT'

KD=1. $TLIGANDED RECEPTOR-DNA BINDING'

REEBERERERRERRREREREREERRBRERE SRR RN R R R R Rk kR

'TIMING SECTION'
CONSTANT PDOSEM = 10. $MAXIMUM DOSE FOR CALCULATION'
LMDOSE = ALOG(PDOSEM)/2.303 $LOG(10) MAX BURDEN'

CONSTANT POINTS=100

$'NUMBER OF POINTS IN LOG PLOT'

CINT = ALOG(PDOSEM)/POINTS $'INTERVAL FOR OUTPUT'

'INITIAL PARAMETER CALCULATIONS'
VARIABLE LPDOSE=-6 $'INDEPENDENT VARIABLE-LOG BODY BURDEN'

CLBT=0.0 $'SETS INITIAL VALUE FOR VARIABLE IN IMPL'
VL=VLC*BW $'LIVER VOLUME'

VF=VFC*BW $STAT VOLUME'

FH=0.0 $'INITIAL VALUE OF FRACTION OF DOSE IN LIVER'
fhc=th

BM2T=BM20 $'INITIAL VALUE OF P450-1A2 IN LIVER'

END S$'END INITIAL'

DYNAMIC
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DERIVATIVE
PDOSE = 10**LPDOSE
DOSE = PDOSE*BW/MW*1000
CLB = AMAX(IMPL(CLBT,.000001,10,EF.,...
DOSE/(PL*VL+PF*VF+BM1/(KB1+CLB)+BM2T/(KB2+CLB)),...
.0001),0.)
'CLB FREE CONCENTRATION IN BODY'
'SET DUMMY INTEGRATOR SO THAT DERIVATIVE FUNCTION WORKS'
DUMMY=INTEG(0.,0.)
PROCEDURAL
DB1 = BM1*CLB/(KB1+CLB)/VL
BOUND=DB1**N/(DB1**N+KD**N)
BM2T = BM20+BM2I*BOUND
FH=(CLB)*(PL*VL+BM1/(KB1+CLB)+BM2T/(KB2+CLB))/(DOSE)
DERFH=DERIVT(0.0,FH)
CH=DOSE*FH/VL
CF=DOSE*(1-FH)/VF
LTOF = CH/CF
DERLF = DERIVT(0.0,LTOF)
CCH=DOSE/BW*MW
END $'END OF PROCEDURE'
'DBI CONCENTRATION OF BOUND AH RECEPTOR NM'
'BOUND PROPORTION OCCUPANCY OF DNA BINDING SITES'
'BM2T AMOUNT OF P4501A2 NMOLES'
'FH FRACTION OF BODY BURDEN IN LIVER'
'CH CONCENTRATION IN LIVER NM'
'CF CONCENTRATION IN FAT NM'
'LTOF LIVER FAT RATIO'
'CCH AVERAGE BODY CONCENTRATION NM/KG'

TERMT(LPDOSE.GE.LMDOSE)
END $'END OF DERIVATIVE'
END $END OF DYNAMIC'
END $END OF PROGRAM'

A-4.0 REFERENCES
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APPENDIX B

Detailed Results of Sensitivity Analyses of
PBPK Model System

254



(374

Table B-1.0 Sensitivity Analysis Results for Contribution to Variance between TCDD PB-PK Model Variables and
Sequestration Outcome.

8 Hours 24 Hours 72 Hours

Parameters

0.1 0.316 1 .16 10 0.1 0.316 | 16 10 0.1 0.316 3.16 1 10
General Physiological Parameters
Bodyweight 15.9% 0.0% 0.1% 1.5% 2.2% 11.6% 0.3% 1.3% 1.7% 1.7% 54% 1.3% 2.2% 0.3% 1.3%
Qcar 31.8% 2.7% 2.0% 0.1% 2.1% 6.1% 1.3% 4.4% 0.1% 1.7% 38% 2.4% 0.1% 5.8% 1.0%
Equlilibrium Distribution
Ratio
Pf 0.1% 5.1% 4.7% 2.3% 1.2% 0.0% 5.5% 71.0% 1.4% 2.1% 0.1% 4.7% 0.8% 6.7% 0.6%
Pk 5.2% 1.7% 1.0% 3.4% 0.0% 5.4% 0.5% 0.3% 3.0% 0.0% 8.4% 0.0% 1.9% 0.9% 0.1%
Pli 1.5% 0.2% 2.6% 13.2% 4.5% 1.9% 1.0% 1.6% 13.0% 4.3% 0.5% 0.9% 13.9% S 1% 4.3%
Plu 0.1% 0.2% 0.6% 20% 0.0% 0.0% 0.0% 0.7% 1.8% 0.0% 0.1% 2.0% 1.5% 0.2% 0.2%
Pre 4.9% 0.9% 0.3% 1.7% 5.8% 3.3% 0.1% 0.1% 1.6% 5.7% 2.9% 0.0% 1.0% 0.5% 7.9%
Ps 10.5% 0.2% 31% 2.0% 1.7% 7.8% 0.4% 1.2% 1.1% 1.2% 3.8% 0.8% 0.9% 0.9% 0.2%
Psp 4.0% 0.9% 0.0% 0.4% 0.0% 3.6% 0.6% 0.1% 0.5% 0.0% 0.9% 2.8% 0.5% 0.1% 0.0%
Permeability
PAc - Fat 0.0% 0.5% 1.4% 1.0% 10.8% 0.9% 0.0% 4.0% 1.1% 11.6% 1.8% 0.0% 1.8% 1.5% 12.6%
PAc - Kidney 1.9% 0.9% 0.7% 4.7% 3.0% 0.8% 1.6% 0.8% 5.6% 4.0% 0.0% 1.4% 6.4% 0.2% 3.2%
PAc - Liver 0.2% 0.5% 7.1% 0.3% 10.4% 0.3% 0.0% 11.2% 0.4% 9.7% 0.9% 0.0% 0.1% 1.5% 9.0%
PAc - Rest 1.8% 5.1% 0.8% 0.4% 0.0% 1.4% 4.4% 0.2% 0.3% 0.0% 0.8% 4.3% 0.2% 0.8% 0.0%
PAc - Skin 3.0% 3.6% 0.8% 71.5% 1.1% 3.9% 6.2% 0.0% 7.1% 1.8% 37% 14.0% 6.4% 0.4% 1.3%
Compartment Volumes
Ve 2.4% 4.8% 1.1% 0.8% 1.4% 22% 3.0% 0.3% 1.1% 1.8% 2.8% 2.9% 1.4% 1.6% 2.8%
Vfc 0.3% 1.8% 0.0% 1.7% 0.3% 1.6% 2.2% 0.0% 2.4% 0.2% 1.7% 5.2% 3.0% 0.0% 1.0%
Vke 0.3% 2.0% 4.8% 5.8% 2.2% 0.8% 4.1% 37% 6.4% 2. 7% 0.9% 1.3% 4.5% 3.2% 1.0%
Vie 0.1% 0.2% 2.1% 0.0% 0.2% 0.1% 0.2% 0.8% 0.0% 0.5% 1.2% 0.1% 0.0% 1.0% 0.2%
Viuc 31.8% 0.0% 4.2% 3.6% 2.0% 4.8% 0.4% 3.8% 2.9% 2.7% 9.2% 0.0% 2.6% 5.1% 2.2%
Vrec 3.0% 0.3% 0.1% 11.7% 0.0% 0.7% 1.9% 1.7% 12.5% 0.0% 1.2% 2,0% 12.1% 0.4% 0.3%
Vse 3.1% 3.9% 2.6% 0.1% 4.2% 2.0% 5.1% 3.6% 0.2% 39% 2.0% 35% 1.0% 12% 4.9%
Vspe 0.1% 0.1% 0.1% 3.3% 0.9% 0.1% 0.1% 0.1% 3.8% 1.0% 0.0% 0.0% 5.3% 0.0% 2.2%
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Table B-1.0  Sensitivity Analysis Results for Contribution to Variance between TCDD PB-PK Model Variables and

Sequestration Outcome.
L. - - __ - - _--— - - - ____---_____________ - - - - - - - .- -}

8 Hours 24 Hours 72 Hours

Parameters

0.1 0.316 ] iie 10 0.1 0.316 1 3.16 10 0.1 0.316 3.16 1 10
Absorption and Klimination
BAtcdd 0.2% 100% 3.1% 1.1% 1.5% 0.0% 123%  29% 1.2% 1.5% 0.3% 7.9% 1.0% L71% 1.6%
Kabs 5.7% 0.1% 1.1% 0.1% 10.1% 5.5% 0.0% 0.7% 0.0% 8.1% 5.1% 1.3% 0.0% 3.0% 9.1%
Kk 3.8% 1.4% 6.3% 2.0% 2.5% 3.8% 22% 6.2% 23% 1.5% 5.7% 0.9% 3.2% 5.4% 1.5%
Kli 1.5% 0.1% 4.0% 2.1% 4.6% 8.6% 1.1% 1.7% 1.8% 4.1% 8.8% 1.5% 1.8% 2.4% 2.6%
Ah Receptor Pharmacodynamics
Bmax - Kidney 0.0% 0.0% 0.8% 0.1% 1.4% 0.1% 0.3% 0.0% 0.1% 1.3% 0.3% 0.6% 0.1% 0.1% 3.1%
Bmax - Liver 0.5% 6.4% 0.8% 2.7% 0.2% 0.3% 2.8% 0.9% 4.3% 0.5% 1L1% 1.1% 5.5% 0.5% 0.9%
Bmax - Lungs 1.2% 1.1% 5.0% 0.3% 0.0% 2.5% 1.0% 1.1% 0.1% 0.1% 0.4% 1.7% 0.0% 1.4% 0.0%
Bmax - Skin 0.0% 6.1% 17.9% 5.4% 0.5% 0.0% 2.3% 19.4% 4.6% 0.5% 0.1% 31.2% 4.1% 20.6% 0.1%
Bmax - Spleen 0.1% 4.0% 5.3% 1.0% 0.2% 0.2% 2.7% 2.3% 1.3% 0.1% 2.4% 4.4% 1.8% 13% 0.1%
Kd 2.3% 1.2% 5.9% 0.1% 33% 2.2% 0.6% 2.6% 0.2% 18% 0.3% 0.0% 0.5% 1.7% 4.7%
CYPI1A2 Receptor Pharmacodynamics
Ceypd 3.1% 0.0% 4.0% 4.8% 1.1% 4.4% 0.0% 2.6% 5.2% 0.7% 4.2% 0.2% 5.6% 3.3% 0.0%
h 12% 3.7% 2.4% 0.5% 0.2% 2.9% 4.6% 2.6% 0.1% 0.8% 8.0% 4.7% 0.0% 1.8% 0.9%
1Ca2 1.0% 21.1% 0.0% 2.3% 5.2% 1.9% 15.7% 0.0% 1.5% 4.5% 0.6% 16.1% 0.9% 0.0% 19%
INa2 0.0% 4.6% 0.7% 1.5% 1.3% 0.0% 1.1% 0.7% 7.5% 74% 0.7% 50% 7.0% 0.6% 8.4%
K2 1.2% 1.1% 0.0% 0.2% 1.3% 1.7% 2.5% 0.0% 0.1% 8.3% 2.2% 0.1% 0.0% 0.0% 53%
Kdcyp 2.2% 0.9% 2.1% 1.2% 0.0% 3. 7% 0.4% 2.1% 0.6% 0.1% 3.7% 0.0% 0.1% 4.4% 0.3%
1au 1.7% 2.7% 0.2% 1.2% 0.6% 2.8% 5.3% 1.2% 1.1% 0.2% 4.0% 1.7% 0.8% 2.2% 0.9%



Table B-2.0 Detailed Descriptions for each Parameter Evaluated in the Sensitivity

Analysis.

Abbreviation Parameter Description
General Physiological Parameters
Bodyweight Body weight of receptor
Qear Allometric coefficient for cardiac output from bodyweight
Equilibrium Distribution Ratio
Pf Equilibrium ratio of adipose tissue to blood concentrations
Pk Equilibrium ratio of kidney tissue to blood concentrations
Pli Equilibrium ratio of liver tissue to biood concentrations
Plu Equilibrium ratio of lung tissue to blood concentrations
Pre Equilibrium ratio of Rest of the Body tissue to blocod concentrations
Ps Equilibrium ratio of skin tissue to blood concentrations
Psp Equilibrium ratio of spleen tissue to blood concentrations
Permeability
PAc - Fat Membrane permeability of fat compartment
PAc - Kidney Membrane permeability of kidney compartment
PAc - Liver Membrane permeability of liver compartment
PAc - Rest Membrane permeability of rest of the body compartment
PAc - Skin Membrane permeability of skin compartment
Compartment Volumes
Ve Venous blood volume as percentage of body wetght
Vfc Adipose tissue blood volume as percentage of bodyweight
Vke Kidney tissue blood volume as percentage of bodyweight
Vie Liver tissue blood volume as percentage of bodyweight
Vluc Lung tissue blood volume as percentage of bodyweight
Vrec Rest of the body tissue blood voiume as percentage of bodyweight
Vsc Skin tissue blood volume as percentage of bodyweight
Vspc Spleen tissue blood volume as percentage of bodyweight
Absorption and Elimination
BAtcdd Oral bioavailability of compound
Kabs Chemical absorption rate constant from Gl tract to blood
Kk Urinary excretion rate
Kli Biliary excretion rate

Ak Receptor Pharmacodynamics

Bmax - Kidney Ah receptor binding capacity in the kidney
Bmax - Liver Ah receptor binding capacity in the liver
Bmax - Lungs Ah receptor binding capacity in the lungs
Bmax - Skin Ah receptor binding capacity in the skin
Bmax - Spleen Ah receptor binding capacity in the spleen
Kd Dissociation constant of Ah receptor binding
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Table B-2.0 Detailed Descriptions for each Parameter Evaluated in the Sensitivity

Analysis.

Abbreviation Parameter Description
CYPIA2 Receptor Pharmacodynamics
Ceyp0 Basal level of CYP1A2 within the liver
h Hill coefficient
1ICa2 Concentration resulting in half maximum induction folds
INa2 Maximum induction folds over the basal induction rate
K2 CYPI1A2 first-order degradation rate constant of binding
Kdeyp Dissociation constant of binding to CYP1A2
tau CYPI1 A2 physiological delay time
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