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Dose-response analysis of short-term effects of 2,3,7,8-
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Abstract

Line A, B, and C rats were selectively bred from TCDD-resistant Han/Wistar (Kuopio; H/W) and TCDD-sensitive Long—Evans
(Turku/AB; L-E) rats. Line A rats are the most resistant to TCDD acute lethality followed by line B and line C rats. The resistance in line
A rats is associated with a mutated H/W-type aryl hydrocarbon receptor (A/r) allele (Ah/™") and in line B rats the resistance is associated
with an allele of an unknown gene B (B™), while line C rats are almost as sensitive to TCDD as L-E rats. The dose-responses of
characteristic short-term effects (day 8 postexposure) of TCDD were used to evaluate the efficacy (magnitude of effect) and potency
relationships between these lines. Line A rats showed similar efficacies as line C (line A:line C efficacy ratio more than 0.7) for thymus
weight, EROD activity, and incisor tooth defects. In contrast, efficacies in line A were decreased (efficacy ratios 0.19—0.37) for body weight
change, serum bilirubin, and FFA levels, and serum ASAT activity. For most endpoints the efficacies in line B rats seem to be lower than
in line C rats. The potencies were close to each other in line A and B rats, but somewhat lower than in line C rats. The results support our
previous concept of two different AHR-mediated signaling pathways leading to dioxin type I and type II endpoints. Rats with the Ahr™™""
genotype show a markedly decreased efficacy for type II endpoints, but B™" allele had only a minor effect on efficacies for most endpoints.
Both H/W-type resistance alleles also decreased the potency of TCDD. However, the potency differences in short-term toxicity seem not
to explain, at least alone, the differences seen in acute lethality among the rat lines.
© 2003 Elsevier Science (USA). All rights reserved.

Keywords: Dioxin; TCDD, Strain differences; AHR; Efficacy

Introduction In TCDD responsive C57BL/6]J and nonresponsive
DBA/2 mouse strains, the strain difference in ligand-bind-

Exposure of experimental animals to the environmental ing affinity of the AHR causes a 10- to 14-fold difference in
contaminant 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) the potency of TCDD for acute lethality (Chapman and
causes a set of diverse toxicological and biological effects Schiller, 1985; Ema et al., 1994; Okey et al., 1989; Poland
seen in most vertebrates studied. Studies with different et al., 1994). These mouse strains also showed similar po-
mouse models (Birnbaum et al., 1990; Poland and Glover, tency differences in sensitivity to nonlethal endpoints of

1975; Poland et al., 1976) have revealed that the TCDD TCDD toxicity, including CYP1A1 induction. However,
toxicity is mediated by a soluble, intracellular protein, the TCDD efficacy (magnitude of effect) was only slightly
aryl hydrocarbon receptor (AHR). In addition, the lack of affected. Similarly, the potency difference in acute lethality
TCDD-induced toxicity and transcriptional activation of genes between congenic C57B1/6] mice was also seen for body
encoding xenobiotic metabolizing enzymes in AHR-knockout weight and organ weight changes as well as clinical pathol-

mice (Fernandez-Salguero et al., 1996) strongly support the ogy effects, while efficacy was only slightly different (Birn-
hypothesis that many biochemical and toxic effects of TCDD baum et al., 1990).

and related compounds are AHR-dependent. In our laboratory we have used a rat model based on an

exceptionally wide (>1000-fold) sensitivity difference be-
* Corresponding author. Fax: +358-17-201-265. tween the sensitive Long—Evans (Turku AB) (L-E) rats and
E-mail address: ulla.simanainen@ktl.fi (U. Simanainen). the resistant Han/Wistar (Kuopio) (H/W) in terms of acute

0041-008X/03/$ — see front matter © 2003 Elsevier Science (USA). All rights reserved.
doi:10.1016/S0041-008X(02)00068-6
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lethality of TCDD. A point mutation in the H/W-type Ahr
allele (Ah”™; hw denoting allele originally from H/W rats)
results in an abnormal C-terminus transactivation domain
and a smaller AHR protein compared to normal rat strains
(Ahr""; wt denoting wild-type allele) (Pohjanvirta et al.,
1998, 1999). The exceptional resistance of H/W rats to
TCDD acute lethality is associated with this abnormal AHR
and, to a lesser extent, with an unknown gene “B”
(Tuomisto et al., 1999).

The dose-responses for typical endpoints of dioxin tox-
icity were previously modeled and differences quantified in
L-E and H/W rats (Simanainen et al., 2002). Despite the
large difference in LD50 values, the potency of TCDD for
nonlethal biochemical and toxic short-term effects was
much less affected by the mutated H/W-type AHR. Further-
more, the endpoints could be divided into two different
categories, type I and II endpoints, by using the efficacy
difference between the strains as the classification criterion
(Simanainen et al., 2002; Tuomisto et al., 1999). Type I
endpoints (EROD activity, thymus weight, tooth defect)
showed similar efficacy in both strains, while for type II
endpoints (body weight, serum FFA and bilirubin levels,
serum ASAT activity) the efficacy was less than half in
H/W rats compared to L-E rats.

We used conventional cross-breeding methods to segre-
gate the H/W rat resistance genes, Ahr and B, into different
rat lines each harboring the resistant alleles from only one of
these two genes (Tuomisto et al., 1999). H/W and L-E were
the parent strains used in the breeding, and the new rat lines
were designated lines A, B, and C. Line A has the mutated
Ahr™ allele and the wild-type B allele (genotype Ahr/™"™"
B""""). Line B lacks the resistant Ah/™, but is homozygous
for B™ (Ahr™" B™"™). Line C possesses neither of the
resistance alleles (AAr*”" B¥”*"). Lines A, B, and C exhibit
highly different LD50 values for TCDD: >10,000, 830, and
40 wg/kg in males, respectively, and >2000, 410, and 19 in
females, respectively. Thus, line A is as resistant as H/W,
line C is almost as sensitive as L-E, and line B is interme-
diately resistant.

In this study we used these new rat lines to further
characterize the roles of the resistance alleles Ak and B™
in short-term effects of TCDD, especially with regard to the
efficacy and potency differences as previously demonstrated
in the parent strains. Furthermore, the results were expected
to help to define the dependence of type I and II responses
on the resistance alleles and to further understand the mech-
anism of TCDD toxicity.

Materials and methods
Chemicals
TCDD was purchased from the UFA-Oil Institute (Ufa,

Russia) and was over 99% pure as confirmed by gas chro-
matography—mass spectrometry. It was weighed and dis-

solved in diethyl ether. Adjusted volume of diethyl ether
was mixed with corn oil and ether was let evaporate. Dosing
solutions were mixed in a magnetic stirrer and sonicated for
20 min before dosing. Methanol and diethyl ether were of
analytical grade and purchased from Merck (Darmstadt,
Germany) and from BDH Laboratory Supplies (Poole, UK),
respectively. All other chemicals used in assays were of
analytical grade and purchased from Sigma Chemical Co.
(St. Louis, MO, USA).

Animals and animal husbandry

Adult female line A, B, and C rats were obtained from
the breeding colony of the National Public Health Institute
(Kuopio, Finland). The crossing protocol to develop these
lines has been described by Tuomisto et al. (1999). The
breeding colony is kept in a specific pathogen-free (SPF)
barrier unit and the animals are regularly subjected to a
health survey consisting of serological, bacteriological, and
parasitological screening as suggested by FELASA (1996).
These surveys indicated that the animals were free of typical
rodent pathogens.

The rats were 8—12 weeks old at the beginning of the
experiment. Line A rats weighed 176 = 20 g (mean = SD);
line B rats weighed 198 = 20 g, and line C rats weighed 178
* 13 g. They were housed in stainless steel wire-bottom
cages, five to six rats per cage. Rats received commercial rat
chow (R36; Lactamin, Stockholm, Sweden) and tap water
ad libitum. The ambient temperature in the animal room was
21 %= 1°C, and the relative humidity was 50 = 10%. The
rats were kept under a photoperiodic cycle of 12 h light/12
h dark in an air-conditioned animal room.

Experimental design

Rats were randomly divided into experimental groups of
five to six animals and given a single oral dose of TCDD in
corn oil by oral gavage using a metal cannula with a ball tip
(Day 0). The dosing volume was 4 ml/kg. TCDD doses had
ca. threefold intervals and were between 0.03 and 3000,
0.03 and 1000, and 0.03 and 100 ug/kg body weight in line
A, B, and C rats, respectively. Control animals were dosed
similarly with corn oil vehicle. On Day 8 postexposure, rats
were decapitated with a guillotine, trunk blood was col-
lected, and serum was separated. Liver and thymus were
quickly removed, trimmed, and weighed. Liver samples
were quickly frozen in liquid nitrogen. Serum and liver
samples were stored at —80°C until analyses.

Biochemical analyses

Ethoxyresorufin-O-deethylase (EROD) activity. EROD ac-
tivity in liver S9 fraction was assayed fluorometrically ac-
cording to Kennedy and Jones (1994) with slight modifica-
tions. The assay was carried out using 96-well microtiter
plates and a protein concentration of 30 wg/well. Samples
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were incubated for 3 min at 37°C, and the linearity of
EROD activity with time was confirmed. Protein concen-
tration was measured by the Bradford (1976) method using
the Bio-Rad protein assay reagent and bovine serum albu-
min standards (Bio-Rad, Hercules, CA, USA).

Serum ASAT activity, FFA concentration, and total bili-
rubin concentration. Serum aspartate aminotransferase
(ASAT) activity assay was based on kinetic measurement
using UV photometric detection, and it followed the Scan-
dinavian Committee on Enzymes (S.C.E.) of the Scandina-
vian Society for Clinical Chemistry and Clinical Physiology
recommendations (1974). Serum FFA concentrations were
analyzed according to the method of Shimizu et al. (1980).
Serum total bilirubin was measured using a modified diazo
ultramicromethod of Walters and Gerarde (1970). All these
assays were performed with the Kone Specific selective
chemistry analyzer (Kone Instruments, Espoo, Finland).

Tooth examination

Lingual attrition surfaces of lower incisors were exam-
ined for the presence and severity of pulpal perforations
(Alaluusua et al., 1993) using a stereomicroscope. Severity
of pulpal perforation was scored semiquantitatively using a
scale of 0-3 (0, no perforation; 1, initial perforation; 2,
perforation; 3, perforation with pulpal hemorrhage). Teeth
were examined by one investigator not knowing the dose.

Statistical analyses and curve fitting

Intrastrain dose group comparisons were carried out us-
ing the one-way analysis of variance (ANOVA). If this test
showed a significant difference, the least significant differ-
ence (LSD) test was used as a post-hoc test. In case of
nonhomogenous variances (according to Levene’s test, p <
0.01), the nonparametric Kruskal-Wallis ANOVA was
used, followed by the Mann—Whitney U test.

Dose-response curves were fitted assuming a shape of
cumulative normal distribution after logarithmic dose trans-
formation and using the least-squares method with sequen-
tial quadratic programming (SPSS 10.0 Statistical Program,
SPSS Inc., Chicago, IL). The regression analysis was per-
formed separately for all strains and endpoints using the
formula,

E(d) = Emin + (Emax - Emin) . ¢((d - “’)/0-)’

where E(d) is the observed effect at d = log(dose), E,;, is
the control effect, E_,, is the maximal effect, u is
log(ED50), o is log(GSD) (GSD denoting for geometric
standard deviation), and ® is the cumulative standard nor-
mal distribution.

The following restrictions were used for input parame-
ters: ED50 = 0.01 pg/kg, ED50 = 3000 wg/kg; GSD >

1.02; GSD < 50; E,;, = 0; E,,,.,, = O.

min

Parameter estimates were compared between strains. A
probability that one estimate is smaller than the other was
calculated by randomly sampling values from the likelihood
distributions of the two estimates. The difference between
strains was considered statistically significant if this proba-
bility was smaller than 0.025 or greater than 0.975.

To confirm the obtained results, the data were also mod-
eled using nonlinear regression with a modified hyperbolic
curve, the Hill equation De Vito et al., 1997, Holford and
Sheiner, 1981.

E(D) = Epin + (Enax — Enin) * D") (ED50" + D),

where E(D) is the observed effect at D = dose, E,;, is the
control effect, E,,, is the maximal effect, ED50 = effective
dose 50%, and n = Hill coefficient, the shaping factor.
Efficacy (or relative efficacy) was defined as a relative
change of the effect from the control level: (E, .« — E.in)/
E, ;.. Absolute efficacy was defined as an absolute change:
E. . — Eni.. Efficacy ratio was defined as the relative
efficacy in one line divided by that in the reference line
(usually C). Sometimes absolute efficacy ratio was calcu-
lated by using absolute efficacies. Potency was defined as

the inverse of ED50.

Results

All endpoints measured were significantly and dose-
dependently affected by TCDD in all lines, except serum
FFA levels in line A rats (Figs. 1 and 2). ED50, E,.;,, E.x
and GSD estimates for all endpoints are shown in Table 1.
Liver EROD activity was a low-dose effect with ED50
below 1 wg/kg, while serum FFA and bilirubin levels as
well as ASAT activity were high-dose effects with ED50
above 20 wg/kg. Incisor tooth defect as well as body weight
change and thymus weights could be classified as interme-
diate effects. Body weight change and tooth defect were
clearly closer to the high-dose effects (ED50 in line C rats
= 5.5 pg/kg and up to 35 pg/kg in line A rats). Thymus
weight was closer to the low-dose effects (ED50 in line A,
B, and C rats 0.83-1.9 pg/kg).

Similar to our earlier findings (Simanainen et al., 2002),
liver EROD activity showed decreases from maximal values
at high-dose levels due to liver toxicity. For this reason data
from the highest doses of >30, >10, and >3 ug/kg TCDD
for lines A, B, and C, respectively, were not used for the
dose response modeling of CYP1AT1 induction (measured as
EROD induction).

Efficacy

The estimates for E,,;, and E,,, seemed to be robust and
had narrow confidence intervals for most endpoints mea-
sured. However, E,_ . confidence intervals for serum bili-
rubin levels and ASAT activity were large in line A rats.
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Fig. 1. Modeled dose-responses and group means (five to six rats per treatment group) = SE of relative body weight change, body-weight-related thymus
weight, liver S9 ethoxyresorufin O-deethylase (EROD) activity, serum-free fatty acid concentrations (FFA), serum aspartate aminotransferase (ASAT)
activity, and serum total bilirubin concentration in line A, B, and C rats 8 days after exposure to a single oral dose of TCDD. Dose-response curves were
fitted assuming a shape of cumulative normal distribution after logarithmic dose transformation and using the least-squares method with sequential quadratic
programming. The curves are drawn up to the highest dose modeled. For statistically significant group means (p < 0.05) differences versus corresponding

controls are depicted with solid symbols.

E.;, estimates were similar among the strains, except that
line A tended to have larger thymus, smaller serum FFA
levels, and more tooth defects. Some E,,, estimates were
beyond the experimental data, representing an extrapolated
part of the dose-response with large confidence intervals
(serum ASAT activity and bilirubin concentration in line A,
thymus weight in line B). These extrapolations, however,
did not affect the interpretation of the results.

Efficacy estimates expressed as relative changes in the
magnitude of response ((E,.x — Emin)/Emin) and the effi-
cacy ratios (compared to line C) are shown in Table 2. For
most endpoints the efficacy was highest for line C rats and
lowest for line A rats. Line A rats had significantly smaller
efficacies than line C and line B rats for all endpoints
previously defined as type II endpoints except ASAT (A-B
difference for bilirubin was almost significant). This was

Mean severity of incisor tooth
defects

—

0 0.1 1 10 100 1000 10000

TCDD (ug/kg)

Fig. 2. Modeled dose-responses and group means (five to six rats per
treatment group) * SE of mean severity of right and left incisor tooth
defects in line A, B, and C rats 8 days after exposure to a single oral dose
of TCDD. Dose-response curves were fitted assuming a shape of cumula-
tive normal distribution after logarithmic dose transformation and using the
least-squares method with sequential quadratic programming.
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Table 1
Estimates (CI 95%) for E,,

in>
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E,

max>

and C rats 8 days after a single oral exposure to different doses of TCDD

ED50 (ug/kg), GSD, percentage of variance explained (R?), and Hill coefficient (n) for different effects in line A, B,

Rat Body weight Relative thymus Liver EROD Serum FFA Serum bilirubin Serum ASAT Incisor tooth
line change (% initial weight (% body activity ((pmol/mg) levels (nM) levels (uM) activity (U/l) defects
body weight) weight) X min)

Emin

A 104 (103-105) 0.13 (0.12-0.14) 72 (0-390) 0.38 (0.30-0.45)" 1.6 (1.1-2.1) 217 (102-330) 0.59 (0.33-0.85)"

B 105 (104-107) 0.16 (0.12-0.20) 85 (0-250) 0.48 (0.41-0.55) 1.7 (1.2-2.1) 175 (140-210) 0.20 (0-0.45)

C 104 (103-106) 0.15 (0.14-0.16) 88 (0-570) 0.54 (0.45-0.64) 1.9 (0.98-2.8) 203 (150-250) 0.46 (0.2-0.73)
Eppx

A 95 (93-96)" 0.050 (0.043-0.058)* 1170 (1000-1300)*  0.57 (0.47-0.66)" 5.0 (0-14)" 878 (0-2000) 2.6 (2.2-3.0)

B 83 (80-86)* 0.026 (0-0.055) 1220 (1100-1400) 1.1 (0.84-1.3) 12 (11-14)* 668 (540-800)* 2.3 (1.9-2.7)

C 78 (74-81) 0.038 (0.028-0.047) 1580 (1200-2000) 1.3 (1.0-1.5) 23 (18-28) 1620 (840-2400) 2.7 (2.0-3.3)
ED50*

A 20 (9.1-46)* 1.8 (0.94-3.3) 0.15 (0.064-0.34) 32 (0-3000) 656 (0.0017-3000) 283 (0.37-3000) 35 (17-75)*

B 21 (14-33)* 1.9 (0.44-8.5) 0.28 (0.17-0.47) 110 (39-310)* 95 (61-150)* 57 (25-130) 30 (0-3000)

C 5.5(3.7-8.4) 0.83 (0.54-1.3) 0.14 (0.053-0.35) 21 (11-40) 27 (18-40) 33 (9.2-120) 9.3 (4.4-20)
GSD

A 5.0 (1.7-15) 4.4(1.9-10) 34 (1.1-11) 1.2 (0-50) 50 (0.012-50) 15 (0.063-50) 2.7 (0.96-7.3)

B 2.8 (1.5-5.1) 34 (2.5-50) 2.9 (1.4-6.0) 3.1 (0.83-12) 3.6 (2.1-6.2) 5.1 (1.8-14) 1.0 (0-50)

C 4.2(2.5-7.2) 4.8 (2.6-8.7) 4.0 (0.92-17) 1.8 (0.90-3.6) 2.5(1.54.2) 4.9 (1.8-13) 2.8 (1.0-7.5)
R2

A 0.69 0.77 0.65 0.13 0.42 0.31 0.57

B 0.80 0.79 0.81 0.51 0.88 0.76 0.59

C 0.91 0.90 0.70 0.48 0.88 0.90 0.61
Hill n°

A 1.1 (0.25-1.9) 1.1 (0.41-1.8) 1.3 (0-2.7) 5.0 (0-200) 0.31 (0-1.1) 0.75 (0-2.1) 1.8 (0-3.8)

B 1.5 (0.55-2.5) 0.42 (0.068-0.78) 1.5(0.34-2.7) 5.0 (0-40) 1.3(0.71-1.9) 1.0 (0.33-1.6) 5.0 (0-74)

C 1.1 (0.67-1.6) 1.0 (0.60-1.5) 1.1 (0-2.5) 2.8 (0-6.7) 1.8 (0.82-2.7) 0.94 (0.40-1.5) 1.6 (0-3.36)

* ng/kg TCDD.

° Hill coefficients were derived from the Hill plot model for the same data.
* Significantly different from line C estimate.
" Significantly different from line B estimate.

also true when efficacy was measured as absolute changes
(Ernax — Ewmins not shown). Efficacy ratios between line A

and C rats were 0.19-0.44 for all type II endpoints. In
contrast, they were 0.81, 0.90, and 0.70 for thymus weight,

liver EROD activity, and tooth defect, respectively (type I
endpoints). The efficacies for thymus weight were signifi-
cantly different between lines A and C. The efficacy ratios
between line B and C were 0.57-0.93, except for serum

Table 2
Efficacy ((E,

a single oral exposure to different doses of TCDD

max — Emin)Emin)> and relative efficacy and potency (compared with line C) for different effects in line A, B, and C rats 8 days after

Rat line Body weight  Relative thymus  Liver EROD  Serum FFA  Serum bilirubin ~ Serum ASAT  Incisor tooth
change weight activity levels levels activity defects
Efficacy® (Emax = Emin)/Emin)
A —0.093+" —0.60* 15 0.5%" 2.2% 3.1 3.31
B —0.21 —0.84 13 1.3 6.5 2.8 10.62
C —0.25 —0.74 17 1.4 11 7.0 4.74
Efficacy relative to line C
A 0.37 0.81 0.90 0.37 0.19 0.44 0.70
B 0.84 1.1 0.78 0.93 0.57 0.40 2.24
C 1 1 1 1 1 1 1
Potency relative to line C
A 0.27 0.47 0.93 0.66 0.041 0.12 0.26
B 0.26 0.43 0.48 0.19 0.28 0.58 0.31
C 1 1 1 1 1 1 1

“ Statistically significant (p < 0.05) differences are shown only for efficacy.
* Significantly different from line C estimate.
" Significantly different from line B estimate.
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ASAT activity (0.40) and dental defects (2.24). The high
efficacy for tooth defects in line B rats was due to a rela-
tively low E,; estimate; absolute efficacies were similar in

line B and C.
Potency

The potencies relative to line C were calculated using
ED50 estimates (Table 2). The ED50 estimates were robust
and had narrow confidence intervals for all other endpoints
except for serum bilirubin levels, FFA levels, and ASAT
activity in line A rats as well as tooth defects in line B rats.
In the classical receptor theory, the calculation of potency
ratios for receptor-ligand interactions are theoretically
sound only for full agonists, i.e., for compounds producing
the maximal response. Because in this study the E,,, esti-
mates for certain endpoints were not the same in all rat lines,
the comparison of potencies of these endpoints can only be
considered as an indicative tool for potency differences.

TCDD was more potent in line C rats than in line A and
B rats for all endpoints (Table 1). The ED50 values were
1.1-5.2 times higher in line A and B rats than in line C rats
(excluding unreliable estimates for bilirubin level and
ASAT activity in line A rats). However, the potency differ-
ence was statistically significant only for body weight
change and tooth defect (line A vs line C), and for body
weight change, serum bilirubin, and FFA (line B vs line C).
EDS50 estimates did not differ significantly between lines A
and B.

Hill coefficient

The corresponding ED50 values derived from Hill plot
were consistent with those derived from the log normal
distribution model (not shown). The Hill coefficient (n; the
shaping factor) for each endpoint and rat line are presented
in Table 1. A Hill coefficient greater than 1.0 indicates a
positive and a coefficient less than 1.0 indicates a negative
ligand cooperativity. When the cooperativity is positive, the
increase in the dose at low dose levels causes only a minor
response until the threshold dose where only a small in-
crease in dose causes a dramatic increase in response. In
negative cooperativity the dramatic increase in response
occurs at low doses and then the response is much less
sensitive to increase in dose and becomes almost indepen-
dent of the concentration of ligand. For most endpoints the
factor was close to 1. The exceptions were serum FFA level
and line B tooth defects with factors between 2.8 and 5.0 as
well as line B relative thymus weight (0.42) and line A
serum bilirubin (0.31).

Discussion

Characteristic short-term effects of TCDD other than
lethality were evaluated among line A, B, and C rats. The

initial observations on line A, B, and C rat sensitivity
differences are documented in a previous article by
Tuomisto et al. (1999). In this study we determined com-
prehensive dose-response curves for short-term effects of
TCDD and carried out a quantitative comparison among the
rat lines using modeled potency and efficacy estimates for
each line and endpoint. Analysis of the outcome is compli-
cated by the fact that the biochemical and biological pro-
cesses behind the selected endpoints are diverse, involving
a different number of intermediary steps (e.g., CYP1Al
induction vs liver toxicity). Also the biological basis and
function of the B gene is unknown. It may be related to the
AHR signaling pathway or an enzymatic difference as well.
Therefore, it is a challenge to use dose-response analysis to
study the sensitivity differences of various endpoints among
rat lines A, B, and C.

Efficacy

We previously demonstrated in a similarly designed
study with TCDD-resistant H/W and TCDD-sensitive L-E
rats that the short-term effects of TCDD exposure could be
divided into two different categories, type I and type II
(Simanainen et al., 2002). If the efficacy for an endpoint is
similar in resistant and sensitive (wild-type) rats, i.e., effi-
cacy ratio > 0.5, the endpoint under consideration should be
classified as type L. If the efficacy is clearly different, i.e.,
efficacy ratio < 0.5, the endpoint should be classified as
type II.

The present results with line A, B, and C rats confirm the
suitability of efficacy as the classification criterion for short-
term effects and reveal that the Ah/’™ is the most important
factor decreasing the TCDD efficacy. When the cutoff value
of 0.5 was used for line A:line C efficacy ratio (analogous
to H/W:L-E efficacy ratio), thymus weight, EROD activity,
and dental defects were classified as type I endpoints. Body
weight change, serum bilirubin and FFA levels, and serum
ASAT activity were categorized as type II endpoints, as the
efficacy was greatly decreased in line A rats. The result is
exactly the same as in our previous study with H/W and L-E
rats (Simanainen et al., 2002). This indicates that the mech-
anistic difference between type I and II effects is linked to
the Ah/™ allele and the altered AHR transactivation do-
main.

Contrary to the Ahr™ allele, the B™ allele seems to have
only a minor influence on TCDD efficacy, and the endpoint
classification in line B is different from that in line A. The
line B:line C efficacy ratio was less than or close to 0.5 only
for ASAT activity and serum bilirubin. Thus the B™" allele
may influence TCDD efficacy for serum ASAT and biliru-
bin levels, but not the other type II endpoints.

Efficacy of a ligand is a measure of the maximal attain-
able response (E,,,,) and is influenced by both ligand- and
tissue-specific properties. Maximal response depends on the
efficiency of receptor coupling, i.e., on the cascade of
events, which, from the binding of the ligand to the receptor,
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leads to the observed biological effect. Coupling between
the receptor and the response are tissue- and endpoint-
dependent. The amount and distribution of AHR in line A,
B, and C rats have not been studied, but studies in L-E and
H/W rats indicated that L-E rats have clearly higher total
hepatic levels of AHR than H/W rats (Franc et al., 2001;
Pohjanvirta et al., 1999). This difference may contribute to
the increased efficacy of TCDD for short-term endpoints.
However, no difference between the strains was found in
TCDD affinity to cytosolic AHR, in abilities of their AHRs
to be transformed into the DNA-binding form by TCDD, or
in the specific binding of the activated AHR to DNA (Poh-
janvirta et al., 1999). Also the up-regulation of the AHR by
TCDD was similar in H/W and L-E rats (Franc et al., 2001).

The deletion mutation of Ahr™ is located within the
transactivation domain leaving the domains responsible for
ligand and DNA binding as well as heterodimerization in-
tact (Pohjanvirta et al., 1998). Therefore, the activation of
transcription seems to be the critical step where the wild-
type and H/W-type receptors act differently. In vitro and in
vivo studies have shown that TCDD-induced binding of
AHR-ARNT to the enhancer does not require the C-termi-
nal end of AHR (Ko et al., 1996), but is necessary for
formation of a functional AHR conformation that increases
promoter accessibility and facilitates promoter occupancy
by different transcription factors (Ko et al., 1997; Kronen-
berg et al., 2000). The promoter sequences and the tran-
scription factor machinery are diverse, involving separate
genes. Our results are consistent with the assumption that
the mutation in Ahr™ selectively affects the formation of
functional AHR conformation and communication between
enhancer and promoter, and consequently, the expression of
different genes.

Potency

This study showed that both H/W-type resistance alleles
decreased TCDD potency at least for some endpoints. The
different efficacies in type II endpoints among the rat lines
and the overlapping ED50 confidence intervals complicate
the potency comparisons. However, it is apparent that the
differences among the lines were far from those seen in
acute lethality.

In this study we measured TCDD effects 8 days postex-
posure. This was a compromise in aim to observe many
different effects. Liver EROD peaks earlier and is already
affected by liver toxicity at higher dose-levels on Day 8.
However, Hakansson et al. (1994) demonstrated that in
Sprague-Dawley rats receiving TCDD up to 67% of their
LD50 the EROD induction was maximal from Day 1 to Day
28 after treatment and in C57B1/6 and DBA/2 mice receiv-
ing TCDD up to 76% of their LD50 the maximal EROD
induction occurred 7 days postexposure. Therefore, in the
present study at the doses that were not liver toxic the
induction was expected to be maximal. It is therefore likely
that the selected time point does not have a major influence

on conclusion derived from the EROD activity model. This
conclusion is also supported by the fact that the CYPIA1
response was similar in H/W and L-E rats 3 days after
TCDD exposure (Pohjanvirta et al., 1988).

Tooth defects clearly occur at late time points, and the
effects are not visible much before Day 8 postexposure. In
arecent study we examined H/W and L-E rats after 20-week
exposure to TCDD and saw similar responses in the im-
paired formation of the incisor tooth in both strains (Kiuk-
konen et al., 2002). Thus, the main result is similar at both
time points, implying that these tooth defects are type I
effects. Effects on serum bilirubin and ASAT levels are
clearly more pronounced at late time points, and 8 days
postexposure was considered to be a representative time
point for short-term liver effects. Interestingly, Viluksela et
al. (2000) showed that in TCDD-resistant H/W and -sensi-
tive L-E rats there is little difference in efficacy but about a
100-fold difference in potency for ASAT activity after 20-
week exposure to TCDD. Therefore it seems that the tox-
icity may accumulate in time also in type II endpoints,
disguising the original efficacy difference. This phenome-
non is also seen with lethality: although H/W rats are ex-
tremely resistant to acute lethality, there is remarkable sub-
chronic mortality after a large dose of TCDD (Viluksela et
al., 2000). These data imply that the effect on efficacy is
primary, and toxicity accumulation and/or tolerance occur-
ring during several weeks modifies the effect leading to
secondary differences in potency.

Line B rats showed dose-responses that do not clearly
fall in either type I or II responses. It seems that this
classification indicates a difference in the mechanism that is
specifically affected by the Ahr genotype. Whether gene B
genotype affects specifically efficacy, potency, or both is
not clear. However, the responses differ from line C re-
sponses, indicating that gene B, in addition to Ahr, is some-
how involved in these mechanistic pathways.

The identity of gene B and the site and mechanism of
action are currently under thorough investigation in our
laboratory. Tuomisto et al. (1999) showed that the rats
heterozygous for both resistance alleles (Ahr™"" B/
were more resistant than rats heterozygous for either Ahr™"
(ARF™0 BY"Yy or B™ (Ahr*"" B™”*"). This implies that
the effects of Ahr™ and B™ seem to be interactive. There-
fore, we hypothesize that B™ could be a specific protein
participating AHR signaling pathway. A closely related
AHR signaling protein is the AHR dimerization partner,
AHR nuclear translocator (ARNT). There seem to be sev-
eral different products of alternative splicing of ARNT
mRNA, but no major differences have so far been found in
relative expression levels of the variants between H/W and
L-E rats or among the A, B, and C lines (Korkalainen et al.,
2002; Korkalainen et al., unpublished data). Beischlag et al.
(2002) demonstrated recently the importance of NcoA/
SRC-1/p160 family of transcriptional activators in TCDD-
dependent gene regulation. These observations have led us
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to consider these coactivators as well as the AHR repressor
as possible candidates for gene B.

In conclusion, the results support the concept of at least
two different AHR-mediated signaling pathways in short-
term dioxin effects, leading to dioxin type I and type II
endpoints. Efficacy ratio of 0.5 between AA/™™ and
Ahr"™" genotype rats can be used as the classification
criterion. The Ah/™ allele is the most important factor
decreasing the efficacy. For most endpoints the B" allele
had only a minor role on efficacy. Both H/W-type resistance
alleles also decreased the potency of TCDD. However, the
potency differences in short-term toxicity seem not to ex-
plain, at least alone, the differences seen in acute lethality
among the rat lines.
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