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Comparison of chronic toxicity and carcinogenicity
of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in
2-year bioassays in female Sprague-Dawley rats
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The cancer bioassay for 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) conducted by the Dow Chemi-
cal company in the mid 70s has been used extensively for conducting quantitative cancer risk assess-
ments for human exposure to TCDD. More recently the National Toxicology Program (NTP) conduc-
ted a cancer bioassay of similar design as part of its evaluation of the dioxin toxic equivalency factor
methodology. This report compares the design and the results of these two cancer bioassays. This
comparison confirms, in most cases, previously published and widely used carcinogenic response
characteristics with respect to dose, time course, organ selectivity, tumor type and maximum intensity
of TCDD-induced carcinogenicity and toxicity in the Sprague-Dawley rat. Specifically, increases in
the incidences of neoplasms were seen in both studies in the liver, lung and oral mucosa. The most
notable difference was the significant increase in the incidence of cholangiocarcinoma of the liver
seen in the NTP study but not in the Dow study. The experimental designs for the two studies are
similar but some protocol parameters differed, such as vehicle, dosing schedule, diet and rat sub-strain
utilized. Differences in the shapes of the dose response curves for several neoplasms were noted
between the studies, with the NTP study showing non-linearity for all neoplasms. This may result
from differences in the experimental protocols as well as divergence in the biological behavior of the
different stocks of Sprague-Dawley rat strains used.
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1 Introduction

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is a known
human carcinogen as determined by the National Toxicol-
ogy Program (NTP) and the International Agency for
Research on Cancer [1]. The primary data in support of
these listings are from animal cancer studies and an exten-
sive literature on mechanism of action of TCDD, with
human epidemiology findings providing additional support.
There is an extensive body of research data that provides
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compelling evidence of basic similarities in the mechan-
isms by which laboratory animals and humans respond to
TCDD exposure [2]. These mechanistic considerations are
primarily based on aryl hydrocarbon receptor (AhR) activa-
tion and consequential downstream events as important
components of the carcinogenic response [3]. Many other
biopersistent chemicals that bind to and activate the AhR
are considered “dioxin-like”, and the carcinogenic potency
of this class of materials, when given alone or as mixtures,
is an active area of investigation. Contributing to this effort,
the NTP has completed a series of 2-year cancer bioassays
in female rats using individual dioxin-like compounds
(including TCDD) given alone and also as mixtures [4—8].

Although many TCDD cancer studies using laboratory ani-
mals have been performed, the protocol and results pro-
vided by Kociba et al. [9] continue to provide a critical
foundation for risk assessment and regulation in this coun-
try [10]. For this reason, the study design of the NTP
“dioxin-like” chemical carcinogenicity assessment pro-
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gram [8, 11] was based on a 2-year carcinogenicity study of
TCDD conducted by Dow Chemical in the early 1970s and
published in 1978 [9]. The NTP series of studies, in addition
to investigating prepared mixtures containing TCDD and
selected, polychlorinated dibenzofuran and polychlorinated
biphenyl congeners, provided an opportunity to reevaluate
the carcinogenicity of 2,3,7,8-TCDD given to female Spra-
gue-Dawley rats. Male rats were not used in the current
NTP study because they proved to be less sensitive than
females to the carcinogenic effects of TCDD [9].

This report presents a review of the results of the recent
NTP cancer bioassay of TCDD [6] and compares them with
prior observations made in the Dow study [9]. Since dose
selection for the NTP studies of TCDD and related chemi-
cals was based on the Dow study [9], a comparison of the
studies provides insights into the reproducibility of the site-
specific effects of chronic exposure to TCDD in the rat and
comparisons of specific tumor incidences.

This comparison largely confirms, in most cases, pre-
viously published and widely used TCDD response charac-
teristics with respect to dose, time course, organ selectivity,
tumor type and maximum intensity of TCDD-induced car-
cinogenicity and toxicity in the Sprague-Dawley rat. The
two sets of data used in the comparison are derived from
experimental designs that are similar but some protocol
parameters differed, such as vehicle, dosing schedule, diet
and rat sub-strain utilized.

2 Materials and methods

2.1 General

The methods presented here are a brief summary of specific
methods outlined in technical report TR521 for the NTP
TCDD study [6]. For a comparable overview of the Dow
study refer to Kociba et al. [9]. Comparison of the present
design with that of the Dow study is presented in the results
section.

2.2 Chemical

For the NTP study, TCDD was obtained from IIT Research
Institute (Chicago, IL, USA) in one lot (CR82-2-2). Identity
and purity analyses were conducted by Research Triangle
Institute (Research Triangle Park, NC, USA). The chemi-
cal, a white crystalline powder was identified as TCDD by
infrared spectroscopy, proton NMR spectroscopy, direct
probe MS, low-resolution GC coupled with MS. The purity
determined by GC was >98%. Three impurities were
detected and the major impurity (~ 1.5%) was identified as
1,2,4-trichlorodibenzo-p-dioxin. A small peak -eluting
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immediately after TCDD was tentatively identified as a
dimethyl isomer of trichloro-p-dioxin with the positional
substitution unknown. A trace of a higher molecular weight
tetrachlorinated dioxin was also detected, but could not be
identified further. TCDD was dissolved and stored in acet-
one. Dose formulations were prepared by mixing the
TCDD acetone solutions with corn oil such that the final
corn oil solutions contained 1% acetone. Periodic analyses
of dose formulations by GC/MS showed that 56 of 58 for-
mulations were within 10% of target concentrations (NTP,
2004).

2.3 Study design

For the NTP study, groups of 81 or 82 female Sprague-Daw-
ley rats, 8 weeks old at study start, were obtained from Har-
lan Sprague-Dawley, Inc. (Indianapolis, IN, USA) and
received TCDD in corn oil:acetone (99:1), by gavage at
doses of 3, 10, 22, 46, or 100 ng/kg, 5 days per week for up
to 105 weeks. Up to 10 rats per group were evaluated at 14,
31, or 53 weeks for histopathology, serum thyroid hor-
mones, lung and liver cytochromes P450 1A1 and 1A2
activity and liver cell turnover and the remaining 50—54
animals per dose group continued in the study for up 2 years
(Table 1). Additionally, a “stop-exposure” group of 50 rats
received 100 ng/kg TCDD for 30 weeks, and were then
given vehicle for the remainder of the study. A complete
necropsy and microscopic examination was performed on
all rats. Complete study details are outlined in the full NTP
report [6]. The study was conducted at Battelle Columbus
Labs (Columbus, OH, USA) in compliance with Good
Laboratory Practice Regulations (21 CFR, Part 58).

2.4 Pathology

For the NTP study, at necropsy all tissues were examined
grossly, any lesions observed were recorded, and a full com-
plement of tissues was removed and fixed in 10% neutral
buffered formalin for microscopic evaluation. After fixa-
tion, the tissues were trimmed, processed, embedded in par-
affin, sectioned at a thickness of 5 um, stained with hema-
toxylin and eosin (H&E), and examined microscopically.
The severity of lesions was graded on a four-point scale: 1,
minimal; 2, mild; 3, moderate; and 4, marked. The patholo-
gical findings from all studies were subjected to a full NTP
pathology peer review [12]. For assuring the consistency of
the histopathological diagnoses among the toxic equiva-
lency factor (TEF) dioxin projects, the same study patholo-
gist, Quality Assurance pathologist, Pathology Working
Group (PWG) chairperson, NTP pathologist, and members
of the PWG served in all studies. In addition to the routine
peer-review process, a different group of pathologists,
experts in rodent liver carcinogenicity, was convened to
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provide additional guidance on the most appropriate classi-
fication of the hepatocellular proliferative lesions from the
TEF studies. Final diagnoses for hepatocellular prolifera-
tive lesions reflect the consensus of this complete review
process.

2.5 Statistical analyses and dose-response
modeling

The probability of survival was estimated for the NTP
study, by the product-limit procedure of Kaplan and Meier
[13]. Animals found dead of other than natural causes were
eliminated from the survival analyses; animals dying from
natural causes were not eliminated. Statistical analyses for
possible dose-related effects on survival used Cox's method
[14] for testing two groups for equality and Tarone's life
table test [15] to identify dose-related trends. All reported p
values for the survival analyses are two sided. The Poly-k
test [16, 17] was used to assess neoplasm and non-neoplas-
tic lesion prevalence. This survival-adjusted rate was based
on the Poly-3 method. Survival adjusted incidences for the
Dow study were from Portier and Kohn [18], and based on
the pathology reevaluation of Goodman and Sauer [19].

Representative dose-response plots were made using Prism
4.0 for Macintosh (Graph Pad software). Administered
average daily dose (ng/kg/d) was selected as the dose metric
to compare the TCDD-induced neoplastic response
between the Dow study and the NTP study. For the NTP
study, the 5-day total weekly dose was averaged over 7 days
to provide the 7-day daily averaged dose.

3 Results

A comparison of the procedures and outcomes of two can-
cer bioassays of TCDD was made using previously pub-
lished information. The assays were conducted in a similar
manner but differences existed. Table 1 provides an over-
view of similarities and differences in the experimental pro-
cedures used in the NTP and Dow studies. The method by
which the chemical used in each of the studies was pro-
duced was not reported, but the source of material was
different, as indicated in the Table 1. The purity of the che-
micals was reported to be >98% in each case and similar
methods of analysis were used. Of potential importance is
the fact that a different stock of Sprague-Dawley rats from
different suppliers was used in each study. Male and female
animals were exposed to the chemical in the Dow study,
whereas the NTP study only female rats were exposed to
TCDD. However, in the latter study a sufficient number of
male animals were housed with the females to ensure the
continuation of estrus.
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Administration of TCDD was different in each study with
gavage occurring 5 days of each week in the NTP study,
whereas in the Dow study the chemical was mixed in lab
chow to provide 7 days of exposure. The range of daily
administered TCDD dose levels (estimated in Kociba et al.,
actual in NTP) used in each study was similar (1-
100 ng/kg body weight) with the 10 and 100 ng/kg dose
levels being used in both studies. Given that the aim of the
NTP study was to compare the tumor responses, the study
was designed in an attempt to maximize the number of
doses in the range where tumors were expected, and there-
fore, given that 1 ng/kg was the no observed effect level
(NOEL) in the Dow study, this dose was omitted in the NTP
study in favor of additional dose groups at higher doses. Its
is of note that while the daily administered doses were simi-
lar, the weekly averaged daily exposures in the NTP study
are lower since animals were treated with only 5 daily
gavage doses (Monday to Friday) within each week rather
than exposed 7 days per week via dosed feed (Table 1). The
dosing media, corn oil/acetone in the NTP and lab chow for
the Dow study were routinely analyzed to confirm the expo-
sure levels in each study.

Some differences in caging of animals, method of sacrifice,
and body weight measurement protocol are noted in
Table 1. Several categories of measurements were made in
one study but not in the other and selected examples are
shown in the Table 1. Measurements of endogenous compo-
nents of blood and urine were not measured in the NTP
study but results of these tests were reported by Kociba et
al. [9]. Urinary components did not change with treatment
but changes in some hematology measurements occurred
particularly at the highest dose level. Thyroid hormones,
cytochrome P-450 enzymes [20] and cell proliferation were
evaluated in selected animals in the NTP study but were not
made in the Dow study [9].

A comparison of results in Table 2 indicates that cumulative
survival of animals were not altered in any treatment group
in the NTP study, whereas Kociba et al. reported a decrease
in survival in the highest dose group during the latter half of
the study [9]. Both studies reported lower body weight gain
at less than the highest dose (100 ng/kg). Measurement of
TCDD in fat and liver at termination was conducted in both
studies (Table 2 and Fig. 1). The results shown indicate that
tissue levels in the Dow study were approximately twice
those observed in the NTP study, indicative of a higher
internal exposure at equivalent daily averaged doses

(Fig. 1).

The incidences of neoplastic and non-neoplastic lesions
induced by TCDD in the NTP study, with comparison to the
incidences noted in the Dow study are presented in Tables 3
and 4. Treatment-related neoplasms were seen in the two
studies in the liver, lungs, and oral cavity, arising in each
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Table 1. Comparison of study details

Toxicity and carcinogenicity of 2,3,7,8-tetrachlorodibenzo-p-dioxin

Study element NTP Study Dow Study
Chemical purity (methods) >98% GC & GC/MS >99% EC/GC & GC/MS
Compound source IIT Research Institute Dow Chemical

Experiment location
Rat strain
Animals/dose group
Duration of treatment
Treatment (days/week)
Doses (ng/kg)
Administration

Daily averaged dose (ng/kg/d)
Diet

Stop treatment group
Animals per cage
Cage type

Sacrifice method
Blood

Urine

Tissues

Body weight

Food consumption
Thyroid hormone analysis

Cytochrome P450 activities

Cell proliferation analysis
Tissue dosimetry

Battelle, Columbus, OH

Harlan Sprague Dawley (Indianapolis, IN)

50—54 females

2 years (interim groups 14, 31 and 53 weeks)

5
0,3, 10,22, 46,100

Gavage in corn oil:acetone (99:1) vehicle

0,2.1,7.1,15.7,32.9,71.4

NTP pelleted diet (Ziegler Bros. Gardners, PA)

Stop treatment at 30 weeks
5

Polycarbonate, solid with hardwood chips and

cover
CO, asphyxiation
Not measured

Not measured

Termination histology (>40 tissues), interim at

14,31 and 53 weeks (liver)

All animals, weekly for 13 weeks then monthly

Not measured
Weeks 14, 31 and 53

CYP1AIl and 1A2 in liver and lung (CYP1A1

only) at 14, 31 and 53 weeks

Liver at 14, 31 and 53 weeks (10 animals)
Liver, adipose, blood, lung (all time points)

Dow Chemical, Midland MI

Spartan Sprague Dawley (Haslett, MI)

50 females

2 years (interim groups at 12, 48 and 92 weeks)
7

0,1,10,100

Ingested in food

0,1, 10, 100

Purina Lab Chow
None

2

Hanging stainless wire

Decapitation

Hematology and enzymes, 8 animals at 3,12 and
23 weeks

Metabolites, porphyrins, etc. 8 animals 3, 12 and
23 months

Termination histology, interim at 13—24 months,
(>40 tissues)

20 animals, weekly

20 animals, weekly

Not measured

Not measured

Not measured
Liver and adipose at 2 years

Table 2. Comparison of study results

Results

NTP study

Dow study

Cumulative survival
Body weight at termination

Daily averaged dose (ng/kg/d)
1
2.1
7.1

10

15.7

329

71.4

100

No difference from control

Lower than control at doses of 22, 46 and 100 ng/kg

Lower than control at highest dose (100 ng/kg)
Lower than control at 10 ng/kg and 100 ng/kg

Mean TCDD concentrations in tissues at termination (pg/g wet weight)

505+ 92 pg/g in fat

681 + 58 pg/g in liver

753 + 68 pg/g in fat
2213 + 163 pg/g in liver

1404 + 117 pg/g in fat
4364 + 268 pg/g in liver
1996 + 123 pg/g in fat
6413 +242 pg/g in liver
3177 £ 506 pg/g in fat
9325+ 1163 pg/g in liver

540 pg/g in fat
540 pg/g in liver

1700 pg/g in fat
5100 pg/g in liver

8100 pg/g in fat
24000 pg/g in liver

organ from the same cell type. However, a striking differ-
ence between the two studies was the lack of cholangiocar-
cinoma and/or cholangiofibrosis in the Dow study. Prolif-

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

erative lesions of the bile duct (e. g., bile duct hyperplasia,
cholangiofibrosis and cholangiocarcinoma) were not speci-
fically diagnosed in the Dow study, although oval cell pro-
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Figure 1. Comparison of liver TCDD concentrations at 2 years in the NTP study (solid line) and the Dow study [9] (dotted line). Data
are plotted as daily averaged doses relative to the wet weight liver concentration.

liferation, which is suggested to be of bile duct origin, was
noted. Two cases of bile duct adenoma were noted only in
females treated with the high dose in the Dow study.
According to Goodman and Sauer [19], who peer-reviewed
the liver slides from the Dow 2-year study, regenerative
hyperplasia of the liver was part of the process of “hepato-
toxicity” in the Dow study, in contrast to the NTP study,
where the term “nodular hyperplasia” was used. This was
distinguished and reported separately from “toxic hepato-
pathy”, a term used to indicate a distinct spectrum of lesions
that was seen in the livers of rats treated with TCDD and
with other “dioxin-like” chemicals in the NTP study series
[21]. Nodular hyperplasia was generally composed of larger
than normal hepatocytes (hepatocytic hypertrophy), some-
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times mixed with areas of increased numbers of small hepa-
tocytes (hepatocytic hyperplasia). Areas of nodular hyper-
plasia blended with the surrounding parenchyma, although
often they had a distinct border. Large, focal to multifocal
areas of nodular hyperplasia were sometimes seen that
caused compression of surrounding tissue, and/or bulging
of the capsular surface. Bile duct hyperplasia and portal
areas were usually present within nodular hyperplasia. The
nodular hyperplasia was considered to be the result of the
presence of a proliferative stimulus. Evaluation of the lower
doses in the present study as well as in livers from other
NTP TEF studies indicated that the nodular hyperplasia was
sometimes seen in animals where the toxic hepatopathy was
minimal or non-existent. According to Goodman and Sauer
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Table 3. Incidence of treatment-related neoplastic lesions in the NTP and Dow studies

NTP study Dow study®

Dose ng/kg 0 3 10 22 46 100 Stop 0 1 10 100

No. of animals examined 54 54 54 54 54 54 50 86 50 50 49
Liver Hepatocellular adenoma 0** 0 0 0 1(2.6) 13%%(29.9) 2(5.2) 2%(3.5) 1(2.9) 9%(33.3) 14*(45.2)

Hepatocellular carcinoma 0 0 0 0 0 0 0 0 0 0 4

Hepatocellular adenoma/carcinoma 2(3.5) 1(2.9) 9(33.3) 18*(58.1)

Cholangioma 0 0 0 0 0 0 1 NR

Hepatocholangioma 0 0 0 0 0 2 0 NR

Cholangiocarcinoma 0 0 0 1(2.9) 4(10.3)  25%*%(549) 2(5.2) NR

Bile duct adenoma NR 0 0 0 2
Lungs Cystic keratinizing epithelioma 0** 0 0 0 0 Cla 0 NR

Keratinizing squamous cell carcino- NR 0 0 0 7*

ma
Oral mu- Gingival squamous cell carcinoma®  1**(2.5) 2(5.7) 1(2.6) 0 4(10.2) 10(22.0) 5(12.4) 0 0 1 4
cosa

Tongue squamous cell carcinoma (] 0 0 0 0 0 0 1 0 0 2
Pancreas Acinar cell adenoma and carcinoma ~ 0%* 0 0 0 0 3 1 0 1 0 1
Thyroid C-cell adenoma and carcinoma 21 15 17 16 14 11 14 16 3 2 6
Uterus Endometrial polyp 11 7 4 11 10 8 4 28 12 11 7

Squamous cell carcinoma 0 0 0 0 5 0 2 0 0 0 0
Mammary Benign and/or malignant neoplasms 39 48 39 31 38 25 35 73 39 40 24
gland
Pituitary ~Adenoma (all lobes) 27 20 26 15 20 11 19 43 12 12 18

a) Data for hepatocellular neoplasms are from the liver pathology reevaluation of Goodman and Sauer [19]. Survival adjusted incidence
rates (shown in parentheses) for adenoma/carcinoma combined are from Portier and Kohn [18]. Survival adjusted incidence rates for
liver adenoma are based on the survival adjusted group size based on adenoma and carcinoma combined. Other data as reported by
Kociba et al. [9]. Data shown represent number of animals exhibiting a specific neoplasm.

b) Described in the Kociba study as hard palate/nasal turbinates.

*p < 0.05, **, p < 0.01 for NTP dataset based, statistical analyses were based on Poly-3 test of survival adjusted incidence (Survival
adjusted incidences shown in parentheses). For the Kociba et al. dataset, statistical analyses were based on the Fisher's exact test, as

reported.
NR, Not specifically reported or described

[19], there was a “distinct correlation between the presence
of overt hepatotoxicity and development of hepatocellular
neoplasms”. These authors used “hepatotoxicity” as a com-
prehensive terminology to include a similar range of non-
neoplastic changes, except of the above-mentioned bile
duct proliferative lesions, as described in the NTP studies
under the term “toxic hepatopathy”.

Although the lung responded in both studies with prolifera-
tive squamous cell lesions, the NTP reported that all squa-
mous cell tumors were benign cystic keratinizing epithe-
lioma (CKE), while in the Dow study the squamous tumors
were interpreted as malignant squamous cell carcinomas
(SCC) (Tables 3 and 4). In addition, the NTP reported
increased acinar pancreatic tumors and uterine SCC, in con-
trast to no change noted in the incidence of these tumors in
the Dow study. Both studies reported significant decreased
incidences of thyroidal C-cell tumors, pituitary and mam-
mary tumors. Kociba et al. [9] reported decreased benign
tumors of the uterus, in contrast to no change noted in the
incidence of these tumors in the NTP study.

The NTP study reported additional changes in other organs
(Table 4), but due to insufficient details included in the
report of the Dow study [9], more complete comparison
was not possible for some of the findings.
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The incidence of pulmonary bronchiolar metaplasia of
alveolar epithelium increased in all 2-year-treated groups in
the NTP study. This change consisted of replacement of the
normal alveolar epithelium by cuboidal to columnar, some-
times ciliated cells, and was often accompanied by abun-
dant mucus production in the affected area [22]. The lesion
generally diffusely affected the epithelium located at the
bronchiolar-alveolar junction and adjacent alveoli. The
incidence of squamous metaplasia of alveolar epithelium
increased in the 46 and 100 ng/kg-treated and 100 ng/kg
stop groups. The incidence of histiocytic infiltration
increased in the 22, 46, 100 ng/kg-treated groups. Alveolar
hyperplasia was seen only in the control group. For the Dow
study, Kociba et al. [9] reported treatment-related hyper-
plastic changes only in the 100 ng/kg-dosed groups.

Increased incidences of minimal to mild multifocal cardio-
myopathy were seen in rats of the NTP 2-year study, admi-
nistered 10 ng/kg or greater [23]. The incidence of cardio-
myopathy was lower in the 100-ng/kg stop-exposure groups
compared to the 100-ng/kg core study group, but was
greater than in the vehicle controls. Cardiomyopathy had
the typical microscopic appearance of spontaneous cardio-
myopathy as seen in aging F344/N rats [23]. The heart was
also considered a target organ in the Dow study, reporting
an increase above the background incidence of myocardial
degenerative changes.
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Table 4. Incidence of treatment-related non-neoplastic lesions in the NTP and Dow studies®

NTP study Dow study
Dose ng/kg 0 3 10 22 46 100 Stop 0, 1,10, 100
No. of animals examined 54 54 54 54 54 54 50
Liver Hepatocytic hypertrophy 0 19 19 42 41 52 22 Observed as part of increased hepatotoxicity
Multinucleated hepatocytes 0 0 16 26 36 51 32 Observed as part of increased hepatotoxicity
Eosinophilic focus 11 14 21 27 27 44 27 Observed as part of increased hepatotoxicity
Inflammation 33 46 47 50 52 49 43 Observed as part of increased hepatotoxicity
Pigmentation 4 9 34 48 52 53 45 Observed as part of increased hepatotoxicity
Diffuse fatty change 0 2 12 17 30 48 10 Observed as part of increased hepatotoxicity
Necrosis 1 4 4 8 10 17 8 Observed as part of increased hepatotoxicity
Oval cell hyperplasia 0 4 3 20 38 53 1 Observed as part of increased hepatotoxicity
Bile duct hyperplasia 5 4 7 22 40 53 7 Observed as part of increased hepatotoxicity
Bile duct cyst 3 1 2 2 0 21 6 NR
Nodular hyperplasia 0 0 0 3 7 36 0 Observed as part of increased hepatotoxicity
Portal fibrosis 0 0 0 0 5 27 1 NR
Toxic hepatopathy 0 2 8 30 45 53 16 Observed as part of increased hepatotoxicity
Cholangiofibrosis 1 1 2 1 11 31 1 NR
Lungs Alveolar epithelium, metaplasia 2 19 33 35 45 46 31 NR
bronchiolar
Oral mucosa Gingival squamous hyperplasia 1 7 14 13 15 16 8 NR
Pancreas  Acinar cytoplasmic vacuolation 1 0 0 1 15 42 0 Increased incidence of atrophy and fibrosis were
noted in the100 ng/kg dosed group
Chronic active inflammation 0 0 2 2 3 6 4
Acinar atrophy 1 2 4 4 4 9 4
Arterial chronic active 0 1 1 2 2 7 2 Increased incidence of hemorrhage in the brain
inflammation and spinal cord, periarteritis in the mesenteric
and thoracic blood vessels of animals treated
with 100 ng/kg
Thyroid Follicular cell hypertrophy 3 4 4 7 10 17 6 NR
Thymus Atrophy (severity) 36(2.6) 1(2.7) 44(3.0) 1(3.1) 44 (3.6) 2(3.9) 45(3.3) Increased incidence of atrophy in the100 ng/kg
dosed group
Adrenal Atrophy 2 0 4 5 5 27 4 Increased incidence of cortical necrosis and he-
gland morrhage
Hyperplasia 16 16 18 25 29 30 20
Heart Cardiomyopathy 10 12 22 35 32 36 22 NR
Clitoral Cystic duct 34 37 41 42 41 48 35 NR
gland
Kidney Nephropathy (severity) 34(1.2) 26(1.1) 32(1.3) 36(1.4) 39(1.4) 52(2.2) 41(1.4) NR
Forestomach Squamous hyperplasia 3 4 4 2 7 11 5 NR

a) Data shown represent the number of animals exhibiting a specific lesion. NR, Not specifically reported or described.

Increased incidence of chronic arteriopathy was noted in all
treated groups in the pancreas and mesenteric arteries of the
NTP 2-year study. Kociba et al. indicated increased inci-
dence of hemorrhage in the brain and spinal cord, as well as
increased incidence of periarteritis in the mesenteric and
thoracic blood vessels of animals treated with 100 ng/kg

[9].

The incidence and/or severity of thymic atrophy were sig-
nificantly increased in the 46 and 100 ng/kg-treated groups
in the NTP 14, 31, and 53 weeks interim sacrifices, and in
the 2-year 22 ng/kg-treated group and higher. The inci-
dence in the 100 ng/kg stop-exposure group was greater
than that in the vehicle controls. Atrophy consisted of vary-
ing degrees of loss of lymphoid cells from the cortex. The
thymus was also a target organ in the 10 ng/kg-dosed group
of the Dow study.

Increased incidence of minimal thyroid follicular cell
hypertrophy was noted in the NTP 2-year rats administered
22 ng/kg or greater [24]. The incidence of this lesion was
lower in the 100 ng/kg stop-exposure group compared to
the 100 ng/kg core study group. Follicular cell hypertrophy
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was a localized to diffuse change, characterized by follicles
that were decreased in size and contained decreased
amounts of colloid in which aggregates of amphiphilic,
flocculant appearing material were often present.

In the uterus, the incidence of SCC in the 46 ng/kg-treated
group of the NTP study was greater than that in the vehicle
controls, and there were two SCCs in the 100 ng/kg stop-
exposure group. The tumor was characterized by irregular
cords and clusters of atypical stratified squamous epithelial
cells that invaded the underlying myometrium. The inci-
dence of squamous metaplasia was lower in the 100 ng/kg
core study group compared to vehicle controls and was less
than that in the 100 ng/kg stop-exposure group. Squamous
metaplasia was generally a minimal to mild, multifocal
change, consisting of tubular structures within the endome-
trium that were lined by stratified squamous epithelium.

The incidence of gingival SCC increased in the NTP 2-year
46, 100 ng/kg-treated and 100 ng/kg stop groups [25]. The
incidence of gingival squamous hyperplasia was increased
in all dosed groups, including the stop-exposure group. The
SCC occurred within the oral mucosa of the palate and was
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located adjacent to the molar teeth in nasal section III. It
was characterized by invading cords and clusters of strati-
fied epithelium. The squamous hyperplasia was seen in the
same location as the tumors, and consisted of varying
degrees of thickened epithelium. Kociba et al. [9] also
reported increased incidence of SCC of the hard palate/
nasal turbinate region in the group treated with 100 ng/kg.
They also reported increased incidence of SCC of the ton-
gue noted in the 100 ng/kg-treated group, which was not a
target organ in the NTP study.

In the NTP study in the pancreas, the incidence of acinar
cytoplasmic vacuolation was increased in the 100 ng/kg-
treated groups of the 31-, and 53-week interim sacrifices,
and chronic active inflammation and acinar atrophy were
present in 100 ng/kg at the 14 and 53 weeks [26, 27]. In the
2-year-treated groups of the same study acinar adenoma
and/or carcinomas were seen only in the 100 ng/kg and
100 ng/kg stop study treated groups. The incidence of aci-
nar cytoplasmic vacuolation was increased in the 46 and
100 ng/kg core study groups, and the incidence of chronic
inflammation, and acinar atrophy were increased in the
100 ng/kg core study group [26]. Kociba et al. did not
report treatment-related change in the acinar cell tumors
among the females in the Dow study, but indicated
increased incidence of atrophy and fibrosis of the acinar tis-
sue of animals treated with 100 ng/kg, which was or was
not associated with increased incidence of periarteritis [9].

The incidences of adrenal cortical atrophy and hyperplasia
increased in the NTP 2-year in groups treated with 10 ng/kg
and higher. The incidence of cytoplasmic vacuolation was
increased in the 22 ng/kg or greater groups. The incidence
of cortical cystic degeneration was increased in the 10 and
22 ng/kg groups when compared to the concurrent controls.
Kociba et al. reported decreased incidence of medullary
hyperplasia (which was not seen in the NTP study), and
increased incidence of cortical necrosis and hemorrhage,
changes which may be consistent with the cortical atrophy
and cystic degeneration observed in the NTP study [9].

In contrast to the Dow study, the NTP investigation
included a 100 ng/kg stop-treatment group following
30 weeks of TCDD treatment. The majority of the treat-
ment-related neoplasms were not seen in the stop treatment
group, except for the oral SCC. These data suggest that a
period of longer than 6 months of exposure is needed for
TCDD-related neoplasms to develop and/or acquire poten-
tial of autonomous growth, except for the gingival tumors,
which apparently were initiated at early stages during expo-
sure, and did not regress even after relatively long period of
withdrawal of treatment.

Dose-response comparison of the two studies indicated
marked differences. The data from the Dow study has been
shown to be essentially low dose linear, the Hill shape
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parameter for hepatocellular neoplasms essentially being
close to 1 [10]. In contrast, modeling of the tumor data from
the NTP study in general gave higher estimated Hill shape
parameters greater than 2.0 [8] and, as such, were more
low-dose non-linear in nature.

4 Discussion

The 2-year study of the chronic toxicity and carcinogenicity
of TCDD in female Harlan Sprague-Dawley rats described
here is one in a series of studies carried out as part of a
multi-study NTP initiative examining the relative chronic
toxicity and carcinogenicity of dioxin-like compounds and
structurally related polychlorinated biphenyls. Detailed
reports on data from these studies can be found elsewhere
[4—7]. A quantitative analysis of the effects observed in this
study of TCDD to responses observed with other com-
pounds studied as part of the Dioxin TEF evaluation has
also been reported elsewhere [8].

The principal findings of the NTP TCDD study were
increased incidences of benign and malignant neoplasms in
several organs, with specific increased incidences of neo-
plasms in the lung (CKE), liver (cholangiocarcinoma, and
hepatocellular adenoma) and oral mucosa (gingival SCC).
In addition, there was an increase in the incidence of SCC
of the uterus in the 46 ng/kg group that was considered to
be related to treatment. A significant trend for increased
incidence of pancreatic adenoma or carcinoma (combined)
and occurrences of hepatocholangioma and cholangioma of
the liver may also have been related to TCDD treatment.
The principal nonneoplastic finding in the NTP study of
TCDD was a significant increase in incidence and severity
of hepatotoxicity as well as increased incidences of nonneo-
plastic lesions in numerous other organs; notably the lung,
oral mucosa, pancreas, thymus, adrenal cortex, mesenteric
artery, heart, clitoral gland, kidney, forestomach, and thyr-
oid gland.

Overall there was remarkable similarity in the responses
seen in the NTP and Dow studies of TCDD, confirming the
suitability of the Dow study as the basis for the design of
the NTPs studies. The site specificities for the highest
increased incidences of neoplasms were the same; the liver,
lung and oral mucosa. In the liver, both studies reported an
increased incidence of hepatocellular adenoma. In the lung,
both studies revealed an increased incidence of squamous
cell neoplasms. Moreover, given the similarity in pathologi-
cal description, keratinizing SCC of the lung observed in
the Dow study was likely the same lesion diagnosed as
CKE in the NTP study, especially since, at the time of the
evaluation of the Dow study, CKE was not a consistently
used diagnostic term. Diagnostic criteria for CKE as a
lesion distinct from SCC were later developed at workshop
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held in the mid 1990s [28]. In addition to similar liver and
lung effects, an increased incidence of oral mucosal neo-
plasms was observed in both studies. The location of the
SCCs of the hard palate/nasal cavity in the Dow study was
the same as that observed in the NTP study diagnosed in the
gingival region. In addition to the neoplastic effects, many
non-neoplastic effects in other organs were seen in common
between the studies. The similarity in target organ specifi-
city addresses an uncertainty that has lingered regarding the
respiratory tract and oral tumors seen in the Dow study. It
was suggested that these might have been due to prolonged
direct contact to the TCDD-containing feed or accidental
aspiration of the dosed feed in that study. The observations
of the same site specificity in a controlled gavage dosing
regimen used in the NTP study would suggest that the
respiratory tract and oral mucosal tumors seen in both stud-
ies were likely the result of systemic exposure.

The most notable qualitative difference between the studies
was the increased incidence of cholangiocarcinoma and cho-
langiofibrosis seen in the NTP study with TCDD and other
dioxin-like compounds [4—7] but not in the Dow study [9].
While cholangiofibrosis and cholangiocarcinoma may be a
morphological continuum, there is limited biological infor-
mation relative to the pathogenesis or progression of those
lesions. Spontaneous cholangioma and cholangiocarcinoma
are rare in the Harlan Sprague-Dawley rat, and were not
observed in any vehicle control animals from this study or
the other NTP studies using this strain. It is not clear why
these lesions were observed in the present study and not in
the Dow study given that there was clearly an effect on bile
duct proliferation in both studies. These lesions may be an
indirect response to the toxicity observed as a result of the
TCDD-related effects on the hepatocytes or due to a direct
effect on the biliary cells themselves. The observed bile duct
proliferation, may represent a process of excessive and long-
term repair, following specific damage to hepatocytes, lead-
ing to the death of hepatocytes and perhaps also of the bile
duct epithelium. The proliferative response may be a repara-
tive response of proliferating hepatocytes, bile duct cells,
and scar tissue (cholangiofibrosis). The inflammation also
observed can produce oxidative stress that may also result in
promotion of DNA damage [29—-31]. Consequently, the oxi-
dative stress may be only a secondary phenomenon due to
the ongoing response to the toxic hepatopathy. In addition,
there may also be a direct stimulatory effect on the oval cells
themselves, which is supported by the observed increases in
oval cell hyperplasia. Since the oval cells may differentiate
into both hepatocytes or biliary cells this may explain why
both hepatocellular proliferative and biliary lesions are asso-
ciated with exposure [32].

Given the commonality of these non-neoplastic effects of

TCDD in the liver, there are possibly several reasons for the
difference in the incidence of cholangiocarcinoma between
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the two studies. Firstly, the Dow study, in Spartan Sprague-
Dawley rats, used dosed-feed compared to the NTP study in
which animals were treated by gavage with TCDD in corn
oil:acetone (99:1) 5 days per week. Gavage dosing with
TCDD in corn oil compared to dosed-feed may lead to
higher transient doses of TCDD in the liver. This could
have occurred despite the observation of higher measured
steady state liver levels of TCDD in the Dow dosed-feed
study compared to the NTP gavage study (Fig. 2). This
could then lead to higher transient increases in AhR signal-
ing pathways and/or other biological processes that impact
on the development of the biliary lesions. Secondly, the
increased incidence may be due to an interaction between
the corn oil vehicle and TCDD in the toxicodynamics of
TCDD action on the bile duct. However, an NTP study of
TCDD in Osborne Mendel rats that also used gavage with a
corn oil:acetone vehicle with higher, twice weekly adminis-
tered doses, did not exhibit an increased incidence of cho-
langiocarcinoma or cholangiofibrosis. Thirdly, and more
plausibly, the current NTP study and the Dow study used
different stocks of rat. While both were the Sprague-Daw-
ley rat strain, the Dow study used the Spartan stock com-
pared to the Harlan stock used in the present study. The
Sprague-Dawley rat is an outbred stock. Moreover, the
Spartan and Harlan stocks represent colonies established
independently in the 1950s. In addition, even within the
Harlan Sprague-Dawley stock, it has been documented that
genetic drift from the same source colony can occur within
a decade, leading to differences in biological responses [33,
34]. Consequently, it seems most plausible that the minor
differences between the NTP and the Dow study may be
due to biological variation and differences in response
between these different stocks of rats.

Comparing liver responses, the highest incidence of hepato-
cellular adenoma in the present study was lower than that
seen in a reevaluation of the slides from the Dow study [19].
In addition, no hepatocellular carcinomas were observed in
the present NTP study, whereas hepatocellular carcinomas
were observed at the highest dose in the Dow study (9% inci-
dence at 100 ng/kg). The terminal liver levels of TCDD in
the present study are over twofold lower than that reported by
Kociba et al. [9] in the Dow dosed-feed study, which is most
likely due to the different dosing regimens used and the con-
sequential lower daily averaged administered dose used in
the NTP study. Consequently, the lower incidence of these
neoplasms may primarily be a dose-response issue.

When comparing these studies, it is important to compare
incidences under similar pathology evaluations, especially
for the liver. The initial report of data from the Dow indicated
a 47% incidence of “hepatocellular hyperplastic nodule” in
the 100 ng TCDD/kg group compared to a 9% incidence in
control animals. Subsequent to that study, there was an evo-
lution of nomenclature for hepatocellular proliferative
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Figure 2. Comparison of representative dose responses of
the incidences of hepatocellular adenoma/carcinoma in the
NTP and Dow studies. Survival adjusted incidences for the
Dow study were from Portier and Kohn [18] and based on the
pathology reevaluation of Goodman and Sauer [19]. Dose is
the daily averaged dose; in the case of the NTP study, this is
the 5-day dose administered dose averaged over the 7 days
per week.

lesions, and a reevaluation of the slides from the Goodman
and Sauer study [19] using NTP guidelines and criteria for
diagnosis of hepatocellular adenoma compared to altered
hepatic foci. In that evaluation, neoplastic lesions were clas-
sified as adenoma or carcinoma. Using the newer nomencla-
ture, the incidence of hepatocellular adenoma was 31% at
the highest dose of 100 ng TCDD/kg. It is clear from the
pathology reevaluations that some of the neoplastic nodules
originally seen in the evaluation of the Dow study by Kociba
et al. were hyperplastic in nature and subsequently consid-
ered indeed non-neoplastic [9]. Considerable effort was
made in the NTP TCDD study during the examination of the
proliferative hepatocellular lesions and notably in the diag-
nostic criteria for hepatocellular adenoma and nodular
hyperplasia [35]. In some cases, the presence of hepatotoxi-
city made diagnosis of the incidence of hyperplasia and ade-
nomas a challenge. A specific pathology review group of
experts in the pathology of hepatocarcinogenicity was con-
vened to examine these lesions and to provide guidance on
the most appropriate classification and diagnosis. Given the
nature of pathology evaluations, it is possible that there may
have been some lesions in the Dow study that might have
been interpreted differently by the group of pathologists that
conducted the NTP TCDD study peer review.

One of the principal reasons for conducting the present
comparison was that the data from the Dow study has in the
past been used extensively for conducting quantitative can-
cer risk assessments for human exposure to TCDD. More-
over, the NTP TCDD study is the foundation for compari-
son to companion NTP bioassays of dioxin-like compounds
that have recently been studied. While more recently human
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epidemiological data has been considered in developing
cancer risk assessments, there is still debate on the appro-
priate weight to be given to the human studies. As such, the
Dow study dataset continues to serve as a suitable founda-
tion for these assessments. Dose-response comparison of
the two studies showed that the shape of the dose-response
curve for increased incidence of adenomas was clearly
different between the two studies with the increased inci-
dence at 10 ng/kg in the Dow study being most notable.
Specifically the data from the NTP appeared to be non lin-
ear, whereas the data from the Dow study appeared to show
linear behavior. At the 10 ng/kg dose the incidence of ade-
nomas was 18% in the Dow study, whereas at the compar-
able administered dose in the NTP study there were no
observed neoplasms. Understanding the reason for these
differences would provide insight into the extrapolation of
this to the human scenario. Given that the dose of TCDD to
the liver was similar in both studies at these lower doses, it
is unlikely that this difference in liver neoplasm incidence
was due to pharmacokinetic differences, and is more likely
related to the rat stock issues discussed above.

The differences in hepatic neoplastic response at the
10 ng/kg dose were also reflected in differences in the
degree of hepatotoxicity. Toxic hepatopathy in the NTP
study was similar to hepatotoxicity in the Dow study at the
highest dose [9], but was markedly more severe in the Dow
study at the 10 ng/kg dose. Comparison of the current NTP
interim 14-week study to a 13-week subchronic gavage
study of TCDD reported by Kociba et al. [36] indicates
similar minor effects on increased liver weight, hepatic
pathology and thymic atrophy, suggesting that under a simi-
lar dosing regimen at a similar dose after only 13 weeks of
exposure, there is not a significant difference between the
Harlan and Spartan stocks. Indeed, the livers in the 1 ng/kg
and 10 ng/kg group were indistinguishable from controls,
whereas there were observable changes in the NTP study at
14 weeks, indicating that if anything, there was a more pro-
nounced effect of TCDD in the earlier stages of the NTP
study. While there is no directly comparable data on AhR
binding or another clearly AhR-mediated response, these
data do suggest that there appears to be no gross difference
in susceptibility to the early subchronic effects of TCDD in
these two strains of rat used in the two studies that would
explain the differences in shape of the dose response for
carcinogenesis. This would suggest that the differences in
dose-response behavior between the two studies is more
likely due to biologically based differences in the more
chronic pre-neoplastic and early neoplastic stages of carci-
nogenesis in the different rat stocks used.
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