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Abstract: The pathogenesis of nasal cavity tumors induced in rodents has been critically reviewed. Chemical substances that induce
nasal cavity tumors in rats, mice, and hamsters were searched in the National Toxicology Program (NTP), International Agency for
Research on Cancer (IARC), and Japan Bioassay Research Center (JBRC) databases, in addition to PubMed. Detailed data such as ani-
mal species, administration routes, and histopathological types were extracted for induced nasal cavity tumors. Data on non-neoplastic
lesions were also extracted. The relationship between the tumor type and non-neoplastic lesions at equivalent sites was analyzed to
evaluate tumor pathogenesis. Genotoxicity data were also analyzed. Squamous cell carcinoma was the most frequent lesion, regardless
of the dosing route, and its precursor lesions were squamous metaplasia and/or respiratory epithelial hyperplasia, similar to squamous
cell papilloma. The precursor lesions of adenocarcinoma, the second most frequent tumor type, were mainly olfactory epithelial hy-
perplasia, whereas those of adenoma were respiratory epithelial lesions. These pathways were consistent among species. Our results
suggest that the responsible lesions may be commonly linked with chemically-induced cytotoxicity in each tumor type, irrespective of
genotoxicity, and that the pathways may largely overlap between genotoxic and non-genotoxic carcinogens. These findings may sup-
port the documentation of adverse outcome pathways (AOPs), such as cytotoxicity, leading to nasal cavity tumors and the integrated
approaches to testing and assessment (IATA) for non-genotoxic carcinogens. (DOI: 10.1293/tox.2023-0098; J Toxicol Pathol 2024; 37:

11-27)

Key words: nasal cavity, tumorigenicity, rodent, pathogenesis

Introduction

The Organisation for Economic Co-operation and De-
velopment (OECD) has driven the development of adverse
outcome pathways (AOPs) as promising tools for regulatory
acceptance!. Recently, the OECD has been actively promot-
ing AOPs for systemic toxicity, including carcinogenicity.
The framework of AOPs is expected to provide critical in-
formation on the causal links between a molecular initiat-
ing event, intermediate key events at the cellular, tissue,
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and organ levels, and adverse outcomes at the individual or
population level2. AOPs may offer a biological context for
regulatory decision making to facilitate the development
of integrated approaches for testing and assessment (IA-
TAs)3-5. However, the established IATAs are currently lim-
ited to skin sensitization, skin irritation, and eye irritation.

Non-genotoxic carcinogens are the targets of ongoing
OECD projects for IATAs®. In terms of regulatory control,
carcinogens are largely divided into two categories: geno-
toxic and non-genotoxic. Genotoxic carcinogens are readily
screened using genotoxicity assays. Therefore, an IATA for
non-genotoxic carcinogens is critical for assessing the risks
associated with carcinogens that cannot be clarified using
genotoxicity assays. Such chemicals can cause cytotoxicity,
which is a major non-genotoxic mechanism without strong
in vivo genotoxicity, as exemplified by formaldehyde’.

In this report, the pathogenesis of chemically induced
nasal cavity tumors in rodents is critically reviewed. The
findings of this report support the documentation of AOPs
leading to nasal cavity tumors and contribute to the docu-
mentation of IATAs for non-genotoxic carcinogens in cur-
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rent OECD projects.
Methods

Search for chemical substances inducing nasal cavity
tumors

Nasal cavity tumors rarely occur spontaneously in ro-
dents8, and therefore, this provides a useful model to under-
stand the effect of chemical substances on tumorigenesis.
The databases of the International Agency for Research on
Cancer (IARC), Japan Bioassay Research Center (JBRC),
and National Toxicology Program (NTP), as well as in
PubMed, were searched for reports of chemical substances
inducing nasal cavity tumors in animal studies using rats,
mice, and hamsters. The exposure routes were divided into
inhalation and non-inhalation routes, including oral admin-
istration, subcutaneous injection, and intraperitoneal injec-
tion. Potential exposure-unrelated or histopathologically
unspecified tumors were excluded from the analysis of tu-
mor pathogenesis.

Standardization of nasal cavity tumor terminology

For rodent studies in which nasal cavity tumors were
induced by chemical substances, information on animal
species, administration route, histological tumor type, and
possible coexisting non-neoplastic lesions was extracted
from the relevant databases or literature.

Information on the histological types of nasal cavity
tumors was initially extracted using terms cited in pertinent
data sources and then standardized based on more recent
tumor terminology, particularly for those found in the In-
ternational Harmonization of Nomenclature and Diagnostic
Criteria for Lesions in Rats and Mice (INHAND)®. How-
ever, specific tumors arising from olfactory epithelial cells,
for which many synonymous terms exist, were unified as
neuroepithelial carcinoma, a standardized term in the IN-
HAND. To standardize the terms listed in INHAND, histo-
logical descriptions and photomicrographs of the neoplastic
lesions were referenced using relevant data sources.

Information on the original tissues from which the tu-
mors developed was extracted from the relevant data sourc-
es. Tissues of origin were broadly categorized as squamous
epithelium (SE), respiratory epithelium (RE), or olfactory
epithelium (OE) based on descriptions in the relevant data
sources. More specific terms, such as transitional epithelium
(TE), submucosal gland (SG), nasal gland (NG), and Bow-
man’s gland (BG), were also extracted. Then, the narrow
band of TE between the SE and RE was classified as RE!0
and SG and NG were unified as SG at the final step (Fig. 1).

Analysis of the pathogenesis of nasal cavity tumors
For each histological type of nasal cavity tumor, the
chemical substances responsible were listed according to
the rodent species and route of administration. Histopath-
ological findings of non-neoplastic lesions, including de-
generative and/or regenerative changes in the nasal cavity,
were extracted from data sources that reported the induc-

tion of nasal cavity tumors. The relationship between the
nasal cavity tumors and non-neoplastic lesions induced at
the corresponding sites was analyzed histopathologically.
The reliability of the data sources was critically assessed
with special attention to the experimental design. Although
histological types of nasal cavity tumors were classified
in accordance with the standardized nomenclature for na-
sal cavity tumors in INHAND, for mesenchymal tumors,
such as rhabdomyoma, rhabdomyosarcoma, hemangioma,
hemangiosarcoma, and fibrosarcoma, the terms in the data
sources were used as they were consistent with the terms for
the cardiovascular system and soft tissues in INHAND!L 12,

Histopathological findings of non-neoplastic lesions in
the nasal cavity were also extracted from short-term animal
studies on relevant chemical substances using PubMed. For
the NTP and JBRC studies, histopathological findings of
non-neoplastic lesions were also extracted from preliminary
dose-setting studies, if available.

Non-neoplastic lesions, such as REs and OEs, were
classified based on the affected tissue. To analyze the rela-
tionship between neoplastic and non-neoplastic lesions, as-
sociated lesions were identified from the histopathological
findings of non-neoplastic lesions in the same tissue as the
neoplastic lesion. The robustness of the information on the
relationship between neoplastic and non-neoplastic lesions
was evaluated according to the degree of coexisting asso-
ciation of both lesions. For chemical substances described
in multiple data sources, the information was analyzed for
each data source, and the results were analyzed in an inte-
grated manner after the reliability of the information was
assessed. Genotoxicity information was mainly collected
from the European Union Reference Laboratory for Alter-
natives to Animal Testing (ECVAM)!3. Information was re-
trieved from the NTP reports and other literature on chemi-
cal substances not included in the ECVAM database.

Results

Overview of nasal cavity tumors induced in rodents
As shown in Supplementary Tables 1 and 2!4-120, 72
chemical substances that induce nasal cavity tumors in ro-
dents were extracted. Nasal cavity tumors were induced in
rodent studies following exposure to 40 substances by in-
halation, 38 substances by non-inhalation, and 6 substances
by both routes. As summarized in Tables 1, 2 and 3, in the
rat inhalation studies, the following tumors were detected in
decreasing order of incidence: squamous cell carcinoma, ad-
enoma, adenocarcinoma, neuroepithelial carcinoma, squa-
mous cell papilloma, adenosquamous carcinoma, and mes-
enchymal tumors. In contrast, in rat non-inhalation studies,
the order of decreasing incidence was as follows: squamous
cell carcinoma, adenocarcinoma, squamous cell papilloma,
adenoma, neuroepithelial carcinoma, mesenchymal tumor,
and adenosquamous carcinoma. In mouse inhalation stud-
ies, the following tumors were detected, in order of decreas-
ing incidence: mesenchymal tumors, adenomas, squamous
cell carcinomas, adenocarcinomas, and squamous cell pap-
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illomas. In a mouse non-inhalation study, squamous cell
carcinoma, adenocarcinoma, and adenoma were reported
in one study. In hamster inhalation studies, squamous cell
carcinoma, adenoma, and neuroepithelial carcinoma were
each reported in one study, whereas in hamster non-inha-
lation studies, the following tumors were detected in order
of decreased incidence: adenoma, squamous cell papilloma,
adenocarcinoma, neuroepithelial carcinoma, and squamous
cell carcinoma.

Estimated pathogenesis for nasal cavity tumors

When analyzing the relationship between induced neo-
plastic lesions and associated histopathological non-neo-
plastic lesions in the nasal cavity, only data with strong reli-
ability were used to estimate the pathogenesis of neoplastic
lesions. Thus, studies that did not specify the histological
types of tumors nor cited associated non-neoplastic lesions
were excluded (Tables 1 and 2). Since sex differences were
not substantially evident in the induction of nasal cavity tu-
mors throughout the studies analyzed, sex was not specifi-
cally reported.

Squamous cell papilloma

As shown in Supplementary Table 1!4-82, squamous
cell papilloma was induced by 10 substances, including bu-
tyl 2,3-epoxypropyl ether, 1,2-dibromo-3-chloropropane,
1,2-dichloropropane, 1,2,3,4-diepoxybutane, epichlorohy-
drin, 2,3-epoxypropyl methacrylate, formaldehyde, hexa-
methylphosphoramide, hydrazine, and vinyl acetate, in rat
inhalation studies. As shown in Tables 1 and 4, squamous
cell papillomas appeared to develop from the RE or TE in
most cases. The pathogenesis of these ten substances was
analyzed in association with non-neoplastic or preneoplas-
tic lesions (Tables 1 and 3). Consequently, degenerative
changes in the RE and squamous metaplasia are commonly
observed in the confirmed cases. Additionally, regeneration
was observed for hexamethylphosphoramides?, and hyper-
plasia of the RE or TE was observed for 1,2-dichloropro-
pane?’. Thus, a plausible pathway leading to squamous cell
papilloma involves cell injury and subsequent regenerative
hyperplasia of the RE or TE, followed by squamous meta-
plasia and hyperplasia (Fig. 1).

In non-inhalation studies in rats, eight substances
induced squamous cell papilloma, including diallylnitro-
samine, dimethylvinyl chloride, 1,4-dinitrosopiperazine,
N-nitrosomethyl-n-octylamine, N-nitrosomethyl-n-pentyl-
amine, N-nitrosomethyl-n-propylamine, NNK, and NNN
(Supplementary Table 283-120), As shown in Tables 2 and 4,
similar to the rat inhalation studies, squamous cell papillo-
ma consistently developed from RE in confirmed cases. The
roles of dimethylvinyl chloride and 1,4-dinitrosopiperazine
in the pathogenesis of squamous cell papilloma were evalu-
ated (Tables 2 and 3). The pathway leading to squamous cell
papilloma in non-inhalation rat studies has also been sug-
gested to involve squamous hyperplasia and/or metaplasia
of the RE (Fig. 1).

In mouse inhalation studies, squamous cell papillomas

were induced by 1,2-dibromo-3-chloropropane, 1,2-dibro-
moethane, glycidol, and propylene oxide (Supplementary
Table 1). As shown in Tables 1 and 4, similar to rat stud-
ies, squamous cell papilloma appeared to develop from the
RE in three cases, excluding propylene oxide. These three
substances were subjected to pathogenic analysis for squa-
mous cell papillomas (Tables 1 and 3). This pathway may
be involved in the development from squamous hyperpla-
sia, metaplasia, and/or dysplasia to squamous cell papilloma
(Fig. 1). Squamous cell papilloma was not induced in the
mouse non-inhalation studies.

In hamster non-inhalation studies, N-nitroso-2,6-di-
methylmorpholine, N-nitrosohexamethyleneimine, nitroso-
morpholine, NNK, and NNN induced squamous cell papil-
loma (Supplementary Table 2). As shown in Tables 2 and 4,
similar to rat or mouse studies, squamous cell papilloma ap-
peared to develop from the RE in confirmed cases. Among
these five substances, only N-nitroso-2,6-dimethylmorpho-
line (orally administered or subcutaneously injected) was
evaluated for the pathogenesis of squamous cell papilloma
(Tables 2 and 3). This pathway may proceed in the order of
squamous hyperplasia, metaplasia, and dysplasia, leading to
squamous cell papilloma via both exposure routes (Fig. 1).
Squamous cell papillomas have not been reported to be in-
duced in hamster inhalation studies.

Squamous cell carcinoma

The following 23 substances have been shown to in-
duce squamous cell carcinoma in rat inhalation studies
(Supplementary Table 1): acetaldehyde, acrolein, allyl gly-
cidyl ether, bis(chloromethyl)ether, butyl 2,3-epoxypropyl
ether, 1,2-dibromo-3-chloropropane, 1,2-dibromoethane,
1,2,3,4-diepoxybutane, dimethyl sulfate, 1,4-dioxane, epi-
chlorohydrin, 2,3-epoxypropyl methacrylate, formalde-
hyde, furfuryl alcohol, glycidol, hexamethylphosphoramide,
hydrazine, methyl acrylate, methyl methanesulfonate, N-ni-
trosodimethylamine, N-nitrosomethylvinylamine, phenylg-
lycidyl ether, and vinyl acetate. Similar to squamous cell
papilloma, squamous cell carcinoma develops from the RE
or TE in most cases (Tables 1 and 4). Moreover, for hexa-
methylphosphoramide and phenylglycidyl ether, squamous
cell carcinoma appeared to develop from the SG or NG in
the RES7.58. 72, For acetaldehyde, 1,2-dibromo-3-chloropro-
pane, and vinyl acetate, squamous cell carcinoma also ap-
peared to develop from the OE and RE!4.32.79, 121, 122,

Eighteen substances, excluding bis(chloromethyl)-
ether, dimethyl sulfate, methyl methanesulphonate, N-
nitrosodimethylamine, and N-nitrosomethylvinylamine,
were subjected to pathogenesis analyses (Tables 1 and 3).
The terms atypical squamous hyperplasia and squamous
hyperplasia with atypia used in the literature were stan-
dardized as dysplasia®. Squamous cell metaplasia derived
from degenerative changes in the RE was noted in most
cases (Table 1). Additionally, regeneration was noted for
formaldehyde, hexamethylphosphoramide, phenyl glyc-
idyl ether, and vinyl acetateS?. 72. 79, 123-125_ Squamous hy-
perplasia was observed for acetaldehyde, 1,4-dioxane, and
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Table 1. Nasal Cavity Tumors and Associated Non-neoplastic Lesions Based on Inhalation Exposure, and Related Genotoxicity Data of Each

Substance

Chemical substances Species Nasal cavity tumors? (sitesb) Associated non-neoplstic lesionse (sitesb) Genotoxicityd
MET (RE); DEG, HYP, MET (OE) ACLIVE)
HYP, MET(RE); ATR, MET(OE);
MET(NG/BG)

............................................................... A, IV
HYP, MET(RE); ATR, MET(OE); MET (), V(Y
(NG/BG) ... .
HYP, MET (RE); DEG, MET (OE
2 ( ,,,,,, 2T G’ .............. ( O) ..................... A(+), IV(+)

DEG, HYP, MET, DYS (RE); MET (OE)

HYP(RE/TE); MET(OE); MET(SG)
HYP, MET (RE); ATR, MET (OE)

HYP (RE)

ATR, HYP, MET,DYS (OE)
HYP, MET (RE/TE); ATR (OE)
DEG, ATR, MET

MET (RE); ATR, MET (OE)
HYP, MET (RE)

HYP, MET (RE); ATR (OE)

HYP (RE); DEG,
(OE); MET (NG/BG)

MET, DYS (RE)

DEG, HYP, MET (RE); ATR, DEG, HYP,
MET (OE)

HYP, MET, DYS (RE); ATR (OE); DYS
(NG)
HYP, MET, DYS (RE); MET (OE, SG);
HYP (TE)

DEG, MET (RE); MET (NG)

DEG, HYP (RE/TE)
HYP, MET (RE); ATR, HYP, MET (OE);
DEG (NG/BG)

ATR, HYP (OE); HYP, MET (RE); HYP,
MET (BG)

MET, DYS (RE, NG)

HYP (RE/NG/BG); ATR, DEG, MET, HYP
O
HYP (RE/TE/NG/BG) MET (RE); ATR,
MET (OE)

HYP, MET (RE)

ATR, HYP, MET (OE)

. . DYS (OE/BG)
N-vinyl-2-pyrrolidone rat AD (RE/SG); ADC (OE/BG) ATR (OE); HYP (RE/OE/SG); MET (OE) A(-), IV(-)

a Abbreviated tumor types are as follows: AD: adenoma; ADC: adenocarcinoma; AS: adenosquamous carcinoma; CA/NOS: carcinoma not otherwise
specified; FS: fibrosarcoma; HA: hemangioma; HS: hemangiosarcoma; ME: mucoepidermoid tumor; NEC: neuroepithelial carcinoma; PAP: squamous
cell papilloma; RM: rhabdomyoma; RS: rhabdomyosarcoma; SCC: squamous cell carcinoma.

b Abbreviated nasal sites are as follows: BG: Bowman’s gland; NG: nasal gland; OE: olfactory epithelium; RE: respiratory epithelium; SG: submucosal
gland; TE: transitional epithelium.

¢ Abbreviated lesions are as follows: ATR: atrophy; DEG: degeneration; DYS: dysplasia; HYP: hyperplasia; MET: metaplasia; NEC: necrosis.

d Abbreviations are as follows: A: Ames test; IV: in vivo tests.



Nishikawa, Nagano, Kojima ef al. 15

Table 2. Nasal Cavity Tumors and Associated Non-neoplastic Lesions Based on Non-inhalation Exposure, and Related Genotoxicity Data of
Each Substance

Associated non-neoplastic lesionsd

Chemical substances Species  Exposure? Nasal cavity tumorsb (sitesc) (sites?) Genotoxicitye
_p:cresidine rat oral AD (RE); ADC (RE/OE); SCC; NEC  HYP, MET (RE/NG) . AG,IV(H) .
2,3- d1br0m0 1- propanol rat dermal AD (RE); ADC(RE) DYS (RE/OE) A IVE
N,N- dlmethyl -p- . HYP (TE/RE); HYP MET (OE/

coluidine © e AD (RETEL ADC(RETE) NG/BG); DEG (OF/BG) A0V

PAP, SCC (RE/SG); ADC (RE/SG);
“dlmethylvmyl chloride rat ) ore't}m RS, CA/NOS HYP, MET (+), IV(+)
_1A-dinitrosopiperazine _rat _ oral LAG) .
L4-dioxane  rat oral CAQLIVEN)
. . . hamster  oral UDC (OE) DYS (OE)

—nitrosodiethylamine =i miii i ST LA S s T S M s + +
Momitrosodiethylamine yomster irinjection  UDC(OF) DYS (OF) AnVE
N-nitroso-2,6- hamster oral PAP(RE); ADCOE) HYP, META, DYSH(RE) A( +)
dimethylmorpholine _hamster _sc injection PAP(REYADC . HYP,META,DYS (RE) "~
1-nitroso-4-
methylpiperazine ™ ol A e DEG, HYP (OF) | Ak ¢
2,6-xylidine rat oral AD (RE); ADC (BG); CA/NOS; RS HYP MET A(+), IV(—)

a abbreviated routes are as follows: it: intratracheal; sc: subcutaneous.

b Abbreviated tumor types are as follows: AD: adenoma; ADC: adenocarcinoma; AS: adenosquamous carcinoma; CA/NOS: carcinoma not
otherwise specified; FS: fibrosarcoma;

HA: hemangioma; HS: hemangiosarcoma; HA: hemangioma; HS: hemangiosarcoma; ME: mucoepidermoid tumor; NEC: neuroepithelial car-
cinoma; PAP: squamous cell papilloma; RM: rhabdomyoma; RS: rhabdomyosarcoma; SCC: squamous cell carcinoma; SCC: squamous cell
carcinoma; UDC: undifferentiated carcinoma.

¢ Abbreviated nasal sites are as follows: BG: Bowman’s gland; OE: olfactory epithelium; RE: respiratory epithelium; SG: submucosal gland;
TE: transitional epithelium.

d Abbreviated lesions are as follows: ATR: atrophy; DEG: degeneration; DYS: dysplasia; HYP: hyperplasia; MET: metaplasia; NEC: necrosis.
¢ Abbreviations are as follows: A: Ames test; [V: in vivo tests.

e s e T Ly et (

— = T . Offactory
Squamous Resplratory Submucosal . epithelium = Bowman’s
eplthellum (SE) 3 3 epithelium (RE) gland (SG) \(OE) glandl(BG)

Cellular injury

L

/ﬁ‘

Cellular injury cellular injury

Cellular injury

@ Squamous
@ metaplasia Hyperplasia
Squamous .
n?etaplasia Hyperplasia @ . @
Dysplasia Atypical
@ @ @ hyperplasia
Squamous cell || Adenoma Squamous cell || Adenocarcinoma (OE/BG/RE/SG)
Papilloma (RE) || (RE/SG) Carcinoma Adenosquamous carcinoma (OE/RE)
 evuesnsmsmsmns > (RE/SG/OE) Neuroepithelial carcinoma (OE)

Fig. 1. Possible pathways leading to nasal cavity tumors. SE: squamous epithelium; RE: respiratory epithelium; SG: submucosal gland; OE:
olfactory epithelial; BG: Bowman’s gland.

formaldehyde!4 42. 499, Dysplasia was found for 1,2-dibro-
mo-3-chloropropane, formaldehyde, and phenyl glycidyl
ether32. 49. 72, 121, 122 For 1,4-dioxane, degeneration, necro-
sis, desquamation, and inflammation were not evident in
the RE; however, nuclear enlargement was observed in
RE cells prior to squamous metaplasial26. For hexameth-

ylphosphoramide and phenyl glycidyl ether, findings similar
to those for SE and RE were observed in the SG and NG.
Thus, the pathway through which squamous cell carcinoma
arises from the RE may involve degenerative and regenera-
tive changes in the RE, followed by squamous hyperplasia,
metaplasia, and dysplasia (Fig. 1).
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Degenerative changes and subsequent squamous meta-
plasia were frequently observed in the OE pathway (Table
1). Furthermore, regeneration of the OE was reported for
1,2-dibromo-3-chloropropane and vinyl acetate32. 79. 121, 122,
Thus, the pathway leading to squamous cell carcinoma may
involve degenerative and regenerative changes in the OE,
followed by squamous metaplasia and/or dysplasia (Fig. 1).

The following 16 substances have been reported to
induce squamous cell carcinoma in rat non-inhalation
studies (Supplementary Table 2): p-cresidine, diallylni-
trosamine, dimethylvinyl chloride, 1,4-dioxane, N-nitros-
odiethanolamine, N-nitrosodiethylamine, N-nitros-2,6-
dimethylmorpholine, N-nitrosohexamethylenimine,
N-nitrosomethyl-n-propylamine, 1-nitrosopiperazine, N-
nitroso(2,2,2-trifluoroethyl)ethylamine, NNK, NNN, pen-
tachlorophenol, phenacetin, and 2,3,7,8-TCDD. As shown in
Tables 2 and 4, similar to the inhalation studies, squamous
cell carcinoma appeared to develop from the RE in most
cases. For dimethylvinyl chloride, the SG was another ori-
gin of squamous cell carcinoma. p-Cresidine, dimethylvinyl
chloride, and 1,4-dioxane in the pathogenesis of squamous
cell carcinoma were analyzed (Tables 2 and 3). As summa-
rized in Fig. 1, the pathway leading to squamous cell carci-
noma may involve nuclear enlargement in the RE, followed
by squamous hyperplasia and metaplasia!?’.

The following five substances have been shown to in-
duce squamous cell carcinoma in mouse inhalation studies:
butyl 2,3-epoxypropyl ether, 1,2-dibromo-3-chloropropane,
formaldehyde, glycidol, and propylene oxide (Supplemen-
tary Table 1). In most cases, squamous cell carcinoma de-
veloped from the RE, similar to that observed in rat studies
(Tables 1 and 4). Butyl 2,3-epoxypropyl ether, 1,2-dibromo-
3-chloropropane, formaldehyde, and glycidol were evalu-
ated for their roles in the pathogenesis of squamous cell car-
cinoma (Tables 1 and 3). Similar to rat studies, the pathway
leading to squamous cell carcinoma may involve hyperplas-
tic, metaplastic, and/or dysplastic changes in the RE (Fig. 1).

In a mouse non-inhalation study, N-nitrososarcosine
was shown to induce squamous cell carcinoma (Supple-
mentary Table 2), but its pathogenesis was not analyzed
(Table 3). Dimethylcarbamoyl chloride, N-nitrosohexameth-
ylenimine, and nitrosomorpholine have also been shown

to induce squamous cell carcinoma in hamster inhalation
and non-inhalation studies (Supplementary Tables 1 and 2);
however, the pathogenic mechanisms of these compounds
were not evaluated (Table 3).

Adenoma

The following 17 substances have been shown to in-
duce adenomas in rat inhalation studies (Supplementary
Table 1): allyl glycidyl ether, crotonaldehyde, cumene,
1,2-dibromo-3-chloropropane, 1,2-dibromoethane, 1,4-di-
chloro-2-butene, 1,2-epoxybutane, 2,3-epoxypropyl meth-
acrylate, formaldehyde, furfuryl alcohol, glycidol, hexa-
methylphosphoramide, hydrazine, naphthalene, propargyl
alcohol, propylene oxide, and N-vinyl-2-pyrrolidone. Ad-
enomas were likely to have originated from the RE in most
cases, from both the RE and the SG or NG for propylene
oxide and N-vinyl-2-pyrrolidone, and from the TE as part
of the RE for hydrazine (Tables 1 and 4). The pathogenic
mechanisms of these 17 substances in adenomas were eval-
uated (Tables 1 and 3). Results showed that RE hyperplasia
was commonly observed for all substances. Atrophic and/
or necrotic changes in the RE were observed for all the four
substances. Nuclear enlargement was evident with 1,2-di-
bromo-3-chloropropane, which may be an early step in the
formation of adenocarcinoma rather than adenoma32. 121, 122,
Thus, the pathway leading to adenoma is likely to involve
atrophic and/or necrotic changes in the RE, followed by RE
hyperplasia (including that in the TE and SG; Fig. 1).

The following seven substances induced adenomas in
rat non-inhalation studies (Supplementary Table 2): p-cre-
sidine, 2,3-dibromo-1-propanol, N-N-dimethyl-p-toluidine,
NNK, NNN, phenacetin, and 2,6-xylidine. As shown in Ta-
bles 2 and 4, similar to the inhalation studies, adenomas ap-
peared to develop from the RE or TE for all substances. The
pathogenic mechanisms of four substances, p-cresidine,
2,3-dibromo-1-propanol, N-N-dimethyl-p-toluidine, and
2,6-xylidine, in adenoma were evaluated (Tables 2 and 3).
The pathway leading to adenoma in the RE was suggested
to involve hyperplasia of the RE, including the TE (Fig. 1).

The following eight substances have been shown to in-
duce adenomas in mouse inhalation studies (Supplementary
Table 1): acrolein, allyl glycidyl ether, 1,2-dibromo-3-chlo-

Table 3. Number of Chemical Substances Inducing Definite Nasal Cavity Tumors (with Available Data for Non-neoplastic Lesions)?

Tumors ) Rat. 'Rat ) . Mouge Mouse . .Hamst.er Hgmster.
inhalation non-inhalation inhalation ~ non-inhalation inhalation non-inhalation

Squamous cell papilloma 10 (10) ® 8(2) 4(3) 0 0 5(1)
Squamous cell carcinoma 23 (18) 17 (3) 5@ 1(0) 1(0) 2 (0)
Adenoma 17 (17) 7 4) 8 (8) 1(0) 1(1) 6 (0)
Adenocarcinoma 13 (11) 16 (8) 5(4) 1 (0) 0 5()
Adenosquamous carcinoma 7(4) 4(1 0 0 0 0
Neuroepithelial carcinoma 10 (7) 6(2) 0 0 1(0) 3(0)
Mesenchymal tumor ¢ 50) 503) 16 (11) 0 0 0

a Data are derived from Supplementary Tables 1 and 2, and Tables 1 and 2 (in bracket).
b Number of chemical substances (number of chemical substances with available data for non-neoplastic lesions).
¢ Rhabdomyoma, rhadomyosarcoma, hemangioma, hemangiosarcoma and fibrosarcoma are included.
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ropropane, 1,2-dibromoethane, 2,3-epoxypropyl methacry-
late, glycidol, propargyl alcohol, and propylene oxide. As
shown in Tables 1 and 4, similar to rat studies, adenoma
likely originated from the RE in most cases. For propargyl
alcohol, adenoma may have originated from the TE. The
pathogenic mechanisms of these eight substances in adeno-
mas were evaluated (Tables 1 and 3). The pathway leading
to adenoma in the RE has been suggested to involve RE or
TE hyperplasia for all eight substances (Fig. 1). In a mouse
oral study, N-nitrosohexamethyleneimine was shown to in-
duce adenoma; however, its pathogenic mechanism could
not be evaluated.

Hydrazine was the only substance shown to induce ad-
enomas in hamster inhalation studies (Supplementary Table
1). The pathogenic mechanism in adenoma was evaluated
(Table 3). As shown in Tables 1 and 4, similar to studies
in rats and mice, adenomas appeared to originate from the
RE or TE. The pathway leading to adenoma likely involves
necrosis, desquamation, and hyperplasia of the RE or TE
(Fig. 1).

Six substances have been shown to induce adenomas
in hamster non-inhalation studies: N-nitrosomethyl-n-butyl-
amine, N-nitrosomethyl-n-heptylamine, N-nitrosomethyl-
n-hexylamine, N-nitrosomethyl-n-octylamine, N-nitroso-
methyl-n-pentylamine, and N-nitrosomethyl-n-propylamine
(Supplementary Table 2). However, no pathogenic mecha-
nism was evaluated.

Adenocarcinoma

The following 13 substances induced adenocarci-
noma in rat inhalation studies (Supplementary Table 1):
acetaldehyde; bis(chloromethyl)ether; 1,2-dibromo-3-chlo-
ropropane;  1,2-dibromoethane;  1,4-dichloro-2-butene;
1,2,3,4-diepoxybutane;  2,3-epoxypropyl methacrylate;
glycidol; hexamethylphosphoramide; hydrazine; l-nitroso-
4-methylpiperazine; vinyl chloride monomer, and N-vinyl-
2-pyrrolidone. As shown in Tables 1 and 4, adenocarcinoma
appeared to develop from the OE in most cases and from the
RE or TE in some cases. For N-vinyl-2-pyrrolidone, adeno-
carcinoma may have arisen both the OE and BG (Table 1).

The pathogenic mechanisms of 11 of these substances,
excluding bis(chloromethyl)ether and 1-nitroso-4-meth-
ylpiperazine, were evaluated in adenocarcinomas (Tables
1 and 3). Necrosis and/or atrophy of the OE was observed
in response to 1,2-dibromo-3-chloropropane, 1,4-dichloro-
2-butene, and N-vinyl-2-pyrrolidone. Enlargement of sus-
tentacular and basal cells in the OE was evident only for
1,2-dibromo-3-chloropropane32. 120. 121 OE hyperplasia was
observed after treatment with 1,4-dichloro-2-butene and N-
vinyl-2-pyrrolidone. Hyperplasia induced by 1,4-dichloro-
2-butene resembled epithelium-like cell clusters at the base
and likely originated from basal cells in the OE3. Atypi-
cal hyperplasia of basal cells was noted for 1,4-dichloro-
2-butene and vinyl chloride monomer35. 8. Thus, the path-
way leading to adenocarcinoma likely involves necrosis and
atrophy of the OE and/or enlargement of the sustentacular
and basal cells (stem cells of sustentacular cells), followed

by hyperplasia and atypical hyperplasia of the basal cells
(Fig. 1). Regarding the BG pathway, atrophy was observed
for N-vinyl-2-pyrrolidone, hyperplasia was found for vinyl
chloride monomer and N-vinyl-2-pyrrolidone, and atypical
hyperplasia was evident for vinyl chloride monomer. Thus,
the pathway leading to adenocarcinoma in the BG may in-
volve atrophy, hyperplasia, and atypical hyperplasia of the
BG (Fig. 1).

The following 15 substances induced adenocarcinoma
in non-inhalation rat studies: p-cresidine, diallylnitrosa-
mine, 2,3-dibromo-1-propanol, N-N-dimethyl-p-toluidine,
dimethylvinylchloride, 1,4-dinitrosopiperazine, 1,4-diox-
ane, N-nitrosodiethanolamine, N-nitros-2,6-dimethylmor-
pholine, N-nitrosohexamethylenimine, 1-nitroso-4-meth-
ylpiperazine, 1-nitrosopiperidine, NNN, phenacetin, and
2,6-xylidine (Supplementary Table 2). As shown in Tables
2 and 4, in most cases, adenocarcinoma appeared to de-
velop from the OE and/or RE. For p-cresidine, both BG in
OE and the SG, or NG in the RE, may also be the origin
of adenocarcinoma. The pathogenic mechanisms of eight
substances, p-cresidine, 2,3-dibromo-1-propanol, N-N-
dimethyl-p-toluidine, dimethylvinylchloride, 1,4-dinitro-
sopiperazine, 1,4-dioxane, N-nitrosomethylpiperazine, and
2,6-xylidine, were evaluated in adenocarcinomas (Tables
2 and 3). In the OE pathway, degeneration was observed
for N-nitrosomethylpiperazine, hyperplasia was found for
1,4-dinitrosopiperazine and N-nitrosomethylpiperazine,
and atypical hyperplasia of the columnar and sustentacular
cells was noted for N-nitrosopiperidine. Thus, the pathway
leading to adenocarcinoma in the OE may involve degen-
eration of the OE, followed by hyperplasia or atypical hy-
perplasia of the columnar and sustentacular cells (Fig. 1).
The pathogenic mechanisms for adenocarcinoma from BG
were analyzed in studies of p-cresidine, diallylnitrosamine,
phenacetin, and 2.6-xylidine. In the BG or NG pathways,
necrosis and inflammation were observed for phenacetin!28
and 2,6-xylidine, and hyperplasia of BG was observed for
p-cresidine, diallylnitrosamine, and 2,6-xylidine. Thus, the
pathway leading to adenocarcinoma may involve necrosis,
inflammation, and hyperplasia of BG (Fig. 1). Similarly, the
pathway leading to adenocarcinoma in the NG was analyzed
only for p-cresidine and was suggested to be hyperplasia of
the NG (Fig. 1).

Five substances were found to induce adenocarcinoma
in mouse inhalation studies: 1,2-dibromo-3-chloropropane,
1,2-dibromoethane, 2,3-epoxypropyl methacrylate, gly-
cidol, and propylene oxide (Supplementary Table 1). As
shown in Tables 1 and 4, similar to the rat studies, adeno-
carcinoma developed in the OE or NG in the RE. The patho-
genic mechanisms of four of these substances, excluding
propylene oxide, were analyzed in adenocarcinomas (Tables
1 and 3). Atrophic or degenerative changes, followed by
metaplastic changes in the affected cells, may lead to ad-
enocarcinoma, although the data are limited (Fig. 1). In a
mouse oral study, N-nitrosohexamethyleneimine induced
adenocarcinoma; however, the pathogenic mechanism in
adenocarcinoma was not evaluated.
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N-nitrosodiethanolamine, N-nitrosodiethylamine,
N-nitros-2,6-dimethylmorpholine, N-nitrosohexameth-
ylenimine, and nitrosomorpholine were found to induce
adenocarcinoma in hamster non-inhalation studies (Sup-
plementary Table 2). The pathogenic mechanism of N-ni-
tros-2,6-dimethylmorpholine in adenocarcinoma was ana-
lyzed, and hyperplastic or metaplastic lesions were noted in
the RE cells (Table 2 and Fig. 1).

Adenosquamous carcinoma

Seven substances were found to induce adenosquamous
carcinoma in rat inhalation studies: butyl 2,3-epoxypropyl
ether, 1,4-dichloro-2-butene, 2,3-epoxypropyl methacry-
late, hexamethylphosphoramide, N-nitrosodimethylamine,
N-nitrosomethylpiperazine, and nitrosomorpholine (Sup-
plementary Table 1). Mucoepidermoid carcinoma, identified
in a study on N-nitrosodimethylamine, was included as a
type of adenosquamous carcinoma. As shown in Tables 1
and 4, adenosquamous carcinoma appeared to develop from
the RE and OE. As shown in Tables 1 and 3, the pathogenic
mechanisms of butyl 2,3-epoxypropyl ether, 1,4-dichloro-
2-butene, 2,3-epoxypropyl methacrylate, and hexameth-
ylphosphoramide in adenosquamous carcinoma were as-
sessed?”. 35. 57 The pathway leading to adenosquamous
carcinoma in the RE may involve the degeneration and des-
quamation of ciliated and goblet cells of the RE, as well as
primitive adenomatoid cells (Fig. 1).

The following four substances induced adenosquamous
carcinoma in non-inhalation studies in rats (Supplementary
Table 2): diallylnitrosamine, 1,4-dinitrosopiperazine, N-
nitrosodimethylamine, and N-nitroso(2,2,2-trifluoroethyl)
ethylamine. As shown in Tables 2 and 4, adenosquamous
carcinoma appeared to have originated from the OE. As
shown in Tables 2 and 3, only the pathogenic mechanism of
1,4-dinitrosopiperazine in adenosquamous carcinoma was
evaluated®3. The pathway leading to adenosquamous carci-
noma in the OE may involve nodular hyperplasia, although
the data are limited (Fig. 1).

Neuroepithelial carcinoma

The following ten substances induced neuroepithe-
lial carcinoma in rat inhalation studies: allyl glycidyl ether,
bis(chloromethyl)ether, butyl 2,3-epoxypropyl ether, 1,2-di-
chloropropane, 1,4-dioxane, 2,3-epoxypropyl methacrylate,
naphthalene, N-nitrosodimethylamine, 1-nitroso-4-methyl-
piperazine, and vinyl chloride monomers (Supplementary
Table 1). The OE was the likely origin in most cases (Tables
1 and 4). The pathogenic mechanisms of seven substances
(allyl glycidyl ether, butyl 2,3-epoxypropyl ether, 1,2-di-
chloropropane, 1,4-dioxane, 2,3-epoxypropyl methacrylate,
naphthalene, and vinyl chloride monomers) in neuroepithe-
lial carcinoma were evaluated (Tables 1 and 3). The pathway
leading to neuroepithelial carcinoma is suggested to involve
inflammatory and atrophic changes in the OE, followed
by atypical hyperplasia and neuroepithelial carcinoma?’
(Fig. 1).

Six substances induced neuroepithelial carcinoma in

rat non-inhalation studies (Supplementary Table 2): p-cre-
sidine, 1,4-dioxane, N-nitrosodiethanolamine, 1-nitroso-
piperazine, NNK, and NNN. As shown in Tables 2 and 4,
similar to the inhalation studies, the origin may be the OE.
As shown in Tables 2 and 3, the pathogenic mechanisms
of p-cresidine and 1,4-dioxane in neuroepithelial carcino-
ma were evaluatedst. 95, and the pathway may begin with
inflammatory and atrophic changes, followed by atypical
hyperplastic lesions (Fig. 1).

In hamster studies (Supplementary Tables 1 and 2), ni-
trosomorpholine induced neuroepithelial carcinoma by both
inhalation and non-inhalation exposure, and N-nitrosohexa-
methylenimine and NNN induced neuroepithelial carcino-
ma by non-inhalation exposure; the pathogenic mechanisms
of these compounds were not evaluated for neuroepithelial
carcinoma (Table 4).

Mesenchymal tumors

Crotonaldehyde, 1,4-dichloro-2-butene, and 1,4-diox-
ane induced rhabdomyosarcoma in the rat inhalation stud-
ies, whereas dimethylvinylchloride, 1,4-dioxane, NNK,
NNN, and 2,6-xylidine induced rhabdomyosarcoma in the
non-inhalation studies (Supplementary Tables 1 and 2). The
pathogenic mechanisms of crotonaldehyde, 1,4-dichloro-
2-butene, dimethylvinylchloride, 1,4-dioxane, and 2,6-xy-
lidine in rhabdomyosarcoma were evaluated (Tables 1 and
2). However, non-neoplastic lesions in striated muscles have
rarely been recorded, and rhabdomyoma was induced only
in a rat inhalation study of acrolein!8 (Table 1).

Allyl glycidyl ether, butyl 2,3-epoxypropyl ether,
2,3-epoxypropyl methacrylate, glycidol, and propylene ox-
ide induced hemangioma in mouse inhalation studies (Sup-
plementary Table 1), and pathogenic analyses of these five
substances in hemangioma were performed (Tables 1 and 3).
The tissue from which the hemangioma developed may have
been of blood vessel origin, and the initial pathway leading
to hemangioma in the blood vessels may involve dilation of
the blood vessels below the RE, followed by hemangioma.

In mouse inhalation studies (Supplementary Table 1),
1,2-dibromo-3-chloropropane, 2,3-epoxypropyl methac-
rylate, glycidol, and propylene oxide induced hemangio-
sarcoma, possibly of blood vessel origin. The pathogenic
mechanisms of four of these substances, excluding propyl-
ene oxide, were evaluated in hemangiosarcoma (Table I).
Similar to hemangioma, the initial pathway leading to hem-
angiosarcoma is the dilation of blood vessels below the RE.

1,2-Dibromo-3-chloropropane was the only substance
known to induce fibrosarcoma in a mouse inhalation study
(Supplementary Table 1), and its pathogenic mechanism was
assessed (Table 1). However, non-neoplastic lesions of mes-
enchymal origin have rarely been reported.

Comparison of nasal cavity tumors by rodent species
Twelve substances induced nasal cavity tumors with
definite histopathological types in different rodent species
exposed to inhalation (Table 5). Among these compounds,
1,2-dibromo-3-chloropropane, 1,2-dibromoethane, 2,3-ep-
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Table 4. Possible Origin of Nasal Cavity Tumors

Tumors ' Rat. .Rat ' . Mous.e .Hamst.er H.amster'
inhalation non-inhalation inhalation inhalation non-inhalation
Squamous cell papilloma RE® RE RE NA"® RE
Squamous cell carcinoma RE/SG/OE RE/SG RE/OE NA NA
Adenoma RE/SG RE RE/SG RE NA
Adenocarcinoma OE/BG/RE  OE/BG/RE/SG  OE/RE/SG NA OE
Adenosquamous carcinoma OE/RE OE NA NA NA
Neuroepithelial carcinoma OE OE NA NA NA

a Abbreviated nasal sites are as follows: BG: Bowman’s gland; NG: nasal gland; OE: olfactory epithelium; RE: respira-
tory epithelium; SE: squamous epithelium; SG: submucosal gland; TE: transitional epithelium.

b NA: not addressed.

Table 5. Comparison of Nasal Cavity Tumors by Rodent Species Exposed to Inhalation

Chemical substances Species Nasal cavity tumors? (sitesb)
acrolein rat SCC; RM
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ _.mouse  _AD
g e e ADRELEA
rat PAP; SCC; NEC; AS
.P?fyl Z’S'ep?fypmp v ?Fher omouse o HASCC
. rat AD (RE); ADC (OE); PAP (RE); SCC (RE/OE)
12-dibromo3-choropropane _mouse  PAP(RE;SCC,AD(RE)ADC,HS,FS(OF)
1 2-dibromoethane rat AD; ADC; SCC; CA/NOS
..... ..mouse  PAP(RE); AD (RE); SCC (OE); ADC (OE}; HS .
2 3-epoxypropyl methacrylate rat AD; ADC; AS; PAP; SCC; NEC; HS
..... ..mouse  AD:;ADC; HS; HA
formaldehyds rat PAP (RE); SCC (RE); AD (RE/TE)
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ _.mouse  SCC
Iveidol rat SCC (RE/TE); AD (RE/TE); ADC (RE/TE)
AR ..mouse  HA;HS; AD/ADC (RE/NG); PAP, SCC (RE)
hydrazine rat PAP, SCC, AD (RE/TE); ADC
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ . hamster  AD (RE/TE)
nitrosomorpholine rat AS
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ . hamster  NEC
rat AD (RE/TE)
..?T?pargyl alf?h()l oomouse  AD(RE/TE)
propylene oxide rat AD
mouse HA; HS; ADC; SCC; PAP

a Abbreviated tumor types are as follows: AD: adenoma; ADC: adenocarcinoma; AS: adenosquamous carcinoma; FS:
fibrosarcoma; HA: hemangioma; HS: hemangiosarcoma; ME: mucoepidermoid tumor; NEC: neuroepithelial carci-
noma; PAP: squamous cell papilloma; RM: rhabdomyoma; RS: rhabdomyosarcoma; SCC: squamous cell carcinoma.

b Abbreviated nasal sites are as follows: OE: olfactory epithelium; RE: respiratory epithelium; SG: submucosal gland;

TE: transitional epithelium.

oxypropyl methacrylate, glycidol, nitrosomorpholine, and
propargyl alcohol induced roughly similar histological
types of tumors; allyl glycidyl ether, butyl 2,3-epoxypropyl
ether, formaldehyde, and hydrazine induced partly similar
histological types; but acrolein and propylene oxide induced
different histological types in rodent species. Interestingly,
2,3-epoxypropyl methacrylate induced hemangiomatous tu-
mors in both rats and mice.

Comparison of nasal cavity tumors by exposure
routes

Among six substances exposed to the same rodent spe-
cies via both inhalation and non-inhalation routes 1,4-di-

oxane, N-nitrosodimethylamine, 1-nitoroso-4-methylpi-
perazine, and nitrosomorpholine all induced nasal cavity
tumors with definitive histopathological typing. As shown
in Table 6, the histological types of the induced tumors were
similar for these four substances, suggesting that the nasal
cavity tumors generated by inhalation exposure may be
caused by local and systemic effects. For example, 1,4-di-
oxane induced squamous cell carcinoma, neuroepithelial
carcinoma, and rhabdomyosarcoma via both the inhalation
and oral routes. Adenosquamous carcinoma was induced
by N-nitrosodimethylamine, adenocarcinoma was induced
by l-nitroso-4-methylpiperazine, and neuroepithelial carci-
noma was induced by nitrosomorpholine via both inhalation
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Table 6. Comparison of Nasal Cavity Tumors by Exposure Routes

Chemical substances Species Exposure Nasal cavity tumors?

| 4-dioxane rat inhalation SCC, RS, NEC

..... T coral . SCCADC,NECRS
. . . inhalation NEC, AS, SCC

N-nitrosodimethylamine rat e

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ dpdmjeetion | CAS L

1-nitroso-4-methylpiperazine rat inhalation AS, ADC, NEC

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ e 01l ADC

. . inhlation NEC
nitrosomorpholine hamster

sc injection PAP, SCC, ADC, NEC

a Abbreviated tumor types are as follows: ADC: adenocarcinoma; AS: adenosquamous carcinoma;
NEC: neuroepithelial carcinoma; PAP: squamous cell papilloma; RS: rhabdomyosarcoma; SCC: squa-

mous cell carcinoma.

and non-inhalation routes.

Genotoxicity of chemicals inducing nasal cavity
tumors

Among the 37 substances (excluding 1,4-dioxane) for
which the pathogenesis of nasal cavity tumors in rodent stud-
ies was analyzed (Tables 3 and 4), 26, 2, and 9 were positive,
equivocal, and negative on Ames tests, respectively. In the
Ames tests, acrolein and hexamethylphosphoramide were
equivocal or weakly positive substances; however, both were
positive in in vivo genotoxicity tests, including in vivo mi-
cronucleus and chromosomal aberration tests!3. 15. In Ames
tests, acetaldehyde, cumene, N,N-dimethyl-p-toluidine,
1,4-dioxane, furfuryl alcohol, methyl acrylate, naphthalene,
vinyl acetate, and N-vinyl-2-pyrrolidone were negative, and
among these substances, four, three, and two substances
were positive, equivocal, and negative, respectively, in in
vivo genotoxicity studies. Acetaldehyde was positive in in
vitro sister chromatid exchange tests with human lympho-
cytes and CHO cells, gene mutation tests with human lym-
phocytes, and chromosomal aberration tests with human
lymphocytes, and has been reported to cause DNA-protein
crosslinks in the rat nasal mucosa in vivo!5. Cumene tested
positive in in vivo micronucleus tests in the bone marrow of
male rats (via peritoneal administration)2% 30, N,N-Dimeth-
yl-p-toluidine was positive in in vitro mouse lymphoma Tk
tests and chromosomal aberration tests and induced DNA
damage in rat livers®!. 9. 1,4-Dioxane was positive in in vitro
cell transformation tests, but equivocal in in vivo genotoxic-
ity tests!S. Furfuryl alcohol was positive in sister chroma-
tid exchange tests with CHO cells, but negative in in vivo
genotoxicity testss3 116, Methyl acrylate was equivocal in in
vivo genotoxicity tests4. Naphthalene was positive in in vi-
tro sister chromatid exchange and chromosomal aberration
testso4 67. Vinyl acetate was positive in in vitro micronucle-
us tests, chromosomal aberration tests, and in vivo micro-
nucleus tests and has been reported to cause DNA-protein
crosslinks in vitro in RE and OE cells of the rat nasal cav-
ity80. 129. N-Vinyl-2-pyrrolidone was consistently negative
in the Ames tests and mouse micronucleus tests!s. 130, Thus,
furfuryl alcohol and N-vinyl-2-pyrrolidone, which showed
negative results in both the Ames and in vivo genotoxicity

tests, were considered non-genotoxic carcinogens targeting
the nasal cavity. Importantly, adenoma and squamous cell
carcinoma induced by furfuryl alcohol, and adenoma and
adenocarcinoma induced by N-vinyl-2-pyrrolidone, showed
similar pathogenic mechanisms to those of most other geno-
toxic substances.

Discussion

In this report, data for chemically-induced nasal cav-
ity tumors in rodents were comprehensively surveyed. Af-
ter standardizing the nomenclature of neoplastic and non-
neoplastic nasal cavity lesions, the pathogenic mechanisms
of different types of nasal cavity tumors were assessed. In
addition, it was difficult to estimate the tumorigenic path-
way using only coexisting or preexisting lesions found in
studies of carcinogenicity. Therefore, to reinforce the data
from acute or short-term studies, some related references
have also been discussed.

As summarized in Table 6, squamous cell papilloma,
squamous cell carcinoma, and adenoma may originate from
the RE in most cases, and from the OE or SG in some cases.
Since squamous cell papilloma and carcinoma are likely
sequential neoplastic changes that occur with the progres-
sion from benign to malignant tumors, it is reasonable that
the original tissues and developing pathways may largely
overlap!3l. In contrast, adenocarcinoma, adenosquamous
carcinoma, and neuroepithelial carcinoma may originate
from the OF in most cases and from the RE, BG, or SG in
some cases. These results were independent of the species
and exposure route. Although sequential changes from ad-
enoma to adenocarcinoma have been suggested in human
cases!32, the current analysis indicated that this sequence
was minor, suggesting that de novo development of adeno-
carcinoma was predominant in rodent cases. Plausible path-
ways for tumor development for each histological type are
summarized in Fig. 1. Regardless of the cells of origin, the
pathogenic mechanisms leading to nasal cavity tumors ap-
pear to be comparable. The initial step involves cytotoxic
changes such as necrosis, degeneration, desquamation, and
inflammation, and the subsequent step involves regenerative
changes such as hyperplasia, metaplasia, and dysplasia.
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In association with metabolic studies!33-135, degenera-
tion and necrosis of RE cells in the nasal cavity were histo-
pathologically identified in rodents briefly exposed to form-
aldehyde by inhalation!23. 124, 136-139 These changes were
evident after 6 h of exposure!23. In a study in which F344
rats and BO6C3F, mice were exposed to formaldehyde by
inhalation for 6 h, early degeneration and sloughing of the
RE in the nasal cavity was observed in animals sacrificed
immediately after exposure!23. Although RE degeneration
has also been observed in mice, the effect was milder than
that in rats!23. Moreover, transmission electron microscopy
revealed cytoplasmic vacuolization of the entire RE, loss of
microvilli in the ciliated RE, and autophagic vacuolization
of basal cells in the nasal cavity of F344 rats sacrificed im-
mediately following exposed to formaldehyde by inhalation
for 6 hi3¢. Additionally, in a study on Wistar rats exposed to
formaldehyde by inhalation for 6 h/day for 3 days, decilia-
tion of the RE in the nasal cavity was observed in some ani-
mals!24. In a study of F344 rats exposed to formaldehyde by
inhalation for 6 h/day, vacuolar degeneration of epithelial
cells, individual cell necrosis, epithelial exfoliation, and ero-
sion occurred in the RE of the anterior nasal passages after
1 day of exposure!?. Similar observations were reported for
acetaldehyde!40, 1,2-dibromoethane!22. 141 1 4-dioxane!26. 127,
phenacetin!42, and vinyl acetate!43.

In male and female Wistar rats exposed to concentra-
tions of up to 20 ppm formaldehyde vapor for 6 h/day, 5
days/week for 13 weeks, keratinized stratified squamous
metaplasia of the nasal RE and focal degeneration and squa-
mous metaplasia occasionally accompanied by keratiniza-
tion of the OE were observed in a treatment-related man-
ner!44 In addition, an in vivo/in vitro cell proliferation study
showed an increase in the [3H]-thymidine labeling index of
the RE lining the nasoturbinates of rats exposed to formal-
dehyde on three successive days!44. Similarly, in male Wis-
tar rats exposed to formaldehyde for 13 weeks, 5 days/week
at 1 or 2 ppm continuously (8 h/day), or at 2 or 4 ppm peri-
odically, the degree and incidence of squamous metaplasia
increased, accompanied by basal cell hyperplasia and kera-
tinization of the RE in the nose of animals exposed to 4 ppm
formaldehyde!4s. These findings suggest that under repeated
exposure to marginally cytotoxic concentrations over a pe-
riod of 13 weeks, the exposure concentration, rather than
the total dose, may determine the severity of the cytotoxic
effects of formaldehyde on the nasal epithelium!4s. In the
current study, similar observations were made for various
chemical substances that induce squamous cell carcinoma
in the rodent nose.

The pathogenesis of squamous metaplasia has been
analyzed using transmission electron microscopy’ 38. In
squamous metaplasia induced in the RE of rats exposed to
hexamethylphosphoramide by inhalation, after degenera-
tion and desquamation of ciliated cells and goblet cells, re-
pair with primitive mucous cells and cuboidal cells with mi-
crovilli occurred, followed by replacement with squamous
cells from the basal side to the upper side, resulting in squa-
mous metaplasia accompanied by keratinization5” 58. This

demonstrates the utility of electron microscopy for analyz-
ing pathogenesis based on detailed ultrastructural changes.

Transmission electron microscopy of rats exposed to
1,2-dibromo-3-chloropropane by inhalation showed that the
pathogenesis of adenocarcinoma begins with cell damage
such as necrosis and atrophy of basal cells in the OE, BG,
or SG, followed by hyperplasia or atypical hyperplasia!2!.
These findings were noted regardless of the route of admin-
istration of many substances in the current survey!2!. For the
pathogenesis of adenosquamous carcinoma, transmission
electron microscopy revealed that after degeneration or des-
quamation of ciliated and goblet cells in the RE of rats ex-
posed to hexamethylphosphoramide, primitive adenomatoid
cells, which have the potential to differentiate into both ade-
nomatoid cells and squamous cells, appeared above the bas-
al membrane. Thus, adenosquamous carcinoma may have
arisen from intermediate cells following primitive cells57.
Nodular hyperplasia of these cells may also be involved in
the development of adenosquamous carcinoma from the OE
induced by 1,4-dinitrosopiperazine93.

Species differences in nasal cavity tumorigenesis have
been previously reviewed in the NTP database to unify ter-
minology and compare induced and spontaneous tumors
and hyperplastic or preneoplastic lesions produced in the
nosel4¢. The species affected, administration route, and tu-
mor types produced by the different chemicals were also
compared. In the current analysis, rats were more suscepti-
ble to epithelial tumors of the nasal cavity than mice, which
is consistent with a previous report!46. Hemangiomatous tu-
mors were also rarely induced in rats, which is somewhat
different from a previously reported finding that hemangio-
matous tumors were induced only in mice!46. Furthermore,
most chemically induced tumors of the olfactory region
have been suggested to not require inhalation exposure, but
rather systemic targeting of this region!4¢. However, in this
study, we found that nasal cavity tumors mainly originated
from the OE and formed adenocarcinoma, adenosquamous
carcinoma, and neuroepithelial carcinoma following both
inhalation and non-inhalation exposure.

Inhalation-specific toxicology limits have been de-
rived for acrolein, formaldehyde, and methyl bromide due to
their localized toxicity when administered via inhalation!47.
Thus, it is likely that several compounds previously have
been incorrectly evaluated to be mutagenic carcinogens,
whereas they may have a non-mutagenic mode of action in
tumor induction!4”. However, the histological types of tu-
mors induced by the four substances with both inhalation
and non-inhalation exposure were similar, regardless of
the exposure route, suggesting that nasal cavity tumors in
rodents exposed to inhalation may be caused not only by
local effects but also by systemic effects. In contrast, non-
inhalation-related regurgitation or reflux may be a potential
mechanism for promoting nasal tumorigenesis!4s. 149,

In human sinonasal tumors, mutations in genes such
as KRAS, APC, and STKI] accumulate significantly in the
order of inverted papilloma < dysplasia < squamous cell car-
cinoma, and 7P53 may be involved in malignant transfor-
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mation based on the mutation site!3!. Although some human
sinonasal tumors may be caused by the human papilloma vi-
rus!s0, occupational chemical exposure may also be involved
in human nasal tumor cases!5!. These data suggest that squa-
mous cell papilloma and carcinoma represent sequential
neoplastic changes that progress from benign to malignant.

In the current survey, furfuryl alcohol and N-vinyl-
2-pyrrolidone were found to be similar to non-genotoxic
carcinogens targeting the nasal cavity, based on the nega-
tive results obtained in both the Ames and in vivo genotox-
icity tests. Importantly, in comparison to most genotoxic
carcinogens, the pathology leading to nasal cavity tumors,
that is, squamous cell carcinoma or adenocarcinoma, was
quite similar, regardless of genotoxicity. This evidence sug-
gests that subsequent post-genotoxic pathways toward nasal
cavity tumorigenesis may largely overlap for genotoxic and
non-genotoxic carcinogens. Notably, nasal cavity toxicants
do not always induce tumors!45. 152,

The shift in the toxicity and carcinogenicity assess-
ments of environmental chemicals from animal studies to
in vitro and in silico tests is inevitable!S3. Artificial intel-
ligence (AI) techniques may replace animal testing for un-
known chemical substances. However, it is still important
to efficiently and precisely utilize existing animal data. In
particular, the nasal cavity mucosa has the second highest
metabolic activity, after the liver; therefore, data for chemi-
cally induced nasal cavity tumors could be important sourc-
es!s4. Thus, critical and comprehensive reviews of animal
carcinogenicity data, other than nasal cavity tumors, may
be helpful in facilitating the progression of Al approaches.

Conclusions

Based on the current critical literature review of na-
sal cavity tumors induced in rodents, the major pathogenic
mechanisms leading to nasal cavity tumors in rodents are
summarized in Fig. 1. The data show that squamous cell pap-
illomas and carcinomas mainly develop through squamous
metaplasia following cell damage during RE. Substances
that induce squamous cell carcinoma are often associated
with hyperplastic and/or dysplastic lesions. Adenomas main-
ly develop through hyperplasia following cell damage in the
RE; however, adenocarcinomas mainly develop through
hyperplasia and/or atypical hyperplasia following cell dam-
age in the OE. Similar to adenocarcinoma, adenosquamous
carcinoma also develops through hyperplastic lesions in the
OE, suggesting that adenosquamous carcinoma is a type
of adenocarcinoma. Neuroepithelial carcinoma develops
through inflammation and atrophy in the OE, followed by
atypical hyperplasia. Except for hemangiomatous tumors,
which may develop through dilatation of blood vessels, data
on most mesenchymal tumors are limited. The pathogenesis
of each type of nasal cavity tumor was similar regardless of
genotoxicity, animal species, or exposure route, suggesting
that the subsequent pathways toward tumorigenesis largely
overlap between genotoxic and non-genotoxic carcinogens.
IATAs for non-genotoxic carcinogens may not address dif-

ferent approaches from genotoxic carcinogens, suggesting
that IATAs may be more practical for carcinogens in general
than for only non-genotoxic carcinogens, at least for nasal
cavity tumors.

Financial Support: This work was supported in part by a
Health and Labor Sciences Research Grant for the Research
on Risk of Chemical Substances (H30-Kagaku-Shitei-003,
21KD2003) from the Ministry of Health, Labour and Wel-
fare, Japan.

Disclosure of Potential Conflicts of Interest: The authors
declare no conflicts of interest.

References

1. Ede JD, Lobaskin V, Vogel U, Lynch I, Halappanavar S,
Doak SH, Roberts MG, and Shatkin JA. Translating scien-
tific advances in the AOP framework to decision making
for nanomaterials. Nanomaterials (Basel). 10: 1229. 2020.
[Medline] [CrossRef]

2. Ankley GT, Bennett RS, Erickson RJ, Hoff DJ, Hornung
MW, Johnson RD, Mount DR, Nichols JW, Russom CL,
Schmieder PK, Serrrano JA, Tietge JE, and Villeneuve
DL. Adverse outcome pathways: a conceptual framework
to support ecotoxicology research and risk assessment. En-
viron Toxicol Chem. 29: 730-741. 2010. [Medline] [Cross-
Ref]

3. Patlewicz G, Kuseva C, Kesova A, Popova I, Zhechev T,
Pavlov T, Roberts DW, and Mekenyan O. Towards AOP
application--implementation of an integrated approach to
testing and assessment (IATA) into a pipeline tool for skin
sensitization. Regul Toxicol Pharmacol. 69: 529-545. 2014.
[Medline] [CrossRef]

4. Patlewicz G, Simon TW, Rowlands JC, Budinsky RA, and
Becker RA. Proposing a scientific confidence framework to
help support the application of adverse outcome pathways
for regulatory purposes. Regul Toxicol Pharmacol. 71:
463-477. 2015. [Medline] [CrossRef]

5. Tollefsen KE, Scholz S, Cronin MT, Edwards SW, de
Knecht J, Crofton K, Garcia-Reyero N, Hartung T, Worth
A, and Patlewicz G. Applying adverse outcome pathways
(AQOPs) to support integrated approaches to testing and as-
sessment (IATA). Regul Toxicol Pharmacol. 70: 629—-640.
2014. [Medline] [CrossRef]

6. Jacobs MN, Colacci A, Corvi R, Vaccari M, Aguila MC,
Corvaro M, Delrue N, Desaulniers D, Ertych N, Jacobs A,
Luijten M, Madia F, Nishikawa A, Ogawa K, Ohmori K,
Paparella M, Sharma AK, and Vasseur P. Chemical car-
cinogen safety testing: OECD expert group international
consensus on the development of an integrated approach
for the testing and assessment of chemical non-genotoxic
carcinogens. Arch Toxicol. 94: 2899-2923. 2020. [Medline]
[CrossRef]

7. Nishikawa A, Nagano K, Kojima H, and Ogawa K. A com-
prehensive review of mechanistic insights into formalde-
hyde-induced nasal cavity carcinogenicity. Regul Toxicol
Pharmacol. 123: 104937. 2021. [Medline] [CrossRef]

8. Brown HR, Monticello TM, Maronpot RR, Randall HW,
Hotchkiss JR, and Morgan KT. Proliferative and neoplastic


http://www.ncbi.nlm.nih.gov/pubmed/32599945?dopt=Abstract
http://dx.doi.org/10.3390/nano10061229
http://www.ncbi.nlm.nih.gov/pubmed/20821501?dopt=Abstract
http://dx.doi.org/10.1002/etc.34
http://dx.doi.org/10.1002/etc.34
http://www.ncbi.nlm.nih.gov/pubmed/24928565?dopt=Abstract
http://dx.doi.org/10.1016/j.yrtph.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/25707856?dopt=Abstract
http://dx.doi.org/10.1016/j.yrtph.2015.02.011
http://www.ncbi.nlm.nih.gov/pubmed/25261300?dopt=Abstract
http://dx.doi.org/10.1016/j.yrtph.2014.09.009
http://www.ncbi.nlm.nih.gov/pubmed/32594184?dopt=Abstract
http://dx.doi.org/10.1007/s00204-020-02784-5
http://www.ncbi.nlm.nih.gov/pubmed/33905780?dopt=Abstract
http://dx.doi.org/10.1016/j.yrtph.2021.104937

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

Nishikawa, Nagano, Kojima ef al. 23

lesions in the rodent nasal cavity. Toxicol Pathol. 19: 358—
372.1991. [Medline] [CrossRef]

Renne R, Brix A, Harkema J, Herbert R, Kittel B, Lewis D,
March T, Nagano K, Pino M, Rittinghausen S, Rosenbruch
M, Tellier P, and Wohrmann T. Proliferative and nonprolif-
erative lesions of the rat and mouse respiratory tract. Toxi-
col Pathol. 37(Suppl): 5S—73S. 2009. [Medline] [CrossRef]
Bihun CG, and Percy DH. Morphologic changes in the na-
sal cavity associated with sialodacryoadenitis virus infec-
tion in the Wistar rat. Vet Pathol. 32: 1-10. 1995. [Medline]
[CrossRef]

Berridge BR, Mowat V, Nagai H, Nyska A, Okazaki Y,
Clements PJ, Rinke M, Snyder PW, Boyle MC, and Wells
MY. Non-proliferative and proliferative lesions of the car-
diovascular system of the rat and mouse. J Toxicol Pathol.
29(Suppl): 1S—47S. 2016. [Medline] [CrossRef]

Greaves P, Chouinard L, Ernst H, Mecklenburg L, Prui-
mboom-Brees IM, Rinke M, Rittinghausen S, Thibault S,
Von Erichsen J, and Yoshida T. Proliferative and non-pro-
liferative lesions of the rat and mouse soft tissue, skeletal
muscle and mesothelium. J Toxicol Pathol. 26(Suppl): 1S—
26S. 2013. [Medline] [CrossRef]

European Union Reference Laboratory for Alternatives to
Animal Testing (ECVAM). EURL ECVAM genotoxicity
& carcinogenicity consolidated database of Ames positive
chemicals. From EURL ECVAM website: https://eurl-ec-
vam.jrc.ec.europa.eu/databases/genotoxicity-carcinogenic-
ity-db 2017.

Woutersen RA, Appelman LM, Van Garderen-Hoetmer A,
and Feron VJ. Inhalation toxicity of acetaldehyde in rats.
III. Carcinogenicity study. Toxicology. 41: 213-231. 1986.
[Medline] [CrossRef]

IARC. Monographs on the Evaluation of Carcinogenic
Risks to Humans. Re-evaluation of Some Organic Chemi-
cals, Hydrazine and Hydrogen Peroxide, Vol. 71. Lyon.
1999.

National Toxicology Program (NTP). The 14th Report on
Carcinogens, U.S. Department of Health and Human Ser-
vices, 2016.

Feron VJ, Kruysse A, and Woutersen RA. Respiratory tract
tumours in hamsters exposed to acetaldehyde vapour alone
or simultaneously to benzo(a)pyrene or diethylnitrosa-
mine. Eur J Cancer Clin Oncol. 18: 13-31. 1982. [Medline]
[CrossRef]

Matsumoto M, Yamano S, Senoh H, Umeda Y, Hirai S,
Saito A, Kasai T, and Aiso S. Carcinogenicity and chronic
toxicity of acrolein in rats and mice by two-year inhalation
study. Regul Toxicol Pharmacol. 121: 104863. 2021. [Med-
line] [CrossRef]

IARC. Monographs on the Identification of Carcinogenic
Hazards to Humans. Acrolein, crotonaldehyde and areco-
line, Vol. 128. Lyon. 2021.

National Toxicology Program (NTP). Toxicology and car-
cinogenesis studies of allyl glycidyl ether (CAS No. 106-
92-3) in Osborne-Mendel rats and B6C3F1 mice (Inhalation
Studies). Natl Toxicol Program Tech Rep Ser. 376: 1-219.
1990.

Renne RA, Brown HR, and Jokinen MP. Morphology of
nasal lesions induced in Osborne-Mendel rats and B6C3F1
mice by chronic inhalation of allyl glycidyl ether. Toxicol
Pathol. 20: 416—425. 1992. [Medline] [CrossRef]

Maltoni C, Ciliberti A, Cotti G, Conti B, and Belpoggi F.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Benzene, an experimental multipotential carcinogen: re-
sults of the long-term bioassays performed at the Bologna
Institute of Oncology. Environ Health Perspect. 82: 109—
124. 1989. [Medline] [CrossRef]

Thyssen J, Althoff J, Kimmerle G, and Mohr U. Inhalation
studies with benzo[a]pyrene in Syrian golden hamsters. J
Natl Cancer Inst. 66: 575-577. 1981. [Medline]

IARC Monographs on the Evaluation of Carcinogenic Risks
to Humans. Chemical Agents and Related Occupations. vol.
100F, Lyon. France: International Agency for Research on
Cancer, 2012.

Kuschner M, Laskin S, Drew RT, Cappiello V, and Nel-
son N. Inhalation carcinogenicity of alpha halo ethers.
III. Lifetime and limited period inhalation studies with
bis(chloromethyl)ether at 0.1 ppm. Arch Environ Health.
30: 73-77. 1975. [Medline] [CrossRef]

Leong BK, Kociba RJ, and Jersey GC. A lifetime study of
rats and mice exposed to vapors of bis(chloromethyl)ether.
Toxicol Appl Pharmacol. 58: 269-281. 1981. [Medline]
[CrossRef]

Matsumoto M, Kasai T, Saito A, Takanobu K, Senoh H,
Umeda Y, and Kanno J. Carcinogenicity of butyl 2,3-ep-
oxypropyl ether in rats and mice by whole body inhala-
tion for two years. J Toxicol Sci. 45: 1-14. 2020. [Medline]
[CrossRef]

IARC Monographs on the Evaluation of Carcinogenic Risk
of Chemicals to Humans. Chromium and chromium com-
pounds. In Chromium, Nickel and Welding. vol. 49, Lyon.
France: International Agency for Research on Cancer. pp.
49-256, 1990.

National Toxicology Program (NTP) Toxicology and carci-
nogenesis studies of cumene (CAS No. 98-82-8) in F344/N
rats and B6C3F1 mice (Inhalation Studies). Natl Toxicol
Program Tech Rep Ser. 542, Public Health Service, Nation-
al Institute of Health, 2009.

IARC Monographs on the Evaluation of Carcinogenic Risks
to Humans. Some Chemicals Present in Industrial and Con-
sumer Products, Food and Drinking-water. vol. 101, Lyon.
France: International Agency for Research on Cancer, 2013.
National Toxicology Program (NTP). Carcinogenesis bio-
assay of 1,2-dibromo-3-chloropropane (CAS No. 96-12-8)
in F344 rats and B6C3F1 mice (Inhalation Study). Natl
Toxicol Program Tech Rep Ser. 206, Public Health Service,
National Institute of Health, 1982a.

Reznik G, Ulland B, Stinson SF, and Ward JM. Morphol-
ogy and sex-dependent manifestation of nasal tumors in
B6C3F1 mice after chronic inhalation of 1,2-dibromo-
3-chloropropane. J Cancer Res Clin Oncol. 98: 75-83. 1980.
[Medline] [CrossRef]

National Toxicology Program (NTP). Carcinogenesis bio-
assay of 1,2-dibromoethane (CAS No. 106-93-4) in F344
rats and B6C3F1 mice (Inhalation Study). Natl Toxicol Pro-
gram Tech Rep Ser. 210, Public Health Service, National
Institute of Health, 1982.

Stinson SF, Reznik G, and Ward JM. Characteristics of
proliferative lesions in the nasal cavities of mice following
chronic inhalation of 1,2-dibromoethane. Cancer Lett. 12:
121-129. 1981. [Medline] [CrossRef]

Mullin LS, Kennedy GL Jr, and Wood CK. Nasal tumors in
rats following long-term inhalation exposure to 1,4-dichlo-
robutene-2 (DCB). Drug Chem Toxicol. 23: 403—417. 2000.
[Medline] [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/1813982?dopt=Abstract
http://dx.doi.org/10.1177/0192623391019004-105
http://www.ncbi.nlm.nih.gov/pubmed/20032296?dopt=Abstract
http://dx.doi.org/10.1177/0192623309353423
http://www.ncbi.nlm.nih.gov/pubmed/7725592?dopt=Abstract
http://dx.doi.org/10.1177/030098589503200101
http://www.ncbi.nlm.nih.gov/pubmed/27621537?dopt=Abstract
http://dx.doi.org/10.1293/tox.29.3S-1
http://www.ncbi.nlm.nih.gov/pubmed/25035576?dopt=Abstract
http://dx.doi.org/10.1293/tox.26.1S
http://www.ncbi.nlm.nih.gov/pubmed/3764943?dopt=Abstract
http://dx.doi.org/10.1016/0300-483X(86)90201-5
http://www.ncbi.nlm.nih.gov/pubmed/7200892?dopt=Abstract
http://dx.doi.org/10.1016/0277-5379(82)90020-7
http://www.ncbi.nlm.nih.gov/pubmed/33465397?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/33465397?dopt=Abstract
http://dx.doi.org/10.1016/j.yrtph.2021.104863
http://www.ncbi.nlm.nih.gov/pubmed/1295070?dopt=Abstract
http://dx.doi.org/10.1177/019262339202000311
http://www.ncbi.nlm.nih.gov/pubmed/2792037?dopt=Abstract
http://dx.doi.org/10.1289/ehp.8982109
http://www.ncbi.nlm.nih.gov/pubmed/6937711?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1115531?dopt=Abstract
http://dx.doi.org/10.1080/00039896.1975.10666646
http://www.ncbi.nlm.nih.gov/pubmed/7245201?dopt=Abstract
http://dx.doi.org/10.1016/0041-008X(81)90432-4
http://www.ncbi.nlm.nih.gov/pubmed/31932553?dopt=Abstract
http://dx.doi.org/10.2131/jts.45.1
http://www.ncbi.nlm.nih.gov/pubmed/7451555?dopt=Abstract
http://dx.doi.org/10.1007/BF00413179
http://www.ncbi.nlm.nih.gov/pubmed/7023670?dopt=Abstract
http://dx.doi.org/10.1016/0304-3835(81)90047-1
http://www.ncbi.nlm.nih.gov/pubmed/10959544?dopt=Abstract
http://dx.doi.org/10.1081/DCT-100100125

24

Pathogenesis of Rodent Nasal Tumors

36. United States Environmental Protection Agency (USEPA)

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Provisional peer reviewed toxicity values for (mixed iso-
mers) 1,4-dichloro-2-butene (CASRN 764-41-0) cis-1,4-
dichloro-2-butene (CASRN 1476-11-5) trans-1,4-dichloro-
2-butene (CASRN 110-57-6), 2008.

Umeda Y, Matsumoto M, Aiso S, Nishizawa T, Nagano K,
Arito H, and Fukushima S. Inhalation carcinogenicity and
toxicity of 1,2-dichloropropane in rats. Inhal Toxicol. 22:
1116—1126. 2010. [Medline] [CrossRef]

IARC Monographs on the Evaluation of Carcinogenic
Risks to Humans. Some Chemicals Used as Solvents and in
Polymer Manufacture. Vol. 110. Lyon. 2017.

Henderson RF, Hahn FF, Barr EB, Belinsky SA, Ménache
MG, and Benson JM. Carcinogenicity of inhaled butadiene
diepoxide in female B6C3F1 mice and Sprague-Dawley
rats. Toxicol Sci. 52: 33—44. 1999. [Medline] [CrossRef]
Snyder CA, Garte SJ, Sellakumar AR, and Albert RE. Rela-
tionships between the levels of binding to DNA and the car-
cinogenic potencies in rat nasal mucosa for three alkylating
agents. Cancer Lett. 33: 175—-181. 1986. [Medline] [Cross-
Ref]

Sellakumar AR, Laskin S, Kuschner M, Rusch G, Katz GV,
Snyder CA, and Albert RE. Inhalation carcinogenesis by
dimethylcarbamoyl chloride in Syrian golden hamsters. J
Environ Pathol Toxicol. 4: 107-115. 1980. [Medline]

Kasai T, Kano H, Umeda Y, Sasaki T, Ikawa N, Nishizawa
T, Nagano K, Arito H, Nagashima H, and Fukushima S.
Two-year inhalation study of carcinogenicity and chronic
toxicity of 1,4-dioxane in male rats. Inhal Toxicol. 21: 889—
897. 2009. [Medline]| [CrossRef]

Laskin S, Sellakumar AR, Kuschner M, Nelson N, La Men-
dola S, Rusch GM, Katz GV, Dulak NC, and Albert RE.
Inhalation carcinogenicity of epichlorohydrin in noninbred
Sprague-Dawley rats. J Natl Cancer Inst. 65: 751-757. 1980.
[Medline] [CrossRef]

John JA, Quast JF, Murray FJ, Calhoun LG, and Staples
RE. Inhalation toxicity of epichlorohydrin: effects on fertil-
ity in rats and rabbits. Toxicol Appl Pharmacol. 68: 415—
423. 1983. [Medline] [CrossRef]

National Toxicology Program (NTP). Toxicology and carci-
nogenesis studies of 1,2-epoxybutane (CAS No. 106-88-7)
in F344/N rats and B6C3F1 mice (Inhalation Studies). Natl
Toxicol Program Tech Rep Ser. 329: 1-176. Public Health
Service, National Institute of Health, 1988.

Dunnick JK, Eustis SL, Piegorsch WW, and Miller RA.
Respiratory tract lesions in F344/N rats and B6C3F1 mice
after inhalation exposure to 1,2-epoxybutane. Toxicology.
50: 69-82. 1988. [Medline| [CrossRef]

47. Japan Bioassay Research Center (JBRC). Report on carci-

48.

49.

50.

nogenicity study of 2,3-epoxypropyl metacrylate in rats by
two-year inhalation exposure: study no. 0794, JBRC, Ha-
dano, Kanagawa, Japan, 2015.

Japan Bioassay Research Center (JBRC). Report on carci-
nogenicity study of 2,3-epoxypropyl metacrylate in mice
by two-year inhalation exposure: study no. 0795. JBRC,
Hadano. 2015.

Swenberg JA, Kerns WD, Mitchell RI, Gralla EJ, and
Pavkov KL. Induction of squamous cell carcinomas of the
rat nasal cavity by inhalation exposure to formaldehyde va-
por. Cancer Res. 40: 3398-3402. 1980. [Medline]

Kerns WD, Pavkov KL, Donofrio DJ, Gralla EJ, and Swen-
berg JA. Carcinogenicity of formaldehyde in rats and mice

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

after long-term inhalation exposure. Cancer Res. 43: 4382—
4392. 1983. [Medline]

Sellakumar AR, Snyder CA, Solomon JJ, and Albert RE.
Carcinogenicity of formaldehyde and hydrogen chloride in
rats. Toxicol Appl Pharmacol. 81: 401-406. 1985. [Medline]
[CrossRef]

Kamata E, Nakadate M, Uchida O, Ogawa Y, Suzuki S,
Kaneko T, Saito M, and Kurokawa Y. Results of a 28-month
chronic inhalation toxicity study of formaldehyde in male
Fisher-344 rats. J Toxicol Sci. 22: 239-254. 1997. [Medline]
[CrossRef]

National Toxicology Program (NTP). Toxicology and car-
cinogenesis studies of furfuryl alcohol (CAS NO. 98-00-0)
in F344/N rats and B6C3F1 mice (inhalation studies). Natl
Toxicol Program Tech Rep Ser. 482: 1-248. 1999.

IARC Monographs on the Evaluation of Carcinogenic
Risks to Humans. Some Chemicals That Cause Tumours of
the Urinary Tract in Rodents, Vol. 119. Lyon. 2019.

Japan Bioassay Research Center (JBRC). Summary of inha-
lation carcinogenicity study of glycidol in F344 rats. 2003,
JBRC:http://anzeninfo.mhlw.go.jp/user/anzen/kag/pdf/gan/
Glycidol_Rats. Pdf.

Japan Bioassay Research Center (JBRC). Summary of in-
halation carcinogenicity study of glycidol in BDF1 mice.
2003, JBRC: http:/anzeninfo.mhlw.go.jp/user/anzen/kag/
pdf/gan/Glycidol Mice. Pdf, 2003.

Lee KP, and Trochimowicz HJ. Metaplastic changes of
nasal respiratory epithelium in rats exposed to hexameth-
ylphosphoramide (HMPA) by inhalation. Am J Pathol. 106:
8-19. 1982. [Medline]

Lee KP, and Trochimowicz HJ. Induction of nasal tumors in
rats exposed to hexamethylphosphoramide by inhalation. J
Natl Cancer Inst. 68: 157-171. 1982. [Medline]

Vernot EH, MacEwen JD, Bruner RH, Haun CC, Kinkead
ER, Prentice DE, Hall A 3rd, Schmidt RE, Eason RL, Hub-
bard GB, and Young JT. Long-term inhalation toxicity
of hydrazine. Fundam Appl Toxicol. 5: 1050—1064. 1985.
[Medline] [CrossRef]

Latendresse JR, Marit GB, Vernot EH, Haun CC, and Flem-
ming CD. Oncogenic potential of inhaled hydrazine in the
nose of rats and hamsters after 1 or 10 1-hr exposures. Fun-
dam Appl Toxicol. 27: 33—48. 1995. [Medline] [CrossRef]
IARC Monographs on the Evaluation of Carcinogenic
Risks to Humans. Some Industrial Chemicals, Vol. 115.
Lyon. 2018.

IARC. Monographs on the Evaluation of Carcinogenic
Risks to Humans. Isobutyl nitrite, B-picoline, and some ac-
rylates, Vol. 122. Lyon. 2019.

Sellakumar AR, Snyder CA, and Albert RE. Inhalation car-
cinogenesis of various alkylating agents. J Natl Cancer Inst.
79: 285-289. 1987. [Medline]

National Toxicology Program (NTP). Toxicology and car-
cinogenesis studies of naphthalene (CAS No. 91-20-3) in
F344/N rats (Inhalation Studies). Natl Toxicol Program
Tech Rep Ser. 500, 2000.

Abdo KM, Grumbein S, Chou BJ, and Herbert R. Toxicity
and carcinogenicity study in F344 rats following 2 years of
whole-body exposure to naphthalene vapors. Inhal Toxicol.
13: 931-950. 2001. [Medline] [CrossRef]

Long PH, Herbert RA, Peckham JC, Grumbein SL, Shack-
elford CC, and Abdo K. Morphology of nasal lesions in
F344/N rats following chronic inhalation exposure to naph-


http://www.ncbi.nlm.nih.gov/pubmed/21070183?dopt=Abstract
http://dx.doi.org/10.3109/08958378.2010.526973
http://www.ncbi.nlm.nih.gov/pubmed/10568696?dopt=Abstract
http://dx.doi.org/10.1093/toxsci/52.1.33
http://www.ncbi.nlm.nih.gov/pubmed/3791188?dopt=Abstract
http://dx.doi.org/10.1016/0304-3835(86)90022-4
http://dx.doi.org/10.1016/0304-3835(86)90022-4
http://www.ncbi.nlm.nih.gov/pubmed/7441105?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19681729?dopt=Abstract
http://dx.doi.org/10.1080/08958370802629610
http://www.ncbi.nlm.nih.gov/pubmed/6932527?dopt=Abstract
http://dx.doi.org/10.1093/jnci/65.4.751
http://www.ncbi.nlm.nih.gov/pubmed/6857676?dopt=Abstract
http://dx.doi.org/10.1016/0041-008X(83)90286-7
http://www.ncbi.nlm.nih.gov/pubmed/3388431?dopt=Abstract
http://dx.doi.org/10.1016/0300-483X(88)90122-9
http://www.ncbi.nlm.nih.gov/pubmed/7427950?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6871871?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4082190?dopt=Abstract
http://dx.doi.org/10.1016/0041-008X(85)90411-9
http://www.ncbi.nlm.nih.gov/pubmed/9279826?dopt=Abstract
http://dx.doi.org/10.2131/jts.22.3_239
http://www.ncbi.nlm.nih.gov/pubmed/7055213?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6948124?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4092868?dopt=Abstract
http://dx.doi.org/10.1016/0272-0590(85)90141-1
http://www.ncbi.nlm.nih.gov/pubmed/7589927?dopt=Abstract
http://dx.doi.org/10.1006/faat.1995.1106
http://www.ncbi.nlm.nih.gov/pubmed/3474462?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11696867?dopt=Abstract
http://dx.doi.org/10.1080/089583701752378179

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Nishikawa, Nagano, Kojima ef al. 25

thalene vapors. Toxicol Pathol. 31: 655-664. 2003. [Med-
line] [CrossRef]

IARC Monographs on the Evaluation of Carcinogenic Risks
to Humans. Some Traditional Herbal Medicines, Some My-
cotoxins, Naphthalene and Styrene, Vol. 82. Lyon. 2002.
Klein RG, Janowsky I, Pool-Zobel BL, Schmezer P, Her-
mann R, Amelung F, Spiegelhalder B, and Zeller WJ. Ef-
fects of long-term inhalation of N-nitrosodimethylamine in
rats. [ARC Sci Publ. 105: 322-328. 1991. [Medline]

Klein RG, Schmezer P, Hermann R, Waas P, Spiegelhalder
B, and Bartsch H. Strong nasal carcinogenicity and geno-
toxicity of l-nitroso-4-methylpiperazine after low dose
inhalation in rats. Carcinogenesis. 20: 1629-1631. 1999.
[Medline] [CrossRef]

IARC Monographs on the Evaluation of Carcinogenic Risk
of Chemicals to Humans. Some N-Nitroso Compounds,
Vol. 17, Lyon. 263-280, 1978.

Klein RG, Spiegelhalder B, and Preussmann R. Inhalation
carcinogenesis of N-nitrosomorpholine (NMOR) in rats
and hamsters. Exp Pathol. 40: 189-195. 1990. [Medline]
[CrossRef]

Lee KP, Schneider PW Jr, and Trochimowicz HJ. Morpho-
logic expression of glandular differentiation in the epider-
moid nasal carcinomas induced by phenylglycidyl ether
inhalation. Am J Pathol. 111: 140-148. 1983. [Medline]
National Toxicology Program (NTP). Toxicology and carci-
nogenesis studies of propargyl alcohol (CAS No. 107-19-7)
in F344/N rats and B6C3F1 mice (Inhalation Studies). Natl
Toxicol Program Tech Rep Ser. 552: 1-172 2008.

Thakur SA, Flake GP, Travlos GS, Dill JA, Grumbein SL,
Harbo SJ, and Hooth MJ. Evaluation of propargyl alcohol
toxicity and carcinogenicity in F344/N rats and B6C3F1/N
mice following whole-body inhalation exposure. Toxicol-
ogy. 314: 100-111. 2013. [Medline] [CrossRef]

Lynch DW, Lewis TR, Moorman WJ, Burg JR, Groth DH,
Khan A, Ackerman LJ, and Cockrell BY. Carcinogenic and
toxicologic effects of inhaled ethylene oxide and propylene
oxide in F344 rats. Toxicol Appl Pharmacol. 76: 69—84.
1984. [Medline] [CrossRef]

Renne RA, Giddens WE, Boorman GA, Kovatch R, Hase-
man JE, and Clarke WJ. Nasal cavity neoplasia in F344/N
rats and (C57BL/6 x C3H)F1 mice inhaling propylene oxide
for up to two years. J Natl Cancer Inst. 77: 573-582. 1986.
[Medline]

National Toxicology Program (NTP). Toxicology and car-
cinogenesis studies of propylene oxide in F344/N rats and
B6C3F1 mice (Inhalation Studies). Natl Toxicol Program
Tech Rep Ser. 267: 1-168 1985.

IARC Monographs on the Evaluation of Carcinogenic Risk
of Chemicals to Humans. Some Industrial Chemicals. vol.
60, Lyon. France: International Agency for Research on
Cancer, 1994.

Bogdanffy MS, Dreef-van der Meulen HC, Beems RB,
Feron VJ, Cascieri TC, Tyler TR, Vinegar MB, and Rick-
ard RW. Chronic toxicity and oncogenicity inhalation study
with vinyl acetate in the rat and mouse. Fundam Appl Toxi-
col. 23: 215-229. 1994. [Medline] [CrossRef]

IARC. Monographs on the Evaluation of Carcinogenic
Risks to Humans. Dry Cleaning, Some Chlorinated Sol-
vents and Other Industrial Chemicals, Vol. 63. Lyon. 443—
465. 1995.

Feron VJ, and Kroes R. One-year time-sequence inhalation

82.

&3.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

toxicity study of vinyl chloride in rats. II. Morphological
changes in the respiratory tract, ceruminous glands, brain,
kidneys, heart and spleen. Toxicology. 13: 131-141. 1979.
[Medline]

Klimisch HJ, Deckardt K, Gembardt C, Hildebrand B,
Kiittler K, and Roe FJC. Long-term inhalation toxicity of
N-vinylpyrrolidone-2 vapours. Studies in rats. Food Chem
Toxicol. 35: 1041-1060. 1997. [Medline] [CrossRef]
Soffritti M, Belpoggi F, Lambertin L, Lauriola M, Pado-
vani M, and Maltoni C. Results of long-term experimental
studies on the carcinogenicity of formaldehyde and acet-
aldehyde in rats. Ann N Y Acad Sci. 982: 87-105. 2002.
[Medline] [CrossRef]

IARC. Monographs on the Evaluation of Carcinogenic
Risks to Humans. Benzene, Vol. 120. Lyon. 2018.

National Cancer Institute (NCI). Bioassay of p-cresidine for
possible carcinogenicity. NCI Carcinog Technical Rep Ser
No. 142: 1-123. 1979.

Reznik G, Reznik-Schiiller HM, Hayden DW, Russfield A,
and Murthy AS. Morphology of nasal cavity neoplasms in
F344 rats after chronic feeding of p-cresidine, and inter-
mediate of dyes and pigments. Anticancer Res. 1: 279-286.
1981. [Medline]

Pour PM, Grandjean CJ, and Knepper S. Selective induc-
tion of nasal cavity tumors in rats by diallylnitrosamine. J
Cancer Res Clin Oncol. 109: 5-8. 1985. [Medline]| [Cross-
Ref]

Grandjean CJ, Althoff J, and Pour PM. Carcinogenicity of
diallylnitrosamine following intragastric administration to
Syrian hamsters. J Natl Cancer Inst. 74: 1043-1046. 1985.
[Medline]

National Toxicology Program (NTP). Toxicology and car-
cinogenesis studies of 2,3-dibromo-1-propanol (CAS No.
96-13-9) in F344/N rats and B6C3F1 mice (dermal studies).
Natl Toxicol Program Tech Rep Ser. 400: 1-202. 1993.
Eustis SL, Haseman JK, Mackenzie WF, and Abdo KM.
Toxicity and carcinogenicity of 2,3-dibromo-1-propanol in
F344/N rats and B6C3F1 mice. Fundam Appl Toxicol. 26:
41-50. 1995. [Medline]| [CrossRef]

National Toxicology Program (NTP). Toxicology and car-
cinogenesis studies of N,N-dimethyl-p-toluidine (CAS No.
99-97-8) in F344/N rats and B6C3F1 mice (Gavage Stud-
ies). Natl Toxicol Program Tech Rep Ser. 579: 1-211. 2012.
National Toxicology Program (NTP). Toxicology and car-
cinogenesis studies of dimethylvinylchloride (1-chloro-
2-methylpropene) (CAS No. 513-37-1) in F344/N rats and
B6C3F1 mice (Gavage Studies). Natl Toxicol Program Tech
Rep Ser. 316: 1-238. 1986.

Takano T, Shirai T, Ogiso T, Tsuda H, Baba S, and Ito N. Se-
quential changes in tumor development induced by 1,4-di-
nitrosopiperazine in the nasal cavity of F344 rats. Cancer
Res. 42: 4236-4240. 1982. [Medline]

National Cancer Institute (NCI). Bioassay of 1,4-dioxane
for possible carcinogenicity. NCI Carcinog Tech Rep Ser
80: 1-123. 1978.

Kano H, Umeda Y, Kasai T, Sasaki T, Matsumoto M,
Yamazaki K, Nagano K, Arito H, and Fukushima S. Carci-
nogenicity studies of 1,4-dioxane administered in drinking-
water to rats and mice for 2 years. Food Chem Toxicol. 47:
2776-2784. 2009. [Medline] [CrossRef]

Lijinsky W, Saavedra JE, and Kovatch RM. Carcinogenesis
in rats by substituted dialkylnitrosamines given by gavage.


http://www.ncbi.nlm.nih.gov/pubmed/14585734?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14585734?dopt=Abstract
http://dx.doi.org/10.1080/01926230390242016
http://www.ncbi.nlm.nih.gov/pubmed/1855872?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10426818?dopt=Abstract
http://dx.doi.org/10.1093/carcin/20.8.1629
http://www.ncbi.nlm.nih.gov/pubmed/2104536?dopt=Abstract
http://dx.doi.org/10.1016/S0232-1513(11)80293-8
http://www.ncbi.nlm.nih.gov/pubmed/6846500?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24035744?dopt=Abstract
http://dx.doi.org/10.1016/j.tox.2013.09.002
http://www.ncbi.nlm.nih.gov/pubmed/6484993?dopt=Abstract
http://dx.doi.org/10.1016/0041-008X(84)90030-9
http://www.ncbi.nlm.nih.gov/pubmed/3461216?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7982530?dopt=Abstract
http://dx.doi.org/10.1006/faat.1994.1100
http://www.ncbi.nlm.nih.gov/pubmed/516073?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9463539?dopt=Abstract
http://dx.doi.org/10.1016/S0278-6915(97)87273-0
http://www.ncbi.nlm.nih.gov/pubmed/12562630?dopt=Abstract
http://dx.doi.org/10.1111/j.1749-6632.2002.tb04926.x
http://www.ncbi.nlm.nih.gov/pubmed/7345971?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3972886?dopt=Abstract
http://dx.doi.org/10.1007/BF01884247
http://dx.doi.org/10.1007/BF01884247
http://www.ncbi.nlm.nih.gov/pubmed/3858573?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7657061?dopt=Abstract
http://dx.doi.org/10.1006/faat.1995.1073
http://www.ncbi.nlm.nih.gov/pubmed/7105017?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19703511?dopt=Abstract
http://dx.doi.org/10.1016/j.fct.2009.08.012

26

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Pathogenesis of Rodent Nasal Tumors

In Vivo. 5: 85-89. 1991. [Medline]

IARC. Monographs on the Evaluation of Carcinogenic
Risks to Humans. Re-evaluation of Some Industrial Chemi-
cals. vol. 77. Lyon. 2000.

Herrold KM, and Dunham LJ. Induction of tumors in the
Syrian hamster with diethylnitrosamine (N-nitrosodiethyl-
amine). Cancer Res. 23: 773-777. 1963. [Medline]

Office of Environmental Health Hazard Assessment
(OEHHA). Evidence on the carcinogenicity of 2,6-dimeth-
yl-n-nitrosomorpholine. California Environmental Protec-
tion Agency, 2012.

Althoff J, Mohr U, and Lijinsky W. Comparative study on
the carcinogenicity of N-nitroso-2,6-dimethylmorpholine
in the European hamster. J Cancer Res Clin Oncol. 109:
183-187. 1985. [Medline] [CrossRef]

National Toxicology Program (NTP). The 12th Report on
Carcinogens. Rep Carcinog. 12: 1ii—499. 2011.

Office of Environmental Health Hazard Assessment
(OEHHA). Evidence on the carcinogenicity of N-nitroso-
methyl-n-alkylamines. California Environmental Protec-
tion Agency, 2014.

Office of Environmental Health Hazard Assessment
(OEHHA). Evidence on the carcinogenicity of N-nitroso-
hexamethylenimine. California Environmental Protection
Agency, 2019.

Althoff J, Cardesa A, Pour P, and Mohr U. Carcinogenic
effect of N-nitrosohexamethylenimine in Syrian golden
hamsters. J Natl Cancer Inst. 50: 323-329. 1973. [Medline]
[CrossRef]

Lijinsky W, Reuber MD, Saavedra JE, and Singer GM.
Carcinogenesis in F344 rats by N-nitrosomethyl-n-propyl-
amine derivatives. J Natl Cancer Inst. 70: 959-963. 1983.
[Medline]

Reznik-Schiiller HM. Pathogenesis of tumors induced with
N-nitrosomethylpiperazine in the olfactory region of the rat
nasal cavity. J Natl Cancer Inst. 71: 165-172. 1983. [Med-
line]

Lijinsky W, Kovatch RM, and Knutsen GL. Carcinogenesis
by nitrosomorpholines, nitrosooxazolidines and nitrosoaz-
etidine given by gavage to Syrian golden hamsters. Carci-
nogenesis. 5: 875-878. 1984. [Medline] [CrossRef]
Pelfrene A, and Garcia H. Chemically induced esthesioneu-
roblastomas in rats. Z Krebsforsch Klin Onkol. 86: 113—119.
1976. [Medline] [CrossRef]

Love LA, Lijinsky W, Keefer LK, and Garcia H. Chronic
oral administration of 1-nitrosopiperazine at high doses
to MRC rats. Z Krebsforsch Klin Onkol. 89: 69-73. 1977.
[Medline] [CrossRef]

Preussmann R, Habs M, Habs H, and Stummeyer D. Flu-
oro-substituted N-nitrosamines. 6. carcinogenicity of N-
nitroso-(2,2,2-trifluoroethyl)-ethylamine in rats. Carcino-
genesis. 4: 755-757. 1983. [Medline] [CrossRef]

IARC Monographs on the Evaluation of Carcinogenic Risks
to Humans. Personal Habits and Indoor Combustions, Vol.
100E. Lyon. 2012.

Hecht SS, Chen CB, Ohmori T, and Hoffmann D. Compara-
tive carcinogenicity in F344 rats of the tobacco-specific
nitrosamines, N'-nitrosonornicotine and 4-(N-methyl-N-
nitrosamino)-1-(3-pyridyl)-1-butanone. Cancer Res. 40:
298-302. 1980. [Medline]

McCoy GD, Hecht SS, Katayama S, and Wynder EL. Differ-
ential effect of chronic ethanol consumption on the carcino-

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

genicity of N-nitrosopyrrolidine and N'-nitrosonornicotine
in male Syrian golden hamsters. Cancer Res. 41: 2849—
2854. 1981. [Medline]

National Toxicology Program (NTP). Toxicology and carci-
nogenesis studies of pentachlorophenol (CAS No. 87-86-5)
in F344/N rats (Feed Studies). Natl Toxicol Program Tech
Rep Ser. 483: 1-18. 1999.

Chhabra RS, Maronpot RM, Bucher JR, Haseman JK, Toft
JD, and Hejtmancik MR. Toxicology and carcinogenesis
studies of pentachlorophenol in rats. Toxicol Sci. 48: 14-20.
1999. [Medline] [CrossRef]

IARC. Monographs on the Evaluation of Carcinogenic
Risks to Humans. Pentachlorophenol and Some Related
Compounds. vol. 117. Lyon. 2019.

Isaka H, Yoshii H, Otsuji A, Koike M, Nagai Y, Koura M,
Sugiyasu K, and Kanabayashi T. Tumors of Sprague-Daw-
ley rats induced by long-term feeding of phenacetin. Gann.
70: 29-36. 1979. [Medline]

IARC Monographs on the Evaluation of Carcinogenic Risks
to Humans. Pharmaceuticals Vol. 100A, Lyon. 2012.
National Toxicology Program (NTP). Toxicology and car-
cinogenesis sudies of 2,6-xylidine (2,6-dimethylaniline)
(CAS No. 87-62-7) in Charles River CD rats (feed studies).
Natl Toxicol Program Tech Rep Ser. 278: 1-138. 1990.
IARC Monographs on the Evaluation of Carcinogenic Risk
of Chemicals to Humans. Occupational Exposures of Hair-
dressers and Barbers and Personal Use of Hair Colourants;
Some Hair Dyes, Cosmetic Colourants, Industrial Dye-
stuffs and Aromatic Amines, vol. 57. Lyon. 1993.

Reznik G. Reznik —Schiiller H, Ward JM, Stinson SF. Mor-
phology of nasal-cavity tumors in rats after chronic inha-
lation of 1,2-dibromo-3-chloropropane. Br J Cancer. 42:
772-781. 1980. [Medline] [CrossRef]

Reznik G, Stinson SF, and Ward JM. Respiratory pathology
in rats and mice after inhalation of 1,2-dibromo-3-chloro-
propane or 1,2 dibromoethane for 13 weeks. Arch Toxicol.
46: 233-240. 1980. [Medline] [CrossRef]

Chang JC, Gross EA, Swenberg JA, and Barrow CS. Nasal
cavity deposition, histopathology, and cell proliferation af-
ter single or repeated formaldehyde exposures in B6C3F1
mice and F-344 rats. Toxicol Appl Pharmacol. 68: 161-176.
1983. [Medline] [CrossRef]

Zwart A, Woutersen RA, Wilmer JWGM, Spit BJ, and Fer-
on VJ. Cytotoxic and adaptive effects in rat nasal epithelium
after 3-day and 13-week exposure to low concentrations of
formaldehyde vapour. Toxicology. 51: 87-99. 1988. [Med-
line] [CrossRef]

Monticello TM, Swenberg JA, Gross EA, Leininger JR,
Kimbell JS, Seilkop S, Starr TB, Gibson JE, and Morgan
KT. Correlation of regional and nonlinear formaldehyde-
induced nasal cancer with proliferating populations of cells.
Cancer Res. 56: 1012—1022. 1996. [Medline]

Kasai T, Saito M, Senoh H, Umeda Y, Aiso S, Ohbayashi H,
Nishizawa T, Nagano K, and Fukushima S. Thirteen-week
inhalation toxicity of 1,4-dioxane in rats. Inhal Toxicol. 20:
961-971. 2008. [Medline] [CrossRef]

Kano H, Umeda Y, Saito M, Senoh H, Ohbayashi H, Aiso S,
Yamazaki K, Nagano K, and Fukushima S. Thirteen-week
oral toxicity of 1,4-dioxane in rats and mice. J Toxicol Sci.
33: 141-153. 2008. [Medline] [CrossRef]

Brittebo EB. Metabolic activation of phenacetin in rat nasal
mucosa: dose-dependent binding to the glands of Bowman.


http://www.ncbi.nlm.nih.gov/pubmed/1768792?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13954107?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4008512?dopt=Abstract
http://dx.doi.org/10.1007/BF00390354
http://www.ncbi.nlm.nih.gov/pubmed/4121929?dopt=Abstract
http://dx.doi.org/10.1093/jnci/50.2.323
http://www.ncbi.nlm.nih.gov/pubmed/6573541?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6191067?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6191067?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6733849?dopt=Abstract
http://dx.doi.org/10.1093/carcin/5.7.875
http://www.ncbi.nlm.nih.gov/pubmed/132783?dopt=Abstract
http://dx.doi.org/10.1007/BF00283998
http://www.ncbi.nlm.nih.gov/pubmed/141802?dopt=Abstract
http://dx.doi.org/10.1007/BF02571691
http://www.ncbi.nlm.nih.gov/pubmed/6861279?dopt=Abstract
http://dx.doi.org/10.1093/carcin/4.6.755
http://www.ncbi.nlm.nih.gov/pubmed/7356512?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7248945?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10330679?dopt=Abstract
http://dx.doi.org/10.1093/toxsci/48.1.14
http://www.ncbi.nlm.nih.gov/pubmed/446975?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7459212?dopt=Abstract
http://dx.doi.org/10.1038/bjc.1980.311
http://www.ncbi.nlm.nih.gov/pubmed/7016076?dopt=Abstract
http://dx.doi.org/10.1007/BF00310439
http://www.ncbi.nlm.nih.gov/pubmed/6857658?dopt=Abstract
http://dx.doi.org/10.1016/0041-008X(83)90001-7
http://www.ncbi.nlm.nih.gov/pubmed/3413803?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3413803?dopt=Abstract
http://dx.doi.org/10.1016/0300-483X(88)90083-2
http://www.ncbi.nlm.nih.gov/pubmed/8640755?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18668411?dopt=Abstract
http://dx.doi.org/10.1080/08958370802105397
http://www.ncbi.nlm.nih.gov/pubmed/18544906?dopt=Abstract
http://dx.doi.org/10.2131/jts.33.141

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Nishikawa, Nagano, Kojima ef al. 27

Cancer Res. 47: 1449-1456. 1987. [Medline]|
Maiki-Paakkanen J, and Norppa H. Induction of micronuclei
by vinyl acetate in mouse bone marrow cells and cultured
human lymphocytes. Mutat Res. 190: 41-45. 1987. [Med-
line] [CrossRef]

Knaap AGAC, Voogd CE, and Kramers PGN. Mutagenicity
of vinyl compounds. Mutat Res. 147: 303. 1985. [CrossRef]
Yasukawa S, Kano S, Hatakeyama H, Nakamaru Y, Takagi
D, Mizumachi T, Suzuki M, Suzuki T, Nakazono A, Tanaka
S, Nishihara H, and Homma A. Genetic mutation analysis
of the malignant transformation of sinonasal inverted papil-
loma by targeted amplicon sequencing. Int J Clin Oncol. 23:
835-843. 2018. [Medline] [CrossRef]

Leivo 1. Sinonasal Adenocarcinoma: Update on Classifi-
cation, Immunophenotype and Molecular Features. Head
Neck Pathol. 10: 68—74. 2016. [Medline] [CrossRef]
Casanova M, and Heck Hd’A. Further studies of the meta-
bolic incorporation and covalent binding of inhaled [3H]-
and [14C]formaldehyde in Fischer-344 rats: effects of glu-
tathione depletion. Toxicol Appl Pharmacol. 89: 105-121.
1987. [Medline] [CrossRef]

Casanova M, Deyo DF, and Heck HD. Covalent binding
of inhaled formaldehyde to DNA in the nasal mucosa of
Fischer 344 rats: analysis of formaldehyde and DNA by
high-performance liquid chromatography and provisional
pharmacokinetic interpretation. Fundam Appl Toxicol. 12:
397-417. 1989. [Medline] [CrossRef]

Casanova M, Morgan KT, Gross EA, Moss OR, and Heck
HA. DNA-protein cross-links and cell replication at spe-
cific sites in the nose of F344 rats exposed subchronically
to formaldehyde. Fundam Appl Toxicol. 23: 525-536. 1994.
[Medline] [CrossRef]

Monteiro-Riviere NA, and Popp JA. Ultrastructural evalu-
ation of acute nasal toxicity in the rat respiratory epithelium
in response to formaldehyde gas. Fundam Appl Toxicol. 6:
251-262. 1986. [Medline] [CrossRef]

Bolt HM. Experimental toxicology of formaldehyde. J Can-
cer Res Clin Oncol. 113: 305-309. 1987. [Medline] [Cross-
Ref]

Feron VJ, Bruyntjes JP, Woutersen RA, Immel HR, and Ap-
pelman LM. Nasal tumours in rats after short-term expo-
sure to a cytotoxic concentration of formaldehyde. Cancer
Lett. 39: 101-111. 1988. [Medline] [CrossRef]

Monticello TM, Miller FJ, and Morgan KT. Regional in-
creases in rat nasal epithelial cell proliferation following
acute and subchronic inhalation of formaldehyde. Toxicol
Appl Pharmacol. 111: 409-421. 1991. [Medline] [Cross-
Ref]

Appelman LM, Woutersen RA, and Feron VJ. Inhalation
toxicity of acetaldehyde in rats. I. Acute and subacute stud-
ies. Toxicology. 23: 293-307. 1982. [Medline] [CrossRef]
Nitschke KD, Kociba RJ, Keyes DG, and McKenna MJ.
A thirteen week repeated inhalation study of ethylene di-
bromide in rats. Fundam Appl Toxicol. 1: 437—442. 198]1.
[Medline] [CrossRef]

Bogdanffy MS, Mazaika TJ, and Fasano WJ. Early cell pro-
liferative and cytotoxic effects of phenacetin on rat nasal

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

mucosa. Toxicol Appl Pharmacol. 98: 100—112. 1989. [Med-
line] [CrossRef]

Bogdanffy MS, Gladnick NL, Kegelman T, and Frame SR.
Four-week inhalation cell proliferation study of the effects
of vinyl acetate on rat nasal epithelium. Inhal Toxicol. 9:
331-350. 1997. [CrossRef]

Woutersen RA, Appelman LM, Wilmer JWGM, Falke HE,
and Feron VJ. Subchronic (13-week) inhalation toxicity
study of formaldehyde in rats. J Appl Toxicol. 7: 43—49.
1987. [Medline] [CrossRef]

Wilmer JWGM, Woutersen RA, Appelman LM, Leeman
WR, and Feron VJ. Subchronic (13-week) inhalation tox-
icity study of formaldehyde in male rats: 8-hour intermit-
tent versus 8-hour continuous exposures. Toxicol Lett. 47:
287-293. 1989. [Medline] [CrossRef]

Brown HR. Neoplastic and potentially prenoeplastic chang-
es in the upper respiratory tract of rats and mice. Environ
Health Perspect. 85: 291-304. 1990. [Medline]

Bercu JP, Galloway SM, Parris P, Teasdale A, Masuda-
Herrera M, Dobo K, Heard P, Kenyon M, Nicolette J, Vock
E, Ku W, Harvey J, White A, Glowienke S, Martin EA,
Custer L, Jolly RA, and Thybaud V. Potential impurities in
drug substances: Compound-specific toxicology limits for
20 synthetic reagents and by-products, and a class-specific
toxicology limit for alkyl bromides. Regul Toxicol Pharma-
col. 94: 172-182. 2018. [Medline] [CrossRef]

Sells DM, Brix AE, Nyska A, Jokinen MP, Orzech DP, and
Walker NJ. Respiratory tract lesions in noninhalation stud-
ies. Toxicol Pathol. 35: 170—-177. 2007. [Medline] [Cross-
Ref]

Damsch S, Eichenbaum G, Tonelli A, Lammens L, Van den
Bulck K, Feyen B, Vandenberghe J, Megens A, Knight E,
and Kelley M. Gavage-related reflux in rats: identification,
pathogenesis, and toxicological implications (review). Toxi-
col Pathol. 39: 348-360. 2011. [Medline] [CrossRef]
Elgart K, and Faden DL. Sinonasal squamous cell carci-
noma: etiology, pathogenesis, and the role of human papil-
loma virus. Curr Otorhinolaryngol Rep. 8: 111-119. 2020.
[Medline] [CrossRef]

Binazzi A, Ferrante P, and Marinaccio A. Occupational ex-
posure and sinonasal cancer: a systematic review and meta-
analysis. BMC Cancer. 15: 49. 2015. [Medline] [CrossRef]
Abdo KM, Haseman JK, and Nyska A. Isobutyraldehyde
administered by inhalation (whole body exposure) for up to
thirteen weeks or two years was a respiratory tract toxicant
but was not carcinogenic in F344/N rats and B6C3F1 mice.
Toxicol Sci. 42: 136—151. 1998. [Medline]

Nishikawa A. Perspectives on the elimination of animal
assays in the assessment of carcinogenicity. Regul Toxicol
Pharmacol. 126: 105031. 2021. [Medline] [CrossRef]
Rider CV, Nyska A, Cora MC, Kissling GE, Smith C, Trav-
los GS, Hejtmancik MR, Fomby LM, Colleton CA, Ryan
MJ, Kooistra L, Morrison JP, and Chan PC. Toxicity and
carcinogenicity studies of Ginkgo biloba extract in rat and
mouse: liver, thyroid, and nose are targets. Toxicol Pathol.
42: 830—843. 2014. [Medline] [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/3815346?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3796670?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3796670?dopt=Abstract
http://dx.doi.org/10.1016/0165-7992(87)90080-7
http://dx.doi.org/10.1016/0165-1161(85)90174-8
http://www.ncbi.nlm.nih.gov/pubmed/29779136?dopt=Abstract
http://dx.doi.org/10.1007/s10147-018-1296-1
http://www.ncbi.nlm.nih.gov/pubmed/26830399?dopt=Abstract
http://dx.doi.org/10.1007/s12105-016-0694-9
http://www.ncbi.nlm.nih.gov/pubmed/2438809?dopt=Abstract
http://dx.doi.org/10.1016/0041-008X(87)90181-5
http://www.ncbi.nlm.nih.gov/pubmed/2731656?dopt=Abstract
http://dx.doi.org/10.1016/0272-0590(89)90015-8
http://www.ncbi.nlm.nih.gov/pubmed/7867904?dopt=Abstract
http://dx.doi.org/10.1006/faat.1994.1137
http://www.ncbi.nlm.nih.gov/pubmed/3699315?dopt=Abstract
http://dx.doi.org/10.1016/0272-0590(86)90238-1
http://www.ncbi.nlm.nih.gov/pubmed/3298280?dopt=Abstract
http://dx.doi.org/10.1007/BF00397713
http://dx.doi.org/10.1007/BF00397713
http://www.ncbi.nlm.nih.gov/pubmed/3345504?dopt=Abstract
http://dx.doi.org/10.1016/0304-3835(88)90045-6
http://www.ncbi.nlm.nih.gov/pubmed/1746023?dopt=Abstract
http://dx.doi.org/10.1016/0041-008X(91)90246-B
http://dx.doi.org/10.1016/0041-008X(91)90246-B
http://www.ncbi.nlm.nih.gov/pubmed/7123564?dopt=Abstract
http://dx.doi.org/10.1016/0300-483X(82)90068-3
http://www.ncbi.nlm.nih.gov/pubmed/6764425?dopt=Abstract
http://dx.doi.org/10.1016/S0272-0590(81)80024-3
http://www.ncbi.nlm.nih.gov/pubmed/2929018?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2929018?dopt=Abstract
http://dx.doi.org/10.1016/0041-008X(89)90138-5
http://dx.doi.org/10.1080/089583797198178
http://www.ncbi.nlm.nih.gov/pubmed/3611596?dopt=Abstract
http://dx.doi.org/10.1002/jat.2550070108
http://www.ncbi.nlm.nih.gov/pubmed/2749773?dopt=Abstract
http://dx.doi.org/10.1016/0378-4274(89)90147-1
http://www.ncbi.nlm.nih.gov/pubmed/2384063?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/29408293?dopt=Abstract
http://dx.doi.org/10.1016/j.yrtph.2018.02.001
http://www.ncbi.nlm.nih.gov/pubmed/17325986?dopt=Abstract
http://dx.doi.org/10.1080/01926230601059969
http://dx.doi.org/10.1080/01926230601059969
http://www.ncbi.nlm.nih.gov/pubmed/21422261?dopt=Abstract
http://dx.doi.org/10.1177/0192623310388431
http://www.ncbi.nlm.nih.gov/pubmed/32582473?dopt=Abstract
http://dx.doi.org/10.1007/s40136-020-00279-6
http://www.ncbi.nlm.nih.gov/pubmed/25885319?dopt=Abstract
http://dx.doi.org/10.1186/s12885-015-1042-2
http://www.ncbi.nlm.nih.gov/pubmed/9579026?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/34437954?dopt=Abstract
http://dx.doi.org/10.1016/j.yrtph.2021.105031
http://www.ncbi.nlm.nih.gov/pubmed/23960164?dopt=Abstract
http://dx.doi.org/10.1177/0192623313501235

