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Uncertainties Regarding the Role of Genotoxicity

» Prolonged exposure to formaldehyde above a critical
concentration induces sustained cytotoxicity and cell
proliferation. As aresult of genetic changes within
this proliferating cell population, neoplasia
emerges.

« Formaldehyde is a genotoxic substance in vitro and
forms DNA—protein cross-links (DPX) ...Apart from
the abundance of DPX observations in rats, there is
little evidence that formaldehyde is mutagenic to
mammalian cells in vivo.

* There is the possibility that mutagenicity could play a
role in the development of formaldehyde-induced
tumors... but is generally not genotoxic in standard
In vivo assays...
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Uncertainties Regarding the Role of Genotoxicity

» Prolonged exposure to formaldehyde above a critical New Data Published After 2006

concentration induces sustained cytotoxicity and cell « Heawy isotope labelling
proliferation. As aresult of genetic changes within o
this proliferating cell population, neoplasia - Distinguish endogenous and exogenous adducts
emerges. - In vivo genotoxicity assays in nasal cavity
« Formaldehyde is a genotoxic substance in vitro and « Mutant frequency (MF)
forms DNA—protein cross-links (DPX) ...Apart from YT :
the abundance of DPX observations in rats, there is Micronuclei (MN)
little evidence that formaldehyde is mutagenic to * Mouse models

mammalian cells in vivo.
« p53*- exposure study conducted by NTP

* There is the possibility that mutagenicity could play a  Adh5-- mice deficientin FDH
role in the development of formaldehyde-induced _ /
tumors... but is generally not genotoxic in standard Measured FA-DNAadducts in Adh3*

In vivo assays... « Adh57/Big Blue mice
MF data
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Updated MOA (2020)
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Updated MOA (2020) — Potential Dosimetry Threshold
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Updated MOA (2020) — Focus of this Talk
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Next Series of Slides

 Discuss 2017 NTP study in p53*- mice

o No increase in nasal tumors

 Discuss relevant studies in genetically modified mouse models
o Loss of formaldehyde detoxification increases DNA adducts
o Loss of formaldehyde detoxification does no lead to increased mutations

* Discuss more traditional in vivo genotoxicity results in rats

o No increase in mutagenic and clastogenic endpoints in nasal cavity
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NTP Study (2017) Inhalation Study in p53*- Mice

NTP

National Toxicology Program

U.S. Department of Health and Human Services

NTP RESEARCH REPORT ON

“Considerable evidence shows that formaldehyde-induced
mutations in the tumor suppressor gene Trp53 are important
in the pathogenesis of nasal cancer.”

“Mutations in Trp53 were identified in formaldehyde-induced
nasal SCC in rats, and abnormal Trp53 protein was shown to
accumulate in the nasal tissue of formaldehyde-exposed
rats.”

“We hypothesized that formaldehyde-induced loss of Trp53
would be increased in Trp53*- mice, resulting in an increased
incidence of SCC of the nose and leukemia or
lymphohematopoietic cancer, and potentially neoplasms at
other sites.”
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NTP Study (2017) Inhalation Study in p53*- Mice

Exposures: 0, 7.5, & 15 ppm

NTP 6 hr/day, 5d/wk x 8-wk
National Toxicology Program

U.S. Department of Health and Human Services

Held to ~50 weeks old:
« = 32 WK latency

NTP RESEARCH REPORT ON 25 mice per group (p53+)

« Two different strains of p53*"- mice
» These strains are used to test genotoxic carcinogens

Endpoints:
 Histopathology

« Hematology

* Bone marrow smears

*Note: RD5, in mice at ~3 ppm
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No Increase in Nasal SCC

TP

0. National Toxicology Program C3B6.129F1-Trp5 3tm1Brd

U.S. Department of Health and Human Services

sguamous metaplasia 0/21 14/21 22/23
TR T R hyperplasia 0/21 0/21 1/23

SCC none none none

B6.129-Trp53tm1Brd

sguamous metaplasia 0/22 13/27 17/26

SCC none none none
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No Increase in Nasal SCC

TP

National Toxicology Program C3B6.129F1-Trp53tmierd

T sguamous metaplasia 0/21 14/21 22123
N TET TREun SR hyperplasia 0/21 0/21 1/23
SCC none none none
B6.129-Trp53tmiBrd
sguamous metaplasia 0/22 13/27 17/26
SCC none none none

NTP: “The results of this short-term carcinogenicity study do

not support a role for Trp53 in formaldehyde-induced
neoplasia. “
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Implications of the NTP (2017) Study

« Squamous metaplasia indicates /.oppm | 15ppm

dosimetry to target tissue and irritation C3B6.129F1-Trp53mierd
to the nasal mucosa

Cofh I ; ] squamous metaplasia 0/21 14/21 22/23

 Lack of hyperplasia indicates that :

metaplasia was protective of further hyperplasia 0/21 0/21 1/23
damage SCC none none none

» We don'’t know the exogenous adduct B6.129-Trp53tm1Brd

levels in mice exposed to :
formaldehyde, bupt based on rat data, sguamous metaplasia 0/22 13/27 17/26
adducts were likely present but below SCC none none none

endogenous levels

« Lack of SCC does not support low-
dose genotoxicity

Tox Strategies



Formaldehyde Dehydrogenase Knockout Models

1. Formaldehyde Metabolism
* Formaldehyde dehydrogenase (FDH)
 Alcohol dehydrogenase (Adh3) in rodents
* Adh5 in humans
Oxidizes formaldehyde to formate
GSH, NAD+
2. Nitric Oxide (NO) Homeostasis
* GSNO reductase (GSNOR)
* Reduces GSNOto S-(N-hydroxyamino)glutathione
» Regulates NO signaling & protein S-nitrosylation

GSH, NADH

REPORTS
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Protecti
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S-nitrosoglutathione reductase de
mouse liver

James Leung, Wei Wei and Limin Liu*

Department of
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*To whom correspondence should be addressed. 513 Parnassus
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In human hepatocellular carcinoma (HCC) and nf
cancers, somatic point mutations are highly prevals

University of Ca

therapeutic approaches to asthma.

The current understanding of au:rg;c asth-
ma, ized by airway h P
uy (AHR) and chronic almay

critical in their remain
stood. S-nitrosoglutathione reductase (GSNOR), a
tor of protein S-nitrosylation, is frequently deficient
HCC. Targeted deletion of the GSNOR gene in mice
the activity of the DNA repair protein O%-alkylgu]

is centered on the role of bronche

(AGT) and promote both carcinog]

tor substances and inflammatory mediators
(4-3). The role of endogenous airway relax-
ants in the pathogenesis of asthma has received
less attention, and the relative importance of
impaired airway relaxation versus active con-
striction is unknown.

Nitric oxide (NO) has been implicated in
the regulation of airway tone (4), and ele-
vated levels of NO in the exhaled breath are
a s1gnnmr= ol‘aslhmn (5 6), nlmbuu:d 1n part

and HCC. In this study, we report thaj
exposure to the environmental carcinogen diethyln]
the mutation frequency of a transgenic reporter in
GSNOR-deficient mice (GSNOR™) is significantly I
that in wild-type control. In wild-type mice, diethyl|
treatment does not significantly increase the frequ
transition from G:C to A:T, a mutation deriving fron
trosamine-induced O%-ethylguanines that are normal
by AGT. In contrast, the frequency of this transition
bl 'lmslmine is increased ~20 times in GSNOR ™' mi
increases the
versinn fmmA TtoT:. A amutation not nﬂectzd by AG

to up NO
synthase (iNOS) w.u.u. the airways (7 10).
However, neither genetic deletion of iNOS in
mice nor pharmacological inhibition of NOS
in asthmatic patients has provided signifi-
cant protection against AHR (7, 10, 11). Fur-
thermore, animals deficient in NO synthases
that are expressed constitutively in the lung
(eNOS, nNOS, and iNOS) do not exhibit in-
creases in airway tone or AHR (7).
Accumulating evidence indicates that NO
bioactivity is conveyed largely through the
covalent modification of cysteine sulfurs by
NO to form S-nitrosothiols (SNOs) (12-14).
Of these, S-nitrosoglutathione (GSNO) repre-
sents a major source of bronchodilatory NO
bioactivity (airway concentrations of GSNO
are much higher than thase of NO) (15), and
abnormal metabolism of GSNO (reflecting al-
tered NOS activity) has been described in

several lung diseases (15-17). P .

in our does not
the frequencies of the other dmhylnllnw-mlm-lnd
or Thus, GSNOR]
through both AGT- and AGT-
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SUMMARY

Endogenous formaldehyde is produced by numerous

significantly raises the rates of specific types of DNA
Our results demonstrate a critical role for GSNOR i
ing genomic integrity in mice and support the hypd
GSNOR deficiency is an important cause of the
mutations in human HCC.

Introduction

DNA sequencing of cancer genomes has revealed remaf
numbers of somatically acquired mutations in many hu
(1). These mutations, occurring in both protein-coding
regions throughout the cancer genomes, are mostly singl
substitutions. There are for instance over 11 000 somatic
in a typical hepatocellular carcinoma (HCC) (2). The ge]
by the somatic mulauom are highly helcmgcnwus (24

tional is also within i

"Department of Medicine, “Howard Hughes Medical
Institute, and *Department of Biochemistry, Duke
University Medical Center, Durham, NC 27710, USA.
“Experimental Toxicology Division, U.S. Environmen-
tal Protection Agency, Research Triangle Park, NC

27717, USA.
*To whom comespondence should be addressed:
STAMLOO1@mc.duke.edu

1618 10 Ju|

The and

mutations in cancer genomes have profound i
g’ tad b

o
However, defects in DNA repair systems have only bed
in limited cancer incidences, and the causes and mechar
somatic mutations remain largely unknown in HCC and
cancers.

DNA

AGT, 0"

GSNOR, §-ni ione reductase; HCC,

carcinoma; iNOS, inducible nitric oxide synthase; LPS, lipopo]
NO, nitric oxide.

© The Author 2013, Published by Oxford University Press. Al rf

fundamental to life, and it
can crussllnk both DNA and proteins. However, the

ofits lation are unclear. Here
we show that endogenous formaldehyde is removed
by the enzyme alcohol dehydrogenase 5 (ADHS5/
GSNOR), and Adh5~'~ mice therefore accumulate
formaldehyde adducts in DNA. The repair of this
damage is mediated by FANCD2, a DNA crosslink
repair protein. Adh5~/~Fancd2~'~ mice reveal an
essential requirement for these protection mecha-
nisms in hematopoietic stem cells (HSCs), leading
to their depletion and precipitating bone marrow fail-
ure. More widespread formaldehyde-induced DNA
damage also causes karyomegaly and dysfunction
of hepatocytes and nephrons. Bone marrow trans-
plantation not only rescued hematopoiesis but,
surprisingly, also preserved nephron function. Never-
theless, all of these animals eventually developed
fatal malignancies. Formaldehyde is therefore an
Important source of endogenous DNA damaga that

is cour dinm bya d protec-
tion mechanism.

INTRODUCTION

C DNA i unstable. The nuclear environ-

ment leads to spontanecus base decomposition through pro-
cesses such as deamination (e.g., converting cytosine bases

W

mmons.org/ y/4.0/).

to uracil) (Lindahl and Nyberg, 1972). In addition, reactive mole-
cules, found within the nucleus, can chemically attack DNA,
causing a plethora of DNA adducts and lesions (Lindahl, 1993).
Despite this, the genome is kept free of errors because the cell
has evolved several mechanisms to detect, and then to repair,
damaged DNA. Reactive oxygen species (ROS) are perhaps
the most ubiquitous and well-known molecules that damage
DNA, but endogenous aldehydes are another class of highly
reactive, metabolically derived molecules that could also pose
a threat to the genome (Yu, 1994). The presence of a carbonyl
group makes this class of organic chemicals highly reactive
toward proteins and DNA.

The human genetic illness Fanconi anemia (FA) results from an
inability to deal with certain forms of DNA damage. The accumu-
lation of DNA damage in FA leads to bone marrow failure, devel-

abr ities, sterility, and isposition to develop
cnncsr The endogenous factors that cause this phenotype are
the focus of current research, with evidence pointing to two con-
trasting sources. The first u:rmsirum miceand humansafﬂlc‘ed
with FA, who si
Gl’lzymeALDHZ(Garaycnacnsasta\ 2012; Hrastal ,2013; Lan-
gevin et al 201 1). This

greatly
1SC) onset of leukemia.
These mice are sensmaed to ethanol, indicating that an accumu-
lation of acetaldehyde is sufficient to produce HSC loss. The sec-
ond comes from a very recent study on FA-deficient mice, which
were stimulated to induce stress-driven hematopoiesis (Walter
et al., 2015). This experimental manipulation led to an increase
in HSC cycling, induction of ROS, and an accumulation of oxida-
tive DNA lesions. These two disparate drivers of endogenous
DNA damage are not linked, so it is unclear what exactly the FA
DNA repair pathway responds to in the physiological setting.
Moreover, it raises questions concerning the main cause of
HSC attrition in FA and which endogenous factor causes it.

Molecular Cell 60, 177-188, October 1, 2015 ©2015 The Authors 177




ADHS5 Protects Against Exogenous FA-DNA Adducts
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Pontel et al. (2015) ToxStrategies



ADHS5 Protects Against Exogenous FA-DNA Adducts
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ADHS5 Protects Against Exogenous FA-DNA Adducts
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FA-DNA Adducts in Adh57- Mice Are Comparable to 6-10
ppm Formaldehyde Exposure

D Formaldehyde-DNA adducts 3 1
304 @ Wild type —_— g
Adh5-/- O N 25 A
@ Wild type + MeOH 2 S
@ Adh5-/- + MeOH = =
8 ‘ 3 <
S 20- o 5
5 8’ 8 1.5 4
o X O
O] W o
1 538 1-
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(:.E 7 &5 05
b
[ O ~ T
on ———— : : 0 5 10 15 20
marrow Kidney Liver Formaldehyde Exposure Dose(ppm)
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FA-DNA Adducts in Adh57- Mice Are Comparable to 6-10
ppm Formaldehyde Exposure

D Formaldehyde-DNA adducts 3 -
30 @ Wild type — g
@ Adh5-/- O 0 25 -
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marrow

Is there other evidence of genotoxicity?
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ADHS5 Protects Against Exogenous FA-DNA Adducts

D Formaldehyde-DNA adducts
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Adh57- Mice Do Not Exhibit Increased Mutant Frequency

Carcinogenesis vol.34 no.5 pp.984-989, 2013
doi:10.1093/carcin/bgt03 1
Advance Access publication January 25, 2013

S-nitrosoglutathione reductase deficiency increases mutagenesis from alkylation in

mouse liver

James Leung, Wei Wei and Limin Liu*

of Mi i University of California, San
Francisco, CA 94143, USA
*To whom correspondence should be addressed. 513 Parnassus Avenue,
HSE-201J, San Francisco, CA 94143. Tel: +415-476-1466; Fax:
+415-502-4995;
Email: Limin. Liu@ucsf.edu
In human hepatocellular carcinoma (HCC) and many other
cancers, somatic point mutations are highly prevalent, yet the
mechanisms critical in their generation remain poorly under-
stood. S-nitrosoglutathione reductase (GSNOR), a key regula-
tor of protein S-nitrosylation, is frequently deficient in human
HCC. Targeted deletion of the GSNOR gene in mice can reduce
the activity of the DNA repair protein O®-alkylguanine-DNA
alkyltransferase (AGT) and promote both carcinogen-induced
and spontaneous HCC. In this study, we report that following
exposure to the

Human HCC, the third leading cause of cancer deaths worldwide,
develops mostly in the context of chronic viral hepatits (5). Inducible
08). mediator of
and inflammation, is often increased both in HCC cells and in the
hepatocytes of patients with chronic viral hepatitis and other diseases
that predispose to HCC (6-9). Nitric oxide (NO) affects functions of
a wxde range of pm(ems—mclndmg many important to tumorigen-

the covalent ification of cysteine
thiols (10). S mlmsylnuon is not only mﬂ»enced by NOS activities
but is also regulated by §- reductase

(GSNOR), a major denitrosylase (11-13). The human GSNOR gene
(ADHS) is located at ~4923, a region in which chromosomal deletion
occurs most frequently in HCC (14-17). We showed that the abun-
dance and activity of GSNOR were significantly decreased in cancer
samples from ~50% of patients with HCC (18). Interestingly, gene-
expression profiling showed that both GSNOR (ADHS) deficiency
nnd iNOS overexpression in the liver are closely associated with de
after tumor resection and a poor prognosis

the mutation frequency of a transgenic reporter in the liver of
GSNOR-deficient mice (GSNOR™) is significantly higher than
that in wild-type control. In wild-type mice, diethylnitrosamine

does not increase the the
transition from G:C to A:T, a mutation deriving from diethylni-
trosamine-induced O*-ethyl that are normally repaired

by AGT. In contrast, the frequency of this transition from dieth-
yinitrosamine is increased ~20 times in GSNOR™" mice. GSNOR
deficiency also significantly increases the frequency of the trans-
version from A: T to T:A, a mutation not affected by AGT. GSNOR

in our does not affect cither
the freqneuus of the other diethylnitrosamine-induced point
'y Thus, GSNOR deficiency,
through both AG"‘ and AGT-

in HCC patients (19). Th\ls. excessive S- nm'osyhuon from GSNOR
and j0S in the liver may con-

tribute critically to human HCC.

Recent studies using a mouse line with targeted deletion of the
GSNOR gene demonstrated that S-nitrosylation from GSNOR defi-
ciency inactivates the key DNA repair protein 0"-alkylguanine-DNA
alkyltransferase (AGT; also known as O°methylguanine-DNA-
methyltransferase) and promotes HCC (18,20). O®-alkylguanines in
DNA are produced by alkylating N-nitroso compounds, including
dialkylnitrosamines, which are widely present in the cnvlmnmem
and can also be formed (21-23). O~
are mispaired by DNA polymerases to thymine during DNA rep-
lication, and the O°-alkylguanine:T mispairing, through a further
round of DNA mphcaunm can msul( in G:C to A:T mutations (22).

significantly raises the rates of specific types of DNA
Our results demonstrate a critical role for GSNOR in maintain-
ing genomic lnugrlty In mice and support the hypothesis that

primarily by AGT (24)
allhough repair of 0" a[kylguanmes might be affected by nucleotide
excision repair (25). AGT is important for protection against HCC

GSNOR cause of the (26—28) We showed that dunng mﬂammalary responses following

mutations in human HCC injection of (DEN) or lnpopoly»
(LPS), GSNOR deficiency res\l.lled in

and p of AGT, leading to its

significant reduction in livers of GSNOR™ mice (18). Consequently,

Introduction the repair of carcinogenic O°-ethylguanines in the livers of DEN-

DNA sequencing of cancer genomes has revealed remarkably large
numbers of somatically nequnred mutations in many human cancers
(1). These mutations, occurring in both pm(em-codmg and o(her

challenged GSNOR™ mice was impaired. GSNOR™" mice were
found to be very susceptible to both spontancous and DEN-induced
HCC. Predisposition to HCC, S-nitrosylation and depletion of AGT,
and accumulation of O°-ethylguanines due to GSNOR deficiency

reglons throughonl the cancer genomes, are mostly singl
There are for i 11 000 somatic i
in a typical hepatocellular carcinoma (HCC) (2). The genes affected
the somatic mutations are highly heterogeneous (2-4), and muta-
tional hclcrogenclly is also substantial wllhm individual tumors (1).
The and ity of somatic
mntanons in cancer genomes have profound unpllcanons in both our
and to cancer.
However defecls in DNA repair systems have only been described
in limited cancer incidences, and the causes and mechanisms of the
somatic mutations remain largely unknown in HCC and many other
cancers.

AGT, 0" ine-DNA DEN, dieth-
GSNOR, S-ni ione reductase; HCC,
carcinoma; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide;
NO, nitric oxide.

© The Author 2013. Published by Oxford University Press. All rights reserved. For

were all abolished by concurrent deletion of the iNOS
gene in GSNOR“iNOS~~ mice, further underscoring the critical role
of iNOS-derived S-nitrosylation in AGT inactivation and liver car-
cinogenesis in GSNOR™ mice (18). Moreover, hepatocyte-specific
deletion of GSNOR caused nitrosative inactivation of liver AGT and
increased mona.hly from DEN (20), demonstrating the importance
of GSNOR of ion in liver cells.
S-nitrosylation may affec( DNA “repair pathways other than AGT
(29), and dialkylnitrosamines can cause a number of mutagenic DNA
alkylations in addition to O®-alkylguanines (30). NO and related reac-
tive nitrogen species at high levels may also damage DNA directly
(31). However, it is unknown whether GSNOR deficiency in vivo
affects the rate or spectrum of DNA mutation.

To examine the impact of GSNOR deficiency on DNA mutations,
we employed Big Blue transgenic mice, a well-established system for
detecting DNA mutations in vivo (32), and measured the rates of both
spontaneous and DEN-induced mutations in livers of GSNOR™~ Big
Blue double-transgenic mice. We found that after DEN treatment,

please email: journal: i p 984
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Bridging Across Knockout Studies:
2-fold Increases in Adducts do not Increase Mutant Frequency
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FA-DNA Adducts in Adh57- Mice Are Comparable to 6-10
ppm Formaldehyde Exposure
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FA-DNA Adducts in Adh57- Mice Are Comparable to 6-10
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ARTICLE INFO ABSTRACT
Article history: ‘This is the second of two reports from the on G icity Testing (IWGT)
Received 17 October 2014

Working Gmup on Quanulauve Approaches to Oeneuc Toxicology Risk Assessment (the QWG). The first
Accepted 18 October 2014 report e QWG related to the need for quantitative
Avaliable ariline 27 October: 20114 dose-response analysis of genetic toxicology data, the existence and appropriate evaluation of thresh-
old responses, and methods to analyze exposure-response relationships and derive points of departure

Ky (PoDs) from which acceptable exposure levels could be determined. This report summarizes the QWG
Genotoxic risk assessment DR : : :
and regarding luate expx lated risks
Point of departure
Benthinan dote of genotoxic damage, including extrapolation below ndenuﬁed PoDs and across test systems and species.
Breakpoint dose Recommendations include the selection of 2 dpoints and target tissues,
Extrapolation factors and ion methods to be consi the i and use of i on mode of
Low-dose risk action, toxicokineti i d when usi D
data to d i P levels in human to assess the risk associated with
known or iri i i i i d chro-
mosomal aberration)and cancer inanimal models ined. It thereisagen-
eral correlation be(ween cancer induction and mu!axemc andlordasmzemc damage for agents thought
toactviaa but that of cases

in which mutation and cancer can be compared at a sufficient number of doszs in the same target tissues

of the same species and strain exposed under directly comparable routes and experimental protocols.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

¥ The opinions and recommendations expressed in this publication are those of the authors, and o not necessarily reflect those of the institutions with which they may
be affiliated.
* Corresponding author. Tel: +1 410 991 9048 fax: +1 239 947 7447.
net (JT. ).

hetp://dx.doi.org/10.1016/j.mrgentox.2014.10.008
1383-5718/©2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (hetp: /creativecommons.org/licenses/by-nc-nd/3.0/)

Ideally conducted in a proliferative tissue
* Bone marrow (hematopoietic)
« Colon
* Young liver

|deally at site of carcinogenic action
* Nasal epithelium for FA

|deally in tissue with high dosimetry (e.g. site of
contact)

* Nasal epithelium for FA
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Analysis of micronuclei, histopathological changes and cell proliferation in nasal
epithelium cells of rats after exposure to formaldehyde by inhalation
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ARTICLE INFO ABSTRACT

Article history: The ies of (MN), hi: and cell were

Reccived 27 September 2010 in the nasal epithelium of male Fischer-344 rats after exposure to formaldehyde (FA) by whole-body
;;(I;‘«"‘:'::'r:;’o"f: farm inhalation for four weeks (6h/day, 5 days/week). Groups of 12 rats each were exposed to the target

concentrations of 0, 0.5, 1, 2, 6, 10 and 15 ppm. The micronucleus test (MNT) was performed with nasal
epithelial cells prepared from six animals per group. Two thousand cells per animal were analysed for
the presence of MN. The other six rats per group were subcutaneously implanted with osmotic pumps
containing 5-bromo-2'-deoxyuridine (BrdUrd), three days prior to necropsy. Paraffin sections were made

5 January 2011
Available online 25 January 2011

:m| cells from the nasal cavity (four levels) of these animals for histopathology and cell-proliferation measure-
Micronmcleus test ments. The frequency of cells with MN was not increased in any of the groups. However, there was also
Histopathology no induction of MN in nasal cells of rats exposed to a single dase of cyclophosphamide (CP, 20 mg/kg)
Cell proliferation by gavage and analysed 3. 7. 14 or 28 days after the treatment. In contrast, nasal epithelial cells from
rats expased to 10 or |5ppm n vapour showed (Inrslr.e—spenﬂc pathological changes Unﬁ] epithelial
}in a decreasing. terior).
Analysis of slides il\rranll-l!rdurd antibody staining diealy indicated increased cel pmllfrrinon (unit
were mea-

sured after 1and 2 ppm. When ng the cel pitheli
ith that of directl ic epithelium, i was found: the

location, cell proliferation of normal epithe ‘was either higher or lower, Our results support previous
findings demonstrating local cytotonic effects in the nose of rats after inhalation of FA. However, induc-
tion ofa
expellen:e exists for the MNT with rat nas:l epithelial cells, this result has to be interpreted with great
o in rat nasal epithelium remains unclear.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction DNA alterations induced by FA. DPX are efficiently removed in
all mammalian cells studied so far, but incomplete repair of DPX
Chronic exposures to high concentrations (=6ppm) of  can lead to the formation of mutations [8). Based on in vitro

formaldehyde (FA) induced cell proliferation, squamous meta-
plasia and squamous cell carcinomas in Fischer-344 (F344) rats
[1-3]. FA is genotoxic, inducing DNA-protein crosslinks (DPX)
and other types of DNA add\l[t in the nasal mucosa of m rats
[4-6]. Whereas cell is a
key event in FA-induced carci is, the relative i

«of genotoxic and mutagenic effects still needs to be elucidated
[7]. DPX are generally assumed to be the most relevant primary

"~ Comesponding author. Tel.: +49 731 500 65440; fax: +40 731 500 63402,
guenter.spelt@uni-ulm.de (C. Speit;

1383-5718/5 - see front matter © 2011 Elsevier B.V. All rights reserved.
doiz10.1016 i mrgentox 2011.01.008

studies with proliferating mammalian cells, FA very el’ﬁmnlly
induces effects such as
and mi i (MN) [9,10]. C effects
such as MN seem to be one of the most sensmve genetic endpoints
for the detection of FA-induced mutagenicity. With regard to the
induction of gene mutations, FA seems to be a poor inducer of
point mutations and other small intragenic mutations as measured
by the Hprt mammalian cell gene-mutation tests [9,11]. Various
studies using the Tk~ gene-mutation tests clearly indicated
that the majority of FA-induced gene mutations are actually the
f small-scale ¢ (eg.
deletions or recombinations) [9,11,12].

Exposures:0,0.5,1, 2,6, 10, 15 ppm
6 hr/day, 5d/wk x 4-wk

Proliferation increased at 26 ppm
No increasesin nasal cell MN

Limitations
* No nasal MN by CP (positive control)
* More experience needed with nasal MN

ToxStrategies
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history: The i (MN), and cell
Received 27 September 2010 in the nasal epithelium of male Fischer-344 rats after exposure to formaldehyde (FA] by whole-body
;;‘Dﬂ:;;':;;: form inhalation for four weeks (6hjday, 5 days/week). Groups of 12 rats each were exposed to the target
s January 2011 concentrations of 0, 0.5, 1,2, 6,10 and 15 ppm. The micronucleus test (MNT) was performed with nasal
Availabie online 25 January 2011 epithelial cells prepared from six animals per group. Two thousand cells per animal were analysed for
the presence of MN. The other six rats per group were subcutaneously implanted with osmotic pumps " - -
B -bromo-2" (BrdUrd), three days prior ta necropsy. Paraffin sections were made [ L I m I t at I O n S
N,i,m;,‘mmm from the nasal cavity (four levels) of these animals for histopathology and cell-proliferation measure-
Micronecieus Wt ‘ments. The frequency of cells with MN was not increased in any of the groups. However, there was also
Histopathology no induction of MN in nasal cells of rats exposed to a single dose of cyclophosphamide (CP, 20 mg/fkg)
Cell proliferation by gavage and analysed 3, 7, 14 or 28 days after the treatment. In contrast, nasal epithelial cells from
rats exposed to munsppm n vapour showed dnrsm—spenﬂcpalhningul changes (focal epithelial -
dmng i i ‘ to posterior).
e e e * No nasal MN by CP (positive control)
ULLI) lated were mea-
red. 1and 2ppm. g I pitheli
location, cell pmufenunn of normal epithelia was either higher or lower. Our resuns support previous
findings demonstrating local eytotoxic effects in the nose of rats after inhalation of FA. However. induc- - -
e T AT L s * More experience needed with nasal MN
care. Th in rat nasal epithelium remains unclear.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction DNA alterations induced by FA. DPX are efficiently removed in

all mammalian cells studied so far, but incomplete repair of DPX
Chronic exposures to high concentrations (=6ppm) of  can lead to the formation of mutations [8). Based on in vitro
formaldehyde (FA) induced cell proliferation, squamous meta-  studies with proliferating mammalian cells, FA very efficiently

plasia and squamous cell carcinomas in Fischer-344 (F344) rats induces effects such as

[1-3). FA is genotoxic, inducing DNA-protein crosslinks (DPX)  and mi i (MN) [9,10]. Cc effects = - o o o o

and other types of DNA adduct in the nasal mucosa of FM-I rats such as MN seem to be one of the mns[sznsmve genetic endpoints

T o e nability to detec in hi proliferative tissue does no
key event in FA-induced is, the relative is induction vf gene mutations, FA seems o be a poor inducer of

«of genotoxic and mutagenic effects still needs to be i point ind other small i ions as measured

[7]. DPX are generally assumed to be the most relevant primary by the Hprt mammalian cell gene-mutation tests [9,11]. Various -
studies using the Tk~ gene-mutation tests clearly indicated S u O rt a e nOtOXI C
that the majority of Fbmduud gene mutations are actually the [l
of

(eg.

G ithor. Tel.: +49 731 +49 731 500 65402. deletions or recembmallom) [9.11,12).
E-mail address: guenter.speit@uni-ulm.de (G. Speit).

1383-5718/5 - see front matter © 2011 Elsevier B.V. All rights reserved.
doiz10.1016 i mrgentox 2011.01.008

Inability to detect 1MN amongst increased FA-DNA adducts
does not support a genotoxic MOA.
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ARTICLE INFO ABSTRACT |
Article history: This study examined the potential induction of tumor-associated mutations in formaldehyde-exposed rat |
Received 3 August 2009 nasal mucosa using a sensitive method, allele-specific competitive blocker-PCR (ACB-PCR), Levels of p53 ] . =
Available online 27 March 2010 codon 271 CGT to CAT and K-Ras codon 12 GGT to GAT mutations were quantified in nasal mucosa of rats ) L I m I t at I O n S
- — exposed to formaldehyde. In addition, nasal mucosa cell proliferation was monitored because regenera-
Keywords: tive cell proliferation is considered a key event in formaldehyde-induced carcinogenesis. Male F344 rats l
223 s, (6-7 weeks old, 5 rats/group) were exposed to 0, 0.7, 2, 6, 10, and 15 ppm formaldehyde for 13 weeks
bor g (6h/day, 5 daysfweek) ACB-PCR was used to determine levels of pS3 and K-Ras mutations. Although
D s twoof five untreated rats had measureable spontaneous p53 mutant fractions (MFs), most nasal mucosa
T s samples had p53 MFs below 10-% All K-Ras MF measurements were below 10-%. No dose-related i ° I WO tar ets
Mode of action increases in p53 or K-Ras MF wete observed, even though significant increases in bromodeoxyuridine
Alele-specific amplification incorporation demonstrated induced cell proliferation in the 10 and 15 ppm formaldehyde-treatment |
Regenesative cell proliferation groups. Therefore, induction of tumor-assod
events in ind il 5
had 3
: . * p53 — measured due to previous reports of p53
1. Introduction (Andersen et ] L 1 1 1
ey o 13 i mutations 1n rformaldaenyae-inauce
i cohort and I studies have been  furniture and w E -
used to conclude formaldehyde increases the risk of nasopharyn- well as occug E b C
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ARTICLE INFO ABSTRACT
Articie history: This study Induction of ciated motati
Received 3 August 2009 nasal mucosa using a sensitive method, allele-specific competitive blocker-PCR (ACB-PCR). Levels of p53
Available online 27 March 2010 codon 271 CGT to CAT and K-Ras codon 12 GGT to GAT mutations were quantified in nasal mucosa of rats
exposed to formaldehyde. In addition, nasal mucosa cell proliferation was monitored because regenera-

Keywords: tive cell proliferation is considered a key event in formaldehyde-induced carcinogenesis. Male F344 rats
P53 mutation (6-7 weeks old, 5 rats/group) were exposed to 0, 0.7, 2, 6, 10, and 15 ppm formaldehyde for 13 weeks
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Risk assessment samples had p53 MFs below 10-% AIIKMMme rements were below 1077, chou-hwd
Mode of action increases in p53 or K-Ras MF were observed, even though significant increases in bm l
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and Youk, 2005; Marsh et al, 2002, 2007a,b). The International  technicians
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“sufficient evidence that causes  and S-demet
nasopharyngeal cancer in human” and
as a Group 1 carcinogen (IARC, 2006). Outdoor air concentrations  (Andersen ef
of formaldehyde are generally below 0.001 mg/m® (00012 ppm)  rally in the
in remote areas and below 0.02 mg/m’ (0.0246 ppm) in urban set-  in blood and
tings (IARC, 2006). Indoor air concentrations of formaldehyde are marily metal
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typically 0.02-0.06 mg/m® (0.0246-0.0738 ppm). Guidelines for thior
acceptable levels of formaldehyde in ambient air in living spaces The formic
have been set in several countries and range from 005 to mate ion (K§
04 ppm, with a preference for 0.1 ppm (Lehmann and Roffael,  1997). Exoge
1992). at high con
Formaldehyde is an important industrial chemical, widely used  formaldehyd
in the production of adhesives, treated wood, resins, and plastics nova and He
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; * p53 — measured due to previous reports of p53
mutations in formaldehyde-induced SCC

Inability to detect 1MF in highly proliferative tissue does not
support a genotoxic MOA.

Inability to detect 1MF amongst increased FA-DNA adducts
does not support a genotoxic MOA.
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Summary

* MOA proposed in McGregor et al. (2006) was consistentwith a threshold
o Some uncertainty of the role of genotoxicity
o Data published after 2006 address these uncertainties
* Increases inexogenous FA-DNA adducts are not detected below 0.3 ppm
 2-fold increases in FA-DNA adducts does not appear genotoxic

 Several studies published after 2006 have examined the in vivo genotoxicity of
formaldehyde in rats up to 15 ppm

o Negative for clastogenic DNA damage (MN)
o Negative for mutagenic damage (MF)
 Data published since 2006 further support a threshold MOA
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