Technical Report
No 2

The Mutagenic and Carcinogenic
Potential of Formaldehyde

May 1981

ISSN-0773-8072-2






ECETOC May 18, 1981

Technical Report

N° 2
THE MUTAGENIC AND CARCINOGENIC
POTENTIAL OF FORMALDEHYDE

European Chemical industry Avenue Louise 250, B. 63
Ecology & Toxicology Centre B - 1050 Brussels, Belgium







F.

G.

THE MUTAGENIC AND CARCINOGENIC POTENTIAL

OoF FORMALDEHYDE

CONTENTS

Introduction

Mutagenic Effects of Formaldehyde
1. Results of Mutagenic Testing
2. Mechanism of Formaldehyde-induced Genetic Effects

Formaldehyde Metabolism

The Effects of Chronic Exposure to Formaldehyde
1. Results of Animal Studies
2. Mechanism of Formaldehyde Carcinogenicity

3. Mathematical Extrapolation to Low Exposure Levels

Irritation, Metaplasia, Dysplasia and Carcinoma of
the Respiratory Tract.

Conclusions

Recommendations

Bibliography

Appendix 1 : Members of the Working Group

Appendix 2 : Members of ECETOC Scientific Committee






A. INTRODUCTION

A recent formaldehyde inhalation study sponsored by CIIT,
though not yet complete, demonstrated the development of
nasal cancer when rats and mice were exposed for two years
to formaldehyde at concentrations above the current MAK -
and TLV-limits. Since formaldehyde is a widely used chemical,
found not only in the working environment but also in the
domestic environment of man, it is important to assess
whether the findings in animals indicate a carcinogenic risk

for man and if so under what conditions.

A Formaldehyde Toxicity Working Group, (see list of membersin
Appendix 1) was set up by ECETOC, with the following terms of
reference :

"To maintain awareness of and evaluate past, current and
proposed studies of relevance to the carcinogenicity of
formaldehyde; to advise the ECETOC and other industry for-
maldehyde groups on the significance of the results of such
studies for human exposure; to advise on the necessity for

any future studies related to carcinogenicity"”.

Some members of the Working Group were present at the
Conference organised by the CIIT (Nov. 20-21,1980) which was
devoted to the toxicology of formaldehyde. The proceedings

of the meeting are not yet published and many of the results
quoted were from studies which were then incomplete. This
report summarises some of the relevant data presented at that

conference.
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B, MUTAGENIC EFFECTS OF FORMALDEHYDE

RESULTS OF MUTAGENIC TESTING

In 1946 Rapoport first reported that feeding of Drosophila

larvae with a medium containing formaldehyde induced lethal
mutations (1). Subsequent studies showed that this mutageni-
city was specific for male larvae, in which it was confined

to early spermatocytes (2). Adult Drosophila were not suscep-

tible to the mutagenicity of formaldehyde in the food and,
although mutations could be induced by injection of formalde-
hyde solutions into the imago (3), the mutagenic efficiency
was never as good as in formaldehyde-fed larvae. In chemi-
cally defined media, adenylic acid or adenosine were essential
for the expression of mutagenic effects (4). These findings
suggest that products of reaction of formaldehyde with food
constituents are most probably responsible for the mutagenic
effects in this system. The feeding of food containing for-
maldehyde has also been shown to induce chromosome and chroma-

tid breaks in the grasshopper Tristria pulvinata (5).

The fact that only early spermatocytes are susceptible to
formaldehyde-induced mutagenicity suggests that DNA-replica-
tion may be required for the induction of these effects.
Similar findings have been obtained with the yeast Saccharo-

myces cerevisiae (6-9). In synchronised cultures it has been

shown that the mutagenic effect was most marked during phases
G, and S of the cell cycle (6). This again implies that
during mitosis the cell is most susceptible to formaldehyde.
(The significance of this finding will be discussed later).
Yeast cells seem to be able to repair the initial DNA-lesion,
since the production of DNA single-strand breaks appeared

to be dependent on metabolic processes within the yeast (8),
and formaldehyde induced DNA-protein cross-links were removed
(9)y (10).



Formaldehyde mutagenicity has also been reported in
viruses (11) and in bacteria (E. Coli B (12-15);

E. Coli K12 (16-19); and Pseudomonas fluorescence (13) ).

Both positive and negative results have been reported
in a Salmonella typhimurium mutagenicity assay (Ames

Test) (20-22). In eukaryotic test systems formaldehyde
was mutagenic for the fungi Neurospora crassa and

Aspergillus nidulans (23), and for mouse lymphoma cells

(21) . It also induced sister-chromatid exchanges in
Chinese hamster ovary cells (21) (24) and in cultures
of human peripheral lymphocytes (24), but a test for
induction of chromosome aberrations in cultured Chinese
hamster ovary cells proved negative (21). Transcription
termination was induced by formaldehyde in monkey kidney
cells (Cv-1 cells) (25), and it caused transformation of
balb ¢ 3T3 cells (21), baby hamster kidney cells (22)
and C3H/10T1/2 cells (26), although in the latter case
transformation occurred only if cells were also treated
with the tumour-promotor, tetradecanoyl phorbol acetate
(TPA) .

The mutagenicity of formaldehyde in bacteria is rela-
tively weak, but has several characteristics in common

with that in yeast and Drosophila. Thus, it would appear

that replicating DNA is most sensitive since mutations
occur close to the replication point (19). Moréover,
the initial DNA-lesion is subject to repair since E.

Coli mutants which were deficient in DNA-excision repair

were more susceptible to the mutagenic effects of for-
maldehyde than the wild type (15), and an E. Coli strain
deficient in DNA-polymerase (pol A-) appeared to be

more sensitive to formaldehyde-induced cytotoxicity
(Rosenkranz test) (73). In the CV-1 cells the initial
lesion was repaired, but this repair was not accompanied
by unscheduled DNA-synthesis. This suggests that exci-

sion repair is not involved (25) in this case.



Definitive evidence that formaldehyde may induce muta-
tions in mammals in vivo has not been found. Tests for
the induction of sister-chromatid exchanges in mouse
bone-marrow cells gave equivocal results (21). Dominant
lethal tests in ICR - Ha Swiss mice were reported to be
negative with doses up to 40 mg/kg (27) (28) whilst a
more recent study in Q-strain mice showed effects except
during the first week and in the third week, after treat-
ment of males with 50 mg/kg formaldehyde (74). A chro-
mosomal analysis at metaphase 1 failed to reveal any -
formaldehyde-induced chromosomal lesions (74). However,
alkylation of sperm heads has been reported following
treatment of mice with 1 to 150 mg/kg bw formaldehyde (29).

MECHANISM OF FORMALDEHYDE-INDUCED GENETIC EFFECTS

Biologically the most significant reaction of formalde-
hyde is that with amino groups. This results in the
formation of unstable amino-methylol derivatives which

may then undergo condensation reactions as shown below.

R-NH2 + HCHO ;::::E R—NH.CHZOH (REACTION 1)
_ ]_ —_ _ 1
R NH.CHZOH + R NH2 R NH.CHZ.NH—R + H20 (REACTION

In agqueous solutions reaction 1 proceeds rapidly whilst
reaction 2 , occurs relatively slowly.
Formaldehyde may react with amino groups in amino acids,
proteins, nucleotides, nucleosides and nucleic acid (30).
Reactions with proteins, which result in the formation of
inter- and intra-molecular cross-links, are responsible for
the fixative properties of formaldehyde and for its abi-
lity to inactivate bacterial toxins. They are also most
probably responsible for the cytotoxicity of formaldehyde.
Reaction with nucleic acids (particularly DNA) is,

however, most probably responsible for the genetic effects

2)



of formaldehyde. In this respect it should be noted
that formaldehyde will react with RNA, and single-
stranded DNA, but not with double-stranded DNA. The
reaction occurs mainly at the amino group of purine
nucleotides, pyrimidine bases being much less reac-
tive. Formaldehyde reacts most readily with the
amino group on carbon atom 6 of adenine, a reaction
which can result in the formation of adenine dimers
(as shown below). Although the condensation reaction
occurs very slowly between the free bases in aqueous
solution, it could probably occur much more rapidly
in a structurally more organized nucleic acidg.

NH2 NHCH2OH
/ /
N N N N
. H —_— R
5 | THeRO = Sy l-N>

As mentioned previously, adenylic acid or adenosine
are obligatory for the mutagenic action of formaldehyde

on Drbsophila larvae fed a chemically-defined diet.

This suggests that, in this case, 6é-hydroxymethylamino-



adenosine (or 6-hydroxylmethylamino adenylic acid)
formed in the food may be incorporated into the DNA

of the larval spermatocytes, and so induce the muta-
tions. However, as discussed previously, many findings
demonstrate that the sensitivity of formaldehyde-
induced mutagenesis is greatest during DNA replication,
which is the only period in which large amounts of
single-stranded DNA are found in the cell. Formaldehyde
reacts with single-stranded DNA, but not with double-
stranded DNA. Therefore, the high sensitivity of
replicating cells is consistent with a direct inter-
action of formaldehyde with the DNA. Thus, it is possi-
ble that formaldehyde reacts with amino groups of
adenine bases at the point of replication, forming
hydroxymethylamino derivatives which may subsequently
form dimers, resulting in the cross-linking of DNA
strands or intra-strand linkage of purine base.
Alternatively, it may react with nuclear proteins,
forming cross~links between DNA and protein. All of
these reaction products would have mutagenic poten-
tial.

C. FORMALDEHYDE METABOLISM

Biologically, formaldehyde is rapidly converted to
formate. The half-life of formaldehyde in the blood
has been estimated to be about 1.5 min or less in
rats (43) (44), guinea pigs, rabbits and cats (44).
The rapid conversion of formaldehyde to formate has
been demonstrated in many tissues, including human
erythrocytes, liver and brain; sheep liver; rat
brain, kidney and muscle; and bovine brain and

adrenals (45'/(46). The reaction is catalysed by :



a) The glutathione and NaD2 dependent
formaldehyde dehydrogenase (46-49).

b) Non-specific aldehyde dehydrogenases

c) Reaction with tetrahydrofolic acid (50)

d) The peroxidative activity of catalase.

In man, formate is the major excretion product of
formaldehyde but in the rat the formate is further
oxidised to CO,.

1.

D. THE EFFECTS OF CHRONIC EXPOSURE TO FORMALDEHYDE

RESULTS OF ANIMAL STUDIES

Groups of rats (Fischer 344) and mice (B6C3F1)

(120 males and 120 females per group) were exposed
to 2, 6 and 15 ppm formaldehyde vapour for 24 months,
6 hours/day, 5 days/week. After 6, 12 and 18 months,
10 animals per group were killed. At 24 months some
animals in each group were maintained without
treatment to assess the possible reversibility of
the non-neoplastic changes caused by the formaldehyde
exposure. The remaining animals were killed (31)
(32) (33) (34). At the end of the 24-months exposure
period, metaplastic and dysplastic changes of the
respiratory epithelium of the nasal cavity were
observed in rats at all dose levels and in mice
exposed to 6 and 15 ppm formaldehyde. The severity
and the extent of these lesions in the nasal ca-
vity were related to the formaldehyde concentration
and duration of exposure. Changes were first seen
in the anterior region of the nasal cavity. Changes
in the deeper regions of the nasal cavity were only
observed after extensive exposure to high formal-
dehyde concentrations. Animals maintained for 3

months after the 24-month exposure period showed



some regression of the metaplasia, particularly
in the mice.

The histopathological study is not yet coppleted.
A high number of squamous cell carcinomas in the
nose was observed. The following Table 1 gives
the incidence of nasal tumour in rats and mice
as presented during the CIIT conference (33).

Table 1
Dose Number of nasal tumours/ Number of animals
(ppm in air) at risk
(rat) (mouse)

In the control groups no nasal tumours were observed.

2 (2.1) % 0/205 0/220
6 (5.6) % 3/204 0/220
15 (14.1)* 95/220 2/85

®* Average measured concentrations.

In another life-time study (39), squamous cell carci-
nomas were also abserved in the nasal cavities of
S.D. rats exposed by inhalation 6 hours/day, 5 days/
week to a mixture of formaldehyde (14.7 ppm) and hydro-
gen chloride (10.6 ppm). Of a group of 100 male ani-
mals, 27 developed nasal tumours of which 25 were
squamous carcinomas and 2 were papillomas. Bis-
(chloromethyl) ether (BCME) was detected in the inha-
lation chamber at a concentration of 1 ppb. It is

not clear whether the formation of these low levels
of BCME had any influence on the development of
tumours bearing in mind that in other studies (40)
different types of tumours were observed following

exposure to BCME alone.

The first experiment (38) which indicated a possible

tumorigenic action of formaldehyde involved sub-
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cutaneous injection of agqueous formaldehyde (0.4%,
1 ml per week for 15 months). Two of the 10
treated rats developed injection site sarcomas.
Sarcomas were also seen in the liver and omentum
of 2 other rats. Because of the lack of controls,
and inappropriateness of the route of administra-
tion, the significance of these results is ques-
tionable.

From an unpublished study cited by the National
Academy of Science (53) and by the Federal Panel
on Formaldehyde (72), the following information
is available. No treatment-related tumours were
observed in 88 Syrian hamsters exposed to 10 ppm
formaldehyde for 5 hrs/day, 5 days/week for their
lifetime (average 18 months) (37). A second study
with 50 ppm exposure levels is also mentioned

but the quoted details of the experimental design
differ significantly according to the information
source (72) (53).

A group of 60 C3H mice was exposed to 40 ppm formal-
dehyde for 35 weeks, 1 hour/day, 3 times/week (36).
After this period, 36 of these animals were further
exposed to 125 ppm formaldehyde vapour for an
additional period up to 33 weeks. Basal cell hyper-
plasia, stratification of the epithelium and squa-
mous cell metaplasia in the trachea and the major

bronchi were observed, but no tumours were found.

Studies (41) with hexamethylene tetramine (HMT)
are also significant because this compound can
decompose to formaldehyde and ammonia. Three

strains of mice were given up to 1 % HMT in the
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drinking water for 60 weeks; the group size varied
between 30 and 100 animals per sex. Additionally,
a group of male and female Wistar rats (48 per
sex) were given 1% HMT for 104 weeks in the drin-
king water. No carcinogenic activity was observed
in any of the groups.

The studies mentioned above have shown that
repeated injection (38) or prolonged inhalation
(31) (33) (39) (71) of formaldehyde at doses which
provoke severe irritation can result in tumour
developments in the irritated region. The response
at different concentrations appears to be
species-dependent (33) (37) (71) . Repeated brief
exposure by inhalation to high concentrations
showed signs of irritation, but no tumour deve-
lopment (36). The study with HMT (41) suggests
that oral intake of compounds which may release
formaldehyde without significant irritation does

not result in tumour formation.

MECHANISM OF FORMALDEHYDE CARCINOGENICITY

Further investigations of the mode of action of
formaldehyde are being performed by CIIT and the
results available from these studies indicate
that many different processes are involved in
the tumour development. It was shown that mice
were more sensitive than rats to respiratory
irritation by formaldehyde. Thus, reduction of
the minute volume on inhalation of formaldehyde
was much more marked in mice than in rats, lea-
ding to a better physiological defense mecha-
nism in mice. It was also shown that radio-
labelled formaldehyde was mainly retained in

the nasal mucosa following inhalation. This



suggests that tumour induction is a local effect.

When the dose received after exposure to 15 ppm
was related to the surface area of the nasal
epithelium, the values calculated for mice were
about half of those calculated for rats. There-
fore the amounts of formaldehyde actually effec-
tive per unit area in mice exposed to 15 ppm
were similar to those of rats exposed to 6 ppm,
which is in accordance with the tumour inci-
dence in these two groups. Thus, mice and rats
appear to be equally susceptible to the carci-
nogenic effects of formaldehyde when related

to the actually effective amounts. This also
indicates that the action of formaldehyde
depends not only on the atmospheric concentra-
tion but also on the local dose in the respira-
tory tract which is influenced by various fac-
tors such as mode of breathing, minute volume,

defence mechanism, etc.

Although it has been demonstrated that formal-
dehyde has a very short half-life in blood, the

half-life of the total radio-activity after intra-

venous administration of labelled formaldehyde
was shown to be relatively long. Toxicokinetic
studies showed that formate and formaldehyde
behaved very similarly. This indicates that the
radioactivity from the formaldehyde which
remained within the animals was the result of
metabolic incorporation, and most probably not
of the alkylation of macromolecules which is
thought to be one of the steps necessary for
tumour formation.

12,
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As stressed previously, formaldehyde will react
only with single-stranded DN?, thus making repli-
cating cells much more sensitive to formaldehyde-
induced mutagenicity. In this respect it is of
interest that exposure of rats to 15 ppm formal-
dehyde for several days resulted in a marked
increase in the number of cells undergoing divi-
sion within the nasal mucosa. This rapid cell
replication is probably due to cell replacement
arising from the cytotoxicity of formaldehyde
which was shown to destroy nasal epithelium
during the exposure. Sguamous cells were repor-
ted to be less sensitive to formaldehyde-

induced cytotoxicity, and thus formaldehyde may
also selectively stimulate replication of
resistant cells (34). Faber has suggested that
selection of cells more resistant to cytotoxi-
city is important in liver tumour pathogenesis
(42).

The experiments reported at the CIIT meeting
(34) also indicated that formaldehyde induced
DNA-protein cross-linking and possibly DNA-DNA
cross-linking. This DNA damage was rapidly
repaired. Therefore, rapid cell division would
be required to allow interaction of the formal-
dehyde with the DNA and to fix the resulting
DNA damage as a mutation before the lesion has
been repaired (41). Thus, when all these
factors are considered it becomes apparent that
formaldehyde carcinogenicity involves many dif-
ferent processes, e.g. cellular uptake, physio-
logical compensation (breathing rate depression,
increased mucous secretion) metabolic inacti-

vation, local irritation, cell replication,



mutagenic activity, DNA repair and regression 14.
of the metaplasia (scheme 1). It should also be
borne in mind that formaldehyde is a normal
metabolic productas

Finally, it should be stressed that the expe-
rimental results suggest that the metaplastic
change is at least in part reversible. A full
evaluation of the findings presented at the
CIIT Conference must await completion of the
studies. However, if chronic irritation is
taken as a prerequisite for tumour develop-
ment, then it is possible that no tumours
would develop at sub-irritant concentrations.
To date, the results of limited epidemiolo-
gical studies have not indicated any increased

tumour incidence in exposed human populations.

MATHEMATICAL EXTRAPOLATION TO LOW EXPOSURE LEVELS

At the CIIT Conference (70) (71) some results of
low-dose extrapolations were presented in which
various mathematical models were applied to the
animal data. Extrapolations based on multi-stage
models indicated that concentrations in the

range 1-2 ppm and 0.1 - 1 ppm could result in one

5

additional tumour per 10~ and 108 exposed,

respectively.

Linear extrapolation resulted in concentrations
several orders of magnitude lower for the same
levels of risk. The estimates from the multi-
stage model correspond approximately to the
threshold for sensory irritation in man.

All data so far support the hypothesis that
tumour formatior :iresults from a multistage
process, and that any extrapolations must take
into account every single process and not only
the final event (tumour formation) as such. It
is, however, the view point of ECETOC that no
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16.
mathematical solution can permit a simple extra-

polation from animal data to man if it does not
take into account the problems of species
differences, genetic variability, the qualita-
tively different effects occurring at different

dose-levels, the reactive defence mechanisms
etc.

E. IRRITATION, METAPLASIA, DYSPLASIA AND
CARCINOMA OF THE RESPIRATORY TRACT

INTRODUCTION

In order to place in perspective the findings of
inhalation studies with formaldehyde in animals

and to determine the relevance to man, the
interrelationship between irritation, metaplasia,
dysplasia and carcinogenesis is discussed in this
chapter. The vapour of many organic chemicals
irritates the mucous membrane of the respiratory
passages and the degree of damage inflicted de-
pends on the nature of the chemical, the atmos-
pheric concentration, and the frequency and dura-
tion of exposure. Unless there is a total des-
truction of the epithelium, which will result in
the formation of an ulcer, inhaled chemical irri-
tants produce a reactive response in the respira-
tory epithelium which may result in an alteration
of its structure.

METAPLASIA AND DYSPLASIA

The epithelium of the nasal passage of the rodent
is made up of cuboidal cells or ciliated columnar
cells and a variable number of mucus-secreting
cells. A slight to moderate degree of irritation
results in a number of changes consisting of the
increased secretion of mucus, loss of cilia and
replacement of some of the columnar and cuboidal
cells by mucus-secreting cells, a condition

known as mucus-cell hyperplasia. This condition



may follow a single exposure to an irritant che-
mical lasting only a few hours, but it is more
likely to result from repeated exposure. A severe
form of irritation may lead to a structural change
in the epithelium consisting of the replacement of
the columnar cells by flattened cells resembling
the squamous epithelium of the skin or the mouth.

This change (squamous cell metaplasia) is usually
regarded as a more advanced lesion than mucus-cell

hyperplasia. Both lesions are readily identifiable
microscopically. Dysplasia is a condition of irre-
gularity in the disposition and orientation of the
squamous cells in the metaplastic lesions. It should
be stressed that very often (especially in older
investigations) metaplasia and dysplasia were not
clearly distinguished. Squamous cell metaplasia has
been found in the bronchial passages of heavy smokers,
of patients suffering from bronchiectasis or tubercu-
losis (51), and in the nasal cavity of workers exposed
to nickel fumes and dust (52). Squamous cell meta-
plasia has also been found in the nasal passages of
rats exposed to low levels of bis-(chloromethyl) ether
and chloromethyl methyl ether (0.1-60 ppm) (53,54,69),
and of hamsters exposed to 1,500 ppm acetaldehyde in
air, 5 hours daily for several weeks (55), or to
acrolein at a concentration of 4.0 ppm, 7 hr/day, 5
days/wk for a period of 52 weeks (56). Severe inflam-
mation, metaplasia and dysplasia have also been

found after inhalation exposure to the alkylating
agents methyl butyl nitrosamine (57), 1,2~-dibromo-
3-chloropropane (58) and epichlorohydrin (35). all

of these compounds are known to be irritant to the
nasal mucosa when inhaled by experimental animals.

It would thus appear that in rodents, as in man,
repeated damage to the nasal mucosa results in an
inflammatory reaction and in the replacement of the
columnar and cuboidal epithelium in parts of the
respiratory tract by squamous epithelium. Such me-
taplasia, and later also dysplasia, occur predomi-

nantly in areas most exposed to the irritant.
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3. RELATIONSHIP OF METAPLASIA AND DYSPLASIA TO CARCINOMA

The frequency of occurrence of squamous cell car-
cinoma as one of the range of tumours induced in

the respiratory mucosa by classical carcinogens
suggests that they may arise from a common
condition such as squamous metaplasia and dyspla-
sia. This inference appears justified where
irritant carcinogenic chemicals are administered
by inhalation since high concentrations would be
expected to induce these changes. The situation is
less clear in cases where administration of the
carcinogen by other routes leads to squamous car-
cinomas of the nose, but even then it is likely
that squamous metaplasia will have occurred before
the tumour develops. Squamous epithelium does not
exist normally in the nasal cavity of the labora-
tory rodent, apart from a small area in the vesti-

bular region of the vomero-nasal organ.

The question should be considered whether, when
squamous metaplasia has occurred there is a much
greater likelihood of malignant transformation
within this epithelium than in the surrounding
normal epithelium. There is strong circumstantial
evidence that the squamous cell carcinoma of the
bronchus in smokers (51) (59), and similar
tumours of the nasal cavity in workers exposed to
nickel (52), develop from areas of squamous meta-
plasia. On the other hand, there does not appear
to be any reliable evidence for an increased risk
of tumour development from the squamous metaplasia
seen in bronchiectatic lesions or tuberculous
cavities.

The evidence from animals is less clear. In all
reported cases where squamous cell carcinoma has
been found in rodents, squamous cell metaplasia
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has also been present. In this sense lesions, such
as metaplasia and dysplasia could be considered a
prerequisite for tumour formation. On the other
hand, no tumours were observed in hamsters exposed
to irritant concentrations of acrolein (56) or
acetaldehyde (up to 1,500 ppm) although squamous
metaplasia was reported to occur. This would indi-
cate that the development of squamous metaplasia
alone does not necessarily result in tumour forma-
tion. Other factors may be important in this
process such as duration of exposure, sustained
increase in cell turnover rate, and the progres-
sion of the lesion from metaplasia to dysplasia.
Dysplasia is a more advanced lesion than meta-
plasia and should be regarded as a pPrecancerous

lesion.

SIGNIFICANCE OF METAPLASIA, DYSPLASIA AND SQUAMOUS

CELL CARCINOMA IN ASSESSING THE CARCINOGENIC
POTENTIAL OF A CHEMICAL.

Tables 2 and 3 list the tumourigenic responses to
chemicals that are reported to have produced squamous
cell metaplasia and carcinoma of the nasal passages

of the rat and hamster.
The majority of the compounds listed belong to the

nitrosamine group of chemicals known to be potent
carcinogens which produce tumours in a variety

of organs. It is of particular interest that the
majority of compounds in this group produced, in
the nasal passages, not only squamous cell carci-
nomas but also adenocarcinomas and esthesioneuro-
epitheliomas, indicating that they affect all the
epithelial cell types present. Of course, carci-
nogens may induce only squamous cell carcinomas
if they are potent irritants so that not only

the respiratory epithelium but also the sub-
mucosal glands and olfactory epithelium, which
give rise to other types of tumour, are destroyed
(57) (35). It is not known for certain by which



SOME EXAMPLES OF TUMOUR INDUCTION IN NASAL PASSAGES

AND OTHER SITES IN RATS.

TABLE 2
—_— Liver Other Ref.
.m. Route Nasal Cavity Organs
Squamous Adeno Esthesioneuro-
Carcinoma Carcinoma epithelioma
Azsz.|awzwnh0mouwvmnmuwsm Oral (DW) + + + + - (61)
(Nitrosopiperidine Oral (DW) + + + + +
MzwnHOwOBOHM:oH»:m i.v. + + + + +
(Dimethylnitrosamine Inhalation. + + + + -
Methyl-butylnitrosamine Inhalation (supp-
uration & necrosis
- metaplasia) + - = = + (52)
Diisopropanolnitxosamine SC + + - + + (62)
1,2-dibromo-3-chloro- Inhalatjion
propane (squamous
metaplasia) + - + - - (58)
Mcwnsuvﬂow<H:~nH0mmB»:m i - x + +
(D-hydroxypropyl-n-propyl SC once weekly
(-nitrosamine for life + + + + + (60)
Mzmn=<wlslvnovkwl
A:WﬂHOngH:m - + + + -
Bis- (chloromethyl) -ether inhalation (supp- + + + - +(lung, sq.(54)
& chloromethyl methyl uration & necrosis (cellca
clther - metaplasia)
3,4,5-Trimethoxycinna- sC = + - - testicular (63)
mesothelioma

maldehyde

SC - subcutaneous
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process carcinogens administered by a non-inhala-
tion route give rise to such squamous cell carci-
nomas, but the tumours probably arise from
metaplastic epithelium produced following an initial
damage to the respiratory mucosa by the carcinogen
itself. This postulate is in keeping with the
known property of carcinogens to cause early toxic
damage in target organs (64). Alternatively these
tumours may arise from the squamous epithelium

of the vestibular region below the vomero-nasal
organ. It is however inherently unlikely that

this very small area of squamous epithelium could
account for all the squamous cell carcinomas
induced experimentally.

The alkylating agents 1,2-dibromo-3-chloropro-
pane (58) and bis-(chloromethyl) ether (54) produce
adenocarcinomas and esthesioneurcepitheliomas in
addition to squamous cell carcinomas when given by
inhalation. This response is strikingly similar

to that produced by the nitrosamines in the

nasal cavity and, although no tumours were reported
to have been induced in other organs by these two
compounds, it can be concluded that they are potent
carcinogens. Such a conclusion cannot be drawn

when the carcinogenic response is limited to the
induction of sguamous cell carcinomas (as appears
to be the case with formaldehyde)*. There is a
distinct possibility that the development, and
maintenance over long periods, of an abnormal epi-
thelium (squamous metaplasia with dysplasia) may

in some cases lead to the development of sgquamous

* a spindle—cell sarcara was reported to occur in the

nasal turbinates of one rat exposed to 15 ppm formaldehvyde (31).
Such a tumour could either have cccurred incidentally or it
could have resulted fram a granulcmatous reaction (i.e. severe
chronic reaction of cornective-tissue to repeated injury), since
the area in which it a-oxred was also described as being
affected by severe mucopurulent rhinitis. There is abundant evi-
dence to support the fact that in the rat, sarcomas are prone to
cevelop fram long-standing active cranulomas ({73)

22.
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cell carcinoma. The occurrence of this type of
tumour in isolation should not be taken as conclu-
sive proof that the material indrcing these tumours
presents a carcinogenic hazard to man at non-
irritant exposure levels.

F. CONCLUSIONS

Formaldehyde is mutagenic in several in vitro systems
and transformed mammalian cells in culture. These
findings demonstrate that formaldehyde can react with
genetic material. Cells are most sensitive to the
effects of formaldehyde during division, which is
consistent with the fact that formaldehvde reacts
most readily with single-stranded DNA. However, for-
maldehyde is rapidly metabolized in vivo mainly by
conversion to formate. Mammalian mutagenicity tests

in vivo are either negative or inconclusive.

Inhalation experiments have shown that formaldehyde
vapour is carcinogenic, in the nasal epithelium, to
rats and mice at 15 pom and to rats at 6 Ppm.
Tumour formation appears to be preceded by chronic
tissue changes which include squamous metaplasia.
These probably result from the irritant properties
of formaldehyde, and may regress following cessa-
tion of exposure. The formaldehyde-induced changes
are confined to the nasal cavity, and their inci-
dence depends on the local dose in the respiratory
tract.

There are strong indications that nasal cancers
develop only at concentrations that produce chronic
tissue irritation. The rapid cell proliferation in-
duced by a cytotoxic and irritating dose may facili-
tate the occurrence of mutagenic effects and may
overcome the effectiveness of DNA-repair.

Squamous cell carcinoma can develop cenly from
sguamous cells, and with the exception of a very
small area of squamous epithelium such cells are
not normally present in the rat nasal passages.
Where the carcinogenic response is limited to the

induction of sguamous cell carcinomas in the nasal



passages, there i1s a distinct possibility that squa-
mous metaplasia is essential for their subsequent
development. Where exposure is so low that metapla-
sia does not occur it is unlikely that tumours

will develop.

G. RECOMMENDATIONS

The working group considered that an assessment of

the risk to man from exposure to formaldehyde vapour
could best be achieved by sound epidemiological studies,
which should have the highest priority. The available
data from animal experiments have raised the following
questions which may need to be addressed to obtain

a better understanding of the action of formaldehyde

on the respiratory epithelium :

1. The prerequisite of extensive tissue damage, arising
from the irritant action of formaldehyde, for subse-
quent tumour formation.

2. Whether the carcinogenic action of formaldehyde depends
on the total amount to which the respiratory epithelium
is exposed (i.e. concentration x time), or rather,
only on the concentration which leads to severe and
sustained tissue damage.

3. The effect of formaldehyde exposure by other routes
(e.g. oral, dermal) and whether there is tumour pro-
duction at concentrations that do not lead to tissue
damage.

4. The possible formation of tumours of the respiratory
tract after exposure to other irritants (whether shown
to be mutagenic or not in a series of short-term tests)
at concentrations which do or do not result in chronic
tissue damage.

The design of relevant additional animal experiments to
answer the above quaestions should be considered only
after the studies presented at the CIIT formaldehyde confe-

rence are completed and final data are available. Also
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the results of ongoing studies with other irritant
chemicals should be awaited since they may enable
a better understanding of the interrelationship

between their irritancy and carcinogenicity.
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