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Formaldehyde-Induced Cell Proliferation & Nasal 
Tumors in Rats

2
Andersen et al. (2019)
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Uncertainties Regarding the Role of Genotoxicity
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• Prolonged exposure to formaldehyde above a critical 
concentration induces sustained cytotoxicity and cell 
proliferation. As a result 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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New Data Published After 2006

• Heavy isotope labelling

• Distinguish endogenous and exogenous adducts

• In vivo genotoxicity assays in nasal cavity

• Mutant frequency (MF)

• Micronuclei (MN)

• Mouse models 

• p53+/- exposure study conducted by NTP

• Adh5-/- mice deficient in FDH

Measured FA-DNA adducts in Adh3-/-

• Adh5-/-/Big Blue mice

MF data 



Updated MOA (2020)
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Updated MOA (2020) – Potential Dosimetry Threshold
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Updated MOA (2020) – Focus of this Talk

9

SCC

KE3b.
Exogenous FA 
DNA Damage
(mutagenic?) 

KE6.
Mutation

(replication 
error)

KE1.
Dosimetry

(exogenous FA 
to nasal cells)

KE2.
Saturation of FA metab: 

↑ free FA,!
↑ adduction

?

KE3a.
Irritation/

Cytotoxicity

KE5.
Cytotoxicity/
Proliferation

KE4.
Squamous
Metaplasia

Persistent
Metaplasia

2..<6 ppm

≥6 ppm

DNA Damage
(Exo +Endo)

Endogenous FA 
DNA Damage

reversible

0

0.5

1

1.5

2

2.5

3

0 5 10 15 20

Formaldehyde Exposure Dose(ppm)

R
a

ti
o

 o
f 

E
x

o
g

e
n

o
u

s
 V

e
rs

u
s

 

E
n

d
o

g
e

n
o

u
s

 A
d

d
u

c
ts

 



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

oLoss of formaldehyde detoxification increases DNA adducts

oLoss 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

“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

6 hr/day, 5d/wk x 8-wk 

Held to ~50 weeks old:

• ≅ 32 wk latency

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

12

*Note: RD50 in mice at ~3 ppm



No Increase in Nasal SCC
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Endpoint 0 ppm 7.5 ppm 15 ppm

C3B6.129F1-Trp53tm1Brd

squamous metaplasia 0/21 14/21 22/23

hyperplasia 0/21 0/21 1/23

SCC none none none

B6.129-Trp53tm1Brd

squamous metaplasia 0/22 13/27 17/26

SCC none none none
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Endpoint 0 ppm 7.5 ppm 15 ppm

C3B6.129F1-Trp53tm1Brd

squamous metaplasia 0/21 14/21 22/23
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SCC none none none
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NTP: “The results of this short-term carcinogenicity study do 

not support a role for Trp53 in formaldehyde-induced 

neoplasia. “



Implications of the NTP (2017) Study
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Endpoint 0 ppm 7.5 ppm 15 ppm

C3B6.129F1-Trp53tm1Brd

squamous metaplasia 0/21 14/21 22/23

hyperplasia 0/21 0/21 1/23

SCC none none none

B6.129-Trp53tm1Brd

squamous metaplasia 0/22 13/27 17/26

SCC none none none

• Squamous metaplasia indicates 
dosimetry to target tissue and irritation 
to the nasal mucosa

• Lack of hyperplasia indicates that 
metaplasia was protective of further 
damage

• We don’t know the exogenous adduct 
levels in mice exposed to 
formaldehyde, but based on rat data, 
adducts were likely present but below 
endogenous levels 

• Lack of SCC does not support low-
dose genotoxicity



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 GSNO to S-(N-hydroxyamino)glutathione

• Regulates NO signaling & protein S-nitrosylation

• GSH, NADH 
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ADH5 Protects Against Exogenous FA-DNA Adducts

17 Pontel et al. (2015)
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4 weeks

Pontel et al. (2015)



ADH5 Protects Against Exogenous FA-DNA Adducts
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4 weeks

1.7

1.7 2.3

Pontel et al. (2015)
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FA-DNA Adducts in Adh5-/- Mice Are Comparable to 6-10 
ppm Formaldehyde Exposure 
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~2-fold1.7

1.7 2.3
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FA-DNA Adducts in Adh5-/- Mice Are Comparable to 6-10 
ppm Formaldehyde Exposure 
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~2-fold1.7

1.7 2.3

Is there other evidence of genotoxicity?



ADH5 Protects Against Exogenous FA-DNA Adducts
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1.7

1.7 2.3

• Adh5-/- mice did not exhibit increased 𝛾-H2AX 
activity in other assays

• Adh5-/- mice did not exhibit increased nuclear 
aberrations in other assays

Pontel et al. (2015)



Adh5-/- Mice Do Not Exhibit Increased Mutant Frequency 
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Big Blue© Big Blue©



Bridging Across Knockout Studies:
2-fold Increases in Adducts do not Increase Mutant Frequency 
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Leung et al. (2013)

Adh5-/-Adh5+/+

Big Blue Mouse Liver

Pontel et al. (2015)
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FA-DNA Adducts in Adh5-/- Mice Are Comparable to 6-10 
ppm Formaldehyde Exposure 
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~2-fold1.7

1.7 2.3

• Exogenous adduct levels associated with 2x (1:1 ratio) may not be mutagenic (red circle)
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FA-DNA Adducts in Adh5-/- Mice Are Comparable to 6-10 
ppm Formaldehyde Exposure 
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~2-fold1.7

1.7 2.3

• Exogenous adducts levels associated with 2x (1:1 ratio) may not be mutagenic (red circle)

• What data are available for higher adduct levels (blue circle)?



IWGT Recommendations for In Vivo Genotoxicity Assays
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• Ideally conducted in a proliferative tissue
• Bone marrow (hematopoietic)

• Colon

• Young liver 

• Ideally at site of carcinogenic action
• Nasal epithelium for FA

• Ideally in tissue with high dosimetry (e.g. site of 
contact)

• Nasal epithelium for FA



Assessment of Micronucleus Formation in Nasal Epithelium

• Exposures: 0, 0.5, 1, 2, 6, 10, 15 ppm

• 6 hr/day, 5d/wk x 4-wk 

• Proliferation increased at ≥6 ppm

• No increases in nasal cell MN

• Limitations

• No nasal MN by CP (positive control)

• More experience needed with nasal MN 

28
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Inability to detect ↑MN in highly proliferative tissue does not 

support a genotoxic MOA. 

Inability to detect ↑MN amongst increased FA-DNA adducts 

does not support a genotoxic MOA. 



Assessment of Mutant Frequency in Nasal Epithelium

• Exposures: 0, 0.7, 2, 6, 10, 15 ppm

• 6 hr/day, 5d/wk x 13-wk 

• Proliferation increased at ≥6 ppm

• No increases in nasal tissue MF

• Limitations

• Two targets

• p53 – measured due to previous reports of p53 
mutations in formaldehyde-induced SCC

• K-ras – measured due to potential role in nasal 
carcinogenesis
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Inability to detect ↑MF in highly proliferative tissue does not 

support a genotoxic MOA. 

Inability to detect ↑MF amongst increased FA-DNA adducts 

does not support a genotoxic MOA. 



Updated MOA (2020) 
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dosimetry threshold

cytotoxic threshold

no pos genotoxic responseno pos genotoxic responses
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Summary

• MOA proposed in McGregor et al. (2006) was consistent with a threshold 

oSome uncertainty of the role of genotoxicity

oData published after 2006 address these uncertainties

• Increases in exogenous 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 

oNegative for clastogenic DNA damage (MN)

oNegative for mutagenic damage (MF)

• Data published since 2006 further support a threshold MOA

34
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