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REVIEW ARTICLE

An updated mode of action and human relevance framework evaluation for
Formaldehyde-Related nasal tumors

Chad M. Thompsona , Robinan Gentryb, Seneca Fitcha, Kun Luc and Harvey J. Clewellb

aToxStrategies, Inc, Katy, TX, USA; bRamboll, Monroe, LA, USA; cDepartment of Environmental Sciences and Engineering, University of North
Carolina at Chapel Hill, NC, USA

ABSTRACT
Formaldehyde is a reactive aldehyde naturally present in all plant and animal tissues and a critical com-
ponent of the one-carbon metabolism pathway. It is also a high production volume chemical used in
the manufacture of numerous products. Formaldehyde is also one of the most well-studied chemicals
with respect to environmental fate, biology, and toxicology—including carcinogenic potential, and
mode of action (MOA). In 2006, a published MOA for formaldehyde-induced nasal tumors in rats con-
cluded that nasal tumors were most likely driven by cytotoxicity and regenerative cell proliferation,
with possible contributions from direct genotoxicity. In the past 15 years, new research has better
informed the MOA with the publication of in vivo genotoxicity assays, toxicogenomic analyses, and
development of ultra-sensitive methods to measure endogenous and exogenous formaldehyde-
induced DNA adducts. Herein, we review and update the MOA for nasal tumors, with particular
emphasis on the numerous studies published since 2006. These new studies further underscore the
involvement of cytotoxicity and regenerative cell proliferation, and further inform the genotoxic poten-
tial of inhaled formaldehyde. The data lend additional support for the use of mechanistic data for the
derivation of toxicity criteria and/or scientifically supported approaches for low-dose extrapolation for
the risk assessment of formaldehyde.
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1. Introduction

Formaldehyde is a reactive aldehyde present endogenously in
all tissues. It is generated in both the cytoplasm and the
nucleus as part of normal cellular processes, including the one-
carbon metabolic pathway (IARC 2006; Walport et al. 2016).
Formaldehyde is also a high production volume chemical used
in the manufacture of numerous products including urea-for-
maldehyde, phenol-formaldehyde, and melamine-formaldehyde
resins and serves as an adhesive in the production of particle
board, medium-density fiberboard, and plywood (Salthammer
et al. 2010; U.S. EPA 2019). Due to its commercial importance, it
is one of the most well-studied compounds with respect to
toxicology, carcinogenicity, and mechanism of action. In add-
ition to the extensive amount of published toxicological and
mechanistic research, considerable effort has been expended
integrating these data for the purpose of setting safety stand-
ards for formaldehyde (Andersen et al. 2019).

In laboratory rodents, inhalation of formaldehyde has clearly
been shown to induce site of contact tumors in the nasal cavity,
but not in the lung or any other organs (Kerns et al. 1983). In
humans, occupational exposure to formaldehyde has been
linked to nasopharyngeal cancer (NPC) and lymphohemato-
poietic (LHP) cancers (Hauptmann et al. 2003, 2004; Beane
Freeman et al. 2009); however, these epidemiology studies have
generally shown weak and/or inconsistent relationships (Marsh
and Youk 2005; Marsh et al. 2010; Checkoway et al. 2015;
Mohner et al. 2019). Moreover, these associations have typically
involved peak exposure metrics, a variable and poorly character-
ized exposure metric (Checkoway et al. 2019), that, as will be
shown herein, is inconsistent with animal evidence for the
requirement of prolonged exposure to cytotoxic concentrations
of formaldehyde to induce cancer.

The current cancer toxicity criteria for formaldehyde in U.S.
EPA’s Integrated Risk Information System (IRIS) database was
developed in 1987 and is based on nasal tumors in rodents
and a default assumed linear relationship between exposure
and cancer risk. The 1 in 10,000 extra cancer risk listed in IRIS is
6.5ppb; for reference, typical indoor formaldehyde levels are
�80ppb, outdoor urban air concentrations are 10–50ppb, and
outdoor rural air concentrations are 1–10ppb (Salthammer
2013). As discussed in this review, a considerable amount of for-
maldehyde research was conducted from the 1980s to early
2000s at the Chemical Industry Institute of Toxicology (CIIT) and
subsequently at the Hamner Institutes for Health Sciences to
inform the risk assessment of nasal tumors. This culminated in
one of the first biologically-based dose-response models for pre-
dicting chemical-specific cancer risk, namely formaldehyde-
induced nasal tumors (Conolly et al. 2003, 2004). However, a
2010U.S. EPA draft assessment for formaldehyde proposed new
toxicity criteria based on the combined risk of NPC and LHP
from the aforementioned controversial epidemiological data
and the assumption of a linear relationship between formalde-
hyde exposure and such cancers (U.S. EPA 2010). The proposed
1 in 10,000 extra risk for cancer is 0.8ppb (U.S. EPA 2010),
which is �10-fold lower than the current IRIS value (see above);
however, this draft assessment has never been finalized.

The U.S. EPA’s reliance on uncertain epidemiology data, the
lack of mechanistic support for systemic effects, and default
assumptions about a linear relationship between formaldehyde
exposure and cancer risk was criticized in a National Academy
of Science review of U.S. EPA’s draft assessment (NAS 2011), and
underscored the need for additional research on both portal of
entry and systemic cancer risk of inhaled formaldehyde. With
regard to portal of entry effects, the most recently published
peer-reviewed manuscript describing the mode of action (MOA)1

for formaldehyde-induced nasal tumors in rats was conducted
over a decade ago (McGregor et al. 2006), and concluded that
the MOA was most likely driven by cytotoxicity and regenerative
cell proliferation, with possible contributions from direct geno-
toxicity. In the 14years since the McGregor et al. (2006) evalu-
ation, new research has addressed some of the data gaps in the
MOA and human relevance of rat nasal tumors. Herein, we
review the MOA literature, with particular emphasis on updating
the MOA and human relevance evaluation of formaldehyde-
induced nasal tumors in rats using methods consistent with
established MOA and human relevance frameworks (Sonich-
Mullin et al. 2001; Meek et al. 2003; U.S. EPA 2005; Boobis et al.
2006, 2008; Meek, Palermo et al. 2014). This work is highly rele-
vant as the U.S. EPA has designated formaldehyde as a high-pri-
ority substance for risk evaluation under the Toxic Substances
Control Act (TSCA) (U.S. EPA 2019), a process that recommends
that MOA or adverse outcome pathway (AOP) analyses be
included as part of a risk evaluation (U.S. EPA 2017).

2. Methods

2.1. Literature search/review

The primary literature considered for this evaluation included
literature obtained via search engines, review of literature
cited in draft and final regulatory reviews such as U.S. EPA
(2010) and ECHA (2019), and “reference harvesting.”
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Literature searches were conducted using the National
Library of Medicine’s PubMed and EmbaseVR search engines.
For searches specific to the in vivo genotoxicity of formalde-
hyde, inclusion criteria included in vivo genotoxicity studies
in mammals (including controlled human exposures) and
were limited to articles published in the English language.
Query details are included in Supplemental Table S1.

2.2. Study quality scoring

A critical uncertainty identified in previous MOA analyses of
formaldehyde is whether genotoxicity is an initiating event
or the result of prolonged increased cell proliferation.
Because in vivo genotoxicity assays have the potential to
address this important data gap, study quality was assessed
for in vivo genotoxicity studies using scoring criteria
described under TSCA (U.S. EPA 2018). A total of 817 studies
were initially identified in the literature search described
above, of which 23 studies were considered relevant by
searching abstracts and titles. Of these, 16 studies were
found to contain potentially relevant data and were therefore
subject to TSCA scoring. Titles and abstracts were screened
by two reviewers to identify a list of potentially relevant stud-
ies. Articles were then reviewed to confirm relevance and
then scored independently by two reviewers. Discrepancies
in scoring were subsequently discussed and addressed to
reach consensus scores for all relevant studies.

2.3. Mode of Action Analysis

Prior to conducting an updated MOA analysis, the data iden-
tified from the literature searching were organized according
to several factors identified by Eastmond (2012) as influenc-
ing regulatory decisions on whether a chemical acts through
a mutagenic or nonmutagenic MOA: (1) the nature of the
tumors of interest, (2) the mutational spectrum of the
tumors, (3) chemical properties of the carcinogen, (4) dosim-
etry and toxicokinetics, and (5) an evaluation of the in vivo
genotoxicity. In addition, a previously published MOA for for-
maldehyde-induced nasal tumors (McGregor et al. 2006) was
evaluated and updated based on data collected over the
past decade. The application of the identified data into the
MOA and human relevance analysis herein followed estab-
lished frameworks (Sonich-Mullin et al. 2001; Meek et al.
2003; U.S. EPA 2005; Boobis et al. 2006, 2008; Meek, Boobis
et al. 2014; Meek, Palermo et al. 2014).

3. Results

3.1. Carcinogenicity of formaldehyde

Mode of action analysis is most frequently conducted for the
purpose of assessing the human relevance of tumors
observed in rodents and for informing the most appropriate
quantitative approaches for developing safe exposure levels
(U.S. EPA 2005). Formaldehyde has been controversially
linked to NPC and leukemia in occupational settings
(Hauptmann et al. 2003; 2004; Marsh and Youk 2005; Beane

Freeman et al. 2009; Marsh et al. 2010; Rhomberg et al. 2011;
Checkoway et al. 2015, 2019; Mohner et al. 2019). A statistical
association of formaldehyde exposure with leukemia has not
been consistently observed in retrospective epidemiology
studies, and it has been suggested that any causal associ-
ation postulated lacks biological plausibility (Heck and
Casanova 2004; Swenberg et al. 2013). The present article
therefore focuses on nasal tumors unequivocally associated
with formaldehyde exposure to rodents.

3.1.1. Oral carcinogenicity of formaldehyde
The carcinogenicity of formaldehyde has been assessed in
several animal bioassays. Two drinking water studies in rats
found that chronic exposure up to 300mg/kg-day was not
carcinogenic to the gastrointestinal tract, nor did formalde-
hyde increase tumors in other organs (Til et al. 1989; Tobe
et al. 1989). In the high dose groups, both studies reported
treatment-related non-neoplastic lesions in the forestomach
and glandular stomach indicative of cytotoxicity and regen-
erative hyperplasia. These proliferative effects were thought
to explain neoplasms observed in the stomachs of rats
exposed to formaldehyde after first being exposed 8weeks
to the mutagenic and carcinogenic nitrosamine N-methyl-N0-
nitro-N-nitrosoguanidine (MNNG) (Takahashi et al. 1986), as
formaldehyde alone does not increase the incidence of stom-
ach tumors. A drinking water study conducted at the
Ramazzini Institute (with exposures up to 1500mg/L), pub-
lished in two articles (Soffritti et al. 1989, 2002), reported
hematopoietic malignancies in rats. Notably, both studies
have been criticized by the Agency for Toxic Substances and
Disease Registry and European Food Safety Authority (ATSDR
1999; EFSA 2006; Rhomberg et al. 2011), and the U.S. EPA
draft assessment of formaldehyde (U.S. EPA 2010) does not
mention these two articles in their section on chronic oral
bioassays. Based on independent expert evaluations of leuke-
mia and lymphoma diagnoses in studies conducted at the
Ramazzini Institute, the U.S. EPA has decided not to rely on
lymphomas and leukemias reported in several Ramazzini
Institute studies for use in IRIS risk assessments2. Readers are
referred to a National Toxicology Program (NTP) memo for
more details on data quality findings related to the
Ramazzini Institute (Malarkey and Bucher 2011).

3.1.2. Inhalation Carcinogenicity of formaldehyde
The only clear association between formaldehyde exposure
and carcinogenicity arises from chronic inhalation studies in
rats. Two large, multi-dose chronic inhalation bioassays for
formaldehyde report tumors in the nasal passages of rats
exposed to �6 ppm formaldehyde, with no evidence for car-
cinogenicity in the lower airways or in other tissues. The ear-
lier study was conducted by Battelle, Columbus Laboratories,
and submitted to the Chemical Industry Institute of
Technology (Pavkov et al. 1982). Results from F344 rats were
published first as a communication (Swenberg et al. 1980),
and again (along with results in B6C3F1 mice) in a final
report (Kerns et al. 1983). In these studies, rats and mice
were exposed to �2, 6, or 14 ppm formaldehyde for 6 h/day
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for 5 days/week for 2 years, with sacrifices at 6, 12, 18, 24, 27,
and 30months. The majority of formaldehyde-induced
tumors were observed in the rat nasal cavity; Figure 1(A)
depicts the anatomical regions and the epithelial lining of
the rat nasal cavity discussed herein. Squamous cell carcino-
mas (SCC) were observed in 2/235 (0.8%) rats at 6 ppm and
103/232 (44%) at 14 ppm.

The second extensive formaldehyde inhalation study
exposed F344 rats to 0.7, 2, 6, 10, and 15ppm formaldehyde for
6h/day 5days per week for 2 years (Monticello et al. 1996). At
study termination, 0/90, 0/90, 0/96, 1/90 (1%), 20/90 (22%), and
69/147 (47%) of rats had SCC in the 0, 0.7, 2, 6, 10, and 15ppm
groups, respectively. Together, Kerns et al. (1983) and
Monticello et al. (1996) provide a well-defined dose-response for
nasal SCC induction in rats (Table 1, Figure 1(B)), as they pro-
vide overlapping dose ranges and consistent tumor responses.

Additional studies have shown nasal tumors in rats follow-
ing repeat dose inhalation exposure to �6 ppm formalde-
hyde; however, many of these studies have fewer exposure
concentrations, fewer animals per treatment group, or are
less than two years in duration (Table 1). As such, they are
considered to provide supporting information. One inhalation
study of particular note explored the carcinogenicity of for-
maldehyde in rats with injured or intact mucosa (Woutersen
et al. 1989). Specifically, Wistar rats were exposed to 0.1, 1, or
10 ppm formaldehyde 6 h/day for 5 days per week for
28months. Nasal tissue damage was induced bilaterally in
some rats by electrocoagulation to initiate regenerative
hyperplasia prior to the start of formaldehyde exposure. In
the control, 0.1, and 1 ppm groups, no more than one animal
per condition (damaged or undamaged nose) exhibited SCC.
Likewise, only one rat with undamaged mucosa developed
SCC following exposure to 10 ppm formaldehyde. In contrast,
15/58 (26%) of rats with damaged mucosa developed nasal
SCC. Woutersen et al. (1989) concluded that tissue damage
was an important contributing factor to nasal tumor
response. This role of tissue damage is discussed further
throughout this article.

Mice appear to be more resistant to formaldehyde, as
inhalation studies in mice have shown limited evidence of
nasal carcinogenicity. Exposure of mice to up to 163 ppm for-
maldehyde for 1 h/day for 3 days per week for up to 35weeks

did not result in nasal tumors, nor did additional exposure
up to 224 ppm result in nasal tumors (Horton et al. 1963).
Male and female B6C3F1 mice exposed chronically (6 h/day,
5 days per week for 2 years) to 2, 6, or 15 ppm formaldehyde
showed limited evidence of carcinogenicity. Specifically, nasal
tumors were only observed in two males (2/240) exposed to
14 ppm formaldehyde (Swenberg et al. 1980; Kerns et al.
1983) (Table 1). The much weaker response in mice is likely
due to reduced tissue exposure in mice as a result of irritant
induced reflex apnea (bradypnea), which is reported to result
in a time-weighted average inhaled formaldehyde dose in
mice approximately half of that in rats at exposure to 15 ppm
(Chang et al. 1981, 1983; Chang and Barrow 1984). Hamsters
chronically exposed to up to 10 ppm formaldehyde did not
develop nasal tumors (Table 1).

In summary, the only tumors unequivocally associated with
formaldehyde exposure in animals are nasal tumors in rats fol-
lowing inhalation exposure to �6ppm formaldehyde. The bal-
ance of this review will therefore focus on evaluation of the
MOA and human relevance of rat nasal tumors, and the applica-
tion of this evaluation to inform approaches for the quantitative
development of safe exposure levels to formaldehyde.

3.1.3. Mapping of nasal tumors in rats
The majority of nasal tumors in rats occurred in the anterior
portions of the nasal cavity, primarily in Levels I-III. The loca-
tion of SCC in the nasal cavity from the Kerns et al. (1983)
bioassay was subsequently described more precisely in terms
of the specific structures in the nasal passages (Morgan et al.
1986). As shown in Figure 1(A), the nasal septum of rats gen-
erally provides a flat medial surface for each nasal passage,
whereas the lateral wall of each nasal passage has a more
complex surface structure, including bony turbinates that
effectively create multiple lateral surfaces. Formaldehyde-
induced tumors tended to arise on these turbinates and adja-
cent lateral walls; Figure 1(C) depicts an early SCC on the
nasal turbinate (left side in photomicrograph). Figure 2
attempts to color code the “hot spots” for SCC using informa-
tion from Morgan et al. (1986) and Monticello et al. (1996).
The majority of SCC occurred on the anterior lateral meatus,

Table 1. Nasal tumor incidence in formaldehyde inhalation studies.

Strain Sex n/group Duration 0a 0.1 0.3 0.7 1 2 5.6/6 10 12.4 14/15 30 41 82 163 Study

RATS
Wistar M 10 1 year 0/10 0/10 – – 0/10 – – 0/10 – – – – – – Appelman et al. (1988)
S-D F 16 2 year 0/15 – – – – – – – 1/16 – – – – – Holmstrom et al. (1989)
F344 M 32 2 year 0/32 – 0/32 – – 0/32 – – – 13/32 – – – – Kamata et al. (1997)
S-D M 100 Life 0/99 – – – – – – – – 38/100 – – – – Sellakumar et al. (1985)
F344 MF 120 2 year 0/232 – – – – 0/236 2/235 – – 103/232 – – – – Swenberg et al. (1980)

Pavkov et al. (1982)
Kerns et al. (1983)

F344 MF 90-150 2 year 0/90 – – 0/90 – 0/96 1/90 20/90 – 69/147 – – – – Monticello et al. (1996)
Wistar M 30 2 year 0/30 1/30 – – 1/30 – – 1/30 – – – – – – Woutersen et al. (1989)

MICE
C3H ? 60 35 weeks – – – – – – – – – – 0% 0% 0% Horton et al. (1963)
B6C3F1 MF 120 2 year 0/240 – – – – 0/240 0/240 – – 2/240 – – – – Swenberg/Kerns

HAMSTERS
Syrian M 88-132 Life 0/132 – – – – – – 0/88 – – – – – – Dalbey (1982)
Syrian M 50 Life 0/50 – – – – – – – – – 0/50 – – – Dalbey (1982)

aDoses are in ppm formaldehyde.
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followed by the posterior lateral meatus, anterior mid-sep-
tum, anterior dorsal septum, and anterior maxilloturbinates.

3.1.4. Mapping of squamous metaplasia and cell prolifer-
ation in rat nasal cavity
Formaldehyde carcinogenicity was accompanied by cytotox-
icity, squamous metaplasia, and increased cell proliferation.
Squamous metaplasia is indicative of prior or ongoing irrita-
tion and toxicity to the mucosa, and is an adaptive trans-
formation of transitional and respiratory epithelium to

multilayered squamous epithelium that is more resistant to
physical and chemical injury (Miller and Cesta, 2014; Renne
et al. 2009). As shown in Figure 1(A), transitional and respira-
tory epithelium normally line the proximal portions of the
nasal cavity. Repeated injury such as exposure to formalde-
hyde can induce a conversion of these epithelial linings to
more protective squamous epithelium such as that lining the
most anterior portions of the nose (nasal vestibule).

As described in Kerns et al. (1983), squamous metaplasia was
observed at LI following exposure to 2, 6, and 14ppm at all
time points evaluated. At LII, squamous metaplasia was

Figure 1. Rat nasal passages, tumor response, and dosimetry. (A) Diagrams of rodent nasal cavity demonstrating prominent bone structures and epithelial lining of the rat
nasal cavity (adapted from Alvites et al. 2018). Diagram of the various Levels (I–IV) of the sagittal section of the rat nasal cavity (adapted from Kerns et al. 1983). The lower
portion shows coronal sections at LI, LII and LIII, where the white represents air passages (meatuses) including the lateral meatus (L) and medial meatus (MM); the black rep-
resents bone (lined by epithelium), with nasal turbinates (N), maxilloturbinates (MT) and septum (S) (adapted from Harkema et al. 2006; reprinted by Permission of SAGE
Publications, Inc.). The red circle at LII corresponds to the tumor shown in C, whereas the shaded blue region corresponds to the CFD flux estimates in D. (B) Dose-response
for nasal tumors two animal bioassays (data adapted from U.S. EPA (2010)). Green vertical line represents the dose (ppm) at which formaldehyde would increase tumor “extra
risk” by 10% (data plotted using BMDS v3.1). (C) H&E stained early squamous cell carcinoma (arrow) arising from the nasoturbinates of a rat exposed to 15ppm formaldehyde
(adapted from Swenberg et al. 1980). The red circle corresponds to the red circle in A. (D) Map of simulated formaldehyde flux along airway walls based on CFD modeling in
rat nose (coronal section) at 252ml/min airflow (reprinted from Kimbell et al. (1993) with permission from Elsevier). M: maximum mass flux at walls.
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observed following exposure to 6 and 14ppm, whereas squa-
mous metaplasia was present in levels I–V at 14ppm.
Monticello et al. (1996) observed only minimal squamous meta-
plasia in the anterior portions of the nasal cavity of rats exposed
to 6ppm formaldehyde, and no such lesions in rats exposed to
0.7 or 2ppm formaldehyde. In mice, squamous metaplasia was
only observed at 14ppm and only in LII after 18 and 24months
of exposure (Kerns et al. 1983). As previously noted, the muted
toxicity and tumorigenic response in mice is likely due to
reduced tissue exposure as a result of bradypnea (Chang et al.
1981, 1983; Chang and Barrow 1984).

As noted in the NTP Atlas of nonneoplastic lesions, squa-
mous metaplasia and hyperplasia of the transitional and respira-
tory epithelium increase the number of cells but are not
necessarily indicative of increased cellular regeneration (Miller
and Cesta, 2014). While there is a burst of cell proliferation to
repair acutely damaged mucosae and during the transition to
squamous epithelium, this transient increase in proliferation
may subside depending on subsequent levels of damage.
Mucosae that have transitioned to the squamous epithelium in
treated animals will have greater cellularity (e.g. hyperplasia)
than transitional and respiratory epithelium in the same location
of control animals, but may not necessarily be experiencing
increased cell turnover resulting from cell loss. Thus, while
exposure to �2ppm formaldehyde increases squamous meta-
plasia and hyperplasia observed by standard H&E staining, other
methods are needed to assess cell turnover in the
nasal epithelium.

Monticello et al. (1996) measured cell proliferation via
osmotic pump administration of [methyl-3H]thymidine prior
to interim sacrifices at 3, 6, 12, and 18months of exposure to
formaldehyde. Cell proliferation data were collected in seven
anatomical regions of the nasal cavity (six are depicted in the
right side of LII and LIII in Figure 2). Statistically significant

increases in unit length labeling index (ULLI) were apparent
in the 10 and 15 ppm groups at 3, 6, 12, and 18months of
exposure, whereas no significant increases were apparent in
the 0.7, 2, or 6 ppm groups at any of these timepoints
(Figure 3(A)). Cell proliferation data following shorter-term
formaldehyde exposure were reported earlier using i.p. injec-
tion of labeled thymidine (Monticello et al. 1991). Although
different labeling approaches can result in different labeling
kinetics (Wood et al. 2015), the combined data are nonethe-
less critical for informing MOA and are depicted in Figure
3(B). In shorter-term exposures (�42 days), increased cell pro-
liferation can also be observed at 6 ppm, with the largest
increases in the lateral meatus and maxilloturbinates. Overall
patterns presented in Figure 3 are (1) sustained increases in
cell turnover occur above 6 ppm, and (2) increased cell turn-
over diminishes over time.

Monticello et al. (1996) also demonstrated that, in addition
to ULLI, the total number of cells present in a region was a
likely contributing factor in carcinogenesis, as the correlation
between tumor incidence and population-weighted ULLI
(PWULLI) was �2-fold higher than ULLI alone. Indeed, the ULLI
was comparable between the lateral meatus and medial maxil-
lotrubinates (Figure 3), yet the tumor response in the latter was
much lower (Figure 2, green region). However, the number of
cells in the medial maxilloturbinates were �10% of those in the
lateral meatus, resulting in large differences in PWULLI.

3.2. Key factors for MOA determinations

As described in the Methods, Eastmond (2012) identified 10
factors influencing regulatory decisions regarding the MOA
for carcinogens, with the most salient factors being: (1) the
nature of the tumors of interest, (2) the mutational spectrum

Figure 2. Mapping of regions of various effects of formaldehyde exposure and tissue collection regions. The percentage of nasal SCC in the rat cancer bioassays are
shown on the left and color coded to the levels and anatomical regions (left air passage) shown in the middle diagram. Tissue harvest locations from select studies
are listed on the right along with color coding to the levels and anatomical regions (right nasal passage) shown in the middle diagram. The shaded blue trapezoid
region corresponds to tissue harvested for select assays listed on the right. Diagram of the sagittal section of the rat nasal cavity and coronal sections are adapted
from Kerns et al. (1983) and Harkema et al. (2006), (reprinted by Permission of SAGE Publications, Inc.) respectively. See legend of Figure 1 for acronyms. Note: these
color codings are interpretations by the authors based on the reported data and are for illustrative purposes only.
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of the tumors, (3) chemical properties of the carcinogen, (4)
toxicokinetics, (5) an evaluation of the in vivo genotoxicity
(especially in target tissues), and (6) evidence for a non-geno-
toxic MOA. Below, we use the first five factors to organize
critical mechanistic data prior to describing the updated MOA
in Section 3.3 using the IPCS Framework.

3.2.1. Nature of tumors
The nature of the tumors of interest relates to the broader
tumor pattern as well as specific information on the tumor
type(s) of interest (Eastmond 2012). Mutagenic carcinogens
tend to induce tumors in multiple species, multiple sexes, at
multiple sites, by multiple routes, and often early in exposure
(U.S. EPA 2007). With the exception of the hematopoietic
tumors reported in the oral studies at the Ramazzini Institute
(see above), formaldehyde has not been shown to be car-
cinogenic via multiple routes of exposure. Formaldehyde
induced nasal tumors in both sexes of rats, but there was
limited evidence of nasal tumors in male mice, and no nasal
tumors were observed in hamsters. With regard to exposure
duration, exposure to 10 ppm formaldehyde for 1 year was
not carcinogenic (Table 1); however, 15 ppm formaldehyde
induced nasal tumors in rats by 18months of exposure
(Swenberg et al. 1980; Kerns et al. 1983; Monticello et al.
1996). Taken together, the limited tumor sites, tumor lag
time, and highly non-linear dose–response pattern for nasal
tumors does not lend support to a mutagenic MOA.
However, as will be discussed in subsequent sections,
regional tissue doses of formaldehyde are highly variable,
with some regions of the nasal cavity receiving much higher
doses than others. Generally, those receiving higher doses
exhibit the strongest carcinogenic response.

The predominant tumor type seen following inhalation
exposure to formaldehyde in rats is nasal squamous cell car-
cinoma (SCC). Many chemical toxicants, when delivered via
inhalation, result in “both non-neoplastic (e.g. inflammation,
epithelial cell necrosis, epithelial hyperplasia/metaplasia) and
neoplastic (e.g. squamous cell carcinoma) changes” (Harkema
et al. 2006; Renne et al. 2009; Woutersen et al. 2010). Nasal
SCC are characterized by destruction of the basement mem-
brane, cellular atypia, mitoses, and varying degrees of

invasive growth (Renne et al. 2009). Most of the rats in the
Kerns et al. (1983) bioassay exhibited a single nasal tumor,
with over 50% of the tumors arising in the proximal regions
of the nasal cavity with the remaining tumors showing a gra-
dient diminishing in the more distal regions of the nasal cav-
ity (Morgan et al. 1986). As discussed above, formaldehyde
exposure also causes cytotoxicity and regenerative cell prolif-
eration. These events are highly correlative with and believed
to be required for the development of tumors after exposure
to many substances, including formaldehyde (Feron
et al. 2001).

3.2.2. Mutation Spectrum
Some cancer bioassays attempt to measure the mutation fre-
quency of certain oncogenes in tumors that are determined
to be treatment related (NTP 2013, 2014). This was not com-
mon at the time the formaldehyde cancer bioassays were
conducted; however, tumor samples from F344 rats exposed
to �10 ppm formaldehyde for 2 years were subsequently
examined and reported to have p53 point mutations (Recio
et al. 1992). Specifically, 5 of 11 sampled tumors had point
mutations in codons within the coding region of p53 that
have been shown to occur in various human tumors. Given
that these mutations were observed in tumors from rats
exposed to formaldehyde for two years, it is unclear whether
these mutations were early drivers in the carcinogenic pro-
cess or occurred later in the tumor development. However,
as will be discussed later, no increase in p53 mutations in
nasal tissues was observed after exposure up to 15 ppm for-
maldehyde for 13-weeks (Meng et al. 2010). Due to the rarity
of spontaneous nasal tumors in rodents, Recio et al. (1992)
were unable to examine the mutation spectrum in tumors
from unexposed rats. Such information might inform whether
the mutations were likely due to the promotion of common
preexisting mutations. As will be discussed in Section
3.2.5.2.1, the NTP recently conducted a study in p53 haploin-
sufficient mice and found no evidence of susceptibility to
nasal tumor formation (Morgan et al. 2017).

Figure 3. Cell proliferation in rat nasal tissue following subchronic and chronic inhalation exposure to formaldehyde. (A) Unit length labeling index in various
regions of the nasal cavity following inhalation exposure to 0.7–15 ppm formaldehyde for 3–18months (administration of [3H]thymidine by osmotic pumps). Data
from Monticello et al. (1996). (B) Unit length labeling index in various regions of the nasal cavity following inhalation exposure to 0.7–15 ppm formaldehyde for
1–42 days (administration of [3H]thymidine by i.p. injection). Data from Monticello et al. (1991). ALM: anterior lateral meatus; PLM: posterior lateral meatus; AMS:
anterior mid-septum; PMS: posterior mid-septum; MMX: medial maxilloturbinate.
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3.2.3. Chemical properties
Formaldehyde is a small, water soluble, reactive aldehyde.
Without any exogenous exposure, formaldehyde can be
detected in blood and tissues at concentrations of �100mM
(Heck et al. 1985; Casanova et al. 1988). Sources of endogen-
ous formaldehyde include N-, O-, and S-demethylation reac-
tions, the one-carbon pool (or 1 C cycle), and DNA
demethylation reactions (Heck and Casanova 2004; Walport
et al. 2016). Natural exogenous sources of formaldehyde
include foods, where both formaldehyde and methanol
(which is metabolized to formaldehyde) are naturally present
(IARC 2006). Formaldehyde (CH2O) reacts with water to form
a product variably referred to as formaldehyde hydrate, for-
maldehyde acetal, methylene glycol, or methane diol.
Formaldehyde also reacts with thiols (e.g. GSH, protein) and
amines (amino acids and DNA bases). These reactions likely
play an important role in the toxicity of formaldehyde.
Notably, researchers have capitalized on the reactivity of for-
maldehyde (and reversibly bound formaldehyde) to generate
stable moieties amenable to analytical detection (see below).

One likely contributor to the naturally occurring levels of
formaldehyde present in blood and tissue is the 1 C cycle.
Cleavage of serine to glycine by serine hydroxymethyltrans-
ferases liberates formaldehyde, which subsequently binds to
tetrahydrofolate (THF) to form 5,10-methylene-THF (Tibbetts
and Appling 2010; Burgos-Barragan et al. 2017). This latter
metabolite then serves as a carbon source for methylation
reactions or can be incorporated into amino acids, nucleoti-
des, and other biomolecules that, in turn, are incorporated
into macromolecular structures such as proteins and DNA
(Figure 4). Under certain circumstances, 5,10-methylene-THF
can release formaldehyde (Burgos-Barragan et al. 2017).

3.2.4. Toxicokinetics
3.2.4.1. Metabolism. Enzymatic detoxification of formalde-
hyde3 is mediated mainly by two pathways (Figure 4). One
pathway involves glutathione-dependent formaldehyde
dehydrogenase, which is called class-III alcohol dehydrogen-
ase (ADH3) in rodents and ADH5 in humans (Koivusalo et al.
1989). In this pathway, formaldehyde reacts with GSH to
form hydroxymethyl glutathione (HMGSH) that is reduced by
ADH3/5 to S-formylglutathione (FGSH), and this product is
then hydrolyzed by S-formylglutathione hydrolase (FGH) to
formate along with regeneration of GSH (Uotila and
Koivusalo 1974). Notably, the endogenous levels of GSH in
nasal tissue are approximately 7-fold higher than endogen-
ous formaldehyde levels (2.8 vs. 0.4mM) (Heck et al. 1982;
Casanova-Schmitz, David, et al. 1984).

ADH3/5 has additional functions, including the catabolism
of S-nitrosoglutathione (GSNO) and is therefore known in
other literature as GSNO reductase (GSNOR) (Jensen et al.
1998; Liu et al. 2001). This function plays an important role in
nitric oxide (NO) signaling and nitrosothiol regulation in cells
(Hess et al. 2005; Foster et al. 2009). This dual functionality
can lead to confusion since many studies that experimentally
manipulate ADH3/ADH5/GSNOR interpret their findings
depending on whether their experimental interest is in for-
maldehyde toxicity or NO-related signaling—often with little

consideration of the other pathway/function. ADH3/5 is evo-
lutionarily conserved, expressed in most tissues, and is pre-
sent in the cytoplasm and nucleus (Keller et al. 1990;
Danielsson and Jornvall 1992; Iborra et al. 1992; Estonius
et al. 1996; Fernandez et al. 2003; Thompson et al. 2009).
Officially, this protein is now called GSNOR or ADH5, with the
gene name ADH5 (Barnett and Buxton 2017).

The second enzymatic pathway involves the metabolism
of free formaldehyde by aldehyde dehydrogenase-2 (ALDH2);
however, this pathway may only be relevant under higher
exposure conditions due to the overall low affinity of ALDH2
for formaldehyde (Staab, Hellgren, et al. 2008; Teng et al.
2001). As noted in the previous section, non-enzymatic reac-
tions of free formaldehyde acetal occurs via reversible bind-
ing with cellular macromolecules such as proteins and DNA;
entry into the 1 C cycle leads to irreversible incorporation
into macromolecules (Burgos-Barragan et al. 2017).

Based on measured formaldehyde concentrations, it is
estimated that mammals produce between 0.61 and 0.91mg
of formaldehyde per kilogram bodyweight per minute (EFSA
2014). Assuming an average of 0.76mg/kg bodyweight for-
maldehyde production per minute, a 250 g rat produces over
1000mg/kg-day4 or 274mg/day. Based on nasal tissue vol-
ume estimates of �200mm3 (equating to �200mg)5 (Gross
et al. 1982), the nasal compartment would contribute
�0.08% to this total formaldehyde production, or �0.22mg
of formaldehyde per day (274mg/day � 0.08%). Assuming
100% deposition of formaldehyde into the nasal tissue
region, the inhalation concentrations used in formaldehyde
cancer bioassays result in estimated tissue doses that exceed
endogenous levels (i.e. 0.22mg) starting somewhere between
2 and 6 ppm (Table 2).

Consistent with this exceedance between 2 and 6 ppm,
Andersen et al. (2010) developed a pharmacokinetic model
linking inhaled formaldehyde exposures (input) to loss
through exhalation, diffusion, reversible GSH binding and
metabolism to formate, as well as crosslinking based on ear-
lier data on 14C-DNA-protein crosslinks (discussed in the fol-
lowing section). Andersen et al. (2010) model predictions
indicated that exposure to �2 ppm would result in minimal
changes in GSH and formaldehyde acetal formation, whereas
exposures above 4 ppm depletes GSH more rapidly with con-
comitant increases in formaldehyde acetal formation.

3.2.4.2. Biomarkers of exposure. The reactivity and rapid
metabolism of formaldehyde all but preclude systemic distri-
bution of inhaled formaldehyde. To date, studies that have
attempted to detect systemic distribution of formaldehyde
have all failed to detect increases in blood levels of formalde-
hyde following inhalation exposure. Early studies reported no
detectible increases in blood formaldehyde levels in humans
exposed to 1.9 ppm for 40min, monkeys exposed to 6 ppm
for 6 h/day for four weeks, or rats exposed to 14 ppm for two
hours (Heck et al. 1985; Casanova et al. 1988). More recently,
rats exposed to 10 ppm [13C]-formaldehyde for 6 h did not
exhibit significant increases in blood formaldehyde or stabi-
lized methanediol during or after exposure using HPLC-MS/
MS (Kleinnijenhuis et al. 2013). Furthermore, studies with
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labeled formaldehyde (see below) are unable to detect
labeled formaldehyde adducts with DNA or protein in blood
lymphocytes, bone marrow, or other tissues beyond the site
of contact. Taken together, the available pharmacokinetic
data provide no evidence for the delivery of inhaled formal-
dehyde beyond the portal of entry. These findings are
broadly consistent with a lack of systemic toxicity following
inhalation exposure.

The reactivity of formaldehyde with proteins and DNA as
well as in vitro evidence of genotoxicity (see Section 3.2.5.1)
indicate a potential for inhaled formaldehyde to cause nasal

tumors through genotoxic mechanisms. Figure 5 summarizes
decades of research investigating the concentrations of
inhaled formaldehyde that result in DNA-protein crosslinks
(DPC) in nasal tissue. Over the years, there has been an evo-
lution in both the exposure technology and the analytical
methods used to detect adducts arising from exposure to
exogenous formaldehyde. Early studies detected DPC by
extraction of interfacial DNA comprised of DPC (Casanova-
Schmitz and Heck 1983; Casanova-Schmitz, Starr, et al. 1984),
and later by high-performance liquid chromatography (HPLC)
technologies (Casanova et al. 1989, 1991, 1994). By 2010,
dual stable isotope [13CD2]-formaldehyde exposure and
HPLC-MS technologies were capable of tracing exogenous
formaldehyde in various tissues and were capable of distin-
guishing endogenous formaldehyde adducts from exogenous
heavy isotope adducts.

Casanova-Schmitz and Heck (1983) exposed F344 rats to
2, 6, 15, and 30 ppm unlabeled formaldehyde for 6 h on two
consecutive days and then harvested respiratory mucosa
from the nasoturbinates, maxilloturbinates, lateral walls, and
median septum, as well as olfactory mucosa (see Figures 1
and 2). With the exception of the olfactory mucosa, these
regions were combined for DPC analysis. DPC was measured
following phenol-chloroform extraction, where DNA and lipid

Figure 4. Diagram of formaldehyde metabolism and select adduct formation. See text for various acronyms. Cofactors such oxidized and reduced nicotinamide
adenine dinucleotide (NADþ and NADH) are not shown for simplicity. Formaldehyde is shown crosslinking deoxyguanine (dG) and the cysteine in the tripeptide
GSH as an example of relatively stable -N-Me-S- formaldehyde linkages that form between DNA and proteins (DPC). Such DPC have been shown to undergo
hydrolysis to HmdG. Examples of mass differences between exogenous (m/z¼ 285.2) and endogenous (m/z¼ 282.2) HmdG (in box), which can also undergo
hydrolysis back to dG. The mM levels of formaldehyde and GSH are from Andersen et al. (2010).

Table 2. Estimated nasal tissue dose in rats.

Formaldehyde
(ppm)

Formaldehyde
(mg/m3)

Intake
(m3/6 h)

Dose
(mg/6 h)

0.001 0.001 0.077 9.45E-05
0.03 0.037 0.077 0.00283
0.3 0.37 0.077 0.0283
0.7 0.86 0.077 0.0661
2 2.5 0.077 0.189
6 7.4 0.077 0.567
10 12 0.077 0.945
15 18 0.077 1.42

Bold values indicated inhalation exposure and tissue doses flanking internal
dose of 0.22mg.

CRITICAL REVIEWS IN TOXICOLOGY 927



material segregate into supernatant and pellet fractions,
respectively—leaving proteins in the interfacial layer between
the aqueous and pellet phases. It was demonstrated that
DNA isolated from the interfacial layer following protein
hydrolysis with proteinase K were involved in covalent DPC
formation. Increases in DNA were recovered in the interfacial
layer isolated from the respiratory mucosa of rats exposed to
all exposure concentrations, albeit only significantly at
�6 ppm formaldehyde; there was no apparent increase in the
olfactory mucosa.

Casanova-Schmitz and colleagues subsequently exposed
rats to 0.3, 2, 6, 10, or 15 ppm formaldehyde in a mixture of
[14C]-formaldehyde and [3H]-formaldehyde for 6 h one day
after exposure to the same concentration of unlabeled for-
maldehyde, which was done to initiate cell turnover
(Casanova-Schmitz, Starr, et al. 1984). Again, DNA was iso-
lated from respiratory mucosa from the nasoturbinates, max-
illoturbinates, lateral walls, and median septum, as well as
olfactory mucosa and bone marrow by phenol-chloroform
extraction and quantified by liquid scintillation counting.
Covalent binding of labeled formaldehyde to DNA was
observed at �2 ppm, with evidence for significant nonlinear-
ities occurring between 2 and 6 ppm (Casanova-Schmitz,
Starr, et al. 1984).

The aforementioned studies were not able to detect sig-
nificant elevations in DPC below 2ppm. However, such
adducts were subsequently detected at 0.9 ppm in rats
depleted of GSH by phorone injection prior to inhalation
exposure to 0.9, 2, 4, 6, or 10 ppm [14C]-formaldehyde and

[3H]-formaldehyde for 3 h one day after exposure to similar
concentrations of unlabeled formaldehyde (Casanova and
Heck 1987). These data provide evidence that inhibition of
formaldehyde metabolism (or by extension saturation of for-
maldehyde metabolism) can lead to increased free formalde-
hyde and increased adduction to cellular molecules.

As analytical techniques transitioned to HPLC-LSC, exogen-
ous adducts could be more readily detected at lower expos-
ure concentrations. Casanova et al. (1989) exposed F344 rats
to 0.3, 0.7, 2, 6, or 10 ppm [14C]-formaldehyde for 6 h. DNA
was isolated from respiratory mucosa via phenol-chloroform
extraction and protein digestion with proteinase K and
labeled DNA measured by HPLC and scintillation counting.
Adducts were detected at all concentrations; however, the
dose response was highly nonlinear with the slope at 10 ppm
being 7-fold higher than at 0.3 ppm (Casanova et al. 1989).

Casanova et al. (1994) subsequently measured DPC in lon-
ger-term 12-week studies in F344 rats. Specifically, F344 rats
were exposed to 0.7, 2, 6, or 15 ppm formaldehyde 6 h per
day in chambers for 11weeks and four days followed by 3 h
of nose-only exposure to [14C]-formaldehyde on the fifth day
of week 12. In addition to these “pre-exposed” rats, a set of
unexposed “naïve” rats received acute 3-h exposure to [14C]-
formaldehyde on the same day. Another set of rats was
exposed to 6 and 10 ppm as described above; however,
unlabeled formaldehyde was used on the final day of expos-
ure. These rats were used to assess the potential for DPC
accumulation, whereas the rats exposed to [14C]-formalde-
hyde were used to compare acute DPC formation in naïve

Figure 5. Summary of formaldehyde-DNA and formaldehyde-protein adducts following inhalation exposure to formaldehyde. Studies show the progression of
exposure technology from unlabeled-formaldehyde to dual heavy isotope [13CD2]-formaldehyde, and progression of analytical technology from liquid scintillation
counting (LSC) to HPLC technologies, mass spectrometry technologies and most recently to nano-LC-MS/MS methods following inhalation exposure to formalde-
hyde. Note: Casanova & Heck (1987) exposed rats after pretreatment with corn oil (þGSH) or the GSH inhibitor phorone (�GSH). Open symbols represent doses
where DPC or related adducts were not observed at experimental concentrations. Triangles represent non-human primates (all other data are in rats). Dotted line
represents 0.3 ppm.
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and pre-exposed rats. Similar to previous experiments, the
lateral meatus (high tumor region) and the medial and pos-
terior meatuses (low tumor regions) were collected for DPC
analysis in rats exposed to [14C]-formaldehyde. DPC was
measured as described above (Casanova et al. 1989, 1991).
Exposure to 0.7 and 2 ppm had no discernable effects on
histopathology of the transitional and respiratory epithelium.
At 6 ppm, squamous metaplasia and hyperplasia were evi-
dent in the lateral meatus, whereas these lesions were also
evident in the medial meatuses at 10 and 15 ppm. Additional
lesions at 15 ppm included epithelial erosion, inflammatory
cells, and keratinizing epithelial plaques. DPC yields were �6-
fold higher in the lateral meatus than the medial and poster-
ior meatuses at all exposure concentrations. DPC levels were
lower in pre-exposed rats than naïve rats. One potential
explanation for this reduction is dilution by increased cellular-
ity, as evidenced by metaplasia and hyperplasia in the lateral
meatus as well as �60% increases in the tissue weight of epi-
thelial samples collected for DNA extraction. Cumulative DPC
were measured as described above (Casanova-Schmitz and
Heck 1983; Casanova-Schmitz, Starr, et al. 1984) and com-
pared between naïve and pre-exposed rats. DPC were lower
in pre-exposed rats, which Casanova et al. interpreted as evi-
dence against DPC accumulation.

The aforementioned DPC work did not identify specific
DPC moieties. The next evolution in formaldehyde adduct
investigation came in 2010 when Swenberg and colleagues
showed that sensitive liquid chromatography/mass spectrom-
etry (LC-MS) could be used to distinguish specific endogen-
ous and exogenous DNA adducts in rat nasal tissue following
inhalation exposure to various concentrations of [13CD2]-for-
maldehyde. In the first of a series of studies, F344 rats were
exposed to 10 ppm [13CD2]-formaldehyde for 6 h per day for
1 or 5 days and nasal tissue, spleen, thymus, lung, liver, and
bone marrow collected for analysis (Lu, Collins, et al. 2010).
Nasal samples were comprised of “respiratory epithelium
from the right and left sides of the nose and from the

septum” (see the blue shaded region of the sagittal section
of the rat head in Figure 2). Lu and colleagues found that
exposure to formaldehyde increased exogenous N2-hydroxy-
methyldeoxyguanosine (HmdG) adducts (square in Figure 4)
but not other adducts such as N6-hydroxymethyldeoxyadeno-
sine (HmdA). In contrast, endogenous HmdG and HmdA
adducts were observed in all tissues and generally unaltered
by exposure. These data suggest that exogenous formalde-
hyde exposure preferentially results in lesions at guan-
ine residues.

The dose-response for exogenous adduct formation was
subsequently demonstrated in rats exposed to 0.7, 2, 6, 9,
and 15 ppm [13CD2]-formaldehyde for 6 h. The black circles in
Figure 6(A) indicate the dose-response for exogenous HmdG
formation in nasal tissue, with an apparent inflection
between 10 and 15 ppm. Also shown in Figure 6(A) are
HmdG levels after exposure to 2 ppm [13CD2]-formaldehyde
for 6 h per day for 7, 14, 21, and 28 days (Yu, Lai, et al. 2015).
These data indicate an �2.5-fold increase/accumulation in
exogenous HmdG at day 28 relative to day 7 (discussed fur-
ther in Section 3.2.5.3).

The most recent study examining exogenous adduct for-
mation following formaldehyde exposure employed more
sensitive nano-LC-MS/MS techniques to measure endogenous
and exogenous HmdG in rats following exposure to 0.001,
0.03, and 0.3 ppm [13CD2]-formaldehyde for 28 days (Leng
et al. 2019). These results are shown in the lower end of the
dose-response curve in Figure 6(A). No exogenous HmdG
were detected at �0.3 ppm, and are therefore shown based
on the limit of detection. These data provide the first direct
evidence of a potential dosimetric threshold in delivery of
inhaled formaldehyde to the rat nasal mucosa. Figure 6(B)
shows unconstrained segmental linear regression of exogen-
ous HmdG; the slope of the first segment predicts that
exposure to 0.3 ppm formaldehyde would yield �0.06 HmdG
adducts per 107 dG, which is �30-fold above the limit of
detection for the nano-LC-MS/MS (i.e. 0.002 adducts/107 dG).

Figure 6. Measures of endogenous and exogenous DNA adducts. (A) HmdG in nasal tissue of rats exposed to various concentrations of formaldehyde [13CD2]-for-
maldehyde. Filled black circles indicate HmdG levels after 6 h exposure to 0.7, 2, 6, 10, and 15 ppm [13CD2]-formaldehyde. Red triangles represent exogenous HmdG
levels after 28 days of exposure. All other symbols represent HmdG levels after exposure to 2 ppm [13CD2]-formaldehyde for indicated lengths of time. The dotted
line indicates the ±1 s.d. range on of endogenous HmdG levels reported in Lu et al. (2010); other data taken from Lu et al. (2011), Yu et al. (2015), and Leng et al.
(2019). Exogenous adducts were not detected (ND) at �0.3 ppm therefore the adducts levels were set to the limit of detection (LOD). The dotted line indicates the
±1 s.d. range on endogenous adducts. (B) Linear scale plot of the 6 h data (black circles) and 28-day low dose data (red diamonds). The two linear segments in the
main plot are the result of segmental linear regression in Prism, which is used here to accentuate the applied concentrations that result in a change in slope (other
nonlinear models are not explored here). The inset shows the ratio of exogenous HmdG to endogenous HmdG, with the dashed line indicating unity.
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The lack of detection at and below 0.3 ppm is consistent with
the existence of clearance mechanisms as well as intuitions
from earlier researchers about the potential for limits to for-
maldehyde deposition in the rat nose. For example, Casanova
et al. (1989) stated that their DPC data “do not exclude the
possibility that at sufficiently low concentrations (<0.1 ppm),
all of the inhaled [formaldehyde] is trapped in the mucous
layer, and none is absorbed into the cell”. At higher formal-
dehyde exposures, these newer methods are consistent with
earlier work indicating nonlinearities in adduct formation
beginning �6 ppm, as evidenced in Figure 6(B) by the slope
between 10 and 15 ppm being �10-fold greater than the
slope up to 10 ppm.

As with DNA, labeled formaldehyde can be used to trace
formaldehyde-protein adducts following inhalation exposure.
Formaldehyde readily reacts with lysines in proteins to form
N6-formyllysine and therefore endogenous and exogenous
formyllysine can be distinguished when using [13CD2]-formal-
dehyde. Using LC-MS/MS, exogenous formyllysine adducts
were detected in nasal epithelium samples taken from rats
exposed to 0.7–9 ppm [13CD2]-formaldehyde for 6 h, whereas
exogenous formyllysine adducts were not detected in lung,
liver, or bone marrow (Edrissi et al. 2013). When proteins
were separated by compartment (e.g. cytoplasmic, nuclear,
membrane), exogenous formyllysine adducts were lower in
nuclear protein than in other regions.

As shown in Figure 5, adduct data have also been col-
lected in monkeys exposed to formaldehyde. Casanova et al.
(1991) exposed rhesus monkeys to 0.7, 2, or 6 ppm [14C]-for-
maldehyde for 6 h and collected nasal tissue from the middle
turbinates, anterior lateral walls, septum, nasopharynx, maxil-
lary sinuses, larynx-trachea-carina, intrapulmonary airways,
and lung. DPC were quantified as described above (Casanova
et al. 1989). DPC were highest in the middle turbinates, fol-
lowed by lateral walls and septum, and finally the nasophar-
ynx. No DPC were detected in the maxillary sinus or lung.
The areas of greatest DPC formation were consistent with
areas of lesions reported in 6months exposure studies in
monkeys (Monticello et al. 1989). Moeller et al. (2011)
exposed cynomolgus macaque monkeys to 2 or 6 ppm
[13CD2]-formaldehyde for 6 h on two consecutive days and
detected exogenous HmdG in maxilloturbinates but not in
bone marrow. Overall, these adduct studies in monkeys
exhibit parallels to rats, i.e. similar adducts form in nasal tis-
sue at sites where formaldehyde inhalation causes tis-
sue lesions.

3.2.4.3. Formaldehyde dosimetry models. Three-dimensional
modeling of formaldehyde gas flow through rodent nasal
passages began in the early 1990s with water-dye systems
and acrylic molds (Morgan et al. 1991). These methods gave
way to computer-based computation fluid dynamic (CFD)
models of nasal passages constructed from measurements
made in serial sections of rodent nasal passages (Kimbell
et al. 1993; Kimbell, Godo, et al. 1997). For example, Kimbell
et al. (1993) used twenty-five 50mm step sections through
the anterior 16mm of the rat nose to construct a model of
the nasal passage by tracing the perimeter of the right nasal

airway on a digitizing tablet thereby generating x and y coor-
dinates for each 50mm section. Computer software was then
used to generate 2-dimensional grids of sections that were
subsequently used to generate a 3-dimensional “wire-frame”
of the nasal passages. Simulated airflow in the physiological
range of F344 rats (126–556ml/min) was used to quantify
nasal airflow (cm/sec) through various regions of the nasal
passage. Simulations of inhalation of gaseous formaldehyde
and air-phase transport to airway walls were carried out; not-
ably, the airway walls were considered sinks—meaning that
formaldehyde reaching the walls was readily absorbed.
Critically, anterior airway walls receiving the highest simu-
lated formaldehyde dose (or flux; ppmol/mm2-h-ppm at a
given inspiratory flow rate) correlated well with regions of
tumor formation. Figure 1(D) indicates that the highest flux
estimates occur in the lateral meatus where the majority of
nasal lesions occur (squamous metaplasia, cell proliferation,
DPC, and tumors) (Figure 2). This CFD model was expanded
to include, among other changes, mapping of locations of
normal squamous epithelium along the airway walls (Kimbell,
Gross, et al. 1997). Simulations of formaldehyde inhalation
were carried out again, this time correlating flux at airway
walls at 10 and 15 ppm to regions of formaldehyde-induced
squamous metaplasia6. The CFD model was subsequently
expanded to include 596 50-mm step sections through the
entire nasal cavity of rats (Kimbell, Godo, et al. 1997).

A CFD model of monkey nasal airways was constructed
from coronal sections in a manner similar to that described
above (Kepler et al. 1998), and a human CFD model was con-
structed from MRI scans of human noses (Subramaniam et al.
1998). These CFD models were subsequently used to esti-
mate formaldehyde dosimetry in monkeys and humans to
aide in interspecies extrapolation as well as inform MOA
(Kimbell et al. 2001). For example, Kimbell and colleagues
reported that formaldehyde flux predictions at locations pre-
viously demonstrated to exhibit increased cell proliferation in
rats and monkeys following formaldehyde exposure were
within four-fold of one another (note: these results were
achieved using minute volume values twice the resting
minute volume for each species). Kimbell et al. also noted
that some regions of the human nasal passages were esti-
mated to experience similar flux (pmol/(mm2-h-ppm)) values
to those estimated in the rat anterior lateral meatus. These
findings suggest the potential for certain regions in the
human nasal passage to receive internal doses of formalde-
hyde that are carcinogenic to rats under long-term exposure
scenarios. This issue is discussed further in Section 3.6.

More recently, CFD models for rats and monkeys were
updated using newer medical imaging software, and the
human model was replaced with computed tomography
scans from an adult woman thereby increasing the fidelity of
the CFD models (Schroeter et al. 2014). Uptake into nasal
passage walls was modeled with a three-tier epithelial model
consisting of a mucous layer, epithelial layer and submucosal
layer; endogenous formaldehyde levels were included based
on empirical data in order to assess the impact of endogen-
ous levels on formaldehyde uptake. At exposure >500 ppb,
endogenous formaldehyde levels did not affect model uptake
predictions, whereas exposures below 500 ppb decrease net
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uptake. In humans, exposures below 1ppb were estimated to
result in net desorption of formaldehyde. Similar to Kimbell
et al. (2001), regions of highest flux in rats and monkeys cor-
related with regions of high cell proliferation and DPC forma-
tion described in previous sections. The utility of these
dosimetry models for understanding MOA and risk implica-
tions are discussed in later sections.

3.2.5. Genotoxicity
Another factor Eastmond (2012) identified as important for
regulatory decisions is evidence of in vivo genotoxicity, par-
ticularly within the target tissues of carcinogenic interest. In
reviewing formaldehyde articles published over the last sev-
eral decades, formaldehyde and/or DPC have been inconsist-
ently referred to as either weakly or strongly mutagenic,
often with little or no evidence or context provided. For
example, Lai et al. (2016) state that “formaldehyde-induced
DPCs have long been recognized as a highly mutagenic form
of DNA damage (emphasis added), whereas a report from a
Consensus Workshop on Formaldehyde characterized formal-
dehyde as “weakly mutagenic in human cells in culture as
well as other mammalian cells, Drosphhila, fungi and
bacteria” (emphasis added) (CWF 1984). Clearly, there is a
need to better understand the genotoxic potential of formal-
dehyde in vivo, particularly in the nasal cavity.

Before we evaluate the in vivo genotoxicity data for for-
maldehyde, the following section briefly describes the in vitro
genotoxicity of formaldehyde so as to inform the types of
genotoxicity one might expect to observe in vivo. In this art-
icle, we classify genotoxicity broadly into three categories:
clastogenicity, aneugenicity, and mutagenicity. Clastogenicity
is defined as large DNA breaks (also called chromosomal
mutations) empirically observable as chromosomal aberra-
tions or micronuclei that primarily arise through the direct
interaction of an agent with DNA. Aneugenicity is empirically
similar to clastogenicity, but primarily the result of toxicity to
proteins (e.g. spindle poisons). Mutagenicity is defined as
small gene mutations (e.g. point mutations) that arise
through direct interaction of an agent with DNA.

With regard to mutagenicity in the context of environ-
mental risk assessment, it is generally argued that DNA
reactivity is nearly synonymous with mutagenicity and car-
cinogenic potential (Preston and Williams 2005). However,
Preston and Williams specifically refer to “target cells,” which
they define not as tissue target location but rather stem cells
within target tissues. In the small intestine, for example, there
are a small number of stem cells per intestinal crypt that
give rise to a large number of progeny forming the intestinal
mucosa; moreover, these stem cells appear to be well pro-
tected from the luminal contents (Brooks et al. 1999;
Thompson, Seiter, et al. 2015). Furthermore, some intestinal
carcinogens that are both genotoxic in vitro and cytotoxic
in vivo are negative in in-vivo genotoxicity assays (Chidiac
and Goldberg 1987; O’Brien et al. 2013; Thompson, Wolf,
et al. 2015; Thompson et al. 2017; Aoki et al. 2019). Even in
simplistic in vitro models, there is growing evidence that
some DNA reactive agents increase DNA lesions linearly but
increase mutations sublinearly (or exhibit hockey stick shape)

(Pottenger et al. 2019). The following section briefly describes
in vitro evidence of formaldehyde genotoxicity, followed by
sections indicating a lack of genotoxicity in vivo.

3.2.5.1. In vitro genotoxicity. Formaldehyde is unequivocally
genotoxic via several measures (Albertini and Kaden 2017). In
E. coli, formaldehyde induces point mutations, insertions and
deletions (IARC 2006). In mammalian cells, formaldehyde
increases DPCs, sister chromatid exchange, micronuclei (MN),
and cytotoxicity all within a similar range of concentration
with limited evidence for gene mutation or aneugenic mech-
anisms (Merk and Speit 1998; Speit, Kuhner, et al. 2011;
Albertini and Kaden 2017). Formaldehyde induces positive
responses in the mouse lymphoma assay; however, these are
primarily the small colonies indicative of small-scale chromo-
somal rearrangements as opposed to point mutations (Speit
and Merk 2002). Although formaldehyde seems to preferen-
tially form chromosomal damage as opposed to point muta-
tions, DPC are recognized as lesions that can lead to multiple
forms of genetic damage (Stingele and Jentsch 2015). As
such, multiple forms of in vivo genotoxicity testing are rele-
vant to the assessment of genotoxicity of formaldehyde in
target tissues.

It is important to realize that genetic toxicologists acknow-
ledge that DPC repair is poorly understood, including only
recent discovery of DPC proteases involved in formaldehyde-
induced DPC repair (Stingele et al. 2016; Fielden et al. 2018).
Some of these DPC proteases, such as SPRTN, are coupled to
transcription (Vaz et al. 2016), suggesting perhaps increased
repair of DPC in dividing cells compared to non-dividing
cells. Relatedly, there is evidence that ADH3/5 expression is
elevated in proliferating cells relative to non-proliferating
cells (Hedberg et al. 2000). These two findings indicate that
proliferating cells are susceptible to formaldehyde-induced
DPC and therefore primed to express proteins that prevent/
manage such lesions. As will be discussed further in Section
3.2.5.3, the linkage between formaldehyde-related DPC and
genotoxicity and cancer risk is uncertain and thus it is critical
to assess the in vivo genotoxic potential of formaldehyde.

3.2.5.2. In vivo genotoxicity. As described in the Methods,
Table 3 lists the 16 published in vivo genotoxicity studies
along with their TSCA score (see Methods). The single oral
genotoxicity study on formaldehyde reported significant
increases in micronuclei (MN) in the gastrointestinal tract of
rats administered 200mg/kg formaldehyde by oral gavage
(Migliore et al. 1989). Considering that chronic exposure of
up to 300mg/kg body weight formaldehyde administered in
drinking water is not carcinogenic to the gastrointestinal
tract, it is difficult to interpret these positive MN findings.
The gavage dosing may exceed protective mechanisms that
are not exceeded when exposure is to high concentrations of
formaldehyde via small bouts of drinking water intake. Recall
also that oral carcinogenicity studies with formaldehyde
reported cytotoxicity that might explain the positive findings
(see Section 3.1).

Although not an environmentally relevant route of expos-
ure, several studies have examined the genotoxicity of
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formaldehyde following intraperitoneal (i.p.) injection. These
studies report negative results for clastogenic measures such
as chromosomal aberrations (CA) and MN (Fontignie-
Houbrechts 1981; Gocke et al. 1981; Natarajan et al. 1983).
This non-physiological exposure route would potentially
increase formaldehyde exposure to cells of systemic organs
such as bone marrow, spleen, and testes. However, the nega-
tive results in these studies might potentially be explained
by hepatic portal clearance, enzymatic detoxification, and
non-enzymatic clearance (e.g., protein binding) prior to
reaching systemic target tissues where genotoxicity
is assessed.

More relevant to the MOA discussions for nasal tumors
are the studies that have measured genotoxicity following
inhalation exposure to formaldehyde (Table 3). Rats exposed
to up to 15 ppm formaldehyde for 6 h/day for five days to
four weeks did not exhibit increases in clastogenic markers in
peripheral blood cells such as sister chromatic exchange
(SCE), CA, or MN (Kligerman et al. 1984; Speit et al. 2009).
Similarly, inhalation exposure of rats to up to 15 ppm formal-
dehyde for 8weeks did not increase CA in bone marrow cells
(Dallas et al. 1992). In the same study, Dallas et al. reported
that CA were significantly elevated in pulmonary macro-
phages of rats exposed to 15 ppm for 1week and for
8weeks, whereas significant increases were not observed at
0.5 and 3 ppm. A more recent study examining genotoxicity
in lung cells collected by broncho-alveolar lavage did not
observe clastogenic damage in rats following exposures up
to 15 ppm formaldehyde for 6 h/day for four weeks (Neuss
et al. 2010). Regarding the opposing finding in lung cells
from Dallas et al. (1992) and Neuss et al. (2010), the latter
study also performed a Comet assay. Consistent with the lack
of MN induction, no significant differences in tail moment
(i.e. DNA damage or DPC) were observed. Neuss et al. (2010)
also point out that in vitro data indicate that MN should be
more prevalent than CA following formaldehyde exposure,
suggesting that MN should be a more sensitive endpoint
than CA. Furthermore, Neuss et al. argue that MN formation
is well accepted to be easier to identify and far less subject-
ive than CA scoring. The disparate clastogenicity results from
Neuss et al. (2010) and Dallas et al. (1992) can also be medi-
ated with dosimetry data discussed previously. Specifically,
labeled (i.e. exogenous) DNA-formaldehyde adducts can be
detected in the nasal tissue but not the lung of rats exposed
to 10 and 15 ppm [13CD2]-formaldehyde (Lu, Collins, et al.
2010). As such, the weight of evidence supports the negative
clastogenic results described by Neuss et al. (2010).

ICR mice exposed to 0.82 and 8.2 ppm formaldehyde (1 or
10mg/m3) for 2 h per day for 20weeks did not exhibit signifi-
cant increases in bone marrow MN (Liu et al. 2017), whereas
ICR mice exposed to 16, 33, or 65 ppm (i.e. 20, 40, or 80mg/
m3) for 2 h per day for 15 days exhibited significant increases
in bone marrow MN (Yu et al. 2014). Although not investi-
gated in the study, the 50% respiratory rate decrease (RD50)
for mice is �4 ppm (Chang et al. 1981), and thus exposure to
�16 ppm formaldehyde likely induced reflex bradypnea.
Reflex bradypnea can result in hypothermia in small mam-
mals (Pauluhn 2003; Gordon et al. 2008) and the latter is a
known confounder for MN assays (Asanami et al. 1998, 2001;

Tweats et al. 2007). Yu et al. published another study where
mice were exposed to 16, 33, or 65 ppm for 2 h per day for
15 days (Yu, Song, et al. 2015). DNA damage via Comet assay
was scored by five categories of severity; however, scoring
criteria were not described. Yu, Song, et al. (2015) reported
significant increases in bone marrow DNA damage in mice
exposed to �33 ppm formaldehyde. Importantly, the studies
by Yu and colleagues and Liu et al. (2017) provided little
information on the test article or exposure conditions. Given
other deficiencies in reporting (e.g. source and strain of mice,
analytical verification, etc.), these findings are highly uncer-
tain. Indeed, the TSCA score for these three studies were
quite low (Table 3).

Two studies have measured genotoxicity in the target tis-
sue of interest (the nasal mucosa of rats) following repeated
exposure to carcinogenic concentrations of formaldehyde, i.e.
�6 ppm (Table 3). Importantly, these assays cover a broad
spectrum of genotoxicity including clastogenicity, aneugenic-
ity, and mutagenicity. Furthermore, both studies measured
cell proliferation within the target tissue via 5-bromo-20-deox-
yuridine (BrdU) labeling to confirm dosimetry by increased
cell proliferation (Meng et al. 2010; Speit, Schutz, et al. 2011).
The increase in cell proliferation is critical because markers of
genotoxicity like MN and mutant frequency (MF) require cell
division in order to be “fixed” (i.e. encoded) and empirically
observed. As such, the formaldehyde concentrations used in
these studies should be ideal for detecting markers of geno-
toxicity if present.

Speit, Schutz, et al. (2011) exposed F344 rats to 0.5, 1, 2,
6, 10, and 15ppm formaldehyde for 6 h per day 5 days/week
for 28 days (Table 3). Osmotic pumps for BrdU labeling were
implanted to assess cell proliferation 3 days prior to necropsy.
Epithelial tissue was collected from the “nasal turbinates and
septum,” washed, cryo-centrifuged onto slides and 2000 epi-
thelial cells scored from each rat. It is unclear whether these
samples included the lateral meatus; nevertheless, these
regions do correspond to regions of tumor formation (Figure
2). Consistent with other studies, exposure to formaldehyde
significantly increased cell proliferation (ULLI) in the lateral
meatus and nasoturbinates at �6 ppm, and maxilloturbinates
at �10 ppm. Despite clear signs of formaldehyde reaching
the rat nasal target tissue, i.e. increasing cell proliferation, no
increases in MN were observed in any treatment group.
There are three potential explanations for this finding. One,
MN formed but were lost/exfoliated prior to tissue extraction
and preparation. Given that exposures included concentra-
tions that induced varying degrees of cell proliferation, it
seems unlikely that all MN would be lost due to cell turnover.
A second potential explanation is that the assay lacked sensi-
tivity. Speit, Schutz, et al. (2011) acknowledged that while
they attempted to induce nasal MN by exposing rats orally
to the mutagen cyclophosphamide, they were unable to
detect increased MN in nasal tissue. However, it is unknown
whether cyclophosphamide (which requires metabolic activa-
tion) would increase MN in nasal tissue following oral expos-
ure. Notwithstanding the lack of a positive control, the use of
(i) multiple concentrations (including carcinogenic concentra-
tions), (ii) multiple DPC forming concentrations, (iii) multiple
proliferation-inducing concentrations, and (iv) an
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unambiguous endpoint (i.e. MN) should have biased the
study toward detection of DNA damage if it occurred. A third
explanation for the lack of MN is that while formaldehyde
induces DPC in cells of the portal of entry, DPC might not
form in proliferating cells of the mucosa at a rate sufficient
to cause clastogenic damage. Such cells may be protected
from direct formaldehyde exposure by mucus and superficial
cell layers, as well as the aforementioned evidence for
increased activity and/or levels of SPRTN and ADH3/5 in pro-
liferating cells. Speit and colleagues rightfully caution against
overinterpreting these findings; however, the absence of MN
formation was unexpected.

Meng et al. (2010) exposed F344 rats to 0.7, 2, 6, 10 and
15ppm formaldehyde 6 h/day, 5 days/wk for 13weeks (Table
3). Meng et al. (2010) used the sensitive allele-specific com-
petitive blocker-PCR (ACB-PCR) mutation assay to look for
mutations in codon 271 of p53 and codon 12 of kras. Given
previous evidence that p53 mutations are prevalent (5/11) in
formaldehyde-induced nasal tumor tissues, and that 1/5
tumors had a mutation in codon 271 (Recio et al. 1992), this
is an ideal mutation to examine in a shorter-term formalde-
hyde study. Codon 12 of kras was examined due to its pos-
sible involvement in nasal tumors (Meng et al. 2010). Nasal
tissue collection at LII included transition and respiratory epi-
thelium from the lateral meatus and nasoturbinates; the max-
illoturbinates and olfactory epithelium were discarded.
Statistically significant increases in cell proliferation were
observed in the anterior lateral meatus of rats exposed to
�10 ppm formaldehyde. Despite clear signs of formaldehyde
reaching the target tissue and increasing cell proliferation, no
increase in MF of these codons were observed in any treat-
ment group. Although this study arguably lacks the coverage
provided by a transgenic rodent mutation assay (OECD 2013),
it supports a lack of involvement of small gene mutations
(e.g. point mutations) in the MOA. Taken together with the
apparent absence of clastogenic damage in the target tissue,
these data support a non-mutagenic MOA for formaldehyde.

Several studies report genotoxic effects in blood, buccal
or nasal samples taken from workers occupationally exposed
to formaldehyde (see reviews (Albertini and Kaden 2017;
Fenech et al. 2016). Here, we focus on the studies that meas-
ured genotoxicity in human volunteers exposed to formalde-
hyde in controlled settings because there are considerably
fewer confounding influences and far better dose character-
izations in controlled settings. Speit et al. (2007) exposed 21
subjects to formaldehyde for 10 consecutive workdays at
exposures ranging from 0.15 to 0.5 ppm for 4 h/day with four
15-min peak exposures to 1 ppm. No statistically significant
increases in buccal MN were observed immediately after
exposure, or 7–21 days after exposure (Speit et al. 2007).
Zeller et al. (2011) exposed 41 male volunteers to formalde-
hyde in chambers for 4 h/day for 5 consecutive days.
Exposures were either 0.3, 0.4, 0.5, or 0.7 ppm with 15-min
peak exposures up to 0.8 ppm, with some peak exposures
occurring while riding an exercise bike. No changes in geno-
toxic endpoints (SCE, MN, Comet) were observed in periph-
eral blood cells or nasal epithelial cells (Zeller et al. 2011).
3.2.5.2.1. Insights from Trp53 deficient rodent models for
informing genotoxicity. Though not a genotoxicity assay per

se, the U.S. National Toxicology Program (NTP) of the
National Institute of Environmental Health Sciences (NIEHS)
conducted a study to “evaluate the potential role of the
Trp53 gene in formaldehyde-induced nasal carcinogenici-
ty… in genetically susceptible mice” (Morgan et al. 2017).
Two mouse strains haploinsufficient for Trp53 were exposed
to 7.5 or 15 ppm formaldehyde 6 h/day for eight weeks and
sacrificed 32weeks later at �50weeks of age (Table 3). These
mouse strains were designed such that shortened cancer bio-
assays could be conducted due to their increased sensitivity
to carcinogens (particularly genotoxic carcinogens) due to
the loss of the p53 tumor suppressor (Eastmond et al. 2013).
The study authors state that, “[t]he primary formaldehyde-
related finding was squamous metaplasia of the respiratory
epithelium of the nose…” indicating that “… formaldehyde
caused significant injury to the nasal mucosa and cell prolif-
eration…” (Morgan et al. 2017). These observations demon-
strate that formaldehyde reached the target tissue of interest
but did not induce any DNA lesions leading to neoplasia.
Although mice are less sensitive to formaldehyde due to irri-
tant induced reflex bradypnea (resulting in lower tissue dos-
imetry) and a longer exposure duration might have resulted
in different findings in the Trp53þ/� mice, this study was
designed, approved, and conducted by the NIEHS. The
study authors concluded that the results “do not support a
role for Trp53 in formaldehyde-induced neoplasia”. More
broadly, this study provides additional weight of evidence
that genotoxicity is not an early initiating key event in the
development of formaldehyde-induced nasal tumors in
rodents (Thompson 2018).

3.2.5.2.2. Insights from ADH5 deficient rodent models for
informing genotoxicity. Over the past two decades, several
groups have developed ADH5�/� (aka ADH3�/� or GSNOR�/�)
mice, primarily to investigate functions unrelated to formalde-
hyde. For example, GSNOR�/� mice were developed to exam-
ine the potential benefits of ablating GSNOR and elevating
GSNO (an endogenous bronchodilator) in animal models of
asthma (Que et al. 2005; Green et al. 2012). GSNOR�/� mice
were found to exhibit an increased incidence of hepatocellular
carcinoma (HCC), but not other tumors, relative to their
C57BL/6 background. This increase was subsequently found to
be related to decreased O6-alkylguanine-DNA-alkyltranserase
(AGT) activity as a result of imbalances in S-nitrosylation due
to loss of GSNOR (Wei et al. 2010; Tang et al. 2013). These
researchers subsequently crossed GSNOR�/� mice with trans-
genic Big BlueVR mice creating a new line of Big BlueVR mice
deficient in ADH-mediated formaldehyde metabolism (ADH5�/

� Big Blue) (Leung et al. 2013). Big BlueVR mice and rats are
transgenic rodent models recognized by the OECD for con-
ducting in vivo mutation assays (Lambert et al. 2005; OECD
2013). Leung et al. (2013) reported that the background MF in
the liver of ADH5�/� Big Blue mice was slightly lower (albeit
not significantly) than the MF in Big BlueVR mice (Figure 7(A)).
These data indicate that loss of ADH5 in mice did not result in
the acquisition of more spontaneous mutations during early
development than ADH5 competent Big BlueVR mice.

Using one of the same GSNOR�/� mouse strains described
above, other researchers demonstrated that the loss of ADH5
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resulted in �2-fold increases in endogenous HmdG levels in
the liver, kidney, and bone marrow of ADH5�/� mice relative
to wild type mice (Pontel et al. 2015) (Figure 7(B)). Pontel
and colleagues also generated mice null for Fanconi anemia
group D2 (Fancd2), an enzyme involved in the repair of DNA
interstrand crosslinks, as well as a dual knockout Adh5�/

�Fancd2�/� strain. They reported significant increases in
c-H2AX immunostaining (an indicator of DNA damage) in
hematopoietic cells from Adh5�/�Fancd2�/� mice, but not
Adh5�/� or Fancd2�/� mice. Similarly, in vitro mitogenic
stimulation of splenic B cells with lipopolysaccharide
increased CA in B cells from Adh5�/�Fancd2�/� mice, but
not Adh5�/� or Fancd2�/� mice. To reiterate, induction of
proliferation in ADH5 deficient B cells containing two-fold
increases in endogenous HmdG did not result in increased
evidence of genotoxicity. Taken together, studies in ADH5
deficient rodents indicate increases in endogenous HmdG
without concomitant increases in genotoxic markers such as
CA, c-H2AX, or MF.

Most recently, it was shown that Adh5�/� mice exhibit a
two-fold increase in serum formaldehyde levels, and con-
comitant five-fold increase in HmdG levels in liver, kidney
and brain (Dingler et al. 2020). Despite these increases, blood
MN and bone marrow SCE levels were not significantly ele-
vated in Adh5�/� mice compared to wild type mice, nor
were base pair mutations, insertions or deletions increased in
the liver, brain and kidney in Adh5�/� mice compared to
wild type mice. In contrast, dual loss of Adh5 and Aldh2 (see
Figure 4) increased serum formaldehyde levels 11-fold, sig-
nificantly increased MN and SCE, as well as increased HmdG
levels �20-fold in liver, brain and kidney, and significantly
increased base pair mutations, insertions, and deletions in
those tissues. Assuming qualitative equivalency of Adh5 and
Aldh2 ablation with site of contact increases in cellular for-
maldehyde levels following inhalation exposure, there is the
potential for increased DNA damage when HmdG levels

exceed endogenous levels somewhere between 5 and 20-
fold. Although adducts and MF have not been examined in
nasal tissue from Adh5 knockout mice, the data from other
tissue is nonetheless informative about the relationship
between HmdG levels and genotoxicity. Looking at the
HmdG levels in nasal tissue (Figure 6B), it is apparent that
15 ppm formaldehyde increases HmdG �5-fold, which may
not be sufficient to induce genetic damage, consistent with
the data from Meng et al. (2010) and Speit, Schutz,
et al. (2011).

3.2.5.2.3. Insights from transcriptomic analyses.
Transcriptomic analyses are a unique endpoint that can
inform toxicity, genotoxicity, changes in pharmacokinetics, as
well as dosimetry. Formaldehyde exposures that do not elicit
transcriptomic changes are, at the very least, indicative of tis-
sue-level exposures that are likely too low to result in any
measurable homeostatic or toxic response to applied expos-
ure. Of course, an absence of transcriptomic responses could
also indicate lack tissue exposure altogether. Formaldehyde is
one of the most well studied agents via transcriptomic analy-
ses in relevant tissues at relevant exposure concentrations,
by relevant routes of exposure. In this section we briefly
touch upon transcriptomic analyses in the nasal tissue of
rodents exposed to formaldehyde via inhalation.

The first transcriptomic studies with formaldehyde focused
on integrating transcript responses with dose-response analysis
using benchmark dose (BMD) methodology in the develop-
ment of the BMDExpress transcriptomic modeling tool (Thomas
et al. 2007). Subsequent studies focused on integrating tran-
scriptomic responses with histopathology and pharmacokinetic
data (Andersen et al. 2008, 2010). Andersen et al. (2008) meas-
ured transcriptomic responses in rats exposed 6h per day to
0.7, 2, 6, and 15ppm for 1 day, or 0.7–6ppm for 5, 6, and
15days. Transcript responses were measured in epithelial tis-
sue from the nasoturbinates and lateral wall in the blue

Figure 7. ADH5 null mice. (A) Mutant frequency in Big BlueV
R

(WT) mice and ADH5/GSNOR deficient Big BlueV
R

mice (GSNOR�/�). Adapted from Leung et al. (2013).
(B) Mice deficient in ADH exhibit higher levels of endogenous HmdG in multiple tissues. Adapted from Pontel et al. (2015). Data were extracted from published fig-
ures with WebPlotDigitizer 4.3.
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shaded region (comprising mostly LII) in the sagittal section of
the rat head in Figure 2, consistent with regions used to con-
duct dual-isotope labeling experiments described previously.

No genes were significantly altered at 0.7 ppm for any
exposure duration. Given that DPC and HmdG can be
detected at 0.7 ppm (see Figure 5), these results suggest that
0.7 ppm did not trigger a homeostatic or toxicologic
response in the tissue. Exposure to 2 ppm formaldehyde for
5 days resulted in significant changes in only 15 genes,
whereas no significant changes were detected after 15 days
of exposure to 2 ppm. Andersen and colleagues speculated
that the mitigation of gene changes was potentially due to
adaptive squamous metaplasia that, per its function, pro-
tected the mucosa from further exposure to 2 ppm formalde-
hyde. In contrast, exposure to 6 ppm formaldehyde resulted
in significant changes in 42, 28, 9, and 54 genes after 1, 5, 6,
and 15 days of exposure. These findings suggest that upon
undergoing adaptive squamous metaplasia, 6 ppm formalde-
hyde continued to elicit cellular effects at 15 days of expos-
ure. However, it should be appreciated that transcript
differences are potentially due, in part, to inherent differen-
ces in squamous (treated) and respiratory (untreated) epithe-
lia as opposed to direct chemical-induced cellular changes
per se. Exposure to 15 ppm (only studied for 1 day) resulted
in significant alterations of 745 genes.

With regard to the specific genes altered by formaldehyde
exposure, Andersen et al. (2008) concluded that the 15 genes
altered after 5 days of exposure to 2 ppm were mostly
“associated with cell membrane, external aspect of the cell
membrane, or cell architecture.” The very limited transcript
response at 2 ppm and the absence of gene changes at
0.7 ppm lend support to the possibility that exposures below
0.3 ppm might indeed result in little or no exogenous HmdG
formation (Figure 5). Exposure to 15 ppm resulted in func-
tional enrichment of pathways related to transcription, stress,
apoptosis, and NF- kB, which Andersen et al. linked to irritant
damage, inflammatory signaling, and cell proliferation.

Andersen et al. (2010) conducted a 90-day inhalation
study collecting histopathological data, cell proliferation data,
and transcriptomic responses. Rats were exposed to 0.7, 2, 6,
10, or 15 ppm formaldehyde for 6 h per day, 5 days per week,
for 1, 4, or 13weeks. Transcript responses were measured in
the blue shaded region of the sagittal section of the rat head
in Figure 2. The histopathological and proliferation data are
discussed in subsequent sections. Here the focus is on tran-
scriptomic responses, especially as they may relate to geno-
toxicity. Functional enrichment analysis was conducted on
rats exposed to �6 ppm, whereas changes at 2 ppm were
considered by Andersen et al. to represent extracellular
responses and changes in thiol homeostasis (note: it is likely
that the small number of gene changes at �2 ppm precluded
enrichment analysis). At all time points, enrichment at 10 and
15ppm related to cell cycle and DNA damage—consistent
with histological evidence of necrosis at early timepoints and
increased cell proliferation (ULLI) at later time points. In rats
exposed to 6 ppm for 1 and 13weeks, enrichment also indi-
cated cell cycle and DNA damage. It should be noted that
DNA damage pathways like p53 activation can also be indica-
tive of cell cycle changes potentially related to increased

proliferation. For example, ToxCast/Tox21 p53 assays were
initially considered useful for mapping to genotoxic charac-
teristics of carcinogens but subsequently not used due to
overlap with cell cycle changes (Chiu et al. 2018). As was dis-
cussed above, mice deficient in p53 did not show increases
in neoplasms following exposure to formaldehyde (Morgan
et al. 2017).

3.2.5.3. Remaining uncertainties in formaldehyde genotox-
icity. Despite the vast amount of information on formalde-
hyde, there remains some unanswered questions about the
linkage between formaldehyde exposure, DPC formation, and
genotoxicity. First, the exact mechanism of formation is
uncertain. While some formaldehyde adducts (e.g. those
formed from histone demethylase activity in the nucleus) are
comprised of methylene bridges (protein–N–CH2–N–DNA)
between DNA and protein (Stingele and Jentsch 2015), Lu
and colleagues demonstrated that formaldehyde preferen-
tially formed labile dG-Me-lysine (–N–CH2–N–) linkages and
stable dG-Me-Cys (–N–CH2–S–) linkages in vitro and specu-
lated that the latter would make ideal targets for measuring
DPC formed in vivo (Lu, Ye, et al. 2010). Yu, Lai, et al. (2015)
subsequently showed that these adducts can hydrolyze to
HmdG adducts and subsequently dG (Figure 4). This is con-
sistent with the general notion that DPC can be unstable due
to hydrolysis, but also indicate that measured exogenous
HmdG adducts are, at least in part, byproducts of DPC. Lai
et al. (2016) subsequently provided evidence that isolated
DPC following formaldehyde inhalation exposure were (after
digestion of peptides and DNA) comprised of single amino
acid-nucleoside crosslinks of (dG-Me-Cys). Taken together,
these data suggest that, depending on isolation conditions,
HmdG is likely indicative of current DPC and/or past DPC
formed in vivo. These may not be the only formaldehyde-
induced adducts, but rather their stability allows for their
detection and service as a biomarker of exposure.

Another uncertainty is the potential for DPC accumulation.
Earlier studies such as Casanova et al. (1994) did not detect
increased DPC following 28 days of exposure relative to acute
exposure, as evidenced by the absence of differences in the
amount of interfacial DNA (Section 3.2.4.2). However, Yu
et al. (2015) demonstrated accumulation in both exogenous
HmdG (Figure 6(A)) and dG-Me-Cys. The reason for this dis-
crepancy is unknown but could relate to the different analyt-
ical methods. For example, HmdG adducts are byproducts of
previously formed DPC, and thus would not necessarily be
present in interfacial DNA, yet appear to accumulate as
monoadducts. On the other hand, unhydrolyzed exogenous
dG-Me-Cys adducts would likely be present in interfacial
DNA, so their apparent accumulation in Yu et al. (2015) con-
tradicts earlier data based on interfacial DNA. Differences in
assay sensitivities may also explain the apparent discrepan-
cies. The apparent increase in adducts might also be
explained by changes in the epithelium. For example, Lai
et al. (2016) reported that exposure to 15 ppm formaldehyde
for 4 days increased exogenous dG-Me-Cys >3-fold relative to
1 day, whereas 2 days of exposure did not increase exogen-
ous dG-Me-Cy. It is conceivable that this increase in adducts
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is due to retention in quiescent superficial cells, as squamous
metaplasia has been reported in rats exposed to 15 ppm for
only 5 days (Andersen et al. 2008). Lai also reported 2.5-fold
increases in exogenous dG-Me-Cys after 28 days of exposure
relative to 7 days; however, 2 ppm formaldehyde is also
reported to increase squamous metaplasia in LI after
1–13weeks of exposure (Andersen et al. 2010). Whether the
accumulation of adducts occurs in target cells and increase
cancer risk is unknown.

Regarding cells at risk, there is uncertainty as to the exact
cell population exhibiting formaldehyde-induced DPC. To our
knowledge, visualization of dosimetry within intact tissue has
not been demonstrated. As indicated previously, PWULLI
(product of ULLI and number of cells) better correlated with
tumor formation than ULLI; however, it is unclear which cells
are “at risk”. For example, it was recently suggested that all
basal cells in the epithelium are at risk for transformation
(Miller et al. 2017), whereas others have reported that only
�10% of basal cells (in skin) are stem cells (Tomasetti and
Vogelstein 2015).

Finally, there is uncertainty with respect to the genotoxic
risk that formaldehyde-induced DPC and adducts pose. This
is readily acknowledged by those who have developed the
assays to detect these adducts (Yu, Song, et al. 2015; Lai
et al. 2016). Likewise, genetic toxicologists acknowledge that
DPC repair is poorly understood, including only recent dis-
covery of DPC proteases involved in the repair of formalde-
hyde-induced DPC (Stingele et al. 2016; Fielden et al. 2018).
It should also be appreciated that DPC and HmdG are the
DNA lesions that we can readily detect. As such, there could
be other lesions not readily observed. This underscores both
the importance of the apparent threshold in the detection of
HmdG as a stable biomarker of exposure (Leng et al. 2019),
and the importance of assessing multiple lines of evidence
for the in vivo genotoxicity of formaldehyde as we have
done throughout Section 3.2.5.2.

These uncertainties are a natural consequence of the tre-
mendous amount of detailed mechanistic research in under-
standing the MOA for formaldehyde-induced nasal tumors in

rats. Although some details remain to be fully understood,
the question is whether there is sufficient information to
make informed decisions about the likelihood of a mutagenic
or non-mutagenic MOA. The balance of this review presents
an update to the MOA for formaldehyde-induced tumors
published 15 years ago (McGregor et al. 2006).

3.3. Updated mode of action

In 2006, the MOA for formaldehyde-induced nasal tumors in
rodents and its human relevance was formally analyzed using
the IPCS framework (McGregor et al. 2006). In that publica-
tion, the key events (listed in sequence) were: cytotoxicity,
proliferation, genotoxicity, mutations, and nasal tumors.
However, in 2006, no genotoxicity studies had been con-
ducted in the nasal cavity of rodents and no data were avail-
able to inform the exposure levels that increased DPC above
endogenous levels. Figure 8 and Table 4 depict the updated
MOA, as well as the uncertainty around the role of genotox-
icity described in McGregor, et al. (2006), indicated by KE2a
and KE2b. The updated MOA includes one additional key
event occurring prior to cytotoxicity as well as consideration
of endogenous adduct levels (blue boxes in Figure 8). The
black outlined boxes are generally consistent with the MOA
described by McGregor et al. (2006); however, data published
since 2006 indicate little or no direct mutagenic contribution
from formaldehyde-induced DPC (as indicated by the blue
“X”). Each of these key events are discussed in detail below.

3.3.1. Dosimetry of exogenous formaldehyde to nasal epi-
thelial cells
The issue of whether dosimetry should be considered a key
event in MOAs is debatable. In an adverse outcome pathway
(AOP) framework, pathways typically begin with a molecular
initiating event (MIE), which tends to be downstream of phar-
macokinetic considerations. Indeed, others have proposed
new exposure frameworks to intersect with AOPs that com-
prise so-called aggregate exposure pathways (AEPs) leading

Figure 8. MOA for SCC in the rodent nasal cavity. KE1: saturation of formaldehyde metabolism results in increased free formaldehyde which increases adduction to
cellular molecules (e.g. protein, DNA). KE2: increased adduction leads to irritation and cytotoxicity (KE2a) and/or DNA damage (KE2b). KE3: squamous metaplasia is
an adaptive response that can be reversible if exposure ceases or decreases (e.g. �1 ppm for formaldehyde), can persist if the metaplasia protects against continued
exposure (e.g. 2–6 ppm for formaldehyde), or can be overwhelmed if higher exposures (e.g. �6 ppm for formaldehyde) exceed protection afforded by squamous
epithelium. KE4: continued exposure to cytotoxic concentrations (after adaptive metaplasia has occurred) leads to chronic cell proliferation. KE5: increased cell repli-
cation and potentially increased DNA damage increase mutations during replication. The blue “X” indicates that data published after McGregor et al. (2006) do not
support a direct contribution from formaldehyde-induced DNA lesions (see text).
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to target site exposures (TSEs) (Tan et al. 2018). No such for-
mal exposure analysis is presented here; however, we do pre-
sent evidence for potential thresholds in formaldehyde
dosimetry to the rat nasal mucosa.

As discussed in previous sections, extracellular clearance
of formaldehyde has long been recognized to attenuate for-
maldehyde toxicity. Studies in the 1980s and 1990s included
investigation of the role of mucus and mucociliary clearance
as a protective barrier and clearance mechanism of inhaled
formaldehyde. Specifically, the high solubility of formalde-
hyde in mucus, binding to components within the mucus,
and mucus flow provide scrubbing and removal of formalde-
hyde from the sites of highest contact (Morgan 1997). Until
recently, dosimetry of formaldehyde (as measured by labeled
DPC) into nasal tissue appeared to exhibit a linear pattern
down to exposure concentrations of 0.3 ppm; however,
Casanova et al. (1989) speculated that exposure concentra-
tions below 0.1 ppm might not result in exogenous DPC. As
shown in Figure 6, recent data indicate that exposures below
0.3 ppm [13CD2]-formaldehyde do not result in detectable lev-
els of exogenous DNA adducts (Leng et al. 2019). As already
discussed, these represent the most stable biomarkers of
exposure and thus strongly indicate a lack of dosimetry to
the rat nasal cavity.

Similar to in vivo studies, in vitro studies have also demon-
strated practical limits/thresholds for the detection of
exogenous formaldehyde. HepG cells exposed to 125, 250,
and 500 mM [13CD2]-formaldehyde for 1 h in PBS buffer
resulted in detection of exogenous HmdG adducts in all
groups, whereas the same exposures in culture medium

containing 10% fetal bovine serum and amino acids resulted
in exogenous HmdG adducts only at 250 and 500mM (Lu
et al. 2012). These results are likely explained by extracellular
binding to protein and other macromolecules in the culture
medium, which thereby serve as non-enzymatic barriers to
formaldehyde entry into cells.

Overall, the available data indicate that there is a practical
threshold at which inhaled formaldehyde is unlikely to lead
to any consequential (biological or toxicological) increase in
cellular formaldehyde levels that are already naturally present
in the nasal tissue.

3.3.2. Key event 1. Saturation of formaldehyde metabol-
ism & increased formaldehyde adduction
In addition to extracellular barriers to formaldehyde expos-
ure, there are intracellular mechanisms that regulate intracel-
lular levels of formaldehyde. Formaldehyde is a reactive
aldehyde that undergoes enzymatic and non-enzymatic
detoxification. Internal markers of formaldehyde exposure
include exogenous formaldehyde DNA adducts and transcrip-
tomic responses. As shown in Figure 6(A), exogenous HmdG
levels in nasal tissue at 0.7 ppm are approximately an order
of magnitude lower than the endogenous levels. Between 6
and 10 ppm, exogenous formaldehyde levels approach
endogenous levels, and above 10ppm, the exogenous HmdG
levels rise more steeply and exceed endogenous levels
approximately four-fold at 15 ppm.

These data are consistent with transcriptomics. Rats
exposed to 0.7 ppm formaldehyde for up to 15 days did not
exhibit significant transcript changes in the nasal mucosa. At

Table 4. Proposed MOA for formaldehyde-induced nasal tumors.

Key event Brief description

1. Saturation of formaldehyde metabolism
leading to increased free
formaldehyde and adduction

Data indicate that there are exposure concentrations that do not result in detectible levels of
exogenous formaldehyde (e.g. HmdG) in nasal tissue. Various extracellular barriers (e.g. mucus)
could plausibly result in non-detects for biomarkers of exogenous formaldehyde. Transcriptomic
responses (biomarkers of effect) indicate no cellular response to 0.7 ppm formaldehyde.

Models indicate that formaldehyde saturation begins to occur between 2 and 4 ppm. Transcript
changes begin to occur around 2 ppm in naïve non-squamous mucosa at 6 ppm in squamous
epithelium. Exogenous HmdG levels do not reach endogenous HmdG levels until �6 ppm. At
�6 ppm, HmdG levels begin to exceed endogenous levels (i.e. increase the total burden >2-fold).

2a. Irritation/Cytotoxicity
(See Figure 8)

Elevations in free formaldehyde lead to cytotoxicity and subsequent proliferative effects and squamous
metaplasia as evidenced by H&E staining and cell proliferation (e.g. ULLI).

2b. DNA damage (potentially pro-mutagenic)
The weight of evidence for direct

DNA damage is weak. (See Figure 8)

Elevations in free formaldehyde lead to increased adduction to cellular components, including protein
and DNA. DPC represent one form of formaldehyde-related DNA lesion. Generally, DPC are
associated with genotoxicity (including mutagenicity); however, data published since 2006 indicate
little/no direct evidence of genotoxicity in the nasal cavity. The new data demonstrate that
exposure to �15 ppm formaldehyde does not induce genotoxicity in rat nasal tissue or neoplasms
in p53þ/- mice. ADH5-/- mice have elevated HmdG levels yet no increases in c-H2AX, CA, or MF in
tissues examined (nasal tissue has not been examined). Exposure to 15 ppm formaldehyde clearly
results in HmdG levels above endogenous levels; however, there is little/no evidence of genotoxicity
but clear evidence of cytotoxicity.

3. Squamous Metaplasia Adaptive squamous metaplasia can reverse upon cessation of exposure or persist if irritating exposure
continues to occur. Squamous metaplasia creates an epithelium more resistant to chemical and
physical irritation.

4. Cytotoxicity/regenerative
cell proliferation

After the onset of adaptive metaplasia, continued exposure to high concentrations of formaldehyde
(�6 ppm) result in cytotoxicity and regenerative cell proliferation. This is supported by
transcriptomic responses and increased cell proliferation (e.g. ULLI).

5. Mutations (replication error) A lifetime increase in cell replications can increase the chance for mutations to form, which occur with
some probability during each cell division. BBDR models indicate that nasal tumor formation in rats
can be fitted without a mutagenic component. In vivo genotoxicity studies in nasal tissue have not
detected genotoxic damage (see description for KE2b).

SCC in rodent nasal cavity. Borrowing from AOP terminology, the SCC is an adverse outcome (AO) as opposed to a key event.
These tumors were only observed in rats at �6 ppm formaldehyde.

All acronyms are defined in the main text.
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2ppm, significant changes were seen in �15 genes, which
Andersen et al. (2008) concluded were mostly “associated
with cell membrane, external aspect of the cell membrane, or
cell architecture”. Exposure to 6 and 15 ppm increased the
number of significantly altered genes to �50 and 745,
respectively (Andersen et al. 2008). At �6 ppm, gene expres-
sion changes showed enrichment of pathways involved in
cell cycle, DNA repair, and apoptosis (Andersen et al. 2010).
Overall, the data indicate few cellular changes below 2ppm,
transcriptomic responses occur at �2 ppm in naïve respira-
tory mucosa and at �6 ppm in squamous epithelium, i.e. in
longer-term bioassays. This generally agrees with the predic-
tion of Casanova et al. (1989) 30 years ago that formaldehyde
metabolism is half saturated at air concentrations of approxi-
mately 2.6 ppm, as well as more recent pharmacokinetic
models predicting that exposure below 2ppm results in min-
imal changes in GSH and formaldehyde acetal formation and
exposures above 4 ppm depletes GSH rapidly with concomi-
tant increases in formaldehyde acetal formation (Andersen
et al. 2010).

3.3.3. Key event 2. Irritation/cytotoxicity and/or pro muta-
genic DNA damage
Key Event 2 in the MOA is divided into two events that have
been hypothesized to be key drivers in tumor formation.
Both cytotoxicity (and subsequent regeneration) and DNA
adducts/crosslinks are observed following exposure to formal-
dehyde. Because “mutagenic MOAs” have been proposed for
formaldehyde (U.S. EPA 2010), where it is usually implied that
there is a “linear” MOA and thus exogenous adducts pose
some risk at all exposure levels, KE2b would be hypothesized
to be operable early in the sequala of events and at low
exposure levels as indicated in Figure 8. In the MOA pre-
sented in McGregor et al. (2006), genotoxicity was presented
downstream of cell proliferation, perhaps implying a role for
direct mutagenicity—although the authors generally believed
that cell proliferation was a critical driver. As will be dis-
cussed below, data published after McGregor et al. (2006)
provide no evidence for a direct contribution of DNA lesions
in the development of SCC.

3.3.3.1. Key event 2a. Irritation/cytotoxicity. As metabolism
of formaldehyde begins to saturate above 2 ppm, free formal-
dehyde is available to react with cellular molecules to form
adducts with protein, DNA, and other cellular constituents.
Some of these adducts can signal stress in the cells that lead
to adaptive responses whereas higher levels lead to cytotox-
icity. Given the dual function of ADH3/ADH5/GSNOR in regu-
lating formaldehyde and nitrosative status (Jensen et al.
1998; Staab, Alander, et al. 2008; Staab, Hellgren, et al. 2008),
high levels of cellular formaldehyde might also alter other
forms of protein regulation such as S-nitrosylation and S-glu-
tathionylation. As noted above, gene expression changes in
rat nasal tissue at 2 ppm varied over time, peaking after
5 days of exposure and then dissipating thereafter. This likely
indicates rapid adaptive response to formaldehyde such as
squamous metaplasia (see below) that mitigates the toxicity
from exposure to 2 ppm formaldehyde. In contrast, exposure

to 6 ppm continues to elicit transcript changes (�50 genes
depending on the exposure duration), and 15 ppm altering
hundreds of genes (Andersen et al. 2008). Exposure to
�6 ppm formaldehyde resulted in enrichment of pathways
involved in cell cycle, DNA repair, and apoptosis (Andersen
et al. 2010).

3.3.3.2. Key event 2b. Pro mutagenic DNA damage.
Formaldehyde exposure results in concentration-dependent
increases in DPC. These adducts could result from direct
interaction with DNA or be remnants of DPC. DNA-protein
crosslinks are structurally diverse due, in part, to the size of
the peptides or proteins involved in the crosslink, and are
generally regarded as toxic pro-mutagenic DNA adducts
(Stingele and Jentsch 2015). Bulky DPC can block transcrip-
tion and replication and lead to MN, SCE, mutation, and
chromosomal rearrangement (Stingele and Jentsch 2015).
Despite the clear presence of exogenous formaldehyde-
induced DPC, controlled laboratory studies have failed to
detect phenotypic markers of genotoxicity such as MN and
mutations (see Section 3.2.5). Similarly, mice haploinsufficient
for p53 do not develop neoplasms following exposure to up
to 15 ppm. Transgenic mice deficient in ADH3/5 do not
exhibit increased markers of genotoxicity and mutagenicity.
Although some occupational exposure studies attribute
increases in genotoxic markers to formaldehyde, controlled
human chamber studies have failed to detect changes in
genotoxic markers (Table 3).

The clear increase in exogenous DNA adducts vis-�a-vis the
lack of demonstrable genotoxicity indicates that the weight
of evidence supports that exogenous formaldehyde DPC are
biomarkers of exposure more so than effect. Nevertheless, it
is difficult to prove that there is no potential for formalde-
hyde-induced DNA damage. At 15 ppm, there is a clear
increase in HmdG adducts manifested as a 4-to-1 ratio of
exogenous to endogenous adducts. Critically, an elevation in
adducts at doses where there is clear cytotoxicity is not con-
sistent with a mutagenic MOA, which is defined by many as
when mutagenicity plays an early (and low dose) initiating
event in the MOA. Stated differently, mutagenic MOAs should
not require cytotoxicity and regenerative cell proliferation. As
will be discussed later, a biologically motivated model for rat
nasal tumors indicates that the best fitting model to the
nasal tumor data does not require a mutagenic component
from DPC, but rather can be explained by the increase in
regenerative cell proliferation in response to cytotoxicity. For
these reasons, we have added an “X” to the updated MOA in
Figure 8 to indicate the apparent lack of contribution of Key
Event 2 b to the overall MOA based on data published
after 2006.

3.3.4. Key event 3. Squamous metaplasia
As a response to cytotoxicity, the respiratory epithelium
undergoes squamous metaplasia, which is “an adaptive
response induced by many irritants, in which the delicate
respiratory epithelium… is replaced by a more resistant squa-
mous epithelium” (Morgan and Monticello 1990). Morgan
and Monticello go on to say that “[s]quamous metaplasia
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alone, unless it is accompanied with other cellular abnormal-
ities, is probably not an important morphological manifest-
ation of respiratory epithelial neoplasia, even though it may
frequently accompany neoplastic development.” Renne et al.
(2009) provide similar views on squamous metaplasia, stating
that repeated loss of epithelium “leads to transformation
(metaplasia) to a more resistant cell type,” that the
“squamous epithelium may provide a barrier sufficient to pre-
vent further epithelial loss from exposure to toxicants, but
frequently, squamous metaplasia and inflammation in
response to repeated exposure are accompanied by some
loss of surface epithelium, resulting in an increased rate of
cell turnover and eventually, hyperplasia of affected mucosal
epithelium”. Renne et al. also note that squamous metaplasia
can give “rise to squamous cell papilloma or squamous cell
carcinoma,” but that progression “is much less frequent than
might be expected by the reported incidence of hyperplasia
and squamous metaplasia.”

Squamous metaplasia can be reversible if exposure to irri-
tants cease (dotted line in Figure 8). However, continued
exposure to irritants can result in persistent metaplasia or
long-term maintenance of a protective squamous epithelium.
If exposures to formaldehyde continues at high concentra-
tions that overwhelm the protection offered by the squa-
mous epithelium, then cytotoxicity and regenerative cell
proliferation ensue. Table 5 summarizes the nasal levels (e.g.
LII), concentrations, and time points where squamous meta-
plasia specifically has been reported. Overall, data indicate
that exposure to 2 ppm formaldehyde results in a persistent
transition to squamous epithelium without significant
increases in active cell proliferation once the transition or
remodeling has occurred. This transition is observed first in
Level I and later in Level II. As will be described in the next
section, exposure to higher concentrations of formaldehyde
can damage the squamous epithelium leading to cytotoxicity
and regenerative cell proliferation to replace the dam-
aged mucosa.

3.3.5. Key event 4. Cytotoxicity/cell proliferation
Upon continued exposure to higher concentrations of formal-
dehyde (�6 ppm), the protection afforded by squamous
metaplasia is not sufficient to mitigate cytotoxicity. Tissue
integrity is maintained by the balance of cell birth and death;
however, as noted in Morgan and Monticello (1990), cell loss
in a tissue is difficult to measure. In contrast, cell proliferation
is more readily observed and measured, and therefore pro-
vides a proxy for increased cell death (or cell turnover). Aside

from the cell proliferation data already discussed in Section
3.1.4 (Figure 3), quantitative measures of cell replication have
also been conducted in more recent transcriptomic and gen-
otoxicity studies (Andersen et al. 2008, 2010) (Meng et al.
2010; Speit, Schutz, et al. 2011). These studies provide add-
itional evidence for increased cell proliferation at �6 ppm
with occasional reports of increases at 2 ppm (Speit, Schutz,
et al. 2011). Overall, acute and subacute exposure to formal-
dehyde increases cell proliferation at �6 ppm (Figure 3(B)),
whereas under chronic exposure scenarios, formaldehyde
increases cell proliferation/turnover at 10 and 15 ppm (Figure
3(A)), which are the only concentrations to significantly
increase nasal tumor incidence in the inhalation bioassays
(Figure 1(B)). At 6 ppm, the protection afforded by squamous
metaplasia mitigates toxicity/cell proliferation, which is con-
sistent with only 3 of 325 rats developing nasal tumors
(Table 1; Kerns et al. 1983; Monticello et al. 1996; Swenberg
et al. 1980).

3.3.6. Key event 5. Mutation (replication error)
That tumors arose at �6 ppm formaldehyde in rats indicates
involvement of genetic mutation. To date, direct evidence of
mutation in the nasal cavity has not been demonstrated.
Importantly, experts in genotoxicity testing recommend that
genotoxicity tests ideally be conducted in tissues that (i) are
the site of carcinogenic activity, (ii) receive high dosimetry
via a relevant route of exposure, and (iii) are proliferative
(MacGregor et al. 2015). Therefore, the most relevant geno-
toxicity tests for informing the MOA for formaldehyde-
induced nasal tumor formation are ideally conducted in the
nasal tissue of rodents, as it is the site of carcinogenic con-
cern, receives the highest dosimetry via inhalation exposure,
and the rate of epithelial production and loss of nasal tissue
has been characterized as relatively rapid (Fabrikant and
Cherry 1970). Analyses in transgenic Big BlueVR mice indicate
that the replication rate of nasal tissue, as measured by the
ability to detect mutations following oral administration of
the mutagen N-ethyl-N-nitrosourea, is more comparable to
fast-dividing tissues like bone marrow as opposed to slower
dividing tissues like lung and liver (Young and
Dinesdurage 2016).

As discussed in Section 3.2.5, studies investigating the
genotoxicity of formaldehyde in the nasal cavity of rats have
all been negative—even at concentrations that increase DPC
and cell proliferation (Table 3). As previously discussed, 5/11
tumors from rats exposed chronically to 15 ppm formalde-
hyde exhibited p53 mutations (Recio et al. 1992). Meng et al.
(2010) found no evidence that formaldehyde increased the
MF in p53 codon 271 in rats exposed to up to 15 ppm for-
maldehyde for 13weeks—suggesting that the p53 mutations
observed in nasal tumors are unlikely the result of early
mutational events. The role of DNA damage and p53 was
investigated more recently using two strains of mice haploin-
sufficient for Trp53 (Morgan et al. 2017). As discussed in
Section 3.2.5, these mice exhibited signs of squamous meta-
plasia following exposure to 7.5 and 15 ppm formaldehyde,
indicating that nasal tissue received sufficient doses of for-
maldehyde to induce physical changes despite the proclivity

Table 5. Summary of metaplasia in nasal cavity of rats in LI-III.

Formaldehyde (ppm)

Study 0.7 2 6 10 15

Andersen et al. (2008) (5 days) – – I-III nd nd
Andersen et al. (2008) (15 days) – – – nd nd
Andersen et al. (2010)�� (4–13 weeks) – I I, II I, II I, II
Kerns et al. (1983) (6–24 months) nd I I, II nd I–III
Monticello et al. (1996)� (2 years) – – II II, III II, III

nd: dose was not included in the study; –: absent or transient/sporadic.�Level I not examined/reported.��Level III not examined/reported.
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of mice to undergo reflex apnea (Chang et al. 1981, 1983).
The lack of nasal tumor development in p53þ/� mice indi-
cates that inhibiting p53 DNA damage response pathways
does not potentiate formaldehyde-induced nasal tumor for-
mation. From a MOA perspective, these findings do not sup-
port that formaldehyde-induced DPC lead to genotoxic
events that might be exacerbated in p53-compromised mice.

3.3.6.1. Insights from biological modeling regarding the
role of mutation. While not mechanistic data per se, sophisti-
cated biologically-based dose-response (BBDR) models have
provided insight into the likely MOA for formaldehyde
(Conolly et al. 2003, 2004). The BBDR model incorporates CFD
modeling data described in Section 3.2.4.3. These flux esti-
mates are linked to empirical data on cell proliferation and
DPC following formaldehyde exposure. Specifically, the BBDR
model links CFD modeling flux predictions to cell replication
as measured by ULLI, which Conolly et al. (2003) considered
a proxy for cytotoxicity; hence, they used the term cytotox-
icity-regenerative cell proliferation (CRCP). Separately, the
BBDR model links CFD modeling flux predictions to empirical
DPC data. The BBDR model uses cell proliferation and DPC
estimates to predict tumor formation using a two-stage clo-
nal growth model (Moolgavkar and Knudson 1981;
Moolgavkar et al. 1988) by independently assuming (1) that
DPC is pro-mutagenic, and (2) that each round of cell division
has a probability of inducing a mutation. Restated, mutation
in the target cell population was estimated by including
functions that relate DPC to direct mutagenicity and cell rep-
lication to the probability of spontaneous mutation.

Because early data indicated a linear relationship between
formaldehyde exposure and DPC formation in the low dose
exposure region (<2 ppm), mutation from DPC was modeled
with a low-dose linear dose-response. In contrast, cell replica-
tion was modeled with a nonlinear dose-response to be con-
sistent with empirical data on cell replication occurring
primarily at higher formaldehyde concentrations. Once a cell
acquires two mutations in the two-stage clonal growth
model, transitioning from a normal to initiated cell (first
mutation) and then from an initiated cell to a “cancer cell”
(second mutation), the BBDR model includes a time delay
function to simulate clonal expansion from a cancer cell to
visible tumor. Overall, the BBDR model closely fit the prob-
ability of tumor response in exposed and unexposed rats.
Importantly, sensitivity analysis indicated that mutation from
DPC made little/no contribution to the tumor response.
Conolly et al. (2003) state:

For both the J- and hockey stick-shaped CRCP data, the maximum
value of the LLF7 was obtained with KMU8 at or near 0. This
result means that the optimal descriptions of the data obtained
with the current model did not depend on a directly mutagenic
effect of formaldehyde. Furthermore, the optimal configuration of
the current model explains the tumor data in terms of (1) the
basal probability of mutation per cell generation, (2) the effect
of formaldehyde on the cell division rate, (3) a basal growth
advantage for initiated cells, (4) a concentration-dependent
inhibition by formaldehyde of the growth advantage and, (5) a
time delay for appearance of clinically detectable tumors.
(emphasis added)

The sensitivity analysis indicates that increases in cytotox-
icity and regenerative cell proliferation are the primary driv-
ers of formaldehyde-induced nasal tumors in rodents. These
in silico insights in 2003 are consistent with the lack of evi-
dence for genotoxicity in target tissue published since
Conolly et al. (2003) (see Section 3.2.5).

3.3.7. Squamous cell carcinoma
The adverse outcome, i.e. squamous cell carcinoma (SCC), is
not a key event per se; however, it is important to realize
that significant work indicates that the key events described
above have generally been examined in the specific tissue
locations where tumors arise (Figure 2). Consistent with the
notion that long-term increases in cell proliferation are
needed for formaldehyde to induce tumors, the first neoplas-
tic lesions occurred in male and female rats at 358 and
432 days, respectively (Kerns et al. 1983). In Monticello et al.
(1996), the single tumor at 6 ppm occurred at day 622.

3.4. Bradford-Hill criteria

The U.S. EPA Guidelines for Carcinogen Risk Assessment and
the IPCS have advocated the adoption of the Bradford Hill
criteria for assessing causality in epidemiological studies for
application in judging the strength of data in supporting
MOA analyses (Hill 1965; Sonich-Mullin et al. 2001; U.S. EPA
2005). More recently, attempts have been made to standard-
ize the use of these criteria by addressing specific questions
related to each criterion (Meek, Palermo, et al. 2014). Each of
these modified Hill criteria are evaluated below as they relate
to the MOA for formaldehyde-induced nasal tumors.

3.4.1. Dose-response concordance
Critical among the modified Hill criteria is dose–response
concordance. Table 6 shows the dose and temporal concord-
ance of the key events in the proposed MOA for nasal
tumors following inhalation exposure to formaldehyde. While
this table treats the nasal cavity as a single target tissue
responding to applied inhalation concentration, it should be
appreciated that the dose response for many key events is
localized to specific anatomical regions within the nasal cav-
ity. Within each region of the nasal cavity, different applied
doses are required to initiate the chain of events.
Nevertheless, the concentrations in Table 6 generally describe
the nasal cavity changes as a whole.

3.4.2. Temporality
The available data support the timing of key events in Table
4. Acute, subacute, and subchronic exposures have all been
shown to increase DPC. Likewise, acute, subacute, and sub-
chronic, and chronic studies indicate induction of squamous
metaplasia, which affects ULLI at different durations and lev-
els of formaldehyde exposures. In contrast, nasal tumors are
seen after �1 year of exposure or longer. Despite evidence
for acute increases in DPC, to date there is little evidence for
genotoxic responses in subchronic assays, which lends

CRITICAL REVIEWS IN TOXICOLOGY 941



support to genotoxicity occurring downstream in the MOA—
even at 15 ppm where exogenous HmdG exceed endogenous
HmdG. This suggests that cell transformation is not an early
event in MOA. In contrast, it is well-accepted that increased
cell replication increases the chance of spontaneous mutation
and tumorigenesis (Moolgavkar and Knudson 1981;
Greenfield et al. 1984; Cohen and Ellwein 1990; Tomasetti
and Vogelstein 2015).

3.4.3. Consistency and specificity
Consistency and specificity address the repeatability of results
across studies and the availability of counterfactual evidence
for involvement of key events (Meek, Boobis, et al. 2014;
Meek, Palermo, et al. 2014). As evidenced throughout this art-
icle, there is a high degree of consistency across studies. This
includes: (1) multiple cancer bioassays providing similar dose-
response relationships for cytotoxicity, regenerative cell pro-
liferation and nasal tumor formation; (2) decades of research
reporting on DPC and related lesions in the portal of entry
(but not elsewhere); (3) consistent data on DPC and related
lesions throughout the evolution of technological advances;
and (4) several negative in vivo genotoxicity studies.
Moreover, similar key events are seen in mice and monkeys
(see Section 3.6 below), lending strength that the key events
are universal provided significant exposure.

Perhaps the most difficult Hill criterion to address is speci-
ficity, which Meek, Palermo, et al. (2014) further characterize
as addressing the question of whether there is counterfactual
data (e.g. blocking an upstream key event blocks down-
stream key events) to support a proposed MOA. For a chem-
ical such as formaldehyde, an efficient method for blocking
cytotoxicity and/or regenerative cell proliferation is not avail-
able. However, Casanova and Heck (1987) blocked the first
step in ADH3/5-mediated formaldehyde metabolism by
pharmacologically depleting GSH with phorone prior to
exposure to 0.9–10 ppm [3H]- and [14C]-formaldehyde for 3 h.
They detected DPC formation in nasal tissue at lower

formaldehyde concentrations when pre-exposed to phorone
(see Figure 5). DPC was also higher in the nasal respiratory
mucosa of GSH-depleted rats compared to non-depleted rats
at all higher exposure concentrations (Casanova and Heck
1987). These findings highlight the importance of GSH-
dependent detoxification via ADH3/5. Similarly, ablation of
ADH3/5 increases HmdG levels in mice but not markers of
genotoxicity; however loss of both ADH3/5 and ALDH dra-
matically increases HmdG and genotoxicity (see
Section 3.2.5.2.2).

The NTP conducted formaldehyde studies in two strains of
mice haploinsufficient for Trp53 (Morgan et al. 2017). These
studies can be viewed as counterfactual studies, in that mice
made susceptible to DNA damage would be expected to
exhibit signs of tumorigenesis at lower exposure concentra-
tions or earlier timepoints. As noted previously, these mice
exhibited signs of squamous metaplasia, indicating that nasal
tissue received sufficient dose of formaldehyde to induce
physical changes. Notably, mice are not completely resistant
to formaldehyde-induced nasal tumors, as a few mice (2/240)
exposed to 14.3 ppm formaldehyde developed SCC (Kerns
et al. 1983). The lack of nasal tumor development in p53þ/�

mice suggests that direct DNA damage is not an initiating
event in the MOA.

3.4.4. Biological plausibility
The MOA presented herein is biologically plausible and simi-
lar MOAs driven by cytotoxicity and regenerative cell prolifer-
ation have been generally recognized for other chemicals
and biological agents. It is well accepted that increased cell
proliferation increases the chance to permanently fix (i.e.
encode) spontaneous mutations (Moolgavkar and Knudson
1981; Greenfield et al. 1984; Cohen and Ellwein 1990;
Tomasetti and Vogelstein 2015). As such, the totality of data
provides greater support for the plausibility of a non-muta-
genic MOA than for a mutagenic MOA for formaldehyde-
induced nasal tumors in rodents, as evidenced by the

Table 6. Dose and temporal concordance table.

Temporal

Dose (ppm)

Dosimetry to
Nasal Cells

(min-hours)��

KE1. Saturation
of FA

metabolism, FA
adduction
(hours-days)

KE2a. Irritation/
cytotoxicity
(hours-days)

KE2b. DNA
damage (pro
mutagen?)
(hours-days)

KE3. Squamous
Metaplasia
(days-weeks)

KE4.
Cytotoxicity/
regenerative

cell
proliferation
(days-weeks)

KE5. Mutations
(replication

error)
(months-years)

SCC
(�1 yearþ)

Dose �0.03 �
0.3 þ/� �
0.7 þ � � � � � � �
1 þ� � �� � � �� � ��
2 þ þ/� þ/� � þ � � �
6 þ þ þ � þ þ � þ/�
10 þ þ þ � þ þ � þ
15 þ þ þ � þ þ þ/���� þ
Notes: Figures 5 & 6 Table 3

Figure 7
Table 5 Figure 3 Table 3

BBDR model
Figure 1B

þ: Effect observed; �: effect not observed experimentally; ±, effect variably observed (for tumors incidence was not significant by one-sided FET).
blank: effect not studied at specific dose; shading indicates region where effect is not observed.�Inferred based on lower dose.��Times in parentheses indicate approximate onset.���Although the available data (including BBDR modeling) do not indicate genotoxicity, HmdG adducts at 15 ppm are four-fold above endogenous HmdG levels.
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nonlinear dose response for DNA adducts, cytotoxicity, regen-
erative cell proliferation, and tumor incidence. It is worth not-
ing here that the MOA analysis by McGregor et al. (2006)
stated that it was “desirable” to know more about the rela-
tionship between formaldehyde-induced DPC and mutation.
This remains the case and we suspect that the next decade
of research might further inform the relationship between
DPC and DNA damage, perhaps by using new error-corrected
sequencing technologies (Salk et al. 2018).

3.5. Alternative MOAs

An alternative MOA for formaldehyde-induced nasal tumors
is one that involves both cytotoxicity and a direct mutagenic
contribution from DPC at concentrations that induce cell pro-
liferation and increase HmdG levels well above endogenous
levels. The increase in exogenous HmdG at 15 ppm (Figure
6), for example, might conceivably increase genotoxicity.
Such a mechanism, if operational, would not be consistent
with the assumptions inherent in a mutagenic linear no

Table 7. Human relevance.

Key event or outcome Rat Monkey Human

Dosimetry of exogenous
formaldehyde to nasal
epithelial cells

Data indicate there are levels of
formaldehyde exposure that do
not reach DNA (e.g. no exogenous
HmdG). Clear dose-dependent
increases in DPC and
HmdG >0.3 ppm

Dose-dependent increases in DPC and
HmdG are observed, but ultra-low
exposures needed to explore
threshold have not been
conducted in NHP (yes;
threshold likely)

No data using sensitive labeled
formaldehyde assays

(yes; threshold likely)

1. Saturation of formaldehyde
metabolism leading to increased
free formaldehyde and adduction
to cellular components

Models indicate inflections in free
formaldehyde between 2
and 6 ppm

Exogenous HmdG levels increase
linearly until they reach
endogenous levels at 6-10 ppm,
then increase more steeply up
to 15 ppm

Transcriptomic changes mostly occur
at �6 ppm in tissue that has
undergone squamous metaplasia

No data
(yes; conservation of ADH5 suggests

formaldehyde-GSH metabolism also
important; increased DPC observed
in monkeys, but at lower levels
relative to rats)

No data
(yes; conservation of ADH5 suggests
formaldehyde-GSH metabolism also
important; increased DPC observed in
monkeys, but at lower levels relative
to rats)

2. Irritation/Cytotoxicity Adaptive histopathological changes
observed at �2 ppm.
Transcriptomic changes mostly
occur at �6 ppm; changes at
2 ppm are more modest.

No histopathological changes at
0.2 ppm; minimal metaplasia at
1 ppm; 100% incidence at 3 ppm
(yes; nonlinearities are evident)

Mixed data from occupational studies.
(CFD/BBDR models can estimate air
concentrations and/or internal
doses similar to cytotoxic doses in
monkeys or rats; nonlinearities
are likely)

3. Squamous metaplasia Adaptive histopathological changes
observed at �2 ppm. Persistent
metaplasia occurs at 2 ppm
without quantitative increases in
cell proliferation. Squamous
epithelium is not completely
protective at �6 ppm.

No histopathological changes at
0.2 ppm; minimal metaplasia at
1 ppm; 100% incidence at 3 ppm
(yes; nonlinearities are evident)

Mixed data from occupational studies.
(yes; CFD/BBDR models can
estimate air concentrations and/or
internal doses resulting in
squamous metaplasia in monkeys
or rats; nonlinearities are likely)

4. Cytotoxicity/Regenerative cell
proliferation

After squamous metaplasia has
occurred, increased cell
proliferation (e.g. ULLI) is variably
observed at 6 ppm and
significantly increased at �10 ppm

LI increased at �6 ppm (yes;
nonlinearities are evident)

No labeling data (yes; CFD/BBDR
models can estimate air
concentrations and/or internal
doses resulting in regenerative cell
proliferation in monkeys or rats;
nonlinearities are likely)

5. Mutations (replication error) No direct evidence of mutagenic or
clastogenic effects in exposed rats
in short-term assays. No increases
in mutation frequency in ADH5/
GSNOR null Big Blue mice. No
neoplasms in p53þ/� mice. BBDR
model can link inhalation exposure
to internal doses that increase
acquisition of mutations in clonal
growth model. The role of DPC
could also be modeled if the
relationship between DPC and
mutation rate were known.

No direct evidence of mutations in
NHP (yes, nonlinearities are likely)

Some data from occupational studies;
however, no evidence of
genotoxicity in controlled human
exposure studies. (yes; CFD/BBDR
models can estimate the internal
dose to humans that is similar to
internal doses in rats that increase
acquisition of mutations and
tmors; nonlinearities are likely)

Nasal tumor formation SCC increased at �6 ppm No long-term studies (yes,
nonlinearities are likely)

Controversial evidence for increased
NPC in workers exposed to
formaldehyde. (yes; CFD/BBDR
models can estimate air
concentrations and/or internal
doses resulting in similar internal
doses to rats that increase tumor
formation; nonlinearities are likely)

Note: “Yes” refers to whether the KE is likely to occur in species.
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threshold (LNT) MOA. Instead, the dose-response would still
be nonlinear, albeit with meaningful contribution of DPC to
cell transformation and tumorigenesis. However, as described
earlier, direct evidence of genotoxicity has not been demon-
strated in the nasal tissue following inhalation exposure to
formaldehyde and relationships between biomarkers like
HmdG and mutation are currently unknown.

Based on evidence that formaldehyde interacts with lysine
residues, it has been suggested that epigenetic mechanisms
might play a role in formaldehyde-induced tumor formation
(Edrissi et al. 2017). A key characteristic of epigenetic mecha-
nisms is the induction of a “mutator phenotype” leading to
genomic instability (Pogribny et al. 2008). As such, one might
expect epigenetic changes to further facilitate the detection
of genotoxic endpoints in subchronic assays; however, such
genotoxicity has not been readily observed (see Section
3.2.5). One study has reported epigenetic changes in monkey
nasal tissue following just 2 days of exposure to 2 and 6 ppm
formaldehyde that indicate decreased apoptosis signaling
(Rager et al. 2014). Whether epigenetic changes represent
generic responses to tissue damage and repair, or play some
specific role in the MOA of formaldehyde is unknown; how-
ever, there is insufficient evidence to support epigenetics as
a KE in the MOA at this time.

In McGregor et al. (2006), key events in the MOA for for-
maldehyde were compared to glutaraldehyde. McGregor and
colleagues noted that glutaraldehyde also induces nasal tox-
icity, cell proliferation, and DPC but is not carcinogenic to
rodents. While they acknowledged that the reason for the
difference in carcinogenic response was unknown, they pos-
ited that the significant increased cytotoxic potency of gluta-
raldehyde relative to formaldehyde might explain the
absence of carcinogenicity. Specifically, they hypothesized
that the dialdehyde function that makes glutaraldehyde a
stronger fixative than formaldehyde might lead to immobil-
ization of proteins and facilitate cell death rather than
“change in differentiation state.” The recent work by
Swenberg and colleagues underscores the ubiquity of formal-
dehyde in cells and reiterates that cells have evolved to regu-
late formaldehyde within the nucleus and cytoplasm. As
such, cellular increases of endogenous aldehydes like formal-
dehyde are likely to elicit different homeostatic and adaptive
responses than cellular increases of glutaraldehyde. In add-
ition, the dual functionality of ADH3/GSNOR could lead to
disruption of multiple cellular processes as enzymatic oxida-
tion of formaldehyde can facilitate GSNO reduction thereby
affecting cellular protein S-nitrosylation and protein function
(Staab, Alander, et al. 2008; Foster et al. 2009). For example,
loss of GSNOR activity leads to decreased O6-alkylguanine-
DNA-alkyltranserase (AGT)9 DNA repair as a result of imbalan-
ces in S-nitrosylation (Wei et al. 2010; Tang et al. 2013).
Interestingly, Yu et al. (2015) showed that formaldehyde
could form dG adducts with a cysteine residue in a synthe-
sized 11-mer peptide of AGT, and Lu, Ye, et al. (2010) specu-
lated that formaldehyde crosslinks might occur with
cysteines in the active sites of AGT. Such interactions might
explain in vitro evidence that formaldehyde inhibits DNA
repair by AGT (Grafstrom et al. 1985; Pegg 2011). Overall, the
effects of elevated cellular formaldehyde are likely very

different from elevated glutaraldehyde, irrespective of their
crosslinking ability per se.

3.6. Human relevance

Human relevance addresses three fundamental questions: (1)
is the WOE sufficient to establish the MOA in animals, (2) are
the key events plausible in humans, and (3) are the key
events plausible in humans after accounting for pharmaco-
kinetics and pharmacodynamics (Meek et al. 2003; Boobis
et al. 2008). The answer to the first two questions is yes. The
WOE is sufficient to establish the MOA in rats, and the key
events are plausible in humans because many of the same
effects have been observed in non-human primates exposed
to formaldehyde (Table 7). For example, cynomolgus mon-
keys exposed to 0, 0.2, 1, and 3 ppm formaldehyde for 22 h
per day for 6months exhibited incidences of squamous
metaplasia of 0/12, 0/6, 1/6 and 6/6, respectively in the nasal
turbinates (Rusch et al. 1983). In rhesus monkeys exposed to
6 ppm formaldehyde, histopathological signs of cytotoxicity,
squamous metaplasia, and hyperplasia were observed on
nasal turbinates (Monticello et al. 1989). Like rats, lesions
were more prominent in the proximal regions of the nasal
cavity. Unlike rats, lesions were observed more distally in
monkeys—reaching the nasopharynx region. Increases in
labeling index were also observed in all levels of the nasal
cavity following exposure to 6 ppm for both 1 and 6weeks
(Monticello et al. 1989). As already discussed in Section
3.2.4.2, DPC were detected in the nasal turbinates, lateral
wall, septum, and to a lesser extent in the nasopharynx
(Casanova et al. 1991; Moeller et al. 2011).

Human evidence of formaldehyde-induced nasal lesions is
mixed (IARC 1995). For example, workers with �10 year ten-
ures in formaldehyde resin plants exposed to �0.4 ppm for-
maldehyde exhibited adverse nasal scores of 2.16 vs 1.56
(p< 0.05) in clerical workers in the same industry (Holmstrom
et al. 1989). On the other hand, nasal swabs from workers in
formaldehyde resin plants exposed to up to 2 ppm formalde-
hyde (with peaks exposures as high as 15 ppm) with employ-
ment durations of �15 years did not differ from white collar
workers (Berke 1987). Taken together with histological data
from monkeys, human data suggest the possibility for
inhaled formaldehyde to damage the nasal mucosa of
humans frequently exposed to ppm levels of formaldehyde.

With regard to site of contact genotoxicity, several occu-
pational and student studies have reported increases in nasal
or buccal MN in formaldehyde-exposed individuals (Fenech
et al. 2016; Albertini and Kaden 2017). However, as discussed
in Section 3.2.5.2, genotoxicity has not been observed in
humans under controlled exposure conditions.
Notwithstanding evidence against systemic distribution fol-
lowing inhalation exposure to formaldehyde (see Section
3.2.4 and Gentry et al. (2021)), Fenech et al. (2016) reported
an overall significant 2-fold increase in MN in peripheral lym-
phocytes in various workers with occupational exposure to
formaldehyde, and ascribed the effects solely to formalde-
hyde. Fenech et al. (2016) also report a correlation between
positive Comet and MN results in lymphocytes; however, the
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lack of systemic delivery of formaldehyde suggests such DNA
damage in the Comet assay must result from other sources
such as co-exposure to other systemically acting agents.
Fenech et al. (2016) also posit that DNA damage in lympho-
cytes might be due to inflammatory processes or oxidative
stress induced by formaldehyde within the nasal passages.
Neither inflammation nor oxidative stress would be consist-
ent with a linear MOA (e.g. mutagenic MOA) or linear
risk assessment.

Overall, the answer to the third question about human
relevance, i.e. are the key events plausible in humans after
accounting for pharmacokinetics, is dependent on modeling
data. Specifically, CFD and BBDR models have been used to
estimate what inhaled formaldehyde concentrations could
result in carcinogenic internal formaldehyde doses in the
human respiratory tract (Conolly et al. 2003, 2004).
Considering that components to these models are being
updated and refined (Schroeter et al. 2014; Miller et al. 2017;
Campbell et al. 2020), updated models can be used to esti-
mate what environmental exposures would be required to
increases cell proliferation and/or tumors in specific regions
of the human respiratory tract in the near future (see below).

3.7. Implications for risk assessment

3.7.1. A Reference concentration (RfC) approach for cancer
Consistent with U.S. EPA guidance, the MOA and human rele-
vance analysis herein supports the consideration of non-lin-
ear approaches for assessing cancer risk from inhaled
formaldehyde. Regarding approaches for low-dose extrapola-
tion, the U.S. EPA’s Guidelines for Carcinogen Risk Assessment
(2005) state,

A nonlinear approach should be selected when there are sufficient
data to ascertain the mode of action and conclude that it is not
linear at low doses and the agent does not demonstrate
mutagenic or other activity consistent with linearity at low doses.
Special attention is important when the data support a nonlinear
mode of action but there is also a suggestion of mutagenicity.
Depending on the strength of the suggestion of mutagenicity,
the assessment may justify a conclusion that mutagenicity is not
operative at low doses and focus on a nonlinear approach, or
alternatively, the assessment may use both linear and nonlinear
approaches. (emphases added)

Although these guidelines are silent on what exactly non-
linear approaches are, they go on to say,

For cases where the tumors arise through a nonlinear mode of
action, an oral reference dose or an inhalation reference
concentration, or both, should be developed in accordance with
EPA’s established practice for developing such values… This
approach expands the past focus of such reference values
(previously reserved for effects other than cancer) to include
carcinogenic effects determined to have a nonlinear mode
of action.

These guidelines clearly indicate that RfC and RfD values
for cancer endpoints can be derived in a manner similar to
any non-cancer endpoint. In practice, the development of
such values for a cancer endpoint has typically relied on
quantitative dose-response modeling of precursor lesions.
Nearly two decades ago, an RfC approach was described for

formaldehyde-induced nasal tumors using benchmark dose
(BMD) and pharmacokinetic modeling (Schlosser et al. 2003).
In that analysis, lesions were modeled using the applied dose
(i.e. ppm formaldehyde), and the BMD values extrapolated to
humans using pharmacokinetic models. Schlosser et al.
(2003) derived BMCL values for cell proliferation and tumors
of �4ppm and 6 ppm, respectively10. After BMD modeling
using the applied air concentration (ppm), Schlosser et al.
(2003) used CFD models of the rat nasal passages to estimate
the flux of formaldehyde to the rat nasal mucosa at the
BMCL concentration. A human CFD model was then used to
estimate the human inhalation exposure that results in the
same tissue flux as predicted for rats. The human equivalent
BMCL10HEC values for cell proliferation and tumor formation
were �3 and 4.5 ppm, respectively. BMCL values could be
derived for various effects such as cell proliferation or accu-
mulation of HmdG adducts, and then adjusted by appropri-
ate uncertainty factors to derive RfC values that are
protective of cancer.

3.7.2. A biologically based dose–response (BBDR) model
for cancer
The U.S. EPA’s Guidelines for Carcinogen Risk Assessment
(2005) advocate the use of toxicokinetic and toxicodynamic
models in risk assessment,

Toxicokinetic modeling is the preferred approach for estimating
dose metrics from exposure. Toxicokinetic models generally
describe the relationship between exposure and measures of
internal dose over time… Toxicodynamic modeling can be used
when there are sufficient data to ascertain the mode of
action… Toxicodynamic modeling is potentially the most
comprehensive way to account for the biological processes
involved in a response. Such models seek to reflect the sequence
of key precursor events that lead to cancer… If a standard model
already exists for the agent’s mode of action, the model can be
adapted for the agent by using agent-specific data to estimate
the model’s parameters. An example is the two-stage clonal
expansion model… critical parameters (e.g. mutation rates and
cell birth and death rates) are estimated from laboratory studies
and not by curve-fitting to tumor incidence data. Toxicodynamic
modeling can provide insight into the relationship between
tumors and key precursor events. For example, a model that
includes cell proliferation can be used to explore the extent to
which small increases in the cell proliferation rate can lead to
large lifetime tumor incidences…

The risk of nasal tumors in humans was previously
assessed using a BBDR model (Conolly et al. 2003, 2004). This
model was described in Section 3.3.6.1. In their review of the
2010U.S. EPA draft risk assessment of formaldehyde, the U.S.
National Academy of Sciences recommended that U.S. EPA
strongly consider using these BBDR models to develop safety
criteria (NAS 2011). Conolly et al. (2004) estimated the
approximate 1E-6 excess cancer risk in nonsmoking, mixed,
and smoking populations to be 0.3, 0.03, and 0.02 ppm,
respectively. It should be noted that these cancer risk esti-
mates are based on assumptions that DPC increases the
chance of mutation in an assumed linear relationship, and
there is no evidence of cell proliferation at these concentra-
tions. While this is conservative, the model assumptions
about the low-dose linearity of DPC formation has been
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called into question by the study by Leng et al. (2019) and
the relationship between DPC and mutation is called into
question by target tissue genotoxicity studies published after
2004 (see Table 3). Clearly, updating the CFD and BBDR mod-
els with new data collected since 2004 could refine these
estimates. To that end, efforts are ongoing to update critical
components of the BBDR model (Miller et al. 2017; Campbell
et al. 2020).

4. Discussion

Formaldehyde is one of the most well-studied chemicals with
regard to toxicology and MOA (Andersen et al. 2019). It is
also one of the few chemicals for which exposure-related
DNA modifications have been directly compared to endogen-
ous DNA modifications (Farland et al. 2019). Given the avail-
ability of BBDR models for formaldehyde, the various key
events in the MOA described herein could be described in
terms of internal dose, and key event relationships also quan-
tified (e.g. spontaneous mutation was a function of cell repli-
cations). However, such an effort is beyond the scope of the
current article, and there are ongoing efforts to update the
BBDR model for formaldehyde-induced nasal tumors (Miller
et al. 2017; Campbell et al. 2020).

In 2006, the MOA for formaldehyde-induced nasal tumors
in rats was recognized to involve cytotoxicity and regenera-
tive cell proliferation; however, the role of DPC was uncer-
tain. The updated MOA herein, based on research published
after 2006, reiterates the role of cytotoxicity and regenerative
cell proliferation, and provides additional data to suggest
that DPC are certainly biomarkers of exposure but may not
meaningfully contribute to cancer via genotoxic effects
except at concentrations that result in tissue levels that
increase HmdG well above endogenous levels. In rats, that
may occur in specific regions of the anterior nasal cavity at
inhalation concentrations above 15 ppm, as data do not indi-
cate genotoxic or mutagenic responses at 15 ppm.

The most recent data provide three important new
insights into the MOA for nasal tumors in rats. First, there are
exposure concentrations that do not result in detectable bio-
markers (e.g. exogenous HmdG) of exposure in rats (i.e.
�0.3 ppm); thus, there are likely limits to human exposures
that result in tissue exposure. Second, exposures to several
ppm formaldehyde is required to increase exogenous HmdG
to and above endogenous levels in specific regions of the rat
nasal cavity. Third, the genotoxic potential of exogenous
HmdG levels at and above endogenous levels appears to be
weak or nil (up to 15 ppm), as evidenced by the lack of posi-
tive genotoxicity findings in rats. This suggests that the MOA
is driven by the chronic proliferative pressure resulting from
chronic exposure to concentrations of formaldehyde that
continue to damage the nasal mucosa even after adaptive
squamous metaplasia has occurred. These new data, together
with the previous data, indicate that toxicity criteria for for-
maldehyde estimated with linear approaches is not sup-
ported by the available science.

It is anticipated that the MOA analysis herein can be used
for risk evaluation under the updated Frank R. Lautenberg

Chemical Safety for the 21st Century Act. As recently high-
lighted in a special issue of Chemico-Biological Interactions
(volume 301, 2019), the default approach of low-dose linear
extrapolation in risk assessment is predicated on a LNT
model that has controversial origins (Golden et al. 2019). Not
only is the LNT model likely inaccurate for many chemical
carcinogens, but it seems particularly inapplicable to formal-
dehyde. As shown herein, the data gaps (i.e. uncertainties) in
the MOA for formaldehyde-induced nasal tumors proposed in
2006 have been further narrowed. Nevertheless, a better
understanding of the relationship between specific formalde-
hyde DNA adducts and genotoxic potential could address
remaining uncertainties in the assessment of formaldehyde
as well as other chemistries with similar issues.

Notes

1. Per U.S. EPA (2005): “The term “mode of action” is defined as a
sequence of key events and processes, starting with interaction of
an agent with a cell, proceeding through operational and anatom-
ical changes, and resulting in cancer formation…Mode of action is
contrasted with “mechanism of action,” which implies a more
detailed understanding and description of events, often at the
molecular level, than is meant by mode of action… There are many
examples of possible modes of carcinogenic action, such as muta-
genicity, mitogenesis, inhibition of cell death, cytotoxicity with rep-
arative cell proliferation, and immune suppression.”

2. https://www.epa.gov/iris/update-ramazzini-institute-data-iris-
assessments.

3. Most studies and reviews on formaldehyde metabolism refer to the
substrate as formaldehyde and not the hydrated form, formalde-
hyde acetal.

4. Note: our calculations are consistent with EFSA (2014).
5. 200mm3 � (0.001mL/mm3) � (1 g/mL) ¼ 0.2 g
6. Note: Kimbel et al. use different nomenclature when referring to

the anterior regions of nasal passages, specifically “level 6.”
7. proportionality constant relating tissue concentration of DPC to

probability of mutation per generation of normal or initiated cells.
8. log likelihood for model fit.
9. Note: the O6-alkylguanine-DNA- alkyltransferase protein is encoded

by O6-alkylguanine-DNA- methyltransferase gene (MGMT).
10. Using U.S. EPA’s BMDS v3.2 and the same data in Schlosser et al.

(2003), we derived similar BMCL values; specifically, 6.3 ppm (log-
probit model) for SCC and 3–6 ppm for cell proliferation.
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