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Abstract
A framework has been evolving for evaluation of mode of action (MOA) of rodent toxicity and carcinogenicity 
findings and their relevance to humans. Folpet produces duodenal glandular tumors in mice, but is not carcinogenic 
in rats. A wealth of information is available regarding folpet’s mode of action, providing an excellent example of how 
this tumor can be evaluated using this framework. Folpet reacts with thiol groups, and is rapidly hydrolyzed at pH 
7. Both reactions produce thiophosgene that reacts with thiols and other functional groups. Folpet is not genotoxic 
in vivo. At sufficiently high, prolonged dietary doses, folpet irritates the mouse duodenum, resulting in cytotoxicity 
with consequent regenerative proliferation and ultimately tumor development. Forestomach lesions secondary 
to cytotoxicity are also induced. Dogs have stomachs similar to humans and show no evidence of gastrointestinal 
toxicity or tumor formation at exposure levels at least as high as rodents. The data support a MOA in mice involving 
cytotoxicity and regenerative proliferation. Based on MOA analysis and assessment of human relevance, folpet, like 
captan, another trichloromethylthio-related fungicide with similar toxic and carcinogenic effects, is not likely to be 
a human carcinogen at dose levels that do not cause cytotoxicity and regenerative proliferation.
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1. Introduction

Mode of action (MOA) is increasingly being considered in 
the risk assessment of pesticides. During the past decade, 
the International Life Sciences Institute (ILSI) and the 
International Programme on Chemical Safety (IPCS) of 
the World Health Organization (WHO) have been evolving 
a framework for the analysis of mode of action for rodent 
toxicity and carcinogenicity findings along with assess-
ment of their human relevance (Sonich-Mullin et al., 2001; 
Meek et al., 2003; Seed et al., 2005; Boobis et al., 2006, 2008). 
Numerous case studies have been published illustrating the 
applicability of the framework for genotoxic and nongeno-
toxic cancer modes of action and for cancer and noncancer 
endpoints. Mode of action analysis has been incorporated 
into the risk assessment guidelines of various regulatory 
agencies, including the US Environmental Protection Agency 
(US EPA, 2005).

Folpet and captan are used for their fungicidal properties 
in both industrial and agricultural products. Their structures 
are shown in Figure 1 along with their reaction with thiols. 
Both compounds have Reregistration Eligibility Decisions 

(REDs) issued (US EPA 1999a, 1999b) as well as subsequent 
reviews (US EPA 2003, 2004a, 2004b) that included the reclas-
sification of captan from “B2” (probable human carcinogen) 
to “not likely” at dietary exposures expected from agricultural 
use (US EPA, 2004a; Gordon, 2007).

The major tumor finding from captan bioassays was 
gastrointestinal adenomas and adenocarcinomas in mice, 
primarily in the duodenum. By contrast, there was no car-
cinogenic effect of captan in rats. The 2004 cancer reclassi-
fication was based on the 1999 proposed Carcinogenic Risk 
Assessment guidelines (US EPA, 1999c) that were finalized in 
2005 (US EPA, 2005).

Folpet, chemically and biologically similar to captan, has 
also been evaluated in rodent carcinogenicity bioassays and 
has a similar pattern of tumor development, that is, gas-
trointestinal tumors in mice and the absence of treatment-
related tumors in rats. Studies evaluating the early stages 
of effects in the gastrointestinal tract support analysis of 
the mode of action. Folpet provides an example of how the 
application of the ILSI/IPCS mode of action and human 
relevance framework can be applied to tumors in assessing 
possible carcinogenic risk to humans. Folpet previously was 
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considered by EPA a genotoxic carcinogen, like captan, and 
was considered a carcinogen in mice and rats (Quest et al., 
1993). Given the information available concerning mode of 
action, assessment of human relevance and the precedent 
setting case of captan, folpet today would likely be classi-
fied as a nongenotoxic, threshold-based carcinogen, with 
carcinogenicity only in mice. We describe below the basis 
for concluding that the rat bioassays are negative; this has 
also been the conclusion of Joint Food and Agriculture 
Organization of the United Nations (FAO/WHO) Meeting on 
Pesticide Residues (JMPR) (FAO/WHO, 1996) and European 
Food Safety Authority (EFSA) (2009a, 2009b).

In this paper, we review the folpet carcinogenicity bio-
assays in rodents and critically evaluate the results, taking 
into account data from a variety of short- and long-term 
studies in vivo and mechanistic information gathered from 
various types of investigations. We cite relevant studies with 
captan as these two compounds have been shown to have a 
common mode of toxicity (Bernard and Gordon, 2000). The 
mode of action of folpet for induction of the mouse tumors 
and their human relevance is then evaluated using the frame-
work developed over the past decade by the WHO IPCS and 
the International Life Sciences Institute (ILSI), Risk Science 
Institute (RSI). The evidence supports the conclusion that 
folpet, like captan, is a non–DNA-reactive carcinogen in mice 
with a threshold, nonlinear dose-response (US EPA, 2004a; 
Gordon, 2007, 2010). We also suggest that humans are likely 
to be considerably less susceptible to its precursor cytotoxic 
effects in the upper gastrointestinal tract than are mice.

Folpet has been extensively evaluated in genotoxicity 
assays, and like captan, it is generally positive in vitro with or 
without enzymatic activation systems, but is not genotoxic 
in vivo. The findings in vitro are related to the strong reactiv-
ity of folpet with cellular thiols, either directly or following 
folpet’s initial reaction with thiols. A typical reaction in vivo 
is noted in Figure 2, showing the reaction of thiophosgene 
with cysteine to produce thiazolidine-2-thione-4-carboxylic 
acid (TTCA), a urinary metabolite. Because of the role thiols 
play, the addition of S9 with its own abundant thiols serves 
to degrade the parent, resulting in lower concentrations and 
consequently lower mutagenic activity. A detailed analysis 
of the genotoxicity of folpet is reported in the accompanying 
paper (Arce et al., 2010). The overall conclusion of the muta-
genicity and carcinogenicity studies is that folpet induces 
tumors in mice by a non–DNA-reactive mode of action that 

involves chemical reactivity with cellular constituents leading 
to irritation, cytotoxicity, and regenerative proliferation; this 
regenerative proliferation is then the basis for tumor develop-
ment (Gordon, 2010; EFSA, 2009b).

Abridged study data from unpublished reports are avail-
able online at the Informa Web site (www.informahealthcare.
com/txc). Full study reports of this unpublished material 
that have MRID numbers are available from US EPA via FOI 
requests.

2. Summary of 2-year bioassays

Folpet has been evaluated in several 2-year rodent bioassays 
(Quest et  al., 1993; Bernard and Gordon, 2000), including 
three mouse studies (East 1994; Rubin and Nyska 1985; 
Wong, 1985) and three rat studies (Cox et al., 1985: Crown 
et  al., 1985, 1989). In these dietary studies, folpet doses 
ranged in mice from 150 to 12,000 ppm (7.5–600 mg/kg/
day); and in rats, due to increased toxicity, the doses ranged 
from 200 ppm to a maximum of 5000 ppm (10–250 mg/kg/
day). Despite its reactivity with thiol groups, folpet has been 
shown to be stable in the diet administered to the rats and 
mice (96–100% up to 3 weeks at 5000 ppm (Milburn, 1997); 
96–115% of nominal levels for 12 weeks at 1000, 3000, or 
10,000 ppm, but 59–67% at 300 ppm (Reno et al., 1981). All 
of the standard bioassays included high doses that met the 
criteria of maximum tolerated dose (MTD) and resulted in 
dose-related pathology. One study (East, 1994) was designed 
to establish a no observed adverse effect level (NOAEL) and 
included a high dose below the MTD but sufficient to cause 
tumors.

The collective data for folpet and captan show consistency 
within species across studies; that is, both compounds induce 
gastrointestinal tumors in mice and both compounds do not 
induce treatment-related tumors in rats.

A distinction can be made, however, between the two fun-
gicides in that folpet produces a low incidence of squamous 
cell tumors of the forestomach of mice whereas captan does 
not. This may be related to the respective hydrolysis rates of 
the two compounds at low pH.

2.1. Mouse
In CD-1 and B6C3F1 mice, the consistent finding is induc-
tion of glandular tumors (adenomas and adenocarcinomas) 
of the duodenum (Tables 1 and 2; Figures 3–6) (Nyska et al., 

Cl

OH

OH

O

S NH 2HCI

S

CysteineThiophosgene
Thiazolidine-2-thione-4-carboxylic acid

TTCA

Cl

S HS

NH2

O

Figure 2.  Reactions of folpet and thiophosgene with cysteine, a representative thiol, producing the urinary metabolite TTCA.



534    S. M. Cohen et al.

1990; Quest et al., 1993; Bernard and Gordon, 2000; EFSA, 
2009a, 2009b; Gordon, 2010). The duodenum is the proximal 
portion of the small intestine. It transitions to the jejunum at 
the ligament of Treitz. The distal half of the small intestine is 
referred to as the ileum. In several of the short- and long-term 
studies involving folpet and related chemicals, some inves-
tigators have arbitrarily divided the small intestine into 
thirds. Regardless of whether the lesions occurred in what 
was stated as the duodenum or the jejunum, they occurred 
in the proximal portion of the small intestine, generally near 
the ampulla of Vater where bile and pancreatic secretions 
enter the intestine, with high concentrations of bicarbonate 
raising the pH of the intestinal luminal contents. There has 
also been an analysis of squamous cell tumors of the nong-
landular, forestomach in mice (Figures 3–6). It is suggested 
that one possibility is that the large duodenal tumors act 

5

Figure 5.  Histological section of the forestomach of a mouse treated with 
the high dose of folpet. Note squamous cell carcinoma infiltrating the wall 
(H&E, ×200). (Reproduced by permission from A. Nyska et al., Induction of 
gastrointestinal tumors in mice fed the fungicide folpet: possible mecha-
nisms. 1990. Jpn J Cancer Res 81:545–549.)

Table 1.  Tumor incidences of selective tissues in a study in CD-1 mice 
administered folpet in the diet (Wong, 1985).

 Dose

Tumor 0 ppm 1000 ppm 5000 ppm 12,000 ppm

Males     

 � Duodenum 
adenomas and 
adenocarcino-
mas

1/87 (1%) 2/61 (4%) 9/67 (13%) 44/75 (58%)

 � Forestomach 
squamous cell 
papillomas and 
carcinomas

1/103 (1%) 1/79 (1%) 5/80 (6%) 6/78 (8%)

Females     

 � Duodenum 
adenomas and 
adenocarcino-
mas

0/88 (0%) 1/63 (2%) 8/67 (11%) 42/74 (57%)

 � Forestomach 
squamous cell 
papillomas and 
carcinomas

1/102 (1%) 4/79 (5%) 5/79 (6%) 1/80 (1%)

3

1 2

Figure 3.  Opened gastric and duodenal lumen of high-dose group mouse. 
A large mass (squamous cell carcinoma) growing in the nonglandular por-
tion of the stomach is indicated by a large asterisk. The duodenal lumen 
is obstructed by a large nodule (small asterisk). (Reproduced by permis-
sion from A. Nyska et al., Induction of gastrointestinal tumors in mice 
fed the fungicide folpet: possible mechanisms. 1990. Jpn J Cancer Res 
81:545–549.) 

4
1 2 3

Figure 4.  Opened duodenal lumen of a mouse treated with the high dose of 
folpet. Note the large nodule growing on the mucosa (arrow). (Reproduced 
by permission from A. Nyska et al., Induction of gastrointestinal tumors 
in mice fed the fungicide folpet: possible mechanisms. 1990. Jpn J Cancer 
Res 81:545–549.)

Table 2.  Tumor incidences of selective tissues in a study in B6C3F1 mice 
administered folpet in the diet (Rubin and Nyska, 1985).

 Dose

Tumor 0 ppm 1000 ppm 5000 ppm 10,000 ppm

Males     

 � Duodenum 
adenomas and 
adenocarcino-
mas

0/51 (0%) 4/52 (8%) 17/48 (35%) 25/48 (52%)

 � Forestomach 
squamous cell 
papillomasand 
carcinomas

0/52 (0%) 2/52 (4%) 3/52 (6%) 2/52 (4%)

Females     

 � Duodenum 
adenomas and 
adenocarcino-
mas

1/49 (2%) 2/50 (4%) 10/51 (20%) 19/47 (40%)

 � Forestomach 
squamous cell 
papillomasand 
carcinomas

2/51 (4%) 1/52 (2%) 5/52 (10%) 7/52 (13%)
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to inhibit the passage of stomach contents to the intestine, 
thus increasing the resident time of reactive species in the 
stomach and enhancing tumor formation (Nyska et al., 1990). 
The incidences of forestomach tumors in mice were margin-
ally statistically significant but did not show a consistent 
dose-response. Across these studies the no observed effect 
level (NOEL) is 450 ppm (approximately 50 mg/kg/day) (East, 
1994).

2.2. Rat
In Sprague-Dawley and F344 rats, tumors of the duodenum 
and the remainder of the small intestine have not been 
observed. There have been changes consistent with toxic-
ity (hyperkeratosis, hyperplasia [acanthosis], edema, and 
inflammation) to the forestomach, but no incidence of 
tumors has been induced in the forestomach of rats or in 
the glandular stomach or esophagus. These irritation-related 
changes in rats are qualitatively similar to those seen in mice, 
but do not result in tumor development. The NOEL in rats is 
200 ppm for non-neoplastic forestomach mucosal changes 
(Cox et al., 1985).

The collective data show folpet is not a rat carcinogen. 
Although incidences of some tumors in rats were increased 
compared to concurrent controls at some doses (Quest et al., 
1993), none are considered treatment related or biologically 
relevant to human risk, as noted below and as has been con-
cluded by EFSA (2009b) and FAO/WHO JMPR (FAO/WHO, 
1996).

In one study in Sprague-Dawley rats, there were no signifi-
cantly increased incidences of tumors at any site (Table 3). 
The incidences of Leydig cell tumors was increased compared 
to controls but there was no dose-response, statistical evalu-
ation for trend was not significant, and the incidence in the 
controls was considerably lower then usually observed in this 
strain (Sprague-Dawley) of rats.

In a second study, there was a suggested increased inci-
dence of benign mammary gland tumors in female F344 rats, 
but they were judged to be not treatment related (Table 4). 
Based on the description of the lesions, they would now be 
classified as fibrodenomas.

In a third study in rats, there was a slight increase in inci-
dence of these fibroadenomas of the mammary gland in 
female F344 rats, and also a slight increase in thyroid tumors 
and malignant lymphomas (Table 5). As discussed below in 
greater detail, these tumors are concluded not to be treat-
ment related.

Captan shares a common mode of action with folpet 
(Bernard and Gordon, 2000; Gordon, 2010), It also produces 
gastrointestinal tumors in the duodenum in mice but does 
not induce treatment-related tumors in rats. In captan rat 
bioassays there was an increased incidence of kidney or 
uterine tumors, but these were deemed non–treatment-
related by an independent third party (TERA, 2003) and 
subsequently confirmed by EPA (US EPA, 2004) and by EFSA 
(2009a).

Thus, both captan and folpet produce a carcinogenic 
effect in the gastrointestinal tract in mice, primarily in the 

Table 3.  Tumor incidences of selective tissues in a study in Sprague-Dawley 
rats administered folpet in the diet (60 rats per group) (Cox et al., 1985).

 Dose

Tumor 0 ppm 200 ppm 800 ppm 3200 ppm

Males     

 � Thyroid ade-
noma and 
carcinoma

4 (7%) 9 (15%) 4 (7%) 8 (13%)

 � Testicular 
Leydig cell 
tumor

1(2%) 5 (8%) 4 (7%) 8 (13%)

Females     

 � Thyroid ade-
noma and 
carcinoma

6 (10%) 6 (10%) 7 (11%) 6 (10%)

6

Figure 6.  Histological section of a duodenal adenocarcinoma in a mouse 
treated with the high dose of folpet (H&E, ×200). (Reproduced by permis-
sion from A. Nyska et al., Induction of gastrointestinal tumors in mice 
fed the fungicide folpet: possible mechanisms. 1990. Jpn J Cancer Res 
81:545–549.)

Table 4.  Tumor incidences of selective tissues in a study in F344 rats 
administered folpet in the diet (20 rats per group) (Crown et al., 1989).

 Dose

Tumor 0 ppm 250 ppm 1500 ppm 5000 ppm

Females     

 � Mammary 
fibroadenoma

16 (80%) 15 (75%) 20 (100%) 14 (35%)

Table 5.  Tumor incidences of selective tissues in a study in F344 rats 
administered folpet in the diet (60 rats per group) (Crown et al., 1985).

 Dose

Tumor 0 ppm 500 ppm 1000 ppm 2000 ppm

Males     

 � Thyroid 
adenoma

6 (10%) 5 (8%) 5 (8%) 2 (3%)

 � Mammary 
fibroad-
enoma

2 (3%) 1 (2%) 3 (5%) 3 (5%)

  Lymphoma 0 (0%) 1 (2%) 2 (3%) 2 (3%)

Females     

 � Thyroid 
adenoma

4 (7%) 3 (5%) 3 (5%) 8 (13%)

 � Mammary 
fibroad-
enoma

2 (3%) 7 (11%) 8 (13%) 12 (20%)

  Lymphoma 0 (0%) 2 (3%) 2 (3%) 3 (5%)
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duodenum, but are not carcinogenic to rats (US EPA, 2004; 
Bernard and Gordon, 2000; Gordon 2010).

The incidences of mammary gland, thyroid, and lymphoid 
tumors in rats did not follow a distinct dose-response, and 
were not increased at statistically significant levels above 
the controls. Furthermore, statistical analysis for trend was 
not significant. The investigators in these studies stated that 
they did not believe these tumors were related to chemical 
treatment, based on statistical comparisons, and they also 
concluded that the tumors lacked biological relevance to 
humans.

Lack of statistical significance in these studies was con-
cluded on the basis of p >.05. Lack of statistical significance is 
even more strongly concluded if one utilizes the recommen-
dation by the National Toxicology Program (NTP) (Haseman, 
1983) that statistical comparison of common tumors in 
treated animals compared to controls in rodent bioassays 
should utilize a p value of <.025 or even p <.01 instead of the 
standard p <.05 recommended for uncommon tumors. This 
modified standard for statistical significance is now routinely 
used by the NTP for their bioassay assessments, and it is also 
used by pharmaceutical regulatory agencies worldwide, 
based on International Committee on Harmonisation (ICH) 
recommendations (Lin, 1998). Thus, for folpet, it would be 
appropriate to use p <.05 for statistical significance for the 
duodenum and forestomach tumors, since these are rela-
tively uncommon, but a lower p value should be utilized for 
the mammary gland, thyroid, and lymphoid tumors. This is 
also true for the testicular Leydig cell tumors. Regardless, the 
incidences of these three common tumors (mammary gland, 
thyroid, and lymphoma) in the rats in the 2-year bioassays 
with folpet were not statistically significant, even at p <.05. 
They certainly do not meet the criteria of a p value of <.025 
and none of the tumors in any of the rat studies showed 
statistical significance for a trend analysis, even at p <.05. 
Furthermore, these tumors occur spontaneously quite fre-
quently in control rats (Haseman et al., 1998). There does not 
appear to be biological significance for human risk assess-
ment for any of these three tumor types in these strains of 
rats (Sprague-Dawley, F344).

Mammary gland fibroadenomas in female rats often occur 
spontaneously, especially in Sprague-Dawley rats where 
spontaneous mammary gland tumor incidences can exceed 
75%. In addition, these fibroadenomas are benign tumors 
that are not predictive of malignant tumors in the rodent and 
they are not predictive of malignancy in humans (Russo and 
Russo, 1987; Russo et al. 1996). Fibroadenomas are common 
lesions in the human breast, and are not considered precur-
sor lesions for carcinomas (Rosen and Oberman, 1993; Russo 
et al., 1990).

The thyroid tumors that were observed in one of the three 
bioassays in rats are not indicative of a risk of human cancer 
for the following reasons: (1) The increased tumor incidence 
was inconsistent, occurring only in one of three studies; 
(2) they were not increased at a statistically significant inci-
dence; (3) the incidences even in the high dose group are 
within expected incidences for control groups; and (4) there 

is no evidence of a dose-response, and a statistical evaluation 
for a trend is not significant.

Like the thyroid tumors, an increased incidence of malig-
nant lymphomas was also observed in only one of the three 
rat bioassays. Again, this is not statistically significant, there 
was no evidence of a dose-response, they occurred in only 
one of the three studies, and most importantly, it represents 
a tumor type that occurs commonly in F344 rats. It is unlikely 
that the observation in one of the three rat bioassays with 
folpet represents a treatment-related or biologically signifi-
cant finding.

2.3. Summary
Thus, in summary, the only reproducible, statistically and bio-
logically significant, treatment-related tumorigenic finding 
was the duodenal glandular tumors in mice. There was also a 
statistically marginal increase in squamous cell lesions of the 
forestomach in mice but the dose-response was inconsist-
ent between studies and sexes. The duodenal tumors occur 
subsequent to irritation and toxic changes with consequent 
regenerative proliferation. Cytotoxicity and regeneration 
is also likely the basis for the squamous cell tumors of the 
forestomach. There is no carcinogenic effect in the rat that is 
statistically significant, reproducible, or biologically relevant 
to human risk. Based on this summary of the findings in 
the 2-year bioassays, an analysis of the mode of action and 
human relevance is only appropriate for the mouse duodenal 
(small intestine) tumors. We present a detailed analysis of the 
mode of action and human relevance of the mouse duodenal 
tumors. We also discuss the forestomach changes, emphasiz-
ing their lack of relevance to humans, since humans lack a 
forestomach or comparable organ.

3. Mode of action analysis: Mouse duodenum 
tumors

3.1. Overview
For the mode of action analysis and assessment of human 
relevance, we utilize the framework that has evolved from the 
initial mode of action document published by International 
Programme on Chemical Safety (IPCS) and the US EPA, and 
subsequent publications on the evaluation of the human 

Table 6.  Concordance table for analysis of potential human relevance 
of cytotoxicity mode of action of folpet induction of duodenal tumors in 
mice.

Key event Mice Rats Dogs Humans

Reactivity with 
thiol groups 
(by folpet or 
thiophosgene)

Yes Yes Yes Yes

Cytotoxicity* Yes No No No data; possible 
but unlikely

Regenerative 
proliferation*

Yes No No No data; possible 
but unlikely

Tumors* Yes No No(unlikely based on 
lack of cytotoxicity)

No data; possible 
but unlikely

*Only when exposure reaches threshold levels.
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relevance for cancer and noncancer endpoints that have 
been developed through the International Life Sciences 
Institute/Risk Science Institute (ILSI/RSI) sponsored by EPA 
and Health Canada and the continued efforts by the IPCS 
(Sonich-Mullin, 2001; Meek et  al., 2003; Seed et  al., 2005; 
Boobis et  al., 2006, 2008). The mode of action framework 
is based on the Bradford Hill criteria originally developed 
for an evaluation of etiologic significance for human epi-
demiologic investigations (Hill 1965). We rely primarily on 
the framework presented by Meek et  al. (2003) in Critical 
Reviews in Toxicology, with some additional incorporation of 
recent suggestions regarding life stages and default assump-
tions (Boobis et al., 2006, 2008; Seed et al., 2005).

3.2. Key events
For the duodenal tumors induced in mice by folpet, the 
mode of action involves irritation-related cytotoxicity with 
consequent cellular regeneration ultimately leading to 
the development of tumors. The critical key event involves 
consumption of sufficiently high levels of folpet that yield a 
cytotoxic concentration of folpet and its degradation product, 
thiophosgene. Combined, these chemicals can cause cyto-
toxicity in the duodenum (Table 6). In the stomach and duo-
denum there is cytotoxicity from the direct reaction of folpet 
with cellular components containing thiol groups as well as 
from the highly reactive thiophosgene, a hydrolysis product 
of folpet, which reacts with thiols as well as other cellular 
constituents (see Figures 1 and 2). Folpet itself, like captan 
(Wilkinson et al., 2004), is reactive with thiol groups, which 
generates thiophosgene (Figure 1). However, thiophosgene 
is also reactive with thiol groups (Figure 2), with a half-life of 
less than 1 s (0.6 s in human blood). Thiophosgene, thus, is 
generated either by the reaction of folpet with thiol groups or 
following hydrolysis of folpet. Direct interaction of folpet with 
thiol groups is the primary source of the thiophosgene. The 
hydrolysis of folpet to thiophosgene is highly pH dependent. 
The reaction occurs readily at neutral to alkaline pH but sig-
nificantly less at low pH. Because of their marked reactivity, 
folpet and thiophosgene will react rapidly with thiol groups 
and not reach DNA or DNA-related targets (e.g., histones) 
(Couch and Siegel, 1977; Couch et al., 1977; Liu and Fishbein, 
1967; Lukens, 1966; Lukens et al., 1965; Siegel, 1971a, 1971b; 
Bernard and Gordon, 2000). This is highlighted by a pair of 
key in vivo studies that show folpet and captan do not induce 
genotoxicity, as evidenced by the lack of increased nuclear 
aberrations in the tumor target site, the duodenum (Chidiac 
and Goldberg, 1987; Gudi and Krsmanovic, 2001). Thus, 
DNA damage is highly unlikely and not detected in studies 
designed to assess this effect at the target tissue in vivo (Arce 
et al., 2010).

The reaction of folpet and thiophosgene with thiol groups 
in glutathione and proteins (Couch and Siegel, 1972, 1977; 
Jernstrom et al, 1993; Liu and Fishbein, 1967; Lukens, 1966; 
Lukens et al., 1965; Moriya et al., 1978; Siegel, 1971a, 1971b; 
Couch et  al., 1977) leads to cytotoxicity and an inflamma-
tory reaction, with a consequent regenerative increase in 
cell proliferation and ultimately the development of tumors 

(Figure 7). The sequence of events involving cytotoxicity and 
regenerative proliferation is a common mode of action for 
tumorigenesis by non–DNA-reactive chemicals (Meek et al., 
2003). Cytotoxicity and regeneration is the same mode of 
action that has been demonstrated for the duodenal tumors 
induced in mice by captan (Bernard and Gordon, 2000; 
Gordon, 2007; 2010; US EPA, 2004a).

The mode of action for folpet, including generation of thio-
phosgene, is similar to that seen with chloroform. Chloroform 
is metabolically activated to phosgene, which leads to liver 
and kidney cytotoxicity, regeneration, and ultimately tumors. 
Like folpet, this is a threshold phenomenon (Andersen et al., 
2000; Meek et al., 2003). Thiophosgene is not available sys-
temically based on the chemical reactivity of folpet in the 
gastrointestinal tract and thiophosgene’s rapid degradation in 
blood, in contrast to the systemic distribution of chloroform 
and the enzymatic generation of phosgene. In contrast to 
chloroform, folpet is considerably less toxic, probably related 
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Figure 7.  Diagrams illustrating the sequence of events in folpet-induced 
duodenal tumors. (A) Simplified diagram of normal duodenum showing 
normal crypt and villous structures. (B) Folpet-induced damage of duode-
num with blunting of the villi and widening of the crypts. (C) Enlargement 
of crypts in response to duodenal damage, associated with increased pro-
liferation and number of crypt cells. (D) Proliferation of crypt cells leading 
to development of adenoma, the precursor lesion for adenocarinoma.
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to the rapid extracellular hydrolysis leading to thiophosgene, 
which must then react with cells, compared to the intracel-
lular generation of phosgene by metabolism of chloroform. 
Exogenous exposure to phosgene by inhalation, a highly toxic 
event, is unrelated to the process of the intracellular genera-
tion of phosgene from chloroform.

Thiol groups are present in many proteins (e.g., those 
containing the amino acid cysteine). When folpet enters the 
duodenal lumen, it first encounters villi, since they project 
into the lumen. Cells of the crypts are not readily accessible 
due to their location well below the surface of the duodenum 
and the presence of a surface mucus layer (Greaves, 2007). 
Disruption of the integrity of duodenal proteins in the villi 
due to the interaction of folpet with thiols leads to cytotoxicity 
and inflammation (Milburn, 1997).

Studies with folpet and captan have demonstrated that the 
early changes after administration at high doses are related to 
the presence of blunting of the intestinal villi and an increase 
in the mononuclear inflammatory infiltrate in the lamina 
propria. The terminology of blunting of the villi and villous 
atrophy are commonly used in human pathology, whereas 
in studies in rodents, including those with folpet, this is fre-
quently referred to as hypertrophy of the villi and crypts. This 
is the common pattern of reaction with any type of toxicity in 
the small intestine, whether chemical, infectious, inherited or 
immunologic reactions whether in rodents (Greaves, 2007) or 
in humans (Noffsinger and Waxman, 2007). More commonly, 
the reaction in the small intestinal mucosa is that of a mono-
nuclear inflammatory cell infiltrate without preceding acute 
inflammation. The time course of changes following folpet 
administration have been extensively evaluated (Milburn, 
1997). In addition, these changes appear to be reversible 
upon cessation of folpet consumption.

The localization of the lesions following dietary folpet 
administration corresponds to the potential for reaction with 
thiol groups and generation of thiophosgene (Bernard and 
Gordon, 2000; Milburn, 1997). In the stomach, reactivity may 
be inhibited by the increased hydrolytic stability of folpet in 
acid media. No cytotoxicity is seen in the glandular stomach 
with a luminal pH of approximately 1–2 (Proctor et al., 2007; 
McConnell et al., 2009). Some reactivity of folpet occurs in 
the forestomach, as there is an inflammatory and consequent 
regenerative process seen in the squamous epithelium. The 
luminal pH of the forestomach is approximately 5–6 (Proctor 
et al., 2007; McConnell et al., 2009). Once the folpet enters the 
duodenum, the pH rises abruptly and significantly (approxi-
mately 5–6 in mouse, 6–7 in rat) because of the presence of 
the intestinal secretions and the presence of pancreatic secre-
tions, rich in bicarbonate, entering the duodenum through 
the ampulla of Vater (McConnell et al., 2009). Thus, it is con-
sistent with the chemical and physical properties of folpet 
that increased hydrolytic instability occurs with increased 
pH. Based on the pH of the forestomach, glandular stomach, 
and duodenum, the tumors occur, therefore, predominately 
in the duodenum. At this higher pH, nearly all of the dietary 
folpet reacts with thiol groups or is hydrolyzed before it can 
proceed beyond the duodenum. The folpet and the generated 

thiophosgene react with the duodenum mucosa. Little folpet 
or thiophosgene will be left by the time they reach the proxi-
mal jejunum, where occasional lesions were also observed. 
However, most of the changes are observed in the proximal 
1.5 cm of the small intestine, which is where one would antici-
pate the rapid hydrolysis of the folpet and reactivity with the 
mucosa to occur. The reactivity of solubilized folpet and that 
of thiophosgene at neutral pH occurs in a matter of a few 
seconds. Systemic effects are unlikely because the folpet, if 
absorbed, would be rapidly degraded (half life of folpet: 4.9 
s; half life of thiophosgene: 0.6 s). The lesions in the forestom-
ach and in the duodenum reflect contact toxicity that results 
in degradation of the parent substance.

The lack of effect on the glandular stomach mucosa is 
consistent with numerous other highly reactive substances 
administered directly into the gastric lumen by gavage, which 
also do not produce toxicity in the glandular stomach (see 
below). The forestomach squamous mucosa appears to be 
much more susceptible to chemical reactivity whereas the 
glandular stomach mucosa is highly resistant. This may be 
due to the presence of a thick mucus layer on the glandular 
stomach as well as its normal, physiologic resistance to the 
extremely low pH (pH of 1.0–2.0) to which it is naturally 
exposed. Furthermore, folpet’s hydrolytic stability increases 
at low pH, resulting in limited evolution of thiophosgene. In 
the forestomach, the pH of the contents approximates pH 
of 5 (Procter et al., 2007; McConnell et al., 2009); at this pH 
hydrolysis would increase with the concurrent generation 
of thiophosgene.

As long as the folpet is present in the diet at sufficiently 
high doses, cytotoxicity of the duodenum will result. For fol-
pet, the cytotoxicity is clearly a threshold phenomenon and 
is reversible. The necessity for continued exposure to folpet 
to produce cytotoxicity and the continued increased prolif-
eration was noted in a reversibility study (Waterson, 1995). 
Following 28 days of exposure, an additional 28 days without 
folpet administration resulted in complete recovery of the 
duodenal lesions. This is quite typical for chemicals having 
a cytotoxic mode of action. It is also typical for duodenal 
disorders involving blunting (hypertrophy) of the villi and 
chronic inflammation, in rodents or in humans (Noffsinger 
and Waxman, 2007). Once the offending stimulus is removed, 
the villi are able to return to normal, usually within a matter 
of days (Potten and Loeffler, 1990; Potten et al., 1990).

With this cytotoxicity in mice, there is consequent regen-
erative proliferation (Figure 7). This is seen in the duodenal 
mucosa as measured both by an increase in bromodeoxyu-
ridine (BrdU) or proliferating cell nuclear antigen (PCNA) 
labeling index and widening of the length of the stem cell 
portion of the small intestinal crypts, indicating an expan-
sion of the target cell population that can evolve into tumors 
(Milburn, 1997; Waterson, 1995). It is only the stem cell 
population of the small intestine that can actually evolve 
into a malignant tumor (Potten and Loeffler, 1990; Potten 
et al., 1990). Expansion of this stem cell population in the 
crypts represents an increase in the number of potential 
cells that can develop the spontaneous genetic errors that 
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are necessary for the development of malignancy. This 
combination of an expanded number of cells with a higher 
proliferative rate than normal provides an ample back-
ground for which a tumorigenic response can evolve (Cohen 
and Ellwein, 1990; Greenfield et  al., 1984; Knudson, 1971; 
Moolgavkar and Knudson, 1981). A similar process appears 
to be occurring in the mouse forestomach (see below). It is 
also noted that there is a low incidence of spontaneously 
transformed cells resident in the crypt compartment, based 
on the incidence of duodenal tumors found in control mice. 
These cells would also be subject to proliferative pressure fol-
lowing damage to the villi by folpet or captan. This pressure 
may well act to promote these cells to tumors.

The sequence of proliferative lesions seen in the duode-
num is that usually seen in the development of gastrointesti-
nal glandular carcinoma occurring in response to cytotoxicity, 
that is, progression from reactive hyperplasia to adenoma and 
then to adenocarcinoma.

In summary, there is strong evidence for the sequence 
of key events involving the direct interaction of folpet with 
thiol groups as well as the interaction of thiophosgene, pro-
duced both by hydrolysis of folpet as well as folpet’s initial 
reaction with thiols. Thiophosgene reacts with numerous 
cellular components in addition to thiols. These reactions 
produce cytotoxicity, inflammatory processes, consequent 
regenerative proliferation, and ultimately, tumor develop-
ment (Table 6 and Figure 7). The collective bioassay data in 
mice have shown that the threshold for proliferative changes 
and subsequent tumor development is above dietary levels 
of 450 ppm (approximately 50 mg/kg/day).

3.3. Temporal relationships
The temporal sequence of events has been well established 
in a time course experiment (Waterson, 1995). With periodic 
sacrifices through the first 28 days of folpet administration, 
the study demonstrated that the initial event is blunting of the 
villi with a mononuclear inflammatory cell infiltrate in the 
lamina propria, with a consequent widening of the crypts and 
increase in cell proliferation. Development of hyperplastic 
lesions then occurred. The chronic bioassays in mice dem-
onstrated the later development of adenomas and ultimately 
carcinomas.

3.4. Dose-response relationships
There is a clear dose-response for precursor events and the 
development of tumors (Tables 1 and 2). At doses of 1000 ppm 
and higher duodenal tumors develop. There is also a low (but 
not zero) incidence of duodenal lesions in the control mice, 
reflecting a background of transformed cells resident in the 
duodenum (Rubin and Nyska, 1985; Wong, 1985). The NOAEL 
for tumor development is above 450 ppm (approximately 
50 mg/kg/day) (East, 1994).

3.5. Biological plausibility
This sequence of events is clearly biologically plausible. 
Cytotoxicity followed by consequent regenerative prolifera-
tion is a common mode of action for carcinogenesis, having 

been demonstrated in numerous tissues and in a variety of 
species (Cohen and Ellwein, 1991; Meek et al., 2003). This is 
based on the probability that every time DNA replicates in a 
stem cell population there is a certain probability that a mis-
take critical to the development of cancer can occur (Cohen 
and Ellwein, 1990; 1991; Greenfield et  al., 1984; Knudson, 
1971; Moolgavkar and Knudson, 1981). Although this prob-
ability is extremely low, it is not zero. With numerous DNA 
replications occurring over time, sufficient replications can 
occur so that all of the necessary errors in the DNA can occur 
in a single cell over time. By increasing the number of DNA 
replications (by both increasing the rate and the number of 
stem cells available), it increases the possibility of all of the 
mistakes occurring at a greater incidence. This sequence has 
been well described based on animal models (Cohen and 
Ellwein, 1990, 1991; Greenfield et al., 1984), and based on 
epidemiologic evidence (Moolgavkar and Knudson, 1981). 
The presence of the low background incidence of trans-
formed cells contributes to the population of cells available 
for progression to tumors.

3.6. Data cohesiveness
There is clearly cohesiveness to the data. The duodenal tum-
origenic results have been reproducible in two different stud-
ies, in both CD-1 and B6C3F1 mice, and the precursor lesions 
have also been observed repeatedly in this species (Milburn, 
1997; Rubin and Nyska, 1985; Waterson, 1995; Wong, 1985). 
A lack of treatment-related carcinogenicity in rats is also con-
sistent across studies.

3.7. Possible data gaps
As with all data sets, there are some gaps in our knowledge 
of the sequence of events following folpet administration. 
Clearly, it is unknown which thiol groups are targeted in 
specific proteins leading to the cytotoxicity that eventually 
evolves into a carcinogenic response. However, these gaps in 
the data do not prohibit an assessment of the overall mode of 
action. The detailed biochemical and molecular events have 
not been defined, but these concern the mechanism of action 
rather than mode of action.

3.8. Alternative possibilities
The other two possibilities for folpet would be a direct 
mitogenic stimulus to the duodenum (a non–DNA-reactive 
process) or a DNA-reactive (genotoxic) mechanism. With 
respect to mitogenesis, there is no evidence that folpet is 
directly mitogenic to the duodenal mucosa. Direct mitogen-
esis here refers to a direct stimulus that increases cell pro-
liferation without the necessity of a precursor cytotoxicity 
stimulus. This is most commonly seen in response to hor-
monal stimuli or growth factors. Folpet does not have these 
biologic capabilities. Furthermore, the increased prolifera-
tive changes seen in the duodenum associated with folpet 
administration are always associated with an inflammatory, 
cytotoxic process in mice (Milburn, 1997; Rubin and Nyska, 
1985; Waterson, 1995). Thus, the proliferative process seen 
with folpet administration in the duodenum involves the 
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sequence of cytotoxicity with consequent increased prolifera-
tion rather than a direct stimulus of the increased prolifera-
tion (direct mitogenesis).

It is clear that folpet is an irritant. The irritant effect is 
most evident in tests evaluating mucosal irritation of the 
eye (Bullock et al., 1982). Irritation is seen to a limited extent 
following dermal (FAO/WHO, 1996) or inhalation exposure 
(Cracknell, 1993), but is more obvious by oral exposure (Cox 
et al., 1985; Crown et al., 1985; 1989; Rubin and Nyska, 1985; 
Waterson, 1995; Wong, 1985). The effects with these exposures 
are localized as would be expected for contact cytotoxicity 
with compounds that are transient and not systemic.

Of critical concern is the potential for a mode of action 
involving DNA reactivity. Folpet (like captan) has been eval-
uated in an extensive number of genotoxicity assays (sum-
marized in Bernard and Gordon, 2000; Gordon, 2010), and 
discussed in greater detail in Arce et al. (2010). Frequently 
these assays have produced positive results in vitro, with 
positive results higher when S9 is absent. It is likely that S9 
proteins serve not as a mechanism for metabolizing the 
folpet but serve, in contrast, as a source of thiol groups in 
the culture medium that folpet and thiophosgene may react 
with, thus limiting the potential for interactions with cellular 
protein and DNA. Support for this hypothesis is provided 
by the decreasing mutagenicity of folpet with increasing 
concentrations of cysteine present in the medium in vitro. 
The more cysteine present, the less the mutagenic effect as 
evaluated in the Escherichia coli revertant assay (Moriya et 
al., 1978). The rapid reaction with thiol groups precludes 
DNA reactivity in vivo. Consistent with this explanation 
is the lack of any genotoxicity occurring in a variety of in 
vivo assays. Furthermore, no covalent binding to DNA was 
detected following exposure to captan (Provan, 1995). Thus, 
although folpet produces a positive genotoxicity response 
in various in vitro assays, the effect is inhibited by increas-
ing availability of thiol groups, and it does not occur in vivo. 
This precludes DNA reactivity as a mode of action for the 
carcinogenic effect of folpet in vivo (EFSA, 2009b), similar 
to the conclusion regarding captan (EFSA, 2009a). In addi-
tion, phthalimide, the relatively stable degradation product 
of folpet, has been judged to be nongenotoxic (Schnaubelt, 
1995; Arce et al., 2010).

3.9. Evaluation of effect of life stages
An additional consideration in evaluating the mode of 
action and eventually extrapolating to human relevance is 
an evaluation of the possible influence of life stages or other 
susceptible populations. Since the mode of action of folpet 
is not DNA reactive, but involves the proliferation of the 
small intestine (duodenum), there should be no influence 
of life stage on susceptibility to the cytotoxic effect of folpet. 
Since the small intestine is a rapidly proliferating tissue in the 
adult as it is in the infant (Potten and Loeffler, 1990, Potten 
et al., 1990), it is anticipated that there will be no difference 
in response at these different life stages. Furthermore, there 
would not appear to be any reason to assume that there 
would be a greater or lesser susceptibility to the toxic effects 

of folpet. Since conversion of folpet to thiophosgene is due to 
chemical hydrolysis or generation from folpet’s reaction with 
thiol groups, enzyme-related metabolic differences in the 
young compared to the adult are not relevant. Thus, infants 
should have no differences in susceptibility compared to 
adults, and furthermore, the developing fetus is not at risk 
as there is effectively no systemic exposure due to folpet and 
thiophosgene’s rapid degradation in blood.

There is no information available regarding the differential 
hydrolysis or absorption of folpet in the proximal gastrointes-
tinal tract between young and old animals. However, there is 
no reason to believe that early life stages would be dissimilar 
in their response to folpet compared to adults.

3.10. Evaluation of possible susceptible populations
With respect to identifying a susceptible population with 
increased risk, the major consideration is the extremely high 
dose of folpet that is required to reach cytotoxicity. As long 
as an individual is not exposed above that threshold amount 
for a sufficiently long time, there would be no toxic conse-
quence. Are there populations that might have a somewhat 
lower threshold than others? There are no data that directly 
support this; however, data are lacking to establish that the 
possibility does not exist.

Since folpet is not enzymatically activated, differences 
in enzyme activity, enzyme induction, or enzyme polymor-
phisms would not influence folpet’s toxic potential. Thus, there 
would not be anticipated effects of life stages on susceptibility, 
nor populations with increased susceptibility.

4. Forestomach lesions

In both rats and mice, folpet administration in the diet pro-
duces irritation-related toxic and proliferative lesions in the 
forestomach (Cox et al., 1985; Crown et al., 1985, 1989; Rubin 
and Nyska, 1985; Wong, 1985). This occasionally also involves 
the distal esophagus. In mice, this leads to a slight increase 
in forestomach tumors, squamous cell papillomas and car-
cinomas (see Tables 1 and 2). The more common finding is 
related to cytotoxic, irritating effects, including hyperkerato-
sis, hyperplasia (acanthosis), and an inflammatory infiltrate. 
There is a commonality of early pathologic findings in rats 
and mice, but a low incidence of tumors are only produced 
in mice and only with folpet (but not captan).

The mode of action for folpet-induced forestomach tumors 
is the same as for the mouse duodenal tumors; reactivity 
of folpet and thiophosgene with tissue thiol substituents, 
induction of cytotoxicity (accompanied by inflammation) 
with consequent increased squamous cell proliferation, 
hyperplasia (accompanied by hyperkeratosis), and ulti-
mately tumors. The non-neoplastic changes were observed 
in mice and rats, but the extent of proliferation was adequate 
for tumor induction only in mice. The temporal relationship 
of this sequence of events is similar to that seen for a variety 
of agents, such as ethyl acrylate (Ghanayem et al., 1994) and 
butylated hydroxy anisole (BHA) (Clayson et  al., 1990; Ito 
and Hirose, 1989). The dose-response shows a somewhat 
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lower dose for the toxicity, inflammatory, and hyperplastic 
changes compared to the doses required for tumors, also 
similar to the situation with other agents inducing forestom-
ach tumors (Ghaneyem et al., 1994; Clayson et al., 1990; Ito 
and Hirose, 1989).

It is not surprising that the forestomach is affected by 
folpet. Squamous epithelial cells contain large amounts of 
cytokeratins, which notably contain a large percentage of 
cysteine moieties with available thiol groups. In the forestom-
ach, the pH is generally mildly acidic, but not as acidic as in 
the lumen of the glandular stomach. To the extent that folpet 
reacts at higher pH levels (due to an increased production 
of thiophosgene through hydrolysis), cytotoxicity in the 
forestomach would be expected to be considerably greater 
than in the glandular stomach but somewhat less than in the 
proximal duodenum. The glandular stomach, in contrast to 
the forestomach, is markedly acidic (pH = 1.0–2.0), which 
would tend to stabilize folpet from hydrolysis. The half-life of 
folpet solubilized in blood (average pH is 7.4) is 4.9 s (Gordon 
et al., 2001). By comparison, solubilized thiophosgene has a 
half-life of 0.6 s (Arndt and Dohn, 2004). The half-life of folpet 
in blood is somewhat longer than captan, which has a half 
life of 0.9 s, but the reverse is true for hydrolytic degradation 
in mild acid media, such as in the forestomach. Folpet is 
approximately 7-fold less stable, hydrolytically, at pH 5 than 
captan. Thus, in the stomach, folpet would be expected to 
generate thiophosgene faster than captan; this may explain 
the increased susceptibility of mice to folpet for forestomach 
tumors compared to captan.

In mice, the proliferation in the forestomach induced by 
folpet occasionally leads to the development of forestom-
ach tumors (see Tables 1 and 2). Progression to tumors is 
not seen in the rat, although pathological inflammatory 
and proliferative findings are similar. The types of lesions 
of the forestomach and their incidences in one of the rat 
studies are listed in Table 7. The difference in extent of the 
tumorigenicity between these species is likely due in part to 
the exposure levels and possibly due to the degree of gen-
eration of thiophosgene occurring between the two species. 
Because of generalized toxicity, the doses used for the stud-
ies in rats are lower than in the mouse. These dose levels 
in rats, however, attained the MTD, inducing frank toxicity, 
and were higher than doses producing stomach tumors in 

mice but folpet did not induce tumors in rats. Differences 
between the species have been investigated. In mice with 
duodenal tumors, there was occasionally obstruction of the 
gastric outlet due to the size of the duodenal tumors. Such 
obstruction might have led to more folpet being retained 
in the stomach for longer periods of time with consequent 
greater irritation, cytotoxicity, and regenerative prolifera-
tion (Nyska et al. (1990) (Figures 3 and 4). Since duodenal 
tumors did not occur in the rats administered folpet, such an 
effect on the forestomach could not occur. Mice also appear 
to have a greater sensitivity to glutathione depletion than 
rats (Chasseaud, 1991). Although multiple differences in 
response to folpet administration were identified between 
rats and mice, the explanation for the differences in species 
tumorigenicity has not been resolved.

The sequence of events seen with folpet in the forestom-
ach are those commonly seen with non–DNA-reactive, irrita-
tive chemicals that produce tumors in the forestomach of 
rodents (Adams et al., 2008; Clayson et al., 1990; Ghanayem 
et al., 1994; Grice, 1988; NTP, 2000; Wester and Kroes, 1988; 
Proctor et al., 2007). An irritation process occurs with cyto-
toxicity, and focal erosion, and occasionally even ulceration 
occurs. In studies with other chemicals than folpet involving 
gavage administration rather than dietary or drinking water 
administration, there is the added toxicity of the instrumen-
tation itself. The toxicity from the chemical and/or the gavage 
instrument leads to an inflammatory reaction with associ-
ated regenerative hyperplasia. As in all of these instances, 
if the inciting stimulus is removed, the proliferative and 
inflammatory reaction subsides and the forestomach returns 
to normal. Eventually, however, once tumors are formed the 
process becomes irreversible.

Considerations of alternative modes of action for folpet-
induced forestomach tumors are the same as for the duo-
denum. Thus, a DNA-reactive mechanism is unlikely for the 
reasons described above, and there is no evidence of a direct 
mitogenic effect of folpet or thiophosgene on cells.

5. Analysis of human relevance

5.1. Evaluation of qualitative differences
In addressing the issue of human relevance, the first consid-
eration is whether the sequence of key events can occur in 

Table 7.  Histopathologic changes in the forestomach of Sprague-Dawley rats administered folpet in the diet (Cox et al., 1985).

 Male Female

 0 ppm 200 ppm 800 ppm 3200 ppm 0 ppm 200 ppm 800 ppm 3200 ppm

Number 
examined

60 60 60 60 60 60 60 60

Hyperkeratosis/
acanthosis

8 2 2 2 7 6 11 39

Erosion/
ulceration

4 0 6 10 2 2 4 8

Submucosal 
edema

6 2 9 10 3 5 4 8

Submucosal 
inflammatory 
cell infiltrate

7 2 8 14 6 6 3 13
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humans if they were exposed to doses that were sufficiently 
high as the levels in the test species. In the IPCS Human 
Relevance Framework this is posed as a question to address 
(Boobis et al., 2006): Can human relevance of the MOA be 
reasonably excluded on the basis of fundamental qualitative 
differences in key events between experimental animals and 
humans?

The sequence of events for mouse duodenal tumors is tab-
ulated in Table 6. These events involve ingestion of cytotoxic 
doses, generation of thiophosgene, reaction with cellular 
thiol groups by folpet and thiophosgene (with thiophosgene 
also reacting with many other cellular constituents), cyto-
toxicity, regenerative proliferation, and tumor formation. A 
similar sequence of events occurs in the mouse forestomach, 
although at a low incidence. This sequence does not progress 
to the stage of tumor formation in the rat forestomach (see 
above).

Could each of these key events occur in humans? The 
chemistry of folpet would be expected to be the same 
whether in rodents or humans. Thus, it is anticipated that if 
ingested, folpet would enter the stomach and then transit 
directly to the duodenum. Little if any will be hydrolyzed in 
the stomach because of the gastric acidity, except for the 
conditions of lower acid output as described above. Because 
of the acidity, folpet would not be very labile in the human 
stomach. Thiophosgene and folpet would be expected 
to chemically react in humans similar to rodents. Folpet 
itself is also expected to react with thiol groups similarly 
in humans as in mice. Thus, if it reached the duodenum 
at sufficiently high concentrations for prolonged times, it 
would be anticipated that it could cause cytotoxicity, with 
a consequent inflammatory reaction and regenerative pro-
liferation. There is evidence in humans that once the stage 
of increased proliferation with blunting (hypertrophy) of 
the villi and increased inflammation in the lamina propria 
is reached, if sustained, an individual is at increased risk 
of developing tumors, albeit at a very low level of suscepti-
bility given the rarity of small intestinal tumors in general 
(Noffsinger and Waxman, 2007; Riddell et al., 2003). Thus, 
patients with diseases that have a similar histologic appear-
ance as seen following folpet toxicity in rodents, such as 
celiac sprue, are associated with a slight increased risk of 
intestinal carcinoma.

The entire sequence of events, whether in mice or in 
humans, is dependent on a high dietary exposure sufficient 
to generate a cytotoxic level of folpet and thiophosgene. The 
sequence of events leading to tumors is thus qualitatively 
possible in humans, but only at exposure levels sufficiently 
high and prolonged to produce cytotoxicity and the cascade 
of subsequent events.

Is the human stomach or esophagus also susceptible? 
Given the lack of reactivity in the glandular stomach of 
rats and mice to the toxicity of folpet, it is highly unlikely 
that the human glandular stomach would be susceptible 
to folpet toxicity. The human does not have a forestomach, 
but some have tried to relate the distal esophagus of the 
human to the forestomach. In reality, the distal esophagus 

is not the same as the rodent forestomach for a number of 
reasons: (1) the lumen of the forestomach has a slightly 
acidic pH whereas the distal esophagus does not have an 
acid pH; (2) the distal esophagus is acutely sensitive to the 
irritant effects of acid pH, as anyone with reflux esophagitis 
is aware, whereas the rodent forestomach tolerates acidic 
pH; and (3) the rodent forestomach usually has a thin 
layer of keratin on the surface whereas the human distal 
esophagus is a nonkeratinized epithelium. In rats and 
mice, there is some evidence that the distal esophagus can 
also undergo an irritant effect in response to folpet dietary 
administration (Cox et al., 1985; Crown, et al., 1989; Rubin 
and Nyska, 1985; Wong, 1985) with consequent hyperk-
eratosis and hyperplasia (acanthosis). Thus, there is the 
possibility that a similar effect could occur in the distal 
esophagus of the human, but given the anatomy of the 
human esophagus and stomach compared to the rodent, 
it is unlikely. However, the possibility of cytotoxicity and 
regeneration in the esophagus in response to high-level 
exposure of folpet cannot be excluded.

Although there is the possibility of cytotoxicity of the 
esophagus in response to high levels of folpet exposure 
in humans, there is virtually no risk to the esophagus or 
stomach of a carcinogenic effect, even at high doses, based 
on predictions derived from rodent forestomach find-
ings (Proctor et  al., 2007). Numerous agents have been 
identified as inducing neoplasms of the forestomach in 
rodents, including mice, rats, and hamsters. For genotoxic 
carcinogens, it appears to be a combination of the DNA 
reactivity plus cytotoxicity and regenerative proliferation 
that are involved as a combined mode of action. In con-
trast, non–DNA-reactive chemicals, such as folpet in vivo, 
appear to induce forestomach lesions by the sequence of 
events including cytotoxicity, regenerative proliferation, 
and formation of squamous cell papillomas and ultimately 
squamous cell carcinomas. Preneoplastic lesions are always 
reversible if exposure to the inciting agent is discontinued 
before their conversion to neoplasia. The cytotoxicity and 
proliferation are clearly threshold phenomena. However, the 
forestomach is not considered to be analogous to any struc-
ture in humans, and carcinogenicity involving forestomach 
neoplasms in rodents are generally not considered relevant 
to human risk (Proctor et al., 2007). Thus, the antioxidant 
food additive, butylated hydroxyanisole (BHA), like many 
antioxidants, produces squamous cell tumors in rodents, 
including rats, mice, and hamsters. Nevertheless, because of 
the considerations described above, these neoplasms were 
not considered relevant to human risk (Clayson et al., 1990, 
Grice, 1988); and the substance continues to be used widely 
in foods.

Another example is ethyl acrylate. Similar to BHA, at high 
exposure levels it produces forestomach tumors in rodent, 
following cytotoxicity and regenerative hyperplasia. Based 
on the original 2-year bioassay performed at the National 
Toxicology Program (NTP), the chemical was considered 
to be a possible human carcinogen and listed in 1989 on 
the congressionally mandated List of Carcinogens by the 
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National Toxicology Program. However, based on the 
mechanistic considerations described above for forestom-
ach tumors induced in rodents, it was determined that it did 
not pose a risk to humans, that the mechanism was specific 
to rodents, and ethyl acrylate was removed from the List of 
Carcinogens by the NTP in 2000 (NTP, 2000).

Numerous other examples have been identified, including 
a variety of antioxidants, flavoring substances, and numerous 
naturally occurring chemicals in foods. Thus, the forestomach 
tumors in mice induced by folpet are not considered relevant 
to human risk based on a qualitative assessment.

5.2. Evaluation of quantitative differences
Since the key events that lead to the development of tumors in 
mice could possibly occur in humans qualitatively, a quantita-
tive assessment is necessary. In the IPCS Human Relevance 
Framework (Boobis et al., 2006), this is again posed as a 
question: Can human relevance of the MOA be reasonably 
excluded on the basis of quantitative differences in either the 
kinetic or dynamic factors between experimental animals and 
humans? Again, it is likely that exposure to a sufficiently high 
level of folpet could lead to this sequence of events in humans. 
The key is to determine what the likely threshold is for human 
exposure. The best that we can do at the present time is to indi-
cate whether humans are likely to be more or less susceptible 
or have similar susceptibilities as the mouse.

Differences in the responsiveness in the rat versus the 
mouse clearly indicate that exposure levels are critical, and it 
is likely that the degree of generation of thiophosgene is one 
determinant. In that respect, it is likely that humans will be 
similar to the mouse and the rat, since generation is likely to 
occur in the duodenum similar to what occurs in the rodent. 
However, generation of thiophosgene is unlikely to occur to 
a great extent in the human stomach because of the strong 
acid environment.

The studies that have been performed in dogs provide 
some indication regarding comparative susceptibility of 
humans to the rodent, since the dog has a stomach simi-
lar to humans, without a forestomach. The 1-year study in 
Beagle dogs showed no evidence of gastrointestinal toxicity, 
preneoplastic changes, or neoplasia (Waner, 1985). Routine 
histologic evaluation of tissues showed no evidence of an 
abnormality in the gastrointestinal tract, including esopha-
gus, stomach, duodenum, other portions of the small intes-
tine, and large intestine. The bolus (capsule) doses that were 
administered to the dogs were as high as 1300 mg/kg/day, 
certainly comparable to even higher than the doses admin-
istered to the rats and mice. This suggests that the effects 
in an animal species with a glandular stomach without a 
forestomach is less likely to lead to toxicity in the gastroin-
testinal tract beyond the stomach and therefore is less likely 
to be susceptible to the tumorigenic effects of the chemi-
cal and its hydrolysis product. The doses used in the dog 
study were certainly at levels that could produce toxicity, 
since there was a decrease in weight gain at the two highest 
doses of 650 and 1300 mg/kg/day. The NOEL in this study 
was 325 mg/kg/day.

Thus, on a quantitative basis, the human is likely to be 
less susceptible to the cytotoxic and carcinogenic effects 
of folpet than rodents. Nevertheless, one cannot exclude 
the possibility of toxicity and carcinogenicity at extremely 
high doses in humans. Therefore, one cannot exclude the 
possibility of a carcinogenic effect either on a qualitative or 
quantitative basis. However, extrapolating from rodents to 
humans, an interspecies uncertainty factor of 10 would be 
expected to be extremely conservative, since in reality, the 
interspecies uncertainty factor would more likely be less 
than 10, and, therefore, the total uncertainty factor would 
be less than 100.

6. Summary and conclusions

Folpet, like captan, produces duodenal tumors in mice 
and produces forestomach changes in mice and rats that 
progress to forestomach tumors at a lower incidence and 
only in mice. The sequence of key events includes inges-
tion of a sufficiently high quantity of the chemical to lead 
to cytotoxicity, which is produced by the reaction of parent 
(folpet or captan) and thiophosgene, the parent’s initial 
degradation product, with thiol groups and other cellular 
components. The cytotoxicity leads to regenerative prolif-
eration with associated inflammation, and ultimately tumor 
formation. Qualitatively the forestomach tumors in mice are 
considered to be specific to mice and are not considered 
relevant to human risk. Qualitatively and quantitatively this 
mode of action of duodenal tumors can not be excluded in 
humans, although based on the studies in dogs, the human 
is likely to be less susceptible to the cytotoxic effects of fol-
pet than the mouse or rat. A DNA-reactive mode of action is 
excluded based on the absence of mutagenic activity in vivo. 
This absence of mutagenicity is due to the rapid degrada-
tion of folpet and thiophosgene before these compounds 
can reach DNA or DNA-related targets. The elegant in vitro 
study showing the elimination of mutagenicity with increas-
ing thiols is consistent with this mode of action (Moriya 
et al., 1978).

Since folpet is chemically and biologically similar to 
captan, it is appropriate to classify folpet’s carcinogenicity 
similar to that of captan for regulatory purposes (Bernard 
and Gordon (2000); EFSA, 2009a, 2009b; Gordon, 2010). The 
collective folpet data are similar to those data for captan 
and support a non–DNA-reactive, threshold mode of action 
(MOA) based on cytotoxicity and regenerative proliferation. 
The threshold for rodent carcinogenicity is above the NOEL 
of 450 ppm (approximately 50 mg/kg/day; East, 1994) and 
the estimated chronic human exposure to folpet, based on 
agricultural use, is 0.000039 mg/kg/day, with exposure in 
children, ages 1–2, estimated at 0.000107 mg/kg/day (US 
EPA 2004b). This results in a margin of exposure (MOE) 
of more than 1,000,000. Occupational dermal exposure to 
folpet does not present a risk of carcinogenesis because 
dermal absorption is relatively low and any folpet that is 
absorbed is rapidly degraded by thiols in the blood; thus, 
there is effectively no systemic exposure.
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We conclude that the classification of folpet with respect 
to human carcinogenic risk should be similar to that of 
captan:

Folpet is not likely to be a human carcinogen by the 
oral route at dose levels that do not cause cytotoxicity and 
regenerative cell hyperplasia in the proximal region of the 
small intestine; and

It is possibly carcinogenic to humans following pro-
longed, high-level oral exposure causing cytotoxicity and 
regenerative cell hyperplasia in the proximal region of the 
small intestine.
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