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REVIEW ARTICLE

An adverse outcome pathway for small intestinal tumors in mice involving
chronic cytotoxicity and regenerative hyperplasia: a case study with hexavalent
chromium, captan, and folpet

Virunya S. Bhata , Samuel M. Cohenb , Elliot B. Gordonc, Charles E. Woodd, John M. Cullene,f,
Mark A. Harrisg , Deborah M. Proctorh and Chad M. Thompsong

aToxStrategies, Inc., Hudson, MA, USA; bHavlik-Wall Professor of Oncology, Department of Pathology and Microbiology, University of
Nebraska Medical Center, Omaha, NE, USA; cElliot Gordon Consulting, LLC, Princeton Junction, NJ, USA; dBoehringer Ingelheim
Pharmaceuticals, Inc., Ridgefield, CT, USA; eNorth Carolina State University, Raleigh, NC, USA; fEPL, Inc., Sterling, VA, USA; gToxStrategies, Inc.,
Katy, TX, USA; hToxStrategies, Inc., Mission Viejo, CA, USA

ABSTRACT
Small intestinal (SI) tumors are relatively uncommon outcomes in rodent cancer bioassays, and limited
information regarding chemical-induced SI tumorigenesis has been reported in the published literature.
Herein, we propose a cytotoxicity-mediated adverse outcome pathway (AOP) for SI tumors by leveraging
extensive target species- and site-specific molecular, cellular, and histological mode of action (MOA)
research for three reference chemicals, the fungicides captan and folpet and the transition metal hexavalent
chromium (Cr(VI)). The gut barrier functions through highly efficient homeostatic regulation of SI epithelial
cell sloughing, regenerative proliferation, and repair, which involves the replacement of up to 1011 cells per
day. This dynamic turnover in the SI provides a unique local environment for a cytotoxicity mediated AOP/
MOA. Upon entering the duodenum, cytotoxicity to the villous epithelium is the molecular initiating event,
as indicated by crypt elongation, villous atrophy/blunting, and other morphologic changes. Over time, the
regenerative capacity of the gut epithelium to compensate declines as epithelial loss accelerates, especially
at higher exposures. The first key event (KE), sustained regenerative crypt proliferation/hyperplasia, requires
sufficient durations, likely exceeding 6 or 12months, due to extensive repair capacity, to create more
opportunities for the second KE, spontaneous mutation/transformation, ultimately leading to proximal SI
tumors. Per OECD guidance, biological plausibility, essentiality, and empirical support were assessed using
modified Bradford Hill considerations. The weight-of-evidence also included a lack of induced mutations in
the duodenum after up to 90days of Cr(VI) or captan exposure. The extensive evidence for this AOP, along
with the knowledge that human exposures are orders of magnitude below those associated with KEs in
this AOP, supports its use for regulatory applications, including hazard identification and risk assessment.

ARTICLE HISTORY
Received 20 May 2020
Revised 10 September 2020
Accepted 11 September 2020

KEYWORDS
Adverse outcome pathway
(AOP); small intestinal
tumors; villous cytotoxicity;
regenerative proliferation;
crypt hyperplasia;
cytotoxicity-mediated; non-
DNA-reactive; mode of
action (MOA); weight of
evidence; hexavalent
chromium; captan; folpet

Table of contents

1. Introduction ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 685
2. AOP development ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 686

2.1. (Molecular) initiating event [(M)IE]: villous enterocyte
cytotoxicity ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 687
2.1.1. Overview ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 687
2.1.2. Temporality ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 690

2.2. KE#1: sustained crypt cell proliferation/hyperplasia
(organ level) ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 691

2.3. KE#2: mutation/transformation (organ level) ... ... 694
2.4. AO: SI tumors in mice (individual/popula-

tion level) ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 696
2.5. Stressors ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 696
2.6. Alternative modes of action ... ... ... ... ... ... ... ... ... ... 697

3. Overall assessment of the AOP ... ... ... ... ... ... ... ... ... ... 698
3.1. Biological domain of applicability ... ... ... ... ... ... ... 698
3.2. Essentiality of the KEs ... ... ... ... ... ... ... ... ... ... ... ... ... 701

3.3. Evidence assessment and quantitative considerations
for KERs ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 701

4. Conclusions ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 701
Notes ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 702
Acknowledgements ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 702
Declaration of interest ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 702
Supplemental material ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 703
ORCID ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 703
References ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 703

1. Introduction

Human health risk assessment of potential carcinogens has

evolved from simply counting tumors present in animals in
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long-term bioassays to understanding the mechanistic basis
for chemical-induced cancers. With such information, a plaus-
ible mode of action (MOA) can be hypothesized and used to
inform quantitative approaches for deriving safety criteria for
environmental agents (Sonich-Mullin et al. 2001; U.S. EPA
2005; Boobis et al. 2008). Understandably, tumors that arise
frequently in cancer bioassays tend to receive the most tar-
geted research. For example, kidney tumors that are fre-
quently observed in male rats are often, but not always, the
result of a2 u-globulin-induced nephropathy leading to renal
tubular hyperplasia and subsequently neoplasia (Hard et al.
1993). This process is an idiosyncratic response specific to
male rats, and therefore these tumors are well recognized to
have little relevance to human health. Intestinal cancers, by
comparison, are rarely observed in rodent bioassays (Gold
et al. 2001; Chandra et al. 2010) and, historically, have lacked
a clear unified etiology. Thus, the relevance of rodent intes-
tinal tumors to human health risk assessment has not
received as much attention as other rodent tumors.
Moreover, small intestine (SI) physiology and toxicokinetics
(e.g. absorption and metabolic capability) have not been well
studied in relation to human health risk assessment. At a
regulatory level, this uncertainty has resulted in default
assumptions about the MOA (e.g. mutagenicity) and shape of
the dose-cancer relationship (e.g. low-dose linear) for certain
intestinal carcinogens. Issues related to default assumptions
about target-site mutagenicity and the low-dose linearity of
the dose-response are highlighted by recent regulatory
efforts to develop safe exposure levels to hexavalent chro-
mium [Cr(VI)] in drinking water based on tumor responses in
the proximal SI of mice.

In 2008, the National Toxicology Program (NTP) released
the results of a 2-year drinking water study in mice and rats
that reported two target sites for carcinogenicity – oral cavity
tumors in F344 rats exposed to 180 ppm Cr(VI) and duodenal
tumors in B6C3F1 mice exposed to �30 ppm Cr(VI) (NTP
2008; Stout et al. 2009). Despite clear indications of chronic
cytotoxicity and regenerative hyperplasia in the duodenum,
the MOA for these tumors was concluded by some regulators
shortly thereafter to involve direct-acting mutagenicity or an
unknown MOA, and a linear dose response analysis was pro-
posed (McCarroll et al. 2010; Stern 2010; U.S. EPA 2010).
These assumptions result in an extra risk of one person in
one hundred thousand people developing intestinal cancer
at drinking water exposures equating to 0.035 ppb Cr(VI),1

even though reported average concentration of Cr(VI) in US
water sources ranges from 0.2 to 5 ppb (AWWA 2004; CDPH
2011; Moffat et al. 2018), with the 95th %-ile for Cr(VI) expos-
ure in US water sources being 3 ppb (U.S. EPA 2017). The cur-
rent maximum contaminant level for total chromium in water
is 100 ppb (McNeill et al. 2012; Moffat et al. 2018). The Cr(VI)
concentrations that induced tumors in mice (�30 ppm) are
four orders of magnitude higher than the 95th %-ile drinking
water exposures.

These early assumptions about the MOA and shape of the
dose-cancer relationship were, perhaps, prudent in the
absence of targeted MOA research in the SI, and the fact that
Cr(VI) is a genotoxicant, particularly in in vitro assays. A rather
large number of studies targeted at informing risk assessment

of Cr(VI) were conducted from �2010 to 2019, including
pharmacokinetics (Kirman et al. 2012, 2013, 2016, 2017;
Proctor et al. 2012; De Flora et al. 2016), in vivo genotoxicity
assays (De Flora et al. 2008; O’Brien et al. 2013; Thompson,
Seiter, et al. 2015; Thompson, Wolf, et al. 2015; Thompson,
Young, et al. 2015; 2017; Aoki et al. 2019), transcriptomic anal-
yses (Kopec, Kim, et al. 2012; Kopec, Thompson, et al. 2012;
Thompson, Gregory, et al. 2012; Rager et al. 2017), and histo-
pathological analyses (Thompson, Proctor, et al. 2011, 2012;
Thompson, Seiter, et al. 2015; Thompson, Wolf, et al. 2015;
Cullen et al. 2016). Based on this large body of new informa-
tion, both the scientists directly involved in the research as
well as others reviewing the work have concluded that Cr(VI)
causes SI cancer through a non-mutagenic MOA and that
non-linear risk assessment approaches are most appropriate
(Thompson et al. 2014; Haney 2015; Health Canada 2016;
TCEQ 2016; Thompson et al. 2018; FSCJ 2019; WHO 2019).

A cytotoxicity-mediated MOA for SI tumors in mice has
clear precedent. Captan and the structurally similar fungicide
folpet induce SI tumors in mice and have been hypothesized
to cause these tumors through sustained damage to SI villi
resulting in chronic epithelial hyperplasia within intestinal
crypts (Gordon 2007; Cohen et al. 2010). The U.S. EPA Office
of Pesticide Programs, for example, determined that captan is
“not likely to be a human carcinogen at dose levels that do
not cause cytotoxicity and regenerative cell hyperplasia” (U.S.
EPA 2004) and that folpet is “not likely to be carcinogenic to
humans at doses that do not cause an irritation response in
the mucosal epithelium” (U.S. EPA 2012). Further, a series of
studies have compared the SI effects of Cr(VI) and captan/fol-
pet and concluded that they share many phenotypic
responses despite having different chemical structures
(Thompson, Suh, et al. 2017; Thompson, Wolf, et al. 2017;
Chappell et al. 2019). This work suggests that these com-
pounds have similar MOAs and provides a well-developed
data set supporting a cytotoxicity-mediated adverse outcome
pathway (AOP), as described herein.

The extensive molecular, cellular, tissue, and organ-level
evidence that now exists for Cr(VI), captan, and folpet, over a
broad range of exposure conditions and durations, is suffi-
cient to construct, to our knowledge, the first AOP that sup-
ports SI tumor development in mice occurring via
cytotoxicity-mediated initiating events. Across seven carcino-
genicity bioassays identified in mice, the range of lifetime
exposure concentrations associated with dose-related devel-
opment of SI tumors was 30 to 180 ppm in drinking water
for Cr(VI), 6000 ppm to 16 000 ppm in feed for captan, and
1000 ppm to 12 000 ppm in feed for folpet. As such, the
objective of this manuscript was to document the weight of
evidence (WOE) supporting (or refuting) the key events (KEs)
and KE relationships (KERs) leading to SI tumors. This AOP
can be used for regulatory applications including hazard
identification and risk assessment.

2. AOP development

The proposed AOP generally conforms to Organization for
Economic Co-Operation and Development (OECD) guidance

686 V. S. BHAT ET AL.



(OECD 2018), albeit with a few practical modifications to
address (1) a relatively rare tumor location in rodent bioas-
says, (2) carcinogens that likely have nonspecific initiating
events (e.g. not receptor-mediated), and (3) avoidance of
necessary redundancy inherent to many frameworks. The
OECD Revised Guidance Document on Developing and
Assessing AOP (OECD 2018) states that the AOP framework is
a transparent and scientific-based means to organize and
present current knowledge of predictable relationships
between molecular initiating events (MIEs), subsequent KEs,
and the adverse outcome (AO). The ultimate objective under-
lying AOP development is to support inference or extrapola-
tion from one KE to another (OECD 2018).

Although AOPs are often characterized as “chemical
agnostic,” it is recognized that our understanding must flow
from basic research and chemical-specific information. As
such, the proposed AOP is based on the MOA research for
Cr(VI), captan, and folpet. As described in Chandra et al.
(2010), the only other NTP studies reporting SI tumors in
mice are indium phosphide and methylene blue trihydride.
Because the evidence for these two chemicals was character-
ized as uncertain or “some evidence” and only in male mice,
these were not considered in the development of this AOP.
Hydrogen peroxide-induced intestinal tumors were also con-
sidered; however, many of the available studies do not
include images of the non-neoplastic duodenal lesions, thus
making it difficult to compare the lesions to Cr(VI) and cap-
tan/folpet.

The AOP shown in Figure 1(A) proposes that, upon enter-
ing the duodenum, cytotoxicity to the villous epithelium is
the MIE. Over time, the regenerative capacity of the gut epi-
thelium to compensate declines as epithelial loss accelerates,
especially at higher-dose exposures. The first KE, sustained
regenerative crypt proliferation/hyperplasia, requires expos-
ure durations, likely exceeding 6 or 12months, due to exten-
sive repair capacity, to create more opportunities for the
second KE, spontaneous mutation/transformation, ultimately
leading to proximal SI tumors.

In developing an AOP it is important to understand the
unique characteristics of the tissues of interest. The SI is div-
ided into three contiguous segments comprised of the duo-
denum (proximal SI), the jejunum, and ileum (distal SI). The
duodenum is the primary site of nutrient absorption, which is
facilitated by the large surface area afforded by fingerlike
projections from the mucosal surface called villi (DeSesso
et al. 2000; Treuting et al. 2018). These villi are lined by
mature (differentiated) enterocytes and supplied by stem
cells that reside below the intestinal surface in invaginations
called crypts or glands of Lieberk€uhn (Figure 1(B)). The intes-
tinal mucosa is one of the most proliferative tissues in the
body, with cells transiting from the crypt to villous tips along
the crypt-villus axis within a span of approximately 2–3 days
in rodents and 3–6 days in humans (van der Flier and Clevers
2009; Greaves 2012). The intestinal stem cells reside near the
base of the crypt and divide asymmetrically to give rise to
daughter cells that move through the transit-amplifying
region of the crypt and up toward to the villous tips where
the enterocytes will soon slough into the intestinal lumen
(Figure 1(B)). As enterocytes move toward the villus, they

become committed non-dividing enterocytes. The prevailing
theory on intestinal cancer is that tumors arise from muta-
tions that occur within the crypt stem cells that remain in
the base of the crypt and thus have time to acquire multiple
mutations leading to cell transformation (Potten and Loeffler
1990; Barker et al. 2009). As shown in Figure 1(B), crypts are
invaginations below the intestinal surface that contain mucus
secreted from goblet cells. Overall, the SI and structure of the
intestinal mucosa are similar in mice, rats, and humans
(DeSesso et al. 2000; Nolte et al. 2016). A notable difference
is plicae in humans, which are circular folds lined by villi that
further increase the surface area of the intestine; rodents
instead have taller villi to increase surface area (DeSesso
et al. 2000; Treuting et al. 2018). In all three species, the duo-
denal villi are longer/taller than those in the jejunum and
ileum. All three species possess large intestine and colon that
contain crypts but lack villi (Nolte et al. 2016).

2.1. (Molecular) initiating event [(M)IE]: villous
enterocyte cytotoxicity

2.1.1. Overview
The OECD (2018) defines a MIE as, “A specialized type of key
event that represents the initial point of chemical/stressor
interaction at the molecular level within the organism that
results in a perturbation that starts the AOP.” Others have
commented on the potential confusion of this terminology
and have proposed additional or alternative terms such as
initial molecular event (IME) or pre-MIE to clarify that detec-
tion of the MIE itself does not necessarily imply that an AO is
imminent (Becker, Patlewicz, et al. 2015; Patlewicz et al.
2015). For example, in an AOP for rat liver tumors mediated
by the aryl hydrocarbon receptor (AhR), binding to the AhR
was a pre-MIE, whereas sustained AhR activation was the MIE
(Becker, Ankley, et al. 2015). To date, there is no clear evi-
dence for a specific initiating event for SI tumors at the
molecular level; however, there is evidence for the general
anatomical and cellular location of the initial point of inter-
action. In contrast to receptor-mediated signaling events, it is
recognized that cytotoxicity is mediated by multiple cellular
perturbations rather than a single molecular interaction
resulting from a specific initiating event. While the exact
molecular initiating mechanisms underlying cytotoxicity as
the (M)IE have not yet been demonstrated, key evidence sup-
ports reactivity of bioactivated compounds with cellular com-
ponents leading to insult and death. The question of
whether identification of a single specific MIE is necessary for
AOP development is beyond the scope of this article.
However, there is broad precedent and regulatory accept-
ance for cytotoxicity as an initial or early KE in non-muta-
genic MOAs by U.S. EPA and other health agencies
internationally. The U.S. EPA Cancer Risk Assessment
Guidelines consider cytotoxicity and regenerative prolifer-
ation as a reference MOA relevant to a wide variety of chem-
ical agents, target tissues, and exposure routes (Wood et al.
2015). Captan and folpet are regarded as carcinogens that
act via cytotoxic MOAs (U.S. EPA 2004, 2012; Eastmond 2012),
as is Cr(VI) (Haney 2015; Health Canada 2016; TCEQ 2016;
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FSCJ 2019; WHO 2019). Cancer risk assessments for thiame-
thoxam-induced mouse liver tumors, chloroform-induced rat
kidney tumors, acetochlor-induced nasal cavity tumors, and
saccharin-induced rat bladder tumors are some other exam-
ples (referenced in Wood et al. 2015). Accordingly, we have
characterized villous enterocyte cytotoxicity as a (M)IE, with
parentheticals on “molecular” to denote that cytotoxicity as
an initial or early KE in a non-mutagenic AOP/MOA may not
involve or require a specific molecular event (Figure 1(A)).

Cr(VI), captan, and folpet share a common requirement to
be transported to the SI lumen in a form capable of cellular
uptake and thus inducing cytotoxicity to duodenal epithelial
cells. High concentrations of ingested Cr(VI) that escape
reduction to Cr(III) in the acidic environment of the stomach
enter the higher pH of the intestinal lumen, which limits
reduction of the Cr(VI). Luminal Cr(VI) then enters the duo-
denal villous enterocytes by ion mimicry, where it then reacts

with cellular thiols (e.g. glutathione (GSH)) and other mole-
cules including DNA (Salnikow and Zhitkovich 2008; Buttner
and Beyersmann 1985). Ingested captan and folpet are rela-
tively stable in the stomach but become unstable in the
higher pH of the duodenum. This hydrolytic instability allows
for rapid hydrolysis of captan/folpet via reaction with cellular
thiols to form thiophosgene, the cytotoxic moiety (Wilkinson
et al. 2004; Arce et al. 2010; Cohen et al. 2010). As such, the
duodenum is susceptible to all three carcinogens. Recent
transcriptomic comparisons between Cr(VI) and captan/folpet
after 28 days of exposure indicate activation of hypoxia indu-
cible factor 1 (HIF-1) and activator protein 1 (AP1) signaling
pathways in the SI (Chappell et al. 2019). These biomarkers
likely represent downstream responses secondary to cytotox-
icity rather than specific MIEs.

Pharmacological depletion of GSH has been shown to
shorten intestinal villi (an indication of cytotoxicity)

Figure 1. Proposed AOP for cytotoxicity-mediated SI cancer in mice. (A) AOP diagram. See text for discussion regarding (M)IE. Future evolution of this AOP may bet-
ter define the (M)IE associated with villous cytotoxicity. (B) Structure of intestinal mucosa. Villi are finger- or leaf-like projections into the lumen that are predomin-
antly covered with mature, absorptive enterocytes, along with occasional mucus-secreting goblet cells. These cells live only for a few days, then die and slough into
the lumen. The crypts, or glands of Lieberk€uhn, are tubular invaginations of the epithelium, lined largely with younger epithelial cells, which serve as a source of
enterocytes to multiple villi. At the base of the crypts are stem cells, which divide continually and function as the source of all the epithelial cells in the crypts and
on the villi. Adapted from O’Brien et al. (2013).
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(Martensson et al. 1990), and GSH supplementation and
uptake from the basolateral membrane (i.e. via the blood)
has been shown to mitigate intestinal injury (Lash et al.
1986). As such, chemicals that deplete GSH in the villi might
accelerate villus enterocyte sloughing and stimulate regen-
erative hyperplasia. Cr(VI) and captan/folpet bind thiols and
therefore high concentrations of these chemicals in the duo-
denum could lead to accelerated cell loss from perturbation
of cellular thiol status in addition to more generalized cyto-
toxicity. However, the data on GSH effects of these chemicals
are limited. For example, bolus dosing of folpet significantly
decreased duodenal GSH when measured 0.5–2 h after expos-
ure, but significantly increased GSH by 6 h (Arce et al. 2010).
The effect of Cr(VI) on duodenal GSH immediately after
exposure has not been investigated; however, longer-term
(i.e. 13-week) exposures to Cr(VI) resulted in higher GSH lev-
els and expression of genes involved in GSH synthesis
(Thompson, Proctor, et al. 2011; Kopec, Kim, et al. 2012).
These data suggest that acute exposures to Cr(VI) and cap-
tan/folpet may deplete GSH and subsequently induce a com-
pensatory mechanism to increase GSH levels. More research
is needed to establish whether changes in GSH could be an
associative factor or specific MIE for these carcinogens.

There is strong evidence that the duodenal villi are the ini-
tial target for SI tumorigenesis in mice. This is best demon-
strated for Cr(VI), where synchrotron-based x-ray fluorescence
(XRF) microscopy has shown that after 7 or 90 days of expos-
ure to 180 ppm Cr(VI) in drinking water, Cr fluorescence is
highest in the villous tips, present in the villi, and absent in
the crypt compartment (Figure 2) (Thompson, Seiter, et al.
2015; Thompson, Wolf, et al. 2015). Wet tissue analyses indi-
cate that the mg/kg Cr levels are higher in the duodenum
than either the stomach or the jejunum/ileum following
exposure up to 90 days (Thompson, Proctor, et al. 2011). This
distribution is likely due to several factors, including slower
reduction of Cr(VI) to Cr(III) in the higher pH of the SI relative

to stomach, increased surface area of the duodenum, and
transporter-mediated uptake of Cr(VI). Whether the lower lev-
els of Cr in the jejunum and ileum are due to luminal reduc-
tion of Cr(VI) to Cr(III) or changes in transporter-mediated
uptake is unknown.

The intestinal epithelium is a critical component of the
gut barrier that prevents the transfer of harmful agents from
the gut lumen into the circulation via the subjacent tissue,
lymphatics, and blood vessels (Groschwitz and Hogan 2009;
Williams et al. 2015). The gut barrier functions through highly
efficient homeostatic regulation of SI epithelial cell sloughing,
regenerative proliferation, and repair. The daily loss and
replacement of SI epithelial cells has been estimated at 1011

cells per day in humans and up to 2� 108 cells per day in
mice (Williams et al. 2015). The distinct compartmentalization
of villous and crypt epithelium is a key feature of this barrier.
As highlighted by the XRF imaging for Cr(VI), the crypts are
invaginations below the intestinal surface, and under normal
circumstances, they are not directly exposed to the intestinal
luminal contents (Cohen et al. 2010). This concept is sup-
ported by studies with the carcinogen benzo[a]pyrene (BaP),
where immunohistochemical analyses have shown that BaP
induces CYP1A1, a subtype of the cytochrome P450 family of
metabolizing enzymes, in villi (but not crypts) following oral
gavage, whereas CYP1A1 induction is observed in crypts (but
not villous enterocytes) following intraperitoneal injection
(Brooks et al. 1999). The study authors concluded from these
results that intestinal crypts are part of the systemic compart-
ment and not readily accessible from the lumen.

As mentioned, captan/folpet are relatively stable in the
acidic stomach but rapidly hydrolyzed in the alkaline duode-
num to tetrahydrophthalimide and thiophosgene. While tet-
rahydrophthalimide is of little toxicological concern,
thiophosgene is an irritant to duodenal epithelial cells
(Wilkinson et al. 2004). In contrast to Cr(VI), there are limited
data demonstrating villus localization after captan/folpet

Figure 2. Synchrotron-based XRF microscopy of Cr in Swiss roll preparations of a duodenum from a mouse exposed to 180 ppm Cr(VI) for 7 days. (A) XRF for cal-
cium (Ca) indicates presence throughout the intestinal mucosa. (B) XRF for chromium (Cr) indicates presence in villi but not crypts (white dotted circles). Adapted
from Thompson, Wolf, et al. (2015).
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exposure in mice. Following exposure to radiolabeled captan
in diet, parent and metabolite(s) were detected in luminal
contents (Wilkinson et al. 2004). Higher duodenal concentra-
tions of captan were detected in mice compared to rats
exposed to 250mg/kg radiolabeled captan (Wong and Chang
1985). While no data examining the localization of folpet or
its metabolites in the gastrointestinal tract of mice were iden-
tified, U.S. EPA (2012) has posited that greater target tissue
exposure in mice might explain why mice but not rats devel-
oped duodenal tumors. In addition to pharmacokinetic meas-
urements or visualization (e.g. XRF microscopy), localization
of agents within the mucosa can also be ascertained by pres-
ence or absence of histopathological lesions in the crypts
and villi.

Cytotoxicity within the intestinal villi can be difficult to
detect due to the efficient homeostatic regulation of the
mucosa. While acute toxicity (e.g. cell death) might be
detected as necrosis shortly after high-dose exposures, most
bioassays examine tissues after several days, weeks, or
months of exposure. When intestinal damage is mild,
increased activity of the crypt replication zone compensates
for the increased villous cell loss, and there may be little
detectable change beyond an increase in mitotic activity and
the length of the crypt zone (Brown 2013). Restated, crypt
elongation can be an indicator of mild villus toxicity. When
cell loss is more rapid or severe, crypt hyperplasia increases
further and in some cases the villi become shorter and
broader (villous blunting) due, in part, to the inability to fully
compensate for increased cell death (Brown 2013). Without
understanding of this fundamental intestinal biology, some
researchers have misinterpreted villous atrophy/blunting
observed after repeat-dose exposure as the first indicator of
toxicity when, in fact, atrophy/blunting can indicate an inabil-
ity of the crypt to compensate villous enterocyte loss.
Instead, mild increases in crypt cell proliferation or crypt
depth can indicate cell loss in the villus that is being replen-
ished without atrophy/blunting. In response to cell death
there is lateral migration of residual enterocytes to cover the
basement membrane of the villus, as naked basement mem-
brane is not tolerated. These residual enterocytes also flatten
from a columnar outline to a cuboidal or squamous shape to
increase their surface area. With increased loss of mature
enterocytes, contraction of resident myofibroblasts within the
villi is triggered along with apoptosis of stromal elements.
This reduces villus height and surface area, enabling the flat-
tened enterocytes to cover the surface of the villi (Uzal et al.
2016). It should be acknowledged that loss of crypt epithelial
cells can also lead to severe villous changes due to reduced
production of enterocytes; however, XRF imaging of Cr and
clear evidence of healthy proliferating crypts indicate that
direct crypt damage is not the cause of blunting for Cr(VI)
and captan/folpet. As discussed in Section 2.6, certain viruses
preferentially affect villous and crypt enterocytes, resulting in
different histopathological characteristics. Features related to
viral mediated villus toxicity are more similar to those
induced by Cr(VI) and captan/folpet than viral mediated
crypt toxicity.

As discussed, duodenal villi are the primary site of action
for Cr(VI) and captan/folpet. Once inside cells, Cr(VI) does not

undergo enzymatic metabolism; rather, it reacts with thiols,
GSH, and ascorbate. Similarly, captan and folpet are not enzy-
matically metabolized, but instead undergo hydrolysis to thi-
ophosgene – a process that also occurs more readily at
higher pH than lower pH. Thiophosgene readily reacts with
cellular thiols, which likely results in cytotoxicity. Although
these agents react with DNA and other macromolecules, it is
expected that their toxicity is mediated by nonspecific mech-
anisms such as protein binding and/or alteration of cellular
redox status. Data regarding the interaction of Cr(VI) and cap-
tan/folpet with duodenal DNA are discussed as part of KE#2
(below). Importantly, villous enterocytes are committed, non-
proliferating cells that slough into the intestinal lumen within
24–48 h of reaching the villi. Although dedifferentiation of
these cells to more primitive states has been demonstrated
in experimental models (Section 2.3), the available data for
Cr(VI) and captan/folpet do not support tumors arising from
genotoxicity and transformation of villous enterocytes.

2.1.2. Temporality
For the purpose of this AOP description, we have separated
the cytotoxicity MIE from sustained crypt cell proliferation/
hyperplasia (KE#1, see below) by distinguishing exposures of
�1week from longer exposure studies. This is consistent
with both the importance of temporality in any MOA discus-
sion, as well as the aforementioned attempts to distinguish
transient molecular interactions from sustained interactions
via the introduction of terms like “pre-MIE” and “IME” to the
AOP paradigm. Villous epithelial cytotoxicity can be indicated
by necrosis or other degenerative changes, villous blunting,
and reactive secondary processes such as inflammation or
immune cell infiltrates. For Cr(VI), three studies have exam-
ined the duodenum following 1week of exposure
(Thompson, Proctor, et al. 2011, 2012; Thompson, Wolf, et al.
2015). Thompson, Proctor, et al. (2011) exposed mice to 0.1
to 180 ppm Cr(VI) and found evidence of villous cytoplasmic
vacuolization in 3/5 mice at 60 ppm and 5/5 mice at
180 ppm, as well as crypt hyperplasia and villous atrophy in
3/5 mice at 180 ppm in H&E-stained slides (Table 1). In the
jejunum, cytoplasmic vacuolization of villous epithelium was
observed in 1/5 mice at both 60 and 180ppm. Subsequent

Table 1. Incidence of Cr(VI)-induced crypt hyperplasia in mice.

ppm Cr(VI) in
drinking water

Time (Days)

7 28� 28þ 28� 90† 90‡ 728

0 0/5 0/10 5/10 0/10 0/20 0/81
0.1 0/5 – – 0/10 – –
1.4 0/5 – – 0/10 – –
5 0/5 – – 0/10 – 27/85
10 – – – – – 18/45
20 0/5 – – 0/10 11/20 35/48
30 LOAELtumor – – – – – 42/48
40 – – – 13/20 –
60 3/5 – – 9/10 – 31/42
90 – – – – 20/20 32/40
180 5/5 10/10 5/10 9/10 20/20 42/48
350 – – – – 20/20 –
�Thompson, Wolf, et al. (2017): 28-day exposure followed by 28-day recovery
period (see text).

†Thompson, Proctor, et al. (2011).
‡NTP (2008).

690 V. S. BHAT ET AL.



analyses using Feulgen’s stain to visualize nuclear material
found no evidence of micronuclei (MN) or karyorrhectic
nuclei in duodenal crypts at these high Cr(VI) concentrations;
however, these lesions were occasionally observed at the vil-
lous tips (O’Brien et al. 2003).

As further evidence of acute villous toxicity, a subsequent
Good Laboratory Practice (GLP)-compliant duodenal MN
assay found that crypt enterocyte counts were increased
from 39.9 ± 3.5 per crypt in control mice to 51.9 ± 2.8 per
crypt at 21 ppm, and 67.1 ± 55 per crypt at 180 ppm
(Thompson, Wolf, et al. 2015). Transcriptomic analyses have
also indicated �2-fold increases in gene expression for the
cell proliferation marker Ki67 in the duodenum at �20ppm
after one week of exposure (Kopec, Kim, et al. 2012; Rager
et al. 2017; Thompson, Suh, et al. 2017).

Although previous studies with Cr(VI) did not report intes-
tinal hyperplasia or villous atrophy in F344 rats exposed to
up to 180 ppm Cr(VI) for 13weeks or 2 years (NTP 2007
2008), Thompson, Proctor, et al. (2012) observed villous atro-
phy, enterocyte apoptosis, and crypt hyperplasia at 60 and
180ppm in F344 rats exposed to Cr(VI) for one week. (These
effects diminished somewhat by 13weeks of exposure.) The
effects in rats will be discussed further for KE#1 (below), but
one interpretation of these findings is that F344 rats might
have developed intestinal tumors in the NTP bioassay if there
had been sustained severe tissue damage, consistent with
that observed in mice.

Studies with captan show crypt hyperplasia and villous
epithelial hypertrophy in male and female mice after only
1week of exposure (Gordon et al. 2012). As discussed below,
these effects persisted with longer exposures and dissipated
after cessation of exposure. Unpublished studies with captan

also report increased crypt hyperplasia in mice exposed to
3000 ppm in diet after only 3 days of exposure, with 100%
incidence by day 7 (Table 2). Notably, hyperplasia was not
yet evident at 1 day after exposure. Duodenal epithelial ero-
sion and degeneration, but not crypt hyperplasia, were also
seen 24 h after a single high (1430mg/kg) bolus dose of fol-
pet in mice (JMPR 2004a). The extensive WOE supporting vil-
lous enterocyte cytotoxicity after Cr(VI), captan, or folpet
exposure has been critically reviewed elsewhere (Wilkinson
et al. 2004; JMPR 2004a, 2004b; Cohen et al. 2010; Thompson
et al. 2013; Health Canada 2016).

In summary, there is consistent and direct cellular and
histopathological evidence of villous enterocyte cytotoxicity
as early as 1 to 7 days after oral exposures to a chemical
stressor, based on evidence from Cr(VI), captan, and folpet
exposures at tumorigenic concentrations. Extended exposure
durations do not appear to appreciably impact the magni-
tude of the cytotoxic response, potentially due to the effi-
cient regenerative and repair capacity of the
intestinal epithelium.

2.2. KE#1: sustained crypt cell proliferation/hyperplasia
(organ level)

As mentioned above, we selectively separate the villous
enterocyte cytotoxicity (MIE) from sustained crypt cell prolif-
eration/hyperplasia (KE#1) by considering exposures longer
than 1week as evidence for sustained crypt hyperplasia.
Herein, we define sustained crypt hyperplasia as clear evi-
dence of an elongated crypt compartment and potentially
altered villus structure. In the case of Cr(VI), crypt hyperplasia
has been observed at 1week, 4weeks, 13weeks, and

Table 2. Incidence of folpet- and captan-induced crypt hyperplasia in mice�.

Folpet in diet (ppm)

Time (Days)

1 3 7 14 28 28þ 17† 28þ 28† 2 years

0 0/5 0/5 0/5
0/12

0/5
1/12

0/12 0/12 5/10 –‡

1000 – – – – – – – NOAEL hyperplasia‡
3000 0/5 4/5 5/5 5/5 – – –
5000 LOAELtumor 0/15 – – – – – – Mþ F‡
6000 – – 12/12 12/12 23/24

9/10
9/24 7/10 Mþ F‡

12 000 – – – – – – – Mþ F‡
16 000 – – – – 10/10 – 4/10 –

Captan in diet (ppm)

Time (Days)

1 3 7 14 28 28þ 28† 56 90 560 2 years

0 0/5 0/5 0/5 0/5 – 5/10 –¶ –¶ –§
400 – – 0/5 – – – NOAEL

hyperplasia
– – –

800 – – – – – – F – – –
3000 0/5 4/5 5/5 5/5 5/5 – Mþ F – – –
6000 LOAELtumor – – – – 10/10

M¶
6/10 Mþ F

M¶
M¶ – Mþ F§

16 000/12 000 – – – – 9/10 2/10 – – –
16 000 – – – – – – – – Mþ F¶ Mþ F§

M¼male F¼ female.�Compiled from FSCJ (2017), Gordon et al. (2012), JMPR (1996, 2004a, 2004b), Thompson, Proctor, et al. (2011), Thompson, Wolf, et al. (2017), Wilkinson et al.
(2004), and U.S. EPA (1995).

†Exposure followed by recovery period.
‡FSCJ (2017)- incidence not reported, lowest tested concentration.
¶Wilkinson et al. (2004)- incidence not reported (females not examined).
§U.S. EPA (1995)- incidence not reported.
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104weeks of exposure. In addition to diagnosis of crypt
hyperplasia on histopathological evaluation, the number of
crypt enterocytes and crypt length (or depth) have been
quantified and shown to increase after 1 and 13weeks of
exposure (O’Brien et al. 2003; Thompson, Seiter, et al. 2015).
Thus, qualitative and quantitative analyses demonstrate a
dose and temporal progression, with crypt hyperplasia occur-
ring after 7–90days of exposure to carcinogenic concentra-
tions of Cr(VI) (Figure 3), and then at 2 years by qualitative
histopathological evaluation (Table 1). Similarly, a temporal
progression of crypt hyperplasia occurs after 3–90 days of
exposure to carcinogenic concentrations of captan and folpet
(Figure 4, Table 2). Crypt hyperplasia is evident as early as
3 days (but not 1 day) of dietary captan exposure at
3000 ppm in mice (JMPR 2004b).

Increased cell proliferation in the mouse duodenal
mucosa, measured as an increase in labeling indices for
either bromodeoxyuridine (BrdU) or proliferating cell nuclear
antigen (PCNA), is seen after folpet exposures of unspecified
duration (as reviewed by Cohen et al. 2010). The PCNA label-
ing index was higher in the mouse duodenum after dietary
captan exposure to 6000 ppm for 28, 56, or 91 days; this
effect was most pronounced at 28 days and diminished
thereafter (as reviewed by IPCS, 1996). Increased Ki67 mRNA
expression was observed in the mouse duodenum after 7
and 90 days of exposure to �60ppm Cr(VI) (Thompson
et al. 2013).

OECD (2018) states that reversibility of a KE is direct evi-
dence of its essentiality and suggests that it is necessary but
not sufficient to result in the AO. When sustained hyperplasia
is a KE, it is difficult for reversibility to be proven essential
unless animals are exposed to an agent for some length of

time, exposure removed, and then animals monitored for
aberrant cell proliferation or tumor formation several months
after exposure. Such studies have been conducted for captan,
where it was concluded that �6months of dosing was neces-
sary to induce tumors, but that diffuse hyperplasia would
resolve after several months without exposure (Wilkinson
et al. 2004). In these studies, 6-, 12-, or 18-month studies
with dietary captan at 6000 ppm demonstrated that hyper-
plasia and tumors decreased to almost control levels after a
6-month recovery period. The epithelium in some of the
recovery animals, however, differed from the concurrent con-
trols; while incidence of epithelial hyperplasia decreased, the
SI exhibited muscular hypertrophy and submucosal fibrosis
and ectasia of submucosal vessels. These lesions appeared to
be resolving foci of focal hyperplasia in which the extent of
epithelial repair exceeded the repair of mesenchymal tissues.

These types of stop-dose studies are relatively uncommon.
More typical short-term studies with a 2- to 4-week recovery
period can show reversibility but do not fully address essenti-
ality in tumor formation. Rather, these assays can be useful
to demonstrate that permanent changes, possibly indicative
of cell transformation, have not been induced in the tissue.
In this regard, one published MOA for Cr(VI)-induced SI
tumors lists mutational events prior to cell proliferation and
hyperplasia (McCarroll et al. 2010), which seems to suggest
that the observed hyperplasia is a result of genetic damage
leading to dysregulated cell growth. If true, then stop-dose
studies should not exhibit some level of recovery after dosing
ceases. When Gordon et al. (2012) exposed ICR mice to
6000 ppm folpet in diet for 4weeks with and without a 2-
week recovery, the incidence of crypt hyperplasia was
reduced by �50% in the recovery group (Table 2). The

Figure 3. Qualitative and quantitative evidence for sustained crypt hyperplasia following exposure to Cr(VI). Full transverse sections indicate the extent of villous
blunting in mice exposed to 180 ppm Cr(VI) for 90 days (B) relative to controls (A). Higher magnification demonstrates the extent of crypt elongation in exposed
mice (D) relative to controls (C). The arrows demonstrate blunting of villi, and the brackets indicate crypt expansion. (E) Cells per crypt and the incidence of crypt
hyperplasia in mice exposed to various concentrations of Cr(VI) for 7 days. (F) Cells per crypt and the incidence of crypt hyperplasia in mice exposed to various con-
centrations of Cr(VI) for 90 days. Adapted from Thompson, Seiter, et al. (2015); Thompson, Wolf, et al. (2015); Thompson, Suh, et al. (2017).
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authors speculated that a longer recovery period would have
resulted in complete reversal of the hyperplasia. Gordon
et al. (2012) also concluded that these “early histologic
changes support a non-DNA reactive mode of action for fol-
pet carcinogenicity.” Thompson, Wolf, et al. (2017) conducted
a 4-week recovery study with the highest carcinogenic con-
centrations of Cr(VI), captan, and folpet used in their respect-
ive bioassays. Similar reductions in the incidence (�50%) and
severity of intestinal lesions were observed as in Gordon
et al. (2012) for all three agents.

Notably, Cr(VI), captan, and folpet do not induce SI tumors
in rats. In the 2-year bioassay for Cr(VI), rats did not develop
SI tumors, and the only reported non-neoplastic lesion in the
rat SI was histiocytic infiltration. Crypt hyperplasia and villous
atrophy/blunting were not noted in rats (NTP 2008; Stout
et al. 2009; Witt et al. 2013), but it should be recognized that
tissues not exhibiting tumors in bioassays may receive less
scrutiny in evaluation of non-neoplastic lesions. As part of a
comparison of mouse and rat SI lesions between the NTP
bioassays and those in the studies conducted by Thompson
et al., it was recognized that rats in the NTP bioassays exhib-
ited some signs of crypt hyperplasia and villous damage
(Cullen et al. 2016). This reevaluation corroborated earlier
reports of such lesions in F344 rats exposed to Cr(VI)
(Thompson, Proctor, et al. 2012). Overall, Cullen et al. con-
cluded that the severity of SI lesions was much greater in
mice than rats. In a more recent study, albino rats were
exposed to “sodium dichromate” at 3mg/ml (or 3000 ppm)
for 30–60 days (Zainab et al. 2016). This dose is �1200 ppm
Cr(VI), which is �6 times higher than the highest concentra-
tion in the 2-year Cr(VI) cancer bioassay (i.e. 180 ppm). The
animals were administered doses of 3 or 9mg/100 g body
weight, or �2.4 and 7mg Cr(VI)/kg body weight.2 While
these mg/kg doses were comparable to those estimated
from drinking water studies, the administered gavage con-
centration of Cr(VI) in the test article was extremely high.
Zainab et al. (2016) focused solely on villous effects, and
reported that atrophy/blunting was clearly evident in the
groups exposed for 60 days.

Taken together, these data indicate that the AOP might
also be relevant to rats receiving sufficiently high concentra-
tions of a chemical stressor to induce severe chronic cytoxic-
ity and regenerative hyperplasia. The top concentration in
the 2-year rat bioassay (180 ppm Cr(VI) or 17mg Cr(VI)/kg-day
in males and 20mg Cr(VI)/kg-day in females) was selected
based on reductions in body weight, water consumption,
and increased glandular stomach ulceration at higher con-
centrations in shorter-term assays, whereas the top concen-
tration in the mouse 2-year bioassay was selected based on
reductions in body weight and water consumption in
shorter-term assays (NTP 2008). Notably, the transit rate from
the stomach to the duodenum is �4 times slower in rats
than mice (Kirman et al. 2012), which might not only increase
time for reduction of Cr(VI) to Cr(III) in the stomach but also
increase the residence time of Cr(VI) to irritate the stomach
mucosa of rats as compared to mice. If not for stomach irrita-
tion (or palatability issues), rats might have tolerated higher
Cr(VI) concentrations in the NTP bioassay, potentially result-
ing in greater intestinal damage and intestinal tumor forma-
tion. Transcriptomic analyses indicate that mice and rats
show similar molecular responses in the duodenum at com-
parable Cr tissue concentrations, but that mice ultimately
achieved higher tissue concentrations of Cr (Kopec,
Thompson, et al. 2012; Thompson et al. 2016).

In summary, there is consistent and direct cellular and
histopathological evidence of crypt cell proliferation/regen-
erative hyperplasia occurring in mice as early as 1 to 7 days
after oral exposure to a chemical stressor, based on empirical
evidence from Cr(VI), captan, and folpet exposures at tumori-
genic concentrations. Crypt hyperplasia must be sufficiently
sustained across dose and time to result in tumorigenesis.
Reversibility studies suggest that sufficient daily exposure
durations may exceed 6months, based on limited evidence
of near complete recovery of crypt hyperplasia after expo-
sures to tumorigenic doses for at least 6months. Cr(VI)
appears to induce milder KE phenotypes in rats, that do not
progress to SI tumors. Thus, this AOP is specific to SI tumors
in mice, as the AO has not been fully observed in rats
exposed to Cr(VI), captan, or folpet.

Figure 4. Qualitative evidence for sustained crypt hyperplasia following exposure to captan for 28 days. (A) Representative transverse section of control mouse
SI. (B) Representative transverse section of SI in a mouse exposed to 6000 ppm folpet in diet. Folpet-induced short term cytotoxic and proliferative changes
in the mouse duodenum, Gordon et al., Toxicology Mechanisms and Methods, reprinted by permission of Informa UK Limited, trading as Taylor & Francis Group,
www.tandfonline.com
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2.3. KE#2: mutation/transformation (organ level)

It is well accepted that each round of cell division contains a
small probability of spontaneous mutation (Moolgavkar and
Knudson 1981; Greenfield et al. 1984; Cohen and Ellwein
1990; Tomasetti and Vogelstein 2015). In the normal SI, epi-
thelial cell proliferation is limited to the crypt compartment.
Intestinal stem cells reside near the base of the crypt, and
divide asymmetrically to give rise to daughter cells that
move through the transit-amplifying region of the crypt and
ultimately onto the villi, all within a span of 2–3 days in
rodents and 3–6 days in humans (van der Flier and Clevers
2009; Greaves 2012). It is conceivable that under high prolif-
erative pressure, some villous enterocytes may not be fully
differentiated upon reaching the villus and thus might occa-
sionally undergo cell division. However, the high turnover
rate of villous epithelium, exacerbated by the toxic assault
from the lumen and the migratory pressure from the crypt,
would most likely ensure rapid death and/or sloughing of
such cells. Although dedifferentiation of villous enterocytes
has been demonstrated experimentally in mice, these were
genetically engineered mice harboring dual activating muta-
tions in both Wnt/b-catenin and NF-jB signaling pathways
(Schwitalla et al. 2013). As discussed in detail by Thompson,
Seiter, et al. (2015), reprogrammed/de-differentiated villous
enterocytes can form crypt-like foci on villi (Schwitalla et al.
2013) and no such foci were observed in the Thompson,
Seiter, et al. (2015) study, nor in other Cr(VI) drinking water
studies (NTP 2007, 2008; Stout et al. 2009). Thus, while dedif-
ferentiation of villous enterocytes is possible, the prevailing
theory on intestinal cancer is that mutations occur/accumu-
late in crypt stem cells (Potten and Loeffler 1990; Barker
et al. 2009). For example, Barker et al. (2009) have shown
that controlled deletion of the adenomatous polyposis coli
(Apc) gene in crypt stem cells results in rapid transformation
and adenoma formation with the stem cell remaining in the
base of the crypt, whereas targeted Apc deletion initiated
within the transit amplifying daughter cells leads to stalled
microadenomas. Beyond the SI, it is generally recognized
that DNA damage or spontaneous mutations leading to
transformation must occur in progenitor/stem cells (Wood
et al. 2015).

Based on prevailing data, we believe that the most likely
path to SI tumors is through mutation of crypt stem cells,
whether induced by direct DNA damage or secondary to
errors during normal DNA replication. Intestinal stem cells
(i.e. Lgr5þ cells) are reported to divide once per day, thereby
undergoing several hundred divisions in a mouse lifespan
(Barker et al. 2008). In mice, each crypt has approximately six
stem cells (Barker et al. 2009; van der Flier and Clevers 2009),
indicating that each crypt normally undergoes thousands of
stem cell divisions in a lifetime. Under sustained proliferative
pressure, it is conceivable that stem cells undergo more
asymmetric replications over time, or possibly undergo more
symmetric divisions to create additional stem cells within the
crypt. Either way, sustained crypt hyperplasia is likely accom-
panied by a significant increase in stem cell divisions and
thus potential for mutation and transformation. This effect is
evident histologically as elongation of the crypt, which is

potentially associated with an increase in the number of
stem cells, all dividing at the usual rapid rate of the SI. The
results with Apc deletion indicate that a very few specific
mutations are needed for SI neoplasia, and it has been
reported that perhaps only two or three driver mutations are
required to induce colorectal and other cancers in humans
(Tomasetti et al. 2015).

Current genotoxicity testing paradigms do not contain
methods/assays for measuring spontaneous mutations that
arise from prolonged increases in cell proliferation. Notably,
the standard duration for an OECD guideline transgenic
rodent (TGR) mutation assay is 28 days in a rapidly proliferat-
ing tissue, and long-term exposures are not recommended
(OECD 2013). An apparent requirement for KEs in the AOP
framework is that KEs are measurable. This generally implies
that positive results are necessary to support the role of each
KE. We propose a logical extension of this concept of meas-
urability to include acknowledgement that measured negative
findings are, in fact, critical indirect evidence that can sup-
port a KE.

SI tumors provide a unique case for genotoxicity testing
within an AOP or MOA framework. An international expert
working group on genotoxicity testing has stated that in vivo
genotoxicity assays should ideally be conducted in (1) tissues
that receive high doses of the active parent compound or
metabolite, (2) the site of carcinogenic action, and (3) a
highly proliferative tissue (MacGregor et al. 2015). The duode-
num fulfills all of these criteria for Cr(VI), captan, and folpet,
and negative results in well-conducted genotoxicity assays
should thus be considered as strong evidence against early
(i.e. upstream) genotoxic initiating events and strong support
for downstream KEs related to spontaneous mutation and
transformation. As such, the AOP shown in Figure 1 requires
both positive evidence for KEs related to cytotoxicity and
regenerative hyperplasia as well as negative genotoxicity
results in the duodenal crypt cells. On the other hand, posi-
tive genotoxicity results in the duodenal crypt cells would
make it difficult to rule out genotoxicity as an early upstream
KE, and likely indicate involvement of an alternative AOP –
perhaps involving direct DNA damage.

Assays directly measuring genotoxic responses in the duo-
denum following exposure to Cr(VI), captan, and folpet have
resulted in negative findings. As shown in Table 3, all three
carcinogens have negative MN results (Chidiac and Goldberg
1987; Gudi and Krsmanovic 2001; O’Brien et al. 2003;
Thompson, Wolf, et al. 2015). Multiple TGR assays for Cr(VI)
have reported no changes in mutation frequency (MF) in the
duodenum or oral mucosa (Thompson, Young, et al. 2015;
2017; Aoki et al. 2019), and an unpublished TGR assay for
captan was negative for mutation in the target tissue,
thereby prompting regulators in Japan to develop threshold
toxicity values for captan (FSCJ 2017).

While in vivo evidence of genotoxicity is negative for
Cr(VI), captan, and folpet, all three are positive for genotoxic-
ity in vitro (De Flora et al. 1984; Arce et al. 2010; Zhitkovich
2011). Captan and folpet have also been reported to bind to
DNA associated proteins. Cr-DNA adducts in homogenized
duodenal tissue following Cr(VI) exposure have been
reported, albeit with potential ex vivo contamination during
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processing (O’Brien et al. 2003). However, XRF mapping of Cr
fluorescence in intact fixed duodenal sections indicates that
the Cr-DNA binding would be almost entirely limited to the
intestinal villi, i.e. committed non-proliferative and non-pluri-
potent enterocytes (Figure 2). As for other Cr(VI)-related DNA
lesions, Cr(VI) does not induce DNA-protein crosslinks (DPC)
or oxidative DNA damage in the duodenum (De Flora et al.
2008). Overall, direct DNA binding capability does not pre-
clude this AOP from being operational for some agents, pro-
vided that there is sufficient evidence against in vivo
genotoxicity.

With regard to the importance of assessing in vivo geno-
toxicity, it is well documented that in vivo genotoxicity tests
in rodent species are prescribed as follow up assays for
chemicals that have positive in vitro genotoxicity results, and
that negative in vivo results are generally interpreted as indi-
cating that the chemicals of interest are safe for humans (e.g.

EFSA and OECD). In vivo blood MN assays and either a TGR
or comet assay are widely recommended as follow up in vivo
studies. In addition to the aforementioned duodenal MN
assays, blood MN assays are generally negative for Cr(VI),
captan, and folpet (Arce et al. 2010, and Thompson, Suh,
et al. 2017). Recent recommendations by the International
Working Group on Genotoxicity Testing concluded that the
TGR and comet assays were essentially equivalent for detect-
ing genotoxicity when one of these studies were coupled
with an in vivo MN assay (Kirkland et al. 2019). In addition,
they noted that the TGR assay was preferable for MOA inves-
tigation, especially when conducted in target tissues. It is
curious that negative in vivo follow up genotoxicity assay
results (i.e. evidence of absence) are useful for determining
safety in some areas of risk assessment, but are often viewed
with skepticism (e.g. absence of evidence is not evidence of
absence) when the same assays are negative in the target

Table 3. Summary of in vivo duodenal genotoxicity assays for Cr(VI), captan, and folpet.

Compound Micronucleus (duodenum) Mutation (duodenum) Supporting data (duodenum)

Cr(VI) O’Brien et al. (2013): no crypt MN in
duodenum after 90 days of
exposure to �180 ppm Cr(VI).

Thompson, Wolf, et al. (2015): no
increase in crypt MN in duodenum
after 7 days of exposure to
�180 ppm Cr(VI).

O’Brien et al. (2013): no change in
kras codon 12 GGT->GAT MF in
duodenum after 90 days of
exposure to �180 ppm Cr(VI).

Thompson, Young, et al. (2017): no
increases in cII MF in TGRF344 rats
exposed to 180 ppm Cr(VI) for 28
days.

Aoki et al. (2019): no increases in gpt
MF in gpt delta mice exposed to
30 or 90 ppm Cr(VI) for 28 days; no
increase in gpt MF in mice
exposed to 3–30 ppm Cr(VI) for
90 days.

De Flora et al. (2008): no increases in
DPC or 8-OHdG were observed in
the duodenum of SKH-1 mice
exposed to 20 ppm Cr(VI) for 9
months.

O’Brien et al. (2013): dose-dependent
increases in Cr-DNA binding were
measured and reported as
Supplemental material. However,
analytical evidence of ex vivo
binding in the assay confounds the
Cr-DNA binding observation.

Thompson, Seiter, et al. (2015) and
Thompson, Wolf, et al. (2015):
synchrotron XRF microscopy
demonstrated localization to
intestinal villi but not crypts.
Findings support negative
genotoxicity results in crypts and
indicate that any Cr-DNA binding
occurred in villous enterocytes.

Thompson, Seiter, et al. (2015):
k-H2AX immunostaining was
evident in in villi villous tips but
not in crypts.

Thompson, Seiter, et al. (2015);
Thompson, Wolf, et al. (2015): No
aberrant crypt-like foci in villi
(visible by H&E stain) were
identified in mice exposed to
�180 ppm Cr(VI) for 13 weeks.

Captan Chidiac and Goldberg (1987): no
increase in crypt MN in duodenum
after 1 week of exposure to
�4000mg/kg captan in diet.

FSCJ (2017): mentions unpublished
results indicating negative results
“obtained from a gene mutation
assay of the target in transgenic
mice… Therefore, a genotoxic
mechanism was unlikely involved
in the tumor development, and it
enabled us to establish a threshold
in the assessment.”

Arce et al. (2010): summary of
radiolabeled captan studies
indicates no captan-DNA binding
in the duodenum.

Folpet Gudi and Krsmanovic (2001) (as
described in Arce et al. (2010): no
increase in crypt MN in duodenum
after 1 week of exposure to
2000mg/kg folpet in diet.

Clay (2004) (as described in Arce
et al. 2010): no increase in DNA
damage in duodenal crypts (via
Comet assay) was observed 2 or
6 hr after exposure to 2000mg/
kg folpet
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tissue and species where carcinogenicity is observed at
extremely high and/or cytotoxic concentrations.
Notwithstanding the above considerations, it should also be
recognized that many risk assessors have interest in moving
away from binary yes/no genotoxicity determinations to
understanding that even some DNA-reactive compounds
have thresholds for inducing genotoxicity (Johnson et al.
2014; Clewell et al. 2019).

In summary, there is strong evidence that early genotoxic
events are not involved in the carcinogenic processes in the
duodenum following exposure to Cr(VI), captan, or folpet.
While positive results would indicate the potential for direct
acting genotoxicity, consistent negative results should be
viewed as supporting spontaneous mutation resulting from
chronic increases in cell proliferation.

2.4. AO: SI tumors in mice (individual/population level)

Collectively, there are seven carcinogenicity bioassays in
mice: three each for folpet or captan and one for Cr(VI), all of
which have been reviewed elsewhere (U.S. EPA 2004, 2012;
Wilkinson et al. 2004; Cohen et al. 2010; Health Canada 2016;
FSCJ 2017, 2019). Duodenal tumors are seen after lifetime
exposure of B6C3F1 mice to Cr(VI), captan, or folpet. Captan
and folpet exposure were also associated with duodenal
tumors in CD-1 mice. Folpet resulted in a higher incidence of
jejunal tumors in mice at very high doses (12 000 ppm) com-
pared to the LOAEL for duodenal tumors (5000 ppm; FSCJ
2017), while Cr(VI) was also associated with a low incidence
of jejunal tumors at 180 ppm Cr(VI) (NTP 2008). The proximal
jejunum is the continuation of the SI from the duodenum,
and tumors arising in it would be expected to have the same
MOA as those in the duodenum. Of the three identified bio-
assays for folpet, only one did not report SI tumors; however,
the exposure levels tested were lower than in the positive
studies. In this study, the highest tested concentration was
1350ppm, which is comparable to the lowest concentration
in the other two studies, in which the duodenal tumor
LOAEL was 1000 or 5000 ppm. Thus, the lack of tumors in
this study of folpet is attributed to study design (i.e. dose
selection) rather than an inconsistency in the WOE.

For Cr(VI), the duodenal tumors had a long latency consid-
ering that the MIE and regenerative hyperplasia were evident
as early as 1week of exposure (O’Brien et al. 2013;
Thompson, Proctor, et al. 2011). In mice that died prior to
scheduled sacrifice, the first incidence of adenoma or carcin-
oma occurred at 451 days (�15months) or terminal sacrifice
at 729 days (�18months), respectively, in males, or 693 days
(�23months) or 625 days (20months), respectively, in
females (NTP 2008). No information to assess the latency of
duodenal tumor formation were identified for captan or fol-
pet. As discussed above, SI tumors were not seen in any
tested rat strain to date, including F344, CD, SD, Wistar, and/
or Osborne-Mendel rats, after lifetime exposure to Cr(VI), cap-
tan, or folpet. For Cr(VI), detailed investigations indicted that
rats exhibited similar albeit milder intestinal effects compared
to mice and without tumor formation.

In summary, there is consistent and direct histological evi-
dence of SI tumors in mice, but not rats, orally exposed to
comparable tumorigenic doses of chemical stressor for a life-
time. The AO was concurrent with or preceded by each of
the AOP KEs in a dose and/or temporal fashion. There is no
evidence of the AO occurring in mice at exposure conditions
not associated with measured KEs in the AOP.

2.5. Stressors

According to OECD (2018), stressors are chemical or non-
chemical (e.g. genetic and environmental) factors that might
trigger an AOP. The AOP described herein shares features
with celiac disease, which itself has different origins (Dickson
et al. 2006; Kamboj and Oxentenko 2017). Celiac disease,
which typically manifests as gastrointestinal distress, is
believed to result from dietary gluten-induced inflammatory
responses in the proximal SI. Definitive diagnosis requires
duodenal biopsies interpreted in context of other factors.
Grading of the disease is based on histopathological charac-
teristics progressing from increased intraepithelial lympho-
cytes, to increased intraepithelial lymphocytes with mild
crypt hyperplasia, intraepithelial lymphocytes with crypt
hyperplasia and villous blunting, and increased intraepithelial
lymphocytes with normal crypt depth but flattened mucosa
(Dickson et al. 2006). Many drugs induce similar pathology
albeit without involvement of intraepithelial lymphocytes; for
example, metabolites of non-steroidal anti-inflammatory
drugs (NSAIDs) excreted in the bile are thought to have dir-
ect toxic effects in the SI (Kamboj and Oxentenko 2017).
Captan and folpet, but not Cr(VI), are reported to increase
intraepithelial lymphocytes in the mouse duodenum.

Viral stressors also provide important and well-established
insight into the AOP described herein. Cytopathic viruses,
such as coronavirus infection in piglets, have a tropism for
mature enterocytes, where infection leads to blunting of villi
due to death of mature enterocytes and compensatory
expansion of the proliferative compartment (i.e. hyperplasia
of the crypt epithelium) in response to the demand for add-
itional mature enterocytes (Uzal et al. 2016). These changes
are essentially the same features seen following exposure to
Cr(VI) and captan/folpet in mice. Rotavirus similarly infects
and damages differentiated enterocytes of villous tips leading
to crypt proliferation (Zou et al. 2018). Parvoviruses, in con-
trast, have a tropism for crypt cells. Infection kills the crypt
cells and villi become blunted due to the lack of replacement
of mature enterocytes, but without evidence of crypt hyper-
plasia during the acute infection phase. Parvovirus-induced
injury is termed “radiomimetic” because the infection repro-
duces the effect seen in cases of radiation exposure where
the rapidly mitotic cells are killed more readily than others,
resulting in villous blunting from death of the crypt epithe-
lium (Uzal et al. 2016). These viruses provide a model for dis-
tinguishing different pathways to a similar histologic picture.
In the first pathway, damage to mature enterocytes leads to
villous blunting and crypt hyperplasia, while in the second
pathway, damage to crypt cells also leads to villous blunting
but occurs without evidence of crypt hyperplasia.
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In addition to chemical and viral stressors, there is evi-
dence for physical damage to villi from digesta. For example,
digesta containing abrasive grasses and sedges can induce
villous damage (e.g. blunting) in rodents (Wieczorek et al.
2015), and dietary fiber can alter proliferative characteristics
of the rodent SI (Greaves 2012). In an unpublished pilot
study, mice exposed to 180 ppm Cr(VI) for 28 days had higher
severity scores when fed the same chow in pellet form than
meal form, despite measured Cr levels being slightly higher
in meal-fed mice than pellet-fed mice (Supplemental Table
S1). Considering further that water intake (and thus water
content in digesta) is reduced by up to 30% in rodents
exposed to high concentrations of Cr(VI) (NTP 2007, 2008;
Thompson, Proctor, et al. 2011, 2012; Thompson, Wolf, et al.
2015, 2017; Thompson, Young, et al. 2015), there may be a
synergy between chemical and physical damage to the intes-
tinal villi.

Similarly, it has been proposed that duodenal tumors
induced by hydrogen peroxide (HP) in drinking water are
due, in part, to physical stress resulting from �50% reduc-
tions in water intake due to poor palatability (DeSesso et al.
2000). Ito et al. (1981, 1982) reported duodenal tumors in
mice but not rats after exposure to 0.4% HP, along with duo-
denal hyperplasia. Glandular stomach erosion was also
reported, indicating that these concentrations were damag-
ing to the gastric mucosa. Notably, Ito et al. (1982) discuss
the observed intestinal lesions as similar to those that were
previously hypothesized to have “arisen through continuing
multiplication of crypt epithelial cells, combined with a failure
of their differentiation into mature villus cells.” Subsequent
work demonstrated a correlation between the tumorigenic
potency of HP in different strains of mice and the amount of
duodenal catalase activity (Ito et al. 1984). These findings
indicate an important role for HP detoxification in the MOA
for HP-induced duodenal tumors, and potential involvement
of oxidative stress in cytotoxicity and perhaps genotoxicity.
An OECD GLP-compliant 90-day drinking water study with HP
later showed complete reversibility of duodenal hyperplasia
following a six week recovery time (Weiner et al. 2000).
Based on their results as well as unpublished genotoxicity
findings, Weiner et al. posited that “any long term effects of
HP are related to an irritation response, rather than genotoxic
response.” Unfortunately, many of these cited HP studies did
not include images of the non-neoplastic duodenal lesions,
thus making it difficult to compare the lesions to Cr(VI), cap-
tan, and folpet. Overall, the potential interactions between
chemical and physical stress on duodenal histopathology
deserve more investigation.

Chappell et al. (2019) demonstrated similarities in the tran-
scriptomic responses in the duodenum among mice exposed
to tumorigenic concentrations of Cr(VI), captan, or folpet for
28 days which could serve as biomarkers for identifying other
stressors that might operate via this AOP. Gene-level compar-
isons identifying 126/546 (23%) differentially expressed genes
altered in the same direction and 25 upregulated pathways.
These changes related to cellular metabolism, stress, inflam-
matory/immune cell response, and cell proliferation, includ-
ing upregulation in HIF-1 and AP1 signaling pathways, which

have been linked to intestinal injury and angiogenesis/
carcinogenesis.

2.6. Alternative modes of action

To date, two published articles have proposed a mutagenic
MOA for SI tumors from Cr(VI) exposure (McCarroll et al.
2010; Zhitkovich 2011). No alternative MOAs were found for
captan or folpet, although the issue of DNA reactivity was
discussed at length in Cohen et al. (2010) and Arce et al.
(2010). McCarroll et al. (2010) describe a mutagenic MOA for
Cr(VI) in the mouse SI based on available evidence prior to
the initiation of much of the research described herein. Much
of the evidence was comprised of non-target tissue data and
in vitro studies. Evidence for a mutagenic MOA was based on
results from a comet assay showing dose-dependent
increases in comet tail length in leukocytes after 1 day of
Cr(VI) exposure at gavage doses as low as 0.6mg/kg-day
(Dana Devi et al. 2001). Notably, achieving this dose via gav-
age implies the administration of �60 ppm Cr(VI). As dis-
cussed above, Cr(VI) does not appear to reach or cause DNA
damage within the duodenal crypt compartment after pro-
longed drinking water exposures up to 180 ppm. McCarroll
et al. (2010) did not differentiate potential effects in the crypt
and villus, implying that the location of DNA damage within
the SI tissue structure was not considered. Finally, McCarroll
et al. (2010) considered the primary data gap supporting a
cytotoxicity-mediated MOA to be the lack of histological evi-
dence of cytotoxicity in either the 90-day or 2-year rat or
mouse NTP (2007, 2008) bioassays. Similarly, Zhitkovich
(2011) states that “no overt toxicity (necrosis) was found in
the SI of any Cr(VI)-exposed groups of mice and rats.” Both
McCarroll et al. (2010) and Zhitkovich (2011) did not integrate
the intestinal histopathology and biology described herein
when making their MOA conclusions.

Due to reactivity of Cr(VI) with GSH and ascorbate, it was
initially hypothesized that oxidative stress might play a prom-
inent role in the MOA (Thompson, Haws, et al. 2011).
Although there is some transcriptomic evidence for this idea,
such as induction of genes involved in GSH synthesis (Kopec,
Kim, et al. 2012), oxidative DNA damage has not been
observed in the mouse duodenum following Cr(VI) exposure
in drinking water at up to 180 ppm for up to 9months (De
Flora et al. 2008; Thompson, Proctor, et al. 2011).
Interestingly, recent in vivo mutation studies with potassium
bromate (KBrO3) have provided evidence that oxidative stress
can result in increased MF in gpt delta mice (Aoki et al.
2020). KBrO3 induces tumors in the proximal SI (and other
organs), and Aoki et al. (2020) have shown that KBrO3

increased oxidative DNA damage and G to T transversions in
a threshold manner consistent with an observed threshold in
MF in the duodenum. These findings not only provide insight
into the MOA for bromate-induced SI cancer in mice but also
demonstrate that the gpt delta TGR model might have
detected increases in MF for Cr(VI) if increased oxidative
stress were a driver in the MOAs. Even with an increase in
MF, Aoki et al. (2020) proposed a threshold no-observed-gen-
otoxic-effect-level level for KBrO3 protective of SI cancer.
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It should be pointed out that no agents have definitively
been identified as causing mouse (or human) SI tumors via a
mutagenic MOA. Genotoxic carcinogens such as x-ray irradi-
ation (XR), benzo(a)pyrene (BaP), n-methyl-N-nitrosourea
(MNU), and dimethylhydrazine (DMH) have caused mouse SI
tumors after oral exposure among multiple other local and
systemic tumor sites which were affected at higher rates
and/or lower doses (IARC 1978, 2012b, 1999a, 1999b). The SI
tumors were observed after short exposure durations (e.g.
days or weeks,) and latencies (e.g. <6months). Key informa-
tion for assessing a MOA in the SI for XR, BaP, and MNU
include a dose-related increase in nuclear aberrations (NA) in
the duodenal crypt after a single gavage dose (Goldberg and
Chidiac 1986), providing evidence for a mutagenic MIE in the
target tissue. DMH caused duodenal NA after intraperitoneal
exposure and was not tested via gavage exposure. These
studies were not designed to examine intermediate KEs in
the SI, given the relative insensitivity of the SI, in terms of
dose and/or incidence, compared to other tumor sites. These
agents also affect a wider variety of tissues and at higher
tumor rates and/or lower doses compared to SI tumors and
with relatively short exposure durations and latency for SI
tumors. Given these distinctions, data for Cr(VI) alone (or
together with captan and folpet) would be characterized as
moderate to strong “counter evidence” in a mutagenic MOA,
in contrast to stressors like XR, BaP, NMNU, and DMH.

3. Overall assessment of the AOP

According to OECD (2018) guidance, the Overall Assessment
Summary addresses the WOE for the AOP as a basis to con-
sider appropriate regulatory application (e.g. priority setting,
testing strategies, or risk assessment). The assessment of the
overall confidence in an AOP and its associated KEs is based
primarily on the “essentiality” of the KEs, “biological
plausibility” of the KERs, and the “empirical support” for the
KERs (OECD 2018). A summary of the evidence supporting
Essentiality (Table 4), Biological Plausibility (Table 5), and
Empirical Support (Table 6) has been tabulated, as recom-
mended by OECD. Based on these criteria, the overall confi-
dence in the AOP is considered high due to well-developed
and broadly accepted evidence streams.

Various regulatory authorities have accepted a cytotox-
icity-mediated regenerative hyperplasia-based MOA for Cr(VI),
captan, and folpet (U.S. EPA 2004, 2012; Health Canada 2016;
FSCJ 2017, 2019). For Cr(VI), Health Canada (2016) noted that
no studies have identified the essentiality of early KEs (i.e.
studies measuring the presence or absence of tumors after
one of the early KEs, such as cytotoxicity, is prevented).
However, there is evidence of reversibility in shorter-term
bioassays, an absence of genotoxicity in the target tissue,
and consistent and reproducible non-neoplastic lesions in the
duodenum. While no major gaps in the MOA were identified,
Health Canada (2016) noted that additional measures might
provide more detailed mechanistic understanding of (1) Cr(III)
and Cr(VI) speciation in biological samples, (2) oxidative sta-
tus (in addition to GSH/GSSG) in SI epithelial tissues, (3) dif-
ferentiation of chromium–DNA adducts between crypt and

villi enterocytes in vivo, and (4) DNA methylation. Health
Canada (2016) noted that although this type of information
might provide useful context for chromium toxicity, it would
not change the non-mutagenic MOA. Health Canada (2016)
considered the lack of mutagenicity in target tissues to be a
major weakness in the WOE supporting a mutagenic MOA.
No significant gaps of weaknesses in the MOA were noted by
regulators for captan or folpet. Overall, while there are no
perceived significant gaps or weaknesses in the KEs or KERs
supporting this AOP, identification of the exact molecular
mechanisms underlying cytotoxicity as the (M)IE would better
conform to the AOP framework; however, it is not clear to
these authors that cytotoxic MOAs/AOPs necessarily have a
single MIE.

3.1. Biological domain of applicability

According to OECD (2018), the biological domain of applic-
ability for an AOP is defined based on the groups of organ-
isms for which the measurements represented by the KEs
and KERs are operative. For Cr(VI) captan, and folpet, there
appear to be no obvious sex differences in susceptibility.
There are inadequate data to examine potential differential
susceptibility based on life-stage, as nearly all of the identi-
fied rodent studies have commenced exposure at 6–8weeks
of age. While there is no evidence of the AO in rats, we do
note evidence for milder non-neoplastic KEs in rats, and data
suggest that the entire AOP might be relevant to rats under
higher exposure conditions.

With respect to humans, the relevance of this MOA/AOP
in relation to Cr(VI) or folpet exposure has been previously
reviewed (Cohen et al. 2010; Thompson et al. 2013) and is
updated here, again using the World Health Organization/
International Programme on Chemical Safety (WHO/IPCS)
human relevance framework, which addresses the following
fundamental criteria: (1) Is the WOE sufficient to establish the
MOA in animals? (2) Can human relevance of the MOA be
reasonably excluded on the basis of fundamental, qualitative
differences in KEs between experimental animals and
humans? (3) Can human relevance of the MOA be reasonably
excluded on the basis of quantitative differences in either
kinetic or dynamic factors between experimental animals and
humans and (4) Conclusion: Statement of confidence, ana-
lysis, and implications (Boobis et al. 2008). These criteria are
briefly discussed below.

(1) The WOE is sufficient to establish the AOP/MOA in
mice and (2) the human relevance of the MOA cannot be
reasonably excluded on the basis of fundamental, qualitative
interspecies differences. However, based on Cr(VI), captan
and folpet, cytotoxic exposure levels in mice (e.g.
30–180ppm in drinking water for Cr(VI), 6000 to 16 000 ppm
in feed for captan, and 1000 to 12 000 ppm for folpet) were
required to be sustained for long periods of time (e.g. at
least 6–12months). For Cr(VI), the human equivalent dose
(HED) in mg/kg for duodenal hyperplasia was estimated from
mice to be 0.02mg/kg-day (Thompson et al. 2018), which is
equivalent to 0.54 ppm of Cr(VI) in drinking water daily for a
lifetime, based on the 95th %-ile drinking water intake of
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37ml/kg-day (U.S. EPA 2019). This is 180-fold higher than the
95th %-ile Cr(VI) concentration in U.S. drinking water of
3 ppb. Importantly, the HED estimate only includes the induc-
tion of hyperplasia, which itself is not sufficient to induce SI
cancer. In the NTP (2008) cancer bioassay, mice exposed to
5–20 ppm Cr(VI) exhibited increased hyperplasia without SI
tumor development. Again, there is a dose-dependent rela-
tionship between exposure and the level of hyperplasia
(Figure 3), as well as a KER between the amount of hyperpla-
sia and tumor risk. Given the highly efficient homeostatic
regulation of SI epithelial cell sloughing, regenerative prolifer-
ation, and repair, a mathematical or computational model is

needed to quantitatively describe these KERs. This type quan-
titative AOP (qAOP) model requires detailed response–res-
ponse relationship and incorporation of such compensatory
responses to allow one to infer the magnitude or probability
of an AO (Perkins et al. 2019).

(3) There are quantitative differences in kinetic factors
between experimental animals and humans and also nonli-
nearity in the pharmacokinetic reduction of Cr(VI) to inert
Cr(III) (Kirman et al. 2012, 2013, 2017). Although the gastro-
intestinal tract is generally similar between rodents and
humans, species-specific differences in pH in various sections
of the gastrointestinal tract influence the pH-dependent

Table 4. Support for essentiality of key events (KEs).

Defining question High (strong) Moderate Low (weak)

Are downstream KEs and/or
the AO prevented if an
upstream KE is blocked?

Direct evidence that
downstream KEs and/or
the AO prevented if an
upstream KE is blocked?

Indirect evidence that
downstream KEs and/or
the AO prevented if an
upstream KE is blocked?

No or contradictory
experimental evidence of
the essentiality of any of
the KEs.

(M)IE: villous enterocyte
cytotoxicity

STRONG. There is direct evidence of the localized absorption of Cr to the villus (but not crypt) compartment as early as 7 days
after oral exposures to Cr(VI) at 180 ppm with localization remaining in the villi (and not crypt) at 13 weeks. There is indirect
evidence via radiolabel studies for the duodenal localization of captan and/or its metabolites. Villous enterocyte cytotoxicity
is observed as early as after 1–7 days after Cr(VI), captan, or folpet exposure at concentrations equivalent to or lower than
tumorigenic concentrations. An initial molecular target(s) for Cr(VI) and captan/folpet may not be required or exist.
Pharmacological depletion of glutathione (GSH) can induce cytotoxicity by shortening intestinal villi and Cr(VI) and captan/
folpet are known to affect cellular GSH and redox status. The cytotoxicity evident after 28 days is reversible after a 28-day
recovery period, providing direct evidence of essentiality.

KE1: sustained crypt cell
proliferation/ hyperplasia

STRONG. Long-term exposure plus reversibility (�6-month) studies with captan show that cessation of exposure to carcinogenic
doses prevents or lowers the tumor incidence suggesting that crypt hyperplasia must be sufficiently sustained across dose
and time and that sufficient daily exposure durations may exceed 6 months to result in small intestinal tumors. For Cr(VI),
the duodenal tumors had a long latency with the first incidence of adenoma at 451 days (�15 months) in males or 693 days
(�23 months) in females and the first incidence of carcinoma at 729 days (terminal sacrifice, 18 months) in males or 625
days (20 months) in females (NTP 2008).

KE2: mutation/transformation STRONG. Carcinogenesis requires acquisition of multiple mutations resulting in phenotypic transformation from a stem cell to
an initiated cell capable of tumor formation. In Cr(VI) or captan/folpet studies, no SI tumors were observed at concentrations
not also inducing sustained crypt hyperplasia. The absence of induced mutations in short- and intermediate-term target tissue
assays (up to 13 weeks) for Cr(VI) and captan is strong evidence that spontaneous mutation/transformation occurred later in the
carcinogenic process secondary to sustained cytotoxicity and regenerative cell proliferation.

Table 5. Support for biological plausibility of key event relationships (KERs).

Defining question High (strong) Moderate Low (weak)

a) Is there a mechanistic
relationship between KEup
and KEdown consistent with

established
biological knowledge?

Extensive understanding of
the KER based on extensive
previous documentation and

broad acceptance.

KER is plausible based on
analogy to accepted

biological relationships, but
scientific understanding

is incomplete

Empirical support for
association between KEs, but
the structural or functional
relationship between them is

not understood.

(M)IE 5> KE1: villous
enterocyte cytotoxicity
leads to sustained crypt
cell proliferation/
hyperplasia

STRONG. The sustained localization of a stressor to the duodenal villi (but not crypt), even after 13 weeks of continuous
exposure based on direct evidence with Cr(VI), is plausibly attributed to the efficiency of the intestinal epithelial barrier,
which functions to prevent the transfer of harmful agents from the gut lumen into the circulation via the subjacent tissue
(i.e. crypt), lymphatics, and vasculature. While evidence could be considered Moderate because sustained localization has only
been directly demonstrated for Cr(VI), the sequalae for captan and folpet, which includes interepithelial lymphocytes, could
be considered STRONG evidence because it closely mimics celiac disease (thereby increasing biological plausibility). It is
broadly accepted that repeated stressor-induced cytotoxicity at the site of target tissue contact is associated with
regenerative cell proliferation in response to repeated injury. It is broadly accepted that sustained exposure to a cytotoxic
chemical increases regenerative cell proliferation and leads to tissue hyperplasia. In the mouse small intestine, primarily in
the duodenum, crypt hyperplasia is observed in every strain of tested mice, specifically B6C3F1, BALB/c, and AM3-C57BL/6
mice exposed to Cr(VI), B6C3F1 mice exposed to captan, and B6C3F1 and CD-1 mice exposed to folpet.

KE1 5> KE2: sustained crypt
cell proliferation/
hyperplasia leads to
mutation and
transformation

STRONG. It is broadly accepted that increased cell proliferation increases the chance for spontaneous mutations to arise leading
to cell transformation leading to neoplasia. The duodenum is an ideal target organ for examining genotoxicity, especially
when it is the cite of carcinogenic action. The absence of positive genotoxicity results in the duodenum of multiple studies
strongly supports that genotoxicity is not an early KE and therefore must occur as a later KE in the etiology of chemical-
induced SI tumor formation.

KE2 5> AO: mutations and
transformation lead to
small intestinal tumors
in mice

STRONG. Numerous studies with multiple chemical stressors demonstrated that sustained crypt hyperplasia in mice precedes
duodenal tumors in mice. There is no inconsistent evidence.
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Cr(VI) reduction rate, as do feeding patterns and gastric
motility (McConnell et al. 2008; Kirman et al. 2012, 2013).
Physiologically based pharmacokinetic (PBPK) models inte-
grating gastric transit and reduction collectively and consist-
ently predict that a higher percentage of Cr(VI) may escape
stomach reduction in mice relative to humans, which exhibit
the highest extent of reduction at low doses compared to
rats and mice (Kirman et al. 2012, 2013, 2017; Proctor et al.
2012; Sasso and Schlosser 2015). For example, nonlinear kin-
etics are predicted to begin in humans at doses >0.01mg/
kg-day or in mice and rats at doses >0.1mg/kg-day, largely
due to differences in reduction capacity (Kirman et al. 2017).
Over the concentration range tested in the NTP bioassay
(�0.5–10mg/kg-day), dose-dependent delivery of Cr(VI) from
the stomach to the SI was predicted to rise from �30 to 70%
in mice, �40 to 80% in rats, or �6 to 40% in humans
(Kirman et al. 2017). Comparable PBPK models for captan or
folpet were not identified; however, aggregate exposures to
captan or folpet through food or drinking water are, similar
to Cr(VI), at least three orders of magnitude lower than expo-
sures causing SI tumors and thus not a concern for SI car-
cinogenicity risk assessment (U.S. EPA 2004, 1999). (4) To
conclude, in the context of the WHO/IPCS human relevance
framework, the WOE is sufficient to establish the MOA in ani-
mals, with qualitatively plausible KEs in humans. However,
the KEs become quantitively implausible in humans after
accounting for interspecies toxicokinetic differences, as well
as background levels of human exposure. Confidence in this
AOP/MOA is high (as addressed later in Section 3.3) and the

implications suggest that the AOP/MOA is unlikely to be
quantitatively relevant to humans. As mentioned previously,
the AOP/MOA may be relevant to rats, if sufficient exposures
across dose and time are achieved, since the KEs (but not
the AO) have been observed in rats exposed to Cr(VI).

The International Agency for Research on Cancer (IARC)
has labeled captan as “not classifiable as to its carcinogen-
icity in humans” (IARC 1987) but has not classified folpet.
IARC classified Cr(VI) as “carcinogenic to humans” based on
lung and nasal sinus cancers in humans, with the underlying
evidence derived from occupational and animal inhalation
studies (IARC 2012a). IARC concluded that there was insuffi-
cient evidence of effects on gastrointestinal sites, mainly
stomach (IARC 2012a). A recent comprehensive systematic
review on epidemiological and animal evidence for Cr(VI)
found no evidence for an increased risk of stomach cancer in
humans (Suh et al. 2019), and an earlier meta-analysis of can-
cer risk among Cr(VI) exposed workers found very few cases
among 36 studies included, and no evidence of an increased
risk in SI tumors (Gatto et al. 2010).

In summary, the biological domain of applicability for this
AOP is mice, as mice are the only species in which indices
that represent the KEs and KERs, whether molecular, cellular,
or tissue-based, were measured and found to be operative in
a manner sufficient to result in the AO. A key criterion for
defining an AO is its relevance for regulatory decision-making
(OECD 2018). While the AOP is qualitatively plausible in
humans (or rats), the exposure levels sufficiently high and
prolonged to result in the AO in a species other than mice

Table 6. Empirical support for key event relationships (KERs).

Defining question High (strong) Moderate Low (weak)

Does empirical evidence
support that a change in

KEup leads to an appropriate
change in KEdown? Does
KEup occur at lower doses
and earlier time points than
KE down and is the incidence

of KEup> than that for
KEdown? Inconsistencies?

Multiple studies showing
dependent change in both
events following exposure to

a wide range of specific
stressors. No or few critical
data gaps or conflicting data

Demonstrated dependent
change in both events

following exposure to a small
number of stressors. Some

inconsistencies with expected
pattern that can be explained

by various factors.

Limited or no studies
reporting dependent change
in both events following
exposure to a specific

stressor; and/or significant
inconsistencies in empirical
support across taxa and

species that do not align with
hypothesized AOP

(M)IE 5> KE1: villous
enterocyte cytotoxicity
leads to sustained crypt
cell proliferation/
hyperplasia

STRONG. At exposure concentrations associated with downstream KEs and the AO, intense Cr localization to duodenal villi (but
not crypt) after 1- or 13-week exposures has been demonstrated using synchrotron-based x-ray fluorescence microscopy.
Radiolabel derived from captan and/or its metabolites has also been measured in mouse duodenal contents (but not
epithelium) after dietary captan exposures associated with downstream KEs and the AO. There is no evidence of villous
enterocyte cytotoxicity occurring without the duodenal localization of chemical stressor and/or its metabolites. Crypt cell
proliferation/hyperplasia is considered a reparative or regenerative process in response to the loss of enterocytes from the
villi. There is direct molecular, cellular, and histological evidence of crypt cell hyperplasia in response to chemical exposure at
tumorigenic concentrations in a dose and temporal fashion after as short as 1 to 7 days. There is no evidence of
regenerative cell proliferation or sustained crypt hyperplasia occurring without concurrent villous enterocyte cytotoxicity in
dose or time. There are no data gaps or inconsistencies.

KE1 5> KE2: sustained crypt
cell proliferation/
hyperplasia leads to
mutation and
transformation

STRONG. It is broadly accepted that increased cell proliferation/hyperplasia provides more opportunities for spontaneous
mutations to arise leading to cell transformation and ultimately neoplasia. The WOE within and among each of the proposed
chemical stressors provides consistent and direct evidence that crypt hyperplasia must be sufficiently sustained across dose
and time to result in tumors. Recovery studies with Cr(VI), captan, and/or folpet show that the cytotoxicity-mediated
regenerative hyperplasia is reversible for exposures �6 months. Further, it is rare that a tumor target site is also an ideal
tissue to examine genotoxicity, by being a portal of entry and highly proliferative tissue. Cr(VI) or captan did not induce
duodenal mutations or micronuclei after up to 13 weeks of exposure to tumorigenic concentrations. Negative genotoxicity
uniquely coupled to corroborative test article imaging for Cr(VI) at the target site is strong support for direct genotoxicity not
occurring in the duodenum.

KE2 5> AO: mutations and
transformation lead to
small intestinal tumors
in mice

STRONG. Long-term reversibility studies with captan suggest that sufficient daily exposure durations may exceed 6 or 12
months, due to the high capacity of the small intestine for regeneration and repair, to result in small intestinal tumors.
Tumors in Cr(VI)-exposed mice had a long latency (�15 months) and did not affect survival. While confidence in this KER is
considered STRONG, additional studies characterizing interspecies differences in toxicokinetics and toxicodynamics could aid
in assessing the human relevance of the AO for regulatory risk assessment purposes.
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have not been observed or defined for any known chemical
stressor. As mentioned previously, interspecies toxicokinetic
differences in gastric transit and reduction of Cr(VI) as well as
environmental exposure levels of Cr(VI), captan or folpet, in
relation to carcinogenic exposures, suggest that this AOP is
unlikely to be quantitatively plausible in humans.

3.2. Essentiality of the KEs

According to OECD (2018), the essentiality of KEs can “only
be assessed relative to manipulation of a given KE (e.g.
experimentally blocking or exacerbating the event) on the
downstream sequence of KEs…”. Essentiality and counterfac-
tual studies are often difficult to conduct. For example, it
would be difficult to conduct a study where Cr(VI) villous
uptake is inhibited because a mouse model that is null for
the requisite transporter(s) would likely have confounding
effects as a result of the loss of the transporter. Nevertheless,
Table 4 presents data that inform essentiality of KEs to the
extent that is feasible. For example, while studies inhibiting
Cr(VI) uptake have not been conducted, the NTP has con-
ducted a 2-year bioassay with trivalent chromium (Cr(III)).
Despite much higher dietary exposures in feed relative to
Cr(VI) doses, bioavailability of Cr(III) is much lower than that
of Cr(VI) and no tumors or SI lesions were observed.
Notwithstanding pharmacokinetic differences between Cr(VI)
and Cr(III), the studies do support a requirement for villous
uptake of Cr(VI). One can also view the lack of tumors further
down the GI tract as evidence of the essentiality of villous
cytotoxicity and absence of direct crypt exposure. The colon
contains crypts (but not villi), yet no tumors were observed.
The ileum contains villi, but measured Cr levels were lower
than in the duodenum (Thompson, Proctor, et al. 2011),
potentially indicating decreased ability to absorb Cr(VI) and
thus initiate KEs.

Long-term (i.e. �6-month) exposure and recovery studies
with captan have demonstrated the essentiality of sustained
crypt hyperplasia in tumor formation, and by extension, more
opportunities for spontaneous mutation and transformation
leading to such tumors. The inability to detect induced muta-
tions in the duodenum of transgenic mice exposed for up to
90 days to carcinogenic exposures to Cr(VI) in drinking water
could be interpreted as evidence that crypt hyperplasia must
similarly be sustained for prolonged durations to induce
mutations leading duodenal tumors.

Previous WOE evaluations by others have judged the over-
all empirical support for this AOP, based on Cr(VI) data, to be
moderate to high (strong) (Becker, Ankley, et al. 2015).
“Biological plausibility” was considered high, while the evi-
dence for “essentiality” was considered moderate due to the
lack of reversibility studies. “Empirical support” for crypt
hyperplasia increasing the potential for spontaneous muta-
tions was considered moderate (i.e. indirect) since methodol-
ogies to measure spontaneous mutations are lacking.
Relevant new data that have become available since this pre-
vious WOE evaluation help inform some of the identified
data gaps. For example, as mentioned, no significant increase
in gpt mutant frequency occurred in the duodenum of

transgenic C57BL/6J mice exposed to tumorigenic Cr(VI) con-
centrations in both 28- and 90-day studies (Aoki et al. 2019).
Further, comparable transcriptomic responses in the duode-
num of mice exposed for 28 days to Cr(VI), captan or folpet
provided additional molecular support for a cytotoxicity-
mediated MOA (Chappell et al. 2019), consistent with gene
expression pathways relevant to p53/DNA damage being
enriched in vitro, but not after in vivo exposures for 13weeks
at tumorigenic concentrations (Thompson, Proctor, et al.
2012; Rager et al. 2017). The presence of Cr and elevated
c-H2AX immunoreactivity in villus tips, without aberrant foci
indicative of transformation, after 13weeks of exposure to
tumorigenic concentrations in mice (Thompson, Seiter, et al.
2015), also provides further support for cytotoxicity-mediated
mechanisms. The reversibility of early KEs in mice exposed to
Cr(VI) (or captan or folpet) via drinking water for 28 days fol-
lowed by a 28-day recovery period also provides additional
direct evidence of the essentiality of the KEs (Thompson,
Wolf, et al. 2017).

3.3. Evidence assessment and quantitative
considerations for KERs

The biological plausibility, empirical support, and quantitative
understanding from each KER in an AOP are assessed
together in this portion of the AOP (OECD 2018). Biological
plausibility of each of the KERs in the AOP is the most influ-
ential consideration in assessing WOE or degree of confi-
dence in an AOP for potential regulatory application. While
less influential than biological plausibility of the KERs and
essentiality of the KEs (Table 5), empirical support can
increase confidence in the relationships included in an AOP
(Table 6). As such, OECD (2018) considers that a quantitative
weighting scheme may be useful to assess confidence in the
AOP, based on the rank ordering of the relevant Bradford Hill
considerations, and cites some proof-of- concept examples,
described elsewhere (Becker, Ankley, et al. 2015; Collier et al.
2016; Becker et al. 2017).

Using the proposed quantitative scoring and weighting
approach, the AOP and its proposed KEs were considered to
be highly supported by (i.e. 95% confidence in) the WOE,
when assessed toward the “evolved” Bradford Hill considera-
tions3 of biological plausibility, essentiality, and empirical
support per OECD (2018) guidance (Table 7). The primary
considerations that impacted (i.e. lowered) the confidence
score were the relatively few evaluations directly measuring
the IE and the structural analogy (or lack thereof) of chemical
stressors that operate via this AOP, as Cr(VI) has no chemical,
physical, or structural analogy to captan/folpet, which are
structurally related and share a common major metabolite.

4. Conclusions

The utility of AOPs for regulatory application is defined, to a
large extent, by the confidence and precision with which
they facilitate extrapolation of data measured at low levels of
biological organization to predicted outcomes at higher lev-
els of organization and the extent to which they can link
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biological effect measurements to their specific causes (OECD
2018). This AOP proposes that duodenal tumors in mice
occur secondary to chronic villous enterocyte cytotoxicity
and regenerative repair-driven proliferation. The supporting
KEs in this AOP have been measured at the molecular, cellu-
lar, and tissue level within the dose range and time course of
the observed AO for Cr(VI), captan, and folpet, the reference
chemical stressors. As such, the biological plausibility, essenti-
ality, and empirical support for the IE and KEs was judged to
be strong and to provide high confidence according to OECD
(2018) guidelines. Evidence for a primary mutagenic MOA for
the reference chemicals was considered weak, given that
positive responses were obtained either in vitro or in non-tar-
get tissues after high and/or non-physiological routes of
exposure. Genotoxicity evaluations using exposure conditions
consistent with the measured KEs and AO, including in the
target tissue, were negative. Based on the overall WOE for
this AOP and its associated KEs, it can be used for regulatory
applications including hazard identification and
risk assessment.

Notes

1. https://www.epa.gov/risk/regional-screening-levels-rsls-generic-tables
2. Note: Zainab et al. (2016) has several reporting deficiencies.
3. Considerations modified from those proposed by Bradford Hill (Hill

1965) for assessment of causality in epidemiological studies
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