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Predictive modes of action of pesticides in uterine adenocarcinoma 
development in rats
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Abstract: Endometrial adenocarcinoma in the uterine corpus is a malignant cancer that occurs in menopausal women and aged ro-
dents. Because of the similarities in pathogenesis and morphology of endometrial adenocarcinoma in rodents and humans, prediction of 
the modes of action (MOA) in uterine carcinogenesis is important for extrapolation of rodent data to humans. Three MOAs have been 
accepted as major pathways for uterine carcinogenesis in rodents: 1) estrogenic activity, 2) increased serum 17beta-estradiiol (E2) to 
progesterone (P4) ratio and 3) modulation of estrogen metabolism to produce 4-hydroxyestradiol via P450 induction. Inhibition of es-
trogen excretion and increased aromatase in situ in the tumor are also a potential pathway. Here, chemicals showing uterine carcinoge-
nicity were chosen from approximately 300 pesticides evaluated in Japan within the past decade, and their mechanisms were predicted 
using parameters from mechanistic and toxicity studies. Seven pesticides increased uterine tumor formation in rats, and the pathways 
of 4 pesticides could be predicted based on various mechanistic studies. The MOAs of cyenopyrafen and benthiavalicarb-isopropyl 
were predicted to be modulation of estrogen metabolism, while those of pyriminobac-methyl and spirodiclofen were predicted to be 
increased E2 to P4 ratio. The driven pathways of metazosulfuron and isopyrazam could not be predicted using several mechanistic 
studies. No mechanistic studies have been reported for sedaxane, which has a chemical structure and toxicological profile similar to 
isopyrazam. Our results indicated that appropriate mechanistic studies are useful for mechanism prediction in risk assessment. From 
this analysis, a flowchart showing a decision tree for predictive MOAs in uterine carcinogenesis was proposed. (DOI: 10.1293/tox.2015- 
0026; J Toxicol Pathol 2015; 28: 207–216)
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Introduction

Endometrial adenocarcinoma in the uterine corpus is a 
malignant cancer that occurs in menopausal women. Estro-
gen plays an essential role in the development of endome-
trial adenocarcinoma, particularly the endometrioid type, 
which is the most common tumor in the female genital sys-
tem1. Endometrial adenocarcinoma is rare in rodents, and 
similar to be case in humans, estrogen has been shown to be 
crucial for uterine carcinogenesis in rodents2. Moreover, the 
developmental process, morphology, and molecular events 
in endometrial adenocarcinomas are highly similar between 
women and rodents1, 3. Endometrial adenocarcinomas de-
velop morphologically through multiple stages in rats and 
women. In middle-aged female rats, atypical hyperplasia of 
endometrial epithelial cells occurs in the endometrium, with 
the number and size of such foci increasing over time4. In 

the next step, a well-differentiated endometrial adenocar-
cinoma with morphological similarities to severe atypical 
hyperplasia but featuring invasion into the muscular layer 
or spread to the serosa in the uteri can be found. With in-
creasing morphological malignancy, such as cellular atypia 
or increased mitosis, the tumor spreads to the abdominal 
cavity or metastasizes to the lungs. Early molecular events 
have not been well defined in rodents; however, p53 muta-
tions are not common and independence from estrogen re-
ceptor signaling is considered to be later events in rodents4 
and endometrioid-type cancer in humans1.

In the pathogenesis or modes of action (MOAs) of en-
dometrial adenocarcinoma, 3 major pathways have been 
considered in both women and rodents. First and second 
pathways are estrogens- and an increased ratio of 17beta-
estradiol (E2) to progesterone (P4) ratio mediated pathways, 
respectively. In women, long-term treatment with estrogens 
and continuous increases in the ratio of estrogen to proges-
terone due to ovarian hormone imbalances are risk factors 
for endometrial cancer in the corpus1. Polycystic ovary syn-
drome (POS), a disorder occurring in the ovaries before 
middle age, results in an increased E2 to P4 ratio5. Recently, 
a cohort study in Denmark reported that women with POS 
had a 4-fold increase in the risk of endometrial cancer com-
pared with women without POS6. In rodents, similar path-

Received: 14 May 2015, Accepted: 28 July 2015
Published online in J-STAGE: 27 August 2015
*Corresponding author: M Yoshida (e-mail: midoriy@nihs.go.jp)
©2015 The Japanese Society of Toxicologic Pathology
This is an open-access article distributed under the terms of the Cre-
ative Commons Attribution Non-Commercial No Derivatives (by-nc-
nd) License <http://creativecommons.org/licenses/by-nc-nd/3.0/>.

http://creativecommons.org/licenses/by-nc-nd/3.0/


Predictive MOAs of Rat Uterine Cancer208

ways to those in humans, including continuous treatment 
with estrogenic chemical and prolonged increases in the E2 
to P4 ratio, resulting in persistent estrus by vaginal cytol-
ogy, have been reported4. Modulation of estrogen metabo-
lism through cytochrome P450 induction is a third common 
MOA occurring in both humans and rodents7, 8. In the liver 
and other tissues, estrogens are primarily metabolized to 2- 
or 4-hydroxylestradiol (2-HE, 4HE), which are defined as 
catechol estrogens, by estradiol 2- or 4-hydroxylase, respec-
tively9. These hydroxylases are known to be altered by their 
corresponding drug metabolism enzymes; for example, CY-
P1B1 is known to convert E2 to 4HE in rats10 and humans11. 
Previous studies have demonstrated that catechol estrogens 
and/or changes in CYP1B1 are risk factors for endometrial 
cancer in humans12, 13. In rats, high-dose treatment with in-
dole-3-carbinol, a cruciferous vegetable, has been reported 
to promote the development of endometrial adenocarcino-
mas through CYP1A1, CYP1A2, and CYP1B1 in the liver8. 
Consequently, increases in estrogen 4-hydroxylase expres-
sion in the liver indicate that estrogen metabolism is due 
to increased activity of the 4HE pathway. In rodents, 4HE 
is known to induce uterine cancer, although its estrogenic 
activity in vivo is weaker than the parent molecule8.

Furthermore, two other pathways may also lead to de-
velopment of endometrial carcinoma. The first is increased 
blood E2 levels due to inhibitory excretion from the body 
by chemicals. Tetrabromobisphenol A (TBBPA), a bromi-
nated flame retardant, increases the incidence of uterine 
adenocarcinomas in rats in NTP 2-year bioassays14, and 
related mechanistic studies have indicated that saturation 
of elimination pathways of TBBPA may compete with es-
trogen metabolism, resulting in decreased excretion of E2 
and increased E2 in the blood15. The second possibility is 
an in situ increase in aromatase caused by chemicals. While 
there is no clear evidence of this pathway in rodents, aroma-
tase expression in endometrial adenocarcinomas has been 
reported in humans16. Aromatase is considered a key factor 
for mammary carcinogenesis. Therefore, in situ increases 
in aromatase may be involved in uterine carcinogenesis in 
rodents as well.

Pesticides as well as medical drugs are well-regulated 
chemicals; toxicological evaluations of these chemicals are 
required using a number of toxicity studies defined by the 
test guidelines of the responsible regulatory authorities. To 
protect the safety of consumers, all pesticides are required 
to be no genotoxic for humans by the authorities. The im-
portance of MOA studies in toxicological evaluation of 
risk assessment of these chemicals is becoming apparent; 
indeed, if MOAs in nonclinical or toxicity/carcinogenic-
ity studies, which are generally performed in rodents, are 
similar to those in humans, the toxicities/carcinogenicities 
of the chemicals could be evaluated as plausible/likely risks 
to human health. If any clear evidence showing differences 
between humans and experimental data can be provided, 
the MOA is not considered relevant to humans. On the other 
hand, as effective mechanistic or methodological studies to 
clarify MOAs have not been conducted, toxicological evalu-

ations must have been determined based on conservative 
scenario. Therefore, the purpose of the present study was 
to predict MOAs in rodent uterine adenocarcinoma using 
published data from toxicological profiles of pesticides in 
rodents. We also proposed a flowchart showing a decision 
tree for predictive MOAs in uterine carcinogenesis.

Materials and Methods

Sources of published pesticide assessment reports
The data used in the present analysis were obtained 

from the risk assessment reports of approximately 300 pes-
ticides evaluated by the Food Safety Commission (FSC) of 
Japan from 2003 to 2013 (published on their webpage)17. In 
these reports, we chose pesticides that increased the inci-
dence of treatment-related endometrial adenocarcinomas in 
rodent carcinogenicity and/or chronic toxicity and carcino-
genicity combined studies. After selecting the risk assess-
ment reports from the FSC, available monographs of toxi-
cological evaluations of these chemicals published by the 
Joint Meeting of Pesticides and Residues (JMPR) were also 
obtained using the JMPR database18.

Analysis of pesticides showing uterine carcinogenicity
For pesticides showing uterine carcinogenicity, chemi-

cal name (common name), pesticides classification (insec-
ticide/fungicide/herbicide), chemical structure, mechanisms 
in target, toxicological profiles (toxicological targets, fea-
tures of toxicity, acute toxicity), acceptable daily intake 
(ADI), lowest no-observed-adverse-effect-level (NOAEL), 
lowest low-observed-adverse-effect level (LOAEL), end-
points and corresponding study for setting ADI, and NO-
AEL/LOAEL for uterine carcinogenicity are listed.

Fig. 1.	 Predictive pathway of type A uterine tumor development. Es-
trogens/chemicals with estrogenic activity. ER, estrogen re-
ceptor.
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Classification of MOAs of uterine carcinogenicity in 
rodents

The known or potential MOAs of rodent uterine carci-
nogenicity described in the introduction were classified into 
the following 5 types:

Type A: Estrogens/chemicals with estrogenic activity 
(Fig. 1). Any chemicals positive in a uterotrophic assay at 
the carcinogenic level are clearly recognized as chemicals 
with estrogenic activity. Estrogens have strong proliferative 
activity in estrogen-dependent tissues/organs. Uterotrophic 
assays are a highly sensitive method for detection of in vivo 
estrogenic activity. If the ovaries are not removed, the sensi-
tivity for detection of activity becomes weaker. If the treat-
ment level is enough to disrupt estrous cyclicity, vaginal 
cytology and morphologic features of estrogens/chemicals 
with estrogenic activity show persistent estrus (PE) and cor-
nification, respectively. After disruption of cycling or an-
ovulation occur, the morphological changes in the ovary are 
similar to those observed in the type B MOA (see below).

Type B: Continuous increase of the E2 to P4 ratio 
(Fig. 2). Senescence or chemically induced imbalance in sex 
steroid hormones in the ovary leads to decreases in both E2 
and P4 in the blood. When the decrease in P4 is predominant 
compared with that in E2, the E2 to P4 ratio is increased, 
resulting in a status similar to that of high E2. This status 
is manifested by PE in vaginal cytology, an atrophic ovary 
with cystic atretic follicles, lack of/few corpora lutea, cor-
nification of the cervix/vaginal mucosa, and/or squamous 
metaplasia of endometrial epithelial cells. Atypical endo-
metrial hyperplasia, a type of precancerous lesion, may be 
increased. An increased E2 to P4 ratio may be difficult to 
observe during short-term treatment. Estrous cycle-aware 
hormone measurement at middle age is useful to clarify.

Type C: Modulation of estrogen metabolism via induc-
tion of CYPs (Fig. 3). In type C, several key events should 

be checked. Analysis of increased 4HE in the blood is the 
most direct evidence for MOAs. Measurement of metabolic 
enzymes related to 4HE or 2HE in the liver or other tissues 
could be helpful. In addition, evaluation of the mRNA ex-
pression levels of genes related to the modulation of estrogen 
metabolism, such as CYP1B, would be useful. Liver hyper-
trophy may indicate induction of drug enzymes, including 
enzymes related to hydroxylation; however, this change is 
most commonly observed following induction by chemi-
cal treatment in rodents, and there are a number of drug 
metabolism-related enzymes in the liver. Therefore, while 
liver hypertrophy cannot be excluded, it is not an adequate 
indicator of a type C MOA. Moreover, in type C MOAs, no 
typical changes similar to those observed for types A and 
B, such as early occurrence of PE or morphological changes 
indicating increased E2 levels in the reproductive tract, are 
found in the female reproductive tract.

Type D: Decreased E2 excretion and increased E2 
levels in the blood (Fig. 4). A little evidence has supported 
this MOA. In the case of TBBPA, absorption/distribution/
metabolism/excretion (ADME) studies have been shown to 
be important13. High E2 levels in the blood provide strong 
evidence, but measurement of estrous cycle-dependent hor-
mones is also necessary. If steroid hormones are measured 
in animals during the estrous cycle, E2 should be measured 
at baseline (i.e., estrus or metestrus) but not at the increased 
stages (i.e., proestrus or the later period of diestrus). Induc-
tion of phase 2 drug metabolism enzymes related to sulfoxyl-
ation is related to the MOA12; however, careful and adequate 
consideration should be needed to be interpreted because 
many chemicals induce expression of these enzymes. While 
continuously high E2 levels are predicted to result in mor-
phological changes similar to those observed for type B 
MOAs, morphological changes and vaginal smears have not 
provided evidence yet for this MOA.

Type E: Increased in situ aromatase (Fig. 5). No studies 
have supported this MOA in rodents. In humans, increased 

Fig. 2.	 Predictive pathway of type B uterine tumor development. In-
creased ratio of E2 to P4. PE, persistent estrus; CL, corpus 
luteum; ER, estrogen receptor; PR, progesterone receptor.

Fig. 3.	 Predictive pathway of type C uterine tumor development. 
Modulation of estrogen metabolism via CYP induction. 
ER, estrogen receptor; 2HE, 2 hydroxyestradiol; 4HE, 4 hy-
droxyestradiol; 16α-E, 16α-hydroxyestradiol.
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protein and mRNA expression of aromatase has been dem-
onstrated in epithelial stromal cells in endometrial carino-
mas14. While type E MOAs could potentially occur in ro-
dents, more clear evidence is needed to show the mechanism 
of increased aromatase in situ.

Selection of parameters to be identified and MOA 
prediction

Parameters in mechanistic and/or toxicity studies re-
lated to mechanisms or MOAs of uterine carcinogenesis 
were selected, as follows: liver hypertrophy; induction of 
drug metabolism enzymes, including phases I and II; mea-
surement of estrogen metabolism enzymes and/or catechol 
estrogens in the liver and/or other tissues; estrogenic activ-
ity measured using uterotrophic assays, estrogen receptor 
binding assays, or morphological evidence in the female 
reproductive tract indicating a high estrogen status; in situ 
expression of aromatase mRNA and/or protein by immuno-
histochemistry; hormone measurement (E2, P4 and possibly 
gonadotropins) and calculation of the E2 to P4 ratio; and 
metabolism studies or other related parameters, such as the 
timing of vaginal opening or estrous cycling in rat reproduc-
tive studies.

All changes listed above were reported in mechanistic 
studies of uterine carcinogenicity published in risk assess-
ment reports or available references for the pesticides. After 
selection, we classified each pesticide having uterine carci-
nogenicity into the most appropriate predictive MOA based 
on the parameters identified for each pesticide.

Proposal of a flowchart diagram showing a decision 
tree for predictive MOAs in uterine carcinogenesis

Based on the analysis of pesticides with uterine car-
cinogenicity and classification for prediction of MOAs, we 

created a flowchart diagram showing a decision tree for the 
prediction of MOAs in uterine carcinogenesis. If possible, 
plausibility to human relevance was added to the chart.

Results

Seven pesticides showed treatment-related increases in 
endometrial adenocarcinomas. The increases were detected 
in combined chronic toxicity and carcinogenicity studies in 
rats. The strains in these studies were Wistar rats, with the 
exception of two studies of pyriminobac-methyl and benthi-
avalicarb-isopropyl, where Fischer rats were used. No in-
creases were observed in mouse carcinogenicity studies. Of 
the 7 pesticides, 2, 3 and 2 were insecticides, fungicides, and 
herbicides, respectively (Table 1). The targets of each pes-
ticide were as follows: pyriminobac-methyl and metazosul-
furon, both herbicides, inhibited plant-specific acetolactate 
synthase (ALS); isopyrazam, sedaxane (both fungicides), 
and cyenopyrafen, an insecticide, inhibited mitochondrial 
electron transport, prevented cellular respiration and energy 
metabolism, and blocked ATP synthesis; and benthiavali-
carb-isopropyl, a fungicide, and spirodiclofen, an insecti-
cide, inhibited fatty acid biosynthesis. The chemical struc-
tures of these 7 chemicals were different, with the exception 
of isopyrazam and sedaxane, both of which had common 
chemical structures and functions as fungicides. The toxi-
cological profiles of these 2 chemicals were similar; both 
chemicals were shown to induce liver hypertrophy and have 
secondary effects in the thyroid due to induction of hepatic 
drug enzymes induction, although there were discrepancies 
in some toxicological features, such as the effects on Leydig 
cells and reproductive toxicity. The toxicity profiles of the 

Fig. 5.	 Predictive pathway of type E uterine tumor development. In-
creased aromatase in the uterus enhances the metabolism of 
testosterone (TST) to E2. PE, persistent estrus; CL, corpus 
luteum; ER, estrogen receptor; PR, progesterone receptor; 
AROM, aromatase.

Fig. 4.	 Predictive pathway of type D uterine tumor development. 
Inhibition of E2 excretion in the liver resulting in increased 
serum E2. PE, persistent estrus; CL, corpus luteum; ER, es-
trogen receptor; PR, progesterone receptor.
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other chemicals varied.
The doses showing uterine carcinogenicity were the 

highest doses tested in the chronic toxicity/carcinogenic-
ity combined studies of 6 chemicals. In comparison with 
NOAELs/LOAELs for setting the ADI, there were no com-
pounds where uterine carcinogenicity was an endpoint for 
setting the ADI. Benthiavalicarb-isopropyl had the smallest 
difference between the NOAEL for uterine carcinogenicity 
and the NOAEL for setting the ADI (approximately 2-fold 
difference). However the LOAEL for uterine carcinogenic-
ity of this compound was relatively high at over 300 mg/
kg body weight. For pyriminobac-methyl, a large difference 
between the NOAEL for uterine carcinogenicity and the 
NOAEL for setting the ADI (i.e., over 180-fold difference) 
was observed.

Possible endpoints involved in MOAs for uterine car-
cinogenicity were selected from the mechanistic and toxic-
ity studies published in the risk assessment reports of the 
FSC (Table 2). Various types of mechanistic studies were 
conducted for 6 chemicals, i.e., pyriminobac-methyl, cyeno-
pyrafen, benthiavalicarb-isopropyl, isopyrazam, metazo-
sulfuron, and spirodiclofen. No mechanistic studies, except 
analysis of hepatic drug metabolism enzymes, were report-
ed for sedaxane.

In the classification of pesticides into 5 different types 
of predictive MOAs, pyriminobac-methyl and spirodiclofen 
were classified as having type B MOAs because neither 
chemical elicited changes in E2 but both caused decreases 
in P4 in the blood, resulting in an increased E2 to P4 ratio. 
A number of mechanistic studies have been conducted for 
cyenopyrafen and benthiavalicarb-isopropyl. Cyenopyrafen 
was classified as having a type C MOA because of the fol-
lowing observations: induction of CYP1B1 protein and 
mRNA, increased 2- and 4-hydroxyestradiol in the liver, 
no estrogenic activity, and no hormonal changes; these al-
terations indicated that estrogen metabolism was shifted to 
increase 4HE production by CYP1B induction. Benthiaval-
icarb-isopropyl had effects similar to cyenopyrafen, except 
for the observation that aromatase activity was increased 
in the liver but not in the uterus. In mechanistic studies of 
metazosulfuron, no estrogenic activity in vivo or in vitro, no 
androgenic activity, and no changes in E2, P4, FSH/LH, and 
prolactin in the blood were observed. Isopyrazam also had 
no estrogenic activity in vivo or in vitro, as shown by the 
lack of reaction in uterotrophic assays and estrogen-receptor 
binding assays. No additional information was found. From 
these data, we could exclude types A and B MOAs and type 
A MOAs as MOAs of metazosulfuron and isopyrazam, re-
spectively.

Next, we attempted to identify additional information 
to link to the 5 predictive MOAs described above in toxico-
logical studies of the 7 pesticides. An increased incidence 
of cystic ovary was reported in the carcinogenicity study of 
metazosulfuron. Additionally, spirodiclofen increased the 
incidence of Leydig cell tumors at a dose that also induced 
uterine carcinogenicity. However, detailed information de-
scribing cell/tissue morphology or hormonal imbalances to 

support any of the predictive MOAs could not be obtained. 
All compounds except spirodiclofen induced hepatocellular 
hypertrophy.

Discussion

In the present study, we selected 7 pesticides exhibiting 
uterine carcinogenicity from approximately 300 pesticides 
evaluated in Japan from 2003 to 2013. We then predicted 
MOAs for induction of uterine carcinogenicity by these 
drugs and classified the MOAs into 5 types based on the 
evidence observed in mechanistic studies involving estro-
gen metabolism in the liver or uterus, induction of drug 
metabolism enzyme in the liver, hormone assay, or analy-
sis of estrogenic activity. The reported mechanistic studies 
varied, and the types of studies were different depending 
on the specific compound. From our analysis, we were able 
to easily predict the MOAs of 4 compounds based on the 
endpoints of mechanistic studies, as follows: cyenopyrafen 
and benthiavalicarb-isopropyl had MOAs related to modula-
tion of estrogen metabolism, and pyriminobac-methyl and 
spirodiclofen had MOAs related to increased E2 to P4 ra-
tio. However, the MOAs of metazosulfuron and isopyrazam 
could not be defined, despite the fact that several mecha-
nistic studies have been performed for these chemicals. If 
additional studies, such as analysis of estrogen metabolism 
by both compounds or hormonal assays for isopyrazam, 
had been reported, we would have been able to predict the 
MOAs for these compounds more definitively. Our results 
indicated that appropriate mechanistic studies were impor-
tant for prediction of the MOAs of these chemicals with re-
spect to uterine carcinogenicity.

In this study, we also identified parameters that were 
useful for prediction of different types of MOAs, as listed 
in Table 2; these parameters are expected to be applicable to 
prediction of the MOAs of chemicals during safety assess-
ments of medical drugs and pesticides. Interestingly, centri-
lobular hepatocellular hypertrophy was observed in repeat-
ed oral toxicity studies of 6 of 7 pesticides This suggests that 
estrogen metabolism may be associated with induction of 
related CYP enzymes in the liver, but it also highlights that 
hepatocellular hypertrophy is the most common chemically 
induced alteration. Therefore, this information may provide 
additional insights, but it should not be considered definitive 
information for prediction19. Additional informative param-
eters for robust prediction of MOAs are needed.

We proposed 5 pathways as predictive MOAs for uterine 
adenocarcinoma development in rodents, and two pathways 
were found to be predictable in the present study. Regarding 
the predictability of other pathways, previous studies have 
clearly indicated that estrogens and/or chemicals with estro-
genic activity increase the risk of uterine cancer in humans1 
and rodents2, 20. Recent mechanistic studies of TBBPA have 
indicated the possibility that chemically induced inhibition 
of E2 excretion from the body results in increased serum 
E2, thereby promoting the development of uterine adeno-
carcinoma in rats. The relevance of this pathway in humans 
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has not yet been established, and clarification of species dif-
ferences in the toxicokinetics of these chemicals is crucial 
for confirmation of these results. However, it is possible that 
continuous increases in serum E2 levels through inhibition 
of E2 excretion may increase the risk of uterine cancer and 
may be a common MOA in humans. Thus, the predicted 
MOAs for these 4 compounds in rodents are considered to 
be feasible in humans. Although no evidence has shown that 
the risk of uterine adenocarcinoma increases due to in situ 
increases in aromatase expression in rodents, future studies 
should examine this possibility.

With regard to other possible factors affecting uterine 
carcinogenesis in rodents, the relationship between prolac-
tin and uterine carcinogenesis should be discussed because 
the long-term effects of prolactin on uterine carcinogenicity 
in rats are controversial21–23 and the relevance of prolactin in 
the development of endometrial adenocarcinoma in humans 
has not yet been established. The function of prolactin in 
rats is known to be different from that in women, particu-
larly in its role in the formation and regression of the corpus 
luteum. Rodents have a very short functional luteal phase; 
in cycling rats, granulosa cells in large growing follicles are 
the main sources of P4 production, while luteal cells produce 

small amounts of P4 at metestrus only. Dopamine blocking/
inhibitory chemicals modulate prolactin production in ro-
dents24. Recently, a P2Y12 receptor antagonist possessing 
dopamine agonistic activity was shown to increase the in-
cidence of rat uterine adenocarcinomas in carcinogenicity 
studies21. Decreased pituitary and mammary tumors and 
approximately 20% lower body weight were also observed. 
The author speculated that the MOA of this chemical was 
a decreased P4 level compared with the level of E2, result-
ing in an increased E2 to P4 ratio, based on the inhibitory 
effects of single-dose exposure to the compound on prolac-
tin in young ovariectomized rats with single E2 treatment. 
Moreover, prolactin has also been shown to promote or in-
hibit the development of spontaneous mammary or uterine 
tumors, respectively, in Wistar rats but not in Sprague-Daw-
ley rats22. In contrast, bromocriptine, a dopamine agonist 
known to inhibit prolactin, did not affect estrous cycling 
during short-term treatment of young cycling rats24 and 
showed inhibitory effects on uterine adenocarcinoma devel-
opment during long-term treatment of rats, with no effects 
on estrous cyclicity of E2, P4 and prolactin levels, except a 
decreased E2 to P4 ratio at 15 months of age, when the rats 
were sacrificed23. The specific mechanism of this has not yet 

Fig. 6.	 Flowchart diagram showing a proposed decision tree for predictive MOAs in uterine carcinogenesis. Red and orange 
rectangles indicate predicted MOAs. Red rectangle indicates clear evidence for the predicted MOAs. The orange rect-
angle indicates that more evidence is required to support the predicted pathway of inhibition of E2 excretion. Balloons 
indicate plausibility of predictions in humans.
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been determined; however, the primary MOA was thought 
to be a decreased E2 to P4 ratio due to the modulation of P4 
production by prolactin. Our current work provided interest-
ing evidence demonstrating that short- and long-term treat-
ment with sulpiride, a typical dopamine antagonist, clearly 
increased serum prolactin25 and inhibited uterine tumor de-
velopment26. In addition, long-term treatment with sulpiride 
also decreased the E2 to P4 ratio, indicating that prolactin 
has various complex functions. Thus the possibility of sec-
ondary effects of prolactin change modulating the E2 to P4 
ratio could not be excluded; however, we did not attempt to 
determine whether any other prolactin-driven pathways of 
rodent uterine carcinogenicity exist in the present study. If 
there may be an additional clear parameter, they should be 
added for the prediction of MOAs of uterine carcinogenic-
ity. Therefore, to clarify the possibility of extrapolation to 
humans, more clear evidence is necessary.

Based on the analysis of predictive MOAs of uterine 
carcinogenicity using published toxicological data for pesti-
cides, we proposed a flowchart diagram showing a decision 
tree for predictive MOAs in uterine carcinogenesis (Fig. 6). 
In the flowchart, the parameters used to predict different 
types of MOAs, as described above, are key events for clas-
sification. Due to the lack of evidence in rodent studies, the 
MOA related to increased in situ aromatase was excluded 
from the flowchart. The relevance of these MOAs in humans 
is also indicated in the chart with balloons. Estrogenic activ-
ity considered to be likely MOAs in humans. Without clear 
evidence indicating species differences between humans 
and rodents, increased E2 to P4 ratio and increased 4HE 
production via CYP induction are considered to be likely 
MOAs in humans, while increased E2 due to inhibition of 
E2 excretion was proposed as a possible MOA, with addi-
tional data required for confirmation.

In conclusion, the present study indicates that MOAs 
for uterine carcinogenicity of 4 of the 7 pesticides were 
predictable using parameters detected during mechanistic 
studies. Thus, appropriate mechanistic studies are useful for 
MOA prediction in risk assessment. The flowchart proposed 
here is the first decision three for MOAs in uterine carcino-
genesis and it might be useful for the hazard characteriza-
tion in chemical risk assessment.
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