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Mode-of-action and human relevance framework analysis for rat Leydig
cell tumors associated with sulfoxaflor
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and Richard Billington?
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Abstract Keywords

Sulfoxaflor, a molecule that targets sap-feeding insects, was assessed for carcinogenic potential ~ carcinogenicity, human relevance framework,
in groups of 50 Fischer rats fed with diets containing 0, 25, 100, 500 (males), or 750 (females) Leydig cell tumors, product safety

ppm sulfoxaflor for 2 years according to OECD 453. Sulfoxaflor did not alter the number of rats assessment, reproduction

with Leydig cell tumors (LCTs: 88% of controls and 90-92% in treated groups). The size of LCT

was increased at 100 and 500 ppm. The spontaneous incidence of LCT in Fischer rat is 75-100%  Hijstory

compared with less than 0.01% in humans. These fundamental interspecies differences in

spontaneous incidence of LCT are the result of quantitative and qualitative differences in Leydig E:Sg:gdzg 32&23?02&1 3
cellresponse to hormonal stimuli. There are nine known modes of actions (MoA) for LCT induction. Accented 29 March 2014
Analysis sulfoxaflor data suggested a hormone-based dopamine enhancement MoA causing the P
LCT effect through: 1) increased neuronal dopamine release via specific dopaminergic neuron-
based nicotinic acetylcholine receptor (nAChR) agonism, leading to 2) decreased serum prolactin
(Prl) levels, 3) downregulation of luteinizing hormone receptor (LHR) gene expression in Leydig
cells, 4) transient decreases in serum testosterone, 5) increased serum LH levels, and 6) promotion
of LCTs. The analysis suggested that sulfoxaflor promoted LCTs through a subtle stimulation of
dopamine release. The MoA for LCT promotion in the carcinogenicity study is considered to have
no relevance to humans due to qualitative and quantitative differences between rat and human
Leydig cells. Therefore, the Fischer 344 rat LCT promotion associated with lifetime administration
of high-dose levels of sulfoxaflor would not pose a cancer hazard to humans.
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mediated through its agonism at the highly abundant insect
nicotinic acetylcholine receptor (nAChR). The mammalian
toxicological studies required for the registration of a new
plant protection product (PPP) such as this are extensive and
include acute oral/dermal toxicity, skin and eye irritation, skin
sensitization, genetic toxicity, systemic toxicity, developmental
and reproductive toxicity, neurotoxicity, and carcinogenicity.
In particular, carcinogenicity testing of the new PPP is consid-
ered critical to assess the potential effects of a compound that
might have been chronically over lifetime exposure.

In recent years, there has been a widespread drive to have
more relevant testing strategies (e.g., International Life Sci-
ences Institute/Health and Environmental Sciences Institute—
Agricultural Chemical Safety Assessment Technical Commit-
tee [ILSI/HESI-ACSA] and new EU Directives [1107/2009
EC]). However, in contrast to the initiatives aimed at reducing
unnecessary toxicity testing, it is also becoming more common
for active substances to be tested above the “standard” toxicity
testing requirements and incorporated higher-tier investiga-
tive studies such as mode-of-action (MoA) work to enable
registration of the new PPPs. This increase in higher-tier and
customized study testing is driven by a general trend to obtain
mechanistic understanding of the underlying hazard charac-
teristics of molecules to inform risk management decisions.
These additional MoA data can be useful to support or refute
the human relevance of a toxicity finding, which may lead to
cessation of further development of a new active substance
or to further research to elucidate the MoA. The MoA/HRF
was developed by the International Programme on Chemi-
cal Safety (IPCS) of the World Health Organization (WHO)
(Boobis et al. 2006, 2008, Sonich-Mullin et al. 2001) and ILSI
(Meek et al. 2003, Seed et al. 2005), and can be used as a tem-
plate upon which to elucidate the human relevance of effects
observed in animals. As the MoA/HRF approach is becoming
an accepted component of PPP human health assessment, this
paper, along with the companion papers (Terry et al. 2014,
Ellis-Hutchings et al. 2014, LeBaron et al. 2014), discusses
the application of the MoA/HRF approach to a recently regis-
tered active substance, sulfoxaflor.

To assess carcinogenicity potential of sulfoxaflor, groups
of 50 F344 Du/Crl rats were fed with diets formulated
with 0, 25, 100, 500 (males only), or 750 (females only)
ppm sulfoxaflor for 2 years according to OECD test guide-
line 453. While sulfoxaflor did not alter the number of male
rats with Leydig cell tumors (LCTs: 88% of controls and
90-92% in treated groups), it did cause an increased LCT
size at 100 and 500 ppm as well as a significant increase
in the incidence of bilateral LCT at 500 ppm (88%) when
compared to controls (64%). In addition to LCT promotion,
there was a marginal increase in preputial gland tumor inci-
dence in the 500-ppm dose group, which was considered
secondary to the androgen perturbations associated with the
promotion of LCT. Moreover, rat preputial gland findings
have doubtful relevance to humans as this gland is not found
in humans, and there were no tumorigenic effects in any
other specialized sebaceous glands in rats or mice, includ-
ing clitoral gland in female or preputial gland in male mice.
Taken together, this associated observation was considered
secondary to the LCT MoA and will not be discussed further
in this MoA/HRF.
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In order to understand the basis for the sulfoxaflor-
induced increase in LCT size, several MoA studies were
conducted. The analysis of the relevant toxicity and MoA
studies of sulfoxaflor herein provides the context to fully
evaluate the proposed MoA for LCT. This analysis is based
on the specific mechanistic data generated following expo-
sure to sulfoxaflor and indicates that the LCT promotion
seen in the rat chronic/carcinogenicity study was through
subtle, but chronic, enhancement of dopamine release, and
subsequent inhibition of prolactin (Prl) release from the
pituitary gland, ultimately leading to a dopamine agonism/
enhancement LCT MoA in a uniquely susceptible animal
model, the Fischer 344 rat. This MoA is considered to have
no relevance to humans due to qualitative and quantitative
differences between human and the Fischer rat Leydig cells.
In addition to providing data to support or refute specific
LCT MoA, the observation of hormone level alterations in
a LCT MoA study clearly supports a risk assessment for
a non-genotoxic and threshold (i.e., nonlinear) MoA LCT
incidence across species.

The toxicology relating to Leydig cell tumorigenesis in
rats and its human relevance have been reviewed extensively
(Cook et al. 1999, Clegg et al. 1997, Prentice and Miekle
1995). LCTs initially appear as hyperplasia of interstitial cells
that can grow with age to the diameter of a single normal semi-
niferous tubule, at which point they are classified as adenomas
per guidance from the National Toxicology Program (NTP;
Boorman et al. 1987, 1990).

The high background incidence of LCTs in Fischer 344 rats
has been well known for decades with spontaneous adenomas
commonly present at 12 months and their incidenceww
increasing to 75-100% by 24 months (Boorman et al. 1990).
In contrast, the CD rat has a background incidence of 1-5%
at 24 months, while CD-1 mouse incidences are even lower
at <1-2.5% (Cook et al. 1999). With regard to human
relevance, estimates of human LCTs are orders of magnitude
lower with incidences ranging 0.00004-0.01% (Cook et al.
1999, Mati et al. 2002). Table 1 summarizes these species
and strain differences.

Molecular basis of the difference in species/strain
incidence of LCTs

Given the strong similarities in the hypothalamic-pituitary-
gonadal (HPG) axis among rats (Fischer and CD), mice, and
humans, the stark difference in prevalence of LCT, especially
between F344 rats and humans, suggested that these interspe-
cies differences are due to quantitative differences in Leydig
cell response to stimuli via luteinizing hormone and GnRH
receptors (GnRHR) as well as due to qualitative differ-
ences such as the presence of prolactin receptors (PrIR) and
GnRHR on the rat Leydig cell, but not on that of the humans.

Table 1. Species/strain background incidence of Leydig cell tumors.

Species Strain Background incidence of LCT (%)
Rat F344 75-100
Wistar 6
CD 5
Mice CD1 2.5
B6C3F1 0.4
Human 0.00004-0.01
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In addition, much of the testosterone (T) in human serum is
bound to steroid-binding protein, whereas in rodents T circu-
lates as free hormone and is more easily conjugated and metab-
olized (Hammond 2011). This difference makes rodents more
susceptible to alterations in T levels than humans.

In both rodents and humans, LH stimulates Leydig cells to
produce T; however, rat Leydig cells have 20,000 LH receptors
(LHRs) compared with only 1,500 LHR in human Leydig cells
(Huhtaniemi 1983). This > 10-fold higher number of LHR in
the rat confers a far greater sensitivity to slight changes in
LH levels, compared with the relatively unresponsive human
Leydig cell. It is due to the large number of “spare” recep-
tors in the rat that LHR occupancy of only 1% is sufficient to
elicit a signal transduction cascade response, which confers
the greater sensitivity to slight changes in LH levels of rats
(Katzung 1995).

In addition, rat, but not human, Leydig cells have GanRHR
(Clayton and Huhtaniemi 1982) and PrlR on their surface
(Cook et al. 1999). Therefore, stimulation of rat Leydig cells
through these receptors is a rodent-specific mechanism by
which LCT induction can also occur. For GnRHR, this position
is supported by the fact that GnRH agonists such as buserelin
can induce LCTs in rats through the pituitary gland and direct
activation at the Leydig cell, but at high doses can suppress
T via inhibition of LH release through negative feedback at
the level of the pituitary gland (Donabauer et al. 1987, Negro-
Vilar and Valenca 1988). For PrIR involvement in LCTs,
dopamine agonists, such as muselergine, reduce Prl release
by the anterior pituitary gland, which results in a decreased
binding to PrIR on Leydig cells (Prentice and Miekle 1995).
This decreased PrlR stimulation results in downregulation
of LHRs and, therefore, lower T levels, which feeds back to
induce LH release from the pituitary leading to Leydig cell
stimulation and hyperplasia (Prentice et al. 1992).

Human relevance of rodent LCTs

As summarized here and reviewed extensively elsewhere
(Cook et al. 1999, Mati et al. 2002), LCTs in rats can be
induced through alteration at the HPG axis resulting in exces-
sive stimulation of Leydig cells, with Fischer 344 rats having
almost 100% prevalence of this tumor type by 24 months
of age. Research into differences between rat and human
Leydig cells supports this epidemiological data: rat Leydig
cells are more responsive to T homeostasis perturbations
due to a higher number of LHRs and the presence of Prl and
GnRHR on the cell surface.

Taken together, others have previously determined that “....
human Leydig cells are quantitatively less sensitive than rat
Leydig cells in their proliferative response to LH, and hence
in their sensitivity to chemically induced LCTs. It can be
concluded that no observable effect levels for the induction
of LCTs in rodent bioassays provide an adequate margin of
safety for protection of human health and that the data sup-
port a nonlinear mode of action (i.e., threshold response).”
Finally these authors conclude that “.... the data suggest that
nongenotoxic compounds that induce LCTs in rats most likely
have low relevance to humans under most exposure conditions
because humans are quantitatively less sensitive than rats.”
(Cook et al. 1999).
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Modes of Action for rodent Leydig cell tumors

It is generally accepted in the literature that there are nine
known MoA for LCT induction in rats (Cook et al. 1999),
which we have placed into three categories of human rel-
evance (i.e., relevant, low relevance, and no relevance). Since
the original Cook publication, additional studies have been
performed to provide details on these different mechanisms,
which will be referenced in the alternative MoA analysis
section; however, taken together all known MoAs fall into
these nine areas, which are the following:

Relevant to humans
1. Mutagenicity

Low relevance to humans

2. Androgen receptor (AR) antagonism
3. Estrogen receptor agonism/antagonism
4. 5-Alpha-reductase inhibition

5. Aromatase inhibition

6. Reduced T biosynthesis

7. Increased T metabolism

No relevance to humans
8. GnRH (LHRH) agonism
9. Dopamine agonism/enhancement

Detailed explanations of these MoAs are described elsewhere
(Cook et al. 1999), but apart from MoA #1 (mutagenicity),
all operate via a hormonally mediated MoA that eventually
results in a common key event of a sustained increase in
circulating LH levels, thereby causing trophic stimulation of
Leydig cells leading to hypertrophy/hyperplasia and ultimately
LCTs. Therefore, it was important to identify early key events
in this process to conclusively demonstrate the specific MoA
for sulfoxaflor.

The proposed MoA for sulfoxaflor promotion of Fischer
rat LCT is MoA #9, which will be discussed in more detail
here. An assessment of potential alternative MoAs for
sulfoxaflor is presented later in this document.

Key events for MoA #9 (dopamine
agonism/enhancement)

Within the dopamine agonism/enhancement MoA, the cat-
echolamine neurotransmitter dopamine (also known as Prl
inhibitory factor) is released from the hypothalamus and
travels via the hypothalamic—hypophyseal portal system to
the anterior pituitary gland where it directly inhibits release
of Prl hormone into systemic circulation (Casarett et al. 2007).
Higher serum Prl levels causes downregulation of LHRs within
the rat Leydig cells (Prentice et al. 1992). Decreased LHR
gene expression results in slight decreases in T production,
which feeds back to the hypothalamus and pituitary gland to
cause a compensatory increase in circulating LH to maintain
T at physiologic concentrations (Cook et al. 1999). As with all
hormone-based, threshold mechanisms of rodent Leydig cell
tumorigenesis, the compensatory increase in LH levels leads
to increased Leydig cell proliferation and tumors.

As a number of the rodent LCT MoAs have common
hallmarks of changes in LH and T levels, it is important to
pay attention particularly to the components of each MoA
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that would help clearly distinguish the early key events. In the
case of dopamine agonism/enhancement MoA, the unique key
events are an increase in dopamine within the hypothalamic—
hypophyseal portal system, decrease in circulating serum Prl
levels, and a decrease in LHR gene expression within the tes-
tis. Unfortunately, measuring neurotransmitter levels within
the portal system between the hypothalamus to the anterior
pituitary is an extremely difficult procedure, but this experi-
ment was performed for sulfoxaflor through microdialysis
implantation. In addition to direct data, inhibition of Prl secre-
tion is primarily dependent on dopamine signaling; therefore,
a decrease in circulating serum Prl levels, which is easily
measured, is an appropriate indirect measure of neuronal dop-
amine enhancement and also a unique identifying feature of
the dopamine agonism/enhancement MoA. Therefore, release
of dopamine in addition to secondary indicators of causality
such as lower serum Prl and LHR gene expression within the
testis is critical to distinguish this particular MoA. Other mea-
surements, such as increased LH and decreased T levels, while
directly related to a hormonally mediated MoA, are common
to many other LCT MoAs. The key events for the assessment
of the dopamine agonism/enhancement MoA are described in
detail below, listed in Table 2, and presented diagrammatically
in Figure 1.

Sulfoxaflor rodent Leydig cell tumor
postulated MoA

The relevant experimental data for evaluation of the sulfox-
aflor-induced rodent LCT MoA and human relevance include
guideline short-term/sub-chronic studies in the rat (28 days
and 90 days old), the two-generation reproductive toxicity
study in rats, oncogenicity studies in the rat and mouse, as
well as specific in vivo and in vitro Leydig cell MoA stud-
ies. Salient data from these studies will be presented in
more detail during the evaluation of the MoA. During the
MoA analysis, it is important to note that the apical end-
point findings are an increase in LCT size in Fischer 344 rats
given 100 or 500 ppm sulfoxaflor for 2 years. The extremely
high background incidence of LCT in control Fischer rats
at this age (historical range, 75-100%; 88% for controls in
the sulfoxaflor study) is indicative of the unique biology of
this strain of rat (Cook et al. 1999). Therefore, for hormone-
based MoAs, one would expect only subtle changes in
young animals during shorter durations of exposure as the
apical endpoint of increased LCT size results from a com-
bination of the testis biology in a senescent Fischer rat and
promotion of this normal biological process by sulfoxaflor
exposure.

The hypothesized key events for the sulfoxaflor-induced
rodent LCTs are listed in Table 2, and the data that support
these key events are described in subsequent sections in this
document.

Table 2. Key events for dopamine agonism/enhancement MoA.

(1) Increased dopamine release

(2) Decreased serum Prl levels

(3) Downregulation of LHR gene expression in Leydig cells
(4) Transient decrease in serum T levels

(5) Increased serum LH levels

(6) Promotion of Leydig cell tumors

Crit Rev Toxicol, 2014; 44(S2): 25-44

Key Events for Dopamine Agonism/Enhancement MoA*

DA(+)1 lGnRH (+) ' ) Negative

feedback loops
for T and PRL

|LHR Gene
Expression

Dopamine agonists ———

+ [few]

Testosterone (+) ===

*Prentice and Miekle, 1995;
Cook et al., 1999

Figure 1. Key events for dopamine agonism/enhancement MoA
superimposed upon a diagram of the HPG axis. In short, sulfoxaflor
induces (KE#1) an increase in dopamine release via nAChR agonism,
(KE#2) leading to decreased serum Prl levels, (KE#3) downregulation
of LHR gene expression in Leydig cells within the testis, (KE#4) a
transient decrease in T levels, which result in feedback stimulation for
(KE#5) increase serum LH levels, which over the course of the 2-year
carcinogenicity study result in (KE#6) promotion of Leydig cell tumor
growth.

Key Event #1: Increased dopamine release via
nAChR agonism

Dopamine is a catecholamine neurotransmitter associated
with reward centers of the brain. Primary types of dop-
aminergic neurons in the adult rat brain exist within the
following:

1. Dorsal (nigrostriatal) pathway originating in the substan-
tia nigra and terminating in the caudate-putamen

2. Ventral (mesolimbic) pathway originating in the ventral
tegmental area and terminating in the nucleus accumbens

3. Neuroendocrine pathway originating in the arcuate nucleus
and terminating in the median eminence (Gianoulakis
1998).

This third type of dopaminergic neuron pathway is relevant
for the LCT dopamine agonism/enhancement MoA as it is
the pathway responsible for dopamine release at the median
eminence into the hypothalamic—hypophyseal portal veins to
inhibit Prl release in the anterior pituitary (Gianoulakis 1998,
Casarett et al. 2007).

Central nAChRs, such as 04p2 and 04062 nAChRs, play
a key regulatory role in dopamine release from dopaminer-
gic neurons in the brain (Maskos 2010). Microinjection of
cholinergic agonists in the substantia nigra pars compacta, a
brain region containing dopminergic neurons, dose depend-
ently increased dopamine efflux (Blaha and Winn 1993).
Partial agonists to the 04p2 nAChR have been used as
smoking cessation drugs (e.g., Tabex or cytisine) by causing
release of dopamine in smaller portions to compensate for
nicotine withdrawal (Cassels et al. 2005).
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Sulfoxaflor is a known nAChRs partial agonist in insects,
which was hypothesized to increase dopaminergic neurotrans-
mission in the tuberoinfundibular system, resulting in increased
dopamine release into the hypothalamic portal circulation and
inhibition Prl release by the pituitary. The connection has been
established with pharmaceutical dopamine agonists (Prentice
et al. 1992). It is plausible that the LCT promotion seen in
the rat chronic/carcinogenicity study was through subtle, but
prolonged, agonism at the central nAChRs within the median
eminence causing release of dopamine and inhibition of Prl
release from the pituitary gland.

Therefore, the release of dopamine via central nAChR
agonism by sulfoxaflor was tested using microdialysis experi-
ments that measured dopamine outflow into the mediobasal
hypothalamus following exposure to sulfoxaflor. In these
experiments, Crl/CD(SD) rats were administered sulfoxaflor
directly into the mediobasal hypothalamus using a microdi-
alysis probe. Since the concentration of the analytes crossing
the semi-permeable membrane of the probe is ~10-fold lower
than the concentration in the perfusion fluid, sulfoxaflor was
reverse-dialyzed at concentrations of 400 UM or 2 mM to
replicate plasma concentrations of 40 or 200 uM. These con-
centrations of sulfoxaflor administered through acute microdi-
alysis resulted in a statistically significant 15 or 26% increase
in dopamine release, respectively (Table 3). Due to the fact
that the test system was developed using CD rat, this strain
had to be utilized for these studies as opposed to F344 rats.
In addition, although administered concentrations to the brain
were in the high range of what would be expected in the sys-
temic circulation following 500-ppm exposure to sulfoxaflor
(~50 uM at 500 ppm versus 40 or 200 UM in microdialysis
experiments), these acute exposure data support the inherent
ability of sulfoxaflor to induce dopamine release, which is the
first key event to support this LCT MoA.

Key Event #2: Decreased serum Prl levels

In direct response to dopamine release from the hypothalamus
to the anterior pituitary gland (Key Event #1), Prl secretion
to the systemic circulation is inhibited. In order to generate
data for this key event as well as Key Events #2-5, a 90-day
LCT MoA study was conducted in young adult F344 rats as
well as Crl:CD(SD) rats (for completeness). As the rat cancer
bioassay was conducted in F344 rats, the data from the LCT
MoA study presented in this manuscript will be from the F344
rat 90-day exposure. The levels of serum Prl were measured
in the LCT MoA study at 2, 4, and 8 weeks of exposure to

Table 3. Mean extracellular dopamine concentration evoked by sulfoxaflor
or potassium ions.

Mean = SEM  Mean = SEM

Treatment n  (fmol/5Sul) (% of baseline) P vs baseline
Baseline 7 3.07*+1.44 n/a n/a
Sulfoxaflor, 400 uM 7 3.54 +1.64 1154*+6.2 0.016*
Sulfoxaflor,2 mM 7 3.86*1.74 125.8+9.5 0.008**
Potassium 7T 494*2.19 161.0x14.9  <0.001***

Means are the adjusted means from the mixed linear model with animal
as the subject. SEMs are calculated from the residuals of the statistical
model. Percentage of baseline calculated from the adjusted means.
P values for the comparison with baseline use Williams’ test. *p <0.05,
**£p < 0.01, ***p <0.001.
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0, 25, 100, or 500 ppm sulfoxaflor in Fischer rats. There was
no effect of sulfoxaflor treatment on serum Prl levels after 2
weeks of treatment; however, there was a 1.7-fold decrease in
serum Prl at 4 weeks in the 500-ppm group with a concomi-
tant 2-fold increase in serum LH levels (see Key Event #5), as
shown in Figure 2. The effect on Prl levels was not observed
at the 8-week timepoint, which suggests compensation of the
HPG axis by this timepoint. Note that the increase in baseline
Prl levels from 2—-8 weeks in controls as seen in this study is
typical for young male rats (Prentice et al. 1992). It is impor-
tant to note that the decrease in serum Prl from this 90-day
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Figure 2. A 90-day Fischer rat Leydig cell tumor MoA study was
conducted with groups of 15 rats given 0, 25, 100, or 500 ppm
of sulfoxaflor. Data to support Key Event #2 were derived from
measurements of serum Prl levels at 2-, 4-, or 8-week intervals in
this LCT MoA study. There was a subtle, but statistically significant
(*p <0.05) decrease in serum Prl at 4 weeks in rats administered with
diet containing 500 ppm of sulfoxaflor.
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LCT MoA study was not apparent at 100 ppm, which was the
mid-dose level, and associated with promotion of LCTs, in the
carcinogenicity study. Terminal blood samples were also col-
lected from this LCT MoA study; however, because Prl is a
stress related hormone, levels across all groups were induced
in response to carbon dioxide-euthanasia-associated stress:
being 3- to 5-fold higher than in-life bleeds and the data are
not shown here.

While subtle and transient, the Prl hormone data provide
support for the dopamine agonism/enhancement MoA with the
key signature of a decrease in Prl levels. This would only be
observed with the dopamine agonism/enhancement MoA and
would not be associated with the other possible mechanisms
leading to LCTs. Furthermore, the decrease in Prl levels was
associated with a compensatory increase in LH levels (Figure 3),
which in turn acted as the primary trophic stimulus over the
2-year Fischer rat carcinogenicity study leading to LCT pro-
motion. The additional concordance of a slight increase in
T with increased LH levels at 4 weeks supports that this LH
increase is a biologically meaningful effect in Fischer rats (see
Key Event #5). Due to the persistent compensatory nature of
the HPG axis, coupled with the fact that chronic sulfoxaflor
exposure for 2 years was required for increased LCT size (and
increased bilateral, incidence) in Fischer rats, it is not surpris-
ing that the changes observed in the hormone data from this
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Figure 3. In the 90-day Fischer rat LCT MoA study, whole testis
homogenates were prepared from animals at 4- and 8-week interim
necropsies for gene expression analysis. Consistent with Key Event #3,
there was a decrease in LHR gene expression at 4 weeks of 500-ppm
sulfoxaflor exposure. The timing of this observation was concomitant
with decreased serum Prl levels (Key Event #2).
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short-term MoA study are temporal in nature. In general for
hormone-based MoAs, one would expect only subtle changes
in young animals during shorter durations of exposure as the
apical endpoint of increased LCT size results from a combina-
tion of the testis biology in a senescent Fischer rat and promo-
tion of this normal biological process by sulfoxaflor exposure.
This interpretation is supported by the fact that conclusive
sulfoxaflor Leydig cell effects in the guideline toxicity stud-
ies occurred only at the 2-year timepoint. In addition, female
Fischer rats had no apparent increase or decrease in mammary
tumor incidence, further supporting the subtle nature of these
Prl changes.

Key Event #3: Downregulation of LHR gene expression
in Leydig cells

In Key Event #3 of the dopamine agonism/enhancement MoA,
lower serum Prl levels (Key Event #2) in rats would lead to
downregulation of LHR gene expression (Williams et al.
2007, Prentice et al. 1992). Lower LHR expression would
lead to a transient dip in T production, leading to HPG-axis
feedback stimulation and ultimately to increased LH release.
Therefore if the dopamine agonism/enhancement MoA were
operant, LHR gene expression would be decreased consistent
with decreased circulating Prl hormone and increased LH. In
order to evaluate this hypothesis, whole testis homogenates
from the previously mentioned Fischer rat 90-day LCT MoA
study, which was referenced in Key Event #2, were generated
for gene expression analysis. Real-time PCR was performed
on 4- and 8-week isolated Fischer rat testis mRNA for the
LHR and PrIR genes in order to determine whether there was
molecular concordance to the hormone data.

Consistent with the dopamine agonism/enhancement MoA
and the decreased Prl levels in the 4-week Fischer rat hormone
data in Key Event #2, there was a ~1.6-fold dose-dependent
decrease in LHR gene expression at the 4-week, but not
8-week, timepoint (Figure 4). In addition, there was a decrease
in PrIR gene expression at the 4-week, but not 8-week, time-
point (data not shown). While not statistically significant, the
magnitude of gene expression changes is consistent with the
dynamic range of these genes in vivo and likely represents a
biologically meaningful effect based on alterations in hormone
levels. This conclusion is supported by a publication where
administration of exogenous Prl to rats for 4-weeks resulted
in a ~2-fold increase in LHR gene expression (Williams et al.
2007). Consistent with the data from Key Event #2, the 100-
ppm group from this 90-day LCT MoA study did not demon-
strate an alteration in LHR gene expression.

Consistent with the decrease in serum Prl observed after 4
weeks of treatment with 500-ppm of sulfoxaflor, there was a
biologically significant decrease in LHR gene expression at
this dose level and timepoint, based upon the magnitude of
response (~2-fold) that would occur with direct Prl administra-
tion to rats (Williams et al. 2007). Also consistent with the Prl
hormone data were no differences from control of any other
treatment group for LHR gene expression.

Key Event #4: Transient decrease in serum T levels

Downregulation of the LHR in Key Event #3 leads to a tran-
sient decrease in serum T levels in Key Event #4 (Cook et al.
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Figure 4. Serum levels of LH were measured at 2, 4, and 8 weeks in the
90-day Fischer rat LCT MoA study described in Figure 2 and under Key
Event #2. The serum LH data show an increase in circulating LH levels
at the 4-week timepoint in the 500-ppm group. These data support Key
Event #4 and are consistent with the dose level and timepoint with Key
Events #2 and #3. Similar to the previous data, the 2-week and 8-week
timepoint did not demonstrate an increase or decrease in the measured
parameter.

1999). In LCT MoA experiments with the dopaminergic phar-
maceutical agent mesulergine, serum T levels were similar to
those of controls at 2 weeks of treatment, slightly lower than
those of controls at 4 weeks, returned to baseline by 10 weeks,
and were elevated at 13 weeks (Prentice et al. 1992). Within
the previously mentioned sulfoxaflor-treated Fischer rat 90-day
LCT MoA study (data used for Key Events #2, 3, and 5), there
were no measured decreases in serum T levels at the 2-, 4-, or
8-week timepoint shown in Table 4. However, in an OECD
416 guideline two-generation reproductive toxicity study in
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Table 4. Sulfoxaflor: Fischer rat serum T levels (ng/g).

Dose (ppm) 2-Week treatment 4-Week treatment  8-Week treatment
0 0.76 0.67 0.58
25 0.83 1.00 0.67
100 0.54 1.19 0.77
500 0.90 0.93 0.70

Crl/CD(SD) rats, there was a treatment-related delay in bal-
anopreputial separation (BPS) for male offspring in the high-
dose group of 400 ppm sulfoxaflor, but not at the mid-dose of
100 ppm (Table 5). Once again, the dose—response relation-
ship data demonstrate consistency for the final apical endpoint
at the higher-dose levels, but not at 100 ppm. These BPS data
from the two-generation study are important support for Key
Event #4 as the process of BPS as a pubertal onset marker in
male rats is dependent on androgen levels, as T injection to
castrated rats is sufficient to induce BPS (Korenbrot 1977).
Therefore, in order for sulfoxaflor to induce a delay in BPS
within the two-generation reproductive toxicity study, there
had to be a decrease in T levels (for at least some duration)
during postnatal development. Further support for this state-
ment is the fact that dopamine agonists such as bromocriptine
induce a delay in male rat BPS (Marty et al. 2001).

This decrease in T levels leading to a delay in BPS must
have been a transient event as there were no effects on acces-
sory sex gland weight, histopathology, or any other anti-
androgenic finding in the adult males within the two-generation
reproductive toxicity study that had a delay in BPS. While
many anti-androgenic molecules can cause a delay in BPS,
these direct acting anti-androgens also cause a shortening in
anogenital distance (AGD) at birth (Wolf et al. 2000). Interest-
ingly, there was no effect on AGD within the two-generation
study on sulfoxaflor, which is also consistent with a dopamine
agonist/enhancer MoA as maternal Prl levels during gestation
are sufficient to abrogate any Prl decrease effect in perinatal
male rats (Ben-Jonathan and Hnasko 2001).

Key Event #5: Increased serum LH levels

Common to most hormone-based LCT MoAs is an increase in
serum LH acting as the causative agent for providing trophic
stimulus of Leydig cells towards hyperplasia and eventu-
ally adenomas (Cook et al. 1999). The dopamine agonism/
enhancement MoA is no exception to an eventual increase in
LH (Key Event #5) leading to LCTs. With respect to sulfox-
aflor, there was a dose-dependent increase in serum LH levels
at the 4-week timepoint in Fischer rats (Figure 3), consistent
with timing of decreased Prl level, which was observed in the
90-day LCT MoA study (data used for Key Events #2-5). As
with the previous data from this study, there were changes at
the 500-ppm group that are consistent with the MoA, but these
were not observed at 100 ppm. This consistency with the early

Table 5. Sulfoxaflor: Crl:CD (SD) rat Balanopreputial separation.

Dose (ppm) Age at attainment (days) Body weight at attainment (g)
0 44.6 253.6
25 46.4 265.8
100 44.5 250.3
400 47.0* 272.8

Bold type indicates treatment-related effect.
*Statistically different from control mean by Dunnett’s test, alpha = 0.05.
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Table 6. Sulfoxaflor: Two-year Fischer rat testes weights.

Dose (ppm) Final body weight (g) Testes weights (g) Testes weights (g/100)
0 415.2 3.720 0.906
25 418.4 3.933 0.940
100 396.0 5.423% 1.359*
500 394.2 6.025* 1.519*

Bold type indicates treatment-related effect.

* Statistically different from control mean by Dunnett’s test, alpha = 0.05.

key events in young adult Fischer rats is inconsistent with the
increase in testis weight observed at 100 ppm in the carcino-
genicity study. It is important to note though that the increase
in bilateral incidence of LCT in the carcinogenicity study was
only observed at 500 ppm, while a subtle increase in overall
tumor size was only observed at 100 ppm.

There was no effect of treatment on Fischer rat hormone
levels at the 2- or 8-week timepoints; however, at 4 weeks,
there was an ~1.9-fold dose-dependent increase in LH levels
concomitant with a ~1.7-fold dose-dependent decrease in Prl
levels.

Due to the persistent compensatory nature of the HPG axis,
coupled with the fact that chronic (i.e., 2 years) sulfoxaflor
exposure was required for increased LCT size in Fischer rats,
it is not surprising that the changes observed in the hormone
data are transient in nature. This is supported by the fact that
conclusive Leydig cell hyperplastic effects in the guideline
toxicity studies occurred only at the 2-year timepoint.

Key Event #6: Promotion of Leydig cell tumors

A rat chronic/carcinogenicity study (OECD 453) has 60 male
and 60 female rats per dose level (control plus three treated
groups) administered test material for 1 year (chronic portion:
10/sex/group) or 2 years (carcinogenicity portion: 50/sex/
group). In the sulfoxaflor rat chronic/carcinogenicity study,
Fischer 344 rats per group were given 0, 25, 100, or 500 ppm
of sulfoxaflor for 24 months. Toxicokinetic data in rats demon-
strate that at these dose levels, sulfoxaflor has nearly complete
absorption, is not metabolized, and plasma concentrations of
the molecule are proportional to administered doses. In the
carcinogenicity study, there was a treatment-related increase
in paired testis weight at 100 and 500 ppm that was due to
an increased size of LCT in these animals (Table 6). Histo-
pathological results confirmed that there was no increase in

the overall incidence of LCT across the groups with 88, 92, 90,
and 92% of male rats with these tumors at 0, 25, 100, and 500
ppm, respectively. However, there was a significant increased
incidence of animals with bilateral LCT at 500 ppm, which
supported the fact that the testis weight increases were second-
ary to the growth of underlying Leydig cell hyperplasia into
adenomas.

At the 1-year chronic timepoint in the rat chronic/carcino-
genicity study (10/sex/group), there were O, 1, 3, and 3 LCT
at the 0-, 25-, 100-, and 500-ppm dose groups, which was
deemed unrelated to treatment because this was within the his-
torical control range (0-3 LCT at 1 year) and a lack of a dose-
response between 100 and 500 ppm at this timepoint. Hence,
the hormone-mediated nature of the sulfoxaflor-induced LCT
required 2 years of persistent treatment, indicating the subtle
treatment-related alteration upon a background of an aging rat
undergoing age-related hormonal senescence.

Summary of sulfoxaflor Leydig cell tumor MoA

The proposed MoA for sulfoxaflor-induced Fischer 344 rat
LCT promotion is through dopamine enhancement potentially
mediated by agonism of the molecule on neuroendocrine
dopaminergic nAChRs within the median eminence in the
rat. The relevant endpoints for this MoA are summarized on
Table 7. This analysis is based on the mechanistic and stan-
dard, repeat-dose toxicity studies in rats administered with
sulfoxaflor.

With respect to dose—response relationship, due to the subtle
nature of the effects, no precursor key events were observed at
100 ppm, but only at 500 ppm. A dose-response relationship
for these apical endpoint effects existed with increased testis
size and increased incidence of bilateral tumors at 500 ppm.
Due to the high background incidence of these tumors in
Fischer rats, the lack of a response for precursor key events

Table 7. Sulfoxaflor: Temporality and dose response for MoA key events related to male F344 rat Leydig cell tumors.

Temporal 4}
Key Event #1 Key Event #2 Key Event #3 Key Event #4 Key Event #5 Key Event #6
Dose Increased dopamine Downregulation of ~ Decreased serum T Promotion of Leydig
release via nAChR Decreased LHR gene expression levels Increased serum cell tumors (1 size/ T
agonism serum Prl levels in Leydig cells (T levels/BPS*) LH levels bilateral incidence)
Dose (ppm) Hours 2-8 Weeks 4-8 Weeks 2-8 Weeks 2-8 Weeks >1 year
25 - - —/= - —/=
100 - - —/= - +/—
400 —/+
500 +A + 4 week + 4 week - + 4 week +/+
— 2,8 weeks — 8 week — 2, 8 weeks

+indicates effect present.
—indicates effect absent; blank cell indicates no data.
*indicates indirect data on T levels from delay in BPS data.

“microdialysis experiment at 400 uM sulfoxaflor to target 40 UM in plasma (~500 ppm).
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with the MoA analysis at the 100-ppm dose level is not
surprising.

Summary of Key Event #1: Increased dopamine release via
nAChR agonism

The release of dopamine in response to sulfoxaflor exposure
within the hypothalamus was tested directly using microdialy-
sis experiments at concentrations in the brain targeting serum
level at, and above, the 500-ppm dose level. It is plausible
that the LCT promotion seen in the rat chronic/carcinogenic-
ity study was through subtle, but prolonged, agonism at the
central nAChRs within the median eminence causing release
of dopamine and inhibition of Prl release from the pituitary
gland.

Summary of Key Event #2: Decreased serum Prl levels

In direct response to Key Event #1 of dopamine release from
the hypothalamus to the anterior pituitary gland, Prl secretion
to the systemic circulation is inhibited. There was no effect
of sulfoxaflor treatment on serum Prl levels after 2 weeks of
treatment; however, there was a 1.7-fold decrease in serum Prl
at 4 weeks in the 500-ppm group with a concomitant 2-fold
increase in serum LH levels (see Key Event #5).

Summary of Key Event #3: Downregulation of LHR gene
expression in Leydig cells

Consistent with the dopamine agonism/enhancement MoA
and the decreased Prl levels in the 4-week Fischer rat hormone
data in Key Event #2, there was a dose-dependent decrease
in LHR and PrlR gene expression at the 4-week, but not at
8-week, timepoint. While not robust, the magnitude of gene
expression changes is consistent with the dynamic range of
these genes in vivo and likely represents a biologically mean-
ingful effect based on alterations in hormone levels.

Summary of Key Event #4: Decreased serum T levels

Downregulation of the LHR in Key Event #3 leads to a tran-
sient decrease in serum T levels in Key Event #4 (Cook et al.
1999). Within the two-generation reproductive toxicity study,
there was a treatment-related delay in balanopreputial separa-
tion BPS) for male offspring in the high-dose group of 400
ppm sulfoxaflor. The process of BPS as a pubertal onset marker
in a male rat is dependent on androgen levels; therefore, in
order for sulfoxaflor to induce a delay in BPS, there had to be
a decrease in T levels during postnatal development.

Summary of Key Event #5: Increased serum LH levels

Common to most hormone-based LCT MoAs is an increase in
serum LH acting as the causative agent for providing trophic
stimulus of Leydig cells towards hyperplasia and eventually
adenomas. Sulfoxaflor induced an increase in serum LH levels
at the 4-week timepoint in Fischer rats, consistent with timing
of decreased Prl level observed in the LCT MoA study.

Summary of Key Event #6: Promotion of Leydig cell tumors

In a rat chronic/carcinogenicity study, there was a treatment-
related increase in testis weight at 100 and 500 ppm that was
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determined through histpathological examination to be due to
an increased size of LCT in these animals. In addition, there
was a statistically identified increased incidence in bilateral
LCT incidence at 500 ppm (88% vs. 64% in controls), but not
at 100 ppm.

Before these findings were observed at the 2-year timepoint
of the rat chronic/carcinogenicity study, the only related effect
was limited a slight 2.4-day delay in BPS at 400 ppm in the
two-generation study in Crl/CD (SD) rats. There were no other
effects on other reproduction-related (i.e., androgen-mediated)
endpoints, suggesting a subtle, transient alteration in T levels
(data not shown). The endpoints that were within normal lim-
its included the following:

e testes, epididymides, accessory glands in Fischer rats, CD
rats or CD-1 mice (CD-1 mice dose levels 20X rat LOEL
and 80X rat NOEL; data not shown);

e gsperm parameters (counts, motility, morphology);

e reproduction — fertility, mating indices, time to mating;

e development, including in the developmental neurotoxicity
study;

e markers of androgenic/anti-androgenic effects; and

e male AGD

Strength, consistency, and specificity of association
of effects with key events

The biological processes resulting in rat LCTs have been
reviewed extensively (Cook et al. 1999, Clegg et al. 1997,
Prentice and Miekle 1995). LCTs initially appear as hyperpla-
sia of interstitial cells that can grow with age to the diameter
of a single normal seminiferous tubule, at which point they are
classified as adenomas per guidance from the National Toxi-
cology Program (NTP; Boorman et al. 1987, 1990).

Results from the LCT MoA revealed a dose-dependent
increase in LH concentrations concomitant with a dose-
dependent decrease in Prl levels for Fischer rats at the 4-week
timepoint. There was no effect of treatment on Prl, LH, or T at
all other timepoints. Consistent with the dopamine agonism/
enhancement MoA, and the decreased Prl levels in the 4-week
Fischer rat hormone data, was a dose-dependent decrease in
LHR gene expression at the 4-week, but not at §-week, time-
point. While not statistically significant, the magnitude of
gene expression changes is consistent with the dynamic range
of these genes in vivo and likely represents a biologically
significant effect based on alterations in hormone levels.

Consistency is difficult to ascertain when evaluating hor-
mone data due to inherent variability, feedback compensation
by the HPG axis, and the very long latency for the apical
endpoint effect of Leydig cell hyperplasia and tumors. With
respect to dose-response relationship, due to the subtle nature
of the effects, no precursor key events were observed at
100 ppm, but only at 500 ppm. A dose-response relationship
for these effects existed (i.e., 500 ppm showed a greater effect
across all key events than 100 ppm); however, as sulfoxaflor
merely increased the magnitude (i.e., size) of LCTs due to the
high background levels of these tumors in Fischer rats, the lack
of a response at the lower 100- ppm dose level is considered
consistent with the very subtle effects seen at the end of the
2-year study.
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The specificity of the data for the dopamine agonism/
enhancement MoA is the decrease in circulating serum Prl
levels and decreased LHR gene expression. These findings
would only be observed with the dopamine agonism/enhance-
ment MoA and is not associated with the other eight possible
MoAs leading to LCT (see alternative MoA analysis below).
Furthermore, the decrease in serum Prl was associated with a
compensatory increase in serum LH, which in turn could act
as the primary trophic stimulus over a 2-year Fischer rat onco-
genicity study leading to LCT promotion. Due to the persistent
compensatory nature of the HPG axis, coupled with the fact
that chronic (i.e., 2 years) sulfoxaflor exposure was required
for increased LCT size in Fischer rats, it is not surprising
that the changes observed in the hormone data are temporal
in nature. In fact, conclusive Leydig cell hyperplastic effects
in the guideline toxicity studies occurred only at the 2-year
timepoint.

Biological plausibility and coherence

Dietary administration of sulfoxaflor to Fischer rats results
in the early key events (decrease in serum Prl and LHR gene
expression) that lead to an increase in serum LH levels. The
MoA demonstrated for sulfoxaflor is consistent with well-
known MoA for dopamine agonists/enhancers and is consis-
tent with current understanding of hormone-based Leydig cell
tumorigenesis. The data for sulfoxaflor are entirely consistent
with a non-genotoxic, threshold, MoA.

Assessment of postulated sulfoxaflor Fischer rat LCT MoA

The data for sulfoxaflor support a subtle, but chronic, enhance-
ment of dopamine release, and subsequent inhibition of Prl
release from the pituitary gland, ultimately leading to a dop-
amine agonism/enhancement LCT MoA in a uniquely suscep-
tible animal model, the Fischer 344 rat. The MoA demonstrated
for sulfoxaflor is consistent with the literature and with current
understanding of rodent LCTs. As mentioned previously, the
data for sulfoxaflor are consistent with this non-genotoxic
MoA of the Leydig cell. In vitro and in vivo studies show that
sulfoxaflor does not have a genotoxic MoA (see below).

The data for sulfoxaflor are judged with a moderate degree of
confidence to adequately explain the increase in size of Fischer
rat LCTs following chronic dietary administration of sulfoxaflor,
and judged with a very high degree of confidence to support a
hormonally mediated, threshold-based, nonlinear MoA.

Table 8. Sulfoxaflor: Summary of genotoxicity studies.

Crit Rev Toxicol, 2014; 44(S2): 25-44

Consideration of alternative MoA

It is generally accepted in the peer-reviewed literature that
there are nine known modes of action for LCT induction in
rats, which fall into three categories of human relevance (i.e.,
relevant, low relevance, and no relevance; Cook et al.1999).
These are the following:

Relevant to humans
1. Mutagenicity

Low relevance to humans

2. AR antagonism

3. Estrogen receptor agonism/antagonism
4. 5-Alpha-reductase inhibition

5. Aromatase inhibition

6. Reduced T biosynthesis

7. Increased T metabolism

No relevance to humans
8. GnRH (LHRH) agonism
9. Dopamine agonism/enhancement

In the process of conducting and evaluating experiments aimed
at testing the proposed MoA for sulfoxaflor promotion of LCTs
in Fischer 344 rats, it was possible to rule out a number of alter-
native MoAs. Each of these alternative MoAs will be consid-
ered in turn and direct and/or indirect data generated with sul-
foxaflor will be discussed. Wherever possible, sulfoxaflor will
be compared to prototypical compounds which are known to
cause LCT or LC hyperplasia through these alternative MoAs.

Mutagenicity - not plausible

Mutagenic agents either initiate LCs and then LH would pro-
mote the development of the tumor, or act via an unidentified
hormonal mechanism (that may or may not be related to their
mutagenic or clastogenic activity). An example of a mutagenic
compound that causes LCTs is cadmium. Sulfoxaflor was
clearly negative in the battery of in vitro and in vivo geno-
toxicity assays for mutagenicity and clastogenicity (Table 8).
These included the bacterial reverse mutation (Ames) test, in
vitro mammalian chromosome aberration (RLCAT) test, the
in vitro mammalian cell gene mutation (CHO/HGPRT) test,
and the mammalian erythrocyte micronucleus (MNT) test. In
addition, if the Leydig cell effects in Fischer rats were caused
by a genotoxicity MoA, it would be expected to have an

Test Test object Concentration Result
In vitro genotoxicity tests
Bacterial reverse mutation test S.typhimurium TA 98, TA 100, 33.3, 100, 333, 1000, 2500, and 5000 pg Negative
TA 1535 & TA 1537 per plate +/— S9
E. coli, WP2uvrA
In vitro mammalian Rat lymphocytes 4-h treatment: 0, 693.3, 1386.5, and Negative
chromosome aberration test 2773 pg/ml +/— S9; 24-hr treatment:
0, 173.3, 346.6, and 693.3 ug/ml
In vitro mammalian cell gene Chinese hamster ovary cells 0, 173.3, 346.6, 693.3, 1386.5, and Negative
mutation test CHO/HGPRT 2773 ug/ml +/— S9
In vivo genotoxicity tests—somatic cells
Mammalian erythrocyte Mouse bone marrow Male and female CD-1 mice, 6/sex/dose, Negative

micronucleus test polychromatic erythrocytes

single oral gavage on two consecutive
days at 0, 100, 200, and 400 mg/kg/day
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earlier onset. From the 2-year rat study, when considering LCT
incidence in rats from all treatment groups that were moribund
or found dead prior to test day 500, there was no evidence of
earlier onset of LCT.

Based on the weight of evidence, considering both direct
data which shows sulfoxaflor is non-genotoxic, and indirect
data generated from the toxicology package that indicates no
earlier onset of LCTs, a mutagenicity MoA is not a plausible
alternative MoA for the Leydig cell effects seen in Fischer rats
after 2 years of treatment with sulfoxaflor.

AR antagonism - not plausible

AR antagonists compete with T and DHT for binding to the
AR. This competition reduces the androgenic signal to the
hypothalamus and adenohypophysis, resulting in an increase
in LH secretion with a concomitant elevation of T secretion,
resulting in the development of LCTs (Cook et al. 1993). In
order to assess the potential for sulfoxaflor interactions with
AR, promoter/reporter transactivation assays with the MDA-
kb2 cell line was utilized per previously described methods
(Wilson et al. 2002). Positive controls for agonism (dihy-
drotestosterone [DHT]) and antagonism (nilutamide, NIL)
were used in the assay to demonstrate positive and negative
responses for agonist and antagonist potential (Figure 5).
Utilization of sulfoxaflor in this system revealed no effect on
agonism or antagonism (Figure 5).

In addition to the in vitro AR agonism/antagonism data,
the lack of a treatment-related increase in LCTs at 1 year of
treatment with sulfoxaflor is in contrast to the prototypical AR
antagonists such as vinclozolin and flutamide. Vinclozolin and
flutamide also have a fingerprint of effect that includes reduced
AGD, male reproductive malformation (such as hypospadias)
and reduced accessory sex gland weights in reproductive
toxicity studies (Cook et al. 1999). Sulfoxaflor did not cause
any consistent androgen-associated effects in the toxicology
package that would indicate an AR antagonist MoA. The study
most sensitive to these types of endpoints is the guideline
OECD 416 two-generation reproductive toxicity study. This
study showed no treatment-related effects on AGD, no effects
on testis or accessory sex gland (i.e., prostate, seminal vesicle,
and epididymis) weight or histopathology, no evidence of mal-
formations (e.g., hypospadias or ectopic testes), and no effects
on mating, fertility, time to mating, or gestation length.

Based on the weight of evidence, considering both direct
data which shows sulfoxaflor is negative for AR transactiva-
tion for agonism and antagonism, and indirect data generated
from the toxicology package that indicates no AR antagonist
MoA, an AR antagonist MoA is not a plausible alternative
MoA for the Leydig cell effects seen in Fischer rats after 2
years of treatment with sulfoxaflor.

Estrogen receptor agonism/antagonism - not plausible

Estrogen receptor agonists/antagonists result in changes in
estradiol levels which ultimately cause an increase in LH lev-
els resulting in the development of LCTs. In order to assess
the ability of sulfoxaflor to interaction with ER, transactiva-
tion assays with the T47D-KBluc cell line were conducted per
previously described methods (Wilson et al. 2004). Positive
control data for ER agonism (estradiol, E2) and antagonism
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(ICI-182,780) were utilized in the test system (Figure 6). Utili-
zation of sulfoxaflor in this test system revealed no agonism or
antagonism (Figure 6). Interestingly these types of compounds
induce LCTs almost exclusively in the mouse rather than in
the rat (Cook et al. 1999). Sulfoxaflor does not induce LCTs
in the mouse: despite the fact that dose levels in the mouse
carcinogenicity study were more than an order of magnitude
higher than in the rat carcinogenicity study, and there were
no effects on reproductive organs, including the testes, in that
study (Thomas et al. 2010). Prototypical estrogen receptor
agonist/antagonists, such as diethylstilbestrol, cause effects
on vaginal patency, estrus cyclicity, female reproductive tract
histopathologic and organ weight effects (Cook et al. 1999).
There were no effects on female reproductive indices, organ
weights, reproductive histopathology, vaginal patency, or
estrus cyclicity in any sulfoxaflor rodent study including the
two-generation reproductive toxicity study. In addition, there
was no effect on mammary tumor incidence in the rat or mouse
carcinogenicity studies.

Based on the weight of evidence, considering both direct
data which shows sulfoxaflor is negative for ER binding
and ER transactivation for agonism and antagonism, and
indirect data generated from the toxicology package that
indicates no ER antagonist MoA, an ER agonist/antagonist
MoA is not a plausible alternative MoA for the Leydig cell
effects seen in Fischer rats after 2 years of treatment with
sulfoxaflor.

5-Alpha reductase inhibition - not plausible

5-Alpha reductase inhibitors result in decreased conver-
sion of T to DHT. This reduces the net androgenic signal
received by the hypothalamus and pituitary, thereby causing a
compensatory increase in LH levels, resulting in the develop-
ment of LCTs (Cook et al. 1999). The prostate is differentially
sensitive to effects on DHT: for example, DHT has 5-fold
greater affinity for AR than T (Feldman and Feldman 2001).
Because of this, the prostate would be the most sensitive
organ to be affected compared to other accessory sex glands.
5-Alpha inhibitors can reduce prostate 20-30% although
T can remain normal (Steers 2001). No effect of sulfoxaflor
on prostate weight in any in vivo study has been observed
(data not shown).

Interestingly, Sa-reductase inhibitors induce LCTs in mice
and LC hyperplasia in rats (Cook et al. 1999). Sulfoxaflor does
not induce LCTs in the mouse: despite the fact that dose levels
in the mouse oncogenicity study were more than an order of
magnitude higher than in the rat oncogenicity study, and there
were no effects on reproductive organs, including the testes,
in that study. In addition, in the previously mentioned 90-day
Fischer rat LCT MoA study (see Key Events #2-4), gene
expression of whole testis homogenates after 4 and 8 weeks of
treatment demonstrated no effect on 5-alpha-reductase levels
in the testes of sulfoxaflor-treated rats (Figure 7).

The prototypical 5-alpha-reductase inhibitor is finesteride,
which causes reduced AGD, hypospadias, and reductions in
accessory sex gland organ weights (Cook et al. 1999). There
was no indication of reduced AGD or effects on reproductive
organ weights in the guideline OECD 416 two-generation
reproductive toxicity study.
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Figure 5. Assessment of AR agonism and antagonism potential of sulfoxaflor was assessed using the MDA-kb2 cell line. These assays utilized an agonist
positive control (DHT), an antagonist positive control (nilutamide), and the test article (sulfoxaflor). The left column presents agonism experiments
(DHT, nilutamide, or sulfoxaflor in the presence or absence of nilutamide), while the right column presents antagonism experiments (DHT, nilutamide,
or sulfoxaflor in the presence of 1 nM or 1 uM DHT). The agonist data demonstrate a positive response to DHT, which was abrogated in the presence
of nilutamide, and a lack of response for nilutamide alone or sulfoxaflor = nilutamide. The antagonist data demonstrate a lack of antagonism for DHT
against itself, the ability of nilutamide to antagonize DHT in a dose-responsive manner at both 1 nM and 1 uM DHT, and the lack of a response for
sulfoxaflor with DHT. Taken together, these data support a lack of AR agonism or antagonism potential by sulfoxaflor.

Based on the weight of evidence, considering both direct
data which show that sulfoxaflor has no effect on testes 5-alpha
reductase gene expression and indirect data generated from the
toxicology package that indicates no prostate effect, a 5-alpha
reductase inhibition MoA is not a plausible alternative MoA
for the Leydig cell effects seen in Fischer rats after 2 years of
treatment with sulfoxaflor.

Aromatase inhibition - not plausible

Inhibition of this enzyme would result in decreased conversion
of androstenedione (ASDN) to estrone, and T to estradiol. This
would result in an increase in LH levels leading to the devel-
opment of LCTs (Cook et al. 1999). An in vitro aromatase
assay was conducted to assess this endpoint based upon the
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Figure 6. Assessment of ER agonism and antagonism potential of sulfoxaflor was assessed using the T47D-KBluc cell line. These assays utilized an
agonist positive control (E2), an antagonist positive control (ICI), and the test article (sulfoxaflor). The left column presents agonism experiments (E2,
ICI, or sulfoxaflor in the presence or absence of ICI), while the right column presents antagonism experiments (E2, ICI, or sulfoxaflor in the presence of
0.1 nM or 100 nM E2). The agonist data demonstrate a positive response for E2, which was abrogated in the presence of ICI, and a lack of response for
ICI alone or sulfoxaflor = ICI. The antagonist data demonstrate a lack of antagonism for E2 against itself, the ability of nilutamide to antagonize E2 in a
dose-responsive manner at 0.1 nM E2, and the lack of a response for sulfoxaflor with E2. There was a steep drop off for transactivation at only the highest
concentration of sulfoxaflor in the antagonism experiment that occurred at both 0.1 and 100 nM E2 in the same magnitude, which was characteristic
of an artifact of the test system (e.g., precipitation) as it occurred at only a single highest concentration of sulfoxaflor and was similar between 0.1- and
100-nM antagonist groups. Taken together, these data support a lack of ER agonism or antagonism potential by sulfoxaflor.

aromatase assay used in the US EPA endocrine disruptor
screening program. In brief, radiolabeled [PHJASDN was
incubated with aromatase enzyme and NADPH to produce
estrone and 3H20. Co-incubation with increasing concentra-
tions of 4-OH ASDN served as a positive control to decrease
the total aromatase activity (Figure 8). Using this assay
with sulfoxaflor revealed no effect on aromatase inhibition

(Figure 8). Aromatase inhibitors, such as anastrozole, cause
effects on mating and fertility indices as well as on female
reproductive organ weights and histopathology (Cook et al.
1999, Turner et al. 2000). There were no effects on mating,
sperm parameters (counts, motility, and morphology), or
fertility indices in the guideline OECD 416 two-generation
reproductive toxicity study with sulfoxaflor.
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Figure 7. Quantitative RT-PCR was performed on whole testis
homogenates at the 4- and 8-week interim necropsy of the previously
described 90-day Fischer rat LCT MoA study for evaluation of gene
expression in the steroidogenic pathway. Genes analyzed included
StAR (steroidogenic acute regulatory protein), Cypllal (P450side
chain cleavage), Cypl7al (17alpha-hydroxylase), HSD3b (3-beta
hydroxysteroid dehydrogenase), and SDR5al (5-alpha reductase). There
was no effect of treatment on any of these genes, suggesting that reduced
T biosynthesis was not the operant MoA.

Based on the weight of evidence, considering both direct
data which show that sulfoxaflor has no effect on aromatase
activity, and indirect data generated from the two-generation
reproduction study, an aromatase inhibition MoA is not a
plausible alternative MoA for the Leydig cell effects seen in
Fischer rats after 2 years of treatment with sulfoxaflor.

Reduced T biosynthesis - not plausible

Inhibition of T biosynthesis would result in lower T and estra-
diol levels, and increased LH levels, resulting in the develop-
ment of LCTs (Cook et al. 1999). Direct data are provided
for sulfoxaflor from the LCT MoA study where Fischer and
Crl/CD(SD) rats were treated with 0, 25, 100, or 500 ppm
of sulfoxaflor for up to 8 weeks. Gene expression analysis
of testes mRNA from this study was conducted on a suite
of steroidogenic enzymes to evaluate this potential alternate
MoA. There was no dose-dependent effect of treatment on
any measured gene in the steroidogenic pathway including
steroidogenic acute regulatory protein (StAR), Cypllal (P450
side chain cleavage), Cypl7al (17alpha-hydroxylase), 3-beta
hydroxysteroid dehydrogenase (HSD3b), or SDR5al (5-alpha
reductase; data not shown). If reduced T biosynthesis were the
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Figure 8. Aromatase inhibition potential of sulfoxaflor was evaluated
by measuring the conversion of an androgen to an estrogen using
recombinant microsomes. Radioactive substrate (PH-ASDN) and
NADPH were added to microsomes containing aromatase (CYP19)
and reductase complex. Maximal aromatase activity is determined by
measuring *H20 release during this enzymatic converstion of ASDN to
estrone and quantitated as a direct measurement of aromatase activity per
unit reaction time. In the top graph, 4-OH ASDN was titrated into the
reaction as a positive control for aromatase inhibition by competing for
this reaction. In the bottom graph, competitive inhibition of aromatase
activity with sulfoxaflor revealed no effect, which indicates that
sulfoxaflor is not an aromatase inhibitor.

operant MoA, one or more of these genes would be affected.
Furthermore, the hormone panel data would have shown a
sustained decrease in circulating levels of T, which was not
observed in the LCT MoA study. Taken together, these data, as
well as a lack of female reproductive effects, refute decreased
steroidogenesis (MoA #6) as the operant MoA.

Examples of T biosynthesis inhibitors include lansopra-
zole and calcium channel blockers, which lead to effects on
mating and fertility indices as well as on reproductive organ
weight and histopathology. While there was an increase in
serum cholesterol (the starting material for steroidogenesis)
associated with sulfoxaflor administration and a slight delay
in preputial separation, there was no effect on female repro-
ductive parameters, which would have been expected with this
MoA as androgens are the precursors to estrogens. No effects
on mating, fertility, or reproductive organs were observed in
the sulfoxaflor guideline OECD 416 two-generation reproduc-
tive toxicity study.

Considering both direct data that show that sulfoxaflor has
no effect on gene expression involved in the steroidogenic
pathway and that there is no transient decrease in circulating
levels of T, and indirect data generated from the two-generation



DOI 10.3109/10408444.2014.910750

reproduction study, a reduced T synthesis MoA is not a plau-
sible alternative MoA. Based on the weight of evidence, the
Leydig cell effects seen in Fischer rats after 2 years of treatment
with sulfoxaflor are not related to decreased T biosynthesis.

Increased T metabolism - not plausible

Increased biliary elimination of T would cause lower T levels,
and increased LH levels, resulting in the development of LCTs.
Based on known nuclear receptor-mediated liver effects with
sulfoxaflor administration, this MoA was assessed and direct
data are provided for sulfoxaflor from the satellite animals
in the rat 90-day LCT MoA study described in Key Events
#2-4. In this portion of the study, rats were given 0, 25, 100, or
500 ppm of sulfoxaflor for 2 weeks and then underwent bile
cannulation surgery. Rats then received an intravenous admin-
istration of '*C-T via the jugular vein. Individual bile samples
were collected at pre-determined time intervals of 0-30,
30-60, 60-90, and 90-120 min. Samples were then analyzed
from '“C-T-derived radioactivity. Support for MoA #7 would
be visualized by a dose-dependent increase in the amount of
T-derived radioactivity eliminated in the bile. Although there
was a subtle trend at certain timepoints for increased bile
radioactivity, there were no statistically significant
(alpha=0.05) or treatment-related differences in the mean
14C-T-derived radioactivity excreted in the bile across all dose
groups, per time intervals, for Fischer rats (Figures 9-11).
Bile flow was similar for the respective dose groups and time
intervals (Figure 10), but most importantly there was no
apparent increase in total bile-derived radioactivity (Figure 11)
that would be required for this MoA to be induced by sulfox-
aflor. These data refute MoA #7 (biliary elimination of T) as
the operant MoA.

Considering both direct data show that sulfoxaflor has no
effect on biliary elimination of T and that there is no tran-
sient decrease in T and indirect data generated from the two-
generation reproduction study, an increase in biliary excretion
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Figure 9. As part of the 90-day LCT MoA study, satellite Fischer rats
underwent bile cannulation at the 2-week timepoint for assessment of
the potential for increased T metabolism/biliary elimination induced
by sulfoxaflor. Following intravenous injection of *C-T via the jugular
vein, bile samples were collected at 0-0.5, 0.5-1.0, 1.0-1.5, and 1.5-2.0 h
and assessed for '“C-T-derived radioactivity. Although there was an
apparent dose-related increase in the first 30 minutes, this did not result
in a concomitant increase in bile flow (Figure 10) or decrease in plasma
14C-T-derived radioactivity (Figure 11). Taken together, the data do not
support increased T metabolism/biliary elimination as the operant MoA.
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Figure 10. As part of the 90-day LCT MoA study, satellite Fischer rats
underwent bile cannulation at the 2-week timepoint for assessment of
the potential for increased T metabolism/biliary elimination induced by
sulfoxaflor (see Figure 9). There was no alteration in bile flow associated
with exposure to sulfoxaflor.

of T elimination MoA is not a plausible alternative MoA.
Based on the weight of evidence, the Leydig cell effects seen
in Fischer rats after 2 years of treatment with sulfoxaflor are
not related to increased T metabolism and biliary elimination.

GnRH (LHRH) agonism - not plausible

A prototypical GnRH agonist, such as buerelin, would cause
both reduced accessory sex gland weights (due to negative
feedback HPG-axis compensation) and histopathologic effects
in the pituitary gland, as this is the primary site of functional
GnRHR expression. As mentioned previously, there were
no effects on accessory sex gland weights in the sulfoxaflor
guideline OECD 416 two-generation reproductive toxicity
study as well as no treatment-related effects on the pituitary
gland in any rat toxicity study including the rat 2-year onco-
genicity study.

Based on the weight of evidence, considering indirect data
showing no effect on the pituitary gland, a GnRH agonism
MoA is not a plausible alternative MoA for the Leydig cell
effects seen in Fischer rats after 2 years of treatment with
sulfoxaflor.

Conclusion on consideration of alternative MoAs

A summary evaluation for the considered alternative MoAs is
presented in Table 9. Following consideration of the presented
alternative MoAs, it is concluded that there is sufficient evi-
dence to exclude the alternative MoAs for sulfoxaflor promo-
tion of LCTs in Fischer 344 rats.

Sulfoxaflor rodent Leydig cell tumor HRF

Question 1. Is the weight of evidence sufficient to establish the
MoA in animals?

The answer is yes. The MoA for sulfoxaflor-induced Fischer rat
LCTs is compatible with that described for dopamine agonists/
enhancer-induced tumors (Cook et al. 1999). The available
data for sulfoxaflor presented in this MoA/HRF provide evi-
dence supporting The dopamine agonism/enhancement MoA
in the form of decreased circulating Prl levels, with increased
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Figure 11. As part of the 90-day LCT MoA study, satellite Fischer rats underwent bile cannulation at the 2-week timepoint for assessment of the potential
for increased T metabolism/biliary elimination induced by sulfoxaflor (see Figure 9). If this MoA were operant, there should be a decrease in plasma
levels of '4C-T-derived radioactivity associated with increased biliary elimination (Figure 9) and bile flow (Figure 10). There was no alteration of “C
in plasma that was attributable to treatment with sulfoxaflor. Taken together (Figures 9-11), the data do not support increased T metabolism/biliary

elimination as the operant MoA.

LH, along with decreased testis LHR gene expression. This
MoA could operate through sulfoxaflor-mediated enhance-
ment of dopamine release, potentially through agonism of
central nAChRs, which play a key regulatory role in dopamine
release from dopaminergic neurons in the brain (Maskos
2010). As mentioned previously, sulfoxaflor is an agonist to
the fetal rat muscle nAChR and the insect nAChR is the target
of the insecticidal mechanism for sulfoxaflor. Based on these
data, it is plausible that the LCT promotion seen in the rat
chronic/carcinogenicity study was through subtle, but chronic,
enhancement of dopamine release, and subsequent inhibition
of Prl release from the pituitary gland, ultimately leading to a
dopamine agonism/enhancement LCT MoA in a uniquely sus-
ceptible animal model, the Fischer 344 rat. In addition, other
possible MoAs were examined and evaluated to be unlikely
based on analysis of the relevant data for sulfoxaflor.

Question 2. Can human relevance of the MoA be reasonably
excluded based on fundamental qualitative differences in key
events between experimental animals and humans?

The answer is yes. As previously discussed, this MoA/HRF was
designed to evaluate the MoA for the increased size of Fischer
rat LCT observed in the sulfoxaflor 2-year rat oncogenicity
study at 100 and 500 ppm, and increased incidence of bilateral
LCT at 500 ppm. The effect in question is subtle in nature and
the background incidence of Fischer rat LCT is 75-100% in
2-year studies compared to orders of magnitude lower ranges
0f 0.00004-0.01% for humans (Cook et al. 1999 and Mati et al.
2002). These interspecies differences in background incidence
are well understood, and result from quantitative and qualita-
tive differences of Leydig cell response to hormonal stimuli.
Rat Leydig cells contain > 10-fold more LHRs than humans,
which confers greater sensitivity to slight changes in LH levels
(Huhtaniemi 1983, Katzung 1995). In addition to this quantita-
tive difference, rat, but not human, Leydig cells have both PrIR

and GnRHR on their surface (Clayton and Huhtaniemi 1982,
Cook et al. 1999). Stimulation of rat Leydig cells through both
PrIR and GnRHR are a rat-specific mechanism by which LCT
formation can occur. For PrIR involvement in LCT, dopamine
agonists (e.g., muselergine) reduce Prl release by the anterior
pituitary gland. This results in decreased binding of Prl to
PrIR on Leydig cells, leading to downregulation of the LHR
and transient reductions in T production, which feeds back to
induce LH release from the pituitary leading to Leydig cell
stimulation and hyperplasia over time (Prentice and Miekle
1995, Prentice et al. 1992).

A concordance analysis of the key events for a dopamine
agonism/ehancement MoA is presented in Table 10.

Question 3. Can human relevance of the MoA be reasonably
excluded based on quantitative differences in either kinetic or
dynamic factors between experimental animals and humans?
As human relevance of the experimental animal MoA can be
reasonably excluded on the basis of qualitative differences in
key events (Question 2); a quantitative assessment of kinetic
or dynamic factors is not necessary. However, as described in
the background section of this document, there are also signif-
icant differences in the background incidence of LCT across
species and strains, with Fischer 344 rats being the most and
humans being the least sensitive. The biological basis for these
differences in susceptibilities is described in detail within the
background section of this report and includes both qualitative
and quantitative differences in the underlying biology between
rat and human Leydig cells.

Conclusions
Statement of confidence in the evaluation

This MoA and HRF evaluation for sulfoxaflor-induced
LCTs in Fischer rats follows the guideline established for this
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Table 9. Summary evaluation for other possible MoAs.
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Alternative Strength of Consistency of Specificity of Dose-response ~ Temporal — Coherence and
MoA Example association association association  concordance  relationship  plausibility References
Relevant to humans
1) Mutagenicity Cadmium — Negative for - - — No tumors  — Lateonset — Coherence ~ Waalkes et al.
genotoxicity” at lower tumor type — Plausibility (1999)
doses
Low relevance to humans
2) Androgen Vinclozolin — No AR — No evidence - - - — Coherence  Rouquie et al.
receptor Flutamide transactivation  from apical — Plausibility (2009)
antagonism endpoints in
sub-chronic
rat and mouse
oncogenicity
in vivo
studies™
3) Estrogen Diethylstilbestrol — No ER - - - — Coherence  Newbold
receptor binding or — Plausibility etal.
agonism/ transactivation (1987)
antagonism
4) 5-alpha- Finasteride — No effect on - - - — Coherence  Prahalada
reductase 50R gene — Plausibility ~ etal.
inhibition expression in (1994)
testes
5) Aromatase ~ Formestane — No aromatase — — - — Coherence  Kondarewicz
inhibition Letrozole inhibition — Plausibility ~ etal.
(2011)
6) Reduced T Calcium channel — No effect on - - - — Coherence  Leslie et al.
biosynthesis  blockers steroidogenic — Plausibility ~ (1981)
Cimetidine genes
7) Increased T~ Triazoles — No increased — - - - — Coherence  Coulson et al.
metabolism T metabolism — Plausibility (2003)
No relevance to humans
8) GnRH Buserelin — No evidence - — Coherence  Kerr and
(LHRH) from apical — Plausibility Sharpe
agonism endpoints in (1986)
4/4% in vivo
studies
9) Dopamine Mesulergine + Moderate + Moderate + Moderate + Moderate * Weak + Coherence  Prentice et al.
agonism/ Bromocriptine + Plausibility (1992)
enhancement

+ Indicates attribute present.
—indicates attribute absent.
= indicates equivocal.

M = male; F = female.

*Refers to studies: 28-day toxicity study in rats; 90-day toxicity study in rats; chronic/oncogenicity study in rats; 2-generation reproduction toxicity study
in rats (where slight delay in BPS was seen); and developmental neurotoxicity study in rats.
#Bacterial mutagenicity (Ames) test; HGPRT, hypoxanthine-guanine phosphoribosyltransferase; RLCAT, rat lymphocyte chromosome aberration test;

MNT, micronucleus test.

process (Sonich-Mullin et al. 2001, Cohen et al. 2003, Meek
et al. 2003, US EPA 2005, Boobis et al. 2007). The exten-
sive toxicological database for sulfoxaflor, including several
focused in vitro and in vivo MoA experiments, provides the
necessary data to evaluate the MoA for sulfoxaflor-induced
rodent LCTs. Analysis of these data revealed a proposed
hormone-based dopamine enhancement MoA through the
following key events: 1) increased neuronal dopamine release

via nAChR agonism, leading to 2) decreased serum Prl levels,
3) downregulation of luteinizing hormone (LH) receptor gene
expression in Leydig cells, 4) transient decreases in serum T,
5) increased serum LH levels, and 6) promotion of Leydig cell
tumorigenesis. The subtle nature of the supportive data for this
MoA is not surprising given the latency and subtle nature of the
effects in question. The two findings that anchor the analysis
to the dopamine enhancement MoA are the decreased serum

Table 10. Concordance of key events for a dopamine agonism/enhancement LCT MoA in rodents and humans.

Key Event Evidence in rodents Evidence in humans

Increased dopamine release via nAChR agonism Yes Yes

Decreased serum Prl levels Yes Yes

Downregulation of LHR gene expression in Leydig cells Yes No; unlike rat Leydig cells, human Leydig cells do not express PrIR and
there is no evidence of human Leydig cell tumors from dopamine
agonist treatments for hyperprolactinemia or Parkinson’s disease

Transient decrease in serum T levels Yes No; none reported

Increased serum LH Yes No; none reported

Promotion of Leydig cell tumors Yes

No; based on epidemiological data
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Prl levels and concomitant decrease in LHR gene expression.
These findings are unique to the key event progression of this
particular MoA.

The conclusion from this evaluation is that the LCT pro-
motion observed in the carcinogenicity study was through a
subtle, but chronic, dopamine enhancement MoA in a uniquely
susceptible animal model, the Fischer 344 rat. The data for
sulfoxaflor are judged with a moderate degree of confidence to
adequately explain the promotion of Fischer rat LCTs follow-
ing chronic dietary administration of sulfoxaflor, and judged
with a very high degree of confidence to support a hormonally
mediated, threshold-based, nonlinear MoA.

Other possible MoAs for Leydig cell tumorigenesis as
described by Cook (1999) have been evaluated with respect
to sulfoxaflor. This in-depth analysis of alternative MoAs
revealed direct and/or indirect data to refute the eight other
known possible MoAs to develop rodent LCTs. Impor-
tantly, very strong in vitro and in vivo data exist to refute a
genotoxic mechanism. Taken together, all other MoAs have
been dismissed for sulfoxaflor-induced LCT because they
lack plausibility and coherence with the significant data
from the mechanistic and guideline toxicity studies on
sulfoxaflor.

Identification of data gaps

Due to the subtle nature and long latency for the effects in
question, in combination with feedback compensation by the
HPG axis, it is not surprising that the hormone and associ-
ated key events are transient during short-term studies. The
apical endpoint data also support this point as the 12-month
portion of the chronic/carcinogenicity study with sulfoxaflor
did not reveal a treatment-related effect on LCT incidence,
which would support a subtle promotion of the underlying
LCT growth between 1 and 2 years as opposed to an initia-
tion effect. Therefore, these are not considered data gaps as it
is more a function of the underlying biology. However, there
are two data gaps identified during the analysis of this MoA,
which are 1) lack of direct data for Key Event #4, and 2)
incomplete demonstration of key events at the 100-ppm
dose level.

Key Event #4 within this MoA is a transient decrease in
serum T levels. Under the conditions of the LCT MoA study,
there were no measurable decreases in serum T; however, as
described within the analysis of Key Event #4, the delay in
BPS from the two-generation reproductive toxicity study sup-
ports a transient decrease in T. While these data are supportive
and provide strong indirect evidence on a T effect, there are
no hormone measurement data that show a decrease in serum
levels of T.

Secondly, while there are data supporting the MoA at
500 ppm, no precursor key events were observed at 100 ppm.
A dose-response relationship for these apical endpoint effects
existed with increased testis size and increased incidence of
bilateral tumors at 500 ppm. Due to the high background inci-
dence of these tumors in Fischer rats, the lack of precursor
key events for this subtle, hormone-based MoA at the lower
100-ppm dose level is not surprising, especially given the
transient and compensatory nature of hormone regulation in
the HPG axis.

Crit Rev Toxicol, 2014; 44(S2): 25-44

Regulatory response

The regulatory assessment of the increased promotion of LCT
in sulfoxaflor-treated Fischer 344 rats has been informative
as to the level of concern of such an effect in this particular
strain of rat. The 2011 Joint FAO/WHO Meeting on Pesticide
Residues (JMPR) concluded that although the proposed MoA
was not completely demonstrated, the increased incidence
of bilateral LCT is of low relevance to humans as there are
large qualitative and quantitative differences between rats and
humans regarding Leydig cell responses to hormonal stimuli.
In addition, the effects only occurred at high doses, did not
occur in mice and would be anticipated to exhibit a thresh-
old. As a consequence, JMPR considered these changes not
relevant to the human dietary risk assessment of sulfoxaflor.
Indeed, such is the high background incidence of this tumour
type in Fischer 344 male rats that the US EPA (2012) consid-
ered that the animal model was not sensitive enough to detect
a treatment-related effect on this endpoint, and the apparent
increase in LCT was concluded as a non-treatment related
effect. In Europe, the effect was considered treatment related
but was not considered relevant to humans: “Based on mecha-
nistic data, the Committee agreed with the dossier submitter
not to classify this substance for carcinogenicity [or reproduc-
tive toxicity]” (ECHA 2013).

Implications for risk assessment

Sulfoxaflor causes promotion of LCTs in a Fischer rat car-
cinogenicity study. This MoA/HRF document provides sup-
port for a dopamine enhancement MoA working through the
PrIR on rat Leydig cells, which is considered not relevant to
humans due to qualitative differences between the species in
the expression of PrIR on rat, but not on human, Leydig cells.
In addition to qualitative differences, the effect in question is
subtle in nature, and on a background incidence of Fischer
rat LCT is 75-100% in 2-year studies compared to ranges of
0.00004-0.01% for humans.

Taken together, the promotion of Fischer rat LCT observed
in the oncogenicity study has a MoA that is hormonally medi-
ated and threshold-based, and would be considered to have
no relevance to humans due to qualitative and quantitative
differences between rat and human Leydig cells. In addition,
the Fischer rat LCTs associated with administration of high-
dose level of sulfoxaflor would not pose a cancer hazard to
humans, and NOAELSs based on this finding should not be
used to drive reference doses (e.g., chronic reference dose
[cRfD] or acceptable daily intake [ADI]). In any case, if they
were considered relevant to humans, a margin of exposure risk
assessment (e.g., nonlinear, thresholded) would be protective
of human health. For example, the potential chronic human
exposure to sulfoxaflor via low levels of crop residues in the
diet is estimated to be in the range of 0.0049-0.028 mg/kg bw/
day (worst-case). This corresponds to 10-56% of the sulfox-
aflor cRfD (0.05 mg/kg bw/day). In addition, potential human
exposure is 750-4300 times lower than the dose level at which
these effects occurred in animals.
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