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REVIEW ARTICLE
Human relevance framework evaluation of a novel rat developmental
toxicity mode of action induced by sulfoxaflor

Robert G. Ellis-Hutchings', Reza J. Rasoulpour’, Claire Terry?, Edward W. Carney’, and Richard Billington?

Toxicology & Environmental Research and Consulting, The Dow Chemical Company, Midland, MI, USA, and 2Dow AgroSciences LLC, Indianapolis,
IN, USA

Abstract Keywords

Sulfoxaflor (CAS# 946578-00-3) is a novel active substance with insecticidal properties mediated  developmental toxicity MoA, fetal-type
via its agonism on the highly abundant insect nicotinic acetylcholine receptor (nAChR). In muscle nAChR, human relevance
developmental and reproductive toxicity studies, gestational exposure caused fetal abnormalities framework evaluation, integrated
(primarily limb contractures) and reduced neonatal survival in rats, but not rabbits, following toxicokinetics, sustained muscle
high-dose dietary exposure. Sulfoxaflor induced these effects via a novel mode of action (MoA) contracture

mediated by the fetal-type muscle nAChR with the following key events: (1) binding to the receptor,
(2) agonism on the receptor, causing (3) sustained muscle contracture in the near-term fetusand  Hjstory
neonatal offspring. This sustained muscle contracture results in misshapen limbs, bent clavicles, and

reduced diaphragm function, which compromises respiration in neonatal rats at birth, reducing Eg\cﬂ\e’gdz? ,(\)AZtrcc)EezroaTB
their survival. This review evaluates the weight of evidence for this MoA based upon the Bradford Accepted 29 March 2014
Hill criteria, includes a cross-comparison of applied and internal doses in a variety of in vitro, ex vivo,
and in vivo study designs, examines alternative MoAs, and applies a Human relevance framework
(HRF) to ascertain human risk for this rat MoA. The review indicated, with a high level of confidence,
that the sulfoxaflor-induced fetal abnormalities and neonatal death in rats occur via a single
MoA comprising sustained activation of the rat fetal-type muscle nAChR resulting in a sustained
muscle contracture. This MoA is considered not relevant to humans, given fundamental qualitative
differences in sulfoxafloragonism on the rat versus the human muscle nAChR. Specifically, sulfoxaflor
does not cause agonism on either the human fetal- or adult-type muscle nAChR.
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Introduction

Sulfoxaflor (XDE-208, X11422208, XR-208, [1-(6-Trifluor-
methylpyridin-3-yl)ethyl)](methyl)-oxido-1*-sulfanylidenecy-
anamide) is an active substance with insecticidal properties
mediated via its agonism on the highly abundant insect nico-
tinic acetylcholine receptor (nAChR). During the regulatory
guideline mammalian toxicology studies, developmental
effects were observed in rats following dietary sulfoxaflor
exposure, including offspring death and near-term fetal
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abnormalities (forelimb flexure, hindlimb rotation, and bent
[misshapen] clavicle bones; Table 1; Rasoulpour et al. 2012).
More specifically, the rat limb effects were without changes in
the associated skeletal bone structure while the offspring death
occurred prior to postnatal day (PND) 4. Henceforth, these
effects will together be classified as occurring in neonatal off-
spring. A subsequent cross-fostering study demonstrated that
the neonatal offspring death was due to gestational, and not
lactational, exposure. Additional non-guideline investigative

Table 1. Summary of findings from developmental and reproductive toxicity studies on sulfoxalfor.

Study type

(Guideline) Doses NOAEL

Target organ/principal effects at

LOAEL LOAEL

Reproduction/
developmental
probe in rats
(OECD 421).

0, 100, 500, 1000 ppm Repro:

100 ppm (8.1 mkd)

Parental:
100 ppm (8.1 mkd)

Offspring:
100 ppm (8.1 mkd)

Litter:

Groups 1 and 2 (negative
control and lactation
exposure only) had no

Cross-fostering
study in rats

Offspring dose
(Gestation/Lactation)

Group 1: 0/0 ppm

Group 2: 0/1000 ppm

Repro:
500 ppm (39.5 mkd)

Reproduction:

500 ppm — Decreased neonatal
survival. Postnatal day (PND) 4
survival 81.2% (95.4% in controls)

1000 ppm — PND 4 pup survival 7.3%

Parental toxicity:

Decreased body weight gain at 500
and 1000 ppm in males and females.
Increased liver weight in males at
500 and 1000 ppm. Hepatocellular
hypertrophy in males at 500 and
1000 ppm and females at 1000 ppm

Offspring:

500 and 1000 ppm — Decreased
neonatal survival (see above)

1000 ppm — PND 1 pup body weight
25% lower than controls

Litter: Dam:

Groups 3 and 4 (gestation Reduced feed consumption and body
exposure only and weight gain when dams given 1000

Parental:
500 ppm (39.5 mkd)

Offspring:
500 ppm (39.5 mkd)

positive control) had
decreased neonatal

Group 3: 1000/0 ppm effects
Group 4: 1000/1000 ppm
Two-generation 0, 25, 100, and 400 ppm  Repro:
reproduction 100 ppm (6.63 mkd)
in rats
(OECD 416) Parental:
100 ppm (6.63 mkd)
Offspring:
100 ppm (6.63 mkd)
Developmental 0, 25, 150, 1000 ppm Dam:
toxicity in rats 150 ppm (11.5 mkd)
(OECD 414)
Litter:
150 ppm (11.5 mkd)
Developmental 0, 30, 150, and 750 ppm  Dam:
toxicity in 150 ppm (6.6 mkd)
rabbits (OECD
414) Litter:

Neonatal survival
study in rabbits

0, 750 ppm

750 ppm (31.9 mkd)
Dam:
N/A

Litter:
750 ppm

survival

Repro:
400 ppm (26.4 mkd)

Parental:
400 ppm (26.4 mkd)

Offspring:
400 ppm (26.4 mkd)

Dam:

1000 ppm (70.2 mkd)

Litter:

1000 ppm (70.2 mkd)

Dam:
750 ppm (31.9 mkd)

Litter:
>750 ppm
Dam:

750 ppm

Litter:
None

ppm

Litter:

All offspring exposed prior to birth
died by PND 4. No effect on
neonatal survival with lactation-only
exposure. Therefore, pup survival
effect due to in utero exposure

Reproduction:

Decreased neonatal survival
(ca. 2-5%)

Parental toxicity:

Increased liver weight in males at 400
ppm with correlating histopathologic
changes

Offspring:

Decreased neonatal survival and a
slight delay in preputial separation
(puberty onset) in F1 males

Dam:

1000 ppm — reduced feed consumption
and body weight gain; increased
liver weight

Litter:

Decreased fetal body weight; fetal
abnormalities (forelimb flexure,
bent clavicle, hindlimb rotation, and
convoluted/hydro-ureter)

Dam:

Decreased feed consumption, body
weight gain, and fecal output

Litter:

No treatment-related effects

Dam:

Decreased feed consumption and body
weight gain

Litter:

None
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toxicity studies demonstrated that the rat effects were induc-
ible with one or two days of exposure before birth, with the
limb effects being rapidly reversible upon withdrawal of sul-
foxaflor exposure in surviving pups. Similar effects were not
observed in a rabbit developmental toxicity or perinatal sur-
vival study. Similar maternal and fetal blood data showed that
the interspecies difference between rats and rabbits was not
due to toxicokinetics; therefore, the species difference was due
to toxicodynamic factors.

The mode of action (MoA) for several adverse develop-
mental outcomes has been determined (Corley et al. 2005,
Foster 2005, Holson et al. 2005, Kavlock and Cummings
2005). The regulatory guideline and MoA toxicity studies
with sulfoxaflor described above revealed findings for which
an MoA had not previously been described (Rasoulpour et al.
2012). In the past decade, frameworks to evaluate the MoA of
adverse toxicological effects have been developed through the
International Programme on Chemical Safety (IPCS) (Boobis
et al. 2006) and by the International Life Sciences Institute
Risk Science Institute (Meek et al. 2003). These frameworks
evaluate the weight of evidence for the MoA based upon the
Bradford Hill criteria (Hill 1965) followed by subsequent
application in a Human relevance framework (HRF). Specifi-
cally as it relates to active substances to be contained within
plant protection products (PPPs), it is becoming more common
for testing to be conducted above the “standard” regulatory
toxicity requirements and incorporate higher tier investigative
studies such as MoA work into MoA/HRF assessments 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
characteristics of molecules to inform risk management deci-
sions. As the MoA/HRF approach is becoming an accepted
component of PPP human health assessment, companion
papers are included in this journal issue to more broadly dis-
cuss the application of the approach to sulfoxaflor, one such
active substance (Terry et al. 2014, LeBaron et al. 2014,
Rasoulpour et al. 2014). An interesting aspect to these case
studies is that in some cases the experimental work was con-
ducted prospectively, that is, before the definitive studies had
identified the particular hazard, as an approach which mini-
mised the delay to develop the active substance and regula-
tory submissions. The advantages and disadvantages of this
approach are discussed (Terry et al. 2014).

The MoA/HRF assessment approach has been utilized in
the analysis of a number of carcinogen MoAs and their human
relevance, as specifically for sulfoxaflor-induced Leydig cell
tumors in rats (Rasoulpour et al. 2014) and for sulfoxaflor-
induced liver tumors in rodents (LeBaron et al. 2014).

Recent efforts have also been directed toward extending the
MoA approach to non-cancer MoA analyses (Corley et al.
2005, Foster 2005, Holson et al. 2005, Kavlock and Cummings
2005), with several addressing human relevance. Standardiza-
tion of the approach has also been recommended by the IPCS
(Boobis et al. 2008).

No preceeding MoA evaluations or HRF assessments are
available for the fetal-type muscle contracture abnormalities
and associated neonatal offspring death induced by sufoxaflor.
Therefore, the remainder of this review evaluates the weight of
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evidence for this MoA based upon the Bradford Hill criteria
and includes data from a variety of different study designs in
different settings, including in vivo, ex vivo, and in vitro stud-
ies, thereby providing a robust demonstration of the consis-
tency of MoA of sulfoxaflor in the rat. Ten independent studies
are included, many including dose-response data allowing for
strong evidence of causality through the demonstration of
clear dose-response relationships with each of the key events.
Toxicokinetic analysis was incorporated in the majority of the
in vivo toxicology studies in order to provide a measure of
internal dose, which allows direct comparison between the
in vivo data to the generated in vitro and ex vivo MoA data. In
order to evaluate specificity and strength of the association of
the postulated MoA, reversibility tests and extensive evalua-
tions of a structurally similar agent, which is inactive at the
insect nAChR, have been included, respectively. This evalua-
tion includes consideration of alternative MoAs which can
also result in limb abnormalities and/or death in neonatal off-
spring and a HRF analysis that addresses the relevance of the
rat developmental effects to humans.

MoA for induction of muscle contracture and death
in neonatal offspring

As discussed above, dietary exposure to high sulfoxaflor doses
(=400 ppm) during gestation in rats results in treatment-related
limb contracture and death in neonatal offspring. Given that the
rat limb abnormalities appeared as part of a generalized muscle
contracture, and the changes in limb and shoulder girdle skeletal
bone structure were inconsistent (i.e., limb bones were normal
but the clavicles were occasionally bent), it was considered
likely that the observed effects resulted from the action of sul-
foxaflor on the neonatal skeletal muscle. Contracture is defined
as an abnormal contraction of muscle tissue rendering it highly
resistant to passive stretching (Miller-Keane and O’ Toole 2005).
In the case of sulfoxaflor, this abnormal contraction ultimately
results in the limb contractures and diaphragm-related deaths
observed in neonatal offspring. The observation that fetuses in
the developmental toxicity study exhibited a hunched posture,
consistent with generalized muscle contracture, supports this
hypothesis and the fact is that the clavicle (collar) bone depends
upon the normal shoulder muscle function for proper develop-
ment during the late fetal period (Pai 1965, Tran and Hall
1989). Similar to those of the limb and the shoulder muscles,
action of sulfoxaflor on the main muscle involved in breathing,
the diaphragm (Vander et al. 2001), could result in abnormal
neonatal respiration and mediate the neonatal deaths.

A single MoA is considered to be responsible for the neo-
natal offspring findings as the sulfoxaflor-induced limb con-
tracture and clavicle abnormalities and the neonatal death
occurred at the same dose (1000 ppm) with similar incidences.
In order for a single MoA to be plausible, the findings should
have a similar incidence across dose levels from all studies.
The similarity in the R? values between the non-linear regres-
sion analyses of the individual dose—response curves for death
(R*=10.93) and limb abnormalities (R>=0.91), respectively,
support a single MoA responsible for different developmental
effects rather than separate MoAs for each of the two major
effects in rats (Rasoulpour et al. 2012).
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Muscle nAChR is hypothesized to mediate developmental
effects of sulfoxaflor

As the insecticidal MoA of sulfoxaflor is agonism on the insect
nAChR, it was logical to investigate the mammalian muscle
nAChR as a biologically plausible target responsible for the
effects seen in rat. While metabolism of sulfoxaflor is negligi-
ble in all mammalian species tested, it can be metabolized in
the soil. Interestingly, primary soil metabolite (X11719474,
N-(Methyloxido(1-(6-(trifluoromethyl)-3-pyridinyl)ethyl)sul-
fanylidene) urea) of sulfoxaflor, despite being only one func-
tional group different from the parent molecule (replacement
of the cyanate with an amide), does not bind to the insect
nAChR and, when tested in developmental or reproductive
toxicity studies, did not produce limb contracture abnormali-
ties or neonatal offspring death at dose levels 5-10 times
higher than the sulfoxaflor effect levels (data not shown). In
both invertebrate and vertebrate species, nAChRs are impor-
tant neurotransmitter receptors (Sattelle 1980, Millar and Gotti
2009) and comprise a diverse family of oligomeric cell-surface
receptors assembled from five (of many) subunits that co-
assemble in a doughnut-shaped arrangement (Millar and
Denholm 2007, Millar and Gotti 2009). In the center of the
pentameric arrangement of subunits is a cation-selective ion
channel, whereby binding of the endogenous neurotransmitter,
acetylcholine (Ach), or other agonists stabilizes the open con-
formation allowing the influx of cations into the cell (agonism).
In mammalian muscle cells, nAChRs are expressed at the neu-
romuscular junction (NMJ) in skeletal muscles and are com-
posed of five nAChR subunits (a1, B1, 7, 8, and €). Transcription
of the y and € subunits is differentially regulated during devel-
opment, with the ¥ subunit expressed in “fetal” muscle and the
€ subunit expressed in “adult” muscle (Gu and Hall 1988).
Muscle nAChRs contain two agonist binding sites, one at the
interface of the ol and & subunits and another at the interface
of the ol and v (or €) subunits (Arias 2000).

NMIJ development requires signaling from the motor neu-
ron and the muscle cells. During the development, AChRs
are expressed in the central region of muscle cell through a
prepatterning process, then undergo a AChR clustering and
stabilization reinforced by celluar signaling and postsynaptic
potentials induced by ACh-release (Witzemann 2006). In
rats, the muscle nAChR develops functional subunit expres-
sion at the NMIJ between GD 15 and 17 (Kues et al. 1995)
resulting in synchronized fetal limb movements (Robinson
and Smotherman 1988) and diaphragmatic responsiveness
between GD 16 and 17 (Bennett and Pettigrew 1974), the
latter being critical for the transition to extrauterine respira-
tion. Replacement of the y subunit by the € subunit initiates
late during the first postnatal week in rodents and is largely
complete by the end of the second postnatal week in limb and
respiratory muscles (Missias et al. 1996, Gu and Hall 1988).

In contrast to skeletal muscles, smooth muscle does not
contain nAChRs but rather ACh signaling occurs through
muscarinic AChRs of five genomic subtypes (M-M,)
(Hoffman and Taylor 2001). Although smooth muscle is not
believed to be involved in developmental toxicity MoA of sul-
foxaflor, it is briefly described here because involvement of the
muscarinic AChR as an alternative MoA is examined within
this paper. Smooth muscle is found in various locations
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throughout the body where autonomic effector cells are pres-
ent, including within the walls of blood and lymphatic vessels,
the urinary bladder, and the uterus. Muscarinic AChRs in
smooth muscles form G protein-coupled receptor complexes
in neuronal cell membranes. Following ACh (or other ligand)
binding, excitation—contraction coupling occurs through
G protein-induced changes in the functions of distinct mem-
brane-bound effector molecules that modulate Ca™? release.
Besides its structure, function, and location, smooth muscle
also differs from skeletal muscle in that regulation of contrac-
tions is involuntary. The ontogeny of smooth muscle develop-
ment and innervations is generally less well known compared
to that of skeletal muscle.

Key events in experimental animals

Given that sulfoxaflor targets the insect nAChR, and that
functional expression of the fetal-type NMJ nAChR occurs in
late gestation and is involved with limb muscle function, it
was hypothesized that the rat neonatal offspring limb/clavicle
abnormalities and death occur via a single MoA: sustained
agonism of sulfoxaflor on the rat fetal-type muscle nAChR
(the muscle nAChR subtype present at birth in rats) and sub-
sequent sustained muscle contracture of the limb, shoulder
girdle, and diaphragm, respectively. Based upon this
hypothesis, a series of studies were designed and conducted
(Rasoulpour et al. 2012). This MoA is proposed to progress
through the following key events: (1) sulfoxaflor binding and
(2) agonism on the rat fetal-type muscle nAChR, resulting in
(3) sustained agonism/sustained muscle contracture in rat
neonatal offspring (fetus and pup). This sustained muscle
contracture results in limb contracture, bent clavicles, and
abnormal neonatal respiration after birth resulting in neonatal
offspring death (Figure 1).

Concordance of dose-response relationship

Key Event #1: Specific binding to the rat fetal-type muscle
nAChR

In mammals, nAChRs in muscle tissue are expressed postsyn-
aptically, where they are responsible for contraction of muscle
in response to the release of ACh from the presynaptic nerve
terminal. In order to assess ability of sulfoxaflor to bind to the
rat fetal-type muscle nAChR, competitive radioligand binding
experiments were conducted using GD 21 forelimb muscle
cell membrane preparations (containing fetal-type muscle
NMIJ nAChRs). Concentrations of sulfoxaflor causing half-
maximal displacement (ICy, concentrations) of 30 nM [*H]-
epibatidine were determined (Figure 2). By fitting the data to
a single binding site model (i.e., assuming the ligand would
have similar affinity for both nAChR agonist binding sites; one
being located at the o~y interface and the other at the 00
subunit interface) (solid lines in Figure 2), the IC, estimate
for sulfoxaflor is 2.3 mM. The fetal rat muscle binding data
were not well fitted using this single binding-site model; there-
fore the data were fitted with a two-site model (dotted line in
Figure 2) that revealed different affinities for the two nAChR
binding sites (0.01 mM and 8.9 mM). The better fit of the rat
fetal muscle nAChR experimental data to a two-site model
would suggest that sulfoxaflor displaces [*H]-epibatidine from
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Figure 1. Key events for the postulated MoA of sulfoxaflor-induced muscle contracture abnormalities and associated death in neonatal rat offspring.

the two nAChR agonist-binding sites (located at the o~y and
090 subunit interfaces) with different affinities. The affinity of
the individual binding sites for sulfoxaflor has not been further
characterized.

The data obtained in this study provided clear and direct
evidence that sulfoxaflor binds to fetal-type muscle nAChRs.
Thresholded, dose-dependent binding was demonstrated with
the lowest tested concentration having no apparent binding
while incubation of the receptor pools with higher concentra-
tions of sulfoxaflor completely displaced the high-affinity
fetal-type muscle nAChR binding of [*H]-epibatidine, thereby
showing specificity of sulfoxaflor to nAChR binding site(s).
Indirect evidence for sulfoxaflor binding to the rat fetal-type
muscle nAChR includes demonstrations of (1) functional
agonism in Xenopus oocytes expressing recombinant rat
fetal-type muscle nAChRs in vitro and (2) ex vivo muscle
contracture in experiments using CD rat PND O phrenic
nerve-hemidiaphragm muscle preparations. These studies
will be discussed in more detail in relation to Key Events #2
(agonism on the rat fetal-type muscle nAChR) and #3
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Figure 2. Dose-response for MoA Key Event #1: Competition radioligand
binding with sulfoxaflor. The ability of sulfoxaflor to displace binding
of [3H]-epibatidine was examined in rat fetal muscle tissue. Samples
were incubated with [?H]-epibatidine (30 nM) in the presence of a
range of concentrations of sulfoxaflor. Data are means + SEM of 3—4
independent experiments, each performed with triplicate samples. Levels
of radioligand binding are normalized to the level of specific binding
observed in the absence of sulfoxaflor. Concentrations are plotted as log
molar concentrations.

(sustained agonism on the rat fetal-type muscle nAChR
and sustained muscle contracture), respectively, but these
experiments showed that sulfoxaflor caused concentration-
dependent agonism on the rat fetal-type muscle nAChR and
contracture of the newborn rat diaphragm, responses which
could only have occurred via binding and/or subsequent sus-
tained agonism of sulfoxaflor at this receptor. When the direct
and indirect evidence of sulfoxaflor binding to the fetal
nAChR are taken together, there is support for nAChR bind-
ing being a key event operant in this MoA.

Key Event #2: Agonism on the rat fetal-type
muscle nAChR

The radioligand-binding experiments described above dem-
onstrate specific binding of sulfoxaflor to rat fetal-type muscle
nAChRs, but do not indicate whether the binding of sulfox-
aflor results in the functional activation of the receptor (i.e., it
does not indicate whether sulfoxaflor acts as a functionalago-
nist on mammalian muscle nAChRs). In order to examine this
question, rat fetal and adult muscle nAChRs were expressed
as recombinant receptors through microinjection of cRNA in
Xenopus oocytes. Recombinant rat nAChR subunits (five sub-
units total: fetal subtype au(2), B, 8, y or adult subtype a(2), f3,
0, €) were expressed in Xenopus oocytes to determine the
functional nAChR activity (two-electrode voltage-clamp
recording of membrane currents as described in Rasoulpour
et al. 2012). The nAChRs expressed in Xenopus oocytes form
fully functional pentameric nAChRs expressed on the cell
surface. Electrophysiological data obtained from such recep-
tors have been demonstrated to be functionally similar to data
obtained from native nAChRs expressed in muscle tissue
(Mishina et al. 1986). Due to its correlation with in vivo func-
tionality the method has been used in hundreds of research
publications to examine the functional properties of ion chan-
nels such as the nAChR (Dascal 1987). It has also been previ-
ously demonstrated to confirm agonism of nAChR ligands
(Cooper et al. 1996), some of which have been demonstrated
to cause limb contracture abnormalities (Forsyth et al. 1996).
In the current studies, functional responses (membrane cur-
rents) were confirmed via application of the endogenous ago-
nist ACh. Clear dose-dependent agonist-evoked responses
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Table 2. Dose-response for MoA Key Event #2: Fetal-type muscle
nAChR agonism.

Sulfoxaflor Fetal-type muscle
media conc (UM) nAChR agonism*®
Dose 10 uM 0
30 uM 1.0
100 uM 5.1
100 uM ex vivo© (+)
300 uM 28
1000 uM 71
3000 uM 100

X11719474 (a Sulfoxaflor soil metabolite
inactive at the insect nAChR)

100-3000 uM 0
$ Sulfoxaflor agonism on the adult-type muscle nAChRY
100 to 3000 uM 0

“Recombinant fetal-type muscle nAChR expressed in Xenopus oocytes.
bPercent of maximum sulfoxaflor response.

“Neonatal diaphragm ex vivo electrophysiology (+) Key event not
measured but required for fetal-type muscle diaphragm contraction.
dRecombinant adult-type muscle nAChR expressed in Xenopus
oocytes.

were observed with sulfoxaflor at the rat fetal-type nAChR;
the lowest tested concentration having no agonism while
incubation of the oocytes with higher concentrations of sul-
foxaflor showed increasing agonism (Table 2) (Rasoulpour
et al. 2012). Data from the agonism experiments showed high
concordance with the binding experiments thereby providing
a demonstration of consistency across experimental designs
at the same test concentrations.

Key Event #3: Sustained agonism on the fetal-type
muscle nAChR and sustained muscle contracture

For the proposed MoA to be plausible, the agonism caused
by sulfoxaflor would have to be sustained, as opposed to the
brief agonism caused by the endogenous nAChR agonist,
ACh, for example. In support of this, toxicokinetic blood
analyses across in vivo study types strongly suggest that
blood concentrations of sulfoxaflor are maintained at the
steady-state levels due to continuous exposure via the diet
and the previously mentioned negligible mammalian
metabolism. As sulfoxaflor readily perfuses into muscle
from the blood (data not shown), it is predicted that muscle
sulfoxaflor concentrations would also be maintained at a
steady-state as long as dietary treatment continued. At the
location of the NMJ nAChR, sulfoxaflor would remain at
the nAChR synaptic cleft due to its lack of hydrolysis by
acetylcholinesterase (AChE). This differs from ACh which
undergoes tightly regulated synaptic vesicle release fol-
lowed by rapid hydrolysis by AChE. Thus receptor occu-
pancy of sulfoxaflor would only be limited by association/
dissociation kinetics of the molecule and not by removal
from the receptor endplate region (as with ACh). Thus,
upon fetal-type muscle nAChR activation, a sulfoxaflor-
induced muscle contracture would be sustained for as long
as sufficient sulfoxaflor molecules remain available for
receptor binding, which is consistent with the observed
experimental evidence.

Crit Rev Toxicol, 2014; 44(S2): 45-62

Neonatal diaphragm

In order to directly assess muscle contracture at the neonatal
diaphragm, sulfoxaflor was tested for agonist action on the
isolated phrenic nerve-hemidiaphragm preparation (Biilbring
1946) from newborn rats. Since its introduction, the isolated
phrenic nerve-hemidiaphragm preparation has become estab-
lished as the standard nerve—muscle preparation for mechanis-
tic investigations of drug action at the mammalian NMJ (e.g.,
Liley and North 1953, Hubbard and Wilson 1973, Gibb and
Marshall 1984, 1986, 1987, Wareham et al. 1994, Fortier et al.
2001). The value of the preparation rests with the fact that it is
amenable to both muscle tension and electrophysiological
measurements and, as the main muscle involved in breathing
(Vander et al. 2001), the preparation is routinely used to inves-
tigate responses of respiratory muscle (including impairment)
to pharmacological test materials (e.g. muscle relaxant drugs
used in surgery; Gibb and Marshall 1986, 1987, Bowman
1990, Fortier et al. 2001). The phrenic nerve hemi-diaphragm
experiments conducted with sulfoxaflor demonstrated a con-
sistent, concentration-dependent contracture of the fetal-type
diaphragm muscle (Table 3) and prolonged (7 min) applica-
tion of sulfoxaflor caused a sustained muscle contracture
(Rasoulpour et al. 2012).

Sustained agonism via the muscle nAChR could poten-
tially lead to contracture and dependent on dose, reduced
responsiveness, or rigidity (Murray et al. 2009). A simplified
version of the possible underlying chain of events following
sustained activation of the muscle nAChR by sulfoxaflor can
be summarized in the following steps: (1) depolarisation of
muscle, (2) release of Ca+ + from sarcoplasmic reticulum to
muscle filaments, (3) elevated Ca+ + levels in muscle fila-
ments promote contraction, (4) muscle Ca+ +/ATPase mem-
brane pump mediates muscle relaxation by reducing Ca++
levels in sarcoplasm, (5) sustained contraction reduces avail-
able ATP, (6) reduced ATP compromises active pump and
Ca+ + levels rise, (7) normal relaxation of the muscle can-
not occur, and (8) contracture may occur.

Neonatal offspring limb contracture

The end result of this chain of events of muscle contracture is
consistent with the apical endpoints observed in rat fetuses at
GD 21 C-section and in neonatal offspring shortly after birth
(Figure 1). The limb contracture abnormalities of forelimb
flexure and hindlimb rotation observed in the guideline rat
developmental toxicity and critical window MoA studies
(Table 4), and the neonatal offspring death observed in the
critical window MoA and reproduction studies (Table 5),
directly demonstrate a dose-dependent increase in sustained
muscle contracture with increasing internal dose. In the
assessment table for this key event (Table 3) and the summary
table (Table 6), blood sulfoxaflor concentrations from the in
vivo studies have been converted from microgram per gram
plasma to micromolar, to bridge in vitro, ex vivo, and in vivo
data. While quantitative responses across these study types
are not equivalent, this conversion facilitates qualitative com-
parisons of these responses for biological dose-response
concordance. Using this approach, ex vivo diaphragm muscle
contracture is observed to occur at exposures which result in
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Table 3. Dose—response and reversibility for MOA Key Event #3: Sustained agonism and sustained muscle contracture and associated death in neonatal

offspring.
Key Event 3
Sustained Agonism & Sustained Muscle Contracture . .
Neonatal Apical Endpoints
. Neonatal .
Internal Applied . = = Forelimb Flexure,
Diaphragm® [5) . s) R .
Dose (uM) Dose (ppm) (Fetal S Neonatal Offspring S Hindlimb Rotation, Bent
etal-type % K 7 .
P 5 Limb Contracture 5 Clavicle, Death®
Muscle nAChR- E 5
dependent)
2.3 25¢ - -
b
Dose 4.0 25 - -
15 150° - -
16 100° - -
ND 100¢ - -
57 400° - 4.5
ND 500¢ ND* 19
60 1000° 19 19
¢ 89 1000° ND* 100
100 uM ex vivo? ~10
101 1000° ND* 93
108 1000* 76 76
136 1000¢ 49 53
1000 uM ex vivot 100
X11719474 (a Sulfoxaflor Soil Metabolite Inactive at the Insect nAChR)
244 5000" - -

ND = No data; ND* = No data as early studies did not examine this parameter; and Y, Yes.

“Rat developmental toxicity.

"Two-generation reproduction.

“One-generation reproduction.

dCritical window phase 1 MoA.

Critical window phase 2 MoA.

fCross foster.

£Neonatal diaphragm ex vivo electrophysiology.

"High dose level from the one-generation reproduction and rat developmental toxicity studies.

$Estimated percent of maximum XDE-208 response.

"Maximum percent incidence (fetal/pup basis) observed. Endpoints include forelimb flexure and hindlimb rotation and bent clavicle.

&Maximum incidence (fetal/pup basis) observed.

demonstrated in vivo developmental effects. Indirect evidence
of the sustained agonism/sustained muscle contracture of the
shoulder girdle was also evident with the skeletal finding of
bent clavicle, a finding earlier discussed as dependent upon
increased muscle contraction (Table 3).

Neonatal offspring death

The neonatal offspring death observed in the critical window,
reproduction, and developmental neurotoxicity studies directly
demonstrated a dose-dependent increase with increasing
internal and/or applied dose (Table 5). The incidence of this
apical end point largely paralleled that of the limb and clavicle
findings supporting a single MoA for these effects. Treatment-
related pup deaths occurred at high sulfoxaflor doses (400,

500, or 1000 ppm) in all six studies where this endpoint was
evaluated. Three of these were regulatory guideline studies
(OECD 421, OECD 416, and OECD 426) and three were MoA
studies (Critical Window Studies 1 and 2, and Cross-foster
Study). In these studies, all treatment-related deaths occurred
by PND 4 with the majority occurring within the first 48 hours
of life (87% by PND 2; Table 7).

Biological plausibility, temporal association, and
coherence of developmental response with key events

Biological plausibility and temporal association

The observed sulfoxaflor-induced developmental effects are
entirely biologically consistent with the functional ontogeny
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Table 4. Neonatal offspring limb and clavicle abnormalities resulting from sulfoxaflor-induced sustained

muscle contracture.

Critical window 2

Critical window 1 Developmental toxicity

Treatment period GD 20-22/LD 0
Applied dose (PPM) 1000

Avg. TMI (mg/kg/day) 35.7
Internal dose (ug/g) D 5.41-16.1A
Forelimb flexure® P 7/96 (7.3%)®

L 4/8 (50.0%)"
P 11/96 (11.5%)®
L 6/8 (75.0%)"
P 0/86 (0%)°
L 0/8 (0%)¢

Hindlimb rotation

Bent clavicle

GD 16 to Birth GD 6-21
1000 1000
38.6 70.2
D 32.1-43.2 D35.25+54
F30.00=5.3
P 50/143 (35.0%)" F 122/295 (41.4%)
L 11/12 (91.7%)" L 23/24 (95.8%)
P 19/143 (13.3%)" F 12/295 (4.1%)
L 8/12 (66.7%)" L 7/24 (29.2%)
P 0/49 (0%)° F 40/133 (30.1%)
L 0/7 (0%)° L 23/24 (70.8%)

Bold indicates finding considered treatment related.

TMI = Test material intake; D = dam, F = fetus, L = litter, P = pup; * = three of the four sampled rats had

undergone parturition prior to blood collection.

2A severe, > 90° persistent flexure at the wrist or any flexure which cannot straighten.

bEvaluated in surviving pups on PND 0.
“Evaluated in surviving pups on PND 4.

of the fetal-type muscle nAChR in the rat. In rats, the muscle
nAChR develops functional subunit expression at the NMJ
between GD 15 and 17 (Kues et al. 1995) resulting in syn-
chronized fetal limb movements (Robinson and Smotherman
1988) and diaphragmatic responsiveness between GD 16 and
17 (Bennett and Pettigrew 1974), the latter being critical for
the transition to extrauterine respiration. Functional expres-
sion of the y (fetal-type) subunit continues through the first
postnatal week and is largely complete by the end of the sec-
ond postnatal week in limb and respiratory muscles (Missias
et al. 1996). Importantly, this muscle receptor subtype is
highly expressed during late gestation in the distal limbs
muscles and diaphragm, with impairment of diaphragmatic
maintenance of respiration at birth implicated in neonatal
death from sulfoxaflor exposure.

Early critical window studies that were conducted in rats
demonstrated that the critical period of developmental sus-
ceptibility to sulfoxaflor-induced offspring limb-contracture

abnormalities and reduced survival was between GD 16 and
21 with follow-up studies further narrowing this window to
shortly before birth (GD 20-21; Rasoulpour et al. 2012). Fur-
thermore, the cross-fostering study demonstrated that the
neonatal offspring death requires prenatal exposure, but not
postnatal sulfoxaflor exposure, indirectly providing support
for the critical nature of proper fetal-type nAChR diaphragm
function prior to birth (data not shown). Also supporting the
biological plausibility of the hypothesized MoA is the obser-
vation that fetuses in the developmental toxicity study exhib-
ited a hunched posture, consistent with generalized muscle
contracture and had bent clavicles at the skeletal exam
(Rasoulpour et al. 2012), a finding consistent with the fact
that the clavicle (collar) bone is highly dependent upon regu-
lated muscle function for proper growth during the late fetal
period, and alterations in muscle function having been dem-
onstrated to affect clavicle development (Pai 1965, Tran and
Hall 1989).

Table 5. Neonatal offspring death resulting from sulfoxaflor-induced sustained muscle contracture.

Applied dose Avg. TMI Internal dose Incidence of
Study type Treatment period (PPM) (mg/kg/day) (ug/g) pup death?
Two generation Ten weeks prior to breeding — PND 21 0 0 0 2.0%
reproduction (two generations) 25 2.1 1.12 (LD 4) 2.0%
100 8.5 451 (LD 4) 2.9%
Developmental GD 6 to PND 21 0, 25, 100 0,1.8,7.1 ND 7.0%,2.1%, 6.8%
neurotoxicity
Reproduction screening Two weeks prior to 0, 100 0,6.1 ND 4.6%, 2.2%
breeding — PND 21
Two generation Ten weeks prior to breeding — PND 21 400 29.2 15.9 (LD 4) 4.5%
Reproduction (two generations)
Developmental GD 6 to PND 21 400 27.7 ND 22.3%
neurotoxicity
Reproduction screening Two weeks prior to breeding — PND 21 500 30.3 ND 18.8%
Critical window 2 GD 20-22/LD 0 1000 35.7 5.41-16.1° 10.4%
Critical window 1 GD 16 - Birth 1000 38.6 32.1-43.2 (GD 21) 53.1%
Reproduction screening Two weeks prior to breeding — PND 21 1000 62.0 14.3-41.9 (LD 4) 92.7%
Cross-foster Two weeks prior to breeding — PND 21 1000/1000 74.5 23.0-29.3 (GD 21) 100%
Cross-foster Two weeks prior to breeding — GD 21 1000/0 74.5 23.0-29.3 (GD 21) 100%

Bold indicates finding considered treatment related.
TMI = Test material intake; ND = no data available.
2All pup deaths occurred by PND 4, the majority occurring within the first 48 hours of life.
Three of the four sampled rats had undergone parturition prior to blood collection.
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Table 6. Sulfoxaflor: Summary of dose-response and reversibility for MOA Key events related to rat muscle contracture and associated death in neonatal
offspring.

KE #3
Sustained Agonism & Sustained Muscle
KE#1 Fetal- | KE#2 Fetal- Contracture Neonatal Apical
Internal Applied type Muscle type Muscle Endpoints lﬁore}lmb
Dose (UM) Dose (ppm) HAChR BAChR . Neonatal P Neona‘tal b Flexure', Hindlimb
Binding* Agonism® Diaphragm® (Fetal- § Offspring é Rot'fmon, Bent
type Muscle 5 Limb & Clavicle, Death®
nAChR) % | Contracture’ %
23 25¢ - ;
Dose 4.0 25° - -
10 pM i vitro - -
15 150* - -
16 100° - -
ND 100¢ - .
30 uM in vitro' + +
57 400° - +
ND 500¢ ND* +
60 1000 + +
89 1000¢ ND* 4
100 uM in vitro* ++ +
100 pM ex vivd' +
101 1000° ND* +++
108 1000* e+ 4
136 1000¢ ++ o+
300 uM in vitro* ++ +++
1000 pM 7 vitro +++ +++
¢ 1000 uM ex vivd' it
3000 pM in vitrd* . ] -
X11719474 (a Sulfoxaflor Soil Metabolite Inactive at the Insect nAChR)
3000 uM 7 vitro® ND | . ‘
244 5000° - - - R
Sulfoxaflor at the Adult-type Muscle nAChR
3000 uM 7n vitro®™ ND ‘ -

ND = No data; ND* = No data as early studies did not examine this parameter; Y, Yes.
“Rat developmental toxicity.

"Two-generation reproduction.

“One-generation reproduction.

dRecombinant fetal-type muscle nAChRs in Xenopus oocytes.

Critical window phase 1 MoA.

{Critical window phase 2 MoA.

£Cross foster.

"Neonatal diaphragm ex vivo electrophysiology.

9SDose-response curve evaluated for muscle nAChR agonism (100—1000 or 3000 uM).
iHighest dose level from the One-Generation Reproduction and Rat Developmental Toxicity studies with this metabolite.
#Percent inhibition of epibatidine binding: +, 0-25%; ++, 25-50%; ++ +, 50-100%.
$Percent of maximum XDE-208 response: +, 0-25%; ++, 25-50%; +++, 50-100%.
“Incidence (fetal/pup basis): +, 0-25%; ++, 25-50%; +++, 50-100%.

“Maximum incidence (fetal/pup basis): +, 0-25%; ++, 25-50%; +++, 50-100%.

The temporality of the neonatal offspring death was further parturition (PND 1) and on Day 4 post-partum (PND 4).
assessed through a more precise examination of the timing of Litters with missing pups or pups found dead in the cage on
the deaths. In the reproduction screening (OECD 421) and two the interim days were noted in the study file but are not rou-
generation reproductive toxicity (OECD 416) regulatory tinely reported. In the OECD 426 and Critical Window MoA
guideline studies, live pups are counted within 24 hours of studies, live pups were counted daily. This more detailed
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Table 7. Daily observations of pup death between PNDs 1 and 4. Data are expressed as a cumulative percent per study.

OECD 421* 2-gen®

cwie  cw2d X-fost® X-fostt ~ DNTf Pup death
PPM 500 1000 400 - F1 400 - F2 1000 1000 1000/1000 0/1000 400 Avg =SD
PND1 29 58 41 73 32 10 59 85 59 5024
Death (Cumulative PND2 64 89 ND ND 95 100 72 95 96 87+14
percent of total) PND3 ND 98 ND ND 99 100 ND ND 100 99 +1
PND4 100 100 100 100 100 100 100 100 100 1000

ND = no data available (no dead pups noted).
40One-generation reproduction.
"Two-generation reproduction.

Critical window phase 1 MoA.

dCritical window phase 2 MoA.

Cross foster

Developmental neurotoxicity.

evaluation shows that the majority (87%) of all sulfoxaflor-in-
duced offspring deaths occurred within the first 48 hours of
life (50 and 37% on PND 0-1 and 1-2, respectively; Table 7).
The high incidence of pup death in such a short period follow-
ing birth (72-100% by PND 2 for dams exposed to 1000 ppm
sulfoxaflor during the majority of gestation), along with the
demonstration in the cross-foster study that pup death was
solely due to gestational exposure and not to exposure to sul-
foxaflor during lactation, provide substantial support for a
specific MoA for this effect.

The biological plausibility for the timing of the neonatal
death is supported through an understanding of extrauterine
respiration in neonatal offspring, where the nature of pup
death is consistent with neonatal breathing difficulties associ-
ated with diaphragm muscle contracture. Extrauterine respi-
ration is particularly dependent upon respiratory muscle
responsiveness, characterized by rhythmic coordinated con-
tractions of the muscles (primarily the diaphragm). Sustained
disruption of diaphragm muscle responsiveness, as demon-
strated with sulfoxaflor in isolated phrenic nerve-hemidia-
phragm preparations, would be expected to directly impair
extrauterine respiration and lead to breathing difficulties and
death.

As noted above, 50% of the observed pup deaths occur
between PND 0 and 1, with 87 and 99% taking place by PND
2 and 3, respectively (Table 7). The observation that some
pups survive past PND 1 is not surprising given lack of full
agonist activity of sulfoxaflor at the fetal-type muscle nAChR
(Rasoulpour et al. 2012) and the significant but incomplete
reduction in muscle twitch tension following sulfoxaflor-
induced diaphragm contracture. The pups that survive beyond
the first day of life, but succumb between PNDs 1 and 4, could
have less severe breathing difficulties and are lost due to the
consequences of persistent breathing difficulties and lack of
oxygen, which could trigger respiratory and cardiac failure.
Given that maturation of neuromuscular transmission is ongo-
ing in the newborn rat, it is plausible that respiratory function
in pups is initially less affected but may deteriorate over time
and they too succumb. It has been shown, for example, that
respiratory insufficiency until PND 3 in the neonatal rat
results in less force being generated in the diaphragm when
stimulated by the phrenic nerve (Kass and Bazzy 2001). In
addition to pups succumbing from respiratory insufficiency,
their compromised status may result in their inability to obtain

sufficient maternal care (e.g., suckling of milk) resulting in
death from inanition. Evidence of their comprised status was
indicated using clinical observations in affected litters of pups
blue in coloration and having decreased activity. Pups were
also observed as being cold to touch or without milk in their
stomach. The timing of these observations was coincident
with the timing of the early pup death (data not shown). Thus,
it is biologically plausible that the affected pups die due to
sulfoxaflor-induced reductions in diaphragm responsiveness
either during the first day of life from direct effects of breath-
ing difficulties or by PND 4 due to a combination of reduced
respiratory function and inanition.

In summary, the relationship between the pup limb abnor-
malities and the early postnatal deaths has been clearly dem-
onstrated. A high correlation exists between the incidence of
neonatal deaths and the incidence of limb abnormalities
(Rasoulpour et al. 2012), and together with the evidence of the
same critical window for induction of these two effects and the
same short period in which they are manifested postnatally,
the evidence points to the biological plausibility of a specific
MoA of sulfoxaflor in causing both neonatal death and
limb abnormalities. The MoA operates prenatally, resulting in
effects that are manifested postnatally within a day or so
of the critical exposure period for their induction. Thus the
occurrence data are compatible with a single MoA for both
effects.

Coherence

Coherence refers to the relationship of the postulated MOA
with substance-specific findings in a broader sense. This may
take into consideration information on structural analogs, spe-
cies differences in sensitivity and their relationship to the key
events, and whether or not data on the substance is internally
consistent in supporting the proposed MoA. The results from
the studies with sulfoxaflor demonstrate clear coherence of the
biological effects to the postulated MoA (Table 6). The finding
that the primary effects of the reproduction and developmental
studies can all be aligned with agonist effects on muscle is
important. While neonatal offspring death can result from a
variety of complicating factors, the demonstration of dia-
phragm contracture ex vivo in the same strain, species, and at
exposure concentrations similar to those achieved in vivo,
supports the coherence of this MoA. The coherence of negative
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effects across end points and studies is also important to exam-
ine. As discussed earlier, exposure to a biologically inactive
metabolite of sulfoxaflor, X11719474, resulted in no agonism
on the fetal-type muscle nAChR and no developmental effects
at 5-10 times the effect concentration of sulfoxaflor (Table 6).
Developmental toxicity and perinatal mortality studies have
been conducted with sulfoxaflor in the New Zealand white
rabbit and with both studies being negative for limb abnor-
malities or neonatal offspring death. In summary, these in vivo
studies provide critical linkages of biological plausibility, tem-
porality of association and, to the extent possible, coherence
for this MoA.

Strength, consistency, and specificity of association
of developmental response with key events

A dose-dependent response with a clear threshold was dem-
onstrated within each key event across both applied and inter-
nal dose and this response was consistent across the key
events, with no MoA-related effects at or below an applied
dose of 100 ppm (three in vivo studies), thereby providing
strong evidence of causality. With nine studies providing per-
tinent data, one of which being an in vitro and one being an
ex vivo study, the association of effect was very robust (the
seven in vivo studies had an R? value of 0.91-0.93 across the
dose-ranges tested; Rasoulpour et al. 2012). Specificity was
demonstrated through ability of sulfoxaflor to completely, and
dose-dependently, displace a high-affinity nAChR ligand
from nAChR binding sites (Figure 2). Also, our experiments
confirm that compounds known to be negative for these devel-
opmental effects have little to no agonism on the fetal-type
muscle nAChR. For example, a structurally related sulfoxaflor
soil metabolite (X11719474) was previously demonstrated to
produce no neonatal pup loss or developmental effects at dose
levels 5-10 times higher than the sulfoxaflor effect levels.
Imidacloprid, a neonicotinoid insecticide which has not been
demonstrated to cause contracture-related limb abnormali-
ties, also induced very little agonism on the fetal-type muscle
nAChR (data not shown). Specific to sulfoxaflor, no agonism
could be demonstrated at the adult-type muscle nAChR
(even at the limit of solubility; Table 2), consistent with a
lack of contracture-related effects in adult rats in vivo at simi-
lar systemic sulfoxaflor levels. Specificity at the fetal-type
muscle nAChR was further demonstrated by showing that
sulfoxaflor-induced diaphragm contracture could be blocked
by co-exposure with a nAChR-specific antagonist, tubocura-
rine, thereby ruling out sulfoxaflor action via a postreceptor
mechanism (Rasoulpour et al. 2012).

While agonism and muscle contracture was sustained in
the presence of sulfoxaflor, its receptor-mediated pharmaco-
logic agonist action in live offspring was rapidly reversible
following removal of the sulfoxaflor. This was demonstrated
both in the ex vivo diaphragm contracture experiments and
more importantly in vivo in live offspring with muscle
contracture-related limb abnormalities (Tables 3 and 6;
Rasoulpour et al. 2012). Lastly, the incidence of the apical end
point of neonatal death largely paralleled that of the limb and
clavicle findings regarding its dose-response relationship,
consistency, and specificity across studies thereby supporting
a single muscle contracture-mediated MoA for these effects.
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Consideration of alternative modes of action

In the process of evaluating and conducting experiments aimed
at elucidating and testing the proposed MoA for sulfoxaflor, a
number of alternative MoAs were ruled out. These included
consideration of sulfoxaflor-induced limb abnormalities and
neonatal offspring deaths due to: agonism on other AChR
types (adult-type muscle nAChR, neuronal nAChR, and mus-
carinic AChR), action downstream of the fetal-type muscle
nAChR, antagonism on the fetal-type muscle nAChR, mater-
nally mediated fetal immobilization, maternal neglect, con-
genital diaphragmatic hernia, inhibition of AChE, inhibition
of angiotensin-converting enzyme (ACE), and deficiency or
disruption of pulmonary surfactant (Table 8).

Agonism on other ACh receptor types (adult-type muscle
nAChR, neuronal nAChRs, muscarinic AChR)

Adult-type muscle nAChRs

The plausibility of agonism of sulfoxaflor on other ACh
receptor subtypes was addressed through a combination of
examination of the published literature and laboratory experi-
ments. This alternative MoA was directly addressed by exam-
ining the ability of sulfoxaflor to act as an agonist recombinant
adult-type muscle nAChRs (a.1(2), B1, 8, and €) expressed in
the previously described Xenopus oocyte system where up to
limit of solubility of sulfoxaflor, no agonism was demon-
strated. Additionally, in the in vivo studies that demonstrated
offspring effects, no clinical signs were observed which would
be consistent with an effect on the adult muscle nAChR, such
as muscle fasciculations or tonic or clonic limb contractions.
The lack of agonism and agonist-associated clinical observa-
tions in these studies provides solid evidence to rule out ago-
nism on the adult-type muscle nAChR as a MoA for the
effects of sulfoxaflor on the fetal limb contracture abnormali-
ties and neonatal death.

Neuronal nAChRs

An alternative AChR to assess for plausibility as a MoA is the
potential action of sulfoxaflor at neuronal nAChRs. Direct
evaluations of sulfoxaflor agonism on individual neuronal
nAChR subtypes have not been conducted because in the
studies demonstrating developmental effects during sulfox-
aflor exposure there have been no indications of neuronal
nAChR-mediated clinical signs in the adults or offspring. A
notable hallmark which follows neuronal nAChR activation is
desensitization of the receptors resulting in observations of
muscle weakness or flaccid paralysis (Germiller et al. 1998).
Of important distinction is that the sulfoxaflor-induced limb
contractures consistently resulted in rigid, contracted limbs,
an observation consistent with the sustained diaphragm
contracture seen with sulfoxaflor in the isolated phrenic
nerve-hemidiaphragm preparations without any evidence of
desensitization. These findings further suggest that neuronal
nAChRs were not involved in effects of sulfoxaflor in rats.
Fetal breathing movements are also known to be partially
regulated by neuronal nAChRs in the brainstem. While respi-
ratory rhythmogenesis is controlled primarily by neurons in
the pre-Botzinger complex through the neuromodulators
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(5-HT, substance P, catecholamines, high K+, and morphine),
o4 and o7 containing neuronal nAChRs are present in the
pre-Botzinger complex and in motor nuclei innervating the
respiratory muscles. The development of the respiratory
rhythm generator must be well established and functionally
robust by birth and fetal breathing movements are necessary
for the proper maturation of the lungs with compounds which
alter respiratory rhythm commonly resulting in lung hypopla-
sia (Dornan et al. 1984, Harding 1995, Kobayashi et al. 2001).
Notably, while prenatal nicotine exposure has been demon-
strated to alter fetal lung development in rats (Maritz and van
Wyk 1997) and associated neuronal nAChR expression in pri-
mates (Sekhon et al. 1999), it paradoxically does not cause
neonatal death during normoxic conditions in rats (Geller
1959, Sobrian et al. 1995). In a histopathologic examination of
GD 21 fetal rat lungs collected following sulfoxaflor maternal
exposure no alterations were observed (data not shown). This
suggests that neonatal offspring death of sulfoxaflor does not
occur via a neuronal nAChR mechanism and is fundamentally
different in its pharmacologic activity from nicotine, a mole-
cule primarily active at neuronal nAChRs which causes neither
neonatal death nor limb contracture abnormalities in rodents
(Eugenin et al. 2008).

Muscarinic AChRs

Agonism on muscarinic AChRs (mAChRs) has also been
explored as a possible alternative MoA. As opposed to
nAChRs which are ion channel receptors and are found within
striated muscle, muscarinic AChRs are found within smooth
muscle and are G-protein coupled receptors of which there
are five subtypes known with M,, M;, and M receptors hav-
ing stimulatory and M, and M, receptors having inhibitory
characteristics. The most plausible target by which a com-
pound could cause neonatal offspring death would be directly
via muscarinic activity at the mAChRs in the heart or lung. It
has been previously proposed that fetal immobilization due to
uterine constraint (Gordon 1998), which theoretically could
result from contraction of maternal uterus, may indirectly
result in limb contracture effects in fetuses and offspring.
However, activity at these receptors would be accompanied
by systemic clinical signs of mAChR activity and none of
which have been observed in our studies. Also, gestational
survival was unaffected (i.e., there were no pregnancy disrup-
tions associated with uterine contraction), fetal hearts were
grossly normal on GD 21 visceral examination (including
internal structures), and as discussed previously, lungs were
histologically normal.

Agonism downstream of the fetal-type muscle nAChR

It was considered that sulfoxaflor might exert its sustained
muscle-contracture effects not directly at the nAChR, but
rather downstream of the receptor. This MoA (in adults) has
been demonstrated with the herbicide, cartap, which causes
respiratory failure in adult rabbits (Liao et al. 1998) and
marked irreversible contracture of adult-type mouse phrenic-
nerve diaphragm preparations (Liao et al. 2000) in addition to
its modulation the neuronal nAChR in rats (Nagata et al. 1997).
Rather than acting at the muscle nAChR directly, the dia-
phragm contracture MoA of cartap has been demonstrated be
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via post-receptor induction of extracellular Caa’* influx,
release of internal Ca”*, and an inhibition of [*H]ryanodine
binding to the Ca?" release channel of sarcoplasmic reticu-
lum (Liao et al. 2000). In the phrenic-nerve hemidiaphragm
experiments conducted with sulfoxaflor where sustained
muscle contracture was demonstrated, a post-nAChR MoA
would have been manifested by continued contraction in the
presence of co-application with the nAChR antagonist tubocu-
rarine. The sulfoxaflor-induced diaphragm contracture was
completely eliminated with co-incubation with tubocurarine,
thereby discounting a postreceptor MoA in the induction of
the developmental effects of sulfoxaflor.

Fetal-type muscle nAChR inactivation

The most studied alternative MoA for decreased neonatal
survival and neonatal limb abnormalities have come from
studies in which the fetal-type muscle nAChR is either geneti-
cally absent or antagonized using various methods including:
depolarizing and non-depolarizing blockade, autoimmune
myasthenia gravis, or as previously discussed secondary
desensitization following neuronal stimulation. Knockout of
the gamma subunit from the muscle nAChR results in
decreased prenatal and neonatal survival in gamma nAChR
knockout mice (Takahashi et al. 2002), the forelimbs are func-
tional while the hindlimbs are not, and in humans an inactive
gamma subunit results in severe limb contractures, pterygia,
and increased intrauterine lethality (Michalk et al. 2008).
While knockout of the gamma subunit is an extreme exam-
ple of nAChR inactivity, nongenetic, pharmacologic anta-
gonism of the fetal-type muscle nAChR also results in neona-
tal offspring death and limb abnormalities. A historical
example of this includes the use of tubocurarine as a nonde-
polarizing neuromuscular blocking agent. Prenatal tubocura-
rine exposure during the last week of gestation in rats causes
direct fetal paralysis capable of causing forelimb contracture,
hindlimb rotation and death (Shoro 1977). While this may
appear similar to the effects seen with sulfoxaflor there are
several important distinctions. Firstly, known neuromuscular
blocking agents do not readily cross the placenta (Evans and
Waud 1973). While this makes them particularly useful for
pregnant women undergoing surgical operations, it is neces-
sary to directly inject these agents into the fetus in order to
exert these effects. Secondly, the limb contracture effects
result in skeletal alterations in the limb cartilage, something
that was not observed with sulfoxaflor in the prenatal devel-
opmental toxicity study. Finally, fetal paralysis additionally
results in pulmonary hypoplasia, which has previously been
mentioned to not occur following sulfoxaflor exposure.
Another historical example of agent-induced fetal paralysis
resulting in neonatal death and limb contractures is plant
alkaloid exposure in livestock. Examples include studies in
cows, sheep, pigs, and goats following anabasine or conine
exposure (Lee et al. 2006). Additionally, conine has been
demonstrated to cause limb contractures in rabbits (Forsyth
and Frank 1993). There are two important findings that distin-
guish these agents from that of sulfoxaflor. Ultrasound studies
using a goat model demonstrate decreased or eliminated fetal
activity when the mother goat is fed anabasine (Weinzweig
et al. 1999) that was associated with the observed muscle
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contractures, as well as cleft palate presumably resulting from
inactive glossal muscle during palate closure. While the MoA
of the plant alkaloids on the fetus is not known, it could be
speculated that the previously noted sedation or biphasic
stimulation-depression seen in adults may be operant in the
fetus and responsible for the inhibition of fetal movement.
There are currently no published data for this supposition.
Sulfoxaflor exposure did not result in cleft palate but did
result in decreased offspring activity, presumably an effect of
respiratory difficulties associated with a sustained contrac-
ture of the diaphragm muscle and other skeletal muscles. The
other distinguishing finding of the alkaloids is that a hall-
mark of plant alkaloid toxicity includes symptoms of acute
cholinergic poisoning in the mother including fasiculations of
muscle, clonic and tonic contractions of separate limbs, and
convulsions followed by weakening and slowed heart rate,
coma, and death (Bowman and Sanghvi 1963). As discussed
earlier these symptoms are consistent with neuronal nAChR
stimulation and subsequent depression, which are not observed
in either adults or neonates in the developmental and repro-
ductive toxicity studies with sulfoxaflor in which develop-
mental effects were observed. The best-known plant alkaloid,
nicotine, which causes increased prenatal death and no limb
contractures in rodents, has a relatively low adult LD50 due to
its central convulsant action (Sheveleva et al. 1983, 1984).

The last form of fetal-type muscle nAChR inactivation,
which will be discussed is fetal paralysis, and limb abnormali-
ties induced by maternally produced anti-AChR antibodies
directed at functional fetal-type muscle AChRs. Blockade of
ACh signaling at the fetal-type muscle nAChR causes multiple
joint contractures that are associated with hypotonia, lung
hypoplasia, and perinatal death (Jacobson et al. 1999, Polizzi
et al. 2000). As stated before, this MoA is not relevant to the
findings in rats with sulfoxaflor as no hypotonia or lung hyp-
oplasia was observed in the GD 21 fetal rat lung gross and
histopathological analysis.

Maternal neglect

Maternal neglect is a possible MoA which could result in
pup death, but not limb abnormalities, and could result from
excessive maternal toxicity preventing the dam from caring
for the pups. The loss of a large number of whole litters
occurring within a short time period after birth, as seen at a
dietary dose of 1000 ppm sulfoxaflor, is not a generalized
feature of maternal toxicity, unless dams are very adversely
affected by the toxicity and unable to care for their young.
Clinical observations in affected sulfoxaflor litters across the
six studies with pup deaths were examined to determine
whether additional insights could be gained into the MoA.
Although these findings are observational by nature, they can
help in clarifying the nature of the physical condition of the
dams proximate to the timing of the pup deaths. Clinical
observations were noted in dams in only two of the six stud-
ies and in general these were minor findings (e.g., hairloss),
of low incidence (pale skin color in 1 of 12 dams), and/or
were without a dose-dependent response (data not shown).
While some maternal toxicity at high sulfoxaflor doses was
evident (i.e., liver toxicity), the clinical observations on the
lactating dams clearly show that the dams were not severely
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affected in these studies. Maternal toxicity-associated neglect
is therefore very unlikely to account for the pup deaths in the
studies on sulfoxaflor.

Structural malformation induced pup death (e.g., Nitrofen)

The apical endpoint of neonatal pup death is a key feature of
nitrofen exposure in rodents. Neonatal offspring from dams
treated with the herbicide nitrofen exhibit symptoms of labored
breathing, cyanosis, and litter survival can be reduced to zero
within the first 48 h of life (Costlow and Manson 1981). Nitro-
fen exposure does not result in any other external observations,
particularly no limb abnormalities or hunched appearance as
seen with sulfoxaflor. Probably the most distinctive difference
between the nitrofen MoA and that of sulfoxaflor is the obser-
vation of structural malformations in nitrofen-exposed off-
spring, including cardiac malformations and congenital dia-
phragmatic hernia, both deemed incompatible with life
(Costlow and Manson 1981), neither of which occur with sul-
foxaflor treatment. The peak period of susceptibility for nitro-
fen-induced pup deaths is GD 9-12 (Greer 2013), a treatment
period in which no deaths were observed with sulfoxaflor. The
critical distinctions mentioned above between the nitrofen
MOoA and observations in sulfoxaflor-exposed pups make it
clear that this MoA is not operant with sulfoxaflor.

AChE inhibition

Inhibition of AChE during pregnancy results in cholinergic
signs of toxicity, as previously discussed, and ultimately results
in maternal death (Farag et al. 2006). At sublethal exposure
concentrations in rats cholinergic signs of AChE toxicity are
generally observed as clinical signs in the absence of external,
visceral, or skeletal abnormalities in fetuses, and thus do not fit
the profile observed following sulfoxaflor exposure.

ACE inhibition

ACE inhibition presents another MoA that has been demon-
strated to result in fetal limb contractures when exposure occurs
during fetal development in humans (Buttar 1997). The limb
contractures which occur are secondary to renal failure associ-
ated oligohydramniosis. Other secondary fetal anomalies
including: potentially fatal hypotension, anuria, craniofacial
deformities, and hypoplastic lung development. In a few cases,
postnatal persistence of a patent ductus arteriosus has also been
linked to intrauterine exposure to ACE inhibitors (Barr 1994).
In contrast to humans, rodents are relatively resistant to the
teratogenic effects of ACE inhibitors and high doses of ACE
inhibitors typically result only in fetal growth retardation and
occasionally increased pup death. Based upon the lack of simi-
larity in neonatal abnormalities and the relative resistance of
rodents to ACE inhibition-induced limb contractures this alter-
native MoA was considered not relevant to the findings with
sulfoxaflor and was not considered further.

Pulmonary surfactant insufficiency

Pulmonary surfactants form stable films at the air—water
interface of the lung and maintain the low pulmonary surface
tension for long intervals. This keeps fluid out of the air
space, maintains optimal lung compliance, and lowers the
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work required to breathe (Taeusch et al. 2005). Insufficiency of
pulmonary surfactant levels is a hallmark of acute respiratory
distress syndrome (RDS) in infants and treatment with surfac-
tant is an important treatment modality to prevent RDS. Syn-
thesis of pulmonary surfactants is initiated within the
first 48 hours of neonatal life in rodents and peaks by PND 5
(Gross and Narine 1989), timing corresponding to the observed
neonatal offspring death with sulfoxaflor.

Compounds with surfactant physical-chemical properties,
such as perfluronooctane sulfonate (PFOS), have been shown
to produce a high incidence of neonatal offspring death
(Lau et al. 2003), interact with pulmonary surfactant compo-
nents (Xie et al. 2007), and partition disproportionately into
the lung relative to the maternal blood (Borg et al. 2010).
Sulfoxaflor does not have physical-chemical properties similar
to surfactants (http://www.chemspider.com/Chemical-Structure.
17626728.html), does not partition into the lungs at high levels
(data not shown), did not have any indications of producing
pulmonary edema in GD 21 fetus examined histopathologically
in the prenatal developmental toxicity study (data not shown),
and thus does not fit a profile that would be consistent with a
pulmonary surfactant insufficiency MoA.

Conclusion of consideration of alternative MoAs

Following consideration of the presented alternative MoAs it is
concluded that there is sufficient evidence to exclude these as
plausible alternative MoAs for the observed neonatal offspring
limb abnormalities and death.

A summary evaluation for the considered alternative MoAs
is presented in (Table 8).

Uncertainties, inconsistencies, and data gaps
Uncertainties

The limb and shoulder girdle contracture effects have been
demonstrated to be reversible in live offspring. However,
experimental amelioration or prevention of the effect has not
been conducted to date.

Inconsistencies

In the two-generation reproductive toxicity study, neonatal off-
spring limb contractures were not observed at doses which
caused decreased pups survival. In addition, early studies (one-
generation reproductive toxicity, dietary reproductive toxicity
cross-fostering) did not examine this parameter.

Data gaps

The limb and shoulder girdle contracture effects have been demon-
strated to be reversible in live offspring. However, experimental
amelioriation or prevention of the effect has not been conducted
to date. Direct assessment of fetal-type nAChR inhibition or
neuronal nAChR agonism by sulfoxaflor could be considered a
data gap. Neither of these assessments were conducted as they
are inconsistent with the repeatable and robust observations in
neonatal offspring for developmental effects of sulfoxaflor.

Assessment of postulated MoA

The data for sulfoxaflor are judged with a high degree of confi-
dence to adequately explain the induction of neonatal offspring
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limb contractures and death following sustained pharmaco-
logic agonism on the fetal-type muscle nAChR by dietary sul-
foxaflor exposure at the end of gestation in rats. Based on the
MoA analysis utilizing the Bradford Hill criteria for causality,
there is a high degree of confidence that the observed sulfox-
aflor-induced muscle contracture and associated death in neo-
natal offspring in rats occur via a single MoA through the fol-
lowing key events: (1) binding and (2) agonism on the fetal-type
muscle nAChR by sulfoxaflor, thereby resulting in (3) sustained
agonism and sustained muscle contracture in the fetus and
neonatal pup. This sustained muscle contracture results in
limb contractures, bent clavicles, and abnormal neonatal respi-
ration after birth resulting in reductions in neonatal survival.

This novel MoA analysis demonstrates that the proposed
MoA is plausible and has strong consistency, dose-respon-
siveness, and specificity across study types and dose ranges.
The critical period of induced effects of sulfoxaflor at the rat
fetal-type muscle nAChR, and an absence of the effects in
animals after PND 4 are consistent with this ontogeny/
maturational transitioning of nAChR and spatial expression
pattern which correlate with the timing and location of
limb movement onset and fetal respiratory practice.

Human applicability of the proposed MoA

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

Yes. Based on this MoA analysis utilizing the Bradford Hill
criteria for causality, there is a high level of confidence that
the observed sulfoxaflor-induced muscle contracture and
associated death in neonatal offspring in rats occur via a
singular MoA through the following key events: (1) binding
(2) agonism on the fetal-type muscle nAChR by sulfoxaflor,
thereby resulting in and (3) sustained agonism and sustained
muscle contracture in the fetus and neonatal pup. This
sustained muscle contracture results in limb contractures,
bent clavicles, and abnormal neonatal respiration after
birth resulting in reductions in neonatal survival.

This novel MoA analysis demonstrates that the described
MoA is plausible and has strong consistency, dose—
responsiveness, and specificity across study types and dose
ranges. The critical period of induced effects of sulfoxaflor at
the rat fetal-type muscle nAChR, and an absence of the
effects in animals after PND 4, are consistent with this ontog-
eny/maturational transitioning of nAChR and spatial expres-
sion pattern which correlate with the timing and location
of limb movement onset and fetal respiratory practice.

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

Yes. This MoA is not relevant to humans based upon data
demonstrating fundamental qualitative differences in the
agonism of sulfoxaflor at the rat or human fetal-type muscle
nAChR. Specifically, binding, but no agonism, was evident
with sulfoxaflor at the human fetal-type or human adult-
type muscle nAChR (Table 9, Rasoulpour et al. 2012). Both
muscle receptor types were examined as the transition from
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Table 9. Sulfoxaflor: Human dose-response data for MoA Key events one
and two related to muscle contracture and associated death in neonatal
offspring.

Internal ~ Applied ~ Key Event #1 Human Key Event #2 Human
dose dose fetal-type muscle muscle nAChR
(UM) (ppm) nAChR Binding'# agonism? Fetal | Adult

3 uM in vitro - - -

10 uM in vitro + (0.5%) - -

30 UM in vitro ND - -

100 uM in vitro ++ - -

300 uM in vitro +++ - -

1000 uM in vitro +++ - -

3000 uM in vitro +++ - -
10000 uM in vitro +++ ND ND

"Human embryonic kidney (HEK) cells expressing recombinant fetal-
type muscle nAChRs; #Percent inhibition of maximum epibatidine
binding: +, 0-25%; + +, 25-50%; + ++, 50-100%. >Xenopus Oocytes-
Recombinant Fetal- or Adult-type Muscle nAChR.

the fetal-type to adult-type human muscle nAChR occurs
prenatally (Hesselmans et al. 1993). The species-specificity of
the effects in the rat is further supported by the finding that
although sulfoxaflor binds to the fetal rabbit muscle nAChR
(data not shown) it does not induce any developmental effects
in this species despite similar systemic exposure.

Several precedents exist for species-selective agonist activ-
ity of nAChR ligands. Indeed, a single amino acid difference in
the o3 subunit of rat and chick can account for the selective
agonist effect of nicotine on rat and chick o332 nAChRs (Hussy
et al. 1994). Similarly TMAQ, a nicotinic agonist that is selec-
tive for neuronal nAChRs containing a 4 subunit (Young et al.
2007), binds to both human and rat o334 nAChRs but acts only
as an agonist on human o334 nAChRs (Young et al. 2007). The
selective agonist activity of TMAQ for human o334 nAChRs
can be explained by two amino acids differences between the
human and rat b4 subunit (Young et al. 2007). Given that one
or two amino acid differences can confer species-selective ago-
nist activity for nicotinic ligands, it seems entirely plausible
that the differences in agonist activity of sulfoxaflor are explain-
able by differences in the amino acid sequence of the rat and
human nAChR 7y subunits. Comparison of the amino acid
sequence of the rat and human v subunit revealed that although
the two subunits are similar (approximately 90% identical),
they contain 53 amino acid differences (Rasoulpour et al. 2012).
The v and € subunits show even greater sequence differences
than the human and rat y subunit (even from the same species),
where these subunits share only about 50% identity in amino
acid sequence in the rat (data not shown).
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In conclusion, while sulfoxaflor demonstrates both clear bind-
ing and agonism to the rat fetal-type muscle nAChR, sulfoxaflor
binds to, but does not induce any agonism to, the human fetal- or
adult-type muscle nAChR. Furthermore, these findings would be
expected to represent the human population as there are no known
polymorphisms in the subunits which compose human muscle
nAChRs. Without agonism, there can be no sustained agonism or
contracture in humans. As sustained agonism resulting in con-
tracture is the MoA in rats, the MoA cannot occur in humans.

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 the human relevance of the experimental animal MoA was
reasonably excluded on the basis of qualitative differences in
key events (Question 2), a quantitative assessment of kinetic or
dynamic factors is not necessary.

Conclusion: statement of confidence, analysis,
and implications

Statement of confidence in the evaluation

This HRF evaluation for sulfoxaflor-induced fetal-type mus-
cle contracture abnormalities and associated neonatal off-
spring death in rats follows the guideline established for this
process (Boobis et al. 2006, 2008, Meek et al. 2003, Seed
et al. 2005). The extensive toxicological database for sulfox-
aflor, including several focused in vitro, ex vivo, and in vivo
MoA studies in rats are high-quality studies that provide the
necessary data to determine the fetal-type muscle nAChR-
mediated MoA for sulfoxaflor-induced muscle contracture
abnormalities and neonatal offspring death. The key events
for sulfoxaflor show clear, thresholded, dose-responsive
alterations and provide informative, temporal-specific char-
acterization of sulfoxaflor-induced developmental effects.
Other possible MoAs for the observed fetal abnormalities
and neonatal offspring death in rats have been evaluated with
respect to sulfoxaflor and have been dismissed because they
lack plausibility and coherence.

Implications for risk assessment

The concordance analysis points out clear differences for a
muscle nAChR-mediated contracture MoA in rodents as com-
pared to humans (Table 10). There is convincing evidence that
the MoA for sulfoxaflor-induced fetal-type muscle contracture

Table 10. Concordance of Key events for induction of skeletal muscle contracture and associated death in neonatal offspring in rats, rabbits, and

humans.

Key event Evidence in rats Evidence in rabbits Evidence in humans

#1 Binding to the fetal-type skeletal ~ Yes, direct experimental ~ Yes, direct experimental evidence  Yes, direct experimental evidence
muscle nAChR evidence

#2 Agonism on the fetal-type Yes, direct experimental ~ No data in rabbits, Not plausible No, direct experimental evidence demonstrates
skeletal muscle nAChR evidence given lack of developmental lack of sulfoxaflor agonism on the fetal- or

effects
No, direct and indirect
experimental evidence

#3 Sustained fetal-type skeletal
muscle nAChR agonism/
sustained muscle contraction

Apical endpoints: Forelimb flexure,
Hindlimb rotation, Bent clavicle,
Neonatal death

Yes, direct and indirect
experimental evidence

Yes, direct experimental
evidence

No, direct experimental evidence

adult-type skeletal muscle nAChR
No data in humans. Not possible via this MoA
as Key Event #2 does not occur.

No data in humans, Not possible via this MoA
as Key Event #2 does not occur.
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abnormalities and associated neonatal offspring death in rats
poses no risk to humans based upon fundamental qualitative
differences in sulfoxaflor agonism on the rat versus the human
muscle nAChR where no agonism occurs at the human fetal-
type or adult-type, muscle nAChR.
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