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A B S T R A C T

Octamethylcyclotetrasiloxane (D4), a highly lipophilic, volatile compound with low water solubility, is
metabolized to lower molecular weight, linear silanols. Toxicity has been documented in several tissues
in animals following mixed vapor/aerosol exposures by inhalation at near saturating vapor
concentrations or with gavage dosing in vegetable oil vehicles. These results, together with more
mechanism-based studies and detailed pharmacokinetic information, were used to assess likely modes
of action (MOAs) and the tissue dose measures of D4 and metabolites that would serve as key events
leading to these biological responses. This MOA analysis indicates that pulmonary effects arise from
direct epithelial contact with mixed vapor/aerosol atmospheres of D4; liver hypertrophy and hepatocyte
proliferation arise from adaptive, rodent-specific actions of D4 with nuclear receptor signaling pathways;
and, nephropathy results from a combination of chronic progresive nephropathy and silanol metabolites
binding with alpha-2u globulin (a male rat specific protein). At this time, the MOAs of other liver effects –

pigment accumulation and bile duct hyperplasia (BDH) preferentially observed in Sprague-Dawley (SD)
rats- are not known. Hypothalamic actions of D4 delaying the rat mid-cycle gonadotrophin releasing
hormone (GnRH) surge that result in reproductive effects and subsequent vaginal/uterine/ovarian tissue
responses, including small increases in incidence of benign endometrial adenomas, are associated with
prolongation of endogenous estrogen exposures due to delays in ovulation. Human reproduction is not
controlled by a mid-cycle GnRH surge. Since the rodent-specific reproductive and the vaginal/uterine/
ovarian tissue responses are not relevant for risk assessments in human populations, D4 should neither
be classified as a CMR (i.e., carcinogenic, mutagenic, or toxic for reproduction) substance nor be regarded
as an endocrine disruptor. Bile duct hyperplasia (BDH) and pigment accumulation in liver seen in SD rats
are endpoints that could serve to define a Benchmark Dose (BMD) or No-Observed-Effect-Level (NOEL)
for D4 although their human relevance remains uncertain.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Octamethylcyclotetrasiloxane (D4) has a broad, comprehensive
database on toxicity and pharmacokinetics (PK). In 2017, a series of
papers published in a special edition of Toxicology Letters provided
a detailed overview of D4 toxicology and an update on available
studies that addressed both human health risk characterization
and aspects of environmental risk assessment (Dekant et al., 2017;
Domoradzki et al., 2017b; Franzen et al., 2017; Gentry et al., 2017;
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Jean and Plotzke, 2017; Jean et al., 2017). The goals in this paper
were to consider these earlier studies and review new information
to assess the most likely modes of action (MOAs) of the various
toxic responses seen with D4 exposures in experimental animals
and to determine the relevance of these MOAs for human risk
assessment. Here, MOA refers to the identification of key,
obligatory steps required to produce a biological response rather
than the detailed step-by-step accounting of every molecular,
cellular and tissue step leading to the biological response. Human
relevance frameworks for evaluating how toxicity information
could influence risk assessments were first described 20 years ago
(Sonich-Mullin et al., 2001; Meek et al., 2003) and further
elaborated in subsequent publications (Boobis et al., 2006,2008).
cle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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These frameworks have been applied to both cancer and non-
cancer responses in animals. In using human relevance frame-
works, the first step is evaluating MOAs and key events to
determine if effects observed in animals would be expected to
happen in exposed humans and, only if the answer is yes or if the
MOA cannot be ruled out as human relevant, would a risk
assessment be performed based on any specific endpoint.
Optimally, a MOA evaluation should describe both key events
and the tissue dose, i.e., either parent chemical or metabolite(s),
causing these effects. Tissue dose measures with D4 can be
assessed based on the comprehensive suite of PK studies and
physiologically based pharmacokinetic (PBPK) models for D4
(Plotzke et al., 2000; Andersen et al., 2008; McMullin et al., 2016;
Campbell et al., 2017) that have documented the PK properties for
D4, many of which differ substantially from organic carbon-based
volatile compounds that have higher blood/air and lower fat/blood
partitioning (Table 1).

When the literature review for this MOA analysis was initiated
in early 2020, the work published in the 2017 was revisited and
PubMed and Science Citation Index searches were pursued for
publications on cyclic siloxane (D4) toxicity and cyclic siloxane
(D4) pharmacokinetics. In addition, several reports of recently
completed studies were made available by the Silicon Environ-
mental Health and Safety Center (SEHC) as well as full reports from
key earlier studies. All these resources are referenced here. Among
published PK papers, there were several on disposition and kinetics
in fish and aquatic species that were carefully evaluated but not
used. The combination of high-quality toxicity studies along with
detailed information on pharmacokinetics and tissue dosimetry
for D4 and its silanol metabolites provided key information for
MOA analyses for all relevant endpoints observed in animals.

The first section of this paper outlines the PK characteristics
that determine tissue doses of D4 and its linear silanol metabolites;
the second section enumerates tissue responses observed with D4
in standard toxicity studies; and a third section describes more
mechanistically motivated studies. The information on dose
measures and tissue responses are then used to develop
hypotheses for the MOAs and key events for each of the tissue
responses. The evidence supporting these hypotheses is briefly
recapitulated/outlined and, where appropriate, comparisons made
with alternative hypotheses.

This human relevance analysis indicates that the MOA for two
of the liver responses – bile duct hyperplasia (BDH) and pigment
accumulation seen preferentially in SD rats – remain unknown.
However, the MOAs of all other endpoints are either not human-
relevant or a consequence of using high inhalation exposures that
produce aerosols with direct effects on lung epithelium. Impor-
tantly, this review indicates that the MOA for delay of the mid-
cycle LH surge in the rat is due either to increasing gamma-
Table 1
Physical Properties of Octamethylcyclotetrasiloxane (D4).

Property 

Molecular Weight 

Physical state at normal temperature and pressure 

Melting point 

Boiling point 

Relative density at 25 �C 

Vapor pressure 

n-Octanol-water partition coefficient (log Kow value) at 25.1 �C 

Saturation Vapor Concentration at 25 OC 

Log (n-octanol/air) Partition coefficient 

Measured Blood/Air Partition coefficient 

Measured Fat/Air Partition Coefficient 

a https://www.echa.europa.eu/brief-profile/-/briefprofile/100.008.307. Accessed Janua
aminobutyric acid (GABA) neuron inhibitory tone by phenobarbi-
tal-like effects of D4 in the rat CNS and/or to non-specific
membrane effects of D4 on GABA receptors like those caused by
inhalational anesthetics. The delay of the mid-cycle LH surge in
female rats and associated delays in ovulation increases estrogenic
tissue exposures. Human reproduction does not depend on a mid-
cycle GnRH surge and the reproductive tissue responses and effects
on reproduction in the female rat are not relevant for human risk
assessment. BMD or NOELs could be derived from BDH and
pigment accumulation though their human relevance remains
unknown.

2. Pharmacokinetics of D4 and metabolites

After absorption into the body D4 is metabolized by methyl-
group oxidation, primarily in liver, followed by sequential
hydrolysis producing various linear silanols (Fig. 1). The biological
effects noted in toxicology studies could arise from either D4 itself
or from silanol metabolites. The determination of a MOA for each
adverse response in the animal studies requires articulation of the
effective compound (i.e., D4 or silanol metabolites) and the key
events by which the chemical interacts in tissues to produce
specific effects. The time course and achieved tissue concen-
trations depend on the PK properties of D4 and its silanol
metabolites and the tissue responses depend on the nature of their
binding with cellular components leading to the biological
responses.

2.1. Pharmacokinetics

Detailed PK studies with D4 have been completed for
inhalation, dermal and oral exposures. The unusual physical
chemical properties of D4 – low water solubility and only
moderate vapor pressure (Table 1) – pose challenges for the
conduct of studies at higher exposure levels either by oral dosing in
oil vehicles or by vapor inhalation. Airborne concentrations of D4
for vapor inhalation studies are limited by its vapor pressure and
tendency to form aerosols. Exposures at 700 ppm (and likely down
to several hundred ppm) are expected, based on physio-chemical
properties, to produce mixtures of vapors and aerosol (Pauluhn,
2021) and aerosols were measured in atmospheres above 150 ppm
(Krieger et al., 2021).

A rich set of plasma, tissue, exhaled breath and urinary
concentrations, collected following inhalation of radiolabeled 14C-
D4 in rats exposed at 7, 70 and 700 ppm (Plotzke et al., 2000) was
used to develop a PBPK model (Andersen et al., 2001). This PBPK
model evaluated both single and multiple daily exposures for 14
days to understand the physio-chemical and biological properties
that determine the time course of uptake in different tissues with
Results Reference

296.61 Daltons ECHA (2021)a

Liquid ECHA (2021)a

17.7 �C ECHA (2021)
175 �C ECHA (2021)
0.95 g/cm3 ECHA (2021)
132 hPa at 25 �C ECHA (2021)
6.488 ECHA (2021)
1301 ppm Calculated from Vapor Pressure 132 hPa
(� 15,800 mg/m3)
4.22 at 24 �C (Dow Corning, 2006)
3.66 � 1.82 (Dobrev et al., 2008)
1480 � 660 (Dobrev et al., 2008)

ry 5, 2022.
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Fig. 1. Structures of D4, several silanol metabolites, and 2,4,4-trimethyl-2-pentanol, a hydrocarbon alcohol associated with male rat nephropathy. The metabolism of D4
produces a variety of silanols that have been characterized in urine. Oxidative metabolism, catalyzed by cytochrome P450 enzymes, first produces an O-methoxy intermediate
(not shown) which then hydrolyzes to give a silanol with hydroxy groups on both the alpha- and omega-silicon. This first product still has four dimethyl silane groups and is
termed tetramer diol. The first metabolite undergoes further hydrolysis to trimer, dimer and eventually to monomer diols. There is also some oxidation of silanol methyl
groups to produce triols. With linear siloxanes, such as hexamethyl disiloxane (HMDS) oxidation produces silanol metabolites with a single hydroxyl group (bottom left)
whose structure is similar to the prototypical hydrocarbon, 2,4,4-trimethyl-2-pentanol, that causes male rat nephropathy than are the silanol metabolites of D4.
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increasing days of exposure. Consistent with its low blood/air
partition coefficient (Table 1), blood D4 concentrations reached
near maximum levels within minutes during 6-hr inhalation
exposures and free D4 in plasma was eliminated rapidly with
cessation of exposure. The elimination half-life of free blood D4
exposures was in the order of minutes. However, the more detailed
time course of D4 over many hours after cessation of exposure
indicated that blood contained both free D4 (available for
exhalation and transport into tissues) and a much lower
concentration of a less-available form believed to be D4 packaged
into blood lipids and lipoprotein particles (Andersen et al., 2001;
Campbell et al., 2017). This inhalation PBPK model has incorporat-
ed PK data from dermal and oral dose routes (Sarangapani et al.,
2003; McMullin et al., 2016; Campbell et al., 2017) and from PK
results from human volunteers following both inhalation and
dermal exposures (Reddy et al., 2003, 2007; Reddy et al., 2008).

In 6-hr, multi-day vapor inhalation exposures, D4 caused
induction of liver cytochrome P450 enzymes like those induced by
phenobarbital (McKim et al., 2001a; Meeks et al., 2022). Increases
in these enzymes also increased D4 metabolism, leading to kinetic
non-linearities in plasma and tissue concentrations at exposures
above a few hundred ppm (Jean et al., 2017). In a 14-day repeat PK
vapor inhalation study, the blood levels on day 14 were similar to
those seen after a single 6-hr exposure and fat concentrations were
increased only 4 or 5-fold. PBPK modeling showed that the
increased D4 concentration in fat over the 14 days of exposure was
simply due to a slower equilibration of D4 into fat, i.e., fat
concentrations increase until the fat/blood partition coefficient is
reached with a rate constant for filling of fat tissues determined by
both the fat-blood partition coefficient and diffusion-limitation on
uptake from plasma to tissues (Andersen et al., 2001). Importantly,
D4 due to rapid clearance by both liver metabolism and exhalation
does not bioaccumulate during multiday inhalation exposures
(Andersen et al., 2008); over more prolonged exposures of several
weeks, concentrations in fat simply approach an equilibrium
condition based on fat/blood partitioning.

PK studies were also conducted with 10 human volunteers
exposed by vapor inhalation to 10 ppm D4 and blood D4 and
urinary metabolites were measured at various times after a 1 -h
exposure (Utell et al., 1998). The PK behavior in humans for both
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inhalation (Reddy et al., 2003) and dermal exposures (Reddy et al.,
2007) was similar to that seen in rats and was well described with
the PBPK model that had been developed for rats. In addition, the
human PK data sets showed that the terminal half-lives in blood for
D4 and total radioactivity differed by a factor of about 5, reflecting
more rapid clearance for parent compound and somewhat less
rapid clearance of metabolites (Reddy et al., 2003). Similar patterns
in elimination of D4 and metabolites were noted in rats (Andersen
et al., 2001).

2.2. Oral and dermal pharmacokinetics

Uptake, distribution, and elimination of D4 after oral or dermal
exposures have also been studied. In some of the first PK studies,
high doses of D4 were administered by oral gavage to rats either as
undiluted D4, mixed with food oil vehicles or in simethicone (a
long chain polydimethylsiloxane - PDMS). The time courses after
oral dosing in these vehicles were more complex than after
inhalation or dermal dosing and appeared to reflect slower uptake
from the gut and absorption of lipid-complexed D4 rather than free
forms of D4 (Sarangapani et al., 2003). To better understand D4
uptake from the gut without the complicating factor of food oil
vehicles, rats have also been dosed with either 30 or 300 mg 14C-
D4/kg using a rodent liquid diet (Domoradzki et al., 2017a). These
results were also modeled assuming the systemic uptake was in a
lipid-bound form arising from uptake into the liver and passing
into the venous blood rather than uptake as free D4 (Campbell
et al., 2017). As noted with inhalation exposures at higher
concentrations, the uptake from liquid diet showed evidence of
dose-dependent kinetics across the 10-fold increase in dose.

WhiletheMOA analyses hereareall basedonbiological responses
following inhalation exposures, dermal PK studies may be important
for assessing some tissue effects of siloxanes such as the deposition
and uptake of aerosol or vapor D4 in epithelial tissues throughout the
respiratory tract. Following application to human skin preparations
in vitro, 88 % of the applied dose evaporated from the surface and
most of the initially absorbed dose diffused back to the surface and
then evaporated into the air over the next 24 h rather than being
available for systemic absorption (Reddy et al., 2007). Overall, less
than 1 % of the applied dose was absorbed into the systemic
circulation and the dermally applied D4 that is absorbed into
the blood showed blood kinetics that were like the kinetic
behavior of inhaled D4, indicating uptake of free D4 into the
bloodstream.

2.3. Metabolism – rats and humans

Metabolism of D4 involves initial oxidation of a methyl group
(Fig. 1) with hydrolysis of the resulting hydroxymethyl or O-
methyl-D4 to silanols of varying chain lengths (Varaprath et al.,
Table 2
Effects Considered in Evaluations of MOAs and related Measures of Dose.

Endpoint Key References 

Irritation in the Upper and Lower Respiratory Tract with
high dose hemorrhage in the alveolar region

(Burns-Naas et al., 2002
Plotzke, 2017)

Leukocytosis & Altered thymus and adrenal weights in
female rats

(Jean and Plotzke, 2017
1995; Burns-Naas et al.

Hepatic Hypertrophy (Dow Corning, 1995; Bu
2002; Jean and Plotzke

Pigment Accumulation and Bile Duct Proliferation (Dow Corning, 2001) 

Nephropathy (Jean and Plotzke, 2017
Ovarian and uterine responses (Burns-Naas et al., 2002

Plotzke, 2017)
Delayed ovulation; reduced implantation sites; reduced
litter size

(Meeks et al., 2007) 
1999, 2003). Evaluating the detailed time course of elimination of
silanols in urine from human volunteers indicated some methyl-
group oxidation of silanols (Reddy et al., 2003) that produced
shorter chain length triols. Overall, pathways of hydrolysis and
urinary excretion are more important for controlling the blood
time course and tissue exposures of silanol metabolites than is
methyl group oxidation of the silanols. Based on estimated
elimination rate constants for total metabolites in rats (Andersen
et al., 2001) or specific silanols in humans (Reddy et al., 2003), the
half-lives of these silanols were of the order of several days in both
rats and humans.

3. Toxicity

Multiple responses (Table 2) have been reported in a diverse
array of comprehensive animal studies conducted with D4. In this
section, each of the endpoints considered for assessing MOA and
human relevance is described along with information on the
inhalation exposure concentrations and study duration at which
responses were observed. In some studies, resolution of tissue
response was evaluated in protocols where groups of animals were
held after cessation of the exposures. Most adverse effects in these
animal studies were seen in inhalation studies. Some of the early
inhalation studies used nebulizers to generate atmospheres and
later studies relied on vaporization of D4 into chamber inlet air
stream at a maximum concentration of 700 ppm generated on a
day-to-day basis. Both methods, but especially the use of the
nebulizer, are expected to produce a mixture of vapor and aerosol
depending on the exposure concentration (Krieger et al., 2021;
Pauluhn, 2021).

3.1. Pulmonary irritation

In a 28-day nose-only inhalation exposure with rats, atmos-
pheres were generated at 0, 226, 417, 700 and 1154 ppm for 6 h/day
and 5 days/week using a Hospitak nebulizer (Dow Corning, 1995;
Franzen et al., 2017). Pulmonary responses included alveolar
inflammation and goblet cell proliferation. A subsequent three-
month study using whole body inhalation exposure with rats
(Burns-Naas et al., 2002), also using the Hospitak nebulizer, with
concentrations of 0, 25, 90, 412 and 989 ppm, reported alveolar
macrophage accumulation and leukocyte infiltration in the highest
exposure groups (412 and 989 ppm). A peer review pathology
reexamination of these tissues (Dow Corning, 2000) concluded
that the pulmonary responses were attributable to formation of
aerosol by the exposure system and focal effects associated with
droplet deposition in the respiratory tract coupled with stress from
nose-only restraint. All other inhalation studies were conducted
with vaporization of D4 into the airstream rather than using a
nebulizer.
Relevant Mechanistic Studies/Considerations

; Jean and (Pauluhn, 2018; Pauluhn, 2021

; Dow Corning,
, 2002)

(Pauluhn, 2018; Pauluhn, 2018)

rns-Naas et al.,
, 2017)

(McKim, 1998; McKim et al., 2001a; Sarangapani et al., 2002)

(HarlanLaboratories Ltd., 2010)
) (Cassidy et al., 2001; Meyers et al., 2013)
; Jean and (McKim et al., 2001b; He et al., 2003; Lee et al., 2015; Quinn

et al., 2007b; Jean et al., 2017; Dow Corning, 2012)
(Quinn et al., 2007a; Baker, 2010; Knobil, 1974; Norman et al.,
1973b; Toyoda and Chang, 1969)
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The chronic toxicity and oncogenicity study of D4 in Fisher 344
(F344) rats using inhalation exposures was conducted at 0, 10, 30,
150 and 700 ppm with 6/h/day whole-body vapor inhalation
exposures for up to 104 weeks and provided the most detailed
information about pulmonary and nasal cavity responses (Jean
et al., 2017). The nasal cavity showed responses typical of a mild
irritant with increased incidence of goblet cell hyperplasia in males
and females at 12 and 24 months of exposure to 700 ppm D4.
Squamous epithelium hyperplasia was only elevated at 700 ppm.
Eosinophilic globules were increased in females at 150 and
700 ppm at 24 months. The increase in the incidence of nasal
cavity squamous epithelium hyperplasia was evident in both males
and females exposed to 700 ppm D4 for 12 months. These tissue
effects were much less evident 12-months after cessation of the
1-year exposures. While there were statistically significant trends
for eosinophilic globules at 24 months, the recovery group and the
groups exposed for the full 24 months had similar incidences of
these globules. These eosinophilic globules are commonly
observed in aging F344 rats with mean incidences of 22 % in
males, ranging from 8 to 62 %, and 38 % in females, ranging from 12
to 84 % (Nagano et al., 1997).

Other effects on the lungs in females involved a slight, but
statistically significant increased incidence of hemorrhage after 24
months of exposure to 150 and 700 ppm D4. In addition, there was
a slight, but statistically significant increase in the incidence of
alveolar sub-pleural chronic inflammation in the 700 ppm females
at 24 months (8/60) with a significant trend test across the
exposure concentrations. This finding was not present in the
recovery groups. Males showed a non-significant increase in
hemorrhage incidence at 24 months, but not at 12 months or in the
recovery group, with a positive trend test for the response. Overall,
the lungs showed consistent evidence of irritant activities in the
upper and lower regions of the respiratory tract at 700 ppm that
resolved after cessation of exposure in the groups exposed for
12 months and held another year without exposure. The
incidences, even at 700 ppm, were low; the two largest responses
were seen for lung hemorrhage at 24 months in males (8/59) and
subpleural chronic inflammation in females (8/60). Neither was
there a consistent dose response, even in the groups showing a
positive trend for specific effects in the deep lung.

3.2. Stress-related effects, leukocytosis, and dose response

Lymphocytic leukocytosis occurred in both sexes in the chronic
two-year toxicity study (Jean and Plotzke, 2017) with a consistent
and statistically significant increase in white blood cell count
attributable to an elevation in the number of leukocytes for males
and females exposed to 700 ppm at 3, 6, and 12 months. The high
variability and lack of a clear-cut dose-response made it difficult to
determine the lowest effect exposure concentration. Importantly,
leukocytosis occurred in concert with signs of respiratory tract
irritation at the highest exposures. Other responses were also
observed that were consistent with irritation and stress responses.
In the 3-month nose- only study using the nebulizer-based D4-
generation method, there were decreases in thymus weight in
female rats at both the 488 and 989 ppm and increases in adrenal
weights only at 989 ppm (Burns-Naas et al., 2002). The pathology
peer review panel concluded that the nose-only restraint
procedures and presence of aerosol likely contributed to these
stress-related responses (Dow Corning, 2000).

3.3. Hepatic hypertrophy

This response was first reported in 14-day repeated oral dose
study conducted in SD rats by gavage of a D4 emulsion in a 0.5 %
weight-to-volume mixture of methocel A4M in distilled water
(Dow Corning, 1990; Franzen et al., 2017) at doses of 0, 25, 100, 400
or 1600 mg D4 /kg bw/day. There were statistically significant
decreases in body weight in male and female rats at 1600 mg/kg
bw/day and statistically significant increases in liver/body weight
ratios in both male and female rats and a statistically significant
increase in absolute liver weight in females following administra-
tion of 400 or 1600 mg/kg bw/day.

Liver weight increases were also evident at 6, 12, and
24-months exposure for both sexes in the 104-week inhalation
bioassay study with F344 rats (Jean et al., 2017). For males, the liver
weight increases were associated with exposure to � 30 ppm D4 at
6 months, �150 ppm at 12 months, and 700 ppm D4 at 24-months.
Female liver weight increases were also statistically significant at
all three time points (6, 12, and 24 months) at 700 ppm and at 12
and 24 months with exposure to 150 ppm D4. Despite increases in
liver weight, no increases in neoplastic responses were noted in
liver. Similar liver responses had also been noted in rats in the
90-day nose-only-exposures (Burns-Naas et al., 2002).

Several other liver responses were reported in a two-generation
inhalation reproductive toxicity and developmental neurotoxicity
study (Dow Corning, 2001) conducted with exposure groups at 0,
70, 300, 500 and 700 ppm. These rats were exposed for 70
consecutive days for 6 h/day. A golden-brown pigment accumu-
lated in the periportal zones of the liver, and its incidence and
severity were increased in both males and females at 300, 500 and
700 ppm. The observed incidence was 0/30, 2/30, 7/29 and 16/29
for males in these 4 exposure groups and 0/30, 2/30, 4/29 and 9/20
for the females. Increased incidence of BDH was also observed in
the 700 ppm male rats (18/29 versus 3/30) and in the 500 and
700 ppm females (2/29 and 6/29 versus 0/30). Only the increase in
BDH incidence at 700 ppm in males as statistically significant.
Neither pigment accumulation nor BDH were reported as findings
in the two-year study with F344 rats.

3.4. Kidney

Chronic inhalation exposure of rats to D4 for 24 months
increased kidney weights relative to controls (Jean and Plotzke,
2017) and nephropathy was a common finding in both males (80
%–100 %) and females (28 %–92 %) in all groups including controls.
No treatment-related differences in incidence or severity were
evident at 12 months or in recovery groups. There was a
statistically significant increase in incidence of chronic nephropa-
thy at 24 months for females at � 30 ppm. Although not
statistically significant, the severity scores were generally increas-
ing with increasing exposure concentration for both males and
females at 24 months. Kidney weights were increased at both 6-
and 12-months exposures at 700 ppm for females and at lower
exposures, 30 ppm and above, in males. Despite the observation of
nephropathy there was no increase in kidney tumors.

3.5. Female reproductive effects

A comprehensive reproductive toxicity study was completed
with SD rats at concentrations of 0, 70, 300, 500 or 700 ppm 6 h per
day for at least 70 consecutive days prior to mating and continuing
through weaning of the pups on postnatal day 21 (Siddiqui et al.,
2007). The responses included prolonged estrous cycles, decreased
mating and fertility indices in the F1 generation, significant
reductions in the mean number of pups born and mean live litter
size in the 500 and 700 ppm groups for both the F0 and F1
generations, and reduced implantation sites at 700 ppm for both F0
and F1 generations. No adverse effects were observed at any
exposure level on anogenital distance, vaginal patency and
preputial separation or for male functional reproductive param-
eters, including spermatogenic endpoints, microscopic evaluation
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of male reproductive tissue, or mating success with the unexposed
females. Reproductive toxicity was due to effects in the females.

3.6. Female reproductive tissue responses

In the highest concentration group of a 3-month nose-only
nebulizer-generated exposure, the components of the female
reproductive tract were the primary targets for D4 (Burns-Naas
et al., 2002) with an increase in the numbers of rats in the diestrus
portion of the reproductive cycle, reduced ovary weights, ovarian
hypoactivity and vaginal mucification. In the two-year study (Jean
and Plotzke, 2017), significant increases in uterine weights were
reported in females exposed to 700 ppm (24 months) and a small
increase in the incidence of endometrial epithelial hyperplasia
following exposure to 700 ppm for 24 months. Benign uterine
endometrial adenomas were present in four of sixty animals
exposed to 700 ppm D4 for 24 months, and, although not
statistically significant compared to controls, the incidence profile
trend for this response across the dose groups was statistically
significant. In examining the estrus cycling and reproductive
senescence in aged female rats (Jean et al., 2017), reproductively
senescent female F344 rats exposed to D4 had reduced incidence of
pseudopregnancy and increased periods of proestrus – the portion
of the estrus cycle associated with elevated blood estradiol (E2).

This set of mammalian responses – pulmonary irritation/
leukocytosis, liver hypertrophy/pigment accumulation and bile
duct hyperplasia, mild nephropathy with small increases in kidney
weights, vaginal mucification, ovarian hypoactivity, reduced
female fertility with alterations in estrus cycling and endometrial
hyperplasia and benign uterine adenomas - served as the key
endpoints for this hypothesis-based assessment of likely MOAs and
human relevance of these MOAs.

4. Mechanistic studies/consideration of measures of dose

4.1. Respiratory effects

Although the maximum expected vapor concentration of D4 at
25 �C is about 1300 ppm (Table 1), the methods of generating
atmospheres for inhalation exposure will produce some level of
aerosol at much lower exposure levels. The older studies (Dow
Corning, 1995; Burns-Naas et al., 2002) used nebulizers to bring
aerosols into an airstream that was then diluted with chamber
input air in which most of the aerosol was expected to become
vapors. In the more recent studies, test atmospheres were
generated by vaporization of D4 into the chamber inlet air stream.
The vapor generator consisted of a fiberglass wick in contact with a
heated cylinder located within the chamber’s inlet compartment.
Review of these studies have suggested that both these methods
produce aerosols (Pauluhn, 2021). Based on the chamber
monitoring method used in the inhalation studies, it was not
possible to quantitatively measure aerosol contributions across
exposure concentration. Nonetheless, the highest exposure
generated with the nebulizer, 898 ppm (Burns-Naas et al.,
2002), was already close to the saturation concentration. More
recent studies with direct measurement of aerosol in studies with
the fiberglass wick and heated cylinder showed increasing
amounts of aerosol at atmospheric concentrations above
150 ppm (Krieger et al., 2021) and theoretical analyses indicate
that the aerosols would form dependent on exposure concentra-
tion relative to the maximum vapor concentration saturation
achievable at particular temperature and methods of atmospheric
generation (Pauluhn, 2021).

Aerosol droplets larger than about 3mm and those of about 0.02
mm preferentially deposit in the head/nose in the upper airway
(Heyder, 2004). The larger particles deposit primarily by
sedimentation and the smaller by diffusion to surfaces. In this
way, aerosol uptake to epithelial surfaces can occur in both the
head/nasal regions of the airways and the deep lungs. Deposition of
aerosol along the pulmonary epithelium leads to high local
exposure to epithelial surfaces, affecting respiratory and olfactory
epithelium and other structures along the airways. Aerosol
deposition of D4 with local irritant effects might also cause more
systemic responses. The tissue irritation would lead to cytokine
release into the bloodstream and deposition at sites in olfactory
epithelium or the vomeronasal organ (VMO) could affect odorant
or pheromone signaling associated with olfactory cues for
reproduction (Asaba et al., 2014).

Many of the responses in the nasal region are consistent with
aerosol deposition. The responses reported in the nasal epithelium
include macrophage accumulation, interstitial inflammation, and
leukocyte infiltration (Burns-Naas et al., 2002). Females showed
responses for the first two of these responses at 122 ppm and
above and the males only at 488 ppm and higher. Leukocyte
infiltration was only seen in the 898 ppm group. In the chronic
two-year study (Jean and Plotzke, 2017), respiratory epithelial
goblet cell hyperplasia and squamous epithelium hyperplasia were
elevated at the highest exposure (700 ppm). Eosinophilic globules
were increased in females at all concentrations above 30 ppm at 24
months. Aerosol deposition in the nose would also be expected to
produce nociceptor responses (Pauluhn, 2018). Deposition of D4
aerosol in the deep lung would spread onto the epithelial surface,
disrupting surfactant turnover, and bringing macrophages to
scavenge the disrupted surfactant layers. The observation of
increased macrophages and local alveolar hemorrhage is consis-
tent with aerosol exposure in the deeper lung at the high exposure
concentrations.

Aerosol deposition along the airways has similarities with
dermal applications of D4. As noted in the PK section, following
dermal application about 10 % of applied D4 penetrated the skin. Of
this initially absorbed amount, the majority diffused back to the
epidermal surface in the 24 h post-application and volatilized to
the atmosphere (Reddy et al., 2007). Mixed aerosol-vapor
exposures along the respiratory tract would lead to locally high
epithelial concentrations compared to vapor-only exposures. For
the respiratory tract, the greater preponderance of lesions at
122 ppm and 488 ppm and higher in studies using a nebulizer for
atmosphere generation and the responses predominately at
700 ppm in the two-year study with vaporization into the
airstream are supportive of a conclusion that there were combined
aerosol-vapor exposures with deposition of aerosols. The respira-
tory tract changes seen at the lower exposure concentrations,
eosinophilic globules (Jean and Plotzke, 2017), are a commonly
observed response in aged F344 rats and the significant trend test
for responses in the alveolar region are driven by small increases in
incidence at 700 ppm and inconsistent changes at the lower
exposure concentrations.

With the expectation of a more complex dose response in the
deep lung associated with aerosol deposition at the highest
exposure concentration, 700 ppm, in the 2-year exposures in F344
rats, there would be value is looking at alternative dose-response
models that focus on the lower exposures – 0, 10, 30 and 150 ppm.
For the three endpoints showing small increases in responses in
the deep lung, i.e., lung hemorrhage in males and lung hemorrhage
and subpleural chronic inflammation in females, the incidences at
0, 10, 30 and 150 ppm were 3/60, 3/59, 5/60 and 5/60 for
hemorrhage in the males; 0/59, 1/60, 0/59 and 2/60 for
hemorrhage; in females and 0/59, 2/60, 3/59 and 2/60 for
subpleural chronic inflammation. These dose response trends
could be evaluated separately (without the 700 ppm group) and
sensitivity of the trends examined by running multiple dose
response relationships where incidences in a single group was
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changed by � 1 responding animal, either an increase of 1 or of
decrease of 1 responding animal, to assess the sensitivity of these
trends to small changes in incidence.

4.2. Hepatic responses

While no mechanistic studies have queried the brown pigment
or bile duct proliferation, mechanistic studies of enzyme induction
and liver hypertrophy (McKim et al., 2001a) provided a detailed
inhalation dose-and-time profile for liver responses to D4 that was
subsequently more quantitatively examined by PBPK modeling
(Sarangapani et al., 2002). The full dose response for this PBPK
evaluation, including groups exposed to 0,1, 7, 30, 70,150, 300, 500,
700 and 900 ppm for 6 h/day for 5 consecutive days, was from an
earlier study (McKim, 1998). The half-saturation air phase
concentration for increased CYP2B induction was about 70 ppm.
Plasma, liver, and fat tissue concentrations at this exposure
concentration were 0.49 � 0.06, 8.1 � 0.31 and 38.65 � 1.85 mg/mL,
with an estimated liver tissue/free D4 affinity constant for
induction of 0.67 mM. The dose response for increased liver
weight differed from that of CYP2B induction. Liver weight was still
increasing at the higher exposure levels and the predicted dose
response had a Km of 3.36 mM, representing an inhaled
concentration of about 800 ppm (Sarangapani et al., 2002). The
dose response for BDH and pigment accumulation in the SD rats
(Dow Corning, 2001) is more like the dose response of liver
enlargement than that of CYP induction.

CYP2B oxidizes D4 and its induction increases the metabolic
clearance of D4 several fold, leading to non-linearities in the
relationship of exposure level to plasma conncentations (Saran-
gapani et al., 2002; Jean et al., 2017). Phenobarbital (PB) was used
as a positive control compound and produced liver enlargement
and enzyme induction like that caused by D4. However, unlike D4,
PB is known to cause liver cancer in chronic exposures (Elcombe
et al., 2014). A key difference in the tissue PK behavior expected for
D4 and PB is persistence of elevated blood levels throughout
treatment with PB compared to elevation for only a restricted 6-hr
exposure period with D4. The half-life of PB in rats is of the order of
20 h (Loscher, 2007) and active concentrations once achieved will
persist throughout the entire day for the drinking water dosing
protocol. From the liver results, the responses to D4 and PB indicate
that these two compounds may both have effects on constitutive
androstane receptor (CAR) signaling. The diminished time of
concentrations sufficient for pathway activation – 6 h for D4 versus
the entire 24 h for PB – likely explains why D4 causes PB-like
induction of liver enzymes and hepatocyte proliferation without an
increase in hepatocellular cancer on longer term exposures.
Nonetheless, the evidence is very strong that liver, enlargement,
and proliferation caused by D4 has a MOA similar to PB, i.e.,
through activation of CAR-receptor signaling (Elcombe et al., 2014).

To confirm involvement of CAR, mechanistic studies were
conducted with HepG2 cells transiently transfected with plasmids
coding for either rat or human CAR) and a luciferase reporter
plasmid containing a 1.8 kb human CYP2B6 promoter (Dow
Corning, 2005a). D4 dissolved in ethanol increased reporter gene
expression for both human and rat CAR, showing a larger response
with human (11-fold) than with rat CAR (about 5-fold) as
compared to a control. Doses tested were 0, 1, 5, 15, 31, 62.5,
125, 250, 500 and 1000 mM D4 with a 24 h treatment time.
Maximum induction of CAR was seen at a nominal dose of 62.5 mM
for both rat and human CAR. In an in vitro study with an human
pregnane X receptor (PXR) gene assay, reporter gene expression
was increased 6.4-fold at a nominal D4 concentration of 125 mM
(Dow Corning, 2005b). While these nominal concentrations are
much higher than the half-saturation liver D4 concentration for
inducing Cyp2B expression in vivo (0.67 u M), the measured
concentrations in vivo and nominal assay concentrations in vitro
are not easily compared due to the high lipophilicity and volatility
of D4, factors that complicate the in vitro studies. Nonetheless,
these mechanistic studies showed that D4 would be expected to
activate both CAR and PXR-signaling in the liver when concen-
trations in the liver were sufficiently high.

4.3. Kidney responses

While specific mechanistic studies were not pursued with D4 to
examine the rodent nephropathy response, kidney pathology has
also been reported after inhalation exposures to two linear
siloxanes, hexamethyldisiloxane (HMDS) and octamethyltrisilox-
ane (L3). With HMDS (Cassidy et al., 2001), exposures at 0, 50, 194,
593, 1509 and 5012 ppm for 6/hour/day, 5days/week for 13 weeks
in male and female F344 rats caused dose-related increases in
various markers of renal effects – hyaline casts, tubular regenera-
tion, tubular mineralization, papillary mineralization and hyaline
droplets – with increased incidence starting at the 593 ppm
exposures and increasing severity at higher doses. With L3, male-
specific protein droplet nephropathy was also noted in male SD
rats exposed to 800, 1600 or 3200 ppm L3 for 6 h/day in an
exposure design with 29 days exposure (Meyers et al., 2013). No
dose-response information was provided in describing these
effects. While the structures of linear and cyclic siloxanes differ
substantially, the metabolites, i.e., silanols of varying chain lengths,
show more commonality among the three substances (Fig. 1).
Metabolism of the linear siloxanes begins with methyl group
oxidation followed by hydrolysis to monomeric and dimeric
silanols as found with D4. One difference, though, is that
metabolites of the linear siloxanes include trimethylsilanols
(Varaprath et al., 2003).

Two mechanistic studies evaluated alpha-2u globulin
responses following HMDS exposure of Fisher 344 rats. Six rats
were exposed via nose-only vapor inhalation at 5000 ppm for 6 h/
day for 6 days. The morning after the last exposure rats were
necropsied and kidneys taken for immunochemistry with a mouse
monoclonal alpha-2u globulin antibody. The area and density of
staining was increased by HMDS exposure with a change in
appearance from a fine stippled appearance to larger droplets with
needle-like or rhomboid shapes. Some tubules showed sloughing
of necrotic cells into the lumen (Dow Corning, 2007). In another
study, male F344 rats were dosed with 14C-HMDS by oral gavage in
corn oil at 0, 10, 100 and 1000 mg/kg/day. Hydrophobic Interaction
Chromatography (HIC) isolated alpha-2u globulin from kidney
cytosol, and radioactivity (either HMDS or metabolites) co-eluted
with the protein. D-limonene oxide, a chemical with high affinity
for alpha-2u globulin displaced or reversed binding by HMDS-
derived radioactivity. No binding was found in kidney cytosol from
female rats (Dow Corning, 2003).

4.4. Reproductive Toxicity in the female rat

Studies were pursued to determine the windows of exposure
that caused reproductive toxicity. Female SD rats were exposed to
D4 at concentrations of 0, 70, 300, 500 or 700 ppm, 6 h a day seven
days a week during selected phases of the reproductive cycle: an
overall phase, ovarian phase, fertilization phase, and implantation
phase (Meeks et al., 2007). The overall phase included exposure
from 28 days prior to mating, through mating and until gestation
day 19; the ovarian phase was from 31 days prior to mating until
three days prior to the start of mating; the fertilization phase
included the three days prior to mating until gestation day three;
and the implantation phase study was from gestation day two
through gestation day five. In the overall phase, a significant
decrease was reported in the number of corpora lutea in female
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rats exposed to concentrations above 300 ppm D4, in the number
of uterine implantation sites and in number of fetuses in rats
exposed to 500 or 700 ppm. No significant treatment-related
changes were reported in the ovarian or implantation phases. In
the fertilization phase, uterine implantation and post-implanta-
tion losses were increased in females exposed to 700 ppm and
there was a significant decrease in the number of corpora lutea at
the same concentration. In another portion of this study, female SD
rats were exposed during pre-mating and post-mating phases to a
concentration of 0 or 700 ppm D4 via whole body inhalation for six
hours per day at various times around ovulation and implantation.
In only one group, those exposed on the day prior to mating, was
there a decreased pregnancy rate. Clearly, the effects of D4 on rat
reproduction are exquisitely dependent on the timing of exposure
during the estrus cycle.

Detailed studies were also completed in female SD exposed to
rats at 700 or 900 ppm D4 to assess the blood concentrations of
various hormones around the time of ovulation and to examine
histopathology of the ovary in female rats after exposure to 700 or
Fig. 2. Modes of Action of D4 in modulating the mid-cycle GnRH pulse with subsequen
GnRH surge by exposures to E2 from the growing follicle through estrus, diestrus and pro
sensitivity of the GnRH neurons is affected by a variety of inputs. GABAa provides i
phenobarbital, and inhalation anesthetics. Neuronal tracts from the nose (the olfactory ep
(Asaba et al., 2014). C. If the GnRH surge is delayed by a single day, tissue E2-exposure ap
et al., 1975) were digitized and the figure is from a PhD thesis (Toporikova, 2007).
900 ppm D4 on diestrus days 1 and 2 and on proestrus (Quinn et al.,
2007a). The rats were staged by vaginal lavage and histology. Two
groups of rats were used. The first group using cannulated rats
received a shorter exposure on proestrus (2.5 h) with blood
collection at 10 a.m.. The second group of cannulated rats had
3 days of 6 h/day exposures and serial blood collection starting
from 2 pm through 10 a.m. the first day of estrus. In examining the
full cohort of rats at each exposure level, the average LH values at
various times on the day of proestrus were reduced in the 700 and
900 ppm groups. Evaluation of oviducts on the morning of estrus
showed that some animals from each group including controls did
not ovulate. When grouped by ovulation status, there were no
differences between treated and untreated animals in terms of the
LH surge. However, there were differences in the proportion of rats
that ovulated: 79 % in controls versus 42 and 31 % for the groups
exposed at 700 and 900 ppm, respectively. Females that failed to
ovulate had no LH surge. In the cannulated rats, there was reduced
prolactin at the 2:00 pm sampling and increase in progesterone
and smaller increases in estrogen and estrone at the 10:00 am
t prolongation of tissue estrogen exposures. A. Rat GnRH neurons are primed for a
estrus. The GnRH surge drives LH release, and the LH surge drives ovulation. B. The
nhibitory control on neuronal functions and is affected by neuroactive steroids,
ithelium and vomeronasal organ) affect female receptivity and readiness for mating
proximately double (shaded region in lower right). Data on hormone levels (Smith
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sampling on the day of proestrus. These observations clarified the
timing of exposures that led to impaired reproductive effects in
female rats, showing that the exposures on proestrus affected the
mid-cycle LH surge required to initiate a LH surge and ovulation.

4.5. Estrogenic modes of action

Multiple mechanistic studies have examined the potential for
D4 to act via estrogenic/antiestrogenic modes of action in rodents.
Each of these have included uterotrophic assays using various
protocols – (i) oral dosing of immature SD and F344 rats using D4 in
a sesame seed oil vehicle for 4 consecutive days (McKim et al.,
2001b), (ii) subcutaneous administration in immature rats (Lee
et al., 2015), (iii) oral administration in corn oil in ovariectomized
mice for three consecutive days (He et al., 2003), (iv) inhalation
exposure of both SD and F344 ovariectomized female rats at 700
ppm for 6 h/day for 3 consecutive days (Dow Corning, 2004); (v)
inhalation exposures to 700 ppm for 16 h/day for three consecutive
days in SD and F344 (Quinn et al., 2007b); and, (vi) inhalation
exposures of ovariectomized F344 rats for both standard 6-hr and
extended 16-hr exposures (Dow Corning, 2012).

Using the full dose response of orally administered D4 (0, 10, 50,
100, 250, 500 and 1000 mg/kg/day – and EE – 1, 3, 10 and 30 mg/kg/
day), both the level of activity and the extent of response were
estimated. The activity on a delivered dose basis was about 6
orders of magnitude greater for EE than for D4 and the maximum
response in terms of uterine weight increase for EE (350 %) was
more than double that of D4 (160 %) (McKim et al., 2001a). In mice
(He et al., 2003), the potency of EE for increasing uterine weight
was much greater than that of D4 and subcutaneous
Table 3
Modes of Action, Key Events, Dose Metrics, and Risk Assessment Relevance for diverse

Endpoints Mode of Action and Key Events Associated Dose Metrics

Responses in
Pulmonary
Airways and
Alveolar region

Equilibration of lipophilic vapors
with epithelial tissues and
deposition of aerosols onto,
retention in and irritation of
epithelial tissues

Tissue concentration of D
persistence of elevated D
regions with aerosol dep

Liver hypertrophy
with increased cell
proliferation

Activation of CAR-signaling by D4,
increasing patterns of gene
expression of genes for metabolizing
enzymes (Cyp2B1) and cellular
pathways controlling cell
proliferation in the rat

Time above a minimally
concentration of a CAR- 

complex or for inhibiting
signaling

Liver pigmentation
and bile duct
hyperplasia in SD
Rats

Uncertain Uncertain and the prefer
metric would be exposu
concentration

Mild nephropathy
and kidney
responses

Chronic progressive nephropathy
(CPN) and some binding of silanol
metabolites with alpha-2u globulin
to impair protein processing and
leading to kidney toxicity

CPN and some persisten
silanol- alpha-2u globulin
requiring some minimal
concentration of the com
affect protein processing

Reproductive
responses-
reduced litter size,
decreased
implantation sites
and corpora lutea

Hypothalamic or nasal epithelial D4
affecting afferent GABA pathways
innervating GnRH neurons to block/
delay GnRH surge

D4 accumulating in lipid
membranes or intramem
binding to GABA recepto
inhibit GnRH neuron fun

Uterine, ovarian, and
vaginal responses
and altered
patterns of cycling
in senescent
female rats

D4 alterations of GnRH surge & LH
surge delays ovulation leading to
longer periods of tissue exposures to
endogenous estrogen

Increased E2 levels and a
of estrogen receptor sign
to prolonged proestrus
administration in immature rats did not produce changes in
uterine weight (Lee et al., 2015).

Since most of the toxicology and mechanistic studies of D4 that
bear on risk assessment have been by the inhalation route, the
estrogenic responses following inhalation exposure allow a better
comparison to in-life toxicity results. In a study using both SD and
F344 rats with 6-hr exposures at 700 ppm (Dow Corning, 2004)
changes in uterus weight in SD rats did not reach statistical
significance, while there were significant increases in both wet and
blotted weight with the F344 rats. In the F344 rats, control uterus
weights were 0.053 � 0.013 g and for the ethinyl estradiol (3.0 mg/
kg/day) and 700 ppm D4 groups, the values were 0.280 � 0.013 g
and 0.106 � 0. 012 g, respectively. Another protocol used 16 -h
exposures at 700 ppm (Quinn et al., 2007b). The average uterus wet
weight in the SD rats following inhalation exposures were 0.064 g
(control), 0.186 g (D4) and 0.414 g (3 mg EE/kg/day). The net
increases with rats exposed to D4 using the 16 h inhalation
protocol were 33.5 % (SD rats) and 32.5 % (F344) of the response
seen with EE. Simultaneous treatment with both EE and D4 (Quinn
et al., 2007b) showed a small reduction compared to EE alone.

The six-hour exposures had a much-reduced uterotrophic
response to 700 ppm D4 compared to the EE-control examined.
The differential response to 6- and 16 -h exposures at 700 ppm
were also examined more closely in ovariectomized F344 rats
(Dow Corning, 2012). Parameters evaluated in the study included
wet and blotted uterine weight, cell heights for both lumen and
glandular regions, cell proliferation by BrdU-labelling for luminal,
glandular and stromal portions of the uterus and mammary tissue
cell proliferation. Ethinyl-estradiol (EE), an agonist for both nuclear
estrogen receptor (ESR1; ERα) and for the G-protein coupled
 endpoints seen in toxicology testing with D4.

 Expected Dose Response Human Risk Assessment
Relevance

4 and
4 in
osition

Non-linear with sharp break in dose
response for inhalation of vapor
atmospheres alone versus those
with aerosols

Not relevant endpoint for risk
assessments for low
concentration vapor only
exposures, i.e., below several
hundred ppm

 active
receptor

 EGFR

Non-linear, where the appearance of
hypertrophy and hepatocellular
carcinoma are limited by short
duration of action of inhaled D4, and
some level of CAR activation
required to produce transcriptional
responses

Not a human relevant endpoint.
The key responses – liver
enlargement and cell
proliferation – do not occur in
humans exposed to CAR-
activators

red dose
re

Low-dose non-linear with a
threshold since no evidence of
tumor formation in liver in chronic
studies

Use to establish a NOEL or BMD
for assessing risks of D4

ce of
 binding
ly active
plex to

Expectation of non-linear behavior
where some minimal level of
impaired processing of protein is
required to cause kidney responses

Not human relevant since the
endpoint is specific to the rat,
especially the male rat.

brane
rs to
ction.

Low-dose non-linearity since it
would be necessary to activate
GABAergic suppression to some
minimal degree to block LH surge or
achieve tissue D4 sufficient for non-
specific effects

Not human relevant due to
differences in GnRH input
required to regulate the LH
surge in rodents and humans

ctivation
aling due

Low-dose non-linearity due to need
for sufficient concentrations of D4 to
affect GnRH neuronal function and
block mid-cycle LH surge

Not human relevant due to
differences in GnRH control of
estrus cycle LH surge in rats and
women
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estrogen receptor (GPER1), and 4-hydroxytamoxifen (4-OHT), an
agonist of GPER1 and partial agonist/antagonist of ESR1, were used
as positive control compounds. G-protein coupled receptors
(GPCRs) are transmembrane proteins that transmit signals from
the extracellular environment, most often via intracellular
phosphorylation cascades. With respect to uterine weight, the
increase with the 16-hr exposure was 70 % as large as seen with EE.
The increase for the 6-hr exposures was only 30 % of the EE control.
The increase in uterine wet weight for D4 for the 6-hr exposures
was more like the increase with 4OHT. With BrdU labelling (%
labelled cells), the 16-hr D4 group was similar (55.5 � 2.9) to the EE
group (63.4 � 2.8) while the increase with the 6-hr exposures were
more similar for D4 (35.2 � 8.5) and 4OHT (33.9 � 6.1). Control
values for BrdU labelling were (4.3 � 3.7). Perhaps, the most
important conclusion from this study was that the 6-hr D4
exposure group produced responses much more like those with
4OHT, a GPER1 agonist, than those with E2. Importantly, the 6-hr
exposure duration was used in the toxicology studies and in the
examination of LH surge and ovulation. Other tests of receptor
binding and measurements of estrogen biomarker gene expression
showed that D4 exhibits only weak binding with ESR1 (He et al.,
2003; Quinn et al., 2007b).

4.5.1. Quantitative Contributions of D4 to estrogenicity in a mature
female rat

Although most of these mechanistic studies of uterine
proliferation with immature or ovariectomized female rats showed
weak biological responses to D4, these study designs do not take
into account the more complex time courses of tissue E2-
exposures in intact female rats that experience 4-to-5-day estrus
cycles with appreciable circulating estrogens throughout the cycle.
For instance, E2 concentrations during the estrus cycle (Fig. 2C)
range from 5 to 40 pg/mL (Smith et al., 1975). Even in diestrus there
are significant concentrations of E2 with maximal E2 concen-
trations on the morning of estrus of about 0.15 nM. Plasma levels of
D4 with 700 ppm exposures were 8.03 � 0.95 mg/mL, about 27 mM.
In the inhalation studies with ovariectomized rats the relative
potency of E2 is nearly 200,000 times greater than D4, and the
overall range of E2 throughout the estrus cycle is less than 10-fold
between diestrus and proestrus. Thus, the contribution of D4 to
estrogenic responses in the intact, mature female rat, unlike
juvenile females or ovariectomized adult females, would be
insignificant compared to the cyclic tissue exposures to E2 itself
in the sexually mature female rat (Fig. 2C) where there are
appreciable E2-concentrations throughout the estrus cycle. Rather
than expecting the excess estrogenic activity seen in the
reproductive tract tissues to arise from D4, it is the prolongation
of proestrus from a delay in ovulation that increases total tissue E2
exposures.

5. Explicit consideration of MOAs, Key Events and Tissue Dose
Measures

Integrating information on PK, tissue distribution, toxicity,
mechanistic studies, and comparisons to other compounds
provides the opportunity to develop hypotheses for specific MOAs
in each of the key tissues and make decisions about endpoints that
could be used in risk assessments with D4 based on evaluation of
their relevance for human exposures to D4 vapors. This section
integrates the various data streams to propose/support MOAs and,
where possible, compares various possible MOAs to suggest those
that are more likely than others based on current information.
These MOAs then used to assess the dose measures for D4, or
silanol metabolites likely associated with these responses. Table 3
outlines, dose measures and proposed MOAs for each of these
endpoints.
5.1. Upper and lower pulmonary region toxicity

Exposure to atmospheres of D4 containing both vapors and
aerosols lead to equilibration with vapors and deposition of
variable amounts of D4 aerosol along the airways. The site of
deposition depends on particle size with both larger and smaller
aerosol droplets preferentially depositing in the head and nasal
cavity (Heyder, 2004). The aerosol dose will be greater at the
higher exposures consistent with observations of the markers of
toxicity. In addition, the kinetic behavior on skin indicates that,
after aerosol droplet deposition in the respiratory tract and D4
uptake into the epithelium, the local concentrations of D4 are
expected to remain elevated for several hours after exposure with
some portion moving back into the airstream after cessation of the
exposure period. The high exposures created using nebulizers
would produce a greater percentage of aerosol production with
nociceptor-related changes (Pauluhn, 2018) involving increased
thymus and adrenal weights (Burns-Naas et al., 2002), direct tissue
irritation/hemorrhage in the deeper lung and concomitant
increases in corticosterone release. In the deeper lung, deposited
D4 or high concentrations of D4 would be expected to disrupt
surface tension properties based on its spreading characteristics.
The effects in the deeper lung areas seen with longer-term
exposures are consistent with alterations of surfactant homeosta-
sis and localized irritation (Pauluhn, 2021). For the respiratory
tract, the dose metric would be epithelial tissue concentrations of
D4 and amounts of deposited aerosol that would lead to epithelial
uptake of deposited D4 with short-term, i.e., several hours, local
retention as indicated in the PK studies of dermal uptake.
Increasing tissue concentrations would activate adaptive stress
responses, leukocytosis, altered surfactant processing with atten-
dant macrophage scavenging of surfactant, and increases in
corticosteroids in blood. The key event in the lung is uptake of
vapors and aerosol into the epithelium at high exposure
concentrations causing tissue irritation (Table 3; Supplemental
Fig. 1- Panel 1).

As an alternative hypothesis, metabolism of D4 in metabolically
competent cells in the respiratory and olfactory epithelium in the
nose and in club cells along the pulmonary epithelium might
convert D4 to locally high concentrations of reactive metabolites
and cause tissue toxicity. Fitting of a PBPK model to closed chamber
gas-uptake time course curves with D4 in male Fisher 344 rats
required including 5 % of total whole-body metabolism in the
respiratory epithelium (Dobrev et al., 2008). Some compounds
metabolized to reactive compounds at sites in the pulmonary or
olfactory epithelium cause epithelial toxicity – including styrene
(Cruzan et al., 1997, 2002), naphthalene (Campbell et al., 2014) and
vinyl acetate (Bogdanffy et al., 2001). With these compounds,
oxidation (styrene and naphthalene to ring epoxides) or enzymatic
hydrolysis (vinyl acetate to acetaldehyde and acetic acid) in the
epithelial tissues produce metabolites that cause toxicity. This
alternative hypothesis is very unlikely for D4 since there is no
evidence that the linear silanols produced by metabolism of D4 are
reactive and there were no signs of reactivity-based hepatotoxicity
in the liver where there is much higher enzymatic activity for D4
metabolism.

5.2. Kidney

Chronic progressive nephropathy (CPN) is common in many
strains of laboratory rats, and its incidence and severity is
increased by exposures to various chemicals (Hard et al., 2009).
In addition, inhalation studies with unleaded gasoline and various
short-chained, branched hydrocarbons cause a male-specfic rat
nephropathy (Swenberg, 1993). The compounds causing this
nephropathy interact with a male rat-specific protein, alpha-2u
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globulin leading to protein accumulation, nephropathy and small
increases in kidney cancer. Among compounds causing alpha-2u
globulin accumulation are various low molecular weight, branched
chain hydrocarbons, exemplified by 2,2,4-trimethyl pentane. After
exposures, a metabolite, 2,4,4-trimethyl-2-pentanol is found
bound to alpha-2u globulin (Borghoff et al., 1991). Although
silicon atoms are significantly larger than carbon, the parent
pentane and active metabolite have structural similarities with
HMDS and its monohydroxylated metabolite (Fig. 1) and HMDS or
metabolites co-eluted with alpha-2u globulin in HMDS-exposed
male rats (Dow Corning, 2003). The key event in the kidney with
HMDS would arise from silanol metabolites similar to those
produced by HMDS interacting with alpha-2u globulin. The dose
measure for this endpoint would be related to both achieved
concentrations of silanol metabolites formed and their affinity for
alpha-2u globulin. The kidney effects with D4, however, are most
likely from a combination of CPN (affecting both male and female
rats) with some small contribution of male-specific nephorpathy
increasing the severity of the response in males.

While is not evident that there are any other compelling
alternative hypotheses, it would be possible to assess binding of D4
or its metabolite silanols to male rat alpha-2u globulin in vivo, as
done with HMDS (Dow Corning, 2003), or estimating binding with
appropriate QSAR methods that would estimate quantitative
differences in binding to alpha-2u globulin compared to hydro-
carbons (Barratt, 1994). However, in the light of the lack of
relevance of this endpoint for human risk assessment, there would
be no urgency to conduct further investigations of a silanol-based
MOA for kidney effects.

5.3. Liver

CAR signaling pathway activation in liver by D4 increases the
clearance of D4 from the body – a form of auto-induction of
metabolism. Similar metabolic processes are evident with
barbiturate induction of CAR pathway activation. The MOA for
PB induction of CYP2B enzymes appears to be related to effects on
PB on phosphorylation and activation of the constitutive andros-
tane receptor -CAR (Mutoh et al., 2013). Activation of CAR by PB
exposures leads to a transcriptionally active form of the CAR
receptor that upregulates a suite of genes involved in xenobiotic
metabolism and in cell cycle progression and hepatocyte
proliferation in the rat.

PB does not bind directly to CAR. Instead, the mechanism of
induction appears to be PB alteringepidermal growth factor receptor
(EGFR) signaling at the cell surface to affect downstream CAR
phosphorylation (Mutoh et al., 2013). EGFR is a transmembrane
receptor and interacts with various activators or inhibitors at the cell
membrane interface (Supplemental Fig. 1-Panel 2). Several possible
docking sites were identified for PB on both the active and inactive
form of EGFR. However, it is not known if D4 and PB work in a similar
manner to activate CAR, i.e., through effects on EGFR. Nonetheless,
the most plausible MOA for liver enlargement and hepatocyte
proliferation would be that D4, as does PB, activates CAR-driven
transcriptional programs whether through binding to EGFR directly
or through actions on some other portion of the CAR-response
pathway in liver. While the liver enlargement and hepatocyte
proliferation associated with activation of CAR pathways are not
relevant for human risk assessment (Elcombe et al., 2014), other
responses, notably pigment accumulation and bile duct hyperplasia
seen at the highest concentration (700 ppm) in the reproductive
toxicity study, have not been not associated with CAR activation and
have to be assessed differently (Dow Corning, 2001; Siddiqui et al.,
2007). The dose response for these effects follows that for increased
liver weight rather than thatof CYP-induction. The relevance of these
responses for humans is unknown at present.
5.4. Female rat reproductive effects

The reproductive effects of D4 in the rat have been clearly
associated with modulation of the mid-cycle LH surge required to
drive ovulation (Meeks et al., 2007; Quinn et al., 2007a). In the rat,
a mid-cycle GnRH surge leads to the ovulation-producing LH surge
on the morning of proestrus. In humans, LH release from the
pituitary occurs in response to patterns of GnRH release from the
hypothalamus at different times during the estrus cycle and the
activity of GnRH neurons is controlled by a diverse array of inputs
(Fig. 2B). Several hypotheses for the modulation of the GnRH/LH
surges in female rats were considered.

5.4.1. D4 is not a dopamine agonist
One proposal to explain the reduced or delayed LH surge was D4

serving as a dopaminergic agonist to alter prolactin release
(Dekant et al., 2017). Prolactin is required for normal ovulation in
rats, but it does not appear to play a role in human ovulation. D4
might act as a dopamine agonist and reduce prolactin release.
However, a series of pharmacological studies provided no strong
evidence for D4 actions with these receptors (Baker, 2010). In
addition, pergolide mesylate (PM), a dopamine receptor agonist,
was also included in studies of altered cycling in the aging female
rat (Jean et al., 2017). Effects similar to those caused by D4 were
seen with PM; however, there were differences in hormone levels
of progesterone, estradiol, prolactin and corticosterone, between
D4- and PM-treated rats. Altered dopamine signaling did not
appear to be the cause of the modulation of the LH surge and
ovulation in D4 exposed rats.

5.4.2. Non-specific, anesthetic-like membrane effects of D4
Another possible effect would be non-specific consequences of

high lipid phase concentrations of D4 affecting neurotransmission
(Antkowiak, 2001; Lynch, 2008), a mechanism of action for volatile
anesthetics originally outlined separately by Overton (Overton,
1895) and Meyer (Meyer, 1899) over a hundred years ago. While
models for anesthetic potency have been developed for anesthetic
gases, they have not been applied to volatile compounds with oil/
air or octanol/air partition coefficients as large as that of D4
(Table 1). With conventional volatile anesthetics, a simple
relationship permits estimation of the minimal anesthetic
concentration (MAC) based on a single parameter, the oil/gas
partition coefficient (Sosis, 2017). The fitted relationship is [(MAC)
= (octanol/gas partition coefficient)**0.9542)/108.67. The estimat-
ed MAC for D4 with this equation would be 0.0101 % by volume or
101 ppm. The likely reason for this low estimate of the MAC
(compared to observations in the animal exposures) is the very
high lipophilicity of D4 compared to the other volatile anesthetics
used in developing the relationship between MAC and log oil/air
(Antkowiak, 2001) and the slower filling of membranes and brain
tissues expected with intermittent 6 h/day exposures with a highly
lipophilic volatile. Nonetheless, this estimation of a MAC for D4
emphasizes that non-specific membrane effects are not quantita-
tively unreasonable given the high lipophilicity of D4 and that this
non-specific anesthetic substance-like activity could affect the
activity of GnRH neurons themselves or of afferent inputs to these
neurons (Fig. 2A and B).

Effects of D4 on membrane fluidity have been examined in
liposomes and rat pituitary and human umbilical vein endothelial
cells – HUVEC - in unpublished reports (IONTOX, 2018, 2019).
Liposomes were prepared and labelled with 1,6-diphenyl-1,3,5-
hexatriene (DPH). Sodium dodecyl sulfate was a positive control
and the effect of D4 on membrane fluidity assessed following
treatment with increasing concentrations of D4 (0.3, 1, 3 10 and 30
%). The mixture of neat D4 and the aqueous test solution was
mixed, vortexed and then allowed to sit. After the separation of D4
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from the aqueous phase, fluorescence depolarization showed a
dose response across all concentrations. The Fluorescence Polari-
zation (FP) values decreased from about 160 units at 0 % D4 to
about 40 units at 30 % D4. The decrease in polarization indicates an
increase in membrane fluidity, i.e., moving to a more disordered
state, and the treatment causing approximately a 50 % maximal
loss was between 1 and 3 % D4.

Functional in vitro studies of trans-membrane proteins after
treatment with D4 were also pursued with HUVEC cells. Treatment
of these cells with vascular endothelial growth factor (VEGF) leads
to ERK1/2 phosphorylation. Cells were treated with increasing
concentrations of VEGF and either D4 alone or D4 in combination
with sunitinib maleate, a VEGF receptor inhibitor. D4 increased
ERK1/2 phosphorylation compared to vehicle control at the highest
treatment level and this increase was not affected by sunitinib. It
appears that D4 increases fluidity, i.e., a non-specific change in
membrane packing, and these non-specific changes lead to
enhanced ERK1/2 phosphorylation. Although it is difficult to
accurately determine the aqueous phase exposure to D4 in these
experiments, qualitatively these results indicate that D4 at
aqueous concentrations achievable in these mixed suspension
experiments alters membrane integrity and membrane-associated
biological functions. The results with HUVEC cells do not indicate
that D4 caused specific alteration of ERK function but simply that
D4 has an ability to change membrane fluidity and associated
behaviors of membrane proteins/lipoproteins of various kinds via
non-specific mechanisms.

5.4.3. Alterations in GABA signaling
Binding of D4 with cellular proteins or partitioning of D4 into

membrane components would also affect GnRH neuronal function.
Both PB and progesterone block the mid-cycle LH surge and
ovulation in rodents (Everett and Sawyer, 1950; Toyoda and Chang,
1969; Arimura and Schally, 1970; Tyler and Gorski, 1980). While
these observations were noted some 50–60 years ago, the neural
basis of these responses has only become clarified with expanding
knowledge of the control of the activity of neurotransmitter
pathway signaling in the hypothalamus. Gamma-aminobutyric
acid (GABA) is the dominant inhibitory neurotransmitter in the
hypothalamus, where 50 % of all synaptic contacts in the rat
hypothalamus are estimated to be GABAergic (Decavel and Van
den Pol,1990). The GABA receptor is a transmembrane chloride-ion
channel protein (Supplemental Fig. 1- Panel 3). Several neuro-
steroids affect GABA neuronal activity, by enhancing inhibitory
input through activation of chloride ion signaling. Two of the better
studied neurosteroids are allopregnanolone and allotetrahydro-
deoxycorticosterone (THDOC), formed respectively from proges-
terone and corticosteroids (Paul and Purdy, 1992). In the two-year
study of the aging female rat, there was a consistent increase in
corticosterone (Jean et al., 2017) that could form THOC either in the
periphery or in tissues within the brain. An increased stress
response with increased corticosteroid levels from pulmonary
tract irritation associated with exposure to mixed aerosol/vapors
at the higher exposure concentrations would increase THOC in
brain and could increase inhibitory tone with GABA neurons and
affect GnRH release.

Allopregnanolone (3-α-hydroxy-5-α-prenan-20-one) binds
GABA-receptors with high affinity, augmenting GABA-activated
chloride channels, in a manner similar but not identical to PB (Paul
and Purdy, 1992) and suppresses GnRH release (Calogero et al.,
1998). Binding sites for neurosteroids have been identified by using
photolabeling analogs of the progesterone derived neurosteroids
with a human α1β3 GABAa receptor and docking studies to predict
amino acid residues involved in neurosteroid binding (Chen et al.,
2019). Similarly, PB binding sites in a α1β2g2 GABAa receptor were
solved by electrophysiology and molecular dynamics simulations
to identify binding sites between α-β and α-g interfaces (Kim et al.,
2020). Studies with several general anesthetics, isoflurane,
halothane, and chloroform, coupled with site specific mutagenesis
defined a binding pocket for these anesthetics in an amphipathic
cavity on the alpha-subunit with a molecular volume of �250 to
370 Å 3 (Jenkins et al., 2001). The molecular volume of D4 is close to
this range, approximately 390 Å 3 (Personal communication, G.
Kozerski, Dow Chemical). An overlapping target for PB and D4
affecting GABA receptors in the hypothalamus would also be
consistent with their common activity in increasing CAR receptor
pathway-mediated transcriptional programs in the liver.

5.4.4. Non-specific effects on GnRH neuron activity arising from
olfactory/VMO afferents in rodents

While the pituitaryand hypothalamus concentrations of D4 were
similar to concentrations in other tissues at the same exposure levels
(Plotzke et al., 2000; Andersen et al., 2001; Krieger et al., 2021),
afferent inputs to the hypothalamus arising from the olfactory
epithelium (OE) or the vomeronasal organ (VMO) in rodents might
experience higher concentrations through aerosol deposition and
direct vapor equilibration in the nasal epithelium coupled with
movement of deposited D4 into neuronal tract tissues immediately
proximal to nasal deposition sites. Nasal delivery of various particles
and stabilized lipid carriers have been used to deliver compounds to
the brain and bypass the blood/brain barrier (Crowe et al., 2018). This
uptake route is composed of two pathways. Endocytosis brings the
particles into the olfactory epithelium followed by axonal transport
to the synaptic clefts in the olfactory bulb for exocytosis. Olfactory
neurons then distribute compounds to other brain regions. Nasal
delivery bypasses the systemic circulation and can deliver drugs that
would be rapidly degraded during circulation or those whose uptake
into brain would be limited by the blood-brain-barrier. Easily
biodegradable test materials were first conjugated with a carrier or
incorporated into stable particles before intranasal exposure.
However, it is unlikely that deposited lipophilic D4 aerosols would
maintain structural stability after deposition on the epithelium to
allow endocytosis. Whether or not the pathway is significant for
delivery of vapor or deposited liquid droplet aerosols of D4 to the
hypothalamus, uptake into the nasal epithelium and local diffusion
into the olfactory bulb structures could produce exposures to
neuronal pathway that communicate to the hypothalamus, which in
turn could also affect GnRH afferents.

5.4.5. Non-specific effects on GnRH neuron activity arising from
nociceptor stress response in rodents

Deposition of high concentrations of D4 vapor or aerosol
droplets in the nasal cavity of rodents could produce nociceptor
responses (Pauluhn, 2018). The high exposure concentrations in
the rat inhalation studies produced a greater percentage aerosol
and nocioreceptor-related responses (Pauluhn, 2018) involving
secondary changes in thymus and adrenal weights (Burns-Naas
et al., 2002) and signs of tissue irritation/hemorrhage in the deeper
lung. Deposited D4 aerosol in the deep lung would spread onto the
epithelial surface, disrupting surfactant turnover and recruiting
macrophages to scavenge the disrupted surfactant layers. The
observation of increased macrophages and local hemorrhage is
consistent with aerosol exposure in the deeper lung. These types of
changes in the pulmonary tract can lead to concomitant increases
in corticosterone release as a stress response. In the two-year study
of female rat reproductive senescence, there was a consistent
increase in corticosterone (Jean et al., 2017) that could potentially
form THOC, a corticosteroid metabolite, either in the periphery or
in tissues within the brain. An increased stress response with
increased corticosteroid levels from pulmonary tract irritation
associated with exposure to mixed aerosol/vapors at the higher
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exposure concentrations would increase THOC in brain, and
further increase the inhibitory tone of GABA neurons.

Overall, the MOA for the reproductive toxicity in female rats
with the strongest support is that a combination of non-specific
membrane fluidity changes and enhanced GABAa-related disrup-
tion of GnRH neurons either in the hypothalamus or in afferent
pathways affecting hypothalamic GnRH neurons modulate the
mid-cycle GnRH surge required for mid-cycle LH release and
ovulation in the rat (Supplemental Fig. 1; Panel 3).

5.5. Female rat reproductive tissue responses

Specific tissue responses (vaginal/uterine/ovarian tissue) ob-
served during toxicity evaluations with high levels of mixed
aerosol/vapor showed signs of estrogenic stimulation that includ-
ed uterine hyperplasia, vaginal mucification and minimal evidence
for benign uterine adenomas. These responses contrasted with a
lack of estrogenic stimulation on other tissues that are normally
adversely affected by excess estrogenic activity, including adverse
effects on prostate, testes, and spermatogenesis in males (Siddiqui
et al., 2007). The increased estrogenic signaling in the mature,
cycling female rat exposed to 700 ppm D4 is associated with the
delay in ovulation, producing extended periods of proestrus
(Fig. 2C). Any potential activation of estrogen receptors by D4
would be swamped by normal exposures to E2 during estrus
cycling in the intact, mature female rat (Borgert et al., 2018) where
the potency of E2 is 5 or 6 orders of magnitude greater than that of
D4 (McKim et al., 2001b). The estrogenic MOA of D4 in
ovariectomized female rats indicates action as a weak agonist,
primarily affecting signaling through GPER1 that would not
contribute significantly to estrogenicity in a mature, cycling
female rat.

6. Relevance of rat MOAs for human risk assessment

Table 3 includes a column assessing human relevance of the
MOAs of toxicity in rats. Both the mild degree of nephropathy and
liver enlargement with increased cell proliferation are rodent-
specific responses and of no relevance for human risk assessment
either qualitatively or quantitatively (Hard et al., 2009; Elcombe
et al., 2014). However, neither the pigment accumulation nor bile
duct hyperplasia, responses that were also reported for the linear
siloxane L3 (HarlanLaboratories Ltd., 2010) are considered part of
the PB-like responses to CYP2B-inducer. These responses were
observed at the highest exposure concentrations with D4 and were
statistically significant at 700 ppm. The relevance of these
endpoints is unknown at the present time. NOEL or BMDs for
D4 could be derived for these responses for more formal risk
assessments.

Of the remaining endpoints (Table 3), the pulmonary responses
at the exposure concentrations above 300 ppm arise from
combined aerosol/vapor exposures and are not relevant for low
inhaled concentrations where only vapor would be present in
inhaled air. The increased eosinophilic globules in females at
exposures of 30 ppm and above at 24 months had a clear dose
response. However, these globules are commonly observed with
highly variable incidence in old F344 rats and have a higher
incidence in females than males. This slight increase in a common
geriatric endpoint in these rats would not be an appropriate
endpoint for risk assessment.

The evidence for impaired female rat reproductive function and
specific reproductive tissue responses very strongly supports
MOAs related to some combination of non-specific membrane
fluidity responses and GABAa inhibition of GnRH neuronal
function (i.e., increased inhibitory tone of the GABAa neurons)
as the cause of delaying the LH surge and ovulation, with the
subsequent extended time in estrus. The dose-response for effects
on ovulation in the rat would be non-linear with a threshold since
the measure of dose for a nonspecific membrane disruption
process, a response secondary to a stressor or a receptor mediated
process, would require some minimal level of dose maintained
over a sufficient duration to have any measurable effect on
enhanced GABA inhibition of the GnRH neurons. However, a more
significant issue for extrapolation of relevance of this endpoint to
humans arises from differences between rats and humans in
relation to interspecies difference in control of GnRH and the LH
surge. The rodent MOA here is not relevant for humans.

Fertile female rats have 4- to 5-day estrus cycles and ovulation
is governed by the large mid-cycle GnRH surge driving the
ovulation-inducing LH pulse on the day of proestrus. Extending the
time in estrus by a single day very significantly adds to the net
estrogen exposure during a cycle (Fig. 2C). The human menstrual
cycle is more prolonged and LH release affecting ovulation differs
from that in the rat. The human female LH surge occurs in the
absence of a midcycle GnRH discharge, and is generated by
facilitatory activity between pulsatile GnRH input to the pituitary
and activating actions of ovarian estradiol on the pituitary (Plant,
2012). In contrast to the rodent (Toyoda and Chang, 1969; Norman
et al., 1973b, a; Majewska et al., 1986), barbiturate treatment does
not block the LH surge in rhesus monkeys (Knobil, 1974; Plant,
2012) and this rodent response, altering the mid-cycle GnRH surge
with postponed ovulation and extended proestrus, would not be
considered relevant for assessing risks in women.

6.1. Tissue MOAs of D4

This hypothesis-driven MOA analysis indicates that there may
be non-specific, membrane fluidity effects arising from partition-
ing of the lipophilic D4 into membranes, together with some
degree of specificity for D4 action with two proteins - GABAa and
EGFR-that are integrated into cell membranes. Supplemental Fig. 1
illustrates these MOAs by showing uptake of D4 into cell
membranes for all endpoints other than the kidney. With current
technologies for modeling small molecule-protein binding, it
would be feasible to evaluate possible binding sites for D4 on GABA
and EGFR computationally and compare results with those of PB
(for GABAa and EGFR). However, as discussed in relation to binding
of silanol metabolites of D4 with alpha-2u globulin, there is no
pressing need for further evaluation of binding to these proteins
due to the lack of relevance of the altered mid-cycle GnRH response
for human risk assessment.

The responses of D4 in the uterotrophic assays in ovariecto-
mized rats suggested that D4 was more similar in action to 4OHT
than EE and was likely interacting through GPER1 (Supplemental
Fig. 1; Panel 4). As with GABAa and EGFR, various computational
tools – molecular modeling studies, molecular dynamics and
docking algorithms – have also been used to examine GPER1
binding sites for E2 and for agonists and antagonists (Mendez-Luna
et al., 2015) and there is continued progress in refining
understanding of binding sites within GPCRs (Chan et al., 2019).
D4, with the silicon atoms surrounded by methyl groups, would
likely have higher potential for binding with more hydrophobic
regions of binding pockets or for insertion within the lipid bilayers.
Binding and functional studies pf D4 binding with GABAa receptors
could also be useful in more accurately determining affinities and
binding sites on the receptor and differentiating non-specific
membrane and GABAa-related MOAs. However, since the-
reproductive tissue/reproductive responses are not relevant for
human risk assessment due to differences in regulation GnRH
release from the hypothalamus, control of the LH surge and the
estrogenicity related to prolonged estrus rather than D4 (Table 3;
Fig. 2), further experiments or computational modeling to evaluate
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binding of D4 with GPER1 would have little value for D4 risk
assessment. The estrogenicity in rodents arises from actions of
more prolonged E2-exposures (Table 3) rather than any effect of
D4.

7. Conclusions

Integration of evidence from toxicology, metabolism, and
pharmacokinetics indicates that the MOAs for most of the relevant
toxicological responses to D4 in mammalian species are either
species-specific for rodent (liver hypertrophy, nephropathy, and
the PB-like delay of the mid-cycle LH surge) or high dose
pulmonary responses from inhaled aerosols that are not expected
to contribute substantially at lower exposures. The reproductive
tissue responses in the rat, including uterine hyperplasia, vaginal
mucification and minimal evidence for uterine benign adenomas
are secondary to delaying the LH surge on the day of proestrus, an
effect enhanced by the presence of inhaled aerosols.

The mid-cycle, ovulation-producing GnRH surge is a process
specific to the rodent; ovulation in human females occurs through
pulsatile GnRH release and priming of the anterior pituitary by
estrogen to prepare the anterior pituitary for an LH surge that
drives ovulation. Importantly, none of these responses should be
considered relevant for human risk assessments and, in view of
differences in the way GnRH regulates LH release and ovulation
between rats and humans, the reproductive effects should not
drive regulatory labelling of D4. Neither should D4 be regarded as
an estrogenic endocrine disruptor since the responses (reproduc-
tive effects and reproductive and uterine/vaginal morphology)
following exposure to D4 in adult intact animals are due to
prolonged endogenous E2 from delaying the rat-specific mid-cycle
LH release. Since the reproductive tissue, uterine adenoma and
effects on reproduction are due to a rodent-specific MOA, D4
should not bear carcinogenic, mutagenic or reproductive toxicity
(CMR) labelling nor be considered an endocrine disruptor. A NOAEL
or BMD could be established for increased liver pigmentation and
bile duct hyperplasia and serve as a point of departure for
developing a risk assessment. Importantly though, at this point the
MOA of this endpoint with its differential sensitivity in SD and
F344 rats, is unknown as its relevance for humans.

Declaration of Competing Interest

The authors declare the following financial interests/personal
relationships which may be considered as potential competing
interests:

Melvin Andersen reports financial support and administrative
support were provided by American Chemistry Council Silicones
Environmental Health and Safety Center. Melvin Andersen reports
a relationship with American Chemistry Council Silicones Envi-
ronmental Health and Safety Center that includes: consulting or
advisory.

Acknowledgements

The preparation of this report was supported by a contract to
the author from the Silicon Environmental, Health, and Safety
Center (SEHSC). The content represents the conclusion reached by
the author and not necessarily the views of the SEHSC.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in
the online version, at doi:https://doi.org/10.1016/j.tox-
let.2021.12.020.
References

Andersen, M.E., Sarangapani, R., Reitz, R.H., Gallavan, R.H., Dobrev, I.D., Plotzke, K.P.,
2001. Physiological modeling reveals novel pharmacokinetic behavior for
inhaled octamethylcyclotetrasiloxane in rats. Toxicol. Sci. 60, 214–231.

Andersen, M.E., Reddy, M.B., Plotzke, K.P., 2008. Are highly lipophilic volatile
compounds expected to bioaccumulate with repeated exposures? Toxicol. Lett.
179, 85–92.

Antkowiak, B., 2001. How do general anaesthetics work? Naturwissenschaften 88,
201–213.

Arimura, A., Schally, A.V., 1970. Progesterone supression of LH-releasing hormone-
induced stimulation of LH release in rats. Endocrinology 87, 653–657.

Asaba, A., Hattori, T., Mogi, K., Kikusui, T., 2014. Sexual attractiveness of male
chemicals and vocalizations in mice. Front. Neurosci. 8, 231.

Baker, S., 2010. Potential for Octamethylcyclotetrasiloxane and
Decamethylcyclopentasiloxane to Interact With and Activate the Dopamine D2
Receptor in Rat Striatal Membranes. Silicones Envioronmental, Health and
Safety COuncil.

Barratt, M.D., 1994. A Quantitative Structure-Activity Relationship (QSAR) for
prediction of alpha(2mu)-globulin nephropathy. Toxicol. In Vitro 8, 885–887.

Bogdanffy, M.S., Plowchalk, D.R., Sarangapani, R., Starr, T.B., Andersen, M.E., 2001.
Mode-of-action-based dosimeters for interspecies extrapolation of vinyl
acetate inhalation risk. Inhal. Toxicol. 13, 377–396.

Boobis, A.R., Cohen, S.M., Dellarco, V., McGregor, D., Meek, M.E., Vickers, C.,
Willcocks, D., Farland, W., 2006. IPCS framework for analyzing the relevance of a
cancer mode of action for humans. Crit. Rev. Toxicol. 36, 781–792.

Boobis, A.R., Doe, J.E., Heinrich-Hirsch, B., Meek, M.E., Munn, S., Ruchirawat, M.,
Schlatter, J., Seed, J., Vickers, C., 2008. IPCS framework for analyzing the
relevance of a noncancer mode of action for humans. Crit. Rev. Toxicol. 38, 87–
96.

Borgert, C.J., Matthews, J.C., Baker, S.P., 2018. Human-relevant potency threshold
(HRPT) for ERalpha agonism. Arch. Toxicol. 92, 1685–1702.

Borghoff, S.J., Miller, A.B., Bowen, J.P., Swenberg, J.A., 1991. Characteristics of
chemical binding to alpha 2u-globulin in vitro–evaluating structure-activity
relationships. Toxicol. Appl. Pharmacol. 107, 228–238.

Burns-Naas, L.A., Meeks, R.G., Kolesar, G.B., Mast, R.W., Elwell, M.R., Hardisty, J.F.,
Thevenaz, P., 2002. Inhalation toxicology of octamethylcyclotetrasiloxane (D4)
following a 3-month nose-only exposure in Fischer 344 rats. Int. J. Toxicol. 21,
39–53.

Calogero, A.E., Palumbo, M.A., Bosboom, A.M., Burrello, N., Ferrara, E., Palumbo, G.,
Petraglia, F., D’Agata, R., 1998. The neuroactive steroid allopregnanolone
suppresses hypothalamic gonadotropin-releasing hormone release through a
mechanism mediated by the gamma-aminobutyric acidA receptor. J.
Endocrinol. 158, 121–125.

Campbell, J.L., Andersen, M.E., Clewell, H.J., 2014. A hybrid CFD-PBPK model for
naphthalene in rat and human with IVIVE for nasal tissue metabolism and
cross-species dosimetry. Inhal. Toxicol. 26, 333–344.

Campbell Jr., J.L., Andersen, M.E., Van Landingham, C., Gentry, R., Jensen, E.,
Domoradzki, J.Y., Clewell 3rd, H.J., 2017. Refinement of the oral exposure
description in the cyclic siloxane PBPK model for rats and humans: implications
for exposure assessment. Toxicol. Lett. 279 (Suppl 1), 125–135.

Cassidy, S.L., Dotti, A., Kolesar, G.B., Dochterman, L.W., Meeks, R.G., Chevalier, H.J.,
2001. Hexamethyidisiloxane: a 13-week subchronic whole-body vapor
inhalation toxicity study in Fischer 344 rats. Int. J. Toxicol. 20, 391–399.

Chan, H.C.S., Li, Y., Dahoun, T., Vogel, H., Yuan, S., 2019. New binding sites, new
opportunities for GPCR drug discovery. Trends Biochem. Sci. 44, 312–330.

Chen, Z.W., Bracamontes, J.R., Budelier, M.M., Germann, A.L., Shin, D.J., Kathiresan,
K., Qian, M.X., Manion, B., Cheng, W.W.L., Reichert, D.E., Akk, G., Covey, D.F.,
Evers, A.S., 2019. Multiple functional neurosteroid binding sites on GABAA
receptors. PLoS Biol. 17, e3000157.

Crowe, T.P., Greenlee, M.H.W., Kanthasamy, A.G., Hsu, W.H., 2018. Mechanism of
intranasal drug delivery directly to the brain. Life Sci. 195, 44–52.

Cruzan, G., Cushman, J.R., Andrews, L.S., Granville, G.C., Miller, R.R., Hardy, C.J.,
Coombs, D.W., Mullins, P.A.,1997. Subchronic inhalation studies of styrene in CD
rats and CD-1 mice. Fundam. Appl. Toxicol. 35, 152–165.

Cruzan, G., Carlson, G.P., Johnson, K.A., Andrews, L.S., Banton, M.I., Bevan, C.,
Cushman, J.R., 2002. Styrene respiratory tract toxicity and mouse lung tumors
are mediated by CYP2F-generated metabolites. Regul. Toxicol. Pharmacol. 35,
308–319.

Decavel, C., Van den Pol, A.N., 1990. GABA: a dominant neurotransmitter in the
hypothalamus. J. Comp. Neurol. 302, 1019–1037.

Dekant, W., Scialli, A.R., Plotzke, K., Klaunig, J.E., 2017. Biological relevance of effects
following chronic administration of octamethylcyclotetrasiloxane (D4) in
Fischer 344 rats. Toxicol. Lett. 279 (Suppl 1), 42–53.

Dobrev, I.D., Nong, A., Liao, K.H., Reddy, M.B., Plotzke, K.P., Andersen, M.E., 2008.
Assessing kinetic determinants for metabolism and oral uptake of
octamethylcyclotetrasiloxane (D4) from inhalation chamber studies. Inhal.
Toxicol. 20, 361–373.

Domoradzki, J.Y., Sushynski, C.M., Sushynski, J.M., McNett, D.A., Van Landingham, C.,
Plotzke, K.P., 2017a. Metabolism and disposition of [(14)C]-
methylcyclosiloxanes in rats. Toxicol. Lett. 279 (Suppl 1), 98–114.

Domoradzki, J.Y., Sushynski, J.M., Thackery, L.M., Springer, T.A., Ross, T.L., Woodburn,
K.B., Durham, J.A., McNett, D.A., 2017b. Metabolism of (14)C-
octamethylcyclotetrasiloxane ([(14)C]D4) or (14)C-

https://doi.org/10.1016/j.toxlet.2021.12.020
https://doi.org/10.1016/j.toxlet.2021.12.020


M.E. Andersen / Toxicology Letters 357 (2022) xxx–xxx 15
decamethylcyclopentasiloxane ([(14)C]D5) orally gavaged in rainbow trout
(Oncorhynchus mykiss). Toxicol. Lett. 279 (Suppl 1), 115–124.

Dow Corning, 1990. A 14-day Subchronic Oral Gavage Study with
Octamethylcyclotetrasiloxane in Rats. Testing laboratory: Dow Corning
Corporation, Toxicology department Report No: 1990-I0000-35072. Study
number: File Number 5291-7. Report date: 1990-01-31 (As Cited in REACH 2011). .

Dow Corning, 1995. 1-Month Repeated Dose Inhalation Toxicity Study with
Octamethylcyclotetrasiloxane in Rats. Report No: 1995-I0000-40168. Dow
Corning Corporation, Sponsor: Midland, Michigan. .

Dow Corning, 2000. Summarny of Histopathological Results for a 1-Month and 3
Month Repeated Dose Inhalation Study with Octamethylcyclotetrasiloxane
(D4). Report Number 2000-I0000-48625. .

Dow Corning, 2001. A Two-Generation Inhalation Reproductive Toxicity and
Developmental Neurotoxicity Study of Octamethylcyclotetrasiloxane (D4) in
Rats. .

Dow Corning, 2003. Non-Regulated Study: A One-Week Vapor Inhalation Study to
Evalaute by Immunohistochemistry the Effect of Hexamethyldisiloxane
(HMDS) on Alpha-2u-Globulin Accumulatoin in the Kidneys of Male Fisher 344
Rats. .

Dow Corning, 2004. Non-regulated Study: The Rat Uterotrophic Assay Evalaution of
Octamethylcyclotetrasiloxane (D4) in Two Strains of Rats Exposed for 6 Hours
by Inhalation. Report Number: 2004-I0000-53624, Study No. 9904-102. .

Dow Corning, 2005a. Non-Regulated Study: Assessment of Cyclic SIloxane
Activation of the Constitutive Androstane Receptor. Stdy Number: 9963-102. .

Dow Corning, 2005b. Non-Regulated Study: Assessment of Cyclic SIloxanes in an In
Vitro Pregnane A Receptor (PXR) Re[prter Gene Assay. Study Number: 9914-
102. .

Dow Corning, 2006. 1-Octanol/Air Partitioning Coefficients of
Octamethylcyclotetrasiloxane (D4), Decamethylcyclopentasiloxane (D5), and
Dodecamethylcyclohexasiloxane (D6) at Different Temperatures. HES Study
No.: 10163–108. Study Director: Xu S. .

Dow Corning, 2007. Non-Regulated Study: Hexamethyldisiloxane (HMDS):
Determination of Reversible Bindinhg of HMDS/Metabolites to Alpha-2u-
Globulin in Male FIsher 344 Rats Following Oral Gavage Administration. .

Dow Corning, 2012. Non-regulated Study: Potential for Uterine Proliferation in the
Fischer 344 Rat with Octamethylcyclotetrasiloxane and
Decamethylcyclopentasiloxane: Effect of Vapor Inhalation Exposure Duration.
Study Number: 11585-102. Study Director: Seidel, S.D. .

Elcombe, C.R., Peffer, R.C., Wolf, D.C., Bailey, J., Bars, R., Bell, D., Cattley, R.C.,
Ferguson, S.S., Geter, D., Goetz, A., Goodman, J.I., Hester, S., Jacobs, A.,
Omiecinski, C.J., Schoeny, R., Xie, W., Lake, B.G., 2014. Mode of action and human
relevance analysis for nuclear receptor-mediated liver toxicity: a case study
with phenobarbital as a model constitutive androstane receptor (CAR) activator.
Crit. Rev. Toxicol. 44, 64–82.

Everett, J.W., Sawyer, C.H., 1950. A 24-hour periodicity in the "LH-release
apparatus" of female rats, disclosed by barbiturate sedation. Endocrinology 47,
198–218.

Franzen, A., Greene, T., Van Landingham, C., Gentry, R., 2017. Toxicology of
octamethylcyclotetrasiloxane (D4). Toxicol. Lett. 279 (Suppl 1), 2–22.

Gentry, R., Franzen, A., Van Landingham, C., Greene, T., Plotzke, K., 2017. A global
human health risk assessment for octamethylcyclotetrasiloxane (D4). Toxicol.
Lett. 279 (Suppl 1), 23–41.

Hard, G.C., Johnson, K.J., Cohen, S.M., 2009. A comparison of rat chronic progressive
nephropathy with human renal disease-implications for human risk
assessment. Crit. Rev. Toxicol. 39, 332–346.

Harlan Laboratories Ltd, 2010. 28-Day Oral Toxicity (Gavage) Study in the Sprague-
dawley Rat with Octamethyltrisiloxane (L3).

He, B., Rhodes-Brower, S., Miller, M.R., Munson, A.E., Germolec, D.R., Walker, V.R.,
Korach, K.S., Meade, B.J., 2003. Octamethylcyclotetrasiloxane exhibits
estrogenic activity in mice via ERalpha. Toxicol. Appl. Pharmacol. 192, 254–261.

Heyder, J., 2004. Deposition of Inhaled Particles in the human respiratory tract and
concequences for regional targeting in respiratory drug delivery. Proc. Am. Thor.
Soc. 1, 315–320.

IONTOX, 2018. In VItro Assessment of Fluorescence Polarization of Liposomes in
Response to Octamethylcyclotetrasiloxane (D4). IONTOX Study Number: ITX-C-
040-01. .

IONTOX, 2019. In VItro Assessment of Recovery of Mmebrane Fluidity in Rat
Pituitary and HUVEC Cells, and Assessment of VEGF Signaling in HUVEC Cells,
After Exposure to Octamethyltetracyclosiloxane (D4). IONTOX Study Number:
ITX-C-040-03. .

Jean, P.A., Plotzke, K.P., 2017. Chronic toxicity and oncogenicity of
octamethylcyclotetrasiloxane (D4) in the Fischer 344 rat. Toxicol. Lett. 279
(Suppl 1), 75–97.

Jean, P.A., Sloter, E.D., Plotzke, K.P., 2017. Effects of chronic exposure to
octamethylcyclotetrasiloxane and decamethylcyclopentasiloxane in the aging
female Fischer 344 rat. Toxicol. Lett. 279 (Suppl 1), 54–74.

Jenkins, A., Greenblatt, E.P., Faulkner, H.J., Bertaccini, E., Light, A., Lin, A., Andreasen,
A., Viner, A., Trudell, J.R., Harrison, N.L., 2001. Evidence for a common binding
cavity for three general anesthetics within the GABAA receptor. J. Neurosci. 21,
RC136.

Kim, J.J., Gharpure, A., Teng, J., Zhuang, Y., Howard, R.J., Zhu, S., Noviello, C.M., Walsh
Jr., R.M., Lindahl, E., Hibbs, R.E., 2020. Shared structural mechanisms of general
anaesthetics and benzodiazepines. Nature 585, 303–308.

Knobil, E., 1974. On the control of gonadotropin secretion in the rhesus monkey.
Recent Prog. Horm. Res. 30, 1–35.
Krieger, S.M., Erskine, T.C., Moore, L.M., 2021. Octamethylcyclotetrasiloxane (D4):
Vapor vs. Aerosol Inhaltinon Study. The Dow Chemical Company, Laboratory
Project Study ID: 200014. .

Lee, D., Ahn, C., An, B.S., Jeung, E.B., 2015. Induction of the estrogenic marker
Calbindn-D(9)k by octamethylcyclotetrasiloxane. Int. J. Environ. Res. Public
Health 12, 14610–14625.

Loscher, W., 2007. The pharmacokinetics of antiepileptic drugs in rats:
consequences for maintaining effective drug levels during prolonged drug
administration in rat models of epilepsy. Epilepsia 48, 1245–1258.

Lynch 3rd, C., 2008. Meyer and overton revisited. Anesth. Analg. 107, 864–867.
Majewska, M.D., Harrison, N.L., Schwartz, R.D., Barker, J.L., Paul, S.M., 1986. Steroid

hormone metabolites are barbiturate-like modulators of the GABA receptor.
Science 232, 1004–1007.

McKim Jr., J.M., 1998. Effects of Repeated Whole-Body Inhalation Expposure to
Octamethylcyclotetrasiloxane (D4) Vapors on Hepatic Microsomal CYP2B1/2B2
Induction in Female Fisher 344 Rats: a Dose-Response Study. Internal report
available on request from Dow Corning Corporation, Midland MI. .

McKim Jr., J.M., Kolesar, G.B., Jean, P.A., Meeker, L.S., Wilga, P.C., Schoonhoven, R.,
Swenberg, J.A., Goodman, J.I., Gallavan, R.H., Meeks, R.G., 2001a. Repeated
inhalation exposure to octamethylcyclotetrasiloxane produces hepatomegaly,
transient hepatic hyperplasia, and sustained hypertrophy in female Fischer 344
rats in a manner similar to phenobarbital. Toxicol. Appl. Pharmacol. 172, 83–92.

McKim Jr., J.M., Wilga, P.C., Breslin, W.J., Plotzke, K.P., Gallavan, R.H., Meeks, R.G.,
2001b. Potential estrogenic and antiestrogenic activity of the cyclic siloxane
octamethylcyclotetrasiloxane (D4) and the linear siloxane
hexamethyldisiloxane (HMDS) in immature rats using the uterotrophic assay.
Toxicol. Sci. 63, 37–46.

McMullin, T.S., Yang, Y., Campbell, J., Clewell, H.J., Plotzke, K., Andersen, M.E., 2016.
Development of an integrated multi-species and multi-dose route PBPK model
for volatile methyl siloxanes - D4 and D5. Regul. Toxicol. Pharmacol. (74 Suppl),
S1–13.

Meek, M.E., Bucher, J.R., Cohen, S.M., Dellarco, V., Hill, R.N., Lehman-McKeeman, L.D.,
Longfellow, D.G., Pastoor, T., Seed, J., Patton, D.E., 2003. A framework for human
relevance analysis of information on carcinogenic modes of action. Crit. Rev.
Toxicol. 33, 591–653.

Meeks, R.G., Stump, D.G., Siddiqui, W.H., Holson, J.F., Plotzke, K.P., Reynolds, V.L.,
2007. An inhalation reproductive toxicity study of octamethylcyclotetrasiloxane
(D4) in female rats using multiple and single day exposure regimens. Reprod.
Toxicol. 23, 192–201.

Meeks, R.G., Jean, P.A., mcNett, D.A., Plotzke, K.P., 2022. A 28-day Whole-Body
Inhalation Study to Evalaute Octamethylcyclotetrasiloxane (D4) Absorption/
Distribution in Two Rat Strains. .

Mendez-Luna, D., Martinez-Archundia, M., Maroun, R.C., Ceballos-Reyes, G.,
Fragoso-Vazquez, M.J., Gonzalez-Juarez, D.E., Correa-Basurto, J., 2015.
Deciphering the GPER/GPR30-agonist and antagonists interactions using
molecular modeling studies, molecular dynamics, and docking simulations. J.
Biomol. Struct. Dyn. 33, 2161–2172.

Meyer, H., 1899. Theorie der alkoholnarkose. Arch. Exp. Pathol. Pharmacol. 42.
Meyers, V.E., Garcia, H.D., McMullin, T.S., Tobin, J.M., James, J.T., 2013. Safe human

exposure limits for airborne linear siloxanes during spaceflight. Inhal. Toxicol.
25, 735–746.

Mutoh, S., Sobhany, M., Moore, R., Perera, L., Pedersen, L., Sueyoshi, T., Negishi, M.,
2013. Phenobarbital indirectly activates the constitutive active androstane
receptor (CAR) by inhibition of epidermal growth factor receptor signaling. Sci.
Signal. 6, ra31.

Nagano, K., Katagiri, T., Aiso, S., Senoh, H., Sakura, Y., Takeuchi, T., 1997. Spontaneous
lesions of nasal cavity in aging F344 rats and BDF1 mice. Exp. Toxicol. Pathol. 49,
97–104.

Norman, R.L., Blake, C.A., Sawyer, C.H., 1973a. Effects of ether and barbiturates on
serum LH concentrations in overiectomized hamsters. Proc. Soc. Exp. Biol. Med.
144, 168–171.

Norman, R.L., Blake, C.A., Sawyer, C.H., 1973b. Evidence for neural sites of action of
phenobarbital and progesterone on LH release in the hamster. Biol. Reprod. 8,
83–86.

Overton, E., 1895. Eigenshaften der lebenden Pflanzen Tierzelle. Vierteljahrsshriften
Naturforschungen Ges Zurich 40, 159–201.

Paul, S.M., Purdy, R.H., 1992. Neuroactive steroids. FASEB J. 6, 2311–2322.
Pauluhn, J., 2018. Upper respiratory tract nociceptor stimulation and stress response

following acute and repeated cyfluthrin inhalation in normal and pregnant rats:
physiological rat-specific adaptions can easily be misunderstood as adversities.
Toxicol. Lett. 282, 8–24.

Pauluhn, J., 2021. Inhalation toxicity of cyclic semi-volatile methylsiloxanes:
disentangling the conundrum of phase-specific adaptations from adverse
outcomes. Regul. Toxicol. Pharmacol. 122, 104923.

Plant, T.M., 2012. A comparison of the neuroendocrine mechanisms underlying the
initiation of the preovulatory LH surge in the human, Old World monkey and
rodent. Front. Neuroendocrinol. 33, 160–168.

Plotzke, K.P., Crofoot, S.D., Ferdinandi, E.S., Beattie, J.G., Reitz, R.H., McNett, D.A.,
Meeks, R.G., 2000. Disposition of radioactivity in fischer 344 rats after single
and multiple inhalation exposure to [(14)C]Octamethylcyclotetrasiloxane ([(14)
C]D(4)). Drug Metab. Dispos. 28, 192–204.

Quinn, A.L., Dalu, A., Meeker, L.S., Jean, P.A., Meeks, R.G., Crissman, J.W., Gallavan Jr.,
R.H., Plotzke, K.P., 2007a. Effects of octamethylcyclotetrasiloxane (D4) on the
luteinizing hormone (LH) surge and levels of various reproductive hormones in
female Sprague-Dawley rats. Reprod. Toxicol. 23, 532–540.



16 M.E. Andersen / Toxicology Letters 357 (2022) xxx–xxx
Quinn, A.L., Regan, J.M., Tobin, J.M., Marinik, B.J., McMahon, J.M., McNett, D.A.,
Sushynski, C.M., Crofoot, S.D., Jean, P.A., Plotzke, K.P., 2007b. In vitro and in vivo
evaluation of the estrogenic, androgenic, and progestagenic potential of two
cyclic siloxanes. Toxicol. Sci. 96, 145–153.

Reddy, M.B., Andersen, M.E., Morrow, P.E., Dobrev, I.D., Varaprath, S., Plotzke, K.P.,
Utell, M.J., 2003. Physiological modeling of inhalation kinetics of
octamethylcyclotetrasiloxane in humans during rest and exercise. Toxicol. Sci.
72, 3–18.

Reddy, M.B., Looney, R.J., Utell, M.J., Plotzke, K.P., Andersen, M.E., 2007. Modeling of
human dermal absorption of octamethylcyclotetrasiloxane (D(4)) and
decamethylcyclopentasiloxane (D(5)). Toxicol. Sci. 99, 422–431.

Reddy, M.B., Dobrev, I.D., McNett, D.A., Tobin, J.M., Utell, M.J., Morrow, P.E.,
Domoradzki, J.Y., Plotzke, K.P., Andersen, M.E., 2008. Inhalation dosimetry
modeling with decamethylcyclopentasiloxane in rats and humans. Toxicol. Sci.
105, 275–285.

Sarangapani, R., Teeguarden, J., Plotzke, K.P., McKim Jr., J.M., Andersen, M.E., 2002.
Dose-response modeling of cytochrome p450 induction in rats by
octamethylcyclotetrasiloxane. Toxicol. Sci. 67, 159–172.

Sarangapani, R., Teeguarden, J., Andersen, M.E., Reitz, R.H., Plotzke, K.P., 2003. Route-
specific differences in distribution characteristics of
octamethylcyclotetrasiloxane in rats: analysis using PBPK models. Toxicol. Sci.
71, 41–52.

Siddiqui, W.H., Stump, D.G., Plotzke, K.P., Holson, J.F., Meeks, R.G., 2007. A two-
generation reproductive toxicity study of octamethylcyclotetrasiloxane (D4) in
rats exposed by whole-body vapor inhalation. Reprod. Toxicol. 23, 202–215.

Smith, M.S., Freeman, M.E., Neill, J.D., 1975. The control of progesterone secretion
during the estrous cycle and early pseudopregnancy in the rat: prolactin,
gonadotropin and steroid levels associated with rescue of the corpus luteum of
pseudopregnancy. Endocrinology 96, 219–226.
Sonich-Mullin, C., Fielder, R., Wiltse, J., Baetcke, K., Dempsey, J., Fenner-Crisp, P.,
Grant, D., Hartley, M., Knaap, A., Kroese, D., Mangelsdorf, I., Meek, E., Rice, J.M.,
Younes, M., International Programme on Chemical, S, 2001. IPCS conceptual
framework for evaluating a mode of action for chemical carcinogenesis. Regul.
Toxicol. Pharmacol. 34, 146–152.

Sosis, M.B., 2017. An improved mathematical analysis of the Meyer Overton Rule.
The Anesthesioloy Annual Meeting Abstract 3139. https://www.asaabstracts.
com/strands/asaabstracts/abstract.htm?year=2017index=2&absnum=3510.

Swenberg, J.A., 1993. Alpha 2u-globulin nephropathy: review of the cellular and
molecular mechanisms involved and their implications for human risk
assessment. Environ. Health Perspect. 101 (Suppl 6), 39–44.

Toporikova, N., 2007. Regulation of Rythmic Prolactin Secretion: Combined
Mathematical and Experimental Study, Mathematics. The Florida State
University, pp. 100.

Toyoda, Y., Chang, M.C., 1969. Delayed ovulation and embryonic development in the
rat treated with pentobarbital sodium. Endocrinology 84, 1456–1460.

Tyler, J.L., Gorski, R.A.,1980. Temporal limits for copulation-induced ovulation in the
pentobarbital-blocked proestrous rat. Endocrinology 106, 1815–1819.

Utell, M.J., Gelein, R., Yu, C.P., Kenaga, C., Geigel, E., Torres, A., Chalupa, D., Gibb, F.R.,
Speers, D.M., Mast, R.W., Morrow, P.E.,1998. Quantitative exposure of humans to
an octamethylcyclotetrasiloxane (D4) vapor. Toxicol. Sci. 44, 206–213.

Varaprath, S., Salyers, K.L., Plotzke, K.P., Nanavati, S., 1999. Identification of
metabolites of octamethylcyclotetrasiloxane (D(4)) in rat urine. Drug Metab.
Dispos. 27, 1267–1273.

Varaprath, S., McMahon, J.M., Plotzke, K.P., 2003. Metabolites of
hexamethyldisiloxane and decamethylcyclopentasiloxane in Fischer 344 rat
urine–a comparison of a linear and a cyclic siloxane. Drug Metab. Dispos. 31,
206–214.

https://www.asaabstracts.com/strands/asaabstracts/abstract.htm?year=2017index=2%26absnum=3510
https://www.asaabstracts.com/strands/asaabstracts/abstract.htm?year=2017index=2%26absnum=3510

	Assessing modes of action, measures of tissue dose and human relevance of rodent toxicity endpoints with octamethylcyclote...
	1 Introduction
	2 Pharmacokinetics of D4 and metabolites
	2.1 Pharmacokinetics
	2.2 Oral and dermal pharmacokinetics
	2.3 Metabolism  rats and humans

	3 Toxicity
	3.1 Pulmonary irritation
	3.2 Stress-related effects, leukocytosis, and dose response
	3.3 Hepatic hypertrophy
	3.4 Kidney
	3.5 Female reproductive effects
	3.6 Female reproductive tissue responses

	4 Mechanistic studies/consideration of measures of dose
	4.1 Respiratory effects
	4.2 Hepatic responses
	4.3 Kidney responses
	4.4 Reproductive Toxicity in the female rat
	4.5 Estrogenic modes of action
	4.5.1 Quantitative Contributions of D4 to estrogenicity in a mature female rat


	5 Explicit consideration of MOAs, Key Events and Tissue Dose Measures
	5.1 Upper and lower pulmonary region toxicity
	5.2 Kidney
	5.3 Liver
	5.4 Female rat reproductive effects
	5.4.1 D4 is not a dopamine agonist
	5.4.2 Non-specific, anesthetic-like membrane effects of D4
	5.4.3 Alterations in GABA signaling
	5.4.4 Non-specific effects on GnRH neuron activity arising from olfactory/VMO afferents in rodents
	5.4.5 Non-specific effects on GnRH neuron activity arising from nociceptor stress response in rodents

	5.5 Female rat reproductive tissue responses

	6 Relevance of rat MOAs for human risk assessment
	6.1 Tissue MOAs of D4

	7 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


