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Organosiloxanes are widely used in the formulation of a broad range of cosmetic and personal care products
(PCPs), including creams and lotions, bath soaps, shampoo and hair care products to soften, smooth, andmoisten.
In fact, the intensive and widespread use of organosiloxanes combined with their lipophilic nature, makes them
interesting targets for future research, particularly in the toxicology area.
This study focused on determining the concentration levels of these compounds in the bestselling brands of PCPs
in the Oporto region (Portugal), allowing the estimation of dermal and inhalation exposure to siloxanes and the
evaluation of the quantities released to the environment “down-the-drain” and to air. To accomplish this task, a
QuEChERS technique (“Quick, Easy, Cheap, Effective, Rugged, and Safe”) was employed to extract the siloxanes
from the target PCPs, which has never been tested before. The resulting extract was analysed by gas chromatog-
raphy–mass spectrometry (GC–MS). The limits of detection varied between0.17 (L2) and 3.75 ng g−1 (L5), being
much lower than any values reported in the literature for this kind of products. In general, satisfactory precision
(b10%) and accuracy values (average recovery of 84%) were obtained.
123 PCPs were analysed (moisturizers, deodorants, body and hair washes, toilet soaps, toothpastes and shaving
products) and volatile methylsiloxanes were detected in 96% of the samples, in concentrations between
0.003 μg g−1 and 1203 μg g−1. Shampoo exhibited the highest concentration for cyclic and aftershaves for linear
siloxanes. Combining these results with the daily usage amounts, an average daily dermal exposure of
25.04 μg kgbw−1 day−1 for adults and 0.35 μg kgbw−1 day−1 for baby/children was estimated. The main contributors
for adult dermal exposure were body moisturizers, followed by facial creams and aftershaves, while for babies/
children were body moisturizers, followed by shower gel and shampoo. Similarly, the average daily inhalation
exposurewas also estimated. Values of 1.56 μg kgbw−1 day−1 for adults and 0.03 μg kgbw−1 day−1 for babies/children
were calculated. An estimate of the siloxanes amount released “down-the-drain” into the sewage systems
through the use of toiletries was also performed. An emission per capita between 49.25 and 9574 μg day−1

(mean: 1817 μg day−1) is expected and shampoo and shower gel presented the higher mean total values
(1008 μg day−1 and 473.3 μg day−1, respectively). In the worst-case scenario, D5 and D3were the predominant
siloxanes in the effluents with 3336 μg day−1 and 3789 μg day−1, respectively. Regarding the air emissions per
capita, values between 8.33 and 6109 μg day−1 (mean: 1607 μg day−1) are expected and D5 and D6 were the
predominant siloxanes.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Personal care products (PCPs) or toiletries are non-medical consum-
able products that are projected to be used in the topical care and
grooming of the body and hair, or otherwise applied to a body, human
or animal, for cleansing, beautifying, endorsing attractiveness, or chang-
ing the appearance without affecting the body's structure or any func-
tions (Ramirez et al., 2012; Zenobio et al., 2015). The global cosmetics
industry is discriminated into six main classes as fragrances, hair care,
makeup, oral care, skin care and toiletries (as soaps and shower gels),
in which skincare is considered the largest one (Romanowski, 2014).

From the different cosmetic ingredients, organosiloxanes, namely
volatile methylsiloxanes (VMSs), stand out due to their wide use as es-
sential ingredients in most personal care formulations (e.g. creams and
lotions, bath soaps, shampoo and hair care products) to soften, smooth
and moisten (Gouin et al., 2013; Wang et al., 2009). Chemically, these
compounds have a backbone of alternating atoms of silicon (Si) and
oxygen (O), with methyl side-chains groups along the backbone. The
silicon and oxygen atoms may be linked to cyclic or linear structures
(Rucker and Kummerer, 2015). However, the chemical names of those
cyclic and linear volatile methylsiloxanes are not usually labelled on
the ingredient list of PCPs. They are typically presented by the generic
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names proposed by the International Nomenclature of Cosmetic Ingre-
dient (INCI), ‘cyclomethicone’ and ‘dimethicone’, respectively. High
stability, physiologic inertness and good release are some of the charac-
teristics of these siloxanes (Wilson et al., 2005). In fact, they are used in
PCPs as emollients, antifoaming, viscosity-controlling and antistatic
agents, binders, film formers, emulsifying agents, humectants and also
additives (Lassen et al., 2005). In particular, lowmolecularweight cyclic
volatile methylsiloxanes (cVMSs) are widely employed as emollients
and carrier solvents due to their volatility, hydrophobic nature, low sur-
face tension, transparency, and lack of odour (Biesterbos et al., 2015). So
far, in Europe, there is no available legislation enforcing limits related to
themaximumconcentration levels of siloxanes in cosmetics or environ-
mental matrices. Only the UK Competent Authority (2015) proposed a
restriction for the use of D4 and D5 in wash-off products to b0.1% by
weight.

Due to theirwidespread use in a variety of cosmetics and PCPs, these
consumer products represent the primary source of human exposure
(Wang et al., 2009) and indirectly (via sewage), also an important
source of environmental contamination. Actually, dermal application
of this kind of products is considered the most important exposure
route for siloxanes (Hanssen et al., 2013), followed by inhalation
(Wang et al., 2009). Consumers usually use several personal care prod-
ucts at the same time and, therefore, they are exposed to the same sub-
stance through different routes and sources — aggregate exposure
(Dudzina et al., 2014). The use of some types of VMSs, namely D4 and
D5, has caused concern among the scientific community due to their po-
tential toxic behaviour to human health and also environment. For
example, inhalation and oral exposure of rats to D4 resulted in
oestrogenic activity, impairment of fertility, reproductive failures and
hepatic hyperplasia, determined by monitoring uterine epithelial cell
height and by measuring relative and absolute uterine weights in im-
mature rats (McKim et al., 2001a, 2001b; Meeks et al., 2007; Quinn
et al., 2007). D5 showed potential carcinogenicity verified through the
increase in the incidence of uterine adenocarcinoma in female rats
(Dekant and Klauning, 2016; DCC, 2005). Therefore, the incorporation
of alternative compounds, as vegetable oils (e.g. dicaprylyl carbonate)
or neopentylglycol heptanoate, has been investigated for the products
in which the risk of human exposure and release to the ecosystems is
considered high (Lassen et al., 2005).

Data on VMSs concentrations in PCPs are scarce. In fact, concentra-
tions of siloxanes in cosmetics and toiletries were first reported in USA
and Japan by Horii and Kannan (2008). They obtained highest mean
concentrations for cyclic siloxanes, namely D5, achieving a mean con-
centration of 13.6 mg g−1 in cosmetic products as lipstick and liquid
foundation. Among linear siloxanes, mean concentration of L11 was
the highest (0.34 mg g−1). They also estimated the exposure profiles
to cyclic and linear siloxanes. D5 was the cyclic siloxane with a higher
total dermal exposure rate (233,000 μg day−1 or 3883 μg kgbw−1 day−1),
reaching the highest values for hair conditioners (162,000 μg day−1 or
2700 μg kgbw−1 day−1). Regarding the linear siloxanes (sum of L4 to
L14), facial creams seem to be the products that contribute with higher
exposure rate (49,900 μg day−1 or 832 μg kgbw−1 day−1). Wang et al.
(2009) studied the detection of cVMSs in 252 cosmetics and PCPs pres-
ent on the Canadian market. They also verified that D5 was the most
often detected compound (in 14.3% of the analysed samples), especially
in antiperspirants (683 mg g−1). Lu et al. (2011) reported the concen-
tration of organosiloxanes in 158 cosmetics and personal care products
marketed in China. The authors verified that D4 (87%), D5 (91%) andD7
(89%) were the most detected cyclic siloxanes, with a mean concentra-
tion of 0.013 mg g−1, 0.054 mg g−1 and 0.009 mg g−1, respectively.
These compounds were more prevalent in hair care products. Linear si-
loxanes (L4–L14) were detected less often and in lower concentration
levels. A total daily exposure of 4510 μg day−1 (or 75.20 μg kgbw−1 day−1)
to siloxanes was estimated. Trace levels of siloxanes in toothpastes sug-
gest that this product is a minor source of exposure (exposure rate of
0.0003 μg kgbw−1 day−1). So far only one study was published in Europe
(Dudzina et al., 2014). In that study, only the concentration profile of cy-
clic siloxanes (D4–D6) was determined in 51 selected toiletries. D5was
also the most prevalent compound, being detected in 92% of the prod-
ucts, with higher concentrations in antiperspirants (356 mg g−1). The
authors also predict the aggregate exposure to D4 and D5, reaching
median values of 0.08 mg day−1 (0.001 mg kgbw−1 day−1) and
260 mg day−1 (4.33 mg kgbw−1 day−1), respectively.

The intensive and widespread use of organosiloxanes in those con-
sumer products combined with their lipophilic nature makes them in-
teresting targets for research. As mentioned before, little information
is available on the presence of these compounds in toiletries, specifically
those marketed in Europe. However, and trying to fill this important
gap, this work focused on determining the concentration levels of
these compounds in the bestselling brands of PCPs in the Oporto region
(Portugal), allowing the estimation (main sources and extent) of poten-
tial consumer dermal exposure and of the quantities released to the en-
vironment with “down-the-drain” practices.

2. Materials and methods

2.1. Chemicals and materials

Eight volatile methylsiloxanes (four cyclic and four linear) were in-
vestigated in this study (Table S1, supporting information). Individual
linear (L2–L5) and cyclic (D3–D6) volatile methylsiloxanes and also
the internal standard used, tetrakis(trimethylsilyloxy)silane (M4Q),
were purchased from Sigma-Aldrich (St. Louis, MO, USA) with a purity
N97%. Individual stock solutions were prepared in hexane at 1.0 g L−1,
aswell as the finalmixed stock solution (15.0mg L−1). A standard solu-
tion of M4Q at 5.0 mg L−1 in hexane was also prepared from the initial
stock solution (1.0 g L−1) and was used during the samples extraction.
All solutions were preserved at−20 °C and protected from the light.

For the QuEChERS preparation, anhydrous magnesium sulphate
(MgSO4) and sodium acetate (NaCH3COO) were also obtained from
Sigma-Aldrich (St. Louis, MO, USA), while PSA (primary and secondary
amine exchange sorbent) bonded silica and C18 (octadecyl-silica) from
Supelco (Bellefonte, PA, USA). TheMgSO4was baked at 450 °Covernight
before use. n-Hexane (analytical grade) were purchased from VWR
(Fontenaysous-Bois, France). Helium (99.999%), used in the GC–MS sys-
tem, and nitrogen (99.999%) for solvent evaporation, were supplied by
Air Liquide (Maia, Portugal).

2.2. Samples

In this study, 123 personal care products were purchased from retail
stores in Oporto (Portugal), in 2014 according to the best selling brands
in this region. These products were selected according to the informa-
tion of marketing sales data provided by supermarkets. The samples
were divided into different categories according to their overall
composition: moisturizers (n = 23), toothpastes (n = 12), toilet
soaps (n=15), body and hair washes (n=50), deodorants/antiperspi-
rants (n = 12) and shaving products (n = 11). Samples were kept in
their original containers at room temperature until analysis.

2.3. Sample extraction

The analyticalmethodology employed for the extraction and quanti-
fication of the target siloxanes in PCPs was recently validated by our
workgroup and relies on a green solvent-saving approach based on
QuEChERS (Capela et al., submitted for publication).

In brief, 500 mg of each sample was weighed into disposable poly-
propylene conical tubes and spiked with 100 μL of M4Q internal stan-
dard solution (5 mg L−1). Then, 3 mL of extraction solvent (hexane)
was added and the samples were vortexed for 3 min and sonicated for
10 min in an ultrasonic bath with 40 kHz (J.P. Selecta, Barcelona,
Spain). After this, the first QuEChERS (800 mg of MgSO4 anhydrous
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and 750mg of NaCH3COO)was added to the sample and then, the mix-
ture was vortexed for 3 min and centrifuged for 10 min at 3700 rpm
(2280 g). The supernatant was removed from the first QuEChERS and
transferred to a tube containing the second QuEChERS (60 mg of
MgSO4 anhydrous, 60 mg of PSA and 30 mg C18). The mixture was
vortexed and centrifuged again under the same conditions as before,
and the supernatant was transferred to an amber vial. The extract was
dried under a gentle stream of nitrogen, reconstituted in 1.0 mL of hex-
ane and analysed byGC–MS.Whenever necessary, extractswere further
diluted to an appropriate volume and reanalysed. All the samples were
analysed in duplicate.

2.4. Instrumental analysis

The extracted sampleswere analysed using a Varian Ion TrapGC–MS
system (Walnut Creek, CA, USA), equipped with a 450-GC gas
chromatograph, a 240-MS ion trap mass spectrometer, a CP-1177 split/
splitless injector and an autosamplermodel CP-8410. Themass spectrom-
eter was operated in the electron ionization (EI) mode (70 eV). The
separation was obtained at a constant flow of helium (1.0 mL min−1),
in a Varian CP-SIL 8-CB capillary column (50 m × 0.25 mm, 0.12 μm).
The oven temperature was programmed as follows: 35 °C hold for
5 min, raised at 6 °C min−1 to 155 °C and then 20 °C min−1 to 300 °C
(hold for 2.75 min). The total time of analysis was 35 min. Injection
(1 μL) was in split mode, with the split ratio of 5. Temperatures of mani-
fold, ion trap, transfer line and injector were maintained at 50, 250, 250
and 200 °C, respectively. The filament emission current was 50 μA. For
quantitative analysis of target compounds, selected ion storage (SIS)
mode was applied. Table S2, supporting information shows the retention
times and the quantifier and qualifier ions used for the SIS detection.

2.5. Quality assurance/quality control

Due to the extensive use of siloxanes in daily life products, special
precautions were taken into account in order to prevent samples con-
tamination. During this study, analysts avoided the use of personal
care products such as hand creams and lotions and switched gloves
whenever they changed sample. Glassware was also subject to a special
cleaning and decontamination procedure. After soaking in a phosphates
free detergent solution (Derquim LM03, Panreac, Barcelona, Spain) and
rinsing with distilled water and acetone, non-calibrated material was
baked-out at 400 °C for at least 1 h. Finally, the containers were rinsed
with pure hexane before use.

Procedural blanks (n = 20) were analysed with every extraction
batch. Blank values were subtracted for all of the concentrations report-
ed. Chromatographic blanks (injection of pure n-hexane)were also per-
formed, but no memory effects were observed. To remove any residual
material from the injections, the chromatographic runs were pro-
grammed with a final clean-up step, in which the GC columnwas heat-
ed at 20 °C min−1 to 300 °C and kept for 3 min.

2.6. Estimation of human exposure and environmental emissions

The daily exposure to siloxanes can occurwhen PCPs are used,main-
ly by dermal application and inhalation. Dermal exposure to eight dif-
ferent siloxanes (L2 to L5 and D3 to D6) through the application of
twelve most commonly used types of toiletries, was estimated using
the Nakata dermal exposure model (Nakata et al., 2015). Some param-
eters were then taken into account, such as product type (e.g. rinse-off
or leave-on), the amount of product used per application, its frequency
of application, the target group of use (adults or baby/children) and the
retention factor of the product, which were established based on data
provided from other European Union surveys (Biesterbos et al., 2013;
Bremmer et al., 2006; SCCS, 2012). To give a general overview, two dif-
ferent scenarios were considered for this estimation: the average con-
centrations in siloxanes were used, and the worse-case scenario that
consists in using the highest concentration values of siloxanes deter-
mined in PCPs. The daily dermal exposure was calculated according to
Eq. (1) (Nakata et al., 2015):

Dexp ¼
Xn

i¼1

Xm

j¼1

C j � Ai � Fi � Ri

BW
ð1Þ

where Dexp represents the daily dermal exposure per capita (μg kgbw−1-

day−1), i the type of personal care product, n the number of personal
care products, j the type of siloxane (e.g. L2, L3, D3),m the number of si-
loxanes, C the siloxane concentration in the product used (μg g−1), A
represents the amount of product used per application (g event−1), F
the frequency of application (events day−1), R the retention factor, i.e.
represents the product fraction that may be retained on the skin surface
(dimensionless), and BW the average body weight (kg). The daily der-
mal uptake was calculated multiplying the daily dermal exposure by a
permeation factor, which indicates the permeation level of the target
compounds through the skin.

Human dermal absorption has been poorly studied along the years
(Reddy et al., 2007; Javanovic et al., 2008). Reddy et al. (2007) per-
formed in vivo tests with human volunteers exposed through the axilla
region,which is considered to be relatively permeable and normally ex-
posed to antiperspirants, one of the matrices with the highest expected
levels of D4 and D5. In this study, only 0.12% and 0.30% of D4 absorption
was predicted tomen andwomen, respectively. For D5, 0.05% of the ap-
plied dose was absorbed. Low dermal absorption of D4 and D5 was also
reported by Javanovic et al. (2008). Around 0.50% and 0.04% of absorp-
tion was reached, respectively, in human skin. Both studies considered
the loss of volatile D4 and D5 from skin, either straight from the skin
surface, or indirectly through back diffusion from the skin surface, the
main reason for low absorption of these siloxanes. Javanovic et al.
(2008) also evaluated the in vitro human dermal absorption of cyclic si-
loxane D6. Once more, extremely low levels of absorption were found
(near 0%) (Johnson et al., 2012). As can be seen, in all these studies
the percutaneous absorption seems to decrease with increasing molec-
ular weight and lipophilicity of the cyclic siloxanes. Wang et al. (2009)
studied the volatilization potential of D5 from the skin, after the applica-
tion of a roll-on antiperspirant. They verified that 60% of the applied
amount of D5 remained on the skin for up to 6 h after use, showing
that evaporative loss of D5 is not the principal reason for its low absorp-
tion rate. The same authors claim that the evaporative loss may be
greater for D4, since it presents a greater volatile nature. In vitro
human dermal absorption studies with “dimethicone” were also per-
formed (Teasdale et al., 2015). Absorption of 0.2% and 0.1% of the ap-
plied dose of polydimethylsiloxane 10 and 350 cST (centistokes) was
determined. Therefore, based on these existing studies, an average
value of 1% was estimated by the authors.

As mentioned before, the dermal absorption potential of the target
organosiloxanes seems to be relatively low (Reddy et al., 2007), making
them prone to be washed-off. Therefore, in this study the emission
“down-the-drain” per capita for linear and cyclic siloxanes was deter-
mined, according to the Eq. (2), adapted from Gouin et al. (2013).

Em ¼
Xn

i¼1

Xm

j¼1

C j � Ai � Fi � 1−Rið Þ � 1−F 0evap
� �

þ
Xn

i¼1

Xm

j¼1

C j � Ai

� Fi � Ri � 1−Fdermalð Þ � 1−Fevap
� � ð2Þ

where Em represents the estimated “down-the-drain” emission per
capita (μg day−1), F′evap the evaporation factor that reflects the volatili-
zation potential of the rinse-off products when applied by the users,
Fdermal represents the rate of penetration of these chemicals through
the skin barrier, and Fevap represents the evaporation factor that reflects
the volatilization potential from the skin surface in 24 h. For the evapo-
ration factor from the skin surfacewas assumed a value of 95% provided
by Montemayor et al. (2013). The evaporation factor that reflects the



Table 1
Concentrations (μg g−1; mean, median and range) and frequency of detection (%) of siloxanes in cosmetics and PCPs from Oporto region.

Category Product type L2 L3 L4 L5 ΣL2–L5 D3 D4 D5 D6 ΣD3–D6 Total

Moisturizers Adult body lotion/milk/cream (n = 11) Median nd bLOQ 0.23 0.08 0.14 3.32 8.95 129.59 3.50 5.59 3.86
Mean nd bLOQ 0.23 0.29 0.28 4.06 22.98 203.1 117.5 95.65 84.30
Range nd nd–bLOQ nd–0.23 nd–0.98 nd–0.98 nd–10.76 nd–105.1 nd–753.5 0.11–471.2 nd–753.5 nd–753.5
Frequency 0 18 36 45 73 73 82 91 100 100 100

Hand creams (n = 3) Median 0.16 0.04 nd 0.21 0.16 bLOQ 1.29 1.22 0.87 1.25 0.83
Mean 0.16 0.04 nd 0.47 0.32 bLOQ 4.83 3.30 0.87 3.27 2.13
Range nd–0.16 nd–0.04 nd 0.11–1.10 nd–1.10 nd–bLOQ 0.83–12.4 0.79–7.90 nd–1.32 nd–12.4 nd–12.37
Frequency 67 67 0 100 100 33 100 100 67 100 100

Facial creams (n = 3) Median nd bLOQ bLOQ nd bLOQ 0.47 13.8 339 133 13.8 13.8
Mean nd bLOQ bLOQ nd bLOQ 0.47 13.8 250.1 242.7 150.7 150.7
Range nd nd–bLOQ nd–bLOQ nd nd–bLOQ nd–0.85 bLOQ–23.7 3.06–407.6 0.68–594.2 nd–594.2 nd–594.2
Frequency 0 33 33 0 33 67 100 100 100 100 100

Baby and children body lotion/milk/cream (n = 6) Median bLOQ nd nd 0.08 0.08 0.02 0.06 0.06 0.07 0.04 0.04
Mean bLOQ nd nd 0.08 0.08 0.02 0.07 0.07 0.06 0.05 0.05
Range bLOQ nd nd nd–0.08 nd–0.08 nd–0.02 0.03–0.14 nd–0.15 nd–0.08 nd–0.15 nd–0.15
Frequency 100 0 0 17 100 83 100 67 83 100 100

Deodorants/antiperspirants Roll-on deodorants/antiperspirants (n = 12) Median nd nd bLOQ nd bLOQ 1.52 2.21 0.80 0.74 1.30 1.30
Mean nd nd bLOQ nd bLOQ 8.86 2.87 1.34 0.74 4.21 4.21
Range nd nd nd–bLOQ nd nd–bLOQ nd–29.98 nd–10.72 nd–3.58 nd–1.01 nd–29.98 nd–29.98
Frequency 0 0 25 0 25 58 83 50 50 83 92

Body and hair wash Adult shower gel (n = 11) Median 0.20 nd nd 0.25 0.22 76.91 14.24 0.78 0.75 2.59 2.27
Mean 0.20 nd nd 0.25 0.22 86.98 25.67 3.73 1.86 29.56 28.01
Range nd–0.20 nd nd nd–0.25 nd–0.25 nd–309.6 nd–93.14 nd–15.74 nd–6.50 nd–309.6 nd–310.6
Frequency 9 0 0 9 18 82 82 91 91 100 100

Baby and children shower gel (n = 9) Median 0.08 nd 0.12 0.45 0.11 4.42 2.37 0.98 1.07 2.37 0.86
Mean 0.08 nd 0.13 0.45 0.21 4.96 2.81 2.44 4.43 3.57 2.39
Range nd–0.11 nd nd–0.16 nd–0.80 nd–0.80 nd–8.01 nd–5.34 nd–7.78 nd–11.28 nd–11.28 nd–11.28
Frequency 22 0 44 22 67 33 89 89 78 89 100

Adult shampoo (n = 14) Median 0.25 0.25 0.78 0.78 0.39 268.88 79.44 17.70 19.20 30.08 1.11
Mean 0.28 0.25 0.84 0.80 0.54 341.3 91.45 18.36 17.98 117.3 58.90

(continued on next page)
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Table 1 (continued)

Category Product type L2 L3 L4 L5 ΣL2–L5 D3 D4 D5 D6 ΣD3–D6 Total

Range 0.12–0.80 0.15–0.39 0.40–1.34 0.39–1.28 0.12–1.34 28.89–1203 3.87–267.0 1.00–39.94 0.69–42.01 0.69–1203 0.12–1203
Frequency 100 100 100 100 100 100 100 100 100 100 100

Adult hair conditioner (n = 8) Median nd 0.15 0.63 0.55 0.39 19.96 22.47 19.18 23.69 21.53 14.30
Mean nd 0.15 0.64 0.54 0.45 19.60 34.03 19.35 28.46 25.74 18.52
Range nd nd–0.25 nd–0.98 nd–0.78 nd–0.98 nd–40.42 0.59–117.7 1.56–49.46 0.73–62.31 nd–117.4 nd–117.4
Frequency 0 50 50 50 50 75 100 100 100 100 100

Baby and children shampoo (n = 8) Median 0.12 0.25 0.87 0.71 0.21 34.59 1.51 0.87 2.50 1.54 0.65
Mean 0.12 0.24 0.69 0.59 0.38 29.65 4.75 2.37 2.50 9.09 4.73
Range nd–0.18 nd–0.41 nd–1.00 nd–0.87 nd–1.00 nd–43.79 nd–20.13 nd–7.39 nd–4.41 nd–43.79 nd–43.79
Frequency 50 50 38 38 50 38 63 50 25 75 75

Toilet soaps Solid soap (n = 9) Median bLOQ nd nd nd bLOQ 3.96 0.27 5.36 5.01 2.61 2.61
Mean bLOQ nd nd nd bLOQ 3.96 0.71 4.57 5.27 3.49 3.49
Range nd–bLOQ nd nd nd nd–bLOQ nd–4.39 0.09–2.43 0.10–9.16 nd–11.06 nd–11.06 nd–11.06
Frequency 22 0 0 0 22 22 100 100 89 100 100

Gel soap (n = 6) Median bLOQ nd nd 0.13 0.13 12.03 1.18 0.05 0.20 0.57 0.54
Mean bLOQ nd nd 0.13 0.13 12.04 1.17 0.09 0.18 4.33 4.11
Range nd–bLOQ nd nd nd–0.13 nd–0.13 0.54–22.01 nd–1.72 nd–0.27 nd–0.30 nd–22.01 nd–22.01
Frequency 50 0 0 17 67 50 67 67 83 100 100

Dentifrice products Adult toothpaste (n = 6) Median bLOQ nd nd nd bLOQ 0.01 0.02 nd 0.02 0.01 0.01
Mean bLOQ nd nd nd bLOQ 0.01 0.02 nd 0.04 0.02 0.02
Range bLOQ nd nd nd nd–bLOQ nd–0.01 0.01–0.05 nd nd–0.09 nd–0.09 nd–0.09
Frequency 100 0 0 0 100 67 100 0 83 100 100

Children toothpaste (n = 6) Median bLOQ nd nd nd bLOQ 0.42 0.11 0.14 0.14 0.20 0.20
Mean bLOQ nd nd nd bLOQ 0.31 0.14 0.13 0.13 0.23 0.23
Range nd–bLOQ nd nd nd nd–bLOQ nd–0.59 0.02–0.30 nd–0.27 nd–0.27 nd–0.59 nd–0.59
Frequency 50 0 0 0 50 83 100 83 83 100 100

Shaving products Shaving foam/gel (n = 7) Median nd nd nd nd nd 1.68 bLOQ 3.15 2.12 2.06 2.06
Mean nd nd nd nd nd 1.76 bLOQ 3.15 2.12 2.11 2.11
Range nd nd nd nd nd nd–2.43 nd–bLOQ nd–3.15 nd–3.96 nd–3.96 nd–3.96
Frequency 0 0 0 0 0 43 14 14 29 57 71

Aftershave (n = 4) Median 0.005 0.78 1.23 4.02 0.78 1.27 1.08 106.0 1.76 1.67 1.38
Mean 0.005 0.78 1.23 4.02 2.01 1.57 2.60 106.0 34.14 25.47 18.96
Range nd–0.005 nd–0.78 nd–1.23 nd–7.85 nd–7.85 0.19–3.55 0.14–8.11 nd–209.6 nd–100.3 nd–209.6 nd–209.6
Frequency 25 25 25 50 50 100 100 50 75 100 100

All products (n = 123) Median 0.18 0.24 0.73 0.65 0.29 8.10 2.43 4.08 3.50 2.59 0.98
Mean 0.21 0.25 0.70 0.77 0.52 82.78 25.11 43.98 35.84 42.17 32.08
Range nd–0.80 nd–0.78 nd–1.34 nd–7.85 nd–7.85 nd–1203 nd–267.0 nd–753.5 nd–594.2 nd–1203 nd–1203
Frequency 36 23 28 29 54 67 85 75 78 94 96
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volatilization potential of the rinse-off products was set as 10%
(Montemayor et al., 2013). Due to the high vapour pressure of most of
the siloxanes analysed, they are prone to be detected in elevated con-
centrations in indoor air (e.g. Pieri et al., 2013; Tran and Kannan,
2015) and, for that reason, inhalation can be an important exposure
route for consumers. Therefore, daily inhalation exposure through the
use of PCPs was also estimated. First, air emissions from the use of
PCPs was assessed, according to Eq. (3):

Eair ¼
Xn

i¼1

Xm

j¼1

C j � Ai � Fi � 1−Rið Þ � F 0evap þ
Xn

i¼1

Xm

j¼1

C j � Ai � Fi � Ri

� 1−Fdermalð Þ � Fevap ð3Þ

where Eair represents the estimated air emissions per capita (μg day−1).
Knowing the air emissions and considering that these PCPs are usu-

ally applied in a bathroom(10m3), air concentrationwas estimated and
based on this value, the daily inhalation exposure (Eq. (4)) for adults
and baby/children (Health Canada, 1995).

Inhexp ¼
Cair

�
V room

� IR� ED

BW
ð4Þ

where Inhexp represents the daily inhalation exposure per capita
(μg kgbw−1 day−1), Cair the siloxane concentration in air (μg m3 day−1),
IR represents the inhalation rate (20 m3 day−1 for adults and
5 m3 day−1 for children; Ball, 2006), ED the exposure duration
(0.03 day; GfK, 2016) and BW the average body weight (kg). The daily
inhalation uptake was calculated multiplying the daily inhalation expo-
sure by an absorption factor, which indicates the absorption of the tar-
get compounds through the lungs.

Few studies have been found on the VMSs absorption by inhalation.
Utell et al. (1998) studied the human exposure to D4 vapours. They ver-
ified that only 12% of D4 inhaled by human volunteers were absorbed in
systemic circulation. Tobin et al. (2008) investigated the D5 uptake in
rats via breathing after single ormultiple inhalation exposures and con-
cluded that absorption rate ranged from 4 to 5% to 8–10% of the inhaled
dose, respectively. It was not found further information about the other
target compounds. Therefore, a value of 10% for absorption by inhala-
tion was assumed.

3. Results and discussion

3.1. Analytical method validation

Linear behaviour (between 0.005 and 2.5 mg L−1) was obtained for
all the siloxanes analysed. The limits of detection (LOD)were calculated
based on a signal/noise ratio (S/N) equal to 3 (in duplicate samples), and
the values ranged between 0.17 (L2) and 3.75 ng g−1 (L5). In general,
the LODs obtained were lower than those found in literature. So
this means that, the developed methodology (QuEChERS followed by
GC–MS analysis), that was never used in the same context, allows
distinguishing a lower quantity of the target substance. To study the
precision of the method, the intra-day precision was determined
through the evaluation of the relative standard deviation (%RSD) of
three replicates at different levels of spike (0.1 mg L−1, 0.5 mg L−1

and 1.0 mg L−1). The results indicated that the method is precise
since the values obtained aremostly below10% (average of 5%). Usually,
values up to 10% are considered acceptable, taking into account the
method employed and the range of working concentrations. In fact,
RSD values varied between 3% (L5) and 7% (L2). Similar resultswere ob-
tained for each concentration range. Analysing the type of products,
higher RSD values were observed for toothpastes (average of 7%) and
toilet soaps (average of 6%). A satisfactory across-samples precision
was also obtained, with RSD values usually below 15%. The accuracy
was evaluated by recovery tests, using three replicate spiked samples
at the same concentration levels as before. Due to the differences in
the formulations of distinct PCPs, tests were applied to all classes of
products investigated. The recoveries ranged between 60% for the
most volatile target compound (L2) and 97% for L5 (average recovery
of 84%), which is considered acceptable for this type of analysis. Evalu-
ating the mean recoveries by product type, those ranged between 70%
for aftershaves and solid toilet soaps and 101% for shampoos and hair
conditioners.Mean recoveries of the internal standard, M4Q, in samples
was 80%.

3.2. Concentration profile of VMSs in cosmetics and personal care products

In order to estimate the use pattern of personal care products by the
population of the Oporto region (Portugal), the best selling brands of
this kind of products were selected. Volatile methylsiloxanes were de-
tected in 118 of the 123 analysed products (96% of the samples), in con-
centrations ranging from 0.003 μg g−1 to 1203 μg g−1 (Table 1). Cyclic
siloxanes were more frequently detected (94% of the samples) and at
higher concentrations, reaching a maximum level of 1203 μg g−1 for
D3 in adult shampoo. Linear siloxanes were detected less often (54%
of the samples) and in lower concentrations (maximum concentration
of 7.85 μg g−1 for L5 in aftershave). From the cyclic siloxanes, D4 and
D6were themore frequently detected compounds (85 and 78%, respec-
tively), while L2 was the compoundmost detected from the linear class
(36%). Higher concentrations were found for D3 (nd–1203 μg g−1;
mean: 82.78 μg g−1) and D5 (nd–753.5 μg g−1; mean: 43.98 μg g−1),
followed by D6 (nd–594.2 μg g−1; mean: 35.84 μg g−1) and D4 (nd–
267.03 μg g−1; mean: 25.11 μg g−1). L5 was the linear compound
found in higher concentration (nd–7.85 μg g−1; mean: 0.77 μg g−1).

The study of the linear siloxanes in this type of products is scarce,
with only two papers available in the literature (Horii and Kannan,
2008; Lu et al., 2011). Horii and Kannan (2008) investigated 48 toiletries
and cosmetic products marketed in USA and Japan, while Lu et al.
(2011) studied 158 personal care products collected from China. Both
studies are in line with the obtained results regarding the predomi-
nance of the two target classes, i.e. linear siloxanes were detected less
frequently than cyclic. Although this occurred in both studies, Lu et al.
(2011) verified a detection frequency substantially closer between the
two classes (around 72% for cyclic and 70% for linear). Both studies
also verified that highmolecularweight linear siloxanesweremore pre-
dominant and their concentrationswere relatively higher inmost prod-
ucts than those of low molecular weight. This tendency cannot be
confirmed, since in the present work only the linear siloxanes of low
molecular weight were investigated (L2 to L5). Analysing the cyclic si-
loxanes, the results obtained in this study are slightly different from
those reported in literature (Fig. 1). For instance, Horii and Kannan
(2008) verified that the highest frequency of occurrence was for D5
(54%; b0.39–81,800 μg g−1), followed by D4 (50%; b0.35–272 μg g−1)
and D6 (42%; b0.33–43,100 μg g−1). Wang et al. (2009) studied 252
products from Canada and also verified that D5was themost frequently
detected cVMS (14%; 20–683,000 μg g−1), followed by D6 (9%; 10–
98,000 μg g−1) andD4 (5%; 10–11,000 μg g−1). Lu et al. (2011) reported
that the highest concentrations and detection frequencies were found
for the same compounds (64% for both siloxanes; D5: b0.005–
1110 μg g−1; D6: b0.022–367 μg g−1). Dudzina et al. (2014) also
found a similar behaviour when studied 51 personal care products
marketed in Netherlands and Switzerland. They also concluded that
D5 was present in higher concentrations (b0.72–356,000 μg g−1) and
was predominant in almost all the samples. Evaluating the overall rate
of occurrence of siloxanes, Dudzina et al. (2014) obtained similar results
to those obtained in this study, i.e. siloxanes were detected in almost of
the analysed samples (94%). Lu et al. (2011) also presented similar re-
sults, but in this study they randomly selected PCPs for VMSs analysis.

Analysing the best selling products, aftershaves contain the higher
average concentrations of linear siloxanes (ΣL2–L5 = 2.01 μg g−1),
being L5 the predominant. Higher mean concentrations of cyclic silox-
anes were identified in facial cream (ΣD3–D6 = 150.7 μg g−1),



Fig. 1. Comparison between the concentration ranges of VMSs (bars indicating theminimum andmaximum values)measured in this studywith those already published in literature (for
the studies in which the lowest values were “nd”, the LOQ was assumed as the minimum concentration; analysed products: 1hair care, body washes, skin lotions and cosmetics;
2fragrances, hair care, deodorants/antiperspirants, nail polish, skin lotions; 3toothpaste, hair care, body washes, toilet soaps, skin lotions and makeup products; 4hair care, deodorants/
antiperspirants, skin lotions, sun care products, cosmetics and toothpastes; * L2–L5).
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shampoo (ΣD3–D6 = 117.3 μg g−1) and body moisturizer (ΣD3–
D6= 95.65 μg g−1) for adults. D5 and D3were the compounds detect-
ed in higher levels in those matrices. Mean concentrations of total
siloxanes were relatively high in facial creams (150.7 μg g−1), body
moisturizers (84.30 μg g−1), shampoos (58.90 μg g−1) and shower
gels (28.01 μg g−1) for adults. In the first two types of products, D5
and D6 were detected in higher concentration levels (facial cream:
250.1 and 242.7 μg g−1, body moisturizer: 203.1 and 117.5 μg g−1, re-
spectively). In the last two subcategories, D3 was the siloxane detected
in higher amounts, with mean concentrations of 341.3 μg g−1 in sham-
poos and 86.98 μg g−1 in shower gels. The lowest mean concentrations
were detected in toothpastes (0.02 μg g−1). A similar result was found
by Horii and Kannan (2008), Lu et al. (2011) and Dudzina et al.
(2014), who also concluded that toothpastes had the lowest levels. Re-
garding the highest mean concentrations of total siloxanes, the results
are quite dispersed. Dudzina et al. (2014) and Wang et al. (2009) veri-
fied that deodorants/antiperspirants contained the largest amounts of
VMSs, while Lu et al. (2011) found highest concentrations in makeup
products, soaps, and skin lotions and Horii and Kannan (2008) in hair
care products. The last two authors present conclusions similar to
those found in this work.

In this study, products intended to be only used for baby/children
(body moisturizer, shower gel, shampoo and toothpaste) were also in-
vestigated. These PCPs presented lower levels of siloxanes than prod-
ucts for adults (about ten times less), with the exception of children
toothpastes. For body lotions, L5 was the only linear siloxane presented
in concentrations above the limit of quantification (0.08 μg g−1) and cy-
clic siloxanes D4 and D5 were detected with a higher mean concentra-
tion (0.07 μg g−1). In baby/children shower gel, only L3 was not
detected, and the more prevalent siloxanes were the cyclic D3 and D6
with 4.96 μg g−1 and 4.43 μg g−1, respectively. A similar situation was
verified for the shampoo, since D3was detected in highermean concen-
tration (29.65 μg g−1). In children toothpastes, cyclic siloxanes had
highest concentrations, namely D6 and D3 with 0.38 μg g−1 and
0.31 μg g−1, respectively. To the authors' best knowledge, only one
study available on literature provides information on the concentration
levels of VMSs in PCPs for babies/children (Wang et al., 2009), hindering
the discussion and comparison of the obtained results. In those studies,
only cVMSswere investigated (D3–D6) and the authors concluded their
detection frequencies were low, when compared to the adult products
(only detected in 3 samples). These compounds were detected in
diapers and lotions, with concentration varying from 80 μg g−1 (D6)
to 150 mg g−1 (D5). As can be seen, on average, the detected levels
mentioned in literature were higher than those obtained in the present
study.

The correlation among concentration levels of the target VMSs was
also investigated using an univariate statistical method. Pearson's test
was used to assess if some significant correlations could be found
between the different VMSs (Table S3, Supporting Information). It is
noteworthy that significant positive correlations were found for the
mean concentrations of the pairs D3 and D4 (r = 0.896, p b 0.001), L3
and L5 (r=0.883, p b 0.001) and D5 and L5 (r=0.839, p b 0.001). Cor-
relations among different VMSs present in PCPs have been found in lit-
erature. For instance, Wang et al. (2009) did not found statistical
correlations among the target VMSs (D3–D6), while Horii and Kannan
(2008) found a positive correlation for D5 and D6 and Dudzina et al.
(2014) for D4 and D5. This suggests that different blends of siloxanes
have been used in the production of cosmetics and PCPs.

To summarize, overall concentration levels found in this study were
similar to those reported by Chinese studies (Lu et al., 2011) and gener-
ally two to three orders of magnitude lower than those described in
Japan and USA (Horii and Kannan, 2008), Canada (Wang et al., 2009)
and also Switzerland and Netherlands (Dudzina et al., 2014). In fact,
the consumption patterns differ geographically and also the legislation,
which may explain some of these variations. Furthermore, some of
these studies focused in the analysis of other type of PCPs, much more
prone to have in their constitution a greater quantity of VMSs (e.g.
stick or cream deodorants and cosmetic products as liquid foundation).
On the other hand, due to the recent concern related to human and
environmental safety, the incorporation of these compounds in PCPs
seems to have decreased and many manufacturing companies have
launched the “silicone free” products. It is also possible that some old
formulations have been adjusted, reducing the concentration of these
compounds and replacing them by other solutions. In fact, most labels
of studied products did not mention any VMS in their formulation
list (around 80%), either as pure substance or non-specifically as
“dimethicone” or “cyclomethicone” (Supporting Information, Table S4).
The presence of these compounds in very low concentrations in someun-
expected productsmay be explained by their use as rawmaterials for the
production of other siloxane-based ingredients that are incorporated into
personal care formulations or as impurities (and also from migration
from the packages). According to the European Cosmetic legislation,



Table 2
Estimated adult daily exposure (dermal + inhalation) to siloxanes through toiletries.

Category Product type Amount per
application
(g event−1)

Frequency of
application
(events day−1)

Retention factor Total concentration
of siloxanes (μg g−1)

Daily dermal
exposure (μg
kgbw−1 day−1)

Daily dermal uptake
(μg kgbw−1 day−1)

Daily inhalation
exposure
(μg kgbw−1 day−1)

Daily inhalation uptake
(μg kgbw−1 day−1)

Moisturizers Body lotion/milk/cream 8.50 0.42 1.00 Mean 348.1 20.71 0.21 1.14 0.11
Maximum 1342 79.84 0.80 4.38 0.44

Hand cream 0.50 0.80 1.00 Mean 9.67 0.06 0.00 0.00 0.00
Maximum 22.90 0.15 0.00 0.01 0.00

Facial cream 0.40 0.88 1.00 Mean 507.0 2.97 0.03 0.16 0.02
Maximum 1026 6.02 0.06 0.33 0.03

Toilet soaps Solid soap 0.80 0.50 0.01 Mean 14.51 0.00 0.00 0.00 0.00
Maximum 27.03 0.00 0.00 0.00 0.00

Gel soap 1.00 4.50 0.01 Mean 13.62 0.01 0.00 0.01 0.00
Maximum 24.43 0.02 0.00 0.01 0.00

Body and hair wash Shower gel 6.30 0.71 0.01 Mean 118.7 0.09 0.00 0.06 0.01
Maximum 425.4 0.32 0.00 0.63 0.06

Shampoo 4.80 0.50 0.01 Mean 471.2 0.19 0.00 0.12 0.01
Maximum 1556 0.62 0.01 0.39 0.04

Hair conditioner 4.90 0.43 0.01 Mean 102.8 0.04 0.00 0.02 0.00
Maximum 271.6 0.10 0.00 0.06 0.01

Dentifrice products Toothpaste 1.10 2.00 0.05 Mean 0.07 0.00 0.00 0.00 0.00
Maximum 0.15 0.00 0.00 0.00 0.00

Deodorants Roll-on deodorant 0.20 1.00 1.00 Mean 13.81 0.05 0.00 0.00 0.00
Maximum 45.29 0.15 0.00 0.01 0.00

Shaving products Shaving foam/gel 3.55 0.43 0.01 Mean 7.03 0.00 0.00 0.00 0.00
Maximum 9.54 0.00 0.00 0.00 0.00

Aftershave 0.80 0.46 1.00 Mean 150.4 0.92 0.01 0.05 0.01
Maximum 331.4 2.03 0.02 0.11 0.01

Total (μg kgbw−1 day−1) Mean 25.04 0.25 1.56 0.16
Maximum 89.25 0.89 5.94 0.59

Adult body weight: 60.0 kg.
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when this happens these compounds are not recognized as ingredients,
so they do not need to be present in the list of ingredients in the label of
each product (European Parliament, 2009). Although the remaining
20% should containmostly “dimethicone” (according to the information
provided in the label), this study revealed a high prevalence and
concentration of cyclic siloxanes. Actually, these compounds (also
known as “cyclomethicone”) are used as precursors in the production
of polydimethylsiloxane (SCCP, 2005). Therefore, these polymers
blends may contain some residual monomers, which are also regarded
as impurities. Thus, it is possible that when “dimethicone” is used, res-
idues of “cyclomethicone” may also be detected. As explained before,
“dimethicone” is a mixture of fully methylated linear siloxane polymers
with different chain sizes. Studies in the literature, regarding the
presence of these compounds in toiletries, demonstrated that linear si-
loxanes with a long chain (high molecular weight) are the most preva-
lent and also those found in higher concentration levels (Horii and
Kannan, 2008; Lu et al., 2011). Since in thiswork only the lowmolecular
weight siloxanes (L2–L5) were studied, it is possible that the total con-
centration of linear siloxanes may exceed the detected amounts and
also be higher than those found for the cyclic siloxanes.

3.3. Analysis of aggregate exposure to VMSs

Asmentioned before, dermal sorption and inhalation are considered
themain human exposure routes for siloxanes since they are present in
PCPs, which are directly used by consumers (Lu et al., 2011). There are
different approaches that can be used to determine dermal and inhala-
tion exposure. The methods range from employing very simple deter-
ministic exposure models to utilizing more sophisticated probabilistic
frameworks (Dudzina et al., 2014). In the present study, the daily der-
mal and inhalation exposure to eight different siloxanes (L2 to L5 and
D3 to D6) through the application of twelve most commonly used
types of toiletries was estimated.

Tables 2 and S5 (Supporting Information) contains information
about the adult daily dermal exposure to siloxanes through the
application of those PCPs. The mean and maximum total daily
dermal exposure for adults to siloxanes would be 25.04 and
89.25 μg kgbw−1 day−1, respectively. Among the considered prod-
uct subcategories, the main contributors for adult dermal expo-
sure were body moisturizer (86%; mean: 20.71 μg kgbw−1 day−1,
maximum: 79.84 μg kgbw−1 day−1), followed by facial creams
(9%; mean: 2.98 μg kgbw−1 day−1; maximum: 6.02 μg kgbw−1 day−1)
and aftershaves (3%; mean: 0.92 μg kgbw−1 day−1; maximum:
2.03 μg kgbw−1 day−1). The exposure to siloxanes through the remaining
toiletry products is considered less significant. In fact, the exposure to
body moisturizers represents around 83% of the mean daily dermal ex-
posure, with higher values for D5 (12.08 μg kgbw−1 day−1) and D6
(6.99 μg kgbw−1 day−1). It is also important to notice that cyclic siloxanes
are themost significant (around 99%) for the human daily dermal expo-
sure (especially D5 and D6), since they have been detected at higher
levels and more frequently. There is little information available on the
dermal permeation factors of siloxanes. Therefore, taking into account
the uncertainties regarding the dermal penetration rates of these
chemicals and of course, their variability with the vehicle tested, an
average permeation factor of 1% was considered in this work, as
explained before. Assuming this value, an average dermal uptake of
0.25 μg kgbw−1 day−1 was achieved.

A similar study was performed for children/baby products to esti-
mate their daily dermal exposure. Due to their state of development,
baby and children present a thinner and less resistant skin, making
them a more vulnerable group (Paller et al., 2011). According with
this, the estimated daily dermal exposure to siloxanes in children is pre-
sented in Tables 3 and S6 (Supporting Information). Themean andmax-
imum daily dermal exposure for children/baby to siloxanes would be
0.35 and 0.65 μg kgbw−1 day−1, respectively. Also for this target group,
body moisturizer was the product type that had the highest mean and
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maximum daily dermal exposure, 0.12 and 0.19 μg kgbw−1 day−1, respec-
tively. Thiswas followed by shower gel (mean: 0.09 μg kgbw−1 day−1, max-
imum: 0.20 μg kgbw−1 day−1) and shampoo (mean: 0.08 μg kgbw−1 day−1;
maximum: 0.16 μg kgbw−1 day−1). In fact, body moisturizers represent
around 34% of the mean daily dermal exposure, while shower gel and
shampoo 26 and 24%, respectively. It is possible to observe that D3 is
the compound with highest total value of mean daily dermal exposure
(about 0.12 μg kgbw−1 day−1), thus accounting for 34% of the exposure.
On the other hand, solid soaps contribute with b1% for the total dermal
exposure (mean: 0.0008 μg kgbw−1 day−1), followed by gel soaps (2%)
and toothpastes (13%). Once more, the cyclic siloxanes are the dominant
compounds (around 90%) in the daily dermal exposure. It is important to
notice that somehow the oral exposure from dentifrice products may be
overlooked. In fact, there is an increased risk of young children
swallowing it instead of rinsing themouth, being expected that ingestion
may contribute significantly to the total internal dose. However, in this
study only the daily dermal uptake was estimated.

To determine the daily dermal uptake, the same value of 1% was as-
sumed due to the lack of information. Therefore, an average dermal up-
take of 0.003 μg kgbw−1 day−1 is expected. Considering the same product
types (moisturizers, toilet soaps, body and hair wash, and dentifrice
products), the baby/children dermal exposure to the totality of silox-
anes (L2–D6) is about sixty times lower than adults' exposure, with
highest mean values for body cream (0.12 vs. 21.00 μg kgbw−1 day−1).
The results also indicated that the exposure to body moisturizers is
dominant either to adults (99%) or baby/children (34%).

There are other studies that estimated the exposure profiles to cyclic
and linear siloxanes from PCPs, such as the one performed by Horii and
Kannan (2008). In this study, D5 was the cyclic siloxane with a higher
dermal exposure rate (about 233,000 μg day−1 or 3,883 μg kgbw−1 day−1),
reaching the highest values for hair conditioners (162,000 μg day−1 or
2700 μg kgbw−1 day−1). Regarding the linear siloxanes (sum of L4 to
L14), facial creams seem to be the products that contribute with higher
exposure rate (49,900 μg day−1 or 832 μg kgbw−1 day−1). These values are
very high, when compared to those obtained in this study. Once more,
this should be related to the higher levels of siloxanes detected in
those PCPs. Also Lu et al. (2011) estimated the exposure profiles of silox-
anes through dermal application of personal care products. Trace levels
of siloxanes in toothpastes suggest that this product is aminor source of
exposure, which is similar to what happens in the present study. More-
over, the total daily exposure rate to siloxanes presented by Lu et al.
(2011) from the use of PCPs in China was estimated in 4510 μg day−1

(around 75 μg kgbw−1 day−1). This value is similar to the obtained in the
present study. The highest contributor to the exposure quantities was
liquid foundation (cosmetic) with 1250 μg day−1 (21 μg kgbw−1 day−1),
followed by hair conditioner with 750 μg day−1 (12.5 μg kgbw−1 day−1).
Wang et al. (2009) also try to predict the daily dermal exposure to D4
Fig. 2. Estimated emissions “down-the-drain” of siloxanes for the target PCPs.
and D5, through the application of a body lotion or antiperspirant.
They verified that for D4 a daily dermal exposure of 500 μg day−1

(8.33 μg kgbw−1 day−1) and 10 μg day−1 (0.17 μg kgbw−1 day−1) is expected
by the use of body lotions and antiperspirants, respectively. Regarding
D5, higher values are expected: 100 μg day−1 (1.67 μg kgbw−1 day−1) in
body lotion and 200 μg day−1 (3.33 μg kgbw−1 day−1) in antiperspirant.
In general, these values are higher than those obtained in this study.
Dudzina et al. (2014) also estimated the daily exposure to D4 and D5
through application of most usually PCPs subcategories used, as body
lotion, facial cream, hand cream, deodorant/antiperspirant, liquid
foundation and hair conditioner. Daily dermal exposure to D5 was
estimated in higher amounts (maximum of 1,224,000 μg day−1,
i.e. 20,400 μg kgbw−1 day−1) than D4 (10,800 μg day−1, i.e.
180 μg kgbw−1 day−1). For D5, body lotions with 330,000 μg day−1

(5500 μg kgbw−1 day−1) and liquid foundation with 221,000 μg day−1

(3683 μg kgbw−1 day−1) proved to be the highest contributors to the
dermal exposure. While for D4, deodorants/antiperspirants non-
spray (7600 μg day−1 or 127 μg kgbw−1 day−1) and body lotions
(2900 μg day−1 or 48 μg kgbw−1 day−1) were the most relevant classes
of products. Generally, all the authors verify that D5 is the siloxane
that most contributes to the dermal exposure, which is in line with
the present study. The results regarding the products thatmost contrib-
ute for the dermal exposure are quite dispersed, clearly demonstrating
that consumption patterns differ geographically. The differences ob-
tained in the dermal exposure levels are, oncemore, related to the con-
centration values of siloxanes in the products analysed,which are lower
than the values observed in the mentioned studies.

Overall, these preliminary results of aggregate consumer exposure
indicate that the dermal application of these compounds does not
seem to lead to increased health risks, since most dermal toxicity stud-
ies point out for significantly higher values. For instance, a No-
Observed-Effect-Level (NOEL) of 960 mg kgbw−1 day−1 was found in a
study performed with rabbits with dermal application (28 days) of D4,
which revealed few systemic effects, being the clinical signs of toxicity
minimal and the histological changes observed reversible. Similarly, a
NOEL of 1600 mg kgbw−1 day−1 was found in studies conducted in rats
with dermal application of D5 up to 4 weeks (SCCS, 2010).

Inhalation exposure (adults and baby/children) was also estimated
in this work. The main results are compiled in Tables 2, 3 S7 and S8
(Supporting Information). The mean total daily inhalation exposure to
VMSs would be 1.56 μg kgbw−1 day−1 for adults and 0.03 μg kgbw−1 day−1

for baby/children. Analysing the product subcategories, the main
contributor for adult inhalation exposure was body moisturizer
(73%; mean: 1.14 μg kgbw−1 day−1, maximum: 4.38 μg kgbw−1 day−1),
while for baby/children was shower gel and shampoo (45%; mean:
0.01 μg kgbw−1 day−1, maximum: 0.03 μg kgbw−1 day−1). For adults D5
Fig. 3. Estimated air emissions of siloxanes for the target PCPs.
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andD6were the compoundswith higher total value ofmeandaily inha-
lation exposure (0.79 and 0.49 μg kgbw−1 day−1) and for baby/children
was D3 (mean: 0.02 μg kgbw−1 day−1). Comparing these results, with
those obtained for dermal exposure, it is clear that the latter is the
main route for the aggregate exposure to these compounds. As
explained before, an average absorption rate by inhalation of 10% was
considered. Therefore, an average inhalation uptake of 0.16 and
0.003 μg kgbw−1 day−1was achieved for adults and baby/children, respec-
tively. Similarly, these preliminary results do not seem to cause health
risks. A two-year chronic inhalation toxicity studies on D4 and D5 in
Fisher 344 rats were performed (Rodricks, 2004). In that study, rats
were exposed to different vapour concentrations of theses siloxanes
(0 to 700 ppm) for 6 h per day, 5 days perweek for up to 24months. Re-
sults indicated an increase in uterine endometrial tumours for rats ex-
posed to D4 and D5 and also an increase in kidney weight for rats
exposed to D4 for 12 to 24 months. A NOEL of 16 mg kgbw−1 day−1 for
D4 and 5.4 mg kgbw−1 day−1 for D5 was achieved.

3.4. Estimate of “down-the-drain” discharges

As suggested, themajority of volatile methylsiloxanes (namely, D5),
will be lost from “leave-on” personal care products to the atmosphere
(Egmond et al., 2013), where it is expected to be broken down via reac-
tionwith hydroxyl radicals. However, not all emissionswill be to the at-
mosphere. There are actually “rinse-off” products that are likely to be
discharged into the sewage system reaching, consequently, the waste-
waters (Egmond et al., 2013). Volatility and hydrophobicity are also
key parameters that influence the environmental fate and behaviour
of these compounds after use and in the emissions to the environment
(Brooke et al., 2005). Thus, their use in either leave-on PCPs, such as
skin creams, deodorants/antiperspirants, or rinse-off (e.g. liquid soaps,
conditioners and shampoos), combined with these unique properties
may greatly affect the total amounts being discharged “down-the-
drain”.

The values for “down-the-drain” emission per capitawas estimated
for cyclic and linear siloxanes and are presented in Fig. 2 and Table S9
(Supporting Information). Due to the significant loss of siloxanes by
evaporation, the leave-on products do not contribute significantly to
the mass loading of sewage systems, having a maximum total value of
261.9 μg day−1 (3%). However, the rinse-off products represent the
greater emission route (97%). Thus, shampoo was the product that
seems to contribute more to the siloxanes “down-the-drain” emission,
with a mean value of 1008 μg day−1, followed by shower gels with
473.3 μg day−1 and then hair conditioners with 193.1 μg day−1. Cyclic
siloxanes, as predictable, showed the highest values for this estimation
(with a highest total mean value of 1800 μg day−1), since they are in
higher amounts in the cosmetics and PCPs analysed and are, in gen-
eral, less volatile than linear siloxanes. D5 is the siloxane with the
highest estimated maximum per capita “down-the-drain” emis-
sion, with 3336 μg day−1 (35%), with predominance in shower
gels (3005 μg day−1).

Unfortunately, there are no studies directly reporting an estimate
of “down-the-drain” discharges of siloxanes, and therefore, it is diffi-
cult to compare the obtained values with the literature. However, the
authors tried to compare these values with the influent mass load-
ings presented in some studies. Once more, cyclic siloxanes were
the most studied compounds. To the authors' best knowledge, only
the studied performed by Bletsou et al. (2013) compared average
mass influent loads for cyclic (D3–D7) and linear (L3–L14) siloxanes.
The authors estimated mean mass loads for the total cyclic siloxanes
of 1100 μg capita−1 day−1, while for the total linear siloxanes
around 3100 μg capita−1 day−1. D5 and L11 presented the higher
values, about 500 and 1000 μg capita−1 day−1, respectively. The
other studies also reported D5 as the cyclic siloxane with highest
values of mass loadings, presenting variable values between 500
and 71,500 μg capita−1 day−1 (Egmond et al., 2013; Xu et al., 2013;
Bletsou et al., 2013; Wang et al., 2015a, 2015b). Comparing these
values with those obtained in this study, it is possible to conclude
the obtained values are in the same order of magnitude than the
ones described in the literature. In fact, it is important to notice
that the mass loadings reported in literature correspond to the
total of siloxanes found in influents (from PCPs and other household
sources), while the values present in this study only correspond to
the discharge of siloxanes from cosmetics and PCPs.

3.5. Estimate of air emissions

Since most volatile methylsiloxanes will be lost from “leave-on”
products by volatilization, the air emissions were also estimated
(Fig. 3 and Table S10— Supporting Information).

As expected, the leave-on products contribute significantly to the air
emissions, having a maximum total value of 4977 μg day−1 (81%). In
fact, body moisturizer was the product that seems to contribute more
to the siloxanes air emission, with a mean value of 4505 μg day−1.
Once more, cyclic siloxanes showed the highest values for this estima-
tion (with a highest total mean value of 1600 μg day−1), being D5 the
siloxane with the highest estimated maximum per capita air emission
(51%; 3129 μg day−1).

To the authors' best knowledge this is the first study that estimate
the air emissions of several VMSs through the use of toiletries.
Dudzina et al. (2015) only estimated the D5 emissions into indoor air
from consumer use of personal care products and predicted higher
emission rates, reaching 1500 mg day−1 per capita. Once more, this
should be explained by the higher levels of VMSs in toiletries used to
modelled the air emissions.

4. Conclusion

The concentration levels of siloxanes in different adult and children/
baby cosmetics and personal care products (moisturizers, toilet soaps,
body and hair wash, dentifrice products, deodorants/antiperspirants
and shaving products) were investigated in the bestselling products in
Oporto region (Portugal).

Volatile methylsiloxanes were detected in 96% of the analysed sam-
ples, being the cyclic siloxanes the most detected compounds (94% of
the samples), reaching a maximum level of 1203 μg g−1 for D3 in
adult shampoo. Linear siloxanes were found in 52% of the samples
with a maximum concentration of 7.85 μg g−1 for L5 in aftershave.
From cyclic siloxanes, D4 and D6 were the more frequently detected
compounds (87 and 80%, respectively), while L2 was the compound
most detected from the linear class (35%).

Dermal and inhalation exposure were estimated based on the
concentrations of siloxanes in the studied PCPs and the average
daily usage amounts of those consumer products. The estimated
mean adult daily dermal exposure to siloxanes was calculated as
25.04 μgkgbw−1 day−1 and children's exposurewas 0.35 μgkgbw−1 day−1.
In both cases, body moisturizers seem to be the main contributors
for dermal exposure. Regarding inhalation exposure, values of
1.56 μg kgbw−1 day−1 for adults and 0.03 μg kgbw−1 day−1 for babies/chil-
dren are expected. The main contributor for adult inhalation exposure
was body moisturizer, while for baby/children was shower gel and
shampoo. Finally, considering the studied aggregated consumption pat-
tern of adult personal care products, the amount of siloxanes release
“down-the-drain” into the sewage systems was estimated, as well as
the air emissions. It is expected, a total maximum “down-the-drain”
emission per capita of 9574 μg day−1 and a mean value of
1817 μg day−1. Analysing the maximum emissions per capita, D5
seems to be the more prevalent compound with 3336 μg day−1,
followed by D3 (2789 μg day−1) and D6 (2192 μg day−1). Wash-off
products, namely shower gel and shampoo, are the greater source of
VMSs in the sewage systems (97%; mean: 1744 μg day−1; maximum:
9312 μg day−1). For the air emissions, a maximum value of
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6109 μg day−1 (mean: 1607 μg day−1) was estimated, being the body
moisturizers the main source of VMSs. D5 and D6 were the predomi-
nant compounds in air.
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Octamethylcyclotetrasiloxane (D4) (CAS # 556-67-2) 
 
In the Washington Department of Ecology’s (Ecology’s) 2016 Children’s Safe Products Act - Reporting 
Rule Update Draft Chemical Evaluation document (available at 
http://www.ecy.wa.gov/programs/hwtr/laws_rules/CSP_ReportingRule/pdfs/CSPA2016InitialEvaluation
.pdf ) D4 is described as having been placed on the Chemicals of High Concern (CHCC) reporting list in 
2011 because it is classified as a Category 1 endocrine disruptor by the European Union combined with 
its identification by the Danish EPA in personal care products marketed to children.  The American 
Chemistry Council (ACC) and the Silicones Environmental, Health and Safety Center (SEHSC) have asked 
Ecology to remove D4 from the CHCC list based on one part of one paper published in 2015 investigating 
the estrogenicity of D4. 
 
Ecology has confirmed their use of the EU Endocrine Disruptor list Category 1 as an authoritative source 
noting that Category 1 requires evidence of endocrine disrupting activity in at least one species using 
intact animals.  Ecology has Ecology has also communicated their preference for new data presented 
during this reporting rule update to be based on in vivo studies, and for this new data to be compelling. 
 
 
Toxicity 
 
ACC and SEHC presented one of several experimental studies described in (Lee, Ahn et al. 2015) to the 
Department of Ecology on Nov. 14, 2016.  This was intended to provide new evidence that D4 should be 
removed from the CHCC list. In one study reported on in this paper, a uterotrophic assay (an in vivo 
estrogenicity assay) was carried out by administering subcutaneous injections of 500 mg/kg (ppm) D4 or 
1,000 mg/kg to immature rats for 4 days.  Treatment uterine weights were not significantly different 
from control uterine weights in the uterotrophic assay. Having seen significant results in an in vitro 
estrogenicity assay prior to the uterotrophic assay, the authors stated that, “Since the estrogenic effect 
of D4 was not shown by UT assay, we used a more sensitive method.”  They looked at CaBP-9K, ER 
alpha, and PR expression in immature rats’ uteruses.  Results demonstrated that the estrogenic 
biomarker CaBP-9K mRNA expression was significantly increased by D4 in a dose-dependent manner.  
CaBP-9K mRNA expression was up-regulated 2- or 3- fold by 500 and 1000 mg/kg D4.  The authors 
concluded from their research that D4 has estrogenic potential proven under both in vitro and in vivo 
experimental conditions.  This paper does not disprove the estrogenicity of D4 in in vivo studies, rather 
it provides further evidence. With mixed results in in vivo studies, (Lee, Ahn et al. 2015) does not meet 
the criteria of compelling new evidence, and it does not provide proof that D4 is no longer estrogenic.  
This, in combination with Ecology’s stated confirmation of their use of the EU Endocrine Disruptor list 
Category 1 as an authoritative list, means that D4 should remain on the CHCC reporting list. 
 
D4 also shows evidence of reproductive toxicity and therefore should remain on the CHCC reporting list: 
 
A European Union Harmonized Classification and Labelling has been assigned to D4: Reproduction 
Category 2 with a hazard statement code H361f (suspected of damaging fertility) and R62 (possible risk 
of impaired fertility) and R63 (possible risk of harm to the unborn child) risk phrases (see 
https://echa.europa.eu/information-on-chemicals/cl-inventory-database/-/discli/details/121828). 

http://www.ecy.wa.gov/programs/hwtr/laws_rules/CSP_ReportingRule/pdfs/CSPA2016InitialEvaluation.pdf
http://www.ecy.wa.gov/programs/hwtr/laws_rules/CSP_ReportingRule/pdfs/CSPA2016InitialEvaluation.pdf
https://echa.europa.eu/information-on-chemicals/cl-inventory-database/-/discli/details/121828
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(Siddiqui, Stump et al. 2007) is a key study on the reproductive toxicity of D4 (see 
https://echa.europa.eu/registration-dossier/-/registered-
dossier/15289/7/9/2/?documentUUID=aea70b17-6668-4edc-ae87-16c25a02581f). 
This study evaluated the reproductive toxicity in two generations of Sprague-Dawley rats (30/sex/group) 
exposed to whole body vapor inhalation of D4 at concentrations of 0, 70, 300, 500, or 700 ppm 6 hours 
per day for 70 consecutive days prior to mating and lasted through weaning. Prolonged estrous cycles, 
decreased mating and fertility indices were observed in the F1 generation exposed to D4.  Significant 
reductions in the mean number of pups born and mean live litter size were observed in the 500 and 700 
ppm groups for both the F0 and F1 generations.  Implantation sites were also reduced at 700 ppm for 
both F0 and F1 generations.  The NOAEL for male reproduction was considered to be 700 ppm and the 
NOAEL for female reproduction was considered to be 300 ppm.  
 
In a follow up, supporting, study (Meeks, Stump et al. 2007) exposed rats to D4 by whole body vapor 
inhalation and evaluated the phase of the female reproductive cycle affected by D4.  For the overall 
phase study female rats were exposed to 0, 70, 300, 500, or 700 ppm D4 in vapor for 6 hours per day. A 
statistically significant decrease in maternal body weight was observed in the 700 ppm group during 
gestation.  Mean absolute adrenal gland weight was significantly increased in the 700 ppm group. The 
mean numbers of corpora lutea were statistically significantly reduced in the 300 and 500 ppm exposure 
groups.  There was increased implantation loss at 500 and 700 ppm.  There was a significant reduction in 
the mean number of viable fetuses in the 500 and 700 ppm exposure groups.  In the fertilization phase 
study (exposures were 0 and 700 ppm only), absolute maternal ovarian weight was decreased at 700 
ppm.  There were also lower numbers of implantation sites and a significant increase in early resorptions 
and significantly reduced mean number of viable fetuses. 
 
 
Exposure 
 
The argument for delisting D4 is also based on the assumption that D4 is no longer in use in personal 
care products.  However, evidence does exist for D4’s presence in personal care and other products that 
children are exposed to. 
 
First, there have been over 2,300 reports of D4 in children’s products reported to the state of 
Washington under the Children’s Safe Products Act in concentrations up to 500 ppm.  Most of these 
reports are of products other than personal care products such as clothing, footwear, toys, baby care 
items, and bedding.  
https://fortress.wa.gov/ecy/cspareporting/Reports/ReportViewer.aspx?ReportName=ChemicalReportBy
Name.  Companies reporting these products include large companies such as Walmart, Carter’s, Nike, 
Gap, Gymboree, and VF Corporation.  Based on this evidence alone children’s exposure to D4 is 
widespread and in products not generally associated with D4.  This points to the need to investigate 
more fully the sources of exposure of children to D4, as well as to the importance of keeping D4 on the 
CSPA reporting list in order to continue collecting important information about the chemical. 
 
(Capela, Alves et al. 2016) analyzed for D4 in cosmetics and personal care products purchased in 
Portugal.  6 out of 6 baby and children lotion/milk/cream moisturizer samples contained D4 with levels 
ranging from 0.03 – 0.14 ug/g (ppm).  8 out of 9 baby and children shower gels contained D4 with levels 
ranging up to 5.34 ug/g (ppm).  5 out of 8 baby and children shampoo contained D4 with levels ranging 

https://echa.europa.eu/registration-dossier/-/registered-dossier/15289/7/9/2/?documentUUID=aea70b17-6668-4edc-ae87-16c25a02581f
https://echa.europa.eu/registration-dossier/-/registered-dossier/15289/7/9/2/?documentUUID=aea70b17-6668-4edc-ae87-16c25a02581f
https://fortress.wa.gov/ecy/cspareporting/Reports/ReportViewer.aspx?ReportName=ChemicalReportByName
https://fortress.wa.gov/ecy/cspareporting/Reports/ReportViewer.aspx?ReportName=ChemicalReportByName
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up to 20.13 ug/g (ppm).  6 out of 6 baby and children toothpaste samples contained D4 with levels 
ranging from 0.02 – 0.30 ug/g (ppm).   
 
(Fromme, Cequier et al. 2015) looked at the presence of D4 in human serum during a biomonitoring 
study.  31% of serum samples collected from 42 adults in Germany had detectable levels of D4 – 
concentrations ranged from 0.18 – 0.73 ug/L.   
 
(Hanssen, Warner et al. 2013) looked at volatile cyclic methylsiloxanes in blood plasma of pregnant 
women and in postmenopausal women in Norway. 18% of the plasma samples taken from 17 pregnant 
women (sampling took place in 2009) contained detectable levels of D4, ranging from 1.70 – 2.69 ng/mL 
(ppb). 85% of the plasma samples taken from 94 postmenopausal women (sampling took place in 2005) 
contained detectable levels of D4, ranging from 2.93– 12.7 ng/mL (ppb).   
 
(Horii and Kannan 2008) analyzed organic and linear siloxanes in personal care and household products 
purchased in Albany, New York.  Products tested that were specifically children’s products included 4 
nursing nipples.  The authors detected D4 in all nursing nipples at levels of 0.62 – 0.87 ug/g (ppm).   
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Human biomonitoring is a valid method to determine exposure, identify time trends, and monitor the effects of
restrictions andmeasures. To characterize the recent exposure of Germans to persistent or emerging substances,
we analyzed 4 dechloranes, 33 polychlorinated naphthalenes (PCNs), and 3 cyclic volatile methyl siloxanes
(cVMS) in 42 plasma samples. The samples were collected from blood donors on a random selection.
Themedianvalues of bothDechloranePlus (DDC-CO) isomerswere1.23ng/g l.w. for anti- and0.77ng/g l.w. for syn–
DDC-CO. The two other dechloranes were found at lower levels. The median level of∑− PCNs was 575 pg/g l.w.
(range: 101–1406 pg/g l.w.). On average, the levels of PCNs in plasma were dominated by the congeners CN73,
CN66/67, and CN51, which were responsible for approximately 71% of the total amount of PCNs. The cVMS octa-,
deca-, and dodecamethylcyclotetrasiloxane could be determined in only some samples, with maximum values of
0.73, 0.48, and 0.79 μg/l, respectively.
Regarding dechloranes, our results are similar to those from other western countries but slightly lower than re-
sults from China. The levels of PCNs in German blood are similar to those observed in the U.S.A., but considerably
lower than those reported for Korea. Using a preliminary TEF (toxic equivalency factor), the mean TEQ of the 9
quantifiable PCNs in Germany was low (0.36 pg TEQ/g l.w.). The PCN levels in our study group are lower com-
pared to previous studies.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Persistent organic pollutants (POPs) are organic compounds that
distribute widely throughout the environment, accumulate in fatty
tissues, biomagnify in food webs, and are toxic to humans and wildlife.
In 2001, the Stockholm Convention listed the first twelve POPs recog-
nized as causing adverse effects on humans and the ecosystem.
Polychlorinated naphthalenes (PCNs) are substances proposed for list-
ing under the Stockholm Convention. Due to their high potential to
cause environmental and health concerns, POPs require continuous
monitoring. Human biomonitoring of POPs in blood is a valid method
to determine recent exposure, identify time trends, and monitor the
effects of restrictions and measures (NRC, 2006). Recently, some other
organic substances that are produced in large quantities have attracted
scientific interest, such as dechloranes and methyl siloxanes. However,
data on human exposure to these substances are still very limited and
require investigation.
afety Authority, Department of
unich, Germany.
Hexachloronorbornene-based flame retardants, commonly known
as dechloranes, have been used for decades in electrical wires, cable
coatings, computers, furniture, and other applications (Xian et al.,
2011). Dechlorane Plus® (IUPAC-name: 1,2,3,4,7,8,9,10,13,13,14,14-
dodecachloro-1,4,4a,5,6,6a,7,10,10a,11,12,12a-dodecahydro-1,4,7,10-
dimethanodibenzo[a,e]cyclooctene), first used as a substitute for the
pesticide Mirex, is a high-production volume chemical that consists of
two isomers (syn and anti). In the technical mixture, the anti-isomer
accounts for approximately 75% of the total isomers (Sverko et al.,
2011). Little is known about the production volumes of Dechlorane
602 and Dechlorane 603, but their use in polymeric products has been
documented (Sverko et al., 2011). Since 2006, dechloranes were
observed at higher concentrations in sediments and fish collected
from the Great Lakes compared to other lakes (Shen et al., 2010). Xian
et al. (2011) summarized the sources and environmental behaviors of
dechloranes and concluded that long-range atmospheric transportation
of dechloranes occurred, indicating a global presence. Recent scientific
literature, although limited, has shown a low toxicity of dechloranes,
particularly affecting the liver (US-EPA, 2011). Nevertheless, data gaps
exist, and a comprehensive risk assessment is still lacking.
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PCNs are a mixture of potentially 75 different congeners with one to
eight chlorine atoms. Their physical–chemical properties vary consider-
ably; tetra- to octa-CNs are lipophilic, and their water solubility and
vapor pressure both decrease with an increasing degree of chlorination
(UNEP, 2013). Historically, they have been used in many applications,
including the use as wood preservatives and additives to paints and
engine oils (UNEP, 2013). Although PCNs have been banned for several
decades, their release is still possible, primarily from past applications
and products. By deposition of such products from thermal processes
as waste incineration, through evaporation from contaminated soil,
and as impurities from PCB-containing devices, PCN are released to
the environment (Domingo, 2004; UNEP, 2013). The toxicological
profile of PCNs is not well characterized, but, due to their interaction
with the cytosolic Ah receptor (AhR), exposure to PCNs could result in
a pattern of biochemical and toxic responses typical for dioxin-like
compounds (WHO, 2001; Falandysz et al., 2014).

Cyclic volatilemethyl siloxanes (cVMS) are possibly persistent in the
environment and have the potential to accumulate in aquatic organisms
and biomagnify in food-chains (EC/HC, 2008a,b,c). cVMS may be
emitted into the environment from industrial processes that use these
compounds to form siliconepolymers and co-polymers and fromblend-
ing, formulating and packaging operations (EC/HC, 2008a,b,c; Wang
et al., 2013). In addition to polymer synthesis, typical applications
include cosmetics, personal care products, cleaning agents, and surface
treatment agents (Dudzina et al., 2014). For all cVMS studied to date,
the liver and, to a lesser extent, the lung have been identified as the
target organs, but there are some indications from animal experiments
that tumors (D5) and impaired fertility may also be critical effects
(EC/HC, 2008a,b,c).

To date, only few studies have analyzed the presence of the above-
mentioned substances in human blood. In Germany, recent data on the
body burden of the general population are lacking. Therefore, the objec-
tives of our study were to determine 4 dechloranes (Dechlorane Plus®
[syn- and anti-DDC-CO], Dechlorane 602 [DDC-DBF], and Dechlorane
Fig. 1. Chemical structures
603 [DDC-Ant]), 33 PCNs consisting of tetra- to octa-congeners, and 3 cy-
clic volatilemethyl siloxanes (cVMS) (octamethylcyclotetrasiloxane [D4],
decamethylcyclopentasiloxane [D5], and dodecamethylcyclohexa-
siloxane [D6]) in German blood samples.

All of the abbreviations used in the text follow the structure suggested
by Bergman et al. (2012). The chemical structure is given in Fig. 1.
2. Materials and methods

2.1. Study group and sampling

The Bavarian Red Cross Blood Donation Service was requested to
collect blood samples of the general population on a random selection.
Sampleswere obtained fromhealthy blood donors living inMunich and
the surrounding areas in the winter in 2013 and 2014. The blood was
freshly collected by the Bavarian Red Cross Blood Donation Service.
After venipuncture, each sample was centrifuged to obtain the plasma
fraction and stored without preservatives at −20 °C until analysis.
Because of the high risk of field and laboratory contamination, several
measures were undertaken to minimize potential contamination of
samples prior to their distribution to our partners. The plasma samples
were carefully defrosted in a special room in our laboratory, which was
intensively ventilated overnight and then closed approximately 2 h
before sample handling. The technical personnel wore CAT III
chemical-protective coveralls, mouthguards, and powder-free nitrile
gloves during the division of samples into subsamples for the different
laboratories, which was conducted over a single session. On the day of
sample handling, the personnel did not use any personal care products
such as deodorants, hair and skin products, soaps, and cosmetics. All of
the samples were prepared in a laminar flow workbench under clean-
room conditions to minimize contamination from the indoor air. After-
wards, the samples were again deep-frozen and sent to the laboratories
under cooled conditions.
of the target analytes.
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The study was carried out according to the recommendations of the
Helsinki Declaration.

2.2. Lipid determination

Plasma total lipid content was estimated for each sample by adding
the values of triglycerides and total cholesterol using the following
equation derived by Phillips et al. (1989) and Bernert et al. (2007):

TL=(2.27*TC)+TG+62.3 mg/dl

where TL is the total lipid content, TC is the total cholesterol, and TG is
the triglyceride level. The analysis was performed by the Institute of Lab-
oratory Medicine, Ludwig-Maximilians-University Munich, Germany.

2.3. Determination of dechloranes

DDC-CO (98% purity for syn and anti) (Cambridge Isotopes Laborato-
ries, Andover, MA, U.S.A.), DDC-DBF (95% purity) and DDC-Ant (98%
purity) (Toronto Research Chemicals Inc., North York, Ontario,
Canada) were determined at the Norwegian Institute of Public Health
(Oslo, Norway) according to previously published methodology
(Cequier et al., 2013), with the incorporation of the recently
commercially available 13C-dechlorane 602 (13C-DDC-DBF) as an
internal standard (Cambridge Isotopes Laboratories). In brief, 2 mL of
plasma was spiked with 300 pg of isotopically labeled internal
standards (13C-DDC-CO, both syn and anti, and 13C-DDC-DBF). Proteins
were denatured by adding 2 mL of formic acid, and plasma was diluted
with 5% 2-propanol in distilled water to a volume of 6 mL.

The dechloranes were extracted from the plasma using Oasis®HLB
cartridges (12 c.c.; 500 mg) (Waters, Milford, MA, U.S.A.) on a 12 port
Visiprep™ vacuum manifold. The dechloranes were eluted with 8 mL
of dichloromethane. The samples were cleaned using a sulfuric acid im-
pregnated silica 30% (v/w), sodium sulfate and silica (from bottom to
top): silica (150mg)//sulfuric acid/silica (1 g)//silica (150 mg)//sodium
sulfate (600 mg). The dechloranes were eluted with 8 mL of heptane/
DCM (3:1; v/v). After the solvents were evaporated, the recovery
standard (13C-BDE-205) was added prior to injection (final volume
approximately 50 μL).

The dechloranes were chromatographically separated using a DB5-
MS column of 15 m length, 0.25 mm I.D. and 0.1 μm film thickness
(Agilent Technologies Inc., Santa Clara, CA, U.S.A.) in a HP 6890 series
gas chromatograph (Avondale, PA, U.S.A.). One microliter was injected
in pulsed splitless mode at 55 psi and was maintained at 300 °C for
2 min. The flow of the carrier gas (helium; 6.0, Yara Praxair, Oslo,
Norway) was 1.5 mL/min. The oven temperature was increased from
50 to 300 °C over 10 min and finally held at 300 °C for 6 min.

Detection and quantificationwas performed using anHP5973mass-
selective detector in electron-capture negative-ionization mode with
methane (3.5, AGA, Oslo, Norway) as a reagent gas. The specific ions
monitored for each dechlorane were as follows (qualifier ion in italics):
DDC-CO, m/z = 653.8 and 651.8; DDC-DBF, m/z = 613.7 and 611.6;
DDC-Ant, m/z = 637.7 and 635.8; 13C-DDC-CO, m/z = 663.8 and
661.8 and 13C-DDC-DBF, m/z = 623.7, 345.9 and 241.9.

The method was thoroughly validated using horse serum, as pre-
sented in Cequier et al. (2013). The recoveries of dechloranes at three
spiking levels (30, 300, and 3000 pg) were in the range of 65–99%,
with an overall RSD between 3 and 13%. The accuracies ranged from
91 to 111%, with an overall RSD between 2 and 15%. After threemonths,
the intermediate precision ranged from 5 to 17%. The method showed
good linearity in the concentration range from 0.1 to 1000 pg/μL and
limits of detection, based on S/N ~3 from plasma concentrations, were
between 0.5 and 2 pg/g plasma.

As part of our quality control, nine procedural blanks and five in-
house control samples were analyzed together with the plasma
samples. DDC-CO (syn and anti) was detected in the procedural blanks,
and therefore measured amounts in plasma (mean) were blank
subtracted. For in-house control samples, only DDC-CO (syn and anti)
was found above the LOD, with RSDs of 47 and 23%, respectively (31%
for syn when excluding one possible outlier).

2.4. Determination of PCNs

The analytical procedure of PCNs was described in detail by Park
et al. (2010). We employed it with some modifications. Briefly, 10–
12 mL of plasma samples were used. The defrosted plasmawere spiked
with internal standard (ECN-5102, Cambridge Isotope Laboratories, Inc.,
U.S.A.) and left 12h after vortex to establish anequilibrium. The samples
were extractedwith acetone and hexane (2:1, v/v) 3 times, and then the
organic phasewaswashedwith supersaturated sodiumoxalate solution
and hexane rinsed water. The extracts were dried under heat and N2

stream, and then the dried lipids were weighed. The lipids were
cleaned-up with multi-silica column and alumina column to removes
impurities, and then concentrate into 2 mL. The eluates were
transferred into vial and spiked with recovery standard (ED-910,
Cambridge Isotope Laboratories, Inc., U.S.A.) and nonane. The final
solution was dried into 20 μL and 3 μL were injected into instrument.

A gas chromatography (HP 6890, Avondale, PA, U.S.A.) equipped
with high resolution mass spectrometry (800D, JEOL, Japan) was
employed. The samples were injected with splitless mode at 260 °C.,
and separated with a DB-5UI column (Agilent Technologies Inc., Santa
Clara, CA, U.S.A.), which has 60 m length, 0.25 mm I.D. and 0.25 μm
film thickness. The resolution of HRMS was over 10,000 in all SIM
range, and PFK difference in calibration was less than 5 ppm. The inter-
face and ion source were kept in 280 °C, and ionization was performed
with 38 eV of EI mode.

As a calibration standard, ECN-5489 (Cambridge Isotope Laborato-
ries, Inc., U.S.A.) were used. The linear relative response factors (R2 for
linear RRF) were more than 0.99, and RSD of RRF were less than 15%.
The error of isotopic ratio between two selected ions was less than
15%, and the recovery of all 13C-labled compounds ranged 50–120%.
The instrumental limit of detection (LOD) was determined with 3
times of signal to noise ratio, and they were 68.9, 111.9, 63.8, 198.3,
and 222.7 pg/g l.w. for tetra- to octa- CN, respectively.

The isotope dilution method was used, and ECN-5489 (Cambridge
Isotope Laboratories, Inc., U.S.A.) were used as calibration standards.
The linear relative response factors (R2 for linear RRF) were more than
0.99, and RSD of RRF were less than 15%. The error of isotopic ratio be-
tween two selected ions was less than 15%, and the recovery of all
13C-labled compounds ranged 50–120%. Amethod blank samplewas in-
cluded in every sample sets, and the blank contaminationwere less than
1% in all congeners. Precision of the analysis were tested with in-house
reference materials, and the standard error was within 15%. The
instrumental limit of detection (LOD) was determined with 3 times of
signal to noise ratio, and they were 68.9, 111.9, 63.8, 198.3, and
222.7 pg/g l.w. for tetra- to octa-CN, respectively.

2.5. Determination of cyclic volatile methyl siloxanes

The analysis was described in detail by Hanssen et al. (2013). Briefly,
500 μL of plasma was transferred to a 2.0 mL Eppendorf Protein LoBind
centrifuge tube.Mass-labeled D4 (99% purity), D5 (99% purity), and D6)
(92% purity) (provided by Larodan Fine Chemicals, Malmö, Sweden)
were added as internal standards prior to the addition of 1 mL hexane
(Suprasolv, Merck, Germany). The samples were then mixed for
30 min (in a vortex mixer) followed by centrifugation at 10,000 rpm
for 10 min. The supernatant was then transferred to a GC vial with the
addition of tris(trimethylsiloxy)silane (98% purity, Aldrich, Germany)
as a recovery standard. The GC vials were stored at −18 °C until
analysis.
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Table 1
Dechloranes, siloxanes, and polychlorinated naphthalenes in plasma samples of 42
subjects.

Substance Detection rate
(%)

Mean Median 95th
percentile

Maximum

Dechloranes (ng/g l.w.)
Anti-DDC-CO 93 2.11 1.23 4.70 21.2
Syn-DDC-CO 79 2.33 0.77 8.68 29.8
DDC-DBF 45 0.46 0.23 1.30 1.45
DDC-Ant 50 0.46 0.09 2.83 4.13

Siloxanes (μg/l)
D 4 31 0.67 0.73
D 5 12 0.48
D 6 12 0.79

Polychlorinated naphthalenes (pg/g l.w.)
T4CN PCN 42 24 27.6 131 322

PCN 33/34/37 43 48.9 245 278
PCN 44/47 12 6.7 60.2 77.7
PCN 36/45 5 1.0 23.2
PCN 28/43 10 3.7 37.1 57.2
PCN 29 0
PCN 30/27 0
PCN 39 0
PCN 32 0
PCN 48/35 0
PCN 38/40 12 7.1 58.5 106

P5CN PCN 52/60 45 65.6 250 303
PCN 58 0
PCN 61 0
PCN 57 0
PCN 50 14 13.9 90.4 174
PCN 51 48 108 325 401

295H. Fromme et al. / Environment International 85 (2015) 292–298
The samples were chromatographically analyzed on an HP 6890 se-
ries gas chromatograph equipped with a DB5-MS (5% phenyl, 95%
methyl polysiloxane) fused-silica capillary column (J&W Scientific,
Folsom, CA, U.S.A.) of 30 m × 0.25 mm I.D. × 0.25 μm film. The column
was fitted with an uncoated fused-silica column of 5 m × 0.32 mm I.D.
(J&W Scientific). A large volume injection of the extract (10 μL) was
performed by a Gerstel MPS3 Injector. This technique improves detect-
ability and eliminates concentration steps during sample treatment
(Companioni-Damas et al., 2012). Isomers were identified on an HP
5973 Mass Selective Detector (EI-mode). Standards of D4 (Fluka,
Switzerland), D5 (Fluka, Switzerland) and D6 (Gelest Inc., Morrisville,
PA, 222 U.S.A.) were used for quantification. Two masses were
monitored for each analyte, corresponding to [M-CH3]+ fragment
ions. The details of the GC temperature program are described in
Warner et al. (2010). The samples were quantified using MassLynx 4.1
software (Waters, Milford, MA, U.S.A.) with internal standard
calibration. Good extraction recoveries were obtained for the mass-
labeled internal standards within the sample extracts: 77 ± 9% (D4),
80 ± 9% (D5) and 84 ± 10% (D6).

As part of quality control of the results, the laboratory personnel
involved in sample extraction refrained from using personal care
products. Moreover, to assess contamination during the extraction
process, procedural blanks (hexane) were extracted with each extrac-
tion set. Trace levels of D4, D5 and D6 were detected in all of the
procedural banks. The sample concentrations were blank-corrected for
any contribution from the solvent and/or instrument system. The
LODs of the analytical method were 0.18 μg/L for D4, 0.29 μg/L for D5,
and 0.44 μg/L for D6.
PCN 54 0
PCN 62 0
PCN 53/55 0
PCN 59 0
PCN 49 0
PCN 56 0

H6CN PCN 66/67 93 114 108 209 275
PCN 64/68 0
PCN 69 0
PCN 71/72 0
PCN 63 0
2.6. Statistical methods

The data were analyzed using the statistical software packages SPSS.
Unless stated otherwise, values below the LODwere assigned half of the
LOD. Correlations were evaluated with the Spearman rank correlation
coefficient. Sex-related differences were assessed using the Wilcoxon
rank sum test.
PCN 65 0
PCN 70 0

H7CN PCN 73 81 211 206 395 559
PCN 74 0

O8CN PCN 75 5 5.4 131
Total PCNs 613 575 1248 1406

Values below the LOD were assigned half of the LOD.
3. Results

The 42 participants, 21 females and 21 males, were between 20 and
68 years old (median: 46 years). No additional information was
available about the blood donors due to the necessary limitations of
data security. The results for the target analytes are shown in Table 1.
Additionally, two figures are given describing the concentrations of
sum of dechloranes and PCNs for each subject as well as in relation to
age (Figs. S1 and S2). The skewness and kurtosis of the distribution
was 5.1 and 29.5 for dechloranes and 0.9 and 1.1 for PCNs, respectively.

Whereas anti-DDC-CO and syn-DDC-CO were detected in 79% and
93% of the samples, respectively, DDC-DBF and DDC-Ant were found
in 45% and 50% of the samples, respectively. The median values were
1.23 ng/g l.w. for anti-DDC-CO, 0.77 ng/g l.w. for syn–DDC-CO,
0.23 ng/g l.w. for DDC-DBF, and 0.09 ng/g l.w. for DDC-Ant. No
statistically significant differences between the sexes were observed.
Additionally, no age dependency was found, but the number of samples
was quite low.

The PCN congeners CN66/67, CN73, CN51, CN52/60, and CN33/34/37
were the most abundant congeners, with 93%, 81%, 48%, 45%, and 43%
of the values above the LOQ, respectively. As shown in Table 1, themedian
level of ∑ − PCN was 575 pg/g l.w. (range: 101–1406 pg/g l.w.). On
average, the levels of PCNs in plasma were dominated by the congeners
CN73, CN66/67, and CN51, which were responsible for approximately
34%, 19%, and 18% of the total amount of PCNs, respectively. For CN66/
67 and CN73, the most frequently occurring PCNs, we found no age
dependency and no differences between sexes.
D4, D5, and D6were only detected in 13, 5, and 5 samples above the
LOD of the analytical method, respectively. The concentrations ranged
from b0.18–0.73 μg/L for D4, b0.29–0.48 for D5, and b0.44–0.79 for D6.

4. Discussion

We were able to present data of different persistent and emerging
substances using plasma samples from German blood donors.
Nevertheless, it has to be considered that information of the donors
are limited. We collected the samples on a random selection, but not
on a representative basis.

4.1. Dechloranes

We were able to quantify dechloranes, especially syn-DDC-CO and
anti-DDC-CO, in almost all of the blood samples. Table 2 summarizes
the results of biomonitoring of dechloranes performed to date.

DDC-COwas first detected in humans in China in 2005 in the serum
of the general unexposed population, with medians of 5.1 ng/g l.w. and
8.6 ng/g l.w. for the syn- and anti-isomers, respectively (Ren et al.,
2009). Three more recent studies in China, using samples collected in
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Table 2
Median (range) of dechloranes in blood samples in ng/g l.w. (f-anti are medians or means).

Country, year N DDC-DBF DDC-Ant Syn-DDC-CO Anti–DDC-CO f-anti Reference

China 2005 20a – – 5.1 (0.35–17.6) 8.6 (0.54–32.9) 0.64 Ren et al. (2009)
Canada, 2007–09 102 0.53 (b0.03–5.7) 0.11 (b0.02–2.2) 0.49 (b0.04–15) 1.9 (b0.12–67) –/0.81 Zhou et al. (2014)
France, 2003–5 48 0.44 (0.15–4.2) 2.0 (b0.4–12.1) 0.22 (b0.08–2.3) 0.89 (b0.16–5.1) 0.75 Brasseur et al. (2014)
China, 2010/11 24 – – 0.82 (0.35–3.2) 2.8 (1.3–8.5) 0.75 Ben et al. (2014)
China, 2011 305 – – 2.5b (−9.2) 1.0b (−2.0) – Wang et al. (2014)
China 2011 10c – – 2.5b (0.75–9.2) 1.0b (0.62–2.0) 0.35 He et al. (2013)
Norway 10 0.5 (b0.34–1.5) 0.21 (b0.01–0.99) 0.23 (b0.11–6.0) 0.94 (0.52–13) 0.77/0.79 Cequier et al. (2013)
Norway, 2012 46 0.18 (LOD-0.75) 0.06 (LOD-0.38) 0.45 (LOD-6.7) 0.85 (LOD-25) 0.67/0.67 Cequier et al. (2015)
Germany 2013/14 42 0.23 (−1.45) 0.09 (−4.13) 0.77 (−29.8) 1.23 (−21.2) 0.57/0.63 This study

a Control group.
b Mean.
c Pooled from 305 samples.
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2010 to 2011, reported slightly lower levels (He et al., 2013; Ben et al.,
2014; Wang et al., 2014). In Canada, 102 serum samples were collected
from females recruited between 2007 and 2009 (Zhou et al., 2014).
Overall, the median levels were comparable to our results. In Europe,
three studies have been carried out. The first reported data from a
pilot study of five residents in Oslo and five residents around Lake
Mjøsa, located north of Oslo, Norway (Cequier et al., 2013). The second
was conducted in France and included 48 samples collected between
2003 and 2005 in the area of a municipal solid-waste incinerator
(Brasseur et al., 2014). Most recently, Cequier et al. (2015) reported
levels for 46 Norwegian women recruited in 2012 for a cohort study.
The concentrations did not differ much among the investigations, but
on a median basis, the levels in Germany were slightly higher, except
for DDC-Ant, forwhich higher levelswere reported in France. The distri-
bution pattern in our study, anti-DDC-CO N syn-DDC-CO N DDC-DBF N

DDC-Ant, was similar to that reported by Cequier et al. (2015) in
Norway, whereas in France and Canada, higher levels of DDC-Ant and
DDC-DBF, respectively, were found. ∑ − dechloranes in our study
showed higher concentrations than ∑ − PCN and siloxanes, which
points out the increasing concern towards this emerging group of
pollutants.

For the DDC-CO, there is a parameter (f-anti fraction) that shows the
prevalence of the most stable isomer with respect to a technical mix-
ture, which is defined as the concentration of the anti isomer divided
by the sum of the syn and anti isomers. F-anti values for technical mix-
tures have been reported between 0.65 and 0.75 (Sverko et al., 2011;
Tomy et al., 2007). The f-anti median of 0.57 found in our study is
lower than the theoretical technical mixture value, as well as most of
the medians in other studies presented in Table 2. Therefore, if we as-
sume the aforementioned f-anti values for the technical mixture applies
to products used in Germany, this suggests a slight prevalence of the syn
isomer, which might be due to a higher resistance or accumulation, ei-
ther in humans or in the environment.

Wang et al. (2014) performed a study including 305 subjects, and as
in our study, found no relationship between DDC-CO concentration and
age. However, the younger volunteers, 20–29 years old, had the highest
serum concentrations. We found no significant differences in the levels
between females and males, similar to the French study.

4.2. PCNs

To our knowledge, this is the first study of PCNs in human plasma of
the general population in Germany, revealing ∑ − PCN levels of 101–
1406 pg/g l.w. PCNs have been monitored in only a few surveys. First,
Weistrand et al. (1997) investigated the plasma of 6 potentially exposed
male workers and 5 controls in Sweden. Observing no differences be-
tween the groups, they found concentrations of 214 and 198 pg/g l.w.
for CN52 and CN67, respectively, whereas CN71, CN73, and CN75 could
not be quantified. In the U.S.A., 43 subjects who worked in the vicinity
of the World Trade Center were investigated in 2002/2003 (Horii et al.,
2010; Kannan, 2015). Categorized into 4 exposure-level groups, the
mean values of∑− PCN ranged from318 to 5360 pg/g l.w. Additionally,
Park et al. (2010) reported data from 61 samples collected in 2007 from
workers and residents near a municipal waste incinerator in Korea, as
well as from 11 subjects of a control group. In the control group, a
mean PCNconcentration of 2480 pg/g l.w.was found.However, no signif-
icant differences of PCN levels were found between exposed and non-
exposed groups.

The levels of PCNs found in our study are similar to those observed in
the U.S., but much lower than those reported in Korea (see Fig. 2). The
congener patterns in our study differ from those of the previous reports
in Korea and theU.S.A. Overall, the congener patterns seem to reflect the
historical uses and exposure in the region.

Because PCNs interact with the Ah receptor, some authors have de-
rived toxic equivalency factors (TEF) for this group. We used the TEF
values assessed by Falandysz et al. (2014), who reviewed information
obtained from in vivo, in vitro, and in silico experiments. When consid-
ering only congeners above the LOQ, TEF data for 9 congeners were
available. For 4 of these quantified congeners, Falandysz et al. (2014) re-
ported TEFs of less than 0.000001. For these congeners, this value of
0.000001 was used for subsequent calculations. Overall, the mean TEQ
of the 9 PCNs was 0.36 pg TEQ/g l.w. The dominant PCNs were CN66/
67 and CN73, which accounted for 64% and 36%, respectively, of the
total TEQ. Recent data regarding the TEQ values derived from PCDDs/
Fs and PCBs are available from Germany (Fromme et al., 2015). In this
study, the mean concentration, expressed as WHO2005-TEQ, for the
sumof the PCDDs/Fs and dioxin-like PCBswas 10.7 pg TEQ/g l.w. There-
fore, the additional proportion of TEQ derived from PCNs compared to
the total amount of TEQ in Germany is low.

4.3. Cyclic volatile methyl siloxanes

Only very limited data are available for volatile methylsiloxanes
(cVMS) in blood plasma. A large data set was presented by Hanssen
et al. (2013) for plasma from 94 pregnant and postmenopausal
women recruited from the Norwegian Women and Cancer Study
(NOWAC) in 2005 and 17 samples from the North Norwegian
Mother-and-child Study (MISA) obtained in 2009. D4was the dominant
compound for both cohorts. For the NOWAC samples, more than 85% of
the women had D4 concentrations above the LOQ, while the detection
frequency was only 18% for the MISA participants; the detection fre-
quency was 31% in our study. The maximum D4 values were 12.7 μg/L
(NOWAC) and 2.69 μg/L (MISA), whereas the D5 and D6 concentrations
were below the detection limit in most of the samples. Compared with
our maximum D4 value of 0.73 μg/L, the maxima observed in the
NOWAC and MISA studies are clearly higher, which might indicate a
lower exposure to cVMS of our study group compared to theNorwegian
studies. In a previous study from Germany, cVMS were measured in 5
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plasma samples fromwomenwith breast implants, 5 from subjects after
explantation, and 6 from control subjects (Flassbeck et al., 2001). For all
of the controls, the cVMS levels were below 2 μg/L, whereas for the
others, cVMS, particularly D4, were quantified in 7 out of 10 samples,
with concentrations ranging from b2 to 50 μg/L. These results also sup-
ports low exposure to cVMS in our cohort, as our maximum concentra-
tions were much lower than the concentrations of the control group.
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Dermal application of personal care products (PCPs) is considered an important human exposure route for
siloxanes. Their presence as minor or major constituents in many personal care products (PCPs) and cos-
metics is of concern for human exposure.
The aim of this study was to quantify cyclic volatile methylsiloxanes (cVMS) in blood plasma of pregnant and
postmenopausal women, and to investigate possible links to self-reported use of PCPs for the latter group.
Participants were recruited from two studies, namely the Norwegian Women and Cancer Study (NOWAC)
and the North Norwegian Mother-and-child Study (MISA). For the NOWAC cohort, 94 plasma samples
from postmenopausal women were analyzed (blood drawn in 2005) and information about PCP use and
breast implants was derived from a self-administered questionnaire. In the MISA study, the collection of
the plasma samples (blood drawn in 2009) constituted a re-sampling because the original serum vacutainers
used were contaminated with cVMS. D4 (octamethylcyclotetrasiloxane) was the dominant compound in
plasma for both cohorts. For the NOWAC samples, more than 85% of the women had D4 concentrations
above the LOQ (2.74 ng/mL), while the detection frequency was only 18% for the MISA participants. The
highest cVMS plasma concentrations were observed for D4: 12.7 ng/mL (NOWAC) and 2.69 ng/mL (MISA).
For the other cVMS, decamethylcyclopentasiloxane (D5) and dodecamethylcyclohexasiloxane (D6) concen-
trations were below the detection limit in most samples.
There was no significant correlation between the concentrations of D4 and the reported total body cream use.
Sampling time (2005 versus 2009) and age of the donors could explain the differences between the two
cohorts.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Organosiloxanes constitute a group of chemicals produced in
high volumes within the European Union (Kaj et al., 2005a), and
are used in a wide variety of industrial applications and consumer
products. Their physical/chemical properties such as low surface ten-
sion, high thermal stability and inert properties have led to extensive
use of these chemicals in electronics, furniture, health-care products,
cosmetics/personal care products (PCPs), cookware, and medical
PCPs, personal care products;
th Norwegian Mother-and-child
yclopentasiloxane; D6, dodeca-
of quantification; MDL, matrix
standard.
Medicine, University of Tromso,
47 77 75 03 76.
en@nilu.no (L. Hanssen).

rights reserved.
devices (Horii and Kannan, 2008). One subgroup of the organosiloxanes
constitutes the cyclic volatile methylsiloxanes (cVMS), which are used
as solvent carriers for various PCP components (e.g., deodorants, skin
lotions, and hair care products).

The cyclic congeners octamethylcyclotetrasiloxane (D4), decamethyl-
cyclopentasiloxane (D5) and dodecamethylcyclohexasiloxane (D6) are
environmentally persistent. They have been detected in environmental
matrices such as air, water, sediments, fish and birds, even in the Arctic
(Evenset et al., 2009;McLachlan et al., 2010; Sparham et al., 2008, 2011;
Warner et al., 2010). Neither D4 nor D5 are classified as persistent or-
ganic pollutants (POPs). However D4 is designated as a “phase-out
chemical” in Sweden (Kaj et al., 2005b). Both D4 and D5 are
recommended for addition to the list of toxic substances under the
Canadian Environmental Protection Act, and D4, D5 and D6 and their
mixtures are proposed for action under the Stockholm POP Convention
(http://s.cela.ca/files/uploads/622_Batch2_CSM.pdf). The rationale for
this is that the current usage of these compounds may have an

http://s.cela.ca/files/uploads/622_Batch2_CSM.pdf
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immediate or long-term harmful effect on the environment, including
biological diversity (Brooke et al., 2009a,b,c).

Overall, it appears that in humans, the toxicokinetics of cVMS
qualitatively resemble those in the rat (Brooke et al., 2009a,b). In
rat inhalation studies, 3–5% of D4 and D5 are absorbed, and they
seem to be distributed throughout the body (Brooke et al., 2009a,b).
Tobin et al. (2008) estimated that 1–2% of D5 remained within the
body after a single exposure. The vehicle for oral dosing of D4 and
D5 in animal studies has often been corn oil and this has led to their
absorption as chylomicrons via the lymphatic system, with less
being available for systemic distribution (Brooke et al., 2009a,b). It
has also been shown that cVMS distribute to various organs within
mice after a single exposure (subcutaneously with a silicone breast
implant distillate; Kala et al., 1998). Generally speaking, retention in
body fat was greater and longer (see below). The ability to penetrate
the skin differs, and the dermal absorption for D4 and D5 has been es-
timated to be 0.5% and 0.04%, respectively. After application, most of
the applied D4 and D5 volatilizes from the skin surface (Jovanovic
et al., 2008).

cVMShave a high potential to partition to lipid-rich tissues or organs
and have shown a preference for storage in fat (Andersen et al., 2001;
Plotzke et al., 2000; Tobin et al., 2008). This is consistent with their hy-
drophobic properties and high octanol-water partition coefficients (Log
Kow) ranging from 6.5 to 9.1 (Xu and Kropscott, 2012). cVMS are elimi-
nated through respiration (Andersen et al., 2001; Tobin et al., 2008), or
by way of metabolic degradation (excretion by urine) (Varaprath et al.,
2003). The latter authors investigated the metabolic transformation of
D5 and the linear siloxane hexamethyldisiloxane. No parent com-
pounds could be detected in urine. Transformation products for both
these two compounds and also D4 (Varaprath et al., 1999) included
the common metabolite Me2Si(OH)2 (among other products), which
reduces the suitability of urine for the determination of cVMS. The
half-life of D5 in male and female rats depended on dose, gender, and
number of repeated exposures and differed between tissues. The fol-
lowing half-lives (t1/2) for a single 6 h exposure of females were
typical: 50 h (plasma), 80 h (liver and lung), and 495 h in fat; t1/2 values
for males were mostly longer (Tobin et al., 2008).

The toxicity of cVMS varies widely. For both fish and invertebrates,
long-term exposure to D4 may be toxic at concentrations below its
water solubility (Brooke et al., 2009a), while no toxic effects have
been observed for D5. However the exposure durations for the testing
of the latter were relatively short, so that its chronic toxicity remains
largely unknown. In vitro assays showed that D4 exhibited a weak es-
trogenic effect, whereas D5 did not (Quinn et al., 2007). In terms of
systemic effects, liver enlargement, associated hypertrophy and
phenobarbital-type enzyme induction was observed after both oral
and inhalation exposures of rats to D4 and D5 (Brooke et al., 2009a,
b; Meeks et al., 2007; Siddiqui et al., 2007). In short-term exposures
(3–6 months), D5 induced reversible liver enlargement; by contrast,
increased liver weight occurred in long-term (2 years) exposures to
D4. This effect is relevant to human health as liver-enzyme induction
and liver enlargement do occur in humans who receive therapeutic
doses of phenobarbital (Brooke et al., 2009b).

Dermal application of PCPs and cosmetics is considered an important
exposure route for siloxanes (Horii and Kannan, 2008; Lu et al., 2011).
The content of cVMS in PCPs vary widely, from a few percent to more
than 90% (Brooke et al., 2009a,b). In recent years, cVMS content and com-
position in a wide range of PCPs have been reported in Canada, United
States, Japan and China (Horii and Kannan, 2008; Lu et al., 2011; Wang
et al., 2009). D5was the dominant siloxane in PCPs, while linear siloxanes
were so in China (Lu et al., 2011). Based onmean concentrations anddaily
PCPs usage rates, Horii and Kannan (2008) estimated that daily exposure
to total siloxanes (linear and cyclic) was 307 mg/day for women in the
United States, compared to 4.51 mg/day in China (Lu et al., 2011) and
996 mg/day of cVMS in Canada (Wang et al., 2009). Siloxanes have also
been detected in indoor dust (Lu et al., 2010). Linear siloxanes were the
most prominent, with total concentrations of the linear forms 1–2 orders
of magnitude higher than total cVMS. For adults, the daily total exposure
to siloxanes from dust was calculated to be 15.9 ng/day.

The presence of siloxanes as minor or major constituents in PCPs
heightens the concern for human exposure. The content of some
components of PCPs are regulated (EU cosmetics directive 76/768/
EEC, Annex VI, part 1, reference 12), such as of individual parabens
(alkyl esters of p-hydroxybenzoic acid). The permitted content is lim-
ited to 0.4% (by volume), and the total paraben content may not ex-
ceed 0.8%. Even though the dermal absorption rates of cVMS are
somewhat lower (0.05–0.5%) than for parabens (1%; Nohynek et al.,
2010), concern remains because their concentration in PCPs can be
considerably higher and is not regulated. It is important therefore to
assess direct exposure to humans. Very few studies have investigated
the actual blood concentrations of cVMS in humans, and have focused
on small groups with potential high risk such as women with breast
implants (Flassbeck et al., 2001, 2003); they were therefore unlikely
to be representative of the use of PCPs in the general female popula-
tion. These authors also reported that cVMS levels in whole blood
were higher than in plasma, which suggests association with the
cell fraction. Additional studies are therefore warranted.

The aims of this study were to: quantify concentrations of cVMS in
blood plasma of pregnant and postmenopausal women; clarify their
distribution between cell fractions; and investigate self-reported use
of PCPs as a potential source.

2. Methods

2.1. Study participants' details and collection of blood samples

Participants were recruited from two studies, namely the Norwegian
Women and Cancer Study (NOWAC) (Lund et al., 2008) and the North
Norwegian Mother-and-child Study (MISA Study — Miljøgifter i
Svangerskap og i Ammeperioden) (Hansen et al., 2010).

The NOWAC participants were drawn from a cohort for whom the
external validity has been confirmed, and thus the women are repre-
sentative of the Norwegian women at their age (Lund et al., 2003).
For the NOWAC cohort, 94 plasma samples (blood drawn in 2005
from postmenopausal women into Greiner Bio-One sodium citrate
coagulation tubes, Greiner Bio-One International AG, Kremsmünster,
Austria) were randomly selected from 332 samples previously ana-
lyzed for their paraben content (Sandanger et al., 2011). Information
on use of PCPs was ascertained from a questionnaire that was
self-administered just before enrolment and prior to the blood sam-
pling (for details see Lund et al., 2008; Sandanger et al., 2011), and
thus does not specifically apply to the day of sampling. The question-
naire also sought information about breast implants.

In the MISA study, 515 serum samples were collected in BD
Vacutainers (SST II Plus Advance 10/8.5 mL, Becton Dickinson, Franklin
Lakes, NJ, USA). However, testing of extracts from various sample col-
lection tubes revealed the presence of high concentrations of cVMS in
these specific vacutainers. At the end of the recruitment period, it was
possible to collect a small number (n=17) of plasma samples and red
blood cell (RBC) fractions for cVMS analysis using BD Vacutainers
(K2EDTA 10.8 mg, 6.0 mL tubes, Becton Dickinson, Franklin Lakes, NJ,
USA). The MISA samples were sampled between February and May
2009, during week 11 to week 23 of pregnancy. All of the samples
were stored at −20 °C (MISA) and −78 °C (NOWAC) until analysis.

2.2. Sample extraction

Briefly, 400 μL plasma or 0.5 g RBC fraction was transferred to
2.0 mL Eppendorf Protein LoBind centrifuge tubes. Mass-labeledoc
tamethylcyclotetrasiloxane (D4, 99% purity), decamethylcyclo
pentasiloxane (D5, 99% purity), and dodecamethylcyclohexasiloxane
(D6, 92% purity) – all three provided by Dow Corning Corporation



Table 1
Frequency of percentage skin area creamed per day.

% Skin area creamed per daya N % Age (median) BMI (median)

0–10 9 9.6 54.0 22.3
10–50 40 42.6 55.0 27.0
50–100 37 39.4 55.0 25.4
>100 8 8.5 55.0 24.9

BMI, Body mass index.
a Calculated according to Sandanger et al. (2011); 100% skin area creamed per day

equals creaming the whole body once per day, including face and hands.
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(Midland, MI) – were added as internal standards (ISTD). Extraction
of cVMS was carried out as described by Warner et al. (2010) and
Flassbeck et al. (2001). In short, hexane (Suprasolv, Merck,
Germany), the sample and ISTD were shaken for 30 min (vortex
mixer); subsequently, the mixture was centrifuged at 10,000 rpm
for 10 min. The supernatant was then transferred to a GC vial with
the addition of tris(trimethylsilyloxy)silane (M3Q) (98% purity,
Aldrich, Germany) as a recovery standard (REC STD). GC vials were
stored at −18 °C until the analysis. Good extraction recoveries were
obtained for mass-labeled internal standards within sample
extracts: 97±6% (D4), 95±6% (D5) and 98±7% (D6).

2.3. Instrumental conditions

The chromatographic analysis of the NOWAC samples was
performed on an HP 6890 series gas chromatograph, equipped with a
J&W DB-WAX ETR column (30 m×0.25 mm id.×0.25 μm film). Sam-
ples were injected by an Agilent 7863 Series Injector. The isomer iden-
tification was done on a HP 5973 Mass Selective Detector (positive
electron ionization mode). Nonlabeled standards of D4 (Fluka,
Switzerland), D5 (Fluka, Switzerland) and D6 (Gelest Inc., Morrisville,
PA, 222 USA)were used for quantification. Twomassesweremonitored
for each analyte, corresponding to [M-CH3]+ fragment ions. A volumeof
1 μL was injected in splitless mode using a Merlin microseal septum
(Restek Corporation, Bellefonte, PA, USA). Details about the GC
temperature program are described by Warner et al. (2010). The chro-
matographic analysis of the MISA samples was carried out with a high
resolution instrument as described by Warner et al. (2010). All sample
quantification was executed with MassLynx 4.1 software (Waters,
Milford, MA, USA) using internal standard calibration.

2.4. Quality control

Considering the lack of certified reference materials for determin-
ing cVMS in any matrices, as well as a high risk of elevated procedural
blanks, several quality control initiatives were implemented. Prepara-
tion of standards and sample extraction were carried out within a
clean room facility (US Federal Standard 209e). All personnel in-
volved in sample extraction and analysis refrained from using PCPs
(deodorants, hair/skin products, and soaps) to avoid contamination.
During sampling and preparation, the personnel used powder free ni-
trile gloves. The extraction solvent (n-hexane) was from a new bottle
opened within the clean room facility to minimize contamination
from laboratory air. Each day during sample preparation, several
sub-samples of the hexane used for the extraction and containing in-
ternal standard were transferred to GC-vials. These hexane
sub-samples or “background blanks” were analyzed repeatedly
throughout the analysis protocol to assess contamination contribu-
tions from the extraction solvent, storage and instrument injection.
To minimize instrument background, a Merlin microseal septum
(Restek Corporation, Bellefonte, PA, USA) was used in the injector.
In order to assess contamination through the extraction process, pro-
cedural blanks (hexane) were extracted with each extraction set.
Trace levels of D4, D5 and D6 were detected in all procedural banks
(see Fig. S1 for D4) and the standard deviation (sblank) of all procedur-
al blanks (NOWAC; n=16, MISA; n=14) was used to calculate the
limit of quantification (LOQ):

LOQ ¼ 10 � sblank:

Sample concentrations were corrected for the average concentra-
tion of cVMS determined in the procedural blanks, and the latter are
provided as Supplementary information (Tables S1 and S2). Response
functions for D4, D5 and D6 are presented in Fig. S2. The amount of
cVMS contributed by vacutainers was assessed by adding 1 mL of
hexane and ISTD, shaking, and subsequently analyzing a subsample
after the addition of the REC STD.
2.5. Statistical evaluation

The statistical evaluation was carried out with Statistical Analysis
System (SAS version 9.2, SAS Institute, Cary, NC, USA). The Kruskal–
Wallis test was used for the statistical evaluation of variation in age
and BMI between total cream use categories (Table 1). Statistical as-
sessment of differences in cVMS concentration (only for those with
cVMS>LOQ) between the different PCP user groups was carried out
using the Jonckheere–Terpstra's test for monotone trend.
3. Results

3.1. Quality control

Washings from vacutainers used in the collection of plasma
contained trace levels of cVMS (b0.5 ng/mL); however, such contri-
butions to the background cVMS concentration were negligible com-
pared to the levels determined in the procedural blanks. By contrast,
for the serum vacutainer rinses the levels were considerably higher:
D4 (111 ng/mL), D5 (200 ng/mL) and D6 (199 ng/mL). No significant
differences were observed between background blanks and proce-
dural blanks, indicating that background solvent concentrations and
the injection procedure were the major contributors to background
contamination. The amount of cVMS detected in procedural blanks
was used for adjusting sample results (see Tables S1 and S2). As
shown in Fig. S2, instrument response was robust for all three cVMS.
3.2. Study group characteristics

The women randomly selected from the NOWAC cohort were on
average 55 years old (range: 48–62 years), and none reported breast
implants. They had the same age and BMI distribution as the cohort
they were selected from.

Since the NOWAC study was not designed to study PCP use and si-
loxanes, bias in terms of product use and pre-selection of women
choosing to participate was avoided. In all, 23% of women sampled
used body lotion at least once a day, with 60% and 25% reporting
use of facial cream “once” and “twice or more per day” respectively;
for hand lotion, it was 28% and 25% (applied it “once” and “twice or
more per day”). Frequency of percentage skin area creamed per day
data are presented in Table 1. There were no significant variations
in age and body mass index between the groups of total cream use
(Table 1). Self-reported use of hand cream, facial cream, and body lo-
tion were all inter-correlated as reported by Sandanger et al. (2011).

In the MISA study group, the womenwere on average 33 years old
(range: 25–40). No information was available for them about PCP use
or on breast implants.



Table 3
cVMS concentrations (ng/mL) for samples exceeding the LOQ, and the detection fre-
quency (MISA cohort).

Plasma (n=17) D4 D5 D6

Median 2.07 – –

Min 1.70 – –

Max 2.69 – –

LOQ 1.48 1.67 1.47
%>LOQ 18 – –

Red blood cell (n=17)
Median 2.50 – –

Min 2.08 – –

Max 2.92 – –

LOQ 1.48 1.67 1.47
%>LOQ 12 – –

cVMS, cyclic volatile methylsiloxanes.
LOQ, Limit of quantification.
D4, octamethylcyclotetrasiloxane.
D5, decamethylcyclopentasiloxane.
D6, dodecamethylcyclohexasiloxane.

85L. Hanssen et al. / Environment International 51 (2013) 82–87
3.3. Concentrations of cVMS

Of the cVMS investigated in this study, D4 was the most promi-
nent compound reported for both cohorts (Tables 2 and 3). Higher
concentrations occurred among the NOWAC cohort, for whom 85%
of the samples had concentrations above the LOQ, compared to 18%
(or 3 of 17) for plasma and 12% (2 of 17) for RBCs in the MISA
group. D5 and D6 concentrations were mostly below the LOQ. Due
to the low detection frequency in the MISA cohort, it was not possible
to look at correlations between plasma and RBC cVMS concentrations.
No further statistical evaluations for the MISA cohort was warranted.

For the NOWAC cohort, there was no significant correlation be-
tween D4 concentrations and the total cream use (p=0.12). We did
not investigate associations between cVMS concentrations and BMI.

4. Discussion

4.1. cVMS concentrations

Toour knowledge, this is thefirst report on cVMS in females randomly
selected from population-based cohorts. The highest D4 concentration
observed among the NOWAC women was 12.7 ng/mL, compared to
2.92 ng/mL for the MISAwomen (Tables 2 and 3). These plasma concen-
trations are comparable to those reported for breastmilk in a Swedish
study, for which 11 out of 39 samples had concentrations above the
LOQ (b2 ng/mL to 13 ng/mL) (Kaj et al., 2005b), but lower than in plasma
for women with silicone gel-filled breast implants (n=14; b2 ng/mL to
50 ng/mL) (Flassbeck et al., 2001). Flassbeck et al. (2003) also tested fat,
capsule and muscle tissues from women with breast implants, and they
exceeded the plasma values. Again D4 was the dominant compound.

The NOWAC study group had no breast implants and thus dermal
application of cVMS and inhalation (due to their volatility) are likely
sources of exposure. The formulations of PCPs vary and hence the
concentrations of cVMS differ between products, such as body lotion
and deodorants, and also between brands. Horii and Kannan (2008)
reported the following cVMS concentration ranges in skin lotions;
bLOQ to 66 μg/g (D4), bLOQ to 47,300 μg/g (D5), and bLOQ to
6520 μg/g (D6). They also calculated exposure profiles of cVMS in
PCPs and other consumer products. For body lotion it was, respective-
ly, 7.4, 4.0 and 1.0 μg/g/day for D4, D5 and D6. They calculated total
D4, D5 and D6 exposures at 1080, 233,000 and 22,000 μg/g/day re-
spectively. Even though D5 seems to be the most prominent cVMS
in a lot of PCPs (Horii and Kannan, 2008; Lu et al., 2011; Wang et
al., 2009), the distribution pattern of cVMS in plasma samples in the
present study does not mirror the reported distribution of cVMS in
PCPs. Rat studies have shown that D4 has a low blood:air partitioning
coefficient (Andersen et al., 2001), and thus exposure through inhala-
tion would be a minor contribution to the body burden, except when
exposed to workplace air (Cornelis et al., 2005). The lower dermal up-
take of D5 relative to D4 mentioned in the Introduction and the 4-fold
higher preference D5 has for fat (fat:blood partition for D5 ~2000
Table 2
cVMS concentrations (ng/mL) for samples exceeding the LOQ, and the detection fre-
quency (NOWAC cohort).

Plasma (n=94) D4 D5 D6

Median 4.80 1.94 2.92
Min 2.93 1.44 2.67
Max 12.7 3.94 3.17
LOQ 2.74 1.29 2.48
%>LOQ 85 18 5

cVMS, cyclic volatile methylsiloxanes.
LOQ, Limit of quantification.
D4, octamethylcyclotetrasiloxane.
D5, decamethylcyclopentasiloxane.
D6, dodecamethylcyclohexasiloxane.
whereas for D4 it is ~500; Andersen et al., 2001; Andersen et al.,
2008) could explain the higher observed D4 plasma concentrations.
Although there are no studies on dermal absorption of D6, the
physico-chemical properties of this compound (e.g., larger molecular
size) might not favor skin penetration.

The observed maximum D4 concentrations in RBCs were compa-
rable to that found in plasma (both samples corresponded to the
same donor). This is in contrast to the findings of Flassbeck et al.
(2001), who reported cVMS concentrations in unpaired whole blood
samples to exceed those in plasma. However, our detection frequen-
cies for D4 in both plasma (18%) and the RBC fractions (12%) were
low. Based on this, and the small number of participants, our observa-
tions need confirmation.

The non-significant correlation between use of PCPs (Table 1) and
D4 concentrations in plasma for the NOWAC cohort may well reflect
the low contents of this compound in the PCPs used, and suggest
the importance of other sources. Sampling time (2005 versus 2009)
and age of the donors could also explain the differences between
the two cohorts. According to the SPIN database (www.spin2000.
net; Kaj et al., 2005b), the use of D4 in Sweden exceeded 50 tonnes
in the year 2002, and decreased to less than 10 tonnes in 2003. The
Swedish registration is more complete than in Norway. According to
Huse and Aas-Aune (2008), data from Norway are limited because
PCPs that could contain cVMS are not registered. Nevertheless, a com-
parison between Norway, Sweden and Denmark for 2004 showed
that the turnover of D4-containing products (PCPs not included)
were higher in Norway than in the other Scandinavian countries,
but decreased in 2006. A higher concentration of D4 in the NOWAC
2005 samples compared to the 2009 MISA samples could reflect
such difference in national use.

Since the participants in the NOWAC cohort were postmenopausal
women, it is possible that differences in PCPs use and skin condition
could be relevant factors. Unfortunately, we do not have information
about the use of PCPs for theMISA group. Hutter et al. (2010) compared
PCPs use between younger women (Q1–Q3 age range: 21–27), and
women over 50 years. Higher blood concentrations of synthetic
musks were observed in the older women, for whom dry skin is more
likely and thus more frequent use of skin care products is probable.
Changes in skin are a natural consequence of age and have been
shown to affect absorption of chemicals through the skin (Farage et
al., 2008). Of course, the small MISA sample and the difference in sam-
pling year limit our possibility to fully explore the consequence of age.

The low detection frequency of cVMS in pregnant women suggests
that the fetus is at low exposure risk. The reported cVMS in breast
milk mentioned appear higher than the concentrations in the pregnant

http://www.spin2000.net
http://www.spin2000.net
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women. However we have no data to decide if this is due to sampling
time (as discussed), or that cVMS have a preference for breast milk.

4.2. Quality control/limitations

The origin of the high concentrations of cVMS in the serum
vacutainer washings can be assigned to the separation gel in these
tubes. Unfortunately it was only possible to collect 17 samples from
the MISA group, which limits the external validity of this component
of our study.

The lack of certified reference material makes the analysis of cVMS
challenging. However the performance of our laboratory for the
method used (precision and accuracy) has been evaluated together
with other laboratories (McGoldrick et al., 2011; Warner et al., in
press) and found to be satisfactory.

We have observed a small increase in background levels of cVMS
during instrumental analysis on working days, compared to weekends.
cVMS are ubiquitous contaminants in the laboratory (Varaprath et al.,
2006) and the observed background levels likely reflect contributions
from laboratory staff use of PCPs as well. In our assessment, the follow-
ing precautions helped to lower background values and lower LOQs:
wearing powder-free nitrile gloves during sampling and preparation;
not wearing any PCPs during sample work-up and instrumental analy-
sis; sample preparations in a clean room facility; and limiting the ana-
lytical instrumentation use to weekends, late afternoons and nights.

Horii and Kannan (2008) demonstrated effects of injection temper-
ature. An optimal injection temperature was 200 °C, and this was used
by us. Furthermore, inlet septa and column are possible sources of
cVMS. Of the different septa available, we found that Merlin microseal
was the best suited. We also selected a low bleed column, DB WAX
ETR, which helped to lower the background and is suited for cVMS anal-
ysis (McGoldrick et al., 2011; Warner et al., in press).

Comparisons between studies have to take into consideration the
LOQ. It is recommended to calculate the matrix detection limits
(MDL) (Warner et al., in press), but this was not possible for this pro-
ject. We chose a conservative approach to LOQ calculation because of
multiple inadvertent sources of contamination. Our LOQ is compara-
ble in magnitude with the MDLs reported by Warner et al. (in
press), who reported values for biota of 2.60, 1.59 and 1.06 ng/g
ww for D4, D5 and D6 respectively. The LOQs for the NOWAC cohort
were: 2.74 (D4), 1.29 (D5) and 2.48 ng/mL (D6). Somewhat lower
LOQs were observed for the MISA samples: 1.48 (D4), 1.67 (D5) and
1.47 ng/mL (D6). The challenge of controlling inadvertent contami-
nation sources in the laboratory is the likely reason. Recently,
Kierkegaard et al. (2010) developed a new method for sample prepa-
ration, with LOQs lower for D5 and D6 (0.6 ng/g ww for both) and
similar for D4 (1.5 ng/g ww) relative to our MISA samples.

Although evidence for the absence of contamination during storage
has been noted (personal communication, Sunde Krogseth, NILU,
Norway), sample history may have had a bearing. For the NOWAC
cohort, plasma was sampled by the local MD, the vacutainers were
sent by air-mail to the University of Tromsø to be centrifuged, and sub-
sequently transferred to cryotubes; theywere initially stored at−20 °C
and then at−78 °C until analysis. By comparison, theMISA cohort sam-
ples were collected at the University Hospital in Tromsø, were subse-
quently centrifuged and transferred to vials within the same facility
(by the sameperson), and then stored at−20 °C until analysis. Thema-
trix helps to suppress the volatilization of cVMS due to their association
with the sample lipids. Further, if the samples had been contaminated
during handling, we would expect higher D5 concentrations because
of its usual higher content in PCPs (as mentioned earlier).

5. Conclusions

In this study, we report cVMS in plasma for females recruited from
the general population. The ubiquitous presence of cVMS in the
laboratory environment, and thus a risk of inadvertent contamination
sources, constituted a challenge in avoiding procedural blank con-
tamination. D4 was the most prevalent compound, even though D5
is the major cVMS in PCPs and in the environment. The detection fre-
quency for D5 and D6 were low, and they were not detected at all in
the pregnant women. Even though the number of participants in the
latter subgroup was small, the low (D4) or zero (D5 and D6) detec-
tion frequencies, and the relatively low D4 concentrations observed
suggest low fetal exposure. The concentrations of D4 observed in
plasma and RBCs were comparable. Considering the relative cVMS
concentrations in skin lotion mentioned earlier, the dermal absorp-
tion rate might well be more important than the compound content
in PCPs. We did not find any significant correlation between PCPs
use and plasma cVMS concentrations for the NOWAC women. In
this context, it seems relevant to mention again that breast implants
were not a potential source for these participants. The participants
in the NOWAC cohort were older than the pregnant MISA women.
Due to changes in hormonal status, increases in skin permeation
may occur in postmenopausal women. This could be one explanation
for the differences observed in cVMS concentrations between the two
cohorts. Another may be related to the mentioned phase-out of D4 in
PCPs during the period 2005 to 2009. Our results, compared to the
LOQ, suggest that for women in Norway the risk of internal exposure
to cVMS is low.
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Abstract The determination of organosiloxanes in con-

sumer products is important for the evaluation and

characterization of sources of human and environmental

exposures. In this study, we determined concentrations of

cyclic siloxanes [octamethylcyclotetrasiloxane (D4), deca-

methylcyclopentasiloxane (D5), dodecamethylcyclohexasil-

oxane (D6)], tetradecamethylcycloheptasiloxane (D7)] and

linear siloxanes (L4 to L14) in a variety of consumer products

(n = 76), including hair-care products, skin lotions, body

washes, cosmetics, nursing nipples (i.e., pacifiers), cook-

ware, and household sanitation products such as cleansers

and furniture polishes, using gas chromatography–mass

spectrometry with selected ion monitoring. Prior to the

analysis of samples, a method was developed to reduce the

contamination arising from organosiloxanes present in cer-

tain gas chromatograph (GC) parts, such as the inlet septum;

use of a Restek BTO septum at an inlet temperature of

200�C gave the lowest background level (D4: 0.8 pg; D5:

0.3 pg; D6: 0.2 pg). Concentrations of cyclic siloxanes

in consumer products analyzed ranged from \0.35 to

9380 lg/g, from \0.39 to 81,800 lg/g, from \0.33 to

43,100 lg/g, and from \0.42 to 846 lg/g for D4, D5, D6,

and D7, respectively. Concentrations of linear siloxanes

varied from\0.059 to 73,000 lg/g. More than 50% of the

samples analyzed contained D4, D5, or D6. Cyclic siloxanes

were predominant in most of the sample categories; D5 was

predominant in hair-care products, skin lotions, and cos-

metics; D6 or D7 was predominant in rubber products,

including nipples, cookware, and sealants. Potential daily

exposure to total organosiloxanes (sum of cyclic and linear

siloxanes) from the use of personal-care products by adult

women in the United States has been estimated to be

307 mg. Significant positive correlations (p \ 0.01) existed

in our study between D4 and D7, D4 and linear siloxanes, D5

and D6, and D5 and linear siloxanes. The correlations can be

related to the composition of organosiloxanes used in con-

sumer products. The results of our study suggest that a wide

variety of consumer products that are used on a daily basis

contain cyclic and linear siloxanes and these products can

contribute considerably to human exposures.

Introduction

Over the last three decades, organosiloxanes (silicones)

such as cyclic siloxanes and polydimethylsiloxane (PDMS;

linear siloxane) have been widely used in consumer prod-

ucts such as electronics, furniture, health-care products,

cosmetics, cookware, and medical devices because sili-

cones have low surface tension, high thermal stability, and

smooth texture and are believed to be inert. Silicones are

polymeric organic silicon, consisting of a backbone of

alternating silicon–oxygen [Si–O] units with organic side

chains attached to each silicon atom (Hobson et al. 1997).

Annual production of octamethylcyclotetrasiloxane (D4,

where D refers primarily to the dimethylsiloxane unit and

the subscript refers to the number of Si–O bonds that make

up the chain), which is used as a base material for the

production of polymeric silicones, is 100–500 million

pounds/year (http://www.ewg.org/reports/cheminventory).

Reports suggest that cyclic siloxanes have direct or indirect

toxic effects such as estrogen mimicry, connective tissue
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disorders, adverse immunologic responses, and fatal liver

and lung damage (Granchi et al. 1995; Hayden and Barlow

1972; He et al. 2003; Lieberman et al. 1999; Quinn et al.

2007). Oral exposure of D4 to mice caused estrogenic

effects (He et al. 2003). In vitro bioassays showed binding

of D4 to estrogen receptor alpha (Quinn et al. 2007).

Inhalation exposure of rats to cyclic siloxanes for 3 months

caused an increase in liver weight and decrease in ovary

weight at doses greater than several hundreds parts per

million (Burns-Naas et al. 1998, 2002). The LD50 value

(6–7 g/kg mouse) for D4 is comparable to that for carbon

tetrachloride or trichloroethylene (Lieberman et al. 1999).

Silicones have been measured in water, sediments, and

fish by atomic absorption spectroscopy (AAS) (Pellenbarg

1979), inductively coupled plasma—atomic emission

spectroscopy (ICP-AES) (Watanabe et al. 1984, 1988), and

high-performance liquid chromatography (HPLC) coupled

with ICP (Dorn and Skelly Frame 1994). Several studies

have measured cyclic siloxanes in biological tissues, using

gas chromatography coupled with an atomic emission

detector (GC-AED) or mass spectrometric detector

(GC-MS) (Kala et al. 1997; Flassbeck et al. 2001, 2003;

Lykissa et al. 1997). Concentrations of D4 ranged from

below the detection limit (i.e., nd) to 50 ng/mL in human

plasma and from nd to 92 ng/mL in human blood (Flassbeck

et al. 2001). Screening of over 11,317 substances based on a

wide array of quantitative structure–activity relationships

showed that dodecamethylcyclohexasiloxane (D6) had a

high potential for bioconcentration and low biodegradability

(log Kow: 6.33; log BCF: 4.17; half-life: 60 days) (Muir and

Howard 2006). Kala et al. (1998) demonstrated the distri-

bution and persistence of D6 after a single subcutaneous

injection in mice. Nevertheless, the occurrence and fates of

organosiloxanes in the environment are not well known. The

degradation of cyclic siloxanes in soil was shown to be a

multistep process, initiated by ring-opening hydrolysis of

the cyclic siloxanes, to form linear oligomeric siloxane diols

(Xu 1999). The degradation of cyclic siloxanes in soil was

more a rapid process than was loss by volatilization (half-

life: 50 min to 5 days) (Xu and Chandra 1999). Inhalation

exposure of rats to [14C] D4 suggested excretion via exhaled

breath and in urine; 75–85% of the compound was elimi-

nated within 168 h of exposure (Plotzke et al. 2000).

Organosiloxanes are an important class of additives used

in a wide variety of personal-care products (http://www.

gesilicones.com/gesilicones/am1/en/home.jsp). Consumers

are exposed to varying doses of organosiloxanes, depending

on the usage of products containing silicones. In household

products, many types of organosiloxane blends have

been used as additives or as raw materials (http://www.

gesilicones.com/gesilicones/am1/en/home.jsp). A few stud-

ies have reported the occurrence of organosiloxanes in

rubber products (Hall and Patel 2006; Kawamura et al.

2001). Nevertheless, to our knowledge, concentrations of

organosiloxanes in personal-care products have not thus

far been reported. In this study, we determined concentra-

tions of cyclic siloxanes, including D4, D5, D6, and

tetradecamethylcycloheptasiloxane (D7), and linear silox-

anes (L4 to L14, where L refers primarily to the linear

dimethylsiloxane unit) in 76 personal-care and household

products, including hair-care products, body washes, skin

lotions, nipples, cosmetics, cookware, sealants, and sanita-

tion products such as cleansers and furniture polishes. Daily

exposure levels of organosiloxanes were estimated based on

the mean concentrations in products and on published rates

of use (Loretz et al. 2005, 2006, 2008).

Because certain organosiloxanes are found in GC parts

and in the stationary phase of the capillary GC column, we

developed a method to reduce contamination from the

instrument through evaluation of several brands of inlet

septa at a range of temperatures. The overall goal of this

study was to assess the potential sources of human expo-

sure to organosiloxanes. Use of some categories of the

products results in the release of organosiloxanes into the

waste stream, leading to discharges to the sewage system

(Allen et al. 1997). Down-the-drain discharge is considered

to be a major route by which organosiloxanes reach the

aquatic environment, as has been reported for certain

organic pollutants found in consumer products (Horii et al.

2007; Reiner et al. 2007). Organosiloxanes can also be

released into the atmosphere, because of their high vapor

pressure and low water solubility (Allen et al. 1997). The

determination of levels of organosiloxanes in consumer

products is the first step in the evaluation and character-

ization of sources of human and environmental exposures.

Materials and Methods

Samples and Chemicals

Seventy-six personal-care and household products were

purchased from retail stores in Albany, New York and in

Tsukuba, Japan during 2006. The samples were grouped as

follows: hair-care products (shampoos, hair conditioners,

and styling gels; n = 13); body washes (body washes, hand

soaps, baby washes, and facial cleansers; n = 9); skin

lotions (body lotions, face creams, sun screens, baby

lotions, and shaving gels; n = 18); nursing nipples

(n = 4); cosmetics (lipsticks and foundations; n = 6);

cookware (food molds, spatulas, brushes, and cooking

sheets; n = 13); sealants (caulking products; n = 3);

household sanitation products (cleaners, furniture polishes,

and dishwasher detergents; n = 6); and others (toothpastes,

mouthpieces, and soft baby toys; n = 4). Samples were

selected based on the assumption that they contain
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organosiloxanes; acknowledged bias was thus introduced at

the selection stage. Details of the products analyzed are

given in Table 1.

D4, D5, and D6 standards were obtained from Tokyo

Chemical Industry (Wellesley Hills, MA, USA). PDMS

and PDMS 200� fluid (viscosity of 5 cSt) were obtained

from Sigma-Aldrich (St. Louis, MO, USA). Tetra-

kis(trimethylsiloxy)-silane (M4Q; purity 97%) was from

Aldrich; this was used as a surrogate standard. Organic

solvents and reagents used in this study were analytical

grade.

Chemical Analysis

Liquid samples were mixed thoroughly, when possible, and

aliquots (0.1–0.3 g) were taken in polypropylene tubes;

500 ng of M4Q were spiked into it. Solid samples were cut

into small pieces of a few square millimeters by use of

solvent-cleaned scissors. Samples were weighed and sha-

ken with 3 mL of ethyl acetate/n-hexane mixture (1:1) for

15 min and then centrifuged at 3500 rpm for 5 min. The

solvent layer was transferred into another polypropylene

tube. The samples were reextracted three times as above

(12 mL in total; this is termed the first extract). After the

first extraction, to confirm the extraction efficiency, the

samples were soaked in 5 mL of ethyl acetate/n-hexane

mixture (1:1) overnight and reextracted by shaking for

30 min. After centrifugation, the solvent layer was trans-

ferred to another polypropylene tube (this is termed the

second extract). The first and the second extracts were

concentrated individually to 2–3 mL using a gentle nitro-

gen stream and then passed through anhydrous sodium

sulfate (2 g) and a nylon filter (0.22-lm pore size, 30 mm

in diameter); the rubber material was removed from

syringes to avoid contamination. The final volume was set

at 10 mL for the first extract and at 1 mL for the second

extract, prior to GC-MS analysis. The second extraction

was repeated if the target chemicals were detected at[10%

of the amount measured in the first extraction.

Concentrations of linear and cyclic siloxanes were

determined by GC-MS (Agilent 6890GC and 5973MSD;

Agilent Technologies, Foster City, CA, USA). GC sepa-

ration was accomplished by use of a 30-m Rxi-5MS fused

silica capillary column (0.25 mm inner diameter; 0.25 lm

film thickness; Restek, Bellefonte, PA, USA). One micro-

liter of the aliquot was injected in the splitless mode at

200�C. The column oven temperature was programmed

from 40�C (2 min) to 220�C at a rate of 20�C/min and to

280�C at 5�C/min, which was held for 10 min (postrun at

300�C for 5 min). The MS was operated in an electron

impact selected ion monitoring (SIM). The ions were

monitored at m/z 281 for D4, m/z 355 and 267 for D5, m/z

341 and 429 for D6, m/z 281 and 147 for D7, m/z 207 for L4,

m/z 147, 221, and 281 for L5–L14, and m/z 281 and 369 for

M4Q. A PDMS mixture (Sigma-Aldrich) was used as the

quantification standard for D7 and for L4 to L14. The

composition of the PDMS mixture was identified and

quantified as reported previously (Lykissa et al. 1997). The

composition of each organosiloxane in the PDMS mixture

(D7 and L4–L14) was determined by GC with a flame

ionization detector (GC-FID; Agilent 6890GC).

Quality Assurance/Quality Control

Because organosilicone compounds are present in many

consumer products, the analyst took care not to use hand

lotions or other possible sources of contamination before or

during the analysis. A standard mixture of D4, D5, and D6

was spiked into selected samples at concentrations ranging

from 0.5 to 10 lg and was passed through the above-

described analytical procedure. The mean recoveries of

standards spiked into sample matrices (n = 4; pacifier,

shampoo, body wash, and skin lotion) were 87 ± 5.4% for

D4, 87 ± 9.4% for D5, and 90 ± 10% for D6. Procedural

blanks (n = 9) were analyzed with the samples to check

Table 1 Categories of samples analyzed

Usage category Sample name n

Hair-care products (n = 13) Shampoo 6

Hair conditioner 4

Hair styling 3

Body wash (n = 9) Body wash 5

Facial cleanser 1

Baby wash 3

Skin lotion (n = 18) Body lotion 7

Face cream 3

Baby lotion 3

Sun screen 3

Shaving gel 2

Nipple (n = 4) Nipple 4

Cosmetics (n = 6) Lipstick 4

Liquid foundation 2

Cookware (n = 13) Food mold 5

Brush 2

Spatula 2

Cooking paper 3

Pot holder 1

Sealant (n = 3) Sealant 3

Sanitation products (n = 6) Cleaner 3

Furniture polish 1

Dish cleaner 2

Other (n = 4) Toothpaste 2

Mouthpiece 1

Baby soft toy 1
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for contamination arising from glassware and reagents.

The limit of quantification (LOQ) was set to be three times

the levels found in procedure blanks: 351 ng/g for D4,

387 ng/g for D5, 333 ng/g for D6, and 415 ng/g for D7.

None of the linear siloxanes was found in procedural

blanks. The LOQ was 59 ng/g for L4 and L5, 117 ng/g

for L6–L9, and 294 ng/g for L10–L14. Recoveries of the

surrogate standard, M4Q, in samples were 86 ± 13%. A

quality control standard mixture of organosiloxanes and

n-hexane were analyzed after every five samples run on the

instrument to check for instrumental background, carry-

over, and stability. If a significant amount of any target

compound was detected in n-hexane, all of the samples in

that batch were reanalyzed. Concentrations reported in this

study are extractable fractions of organosiloxanes found in

the samples. For statistical analysis, we set values below

the LOQ to zero.

Results and Discussion

Instrumental Background

Part of the GC such as the inlet septum and capillary

columns contain silicone; this can introduce serious con-

tamination when environmental samples are analyzed.

Bleeding of organosilicones from such products can pro-

duce false positives and can affect quantitative analysis of

silicones (de Zeeuw 2005; Wang 2006). The release of

silicones from several types of inlet septum at various inlet

temperatures was tested. One microliter of n-hexane and a

standard mixture containing D4 to D6 were injected at inlet

temperatures ranging from 100�C to 250�C (Table 2).

Initially, Agilent Advanced Green septum (product No.

5183–4759) was tested. The background levels of D4 to D6

decreased with decreasing inlet temperature. Background

levels of cyclic siloxanes decreased by 79%, from 250�C to

200�C, whereas the response of cyclic siloxane standard

decreased only by 10% with this temperature reduction.

We also tested several brands of inlet septum, including the

Restek BTO (bleed and temperature optimized) septum

(product No. 27110), Restek Thermolite septum (Restek

product No. 27141), General Purpose Red septum (Agilent

product No. 5181–3383), and General Purpose Gray sep-

tum (Agilent product No. 5080–8896), all at an inlet

temperature of 200�C (Table 2). High background levels of

D4 and D5 were found with the General Purpose Gray

septum, whereas the levels of cyclic siloxanes with the

low-bleed septa (i.e., Restek Thermolite and Agilent

Advanced Green) were less than 2 pg (at 1 lL of n-hexane

injection). The lowest levels of cyclic siloxanes were found

for the Restek BTO: 0.76 pg for D4, 0.29 pg for D5, and

0.15 pg for D6 at 1 lL of n-hexane injection. We accord-

ingly used the Restek BTO septum at an inlet temperature

200�C for all subsequent analyses of samples.

The amount of organosiloxane introduced from one inlet

septum particle into the sample extract is almost half of the

amount of silicones present in the entire stationary-phase

coating of the capillary GC column [(e.g., a few milligrams

for VF-5 ms (Varian BV, Middleburg, The Netherlands)]

(de Zeeuw 2005). This suggested that a major source

of organosiloxane contamination is from septum. Bleeding

of organosiloxanes from GC capillary columns, such as

DB-XLB, has been also examined previously (J&W Sci-

entific, Folsom, CA) (Lykissa et al. 1997). We also

examined the background levels of organosiloxanes from

low-bleed capillary columns (DB-1 MS and DB-5MS;

J&W Scientific); the release of organosiloxanes from a

conditioned, low-bleed column is minor in comparison

with the release from septa. Between every five-sample

batches, n-hexane was injected in order to check the fluc-

tuations in background levels of organosiloxanes. In

addition, the inlet was flushed by heating at 300�C for

30 min. Overall, the background levels of D4, D5, and D6

Table 2 Instrumental

background levels (pg) of D4,

D5, D6, and M4Q in 1 lL of

n-hexane injected into a

GC-MS, and relative standard

peak areas (mean for D4 to D6)

at inlet temperatures ranging

from 100�C to 250�C (A) and

several inlet septa tested at

200�C (B)

Note: ND = not detected

A

Inlet temp. D4 D5 D6 M4Q Standard peak

area (%)

250�C 6.0 1.6 1.6 ND 100

200�C 1.7 0.6 0.3 ND 90

150�C 0.8 0.3 0.9 ND 80

100�C 0.6 ND ND ND 72

B

Septum D4 D5 D6 M4Q

Restek BTO septum 0.8 0.3 0.2 ND

Restek thermolite septum 1.6 0.6 0.3 ND

Agilent advanced green septum 1.7 0.6 0.3 ND

General purpose red septum 1.9 1.0 0.8 ND

General purpose gray septum 4.1 6.0 2.1 ND
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in procedural blanks, also analyzed after every 10 samples,

were 2.0, 2.2, and 1.9 pg, respectively (mean values from 9

analyses). A chromatogram of a procedural blank for D4,

D5, and D6 is shown in Fig. 1. Body lotion samples ana-

lyzed in this study contained some of the lowest

concentrations of D6. Background levels of D6 in blanks

were at least 20 times lower than the lowest concentrations

found in body lotions (Fig. 1). Concentrations of organ-

osiloxane in samples were not quantified when the

responses were lower than three times the background

levels. None of the linear siloxanes was detected in

instrumental or procedural blanks.

Concentrations of Organosiloxanes

Seventy-six samples were analyzed for cyclic and linear

organosiloxanes. Samples were grouped into nine catego-

ries according to usage type, as described earlier. All

samples analyzed, except for those categorized as ‘‘Other,’’

contained detectable concentrations of at least one of the

organosiloxanes determined. The percentage of samples

that contained D4, D5, D6, D7, and L4 to L14 within each

category is shown in Table 3. All of the nipples (pacifiers)

contained D4 to D7; this category of products had the

highest percentage of occurrence of cyclic siloxanes

(100%). All of the cosmetics analyzed contained D5 and

D6, and this category had the highest percentage of

occurrence for linear siloxanes (83%). Relatively high

percentages of D4 to D6 were found in hair-care products,

cookware, and household sanitation products (C50%),

whereas none of the cyclic siloxanes was found in body

wash or toothpaste. Overall, the percentage of occurrence

of organosiloxanes in the samples analyzed (n = 76) was

over 50% for D4 to D6; the highest frequency of occurrence

was for D5 (57%), followed by D4 and D6. The frequency

of occurrence of linear siloxanes (33%) was lower than the

frequencies for cyclic siloxanes.

Concentrations of total organosiloxanes (sum of cyclic

and linear) varied widely, by up to seven orders of magni-

tude, among the products analyzed (Table 3). Within each

usage category, total concentrations of organosiloxanes

varied from less than the LOQ to hundreds of thousands of

ppm (i.e., over 10%). Median concentrations of total or-

ganosiloxanes were relatively high in hair-care products,

nipples, cosmetics, and cookware ([10 lg/g), whereas the

concentrations in body washes, sealants, and ‘‘Other’’ were

below the LOQ (\0.059 lg/g). Concentrations of cyclic

siloxanes in samples analyzed ranged widely: from\0.35 to

9380 lg/g for D4, from\0.39 to 81,800 lg/g for D5, from

\0.33 to 43,100 lg/g for D6, and from \0.42 to 846 lg/g

for D7. The highest concentrations of D5 and D6 were in

cosmetics (liquid foundation), the highest concentrations of

D4 were in household sanitation products (furniture polish),

and the highest concentrations of D7 were in nipples. The

frequency of occurrence and concentrations were higher for

D5 than for the other cyclic siloxanes.

He et al. (2003) reported estrogenic activity of D4 in

mice. Serum estradiol levels decreased in a dose-dependent

manner following oral exposure to 100–1000 mg of D4/kg

body weight (bw). Moreover, the weight of the uterus in

ovariectomized mice was significantly increased following

oral exposure to 250–1000 mg of D4/kg bw, but not after

oral exposure to hexamethylcyclotrisiloxane (D3), D5, and

D6. D4 is used primarily in the production of poly-

dimethylsiloxanes, a silicone polymer that is used widely in

industrial and consumer applications (Stark et al. 1982).

Among the categories of products that we analyzed, the

mean concentrations of D4 were high in household sani-

tation products (1560 lg/g), sealants (184 lg/g), and

cosmetics (49 lg/g), but they were one to three orders of

magnitude lower than the concentrations of D5 and D6 in

these same categories (Fig. 2).

Concentrations of total linear siloxanes (sum of L4 to

L14) measured in the samples ranged from \0.059 to

73,000 lg/g. The highest concentrations of total linear

siloxanes were found in skin lotion samples. Among linear
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Fig. 1 GC-MS chromatograms of D4, D5, and D6 (100 pg) and M4Q

(50 pg): (A) standard mixture, (B) skin lotion sample that contained

low concentrations of organosiloxanes, and (c) a procedural blank
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siloxanes, mean concentration of L11 was the highest

(341 lg/g), followed by L10, L12, and L9. The lowest mean

concentration was found for L4 (33 lg/g). Among the usage

categories of products analyzed, the mean concentrations of

linear siloxanes were high in household sanitation products

(8840 lg/g) and skin lotions (4060 lg/g); these levels were

Table 3 Concentrations (lg/g; median, mean, and range) and frequency of occurrence (%) of organosiloxanes in personal-care and household

products

Usage category D4 D5 D6 D7 L4–L14

Hair-care products Median 15 10 5.4 2.6 \0.059

Mean 29 5,890 48 4.1 0.78

Range \0.35–82 \0.39–25,800 \0.33–162 \0.42–47 \0.059–6.3

Frequency 69 62 54 54 15

Body washes Median \0.35 \0.39 \0.33 \0.42 \0.059

Mean \0.35 \0.39 \0.33 \0.42 0.84

Range NA NA NA NA \0.059–7.6

Frequency 0 0 0 0 11

Skin lotions Median 0.68 0.52 \0.33 \0.42 \0.059

Mean 7.3 3,760 606 4.4 4,060

Range \0.35–66 \0.39–47,300 \0.33–6,520 \0.42–70 \0.059–73,000

Frequency 61 67 39 22 39

Nipples Median 0.74 80 307 364 11

Mean 0.74 81 342 400 14

Range 0.62–0.87 5.7–159 12–741 28–846 \0.059–33

Frequency 100 100 100 100 50

Cosmetics Median 4.4 3.7 1.7 0.21 0.96

Mean 49 13,600 7,180 51 384

Range \0.35–272 1.3–81,800 0.33–43,100 \0.42–298 \0.059–2,290

Frequency 67 100 100 50 83

Cookware Median 0.62 6.2 18 8.6 \0.059

Mean 1.5 6.3 96 183 2.1

Range \0.35–7.3 \0.39–15 \0.33–365 \0.42–640 \0.059–18

Frequency 54 77 85 77 54

Sealants median \0.35 \0.39 \0.33 \0.42 \0.059

Mean 184 214 338 194 8.8

Range \0.35–551 \0.39–643 \0.33–1,010 \0.42–583 \0.059–26

Frequency 33 33 33 33 33

Sanitation products Median 1.0 1.1 0.21 \0.42 \0.059

Mean 1,560 3,590 1,660 88 8,840

Range \0.35–9,380 \0.39–21,500 \0.33–9,900 \0.42–530 \0.059–53,000

Frequency 50 50 50 17 17

Other Median \0.35 \0.39 \0.33 \0.42 \0.059

Mean \0.35 \0.39 \0.33 \0.42 \0.059

Range NA NA NA NA NA

Frequency 0 0 0 0 0

All products Median 0.62 0.77 0.37 \0.42 \0.059

Mean 141 2,890 896 74 1,690

Range \0.35–9,380 \0.39–81,800 \0.33–43,100 \0.42–846 \0.059–73,000

Frequency 51 57 51 39 33

Note: NA = not available

Limit of quantification (LOQ): \0.35 lg/g for D4, \0.39 lg/g for D5, \0.33 lg/g for D6, \0.42 lg/g for D7, \0.059 lg/g for L4 and L5,

\0.12 lg/g for L6–L9, and \0.29 lg/g for L10–L14. To calculate median and average concentrations in each sample category, we set values

below LOQ to zero
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20 times higher than the concentrations found for products

in other categories. With the limited number of samples

analyzed, no geographical difference in concentrations of

cyclic and linear siloxanes was found between American

and Japanese products.

Although, a wide range of concentrations for organ-

osiloxanes was found in consumer products, these

concentrations were relatively higher than those of poly-

cyclic musks determined previously (Reiner and Kannan

2006); the highest concentration of total organosiloxanes in

hair-care products was *30-fold higher than that for

polycyclic musks. Users can be exposed to organosiloxanes

directly from the application of these products (e.g., cos-

metics and skin lotions) to the skin. Cosmetics and skin

lotions contained high concentrations of organosiloxanes

(Fig. 2). In addition, hair-care and household sanitation

products contained concentrations of organosiloxanes

above 1000 lg/g and the use of such products can result in

considerable dermal and/or inhalation exposures.

Potential Exposure Rates

We estimated potential exposure rates to organosiloxanes

from the use of personal-care products based on the mean

concentrations and the daily usage rates (Loretz et al. 2005,

2006, 2008). The usage rates of personal-care products by

women in the United States (ages 19–65 years) were reported

as 12.8 g/day for shampoos, 13.8 g/day for hair conditioners,

14.5 g/day for body washes, 8.69 g/day for body lotions,

2.05 g/day for face creams, 0.024 g/day for lipsticks, and

0.67 g/day for liquid foundations (Loretz et al. 2005, 2006,

2008). In our study, the daily exposure rate to total organ-

osiloxanes (cyclic and linear siloxanes) from the use of

personal-care products was estimated at 307 mg/day for

women in the United States (Table 4). The highest exposure

rates were 0.71 mg/day for D4 and 162 mg/day for D5; hair

conditioners contributed to high exposures. The amount of

daily exposure to D6 from facial cream was 6.1 mg and that

from liquid foundation was 14 mg. It should be noted that this

is a pilot study involving limited a number of samples. Further

investigation is required with a large number of samples for

exposure assessment. We did not report gender differences in

human exposure to organosiloxanes, but this warrants further

study. Furthermore, differences in exposure to organosilox-

anes between developed and developing countries is of

interest because consumption rates of personal-care and

household products are greater in developed countries than in

developing countries.
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Fig. 2 Mean concentrations

(ng/g) of organosiloxanes in

consumer products tested

Table 4 Exposure profiles (lg/

day) to cyclic and linear

siloxanes from personal-care

and consumer products

* For women in the United

States (ages 19–65 years); data

from Loretz et al. 2005, 2006,

2008

Product type Usage

(g/day)*

D4 D5 D6 D7 L4–L14

Shampoo 12.8 198 335 333 214 0.87

Hair conditioners 13.8 712 162,000 1,310 104 22

Body washes 14.5 0 0 0 0 22

Body lotions 8.7 7.4 4.0 1.1 0 0.40

Face creams 2.1 75 43,400 6,100 53 49,900

Lipsticks 0.024 0.13 0.17 0.098 0.039 14

Liquid

foundations

0.67 91 27,400 14,400 100 3.3

Total 1,080 233,000 22,200 471 50,000
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Compositions and Correlations

The compositions of organosiloxanes in each category of

the products analyzed, and in the PDMS mixture (viscosity:

5 cSt) are shown in Fig. 3. Cyclic siloxanes were pre-

dominant in most of the categories of products analyzed;

D5 was predominant in hair-care products (98%), skin

lotions (45%), and cosmetics (64%); D6 and D7 were

predominant in silicone rubber products such as nipples

(D7: 48%), cookware (D7: 63%), and sealants (D6: 36%).

Linear siloxanes were predominant in body washes; only

one body wash contained detectable concentrations of

linear siloxanes (L8 to L12). On the basis of the composi-

tion of organosiloxanes, the samples can be grouped into

four categories: products rich in D5 (hair-care products and

cosmetics); products rich in high cyclic siloxanes (D6, D7,

or [D8; nipples, cookware, and sealants); products rich in

mixtures of linear and cyclic siloxanes (skin lotions and

household sanitation products); and products rich in linear

siloxanes (body washes). We did not analyze cyclic

siloxanes higher than D7, due to the lack of analytical

standards. However, GC-MS analysis of monitoring of ions

specific for organosiloxanes (m/z 147, 221, 281, and 355)

showed the presence of high amounts of higher-molecular-

weight cyclic siloxanes in rubber materials such as nipples,

food molds, spatulas, brushes, sealants, and several sham-

poos and skin lotions. In a previous study, concentrations

of D6 to D25 in silicone rubber products such as nipples and

spatula were estimated (Kawamura et al. 2001). D15 to D18

were predominant in nipples, at concentrations ranging

from 360 to 1050 lg/g, whereas concentrations of low-

molecular-weight cyclic siloxanes (\D9) were relatively

low (\50–360 lg/g). The concentration ranges for D6 and

D7 were similar to the concentrations found in our study

(12–846 lg/g). High concentrations of cyclic siloxanes

found in nipples suggest that infants can be exposed to

high-molecular-weight cyclic siloxanes through bottle-

feeding. Chewing and sucking of nipples and dissolution of

silicones in milk fat can contribute to exposures in infants.

We examined the relationships among the concentrations

of organosiloxanes in all samples analyzed using Pearson

correlation analysis (Table 5). A significant positive corre-

lation (p\0.01) was found between the pairs D4 and D7, D4

and the sum of L4–L14, D5 and D6, and D5 and the sum of L4–

L14. A large number of silicone blends have been developed

for use in a variety of consumer products. For example, D5,

D6, and high-molecular-weight PDMS blends are used in

baby-care products (nursing-bottle nipples), antiperspirants,

hair-care products, and cosmetics. Most of the silicone fluids

contain low amounts of D4 at\1% (http://www.dowcorning.

com/applications/search/products/). D4 was found at con-

centrations lower than were D5 and D6. The results of the

correlation analysis suggest the incorporation of different

blends of silicones in raw materials or as additives, and the

correlations might be suggestive of the production volume.

The composition and correlation of organosiloxanes in

consumer products can be useful in tracing sources and in the

examination of rates of degradation in the environment.

The pathways of human exposure to organosiloxanes are

inhalation, ingestion, and dermal absorption. Skin lotions,

cosmetics, and hair-care products are used directly on the

skin, and these products contain high concentrations of D5

and D6. A model calculation suggested human dermal

absorption of D4 and D5 to be 0.05–0.30% of the applied

dose; however more than 83% of the chemical that reached

systemic circulation was eliminated by exhalation within

24 h (Reddy et al. 2007). In another study of percutaneous

absorption of D4 or D5 in rats, less than 1.0% of D4 and

0.2% of D5 applied on skin was absorbed, whereas the

majority of the applied dose was volatilized from the skin

(Jovanovic et al. 2008). Consumers are exposed to these

compounds on a daily basis, and absorption can occur

through the skin (the log Kow value of D4 is 5.1; Allen et al.

1997). In addition, high amounts of silicones can be

released into the indoor air during/after use of such con-

sumer products, because of the high vapor pressures of

these compounds (D4; 1.0 mm Hg at 25�C; Allen et al.

1997). Physiologically based pharmacokinetic (PBPK)

modeling for D4 suggested that inhalation is the most

significant route for human exposure (Anderson et al.

2001). Utell et al. (1998) demonstrated inhalation exposure

of humans to D5. The mean total intake and uptake of D5
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were 11.6 mg and 1.1 mg, respectively, via nasal exposure.

The mean deposition fraction was found to be 12%.

Person-to-person consumer behavior (e.g., choice of

products, frequency of application, amount applied) has an

effect on individual’s exposure to the compounds because

of the existence of wide variations in concentrations

between and within each categories of products. The

present study has not addressed the issue of risks of

organosiloxanes to humans. Actual risk is a function of

both exposure and toxicity. An assessment of risk will need

to consider bioavailability, toxicity, and other factors that

affect potential exposures. Our results provide baseline

information for assessment of human exposures to organ-

osiloxanes. Environmental exposures are expected to arise

from down-the-drain rinsing of organosiloxanes and

transport through the sewer system to wastewater treatment

plants and/or evaporation of organosiloxanes into air.

Further study is needed to elucidate exposure pathways to

organosiloxanes in both humans and the environment.

Conclusion

Personal-care and household products measured in this

study contained varying concentrations of linear and cyclic

siloxanes. Among these organosiloxanes, concentrations

and frequency of occurrence of D5 were the highest. To our

knowledge, this is the first study to report the concentra-

tions of organosiloxanes in a range of personal-care

products. It should be noted that the concentrations

reported here are extractable fractions of organosiloxanes

found in the samples. The high concentrations of cyclic

siloxanes found in this study highlight the need for further

studies to assess sources, pathways, bioaccumulation, and

toxic effects of these concentrations in the environment.
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Abstract: Interrupting the hormonal balance of an organism by interfering with hormones 

and their target receptors gives rise to various problems such as developmental disorders. 

Collectively, these reagents are known as endocrine disruptors (EDs). Cyclic volatile 

methyl siloxanes (cVMSs) are a group of silicone polymers that including 

octamethylcyclotetrasiloxane (D4). In the present study, we examined the estrogenicity of D4 

through in vitro and in vivo assays that employed calcium-binding protein 9K (calbindin-D9k; 

CaBP-9K) as a biomarker. For in vitro investigation, GH3 rat pituitary cells were exposed 

to vehicle, 17β-estradiol (E2), or D4 with/without ICI 182 780 (ICI). CaBP-9K and 

progesterone receptor (PR) both were up-regulated by E2 and D4 which were completely 

blocked by ICI. Transcription of estrogen receptor α (ER α) was decreased by E2 and D4 

but increased by ICI. D4 was also administered to immature female rats for an uterotrophic 

(UT) assay and detection of CaBP-9K. Ethinyl estradiol (EE) or D4 was administered 

subcutaneously with or without ICI. Although uterine weight was not significant altered by 

D4, an effect thought to be due to cytochrome P450 (CYP), it induced CaBP-9K and PR 

gene expression. Based on these results we reveal that D4 has estrogenic potential proven 

under in vitro and in vivo experimental conditions. 
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1. Introduction 

Interfering with the physiologic endocrine system of an organism can lead to serious problems. It has 

been noted that the incidence of abortions was increased in sheep eating some clover species due to the 

presence of compounds that interfere with the interaction between hormones and their target  

receptors [1,2]. Some natural compounds with this effect are well known and most of them are limited 

to existing in Nature. However, novel chemicals with these properties have been developed as a result 

of industrialization. Diethylstilbestrol (DES) was used to reduce adverse pregnancy outcomes or as an  

anti-cancer reagent. In addition to these positive uses, the estrogenic effects of this compound can also 

induce several disorders and cancer in the fetus [3]. Nowadays, the toxicity of drugs for human 

consumption is verified using in vitro and in vivo experiments as well as clinical trials. Compounds 

produced for daily use are less stringently evaluated compared to pharmaceuticals. Although these 

materials are not directly absorbed by an organism, they can have potent indirect effects. Many 

synthetic compounds such as plasticizers or other brominated flame retardants have been defined as 

endocrine disruptors (EDs) that generally have estrogenic activity in humans [4]. Traditionally 

recognized roles of EDs are feminizing or masculinizing of the opposite sex and infertility [5,6]. More 

recently noted effects of EDs include reproductive epigenetic effects that alter the psychological activity 

of offspring [7]. Polycystic ovary syndrome (PCOS) has also been shown to be related to EDs [8].  

Due to their estrogen-disrupting properties, some chemicals are now banned in various nations. 

Subsequently, newly synthesized chemicals are produced and evaluated to replace the banned reagents, 

however evidence is increasing for the notion that these chemicals have harmful cumulative 

characteristics though their potency is minimal [2]. Not only estrogen but some other chemicals are 

known to interrupt several endocrine systems. For instance, bisphenol A (BPA) is a potent estrogen 

receptor (ER) agonist, while it also antagonizes the thyroid receptor [9]. Likewise, EDs in daily 

products affect the endocrine system through various pathways and cumulative continuous exposure. 

Validated biomarkers for estrogenic activity have been found in different tissues and cell types. 

Currently some well-known biomarkers for estrogenicity are complement component 3 (C3), 

vitellogenin (VTG), and CaBP-9K [10–12]. However, compared to other genes, the induction of  

CaBP-9k by E2 and EDs is stronger [13]. CaBP-9K contains an EF hand structural domain that is a 

calcium binding site believed to interact with calcium ions in the cytoplasm [14]. In vitro exposure of 

rat pituitary gland cells to BPA increases CaBP-9K levels [15]. In this study, CaBP-9k expression as a 

biomarker was sensitive enough to detect BPA at a dose of 10−9 M in a dose dependent manner. Other 

known estrogenic chemicals such as 4-tert-octylphenol and nonylphenol also successfully up-regulate 

CaBP-9K gene expression in vivo and in vitro [15]. 

Silicones are a complex of siloxane monomers and various forms are made up of different types of 

monomers, including cyclic volatile methyl siloxanes (cVMSs) that are a cyclic form of siloxane monomers. 

The cVMSs are found in hair and skin care products (personal care products; PCPs), sealants, and 
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cosmetics; and are used as antiperspirants or defoamers due to their thermostability and inert 

characteristics [16,17]. These compounds are categorized according to the number of silicon atoms in 

their ring structure: hexamethylcyclotrisiloxane (D3), octamethylcyclotetrosiloxane (D4), 

decamethylcyclopentasiloxane (D5), and dodecamethylcyclohexasiloxane (D6). Among these, D4 is a 

suspected ED due to its estrogenic properties [18,19]. 

The CYP family consists of many subfamilies, including members with substrate-specific activity [20]. 

Ingestion of ethanol induces cytochrome P450, family 2, subfamily E, polypeptide 1 (CYP 2E1) 

protein in the liver so an organism will oxidize ethanol more rapidly and efficiently [21]. Another well-

known inducer of CYP is barbiturates, that are quickly eliminated by increased CYP levels [22]. 

Xenoestrogens also augment the expression of some CYP family members in the liver, thus increasing 

the elimination rate of the compounds [23]. In a similar way, the expression of cytochrome P450, family 

2, subfamily b, polypeptide 1 (CYP2B1) is elevated by administration of D4 in a dose-dependent 

manner so that D4 is oxidized and removed from body more rapidly [24]. 

In the present study, we evaluated the estrogenic effect of D4 on GH3 rat pituitary gland cells by 

measuring the expression levels of CaBP-9K, a well-established biomarker for estrogenicity.  

An uterotrophic (UT) assay was also performed following the Organization for Economic Co-operation 

and Development (OECD) guide for standard comparison and drug administration route. 

2. Experimental Section 

2.1. Chemicals 

E2, EE, and D4 were purchased from Sigma-Aldrich (St. Louis, MO, USA) and ICI 182, 

780 was obtained from Tocris Bioscience (Bristol, UK). Stock solutions were made by dissolving in 

dimethyl sulfoxide (DMSO; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and diluted with media 

or corn oil (Sigma-Aldrich) as needed. 

2.2. GH3 Cells 

GH3 cells (ATCC, Manassas, VA, USA) were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM; Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; 

Biowest, Nuaillé, France), 100 IU/mL penicillin, and 100 μg/mL streptomycin (Biowest), and 

incubated in a humidified atmosphere with 95% O2, 5% CO2 at 37 °C. The cells were then seeded in a 

6-well plate at a density of 3 × 106. The medium was changed to phenol red-free DMEM (Sigma-

Aldrich) containing charcoal dextran-treated FBS (Biowest) 1 day after seeding. The medium was then 

changed every 2 or 3 days. Cell confluence reached 70%–80% after 7 days. E2 (1.0 × 10−9 M) or D4 

(1.0 × 10−5 M) was administered to the cells for 1 day. ICI (1.0 × 10−7 M) was also added to the cells 

30 min prior to treatment with E2 or D4. The final DMSO concentration in media was set at 0.1% for 

all compounds including vehicle. Each experiment was performed triplicate. 

2.3. Animals 

Post-natal day (PND)11 female Sprague Dawley (SD) rats with a dam were purchased from 

SAMTAKO (Gyeonggi-do, South Korea) and allowed to acclimate for 7 days. Each group of five pups 



Int. J. Environ. Res. Public Health 2015, 12 14613 

 

 

was bred using one dam in a polycarbonate cage with non-phytoestrogen beta chip bedding. To 

eliminate xenoestrogenic effects except for those exerted by the drugs administered, the non-steroid 

pellet diet AIN-76A (Central Lab. Animal Inc., Seoul, South Korea) and sterile water were provided 

ad libitum. Temperature of the environment was set at 20–24 °C with 40%–60% relative humidity and 

a 12-h light-dark cycle. EE (3 μg/kg) and D4 (500 or 1000 mg/kg) were administered at PND 18 days 

immature rats subcutaneously for 4 days. ICI (3 mg/kg) was injected 30 min prior to delivering EE or 

D4. The animals were sacrificed 1 day after the last dosage. Institutional Animal Care and Use 

Committee (IACCUC) of Chungbuk National University approved all animal experimental procedures 

(Approval N. CBNUA-801-15-01). 

2.4. UT Assay and Liver/Body Weight Ratio Measurement 

Rats were anesthetized with isoflurane and weighed. The wet uterus and liver were dissected after  

all blood was drained from the rats and weighed. The uterus and liver weight was divided by body 

weight and normalized to relative to the vehicle-treated animals. 

2.5. Quantitative Real-Time qPCR 

Cells were washed twice with cold sterile PBS and lysed with TRIzol (Life Technologies, Carlsbad, 

CA, USA). Organs were washed with cold sterile saline and homogenized in TRIzol with a bullet 

blender (Next Advance, Averill Park, NY, USA). Total RNA was extracted from the homogenate 

according to the manufacturer’s instructions. Intensity of total RNA was confirmed by the 28S/18S 

rRNA ratio and 5S rRNA integrity with electrophoresis. Total RNA concentration was measured, and 

1 g of RNA was transcribed using Moloney murine leukemia virus (mMLV) reverse transcriptase 

(iNtRON Bio, Gyeonggi-do, South Korea) with random a 9-mer primer (TaKaRa Bio Inc., Kusatsu, 

Japan) to produce first-strand complementary DNA (cDNA). Each amplicon (1 μL) was assayed using 

SYBR PCR (TaKaRa Bio Inc.) qPCR according to the manufacturer’s protocol. qPCR was performed 

under the following conditions: 40 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C for 30 s, 

and extension at 72 °C for 30 s. The threshold cycle (CT) value was determined automatically at the 

exponential phase of the delta CT fluorescence detection graph. 18S RNA (18S) was used as an 

endogenous reference while CaBP-9K, ER α, PR and CYP2B1 were the genes of interest (GOI). 

Quantification of the GOI relative expression was calculated with respect to 18S according to the 

2−ΔΔCT method and normalized to vehicle. 

2.6. Western Blotting 

Cells were washed twice with cold sterile PBS and lysed with radioimmunoprecipitation assay 

(RIPA) buffer containing proteinase inhibitor cocktail (Sigma Aldrich). The washed organs were 

homogenized in Pro-prep (iNtRON) with a bullet blender (Next Advance). The homogenate or lysate 

was cleared by centrifugation at 18,000 G for 10 min at 4 °C. Next, 30 μg of sample were treated by 

mixing with SDS sample buffer, heating at 95 °C for 5 min, and centrifuging 15,000 G at 4 °C for 10 

min. Afterwards, 7.5% and modified 20% SDS acrylamide was prepared and electrophoresis was 

performed. The separated proteins were transferred to polyvinylidene fluoride (PVDF) membrane 
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(Merck Millipore, Taunton, MA, USA). The membrane was blocked with 5% skim milk dissolved in 

TBS-T for 2 h. The membrane was then incubated for 2 h with primary antibodies specific for CaBP-

9K, ER α, and PR (Santa Cruz Biotechnology) diluted 1000-fold in 1% BSA. Next, the membrane was 

washed four times for 15 min each with TBS-T. The blot was subsequently incubated for 1 h with 

secondary antibody conjugated with horseradish peroxidase (rabbit polyclonal, Santa Cruz 

Biotechnology) diluted 3000-fold in 2.5% non-fat milk dissolved in TBS-T. The membrane was 

washed again as previously mentioned. Enhanced chemiluminescence (ECL) reagent (Santa Cruz 

Biotechnology) with a charge-coupled device (CCD) was used to detect antibody binding. 

2.7. Statistical Analyses 

All data are presented as the mean ± standard deviation (SD) and were analyzed with a one-way 

ANOVA and Tukey’s studentized range test. Statistical was analyses were performed with SAS  

(version 9.2; Chicago, IL, USA). p-values less than 0.05 were considered significant. 

3. Results 

3.1. CaBP-9K, ER α, and PR Expression in GH3 Cells 

To verify the estrogenic effects of D4, CaBP-9K gene expression was examined in GH3 cells.  

The GH3 cell line is derived from rat pituitary and expresses ER, PR and CaBP-9k, therefore it is a 

suitable in vitro model to test estrogenic effects. In the real-time PCR results, relative mRNA expression 

levels of CaBP-9K in the E2- and D4-treated groups were increased compared to the vehicle control 

(Figure 1a). To evaluate the pathway of gene expression response to D4, ICI that is a well-known ER 

antagonist and uses to block ER-mediated signaling, was treated together. ICI decreased the induction 

of CaBP-9K expression in all groups. Protein expression of CaBP-9K was similar to the mRNA levels, 

although the basal expression levels of CaBP-9k was lower by showing faint band (Figure 1b). 

Another well-known estrogen target gene, PR, was also examined in this study (Figure 2). Both 

mRNA and protein levels of PR were significantly enhanced by E2 and D4, which was completely 

blocked by ICI (Figure 2a,b). In contrast, ER α mRNA and protein expressions were down-regulated 

by E2 and D4; ICI reversed this effect (Figure 2c,d). 

 

Figure 1. Cont. 
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Figure 1. CaBP-9K expression in GH3 cells at the mRNA (a); and protein (b) levels. 

Results presented in the bar graph are divided according to chemical administered and 

subdivided according to the presence or absence of ICI 182 780. Ve, vehicle; E2, 17β-

estradiol;  

D4, octamethylcyclotetrasiloxane. a p < 0.05 vs. vehicle; b p < 0.05 vs. without ICI. Data 

are presented as the mean ± SD. 

 

Figure 2. PR expression in GH3 cells at the mRNA (a); and protein (b) levels; ER α 

expression in GH3 cells at the mRNA (c); and protein (d) levels. Results presented in the 

bar graph are divided according to chemical administered and subdivided according to the 

presence or absence of ICI 182 780 (shown as ICI). a p < 0.05 versus vehicle; b p < 0.05 

versus without ICI. Data are presented as the mean ± SD. 
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3.2. Relative Weight Ratio and CYP2B1/2 Expression in Immature Rat Liver 

To examine the toxicological effects of D4 in vivo, female immature rats were administrated with 

EE and D4 (500 and 1000 mg/kg) for four days. Liver/body weight ratios were not changed in the EE-

treated group compared to the vehicle group, whereas they were slightly but significantly increased in 

the  

D4-animals treated at a high dosage. This ratio was unaltered in groups co-treated with ICI compared 

to the rats receiving EE or D4 alone (Figure 3a). CYP2B1/2 mRNA expression was highly induced by 

D4 in a dose dependent manner, while it was reduced by EE. ICI had no effect or slightly increased the 

induction of CYP2B1/2 expression in the D4 treatment group. EE co-treatment with ICI also had no 

effect or slightly decreased the expression of CYP2B1/2 (Figure 3b). 

 

Figure 3. Liver/body weight ratio (a); and CYP2B1 mRNA expression (b) in immature 

female SD rats. Data presented in the bar graph are divided according to chemical 

administered and subdivided according to the presence or absence of ICI 182 780 (shown as 

ICI). a p < 0.05 vs. vehicle; b p < 0.05 vs. without ICI. Data are presented as the mean ± SD. 

3.3. UT Assay Results in Immature Rats 

Immature rats were administrated with EE and D4, and the uterine weight was measured to confirm 

the estrogenic effect of D4 following the OECD guidelines. As we expected, E2 induced up to five fold 

uterus/body weight ratio increases, suggesting that our experimental conditions were working 
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successfully. However, administration of rats with D4 did not show any significant changes (Figure 4). 

These results indicate that estrogenic effect of D4 is not strong enough when examined by the UT assay. 

 

Figure 4. Uterus/body weight ratio measured by the UT assay in immature female SD rats. 

Results in the graph are divided according to the chemical administered and subdivided 

according to the presence/absence of ICI 182 780 (shown as ICI). a p < 0.05 vs. vehicle;  
b p < 0.05 vs. without ICI. Data are presented as the mean ± SD. 

3.4. CaBP-9K, ER α, and PR Expression in Immature Rats Uterus 

Since the estrogenic effect of D4 was not shown by the UT assay, we used a more sensitive method. 

In the uterus, the estrogenic biomarker CaBP-9K mRNA expression was significantly increased by EE 

and D4 in a dose-dependent manner. Increases in mRNA levels were inhibited in the ICI-co-treated 

group (Figure 5a). The protein expression levels of CaBP-9K showed concomitant results with those of 

mRNA by elevating after EE. CaBP-9K mRNA expression was up-regulated about 2- or 3-fold by  

500 and 1000 mg/kg of D4, while the regulation by EE was 170-folds higher. The regulation of  

CaBP-9k protein by EE and D4 was similar with those of mRNA. Co-treatment with ICI decreased 

CaBP-9K protein levels compared with EE or D4 alone (Figure 5b). Interestingly, transcriptional and 

translation regulation of PR by EE and D4 was different. PR mRNA expression was suppressed by EE 

and a high dose of D4, and ICI further decreased it, while EE and D4 increased PR (Figure 6).  

ER α mRNA expression was decreased by EE and D4 (Figure 6c). ICI co-treatment with EE also led to 

reduced ER α mRNA and protein expressions but the expression levels were not decreased in the D4 

treatment group as much as the EE-exposed animals (Figure 6d). 

 

Figure 5. Cont. 
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Figure 5. CaBP-9K expression at the mRNA (a); and protein (b) levels in immature female 

SD rats. Data presented in the graph are divided according to chemical administered and 

subdivided according to the presence or absence of ICI 182 780 (shown as ICI). a p < 0.05 

vs. vehicle, b p < 0.05 vs. without ICI. Data are presented as the mean ± SD. 

 

Figure 6. PR expression at the mRNA (a); and protein (b); levels in immature female SD 

rats. ER α expression in immature female SD rats at the mRNA (c); and protein (d) levels. 

Findings presented in the bar graph are divided according to chemical administered and 

subdivided according to the presence or absence of ICI 182 780 (shown as ICI). a p < 0.05 

versus vehicle, b p < 0.05 versus without ICI. Data are presented as the mean ± SD. 
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4. Discussion 

The hazardous effects of EDs have led to an establishment of screening tests for thousands of 

compounds. Many simple high-throughput screening systems (e.g., an ER-binding assay and AR 

binding assay) using a vector expressing hormone response elements (HREs) such as an estrogen 

response element (ERE) or androgen response element (ARE) have been used to measure compound 

potency [25]. However, these systems do not account for the physiological metabolism of an organism 

represented as absorption/administration, distribution, metabolism, excretion, and toxicity (ADMET). 

To more rapidly assess the potential of an ED, some in silico methods have been developed and tested 

based on existing databases [26]. However, not all of these tests can precisely evaluate the 

pharmacokinetics and pharmacodynamics model (PK/PD) of an ED. Some modified in vitro assays 

have been established to mimic these PK models specifically targeting each step. In the Caco-2 cell 

permeability test, the absorption of a drug in the gastrointestinal (GI) tract is mimicked [27]. The in vitro 

unbound fraction and hepatic microsome activity test is also designed to mimic renal and hepatic 

clearance that is part of metabolism and excretion [28]. Finally, toxicity tests are performed by receptor 

binding assays. To overcome systemic differences between in vitro and in vivo techniques, in vitro to in 

vivo extrapolation (IVIVE) has been recommended and tested along with in vivo systems [29,30]. 

Different countries or world organizations have established acceptable compound test guides for 

identifying the potential hazardous effects of chemicals. The Endocrine Disruptor Screening Program 

(EDSP) of the U.S. Environmental Protection Agency provides several basic to detailed protocols for 

screening drugs. The OECD has also produced many test guides for evaluating drugs. Validated assays 

for testing estrogenic compounds provided by the EPA include the ER binding assay. The OECD 

recommends the stably transfected human ER α transcriptional activation assay (ER STTA) and UT 

assay in rodents. Monitoring the induced expression of specific markers is another inexpensive tool for 

detecting hormone-like effects. 

The ERE promoter is located upstream of the CaBP-9K gene transcriptional initiation site. E2 and other 

potential EDs bind to the ER and these are active the promoter, and initiate the expression of CaBP-9K. 

Therefore, CaBP-9K has been used as a sensitive marker for detecting estrogenic activity [15].  

In this study, expression of CaBP-9K was highly induced by E2 and slightly increased by D4 in GH3 

cells. Many previous studies have demonstrated that CaBP-9K expression is induced by various EDs 

both in vitro and in vivo [31–33], including in GH3 cells [34,35]. ICI, an ER α inhibitor, decreased 

CaBP-9K expression elevated by E2 and D4. Down-regulation of CaBP-9K expression following ICI 

exposure indicated that the weak estrogenicity of D4 may be mediated by ER α. The estrogenic effect 

of D4 was also shown previously by a simple ER binding affinity assay [18]. 

The enzyme CYP2B1 mainly participates in oxidation procedures for the elimination of drugs [36].  

Also oxidation of xenobiotics by CYP contributes to inactivate the xenobiotics. In our results, 

enzymatic catalysis of D4 by CYP2B1 was predicted in a dose-dependent manner according to the 

induction of mRNA expression. This was also consistent with a high D4-treated group that showed a 

slight increase of liver/body weight ratio due to enzyme induction. Considering the general role of CYP 

in the liver, induction of CYP2B1 may be thought as metabolic process to eliminate and inactivate D4. 

CYP2B1 enzyme induction by D4 was previously evidenced [24]. Other CYP family proteins beyond 
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CYP2B1 were also reported to be induced by D4 for its metabolism [37]. This xenobiotic is metabolized 

by the liver, the major route for the elimination of toxins or other compounds from the body [38]. 

Global distribution of D4 is well documented and its concentration varies from 0.66 to 45 ng/m3 [39]. 

The concentration of D4 in European cosmetics and personal care products is in the 0.18 mg/g mean 

and 0.00067–5 mg/g range [17]. Daily external dermal exposure of D4 is measured at 0.08 mg/day. 

Another article reported the concentration of D4 and its predicted dermal exposure in Canada [40]. 

Concentrations vary depending on product type and range from 0.01 mg/g in hair spray to 3 mg/g in 

antiperspirant. The human daily dermal exposure prediction model of D4 in body lotion is 0.5 mg/day 

and for antiperspirant it is 0.01 mg/day. The D4 concentration in food related with silicone use ranges 

from 0.001 to 0.306 mg/g [41]. Women with silicone gel filled implants are more vulnerable to D4 

exposure and its concentration in tissue varies from 11.9 ng/g to 1333.8 ng/g, depend on tissue type [42]. 

Because of its high solubility in lipids, most of the D4 absorbed in the body is accumulated in  

fat [43,44]. Although the environmental exposure dose of D4 is much lower than our experimental 

conditions, the daily accumulated and chronic amount of doses is not estimated and is hard to compare. 

Therefore, we aimed in the present study, to test the estrogenic effects of D4 for the potential of EDS. 

In the present study, ER α expression was decreased by E2 and D4 at both the mRNA and protein 

levels, which was also found in other studies with MCF-7 cells [45,46]. Additionally, decreased ER α 

expression by E2 is thought to be modulated by the ErbB2/PI 3-K/Akt pathway in GH3 cells. 

Dissimilar mRNA and protein expression patterns were observed when ICI was administered in GH3 

cells. Characteristic degradation of ER α by ICI was observed at the protein level and has been 

described in the literature [47–49]. The mRNA expression of ER α was increased by ICI and similar 

changes have also been previously observed in MCF-7 cells [50]. ER α protein level was reduced by D4 

in in vitro, but no difference was observed in vivo. This difference was similar with that of CaBP-9K. 

Estrogenic properties of D4 mediated by the ER α have also been reported using mouse and rat UT 

assays [19,51]. However, these assays were not conducted following the OECD guidelines in that the 

treatment period was extended or another drug administration route was used. Thus, we delivered D4 

subcutaneously to immature female rats as recommended by the OECD. Most D4 contact takes place 

on the skin [17]. Furthermore, subcutaneous exposure occurs among women undergoing surgery for 

breast implant placement [42]. An inhalation test has been performed to evaluate the volatility 

properties of D4 [18]. We concluded that simulation of absorption through the GI tract and an 

inhalation test of D4 have already been performed. D4 is mainly contained in cosmetics, so 

subcutaneous injection was conducted considering the main route of exposure of D4 in the body. Also 

the OECD’s general experimental protocol for the UT assay for endocrine disruptors is assessed by 

subcutaneous administration. In the results, the observed effects of D4 were not strong enough in the UT 

assay compared to the in vitro findings, whereas, it successfully modulated biomarker genes such as 

CYP in the liver and CaBP-9k in the uterus. These results suggest that D4 shows estrogenic effects by 

inducing biomarker genes, but it is not strong enough to induce physiological changes in the uterus. 

One biomarker, PR, was differently regulated in the in vitro and in vivo experiments. In vitro, D4 

significantly upregulated PR in mRNA and protein levels in GH3 cells. In the animal model, 

transcriptional and translational levels of PR in the uterus were differently regulated by D4. D4 

administration reduced mRNA levels of PR, while it induced protein levels at a high dose, although 

this was blocked by ICI. This suggests that transcriptional PR regulation by EE and D4 may be 
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different from the translational process. In previous studies, different regulation of PR between 

transcription and translation processes has been also reported in the uterus [52]. 

Silicones have been used widely due to their inert nature and stability under various conditions [53]. 

cVMSs are classified according to the number of silicon entities in their ring. D4, D5, and compounds 

depend on fewer or more silicon entities. These compounds have a high octanol water coefficient (Kow) 

indicating a preference for dissociation in lipid-rich tissues such as brain or adipose tissue in the 

abdomen [43]. Additionally, they have high vapor pressure and low molecular weight. Thus, these 

reagents are very volatile and are commonly found in the environment [39]. cVMSs have been 

produced in bulk in some nations that cannot ignore the effects of these compounds. Most breast 

implants currently used were made of silicone for safety reasons. Complexes of silicone used in 

implants are made from siloxane monomers. During the synthesis of silicones, many side products are 

also produced, including cVMSs. It has been known that D4 but not D5 has an ability to react with the 

ER [18]. Specific reactions of D4 with ER may be due to a slightly different morphological 3D 

chemical structure between cVMSs. The reactivity of D4 with ER was well established in an in vitro 

system when just ligand and receptor exist, however it was tolerated in an in vivo system. 

5. Conclusions  

In conclusion, we have examined the estrogenic effects of D4 in vitro and in vivo. In GH3 cells,  

D4 strongly induced CaBP-9k gene expression, which was diminished by ER antagonist, ICI. 

Although the UT assay failed to confirm the estrogenicity of D4 in vivo, our biomarker system was 

sensitive enough to reveal estrogenic effects of D4 in the uterus, suggesting that high doses of D4 

possess estrogenic properties and should be used in industrial fields with caution. 

Acknowledgments 

This work was supported by the National Research Foundation of Korea (NRF) Grant of Korean 

government (MEST) (No. 2013-010514). 

Author Contributions 

Eui-Bae Jeung and Dongoh Lee conceived and designed the experiments; Dongoh Lee and 

Changhwan Ahn performed the experiments; Dongoh Lee and Beum-Soo An analyzed the data;  

Changhwan Ahn contributed reagents/materials/analysis tools; Dongoh Lee and Beum-Soo An wrote  

the paper. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Mustonen, E.; Taponen, S.; Andersson, M.; Sukura, A.; Katila, T.; Taponen, J. Fertility and growth 

of nulliparous ewes after feeding red clover silage with high phyto-oestrogen concentrations. 

Animal 2014, 8, 1699–1705. 



Int. J. Environ. Res. Public Health 2015, 12 14622 

 

 

2. Diamanti-Kandarakis, E.; Bourguignon, J.P.; Giudice, L.C.; Hauser, R.; Prins, G.S.; Soto, A.M.; 

Zoeller, R.T.; Gore, A.C. Endocrine-disrupting chemicals: An endocrine society scientific 

statement. Endocr. Rev. 2009, 30, 293–342. 

3. Hilakivi-Clarke, L. Maternal exposure to diethylstilbestrol during pregnancy and increased breast 

cancer risk in daughters. Breast Cancer Res. 2014, 16, doi:10.1186/bcr3649. 

4. Kumar, E.; Holt, W.V. Impacts of endocrine disrupting chemicals on reproduction in wildlife.  

Adv. Exp. Med. Biol. 2014, 753, 55–70. 

5. Wan, H.T.; Mruk, D.D.; Wong, C.K.; Cheng, C.Y. Targeting testis-specific proteins to inhibit 

spermatogenesis: Lesson from endocrine disrupting chemicals. Expert Opin. Ther. Targets 2013,  

17, 839–855. 

6. Gross-Sorokin, M.Y.; Roast, S.D.; Brighty, G.C. Assessment of feminization of male fish in 

english rivers by the environment agency of england and wales. Environ. Health Perspect. 2006, 114, 

147–151. 

7. Caserta, D.; di Segni, N.; Mallozzi, M.; Giovanale, V.; Mantovani, A.; Marci, R.; Moscarini, M. 

Bisphenol a and the female reproductive tract: An overview of recent laboratory evidence and 

epidemiological studies. Reprod. Biol. Endocrinol. 2014, 12, doi: 10.1186/1477-7827-12-37. 

8. Rutkowska, A.; Rachoń, D. Bisphenol a (BPA) and its potential role in the pathogenesis of the 

polycystic ovary syndrome (PCOS). Gynecol. Endocrinol. 2014, 30, 260–265. 

9. Moriyama, K.; Tagami, T.; Akamizu, T.; Usui, T.; Saijo, M.; Kanamoto, N.; Hataya, Y.; Shimatsu, 

A.; Kuzuya, H.; Nakao, K. Thyroid hormone action is disrupted by bisphenol a as an antagonist. J. 

Clin. Endocrinol. Metab. 2002, 87, 5185–5190. 

10. Hultman, M.T.; Rundberget, J.T.; Tollefsen, K.E. Evaluation of the sensitivity, responsiveness and 

reproducibility of primary rainbow trout hepatocyte vitellogenin expression as a screening assay 

for estrogen mimics. Aquat. Toxicol. 2015, 159, 233–244. 

11. Wanda, G.J.; Starcke, S.; Zierau, O.; Njamen, D.; Richter, T.; Vollmer, G. Estrogenic activity of 

griffonianone C, an isoflavone from the root bark of millettia griffoniana: Regulation of the 

expression of estrogen responsive genes in uterus and liver of ovariectomized rats. Planta Med. 

2007, 73, 512–518. 

12. Jung, E.M.; An, B.S.; Choi, K.C.; Jeung, E.B. Potential estrogenic activity of triclosan in the 

uterus of immature rats and rat pituitary GH3 cells. Toxicol. Lett. 2012, 208, 142–148. 

13. Muhammad, S.I.; Maznah, I.; Mahmud, R.B.; Saeed, M.I.; Imam, M.U.; Ishaka, A. Estrogen 

receptor modulatory effects of germinated brown rice bioactives in the uterus of rats through the 

regulation of estrogen-induced genes. Drug Des. Devel. Ther. 2013, 7, 1409–1420. 

14. Lee, G.S.; Jung, E.M.; Choi, K.C.; Oh, G.T.; Jeung, E.B. Compensatory induction of the TRPV6 

channel in a calbindin-D9k knockout mouse: Its regulation by 1,25-hydroxyvitamin D3.  

J. Cell. Biochem. 2009, 108, 1175–1183. 

15. Dang, V.H.; Nguyen, T.H.; Choi, K.C.; Jeung, E.B. A calcium-binding protein, calbindin-D9k,  

is regulated through an estrogen-receptor mediated mechanism following xenoestrogen exposure 

in the GH3 cell line. Toxicol. Sci. 2007, 98, 408–415. 

16. Horii, Y.; Kannan, K. Survey of organosilicone compounds, including cyclic and linear siloxanes, 

in personal-care and household products. Arch. Environ. Contam. Toxicol. 2008, 55, 701–710. 



Int. J. Environ. Res. Public Health 2015, 12 14623 

 

 

17. Dudzina, T.; von Goetz, N.; Bogdal, C.; Biesterbos, J.W.; Hungerbühler, K. Concentrations of 

cyclic volatile methylsiloxanes in european cosmetics and personal care products: Prerequisite for 

human and environmental exposure assessment. Environ. Int. 2014, 62, 86–94. 

18. 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. In vitro and in vivo evaluation of the estrogenic, 

androgenic, and progestagenic potential of two cyclic siloxanes. Toxicol. Sci. 2007, 96, 145–153. 

19. He, B.; Rhodes-Brower, S.; Miller, M.R.; Munson, A.E.; Germolec, D.R.; Walker, V.R.; Korach, 

K.S.; Meade, B.J. Octamethylcyclotetrasiloxane exhibits estrogenic activity in mice via ER α.  

Toxicol. Appl. Pharmacol. 2003, 192, 254–261. 

20. Korzekwa, K. Enzyme kinetics of oxidative metabolism: Cytochromes p450. Methods Mol. Biol. 

2014, 1113, 149–166. 

21. Zhong, Y.; Dong, G.; Luo, H.; Cao, J.; Wang, C.; Wu, J.; Feng, Y.Q.; Yue, J. Induction of brain 

CYP2E1 by chronic ethanol treatment and related oxidative stress in hippocampus, cerebellum, 

and brainstem. Toxicology 2012, 302, 275–284. 

22. Ohno, M.; Motojima, K.; Okano, T.; Taniguchi, A. Induction of drug-metabolizing enzymes by 

phenobarbital in layered co-culture of a human liver cell line and endothelial cells. Biol. Pharm. 

Bull. 2009, 32, 813–817. 

23. Meucci, V.; Arukwe, A. The xenoestrogen 4-nonylphenol modulates hepatic gene expression of 

pregnane x receptor, aryl hydrocarbon receptor, CYP3A and CYP1A1 in juvenile atlantic salmon 

(salmo salar). Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2006, 142, 142–150. 

24. McKim, J.M.; Wilga, P.C.; Kolesar, G.B.; Choudhuri, S.; Madan, A.; Dochterman, L.W.; Breen, 

J.G.; Parkinson, A.; Mast, R.W.; Meeks, R.G. Evaluation of octamethylcyclotetrasiloxane (D4) as 

an inducer of rat hepatic microsomal cytochrome p450, UDP-glucuronosyltransferase, and 

epoxide hydrolase: A 28-day inhalation study. Toxicol. Sci. 1998, 41, 29–41. 

25. Rotroff, D.M.; Dix, D.J.; Houck, K.A.; Knudsen, T.B.; Martin, M.T.; McLaurin, K.W.; Reif, 

D.M.; Crofton, K.M.; Singh, A.V.; Xia, M.; et al. Using in vitro high throughput screening assays 

to identify potential endocrine-disrupting chemicals. Environ. Health Perspect. 2013, 121, 7–14. 

26. Vuorinen, A.; Odermatt, A.; Schuster, D. In silico methods in the discovery of endocrine 

disrupting chemicals. J. Steroid Biochem. Mol. Biol. 2013, 137, 18–26. 

27. Van Breemen, R.B.; Li, Y. Caco-2 cell permeability assays to measure drug absorption. Expert 

Opin. Drug Metab. Toxicol. 2005, 1, 175–185. 

28. Fasinu, P.; Bouic, P.J.; Rosenkranz, B. Liver-based in vitro technologies for drug 

biotransformation studies—A review. Curr. Drug Metab. 2012, 13, 215–224. 

29. T’jollyn, H.; Snoeys, J.; Colin, P.; van Bocxlaer, J.; Annaert, P.; Cuyckens, F.; Vermeulen, A.;  

van Peer, A.; Allegaert, K.; Mannens, G.; et al. Physiology-based ivive predictions of tramadol 

from in vitro metabolism data. Pharm. Res. 2015, 32, 260–274. 

30. Wetmore, B.A. Quantitative in vitro-to-in vivo extrapolation in a high-throughput environment. 

Toxicology 2014, 332, 94–101. 

31. Vo, T.T.; An, B.S.; Yang, H.; Jung, E.M.; Hwang, I.; Jeung, E.B. calbindin-D9k as a sensitive 

molecular biomarker for evaluating the synergistic impact of estrogenic chemicals on GH3 rat 

pituitary cells. Int. J. Mol. Med. 2012, 30, 1233–1240. 



Int. J. Environ. Res. Public Health 2015, 12 14624 

 

 

32. Vo, T.T.; Jeung, E.B. An evaluation of estrogenic activity of parabens using uterine calbindin-D9k 

gene in an immature rat model. Toxicol. Sci. 2009, 112, 68–77. 

33. Tinnanooru, P.; Dang, V.H.; Nguyen, T.H.; Lee, G.S.; Choi, K.C.; Jeung, E.B. Estrogen regulates 

the localization and expression of calbindin-D9k in the pituitary gland of immature male rats via 

the ER α-pathway. Mol. Cell. Endocrinol. 2008, 285, 26–33. 

34. Kim, S.M.; Jung, E.M.; An, B.S.; Hwang, I.; Vo, T.T.; Kim, S.R.; Lee, S.M.; Choi, K.C.; Jeung, 

E.B. Additional effects of bisphenol a and paraben on the induction of calbindin-D9k and 

progesterone receptor via an estrogen receptor pathway in rat pituitary GH3 cells. J. Physiol. 

Pharmacol. 2012, 63, 445–455. 

35. Kim, Y.R.; Jung, E.M.; Choi, K.C.; Jeung, E.B. Synergistic effects of octylphenol and isobutyl 

paraben on the expression of calbindin-D9k in GH3 rat pituitary cells. Int. J. Mol. Med. 2012, 29, 

294–302. 

36. Imaoka, S.; Enomoto, K.; Oda, Y.; Asada, A.; Fujimori, M.; Shimada, T.; Fujita, S.; Guengerich, 

F.P.; Funae, Y. Lidocaine metabolism by human cytochrome p-450s purified from hepatic 

microsomes: Comparison of those with rat hepatic cytochrome p-450s. J. Pharmacol. Exp. Ther. 

1990, 255, 1385–1391. 

37. Falany, C.N.; Li, G. Effects of age and pregnancy on cytochrome p450 induction by 

octamethyltetracyclosiloxane in female sprague-dawley rats. J. Biochem. Mol. Toxicol. 2005, 19, 

129–138. 

38. Dorne, J.L. Human variability in hepatic and renal elimination: Implications for risk assessment.  

J. Appl. Toxicol. 2007, 27, 411–420. 

39. Genualdi, S.; Harner, T.; Cheng, Y.; Macleod, M.; Hansen, K.M.; van Egmond, R.; Shoeib, M.;  

Lee, S.C. Global distribution of linear and cyclic volatile methyl siloxanes in air. Environ. Sci. 

Technol. 2011, 45, 3349–3354. 

40. Wang, R.; Moody, R.P.; Koniecki, D.; Zhu, J. Low molecular weight cyclic volatile 

methylsiloxanes in cosmetic products sold in canada: Implication for dermal exposure. Environ. 

Int. 2009, 35, 900–904. 

41. Zhang, K.; Wong, J.W.; Begley, T.H.; Hayward, D.G.; Limm, W. Determination of siloxanes in 

silicone products and potential migration to milk, formula and liquid simulants. Food Addit.  

Contam. Part A Chem. Anal. Control Expo Risk Assess. 2012, 29, 1311–1321. 

42. Flassbeck, D.; Pfleiderer, B.; Klemens, P.; Heumann, K.G.; Eltze, E.; Hirner, A.V. Determination 

of siloxanes, silicon, and platinum in tissues of women with silicone gel-filled implants.  

Anal. Bioanal. Chem. 2003, 375, 356–362. 

43. Luu, H.M.; Hutter, J.C. Bioavailability of octamethylcyclotetrasiloxane (D(4)) after exposure to 

silicones by inhalation and implantation. Environ. Health Perspect. 2001, 109, 1095–1101. 

44. Meeks, R.G. Bioavailability of D4 after inhalation and implantation exposure to silicones.  

Environ. Health Perspect. 2002, 110, A442–A443. 

45. Stoica, G.E.; Franke, T.F.; Moroni, M.; Mueller, S.; Morgan, E.; Iann, M.C.; Winder, A.D.; Reiter, 

R.; Wellstein, A.; Martin, M.B.; et al. Effect of estradiol on estrogen receptor-α gene expression 

and activity can be modulated by the ERBB2/PI 3-K/AKT pathway. Oncogene 2003, 22,  

7998–8011. 



Int. J. Environ. Res. Public Health 2015, 12 14625 

 

 

46. Okubo, T.; Yokoyama, Y.; Kano, K.; Kano, I. ER-dependent estrogenic activity of parabens  

assessed by proliferation of human breast cancer MCF-7 cells and expression of ER α and PR.  

Food Chem. Toxicol. 2001, 39, 1225–1232. 

47. Long, X.; Nephew, K.P. Fulvestrant (ICI 182,780)-dependent interacting proteins mediate 

immobilization and degradation of estrogen receptor-α. J. Biol. Chem. 2006, 281, 9607–9615. 

48. Wardell, S.E.; Marks, J.R.; McDonnell, D.P. The turnover of estrogen receptor α by the selective 

estrogen receptor degrader (SERD) fulvestrant is a saturable process that is not required for 

antagonist efficacy. Biochem. Pharmacol. 2011, 82, 122–130. 

49. Yeh, W.L.; Shioda, K.; Coser, K.R.; Rivizzigno, D.; McSweeney, K.R.; Shioda, T. Fulvestrant-

induced cell death and proteasomal degradation of estrogen receptor α protein in MCF-7 cells 

require the CSK C-SRC tyrosine kinase. PLoS ONE 2013, 8, doi:10.1371/journal.pone.0060889. 

50. Kocanova, S.; Mazaheri, M.; Caze-Subra, S.; Bystricky, K. Ligands specify estrogen receptor α 

nuclear localization and degradation. BMC Cell Biol. 2010, 11, doi:10.1186/1471-2121-11-98. 

51. McKim, J.M.; Wilga, P.C.; Breslin, W.J.; Plotzke, K.P.; Gallavan, R.H.; Meeks, R.G. 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. 2001, 63, 37–46. 

52. Ren, C.E.; Zhu, X.; Li, J.; Lyle, C.; Dowdy, S.; Podratz, K.C.; Byck, D.; Chen, H.B.; Jiang, S.W. 

Microarray analysis on gene regulation by estrogen, progesterone and tamoxifen in human 

endometrial stromal cells. Int. J. Mol. Sci. 2015, 16, 5864–5885. 

53. Johnson, W.; Bergfeld, W.F.; Belsito, D.V.; Hill, R.A.; Klaassen, C.D.; Liebler, D.C.; Marks, J.G.; 

Shank, R.C.; Slaga, T.J.; Snyder, P.W.; et al. Safety assessment of cyclomethicone, 

cyclotetrasiloxane, cyclopentasiloxane, cyclohexasiloxane, and cycloheptasiloxane. Int. J. Toxicol. 

2011, 30, S149–S227. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

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



A

f
c
p
t
i
t
r
f
a
©

K

1

d
b
c
a
w
a
p
u
i

R
F

0
d

Reproductive Toxicology 23 (2007) 192–201

An inhalation reproductive toxicity study of octamethylcyclotetrasiloxane
(D4) in female rats using multiple and single day exposure regimens

Robert G. Meeks a, Donald G. Stump b, Waheed H. Siddiqui a,∗,
Joseph F. Holson b, Kathleen P. Plotzke a, Vincent L. Reynolds c

a Dow Corning Corporation, Midland, MI 48686, USA
b WIL Research Laboratories, LLC, Ashland, OH 44805, USA

c Eli Lilly & Company, Greenfield, IN 46140, USA

Received 13 July 2006; received in revised form 6 December 2006; accepted 20 December 2006
Available online 3 January 2007

bstract

Octamethylcyclotetrasiloxane (D4) has been shown to have effects on the female rat reproductive cycle. This study evaluated the phase of the
emale rat reproductive cycle affected by D4 using a study design that allowed the complete female reproductive cycle, as well as phases of the
ycle, from pre-mating through gestation, to be evaluated. Rats were exposed via whole body vapor inhalation up to 700 ppm D4 during the overall
hase (28 days prior to mating through gestation day (GD) 19), the ovarian phase (31–3 days prior to mating), the fertilization phase (3 days prior to
he start of mating through gestation day 3), and the implantation phase (GD 2–GD 5) of the reproductive cycle. D4 was associated with decreases
n implantation sites and litter size in the overall and fertilization phases, but not in the ovarian or implantation phases. In order to further define
he sensitive period for D4 exposure, additional groups of rats were exposed on single days. A single 6 h exposure to D4 on the day prior to mating

esulted in a significant reduction in fertility. These data indicate that there is a very narrow window, around the time of ovulation and fertilization,
or D4 to exert effects on the reproductive cycle of the female rat. Subsequent research, reported elsewhere, has elucidated the mode of action and
ssessed its potential relevance to humans.

2007 Elsevier Inc. All rights reserved.
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. Introduction

Octamethylcyclotetrasiloxane (D4) is a clear, odorless cyclic
imethyl siloxane that consists of alternating silicon–oxygen
onds connected in a ring arrangement with two methyl groups
ovalently bonded to each silicon atom. D4 is primarily used as
n intermediate in the manufacture of polydimethylsiloxanes,
hich are compounds widely used in industrial and consumer

pplications [1]. D4 also has been used in selected personal care

roducts and as an ingredient in household care products. Thus,
nder normal use conditions, humans may be exposed to D4 by
nhalation or skin contact.

∗ Corresponding author at: Dow Corning Corporation, 2200 W. Salzburg
oad, P.O. Box 994, Mail# CO3101, Midland, MI 48686-0994, USA.
ax: +1 989 496 5816.
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A series of general reproduction and fertility screening
tudies with inhaled D4 were conducted in rats. These screening
tudies include a variety of one-generation studies, i.e., two
ange finding [2] and [3], two male [4] and [5] and one female [6]
tudy. In all these studies, male and/or female Sprague–Dawley
ats were exposed by whole body vapor inhalation to D4 at con-
entrations ranging from 70 to 700 ppm for 6 h/day, 7 days/week.
ll of the exposures in these studies were continuous for at least
8 days prior to mating, with exposure to females continuing
n some studies throughout gestation and lactation. The major
ndings noted in females exposed to D4 at 700 ppm in the two
ange-finding studies [2] and [3] and the two studies in which
reated females were mated to control males [6] and [7] were
tatistically significant treatment-related decreases in: number

f corpora lutea, number of uterine implantation sites, total
umber of pups born, and mean live litter size. These parameters
re all inter-related in that a reduction in the number of eggs
vulated (represented by the number of corpora lutea) will

mailto:waheed.siddiqui@dowcorning.com
dx.doi.org/10.1016/j.reprotox.2006.12.005
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ffect the number of implantation sites, the number of fetuses,
nd therefore the potential litter size. The mean live litter size in
he 700 ppm exposure groups was consistently 60–70% of the
ontrol values.

In a two-generation inhalation reproductive toxicity study
8], a treatment-related reduction in mean live litter size was
een in both the first (F0) and second F1 generations at 500 and
00 ppm. The calculated male and female mating and fertility
ndices were reduced in the 700 ppm group following first and
econd F1 mating and in the 500 ppm during the second F1 mat-
ng. The number of litters produced following the first mating
eriod of the F1 generation was 29 in the control group com-
ared to only 17 in the 700 ppm group. For the second mating
eriod of this generation, 26 litters were produced for the control
roup compared to only 17 and 12 litters in the 500 and 700 ppm
roups, respectively. Subsequently evaluation of the data indi-
ated that the effect was a reduction in the mating indices, which
as likely due to estrous cycle disturbances (persistent diestrus;
ve or more consecutive days of diestrus). In the 500 ppm group,
of the 13 females that failed to deliver following the second
ating were in persistent diestrus prior to the mating period. In

he 700 ppm groups 10 of 13 and 16 of 18 females that failed
o deliver were in persistent diestrus prior to the first and sec-
nd mating period, respectively. There were no effects on male
eproductive endpoints or on mating and fertility when the F1
ales were subsequently mated to untreated females.
In the female rat, the estrous cycle is tightly controlled

y a series of hormonal signals. The hormonal changes that
ccur over the course of the estrous cycle invoke responses in
eproductive tissues, including the ovary and the uterus. Suc-
essful reproduction requires both hormonal changes and tissues
esponses. Interference with either during the rat estrous cycle
ould result in a decrease in number of corpora lutea and, con-
equently, litter size as reported in the reproductive toxicity
ange-finding studies with D4. The purpose of this investigation
as to evaluate the temporal responsiveness of the effects seen

n female rats to D4 in these reproductive studies and to iden-
ify the phase of the female rat reproductive cycle affected by

4. In order to accomplish this, a study design was employed
hat allowed the complete female reproductive cycle, includ-
ng the individual phases of the cycle, from pre-mating through
estation, to be evaluated.

. Materials and methods

.1. Test material

The test article, octamethylcyclotetrasiloxane (D4), was supplied by Dow
orning Corporation, Midland, Michigan. The test material was described as a
lear, colorless liquid with a purity >99%.

.2. Animals—experiments 1 and 2

Virgin male and female Crl:CD® (SD) BR rats (females were 59–71 days

f age upon receipt) were received from Charles River Laboratories, Inc. Upon
rrival, all animals were housed individually in clean wire-mesh cages, sus-
ended above cage-board. The animals were allowed an acclimation period of
t least 14 days prior to study initiation. Reverse osmosis-treated municipal
rinking water, delivered by an automatic watering system, and the basal diet
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PMI Nutrition International, Inc., Certified Rodent LabDiet® 5002) were pro-
ided ad libitum throughout the acclimation periods and during the study. Food
nd water were withheld from the female rats during each daily exposure period.
he animals were housed in an environmentally controlled room maintained at
temperature of 72 ± 4 ◦F, relative humidity of 40–70% and 12 h light/dark

ycles.

.3. Administration of test article

Animals were exposed via whole-body vapor inhalation 6 h/day. Days of
xposure were dependent on specific exposure groups, which are discussed
elow. Exposure concentrations within the chamber were measured 10 times
approximately every 35 min) during each exposure period by a gas chromato-
raphic method established during the method development phase of this study.
hamber ventilation rate (airflow), temperature, and relative humidity within the
hamber were monitored continuously and were recorded approximately every
5 min. Nominal chamber concentrations were determined daily for each cham-
er by weighing the amount of test article used during atmosphere generation,
onverting this mass to volume using standard gas laws, and dividing this test
rticle volume by the total volume of air displaced through the chamber during
he exposure. Total air volume was calculated by multiplying mean chamber
entilation rate (in l/min) by the exposure duration (in minutes). Each group of
nimals was exposed in a 2.0 m3 stainless-steel-and-glass whole-body inhala-
ion chamber. The chambers were operated under dynamic conditions at a slight
egative pressure (approximately 0.5 in. of water) at air flows of at least 12–15
ir changes per hour. Instrumentation was set to maintain the temperature inside
he exposure at 20–26 ◦C and relative humidity between 30% and 60%.

.4. Study design—experiment 1

Previous studies [2,3,6] demonstrated that exposure of female rats to
00 ppm of D4 for at least 28 days prior to mating and continuing through
he mating and lactation period resulted in reduction in live litter size. In order
o identify the critical window of exposure required for the effect on litter size,
ats were exposed daily for 6 h/day during different phases prior to the mating
eriod, during the mating period and/or during gestation (overall phase, ovarian
hase, fertilization phase, and implantation phase) (Fig. 1). The overall phase
onsisted of four test article groups (24 females per group) with target concen-
rations of 70, 300, 500, or 700 ppm exposed for 28 days prior to mating, and
hrough mating and gestation until gestation day (GD) 19. This phase replicated
revious exposure scenarios where the identified effects had been observed. The
varian phase, fertilization phase, and implantation phase each consisted of one
est article group (60, 60, and 24 females, respectively) with a target concen-
ration of 700 ppm. The ovarian phase female rats were exposed from 31 days
rior to the start of the mating interval until 3 days prior to the start of the mating
nterval (total exposure duration = 28 days). In the fertilization phase, female rats
ere exposed from 3 days prior to the start of the mating interval and through the
ating interval until GD 3. The implantation phase female rats were exposed

rom GD 2 through 5. Concurrent female control groups of similar design in
ach phase were exposed to filtered air on comparable regimens.

Animals in the overall phase, ovarian phase, and fertilization phase were
ssigned to groups using a body weight stratification randomized in a block
esign and were paired on a 1:1 basis within each exposure group after the
emales were exposed to D4. Positive evidence of mating was confirmed by the
resence of sperm in a vaginal smear or a copulatory plug and that day was
ermed gestation day 0 (GD 0). When evidence of copulation was not detected
fter 10 days of pairing (overall phase), the female was placed with another
ale previously mated with another female in the same exposure group for an

dditional 5 days. When evidence of mating was not apparent after 15 days,
he female was euthanized and discarded without further examination. In the
varian phase, females with no evidence of mating after 10 days of pairing
ere euthanized and discarded without further examination. In the fertilization

hase, a maximum of 5 days was allowed for mating in the control group, and a
aximum of 2 days was allowed for mating in the 700 ppm group. The mating

eriod for the 700 ppm group females in the fertilization phase was limited to 2
ays so that the animals would not be exposed to the test article for more than
ne estrous cycle. Because the control group females were not exposed to test
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Fig. 1. Study d

rticle, there was no need to limit the mating period to 2 days. Females with no
vidence of mating after these intervals were euthanized and discarded without
urther examination.

The experimental design for the implantation phase consisted of one control
group 1) and one exposure group (group 2). The bred females were consecu-
ively assigned in a block design to each reproduction group by the following
andomization procedure. The first pregnant female and the appropriate GD 0
esignation were recorded and the female was assigned to group 1, the second
ated female was assigned to group 2, and the third to group 1, etc. This process
as continued daily until the required number of females (24) was placed into

ach group.
Female body weights were recorded beginning with the initiation of exposure

nd continuing through mating and gestation (overall phase and ovarian phase)
r during gestation only (fertilization phase and implantation phase). Gravid

terine weight was determined for each female.

All surviving females with evidence of mating were euthanized by intra-
enous injection of sodium pentobarbital via the tail vein on GD 20. The thoracic,
bdominal, and pelvic cavities were examined. The ovaries and uterus were
xcised, and the number of corpora lutea (CL) on each ovary was recorded. The

f
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Fig. 2. Study design
experiment 1.

rimmed uterus was weighed and opened, and the number and location of all
iable and non-viable fetuses, early and late resorptions, and the total number
f implantation sites were recorded.

Uteri with no macroscopic evidence of implantation were placed in 10%
mmonium sulfide for detection of early implantation loss as described by
alewski [9]. The ovaries, thyroid gland, adrenal glands, and brain were weighed
nd preserved in 10% neutral buffered formalin for possible histopathological
xamination. Other maternal tissues were preserved in 10% neutral buffered
ormalin for possible histopathological examination (only as indicated by the
ross findings).

.5. Study design—experiment 2
This experiment consisted of a protocol similar to experiment 1 with the
ocus on the fertilization and implantation phases (Fig. 2) to further define the
emporal responsiveness of the effects seen following exposure to D4 during
hese phases. All exposures were 6 h/day at a D4 concentration of 0 or 700 ppm.
n the pre-mating phase, rats were exposed to D4 as a single 6 h exposure 1, 2,

experiment 2.
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Table 1
Summary of mean fetal data at scheduled necropsy – Overall phase (28 days
prior to mating through GD 19)

Group (ppm) 0 70 300 500 700

Number gravid females 23 22 23 23 21

GD 0–20 body weight gain (g)
Mean 131 132 132 121 113*

S.D. 14.5 19.8 18.3 25.0 28.1

Gravid uterine weight (g)
Mean 72.5 75.7 74.6 61.1 50.6**

S.D. 11.08 9.10 19.07 20.49 27.42

Number corpora lutea
Mean 16.2 15.8 14.6* 14.1** 14.7
S.D. 2.07 1.82 1.97 2.69 2.48

Number implantation sites
Mean 14.7 14.9 13.5 11.6** 10.0**

S.D. 1.68 1.88 2.87 3.67 4.03

Pre-implantation loss (% per litter)
Mean 8.6 6.0 7.3 19.4 31.1**

S.D. 8.91 6.29 15.64 20.45 26.82

Early resorptions (% per litter)
Mean 7.1 6.1 7.2 11.3 16.6
S.D. 9.23 6.87 16.39 14.39 25.39

Late resorptions (% per litter)
Mean 0.6 0.0 0.3 0.0 0.0
S.D. 2.08 0.00 1.48 0.00 0.00

Post-implantation loss (% per litter)
Mean 7.8 6.1 7.5 11.3 16.6
S.D. 9.47 6.87 16.46 14.39 25.39

Number viable fetuses
Mean 13.7 13.9 12.8 10.4** 8.7**

S.D. 2.27 1.66 3.47 3.80 4.72
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, or 4 days prior to mating (days-1–4 groups, respectively); or daily for 3 days
rior to mating through 1 day prior to mating (days-3–1); or daily beginning 3
ays prior to mating and continuing through gestation day 3 (day-3 through GD
). In the Post-mating phase, groups were exposed to test article as a single 6 h
xposure on gestation days 0, 1, or 2 (GD 0, GD 1, or GD 2 groups, respectively).
he last group was exposed from GD 0–2 (GD 0–2).

Following exposure, females in the pre-mating phase were paired on a 1:1
asis with unexposed male rats. Positive evidence of mating was confirmed by
he presence of sperm in a vaginal smear or a copulatory plug and that day was
ermed GD 0. The experimental design of the post-mating phase consisted of four
xposure groups and 1 control group, with 25 females in each group. The bred
emales were consecutively assigned in a block design to groups containing 25
ats each by the following procedure. The first mated female and the appropriate
D 0 designation were recorded and the female was assigned to group 1, the

econd mated female was assigned to group 2, and the third to group 3, etc. This
rocess was continued daily until 25 females were placed into each group.

Individual body weights were measured on GD 0, 4, and 8 for all females. All
emales were euthanized by intravenous injection of sodium pentobarbital via a
ail vein on GD 8 and the thoracic, abdominal, and pelvic cavities examined. The
terus of each dam was excised, and the number of CL on each ovary and the total
umber of implantation sites were recorded. The individual uterine distribution
f implantation sites was documented. During the uterine examination, some of
he implantation sites appeared to be atypically small and it was hypothesized
hat the smaller implantation sites may have been an indication of a delay in uter-
ne implantation. Based on this observation, the implantation site that appeared
o be small in size by visual inspection was measured using calipers. To provide
n estimate of the diameter of a normal gestation day 8 implant, all implanta-
ion sites were measured for five control females with implantation site counts of
7–19 sites/dam. Based on the mean diameter of the implantation sites from these
ve control group females (4.5 mm), it was decided that measured implantation
ites that were less than 3.6 mm in diameter would be considered to be small.
teri with no macroscopic evidence of implantation were placed in 10% ammo-
ium sulfide for detection of early implantation loss as described by Salewski
9]. The uterus and ovaries from all females were weighed and preserved in
0% neutral buffered formalin for possible histopathological evaluation. Other
aternal tissues were preserved in 10% neutral buffered formalin for possible

istopathological examination only as indicated by the gross findings. Micro-
copic examinations were performed on all small implantation sites detected in
his study and on representative implantation sites present in uteri from control
roup females. The ovaries from dams treated on day-1 (i.e., proestrus) along
ith ovaries from their concurrent control group were also evaluated.

.6. Statistical analyses

All analyses of reproduction group female data were conducted for a min-
mum significance level of 5% comparing each treated group to the control
roup; all means are presented with standard deviations (S.D.). All tests for sig-
ificance at the 5% probability level were two-tailed for the group comparisons.
he litter was used as the experimental unit. The χ2-test with Yates’ correction

actor was used to compare mating/fertility indices [10]. An analysis of variance
two-tailed) with Dunnett’s test [11] was used to compare pre-coital intervals,
aternal body weight data, gravid uterine weights, viable fetuses, implanta-

ion sites, corpora lutea, and organ weights (absolute and relative to final body
eights). The Kruskal–Wallis test with the Mann–Whitney U-test [12] was used

or litter proportions of intrauterine data (considering the litter, rather than the
etus, as the experimental unit).

. Results

For experiment 1 the analyzed mean exposure concentrations
or the overall phase were 72, 301, 503 and 698 ppm in the 70,

00, 500 and 700 ppm target concentration groups, respectively.
he analyzed mean exposure concentrations for the 700 ppm

arget concentration in the ovarian phase, fertilization phase and
mplantation phase were 702, 696 and 702 ppm, respectively.

(

w
a

* Significantly different from control at P < 0.05 level.
** Significantly different from control at P < 0.01 level.

or experiment 2 the analyzed mean exposure concentration for
he 700 ppm target concentration for both the pre-mating phase
nd the post-mating phase was 700 ppm.

.1. Experiment 1

.1.1. Overall phase (Table 1)
One female in the 700 ppm group delivered seven pups with

o apparent external malformations during exposure on GD 19.
his unscheduled delivery was most likely due to an error in

he detection of evidence of mating, and was not attributed to
est article exposure. All other females survived to the scheduled
uthanasia or GD 20 laparohysterectomy. No treatment related
linical signs were observed. A statistically significant lower
ean body weight gain was observed in the 700 ppm group dur-

ng gestation (Table 1). Mean absolute maternal adrenal gland
eight was significantly increased in the 700 ppm group by
6.8% relative to control group. All other maternal organ weights

brain, ovary and thyroid) were unaffected by D4 exposure.

Days between pairing and coitus, mating and fertility indices
ere not adversely affected by exposure to D4. The percent-

ge of gravid females in the control and D4-exposed groups
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Table 2
Summary of mean fetal data at scheduled necropsy – Ovarian phase (31 days
prior to mating through 3 days prior to mating)

Group (ppm) 0 700

Number gravid females 26 50

GD 0–20 body weight gain (g)
Mean 137 140
S.D. 16.2 17.0

Gravid uterine weight (g)
Mean 81.8 78.6
S.D. 12.97 15.57

Number corpora lutea
Mean 17.0 16.5
S.D. 2.3 2.44

Number implantation sites
Mean 15.0 14.4
S.D. 1.79 2.88

Pre-implantation loss (% per litter)
Mean 11.0 12.3
S.D. 10.76 14.93

Early resorptions (% per litter)
Mean 2.5 3.9
S.D. 4.01 5.18

Late resorptions (% per litter)
Mean 0.3 0.3
S.D. 1.51 1.49

Post-implantation loss (% per litter)
Mean 2.7 4.2
S.D. 4.65 5.34

Number viable fetuses
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anged from 91.7% to 95.8%. The mean numbers of corpora
utea were reduced in the three highest exposure groups, but sta-
istical significance was achieved only in the 300 and 500 ppm
roups (Table 1). As a result of the lower numbers of corpora
utea and increased pre-implantation loss at 500 and 700 ppm,
here was a significant reduction in the mean number of viable
etuses noted in the 500 and 700 ppm groups (Table 1). As a
esult of the lower number of viable fetuses, mean gravid uter-
ne weight was reduced in both of these groups but only the
ecrease in the 700 ppm group was statistically significant. Mean
ost-implantation loss (% per litter) was increased (primarily
ue to a higher percentage of early resorptions) but not sig-
ificantly, in the 700 ppm group. Intrauterine survival (viable
etuses, pre-implantation and post-implantation losses) in the
0 and 300 ppm groups was unaffected by test article exposure.

.1.2. Ovarian phase (Table 2)
All females survived to the scheduled euthanasia; no

xposure-related clinical signs or internal findings were noted.
ean body weight gain during gestation in the 700 ppm group
as similar to the control group. Mean maternal brain, ovary,

drenal gland and thyroid gland weights in the 700 ppm were
omparable to the controls. Days between pairing and coitus,
ating indices, and fertility indices were not adversely affected

y exposure to D4. The percentage of gravid females in the
ontrol and 700 ppm groups was 86.7% and 83.3%, respec-
ively. The number of corpora lutea and intrauterine survival
ere unaffected by exposure to D4.

.1.3. Fertilization phase (Table 3)
All females survived to the scheduled euthanasia; no

xposure-related clinical signs or internal findings were noted.
statistically significant lower mean body weight gain was

bserved in the 700 ppm group during gestation. Absolute mater-
al ovarian weight in the 700 ppm group was decreased by 10.1%
elative to control group. Mean brain, adrenal gland and thyroid
land weights in the 700 ppm group were comparable to the
ontrols.

Because of the unusual design of the fertilization phase (only
days allowed for breeding so that the D4 exposure would not

ccur over more than one estrous cycle while control group ani-
als were allowed 5 days for breeding), comparison of the

umber of days between pairing and coitus, mating indices,
nd fertility indices were not appropriate. The mean number
f corpora lutea in the females exposed to 700 ppm D4 was sig-
ificantly lower as compared to control value. As a result of
he lower number of corpora lutea and a significant increase in
he percentage of pre-implantation loss, the mean number of
mplantation sites was significantly reduced. As a result of the
ower number of implantation sites and significant increase in
he percentage of early resorptions, the mean number of viable
etuses and gravid uterine weight were significantly reduced.
.1.4. Implantation phase (Table 4)
One female in the control group died from an undetermined

ause on post mating day 2. All other females survived to the
cheduled GD 20 laparohysterectomy. Clinical signs noted in

i
f

w

Mean 14.6 13.8
S.D. 2.06 2.85

o significant changes were noted.

he 700 ppm group females occurred infrequently and/or at a
imilar frequency in the control group. The percentage of gravid
emales in the control and 700 ppm groups was 100.0% and
5.8%, respectively. The number of corpora lutea and intrauter-
ne survival were unaffected by exposure to D4, as were mean

aternal brain, ovary, adrenal gland, and thyroid gland weights
n the 700 ppm group, when compared with the controls.

.2. Experiment 2 (Tables 5 and 6)

All females in the pre-mating and post-mating phases sur-
ived to scheduled necropsy on GD 8. No exposure-related
linical observations or internal findings (exclusive of the repro-
uctive tract) were noted in females from either phase. In the
re-mating phase, the fertility index (number gravid/number
ith evidence of mating) in the females exposed 1 day prior

o mating was significantly reduced relative to the control group
alue (64.7% in the day-1 group, as compared to 95.5% in the
ontrol group). The fertility indices were unaffected by exposure

n the other pre-mating phase groups. In the post-mating phase,
ertility indices were unaffected by test article exposure.

In the pre-mating phase, the mean numbers of corpora lutea
ere significantly reduced only in the day-3 through GD 3 group
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Table 3
Summary of mean fetal data at scheduled necropsy – Fertilization phase (3 days
prior to mating through GD 3)

Group (ppm) 0 700

Number gravid females 28 19

GD 0–20 body weight gain (g)
Mean 141 123**

S.D. 16.9 22.6

Gravid uterine weight (g)
Mean 77.5 44.5**

S.D. 11.06 23.88

Number corpora lutea
Mean 17.1 14.6**

S.D. 2.91 2.09

Number implantation sites
Mean 15.1 10.4**

S.D. 1.71 4.25

Pre-implantation loss (% per litter)
Mean 9.8 28.4**

S.D. 12.49 27.24

Early resorptions (% per litter)
Mean 6.4 18.0*

S.D. 7.07 18.68

Late resorptions (% per litter)
Mean 0.0 0.0
S.D. 0.00 0.00

Post-implantation loss (% per litter)
Mean 6.4 18.0*

S.D. 7.07 18.68

Number viable fetuses
Mean 14.2 8.7**

S.D. 2.11 4.23

(
w
t
-
t
w
r
o
i
t
b
l
b

s
T
t
n
l
b
b
p

Table 4
Summary of mean fetal data at scheduled necropsy – Implantation phase (GD
2–5)

Group (ppm) 0 700

Number gravid females 23 23

GD 0–20 body weight gain (g)
Mean 139 133
S.D. 20.2 19.5

Gravid uterine weight (g)
Mean 80.5 74.7
S.D. 11.18 15.38

Number corpora lutea
Mean 16.7 16.3
S.D. 2.01 2.09

Number implantation sites
Mean 15.5 14.7
S.D. 1.56 2.4

Pre-implantation loss (% per litter)
Mean 6.4 9.3
S.D. 6.26 9.63

Early resorptions (% per litter)
Mean 5.9 8.9
S.D. 7.96 9.86

Late resorptions (% per litter)
Mean 0.0 0.0
S.D. 0.00 0.00

Post-implantation loss (% per litter)
Mean 5.9 8.9
S.D. 7.96 9.86

Number viable fetuses
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* Significantly different from control at P < 0.05 level.
** Significantly different from control at P < 0.01 level.

Table 5). The mean number of implantation sites in this group
as decreased, when compared with the controls, although sta-

istical significance was not achieved. In the days-1 to -4, and
3 to -1 groups, the mean numbers of corpora lutea and implan-
ation sites were unaffected by exposure. Pre-implantation loss
as unaffected by exposure under all pre-mating phase treatment

egimens. An increased number of small implantation sites was
bserved in the day-3 through GD 3 group. The numbers of small
mplantation sites in the other exposed groups were similar to
he control group value. In the post-mating phase, mean num-
ers of corpora lutea and implantation sites, pre-implantation
oss, and numbers of small implantation sites were unaffected
y test article exposure under all treatment regimens (Table 6).

In the pre-mating phase, absolute mean uterine weights were
ignificantly reduced (19.8%) in the day-3 through GD 3 group.
he reductions in the mean uterine weights were consistent with

he reduced number of total implantation sites and the increased
umber of small implantation sites in this group. The mean abso-

ute and relative ovarian weights in this group were unaffected
y exposure. Mean uterine and ovarian weights were unaffected
y exposure in all other pre-mating phase groups and in all
ost-mating phase groups. In the pre-mating phase, the ovaries

p
p

i

Mean 14.6 13.4
S.D. 1.92 2.69

o significant changes were noted.

rom all females in the day-1 group had a normal complement
f corpora lutea. All were consistent with the corpora lutea of
regnancy (11 rats) or pseudopregnancy (six non-pregnant rats).

. Discussion

In these studies, exposures to D4 during certain critical phases
f the female reproductive cycle were associated with decreases
n corpora lutea and decreases in litter size in rats. These effects
ere observed in the overall and fertilization phases of exper-

ment 1 (Table 7). When rats were exposed over the course of
everal estrous cycles and then stopped prior to mating (e.g.,
he ovarian phase of experiment 1), there were no effects on the
ndpoints measured. These data indicate that D4 has no effect on
ollicle growth and maturation of the ova within the follicle and
hat the adverse reproductive effects seen with exposure to D4
re fully reversible. Post-implantation loss, due entirely to early
esorptions, was increased in the fertilization phase rats when
he data were expressed as percent per litter (Table 7). However,

ost-implantation loss was not increased in the implantation
hase.

In experiment 2, the numbers of corpora lutea were decreased
n the day-3 to GD 3 group (Table 8). There were no effects on
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Table 5
Summary of mean fetal data at scheduled necropsy-pre-mating phase

Group 0 ppm Day-1a Day-2a Day-3a Day-4a Days-3–1a Days-3–GD 3a

Number gravid females 21 11 22 40 22 39 36

GD 0–8 body weight gain (g)
Mean 36 35 32 42 37 46** 37
S.D. 7.3 10.2 8.5 9.4 9.0 8.5 10.5

Fertility index (%)b 95.5 64.7* 100 100 95.7 97.5 90.0

Gravid uterine weight (g)
Mean 1.15 1.03 1.14 1.27 1.19 1.15 0.92**

S.D. 0.30 0.30 0.28 0.23 0.17 0.21 0.21

Number corpora lutea
Mean 16.0 16.1 16.3 16.0 15.7 14.9 13.9**

S.D. 3.73 2.51 2.98 1.69 1.46 2.01 1.78

Number implantation sites
Mean 13.8 13.6 13.5 15.2 15.2 13.7 12.1
S.D. 4.17 3.83 3.39 2.80 1.57 2.83 3.24

Pre-implantation loss (% per litter)
Mean 12.4 16.4 16.0 5.5 2.9 8.3 14.0
S.D. 22.06 17.99 21.08 14.53 4.16 13.40 19.27

Number (litters) of small implantation sites 1 (1) 1 (1) 2 (2) 0 (0) 1 (1) 1 (1) 22 (10)

* Significantly different from the control group at the P < 0.05 level.
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** Significantly different from the control group at the P < 0.01 level.
a Exposed to 700 ppm D4.
b Number of gravid females/number with evidence of mating × 100.

mplantation loss in any experiment 2 group. Fertility was sig-
ificantly reduced following a single 6 h exposure to 700 ppm of
4 on the day prior to mating (Table 8). There was an increase in

he occurrence of small implantation sites in the day-3 through
D 3 group; however, this may have been due to sample section-
ng. The cells of the decidual section of the small sites appeared
istologically normal and comparable to the larger sites.

Collectively, the data reported here indicate that the effects
f D4 on reproduction in the female rat are related to decreases

g
o
e
c

able 6
ummary of mean fetal data at scheduled necropsy-post-mating phase

roup 0 ppm G

umber gravid females 24 2
ertility index (%)b 96.0 9

ravid uterine weight (g)
Mean 1.17
S.D. 0.21

umber corpora lutea
Mean 15.8 1
S.D. 2.63

umber implantation sites
Mean 15.2 1
S.D. 3.72

re-implantation loss (% per litter)
Mean 4.9
S.D. 16.83 1

umber (litters) of small implantation sites 2 (2)

a Exposed to 700 ppm D4.
b Number of gravid females/number with evidence of mating × 100.
n ovulation and that there is a very narrow window, around the
ime of ovulation and fertilization, where exposures to D4 have
n effect. When D4 exposure occurred 1 day prior to mating, the
nly effect observed was on fertility.

While D4 has been shown to be a very weak partial estro-

en agonist, the relative potency of D4 was several orders
f magnitude less than other estrogenic compounds such as
thinylestradiol, diethylstilbesterol, and several times less than
oumestrol (D4 was ∼0.6 million times less potent in SD rats

D 0a GD 1a GD 2a GD 0–2a

3 23 22 22
2.0 92.0 88.0 88.0

1.11 1.16 1.13 1.09
0.21 0.31 0.37 0.21

5.9 15.5 15.3 14.5
1.70 2.66 2.63 2.42

4.9 14.0 13.7 13.8
3.36 4.24 4.99 3.22

7.0 11.4 11.8 6.1
7.68 22.54 26.59 13.08

0 (0) 0 (0) 0 (0) 1 (1)
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Table 7
Summary of phased female study

Study/phase Protocol MI FI Corpora lutea Implantation loss Viable fetuses

Overall −28 days until GD 19;
6 h/day at 0, 70, 300, 500,
or 700 ppm

NS NS Significant decrease at
300 and 500 ppm;
non-significant decrease
at 700 ppm but at low
end of historical range

Increase in
pre-implantation loss at
500 (not significant) and
700 ppm (significant);
mean post-implantation
loss not significantly
increased at 700 ppm

The mean number of
viable fetuses in the 500
and 700 ppm group
significantly decreased

Ovarian −30 days until −3 days;
6 h/day at 700 ppm

NS NS NS NS NS

Fertilization −3 days until GD 3;
6 h/day at 700 ppm

NA NS Significant decrease in
mean number at
700 ppm

Significant increase in
pre-implantation loss and
post-implantation loss
(due to entirely early
resorptions)

Significant decrease in
live litter size

Implantation GD 2–5; 6 h/day at
700 ppm

NA NS NS NS NS
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A: not applicable; NS: not significant; MI: mating index; FI: fertility index.

hen compared to ethinylestradiol) [13]. However, the obser-
ations on the reproductive studies with D4 are not consistent
ith an estrogenic mode of action. For example, there were no

ffects on male or female reproductive organs or male acces-
ory sex organs, sperm counts, sperm production rate, sperm
otility or morphology, vaginal patency, balanopreputial sepa-

ation, or anogenital distance or male reproductive performance
8]. Endpoints such as vaginal patency and balanopreputial sep-
ration [14,15] are endpoints that are typically affected with
xposures to estrogenic compounds. Further, the lack of effects
n male reproductive organs and sperm counts, sperm produc-
ion rate, sperm motility or morphology also calls into question

strogenicity as a mode of action for the D4 reproductive effects.

Compounds, such as the barbiturates [16–18], have been
hown to delay or suppress the LH surge in rats when adminis-
ered during a critical period on the day of proestrus resulting

a
r
[
c

able 8
ummary of single and multiple exposures study

rotocol FI Corpora lu

re-mating study
Groups exposed 6 h/day at 700 ppm for single or multiple exposures

Day-4 NS NS
Day-3 NS NS
Day-2 NS NS
Day-1 Significant decrease NS
Days-3 through -1 NS Slightly re
Days-3 through GD 3 NS Significant

historical c

ost-mating study
Exposure for 6 h/day at 700 ppm on days

GD 0 NS NA
GD 1 NS NA
GD 2 NS NA
GD 0–2 NS NA

A: not applicable; NS: not significant; FI: fertility index.
n decreases in ovulation. Delaying ovulation for 1 or 2 days
r more with phenobarbital as well as other compounds that
ehave like phenobarbital results in a significant reduction in
itter size and a reduction in the number of implantation sites
19]. Prolonged administration of barbiturates results in persis-
ent graafian follicles beyond the normal ovulation time and this
s accompanied by continued estrogen secretion by the graafian
ollicle [20]. To test the hypothesis that the lower fertility rate
bserved when females are exposed to 700 ppm of D4 on the
ay prior to mating is the results of a delay or suppression of
he luteinizing hormone (LH) surge, a study was conducted to
ssess whether D4 could attenuate the preovulatory LH surge

nd block or delay ovulation and to evaluate the levels of other
eproductive hormones in exposed female Sprague–Dawley rats
21,22]. In this study D4 exposure for 3 days prior to mating
aused a significant reduction of mean proestrus LH levels at 4,

tea Implantation loss

NS
NS
NS
NS

duced but not significant NS
decrease; below range of
ontrol

Pre-implantation loss not affected; an
increased number of small
implantation sites observed

NS
NS
NS
NS
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, and 8 p.m. in the 700 and 900 ppm groups. The suppression
r delayed preovulatory LH surge caused by D4 correlated with
locked ovulation. Seventy-nine percent of the controls ovu-
ated while 42% and 31% of the female rats exposed to 700 and
00 ppm of D4, respectively, ovulated. On the morning of estrus,
here were higher levels of E2 both at 700 and 900 ppm groups
elative to controls. This was another indication that mature folli-
les had failed to ovulate. FSH levels decreased at both exposure
evels compared to controls. Overall, the data from this study
ndicate that exposure to high levels of D4 attenuated the pre-
vulatory LH surge and significantly decreased the number of
emale rats that ovulated, consistent with the proposed mode of
ction of D4 which is similar to that seen with phenobarbital
20].

Analogous mechanisms control ovulation in both rats and
umans. In both species, ovulation is triggered following a surge
f LH. However, the control mechanisms for the timing and
elease of LH from the pituitary are quite different in rodents and
n humans [23,24]. The LH surge in humans is much broader than
n rats, and the LH release, ovulation, and mating behavior are all
ntimately linked and critically timed in rats, but not in humans
25]. Thus, it is possible, the effect of a shift in humans would
ot have the impact that it would in rats. Lastly and most impor-
antly, there is no evidence that suppression of the mid-cycle LH
urge or a reproductive effect has occurred in humans who have
een treated long-term with phenobarbital for the management
f convulsive disorders [26]. While it is evident that suppression
f the LH surge in rats can have dramatic consequences on the
eproductive outcome in the rat, this mode-of-action may have
ittle, if any, relevance to humans.

It has been well established that the neuroregulatory control
f the female primate reproductive cycle is markedly different
han that of rodents. The most relevant segment of the repro-
uctive cycle to the work described here involves neurological
athways of LH release. In rodents, the LH surge is depen-
ent on hypothalamic GnRH release via afferent noradrenergic
erves [27]. Administration of �-adrenergic antagonists, such
s phenoxybenzamine, or barbiturates such as phenobarbital,
an attenuate or completely block the LH surge in rodents [27].
onversely, in humans, noradrenergic neurons do not play a

ole in the release of LH, and �-adrenergic antagonists or sedat-
ng doses of phenobarbital are not associated with disruption
f LH release [28]. Therefore, it is possible that in rodents
4 will act in a similar manner to phenobarbital by disrupting
orepinephrine-mediated neurotransmission, with a subsequent
nhibition of GnRH release and a disruption of the LH surge. If

4 acts through this pathway, it is unlikely that D4 would disrupt
he human LH surge.
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bstract

This study evaluated the potential toxicity of whole-body vapor inhalation of octamethylcyclotetrasiloxane (D4) on reproductive capabilities in
xposed F0 and F1 parental animals and the potential effects on neonatal survival, growth, and development of the F1 and F2 offspring. F0 male
nd female Sprague–Dawley rats (30/sex/group) were exposed to D4 vapor at concentrations of 0, 70, 300, 500 or 700 ppm 6 h per day for at least
0 consecutive days prior to mating and lasted through weaning of the pups on postnatal day (PND) 21. Female exposures were suspended from
estation day (GD) 21 through PND 4 to allow for parturition and permit continuous maternal care for the early neonates. Starting on PND 22, F1

eanlings were exposed to D4 as described for the F0 generation. The F2 pups were not directly exposed to D4. F0 animals were mated once to
roduce the F1 generation; F1 parental animals were mated twice to produce two F2 litters. In addition, the F1 males were mated with unexposed
emales. Prolonged estrous cycles, decreased mating and fertility indices were observed in the F1 generation exposed to D4 for the first and second
atings. Significant reductions in the mean number of pups born and mean live litter size were observed in the 500 and 700 ppm groups for both

he F0 and F1 generations. Implantation sites were also reduced at 700 ppm for both F0 and F1 generations. No adverse effects were observed at
ny exposure level on anogenital distance, vaginal patency and preputial separation. No adverse effects were seen on male functional reproductive
arameters, spermatogenic endpoints, microscopic evaluation of male reproductive tissue, or when the D4-exposed F1 males were mated with the
nexposed females, demonstrating that the reproductive toxicity observed was due to D4 exposure to the females. Based on the lack of effect on
eproduction when the D4-exposed males were mated to näive females, the NOAEL for male reproductive toxicity was considered to be 700 ppm.
ased on the statistically significant effects on fertility and litter size, NOAEL for female reproductive toxicity was considered to be 300 ppm. The
ndings observed in this study are consistent with suppression or delaying of LH surge as well as acceleration of the onset of female reproductive

enescence in the rat. While analogous pathways control ovulation in both rats and humans, there are significant differences in the mechanism for
iming and release of LH and resulting changes in the control of ovulation and mating behavior between the two species. If D4 delays rather than
auses a prolonged suppression or ablation of the LH surge, the reproductive mode of action of D4 would not likely be relevant for humans.

2006 Elsevier Inc. All rights reserved.

e; Sili

v

eywords: D4; Inhalation; Reproductive toxicity; Octamethylcyclotetrasiloxan

. Introduction
Octamethylcyclotetrasiloxane (D4) is a clear, odorless cyclic
imethyl siloxane with a molecular weight of 296 Da. It is a
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olatile liquid with a boiling point of 175 ◦C, vapor pressure of
pproximately 1 mm Hg at 25 ◦C [1] and a water solubility of
pproximately 50 ppb [2]. Chemically, D4 consists of alternating
ilicon-oxygen bonds connected in a ring arrangement with two
ethyl groups covalently bonded to each silicon atom (Fig. 1).

he primary use of D4 is as an intermediate in the manufactur-

ng of polydimethylsiloxanes, and is an ingredient in consumer
roducts including a variety of personal care products [3]. Con-
equently, persons who may be exposed to D4 include: workers

mailto:Waheed.Siddiqui@dowcorning.com
dx.doi.org/10.1016/j.reprotox.2006.11.011
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Fig. 1. Structure of octamethylcyclotetrasiloxane.

n the manufacture of D4 or personal care products contain-
ng D4; consumers who use personal care products containing

4 and the general public living in the vicinity of a plant that
roduces or processes this material. Thus, under normal use con-
itions, the main route of human exposure to D4 is dermal as
ell as some low level exposures by inhalation [4]. The choice
f inhalation rather than dermal for the pivotal safety studies
as justified on practical as well as metabolic, kinetic and sys-

emic grounds. A repeated dose study via the dermal route could
ot be seriously considered because of the surface-spreading
haracteristics of D4, the volatility, and the dosing requirements
n such a study. In addition, extensive pharmacokinetic stud-
es have been completed with D4 following several routes of
dministration in rats and limited studies on inhalation and der-
al exposures in human subjects. In these studies, inhalation

nd dermal absorption lead to similar kinetics, presumably since
hey provide uptake of molecular forms of the siloxanes. Oral
osing leads to more complex pharmacokinetics that appears to
e associated with uptake of siloxanes as microemulsions.

D4 has been extensively studied for its toxic effects in animals
nd to a limited extent in human volunteers [5,6]. D4 was found
o have low oral and inhalation toxicity, produced no significant
ye or skin irritation [7] and was negative in several in vitro
enetic assays [8]. An in vivo study in rats [9] and in vitro stud-
es using human skin [10] have shown low dermal absorption of

4 (0.5 to <1.0%). No effects on the immune system were noted
hen rats were exposed up to 540 ppm for 28 days [11] or when
umans were exposed at 10 ppm for 1 h [6]. Repeated inhalation
xposures of F-344 rats to concentrations as high as 700 ppm D4
or 28 days resulted in liver and thyroid enlargement, increased
epatocyte division and size, and induction of cytochrome P450
nzymes in a manner similar to phenobarbital [12,13]. A sim-
lar response was obtained on liver size and cytochrome P450
nzymes activity in Sprague–Dawley rats treated with D4 by oral
avage at dose levels of 1, 5, 20 or 100 mg/kg body weight [14].

Several studies have been performed to investigate the reten-

ion, distribution, metabolism and excretion of D4 [13]. Plotzke
t al. [15] reported that the radioactivity from 14C-labeled
4 was widely distributed throughout rat tissues following

ingle and multiple (15 consecutive days) exposures for 6 h/day

2

o

oxicology 23 (2007) 202–215 203

t 7, 70 or 700 ppm D4. Metabolism of D4 has been studied
xtensively in mammalian systems, with two major metabolites,
imethylsilanediol and methylsilanetriol, identified in F-344
at urine [16,17].

McKim et al. [18] have reported that D4 given orally at dose
evels between 10 and 1000 mg/kg/day had weak estrogenic and
nti-estrogenic activity based on uterine weight and epithelial
ell height in immature female Sprague–Dawley and Fischer
44 rats. The estrogenic and anti-estrogenic activity of D4, how-
ver, was several orders of magnitude less potent than ethinyl
stradiol, and many times less potent than the weak phytoestro-
en, coumestrol. D4 also demonstrated very weak estrogenic
ut no anti-estrogenic or any significant androgenic activity in
-344 and Sprague–Dawley rats when exposed to 700 ppm by

nhalation for 16 h/day [19].
A series of general reproduction studies with inhaled D4

ere conducted in rats. These studies include a variety of one-
eneration studies, i.e., two range-finding [20,21], two male
22,23] and two female studies [24,25]. In all these studies, male
nd/or female Sprague–Dawley rats were exposed by whole-
ody vapor inhalation to D4 at concentration ranging from 70 to
00 ppm for 6 h/day, 7 days/week. The major findings noted in
emales exposed to D4 at 700 ppm in these studies were statis-
ically significant treatment-related decreases in the number of
orpora lutea, number of uterine implantation sites, total number
f pups born and mean live litter size. The male study showed
he effects on litter size were not male mediated.

A recent one-generation reproductive toxicity study [26]
howed that initiating direct exposure of D4 at 6 weeks of age
nstead of at 3 weeks resulted in slightly less toxicity in rats; D4
xposure only to the F0 females resulted in no adverse repro-
uctive effects in F1 females and in utero exposure to D4 is not
equired to produce an adverse female reproductive outcome.

In a 2-year whole-body inhalation bioassay in Fischer 344
ats (10, 30, 150 and 700 ppm D4), the principal effects observed
ere an increase incidence in endometrial hyperplasia and in

ndometrial adenomas at the highest exposure concentration
27]. The uterine neoplastic effects of D4 exposure are consistent
ith dopamine agonism, a mode of action that is not relevant to
uman [28].

In order to understand and assess human health risks, if any,
ssociated with a number of siloxanes, Dow Corning and other
ilicone manufacturers developed a program to expand the safety
atabase on these materials. As part of this program, a two-
eneration reproductive toxicity study in rats was conducted
ith D4 in accordance with the United States Environmen-

al Protection Agency OPPTS Health Effects Test Guidelines.
his study was designed in accordance with the draft guidelines
hich were finalized in 1998 [29]. The study meets all the crite-

ia in the final 1998 guideline and was conducted in compliance
ith Good Laboratory Practice (GLP) Regulations [30].

. Materials and methods
.1. Test material

Octamethylcyclotetrasiloxane (D4; CAS No. 556-67-2; Lot LL084732) was
btained from Dow Corning Corporation, Midland, MI and was determined to
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e at least 99.7% pure. The identity and purity of D4 was confirmed by GC/FID
nd GC/MS. The test material was stable at room temperature.

.2. Animals and husbandry

Virgin male and female Crl:CD®(SD)IGS BR rats (165 per sex) were pur-
hased from Charles River Laboratories, Raleigh, NC. The animals were 29–30
ays old upon receipt and were allowed a 15-day acclimation interval prior
o study start. Following the acclimation period, all animals were individually
oused in wire-mesh cages suspended over cage board. The animals were paired
or mating in the home cage of the male. Following positive identification of
ating, females were transferred to plastic maternity cages with ground corn cob

esting material (Bed-O’ Cobs®; The Andersons, Industrial Products Division,
aumee, OH). The dams were housed in these cages until weaning on PND 21.

ollowing weaning of the F1 litters, the F0 females were individually housed in
uspended wire-mesh cages until the scheduled necropsy.

In addition, 165 female rats of the same strain were also purchased from
he same supplier. These females were approximately 70 days old upon receipt.
he animals were acclimated for at least 5 days prior to the initiation of vaginal
mearing for determination of estrous cycle. These rats were not exposed to the
est article and were mated with exposed F1 males.

Animals were housed in accordance with the guidelines of the National
esearch Council [31]. Except during exposure, all animals were housed

hroughout the acclimation period and during the study in an environmentally
ontrolled room. The room was maintained at a temperature of 22.2 ± 2.2 ◦C
nd a relative humidity between 40% and 70%. Room temperature and relative
umidity were recorded twice daily throughout the study period. The animals
ere maintained on a 12-h light/dark cycle and provided approximately 10

resh air changes/h. The basal ration (PMI Nutrition International, Inc., Certi-
ed Rodent LabDiet®, 5002 in meal form) and water (reverse osmosis-treated
unicipal water from the city of Ashland, OH) were supplied ad libitum except

uring exposure periods.

.3. Inhalation exposure systems, test atmosphere generation and
onitoring

Each group of animals was exposed in a 2.0 m3 stainless-steel and glass
hole-body inhalation chamber. The chambers were operated under dynamic
onditions at air flows of at least 12–15 air changes per hour (400–500 l/min)
sing air supplied by a HEPA and charcoal-filtered source. Environmental con-
itions within chambers were monitored continuously, recorded every 35 min
nd maintained at a temperature between 20 and 26 ◦C and relative humidity
etween approximately 30% and 60%.

t
d
c
t
w

Fig. 2. D4 two-generat
oxicology 23 (2007) 202–215

Each chamber was dedicated to one exposure group. The cages were sequen-
ially rotated around the available rack positions within the chamber on a daily
asis throughout the study in order to minimize any potential variation occurring
ue to positioning within the chamber. Vapor atmosphere of D4 was generated
sing metering pumps to transfer test material at a known and constant rate to
glass vaporization column (35 cm long × 2.4 cm i.d.) filled with 8 and 12 mm
lass beads. The columns were maintained at approximately 80 ◦C with elec-
ric heating tape attached to a digital temperature controller. Test material and
aporization air were metered to the column, air entered below the glass beads
hile the test material was deposited on the beads. Chamber inlet pipes were

lso wrapped with heating tape and heated to approximately 40 ◦C. Within the
hamber inlet pipes, the D4 concentration was diluted to the target level by the
hamber ventilation air flow. D4 concentrations were measured automatically
t 35-min intervals using a sample loop and computer-controlled gas sampling
ultiposition valve attached to a GC with a flame ionization detector. Oxygen

ontent within the chamber was measured by an oxygen monitor. Test atmo-
phere homogeneity within the chamber was confirmed prior to the initiation of
nimal exposure.

.4. Group assignments and exposure regimen

A graphic representation of the study design is presented in Fig. 2. The
nimals were placed in exposure groups using a computerized randomization
rocedure based on body weight stratification in a block design. Exposure
oncentrations were targeted at 70, 300, 500 or 700 ppm D4, the highest D4

oncentration that could be reliably generated and maintained as a vapor with-
ut formation of aerosols. The control group was exposed to filtered air using
dentical procedures. The F0 and F1 males and females were exposed to the test
tmosphere for 6 h/day for 7 days/week for a minimum of 70 consecutive days
rior to mating and continued throughout mating, gestation and lactation until
he day prior to euthanasia. Female exposure was suspended from gestation day
GD) 21 through PND 4 to prevent parturition from occurring within the inhala-
ion chamber and to avoid separating the dams from their offspring during early
eonatal life.

The F1 generation was potentially exposed to the test article indirectly in
tero and through nursing during lactation. Direct exposure commenced on
ND 22 immediately following weaning. The F1 male and female weanlings
ere exposed for a minimum of 70 days prior to mating and continuing through
ating, gestation and lactation, as described for the F0 generation. Exposure of
he F1 females was re-initiated on LD 5 following the first littering and continued
uring the second mating and through GD 20. The control group was exposed to
lean, filtered air under conditions identical to those used for the groups exposed
o the test article. Following the completion of the second breeding, the F1 males
ere paired with unexposed females as described for the F0 animals.

ion study design.



tive T

2

a
m
a
p
t
w
w
e
w
2
f
L
f

2

s
a
t
o
f
w
1
a
d
v
i
d

d
2
w
g
w
T
w
g
m

b
o
u
f
V
p

2

b
E
w
d
s
a
g
w
b
F
a
w
P
a

2

p
D
w
t
e
F
P

2

s
o
s
b

2

v
d
o
i
1
i
a
s
c
s
g
v
e
c
p
F
h
a

2

g
b
o
f
a
n
w
n
d
p
s

o
a
w
a
p
t

W.H. Siddiqui et al. / Reproduc

.5. In-life observations and measurements

All animals were observed twice daily for appearance, behavior, moribundity
nd mortality. Detailed physical examinations were performed weekly. Ani-
als were observed for clinical signs of toxicity during and approximately 1 h

fter completion of each daily exposure. Females were observed for dystocia,
rolonged labor, or any other difficulties 3 times daily during the period of par-
urition. In males, the presence of ejaculatory plugs and any associated behavior
ere recorded on a daily basis. Individual body weights were recorded on a
eekly basis, beginning with the initiation of exposure and continuing until

uthanization. Once evidence of mating was observed, individual female body
eights were measured on GD 0, 7, 10, 14, and 20 and on LD 1, 4, 7, 14, and
1. Food consumption was measured weekly until pairing. Following mating,
emale food consumption was measured on GD 0, 7, 10, 14, and 20 and on
D 1, 4, 7, 14, and 21. Food consumption was not measured for the unexposed

emales.

.6. Breeding procedure and parturition

The F0 animals were paired on a 1:1 basis following a minimum of 70 con-
ecutive days of test article exposure. Each mating pair was examined daily
nd positive evidence of mating was confirmed by the presence of a copula-
ory plug or the presence of sperm in a vaginal smear. The day when evidence
f mating was identified was termed GD 0. The animals were separated, and
emales were housed individually in a plastic cage with nesting material until
eaning. If no evidence of mating was detected after an allotted period of
4 days, then the pair was separated and the females were housed individu-
lly in plastic cages with nesting material until post-cohabitation day 25. The
ay that parturition was judged to be complete was designated PND 0. Indi-
idual gestation durations were calculated using the date that delivery was
nitiated. The F0 generation was mated to allow production of one litter per
am.

The F1 animals were paired on a 1:1 basis following a minimum of 70
ays of test article exposure as described for the F0 rats, beginning on PND
2. A minimum of 30 days following weaning of the F2a pups, each F1 male
as paired with the same F1 female for a second mating period for the F2b

eneration. Immediately prior to the initial F1 pairing, the animals were 14–15
eeks old. Prior to the second F1 pairing, the animals were 26–27 weeks old.
he F1 males following the completion of the second mating period were paired
ith unexposed females as described for the F0 animals to produce the F2c

eneration. The unexposed females were approximately 12 weeks old, and the
ales were approximately 28–29 weeks old.

Vaginal smears were prepared daily from all F0 and F1 females selected for
reeding, beginning 21 days prior to pairing and continuing until either evidence
f mating was observed or the mating interval elapsed. The smears were observed
nder light microscope to determine the stage of estrus. Smearing was continued
or females with no evidence of mating until termination of the mating period.
aginal smearing for the unexposed females was performed for 10 days prior to
airing with the F1 males.

.7. Litter data

The neonates were sexed, examined for gross malformations, and the num-
er of live and stillborn pups was recorded upon completion of parturition.
ach litter was examined daily for survival. Offspring dying from PND 0 to 4
ere necropsied using a modification of the Stuckhardt and Poppe [32] fresh
issection technique. Pups with external abnormalities that warranted further
keletal examination were eviscerated, cleared, and stained with Alizarin Red S,
s described by Dawson [33] for subsequent skeletal evaluation. A detailed
ross necropsy was performed on any pup dying after PND 4 and prior to
eaning. F1 and F2a litters were culled to 8 pups (4 per sex, when possi-
le) on PND 4 using a computerized randomization program. Each F and
1

2a pup received a detailed physical examination on PNDs 1, 4, 7, 14, 21,
nd at weekly intervals, thereafter, until euthanization. Each F2b and F2c pup
as weighed and received a detailed physical examination on PNDs 1 and 4.
up sexes for F1 and F2a litters were individually determined on PNDs 0, 4,
nd 21.

m
t
o
d
g

oxicology 23 (2007) 202–215 205

.8. Weaning and selection

A computerized randomization program was used to select 60 F1

ups/sex/group at weaning on PND 21. These animals were directly exposed to

4 or filtered air for 6 h/day, starting on PND 22. From those pups selected at
eaning, 30 rats/sex/group were selected on PND 28 using the same randomiza-

ion procedure. When available, a minimum of one male and one female from
ach litter were selected. The rats selected on PND 28 were used to produce the

2 generation. The F2 pups were culled on PND 4 and reared to weaning on
ND 21 using procedures analogous to those used for the F1.

.9. Developmental landmarks

Anogenital distance was measured for all F1 and F2a pups on PND 1. Each
elected F1 and F2a male was observed for balanopreputial separation, beginning
n PND 40 as described by Korenbrot et al. [34]. Starting on PND 30, each
elected F1 and F2a female was also observed for vaginal patency, as described
y Adams et al. [35].

.10. Spermatogenic endpoint evaluations

The reproductive tract of each F0 and F1 male used for breeding was exposed
ia a ventral mid-line incision immediately upon euthanization. The right epi-
idymis was excised and weighed and an incision was made in the distal region
f the right cauda epididymis. The right cauda epididymis was then placed
n 40 ml of Dulbecco’s phosphate-buffered saline (maintained at 37 ◦C) with
0 mg/ml bovine serum albumin. Sperm motility was determined after a 10-min
ncubation period. Cannulas and diluents were pre-warmed in an incubator to
void temperature shock. Motility determinations were performed under con-
tant temperature (37 ◦C) using the Hamilton-Thorne HTM-IVOS Version 10
omputer-assisted sperm-analysis (CASA) system. Where possible, at least 200
permatozoa (motile and non-motile) from each male in all control and exposure
roups were analyzed. Sperm morphology was evaluated by light microscopy
ia a modification of the wet-mount evaluation technique described by Linder
t al. [36]. Abnormal sperm (double heads, double tails, microcephalic or mega-
ephalic sperm, etc.) were recorded from a differential count of 200 spermatozoa
er animal, where possible. Sperm production rate was determined in all F0 and

1 males used for breeding. The left testis and epididymis were weighed, frozen,
omogenized and then evaluated for homogenization-resistant spermatid counts
nd production rates [37] using the Hamilton-Thorne CASA system.

.11. Necropsy and histopathology

All surviving F0 adults were euthanized following the selection of the F1

eneration. All surviving F1 males were euthanized following completion of
reeding with the unexposed females. All surviving F1 females were euthanized
n PND 4 after the completion of the second breeding period. The unexposed
emales were euthanized following a schedule similar to that for the F1 females
nd necropsy was limited to a tally of former implantation sites. All F1 weanlings
ot selected for breeding were euthanized on PND 21 or 28 and necropsied
ith an emphasis on developmental morphology. F2a pups were euthanized and
ecropsied on PND 21, pups from the F2b and F2c litters were euthanized and
iscarded on PND 4. A complete necropsy examination was conducted on all
arental animals (F0 and F1) dying spontaneously, euthanized in extremis, or
urviving to the scheduled euthanasia.

A full set of F0 and F1 parental tissues and organs were collected at the time
f necropsy and placed in 10% neutral-buffered formalin for further processing
nd evaluations. Selected organs from the control and all exposure groups were
eighed. Microscopic evaluations were performed on the tissues for all F0 and F1

dult animals from the control and high exposure groups and from all F0 and F1

arental animals dying spontaneously or euthanized in extremis. All collected
issues were prepared, stained with hematoxylin and eosin using established
ethods [38,39] and examined microscopically. The ovaries from F0 females in
he control and high exposure groups and all F1 female groups were prepared to
btain primordial follicle counts and/or to assess follicular maturation [40,41] to
etermine the total number of primordial follicles and the presence or absence of
rowing follicles and corpora lutea. Ovaries were fixed, trimmed, and embedded



2 tive T

i
t

2

W
t
p
p
[
l
l
m
s
d
U
p
p
e
o

3

F
a
g
7
n
d
d
m
d
T
s
t
w
d
e
f
f
a

t
e
w
F
f
r

a
t
i
o
i
b
d
t
n

p
d
c
d
b
f
1
i
o
i
r
r
t
s
g
i
n

s
w
t
w
w
i
w
r
F

w
r
w
F
c
F
fi
o
p
i
h
i
l

u
m
c
r
p
f
p
7
s
e
e

06 W.H. Siddiqui et al. / Reproduc

n paraffin blocks as described above. Five sections, at least 100 �m apart, were
aken from the inner third of each ovary and stained with hematoxylin and eosin.

.12. Statistical analyses

Unless otherwise indicated, all data were analyzed by two-tailed tests.
eekly female body weight and food consumption data were not analyzed sta-

istically during the gestation and lactation periods. The following tests were
erformed: Chi-square test [42] with Yates correction factor was used to analyze
arental mating and fertility indices. One-way ANOVA [43] with Dunnett’s test
44] was used to evaluate pre-coital intervals, parental weekly, gestational, and
actational body weights and body weight gains; food consumption; gestation
engths; sperm numbers and sperm production rates; organ weights; ovarian pri-

ordial follicle counts; implantation sites; day of acquisition for balanopreputial
eparation and vaginal patency; numbers of pups born, live litter sizes, anogenital
istances and pup body weights. Kruskal–Wallis test [45] with Mann–Whitney
-test was used to analyze postnatal survival and pup sexes at birth (% males
er litter) using the litter as the experimental unit. Sperm motility and mor-
hology was also evaluated by this method. Histopathological findings were
valuated by the Kolmogorov–Smirnov test (one-tailed) [46]. The accepted level
f significance for all analyses was set at p < 0.05.

. Results

No exposure-related clinical signs were detected in the F0,

1, or F2a generations. At 0, 500 and 700 ppm in the F0 gener-
tion, one male in each group and four females in the 700 ppm
roup were found dead between weeks 1 and 16. One male in the
00 ppm group with mandibular brachygnathia also was eutha-
ized in extremis on study day 17. The other high-exposure male
ied due to a kidney infection. Two of the high exposure females
ied due to complications related to dystocia. The other two ani-
als died from liver or kidney failure. One male and one female

ied in both the 500 and 700 ppm groups in the F1 generation.
he male in the 500 ppm group died with no significant clinical
igns. The female in the 500 ppm group died on GD 23 following
he second breeding period. The cause of death for this female
as determined to be dystocia. The male in the 700 ppm group
ied as a result of injuries received during placement into the
xposure cage. The female in the 700 ppm group died on PND 1
ollowing the second mating period. The cause of death for this
emale was not determined by histopathological examination,
lthough liver necrosis may have contributed to the death.

Ejaculatory plugs were commonly found on cage board below
he cages of male rats after periods of exposure, and to a lesser
xtent, periods of non-exposure. Ejaculatory plug production
as 0.033, 0.023, 0.058, 0.332 and 0.600 plugs/rat/day for the
0 males and 0.027, 0.030, 0.052, 0.112 and 0.425 plugs/rat/day
or the F1 males in the 0, 70, 300, 500 and 700 ppm groups,
espectively.

Mean weekly body weights in F0 and F1 males and females at
ll exposure levels were comparable to the control group values
hroughout the study (data not shown). Significant reductions
n mean body weight gains were noted during the first week
f exposure in males and females in the 700 ppm group and
n F0 females in the 500 ppm group (data not shown). Mean

ody weight gain was significantly reduced during gestation
ays 14–20 in the 700 ppm group in both the F0 females and
he F1 females during the first mating (F1a) resulting in a sig-
ificantly reduced body weight gain during the entire gestation

c
n
7
d

oxicology 23 (2007) 202–215

eriod for the F1 females during the first mating (Table 1). These
ecreases in mean body weight gain in the 700 ppm groups were
onsidered to be related to a reduction in the number of fetuses
eveloping in utero, as evidenced by reduced number of pups
orn (10.0 compared to 13.7 pups per litter in the control group
ollowing the mating of the F0 females and 9.0 compared to
3.4 pups per litter in the control group following the first mat-
ng of the F1 females; Table 4). No effects on mean body weights
r body weight gains were observed in any of the groups dur-
ng the lactation period. Food consumption among F0 males was
educed during weeks 0–1 in the 700 ppm group, consistent with
educed mean body weight gain observed in this group during
his interval (data not shown). Similar reductions in food con-
umption were not noted for the 700 ppm group males in the F1
eneration (data not shown). Food consumption was not affected
n either F0 or F1 generation females in any exposure group (data
ot shown).

No exposure-related gross internal findings were noted at the
cheduled necropsies of the F0 and F1 rats of either sex. Organ
eight changes in the F0 and F1 generations were observed for

he liver, kidney, and pituitary (Table 2) and were consistent
ith a previously reported study [47]. A significant increase
as observed in mean absolute and relative pituitary weights

n F1 females in the 700 ppm group and in relative pituitary
eights for F0 males in the 700 ppm group. Absolute and relative

eproductive organ weights in the treated male and female F0 and
1 rats were comparable to controls.

Increased incidence of exposure-related microscopic changes
as observed in the kidney, liver and lung of the F0 and F1

ats. The incidence of tubular mineralization in the kidneys
as significantly increased in the 700 ppm group for F0 and
1 males. The incidence of hepatocyte hypertrophy was signifi-
antly increased in F1 females in the 500 and 700 ppm groups and
1 males in the 700 ppm group. No significant increase of this
nding was observed in the F0 males or females. The incidence
f pigment in the liver was increased in 700 ppm F1 males. The
igment was extracellular in periportal regions and morpholog-
cally compatible with bile pigment. The incidence of bile duct
yperplasia was increased in 700 F1 males. Significant increases
n the incidence of focal alveolar histiocytosis were noted in the
ungs of 700 ppm F0 and F1 females and the F1 males.

In F0 females, histopathologic evaluation of the ovaries,
terus, vagina, mammary glands, pituitaries and the establish-
ent of the phase of the estrous cycle for each female in the

ontrol and 700 ppm groups revealed no evidence of exposure-
elated effect. No treatment-related differences in mean ovarian
rimordial follicle counts were observed in either F0 or F1
emales (Table 1). Ovarian sections with growing follicles
resent were noted with similar frequency in the control and
00 ppm groups in F0 and F1 females. The number of ovarian
ections containing corpora lutea was decreased in F1b gen-
ration (Table 1). One-half (15/30) of the ovaries in the high
xposure F1 females were anovulatory or had abnormal estrous

ycles. Evaluation of the F1 rats revealed corpora lutea of preg-
ancy in 26/30, 20/30, 21/30, 18/30, and 12/30 rats in the control,
0, 300, 500, and 700 ppm groups, respectively (Table 3). Repro-
uctive efficiency was reduced at the 700 ppm exposure level.



W
.H

.Siddiquietal./R
eproductive

Toxicology
23

(2007)
202–215

207
Table 1
Reproductive and developmental parameters from Sprague–Dawley rats exposed to D4

F0 F1a

0a 70a 300a 500a 700a 0a 70a 300a 500a 700a

Estrous cycle length (days) 4.2 ± 0.43 4.2 ± 0.82 4.1 ± 0.26 4.2 ± 0.37 4.3 ± 0.66 4.2 ± 0.42 4.2 ± 0.38 4.4 ± 0.72 4.6 ± 0.92 5.3 ± 2.75**

Precoital interval (days) 2.7 ± 1.11 2.8 ± 1.68 3.4 ± 2.10 3.6 ± 1.76 3.2 ± 1.34 3.3 ± 2.02 2.9 ± 2.24 2.9 ± 1.57 3.3 ± 1.67 3.3 ± 2.03
Gestation length (days) 21.9 ± 0.38 21.6 ± 0.58 21.7 ± 0.55 21.8 ± 0.65 22.00.43 21.6 ± 0.51 21.8 ± 0.43 21.5 ± 0.51 21.7 ± 0.47 22.1 ± 0.34**

Gestation weight gain (g) 120 ± 17.6 117 ± 22.2 114 ± 23.5 112 ± 22.9 102 ± 29.9 126 ± 17.7 115 ± 20.7 121 ± 20.3 125 ± 23.3 104 ± 22.4**

Lactation weight gain (g) 42 ± 21.3 47 ± 15.2 43 ± 13.2 51 ± 17.6 42 ± 22.7 28 ± 14.4 31 ± 12.8 29 ± 17.9 25 ± 13.4 28 ± 18.9
Ovarian primordial follicle

countsb
87.8 ± 35.9 – – – 93.6 ± 42.6 – – – – –

No. of implantation sites 14.2 ± 2.9 13.7 ± 4.4 12.8 ± 3.3 11.6 ± 4.6 10.4 ± 5.0** – – – – –
No. of ovarian sections

containing CL
10.0 ± 0.0 – – – 10.0 ± 0.0 – – – –

Mating indices (%)c

Males 96.6 96.7 96.7 96.6 96.4 96.7 96.7 96.7 93.3 75.9
Females 96.7 96.7 96.7 96.6 96.7 96.7 96.7 96.7 93.3 73.3*

Fertility indices (%)d

Males 92.9 86.2 93.1 82.1 88.9 100.0 89.7 86.2 92.9 77.3*

Females 93.1 86.2 93.1 82.8 89.7 100.0 89.7 86.2 92.9 77.3*

Sperm parameters
No. of sperm (×106 g−1)

Left testis 72.9 ± 22 96.2 ± 19.7** 94.9 ± 21.2** 92.7 ± 26** 92.6 ± 21.3** – – – – –
Left epididymis 456.0 ± 148.5 424.8 ± 97.4 423.4 ± 112.2 495.2 ± 182.2 443.6 ± 76.6 – – – – –

Production rate (106/g tissue/day)
Left testis 11.9 ± 3.6 15.8 ± 3.2** 15.6 ± 3.5** 15.2 ± 4.3** 15.2 ± 3.5** – – – – –

Motility (%) 80.2 ± 8.1 80.7 ± 6.1 80.7 ± 6.4 80.5 ± 9.0 76.1 ± 15.2 – – – – –

Morphology (%)e 98.5 ± 1.2 98.7 ± 0.9 98.7 ± 1.2 98.5 ± 2.7 95.1 ± 11.2 – – – – –

F1b F1c

0a 70a 300a 500a 700a 0a 70a 300a 500a 700a

Estrous cycle length (days) 4.4 ± 0.92 4.4 ± 1.17 4.5 ± 1.67 4.8 ± 1.80 5.2 ± 1.97 4.0 ± 0.00 4.1 ± 0.31 4.0 ± 0.8 4.0 ± 0.21 4.0 ± 0.32
Precoital interval (days) 2.6 ± 2.51 2.4 ± 1.50 3.1 ± 1.97 2.9 ± 1.98 2.4 ± 1.45 2.0 ± 1.10 2.0 ± 1.05 1.9 ± 1.12 2.2 ± 1.06 2.1 ± 1.25
Gestation length (days) 21.8 ± 0.43 21.9 ± 0.37 21.8 ± 0.54 21.7 ± 0.47 22.0 ± 0.43 21.6 ± 0.50 21.5 ± 0.57 21.5 ± 0.51 21.6 ± 0.49 21.6 ± 0.50
Gestation weight gain (g) 116 ± 22.9 115 ± 20.2 122 ± 20.6 128 ± 14.8 112 ± 14.4 145 ± 21.2 146 ± 18.8 149 ± 16.5 146 ± 17.3 147 ± 19.3
Lactation weight gain (g) – – – – – – – – – –
Ovarian primordial follicle

countsb
96.9 ± 49.7 – – – 85.2 ± 37.1 – – – – –

No. of implantation sites 14.8 ± 2.5 13.9 ± 4.7 14.5 ± 3.4 14.9 ± 2.6 13.6 ± 4.0 – – – – –
No. of ovarian sections

containing CL
9.6 ± 1.8 8.0 ± 4.1 8.7 ± 3.5 8.3 ± 3.8 5.8 ± 4.5 – – –

Mating indices (%)c

Males 93.3 83.3 90.0 82.8 55.2** 100.0 100.0 93.3 100.0 96.6
Females 93.3 83.3 90.0 83.3 53.3** 100.0 100.0 93.3 100.0 96.7
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he number of pregnant rats at 70, 300, and 500 ppm was also
educed when compared to controls. The estrous cycle of F1
on-pregnant rats was evaluated and staged. There were 4, 10,
, 12, and 18 non-pregnant rats in the control, 70, 300, 500,
nd 700 ppm groups, respectively, following the second mating.
he number of non-pregnant rats with estrous cycle irregulari-

ies was 2/4, 8/10, 5/9, 10/12, and 15/18 in the same respective
xposure groups (Table 3). Mammary gland changes in the F1
emales consisted of ductal/acinar proliferation, secretory activ-
ty, dilated ducts filled with secretions (duct ectasia), and milk
ysts (galactoceles). Microscopic evaluation of the pituitary
land from all groups of F1 females revealed no abnormality.
everal of the glands, primarily from 700 ppm non-pregnant
emales, were heavier when compared to pregnant 700 ppm or
he control females. The pituitary gland weights from F1 males
ad not been similarly affected. There was no evidence of any
bnormal hormonally mediated change in the mammary glands
n males in the 700 ppm group and no histopathological differ-
nces between pituitary glands from males in the control and
00 ppm groups.

Reproductive parameters for the matings across the F0 and
1 are summarized in Table 1. F0 reproductive performance as
easured by the regularity and duration of the estrous cycle, the

umber of days between pairing and mating, mating and fertil-
ty indices and duration of gestation was not adversely affected
y exposure to D4. However, two F0 females in the 500 and
hree females in the 700 ppm groups had delayed or extended
arturition (up to 4 days in duration). The dystocia resulted in
he death of two females in the 700 ppm group. There were no
xposure-related effects on the number of days between pairing
nd mating in the F1 treated animals when compared to con-
urrent and historical control groups. The mean estrous cycle
ength was significantly increased in the 700 ppm group females
uring the first mating (F1a). Mean estrous cycle length was
lso increased in the 700 ppm group females during the sec-
nd mating (F1b); the difference was not statistically significant.
owever, nine females in the 700 ppm group for the second
ating period for which estrous cycle length could not be deter-
ined were in extended diestrus, and eight of these females did

ot have evidence of mating. The mating and fertility indices in
he F1 generation were decreased for both males and females at
00 ppm for both mating periods and also reduced in the 500 ppm
roup during the second mating period (F1b). All F1 females that
ad no evidence of mating during the first breeding cycle also
ad no evidence of mating during the second breeding cycle
F1b). The gestation length, mating and fertility indices were
ot affected when treated F1 males were bred with unexposed
emales (F1c).

Exposure to D4 did not adversely affect any F0 or F1 sper-
atogenic endpoints including sperm number, production rate,
otility, and morphology (Table 1). Statistically significant

ncreases in testicular sperm numbers and sperm production
ate were seen in all F0 exposed groups. However, the concur-

ent control group value for sperm numbers was unusually low
elative to contract laboratory historical data and the control
roup value for the F1 males. In addition, similar effects were
ot observed on epididymal sperm numbers.
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Table 2
Summary of selected F0 and F1 parental absolute (g) and relative final body weight (g/100 g) organ weights

Males Females

0a 70a 300a 500a 700a 0a 70a 300a 500a 700a

Final body weight F0 562 ± 46 574 ± 59 543 ± 43 541 ± 52 548 ± 56 315 ± 31 319 ± 30 309 ± 31 309 ± 29 309 ± 32
F1 570 ± 81 574 ± 48 554 ± 59 547 ± 68 548 ± 51 345 ± 24 354 ± 42 351 ± 28 356 ± 29 359 ± 39

Liver
Absolute F0 18.8 ± 2.14 19.9 ± 2.71 19.9 ± 2.69 20.1 ± 2.59 21.8 ± 2.98** 11.9 ± 1.78 12.2 ± 1.47 13.0 ± 1.73* 14.1 ± 1.96** 15.4 ± 1.97**

Relative 3.35 ± 0.24 3.46 ± 0.26 3.66 ± 0.33* 3.70 ± 0.24** 3.97 ± 0.30** 3.76 ± 0.34 3.82 ± 0.32 4.24 ± 0.49** 4.57 ± 0.45** 4.99 ± 0.54**

Absolute F1 19.7 ± 4.18 19.9 ± 2.69 21.0 ± 3.22 21.2 ± 2.70 22.0 ± 3.17* 12.6 ± 1.18 12.6 ± 2.00 13.7 ± 1.38 14.9 ± 1.69** 16.7 ± 2.84**

Relative 3.44 ± 0.41 3.47 ± 0.31 3.78 ± 0.27** 3.90 ± 0.32** 4.00 ± 0.38** 3.68 ± 0.32 3.55 ± 0.41 3.90 ± 0.39 4.20 ± 0.53** 4.67 ± 0.66**

Kidney
Absolute F0 3.77 ± 0.38 3.98 ± 0.38 3.90 ± 0.50 4.06 ± 0.46* 4.20 ± 0.41** 2.21 ± 0.21 2.29 ± 0.26 2.26 ± 0.19 2.28 ± 0.27 2.27 ± 0.22
Relative 0.67 ± 0.05 0.70 ± 0.05 0.72 ± 0.09* 0.75 ± 0.07** 0.77 ± 0.06** 0.70 ± 0.05 0.72 ± 0.06 0.74 ± 0.06 0.74 ± 0.08 0.74 ± 0.07
Absolute F1 3.72 ± 0.55 3.82 ± 0.47 3.76 ± 0.43 3.94 ± 0.53 3.99 ± 0.56 2.24 ± 0.22 2.27 ± 0.23 2.22 ± 0.24 2.33 ± 0.25 2.53 ± 0.38**

Relative 0.66 ± 0.06 0.67 ± 0.07 0.68 ± 0.04 0.72 ± 0.05** 0.73 ± 0.10** 0.65 ± 0.07 0.64 ± 0.05 0.64 ± 0.08 0.66 ± 0.07 0.71 ± 0.11*

Pituitary
Absolute F0 0.016 ± 0.003 0.016 ± 0.004 0.015 ± 0.003 0.015 ± 0.003 0.017 ± 0.004 0.018 ± 0.004 0.018 ± 0.004 0.018 ± 0.004 0.019 ± 0.005 0.018 ± 0.005
Relative 0.003 ± 0.001 0.003 ± 0.001 0.003 ± 0.000 0.003 ± 0.001 0.003 ± 0.001* 0.006 ± 0.001 0.006 ± 0.001 0.006 ± 0.001 0.006 ± 0.001 0.006 ± 0.002
Absolute F1 0.015 ± 0.004 0.015 ± 0.003 0.014 ± 0.003 0.015 ± 0.003 0.016 ± 0.003 0.018 ± 0.007 0.018 ± 0.006 0.0198 ± 0.005 0.019 ± 0.004 0.024 ± 0.007**

Relative 0.003 ± 0.001 0.003 ± 0.001 0.002 ± 0.001 0.003 ± 0.001 0.003 ± 0.001 0.005 ± 0.002 0.005 ± 0.002 0.006 ± 0.002 0.005 ± 0.001 0.007 ± 0.002**

Right testis
Absolute F0 1.76 ± 0.13 1.78 ± 0.13 1.75 ± 0.15 1.69 ± 0.27 1.77 ± 0.20
Relative 0.31 ± 0.03 0.31 ± 0.03 0.32 ± 0.03 0.32 ± 0.05 0.33 ± 0.05
Absolute F1 1.73 ± 0.15 1.75 ± 0.18 1.67 ± 0.30 1.79 ± 0.16 1.77 ± 0.13
Relative 0.31 ± 0.05 0.31 ± 0.03 0.30 ± 0.05 0.33 ± 0.03 0.33 ± 0.04

Left testis
Absolute F0 1.71 ± 0.24 1.79 ± 0.13 1.73 ± 0.24 1.69 ± 0.29 1.78 ± 0.21
Relative 0.31 ± 0.05 0.31 ± 0.03 0.32 ± 0.05 0.32 ± 0.06 0.33 ± 0.05
Absolute F1 1.76 ± 0.14 1.74 ± 0.22 1.69 ± 0.30 1.80 ± 0.16 1.79 ± 0.14
Relative 0.31 ± 0.04 0.30 ± 0.04 0.31 ± 0.05 0.33 ± 0.03 0.33 ± 0.04

Ovaries
Absolute F0 0.152 ± 0.025 0.151 ± 0.028 0.188 ± 0.171 0.147 ± 0.036 0.164 ± 0.026
Relative 0.049 ± 0.008 0.048 ± 0.010 0.062 ± 0.062 0.048 ± 0.012 0.053 ± 0.008
Absolute F1 0.150 ± 0.025 0.146 ± 0.036 0.154 ± 0.028 0.146 ± 0.037 0.135 ± 0.040
Relative 0.044 ± 0.007 0.041 ± 0.010 0.044 ± 0.007 0.041 ± 0.011 0.038 ± 0.011

a Exposure concentration (ppm).
* Significantly different from control group at p ≤ 0.05 using Dunnett’s test.

** Significantly different from control group at p ≤ 0.01 using Dunnett’s test.
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The number of litters produced in the F1 generation in the
00 ppm group for the first mating and in the 500 and 700 ppm
roups for the second mating were significantly reduced. The
umber of total litter losses was comparable to controls in the
0 litters and all F1 litters (F2a, F2b, and F2c) except in the F0
00 ppm group where 5 litter losses were observed (Table 4).
ignificant reductions in the mean number of pups born and
ean live litter sizes were observed in the 500 and 700 ppm

roups in the F0 generation and for the F1 animals in the first
ating. No effects were observed on litter size when the F1 males
ere paired with unexposed females (Table 4). In F0 females,

he mean numbers of implantation sites were reduced in the
hree highest exposure groups, but statistical significance was
chieved only in the 700 ppm group. Mean implantation sites
t 700 ppm were also reduced but not significantly in the F1
emales following second mating (Table 1).

Survival in the offspring from treated dams when expressed
s percentage per litter was comparable to that of the controls
or the F1, F2a and F2c litters (Table 4). Pup survival in the
0 500 ppm group was reduced relative to the control group
or PND 4. Pup survival of F2b pups was significantly reduced
p < 0.05) in the 700 ppm offspring at PND 0. No other relevant
ffects on survival were noted in the F1, F2a and F2c litters.
he general physical condition of the F1, F2a, F2b and F2c pups
uring lactation was similar in all groups. The sex ratio of litters
percentages of males per litter) were unaffected by parental
xposure to D4. No effects were seen at any exposure level on
nogenital distance, vaginal patency, and preputial separation
Table 4).

Mean F1 and F2a pup body weights (both sexes combined)
ere increased in the 700 ppm group on PNDs 1 and 4 and also
n PND 7 for F2a pups. The increases in pup body weights were
onsidered to be related to the reduced mean live litter size in the
00 ppm group. No effects were observed in mean body weights
or F2b and F2c pups. No internal findings attributed to parental
xposure to D4 were noted at necropsies of pups that were found
ead or euthanized in extremis in either generation. No internal
ndings were observed that could be attributed to parental expo-
ure to D4 in the unselected weanlings of either generation at the
cheduled necropsies. Mean absolute and relative organ weights
brain, spleen and thymus) of the unselected F1 and F2a wean-
ings euthanized on PND 21 were also unaffected by the parental
xposure.

. Discussion

No exposure-related clinical signs were detected in either the
0 or F1 generation. The only clinical observation noted was an
pparent increase in ejaculatory plugs at all exposure concentra-
ions. The significance of this finding was not assessed. D4 has
ecently been shown to act as a dopamine D2-receptor agonist
n vivo in female Fischer-344 rats [28]. Dopamine plays a key
ole in sexual behavior [48]. It has been shown that dopamin-

rgic agonists elicited penile erections and genital grooming in
ice [49]. Considering the facilitative effects of dopamine on

enile erection and neurological control of male sexual behav-
or and the finding of dopamine agonism of D4, it is possible
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Table 4
Reproductive developmental parameters of offspring of Sprague–Dawley rats exposed to D4

F1 F2a

0a 70a 300a 500a 700a 0a 70a 300a 500a 700a

No. of litters 27 24 27 23 23 29 26 25 26 17**

No. of total litter losses 1 1 2 5 1 0 0 0 2 1
No. of total pups/litter 13.7 ± 3.1 13.5 ± 3.8 12.2 ± 3.3 10.8* ± 3.7 10.0** ± 3.9 13.4 ± 3.2 12.5 ± 3.9 12.5 ± 3.6 11.2 ± 3.3 9.0** ± 3.9
No. of live pups/litter 13.3 ± 3.3 13.4 ± 3.8 11.9 ± 3.1 10.4* ± 3.8 9.7* ± 3.8 13.1 ± 3.4 12.0 ± 3.9 12.0 ± 3.7 10.5* ± 3.4 8.6** ± 3.7

Pup survived (%/litter)
Day 0b 99.4 ± 2.1 99.5 ± 1.7 98.2 ± 4.3 94.1 ± 14.4 96.7 ± 6.6 97.6 ± 6.5 96.4 ± 7.2 96.4 ± 11.6 93.7 ± 11.4 91.2 ± 24.1
Day 1c 99.3 ± 2.1 98.7 ± 3.2 99.7 ± 1.6 87.6 ± 29.9 95.3 ± 15.7 98.9 ± 3.5 97.4 ± 7.2 99.1 ± 2.4 96.5 ± 16.4 97.3 ± 4.3
Day 4 (precull)d 98.8 ± 3.8 99.1 ± 2.5 99.1 ± 2.7 85.2 ± 33.1 99.1 ± 3.0 99.6 ± 1.7 98.1 ± 4.6 99.7 ± 1.7 98.4 ± 5.2 99.1 ± 3.6
Day 21 (postcull)e 95.4 ± 19.7 94.8 ± 20.5 92.6 ± 26.7 93.1 ± 23.6 94.0 ± 22.2 98.5 ± 4.4 97.4 ± 8.2 97.7 ± 6.8 91.2 ± 27.4 100.0 ± 0.0

Sex ratiof 56.4 ± 12.8 46.5 ± 16.7 49.9 ± 13.2 57.7 ± 16.5 49.1 ± 14.4 50.6 ± 15.3 50.3 ± 16.9 49.6 ± 16.6 57.1 ± 11.7 45.7 ± 18.3

Pup body weight (g)
Day 1 6.7 ± 0.5 6.7 ± 0.8 6.8 ± 0.8 6.9 ± 0.8 7.3* ± 0.7* 6.4 ± 0.7 6.8 ± 0.8 6.6 ± 0.7 6.9 ± 0.8 7.5** ± 0.7
Day 4 8.8 ± 1.2 8.9 ± 1.3 9.3 ± 1.5 9.3 ± 1.9 10.0 ± 1.8 8.7 ± 1.5 9.6 ± 1.3 9.3 ± 1.3 9.5 ± 1.6 10.6** ± 1.3
Day 21 34.2 ± 4.9 35.1 ± 5.3 35.0 ± 5.7 34.9 ± 6.6 35.4 ± 5.6 37.7 ± 5.0 39.9 ± 5.2 37.9 ± 4.7 39.9 ± 7.2 39.8 ± 5.7

AGD (mm)
Males 5.3 ± 0.5 5.2 ± 0.5 5.2 ± 0.5 5.4 ± 0.50 5.6 ± 0.4 5.3 ± 0.4 5.4 ± 0.4 5.4 ± 0.4 5.3 ± 0.5 5.4 ± 0.7
Females 3.3 ± 0.3 3.2 ± 0.4 3.2 ± 0.3 3.3 ± 0.3 3.4 ± 0.2 3.1 ± 0.3 3.1 ± 0.3 3.1 ± 0.3 3.1 ± 0.3 3.2 ± 0.3
Age at vaginal patency (days)g 38.8 ± 4.7 37.6 ± 4.7 35.4 ± 3.8 37.1 ± 4.4 36.8 ± 4.3 32.5 ± 1.4 32.6 ± 1.1 34.0 ± 2.0 32.5 ± 1.4 33.0 ± 1.8
Age at balanopreputial separation (days)g 47.0 ± 4.6 46.8 ± 4.7 47.9 ± 3.4 47.3 ± 3.7 48.2 ± 4.6 47.5 ± 3.1 46.2 ± 3.8 46.0 ± 3.6 46.9 ± 4.2 45.9 ± 4.4

F2b F2c

0a 70a 300a 500a 700a 0a 70a 300a 500a 700a

No. of litters 26 20 21 17* 12** 30 30 27 30 28
No. of total litter losses 0 0 0 0 0 0 0 0 0 0
No. of total pups/litter 13.5 ± 2.7 12.4 ± 4.7 12.8 ± 3.3 13.4 ± 3.4 11.9 ± 3.8 14.9 ± 2.5 15.0 ± 2.0 15.3 ± 1.5 14.5 ± 2.5 14.6 ± 2.3
No. of live pups/litter 13.2 ± 2.7 12.2 ± 4.7 12.1 ± 3.8 12.2 ± 3.5 10.4 ± 4.5 14.4 ± 2.4 14.7 ± 2.5 15.3 ± 1.5 14.5 ± 2.5 14.4 ± 2.5

Pup survived (%/litter)
Day 0b 97.8 ± 4.6 98.9 ± 3.4 91.8 ± 15.8 91.4 ± 12.6 87.6 ± 23.4* 97.0 ± 7.2 97.4 ± 8.5 100.0** ± 0.0 99.8* ± 1.2 98.4 ± 5.8
Day 1c 99.4 ± 2.2 94.9 ± 15.0 96.6 ± 15.6 95.1 ± 15.3 95.8 ± 10.4 99.6 ± 1.7 96.7 ± 10.5 99.5 ± 1.7 96.8 ± 10.5 96.4 ± 14.5
Day 4 (precull)d 99.2 ± 3.2 98.5 ± 4.9 96.0 ± 12.1 99.6 ± 1.6 98.1 ± 6.5 98.8 ± 2.9 99.2 ± 2.3 98.1 ± 4.3 99.4 ± 2.3 99.6 ± 1.6
Day 21 (postcull)e – – – – – – – – – –

Sex ratiof 51.3 ± 18.0 50.8 ± 11.4 50.2 ± 12.7 48.7 ± 11.2 49.3 ± 11.5 50.0 ± 12.8 49.1 ± 15.9 49.2 ± 13.1 43.9 ± 12.4 48.0 ± 11.8

Pup body weight (g)
Day 1 6.8 ± 0.5 7.0 ± 0.7 6.8 ± 0.6 6.8 ± 0.7 7.2 ± 1.0 6.6 ± 0.6 6.5 ± 0.5 6.5 ± 0.5 6.6 ± 0.5 6.9 ± 0.7
Day 4 9.0 ± 1.1 9.9 ± 1.3 9.1 ± 1.4 9.2 ± 1.6 10.0 ± 1.5 9.3 ± 1.1 9.1 ± 0.9 8.9 ± 0.9 9.3 ± 0.7 9.4 ± 1.0
Day 21 – – – – – – – – – –

AGD (mm)
Males – – – – – – – – – –
Females – – – – – – – – – –
Age at vaginal patency (days)g – – – – – – – – – –
Age at balanopreputial separation (days)g – – – – – – – – – –

Note: Unless otherwise noted, data are expressed as the means ± S.D. Statistically different from control. *p ≤ 0.05, **p ≤ 0.01.
a Exposure concentration (ppm).
b Number of live pups on PND 0/number of pups born × 100.
c Number of live pups on PND 1/number of pups on PND 0 × 100.
d Number of live pups on PND 4/number of live pups on PND 1 × 100.
e Number of live pups on PND 21/number of live pups on PND 4 after culling × 100.
f Sex ratio is expressed as % males per litter.
g Mean age at the time the milestone was first evident.
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hat D4 exposure may have some indirect relationship with the
ncreased number of ejaculatory plugs in male rats. However,
reatment with D4 has no effects on male fertility, reproductive
rgans and sperm counts, sperm production rate, sperm motility
r morphology. The lack of effect on male fertility was most
learly demonstrated by the high fertility rates observed when
he F1 treated males were mated with untreated females (F1c).

Exposure to D4 resulted in increased absolute and relative
idney and liver weights in both F0 and F1 adult males and
emales. These changes in organ weights occurred in the absence
f any histopathological changes. Similar results were observed
n several recently conducted studies with D4. These studies
emonstrated that exposing female F-344 rats to D4 resulted in
iver enlargement and induction of hepatic cytochrome P450s,
oth of which returned to control levels when exposure ceased
12]. Burns-Naas et al. [47] also observed the reversibility of
iver enlargement after recovery from D4 exposure in Fischer 344
ats. Recent dose- and time-dependent analyses by McKim et al.
13] indicated that the D4-induced increase in liver size was the
esult of an initial, transient hyperplasia followed by sustained
ypertrophy as a result of significant enzyme induction, includ-
ng cytochrome P450 2B1/2. This observation also has been
emonstrated for the classical P450 2B1/2 inducer, phenobarbi-
al, and has led to the classification of D4 as a “phenobarbital-
ike” inducer of hepatic microsomal enzymes in rats.

The only histopathological finding in the lung was increased
ocal interstitial inflammation and alveolar histiocytosis. The
nterstitial inflammation resulted in an accumulation of inflam-

atory cells and thickening of the alveolar septae in male and
emale rats. The inflammatory change in the lungs of most of
he rats from exposure groups was similar to those seen at lower
ncidence in controls and also reported in F-344 rats [47,50,51].
lveolar histiocytosis, indicative of a response to inflammation
y pulmonary macrophages, was characterized by occasional
mall groups of foamy macrophages within the alveolar spaces,
rimarily at the periphery of the lobe. The alveolar histiocyto-
is was considered to be an exposure-related exacerbation of
he spontaneous lesion [52,53]. Rather than being viewed as a
rankly adverse effect, this finding was most probably a com-
ensatory response to the presence of material delivered to the
ungs by inhalation.

There were no treatment-related effects in F0 females on the
egularity and duration of the estrous cycle, number of days
etween pairing and mating, mating and fertility indices or dura-
ion of gestation. Test article-related signs of dystocia were noted
uring parturition in both F0 and F1 females at 500 and 700 ppm.
ystocia was also observed in one 300 ppm F1 female follow-

ng the second mating period. The male and female mating and
ertility indices were reduced in 700 ppm group for the F1 first
nd second mating and in the 500 ppm group for the second
ating. In addition, the male and female fertility indices for

he second F1 mating were also reduced in the 70 and 300 ppm
roups. The reduced fertility in these two groups did not occur

n an exposure-related manner; the differences from the con-
rol were not statistically significant. The advanced age (greater
han 7 months of age at termination) of the F1 females may
ave contributed to the reduced fertility rates, thus confound-

c
l
i
f

oxicology 23 (2007) 202–215

ng interpretation at 70 and 300 ppm. The mating of F1 males
ith females that had never been exposed to D4 did not result

n a reduction in mating and fertility indices, indicting that male
eproductive function were not affected. Therefore, the NOAEL
or male reproductive toxicity was considered to be 700 ppm.
reatment-related reductions in mean live litter size and mean
umber of pups born were seen in litters of the F0 and F1 genera-
ions at 500 and 700 ppm. In addition, estrous cycle disturbances
signs of prolonged diestrus) were observed in female rats in
he F1 generation at 700 ppm. The number of non-pregnant rats
ith estrous cycle irregularities was 2/4, 8/10, 5/9, 10/12 and
5/18 for the control to 700 ppm groups, respectively. These
strous cycle irregularities were typical of those associated with
eproductive senescence. Although, growing follicles in ovarian
ections were similar in frequency in control and 700 ppm groups
n F0 and F1 females, the number of ovarian sections containing
orpora lutea was decreased in the 700 ppm F1 females. Based
n the statistically significant reduction in fertility and litter size,
he NOAEL for female reproductive toxicity was considered to
e 300 ppm.

Although the reasons for this effect of D4 on the rat estrous
ycle were not fully known, several possibilities exist. One direct
ffect is that D4 could be acting as a weak estrogen and/or
ntiestrogen [18,19], though studies conducted to date do not
upport this hypothesis [20,21,26]. No effects were seen in
he current study at any exposure concentration on estrogen-
ensitive developmental endpoints (e.g., time to either vaginal
atency or balanopreputial separation) in either the F1 or F2
ffspring. A more likely action of D4 is that it may be acting
ndirectly on hormonal control of the female reproductive sys-
em. Ovulation in the rat is a precisely timed event, which is
ighly dependent on the release of luteinizing hormone (LH)
uring proestrus. As previously mentioned, D4 has been charac-
erized as a “phenobarbital-like” inducer of hepatic microsomal
nzymes. When administered to cycling female rats during this
ritical time period, which is about 7–8 h before LH release
n proestrus, barbiturates (including phenobarbital) have been
hown to block or delay the LH surge and suppress ovulation in
oth a dose and time-dependent manner [54–57]. When female
ats were exposed to phenobarbital (and other phenobarbital-like
ubstances) during the pre-ovulatory phase of the estrous cycle,
significant reduction in litter size and the number of uterine

mplantation sites was observed [58]. Repeated administration
f barbiturates during the critical period on subsequent days con-
inued to suppress the LH surge, and consequently, ovulation.
s shown by Everett and Sawyer [54], prolonged administra-

ion of barbiturates resulted in persistent graffian follicles for
–3 days beyond the normal ovulation time and this was accom-
anied by continued follicular estrogen secretion as evidenced
y prolonged vaginal cornification. If LH release does not occur,
ollicles become atretic and vaginal diestrus returns. In a recent
tudy [59], exposure of rats to high concentrations of D4 resulted
n a suppressed or delayed preovulatory LH surge, which was

orrelated with blocked or delayed ovulation. Higher plasma
evels of estrogen were also observed on the morning of estrus
n the D4 treated females indicating that mature follicles had
ailed to ovulate.
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The reproductive consequences of the continued suppression
f LH and lack of ovulation should have significant effects on
ating and to some extent on fertility. Delaying ovulation for 1

r 2 days or more with phenobarbital, as well as other compounds
hat behave like phenobarbital, results in a significant reduction
n litter size and number of implantation sites [58]. The reduc-
ion in implantation sites is consistent with and correlates to the
eduction in the number of live pups. Reproductive effects of D4
n Sprague–Dawley rats are similar to the reproductive effects
een with phenobarbital. Exposure of rats to high concentrations
f D4 resulted in the reduction of pups born as well as reduc-
ion in the number of implantation sites. Significant reductions
n mean implantation sites and corpora lutea were also observed
hen female rats exposed to 700 ppm D4 using multiple and sin-
le day exposure regimens [24,25]. Also, reductions in mating
nd fertility indices and estrous cycle changes were observed in
ats exposed to high concentrations of D4.

The significance of reproductive findings for human hazard
ssessment is in part dependent upon the mode of action of D4
nd the relevance of rat models for human reproductive assess-
ent. Analogous mechanisms control ovulation in both rats and

umans. In both species, ovulation is triggered following a surge
n LH. However, there are differences in the control of this path-
ay between the two species. Rats have a precisely timed, light

ensitive, brain regulated pre-ovulatory LH surge, whereas the
rimate pre-ovulatory LH-surge is controlled by the ovary, is not
ight-entrained and is imprecisely timed [60,61]. Rodents have
daily ‘critical period’ for a pre-ovulatory LH surge, whereas
umans do not. Compounds such as phenobarbital, and other
arbiturates, that disrupt hypothalamic norepinephrine neuro-
ransmission during the critical period block the pre-ovulatory
H surge in rodents. These same compounds, even administered
hronically in high doses, have no effect on the pre-ovulatory
H surge in humans [62,63]. If the mode of action for D4 atten-
ation of the LH surge in rats is the disruption of hypothalamic
eurotransmitter release, this suppression of ovulation may not
e relevant to humans.

In conclusion, inhalation exposure of rats to high con-
entrations of D4 over two generations produced statistically
ignificant reductions in the mean live litter size and mean num-
er of pups born, decrease in the number of implantation sites,
s well as a reduction in corpora lutea. Reduction in the mat-
ng and fertility indices and estrous cycle changes were also
een in the females exposed to high concentrations of D4. All
f these findings are consistent with the suppression or delaying
f LH surge as well as an acceleration of the onset of female
eproductive senescence in the rat. Barbiturates, including phe-
obarbital, can delay ovulation in female rats by delaying the
H surge for at least 24 h. This delay in ovulation results in
ffects similar to those seen with D4. While analogous pathways
ontrol ovulation in both rats and humans, there are significant
ifferences in the mechanisms for timing and release of LH and
esulting changes in the control of ovulation and mating behav-

or between the two species. If D4 delays rather than causes a
rolonged suppression or ablation of the LH surge, the repro-
uctive mode of action of D4 would not likely be relevant for
umans.
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