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1 Detailed Hazard Overview

1.1 Thyroid Effects

1.1.1 Human Evidence

The association between HBCD exposure and alterations of thyroid hormones was investigated
in populations at different lifestages. Specifically, investigations of the potential effects of
HBCD on the thyroid in humans have been conducted in infants and children participating in
birth cohort studies in the Netherlands (Roze et al., 2009) and Norway (Eggesbg et al., 2011),
adolescents participating in a cross-sectional general population study in areas around industrial
sites in Belgium (Kicinski et al., 2012), and adult men attending an infertility clinic in the United
States (cross-sectional study) (Johnson et al., 2013). In addition, there is one case-control study
of hypothyroidism in Korean mother and infant pairs (Kim and Oh, 2014). Of these five studies,
only two were large scale (>500 participants) (Kicinski et al., 2012; Eggesbe et al., 2011), and
only one included an analysis that allowed for the examination of exposure-response patterns
(Eggesbg et al., 2011). Quantitative methods used by several of the studies resulted in 25—75%
of samples below stated detection limits (Kim and Oh, 2014; Kicinski et al., 2012; Eggesbg et

al., 2011). While some of the available studies included consideration of other suspected thyroid-
disrupting chemicals, none considered known thyroid antagonists such as perchlorate,
thiocyanate, or nitrate (Steinmaus et al., 2013; Tonacchera et al., 2004). Other study limitations
and a summary of overall confidence in the results are noted in Table 1-1. Studies are ordered by
the age at outcome evaluation, and then by overall confidence in the study.

A Norwegian birth cohort did not find a statistically significant association between the levels of
HBCD measured in breast milk and thyroid-stimulating hormone (TSH) levels in newborns
(Eggesbo et al., 2011). Elevated, but non-statistically significant, odds ratios (range: 1.3—1.6)
were reported for increased TSH in relation to increasing HBCD levels in breast milk that are
suggestive of a potential association; however, confidence intervals (Cls) around each of the
point estimates were relatively wide (based on approximately 30 individuals per group) and a
clear dose-response was not observed. This analysis controlled for several potential mediators of
normal thyroid hormone variability and several thyroid disruptors (e.g., polychlorinated
biphenyls [PCBs], polybrominated diphenyl ethers [PBDEs], and hexachlorobenzene).
Adjustments for iodine deficiency were not made; however, the study authors noted that this
condition is rare in Norway (Eggesbg et al., 2011).

A study in adolescents ages 13—17 years who lived in areas around industrial sites in Belgium (n
= 515) did not find an association between serum concentrations of HBCD and concurrent
measures of TSH, thyroxine (T4), or triitodothyronine (T3) (Kicinski et al., 2012). Since
approximately 75% of serum concentrations were below the limit of quantitation (LOQ),
analyses were dichotomized to compare effects associated with HBCD concentrations above and
below the LOQ. The three remaining studies (Kim and Oh, 2014; Johnson et al., 2013; Roze et
al., 2009) had reporting deficiencies that limit the ability to interpret results from these studies
(Table 1-2). In studies of infants (Roze et al., 2009) and adult men (Johnson et al., 2013), the
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authors did not identify a statistically significant relationship between HBCD and a specific
thyroid hormone; quantitative results pertaining to the magnitude or direction of association
between HBCD and thyroid hormones were not reported. Kim and Oh (2014) found no
significant correlations between a-, -, or y-HBCD and any thyroid hormones in infants with
congenital hypothyroidism; however, reporting limitations of this case-control study (, no
information on participant recruitment) and analysis (i.e., 25% of samples were below the limit
of detection [LOD]) were noted.

The human database for HBCD is inadequate to support conclusions regarding the relationship
between HBCD exposure and thyroid effects. The studies of HBCD exposure in relation to
variation in thyroid hormone levels or thyroid disease (congenital hypothyroidism) do not
provide a basis for assessing a causal association at any lifestage.

1.1.2 Animal Evidence

Several short-term and subchronic rodent studies evaluated the effects of HBCD on the thyroid,
specifically serum thyroid hormone levels, thyroid histopathology, and thyroid weight. Two of
these studies investigated thyroid-related endpoints at time-points approximately 4—8 weeks
following the end of dosing (Saegusa et al., 2009; WIL Research, 2001). The evidence pertaining
to thyroid effects in experimental animals following oral exposure to HBCD is summarized in
Table 1-2 and Figure 1-1. Exposure response array of thyroid effects following oral exposure.
Effect categories with stronger evidence are presented first, with individual studies ordered by
study duration and then species. If not otherwise indicated, endpoint measurements were made in
adults.

1.1.3 Thyroid Hormones

Several studies in rats reported HBCD-related effects on thyroid hormone levels using
radioimmunoassay (van der Ven et al., 2009; Ema et al., 2008; van der Ven et al., 2006) or
electrochemiluminescence immunoassay (Saegusa et al., 2009; WIL Research, 2001).

TSH levels were generally increased in most dosed groups (male and female FO and F1 CD rats
(Ema et al., 2008), male and female CD rats (WIL Research, 2001), and male weanling CD rats
(Saegusa et al., 2009). These increases reached statistical significance in male weanlings
(postnatal day [PND] 20) (Saegusa et al., 2009) and female adult rats (FO and F1) (Ema et al.
2008). Additional support for HBCD-mediated increases in TSH are provided by van der Ven et
al. (2006); although serum TSH levels were not directly measured, female rats exposed to 200
mg/kg-day HBCD for 28 days showed a statistically significant increase in pituitary TSH
immunostaining, suggesting elevated synthesis and release of this hormone.

Statistically significant decreases in T4 (up to —38% of control) were observed in FO rats
exposed to approximately 1,000—1,300 mg/kg-day HBCD (Ema et al., 2008). A dose-related
decrease in T4 was also observed in the F1 generation, with a 28% decrease in T4 in high-dose
females (Ema et al., 2008). Similarly, male and female rats exposed for 90 days to doses up to
1000 mg/kg-day were observed to have a dose-related decrease in T4 (up to -37% of control)
(WIL Research, 2001). Adult female rats exposed to up to 200 mg/kg-day HBCD for 28 days
also showed a significant dose-dependent decrease in serum T4 (26% decrease at 200 mg/kg-
day) (van der Ven et al., 2006); a dose-related decrease was not observed in male rats in the same
study. The available developmental and one-generation toxicity studies did not detect alterations
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in levels of T4 in offspring at maternal doses ranging from approximately 100 to 1,500 mg/kg-
day (Saegusa et al., 2009; van der Ven et al., 2009). Serum levels of T3 were also investigated in
several studies (Saegusa et al., 2009; van der Ven et al., 2009; Ema et al., 2008; van der Ven et
al., 2006; WIL Research, 2001), but only one detected a statistically significant effect. A 15%
decrease in T3 levels relative to controls was observed in male weanling rats treated gestationally
and lactationally at maternal doses of 1,505 mg/kg-day (Saegusa et al., 2009).

The pattern of increased TSH and decreased T4 observed in the two-generation reproductive
study (Ema et al., 2008) is consistent with the multi-loop feedback system of the hypothalamus-
pituitary-thyroid (HPT) axis (Fisher and Nelson, 2012). The same patterns of effect in TSH and
T4 were reported by W.I.L Research (2001); however, confidence in the hormone measurements
from this study is low because approximately 50% of control samples used for TSH
measurements were below the limit of detection and the remaining samples were 1-2 orders of
magnitude lower than controls in other available studies, calling into question the conduct of the
assay.

Two studies also measured thyroid hormone levels 4 weeks (WIL Research, 2001) or 8 weeks
(Saegusa et al., 2009) after the end of dosing. Treatment-related changes in TSH and T3 levels
were still present 8 weeks after the end of dosing in developmentally-exposed rats; however, the
change was statistically significant for T3 only (Saegusa et al., 2009). In contrast, T4 and TSH
levels in rats exposed as adults returned to control levels within 4 weeks after cessation of
exposure (WIL Research, 2001).

1.1.4 Thyroid Histopathology

Histopathological changes indicative of thyroid activation were observed in some studies in
experimental animals following exposure to HBCD. A 28-day study using doses up to 200
mg/kg-day qualitatively reported a dose-dependent increase in thyroid activation (i.e., follicle
size, epithelial cell height, vacuolization, and nuclear size) in both male and female adult rats
(van der Ven et al., 2006). A dose-related increase in the incidence of thyroid follicular cell
hypertrophy was reported in adult male and female rats exposed to HBCD for 90 days and in
female rats developmentally exposed to approximately 1,000—1,500 mg/kg-day for 30 days
(Saegusa et al., 2009; WIL Research, 2001). A similar dose-related effect was not observed in a
28-day study at doses up to 1,000 mg/kg-day (WIL Research, 1997) or in a two-generation
reproductive toxicity study at doses up to approximately 1,300 mg/kg-day (Ema et al., 2008). A
statistically significant increase (46—87%) in the incidence of small thyroid follicles was reported
in both FO and F1 high-dose animals in a two-generation reproductive toxicity study (Ema et al.
2008). This histological observation is likely indicative of a loss of colloid, which functions as a
reservoir from which T3 and T4 can be released into the bloodstream as needed. With long-term
TSH elevation, endocytosis of colloid occurs faster than synthesis, resulting in the progressive
depletion of colloid and decreased follicle size (Rosol et al., 2013). Female mice exposed to
approximately 200 mg/kg-day HBCD for 28 days showed a 20 and 26% decrease in follicle and
colloid areas, respectively; however, this change did not reach statistical significance (Maranghi
et al., 2013).

1.1.5 Thyroid Weight

Several studies in rats reported treatment-related increases in thyroid weight (Saegusa et al.,
2009; Ema et al., 2008; van der Ven et al., 2006; WIL Research, 2001); however, the response
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patterns were not consistently dose-related nor were responses consistent across sexes. In
animals exposed as adults only, several studies reported increased relative thyroid weights in
female rats at doses ranging from approximately 30 to 1,500 mg/kg-day HBCD (Saegusa et al.,

2009; Ema et al., 2008; van der Ven et al., 2006; WIL Research, 2001), whereas only one study
reported the same effect in males exposed to approximately 1,000 mg/kg-day (Ema et al., 2008).
In animals exposed to HBCD during development, statistically significant increases in thyroid
weight were observed in male and female F1 adults exposed to 1,142 and 1,363 mg/kg-day,
respectively (Ema et al., 2008) and adult males, but not females, 8 weeks after gestational and

lactational exposure to >146 mg/kg-day (Saegusa et al., 2009). In a one-generation reproductive
study, no changes in absolute thyroid weight were reported in male or female F1 rats at doses up
to 100 mg/kg-day (van der Ven et al., 2009); relative thyroid weight was not reported.

Table 1-1. Evidence pertaining to thyroid effects in humans following exposure to

HBCD

Reference and study design

Results

Studies in infants

Eggesbg et al. (2011) (Norway, 2003—2006)
Population: Birth cohort, recruited within 2 wks of
delivery (able and willing to provide breast milk
sample), 396 randomly selected for analysis; 239 of
these were after February 2004 when the link to the
thyroid screening data became available; 193 with
HBCD data (46% girls)

Exposure measures: Breast milk, collected at a
median of 33 d after delivery (samples pooled over
8 consecutive mornings)

Total HBCD detected in 67.9% of samples

LOQ =0.2 ng/g lipid

Median 0.54 (range: 0.1-31) ng/g lipid

Effect measures: TSH (whole blood spots)
measured in infants 3 d after delivery (linked data
beginning in February 2004); immunoassay (clinical
lab)

Analysis: Linear regression for In TSH (continuous)
and logistic regression for dichotomized In TSH (at
80 percentile); see results column for consideration
of covariates. Referent category includes all samples
less than the LOQ (n = 62, 32%); remainder of
population divided into four equally-sized
categories.

Data Quality:
High (1.4)

Association between HBCD level in breast milk with
neonatal TSH levels:

Adjusted odds
Adjusted beta ratio for TSH
Exposure category for In TSH >80 percentile
(ng/g lipid) (N) (95% CI)° (95% CI)*
0.10 (62) (Referent) (Referent)
0.13-0.52 (31) -0.01 (-0.21, 0.20) 1.3 (0.3,4.5)
0.53—-0.79 (33) 0.02 (-0.18, 0.22) 1.4 (0.3, 6.1)
0.80—1.24 (33) 0.12 (-0.08, 0.33) 1.6 (0.4,6.1)
1.29-31.2 (34) 0.03 (-0.17, 0.23) 1.3 (0.3,5.8)
Per interquartile -0.00 (-0.02, 0.02) 1.0 (0.8, 1.1)

range increase:

Adjusted for age at TSH screening, maternal BMI, county,
p,p-DDE, hexachlorobenzene, delivery type, pregnancy
preeclampsia, and hypertension. Also evaluated but
eliminated were maternal education, age at delivery,
Norwegian nationality, season, parity, smoking, sex,
gestational age, beta-hexachlorocyclohexane, oxychlordane,
and sum of all PCB congeners.

EPA has lower confidence in results per interquartile range
increase than in categorical analysis; this analysis used
HBCD as a continuous variable. The inclusion of non-
detects in this analysis presents considerable uncertainty in
the interpretation of the results.

Page 6 of 202



http://hero.epa.gov/index.cfm?action=search.view&reference_id=787721
http://hero.epa.gov/index.cfm?action=search.view&reference_id=787721
http://hero.epa.gov/index.cfm?action=search.view&reference_id=787657
http://hero.epa.gov/index.cfm?action=search.view&reference_id=787745
http://hero.epa.gov/index.cfm?action=search.view&reference_id=787787
http://hero.epa.gov/index.cfm?action=search.view&reference_id=787657
http://hero.epa.gov/index.cfm?action=search.view&reference_id=787657
http://hero.epa.gov/index.cfm?action=search.view&reference_id=787721
http://hero.epa.gov/index.cfm?action=search.view&reference_id=589273
http://hero.epa.gov/index.cfm?action=search.view&reference_id=787656

Reference and study design

Results

Roze et al. (2009) (the Netherlands, COMPARE
cohort, 2001-2002)

Population: Birth cohort, 90 singleton, term births,
62 of 69 (90%) mother-child pairs randomly selected
from the cohort for HBCD measures in serum
Exposure measures: Prenatal exposure, maternal
serum at 35" week of pregnancy

1,2,5,6,9,10-HBCD (HBCD) detected in all samples
LOD 0.8 pg/g serum

Median 0.8 (range: 0.3—7.5) ng/g lipids

Effect measures: Thyroid hormones (cord blood
samples, n =51, selected based on amount of sample
available): T4, free T4, reverse T3, T3, TSH,
throxine-binding globulin (assay not described)
Analysis: Pearson correlation (for normally
distributed variables) or Spearman’s rank correlation
(for non-normally distributed variables)

Data Quality: *
Medium (1.8)

Results for correlations between HBCD and cord blood
thyroid hormone levels were not shown, but were stated to
be not statistically significant.

Kim and Oh (2014) (South Korea, 2009—2010)
Population: 26 infants with congenital
hypothyroidism and their mothers, 12 healthy infant-
mother pairs from the same hospital department also
collected (case-control). Age of infants 1-24 mo;
most 1-3 mo; excluded obese mothers (normal
group only). Sex of infants not reported.

Exposure measures: Serum, a, 3, y-HBCD, most
samples collected 1—-3 mo after birth, samples from
two congenital hypothyroidism infants collected

18 and 24 mo after birth

LOQ 0.036 ng/g lipid (% less than detection limit
not reported)

Total HBCD: Mean 8.55 ng/g lipid, range from less
than method detection limit to 166 ng/g lipid

Effect measures: Congenital hypothyroidism (not
defined)

Analysis: Two-sided student t-tests; comparisons
between mothers of cases and controls, and between
infant cases and controls. Values below LOQ
replaced by a value of 0.5 times the LOQ;
concentration data normalized, excluding outliers
(not defined), to sum of PBDEs, HBCDs, and
tetrabromobisphenol A.

Data Quality: *
Medium (1.9)

Congenital hypothyroidism Healthy controls

Mothers, mean HBCD level (SD)

a-HBCD 0.494 (1.52) 2.57 (1.48)*
B-HBCD 0.27 (0.933) 0.461 (1.08)
y-HBCD 2.72 (1.42) 8.86 (2.81)
Infants, mean HBCD level (SD)
a-HBCD 2.42(3.33) 1.84 (2.5)
B-HBCD 0.578 (1.71) 0.462 (0.768)
v-HBCD 5.16 (2.42) 14.05 (2.87)

Studies in adolescents

Kicinski et al. (2012) (Belgium, 2008—2011)
Population: 515 adolescents (13—17 yrs old) from
two industrial sites and randomly selected from the

Thyroid hormone results (estimated from Figure 4 of

Kicinski et al. (2012):

Beta (95% CI)¢
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Reference and study design

Results

general population; participation rates 22—34% in
the three groups, sample size varied by test
Exposure measures: Serum samples, HBCD
>75% were less than the LOQ (LOQ = 30 ng/L);
Median <30 (range: <LOQ—-234) ng/L

Effect measures:

Thyroid hormones:

Free T3, free T4, TSH (immunoassay not described)
Analysis: Regression models (linear or negative
binomial depending on outcome); HBCD
dichotomized

Data Quality:?
Medium (1.9)

Free T3 (pg/mL)
FreeT4 (mg/dL) —0.02 (-0.03, 0.09)
TSH (%) 0.0 (—4, 13)

0.08 (~0.08, 2.3)

Linear regression models for free T3 and free T4; negative
binomial model for TSH. All models adjusted for age,
gender, blood lipids, and BMI. Additional covariates
evaluated included smoking, parental smoking, parental
education, and parental home ownership, physical activity,
computer use, alcohol and fish consumption, blood lead, and
blood PCBs, and were included based on a stepwise
regression procedure.

Studies in adult men

Johnson et al. (2013) (United States,
2002-2003)
Population: 38 men (18—54 yrs old), from couples
seeking infertility treatment; approximately 65%
participation into general study; participation rate in
the vacuum bag collection phase of the study not
reported
Exposure measures: HBCD exposure from vacuum
bag dust; three main stereoisomers of HBCD
presented together
HBCD detected in 97% of samples; LOD not
reported; median 246 ng/g dust (90™ percentile
1,103 ng/g dust)
Effect measures: Non-fasting blood sample
immunoassay details in (Meeker et al., 2008)

TSH

free T4

free T3
Analysis: All variables analyzed as continuous
variables; Spearman’s correlation between HBCD in
house dust and serum hormone levels; multivariable
models adjusted for age and BMI

Data Quality:?
High (1.6)

Adjustment for age and BMI produced similar results to the
bivariate results (data not reported).

No statistically significant changes in thyroid hormones
(result not shown).

*p = 0.004; unadjusted for age and sex.
*Based on OPPT data evaluation criteria
50.0 = no association.

1.0 = no association.

9Beta is for HBCD >30 ng/L (LOQ) versus <30 ng/L; 0.0 = no association.

BMI = body mass index; EPA = U.S. Environmental Protection Agency; SD = standard deviation
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Table 1-2. Evidence pertaining to thyroid effects in animals following exposure to

HBCD
Reference and study
design Results
Serum thyroid hormones
Ema et al. (2008) Doses (mg/kg-d)
Rats, CRL:CD(SD) Male, F0 0 10 101 1,008
Diet ) Female, F0 0 14 141 1,363
Two generation Male, F1 0 11 115 1,142
FO: exposure started Female, F1 0 14 138 1,363
10 wks prior to mating TSH (ng/mL)
F1: di.etary exposure post Male, FO (n = 8)
weaning through
necropsy Mean (SD) 16.15 (3.78) 16.18 (8.61) 19.14 (6.02) 23.26 (10.90)
F1/F2 offspring: % of control® - 0% 19% 44%,
continuous maternal Female, FO (n = 8)
exposure throughout Mean (SD)  10.68 (1.35) 14.83*% (2.47)  15.37%(2.17)  21.59* (8.87)
gestation/lactation
% of control® - 39% 44% 102%
Thyroid hormones were | Male, F1 (n = 8)
measured by . Mean (SD) 11.93 (4.62) 11.50 (2.94) 15.78 (6.48) 15.54 (5.76)
radioimmunoassay in % of control® B —49, 329 30%
adults only
Female, F1 (n=8)
Data Quality: ¢ Mean (SD) 10.35 (2.04) 15.36 (4.18) 18.09%* (5.23) 17.28* (5.58)
High (1.0) % of control® - 48% 75% 67%
T4 (ug/dL)
Male, FO (n =8)
Mean (SD) 4.04 (1.42) 3.98 (0.89) 2.97 (0.76) 2.49* (0.59)
% of control® - -1% —26% —38%
Female, FO (n = 8)
Mean (SD) 2.84 (0.61) 3.14 (0.48) 3.00 (0.77) 1.96* (0.55)
% of control® - 11% 6% —31%
Male, F1 (n =8)
Mean (SD) 3.54(0.29) 3.44 (0.86) 3.32(0.98) 3.18 (0.48)
% of control® - —3% —6% -10%
Female, F1 (n = 8)
Mean (SD) 3.59 (1.08) 3.56 (0.53) 3.39 (1.21) 2.58(0.37)
% of control® - -1% —6% —28%
T3 (ng/dL)
Male, FO (n =8)
Mean (SD) 143.6 (29.0) 138.2 (21.6) 121.6 (15.6) 126.9 (16.3)
% of control® - —4% -15% -12%
Female, FO (n = 8)
Mean (SD) 133.1 (15.9) 140.9 (16.3) 146.5 (29.5) 134.7 (25.6)
% of control® - 6% 10% 1%

Male, F1 (n =38)
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Reference and study

design Results
Mean (SD) 122.1 (9.9) 123 (13.7) 123.6 (22.6) 122.3(20.4)
% of control® - 1% 1% 0%
Female, F1 (n = 8)
Mean (SD) 146.7 (17.5) 143.3 (18.1) 132.1 (26.2) 130.4 (17.8)
% of control® - —2% —-10% -11%
van der Ven et al. Doses (mg/kg-d)
(2009) 0 0.3 1 3 10 30 100
Rats, Wistar T4 (nmol/L)
Diet Male, FO (n = 5)°
One generation ’
Mean (SD)  62.0 - - - - - 54.2
FO: exposure started one 4.7 (13.8)
spermatogenic cycle % of control® - - - - - - -13%
(males: 70 d) or two Female, FO (n = 5)°
estrous gycles (ferpales: Mean (SD)  44.4 _ _ _ _ _ 38.0
14 d) prior to mating
. 9.3) (17.6)
F1: continuous maternal . . .
exposure throughout /o of control - - - - - - —14%
gestation/lactation; Male, F1 (n =3-5)
dietary exposure post Mean (SD)  44.8 46.3 47.2 42.6 45.0 46.6 47.6
weaning through PNW 11 (4.55) (82) (3.4) (6.6) (43) (5.1) (124)
Thyroid hormones (total % of control® - 3% 5% —5% 0% 4% 6%
T3/T4) were measured by | Female, F1 (n =3-5)
radioimmunoassay in Mean (SD) 50.6 38.8 49.6 44.8 59.7 414 47.0
adults only (16.6) 82) (11.1) (@135 (49 (@12.1) (10.8)
Data Quality: ¢ % of control® - -23% 2% -11% 18% -18% —7%
ata Quality:
High (1.2) T3 (nmol/L)
Male, FO (n = 5)°
Mean (SD) 0.9 - - - - - 0.8
(0.1) (0.1)
% of control® - - - - - - -11%
Female, FO (n=5)"
Mean (SD) 0.8 - - - - - 0.9
(0.2) (0.3)
% of control® - - - - - - 12%
Male, F1 (n =3-5)
Mean (SD) 0.9 1.0 1.0 1.0 0.9 0.9 1.0
0.1) 0.1)  (0.1) (0.1)  (0.1) (0.1) (0.1)
% of control® - 11% 11% 11% 0% 0% 11%
Female, F1 (n =3-5)
Mean (SD) 1.1 1.1 1.1 1.2 1.4 1.0 1.0
(0.3) 0.2) (0.1 (0.2) (0.1) (0.1) (0.1)
% of control® - 0% 0% 9% 27% 9% 9%

Doses (mg/kg-d)
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Reference and study

design Results
WIL Research (2001) 0 100 300 1,000
Rats, Crl:CD(SD)IGS BR | TSH (ng/mL)
Gavage . Male (n = 5-10)
90-d exposure starting on
~PNW 7 followed by a Mean (SD) 0.46 (0.42) 3.29 (3.86) 2.65(2.10) 3.88 (2.98)
28-d recovery period % of control® - 615% 476% 743%
R q " Female (n = 5-10)
ccovery data notShown |y n(SD)  0.46 (0.31) 1.42 (1.11) 3.96 (5.15) 2.43 (1.74)
Thyroid hormones (total % of control® - 209% 761% 428%
T3/T4) measured by T4 (ug/dL)
electro- Male (n = 9-10)
chemiluminescence
immunoassay in adults Mean (SD) 7.87 (1.22) 6.34* (1.22) 6.28* (1.03) 4.97* (0.76)
only % of control® - -19% —20% =37%
Female (n = 9-10)
Data Quality: ¢ . .
High (1.0) - Note: thyroid Mean (SD) 5.43 (0.86) 4.96 (0.62) 4.53* (0.88) 4.31*(0.76)
hormone metrics were % of control® - 9% —17% —21%
determined to be low
quality due to inadequate
reporting of thyroid
hormone measurement
methods and questionable
control data.
T3 (ng/dL)
Male (n =9-10)
Mean (SD) 64.36 (9.55) 58.78 (13.01) 58.96 (13.17) 64.23 (9.55)
% of control® - —9% —8% 0%
Female (n =9-10)
Mean (SD) 73.4 (14.97) 70.78 (19.18) 67.02 (17.22) 70.31 (16.78)
% of control® - —4% —9% —4%
van der Ven et al. Doses (mg/kg-d)
(2006) 0 0.3 1 3 10 30 100 200
Rats, Wistar T4 (nmol/L)
Gavage —
28-d exposure starting on Male (n =4-3)
PNW 11 Mean (SD)  40.2 40.4 40.6 49.4 433 41.9 354 414
3.6) (.0) (3 (72 (1.3) @46) @2 (@39
Thyroid hormones (total | % of control? - 0% 1% 23% 8% 4%  —12% 3%
T3/.T4.1) were measured by | gemale (n = 4-5)*+
radioimmunoassay
Mean (SD)  41.3 41.9 40.2 37.2 38.6 38 35.8 304
26) @B.1H) (73 &7 1.7y  (6.1) (52) (5.9
% of control® - 1% 3% -10% 7% 8% —13% —26%
T3 (nmol/L)
pata ?galityi ! Male (n = 4-5)
igh (1.3) Mean (SD)  0.81 0.84 0.85 0.89 0.97 0.90 0.82 0.89
(0.06) (0.14) (0.16) (0.04) (0.16) (0.13) (0.06) (0.05)
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Reference and study

design Results
% of control® - 4% 5% 10% 20% 11% 1% 10%
Female (n = 4-5)
Mean (SD) 091 0.84 0.88 0.81 0.80 0.74 0.92 0.82
(0.10) (0.15) (0.12) (0.11) (0.09) (0.15) (0.20) (0.13)
% of control® - 8% 3% -11% -12% -19% 1% -10%
Saegusa et al. (2009) |Doses (mg/kg-d)°
Rats, Crj:CD(SD)IGS 0 15 146 1,505
Diet TSH (ng/mL)
F1: maternal exposure Male, F1, PND 20 (n = 10)
from GD 10 to PND 20 Mean (SD) 5.40 (0.62) 6.66 (1.24) 6.07 (1.41) 7.00* (1.31)
followed by an 8-wk non- | 9% of control® - 23% 12% 30%
exposure period through Male, F1, PNW 11 (n = 10)
PNW 11
Thyroid hormones were Mean (SD) 4.74 (0.62) 5.81(1.72) 5.36 (1.11) 4.96 (0.8)
measured by % of control® — 23% 13% 5%
electrochemi- T4 (ng/dL)
luminescence Male, F1, PND 20 (n = 10)
immunoassay in males
only Mean (SD) 4.39 (0.93) 4.20 (0.77) 4.78 (0.49) 4.20 (0.52)
% of control® - —4% 9% —4%
o Male, F1, PNW 11 (n = 10)
gj‘gtﬁ g“;;l“y' Mean (SD) 477 (0.7) 4.84 (0.59) 5.21 (0.65) 5.20 (0.98)
' % of control® - 1% 9% 9%
T3 (ng/mL)
Male, F1, PND 20 (n = 10)
Mean (SD) 1.09 (0.11) 1.13(0.12) 1.06 (0.08) 0.93* (0.10)
% of control® - 4% -3% -15%
Male, F1, PNW 11 (n = 10)
Mean (SD) 0.96 (0.06) 0.93 (0.07) 0.88* (0.05) 0.89* (0.006)
% of control® - -3% —8% 7%
Thyroid histopathology
Ema et al. (2008) Doses (mg/kg-d)
Rats, CRL:CD(SD) Male, F0 0 10 101 1,008
Diet , Female, FO 0 14 141 1,363
Two generation
Male, F1 0 11 115 1,142
FO: exposure started Female, F1 0 14 138 1,363
11:(1) Vzllfstprlor to mating . Decreased thyroid follicle size
- dietary exposure pos Male, FO (n = 23-24)
weaning until necropsy
F1/F2 ()ffspr]ng Incidence 0/24 0/24 6/24%* 20/23*
continuous maternal Female, FO (n = 23-24)
Exposure throughout Incidence 0/24 0/24 5124 11/23*
gestation/lactation
Male, F1 (n =22-24)
Incidence 0/24 0/24 2/22 11/24*

Female, F1 (n =24)
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Reference and study

design Results
Incidence 0/24 1/24 5/24%* 13/24%*
Data Quality: ¢ Thyroid follicular cell hypertrophy
High (1.0) Male, FO (n = 23-24)
Incidence 0/24 0/24 3/24 1/23
Female, FO (n = 23-24)
Incidence 0/24 0/24 2/24 0/23
Male, F1 (n =22-24)
Incidence 0/24 0/24 0/22 0/24
Female, F1 (n =24)
Incidence 0/24 0/24 0/24 0/24
Thyroid gland histopathology
Treatment-related histopathological thyroid changes were not observed in weanling F1
and F2 animals.
WIL Research (2001) | Doses (mg/kg-d)
Rats, Crl:CD(SD)IGS BR 0 100 300 1,000
Gavage , Thyroid follicular cell hypertrophy (total incidence, includes all severities)
90-d exposure starting on
~PNW 7 followed by a Male (n = 5-10)
28-d recovery period Incidence 1/10 1/10 5/10 8/9
Female (n = 9-10)
Recovery data not shown |y jgence 0/10 0/10 4/9 7/10
Data Quality: ¢
High (1.0)
van der Ven et al. Doses (mg/kg-d)
(2006) 0 0.3 1 3 10 30 100 200
Rats, Wistar Thyroid activation
Gavage

28-d exposure in adults
starting on PNW 11

Data Quality: ¢

Dose-dependent increases in thyroid activation (i.e., follicle size, epithelial cell height,
vacuolization, and nuclear size) were reported qualitatively for both males and females.

High (1.3)
WIL Research (1997) | Doses (mg/kg-d)
Rats, Sprague-Dawley 0 125 350 1,000
Gavage ) Thyroid follicular cell hypertrophy (total incidence, includes all severities)
28-d exposure starting on
~PNW 6 followed by a | Male (n=6)
14-d recovery period Incidence 6/6 6/6 6/6 6/6
Female (n =6)
Incidence 6/6 5/6 6/6 6/6
Colloid loss (total incidence, includes all severities)
Data Quality: d Male (n = 6)
High (1.3) Incidence 5/6 4/6 6/6 6/6
Female (n = 6)
Incidence 4/6 4/6 6/6 6/6
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Reference and study

design Results
Saegusa et al. (2009) |Doses (mg/kg-d)°
Rgts, Crj:CD(SD)IGS 0 15 146 1,505
Diet Thyroid follicular cell hypertrophy
F1: maternal exposure Female, FO (n = 10)
from GD 10 to PND 20 Incidence 3/10 5/10 6/10 9/10*
followed by an 8-wk Males and females, F1: no treatment-related histopathological effects.
recovery period through
PNW 11
Data Quality: ¢
High (1.2)
Maranghi et al. Doses (mg/kg-d)
(2013) 0 199
Mice, BALB/c Female (n = 6-8)
FDc-’;zales only Colloid area (um?)
28-d exposure starting on | Mean (SD) 1,718 (403) 1,270 (452)
PND 26 % of control® - -26%
Follicle area (um?)
Data Quality: ¢ Mean (SD) 2,402 (500) 1,927 (610)
High (1.3) % of control® - -20%
Follicle:colloid ratio
Mean (SD) 1.41 (0.07) 1.53* (0.07)
% of control® - 9%
Thyroid weight
Ema et al. (2008) Doses (mg/kg-d)
Rats, CRL:CD(SD) Male, F0 0 10 101 1,008
TD\i:(t) generation Female, FO 0 14 141 1,363
Male, F1 0 11 115 1,142
FO: exposure started Female, F1 0 14 138 1,363
10 wks prior to mating | Relative thyroid weight (mg/100 g BW)
F1: di.etary exposure post Male, FO (n = 22-24)
weaning through
necropsy Mean (SD) 4.28 (0.71) 4.17 (0.77) 4.09 (0.73) 5.17* (1.00)
F1/F2 offspring: % of control® - -3% -4% 21%
continuous maternal Female, FO (n = 17-24)
exposure throughout Mean (SD)  6.38 (0.89) 5.99 (1.27) 6.47 (1.32) 7.20 (1.30)
gestation/lactation
% of control® - -6% 1% 13%
Thyroid weight measured | Male, F1 (n =22-24)
in adults only Mean (SD) 4.03 (0.79) 422 (0.63) 4.15(0.72) 4.96* (0.87)
Data Quality: ¢ % of control® - 5% 3% 23%
High (1.0) Female, F1 (n=13-22)
Mean (SD) 6.01 (1.01) 6.08 (1.05) 6.54 (1.36) 7.76* (1.36)
% of control® - 1% 9% 29%

Doses (mg/kg-d)
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Reference and study

design Results
van der Ven et al. 0 0.1 0.3 1 3 10 30 100
(2009) Absolute thyroid weight (mg)
Rats, Wistar Male, F1 (n = 5)
Diet
One generation Mean (SD) 26(3) 24((3) 30(5) 26(3) 263) 25(5) 25(5 26()
% of control® - —8% 15% 0% 0% 4%  —4% 0%
FO: exposure started one | Female, F1 (n=15)
spermatogenic cycle Mean (SD) 24(5) 21(3) 19(4) 20(5) 22(4) 204 19(6) 2203
(males: 70 d) or two %ofcontrolt -  —12% —21% —17% 8% —17% —21% —8%
estrous cycles (females:
14 d) prior to mating
F1: continuous maternal
exposure throughout
gestation/lactation;
dietary exposure post
weaning through PNW 11
Data Quality: ¢
High (1.2)
WIL Research (2001) | Doses (mg/kg-d)
Rats, Crl:CD(SD)IGS BR 0 100 300 1,000
Gavage . Relative thyroid weight (mg/100 mg BW)
90-d exposure starting on —
~PNW 7 followed by a Male (n =95-10)
28-d recovery period Mean (SD) 5(1.2) 5(1.6) 5(1.6) 5(1.3)
% of control® - 0% 0% 0%
Recovery data not shown Female (n = 10)
Data Quality: ¢ Mean (SD) 6(1.2) 7 (1.8) 6(1.2) 7 (1.4)
High (1.0) % of control® - 17% 0% 17%
van der Ven et al. Doses (mg/kg-d)
(2006) 0 0.3 1 3 10 30 100 200
Rats, Wistar Relative thyroid weight (g/g BW x 100,000)
Gavage —1_
28-d exposure starting on Male (n =3-3)
PNW 11 Response 7.33 4.08 6.13 6.97 6.02 6.28 5.54 6.46
(1.03) (0.36) (1.68) (0.10) (2.09) (0.53) (0.39) (1.14)
% of control® - —44% -16% 5% —18% —14% —24% —12%
o d
g?‘t}? 8“;;hty' Female (n = 4-5)**
i .
g Response 5.98 6.62 8.98 5.26 7.13 9.52 9.41 9.59
(0.60) (0.68) (1.03) (1.35) (0.60) (0.59) (2.26) (0.88)
% of control® - 11% 50% —12%  19% 59% 57% 60%
Saegusa et al. (2009) |Doses (mg/kg-d)°
Rats, Crj:CD(SD)IGS 0 14.8 146.3 1,505
Diet Relative thyroid weight (mg/100 g BW)
F1: maternal exposure Female, FO (n = 10)
from GD 10 to PND 20 Mean (SD) 5.73 (0.90) 6.75 (0.99) 6.30 (0.80) 7.47* (1.05)
followed by an 8-wk non- | 9% of control® - 18% 10% 30%

Male, F1, PNW 11 (n = 10)
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Reference and study
design Results
exposure period through Mean (SD) 4.85 (0.69) 5.66 (0.67) 5.78% (0.82) 6.20* (1.03)
PNW 11 % of control® - 17% 19% 28%
Data Quality: ¢ Female, F1, PNW 11 (n=10)
High (1.2) Mean (SD)  8.20 (2.94) 6.84 (0.81) 7.35 (0.87) 7.72 (0.83)
% of control® - —17% —-10% —6%

*Statistically significantly different from the control at p < 0.05 as reported by study authors.

**Significant dose response trend as reported by study authors.

aPercent change compared to control calculated as: (treated value — control value)/control value x 100.

"Not measured; only control and high-dose values reported for endocrine parameters in the FO animals.

‘Time-weighted averages (TWAs) for each exposure group were calculated by multiplying the measured HBCD
intake (mg/kg-day) reported by the study authors for GDs 10—-20, PNDs 1-9, and PNDs 9-20 by the number of

inclusive days of exposure for each time.
dBased on OPPT data evaluation criteria

BW = body weight; GD = gestation day; PNW = postnatal week
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Figure 1-1. Exposure response array of thyroid effects following oral exposure. All studies
scored a High in data quality evaluation.

1.1.6 Mechanistic Evidence
Available mechanistic data suggest that HBCD may interfere with normal thyroid hormone
function. Indirectly, HBCD may decrease circulating thyroid hormone levels by inducing liver
xenobiotic enzymes that are responsible for metabolizing thyroid hormones. Directly, HBCD
may act via the thyroid receptor and regulate thyroid-responsive genes. Evidence to support these
hypothesized modes of action (MOAs) are reviewed below. Other related, but less supported
possible mechanisms, such as competition for thyroid hormone binding proteins and
dysregulation of deiodinases, are also included in this review. The complex interplay of
physiologic processes that regulate thyroid hormone homeostasis and possible sites of disruption
by HBCD are summarized in Figure 1-2 and the text below.
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1.1.6.1 Indirect Pathway: Increased Clearance of Thyroid Hormones
Results from short-term in vivo studies suggest that HBCD induces uridine diphosphate
glucuronyl transferase (UGT), an enzyme that regulates metabolism and irreversible elimination
of T4 (Shelby et al.. 2003; Vansell and Klaassen, 2002; Kelly, 2000). HBCD-mediated activation
of UGT has been observed in both rodent and non-mammalian models (Crump et al., 2010;
Canton et al., 2008; Crump et al., 2008; Palace et al., 2008; van der Ven et al., 2006). In rats,
UGT activity showed dose-related increases in both males and females exposed to up to 200
mg/kg-day (van der Ven et al., 2006) and gene transcription in males exposed to 30 and 100
mg/kg-day HBCD (Canton et al., 2008). Additional support for this mechanism is provided by
data obtained from fish and avian models. Activity of liver UGT increased by approximately
45% in juvenile rainbow trout exposed to a- or B-HBCD isomers in the diet for 56 days (Palace
et al., 2008). Similarly, the technical mixture or a-HBCD induced hepatic expression of a
UGT1AL ortholog in chicken embryos (Crump et al., 2010; Crump et al., 2008). These data
suggest that HBCD-mediated induction of UGT could lower serum thyroid hormone levels
through increased thyroid hormone catabolism and excretion (Kato et al., 2008; Klaassen and
Hood, 2001). As shown in Figure 1-2, decreased levels of circulating thyroid hormones trigger
activation of HPT axis feedback mechanisms, which stimulate the release of TSH.

Although the exact mechanism by which HBCD induces UGT is unclear, there is some evidence
to indicate that this effect may be mediated by interaction with the constitutive androstane
receptor (CAR) and/or pregnane X receptor (PXR). Often referred to as xenobiotic sensors, these
nuclear receptors bind to numerous exogenous compounds and regulate metabolizing enzymes
(Chen et al., 2003; Mackenzie et al., 2003). HBCD activated CAR in a human breast cancer cell
line (Sakai et al., 2009). Although Sakai et al. (2009) is the only study that directly investigated
interaction of HBCD with CAR/PXR, these results are supported by studies in HBCD-exposed
animal models showing activation of several other enzymes that are regulated by these nuclear
receptors (Omiecinski et al., 2011; Rosenfeld et al., 2003; Ueda et al., 2002). Upregulation or
increased activity of CYP2B1/2 and CYP3A1/3 was reported in HBCD-exposed rats (Canton et
al., 2008; Germer et al., 2006) and chicken embryos (Crump et al., 2010; Crump et al., 2008).
Pentoxyresorufin-O-depentylase activity, a biomarker of CYP2B1, was also increased in HBCD-
exposed fish (Zhang et al., 2008). Additionally, liver weight increases in rats and mice are often
associated with hepatic microsomal induction (Amacher et al., 1998); thus, the HBCD-induced
liver weight increases (16—108%) observed in rodents (Maranghi et al., 2013; Saegusa et al.,
2009; WIL Research, 2001) are consistent with the findings from these mechanistic studies.
Taken together, these data support the hypothesis that perturbation of thyroid hormones
following HBCD exposure is driven by indirect induction of UGT through interaction with
CAR/PXR.

1.1.6.2 Direct Pathway: Stimulation of Thyroid Hormone Receptor (TR)

Signaling at the Cellular Level
Thyroid hormones bind with the thyroid receptor (TR) to form the thyroid hormone/TR
complex. When formed, this complex translocates into the nucleus to activate transcription via
the thyroid hormone response element (TRE). Xenobiotic chemicals can alter TRE transcription
by interfering with the formation of the thyroid hormone/TR complex or its ability to interact
with the TRE (Kitamura et al., 2005). Although it is unclear whether HBCD binds to the TR,
there is evidence to support treatment-related TR activation (e.g., proliferation, gene
expression).
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Several in vitro models indicate that HBCD may act as a TR agonist. Two studies evaluated the
effect of HBCD on rat pituitary tumor cells (GH3 cells) that proliferate via TR activation by
T3. Both reported that the technical mixture of HBCD increased GH3 cell proliferation in the
presence of T3 (Hamers et al., 2006; Schriks et al., 2006a). In the absence of T3, a-HBCD, but
not other isomers, still induced proliferation; however, the magnitude of the effect was small
(Hamers et al., 2006). Maximal proliferation stimulation by HBCD was observed when T3 was
added simultaneously, which mimics in vivo conditions.

Interaction of HBCD with the TR was also examined in a Xenopus laevis tadpole tail tip
regression model that simulates amphibian metamorphosis. In organ culture, the tail tissue
responds to T3 by undergoing TR-mediated regression (Furlow et al., 2004; Shaffer,

1963). Schriks et al. (2006b) demonstrated that the T3-induced tadpole tail tip regression was
potentiated by the technical mixture of HBCD. In HeLa cells that constitutively overexpress TRa
and were transfected with TRE luciferase construct, HBCD increased TRE transcription by about
1.8-fold (Yamada-Okabe et al., 2005). Two studies using green monkey kidney fibroblast (CV-1)
cells transfected with Xenopus TR/TRE luciferase constructs provide inconsistent results
regarding the effects of HBCD on TR activation (Ibhazehiebo et al., 2011a; Schriks et al.,

2007). Notably, this model has less biological relevance in studying TR activation when
compared to those that endogenously express the TR (e.g., “T-screen” assay, X. laevis tadpole
tail tip regression, and HeLa cells).
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Figure 1-2. Hypothesized MOAs for thyroid effects of HBCD (adapted from Miller et al. (2009))

Indirect Pathway. HBCD induces UGT in the liver, increasing TH elimination, lowering circulating TH levels and
activating the hypothalamic-pituitary-thyroid feedback axis. Direct Pathway: HBCD may interfere with TR
signaling by interfering with binding to the TRE. Other: HBCD may alter thyroid homeostasis through competitive
binding with TTR or dysregulation of deiodinases. CAR/PXR = constituative antrostane receptor/pregnane X
receptor; Gluc = glucuronide; RXR = retinoid X receptor; T4= Thyroxine; T3 = triiodothyronine; TH = thyroid
hormone; TR = thyroid receptor; TRE = thyroid hormone response element; TRH = thyrotropin-releasing hormone;
TSH = thyroid stimulating hormone; TTR = transthretin; UGT = uridine diphosphate glucuronyltransferase;

1.1.6.3 Other Mechanistic Information
Environmental chemicals can alter circulating levels of free T3 and T4 by competitively binding
with the serum transport protein, transthyretin (TTR) (Schussler, 2000; Lans et al., 1993) or
interacting with deiodinase enzymes (Klammer et al., 2007; Morse et al., 1993). Two in vitro
studies provide limited evidence of HBCD interaction with TTR. Crump et al. (2008) reported a
>2-fold inhibition of TTR messenger ribonucleic acid (mRNA) transcription in chicken
embryonic hepatocytes following exposure to both the technical mixture and a-HBCD for 24
hours, but this effect diminished after treatment for 36 hours. In a TTR replacement assay, a-
and B-HBCD showed low potency (ICso > 10 uM), whereas the technical mixture and y-isomer
showed no ability to compete with T4 binding sites (Hamers et al., 2006). Additionally,
dysregulation of deiodinase enzymes that catalyze the deiodination of T4 to T3 can disrupt
thyroid hormone metabolism (Klammer et al., 2007; Morse et al., 1993). In the liver, total T4 to
T3 conversion was decreased by approximately 40% in juvenile rainbow trout fed a-, B-, or y-
isomers for 56 days (Palace et al., 2008); however, the same research group later reported that 3
and y-HBCD increased conversion by approximately 60% in the same species after a 32-day
dietary exposure (Palace et al., 2010). Differences in the way enzyme activity was measured in
the two experiments may have contributed to the disparate outcomes. Overall, these data provide
limited evidence for a role of HBCD in dysregulating the conversion of T4 to T3 in the liver.
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1.2 Liver Effects

1.2.1 Human Evidence

The potential for HBCD to affect the liver has not been investigated in humans.

1.2.2 Animal Evidence

Several rodent studies have evaluated hepatic effects, including changes in liver weight, liver
chemistry, and histopathology, following oral exposure to HBCD. A summary of liver effects
associated with HBCD exposure is presented in Table 1-3 and Figure 1-3. Effect categories with
stronger evidence are presented first, with individual studies ordered by study duration and then
species. If not otherwise indicated, endpoint measurements were made in adults.

1.2.2.1 Liver Weight
Effects on liver weight were evaluated in eight studies in rats (Saegusa et al., 2009; van der Ven
et al., 2009; Ema et al., 2008; van der Ven et al., 2006; WIL Research, 2001, 1997) and mice
(Yanagisawa et al., 2014; Maranghi et al., 2013). With the exception of three studies that
presented only absolute liver weight (Yanagisawa et al., 2014; van der Ven et al., 2009; van der
Ven et al., 2006), study authors reported both absolute and relative liver weights. This discussion
focuses on relative liver weight changes, as this measure has been shown in the general literature
to be more informative in evaluating liver toxicity when there are changes in body weight
(Bailey et al., 2004); absolute weight data were considered when relative weights were not
available.

Statistically significant increases in relative liver weight were reported in five studies in rats
(Saegusa et al., 2009; Ema et al., 2008; WIL Research, 2001, 1997) and mice (Maranghi et al.,
2013) that utilized similar dose ranges (10—1,505 mg/kg-day), generally at concentrations >100
mg/kg-day.

Study authors reported a significant positive trend with dose for absolute liver weight in adult
female, but not male, rats exposed to HBCD for 28 days (van der Ven et al., 2006), but a later
study by the same research group did not see a similar effect in F1 rats from a one-generation
study (van der Ven et al., 2009). In a study designed to investigate the influence of HBCD
exposure on metabolic function (Yanagisawa et al., 2014), absolute liver weight was examined in
male mice dosed once per week for 105 days while being fed either a standard diet or a high-fat
diet (created by mixing lard into the feed) at HBCD dose levels (0.002—0.7 mg/kg-week) several
orders of magnitude lower than other studies. Changes in absolute liver weight were not
observed in mice receiving the standard diet but mice receiving the high-fat diet showed
treatment-related increases. The increased absolute liver weight corresponded with significant
increases in body weight in these animals.

In three rat studies that evaluated animals 2—8 weeks after the end of exposure, liver weight
returned to control levels in all dose groups (Saegusa et al., 2009; WIL Research, 2001, 1997).

1.2.2.2 Liver Histopathology

Histopathological changes were investigated following oral exposure to HBCD in six studies in
rats (Saegusa et al., 2009; Ema et al., 2008; WIL Research, 2001, 1997) and mice (Yanagisawa
et al., 2014; Maranghi et al., 2013). Increased hepatocellular vacuolation, which can reflect a
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normal physiological process as well as a response to a toxic agent (Henics and Wheatley, 1999),
was the most consistently observed histopathological change, with effects seen in male and
female rats and female mice following multiple exposure durations at doses ranging from 100 to
1,505 mg/kg-day (Maranghi et al., 2013; Saegusa et al., 2009; WIL Research, 2001, 1997). One
of these studies stained liver sections with lipid- and glycogen-specific stains (Oil Red O and
periodic acid Schiff's reagent, respectively) and characterized the vacuoles as lipid filled (WIL
Research, 2001). With the exception of hypertrophy, which was increased in high-dose females
in the study by WIL Research (2001), no other significant histopathological changes were
reported in the available rat studies; however, some histopathologic changes were observed in
mouse studies. Low HBCD exposures (up to 0.7 mg/kg-week) in male mice showed no
histological changes in mice fed a standard diet; however, increases in microvesicular fatty
changes (steatosis) and hypertrophy (characterized as hepatocyte ballooning) were observed in
the high-dose group given a high-fat diet relative to the high-fat controls. Confidence in these
findings is reduced because other dose groups were not evaluated histologically and data were
presented qualitatively only (Yanagisawa et al., 2014). In a second mouse study, statistically
significant increases in the incidence of lymphocytic infiltration and tissue congestion, indicators
of inflammation, were observed in female mice administered 199 mg/kg-day (Maranghi et al.,
2013).

In two rat studies that evaluated animals 2—4 weeks after the end of exposure, histopathological
changes returned to control levels in all dose groups (WIL Research, 2001, 1997).

1.2.2.3 Liver Chemistry
Changes in serum liver enzyme levels were investigated as potential indicators of liver damage
following short-term and subchronic oral exposure to HBCD in five studies in rats (van der Ven
et al., 2009; van der Ven et al., 2006; WIL Research, 2001, 1997) and mice (Yanagisawa et al.,
2014).

Measures of serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST),
indicators of hepatocellular injury, showed no biologically or statistically significant increases
with HBCD exposure; indeed, animals in the high-dose groups often showed decreases in these
enzyme levels (Yanagisawa et al., 2014; van der Ven et al., 2009; van der Ven et al., 2006; WIL
Research, 2001, 1997). Although it is generally accepted that increases in serum ALT greater
than 100% of controls is suggestive of hepatocellular damage (Emea, 2008; Boone et al., 2005),
the biological significance of decreased aminotransferase levels is unclear.

Serum y-glutamyltransferase (GGT) and serum alkaline phosphatase (ALP) activities, markers of
hepatobiliary injury, were also reported in four studies (van der Ven et al., 2009; van der Ven et
al., 2006; WIL Research, 2001, 1997). GGT was significantly increased in male and female rats
exposed to 1,000 mg/kg-day for 90 days; this effect was not observed following a 4-week
recovery period (WIL Research, 2001) or a shorter (28-day) exposure (WIL Research, 1997). In
general, ALP activity was consistently decreased, sometimes statistically significantly, in male
and female rats (van der Ven et al., 2009; van der Ven et al., 2006; WIL Research, 2001, 1997).
Although decreased ALP levels are not generally associated with liver injury, they can be a
marker of vitamin Be (pyridoxal phosphate) or zinc deficiency (Hall et al., 2012; Waner and

Nyska, 1991).
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Table 1-3. Evidence pertaining to liver effects in animals following exposure to

HBCD
Reference and study
design Results
Liver weight
Ema et al. (2008) Doses (mg/kg-d)
Rats, CRL:CD(SD) Male, FO 0 10 101 1,008
Diet , Female, FO 0 14 141 1,363
Two generation F1 offspring® 0 17 168 1,570
FO: exposure started Male, F1 0 n 115 1,142
10 wks prior to mating | Female, F1 0 14 138 1,363
F1: dietary exposure post | gy offspring® 0 15 139 1,360
weaning until necropsy — -
F1/F2 offspring: Relative liver weight (g/100 g BW)
continuous maternal Male, F0 (n = 22-24)
exposure throughout Mean (SD)  323(026)  3.33(024)  3.41*(0.31) 4.06* (0.22)
gestation/lactation % of control® _ 30, 6% 26%
Female, FO (n = 17-24)
Mean (SD)  4.69(0.52)  4.76(0.65  4.88(0.48) 6.07% (0.47)
) % of control® - 1% 4% 29%
g;‘; 8‘8“‘” ’ Male, F1, PND 26 (n = 17-23)
Mean (SD) 460 (037)  4.60(0.32)  5.05*(0.32) 6.00% (0.44)
% of control® - 0% 10% 30%
Female, F1, PND 26 (n = 14-23)
Mean (SD) 457 (035)  4.59(028)  5.02*(0.32) 6.07* (0.36)
% of control® - 0% 10% 33%
Male, F1, adult (n = 22-24)
Mean (SD)  3.27 (0.18) 334(026)  3.37(0.25) 3.86* (0.28)
% of control® - 2% 3% 18%
Female, F1, adult (n = 13-22)
Mean (SD)  4.18(0.42)  439(0.44)  4.38(0.47) 5.05% (0.50)
% of control® - 5% 5% 21%
Male, F2, PND 26 (n = 13-22)
Mean (SD)  4.72(0.59)  474(035)  5.04* (0.4) 6.00% (0.25)
% of control® - 0% 7% 27%
Female, F2, PND 26 (n = 13-22)
Mean (SD) 470 (027)  470(028)  4.94(0.32) 5.89% (0.44)
% of control® - 0% 5% 25%
van der Ven et al. Doses (mg/kg-d)
(2009) 0 0.1 0.3 1 3 10 30 100
Rats, Wistar Absolute liver weight (g)
Diet . Male, F1, PNW 11 (n = 4-5)
One generation
Mean (SD) 11.9 12.3 12.7 14.4 12.2 12.1 14.0 12.0
FO: exposure started one (1.5 (04 (08 (20 (@7 (08 (28  (05)
spermatogenic cycle % of
(males: 70 d) or two control® - 3% 7% 21% 3% 2% 18% 1%
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estrous cycles (females:
14 d) prior to mating

Female, F1, PNW 11 (n =4-5)

_ Mean (SD) 7.7 7.9 7.8 8.3 77 8.3 9.0 8.4
Fl: Contmt‘}llous Iﬁatetmal 09) (08 (14 (05 (08 (05 (1.1)  (0.6)
exposure throughou
gestation/lactation; % Oflb B 3% 1% 8% 0% 8% 17% 9%
dietary exposure post contro
weaning through
PNW 11
Data Quality: ©
High (1.2)
WIL Research Doses (mg/kg-d)
(2001) 0 100 300 1,000
Rats, Crl:CD(SD)IGS Relative liver weight (2/100 g BW)
BR Male (n = 10)
Gavage
90-d exposure starting on | Mean (SD)  271(0.12)  3.18%(0.23)  3.13%(027) 3.86* (0.16)
~PNW 7 followed by a | % of control® - 17% 17% 42%
28-d recovery period Female (n = 10)
* * *
Recovery data not shown | MeA1(SD)  289(021)  3.58%(027)  3.58* (039) 431% (0.29)
% of control® - 24% 24% 49%
Data Quality: °
High (1.0)
van der Ven et al. Doses (mg/kg-d)
(2006) 0 0.3 1 3 10 30 100 200
Rats, Wistar Absolute liver weight (g)
Gavage . Male (n = 4-5)
28-d exposure starting on
PNW 11 Mean 13.9 17.1 16.2 15.0 17.7 15.7 16.4 16.4
SD)  (0.7) (4 (3.0 (1.6 (23) (05 (23) (32
% of
control® - 23% 17% 8% 27% 13% 18% 18%
Dgta Quality: © Female (n = 4—5)**
High (1.3) Mean 97 89 86 95 89 110 130 116
(SD)  (1.0) (L1) (13) (04 (06) (1.0) (0.5  (0.6)
% of
control® - —8% -11% 2% —8% 13% 34% 20%
WIL Research Doses (mg/kg-d)
(1997) 0 125 350 1,000
Rats, Sprague-Dawley | Relative liver weight (g/100 g BW)
Gavage . Male (n = 6)
28-d exposure starting on
"PNW 6 followed bya | Mean(SD)  3.68(0.16)  4.05(0.24)  4.29% (0.29) 4.76* (0.44)
14-d recovery period % of control® - 10% 17% 29%
Female (n = 6)
Recovery datanot shown | s gp) 384 (0.39) 4.47%(026)  4.69* (0.59) 5.30% (0.25)
% of control® - 16% 22% 38%

Data Quality: °
High (1.3)
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Saegusa et al. (2009) |Doses (mg/kg-d)°
Rats, Crj:CD(SD)IGS 0 15 146 1,505
Diet Relative liver weight (/100 ¢ BW)
F1: maternal exposure Male, F1, PND 20 (n = 10)
from GD 10 to PND 20 Mean (SD) 3.68 (0.11) 3.82 (0.31) 3.98 (0.15) 4.66* (0.35)
followed by an 8-wk % of control® - 4% 8% 27%
non-exposure period Female, F1, PND 20 (n = 10)
through PNW 11
Mean (SD)  3.77 (0.17) 3.83(0.23)  4.01(0.25) 4.83* (0.26)
% of control® - 2% 6% 28%
Data Quality: © Male, F1, PNW 11 (n = 10)
High (1.2) Mean (SD)  3.45(027)  3.81%(023)  3.58(0.24) 3.53 (0.22)
% of control® - 10% 4% 2%
Female, F1, PNW 11 (n=10)
Mean (SD)  3.35(0.20) 3.59(0.19)  3.44(0.25) 3.30 (0.22)
% of control® - 7% 3% -1%
Yanagisawa et al. Doses (mg/kg-wk)
(2014) 0 0.00175 0.035 0.7
Mice, C57BL/6 Absolute liver weight (mg), standard diet
Males only Male (n = 6)
Gavage
Animals dosed once Mean (SE) 1,261 (54.8)  1,283(36.8) 1,159 (21.9) 1,165 (49.4)
weekly % of control® - 2% —8% —8%
15-week exposure Absolute liver weight (mg), high-fat diet
starting on PNW 6 Male (n = 6)

Dose groups split
between standard and Mean (SE) 1,405 (96.4) 1,622 (164)  1,662* (87.9) 1,790* (153)

high-fat diets % of control® - 15% 18% 27%

Data Quality: ©

Unacceptable (4)*

Maranghi et al. Doses (mg/kg-d)

(2013) 0 199

Mice, BALB/c Relative liver weight (%)

FDe;rer;ales only Female (n = 10-15)

28-d exposure starting on Mean (SD) 4.38 (0.49) 5.67* (0.4)

PND 26 % of control® - 29%

Data Quality: ©

High (1.3)

Liver histopathology

Ema et al. (2008) Doses (mg/kg-d)

Rats, CRL:CD(SD) Male, FO 0 10 101 1,008

TDlet , Female, FO 0 14 141 1,363
Wwo generation F1 offspring® 0 17 168 1,570

Male, F1 0 11 115 1,142
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design Results
FO: exposure started Female, F1 0 14 138 1,363
10 wks prior to mating | F2 offspring® 0 15 139 1,360

F1: dietary exposure post
weaning until necropsy
F1/F2: continuous
maternal exposure
throughout gestation/
lactation

Data Quality: ©

Histopathological findings

Histopathological evaluation did not observe any significant effects with HBCD
exposure.

High (1.3)
WIL Research Doses (mg/kg-d)
(2001) 0 100 300 1,000
Rats, Crl:CD(SD)IGS Hepatocellular hypertrophy
CBiivage Male (n = 10)
90-d exposure starting on | Incidence 0/10 0/10 0/10 0/10
~PNW 7 followed by a | Female (n = 10)
28-d recovery period Incidence 0/10 0/10 0/10 5/10
Recovery data not shown Hepatocellular vacuolation
Male (n =9-10)
Incidence 2/10 6/10 5/10 6/9
Female (n = 10)
Incidence 3/10 6/10 5/10 9/10

Data Quality: °
High (1.0)

Other histopathological findings

Inflammation was also observed in animals from every treatment group with no pattern
related to dose.

WIL Research
(1997)

Rats, Sprague-Dawley
Gavage

28-d exposure starting on
~PNW 6 followed by a
14-d recovery period

Recovery data not shown

Data Quality: °
High (1.3)

Doses (mg/kg-d)

0 125 350 1,000
Hepatocellular vacuolation
Male (n = 6)
Incidence 0/6 0/6 0/6 0/6
Female (n = 6)
Incidence 1/6 4/6 2/6 5/6

Other histopathological findings

Inflammation was also observed in animals from every treatment group with no pattern
related to dose.

Saegusa et al. (2009)
Crj:CD(SD)IGS, rat
Diet

F1: maternal exposure
from GD 10 to PND 20
followed by an 8-wk
non-exposure period
through PNW 11

Doses (mg/kg-d)°

0 15 146 1,505
Hepatocellular vacuolar degeneration
Male, F1, PND 20 (n = 10)
Incidence 0/10 0/10 0/10 6/10*
Female, F1, PND 20 (n=10)
Incidence 0/10 0/10 0/10 6/10*
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Reference and study

design Results
Data Quality: °
High (1.2)
Yanagisawa et al. Doses (mg/kg-wk)
(2014) 0 0.00175 0.035 0.7
Mice, C57BL/6 Hepatocyte ballooning
é/[ales only The study authors observed development of hepatocyte ballooning following oral high-
avage dose exposure in male mice fed a high-fat diet.
Animals dosed once
weekly Microvesicular fatty changes

15-wk exposure starting
on PNW 6

Dose groups split
between standard and

high-fat diets

Data Quality: °

The study authors observed development of severe microvesicular fatty changes
following oral high-dose exposure in male mice fed a high-fat diet.

Treatment-related effects were not observed in mice fed a standard diet.

Unacceptable (4)*
Maranghi et al. Doses (mg/kg-d)
(2013) 0 199
BALB/c, mice Periportal lymphatic filtration
Fgmales only Incidence 0/10 6/8*
Diet : ;
28-d exposure starting on | Lissue congestion
PND 26 Incidence 0/10 6/8*
Data Qual Vacuolation in hepatocytes
ata Quality: © : *
High (1.3) Incidence 0/10 5/8
Liver chemistry
van der Ven et al. Doses (mg/kg-d)
(2009) 0 0.1 0.3 1 3 10 30 100
Rats, Wistar ALT (U/L)
Diet , Male (n = 4-5)
One generation
Mean 37.3 33.6 43.6 43.1 433 40.3 38.2 37.2
FO: exposure started one (SD) (1.8) 4.7 (7.8) 4.2) 4.4 (6.8) 4.7 (2.6)
spermatogenic cycle % of - -10% 17% 16% 16% 8% 2.4% 0%
(males: 70 d) or two control®
estrous cycles (females: | Female (n = 5)
;‘1‘ ) prior to mating | Mean 347 375 397 373 335 307 339 340
: continuous materna (SD) (33) (65 (126) (48 (62) (62) (104)  (4.6)
exposure throughout . . . . . . . .
gestation/lactation; % of . - 8% 14% 7% 3% -12% 2% 2%
dietary exposure post control
weaning through ALP (U/L)
PNW 11 Male (n = 4-5)
Mean 3.22 4.40 3.28 4.80 3.38 3.20 4.60 3.76
Data Quality: (SD) (2.24) (231) (1.76) (2.79) (1.90) (0.85) (2.43) (1.90)
High (1.2) % of - 37% 2% 49% 5% —1% 43% 17%
control®
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Female (n = 5)**
Mean 3.78 2.70 3.82 2.64 1.14 3.82 2.66 1.28
(SD) (1.97) (237) (3.23) (095 (0.53) (1.64) (1.55) (0.59)
% of - —29% 1% -30% —70% 1% -30%  —66%
control®
WIL Research Doses (mg/kg-d)
(2001) 0 100 300 1,000
Rats, Crl:CD(SD)IGS ALT (U/L)
BR Male (n = 9—10)
Gavage
90-d exposure starting on | Mean (SD) 40 (12.8) 31(4.8) 40 (12) 33(6)
~PNW 7 followed by a | % of control® - -22% 0% -18%
28-d recovery period Female (n = 10)
Recovery data not shown Mean (SD) 28 (4.9) 30(5.5) 31 (11.7) 35(10.2)
% of control® - 7% 11% 25%
ALP (U/L)
Male (n = 10)
Mean (SD) 103 (21.5) 87 (11.3) 97 (20.1) 87 (17.6)
% of control® - -16% —6% -16%
Data Quality: ° Female (n = 10)
High (1.0) Mean (SD) 58 (19.4) 38% (10.7) 39% (10.7) 34% (11.1)
% of control® - —34% -33% —41%
AST (U/L)
Male (n =9-10)
Mean (SD) 89 (21.9) 74 (16.4) 75 (16.9) 67 (10.9)
% of control® - -17% -16% —25%
Female (n = 10)
Mean (SD) 83 (17.6) 86 (25.5) 72 (19.1) 77 (30.8)
% of control® - 4% -13% 7%
GGT (U/L)
Male (n =9-10)
Mean (SD) 0(0) 0(0.4) 0(0.7) 1*(1.2)
% of control® n/a n/a n/a n/a
Female (n = 10)
Mean (SD) 0(0) 0(0.4) 0(0.7) 2*(1.7)
% of control® n/a n/a n/a n/a
van der Ven et al. Doses (mg/kg-d)
(2006) 0 0.3 1 3 10 30 100 200
Rats, Wistar ALT (U/L)
Gavage Male (n = 3-5)

28-d exposure starting on
PNW 11

Mean 445 409 443 382 450 427 406 392
(SD) (5.9 @1y (103) (3.6) (143) (11.0) (8.1)  (10.9)
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Data Quality: °
High (1.3)

% of
control®

Female (n = 3-5)
43.4
(4.6)

Mean

(SD)

% of
control®

—8% 0% —14%

447  39.8
65  (4.5)

3% —8%

40.5
(6.7)

—7%

1% —4%

34.6
(6.6)

—20%

382
(5.0)

-12%

-17%

—9% —12%

36.0
(5.2)

425
(7.5)

—2%

ALP (U/L)

Male (n = 3-5)
Mean
(SD)
% of

control®

Female (n = 3—-5)**
4.66
(2.91)

Mean

(SD)

% of
control®

7.34
(5.59)

5.30
(3.66)

—28%

3.68 743
(1.82)  (7.43)

—50% 1%

3.10 474
(2.76)  (2.50)

—33% 2%

3.72
(2.14)

—20%

4.88
(5.75)

—34%

5.10
(2.54)

-31%

2.30
(1.21)

—51%

2.36
(0.33)

—49%

(1.61)
—63%

(1.55)
—41%

274 3.48
(1.95)

—53%

273 242
(2.71)

—48%

WIL Research
(1997)

Rats, Sprague-Dawley
Gavage

28-d exposure starting on
~PNW 6 followed by a
14-d recovery period

Recovery data not shown

Data Quality: °

Doses (mg/kg-d)

0 125

350

1,000

ALT (U/L)

Male (n = 6)
Mean (SD)

% of control®

Female (n = 6)
Mean (SD)

% of control®

31 (4.9)

26 (2.1)

23% (5.4)
- —26%

24 (3.7)
- ~8%

21% (2.3)
—32%

27 (3.5)
4%

23* (3.5)
~26%

26 (7.9)
0%

ALP (U/L)

Male (n = 6)
Mean (SD)

% of control®

Female (n =6)
Mean (SD)

% of control®

199 (40.9)

100 (29.7)

149 (24.7)
-25%

87 (11.8)
- ~13%

165 (34.6)
~17%

85 (20.4)
~15%

154 (37.1)
~23%

74.(9.7)
~26%

AST (U/L)

Male (n = 6)
Mean (SD)

% of control®

Female (n = 6)
Mean (SD)

% of control®

80 (18.3)

75 (13.0)

63* (5.9)
- -21%

63 (11.5)
- ~16%

65 (5.4)
~19%

61 (9.6)
~19%

61* (6.8)
—24%

62 (9.9)
~17%

GGT (U/L)
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High (1.3) Male (n = 6)
Mean (SD) 1(0.4) 1 (0.5) 1(0.5) 1(0.4)
% of control® - 0% 0% 0%
Female (n = 6)
Mean (SD) 1(0.8) 1(0.8) 1(0.9) 1(0.4)
% of control® - 0% 0% 0%
Yanagisawa et al. Doses (ng/kg BW)
(2014) 0 1.75 35 700
Mice, C57BL/6 ALT (IU/L), standard diet
Males only Male (n = 5-6)
Gavage
Animals dosed once Mean (SE) 13.6 (1.04) 15.0 (1.18) 14.2 (1.59) 10.5 (0.22)
weekly % of control” - 10% 4% —23%
15-vyeek exposure ALT (IU/L), high-fat diet
starting on PNW 6 Male (n = 5-6)
Dose groups split Mean (SE) 34.5(8.43) 43.0 (15.0) 60.0 (12.2) 61.5(10.2)
between standard and % of control® - 25% 74% 78%
high-fat diets AST (IU/L), standard diet
Male (n = 5-6)
Data Quality: Mean (SE) 73.0 (8.86) 74.2 (7.59) 66.6 (6.57) 46.0* (7.96)
Unacceptable (4)* % of control® - 2% —9% —-37%
AST (IU/L), high-fat diet
Male (n = 5-6)
Mean (SE) 79.7 (7.44) 78.7 (8.58) 101 (8.39) 85.2 (7.50)
% of control® - -1% 27% 7%

*Statistically significantly different from the control at p < 0.05 as reported by study authors.
**Significant dose response trend as reported by study authors.

F1 and F2 offspring presented as mean maternal gestational and lactational FO and F1 doses, respectively.
Percent change compared to control calculated as: (treated value — control value)/control value x 100.
°TWAs for each exposure group were calculated by: (1) multiplying the measured HBCD intake (mg/kg-day)
reported by the study authors for GDs 10—20, PNDs 1-9, and PNDs 9-20 by the number of inclusive days of
exposure for each time period; (2) adding the resulting products together; and (3) dividing the sum by the total
number of inclusive days (33) of HBCD exposure. Example: 100 ppm = (8.1 mg/kg-day x 11 days) +
(14.3 mg/kg-day x 10 days) + (21.3 mg/kg-day x 12 days)/33 days = 14.8 mg/kg-day.
9Based on OPPT data evaluation criteria. *Yanagisawa et al. (2014) was scored unacceptable, so it is assigned a
score of 4. It’s calculated score would have been 1.5
‘Based on OPPT data evaluation criteria

SE = standard error
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Liver chemistry

gamma-glutamyl transpeptidase (GGT)WIL, 1997/1998 (rats) Osignificalntlv changedl

aspartate aminotransferase(AST)WIL, 2001/2002 (rats, F) ©not significantly changed C—6—

aspartate aminotransferase(AST)WIL, 2001/2002 (rats, M) ®

ALKaline phosphatase(ALP)WIL 1997/1998 (rats) C—6—

alanine aminctransferase(ALT)WIL, 1997/1998 (rats,F) o—o—

alanine aminotransferase(ALT)WIL, 1997/1998 (rats,M) [

alkaline phosphatase(ALP)van der ven et al., 2006 (rats) & ©

alanine aminotransferase(ALT)van der Ven et al., 2006 (rats) & O

gamma-glutamyl transpeptidase (GGT)WIL, 2001/2002 (rats)

aspartate aminotransferase(AST)WIL, 2001/2002 (rats)

alkaline phosphatase(ALP)WIL 2001/2002 (rats, F)

ALKaline phosphatase(ALP)WIL 2001/2002 (rats, M)

alanine aminotransferase(ALT)WIL, 2001/2002 (rats)

alkaline phosphatase(ALP)van der ven et al., 2009 (rats)

alanine aminotransferase(ALT)van der Ven et al., 2009 (rats)

Relative Liver Weight

(T4-UGT), van der Ven et al., 2006 (rats) G ©

Saegusa et al., 2009 (rats, F, F1 adults)

Saegusa et al., 2009 (rats, M, F1 adults)

(o IO

[ JNORNO]

Saegusa et al., 2009 (rats, F1 weanlings)

Ema et al., 2008 (rats, F2 weanling F)

Ema et al., 2008 (rats, F2 weanling M)

Ema et al., 2008 (rats, F1 adults)

[0}
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0]
®

Ema et al., 2008 (rats, F1 weanling

)
Ema et al., 2008 (rats, FO F) G
Ema et al., 2008 (rats, FO M)

Maranghi et al., 2013 {mice, F) [ ]
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WIL, 2001/2002 (rats, wk 13)
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Liver

x Yanagisawa et al., 2014 (mice, M, high fat diet G

[ ]
[ ]

“ Yanagisawa et al., 2014 (mice, M, normal diet & ©

Van der ven et al., 2006 (rats) G <

Liver
Histopathology | Weight

(1 vacuolar degeneration) Saegusa et al., 2009 (rats) G

(1 vacuolation, tissue congestion, lymphocytic infiltration) Maranghi et al., 2013 (mice) [ ]

(P vacuolation) WIL, 2001/2002 (rats, F)

(1 vacuolation) WIL, 2001/2002 (rats, M)

(1 hypertrophy) WIL, 2001/2002 (rats)

[ ]

0.001 0.01 0.1 1 10 100 1000

Doses (mg/kg-day)

Figure 1-3. Exposure response array of liver effects following oral exposure. All studies
scored a High in data quality evaluation except for Yanagisawa et al. (2014), which scored

Unacceptable. The study is included only for reference (indicated in the chart by X).

1.2.3 Mechanistic Evidence
Studies have reported a generally consistent pattern of increased liver weight related to HBCD
exposure. Increased liver weight is often correlated with induction of hepatic microsomal
enzymes, although the level of induction does not necessarily reflect the magnitude of weight
change, nor it is a requirement for liver weight increases (Amacher et al., 1998). HBCD has been
shown to induce the expression of several hepatic microsomal enzymes (Crump et al., 2010;
Crump et al., 2008; Germer et al., 2006). Specifically, dose-related increases in liver CYP3A1
and CYP2BI1 protein levels were observed in rats exposed to HBCD via diet (Germer et al.
2006). In addition, dose-related increases in CYP2H1 and CYP3A37 mRNA levels were
observed in chicken hepatocytes following in ovo (Crump et al., 2010) and in vitro exposure
(Crump et al., 2008). Furthermore, some data suggest that induction of hepatic microsomal
enzymes responsible for conjugation and elimination of thyroid hormones may contribute to
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HBCD-mediated effects related to thyroid perturbation (Section 1.2.1, Mechanistic Evidence).
Liver weight changes are also associated with increased hepatocellular hypertrophy and
hyperplasia. Hypertrophy was reported in high-dose animals in two studies (Yanagisawa et al.,
2014; WIL Research, 2001); however, hyperplasia was not noted.

HBCD may also impair lipid homeostasis. Several studies observed increased vacuolation in
hepatocytes (Maranghi et al., 2013; Saegusa et al., 2009; WIL Research, 2001, 1997). The only
study to evaluate vacuole contents indicated that they predominantly consisted of lipid (WIL
Research, 2001). Chemically-induced impairment of fatty acid metabolism in cells with high
energy demands, such as hepatocytes, has been shown to promote accumulation of triglycerides,
which form nonmembrane bound vacuoles in cells (i.e., fatty change) (Wheater and Burkitt,
1996). Various gene expression studies lend supportive evidence for HBCD-mediated disruption
of genes involved in lipid metabolism and transport. A 28-day study in rats reported inhibition of
peroxisome proliferator-activated receptor (PPAR)-mediated genes involved in lipid metabolism,
particularly in females (Canton et al., 2008). Statistically significant increases in liver
triglyceride levels as well as PPAR-mediated genes involved in lipid metabolism (PPARg) and
transport (FSp27) were also observed in mice exposed to 0.7 mg/kg-week HBCD while being
fed a high-fat diet (Yanagisawa et al., 2014).

HBCD-mediated alterations in the regulation of lipid metabolism have also been observed in
avian species and in vitro. HBCD decreased the mRNA expression of liver fatty acid binding
protein in chicken hepatocytes in vitro and following in ovo exposure (Crump et al., 2010;
Crump et al., 2008). The observed effects on lipid homeostasis may be a direct effect or
secondary to perturbation of thyroid function. In humans and animal models, hypothyroidism is
thought to be associated with altered liver metabolism and increased triglycerides and
cholesterol, as well as non-alcoholic fatty liver disease (Eshraghian and Jahromi, 2014; Pucci et
al., 2000). HBCD studies that evaluated serum lipid profiles did not report any significant
changes in serum cholesterol or triglyceride levels in exposed rats (van der Ven et al., 2006; WIL
Research, 2001) or mice (Yanagisawa et al., 2014) fed a standard diet; however, statistically
significant increases in levels of liver triglycerides were reported in mice exposed concurrently
to HBCD and a high-fat diet (Yanagisawa et al., 2014).

The lack of increased incidence of necrosis or apoptosis and/or serum enzymatic markers of
hepatocellular damage suggests that HBCD is not highly cytotoxic. However, there is evidence
to suggest the exposure to HBCD can increase the production of reactive oxygen species (ROS).
Dose-related increases in ROS were observed in human hepatocyte and carcinoma cell lines
following in vitro exposures (An et al., 2013; Hu et al., 2009b).
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1.3 Reproductive Effects

1.3.1 Female Reproductive Effects

1.3.1.1 Human Evidence

The potential for HBCD to affect the female reproductive system has not been investigated in
humans.

1.3.1.2 Animal Evidence

Evidence to inform the potential for HBCD to induce female reproductive effects comes from
five studies in rats (Saegusa et al., 2009; van der Ven et al., 2009; Ema et al., 2008; WIL
Research, 2001, 1997) and one study in mice (Maranghi et al., 2013) with exposure durations
ranging from 28 days to two generations. Endpoints evaluated in these studies include fertility
and pregnancy outcomes, hormone levels, markers of reproductive differentiation and
development, and reproductive organ weights. Evidence pertaining to female reproductive
effects in experimental animals following oral exposure to HBCD is summarized in Table 1-4
and Figure 1-4. Effect categories with stronger evidence are presented first, with individual
studies ordered by study duration and then species. If not otherwise indicated, endpoint
measurements were made in adults.

Fertility and pregnancy outcomes were evaluated in three rat studies (Saegusa et al., 2009; van
der Ven et al., 2009; Ema et al., 2008). Dose-related decreases in pregnancy incidence in the FO
and F1 dams was reported in the two-generation reproductive toxicity study using doses up to
approximately 1,300 mg/kg-day HBCD (Ema et al., 2008). In the F1 females, a 36—37%
decrease in the number of primordial follicles was reported at approximately 140 mg/kg-day
HBCD or greater received throughout gestation, lactation, and adulthood (p<0.05) (Ema et al.
2008). This endpoint was only evaluated in the F1 females. The one-generation reproductive
toxicity study, using doses up to 100 mg/kg-day HBCD, reported no significant trend in
successful matings, defined as the rate of matings resulting in offspring (van der Ven et al.,
2009). The results from van der Ven et al. (2009) are not directly comparable to the findings of
Ema et al. (2008) due to the low doses used by investigators (i.e., a dose range lower than doses
associated with effects in Ema et al. (2008)). Incidence of pregnancy was not measured in the
developmental study using doses up to approximately 1,500 mg/kg-day HBCD because the study
began with previously impregnated females (Saegusa et al., 2009). Other measures of fertility
and pregnancy outcomes (e.g., gestational duration, number of implantation sites, litter size)
reported in these three studies showed no effect with HBCD exposure studies (Saegusa et al.,
2009; van der Ven et al., 2009; Ema et al., 2008).

HBCD-induced changes in reproductive hormone concentrations were examined in both rats
(Ema et al., 2008) and mice (Maranghi et al., 2013). Ema et al. (2008) observed elevated follicle-
stimulating hormone (FSH) concentrations (41%) only in FO rats exposed to approximately
1,300 mg/kg-day; serum levels of estradiol, testosterone, progesterone, and luteinizing hormone
(LH) were not affected. Statistically significant increases in serum testosterone levels (57%)
were reported in female mice exposed to 199 mg/kg-day for 28 days (Maranghi et al., 2013),
resulting in a 56% elevation in the testosterone/17p-estradiol ratio.
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Effects on reproductive differentiation and development were evaluated in three studies in rats
(Saegusa et al., 2009; van der Ven et al., 2009; Ema et al., 2008). Although van der Ven et al.
(2009) reported a dose-related delay in vaginal opening, a measurement of puberty onset, at
concentrations up to 100 mg/kg-day, no treatment-related effects were observed in the other two
studies that used concentrations up to 1,505 mg/kg-day (Saegusa et al., 2009; Ema et al., 2008).
There were no HBCD-mediated effects on anogenital distance (AGD) (Saegusa et al., 2009; van
der Ven et al., 2009; Ema et al., 2008).

Treatment-related effects on female reproductive organ weights were evaluated in six studies
using both rats (Saegusa et al., 2009; van der Ven et al., 2009; Ema et al., 2008; WIL Research,
2001, 1997) and mice (Maranghi et al., 2013). Absolute uterine weights were decreased by
17-23% in a 90-day oral study in rats (WIL Research, 2001), but the decreases were not dose-
related and returned to control levels after a 4-week recovery period. Absolute, but not relative,
uterine weight showed a statistically significant decrease (22%) in F2 rats (PND 26) in the high-
dose group (approximately 1,300 mg/kg-day) (Ema et al., 2008); no exposure-related effects on
uterine weight were observed in F1 animals. No other clear treatment-related effects were
observed on absolute or relative uterine (Maranghi et al., 2013; Saegusa et al., 2009; van der Ven
et al., 2009) or ovary weights (Saegusa et al., 2009; van der Ven et al., 2009; Ema et al., 2008;
WIL Research, 2001, 1997).

Table 1-4. Evidence pertaining to female reproductive effects in animals following

exposure to HBCD
Reference and study
design Results
Fertility and pregnancy outcomes
Ema etal. (2008)  |Doses (mg/kg-d)
Rats, CRL:CD(SD) Female, F0 0 14 141 1,363
Diet , Female, F1 0 14 138 1,363
Two generation -
Incidence of pregnant females
FO: exposure started Female, F0 (n = 23-24)
10 wks prior to mating Incidence 24/24 22/24 20/24 19/23

F1: dietary exposure post Female, F1 (n = 21-24)
eaning through
weaning tiroug Incidence 2324 2324 2124 2124

necropsy
F1/F2 offspring: Primordial follicles (count)

continuous maternal
exposure throughout
gestation/lactation

Data Quality: ¢
High (1.0)

Female, F1 (n = 10)
Mean (SD) 316.3 (119.5) 294.2 (66.3) 197.9* (76.9) 203.4* (79.5)
% of control® - 7% =37% -36%

Other pregnancy outcomes

No dose-related changes in other outcomes (e.g., number of implantation sites,
gestation duration, litter size) reported in either generation

van der Ven et al.

(2009)

Rats, Wistar
Diet
One generation

Doses (mg/kg-d)
0 0.1 0.3 1 3 10 30 100

Successful matings

Female, F0 (n = 8-10)
Incidence 8/10 8/10  4/10  7/10 8/10  6/8 6/10  6/10
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Reference and study
design

Results

FO: exposure started one
spermatogenic cycle
(males: 70 d) or two
estrous cycles (females:
14 d) prior to mating
F1: continuous maternal
exposure throughout
gestation/lactation;
dietary exposure post
weaning through PNW
11

Data Quality: ¢
High (1.0)

Other pregnancy outcomes

No significant dose-response trend in other outcomes (e.g., number of implantation
sites, gestation duration, litter size)

Saegusa et al. (2009)
Crj:CD(SD)IGS, rat
Diet

F1: maternal exposure
from GD 10 to PND 20
followed by an 8-wk
non-exposure period
through PNW 11

Data Quality: ¢
High (1.2)

Doses (mg/kg-d)°

0 15 146 1,505

Pregnancy outcomes

No dose-related effect on pregnancy outcomes (e.g., number of implantation sites,
gestation duration, litter size)

Hormonal measures

Ema et al. (2008)
Rats, CRL:CD(SD)
Diet

Two generation

FO: exposure started

10 wks prior to mating
F1: dietary exposure post
weaning through
necropsy

F1/F2 offspring:
continuous maternal
exposure throughout
gestation/lactation

Data Quality: ¢
High (1.0)

Doses (mg/kg-d)

Female, F0 0 14 141 1,363
Female, F1 0 14 138 1,363
FSH (ng/mL)
Female, FO (n = 8)

Mean (SD) 4.17 (0.51) 4.84 (0.63) 4.88 (1.05) 5.86* (1.11)
% of control® - 16% 17% 41%
Female, F1 (n=8)

Mean (SD) 5.89 (1.60) 6.07 (0.60) 6.33 (0.82) 6.52 (0.95)
% of control® - 3% 7% 11%

Other hormone measurements

Exposure-related changes were not found for progesterone, LH, or estradiol in the FO
and F1 females.

Maranghi et al.
(2013)

Mice, BALB/c
Females only
Diet

Doses (mg/kg-d)

0 199
Testosterone (ng/mL)
Female (n = 10)
Mean (SD) 0.07 (0.02) 0.11* (0.07)
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Reference and study

design Results
28-d exposure starting on | % of control® - 57%
PND 26 Testosterone/estradiol
Female (n = 10)
High (1.3) % of control® - 56%
Other hormone measurements
Exposure-related changes were not found for estradiol.
Reproductive differentiation and development
Ema et al. (2008) Doses (mg/kg-d)
Rats, CRL:CD(SD) F1 offspring? 0 17 168 1,570
Diet
Two generation F2 offspring® 0 15 139 1,360
Time to vaginal opening (d)
FO: exposure started
10 wks prior to mating Female F1 (n =24)
F1: dietary exposure post | Mean (SD) 30.9 (2.0) 30.3 (2.6) 30.1 (1.8) 30.8 (2.2)
weaning through . . o o o
necropsy % of control - -2% -3% 0%
FI/F'2 offspring: AGD (mm)
continuous maternal
exposure throughout No dose-related changes in the F1 or F2 female pups
gestation/lactation
Data Quality: ¢
High (1.0)
van der Ven et al. Doses (mg/kg-d)
(2009) 0 0.1 0.3 1 3 10 30 100
Rats, Wistar Time to vaginal opening (days)
Diet . Female, F1 (n = 4-5)b**
One generation
Mean (SD) 354 353 36.2  36.8 36.8 354 348 39.9
FO: exposure started one (2.3) (2.2) 24 @& 33 @7 (.6 (2.6
spermatogenic cycle % of control® - 0% 2% 4% 4% 0% 2% 13%
(males: 70 d) or two AGD (mm)
estrous cycles (females: onif
14 d) prior to mating No significant dose-response trend
F1: continuous maternal
exposure throughout
gestation/lactation;
dietary exposure post
weaning through PNW
11
Data Quality: ¢
High (1.2)
Saegusa et al. (2009) |Doses (mg/kg-d)°
Crj:CD(SD)IGS, rat 0 15 146 1,505

Diet

Time to vaginal opening (d)

Female F1 (n = 12—-14)
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Reference and study

design Results
F1: maternal exposure Mean (SD) 35.4(1.9) 35.6 (1.8) 34.9 (1.7) 344 (2.1)
?(ﬁn GI; éo to lgNl?fO % of control® - 1% —1% -3%
n%n(-)g(i)oszr:%eri‘gd AGD (mm)
through PNW 11 No dose-related change
Data Quality: ¢
High (1.3)
Reproductive organ weights
Ema et al. (2008) Doses (mg/kg-d)
Rats, CRL:CD(SD) F1 offspring® 0 17 168 1,570
Diet , Female F1 adult 0 14 138 1,363
Two generation F2 offspring® 0 15 139 1,360
FO: exposure started Absolute ovary weight (mg)
10 wks prior to mating | Female, F1, PND 26 (n = 14-23)
F1: dietary exposure post | - o0 (SD) 20.8 (3.7) 22.8 (3.6) 21.0 (4.0) 20.9 (3.4)
weaning through % of control* - 10% 1% 0%
necropsy
F1/F2 offspring: Female, F1, adult (n = 13-22)
continuous maternal Mean (SD) 102.4 (12.9) 106.4 (13.2) 108.6 (18.0) 104.9 (16.9)
exposure throughout % of control® _ 4% 6% 20,
gestation/lactation
Female, F2, PND 26 (n = 13-21)
Mean (SD) 20.0 (3.9) 22.9*% (2.6) 20.9 (3.9) 18.2 (4.0)
Data Quality: ¢ % of control® - 14% 4% ~9%
High (1.0) Relative ovary weight (mg/100 g BW)
Female, F1, PND 26 (n = 14-23)
Mean (SD) 26.5 (4.5) 27.5 (4.1) 25.0 (3.8) 28.9 (3.7)
% of control® - 4% -6% 9%
Female, F1, adult (n = 13-22)
Mean (SD) 31.8(4.2) 32.6 (3.9) 33.1(5.3) 34.1(4.2)
% of control® - 3% 4% 7%
Female, F2, PND 26 (n = 13-21)
Mean (SD) 26.9 (5.1) 30.5* (3.9) 28.8 (4.2) 32.1*%(7.5)
% of control® - 13% 7% 19%
Absolute uterus weight (mg)
Female, F1, PND 26 (n = 14-23)
Mean (SD) 57.0 (10.9) 62.0 (14.1) 64.1 (18.6) 51.9 (12.4)
% of control® - 9% 12% -9%
Female, F1, adult (n = 13-22)
Mean (SD) 966 (216) 913 (188) 955 (204) 949 (156)
% of control® - —5% -1% 2%
Female, F2, PND 26 (n = 13-21)
Mean (SD) 60.8 (16.1) 63.6 (15.1) 57.0 (15.7) 47.6* (11.4)
% of control® - 5% -6% —22%

Relative uterus weight (mg/100 g BW)
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Reference and study

design Results
Female, F1, PND 26 (n = 14-23)
Mean (SD) 73.6 (17.5) 74.9 (17.7) 76.0 (18.4) 71.9 (16.2)
% of control® - 2% 3% —2%
Female, F1, adult (n = 13-22)
Mean (SD) 299 (64) 282 (65) 291 (64) 313 (69)
% of control® - —6% —3% 5%
Female, F2, PND 26 (n = 13-21)
Mean (SD) 80.9 (16.3) 84.4 (21.0) 78.7 (21.7) 83.7 (20.3)
% of control® - 4% —3% 3%
van der Ven et al. Doses (mg/kg-d)
(2009) 0 0.1 0.3 1 3 10 30 100
Rats, Wistar Absolute ovary weight (left and right) (g)
Diet . Female, F1, PNW 11 (n = 4-5)
One generation
Mean (SD) 0.10 0.13  0.11 0.11 0.13 0.11 0.12 0.11
FO: exposure started one (0.01) (0.02) (0.02) (0.003) (0.02) (0.02) (0.02) (0.02)
spermatogenic cycle % of control® - 21%  11% 9% 24% 8% 17% 7%
(males: 70 d) or two
estrous cycles (females:
14 d) prior to mating
F1: continuous maternal | Absolute uterus weight (g)
exposure throughout Female, F1, PNW 11 (n = 4-5)
ﬁfestt:rt;":; Eg;f‘ltrfg’ost Mean (SD) 053 060 050 075 071 094 048  0.49
weaning through PNW (0.11) (0.20) (0.11) (0.38) (0.39) (0.28) (0.10) (0.22)
11 % of control® - 13% —6%  42% 34% 77% 9% —8%
Data Quality: ¢
High (1.2)
WIL Research Doses (mg/kg-d)
(2001) 0 100 300 1,000
Rats, Crl:CD(SD)IGS Absolute ovary with oviduct weight (g)
BR Female (n = 10)
Gavage
90 d exposure starting on Mean (SD) 0.14 (0.03) 0.13 (0.03) 0.13 (0.03) 0.15(0.02)
~PNW 7 followed by a % of control® - -10% —9% 3%
28-d recovery period Relative ovary with oviduct weight (g/100 g BW)
Recovery data not shown Female (n = 10)
Mean (SD) 0.05 (0.01) 0.05 (0.01) 0.05 (0.01) 0.05 (0.01)
% of control® - —8% -12% 2%
g?‘t;‘ ?l:)ality: ‘ Absolute uterus with cervix weight (g)
igh (1.0) Female (n = 10)
Mean (SD) 0.81 (0.25) 0.64 (0.16) 0.67 (0.14) 0.62 (0.17)
% of control® - —21% -17% -23%

Relative uterus with cervix weight (g/100 g BW)

Female (n = 10)

Page 38 of 202



http://hero.epa.gov/index.cfm?action=search.view&reference_id=589273
http://hero.epa.gov/index.cfm?action=search.view&reference_id=787787

Reference and study

Mice, BALB/c

Females only

Diet

28-d exposure starting on
PND 26

Data Quality: ¢
High (1.3)

design Results
Mean (SD) 0.29 (0.07) 0.23 (0.05) 0.22 (0.04) 0.22 (0.07)
% of control® - —20% —21% —23%
WIL Research Doses (mg/kg-d)
(1997) 0 125 350 1,000
Rats, Sprague-Dawley Relative ovary with oviduct weight (g/100 g BW)
Gavage . Female (n = 6)
28-d exposure starting on
“PNW 6 followed by a | Mean (SD) 0.06 (0.0003)  0.06 (0.01) 0.06 (0.01) 0.06 (0.01)
14-d recovery period | o4 of control® - 0% 0% 0%
Recovery data not shown
Data Quality: ¢
High (1.3)
Saegusa et al. (2009) |Doses (mg/kg-d)*
Rats, Crj:CD(SD)IGS 0 15 146 1,505
Diet Relative ovary weight (mg/100 g BW)
F1: maternal exposure Female, F1, PND 20 (n = 10)
from GD 10 to PND 20 Mean (SD) 32.3(3.9) 30.9 (4.9) 28.1(6.3) 28.7 (3.4)
followed by an 8-wk % of control® - —4% -13% -11%
non-exposure period Female, F1, PNW 11 (n = 10)
through PNW 11 Mean (SD) 31.8 (6.1) 32.8 (2.6) 322 (5.7) 34.0 (4.8)
% of control® - 3% 1% 7%
Data Quality: ¢ Relative uterus weight (g/100 g BW)
High (1.2) Female, F1, PND 20 (n = 10)
Mean (SD) 0.08 (0.01) 0.08 (0.01) 0.08 (0.01) 0.07 (0.01)
% of control® - 0% —4% 9%
Female, F1, PNW 11 (n=10)
Mean (SD) 0.16 (0.04) 0.15 (0.02) 0.16 (0.02) 0.17 (0.03)
% of control® - —-6% 0% 6%
Maranghi et al. Doses (mg/kg-d)
(2013) 0 199

Absolute uterus weight (g)

Female (n = 10—15)

Mean (SD) 0.140 (0.051)

0.141 (0.041)

% of control® - 1%
Relative uterus weight (%)
Female (n = 10—15)

Mean (SD) 0.66 (0.24) 0.71 (0.21)
% of control® - 8%

*Statistically significantly different from the control at p < 0.05 as reported by study authors.
**Significant dose response trend as reported by study authors.
2Percent change compared to control calculated as: (treated value — control value)/control value x 100.
"Exact number of animals examined per dose group was unclear in the published paper.
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°TWAs for each exposure group were calculated by: (1) multiplying the measured HBCD intake (mg/kg-day)
reported by the study authors for GDs 10—20, PNDs 1-9, and PNDs 9-20 by the number of inclusive days of
exposure for each time period; (2) adding the resulting products together; and (3) dividing the sum by the total
number of inclusive days (33) of HBCD exposure. Example: 100 ppm = (8.1 mg/kg-day % 11 days) + (14.3 mg/kg-
day x 10 days) + (21.3 mg/kg-day x 12 days)/33 days = 14.8 mg/kg-day.

9F1 and F2 offspring doses presented as maternal FO and F1 mean gestational and lactational doses, respectively.

Maranghi et al., 2013 (mice) @ significantly chlanged
Saegusa et al., 2008 (rats, F1) || onot significantly changed G —O

with cervix weight WIL, 2001/2002 (Rats)
Emaetal, 2008 ( F1 adults) ©

Emaetal., 2008 ( F1 + F2 weanlings) G

weight

Relative uterus

Saegusa et al., 2009 (rats, F1) G ©
with oviduct weight WIL, 2001/2002 (Rats)

Ema et al.,2008 (rats, F2 weanlings) (c;

Ema et al.,2008 (rats, F1 adults) ©
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Figure 1-4. Exposure response array of female reproductive system effects following oral exposure. All
studies scored a High in data quality evaluation.

1.3.1.3 Mechanistic Evidence

The available mechanistic evidence related to HBCD-mediated effects on the reproductive
system is focused on dysregulation of reproductive hormone homeostasis.

Human and rodent cell culture models provide some evidence to support the potential for HBCD
to alter the function of several reproductive hormones. Human breast cancer cells (MDA-kb2)
co-exposed with dihydroxytestosterone, HBCD potentiated expression of androgen-receptor
mediated genes, but did not act as a direct AR agonist (Christen et al., 2010). In human prostate
cancer cells (LNCaP), however, HBCD treatment elicited a pattern of responses that is
characteristic of AR activation (e.g., increased cell migration and viability, and reduction of
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apoptotic markers), but at a lower potency than the endogenous ligand (Kim et al., 2016). FSH
was also affected in rat granulosa and leydig cells; HBCD altered FSH- and LH-mediated
signaling pathways (Fa et al., 2015; Fa et al., 2014). Effects on the estrogen receptor are less
consistent. Assay findings using human breast cancer cells (T47D and MCF-7) indicated that
HBCD may act as an estrogen antagonist (Krivoshiev et al., 2016; Hamers et al., 2006);
however, these findings were not consistent with other studies that used one of the same breast
cancer cell lines (MCF-7) or ovarian cancer cells (Kang et al., 2012; Park et al., 2012; Dorosh et
al., 2011; Yamada-Okabe et al., 2005).

In addition to hormone receptor level effects, several studies indicate that HBCD may also
perturb enzymes involved in the synthesis and metabolism of reproductive hormones. In female
rats, HBCD exposure increased mRNA and protein levels as well as activity of the CYP3A
family of enzymes (Canton et al., 2008; Germer et al., 2006), which play an important role in the
metabolism and excretion of estrogens (Kretschmer and Baldwin, 2005). Studies in rat primary
Leydig and human adrenocortical carcinoma cell lines indicate that HBCD exposure may
interfere with activity and/or cell signaling pathways of several enzymes involved in steroid
synthesis (Scott et al., 2009; Canton et al., 2006), including CYP17 (Fa et al., 2013; Fernandez
Canton et al., 2005) and CYP19A1 (van den Dungen et al., 2015), CYP11A1, and HSD178 (Fa
etal., 2015).

1.3.2 Male Reproductive Effects

1.3.2.1 Human Evidence
Epidemiological studies evaluating HBCD exposure and reproductive endpoints include a birth
cohort (Meijer et al., 2012) and a cross-sectional study of male infertility patients (Johnson et al.
2013) (Table 1-5). The birth cohort study in the Netherlands examined maternal serum HBCD
levels in relation to male infants’ testes volume and penile length at 3 and 18 months (n = 44) as
well as steroidal and gonadotropin hormone levels at 3 months (n = 34) (Meijer et al., 2012).
Effect estimates for the association with testes volume or penile length were not provided but
were not reported to be statistically significant. A weak to moderate correlation coefficient (r =
—0.31; 0.05 < p < 0.10) was observed between maternal serum HBCD and free testosterone. No
other effects on steroidal or gonadotropin hormones were associated with serum HBCD levels
(effect estimates not provided). A study examining the relationship between HBCD
concentrations in household dust and reproductive hormones in 38 adult men from the United
States attending an infertility clinic (Johnson et al., 2013) reported statistically significant
correlations for decreased sex hormone binding globulin (SHBG) (r =—0.35; p = 0.03) and
increased free androgen index (testosterone/SHBG) (r = 0.46; p = 0.004); the effect on the free
androgen index was likely due to decreased SHBG levels, as testosterone concentrations did not
appear to be related to HBCD exposure. Correlation coefficients for other hormones were not
reported, but were described as not statistically significant (Johnson et al., 2013).

The available evidence for an association between HBCD exposure and male reproductive
effects in humans is insufficient. Two epidemiological studies that evaluated male reproductive
outcomes (see Table 1-5) provided limited evidence of male reproductive effects (effects on
serum testosterone and SHGC levels) associated with HBCD exposure in humans.
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1.3.2.2 Animal Evidence
Evidence to inform the potential for HBCD to induce male reproductive effects, including
reproductive differentiation and development, spermatogenic measures, and reproductive organ
weights, comes from five studies in rats (Saegusa et al., 2009; van der Ven et al., 2009; Ema et
al., 2008; van der Ven et al., 2006; WIL Research, 2001) with exposure durations ranging from
28 days to two generations. Evidence pertaining to male reproductive effects in experimental
animals following oral exposure to HBCD is summarized in Table 1-6 and Error! Reference
source not found.. Effect categories with stronger evidence are presented first, with individual
studies ordered by study duration and then species. If not otherwise indicated, endpoint
measurements were made in adults.

The available evidence for an association between HBCD exposure and male reproductive
effects in experimental animals is insufficient for drawing conclusions (Table 1-6). One study
found a significant dose-related increase in AGD, a measure of reproductive differentiation and
development, only on PND 4 (van der Ven et al., 2009) and the biological significance of
increased AGD is unclear. van der Ven et al. (2009) also reported a significant trend with dose
for epididymal sperm with separate heads in rats continuously exposed to HBCD from gestation
through PNW 11, but not after a 28-day exposure in adults (van der Ven et al., 2006).
Statistically significant increases (9—12% relative to control) in relative testis weight were
reported for PND 26 F1 rats in all three dose groups (approximately 17—1,500 mg/kg-day) in a
two-generation reproductive study (Ema et al., 2008), but not in 15-week F1 males or PND 26
F2 males in the same study. Relative testes weights in HBCD-exposed rats were increased (6—
7%) in WIL Research (2001) and decreased (4—7%) in Saegusa et al. (2009); in both studies,
changes were not statistically significantly different. Two studies reported statistically significant
changes in relative prostate weight in high-dose animals; however, the direction of the effect was
not consistent across studies, with Ema et al. (2008) reporting a decrease and WIL Research
(2001) reporting an increase. Furthermore, this effect was no longer present following a 4-week
recovery period (WIL Research, 2001). No other dose-related effects were observed for other
measures of male reproductive differentiation and development (Saegusa et al., 2009; van der
Ven et al., 2009; Ema et al., 2008), spermatogenic measures (van der Ven et al., 2009; Ema et
al., 2008; van der Ven et al., 2006; WIL Research, 2001), or male reproductive organ weights
(Saegusa et al., 2009; van der Ven et al., 2009; Ema et al., 2008; WIL Research, 2001).

Table 1-5. Evidence pertaining to male reproductive toxicity of HBCD in humans

Reference and study design Results
Meijer et al. (2012) (the Netherlands, Spearman correlation between HBCD in maternal serum and
COMPARE cohort, 2001-2002) free testosterone: r = —0.31 (0.05 < p-value < 0.10).
Population: Birth cohort, 90 singleton, term births,
55 healthy boys, assessed at 3 mo (n = 55) and Correlations with other hormones noted as not statistically

18 mo (n = 52); 44 with HBCD measures, 45 with | significant, but effect estimates were not reported.
hormone measures, 34 with both measures o ]
Exposure measures: Prenatal exposure, maternal | No significant correlations between prenatal exposure to

serum at 35" week of pregnancy HBCD and testes volume or penile length were found (data
1,2,5,6,9,10-HBCD (HBCD) detected in 43 of not shown).
44 samples

LOD 0.8 pg/g serum; LOQ =9 pg/g serum
Median 0.7 (range: <LOD—7.4) ng/g lipid
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Reference and study design

Results

Effect measures: Reproductive hormones (serum,

collected at 3 mo) (immunoassay details in

immunoassay details in Laven et al., 2004)
e testosterone

e SHBG

e FSH

e LH

e estradiol
e inhibin B

Testes volume, measured by ultrasound (ages 3 and
18 mo); penile length (ages 3 and 18 mo)
Analysis: Spearman correlation

Data quality:*®
Medium (1.9)

Johnson et al. (2013) (USA, 2002—2003)
Population: 38 men (18—54 yrs old), from couples
seeking infertility treatment; approximately 65%
participation into general study; participation rate
in the vacuum bag collection phase not reported
Exposure measures: HBCD exposure from
vacuum bag dust; three main stereoisomers of
HBCD presented together; HBCD detected in 97%
of samples; LOD not reported; median 246 ng/g
dust (90" percentile 1,103 ng/g dust)

Effect measures: Non-fasting blood sample

(immunoassay details in immunoassay
details in Meeker et al., 2008)

testosterone

Sex hormone binding globulin (SHBG)

Follicle stimulating hormone (FSH)

Luteinizing hormone (LH)

estradiol

inhibin B

prolactin

Analysis: All variables analyzed as continuous
variables; Spearman’s correlation between HBCD
in house dust and serum hormone levels;
multivariable models adjusted for age and BMI, but
results for HBCD model results not reported

Data quality:*
High (1.6)

Spearman r (p-value)

Free androgen index 0.46 (p =0.004)
(testosterone/SHBG)
SHBG -0.35* (p=0.03)

Multivariate models adjusted for age and BMI reportedly
produced similar results to the bivariate results (data not
reported for HBCD).

Results for other hormones not shown.
Note that HBCD was not strongly correlated with other flame

retardants measured (Spearman correlation coefficients
ranging from —0.20 to 0.27, all p-values > 0.10)

2 Based on OPPT data evaluation criteria
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Table 1-6. Evidence pertaining to male reproductive effects in animals following exposure to HBCD

Reference and study

design Results
Reproductive differentiation and development
Ema et al. (2008 Doses (mg/kg-d)
gjats, CRL:CD(SD) F1 offspring® 0 17 168 1,570
et fho?
Two generation F2 offspring 0 15 139 1,360
AGD (mm)
FO: exposure started Male, F1, PND 4 (n = 18-24 litters)
10 Wl,(s prior to mating Mean 5.37(0.41) 5.44 (0.36) 5.38(0.32) 5.20(0.51)
F1: dietary exposure (SD)
post weaning through % change® _ 1% 0% 30
necropsy
F1/F2 offspring: Male, F2, PND 4 (n = 19-22 litters)
continuous maternal Mean 5.12 (0.54) 5.12 (0.41) 5.04 (0.42) 4.84 (0.39)
exposure throughout (SD)
gestation/lactation % change - 0% 2% —50,
Data quality:©
High (1.0)
van der Ven et al. Doses (mg/kg-d)
RZOO‘)W. 0 0.1 0.3 1 3 10 30 100
ats, Wistar
Diet AGD (mm)
One generation Male, F1, PND 4 (n > 14)° **
Mean 4.6 5.1 4.7 4.8 5.0 5.0 4.5 5.4
FO: exposure started (SD) (0.8) (1.1 (0.8) (1.0) (0.8) (0.9) (0.8) (1.0)
one spermatogenic % change® - 11% 2% 4% 9% 9% 2% 17%
cycle (males: 70 d) or Male, F1, PND 7 (n > 14)°
two estrous cycles U -
(females: 14 d) prior to Mean 6.2 6.7 5.5 6.4 6.1 6.0 6.6 6.3
mating (SD) (1.2) (1.2) (1.1) (1.4) (1.3) (1.3) (1.0) (1.2)
F1: continuous maternal | % change® - 8% -11% 3% 2% -3% 6% 2%
exposure throughout Male, F1, PND 21 (n > 14)°
ﬁfj::gog/( ?g;i?:g;s .| Meam 190 191 1438 187 183 189 160
weaning through (SD) (6.0) 4.1 (2.6) (2.9) (5.5) (6.1) 2.2)
PNW 11 % change® - 1%  —22% n/a 2% 4% 1% —-16%
Value for male F1 PND 21 rats at 1 mg/kg-d was “n/a” in study report.
Data quality:©
High (1.0)
Saegusa et al. (2009) Doses (mg/kg-d)¢
Rats, Crj:CD(SD)IGS 0 15 146 1,505
Diet AGD (mm)
F1: maternal exposure | Male, F1, PND 1 (n = 10 litters)
from GD 10 to PND 20 |Mean 3.88 (0.23) 3.96 (0.20) 4.08 (0.30) 4.01 (0.23)
followed by an 8-wk (SD)
non-exposure period % change® _ 20 50, 3%

through PNW 11

Data quality:©
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Reference and study

design Results
High (1.2)
Spermatogenic measures
van der Ven et al. Doses (mg/kg-d)
2009 ' 0 0.1 0.3 1 3 10 30 100
g?s’ Wistar Epididymal sperm with separate heads (% of total)
One generation Male, F1, PNW 11 (n = 4-5)**
Mean 4.2 3.8 7.5 22 4.4 4.1 5.0 0.8
FO: exposure star.ted (SD) (1.7) (2.9) 8.1) (1.9) (1.9) 2.1 (1.8) (0.8)
one spermatogenic % change® - -10%  79% —48% 5% 2%  19%  —81%
cycle (males: 70 d) or
two estrous cycles
(females: 14 d) prior to
mating
F1: continuous maternal
exposure throughout
gestation/lactation;
dietary exposure post
weaning through
PNW 11
Data quality:©
High (1.2)
van der Ven et al. Doses (mg/kg-d)
2006) 0 0.3 1 3 10 30 100 200
E::}S;;Zmar Epididymal sperm with separate heads (% of total)
28-d exposure starting | Male (n=4-5)
on PNW 11 Mean 5.3 3.8 7.4 4.7 5.1 6.8 3.5 5.1
(SD) (2.9) 2.2) 3.2) 3.4 (4.0) 4.1 2.7 (3.6)
Data quality:* % change® - -28%  40% —-11% —4% 28%  —34% —4%
High (1.3)
Reproductive organ weights
Ema et al. (2008) Doses (mg/kg-d)
Rats, CRL:CD(SD) F1, offspring® 0 17 168 1,570
Diet . Male, F1, adult 0 11 115 1,142
Two generation
F2, offspring® 0 15 139 1,360
FO: exposure started Relative epididymis weight (left and right) (mg/100 g BW)
10 wks prior to mating - [nfale, F1, PND 26 (n = 17-23)
F1:di
dietary exposure Mean 85.9 (9.8) 86.7 (10.3) 89.3 (7.5) 89.9 (15.3)
post weaning through D
necropsy (SD)
F1/F2 offspring: % change” - 1% 4% 5%
continuous maternal Male, F1 adult (n =22-24)
exposure throughout Mean 223 (24) 232 (24) 210(19) 234 (23)
gestation/lactation (SD)
% change® - 4% —6% 5%

Male, F2, PND 26 (n = 13-22)
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Reference and study

design Results
Data quality:* Mean 90.7 (14.1) 87.2 (10.6) 87.3(9.6) 96.2 (10.5)
High (1.0) (SD)
% change® - —4% —4% 6%
Relative testis weight (left and right) (mg/100 g BW)
Male, F1, PND 26 (n = 17-23)
Mean 0.57 (0.07) 0.61* (0.06) 0.62* (0.06) 0.63* (0.07)
(SD)
% change® - 9% 9% 12%
Male, F1 adult (n = 22-24)
Mean 0.60 (0.07) 0.61 (0.05) 0.58 (0.06) 0.59 (0.07)
(SD)
% change® - 2% —4% -1%
Male, F2, PND 26 (n = 13-22)
Mean 0.57 (0.01) 0.60 (0.06) 0.57 (0.09) 0.59 (0.05)
(SD)
% change® - 5% 0% 3%
Relative ventral prostate weight (mg/100 g BW)
Male, F1, PND 26 (n = 17-23)
Mean 46.4 (10.3) 47.1 (8.8) 48.2 (7.3) 44.5 (11.1)
(SD)
% change® - 2% 4% —4%
Male, F1 adult (n = 22-24)
Mean 137 (28) 135 (34) 131 (30) 135 (22)
(SD)
% change® - -1% —4% -1%
Male, F2, PND 26 (n = 13-22)
Mean 50.2 (9.3) 50.2 (10.7) 50.8 (9.6) 47.3 (15.8)
(SD)
% change® - 0% 1% —6%
van der Ven et al. Doses (mg/kg-d)
RZOtO9W, t Male, F1 0 0.1 0.3 1 3 30 100
Deilei’ st Absolute epididymis weight (left and right) (g)
One generation Male, F1, PNW 11 (n = 4-5)
Mean 0.95 0.88 0.95 1.00 0.90 0.85 0.98 0.82
FO: exposure Staf'ted (SD) (0.13)  (0.13) (0.12) (0.06) (0.09) (0.13) (0.14) (0.06)
one spermatogenic % change®  — 7% 0% 5% 5% —11% 3%  —14%
cycle (males: 70 d) or - - -
two estrous cycles Absolute testis weight (left and right) (g)
(females: 14 d) prior to | Male, F1, PNW 11 (n = 4-5)**
mating Mean 3.01 291 307 318 288 282 297 260
F1: continuous maternal |~ (gpy) (0.17)  (0.08) (0.42) (0.20) (0.28) (0.07) (0.25) (0.06)
exposure throughout
% change® - —3% 2% 6% —4% —6% -1% -14%

gestation/lactation;
dietary exposure post
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Reference and study

design Results
weaning through Absolute prostate weight (g)
PNW 11 Male, F1, PNW 11 (n = 4-5)**
Mean 0.66 0.73 0.57 0.73 0.57 0.58 0.67 0.42
Data quality:* (SD) (0.18)  (0.21) (0.15) (0.21) (0.12) (0.07) (0.09) (0.13)
High (1.2) % change® - 11% -14% 11% -14% —12% 2% -36%
Absolute seminiferous vesicle weight (g)
Male, F1, PNW 11 (n = 4-5)
Mean 1.00 1.07 1.32 1.14 1.21 1.07 1.21 1.09
(SD) (0.40)  (0.22) (0.23) (0.29) (0.09) (0.29) (0.25) (0.27)
% change® - 7% 32% 14% 21% 7% 21% 9%
WIL Research (2001) |Doses (mg/kg-d)
Rats, Crl:CD(SD)IGS Male 0 100 300 1,000
BR
Gavage Relative prostate weight (g/100 g BW)
90 d exposure starting | Male (n = 9-10)
on ~PNW 7 followed Mean 0.18 (0.03) 0.19 (0.03) 0.21 (0.04) 0.26 (0.05)
by a 28-d recovery (SD)
period % change® - 3% 17% 42%
Recovery data not Relative testis weight (left) (/100 g BW)
shown Male (n =9-10)
Mean 0.30 (0.08) 0.31 (0.04) 0.31 (0.04) 0.32 (0.04)
. (SD)
Data quality:® o b . o o
ngh(lO) % change - 4% 2% 7%
Relative testis weight (right) (g/100 g BW)
Male (n =9-10)
Mean 0.31 (0.07) 0.31 (0.04) 0.31 (0.04) 0.32 (0.05)
(SD)
% change® - 0% 1% 6%
Relative cauda epididymis weight (left) (g/100 g BW)
Male (n = 9-10)
Mean 0.05 (0.01) 0.06 (0.01) 0.06 (0.01) 0.06 (0.01)
(SD)
% change® - 9% 6% 15%
Relative cauda epididymis weight (right) (g/100 g BW)
Male (n =9-10)
Mean 0.05 (0.01) 0.06 (0.01) 0.06 (0.01) 0.06 (0.01)
(SD)
% change® - 6% 4% 17%
Relative epididymis weight (left) (g/100 g BW)
Male (n =9-10)
Mean 0.12 (0.02) 0.13 (0.01) 0.12 (0.02) 0.14 (0.01)
(SD)
% change® - 8% 3% 13%

Relative epididymis weight (right) (g/100 g BW)
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Reference and study

design Results
Male (n =9-10)
Mean 0.12 (0.04) 0.13 (0.01) 0.13 (0.01) 0.14 (0.02)
(SD)
% change® - 8% 3% 16%
Saegusa et al. (2009) Doses (mg/kg-d)¢
Rats, Crj:CD(SD)IGS | Male, F1 0 14.8 146.3 1,505
Diet Relative epididymis weight (left and right) (g/100 g BW)
F1: maternal exposure | Male, F1, PND 20 (n = 10)
from GD 10 to PND 20 Mean 0.06 (0.02) 0.07 (0.01) 0.07 (0.01) 0.07 (0.01)
followed by an 8-wk (SD)
non-exposure period % change® _ 8% 13% 8%
through PNW 11 Male, F1 adult, PNW 11 (n = 10)
Mean 0.23 (0.02) 0.21* (0.01) 0.22 (0.02) 0.21 (0.01)
(SD)
Data quality:© % change® — —99; —49%, —99
High (1.2) Relative testis weight (left and right) (g/100 g BW)
Male, F1, PND 20 (n = 10)
Mean 0.43 (0.04) 0.43 (0.03) 0.43 (0.05) 0.40 (0.03)
(SD)
% change® - 0% 0% ~7%
Male, F1 adult, PNW 11 (n = 10)
Mean 0.77 (0.07) 0.73 (0.04) 0.78 (0.09) 0.74 (0.05)
(SD)
% change® - —5% 1% —4%
Relative dorsolateral prostate weight (mg/100 g BW)
Male, F1 adult, PNW 11 (n = 10)
Mean 0.13 (0.03) 0.13 (0.01) 0.14 (0.03) 0.13 (0.02)
(SD)
% change® - 0% 8% 0%
Relative ventral prostate weight (mg/100 g BW)
Male, F1 adult, PNW 11 (n = 10)
Mean 0.13 (0.02) 0.13 (0.04) 0.12 (0.03) 0.12 (0.01)
(SD)
% change® - 0% —8% —8%
Relative seminal vesicle weight (mg/100 g BW)
Male, F1 adult, PNW 11 (n = 10)
Mean 0.27 (0.05) 0.26 (0.03) 0.26 (0.05) 0.26 (0.05)
(SD)
% change® - —4% —4% —4%

*Statistically significantly different from the control at p < 0.05 as reported by study authors.
**Significant dose response trend as reported by study authors.

F1 and F2 offspring doses presented as mean maternal gestational and lactational FO and F1 doses, respectively.
"Percent change compared to control calculated as: (treated value — control value)/control value x 100.

°Exact number of animals examined per dose group was unclear in the published paper.
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4TWAs for each exposure group were calculated by: (1) multiplying the measured HBCD intake (mg/kg-day)
reported by the study authors for GDs 10—20, PND 1-9, and PND 9-20 by the number of inclusive days of
exposure for each time period; (2) adding the resulting products together; and (3) dividing the sum by the total
number of inclusive days (33) of HBCD exposure. Example: 100 ppm = (8.1 mg/kg-day x 11 days) +
(14.3 mg/kg-day x 10 days) + (21.3 mg/kg-day % 12 days)/33 days = 14.8 mg/kg-day.

‘Based on OPPT data evaluation criteria

Organ weights

Relative seminal vesicle weight Saegusa et al., 2009 ( F1 adults)

T
® significantly changed
Relative prostate weight Saegusa et al.,, 2009 ( F1 aduits) O not significantly changed

Relative testis weight  Saegusa et al., 2009 ( F1 weanlings)

Relative testis weight Saegusa et al., 2009 ( F1 aduits)

® @ 9 9 @

Relative epididymis weight  Saegusa et al., 2009 ( F1 weanlings)

Relative epididymis weight Saegusa et al., 2009 ( F1 adults)
Relative epididymis weight ~ WIL, 2001/2002 (rats)
Relative cauda epididymis weight WIL, 2001/2002 (rats)

Testis weight Ema et al., 2008 (rats, F2 weanlings)

Testis weight Ema et al., 2008 (rats, F1 weanlings)
Testis weight, Ema et al.,, 2008 (rats, F1 adults)

Absolute seminiferous vesicle weight  van der Ven et al., 2009 (rats)

“ Absolute Testis weight ~ van der Ven et al., 2009 {rats)
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Figure 1-5. Exposure response array of male reproductive system effects following oral
exposure. All studies scored a High in data quality evaluation.

1.3.2.1 Mechanistic Evidence
See Section 1.3.1.3 in the Female Reproductive Effects section above (Mechanistic Evidence).
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1.4 Developmental Effects

1.4.1 Human Evidence

Epidemiology studies investigating potential thyroid, male reproductive, and nervous system
effects of HBCD following developmental exposure were identified and are discussed in their
respective organ/system-specific hazard sections (Sections 1.1.1, 1.3.2.1, and 1.5.1,
respectively).

1.4.2 Animal Evidence

Evidence to inform organ-system specific effects of HBCD in animals following developmental
exposure are discussed in the individual hazard sections. The current section is limited to
discussion of developmental specific effects, including offspring survival, pup body weight,
developmental markers, and bone measures.

HBCD-induced developmental effects, including offspring survival, body weight, and
developmental markers, were evaluated in five studies in rats (Hachisuka et al., 2010; Saegusa et
al., 2009; van der Ven et al., 2009; Ema et al., 2008) and mice (Maranghi et al., 2013), with
exposure durations ranging from 28 days in juvenile mice to continuous exposure of rats over
two generations. A summary of developmental effects associated with HBCD exposure is
presented in Table 1-7 and Figure 1-6. Effect categories with stronger evidence are presented
first, with individual studies ordered by study duration and then species. For each endpoint, age
at outcome measurement is indicated.

Effects on offspring survival and pup body weight were evaluated in three rat studies (Saegusa et
al., 2009; van der Ven et al., 2009; Ema et al., 2008) and juvenile body weight was reported in a
single mouse study (Maranghi et al., 2013). Two rat studies that utilized similar dose ranges
(approximately 10—1,500 mg/kg-day) reported statistically significant effects in the high-dose
group (Saegusa et al., 2009; Ema et al., 2008). Ema et al. (2008) reported decreases in pup body
weight ranging from 20 to 25% for male and female F2 rat pups on PNDs 7, 14, and 21.
Offspring survival on PNDs 4 and 21 (21 and 42%, respectively) in this dose group was also
decreased (Ema et al., 2008). Decreases in pup weight in F1 animals were smaller (<10%), did
not show a consistent pattern of effect, and were not associated with decreased viability (Saegusa
et al., 2009; Ema et al., 2008). The remaining studi