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SUMMARY

The maximum allowable dose levels (MADL) for di(2-ethylhexyl)phthalate (DEHP) by
the oral route of exposure are 410 micrograms/day (pg/day) for adults, 58 pg/day for
infant boys and 20 pg/day for neonatal boys. These values are based on the male
reproductive effects of DEHP observed in the study by David et al. (2000a). As specified
in regulation, when the applicable reproductive effect is upon the male, the MADL is
calculated based on a human body weight of 70 kg (Title 22, California Code of
Regulations, Section12803(b))*. In the case of DEHP, however, developing animals are
sensitive to the testicular effects of DEHP (e.g., Sjoberg et al., 1985; 1986; Li et al.,
2000; CERHR, 2000; U.S. FDA, 2001; Borch et al., 2004). Bodyweights of infants or
neonates are markedly lower than that of an adult. Accordingly, age-specific MADLS
have been calculated for infant and neonatal boys based on bodyweights of 10 and 3.5 kg,
respectively (Sections 12801(a) and 12803(a)(6)).

BACKGROUND

This report describes the derivation of a maximum allowable dose level (MADL) for
DEHP (CAS No. 117-81-7).

DEHP is mainly used as a plasticizer of polyvinyl chloride (PVVC) in the manufacture of a
wide variety of consumer products for building construction, automobiles, clothing, toys
and medical devices. (OEHHA, 1997; CERHR, 2000). DEHP was listed under the Safe
Drinking Water and Toxic Enforcement Act of 1986 (commonly known as Proposition
65, codified at Health and Safety Code Section 25249.5 et seq.) as known to the State to
cause reproductive toxicity (developmental and male reproductive toxicity), effective
October 24, 2003. This listing was based on formal identification of DEHP as causing
developmental and male reproductive toxicity, by the National Institute for Occupational
Safety and Health (NIOSH, 1990) and the U.S. Food and Drug Administration (U.S.
FDA, 2001). NIOSH and U.S. FDA are authoritative bodies under Proposition 65 for
identification of chemicals as causing reproductive toxicity (Section12306(1)).

L All further references to regulations are to Title 22, California Code of Regulations unless otherwise
noted



Procedures for the development of Proposition 65 MADLSs are provided in Sections
12801 and 12803. Exposure at a level 1,000 times greater than the MADL is expected to
have no observable effect. As defined in regulation, a MADL is derived from a No
Observable Effect Level (NOEL) based on the most sensitive study deemed to be of
sufficient quality (Section 12803). This document addresses the oral route of exposure for
DEHP to assist in the implementation of Proposition 65 relative to the widespread human
exposures by this route.

STUDY SELECTION

Relevant studies or reports that provide information on the developmental or male
reproductive toxicity of DEHP have been identified through literature searches and
through reviewing documents produced by authoritative bodies or other expert groups.
These documents include the two reports by the authoritative bodies that provided the
primary support for the Proposition 65 listing of DEHP as a chemical known to cause
reproductive toxicity — the U.S. FDA (2001) document Safety Assessment of Di (2-
ethylhexyl)phthalate (DEHP) Released from PVC Medical Devices, and the NIOSH
(1990) document NIOH and NIOSH basis for an Occupational Health Standard: Di (2-
ethylhexyl) phthalate (DEHP). In addition, the detailed review by an expert panel
convened by the National Toxicology Program’s Center for the Evaluation of Risks to
Human Reproduction (2000) entitled NTP-CERHR Expert Panel Report on Di (2-
ethylhexyl) Phthalate was consulted. OEHHA staff have reviewed the relevant studies or
reports cited in those documents. OEHHA staff have also reviewed additional studies
that are not cited in those documents. Studies and documents reviewed by OEHHA and
cited in the text of this report are listed in the References section. Studies reviewed by
OEHHA but not cited in the present document or in the documents by NIOSH (1990),
CERHR (2000), or U.S. FDA (2001) are listed in the Bibliography.

There are numerous studies or review reports providing relevant information on the
developmental or male reproductive toxicity of DEHP. A majority of the studies
published prior to 2000 were already included in the reviews by NIOSH (1990), CERHR
(2000), and U.S. FDA (2001). After briefly reviewing all studies or reports available to
OEHHA staff, OEHHA focused on studies that appear to be sensitive studies in order to
identify “the most sensitive study deemed to be of sufficient quality.”

Developmental or Male Reproductive Toxicity in Humans

There are a few epidemiological studies investigating possible associations of exposure to
DEHP and other phthalates with developmental or reproductive effects in humans
(Modigh et al., 2002; Latini et al., 2003; Duty et al., 2003a; 2003b; 2004; Rais-Bahrami
et al., 2004). One study used human sperm to study possible direct effects of DEHP and
other phthalates on sperm motility in vitro (Fredricsson et al., 1993).

Latini et al. (2003) investigated the possible association of concentrations of DEHP and
its main metabolite, mono (2-ethylhexyl) phthalate (MEHP), in the cord blood of 84
newborns to birth outcomes including weight, gestational age, and other endpoints. All
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84 newborns were born at a general-practice hospital in Italy; there were 82 singleton
births, one set of twins and 39 male and 45 female offspring. Eleven were preterm, and
three of them had very low birth weight. The maternal age range was from 18 to 24 years.
The authors found that DEHP or MEHP were present in 74 (88.1%) of the 84 examined
cord serum samples at mean concentrations of 1.19+1.15 pg/ml and 0.52+0.61 pg/ml
(mean +standard deviation), respectively. MEHP-positive newborns (65 or 77.4%) had a
significantly lower gestational age (38.16+2.34 weeks) compared with MEHP-negative
infants (39.35+1.35 weeks, p<0.05). Logistic regression analysis also indicated a positive
correlation between absence of MEHP in cord blood and gestational age at delivery (odds
ratio = 1.50, 95% confidence interval = 1.013-2.21). No other statistically significant
relationships were observed between DEHP or MEHP concentrations and other birth
outcomes (e.g., birth weight). The authors concluded that phthalate exposure is
significantly associated with shortened pregnancy duration. Altered gestation length
associated with maternal exposure to a chemical can be an indicator of female
reproductive toxicity (U.S. EPA, 1996); however, female reproductive toxicity is not
among the bases for the Proposition 65 listing of DEHP. Therefore, this study cannot be
used as the basis for MADL development (Section 12803(a)(1)).

Fredricsson et al. (1993) studied effects of DEHP at concentrations of 0.001-100 mM on
human sperm motility in vitro. The authors found that incubation of human sperm with
DEHP caused a statistically significant decrease in sperm motility, with a 25% reduction
of motility at 1 mM. The authors did not study the effect of DEHP metabolites (e.g.,
MEHP) on sperm motility.

A series of recent studies by Duty et al. (2003a; 2003b; 2004) investigated the
relationship of sperm parameters to phthalate exposure among male partners of subfertile
couples who presented to the Andrology Laboratory at the Massachusetts General
Hospital in Boston for semen analysis as part of an infertility work-up. The authors found
sperm DNA damage, decreased sperm motility, and/or reduced sperm concentration in
semen samples to be associated with increased urinary levels of mono-ethyl phthalate or
mono-butyl phthalate (metabolites of diethyl phthalate or dibutyl phthalate, respectively),
but not with urine levels of DEHP or MEHP.

Modigh et al. (2002) found no effect of DEHP at a mean exposure level of < 0.5 mg/m?
on time to pregnancy among partners of 193 men who were occupationally exposed to
DEHP in air at three plants either producing DEHP or processing polyvinyl chloride
(PVC) plastic. A recent clinical study investigated testicular volume, phallic length, and
the serum levels of luteinizing hormone (LH), follicle-stimulating hormone (FSH), and
testosterone of 13 adolescent boys (14-16 years old) who were exposed to DEHP as
neonates on extracorporeal membrane oxygenation (ECMO) support (Rais-Bahrami et al.
(2004). Mean values for these parameters were within the appropriate range for the
degree of pubertal development. Detailed information (e.g., time and duration on
ECMO, range of the values for sexual hormones or testicular volumes) was not reported;
no control group was included in the study. The route of exposure in these two studies
was either inhalation or intravenous injection, not oral.
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All the studies in humans discussed above included relatively small numbers of subjects
and have other important limitations (e.g., lack of appropriate control group, phthalate
levels based on a single spot urine samples, selection of subjects from men who were part
of subfertile couples visiting an andrology clinic in the studies by Duty et al.). Although
some findings in the human studies reported by Fredricsson et al. (1993) or by Duty et al.
(2003a; 2003b; 2004) provide limited evidence on an association between exposure to
phthalates and damaged sperm quality, none of the human studies on the developmental
or male reproductive effects of phthalates is “of sufficient quality” for MADL
development for the purposes of Proposition 65. Thus, the MADL is necessarily based on
animal studies.

Male Reproductive Toxicity in Animals

The male reproductive toxicity of DEHP has been studied in many species including rats,
mice, hamsters, ferrets, and non-human primates. Findings from the majority of these
studies have been well reviewed and summarized in many documents or review reports
(e.g., CERHR, 2000; U.S. FDA, 2001). Therefore, detailed findings from each individual
study are not discussed in this document. Instead, this document focuses on a number of
studies that can be potentially identified as the most sensitive study of sufficient quality
for the purpose of Proposition 65 and on relevant mechanistic data (e.g., metabolism,
cellular and/or molecular targets, and biochemical pathways) that are critical for
determining the relevance of rodent data to humans.

Studies in Rats. The majority of studies on the male reproductive toxicity of DEHP
were conducted in rats using oral administration (gavage, feed, or drinking water).
Depending on the doses, dosing duration, age of animals, and endpoints included, it has
been shown that oral treatment with DEHP causes reduced fertility, decreased weights of
male reproductive organs, and histopathological changes in the testis of juvenile and
adult rats (CERHR, 2000; U.S. FDA, 2001). Characteristics of histopathological changes
include vacuolation and rarefaction of the cytoplasm, disruption of cytoskeletons,
destruction of intercellular specializations (e.g., ectoplasmic specialization, occluding
junctions) in Sertoli cells, followed by degeneration of spermatocytes by apoptosis and/or
sloughing of germ cells into the lumen of seminiferous tubules (e.g., Saitoh et al, 1997;
Park et al., 2002; Boekelheide, 2004). Different groups of germ cells in the testis of rats
are organized in an orderly manner along the length of seminiferous tubules. A defined
group of germ cells is called a stage. Along the length of a seminiferous tubule, there is a
distinct ordering of stages, namely from stage I to XIV. Sertoli cells undergo
morphological and functional fluctuation from stages I to X1V (Russell and Griswold,
1993). In the testis of young rats (8-week-old), Sertoli cells and the spermatocytes
associated with them in seminiferous tubules at stages IX-XIV and | are most sensitive to
the testicular effects of DEHP (Saitoh et al., 1997).

Oral administration of DEHP to rats during the perinatal period results in severe
permanent abnormalities in the male reproductive system of male offspring (Tandon et
al., 1991; Arcadi et al., 1998; Gray et al., 1999; Schilling et al., 1999; Moore et al., 2001).
Neonatal or young rats have been found to be more sensitive to the male reproductive
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effects of DEHP than are adults (Gray and Butterworth, 1980; Sjoberg et al., 1985; 1986;
Dostal et al., 1988; Li et al., 2000; CERHR, 2000; U.S. FDA, 2001; Cammack et al.,
2003; Akingbemi et al., 2001; 2004; Borch et al., 2004). The testis at early developmental
stages (late gestation and early days after birth in rats) is more sensitive to DEHP than
that of juvenile or adult animals (Gray et al., 1999; 2000; Moore et al., 2001; CERHR,
2000). Thus, the NOELs and/or LOELSs for the male reproductive effects of DEHP
observed in studies that treated rats either perinatally or in the early weeks of the
postnatal period are in general lower than those observed in young or adult animals.
Table 1 summarizes a list of studies that observed relatively low values of LOELSs and/or
NOELSs in rats. The animals used in these studies received DEHP treatment either
perinatally (Acardi et al., 1998) or as juveniles (three-four weeks old; Poon et al., 1997,
David et al., 2000a; Akingbemi et al., 2001; 2004). Manifestation of DEHP-caused
testicular damage takes different forms, depending on the age of animals, dosing levels,
and dosing durations. For example, as stated in the document by CERHR (2000), “during
the time of Sertoli cell divisions (before pnd [post natal day] 15 in rats), phthalate
exposure apparently inhibits cell division. In animals older than pnd 15, toxicity is
manifest as vacuoles, followed by germ cell sloughing.” Therefore, when comparing
different studies to identify “the most sensitive study”, OEHHA considered different
endpoints used in different studies and attempted to compare different studies based on
the same or similar endpoints. In addition, the clear difference in sensitivity to the
testicular effects of DEHP between developing and adult rats suggests that a NOEL
observed in adult animals should be compared to those observed in developing animals in
order to determine if a NOEL in adult animals has no observable effects in developing
animals.

The study by Acardi et al. (1998) observed the lowest LOEL (32.5 ul/L in drinking
water) in rats for the male reproductive effects of DEHP in male offspring exposed to
DEHP from gestational day 1 to postnatal day 21. The authors stated this dose was
roughly equivalent to 3.0-3.5 mg/kg-day, but assumptions of body weights and water
consumption for their estimate were not reported. This study has some limitations. For
example, DEHP is essentially insoluble in water (3 ug/L or approximately 0.003 ul/L;
CERHR, 2000). The concentrations of DEHP used in the study were 32.5 and 325 pl/L.
The authors stated that “the suspension was prepared daily by adding DEHP to mineral
water and then sonicating for 30 min.” However, actual concentrations of DEHP in the
drinking water were not verified. Daily water consumption was not recorded. Maternal
body weights were not reported. Therefore, for purposes of MADL development, this
study is not “of sufficient quality” for identification of a NOEL or LOEL, although this
study provided important evidence on the adverse effects of DEHP on rat testicular
development during the perinatal period.

Among other studies listed in Table 1, the studies by Akingbemi et al. (2001; 2004)
observed an oral LOEL of 10 mg/kg-day, based on abnormal changes in testosterone
production and altered Leydig cell proliferation in the testes of prepubertal rats. This
LOEL is markedly lower than those based on histopathological changes in adult animals
following long-term treatment with DEHP (29 mg/kg-day as observed by David et al.
(2000a) or 38 mg/kg-day by Poon et al., 1997). It should be noted that the NOELSs
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observed in adult animals by Poon et al. or David et al., respectively, are lower than the
LOEL of 10 mg/kg-day observed in juvenile animals by Akingbemi et al. (2001; 2004).
Therefore, based on endpoints indicative of morphological or functional changes, there is
no observed effect of DEHP on the testis at doses lower than 10 mg/kg-day following
oral administration, regardless of the age of rats used in the studies. The highest dose
below 10 mg/kg-day used in the studies listed in Table 1 is the NOEL (5.8 mg/kg-day)
observed by David et al. (2000a). Thus, this NOEL (5.8 mg/kg-day) has no observable
testicular effects in rats of different ages. The mg/kg dose resulting from exposure to
DEHP at a MADL based on this NOEL can therefore be expected to be protective against
the testicular effects of DEHP for both developing and adult humans. As noted above, the
apparently lower LOEL in the study by Acardi et al. (1998) cannot be taken into account
because the study is not of sufficient quality.
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Table 1. Oral studies that observed relatively low values of LOEL or NOEL for the male
reproductive toxicity of DEHP in rats.

Study Animals Treatment General Male repro effects and NOEL
Reference Toxicity LOEL
Poon etal., | Sprague- Feed, 0, 5, 50, Increased liver Sertoli cell vacuolation and | 50 ppm
1997 Dawley rats, | 500, 5,000 ppm and kidney seminiferous tubular (3.7 mg/kg-
about 6 wks | for 13 wks. weights, atrophy at 5000 ppm. day).
old at the histopathological | Minimal Sertoli cell
beginning, changes in the vacuolation in 7/10 rats at
10 rats per liver at 5,000 500 ppm.
group. ppm. LOEL: 500 ppm (38
mg/kg-day)
Arcadi et Long-Evans | Drinking water, | No effects on Reduced testis weights and | Not
al., 1998 rats, 12 0,325,325 pl/L | body weight histopathological changes | observed.
pregnant rats | DEHP, from gains of dams or | in the testes of male pups
per group gestational day 1 | pups. Changed at both doses.
to postnatal day | weights and
(PND) 21. Pups | pathology inthe | LOEL: 32.5 pl/L (3.0-3.5
examined on kidney and liver | mg/kg-day, estimated by
PND 21, 28, 35, | of pups at both the study authors; water
42, and 56. doses. consumption not reported)
David et Fischer 344 | Feed, 0O, 100, Reduced survival | Significantly increased 100 ppm
al., 2000a rats, about 500, 2,500, or rates, reduced incidence of (5.8 mg/kg-
six-wk-old | 12,500 ppm body weights, aspermatogenesis at > 500 | day)
at the start, DEHP for 104 adverse effects in | ppm at Week 105.
55-80 rats wks. the liver, kidney,
per group. and pituitary at LOEL: 500 ppm (29
>2,500 ppm. mg/kg-day)
Akingbemi | Male Long- | Gavage, 0, 1, 10, | No obvious Decreased testosterone (T) | 1 mg/kg-
etal., 2001 | Evans rats, 100 or 200 general toxicity. | production by Leydig cells | day
21, 35, or 62 | mg/kg-day, PND at >10 mg/kg-day at PND
days of age; | 21-34, 35-48, 21- 21-34; increased T
ten rats per | 48, or 62-89. production when exposed
group at PND 21-48.
LOEL: 10 mg/kg-day
Akingbemi | Male Long- | Gavage, 0, 10, No obvious Reduced T production in Not found.
etal.,, 2004 | Evans rats, 100 mg/kg-day, | general toxicity. | Leydig cells. Increased
21 day of from postnatal numbers and proliferating
age, tenrats | day (PND) 21 to activity of Leydig cells at >
per group PND 48, 90 or 10 mg/kg-day:
120. LOEL: 10 mg/kg-day

Studies in Other Species.

The male reproductive effects of DEHP following oral

administration have also been studied in mice, guinea pigs, hamster, ferrets, and non-
human primates. There is clear evidence indicating that oral administration of DEHP
causes adverse effects in the male reproductive systems of mice, guinea pigs, hamsters,
and ferrets (e.g., Lake et al., 1976; Gray et al., 1982; Gangolli, 1982; Lamb et al., 1987;
David et al., 2000b; CERHR, 2000). The LOELSs and/or NOELSs for the male
reproductive effects of DEHP observed in mice are generally higher than those in rats.
Syrian hamsters are much less sensitive to the testicular effects of DEHP than rats (Gray
etal., 1982). The LOEL for the testicular effects of DEHP administered in diet for 14
months in mature albino ferrets were 1200 mg/kg-day, which again is much higher than
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that in rats (e.g., David et al., 2000a). The studies in mice, hamsters, and ferrets clearly
demonstrated that male reproductive effects occur in these species. However, these
species are less sensitive to the testicular effects of DEHP than is the rat, based on similar
endpoints indicative of testicular damage under similar treatment regimes. Therefore, for
the purpose of Proposition 65, studies conducted in these species are not considered as
“the most sensitive study” for male reproductive effects of DEHP.

In addition to rats, mice, hamsters, and ferrets, non-human primates have been used in
several oral studies of the toxic effects of DEHP (Rhodes et al., 1986; Kurata et al., 1998;
Pugh et al., 2000; MCSI et al., 2003). The studies by Rhodes et al. (1986), Kurata et al.
(1998), and MCSI et al. (2003), were conducted in common marmosets (Callithrix
jacchus), a New World primate. In the study by Pugh et al. (2000), cynomolgus monkeys
(Macaca fascicularis), an Old World primate, were used. Because results from these
primate studies have been suggested as basis for determining the relevance of rodent data
to humans (e.g., McKee et al., 2004), details of these four primate studies are discussed
below.

In the study by Rhodes et al. (1986), groups of five adult male marmosets (weighing 250-
400 g) were treated by gavage with 0 or 2,000 mg/kg-day for 14 days. Body weight gain
in the DEHP-treated group was significantly lower than that in the control (body weights
in the DEHP-treated group are approximately 70% of those in the control group, p<0.05),
but no effect on testicular weights was observed. The histopathological findings were not
reported, although the authors reported that they included testes for histopathological
evaluation by light microscopy.

In the study by Kurata et al. (1998), groups of four adult male marmosets (body weights
at the end of 13-week treatment averaged about 330 g) were treated orally with 0, 100,
500, and 2,500 mg/kg-day DEHP for 13 weeks. Body weight gain was significantly
reduced in males treated with 2,500 mg/kg-day, but no significant effect on blood
testosterone levels, testis weights or morphology at light and electron microscopic levels
was observed.

The final report of a recent study in juvenile marmosets was submitted to OEHHA by the
American Chemistry Council (ACC). In this study, sponsored by the Japanese Plasticizer
Industry Association, conducted by Kurata et al. at the Mitsubishi Chemical Safety
Institute Ltd. (MCSI, 2003), groups of male marmosets (8-10 animals per group) aged
from 90 to 110 days were treated by gavage for 65 weeks with 0, 100, 500, or 2,500
mg/kg-day DEHP. The authors stated that there was no treatment-related effect on body
weights or weights of reproductive organs including testes and epididymides. No
apparent histopathological changes in the testis were observed in DEHP-treated animals.
Epididymal sperm count in DEHP-treated animals was not different from that in the
control animals. There was no significant difference in mean levels of blood testosterone
in blood samples collected at intervals during the treatment between DEHP-treated and
control animals. No treatment-related changes in histochemical and biochemical
examinations for testicular functions were observed.
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The findings from three studies conducted in common marmosets indicate that DEHP,
even at very high dose levels, does not cause testicular damage in this species. Because
the seminiferous epithelium in the testis of common marmoset is organized similarly to
that in humans, some have suggested the common marmoset to be a good model to
predict the potential testicular effects of chemicals in humans (Millar et al., 2000; Sharpe
et al., 2000; ACC, 2004), while others have noted fundamental species differences and
have concluded otherwise (Zuhkle and Weinbauer, 2003). Based on relevant
information regarding the male reproductive system of common marmosets that OEHHA
staff has reviewed, the testis of the common marmoset indeed has some unique
characteristics that are dramatically different from other mammals including rats,
cynomolgus macaques, and humans. For example, sperm production and androgen
synthesis in humans, macaque monkeys, and rodents are regulated by hormones produced
in the pituitary, such as follicle-stimulating hormone (FSH) and luteinizing hormone
(LH). However, the pituitary of the common marmoset does not produce LH. Instead, it
produces chorionic gonadotropin (CG), which is only produced in the placenta of humans
or rodents (Muller et al., 2004). Both CG and LH in mammals use the same receptor, the
LH receptor. The gene for this receptor in common marmoset is lacking one segment
called exon 10. Lack of exon 10 in the LH receptor causes androgen deficiency and
hypogonadism in humans (Zhang et al., 1998; Gromoll et al., 2000). Recent studies using
transplanting techniques have also shown that the conditions needed for initiation of
spermatogenesis in the marmoset are remarkably different from those present in most
other mammals (e.g., Wistuba et al., 2004). Because of fundamental differences in the
testis between common marmosets and humans, it has been suggested that “the use of
this animal model cannot be recommended for reproductive toxicology assessment”
(Zuhkle and Weinbauer, 2003). In addition, vitamins C and E are protective against the
testicular effects of DEHP in rats or mice (Ishihara et al., 2000; Ablake et al., 2004).
Common marmosets require high levels of dietary vitamin C so regular diets for this
species usually contain high levels of vitamin C supplements (e.g., MCSI, 2003). Serum
levels of vitamin C in common marmosets are markedly higher (2.56 mg/100ml in
average) than most other mammals (0.63 mg/100 ml in average in humans; Flurer and
Zucker, 1987; 1989; Hampl et al., 2004), creating the possibility of reduced sensitivity to
DEHP in this species. Based on the facts discussed above, OEHHA has determined that
the data from studies in common marmosets should not be used as the basis for MADL
development for DEHP.

In addition to the three studies in common marmosets discussed above, there is one study
in cynomolgus monkeys reported by Pugh et al. (2000). In this study, male monkeys of
about two years of age (weighing 1977-2921 g), four animals per group, were treated by
gavage with 0, 500 mg/kg-day DEHP, 500 mg/kg-day di-isononyl phthalate (DINP), or
250 mg/kg-day clofibrate for 14 days. The overall objective of this study was to assess
the effects of DEHP, DINP, and clofibrate on peroxisome proliferation in the cynomolgus
monkey. The initial body weights for each group were not reported. The final body
weight of monkeys in the DEHP-treated group (23784194 g; mean + standard deviation)
was lower than that of the control group (2590+138 g), but the difference was not
statistically significant (determined by ANOVA followed by a Dunnet’s test, as reported
by the authors). With regard to testicular effects of DEHP, absolute testis or epididymis
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weights were not reported. Relative weight (%) of testes/epididymides in the DEHP
group (0.06940.005; mean + standard deviation) was approximately 83% of that of the
control animals (0.083+0.018), indicating a 17% decrease, but the difference is not
statistically significant. It is unclear whether the relative weight of testes/epididymides as
reported was a combined weight of testes and epididymides or testes only. The authors
stated that there was no treatment-related histopathological change in the testes, but
detailed information on histopathological observations was not reported. No effect on
liver or kidney weight, hepatic peroxisomal beta-oxidation, or replicative DNA synthesis
and gap junctional intercellular communication in the liver was observed. The authors
concluded primates were unresponsive to the induction of DNA synthesis and
peroxisomal beta-oxidation, but did not make any conclusion regarding their observations
on the possible testicular effects of DEHP.

The study by Pugh et al. (2000) used four monkeys per group. The sample size is small
and thus has limited statistical power to reveal treatment related effects among DEHP-
treated animals. Statistical power is the probability of detecting an effect if there really is
one. It is highly influenced by the size of a study (the number of subjects per group). A
statistical power of 0.8 or higher is generally used (Schwetz et al., 1980; Lenth, 2001,
Festing and Altman, 2002). Based on reported means and standard deviations of relative
testis/epididymis weights, the sample size only provides a statistical power of 0.2 — 0.3.
Thus, the study by Pugh et al. (2000) has only approximately a 20-30% chance to detect a
difference in testicular weights between the control and DEHP-treated monkeys if a real
difference exists. In order to detect a statistically significant difference (at a significance
level of 0.05) in body weights or relative testis/epididymis weight with a statistical power
of 0.8 (i.e., an 80% likelihood of detecting the effect), at least 10-14 animals per group
are required (Stata Corporation, 2003). Thus, the study by Pugh et al. (2000) does not
have sufficient power to detect a statistically significant difference in the relative weight
of testis/epididymis in cynomolgus monkeys between the control and treated group under
the experimental designs used in the study.

Cynomolgus monkeys used in the Pugh et al. (2000) study were approximately two years
of age weighing 1977-2921 g. The testis in two-three year old cynomolgus monkeys is
immature and relatively quiescent (e.g., Cho et al., 1975; Kluin et al., 1983; Liang et al.,
2001; Smedley et al., 2002). Tightly-packed, small-diameter seminiferous cords consist
of Sertoli cells with few interspersed spermatogonia. There are no spermatocytes or
spermatids since meiosis does not occur until puberty around 3.5-4 years of age (Kluin et
al., 1983; Smedley et al., 2002). Therefore, degenerative changes in spermatocytes, which
are seen in young or adult rat testis following DEHP treatment, may not be expected in
the testis of cynomolgus monkeys two-three years of age. Sertoli cell proliferation
remains at very low levels; with only approximately 0.3 % of Sertoli cells in the S-phase
of the cell cycle in cynomolgus monkeys two-three years of age, as compared to
approximately 10-20% in rats during the first two weeks after birth (Orth, 1982; Kluin et
al., 1983; Liang et al., 2001). This cellular event (i.e., Sertoli cell proliferation) is critical
for establishing normal testis size in the adult (e.g., Orth et al., 1988) and has been shown
to be targeted by DEHP in developing testis (Li et al., 1998; 2000; Li and Kim, 2003).
Based on the physiological characteristics of the testis (e.g., slow growth in the testis, low
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proliferating activity in Sertoli cells, low testosterone production in Leydig cells) in two-
to-three years old cynomolgus monkeys, it appears that the age of two-to-three years may
represent a window of relatively low sensitivity to the testicular effects of DEHP.
Because proliferative activity of Sertoli cells is low, any possible change in testis weight
resulting from inhibition of Sertoli cell proliferation by DEHP treatment as seen in
neonatal rat testis may not be dramatic in cynomolgus monkeys two-three years of age.
Nevertheless, a decrease (by approximately 17%) in relative weight of
testes/epdidymides (assuming combined weights) was observed in the DEHP-treated
monkeys by Pugh et al. (2000).

Based on considerations discussed above, OEHHA concludes that testicular damages
caused by DEHP in cynomolgus monkeys of 2-3 years of age cannot be ruled out.
Because of the low statistical power of the study and the use of only one dose level (500
mg/kg-day) of DEHP , this study does not provide a sufficient basis for establishing a
NOEL for the testicular effects.

Most Sensitive Study for the Male Reproductive Effects. Based on the findings from
all relevant studies reviewed and discussions presented above, for the purpose of
Proposition 65, OEHHA has determined that the study in rats by David et al. (2000a) is
“the most sensitive study of sufficient quality” for the male reproductive toxicity of
DEHP following oral treatment.

Developmental Toxicity in Animals

The developmental toxicity of DEHP in laboratory animals has been extensively studied.
In traditional developmental toxicity studies, DEHP has been found to cause intrauterine
death, developmental delay, and structural malformations and variations (CERHR, 2000).
Based on the relevant data available, the CD-1 mouse appears to be the species most
sensitive to the developmental effects of DEHP following oral treatment. The lowest
LOEL for the developmental toxicity of DEHP via the oral route of exposure was 0.05%
in feed as observed in the studies reported by Tyl et al. (1984; 1988) and Price et al.
(1988). Major findings from these two studies were presented in Table 2. The estimated
doses, expressed as mg/kg-day, of DEHP used in the study by Price et al. (1988) were
slightly higher (95 mg/kg-day for 0.05%; 48 mg/kg-day for 0.025%) than those in the
study by Tyl et al., (1984; 1988; 91 mg/kg-day for 0.05%; 44 mg/kg-day for 0.025%).
The NOEL (48 mg/kg-day) for the developmental toxicity of DEHP observed in the
study by Price et al. (1988) is slightly higher than that (44 mg/kg-day) in the study by Tyl
et al. (1984) and is lower than the LOEL from either study (91 or 95 mg/kg-day).
Therefore, for the purpose of Proposition 65, the study by Price et al. (1988) is identified
by OEHHA as the most sensitive study for the developmental toxicity of DEHP
following oral treatment.
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Table 2. Major findings in the studies by Tyl et al. (1984; 1988) and by Price et al. (1988)

Study Animals Treatment Maternal Developmental or male repro | NOEL
Reference Toxicity effects and LOEL
Tyl etal., CD-1 mice, | Diet, 0, 0.025, Reduced Increased number and 0.025%
1984 ;1988 | 30-31 0.05, 0.10, maternal percentage of resorptions; (44 mg/kg-

pregnant 0.15% DEHP, body reduced live litter size; day)

mice per GD 0-17, weights at > | increased malformations.

group. examined on 0.10%. LOEL: 0.05% (91 mg/kg-day)

GD 17.

Price et al. CD-1 mice, | Diet, 0, 0.01, No obvious | Increased prenatal mortality 0.025%
(2988) 28-29 0.025, or 0.05% | maternal or | and reduced live litter size at (48 mg/kg-

pregnant DEHP, GD 0- general 0.05% on PND 1. day)

mice per 17. Examined effects. LOEL.: 0.05% (95 mg/kg-day)

group. postnatally.

In addition to the assessment of standard endpoints of developmental toxicity, effects of
DEHP following gestational exposure on development of the male reproductive system
have been investigated in recent years. It has been found that DEHP administered during
gestation causes adverse changes in testosterone production, Leydig cell proliferation,
prostate development, or expression of genes for insulin-like hormone 3 (Insl3) in the
testes of male fetuses or male offspring in rats (Akingbemi et al., 2001; 2004; Banerjee et
al., 2002; Borch et al., 2004; Wilson et al., 2004). Insl3 is considered to be a biomarker
of Leydig cell maturation in fetal and pubertal rats; disruption in this gene causes
cryptorchidism in mice (Teerds et al., 1999; Nef and Parade, 1999; Ivell and Bathgate,
2002). Thus, alteration in expression of Insl3 gene by DEHP may represent one of the
potential molecular pathways underlying DEHP-caused damage in testicular
development.

There are also several studies that observed adverse effects of DEHP on development of
the male reproductive system in rats exposed to DEHP during the perinatal period (e.g.,
Arcadi et al., 1998; Gray et al., 1999; 2000; 2001; Moore et al., 2001). These studies are
discussed above in the section on male reproductive toxicity. Among all the studies that
either used gestational or perinatal treatment, all of them observed developmental effects
of DEHP on the male reproductive system at the single does used or the lowest dose
included in the study. Except for in the study by Arcadi et al. (1998; see discussions
above on this study), effects were seen at the lowest dose tested in these studies. The
lowest dose used in these studies is 93.5 mg/kg-day as used in the study by Banerjee et al.
(2002) reported in an abstract, which is nearly 20-fold greater than the NOAEL observed
in the study by David et al. (2000a) discussed above. Thus, none of these studies is more
sensitive than David et al. (2000a). Therefore, none of these studies can be identified as
“the most sensitive study deemed to be of sufficient quality” (Section 12803) and thus be
used for MADL development for the purposes of Proposition 65.

Identification of the Most Sensitive Study

The NOEL is based on the most sensitive study deemed to be of sufficient quality and is
the highest dose level which results in no observable reproductive effect, expressed in
milligrams of chemical per kilogram of bodyweight per day (Section 12803(a)).
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The controlling regulation also specifies that “where multiple reproductive effects
provide the basis for the determination that a chemical is known to the state to cause
reproductive toxicity, the reproductive effect for which studies produce the lowest NOEL
shall be utilized for the determination of the NOEL” (Section 12803(a)(1)). The NOEL
(5.8 mg/kg-day) for the male reproductive toxicity as observed by David et al. (2000a) is
lower than the NOEL (48 mg/kg-day) for the developmental toxicity of DEHP as
observed by Price et al. (1988). Therefore, the oral study in rats reported by David et al.
(2000a) was used as basis for establishing the MADL for DEHP via the oral route of
exposure.

In the study reported by David et al. (2000a), groups of Fischer 344 rats (55-80 animals
per sex per group) were treated with 0, 100, 500, 2,500, or 12,500 ppm DEHP in the diet
for up to 104 weeks. The animals were about six weeks old at the beginning of treatment.
The doses of DEHP were 0, 5.8, 28.9, 146.6, and 789.0 mg/kg-day for the five groups,
respectively, as estimated by the study authors based on the average daily feed
consumption. Reduced mean body weights, abnormal changes in serum chemistry,
hematology parameters, increased liver and kidney weights, and histopathological
changes in the liver, kidney, pancreas, and pituitary glands were observed in rats exposed
to 12,500 ppm DEHP. Increased weights of liver and kidney and histopathological
changes in the livers and kidneys were also observed in rats treated with 2,500 ppm
DEHP for 104 weeks. Testis weights were significantly decreased in male rates treated
with 12,500 DEHP for 104 weeks. Bilateral aspermatogenesis was observed in 10 out of
10 animals treated with 12,500 ppm DEHP, but not in any of 10 rats treated with 2,500
ppm DEHP when examined at Week 78. After exposure for 104 weeks, the incidence of
bilateral aspermatogenesis was observed in 37/64 (58%) in the control group and 34/50
(64%), 43/55 (78%), 48/65 (74%), 62/64 (97%) in groups treated with 100, 500, 2,500, or
12,500 ppm DEHP, respectively. The increase in the incidence of bilateral
aspermatogenesis was statistically significant in groups treated with > 500 ppm DEHP.
Thus, 500 ppm, equivalent to 28.9 mg/kg-day, is identified as the LOEL. The NOEL
observed in this study, 100 ppm (equivalent to 5.8 mg/kg-day) is used as basis for
establishing a MADL for DEHP by the oral route of exposure.

Relevance of the Testicular Effects in Rats to Humans

For the purpose of Proposition 65, the study in rats reported by David et al. (2000a) is
identified as “the most sensitive study deemed to be sufficient quality” and the NOEL for
the testicular effects (indicative of the male reproductive toxicity) of DEHP observed in
this study is used by OEHHA as the basis for establishing a MADL for DEHP by the oral
route of exposure. The relevance of testicular effects of DEHP in rats to humans was
taken into account by OEHHA.

It is generally accepted that “an agent that produces an adverse reproductive effect in
experimental animal studies is assumed to pose a potential reproductive threat to
humans” (U.S. EPA, 1996). However, in the case of DEHP, because DEHP does not
cause obvious testicular damages in the common marmoset, a non-human primate
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(Rhodes et al., 1986; Kurata et al., 1998; MCSI, 2003) and there are known inter-species
differences in the testicular toxicity of DEHP (e.g., CERHR, 2000; U.S. FDA, 2001),
there have been questions raised regarding the relevance of testicular effects in rats to
humans. To determine if the testicular effects of DEHP observed in rats are relevant to
humans, OEHHA has reviewed relevant data on pharmacokinetics, metabolism, and
mode(s) of action underlying the testicular effects of DEHP. In particular, OEHHA
focused on similarities and differences in pharmacokinetics, metabolism, and mode(s) of
action between rats and humans.

Pharmacokinetics and Metabolism. This subsection briefly summarize major
pharmacokinetic characteristics of DEHP in rats, non-human primates, and humans.
There are numerous studies and comprehensive reviews on the absorption, disposition,
metabolism, and excretion of DEHP following oral administration in rats, non-human
primates, and humans. Discussions below are based on experimental data that have been
repeatedly reviewed and summarized in published reviews (e.g., Albro, 1986; Albro and
Lavenhar, 1989; Astill, 1989) or regulatory or expert reports (e.g., CERHR, 2000; U.S.
FDA, 2001). References cited in the text are exemplary, not comprehensive. In addition,
several recent unpublished studies (Laignelet and Lhuguenot, 2000a; 2000b; 2000c;
2000d; 2001) submitted to OEHHA by the ACC were also included for review. Since
exposure levels of DEHP in humans are generally low (CERHR, 2000), special attention
has been paid to data obtained from studies using relatively low doses of DEHP (e.g.,
below 500 mg/kg-day).

Pharmacokinetic characteristics of DEHP are qualitatively similar among rats, non-
human primates, and humans. Briefly, orally-administered DEHP is rapidly hydrolyzed
to mono(2-ethylhexyl) phthalate (MEHP) and 2-ethylhexanol (2-EH) by ester hydrolases
mainly in the gastrointestinal tract (Gl). High levels of hydrolytic activity on DEHP have
been found in the pancreatic juice, intestinal contents or tissues, and liver tissues of a
wide variety of species including rats, non-human primates, and humans (Albro and
Thomas, 1973; Albro and Lavenhar, 1989). Trace amounts or no intact DEHP have been
found in the blood or liver tissues of rats or primates treated orally (either by gavage or in
diet) with DEHP at levels below 500 mg/kg (Albro et al., 1982a; Albro, 1986; Astill,
1989; MCSI, 2003; Kessler et al., 2004). In rats following oral administration in diet,
more than 90% or almost complete absorption as DEHP or its metabolites has been
reported (Albro and Lavenhar, 1989; Astill, 1989). Rapid and near complete absorption
of DEHP or its metabolites has also been observed in adult common marmosets treated
with 100 mg/kg-day DEHP in diet (MCSI, 2003). However, the exact extent of DEHP
absorption in the GI tract in humans is not clear.

Concentrations and kinetics of DEHP metabolites in the blood have been studied in rats
and common marmosets. In general, blood concentrations of DEHP metabolites reach
maximal levels within 4-8 hr after dosing in both species. Maximal concentrations of
DEHP metabolites in common marmosets are 1.3 to 10-fold lower than that in rats,
depending on the dose level (Rhodes et al., 1986; Kessler et al., 2004). However,
clearance of DEHP metabolites from the blood circulation appears to be slower in
common marmosets than in rats (e.g., Albro and Lavenhar, 1989; Rhodes et al., 1986;
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MCSI, 2003). Thus, the difference in exposure, based on blood concentration, may be
less than 1.3 to 10-fold.

Following primary metabolism and absorption in the Gl tract, the primary metabolite of
DEHP (i.e., MEHP) is further metabolized by one of three pathways: hydrolysis to
phthalic acid and 2-ethylhexonal, conjugation to form glucuronide ester followed by
rapid excretion, and hydroxylation at various sites on the ethylhexyl chain by cytochrome
P450 enzymes. Hydroxylation of MEHP at - or w1-position on the ethylhexyl chain is
the major pathway and generates a variety of metabolites (Albro et al., 1983; Lhuguenot
et al., 1985; Albro and Lavenhar, 1989). Hydroxylation products are further metabolized
by alcohol dehydrogenase and aldehyde dehydrogenase enzymes to yield keto-
metabolites or dicarboxylic acids. Dicarboxylic acids can then undergo a- or -oxidation
reaction. In addition to MEHP itself, more than 20 other metabolites of DEHP have been
identified. Major metabolites that have been found in the urine or fecal samples of rats
have also been detected in the urine or fecal samples of non-human primates or humans.
There are a few metabolites that have been frequently analyzed in the urine or fecal
samples from rodents, non-human primates, and humans. These include metabolite V
[mono(2-ethyl-5-carboxypentyl) phthalate, product generated from hydroxylation at the
w- position on the hexyl branch], metabolite IX [mono(2-ethyl-5-hydroxy-hexyl)
phthalate, product of hydroxylation at the m1- position on the hexyl branch], and
metabolite VI [mono(2-ethyl-5-0xo-hexyl) phthalate, keto-metabolite of metabolite 1X].

Orally administered DEHP is quickly excreted from the body in urine as metabolites or in
feces as either intact DEHP or metabolites, with a near complete clearance from the body
within two-four days in rats, non-human primates, and humans. In addition to excretion
in the urine and feces, absorbed DEHP metabolites can be excreted in the bile and
subsequently excreted in feces or re-absorbed into blood circulation via entero-hepatic
circulation. In rats and common marmosets, approximately 40-50% of the metabolites of
DEHP administered by intravenous injection can be excreted in the bile, but only
approximately 10-20% of the administered dose can be found in fecal samples,
suggesting that entero-hepatic circulation of DEHP metabolites is significant (Daniel and
Bratt, 1974; Chu et al., 1978; Rhodes et al., 1986; MCSI, 2003).

MEHP and all of its major metabolites can be conjugated to glucuronide via glucuronyl
transferase. Glucuronide and MEHP or its metabolites in the conjugates can also be
disassociated via B-glucuronidase. In rats, all metabolites excreted in the urine are in free
(non-conjugated) form. In non-human primates and humans, glucuronide conjugates of
DEHP metabolites account for 15-95% of the metabolites excreted in the urine,
depending on the chemical structure of metabolites, route of exposure and individual
primate or human subject (inter-individual variation). It has been shown that glucuronyl
transferases from the rat are as active on MEHP as those from the mouse, but high
activity of B-glucuronidase activity in the rat results in absence of glucuronide-conjugates
of MEHP or its metabolites in the urine of rats (Albro et al., 1981; 1982a; Albro, 1986;
Albro and Lavenhar, 1989). In addition, predominant excretion of certain forms of
glucuronide conjugates in the bile can also result in apparent absence of glucuronides in
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the urine (Chiu and Huskey, 1998). Therefore, lack of glucuronide conjugates in the urine
may not reflect the inability of an animal species to form such conjugates.

Urinary excretion of DEHP metabolites accounts for about 30%- 70% (approximately
50% on average) of DEHP orally administered in rats, non-human primates, and humans
(Albro et al., 1982a; Astill, 1989; CERHR, 2000). Only approximately 30% of the
administered dose is excreted in the urine as MEHP, metabolite V/, metabolite VI, and
metabolite 1X in rats. These findings clearly indicate that the extent of oral absorption of
DEHP and/or its immediate metabolite MEHP, at least 90% in rats, is far higher than that
excreted in the urine as the four metabolites discussed above. Thus, actual absorption rate
or extent of DEHP in the Gl tract is markedly higher than the extent of urinary excretion
of major DEHP metabolites (approximately 30% of the dose). In humans, urinary
excretion of DEHP metabolites has been investigated in several studies (Peck and Albro,
1982; Schmid & Schlatter; 1985; Dirven et al., 1993; Anderson et al., 2001; Koch et al.
2004a; Koch et al., 2004b). Following oral administration, up to approximately 70% of
the administered dose of DEHP can be excreted in urine within the first 48 hours after
administration (Koch et al., 2003; 2004), while Schmid and Schlatter (1985) reported that
approximately 10-13% of the administered dose was excreted in the urine as MEHP,
metabolite XI, X, and V. None of the human studies determined levels of DEHP in feces
or the possible extent of enterohepatic circulation. The absolute or relative amount of
DEHP metabolites excreted in urine samples is a clear indicator of human exposure to
DEHP. However, based on the data observed in rats as discussed above, the extent of
absorption of DEHP or its metabolites in the Gl tract in humans may well exceed the
extent of urinary excretion of DEHP metabolites (i.e., more than up to 70% of orally
administered DEHP can be expected to be absorbed in humans). In this regard, the
possible difference in the absorption rate or extent of DEHP or its metabolites between
rats and humans may not be significant.

Among the metabolites excreted in the urine in rats, metabolite V accounts for
approximately 10-25% of the dose administered. MEHP, metabolite VI and 1X excretion
accounts for approximately 8-10% of the dose administered (Albro et al., 1981; 1982a;
1982b; Astill, 1989). Compared to the profile of DEHP metabolites in rats, relatively less
metabolite V (approximately 5% of the dose) and more metabolites of w1-oxidation
(metabolite IX and VI; 14-40% of the dose) are excreted in the urine in non-human
primates or humans (Rhodes et al., 1986; Astill 1989; Schmid and Schlatter, 1985; Koch
et al., 2003). Because of substantial biliary and fecal excretion of DEHP metabolites,
difference in the profile of DEHP metabolites in the urine may not reflect actual status of
oxidative metabolism of MEHP. For example, Short et al. (1987) compared DEHP
metabolism and urinary excretion between rats and cynomolgus monkeys. They reported
that 8.4% and 2.2% of the dose administered to Fischer 344 rats was excreted as
metabolite V in the urine and feces, respectively. In cynomolgus monkeys, 5.7% and
5.3% of the dose administered was excreted as metabolite V in the urine and feces,
respectively, suggesting that there was relatively less metabolite V excreted in the urine
and more of it in the feces in cynomolgus monkeys than that in rats. However, if the
relative amount of metabolite V excreted in the urine and feces is combined, both species
excreted about 11% of the dose as metabolites, indicating that generation of metabolite V
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in both species may be quantitatively similar, even though the relative amount of this
metabolite excreted in the urine is different. This example clearly suggests that difference
in the relative amount of metabolite V in the urine between rats and cynomolgus
monkeys may not reflect actual status of oxidative metabolite of MEHP at organ levels.

It may also suggest that differences in the relative amount of metabolite V in urine
samples between rats, non-human primates, and humans may not indicate actual
differences in the oxidative metabolism of MEHP in the target organs of DEHP (e.g.,
testis or liver) between different species.

From the data discussed above, it is clear that pharmacokinetic characteristics and
metabolism of DEHP in rats, non-human primates, and humans are both qualitatively
similar in many aspects and quantitatively similar to a large extent at relatively low
exposure levels (e.g., below 500 mg/kg-day). There are some quantitative differences in
the blood concentration of DEHP or its metabolites and in the profiles of DEHP
metabolites in the urine among rats, non-human primates, and humans, but these
differences may not reflect actual extent of absorption of DEHP in the GI tract and actual
status of oxidative metabolism of MEHP; they may also play little role in the dramatic
difference in testicular response to DEHP between rats and common marmosets. As
stated in the study report by MCSI (2003), “it can no longer be assumed that this is due
to poor absorption. This difference is thought to arise from a difference in target organs
physiology between the two animal species rather than from any significant differences in
metabolic kinetics.” Similarly, Kessler et al. (2004) found that toxicokinetics alone could
not account for the observed differences in toxicity, suggesting that toxicodynamic
factors (possibly interactions of MEHP with receptor-mediated processes) may also
contribute to this pronounced difference between the rodent and the marmoset.
Physiological features of the testis in common marmosets that are fundamentally
different from those in rats, cynomolgus monkeys, and humans may explain, at least in
part, the lack of testicular effects of DEHP in the common marmoset.

In conclusion, similarities in pharmacokinetics and metabolism of DEHP between rats
and humans strongly suggest that the testicular effects of DEHP observed in rats are
relevant to humans. Quantitative, not qualitative, difference in blood burdens of DEHP
metabolites and in the profiles of DEHP metabolites in the urine between rats and non-
human primates or humans do not explain the lack of testicular effects in common
marmosets.

Active Metabolite(s) Responsible for the Testicular Effects of DEHP. The active
metabolite(s) responsible for the testicular effects of DEHP has been studied in rats using
both in vivo and in vitro approaches. MEHP mimics the testicular effects of DEHP both
in vivo and in vitro in juvenile rats, but not 2-ethylhexanol or any of three major
oxidative metabolites including metabolite V, VI, and IX (Gangolli, 1982; Gray and
Ganagolli, 1986; Sjoberg et al., 1986; Albro et al., 1989; Grasso et al., 1993; Jones et al.,
1993). DEHP, but not 2-ethylhexanol, causes reduction in Sertoli cell proliferation in
neonatal rats (Li et al., 2000). MEHP, but not DEHP itself, also causes decreased
proliferation of cultured Sertoli cells isolated from neonatal rats (Li et al., 1998; Li and
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Kim, 2003). These data clearly indicate that MEHP is the proximal metabolite for DEHP-
induced testicular damage in rats.

Distribution of DEHP metabolites to the testis has been reported in rats and common
marmosets (Williams and Blanchfield, 1974; Tanaka et al., 1975; Rhodes et al., 1986;
MCSI, 2003; Ono et al., 2004). In rats, radioactivity of DEHP H-labeled at the phthalic
acid moiety was found in the basal area of seminiferous tubules at the stages IX-XIV and
I of the spermatogenic cycle, within six hours after a single oral dose. As discussed in the
subsection of “Male Reproductive Toxicity in Animals”, seminiferous tubules at the
stages I1X to | of the spermatogenic cycle have been shown to be more sensitive to the
testicular effects of DEHP than those at other stages (e.g., Saitoh et al, 1997; CERHR,
2000). Within the seminiferous epithelium, high levels of DEHP metabolites were mainly
found in Sertoli cells and in the cytoplasm of spermatocytes. The Sertoli cell has been
shown to be the initial target testicular cell of DEHP in juvenile and adult rats (see
discussions below). By 24 hours after dosing, DEHP metabolites in the testis decreased to
approximately 50% of the level observed 6 hours after dosing, suggesting rapid clearance
of DEHP metabolites from the testis in rats (Ono et al., 2004). These data suggest not
only that MEHP and/or MEHP metabolites reach the testis after oral administration, they
are also distributed to the seminiferous tubules that have been shown to be targeted by
DEHP in young or adult animals. In this regard, it should be noted that the Sertoli cells in
common marmosets are morphologically uniform, i.e., there is no morphological
variation along the eight stages of seminiferous tubules in this species (Rune et al., 1992).
This feature of Sertoli cells in marmosets is different from these cells in most other
mammals including humans, indicating another difference in the physiological features of
the testis between common marmosets and humans.

Potential Modes of Actions. Using both in vivo and in vitro approaches, it has been
repeatedly shown that the Sertoli cell and the Leydig cell appear to be the initial target
cells of MEHP in the testis (e.g., Gray and Beamand, 1984; Heindel and Powell, 1992; Li
et al., 1998; Akingbemi et al. 2001; CERHR, 2000). The Sertoli cell is the somatic cell
that provides a supportive role in spermatogenesis in adult animals and whose population
established during proliferating periods determines the size of the testis and the volume
of daily sperm production in the adult. Maintenance and development of germ cells into
functionally normal spermatozoa depend on a permissive milieu provided by the Sertoli
cells (Russell and Griswold, 1993; Boekelheide, 2000). The Leydig cell produces
androgen that regulates development of the male reproductive system and plays a critical
role in spermatogenesis in the adult (Payne et al., 1996). In the adult, the effect of
DEHP/MEHP on the Leydig cells at high doses probably plays a minimal role in the
overall testicular toxicity of DEHP, even though there is clear evidence that DEHP in
vivo and MEHP in vitro damages the Leydig cells in rats (e.g., Jones et al., 1993;
CERHR, 2000). On the other hand, both DEHP in vivo and MEHP in vitro damage both
Sertoli cells and Leydig cells in fetal or neonatal testes from rats at doses that have no
obvious effects on the testis in young or adult animals (e.g., Dostal et al., 1988; Li et al.,
2000; Akingbemi et al., 2004; Boekelheide, 2004).
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The exact biochemical or molecular mechanism(s) underlying the testicular effects of
DEHP remains unclear. Several hypotheses have been proposed, including: (1) alterations
in testicular zinc levels or zinc-dependent enzymatic activities, (2) oxidative stress in the
testis; (3) FSH receptor-dependent pathways, (4) estrogenic activity or interactions with
estrogen receptors, (5) peroxisome proliferator-activated receptor (PPAR)-dependent
pathways, and (6) other cellular or molecular events or pathways (e.g., alterations in
Sertoli-germ cell interactions or changed expression of genes critical for germ cell
survival or functions of Sertoli cells or Leydig cells). OEHHA has reviewed a large
amount of the relevant mechanistic data that are available. For the purposes of this
document, the discussion below focuses on the role of PPAR in the male reproductive
effects of DEHP. This issue is critical for determining the relevance of the rodent data to
humans, since it has been proposed that induction of liver tumors by DEHP via PPARa-
mediated mechanism(s) as observed in rodents is not relevant to humans (Klaunig et al.,
2003). It has been suggested that PPARa may also play an important role in the testicular
effects of DEHP and thus PPARa-mediated testicular effects in rats are also not relevant
to humans (ACC, 2004; McKee et al., 2004).

Two lines of evidence have been cited to support an active role of PPAR-a in the
testicular effects of DEHP (ACC, 2004; McKee et al., 2004). One is the finding from the
study by Ward et al. (1998) that compared the toxicity including testicular lesions caused
by oral administration of DEHP at 12,000 ppm in diet for up to 24 weeks between wild-
type (normal) mice and those lacking PPARa receptors (knock-out mice). The authors
found that DEHP-induced testicular lesions in knock-out mice were less severe and
required longer treatment than in the wild-type animals. The authors suggested that both
PPARa-dependent and —independent pathways are involved in the testicular effects of
DEHP. In discussing presence of DEHP-induced kidney toxicity in PPARa knock-out
mice, the authors stated that “it is possible that other receptor subtypes (PPARS or y) may
play a role in the observed delayed kidney toxicity or the high dose of DEHP may modify
the pharmacokinetics of DEHP in these mice.”

The other line of evidence cited to support an active role of PPAR in DEHP-caused
testicular damage primarily comes from studies that investigated the roles of PPARa in
induction of Leydig cell tumors (LCTs) by peroxisome proliferators (PPs) in rodents
(e.g., Cook et al., 1992; Klaunig et al., 2003). DEHP has been shown to cause Leydig cell
hyperplasia and tumors in rats (e.g., Akingbemi et al., 2004; Voss et al., 2005). Cook and
his co-workers have found that ammonium perfluorooctonate (C8), a peroxisome
proliferating agent causing Leydig cell tumors, causes imbalance between testosterone
and estradiol by directly inhibiting testosterone production in Leydig cells and/or by
inducing synthesis of aromatase (which converts testosterone to estradiol) in the liver
(Cook et al., 1992; Biegel et al., 1995, 2001; Liu et al., 1996a, 1996b).

In addition to the studies on C8, the study by Gazouli et al. (2002) investigated the effects
of several PPs (including DEHP, bezafibrate, WY-14,643) on steroid synthesis in Leydig
cells and the mechanism underlying these effects. The authors found that the anti-
androgenic effects of some PPs are mediated by suppression of PPARa-mediated
transcription of peripheral-type benzodiazepine receptor (PBR) gene. This gene encodes
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a high-affinity mitochondrial cholesterol-binding protein which plays an important role in
transportation of cholesterol into mitochondria, a hormone-induced rate-determining step
in steroid synthesis. The authors also reported several other important findings. For
example, the circulating testosterone levels in PPARa knock out mice were significantly
lower than that in the wild-type mice, suggesting that PPARa may play a positive role in
maintaining the balance of circulating testosterone levels. When the animals were treated
with 1 g/kg/day DEHP or 50 mg/kg/day WY-14,643 for eight days, circulating
testosterone levels were significantly decreased in the wild-type mice. However,
circulating testosterone levels were markedly increased to a level significantly higher
than the knock-out controls and even slightly higher than that in the wild-type control
animals, indicating some PPs like DEHP may act through PPARf or other unknown
mechanisms to disrupt the balance of circulating testosterone levels. In addition, the
authors found that bezafibrate acts mainly on the step of cholesterol transportation in
steroid formation, while MEHP acts on many steps of steroidogenesis. Other than
cholesterol transportation, the role of PPARs in many steps in the biochemical cascades
of steroidogenesis in Leydig cells remains unclear.

In spite of the arguments discussed above, there are numerous data suggesting that
PPARa plays a minimal role, if any, in the testicular effects of DEHP. First of all, the
testicular toxicity of DEHP is characterized by disruption in Sertoli cell function or
proliferation followed by apoptosis in spermatocytes and alterations in Leydig cell
function and/or proliferation with subsequent disruption in androgen-dependent
development of the male reproductive system. There is no evidence indicating that C8
causes similar testicular damage (e.g., Kennedy et al., 2004). The findings by Gazouli et
al. (2002) also clearly indicate that the disruptive effects of DEHP and/or MEHP may be
mediated by both PPARa-dependent and —independent mechanism(s). Therefore, there
are differences in the mechanism(s) underlying the disruptive effects on testosterone
synthesis or balance among different PPs. Moreover, even if DEHP and other PPs (e.g.,
C8) cause LCTs via similar mechanism(s), a mode of action for the non-cancer testicular
toxicity of DEHP based on evidence from studies on a chemical that does not cause
similar non-cancer testicular damage is not a valid comparison.

Secondly, two modes of actions (MOAS) have been postulated by Klaunig et al. (2003) to
describe the etiology of Leydig cell tumors in PPARa agonist-treated rats. The authors
have concluded that “the weight of evidence available to date to support virtually all of
the postulated key events is weak overall, and moderate at best for only two or three of
the postulated events.” Furthermore, Klaunig et al. (2003) concluded that “the proposed
animal MOAs - induction of aromatase secondary to liver induction (Pathway 1) and the
direct inhibition of testosterone biosynthesis (Pathway 2) - are plausible mechanisms and
could occur in humans. If PPARa is mediating the induction of aromatase, this
mechanism could occur in humans due to the expression of PPARa in human liver. The
inhibition of testosterone biosynthesis by PPAR agonists is better established than the
induction of aromatase and is also plausible, as PPARa is present in human Leydig cells.
The pathways for the regulation of the HPT [hypothalamic-pituitary-testicular] axis of
rats and humans also are similar, in that compounds that decrease testosterone will
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increase LH levels. Hence, compounds that induce LCTs in rats by disruption of the HPT
axis pose a potential risk to human health.”

Thirdly, as stated by the Phthalate Expert Panel of CERHR (2000), *“in contrast to
hepatic toxicity, testicular toxicity is noted in PPAR-alpha knockout mice exposed to
DEHP, albeit that appearance of the testicular effects was delayed compared to wild-type
mice. In addition, the guinea pig, a non-responding species to the peroxisomal-
proliferating effects of DEHP, is susceptible to the testicular effects of this agent.” The
Phthalate Expert Panel of CERHR concluded that “Overall, the Panel believes that the
reproductive toxicity of DEHP appears independent of PPAR-alpha. However, other
members of the PPAR family (beta or delta and gamma) have not been extensively
studied with regard to activation by phthalates. PPAR-gamma has been found in human
testis, ovary, placenta, and embryo. MEHP (but not DEHP, 2-EH, or 2-EHA) has been
shown to activate PPARgamma receptor in a transcription reporter assay [Maloney and
Waxman, 1999].”

Therefore, the weight of evidence does not indicate that the non-cancer testicular effects
of DEHP are mainly mediated by PPARa. Even if PPARs including PPARa, B, and y
play any important role in DEHP-induced damage in testicular development and
functions, as suggested by evidence summarized in a recent comprehensive review by
Corton and Lapinskas (2004), PPARs are expressed in human male reproductive organs
(e.g., Elbrecht et al., 1996; Schultz et al., 1999; Collett et al., 2000; Hase et al., 2002).
Therefore, PPAR-mediated testicular effects of DEHP in rats are relevant to humans.
Possible modes of actions underlying the induction of Leydig cell tumors in rodents,
including those involving PPARs, are also plausible in humans.

With regard to the other hypotheses proposed for the testicular effects of DEHP, the male
reproductive system in humans has capabilities to carry out all of them. There is no
evidence to indicate otherwise.

Conclusion on Relevance to Humans. Based on the data that are available to OEHHA,
orally administered DEHP at doses relatively low (<500 mg/kg-day) but still markedly
higher than the LOEL for testicular effects in rats (10 — 40 mg/kg-day) is absorbed and
metabolized in humans in ways in general qualitatively and quantitatively similar to those
in rats and non-human primates. Lack of testicular effects in common marmosets may be
due to fundamental differences in testicular physiology between this species and other
mammals including cynomolgus monkeys and humans. Potential testicular effects of
DEHP at a relatively low dose observed by Pugh et al. (2000) in late-infantile
cynomolgus monkey and similarities in the testicular physiology between cynomolgus
monkeys and humans indicate that DEHP may cause testicular damages in humans. All
potential modes of actions or mechanisms underlying the testicular effects of DEHP in
rats are also plausible in humans. Therefore, OEHHA concludes that the weight of the
evidence supports a finding that the testicular effects of DEHP observed in rodents are
relevant to humans.
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MADL Calculation

The NOEL is the highest dose level that results in no observable reproductive effect,
expressed in milligrams of chemical per kilogram of bodyweight per day. The NOEL is
converted to a milligram per day dose level by multiplying the assumed human body
weight by the NOEL (Section 12803(b)). When the applicable reproductive effect is
upon the male, the MADL is generally calculated based on a human body weight of 70
kg (Section 12803(b)). As already noted, however, developing animals are sensitive to
the testicular effects of DEHP (e.g., Sjoberg et al., 1985; 1986; Li et al., 2000; CERHR,
2000; U.S. FDA, 2001; Borch et al., 2004).The bodyweights of infants and neonates are
approximately 7-20 fold lower than that of an adult (National Center for Health Statistics,
2005). Thus, exposure of an infant or neonate to DEHP at a MADL calculated on the
basis of an adult body weight of 70 kg would result in a dose up to 20-fold higher than
the corresponding dose in adults. Accordingly, age-specific MADLSs have been
calculated for infant and neonatal boys based on bodyweights of 10 and 3.5 kg,
respectively, as also allowed by regulation (Sections 12801(a) and 12803(a)(6)).

The following calculations were performed to derive the MADLSs for DEHP via the
oral route of exposure, based on a NOEL of 5.8 mg/kg-day found in rats by David et
al (2000a).

For Adults:

When the applicable reproductive effect is upon the male, human body weight of 70
kilograms shall be assumed (Section 12803(b)).
Calculation of the NOEL for a 70 kg man:
5.8 mg/kg-day x 70 kg = 406.0 mg/day

The MADL is derived by dividing the NOEL by one thousand (Section 12801(b)(1)).
Thus, the adjusted NOEL was divided by 1,000 to obtain the MADL.

MADL aquit oral = 406 mg/day + 1000 = 406 pg/day or 410 pg/day after rounding.
For Neonates and Infants:

Assuming a body weight of 10 kg for a one-year-old infant (National Center for Health
Statistics, 2000), an exposure of an infant to DEHP at the level of the MADL gyt (410
pg/day) is equivalent to 41 pg/kg-day. In order to derive a MADL for infants of 410
pg/day, it would require a NOEL of 41 mg/kg-day (410 pg/day + 10 kg x 1000 = 41
mg/kg-day). This estimated infant NOEL would be seven-fold higher than the NOEL for
the adult (5.8 mg/kg-day), indicating that application of the adult-derived MADL would
result in a 7-fold higher dose in infants and a higher dose in neonates. It is even higher
than the LOELSs observed by Poon et al. (1997) (38 mg/kg-day) in rats treated for 13
weeks beginning 6 weeks postnatal, and by Akingbemi et al. (2001, 2004) (10 mg/kg-
day)in rats treated for various periods of time beginning 21 days postnatal. Therefore, a
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MADL based on the body weight of an adult human may not be protective against male
reproductive effects in a neonatal or infant boy.

Section 12801(a) specifies that “nothing in this article shall preclude a person from using
evidence, standards, assessment methodologies, principles, assumptions or levels not
described in this article to establish that a level of exposure has no observable effect at
one thousand (1,000) times the level in question,” while Section 12803(a)(6) specifies
that “when available data are of such quality that anatomic, physiologic, pharmacokinetic
and metabolic considerations can be taken into account with confidence, they may be
used in the assessment.” In this case, the anatomic and physiologic differences between
an infant boy and an adult man can be taken into account with much confidence.
Therefore, MADLSs specific to infants and neonates are developed as follows:

For infants 0-2 years of age, the average body weight of 10 kg over this developmental
period is used (Section 12703(a)(8); OEHHA, 2000; National Center for Health
Statistics, 2005).

Calculation of the NOEL for a 10 kg infant:
5.8 mg/kg-day x 10 kg = 58 mg/day

MADLinfant oral = 58 mg/day -+ 1000 = 58 ug/day.

For neonates, the 50" percentile birthweight for boys of 3.5 kg is used (National Center
for Health Statistics, 2005).

Calculation of the NOEL for a 3.5 kg neonate:
5.8 mg/kg-day x 3.5 kg = 20.3 mg/day = 20 mg/day (rounded)

MADLneonate oral = 20 mg/day + 1000 = 20 “g/day

All the MADLSs derived above (410 ug/day for adults, 58 pg/day for infant boys and 20
ug/day for neonatal boys) apply to exposure to DEHP by the oral route.
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