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PREFACE

Drinking Water Public Health Goal of the
Office of Environmental Health Hazard Assessment

This Public Health Goa (PHG) technical support document provides information on health effects
from contaminants in drinking water. The PHG describes concentrations of contaminants at which
adverse health effects would not be expected to occur, even over alifetime of exposure. PHGs are
developed for chemical contaminants based on the best available toxicological datain the scientific
literature. These documents and the analyses contained in them provide estimates of the levels of
contaminants in drinking water that would pose no significant health risk to individuals consuming
the water on adaily basis over alifetime.

The California Safe Drinking Water Act of 1996 (amended Health and Safety Code, Section
116365) requires the Office of Environmental Health Hazard Assessment (OEHHA) to adopt
PHGs for contaminants in drinking water based exclusively on public health considerations. The
Act requires OEHHA to adopt PHGs that meet the following criteria

1. PHGsfor acutely toxic substances shall be set at levels at which scientific evidence indicates
that no known or anticipated adverse effects on health will occur, plus an adequate margin-of-
safety.

2. PHGsfor carcinogens or other substances which can cause chronic disease shall be based
solely on health effects without regard to cost impacts and shall be set at levels which OEHHA
has determined do not pose any significant risk to health.

3. Tothe extent the information is available, OEHHA shall consider possible synergistic effects
resulting from exposure to two or more contaminants.

4. OEHHA shall consider the existence of groupsin the population that are more susceptible to
adverse effects of the contaminants than a normal healthy adult.

5. OEHHA shdl consider the contaminant exposure and body burden levelsthat alter
physiological function or structure in a manner that may significantly increase the risk of
illness.

6. In cases of scientific ambiguity, OEHHA shall use criteria most protective of public health and
shall incorporate uncertainty factors of noncarcinogenic substances for which scientific
research indicates a safe dose-response threshold.

7. In cases where scientific evidence demonstrates that a safe dose-response threshold for a
contaminant exists, then the PHG should be set at that threshold.

8. The PHG may be set at zero if necessary to satisfy the requirements listed above.

9. OEHHA shall consider exposure to contaminants in media other than drinking water, including
food and air and the resulting body burden.

10. PHGs adopted by OEHHA shall be reviewed periodically and revised as necessary based on
the availability of new scientific data.

PHGs adopted by OEHHA are for use by the Cdifornia Department of Health Services (DHS) in
establishing primary drinking water standards (State Maximum Contaminant Levels, or MCLS).
Whereas PHGs are to be based solely on scientific and public health considerations without regard
to economic cost considerations, drinking water standards adopted by DHS are to consider
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economic factors and technical feasibility. For this reason PHGs are only one part of the
information used by DHS for establishing drinking water standards. PHGs established by
OEHHA exert no regulatory burden and represent only non-mandatory goals. By federal law,
MCLs established by DHS must be at least as stringent as the federal MCL if one exists.

PHG documents are devel oped for technical assistance to DHS, but may aso benefit federal, state
and local public health officials. While the PHGs are calculated for single chemicals only, they
may, if the information is available, address hazards associated with the interactions of
contaminants in mixtures. Further, PHGs are derived for drinking water only and are not to be
utilized astarget levels for the contamination of environmental waters where additional concerns of
bioaccumulation in fish and shellfish may pertain. Often environmental water contaminant criteria
are more stringent than drinking water PHGs, to account for human exposures to a single chemical
in multiple environmental media and from bioconcentration by plants and animals in the food
chain.
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SUMMARY

A Public Health Goa (PHG) of 12 ppb is developed for diethylhexyl phthalate (DEHP) in drinking
water. DEHP isaphthalic acid ester used primarily as a plasticizing additive in the production of
polyvinyl chloride resins. DEHP has avery low degree of acute toxicity, with oral LDs values
ranging from 26 to grester than 34 g/kg in avariety of species. Toxicity studies have shown the
liver and testes to be the principal target organs. DEHP has also been reported to cause adverse
reproductive and developmental effects in laboratory animals. Chronic oral administration of
DEHP has been associated with a dose-dependent increase in hepatocel lular carcinomasin a
National Toxicology Program (NTP) bioassay using B6C3F1 mice and Fischer 344 rats, as well as
in industry-sponsored repest studies conducted with additional doses and biochemical analyses for
peroxisome proliferation. Both the International Agency for Research on Cancer (IARC) and the
Cdlifornia Department of Health Services (DHS) have found DEHP to demonstrate sufficient
evidence for carcinogenicity in experimental animals. Using data from an oncogenicity study in
rats, the DEHP drinking water concentration associated with a de minimis theoreticd lifetime
excess cancer risk level of 10° was calculated to be 0.012 mg/L (12 ppb) based on the linear
method and an LED,o of 33.4 mg/kg-day (human equivalent). Using the non-linear method with
the same LED,o, avalue of 230 ppb was calculated. Based on reproductive and devel opmental
toxicity, a noncarcinogenic value of 100 ppb can be calculated. The Office of Environmental
Health Hazard Assessment (OEHHA) adopts the lowest value of 12 ppb as the PHG for DEHP in
drinking water because of the current uncertainty in the potential for DEHP to cause cancer in
humans.

INTRODUCTION

This document represents an update of our earlier health risk assessment of DEHP in drinking
water which provided part of the technical support for the state’'s Maximum Contaminant Level
(MCL) (DHS, 1988). This document does not include al descriptions and information found in
DHS (1988), but focuses on newer information and data or new analyses or interpretations of
earlier studies.

In preparing our earlier (1988) health risk assessment of DEHP, the toxicological profile for
DEHP (ATSDR, 1987), the “Background Papers for Workshop on DEHP (Di[ethylhexyl]-
phthalate) Risk Assessment” (April 1988); and the United States Environmental Protection Agency
(U.S. EPA) Carcinogen Assessment Group's evaluation of the potentia carcinogenicity of DEHP
(U.S. EPA, 19863a) were considered and partialy incorporated into the document. In preparing this
update current assessments by these and other authoritative bodies (particularly 1ARC) have been
taken into account (ATSDR, 1993; WHO, 1992).

PRODUCTION AND USES

The primary use of DEHP is as a plasticizer in the production of numerous polymers, particularly
polyvinyl chloride, which accounts for approximately 95% of its consumption (HSDB, 1997).
Production of other polymeric products (e.g., other vinyl resins) and other uses (e.g., an organic
pump fluid, in dielectric fluid in electrical capacitors, as a solvent, in photographic film) account
for the other 5% of its use.

Estimated annual production in the United States (U.S.) of total dioctyl phthalates of which an
estimated 90% was DEHP was 300 million poundsin 1985 to 1990, 340 million poundsin 1977
and 250 million poundsin 1982 (ATSDR, 1993, citing Mannsville Chemical Products Corporation
and HSDB). Production facilities were described by ATSDR (1993) in Pennsylvania, New Jersey,
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Tennessee and Maryland; no production facilitiesin Californiawere listed. Imports of six million
pounds in 1988, and exports of 10 to 40 million pounds annually in 1980 to 1990 were also noted.

The principa use of DEHP is as a plagticizer in polyvinyl chloride (PVC, “vinyl”) plastics. A
large number of consumer products, and other items such as building materials and furnishings,
medical devices and equipment components are manufactured of flexible PV C, and most of these
contain up to 40% DEHP as the plasticizer. At least 95% of DEHP produced is applied to this
use. There appear to be many other minor applications, including use as a solvent or inert carrier
in inks, pesticides and cosmetics, as a vacuum pump oil, for testing air filtration systems and
respirators and as the dielectric fluid in electrica capacitors.

Certain former uses which involved extended food or oral contact (such as plastic food wrap and
pacifiers) were discontinued initially because of concerns about the safety of high exposures to
DEHP and later due to superior dternatives, athough DEHP is still approved for certain usesin
food packaging by the U.S. Food and Drug Administration (FDA). The amount of DEHP used in
other applications appears to be static or declining for the same reason, with replacement either by
other plagticizing agentsin PV C plagtic, or by different plastics which do not require incorporation
of aplasticizing agent to achieve flexibility.

Although no production of DEHP was identified in California, its use in the state appears to be
extensive. The Toxic Chemical Release Inventory (TRI) for 1988 (from TRI 1987 to 1994) lists
15 facilities in California where quantities of 0 to 999,000 pounds were stored, handled or
incorporated into products. The manufacture and use of items made from DEHP-containing
plastic is ubiquitous.

CHEMICAL PROFILE

Chemical Identification

Table 1. Chemical Identification and Molecular Structure

CAS No. 117-81-7

Synonyms DEHP, bis(2-ethylhexyl)phthalate, BEHP, di-sec-octyl
phthalate, dioctyl phthalate, DOP

Molecular Formula CouH350,

Molecular Structure o
[ /Q/\/\
0
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Physical and Chemical Properties

Table 2. Physical and Chemical Properties

Molecular Weight 390.54 g/moal

Vapor Pressure 1.32 mm Hg at 200°C

Melting Point -50°C

Boiling Point 230°C at 500 mm Hg

Color/Form light colored liquid

Odor dight odor

Specific Gravity 0.9861 at 20°C

Octanol/Water Partition Coefficient log Kow = 4.89

Solubility <0.01% in water at 25°C; 0.285 mg/L water at 24°C;

miscible with mineral oil and hexane

ENVIRONMENTAL OCCURRENCE AND HUMAN EXPOSURES

Environmental Releases and Transport

DEHP is awidespread contaminant of all environmental media, but the levels present are typically
fairly low. Some of the reported measurements of low levels are considered suspect since
contamination of laboratory equipment and suppliesis often found, leading to false positives or
inflated concentration values in low-level environmental samples (ATSDR, 1993). Laboratory
results require presentation of adequate background level tests and “blank” readings in order for
the sample data to be credible.

Air

DEHP has relatively low volatility at ambient temperatures. Release of the material from plastics
containing it into the air are relatively small, but may be important in special circumstances, such
as contamination of indoor air. For example, Wams (1987) reported indoor air concentrations of
0.2 to 0.3 mg/m® in rooms with newly installed floor coverings. Although only asmall proportion
of the material is handled, releases into the air from manufacturing facilities may nevertheless
involve substantial amounts of material: TRI (1987 to 1994) lists 15 facilitiesin California where
DEHP is handled, each having air emissionsin the range 0 to 19,900 pounds. Industrial emissions
in the U.S. as awhole were less than 3% of the total annua supply of the compound (ATSDR,
1993). Releasesto air have declined in recent yearsin California and nationwide. Point air
emissionsin the U.S. declined from 1,040,000 pounds in 1988 to 331,000 pounds, while similar
releases in California declined from 149,000 poundsin 1987 to 4,060 pounds in 1994 (TRI 1987
to 1994).

Some air monitoring studies have detected DEHP in ambient air. Levelsin remote marine areas
average 1 ng/m®, while average levels in urban and industria air may be as high as 29 ng/m?®, with
much higher levels adjacent to point sources (ATSDR, 1993). Although some airborne DEHP
exists as vapor, a substantial proportion is usually associated with the particul ate fraction.
Airborne DEHP is readily removed to the soil, surface waters and plants, by dry deposition of
particles or washout by precipitation. Due to the strong adsorption to soil particles and the
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extremely low Henry’s Law constant (1.1 x 10”° atm-m>/mol), vaporization from contaminated
water or soil is not considered a significant source of airborne DEHP.

Water

Water solubility of DEHP islow, but as in the case of airborne material the strong tendency to
adsorb to particles results in an additional substantial amount of DEHP bound to suspended
sediments in surface fresh water and in marine environments. The total release of DEHP into
water is estimated to be similar to that into air, at around 3% of the annua supply. Most of the
releases are in industrial effluents and in runoff from waste disposal sites where DEHP-containing
industrial wastes and plastics are present. Direct industrial sources appear to be asmall part of the
total release to water; surface water dischargesin the U.S. were 2,800 pounds in 1988 and 960
pounds in 1994. Releases by underground injection totaled 3,100 poundsin 1988, but have been
reported as zero since 1992. In California, direct discharges into water appear never to have been
substantial. Disposal to public sewage treatment facilities in the state was significant in earlier
years (1,500 poundsin 1987) but has declined dramatically, to 256 poundsin 1990: it has not
exceeded 20 poundsin any of the years 1991 to 1994 (TRI 1987 to 1994).

DEHP is frequently detected in surface water, ground water and drinking water in the U.S., at
levels of up to afew parts per billion (ppb). Of a series of surface water samples, 24% were
positive with a median DEHP concentration of 10 ppb; the material was also found in samples
from four of the five Great Lakes and several U.S. rivers at levels between 0.5 and 1 ppb.
Concentrations in sea water averaged 0.005 to 0.7 ppb (ATSDR, 1993).

DEHP is present in urban runoff; 13% of 86 samples had levels ranging from 7 to 39 ppb (Cole et
al., 1984) Levelsin leachate from municipa and industrial landfills have been measured varying
from < 0.01 to 150 ppm, with geometric mean concentrations in ground water and surface water
near hazardous waste sites of 85 ppb and 125 ppb, respectively (ATSDR, 1993). Locd
concentrations of DEHP in leachates well in excess of its solubility in pure water (0.3 to 0.4 mg/L)
have been reported, due to the concurrent presence of common organic solvents such as acohols
and ketones which increase DEHP solubility. This phenomenon also increases DEHP mobility
with ground water movement from disposal sites.

Sail

The mgjor route by which DEHP enters the general environment is via disposal of solid wastes.
Californiafacilities handling DEHP reported the disposal of 70,078 pounds, and total U.S.
industrial disposals amounted to 2,200 pounds in 1988 (TRI 1988). The amount of DEHP
reported as going for offsite disposal of solid waste has increased since 1988 in California; figures
were 130,546 pounds in 1993 and 126,931 poundsin 1994. The amounts reported in California as
sent offsite for recycling have also increased greatly, from 0 in 1990 and previous years to 201,364
poundsin 1994 (TRI 1987 to 1994). These figures are only a small fraction of the total disposal
amount, due in particular to the high content of DEHP-containing plastics in municipal waste.
ATSDR (1993) estimated that about 2.3 million pounds, 92 % of the annual supply of DEHP, are
deposited in landfills annually.

An additional source of DEHP entering soils and sediments is sewage; marine outfalls deposit the
material in surrounding sediments, and DEHP-containing sewage sudge is often spread on land.

Since DEHP binds strongly to solid particles, a substantial proportion of materia released initially
into air or water eventually becomes bound to particlesin the soil and sediments. In soil, binding
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occurs to both mineral and organic components; its high octanol/water partition coefficient
enhances binding to humic acids and other organic material. Williamset al. (1995) measured
organic carbon normalized sediment/waterpartition coefficients (K-oc) for DEHP which averaged
approximately 4.8 x 10°, although the value varied with dissolved solids concentrations in the
sediment. Background levels of DEHP in soil have not been quantified.

Marine and fresh water sediments have contained average DEHP levels ranging from 6.6 to 1,500
ppb (ATSDR, 1993). High local concentrations are regularly observed near sources of
contamination such as incinerators, waste disposal sites and discharge points of contaminated
water. In view of the declinein industrial releases of DEHP to air and to sewage treatment works
noted above, some of the currently reported contamination of soils and sediments may reflect
persistence of DEHP from earlier years when such discharges were substantial. The other major
source of input of DEHP to the environment appears to be the extensive disposal of DEHP-
containing plastics in municipal wastes.

Accumulation and Degradation

DEHP vapor is predicted to react with hydroxyl radicalsin air, resulting in an estimated
atmospheric half-life of 12 hours (U.S. EPA, 1987a). The half-life of material adsorbed to
particlesin air is unknown, but may be longer. In water, chemical hydrolysis occurs too slowly to
be of importance, with an estimated half-life of 100 years (Wams, 1987). However, under aerobic
conditions DEHP is rapidly biodegradable. It is substantially or entirely degraded in microbial test
systems, and the half-life in river water was found to be about one month (Wams, 1987).
Degradation also occurs in soil and sediments, although more slowly since adsorption to soil
particles reduces the bioavailability. Degradation under anaerobic conditionsis dow in sediments,
and was not observed in water.

Bioconcentration of DEHP has been observed in invertebrates, fish and terrestrial animals, with
reported bioconcentration factors ranging from 54 to 2,700 (ATSDR, 1993). Callahan et al.
(1979) described the biotic fate of DEHP in some detail. Both single- and multicellular organisms
absorb DEHP. Its high octanol/water partition coefficient resultsin a strong tendency for this
compound to partition into the lipids of organisms. The concentration factors tend to be larger for
smaller invertebrates, such as crustacea and midge larvae, than for fish.

DEHP is readily metabolized by invertebrates, fish, and other animal's, so biomagnification is not
observed in typical aquatic or terrestrial ecosystems. DEHP is less biodegradable than short (i.e.,
less than six carbons) carbon-chain length phthalate esters, more so than several other long-carbon-
chain phthalates (i.e., greater than seven carbons), and much more so than persistent compounds
such as polychlorinated biphenyls. Several microorganisms, including Serratia, Penicillium and
Enterobacter, have been shown to degrade DEHP.

Uptake of DEHP from soil by plants has been demonstrated. DEHP levelsin fish and other
aguatic organisms of potential dietary importance may be significant, especially when caught in
industrialized areas. Values were found ranging from 2 to 32,000 ppb; one study found DEHP in
33% of 139 samples (not al edible species) with a median concentration of 3,000 ppb (various
authors cited by ATSDR, 1993).

Di(2-Ethylhexyl)Phthalate in Drinking Water 5} DECEMBER 1997
California Public Health Goal (PHG)



Sources of Human Exposure

General Population

It appears that the major source of exposure to DEHP for the general population isviafood. Food
may be contaminated with DEHP as a result of environmental contamination of source materials.
In addition, DEHP may appear in food as aresult of transfer from plasticized PV C wrapping
materials, containers and processing equipment. This transfer appears to be more extensive with
fatty foods. Levels of DEHP in food appear to be generally low ( < 1 ppm), although certain
processed and/or fatty items may be higher (ATSDR 1993; Perwak et al., 1981). Average daily
intakes of 0.25 mg from food, 0.02 mg from water and 0.0004 mg from air were estimated by U.S.
EPA (Perwak et al., 1981). Intakes may be lower in more recent years; an average value of 20
Ho/day was cited for the population of the United Kingdom (U.K.) in 1986 (WHO, 1992). Uptake
of DEHP via skin contact with plasticized PVC materias appears to be minimal, and this has not
been considered an important route of exposure for the general population. However regular ora
contact with such materials may result in ingestion or transfer of DEHP, as in the case of infants
pacifiers. This use has accordingly been eliminated by voluntary agreement as noted previoudly.

Occupational Exposure

Workplace exposure may occur for those involved in the manufacture and handling of DEHP:
possible routes include inhaation, skin contact and hand-to-mouth transfer. The Nationa Institute
for Occupationa Safety and Health (NIOSH) estimated that about 340,000 workers were exposed
to DEHP (NOES, 1990). Occupationa standards for air levels of DEHP have been set by
Occupational Safety and Health Administration (OSHA) [Permissible Exposure Levels (PELS)
time-weighted average (TWA) = 5 mg/m®, short-term exposure level (STEL) = 10 mg/m’] and
American Conference of Governmental Industrial Hygienists (ACGIH) threshold limit values
(TLVSs) the same as the OSHA PELs. Most reported measurements appear to be within the
recommended TWA for an eight-hour day. NIOSH recommends that levels should be reduced to
the lowest feasible level because of the reported carcinogenicity of DEHP.

Other Highly Exposed Populations

The use of plasticized PVC in avariety of medica devices (e.g., flexible containers for intravenous
fluids, transmission tubing, dialysis membranes) results in a possible exposure to patients receiving
treatment by means of these devices. These procedurestypically result in exposures to DEHP via
the intravenous route which are several orders of magnitude larger than those experienced viathe
ora route by the general population from environmental sources. It appears that exposure
stuations which involve exposure of blood or smilar lipid or protein containing mediaresult in
higher uptake of DEHP from PV C equipment than is seen with plain aqueous solutions. As noted
above in the environmenta context, the solubility of DEHP in pure water is quite low, but is
increased by the presence of solvents, lipids or other hydrophobic materialsin solution or
dispersion. Numerous reports document the extraction of DEHP from blood storage bags, tubing
and other plastic materials by blood. Stored human blood was described (Rubin and Ness, 1989)
as having typica DEHP levels of 50 to 70 mg/L in 1970, resulting in human exposures of up to
300 mg (5 mg/kg body weight). The contamination with DEHP appears to actually improve the
survival of erythrocytesin stored blood, although there are reports of possible deleterious changes
in thrombocyte (platelet) function under smilar conditions (Fratantoni, 1992).
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In addition, the nonionic surfactants typically included in the formulations for injection or
intravenous administration of drugs with low agueous solubility extract DEHP from flexible PVC
containers and transmission tubing. Pearson and Trissel (1993) found that polyoxyethylated castor
oil and Polysorbate 80 (common formulation ingredients for poorly soluble intravenous drugs)
were active in extracting DEHP from plasticized PV C containers, especially in combination with
ethanol. After 24 hoursin such a container a 25% solution of Polysorbate 80 contained 230
pg/mL DEHP; concentrations of nearly 200 pg/mL were obtained with 5% Polysorbate 80 or
polyoxyethylated castor oil and 5% ethanol.

Although most medical procedures involving these devices and materials are limited events
experienced at most afew timesin an individua lifetime, there are some classes of patient who
receive regular treatments for extended periods of time. Examples which have been noted in the
literature include patients with various types of hemophilia, who may receive regular transfusions
with blood or blood products to supplement the clotting factor which they constitutionally lack, and
patients with kidney failure who undergo regular (often weekly) dialysis to remove waste products
from their blood.

It has also been found that exchange transfusions in infants, necessary in situations such as Rh
blood group incompatibilities, involve extensive exposure to DEHP. In this procedure, the amount
of blood used, which has been stored in contact with flexible PV C containers, is proportionately
very large (up to three times the infant’ s norma blood volume). In certain cases the procedure may
be repeated several times. Plonait et al. (1993) reported that whereas the DEHP levelsin infants
blood prior to exchange transfusion and in control infants were usually below the detection limit of
1 pg/mL, and in all cases below 2 pg/mL, after the procedure the median blood serum level of
DEHP was 14.5 pg/mL (range 6.1 to 21.6 pg/mL). The plasma concentration of DEHP in
transfused blood after passing through the administration set and blood warmer was 44.8 pug/mL
(range 4.3 to 153.1 pg/mL). Total exposure to DEHP during the procedure ranged from 1.2 to
22.6 mg/kg body weight, after allowing for removal of some DEHP in waste blood. An earlier
study (Soberg et al., 1985) reported a median serum concentration of 8.3 ug/mL (range 3.37 to
11.08 pg/mL ) after exchange transfusion with blood in which the median plasma concentration of
DEHP was 54.6 pg/mL (range 36.82 to 84.94 ug/mL).

METABOLISM AND PHARMACOKINETICS

Absorption

Up to 25% of doses of DEHP administered orally to human volunteers (30 mg DEHP once or

10 mg/day over four days) were excreted in urine (DEHP plus metabolites) indicating some level of
absorption from the oral route (Schmid and Schlatter, 1985). The actual level of absorptionis
likely to be higher because of evidence of significant level of biliary excretion (see below).

DEHP iswell absorbed following oral exposurein rats, with at least 55% of an administered oral
dose of 2 g/kg absorbed (Rhodes et al., 1986). Because of the presence of the esterase responsible
for its metabolism in the small intestine, DEHP may be absorbed intact or its primary metabolites
mono-(2-ethylhexyl)phthalate (MEHP) and 2-ethylhexanol may be the primary compounds
absorbed. It has been suggested that at low doses, ailmost al DEHP is converted to MEHP before
absorption whereas at high doses, some intact DEHP may be absorbed as well (Albro, 1986; Albro
etal., 1982).
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DEHP is absorbed by the inhaation route of exposure based upon evidence from both humans and
experimental animals. Adult volunteers exposed to 0.5 or 2 mg DEHP/m® for five days exhibited
accumulation of DEHP in blood and elimination in urine (Kodeikh, 1985). Metabolites of DEHP
were detected in urine and significantly increased over the workday among workers in an industry
using PV C where inhal ation exposure of DEHP was significant (up to 1.2 mg/m®) (Dirven et al.,
1993). Evidence of lung absorption aso comes from the appearance of metabolites of DEHP in
the blood and lung tissue of infants exposed during respiratory therapy using PV C tubes (Roth et
al., 1988). Peroxisome proliferation has aso been observed in the livers of pregnant rats exposed
to DEHP aerosol during gestation (Merkle et al., 1988).

Severd studies have demonstrated that dermal absorption of DEHP islow. Fractions of < 1% to
3% of dermally applied doses of [*“C]-DEHP were absorbed and excreted in Guinea pigs after 24
hours exposure (Ng et al., 1992; Chu et al., 1996). After 14 days, the fraction excreted increased
to nearly 10% of the applied dose, while the level in the dosed skin decreased from 11% to 0.09%
indicating some redistribution from the skin (Chu et al., 1996). The effective dosein the skin
(applied dose minus that not absorbed) appeared to be nearly completely absorbed by the seventh
day following application. In rats, approximately 95% of a dose of 30 mg/kg was till on the skin
after seven days of application (Elsisi et al., 1989). Likewise, an NTP assay indicated that after
five days of dosing with adermally applied dose of 30 mg/kg body weight, only 5% of the dose
appeared in urine or feces and 93 to 95% was recovered at the site of application (Melnick et al.,
1987). In vitro studies with epiderma membranes suggest that human skin is approximately half
as permeable to DEHP asrat skin (Scott et al., 1987). Estimates of human dermal absorption
rates have ranged from 0.016 to 1.06 mg/cm?-hour (Scott et al., 1987; Deisinger et al., 1991).

Distribution

Studies of human tissues indicate the presence of DEHP in adipose tissue and kidneys (most likely
from oral exposure), although concerns have been raised that inadvertent contamination of samples
or tissues prior to analysis may occur (ATSDR, 1993). Evidence from avariety of experimental
animals (rat, pig, dog, marmoset) treated orally or dermally with DEHP indicates distribution
within four days to a number of sitesincluding liver, adipose tissue and muscle (Ikedaet al., 1980;
Elsis et al., 1989; Melnick et al., 1987; Rhodes et al., 1986). An autoradiographic study using
orally administered single doses of **C-DEHP in mice showed wide distribution to many sites with
the exception of the central nervous system (CNS), bones and thymus (Gaunt and Butterworth,
1982). Another study, however, identified the retention of a minimal amount of DEHP in the
brains of young mice exposed orally to 0.7 mg DEHP (Eriksson and Darnerud, 1985).
Radioactivity from administered radiolabeled DEHP has been shown to cross the placental barrier
in both rats and guinea pigs (Singh et al., 1975; Kihlstrom, 1983).

No studies have demonstrated that DEHP bioaccumulates in human or animal tissues, although
adipose tissue does appear to retain DEHP or its metabolites (Tanakaet al., 1975).

Metabolism

The bulk of evidence regarding the metabolism of DEHP comes from studies in which the
compound is administered either oraly or intravenoudly, two of the more likely routes of human
exposure. The primary metabolite of DEHP is the monoester MEHP, which is a product of the
lipolytic cleavage of DEHP by esterased/lipases. Evidence from studies showing the same
spectrum of metabolites when either DEHP or MEHP are administered orally to rats suggests that
the formation of MEHP is the key intermediate in DEHP metabolism (Rock and Viau, 1978). A
small amount of phthalic acid may be generated by the cleavage of both side chains from DEHP,
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although this reaction is impeded by the inhibition of esterases by the proximity of the carboxyl
group formed by the first cleavage (Albro and Lavenhar, 1989). The aliphatic ethylhexyl moiety
of the MEHP may undergo w- or w-1 oxidation (at one or more sites) to produce a number of
products. This moiety also may undergo a- or b-oxidation by acohol or adehyde dehydrogenase,
which may ultimately reduce the length of the side chain in further oxidative steps. Studiesin rat
liver and kidney suggest cytochrome Pas; is responsible for the w and w-1 oxidation, with at least
two isozymes contributing. No oxidation of DEHP itself is thought to occur and thereis no
evidence that the aromatic portion of DEHP is degraded (Albro and Lavenhar, 1989).

The other product of the lipolysis of DEHP, 2-ethylhexanol, can undergo b-oxidation producing
urinary metabolites which include keto acid derivatives and 2-ethylhexanoic acid (ATSDR, 1993;
Albro and Corbett, 1978). DEHP and MEHP also probably stimulate their own metabolism by
induction of w- and peroxisomal b-oxidation (Lhuguenot et al., 1985). The induction of Puso by
DEHP appears to be relatively specific for isozymes which carry out terminal oxidation. Chronic
exposure would thus be expected to result in a higher proportion of metabolites oxidized by this
enzyme and this has been confirmed experimentally in rats (Albro and Lavenhar, 1989).

The esterases responsible for the formation of MEHP are distributed widely throughout the tissues,
having been identified in the liver, kidney, lungs, skin, plasma, pancreas and the intestinal mucosa
A lipase responsible for the metabolism of DEHP has been isolated from rat pancreas (Albro and
Lavenhar, 1989). With the pancreas as a source of lipase, the metabolic conversion of DEHP to
MEHP is grestly facilitated in the gastrointestinal tract. It has been proposed that at low level of
oral exposure, the enzyme is capable of complete metabolism of DEHP before absorption (Albro,
1986). At high levelsof oral exposure, however, there is a question as to whether the metabolic
capacity of the gastrointestinal tract becomes saturated, resulting in the absorption of
unmetabolized DEHP. Hydroxylated metabolites of DEHP have been identified in the skin of
guinea pigs exposed dermally to DEHP (Ng et al., 1992).

Data from human subjects exposed to DEHP intravenoudly from transfusions and hemodiaysis
indicate that DEHP is converted to MEHP (S 6berg et al., 1985; Pollack et al., 1985). While
levels of DEHP are higher initially, thereis arapid decline in DEHP (ty, = 10 hours) with a
concomitant risein MEHP until levels of the two compounds are approximately equal. Blood
levels of phthalic acid rise as both DEHP and MEHP disappear from the blood. In rats, a
comparison of the conversion of DEHP to MEHP between oral and intraarterial (1A) or
intraperitoneal (IP) doses indicates that approximately 80% of the oral dose of DEHP is converted
to MEHP whereas only 1% of aniaor ip dose is converted to MEHP (Pollack et al., 1985).

At least eight oxidation metabolites have been identified in the urine of humans exposed orally to
DEHP (Schmid and Schlatter, 1985). No single oxidation product constituted the majority of the
metabolites, athough four metabolites (including MEHP which made up approximately 6 to 12%
of the excreted compound) comprised about 90% of the total excreted compound. About 65% of
the metabolites were excreted as glucuronide conjugates.

Glucuronic acid conjugation occurs with MEHP and the products of its oxidation. The relative
level of glucuronidation across speciesis rat (none) < mouse, hamster < primates (including
humans) (Albro and Lavenhar, 1989). The absence of glucuronidated metabolites in rats does not
appear to result from alack of glucuronyl transferase, but rather higher glucuronidase activity
(Albro and Lavenhar, 1989, citing Albro, 1986). A recent study conducted with mice administered
YC-labeled MEHP demonstrated the presence of b-glucose conjugated compounds as a minor
conjugated metabolite (~3%), with the linkage forming directly with the phthalic acid moiety by
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ester linkage with the glucose (Egestad and Sjoberg, 1992). Conjugation with glutathione, sulfates
and amino acids does not appear to occur in rodents (ATSDR, 1993).

Human exposed to DEHP orally produced a qualitatively similar profile of urinary metabolites
relative to humans exposed via the intravenous (IV) route (Schmid and Schlatter, 1985; Albro et
al., 1982; Albro and Lavenhar, 1989).

Excretion

The primary routes of elimination of DEHP or its metabolites from the body are the urinary and
fecal routes, independent of the route of exposure. By the oral route fecal elimination of
unabsorbed DEHP may be supplemented by a biliary contribution, thereby confounding estimates
of total absorption. Estimates of biliary excretion rates have ranged from 5 to 20% in several
experimental animals (Huber et al., 1996). Depending on the dose levels received by the ora

route, the fecal component to elimination may be greater because of an increase in the fraction of
the compound which remains unabsorbed. A urinary half-life of 12 hours was estimated from data
from human volunteers receiving an ora dose of 30 mg DEHP (Schmid and Schlatter, 1985). This
value compares favorably with estimates of urinary half-life of approximately 10 to 18 hours
determined in experimental animals (Huber et al., 1996). Approximately 5% of a dose of

30 mg/kg applied dermally over seven days was eliminated in the urine (3%) and feces (2%) of rats
(Elsis et al., 1989).

A recent review of the data regarding the elimination of DEHP from humans has suggested that
there is considerable human variation and data are lacking regarding the biliary excretion
component to human DEHP elimination (Huber et al., 1996). It was noted that the relative
contribution of urinary eimination in humansis generaly lower than in experimental animals,
although there is a question as to whether high dose levelsin the animals may have influenced the
elimination rates by different routes.

TOXICOLOGY

Acute Toxicity

Acute Toxicity to Aquatic Organisms

An acute L Cs; value for the fresh water Daphnia magna was reported to be 11,100 pg/L (U.S.
EPA, 1980b). The LCs, values for the midge, scud and bluegill exceeded the concentrations tested
at 18,000, 32,000 and 770,000 pg DEHP/L, respectively. Acute fresh water test results,
conducted with a diverse group of fish and invertebrate species, were determined for five phthalate
esters. The acute L Cs; values, with one exception, exceeded 1,000 pg/L.

It has been suggested that the earlier published aquatic toxicity data are inadequate (Wams, 1987)
since the reported nominal concentrations of DEHP may bear little relation to the true
concentrations in solution. Thisis because 1) a certain portion of the DEHP in water is not
bioavailable as a result of biodegradation and adsorption to surfaces and particles, and 2) some
reported L Cs, values considerably exceed the solubility of DEHP in water. The excess DEHP is
apparently dispersed in water by adsorption and the formation of colloidal * solutions.”
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More recent studies have emphasized the relationship between toxicity to aguatic organisms and
solubility, and also examined the variation in toxicity with chemical structure (and thus solubility)
of various phthalate esters. For example, Adams et al. (1995) performed acute aquatic toxicity
studies with 14 commercia phthalate esters and representative fresh water and marine species.
There was a general trend for the lower-molecular-weight phthalate esters (C-1 to C-4 akyl chain
lengths) to become more toxic with decreasing water solubility for all species tested, but there were
only minor differencesin species sengitivity to the various phthalate esters. Phthalate esters with
C6 or greater alkyl chain lengths (including DEHP) were not acutely toxic at concentrations
approaching their respective agueous solubilities. Insufficient mortality occurred to calculate
either LCs or ECy, values or acute no-observed-effect-levels (NOELSs) for these esters. The lack
of toxicity observed for the higher-molecular-weight phthalate esters resulted from their limited
water solubility (less than or equal to 1.1 mg/L).

Chronic toxicity studies were aso performed by Rhodes et al., 1995 with commercia phthalate
esters and Daphnia magna and rainbow trout (Oncorhynchus mykiss). For lower-molecular-
weight (methyl, ethyl and butyl) phthal ate esters, toxicity for both species increased as water
solubility decreased. The geometric mean maximum acceptable toxicant concentration (GM-
MATC) for D. magna ranged from 0.63 to 34.8 mg/L. For higher-molecular-weight phthalate
esters, including DEHP, the GM-MATC values ranged from 0.042 to 0.15 mg/L. Survival was
equally sensitive and sometimes more sensitive than reproduction. The observed toxicity to
daphnids with most of the higher-molecul ar-weight phthal ate esters appeared to be due to surface
entrapment or amode of toxicity that is not due to exposure to dissolved agqueous-phase chemical .

Acute Mammalian Toxicity

Lethality Studies

Data on the acute lethality of DEHP are presented in Table 1. Lethality data are not available
from inhalation studies: in two rat experiments, exposure to DEHP for one hour at 23,670 mg/m®
and for six hours at 600 mg/m?® did not result in mortality. Acute oral studies with a variety of
animals report L Ds, values for DEHP ranging from 26,000 to 4,000 mg/kg, indicating alow order
of acute oral toxicity. Inrats, acute oral doses produced marked cloudy swelling of the liver and
moderate swelling of the kidney accompanied by granular secretion in the tubules (Shaffer et al.,
1945).

These changes indicated that liver and kidney injury contributed to the fatal outcome. The high

L Dsos obtained from ip and iv administration also point to the low acute toxicity of DEHP. Ina
study by Lawrence et al. (1975), the lethal effect of this compound appeared to be cumultive,
since the chronic LDs, value for ip administration to mice five times weekly for 10 weeks was 1.36
g/kg, in comparison to a single-dose value of 37.8 g/kg. Autian (1982) concluded that thisis
because metabolism is required before DEHP produces toxic effects. Shaffer et al. (1945), using a
minor modification of the cuff test, applied single doses of DEHP to intact rabbit skin for 24 hours
and observed the animals for 14 days. A dose of 19,722 mg/kg killed two of six rabbits. The
authors concluded that the L Dsy by skin absorption in rabbits was approximately 24,650 mg/kg.
No injury to rabbit skin resulted from direct dermal contact with concentrated DEHP.

Acute Dermal Toxicity In Vitro

An absorption study in vitro using human and rat epidermal membranes reported irreversible
alteration in skin barrier function following exposure to neat DEHP (Scott et al., 1987). Following
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contact with DEHP for up to 72 hours, a dight increase in the permeability of human skin was
detected. This effect was not significantly different from that caused by hydration (water). DEHP
contact with rat skin caused an increased alteration in barrier function relative to human skin
despite a shorter contact period (up to 53 hours). The authors stated that this type of alteration
might enhance absorption of the chemical in rats, and would be likely to occur in vivo.

Acute Ocular Toxicity

Application of 0.5 mL undiluted DEHP in the eye of the rabbit produced no necrosis or damage to
the cornea detectable by fluorescein staining, and only transient congestion of the lids (Shaffer et

al., 1945).

Table 1. Acute lethality data on DEHP (ATSDR, 1987)

Administration Route

Inhalation (1 hour)?

Inhaation (6 hours)®

Oral

Intraperitoneal (1P)

Intravenous (1V)

v

(sonicated in rat serum)

Dermd

Species

Rat

Rat

Rat

Rat (Wistar, male)
Rat (Wistar, male)
Mouse

Mouse

Guineapig

Rabbit

Rat

Rat (Wistar, male)
Mouse

Mouse (ICR, male)

Mouse
Rat
Guineapig

Rabbit
Rabbit

L Dso
(mg/kg)

LCso
(mg/m?°)

> 23,670
(1457 ppm)

> 600
(37 ppm)

26,000
> 34,000
30,600
26,000
33,500
26,300
33,900

49,000
30,600
4,200

38,000

1,060
2,080
10,000

20,000
24,650

References

WAREF Institute
(1976)

Patty (1967)

Hodge (1943)
Shaffer et al. (1945)
Patty (1967)
Krauskopf (1973)
Krauskopf (1973)
Shaffer et al. (1945)

Singh et al. (1972)
Shaffer et al. (1945)
Calley et al. (1966)
Lawrenceet al.
(2975)

Peterson et al.
(2974)

Petersen et al.
(1974)

Thomaset al. (1984)
Thomaset al. (1984)
Shaffer et al. (1945)

& Duration of exposure

Subchronic Toxicity and Other Acute Studies

The principal toxic effects of DEHP noted experimentally in mammals involve at first damage to
the liver and in some cases the kidneys, and secondly effects on reproduction and devel opment,
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notably the production of testicular atrophy and a number of adverse developmental effects. These
effects have been studied by a number of investigators and various attempts have been made to
relate the observed effects to postulated mechanisms of action of DEHP or its metabolites. These
studies, and those chronic or lifetime exposure studies in which possible carcinogenic effects were
examined, are described in other sections of this report. Other toxicity studies, including general
screening studies and investigation of other possible effects not clearly related to these main classes
of response are presented here.

An intermediate-duration study of inhaled DEHP aerosolsin rats identified a lowest-observed-
adverse-effect-level (LOAEL) of 1,000 mg/m?® (62.6 ppm) for increased liver weights (males and
females), lung weights (males) and foam cell proliferation (males) after four weeks of exposure
(Klimisch et al., 1991; 1992). Animals were exposed (head and nose) to respirable particle size
aerosol concentrations of 0, 10, 50 or 1,000 mg/m* DEHP (mass median aerodynamic diameter <
1.2 ym) for six hourg/day for four weeks. All these treatment related effects appeared to reverse
after aeight week post-exposure period. Additionally, this study included a fertility assessment (in
which no substantial effects on mating performance were noted), details of which appear in the
section on developmental and reproductive toxicity.

Brain et al. (1996) studied the acute pulmonary toxicity of materials suggested as suitable aerosols
for human studies. Materias, including DEHP, suspended in saline (2.5%, w/v) were instilled into
the lungs of hamsters. The dose was 3.75 mg/100 g body weight (BW). Control hamsters were
ingtilled with physiological saline. One day later the hamsters were killed and the lungs were
lavaged. Biochemical and cellular components of the lavage fluid were then analyzed for
indicators of inflammation, edema, bleeding, macrophage phagocytosis, cell injury and cell
secretion. Measurements were either within or below control levels. The authors concluded that
DEHS, DEHP, corn ail, mineral oil and hexaethylene glycol cause negligible acute pulmonary
toxicity in hamsters when given at doses as high as 3.75 mg/100 g BW, but suggested that the
chronic effects and pharmacokinetics of these substances warrant further study, particularly if they
are used in humans at higher concentrations or for chronic exposures.

A subacute study (Jackh et al., 1984; Rhodes et al., 1986) compared the toxicity of DEHP in rats
and marmoset monkeys. Oral doses of 2000 mg/kg body weight/day were administered to both
speciesfor 14 days. Although there was no mortality in either species the rats at this dose level
displayed marked toxicity, evidenced by clinical signs (salivation, dehydration), liver enlargement,
testicular atrophy and various biochemical indices of damage in the liver. No substantial effects of
any kind were noted in the marmosets. It was suggested that this was due both to lower
bioavailahility of oral DEHP in the marmoset and lesser responsiveness of the primate speciesto
DEHP toxicity. The latter consideration was supported by a study in which marmosets received
intraperitoneal doses of 1000 mg/kg body weight/day for 14 days. No morphological or
biochemica changes were observed in either the liver or the testes.

Chronic Toxicity

The primary target organs of DEHP have been shown to be the liver and testes. The testicular
effects produced by DEHP are discussed in the section on reproductive toxicity.

Groups of male and female Wistar albino rats were fed levels of 50, 200 or 1,000 mg/kg-day
DEHP in the diet (Mitchell et al., 1985). Four rats from each experimenta group and six control
animals were sacrificed on days 3, 7, 14, 28 and at 9 months. Soon after treatment there were
morphologic aterations in the bile canaliculi of male rats in the high-dose group. Liver cells
exhibited a burst of mitosis after DEHP treatment, with the increased activity greatest at three days
in rats treated with 1,000 mg/kg-day. Induction of peroxisomal enzymes (cyanide-insensitive
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palmitoyl-CoA oxidase, a pha-glycerophosphate dehydrogenase and catalase), the Puso isoenzyme,
and an accumulation of fat in the liver was seen throughout the study. More slowly occurring
changes were centrilobular loss of glycogen, afall in glucose-6-phosphatase activity and
hypertrophy of hepatocytes. Rats treated with DEHP for nine months with 200 or 1,000 mg/kg-
day showed an accumulation of lipid-loaded lysosomes. In general, hepatic changes in females
were less pronounced than those observed in males treated with an equal dose.

In achronic study (Carpenter et al., 1953), groups of 24 guinea pigs of each sex were administered
diets of 19 or 64 mg/kg-day DEHP for a period of one year. No treatment-related effects were
found on mortality, body weight, kidney weight or gross pathology and histopathology of kidney,
liver, lung, spleen or testes. A Statistically significant increase in relative liver weight was reported
in both groups of treated females.

Abnormal liver histopathology was observed in rhesus monkeys receiving transfusions of plasma
containing concentrations ranging from 7 to 33 mg DEHP over a one-year period (Jacobson et al.,
1977). Changes included vacuolated Kupffer cells, foci of parenchymal necrosis, chronic
inflammatory cell infiltrates and prominence or hyperplasia of Kupffer cells. Detectable
concentrations of DEHP were present in the liver up to five months following cessation of the
transfusions. Decreased sulfobromophthalein clearance accompanied the abnormal liver
histopathology, indicating DEHP hepatotoxicity in monkeys.

In arecent study (Ganning et al., 1987), DEHP was administered to male rats in the diet at
concentrations of 0.02, 0.2 and 2.0% for up to 102 weeks. During the entire exposure period a
number of key liver enzymes were monitored. Both cyanide-insensitive palmitoyl CoA
dehydrogenase and carnitine acetyltransferase were rapidly induced by 2% DEHP; at the two lower
doses both enzymes were induced much more dowly, but showed a continuous increase over the
two years. Only the high-dose group exhibited an initial induction of cytochrome Pysp microsomes,
after 24 weeks levels decreased, but remained higher than control values. Increased levels of the
membrane lipid dolichol occurred in rats treated with two percent DEHP after five weeks; the
levels of the phosphorylated intermediate (dolichyl-P) decreased in microsomes as a result of

DEHP trestment. The rate of protein glycosylation in liver microsomes was considerably
decreased after six weeks. DEHP appeared to interfere with protein turnover, where the half-life of
total mitochondrial and microsomal protein was significantly increased.

Developmental and Reproductive Toxicity

Developmental Toxicity

A summary of the results of selected developmental toxicity studies is presented in Table
2. Developmental toxicity has been observed following oral exposure of pregnant mice or rats to
DEHP (NTP, 1986; 1988; Tyl et al., 1988; Shiota et al, 1980; Shiota and Mima 1985). Mice and
rats have also been adversely affected by prenatal exposure to DEHP viathe ip injection route
(Shiotaand Mima, 1985; Singh et al., 1972; 1975). No clear adverse effects on either dams or
offspring were identified in a study conducted by the inhalation route of exposure in rats (Merkle et
al., 1988).

Gastrointestinal conversion of DEHP to its primary metabolite, MEHP, has been considered as a
possible critical factor in the developmental toxicity of DEHP (Shiota and Mima, 1985; Tomita et
al., 1982; Yagi et al., 1980). When given by the injection route, bypassing the gastrointestinal
tract, DEHP is aless effective developmental toxicant than when it is given by the oral route.
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Conversely, MEHP given by the oral route appears to be a more potent devel opmental toxicant
than DEHP.

Overadl, rats appear to be less sengitive to the developmental toxicity of DEHP than are mice. No-
observed-adverse-effect-levels (NOAELSs) for developmenta toxicity in rats following DEHP
exposure by the oral route were in the vicinity of 150 to 350 mg/kg-day (NTP, 1986; Tyl, 1988),
as opposed to less than 50 mg/kg-day in mice (NTP, 1988; Tyl 1988). Corresponding LOAELSs
were in the range of 300 to 700 mg/kg-day for rats, and 90 to 95 mg/kg-day for mice. Adverse
effects in both species have included reduced viability and reduced fetal or birth weights.
Malformations have been observed in mice, but have not been described for rats exposed by the
ora route.

Mice

Timed-pregnant CD-1 mice were given DEHP in the diet on gestation days0to 17 (Tyl et al.,
1988). Dietary concentrations of 0, 0.025, 0.05, 0.10 and 0.15% were determined to have
provided doses of approximately O, 44, 91, 191 or 292 mg/kg-day, respectively. At the two highest
DEHP concentrations, maternal body weight was reduced on several gestation days, and relative
liver weight was increased. Clinical symptoms of toxicity were limited to lethargy and rough coat,
but occurred in al dose groups. Various measures of fetal viability showed significant adverse
effects of DEHP given at concentrations of 0.10 or 0.15% in the diet. Fetal body weights were
significantly decreased at 0.15% DEHP, and the body weights of female fetuses were aso
significantly decreased at 0.10% DEHP. The frequency of malformed fetuses, either on a per litter
basis or as a percentage of total fetuses, was significantly increased at 0.05, 0.10 and 0.15%
DEHP. The malformations observed included external, visceral and skeletal defects. Based on the
finding of increased malformations at concentrations as low as 0.05% DEHP in the diet, an
LOAEL of 0.05%, or 91 mg/kg-day was determined. The corresponding NOAEL for DEHP was
determined to be 0.025%, or 44 mg/kg-day.

In astudy of the long-term effects of prenatal exposure (NTP, 1988), DEHP was administered in
the feed to timed-pregnant CD-1 mice (P, generation). Treatment was restricted to gestation days
0to 17. Concentrations of DEHP in the diet were 0, 0.01, 0.025 or 0.05%, resulting in average
doses of 0, 19, 48 and 95 mg/kg-day. Offspring were delivered and reared normally, with no
further treatment. Evaluations were made during the postnatal period for viability, growth and
attainment of developmental landmarks. Upon reaching sexual maturity the offspring (F1) were
themselves studied for reproductive potential.

Evidence for maternal toxicity in the P, generation was limited to trends for decreasing body
weight on postnatal days four and seven. Prenatal mortality was significantly increased at the high
dose (95 mg/kg-day), with a corresponding decrease in litter size on postnatal day one. Inthis
same dose-group, there was an increase in the frequency of pup deaths occurring between postnatal
days one and four. During the mating trials of F, animals, there were minor, transient reductions in
the body weights of females. Otherwise, subsequent to postnatal day four, there were no observed
adverse effects on growth, viability, development or reproductive performance of F; animals.

Based on the reductions in viability of the F, animals on postnatal days one and four, an LOAEL

of 95 mg/kg-day can be determined for developmental toxicity, with an NOAEL of 48 mg/kg-day.

Di(2-Ethylhexyl)Phthalate in Drinking Water 15 DECEMBER 1997
California Public Health Goal (PHG)



Table 2. Developmental Endpoints for DEHP

Strain & LOAEL Observation NOAEL Reference
Species
CD-1 91 mg/kg-day malformations 44 mg/kg-day Tyl et al. (1988)
Mice
CD-1 95 mg/kg-day reduced viability of F; 48 mg/kg-day NTP (1988)
Mice
ICR-JCL 190 mg/kg-day reduced fetal viability 70 mg/kg-day Shiotaet al. (1980)
Mice (confidenceis

limited by low

number of litters

per dose group)
ICR-JCL IP: 8,000 mg/kg ora: malformations ora: ND Shiota and Mima
Mice ora: <250 mg/lkg  IP: reduced viability IP 4,000 mg/kg (1985)
Fischer 344 666 mg/kg-day reduced fetal body 357 mg/kg-day Tyl et al. (1988)
Rats weight
Fischer 344 313 mg/kg-day increased post- 164 mg/kg-day NTP (1986)
Rats implantation mortality,

decreased avg. litter
Size, avg. pup wt./litter
Sprague- < 4,930 mg/kg x3  increased resorptions: ND Singh et al. (1972;
Dawley (1P) decreased fetal weight 1975)
Rats
Wistar >0.3mg/L air,6  no clear effects ND Merkleet al. (1988)
Rats hours/day on
gestation days 6 to
15

ND - not determined

In another dietary study, ICR-JCL mice were provided with mean daily intakes of 70, 190, 400,
830 or 2,200 mg/kg DEHP throughout gestation (Shiotaet al., 1980). Decreased maternal weight
gain and increased resorption rates were observed in animals given 400 mg/kg or more. A dose of
190 mg/kg-day can be considered the maternal NOAEL for this study. All implants were resorbed
at the 830 and 2,200 mg/kg dose levels, and adverse effects on feta viability were also observed at
doses of 400 and 190 mg/kg-day. Reduced fetal weights as well as an increase in the frequency of
fetuses having malformations were observed following prenatal exposure to a dose of 400 mg/kg-
day. Predominant malformations included neural tube defects (exencephaly and spina bifida).
While an NOAEL for developmental toxicity of 70 mg/kg-day can be derived from these data,
confidence is limited by the low number of litters (7 to 12) per dose group.

Shiota and Mima (1985) compared the effects of DEHP administered by the oral and ip routes.
Groups of pregnant mice were given 250, 500, 1,000 or 2,000 mg/kg orally, or 500, 1,000, 2,000,
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4,000 or 8,000 mg/kg by injection on gestation days seven, eight and nine. Resorptions and
malformations were significantly increased following ora dosing with 1,000 or 2,000 mg/kg.
Anterior neural tube defects (anencephaly and exencephaly) were the most common abnormalities.
Indications of increased malformation frequency at the lower doses of 500 and 250 mg/kg
complicate determination of a developmental NOAEL from these data. The maternal NOAEL by
the oral route was determined to be 1,000 mg/kg. When given by injection, the LOAEL for
developmental or maternal toxicity was 8,000 mg/kg, with corresponding NOAELs of 4,000
mg/kg. At thisdoselevd, viability of both maternal animals and fetuses was reduced, but no
malformations were observed. Based on the differences in effects between the two routes of
administration, the authors concluded that biotransformation in the gastrointestinal tract may be
required for DEHP to exert its developmentally toxic effects.

The relative teratogenic potentials of DEHP and its active metabolite MEHP have been evaluated
(Yagi et al., 1980; Tomitaet al., 1982). In both of these studies, DEHP and MEHP had similar
adverse effects, but MEHP appeared to be the more potent developmental toxicant. Twelve hours
following administration of alarge oral dose of DEHP to pregnant mice on gestation day eight,
both DEHP and MEHP were detected in fetal tissues (Tomitaet al., 1982). MEHP was presumed
to have formed in the dam, and then crossed the placenta, as fetuses younger than gestation day
nine are not known to be able to convert DEHP to MEHP. On the basis of these data, it seems
possible that MEHP could be responsible for the developmental effects observed following
treatment with DEHP.

Rats

Timed-pregnant Fischer 344 rats were fed diets containing DEHP at concentrations of 0, 0.5, 1.0,
1.50r 2.0% (Tyl et al., 1988). Diets with DEHP were provided on gestation days O to 20, and
resulted in daily doses of approximately 0, 357, 666, 856 or 1,055 mg/kg. Dose-dependent
reductions in maternal weight gain reached statistical significance in the three highest dose groups.
Maternal food consumption was significantly decreased, and liver weights significantly increased,
in al treated groups. Fetal viability was significantly reduced at the highest dose level, and fetal
body weights were significantly reduced at DEHP levels of 666, 856 or 1,055 mg/kg. No clear
treatment-dependent relationship between DEHP and malformation frequency was identified.
Based on the decreases in maternal weight-gain and fetal body weight, the NOAEL for both
maternal and developmental toxicity is 0.5% or 357 mg/kg-day.

Using asimilar protocol to the NTP (1988) study conducted in CD-1 mice, NTP (1986)
administered DEHP in the feed of time-mated, pregnant Fischer 344 rats. P, animals were given
treated feed from gestation day 0 to 20. On a percentage basis in the feed, DEHP was present at O,
0.25, 0.50 or 1.0%. These levels corresponded to approximate doses of 0, 164, 313 and 573
mg/kg-day. Maternal weight gain was significantly reduced in the high-dose group, and food
consumption was reduced in the high and mid-dose groups. There were no differences between
groups in the percentages of fertile matings, the number of implantation sites per dam, or in the
frequency of live litters on postnatal days one or four. Post-implantation mortality was increased
in both the mid- and high-dose groups, but the effect reached statistical significance only at the
mid-dose. Average litter size and average pup weight per litter were decreased in a dose-dependent
manner, but the effect on pup weight was statistically significant only at the high dose. Surviving
F, offspring showed no subsequent adverse effects upon viability, growth, acquisition of
developmental landmarks, or on their ability to reproduce upon reaching sexual maturity. Based
upon post-implantation mortality, the LOAEL for developmental toxicity in this study was 313
mg/kg-day, with an NOAEL of 164 mg/kg-day.
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Singh et al. (1972; 1975) demonstrated that DEHP and its metabolites cross the placentain rats,
and can cause embryolethal and teratogenic effects in these animals. Sprague-Dawley rats were
given ip injections of 4,930 or 19,860 mg/kg DEHP on days 5, 10 and 15 of gestation. An
increased frequency of resorptions and decreased fetal weights occurred in both treated groups.
Gross abnormalities were seen only at the high dose of DEHP, malformations consisted of twisted
hind legs in one fetus, and hemangiomas of the limbsin 9 out of 41 fetuses.

Pregnant Wistar rats were exposed, in a nose-only inhalation apparatus, to aerosols of DEHP at
concentrations of 0, 0.1, 0.05 or 0.3 mg/L air (Merkleet al., 1988). Exposure occurred for six
hours/day, on each of gestation days 6 to 15. In a pilot study, conducted to determine appropriate
concentration levels for the apparatus used, peroxisome proliferation was found to increase in
severity with concentrations of DEHP ranging from 0.2 to 1.0 mg/L air. In the main study,
peroxisome proliferation was not evaluated, and no other evidence of maternal toxicity was
identified at any concentration. Twenty littersin each concentration group were examined using
standard teratological techniques. An additional five litters from each group were allowed to come
to term. These offspring were raised until postnatal day 21, and evaluated for postnatal
developmenta endpoints. There were no apparent treatment-related effects on fetal viability or
fetal weights, or on any of the postnatal parameters evaluated. Increases in the frequency of
hydroureter and dilated rena pelvis were found in the highest concentration group, but the study
authors did not consider these changes to have been the result of DEHP treatment.

Rabbits

MEHP injected into previoudly artificially inseminated female rabbits at critical intervals during
gestation caused no significant teratogenic effects (Thomaset al., 1979; 1980). Administration of
MEHP did not affect the size of the fetus, as evidenced by crown-rump and transumbilical
measurements.

Reproductive Toxicity

Breeding Studies

The reproductive toxicity of DEHP was investigated in NTP's continuous breeding test battery
(NTP, 1982). Breeding pairs of CD-1 mice were given DEHP in their feed, at concentrations of 0,
0.01, 0.1 or 0.3%. The animals were exposed during a seven-day pre-mating period, a 98-day co-
habitation period and a 21-day segregation period. Under this protocol, fertility was completely
suppressed in the high-concentration group, and significantly reduced in the mid-concentration
group. Inafurther experiment, cross-over mating trials were performed, to determine if the
affected sex could be identified. Regardless of which sex was trested, dietary exposure to the high
concentration of DEHP resulted in significant reductionsin fertility, demonstrating that DEHP is
both a male and a female reproductive toxicant.

As part of the NTP continuous-breeding study (NTP, 1982), animals from the 0.3% DEHP group
were compared with untreated controls for sperm parameters, histopathology and hormone levels.
In males of the treated group, the percentage of motile sperm and sperm concentration were
significantly reduced, the percentage of abnormal sperm was significantly increased and testicular,
epididymal and prostatic weights were decreased. The seminiferous tubules of the trested males
were severely damaged. Testosterone levels were reduced, and FSH and LH levels elevated, but
the differences were not statistically significant. The reproductive tracts of treated femaes
(ovaries, oviducts, uterus and vagina) were significantly reduced in weight in comparison to
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controls. This difference, however, was thought likely to have reflected the normal smaller size of
the nulliparous female reproductive tract; control animals having experienced pregnancy, while the
treated animals had not.

Based upon the significant reduction in fertility of treated pairs, the LOAEL for male and female
reproductive toxicity in this study was a dietary concentration of 0.1% DEHP. The corresponding
NOAEL was 0.01% DEHP. The study authors did not present their treatment regimen in units of
DEHP per kg body weight of the study animals. While body weight and feed consumption data
were collected, and mean values can be determined, requirements of the continuous-breeding
protocol introduce substantial variation into these parameters. As pointed out by Lamb et al.
(1987), “. . . since the male and female mice are housed as breeding pairs and the two sexes have
such different body weights, it is not possible to determine accurately the relative dose of chemicals
on amilligram per kilogram body weight basis. Such data can only be collected in either the range
finding study or the separation period at the end of the 14-week mating trial.” Additionally, body
weight and feed consumption of female mice can be expected to change considerably over the
course of gestation.

With the above caveats in mind, average feed consumption and body weight data for the NTP
continuous-breeding study on DEHP (NTP, 1982) were presented by Lamb et al. (1987):
“Analysis of feed consumption showed that the mice consumed between 4.8 and 5.4 g of food per
day, regardless of treatment group. Mean body weights for male mice were 36.3 and 34.6 g for
control and high-dose groups, respectively, at Week 1 and 36.9 and 37.4 g for control and high-
dose groups, respectively, at Week 13.” Therefore, an average feed consumption value of 5.1
g/day and an average body weight of 36 g can be used as a reasonable approximation in
calculating dose-rates for this study. On this basis, DEHP concentrationsin feed of 0, 0.01, 0.1
and 0.3% are roughly equivalent to doses of 0, 14, 141 and 425 mg/kg-day. The LOAEL and
NOAEL for adverse effects on fertility of male and female mice are then 141 and 14 mg/kg-day,

respectively.

Interactions with other chemicals

The non-additive developmental toxicity of mixtures of trichloroethylene (TCE), di(2-ethylhexyl)
phthalate (DEHP), and heptachlor has been studied in 5 x 5 x 5 designs in Fischer-344 rats. Dose
levels of 0, 10.1, 32, 101, 320 mg/kg-d for TCE, 0,24.7, 78, 247, 780 mg/kg-d for DEHP, and O,
0.25, 0.8, 2.5, 8 mg/kg-d for heptachlor were administered by gavage on days 6-15 of gestation.
The dams were alowed to ddliver and the pups were weighed and examined postnatally (Narotsky
et a.,1995). Three maternal and six developmental endpoints were evaluated. Several significant
two-way interactions but no significant three-way interactions were observed. Materna death
exhibited no single chemical or main effects but DEHP and heptachlor were synergistic. For
maternal weight gain on gestational days 6-8 main chemical effects were seen for al three agents
aswell as TCE-DEHP synergism and DEHP-heptachlor antagonism. Maternal weight gain on
gestational days 6-20 adjusted for litter weight showed effects for TCE and heptachlor, but no
interactions. Effects of all three agents were seen for full-litter resorptions and prenatal loss. The
heptachlor effects were unexpected, particularly as seen with pooled data (heptachlor only plus
heptachlor combinations) for each heptachlor dose, with 23% of 253 dams with resorbed litters at
8 mg/kg-d and 18% of 247 dams at 2.5 mg/kg-d vs. 12% in the controls. For full-litter loss, the
TCE-heptachlor and DEHP-heptachlor interactions were antagonistic. For prenatal |oss, the TCE-
DEHP interaction was synergistic. Postnatal 1oss showed DEHP and heptachlor effects but no
interactions. Analysis of pup weights on day 1 revealed TCE and DEHP effects and DEHP-
heptachlor antagonism; on day 6 DEHP and heptachlor effects and DEHP-heptachlor antagonism,
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and TCE-DEHP synergism were evident. The authors note that some antagonistic interactions of
prenatal loss and full litter resorptions may reflect a ceiling effect and, based on heptachlor main
effects, that heptachlor potentiated the other two agents. The authors thus regard all three two-way
interactions to be synergistic for these related endpoints. Microphthalmia and anophthalmia
incidences showed TCE and DEHP effects but no interactions.

Genning (1996) analysed a subset of the Narotsky et a. datato illustrate the use of ray designsin
mixtures of chemicals. The selected response was prenatal loss. The rays selected were one for
each single chemical and one mixture ray. The dose ratios for the rays were for
(DEHP:heptachlor: TCE): (1:0:0); (0:1:0); (0:0:1); and (70:1:29). A threshold model was fitted
along each of the four rays smultaneoudy. The author concluded that departure from additivity
could not be claimed along the 70:1:29 ratio mixture ray.

Testicular toxicity

Studies on the testicular toxicity of DEHP have attempted to elucidate mechanisms of action,
differencesin sensitivity due to age and species and the potential for reversibility of toxic effects.
Considerations of mechanism have focused on attempting to identify the active metabolite, and on
the possible role of zinc depletion in DEHP-induced testicular toxicity. Results of both in vivo and
in vitro experiments have tended to support the contention that MEHP, rather than DEHP itself, is
the active testicular toxicant (Gray et al., 1982; Gray and Gangolli, 1986; Oishi, 1993; Soberg et
al., 1986b).

Depletion of testicular zinc levels has been found to coincide with the occurrence of DEHP-induced
testicular atrophy (Gray et al., 1982; Oishi, 1993; Oishi and Hiraga, 1983). Zinc
supplementation, however, did not prevent testicular atrophy in DEHP-treated animals (Oishi and
Hiraga, 1983). In general, clear evidence for a cause and effect relationship between zinc levels
and the testicular effects of DEHP has not been reported (Oishi, 1993; Oishi and Hiraga, 1983).

Age-dependent differences in response to the testicular toxicity of DEHP are of particular
importance in considering the issue of a sub-population which may be far more sensitive than the
population at large. The peak period of sengitivity to the testicular toxicity of oral exposureto
DEHP appears to be around the time of puberty (Dostal et al., 1988; Gray and Butterworth, 1980;
Gray and Gangolli, 1986; Sjoberg et al., 1985c; Soberg et al., 1986b). Prenatal exposure alone,
of either rats or mice, did not adversely affect eventual adult fertility (NTP, 1986; 1988, see
discussion of these studies under "Developmental Toxicity"). There is no multigeneration
reproductive toxicity study of DEHP available at present, however. Such a study, involving
exposure of at least one generation from the prenatal period through at least one round of
reproduction would allow evauation of the reproductive effects of continuous exposure to DEHP.

Pathogenesis

A recent subchronic oral toxicity study conducted in rats produced evidence of DEHP-induced
testicular toxicity at very low doses (Poon et al., 1997). For atrestment period of 13 weeks,
groups of 10 male and 10 female Sprague-Dawley rats were administered diets which contained
DEHP at concentrations of 0, 5, 50, 500 or 5,000 ppm. These concentrations were determined to
have provided doses of 0, 0.4, 3.7, 37.6 or 375.2 mg/kg-day, respectively, to the male rats. No
clinical signs of toxicity were observed and there were no changes in body weight gain or food
consumption with DEHP exposure. At the high-dose both males and females showed significant
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effects on liver and kidney weights. No specific effects on female reproductive organs were
mentioned.

At the high-dose of 375.2 mg/kg-day, 9/10 males had atrophied seminiferous tubules, with
complete loss of spermatogenesis and cytoplasmic vacuolation of the Sertoli cells lining the
tubules. At the next lower dose (37.6 mg/kg-day), minimal Sertoli cell vacuolation was observed
in 7/10 males. Because it was considered to represent an early change in the pathogenesis of
adverse effects on the germ cdlls, the authors concluded that Sertoli cell vacuolation should be
treated as an early adverse effect. Therefore, based on Sertoli cell vacuolation, the LOAEL for
adverse effects on male rats in this study was determined to be 37.6 mg/kg-day and the NOAEL to
be 3.7 mg/kg-day.

Age Dependence of Testicular Response

Gray and Butterworth (1980) found that DEHP-induced testicular atrophy was age-dependent in
Wistar rats. Ora administration of 2,800 mg/kg-day for 10 days produced tubular atrophy in
four-week-old rats, but had no effect on the testes of 15-week-old rats. In 4 and 10-week-old
animals, advanced germinal cells were lost, with only spermatogonia, Sertoli cells and occasional
primary spermatocytes remaining.

In alater study (Gray & Gangolli, 1986), four week-old rats given 2,800 mg/kg-day for 10 days
showed significant reductions in body weight, testes weight, seminal vesicle weight and prostate
weight. At the histological level, these animals also showed severe testicular atrophy, affecting
virtualy all tubules. Ten-week old animals given the same trestment showed no adverse effects on
testes weights, but body weights and weights of accessory organs were significantly reduced. Up
to 50% of seminiferous tubules were adversaly affected. Fifteen-week-old animals had reduced
body weights in response to DEHP treatment, but testicular parameters were unaffected.
Additional experiments indicated that the testicular effects were more likely the result of direct
action on the seminiferous tubules, than of indirect effects on hormond levels. In particular, it was
concluded that Sertoli cells are likely to be the primary target tissue of DEHP, as well as of other
phthalates which cause testicular injury. Germ cells dependent on normally-functioning Sertoli
cellswould then be logt, in turn leading to tubular atrophy. These conclusions were supported by
in vitro experiments indicating that MEHP is the active metabolite in DEHP-induced testicular
toxicity, and in vivo experiments indicating that MEHP does not readily cross the intact blood-
testis barrier provided by normally-functioning Sertoli cells. Thusit appears that the germ cells
would not be directly exposed to MEHP unless the Sertoli cells are damaged, and the barrier they
provide is disrupted.

Immature and adult rats were given five daily gavage doses of DEHP (Dostd et al., 1988). Testes
were examined for toxicologica effects at 24 hours following the last dose, and lasting effects on
fertility were investigated in mating trias of sexually-mature animals. Suckling pups (aged one,
two, or three weeks of age at the commencement of treatment) were unable to survive doses of
2,000 mg/kg, and had reduced relative testes weights at 1,000 mg/kg dose level. Six-week-old rats
survived either dose level, with reduced relative testes weights. Twelve-week old rats were
unaffected at the lower dose, but had reduced testes weights at the higher dose. Malerat pups
exposed to 1,000 mg/kg DEHP on postnatal days 6 to 10 had reduced numbers of Sertoli cells as
measured 24 hours following the last dose. Sertoli-cell numbers for these animals were normal at 6
and 13 weeks of age. Decreases in testes weights and testicular spermatid numbers were evident at
13 and 19 weeks of age, but not at 11, 12, 16 or 23 weeks of age. When these males rats were
mated with untreated females rats, no consistent changes in fertility, implantation rate or numbers
of live fetuses were detected. The results of this study generaly confirmed the Sertoli cell asthe
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primary testicular target cell for orally-administered DEHP, as well as the higher sensitivity of
younger animals.

Age-specific responses were found when DEHP was given in the diet to male rats at doses of 1,000
or 1,700 mg/kg for 14 days (Soberg et al., 1986b). Animals were 25, 40 or 60-days-old at the
beginning of treatment. Body weight gain was retarded in al groups, and testicular weight was
markedly reduced in younger rats given the higher dose of DEHP. At the histological level, tubular
damage was evident in the two younger groups of treated animals, al tubules being affected in the
25-day-old animals. The oldest group of animals showed resistance to the testicular toxicity of
DEHP. Pair-fed controls exhibited only minor changes in testicular parameters, indicating a direct
toxic effect of DEHP and/or its metabolites.

Similar results were obtained in afurther experiment, using asimilar protocol, but where DEHP
was given by gavage (Soberg et al., 1986b). Again, the greatest response to treatment was shown
by animals in the youngest age group (25-days-old at the onset of the experiment), while 60-day-
old animals were unaffected. Determinations of blood and urine levels of DEHP and MEHP
demonstrated far more circulating MEHP in the younger animals. A third experiment, employing
iv infusions of DEHP at a dose of 500 mg/kg, did not indicate a decrease in testicular sensitivity
with increasing age (S§oberg et al., 1986b). Only 25-day-old and 40-day-old rats were tested
under this protocol. These results were consistent with those of an earlier study (Soberg et al.,
1985¢) and support the authors proposal that the age-related differences in testicular response to
oraly administered DEHP may be, at least partialy, due to age-dependent differencesin the
pharmacokinetics of DEHP.

Species and Strain Differences in Response

Mice, hamsters and marmosets are generally less sensitive than rats to the testicular toxicity of
DEHP (Gray et al., 1982; Rhodes et al., 1986). There are also differences between mouse strains
in the degree of responsiveness to this chemica (Oishi, 1993). Gray et al. (1982) compared the
extent of phthalate ester-induced testicular toxicity in rats and hamsters. Both DEHP and MEHP
caused reductions in testes weights and increases in tubular atrophy in rats, but only MEHP had
any effect on hamsters. A possible explanation for these findings was a difference in the relative
rates of intestinal hydrolysis of DEHP to MEHP which was significantly slower in hamsters.
Additionally, the concentration of zinc was decreased in the testes and increased in the urine of
rats, but not hamsters, treated with DEHP. 1t could not be determined from this study, however,
whether testicular zinc depletion was a cause or an effect of testicular injury.

Among mouse strains, Crj:CD-1 mice were found to be far more sensitive than Jcl:ICR mice to the
testicular toxicity of DEHP (Oishi, 1993). The finding of significantly higher blood concentrations
of MEHP in DEHP-treated Crj:CD-1 mice than in Jcl:ICR mice, supports the importance of
pharmacokinetic variables in determining responsiveness. Conversely, testicular zinc
concentrations were depleted by DEHP in a dose-dependent fashion in both strains, a finding which
does not support a zinc-mediated mechanism for the testicular toxicity of DEHP.

Reversibility of Testicular Effects

Agarwal et al. (1986) exposed male F344 rats to 0, 320, 1,250, 5,000 or 20,000 ppm DEHP in the
diet for 60 days. A dose-dependent reduction in total body weight, testis, epididymis and prostate
weights occurred at the two highest dose levels. At 20,000 ppm, degenerative changes, decreased
zinc content, reduced epididymal sperm density and motility and increased abnormal sperm were
found in the testis. On day 61, the treated males were returned to a normal diet and mated with
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untreated females. The incidence of pregnancy, mean litter weight, frequency of stillbirths and
neonatal deaths and mean litter growth up to seven days of age were unaffected by DEHP
treatment. However, litter size was significantly reduced in the 20,000 ppm group. Cessation of
exposure resulted in partial to complete recovery from toxicity, with the gonads recovering more
dowly than other systems.

Y oung, adult male Crj:Wistar rats were given 2,000 mg/kg daily, by gavage, for 14 days (Oishi,
1985). Treated and control animals (20 per group) were evaluated at either 10 or 45 days
following the cessation of the trestment period. Body weight gain of treated animals was dightly
depressed during the dosing period, but gradually recovered once treatment ceased. At one day
following the end of treatment, liver weights of DEHP-treated rats were significantly greater than
those of controls. Testicular weights, and the weights of accessory sex organs were significantly
reduced in treated animals. Testicular histology revealed severe DEHP-induced damage to the
seminiferous tubules. Testicular zinc levels were significantly reduced in treated animals. While
testicular testosterone levels were significantly higher in treated than control animals, the opposite
was the case for serum testosterone. At 45 days following the cessation of DEHP exposure, of the
organ weights determined, only testicular weights had not returned to control levels. Testicular
histopathology was still abnormal, testicular zinc concentrations were still reduced and testicular
testosterone concentrations were still elevated. The author concluded that the potential for
reversibility of DEHP-induced testicular atrophy is limited.

Ovarian Toxicity

Treatment with DEHP at a dose of 2,000 mg/kg, suppressed serum estradiol levels and ovulation
(Daviset al., 1994). Adult female Sprague-Dawley rats were given DEHP, by gavage, once per
day for 1 to 12 days. Estrus cycles of treated animals were prolonged and, even when vaginal
estrus did occur, ovulation was not necessarily a co-occurrence. Analysis of serum hormone levels
and of ovarian histopathology indicated that DEHP altered the function of pre-ovulatory follicle
granulosa cells. Normally, these cells produce estradiol which, when released into the peripheral
circulation, triggers the ovulatory surge of LH in female rats; the same hormonal control
mechanism operates in women. This proposed mechanism for the female reproductive toxicity of
DEHP is consistent with the findings of infertility in treated female mice (NTP, 1982).

Lactation

Both DEHP and MEHP were identified in the milk of lactating rats given DEHP by the oral route
(Dostal et al., 1987d). Oral doses of 2,000 mg kg body weight were given daily on lactation days
210 6,610 10 or 14 to 18. Decreased body weights in both treated maternal animals and their
offspring were thought to be a nonspecific result of decreased feed consumption; pair-fed
(restricted diet) controls showed the same effect. However, DEHP trestment did specifically lead
to significant increases in the hepatic peroxisomal enzymes palmitoyl CoA oxidase and carnitine
acetyltransferase in both dams and pups. Direct measurements were made of DEHP and MEHP
levelsin milk, aswell asin maternal and pup plasma. For DEHP, the milk to plasmaratio was
greater than 200, suggesting a very efficient extraction mechanism for DEHP.
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Genetic Toxicity

DEHP

DEHP has tended to be negative in in vivo and in vitro genotoxicity assays (Budroe and Williams,
1993); only nine positive tests were noted in alist of 100 in the Genetic Activity Profile (GAP)
(U.S. EPA, version 4.06, 1994).

In vitro Genotoxicity Assays

DEHP has been found to be nonmutagenic in at least eight separate Salmonella/mammalian
microsomal mutation assays (Budroe and Williams, 1993). Tomitaet al. (1982) have reported
positive results; however, the data were not convincing. Results of only a single dose were
reported, and the increase was less than two-fold. DEHP does not induce mitotic gene conversion
or gene mutations, but does induce aneuploidy in Saccharomyces cerevisiae (Ashby et al., 1985).

Mixed results, mostly negative, have been obtained in the L5178Y mouse lymphoma mutation
assay, with only 1 of 10 investigators reporting a positive response in a collaborative study (Ashby
et al., 1985). Testswith cultured CHO cells found that DEHP does not increase chromosomal
aberrations in the presence (Galloway et al., 1985) or absence (Phillips et al., 1982; Galloway et
al., 1985) of liver SO prepared from Aroclor 1254-induced rats. However, Tsutsui et al. (1993)
found that DEHP induced chromosomal aberrationsin Syrian hamster embryo (SHE) cdllsin the
presence of exogenous metabolic activation (rat liver S9). In addition, DEHP did not induce
chromosomal aberrations but did induce aneuploidy in afibroblast cell line (CH1-L) derived from
Chinese hamster liver which is claimed to have metabolic activation capability (Danford, 1985).
Other studies with CH1-L cells found that DEHP caused a dose-dependent decrease in the
anaphase-tel ophase/metaphase ratio and an increase in the number of chromosome cluster groups
and abnormal division stages, indicating an induction of spindle damage (Parry, 1985). DEHP did
not induce any increase in sister-chromatid exchanges (SCE) in CHO cells (Douglas et al., 1986)
or human periphera lymphocytes (Obe et al., 1985) with or without exogenous metabolic
activation.

DEHP-induced cellular transformation has been studied in a number of systems. DEHP was
negative in the BALB/3T3 assay with and without rat primary hepatocytes (Astill et al.,1986).
Alternatively, the majority of transformation assays in the IPCS collaborative study were positive
for DEHP (Ashby et al., 1985). Positive results have been obtained by other investigators using
SHE cdlls, embryonic mouse fibroblasts, retrovirus infected Fischer rat embryo cells (WHO,1992)
and SHE cells (Tsutsui et al., 1993). Cdll transformation of SHE cells was enhanced by
exogenous metabolic activation using rat liver S9. DEHP was observed to inhibit intracellular
communication (IC) in V79 cells at nontoxic concentrations of 10 to 30 mg/L (Macolm & Mills,
1989). Alternatively, Mikalsen and Sanner (1993) observed that DEHP transformed SHE cells
had the same ability of intercellular communication as normal cells suggesting that decreased IC is
neither sufficient or necessary to induce morphological transformation of SHE cell colonies.

In vivo Genotoxicity Assays

Tomitaet al. (1982) reported increased chromosomal aberrations and transformation in embryonic
cells from Syrian hamsters treated transplacentally with DEHP at 3.75 to 15 g/kg administered by
maternal gavage. However, the proportion of normal diploid cellsin all cultures including the
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controls was low, suggesting chromosomal instability or technical deficiencies in experimenta
procedures. Singh et al. (1974; 1975) and Autian (1982) tested an in vivo system, and found
weakly positive results in dominant lethal assaysin mice. Interpretation of effectsin these studies
was difficult because mice treated at the high dose may have experienced reduced fertility asa
result of testicular degeneration, and effects seen at lower doses were not statistically significant.
DEHP was aso negative in the sex-linked recessive lethal test and other genotoxic endpointsin
Drosophila melanogaster (WHO, 1992).

DNA Adducts

Albro et al. (1982) reported association of radioactivity with DNA when 2-ethyl-labeled [*C]-
DEHP was administered oraly to rats but not when carbonyl-labeled DEHP was administered.
Von Daniken (1984) found similar association of labeled DEHP with DNA under comparable
conditions, but also found label in DNA when [*C]-ethylhexanol was given orally. These results
suggest that DEHP undergoes metabolism before incorporation into nucleotides rather than
covalently binding to DNA astypically seen with genotoxic carcinogens. No DNA adducts were
found in rat liver DNA following administration 2,000 mg/kg for three days using the **P-post-
labeling technique (Guptacet al., 1985).

Oxidative DNA Damage

Male F344 rats exposed to 1.2% DEHP in the diet for one or two weeks did not show significant
increases in 8-hydroxydeoxyguanosine (8-OH-dG) kidney DNA adducts, but did show statistically
significant increases in 8-OH-dG liver DNA adducts at both time points (Takagi et al., 1990).
However, the observed increase was less than two-fold greater than control.

MEHP

In vitro Genotoxicity Assays

A dose-dependent increase in toxicity to rec’ (DNA repair deficient) compared to rec” was reported
in Bacillus subtilis by Tomitaet al. (1982). These authors also reported a dose-dependent increase
in revertants in Salmonella (TA 100) and Escherichia coli treated with MEHP in suspension.

A small increase in HGPRT mutations in V79 cells treated with MEHP was reported by Tomita et
al. (1982). According to Turnbull and Rodricks (1985), the Tomita report lacks procedural details
and supporting data, making a detailed evaluation of the dataimpossible. Philipset al. (1982)
examined the ability of MEHP to induce mutationsin CHO cells at the hypoxanthine-guanine
phosphoribosyl transferase (HGPRT) locus. Two studies were done, using concentration ranges of
0.37 to 1.25 mM and 0.08 to 1.25 mM, respectively. A significant increase (two-fold greater than
control) was seen at the lowest concentration (0.37 mM) in the first study; the results at al other
concentrations in both studies were negative. MEHP was found to be negative in the L5178Y
mouse lymphoma mutation assay by Kirby et al. (1983).

Tomitaet al. (1982) found that MEHP induced increased SCE in V79 cells treated for 24 hours
with 25 or 50 pg/mL MEHP. Both dose groups displayed increased SCE, with atwo-fold increase
compared to control noted in the 50 pg/mL dose group. Phillips et al. (1982) reported no increase
in SCEs but did find an increased frequency of chromosomal aberrationsin CHO cells treated for
two hours with MEHP at 0.8 to 1.75 mM. These dose levels reduced cell survival to between 65
to less than 10% of control values. MEHP treatment for two hours induced chromosomal damage
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in both CHO and rat liver cellsin a dose-dependent manner (Phillipset al., 1986). In CHO cdlls,
the clastogenicity of MEHP was unaffected by the presence of an exogenous metabolic activation
system (SO mix). Negative results with 2-ethylhexanol and o-phthalic acid (Von Daniken et al.,
1984) suggest that these compounds were not responsible for the clastogenicity of MEHP.

Tsutsui et al. (1993) observed morphological transformation of SHE cells treated with MEHP for
48 hours.

In vivo Genotoxicity Assays

A dose-dependent increase in chromosome aberrations and transformation was observed in Syrian
hamster embryo cells treated transplacentally at 375 to 1,500 mg/kg MEHP (Tomitaet al., 1982).

DNA Adducts

Albro et al. (1982) found an association of label with DNA when [*C]-MEHP was administered
orally to rats. Labeling was less than that which resulted with an equivalent amount of [*C]-
DEHP. Although the nature of this association is uncertain, the study by Von Daniken et al.
(1984) with DEHP suggests that incorporation of label viaintermediary metabolism is possible.

2-Ethylhexanol

The only suggestion of positive results with 2-ethylhexanol comes from a study where a dight
increase in azaguanine-resistant mutants in Salmonella treated with 0.5 to 1.5 mM 2-ethylhexanol
was found (Seed, 1982). Theincrease in frequency of mutants/survivor was small, and was
matched by areduction in survival, such that there was no increase in the absolute number of
mutants at any dose. Bone marrow cells from male F344 rats exposed to 0.02, 0.07 or 0.21
mL/kg-day 2-ethylhexanol did not show increases in chromosomal aberrations or any induction of
aneuploidy (Philipset al., 1982).

Carcinogenicity

NTP Cancer Bioassay

The following summary evaluation of the potentia carcinogenicity of DEHP is reproduced from
U.S. EPA’s Carcinogen Assessment Group (CAG) November 1986 Review:

“The carcinogenicity of DEHP has been tested in a bioassay using B6C3F mice and
Fischer 344 rats (NTP, 1982; Kluwe et al., 1982). Groups of 50 animals of each sex of
each species were fed diets containing DEHP at two dose levels or untreated diet (controls)
for 103 weeks. Diets containing 6,000 or 12,000 mg/kg feed were ad-ministered to rats,
while mice received 3,000 or 6,000 mg/kg feed. A one to two week non-trestment period
was allowed after the exposure period, after which survivors were sacrificed and examined
grossly and microscopically. Histopathological analyses were conducted on al animals
killed or discovered dead (without excessive tissue damage) and included examination of
skin, lungs, bronchi, trachea, larynx, bones, bone marrow, spleen, lymph nodes, heart,
liver, pancreas, esophagus, stomach, small intestine, large intestine, kidney, bladder,
pituitary, adrenal, thymus, thyroid, parathyroid, salivary gland, mammary gland, testis or
ovary, prostate and seminal vesicles or uterus and brain.
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“In rats, body weight gain was decreased in males treated at both dose levels and females
treated at 12,000 mg/kg diet. Food consumption was dightly decreased in al groups of
treated rats compared to controls. Daily doses of DEHP were calculated to be 322 and
674 mg/kg body weight for low and high-dose males and 394 and 774 mg/kg body weight
for low and high-dose female rats, respectively. Survival of the male or female treated rats
was not affected by DEHP at either dose level. About 60% of the male rats (including
treated and control groups) and 70% of the female rats survived until the end of the study
at 105 weeks. Histopathological examination identified non-neoplastic seminiferous
tubular degeneration and testicular atrophy among 90% (43/48) of the rats exposed to
12,000 mg/kg diet; only 1 of 49 control rats exhibited this pathology. Twenty-two of the
49 high-dose males had hypertrophied anterior pituitary, and hepatic changes (clear
cellularity) were increased in a dose-dependent manner in males. Only adight increasein
hepatic clear cell change was noted in treated female rats.

“The incidence of neoplastic lesions of the liver was increased in both male and female rats
exposed at 12,000 mg/kg diet. Twelve of the 49 high-dose males had hepatocellular
carcinomas or hepatic neoplastic nodule (P < 0.05), while only 3 of 50 control males had
hepatic neoplasia. In high-dose females, 13 of 50 animals had hepatocellular carcinoma or
neoplastic nodule (P < 0.001), while none were identified among controls. Both male and
female rats showed a significant (P < 0.01) dose-dependent increase in the incidence of
liver neoplasms. The incidence of neoplasms of the pituitary, thyroid and testis of male
rats showed a significantly (P < 0.05) decreasing dose-dependent trend (Kluweet al.,
1982).

“In mice, body weight gain was dightly decreased in females ingesting DEHP, while males
gained weight normally. Food consumption was not decreased in any group of treated
mice. At the two dose levels tested (6,000 and 3,000 mg/kg diet), daily doses of DEHP
were 1,325 and 672 mg/kg for males and 1,821 and 799 mg/kg for females, respectively.
Histopathological examination of al mice revealed a higher incidence of seminiferous
tubule degeneration and chronic renal inflammation (non-neoplastic abnormalities) among
high-dose males than control males. The incidence of hepatocellular carcinoma was
increased significantly (P < 0.05) in both male (19/50) and female (17/50) high-dose
groups compared to controls (9/50 males; 0/50 females). A significant (P < 0.05) dose-
dependent trend of increasing hepatocellular carcinoma was also demonstrated for treated
male and female mice. Metastases of the hepatocellular carcinomas were observed in the
lungs of 12 males and 8 females treated with DEHP. The incidence of neoplastic lesions
of other sites was not increased in any group of treated mice compared to controls (Kluwe
et al., 1982).

“The validity of the carcinogenic effect of DEHP determined in the NTP (NTP, 1982;
Kluwe et al., 1982) bioassay using rats and mice was questioned by Northrup et al.
(1982). The high level of exposure was criticized as being excessive, but at the levels
where carcinogenesis was indicated, toxic effects were minima and normal lifespan of the
animals was not shortened. The doses administered were therefore near or below the level
regarded as the maximally tolerated dose (MTD) (Kluwe et al., 1983). Northrup et al.
(1982) aso questioned the incidence and variability of spontaneous liver tumors and
suggested that frequencies occurring in DEHP-treated rats and mice were not greatly
increased. Kluwe et al. (1983) supported the significance of the increased incidence of
hepatocellular carcinoma among treated mice and rats with historical control data which
actualy strengthened the statistical significance of the tumor incidence. The decreased
incidence of tumorsin endocrine organs among male rats, viewed suspicioudy by
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Northrup et al. (1982), apparently resulted from atrophy of these organs and not through a
protective effect. Differencesin the ability to conjugate metabolites of DEHP between
primates and rodents were regarded as possible reasons to consider rodents a poor model
for carcinogenic tests for humans. Kluwe et al. (1983) commented that there is no
evidence that conjugates of DEHP metabolites are the effective agent and that the parent
compound or its primary metabolite MEHP occurs in rodents and primates and may be the
etiologic agent. Phillipset al. (1982) reported that MEHP caused chromosome damage in
Chinese hamster ovary (CHO) cells and may cause the carcinogenic effect of DEHP. In
short, the NTP (1982) study was considered valid in design and conclusions and showed
sufficient evidence to consider DEHP alliver carcinogen in rats and mice (Kluweet al.,
1983).”

Other Cancer Bioassays

Carpenter et al. (1953) administered 0.04 and 0.4% DEHP in the diet for two yearsto 192
Sherman rats. Nine treated rats were reported to have neoplasms (which were not characterized
pathologically); this tumor incidence was not considered by the investigators to be significant. Ina
later study, Harris et al. (1956) administered DEHP in the diet to 172 Albino-Widtar rats for two
years a dose levelsof 0.1 or 0.5%. A tota of three fibroliposarcomas were observed, and were
considered by the investigators to be unrelated to the treatment. Few treated or control animals
were reported to have survived the total two-year testing period. Both the Carpenter et al. (1953)
and Harris et al. (1956) two-year bioassays reported no carcinogenic effects from dietary
administration of DEHP. However, these studies do not conform to current standards for
carcinogenicity bioassays, and were probably insufficiently sensitive to have detected an effect of
DEHP of the small magnitude seen in the NTP bioassay.

Two recent industry-sponsored bioassays in rodents were conducted by Corning Hazelton (1996).
The mouse study was not available in sufficient detail to allow adequate review. In the 104 week
study in F-344 rats the animal s (65/sex/dose) were administered 0, 100, 500, 2,500 or 12,500 ppm
DEHP in the diet for 104 weeks with an additional 12,500 ppm dose group exposed for 79 weeks,
followed by a 26-week recovery period. Mortality, clinical observations, body weight, food
consumption, clinical pathology, organ weights, necropsy and histopathology were evaluated. Also
at 1, 2,13, 79 and 104 weeks chemically-induced cell proliferation and peroxisome proliferation in
the livers of control and high-dose groups were evaluated. At 100 ppm (5.8 mg/kg-day male and
7.3 mg/kg-day female) and 500 ppm (28.9 and 36.1 mg/kg-day) there were no treatment-rel ated
effects including DEHP-induced liver peroxisome proliferation. At 2,500 ppm significantly
increased mean liver weights occurred in both sexes with DEHP induction of liver peroxisome
proliferation evident in both sexes at 104 weeks. In ratskilled at study termination,

hepatocel lular adenomas were detected in 16% and 2% of the males and females, compared to 9%
and 0% in contrals, respectively. For all deaths, thetotal incidence of monocellular leukemiawas
increased to 49% (32/65) in males vs. 23% (15/65) in controls. At 12,500 ppm an increased
incidence of adenomas and carcinomas were first detected at week 79. DEHP induction of liver
peroxisome proliferation was evident in both sexes at weeks 1, 2, 13 and 104. In rats killed at
study termination, hepatocellular adenomas were detected in 45% and 8% of males and females
compared to 9% and 0% in controls, respectively. Hepatocellular carcinomas were detected in 43%
and 28% in males and femal es compared to 2% and 0% in controls, respectively. For al deaths,
the incidence of monocellular leukemia was increased to 42% (27/65) compared to 23% (15/65) in
control males. In the last dose group (12,500 ppm for 78 weeks), there was evidence that some
treatment-related effects were reversible or did not progress following cessation of exposure.
Treatment-related liver enlargement and liver peroxisome proliferation appeared to be reversible as
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were some liver histological effects. Inratskilled at study termination hepatocel lular adenomas
and carcinomas were seen in 25/45% of males and 13/8% of females compared with 45/28% and
8/28%, respectively, in the 12,500 ppm dose group without a recovery period.

A second study in B6C3F1 mice was not available for review but was summarized in a report
submitted to the Office of Environmental Health Hazard Assessment (OEHHA) by Wilkinson
(1997). Fifty animals/sex/dose group were exposed to 0, 100, 500, 1,500 or 6,000 ppm DEHP in
thediet. The study identified NOELSs for peroxisome proliferation of 19.2 mg/kg-day in males and
23.8 mg/kg-day in female mice. Increased liver weights were seen at 500 ppm DEHP. Increased
incidences of hepatocellular adenomas and carcinomas were seen at 1,500 and 6,000 ppm DEHP.
The tumor incidence for females was 3/36, 2/32, 3/40, 3/39 and 8/35 and for males was 2/42,
4/38, 4/39, 9/41 and 5/19 for the respective increasing doses. The tumors were not specified but
presumably are liver carcinomas.

U.S. EPA Evaluation

U.S. EPA (IRIS, last revised 2/1/93) classifies DEHP as a probable human carcinogen based on
dose- dependent liver tumor responses in both sexes of rats and mice. They use the most sensitive
response in male mice as the basis of their carcinogenic slope factor of 1.4 x 10 (mg/kg-day)™.
U.S. EPA considers the human carcinogenicity data inadequate. Supporting data for
carcinogenicity include the finding that the MEHP monoester metabolite of DEHP exhibited DNA
damage and point mutations in microbial assays and clastogenic activity in mammalian cellsin
vitro. Both DEHP and MEHP induced chromosomal aberrations and morphological
transformations in cultured Syrian hamster cells exposed in utero.

|ARC Evauation

IARC reviewed and evaluated DEHP for carcinogenicity in 1982. The IARC working
group concluded that there is sufficient evidence for the carcinogenicity of DEHP in mice
and rats, based on the 1982 NTP cancer bioassay. There was no adequate epidemiological
study available to the working group. 1ARC classifies DEHP as a Group 2B carcinogen
(IARC, 1982).

DOSE-RESPONSE ASSESSMENT

Carcinogenicity

Possible Modes of Action

DNA Binding

Albro et al. (1982) found that carbonyl-labeled DEHP did not bind to purified protein, DNA or
RNA from rat liver in vivo. Ethyl-[1-*"C] -hexyl-labeled DEHP and MEHP bound strongly with
purified DNA, but the binding was not demonstrated to be covalent. Label from free [**C]-2-EH
failed to bind with DNA.

Lutz (1986) aso looked into whether or not DEHP could bind covalently to rat liver DNA. DEHP
radiolabeled in various positions was administered orally to female F344 rats with or without
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pretreatment for four weeks with 1% unlabelled DEHP in the diet. After 16 hours, DEHP with
[*C]-and [*H]-labels in the alcohol moiety, as well as 2-ethyl-[1-**C Jhexanol, resulted in
radioactivity in isolated liver DNA. HPLC analysis of enzyme-degraded DNA showed that the
normal nucleosides had incorporated radiolabel whereas no radioactivity was measured in fractions
where the carcinogen-modified nucleoside adducts were expected. Quantitative evaluation of the
data, using a covalent binding index (umole chemical bound per mole DNA nuclectides)/(mmole
chemical administered per kilogram body weight), indicated that covalent interaction with DNA is
highly unlikely to be the mechanism of tumorigenesis by DEHP in rodents.

Initiation

Peroxisome proliferating agents such as DEHP which lack direct genotoxicity or binding to liver
DNA have recently been subject to initiation studies. Garvey et al. (1987) administered 10 g/kg
DEHP to male F-344 rats by gavage at either 6, 12 or 24 hours. After two weeks of recovery on a
base diet, rats were given two weeks of a diet containing 0.02% 2-acetylaminofluorene (AAF). At
midpoint of the AAF regimen, rats received a single oral dose of 1.5 mL/kg carbon tetrachloride
(CCL,). Thissegquence of AAF-CC1, trestment is known to cause the selective growth of atered
hepatic foci (AHF) initiated with a broad class of compounds. One week after the end of the AAF
feeding period, hepatic foci were quantified using six histological markers. DEHP did not initiate
AHF. Since one current hypothesis for the mechanism of carcinogenic action of DEHP is based on
the central role of peroxisomes, a second initiation experiment was devised which allowed the
induction of peroxisomes during the initiation phase (Garvey et al., 1987). Rodents received 1.2%
DEHPin thediet for 12 weeks. Following the 12 weeks of DEHP treatment, the DEHP diet was
removed and replaced by a diet containing 0.05% phenobarbital for weeks 13 through 52. Asin
the previous initiation experiment, livers were evaluated for AHF. The resultsfailed to
demonstrate a differential response in that the groups receiving the DEHP initiation did not have an
increased number of foci compared to the promotion controls receiving only phenobarbital.

Ward et al. (1986) administered male B6C3Fl mice asingle dose of 25 or 50 g/kg DEHP by
gavage followed by 6 or 18 months of a diet containing 500 ppm phenobarbital. Under the above
conditions, DEHP did not induce AHF or carcinomas in the animals.

Promotion

A number of studies have tested the ability of DEHP and other peroxisome proliferators to
accelerate the progression of preneoplastic cellsto cancer. Since positive staining for g-
glutamyltranspeptidase has been determined to be a poor marker for peroxisome proliferator-
induced lesions (Rao et al., 1987; Glauert et al., 1986), studies using this staining method as a
marker are considered inadequate. Popp et al. (1985) administered male F-344 rats asingle
injection of diethylnitrosamine (DEN) followed two weeks later by six months of 1.2% DEHP in
the diet. DEHP did not increase the size or number of AHF using six histological markers. Rats
were administered 200 ppm of the initiator N-2-fluorenylacetamide for seven weeks in the diet,
followed by four weeks of recovery on the base diet and 24 weeks on adiet containing 1.2% DEHP
(Williamset al., 1987). DEHP did not increase the size or number of AHF identified by iron
exclusion or hematoxylin-eosin staining. DEHP aso failed to increase the incidence of liver
tumors, although the number of rats studied was low (N = 6). Preat and Roberfroid (1987)
administered male Wistar rats a single injection of DEN followed five weeks later by 10 months of
1% DEHP in the diet. DEHP did not increase the incidence of liver cancer in this experiment.

Ward et al. (1983) administered B6C3F| mice asingle dose of DEN followed by up to six months
of adiet containing 0.3, 0.6 or 1.2% DEHP. At 0.6 and 1.2%, DEHP increased both the number
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and size of AHF and the tumor incidence. In alater study, Ward et al. (1984) administered mice a
diet containing 0.03% DEHP for short periods after a single dose of DEN. DEHP enhanced the
incidence of AHF in mice after only 28 days. Therefore, the two studies by Ward et al.
demonstrate the DEHP promotion activity in mice.

Several peroxisomal proliferators with more potent hepatocarcinogenic activities have been tested
for promotion activity in rats. Chronic feeding studies with clofibrate have been shown to increase
the incidence of hepatic tumors after DEN initiation (Preat and Roberfroid, 1987). Nafenopinin
the diet a so increases the incidence of tumors following DEN initiation (Preat and Roberfroid,
1987). Glauert et al. (1986) reported that WY -14,643 enhanced the formation of adenosine
triphosphatase- and glucose-6-phosphatase-deficient foci after initiation by DEN. Thus, these
other peroxisomal proliferating compounds appear to promote liver cancer inrats. Investigators
speculate that promotion experiments with DEHP may require high doses of DEHP (1.2% or
greater in the diet) and large groups of rats to detect a significant promoting effect (Conway and
Butterworth, 1988).

Genotoxicity Secondary to Peroxisomal Generation of Hydrogen Peroxide

The carcinogenicity of nonmutagenic and non-DNA adduct-forming peroxisome proliferators has
been proposed to be related to biologically active products of the proliferated peroxisomes rather
than a direct chemical effect. The hypothesis that there is a relationship between peroxisome
proliferation and liver carcinogenesis in rodents was proposed by Reddy et al. (1980) on the basis
of their findings with a group of five drugs used in the treatment of hyperlipidemia. These
chemicals caused hypolipidemia, hepatomegaly, proliferation of liver peroxisomes and
hepatocellular carcinomain mice or rats, but none caused DNA damage or were mutagenic in the
Ames assay. Peroxisomes contain several enzymes that generate hydrogen peroxide (H.0, ) and
catalase, which degrades H,0, to H,0 and 0,. Treatment of rats with DEHP (Conway and
Butterworth, 1988) causes a large and persistent induction of the H,0.-producing enzyme fatty
acyl-CoA oxidase, the first enzyme in the peroxisomal beta-oxidation system. In contrast, DEHP
does not induce catalase activity to the same degree as acyl-CoA oxidase. DEHP aso produces
substantial decreases (30 to 70%) in the activity of glutathione peroxidases and glutathione-S-
transferases, the enzymes responsible for H,0, and hydroperoxide degradation, respectively. Rao
and Reddy (1987) and others have hypothesized that an imbalance between H,0, production and
degradation could lead to leakage of H,0, from the induced peroxisomes. Cytoplasmic H.0, could
then interact with iron and initiate lipid peroxidation via Fenton reactions. Products of lipid
peroxidation such as aldehydes and hydroperoxides have been shown to damage DNA (Ochi and
Cerutti, 1987; Hornsby and Harris, 1987).

A number of studies have reported an accumulation of lysosomes containing lipofuscin in rodent
hepatocytes after chronic treatment with DEHP and other peroxisome proliferators. Mitchell et al.
(1985) administered 1,000 mg/kg-day DEHP (1%) in the diet of rats and observed an increase in
periodic acid Schiff base-positive, diatase-resistant granules in hepatocytes after one month.
Conway et al. (1988) administered male F-344 rats adiet containing 1.2% DEHP and reported
statistically significant increases in lipofuscin after 40 days. Conjugated dienes, another product of
lipid peroxidation, have also been assayed in livers of rats administered peroxisome proliferators.
Studies with DEHP have shown that it takes six months or more of treatment for accumulation of
conjugated dienesto occur (Lakeet al., 1987).

There have been severa attempts to correlate genotoxicity with the production of active oxygen
speciesin hepatocytes. Butterworth et al. (1984) and Kornbrust et al. (1984) administered 1.2 and
2.0% DEHP, respectively, to male rats for one month to induce peroxisome proliferation.
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Kornbrust et al. (1984) aso inhibited catalase activity in vivo to maximize potential H,0,- induced
DNA damage. DEHP treatment did not cause an increase in unscheduled DNA synthesis (UDS) in
any of the above experiments. However, experimental evidence has shown that UDS is not avery
senditive assay for detecting DNA damage induced by H,0, or lipid peroxidation products.
Butterworth et al. (1984) and Elliot and Elcombe (1987) treated rats with 1.2% DEHP in the diet
for one month and 2 g/kg-day by gavage for 20 to 30 days, respectively. In both experiments
DEHP treatment did not cause a detectable increase in DNA strand breaks in isolated hepatic
nucle. 1t isnoted that H,0, induced strand breaks have been shown to repair very rapidly, and that
this may have occurred during the preparation of the DNA.

DEHP has aso been demonstrated to cause modest (less than two-fold greater than control) but
statistically significant increases in 8-hydroxydeoxyguanosine (8-OH-dG) liver DNA adducts
(Takagi et al., 1990). Unrepaired 8-OH-dG adducts may lead to base mispairing, resulting in
genotoxicity (Clayson et al., 1994).

Attempts have been made to determine the relationship between the degree of peroxisome
proliferation and the relative hepatocarcinogenicity of several peroxisome proliferators. Reddy et
al. (1986) administered male F-344 rats diets containing ciprofibrate, DEHP and di(2-ethylhexyl)-
adipate for 30 days and compared hepatic peroxisomal fatty acyl-CoA oxidase activity to historical
carcinogenesis data. A dose of ciprofibrate (0.02%) that caused a 100% incidence of carcinomas
after 60 weeks can be compared to doses of DEHP (1.2%) and di(2-ethylhexyl)adipate (2.5%) that
caused less than a 10% incidence of carcinomas after two years. In contrast to the relative
carcinogenicities of the above diets, fatty acyl-CoA oxidase activity in rats fed ciprofibrate was
only double that of the rats receiving DEHP or di(2-ethylhexyl)adipate.

Tomaszewski et al. (1986) administered male F-344 rats and female B6C3F mice nafenopin,
DEHP or di(2-ethylhexyl)adipate for 14 days. Steady-state H,0, concentrations were measured in
liver homogenates. In rats the rank order of calculated H,0, concentrations and the carcinogenicity
of the compound was similar (i.e., nafenopin > DEHP > di(2-ethylhexyl)adipate). However,
whereas the concentrations of H,0, in homogenates were five-fold higher in mice treated with
DEHP than mice treated with di(2-ethylhexyl)adipate, these two chemicals show equivalent
carcinogenic potenciesin mice. Marsman et al. (1987) and Conway et al. (1988) measured
peroxisome proliferation in the livers of male F344 rats fed 1.2% DEHP and 0.1% WY -14,643 for
up to one year. After one year, rats treated with WY -14,643 exhibited approximately 60
neoplasms per liver compared to zero found in DEHP-fed or control rats. Although peroxisome
proliferation was similar in rats receiving DEHP or WY -14,643, fatty acyl-CoA oxidase activities
and peroxisomal volume densities were 20 to 30% gresater in rats fed WY -14,643. Data from the
above studies indicates that the differences in peroxisoma induction are marginal at best, and do
not reflect the difference in the carcinogenic response seen in rats fed these peroxisomal
proliferating chemicals.

The relationship between accumulation of lipofuscin and conjugated dienesin therat liver and
carcinogenicity was examined by Conway et al. (1988). Rats received 1.2% DEHP or 0.1% WY -
14,643 in the diet for one year, with many liver tumors occurring from WY -14,643 only. DEHP
produced a two- to four-fold increase in lipofuscin after 40 to 365 days of treatment. With WY -
14,643, lipofuscin increased after only 18 days and continued to reach values about 30-fold above
controls after ayear. Conjugated dienes were increased after 6 or 12 months of WY -14,643
feeding, whereas DEHP feeding did not increase conjugated dienes after ayear. An earlier study
(Lakeet al., 1987) found that two years of DEHP feeding increased conjugated dienesin rat livers.
The Conway et al. (1988) study suggests a possible general correlation between lipofuscin and
conjugated diene accumulation and the carcinogenicity of peroxisome proliferators.
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The effects of long-term trestment with peroxisome proliferators on cell proliferation have been
investigated. Marsman et al. (1988) compared replicative DNA synthesisin male F-344 rats
receiving a diet containing 1.2% DEHP or 0.1% WY -14,643. A minipump technique allowed
accurate quantification of low levels of replicative DNA synthesisin therat liver. A large and
equivalent increase in replicative DNA synthesis occurred in DEHP- and WY -14,643-fed rats
during the first week of treatment, corresponding to chemically-induced liver growth. A sustained
5- to 10-fold increase in replicative DNA synthesis was found in rats receiving WY -14,643 from
39 to 365 days. Replicative DNA synthesisin DEHP-fed rats was at control levels at days 18, 39,
77 and 151, but increased to 70% above controls at 365 days. This study indicated a strong
correlation between persistent cell proliferation and the high carcinogenicity of WY-16,643 as
compared to DEHP. However, this picture is complicated by a recent study by Lawani et al.
(1985), which suggests that increases in replicative hepatic DNA synthesis caused by peroxisome
proliferators may not be indicative of cell proliferation, but may rather indicate an increase in
hepatic nuclear ploidy. This may indicate that prior studies which reported increasesin cell
proliferation using light microscopic evaluations of bromodeoxyuridine (BrdU)-labeled cell nucle
may have in fact been observing increases in hepatic nuclear ploidy. Additionally, some
peroxisome proliferator-induced increases in hepatic cell number may be due to an inhibition of
apoptosis (programmed cell death) (Roberts, 1996).

Peroxisome Proliferator Activated Receptor

Melnick et al. (1996) have reviewed the potential mechanisms of a number of nongenotoxic
carcinogens including DEHP. The following extract on peroxisome proliferator activated receptor
(PPAR) is taken from their paper:

“The discovery of the peroxisome proliferator-activated receptor (PPAR) (Issemann &
Green, 1990), aligand-activated intracellular transcription factor, provides a mechanistic
basis for understanding how peroxisome proliferators modulate gene expression leading to
induction of peroxisomal enzymes. Ligand binding activates the receptor, which
subsequently forms a heterodimer with the retinoid X receptor. It isthisternary complex
which binds to specific DNA response elements, causing transcriptional activation of genes
coding for peroxisomal enzymes (Kliewer et al., 1992; Issemann et al., 1993). Humans
possess PPAR subtypes, including one that shows high homology with rodent PPAR-a and
that can be activated by peroxisome proliferators (Sher et al.,1993). It is not known
whether a peroxisome proliferator (or one of its metabolites) binds directly to the receptor
or whether receptor activation is mediated by changesin cellular levels of an endogenous
ligand (e.g., fatty acid or fatty acyl-CoA). Further research is needed on binding of
exogenous and endogenous ligands to PPAR subtypes in rodent and human hepatocytes,
dose-response comparisons of the transcriptiona activation of peroxisomal genesin rodent
and human hepatocytes, regulation of PPAR activity, and interindividual variability of
PPAR in human populations.

“Effects in Humans. The fact that hypolipidemia, one of the pleiotropic effects of
peroxisome proliferators in rodents, is also induced by these drugs in humans demonstrates
that humans are responsive to these chemicals. Moderate increases in peroxisome number
or volume density have been observed in patients taking clofibrate or ciprofibrate (Ashby
et al., 1994). Induction of peroxisomal proliferation in human hepatocyte cultures could
not be demonstrated. This difference between in vivo and in vitro behavior may be related
to culturing conditions, as insulin inhibits and dexamethasone stimulates fatty acid-induced
transcription of PPAR and peroxisomal enzymesin rat hepatocytes both in vivo and in
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vitro (Steineger et al., 1994). Effects of these factors in human hepatocytes need to be
investigated.”

Melnick et al. (1996) reviewed a number of nongenotoxic carcinogens including DEHP and
concluded that: 1) many chemicals considered to be nongenotoxic carcinogens actually possess
certain genotoxic activities, 2) some nongenotoxic activities may cause oxidative DNA damage and
thereby initiate carcinogenesis, 3) cytotoxicity and mitogenesis do not reliably predict
carcinogenesis and 4) athreshold tumor response is not an inevitable result of a receptor-mediated
mechanism.

Gaylor and Zheng (1996) have also stated that: 1) athreshold dose is questionable if a
nongenotoxic carcinogen acts viaa cell receptor, 2) a nongenotoxic carcinogen that increases the
cell proliferation rate viathe cell division rate is not likely to have a threshold dose and 3) dose-
response curves for cell proliferation and tumor incidence do not necessarily mimic each other.

Linear approach

According to the proposed draft guidelines for carcinogen risk assessment (U.S. EPA, 1996) the
type of extrapolation employed for a given chemical depends on the existence of data supporting
linearity or non-linearity or a biologically-based or case-specific model. When no data are
available supporting either approach the default isto use alinear extrapolation. When data
support both approaches and no model exists the default is to use both linear and non-linear
methods. DEHP seems to fit this latter category with sufficient uncertainty about its mode of
action to justify both approaches.

U.S. EPA has previousy employed the linearized multistage model (LMS) with the datasets from
the rodent cancer bioassays on DEHP conducted by the (NTP, 1982; Kluwe et al., 1982).
Although four potencies or slope factors were determined for combined hepatocellular carcinoma
and neoplastic nodules in male and female rats [0.0032 and 0.0045 (mg/kg-day) ™, respectively],
and for hepatocel lular adenomas and carcinomas in male and female mice [0.014 and 0.010
(mg/kg-day) ™, respectively], U.S. EPA sdlected the highest value of 0.014 (mg/kg-day)™] (IRIS,
1993). An adternative assessment by U.S. EPA’s Office of Water (U.S. EPA, 1986b) employing
revised human equivalent doses resulted in potencies of 0.00295, 0.00352, 0.00836 and 0.00473
(mg/kg-day) ™, respectively. The highest value of 0.0084 (mg/kg-day) ™ was selected by OEHHA
asitsoral potency value (DHS, 1988).

All of the potencies derived by U.S. EPA were scaled to human equivalent using (body weight)?2,
The proposed 1996 guidelines for carcinogen risk assessment recommend a linear extrapolation
approach based on the 95% lower bound on the dose which produces a 10% tumor incidence
(LED40) and inter-species scaling based on (body weight)**. Table 3 summarizes the key rodent
cancer bioassay datasets and the cancer potency values derived from them. In all casesthe
TOX_RISK (v.3.1, K.S. Crump Division, Clement International Corp., Ruston, LA) program was
used to fit the multistage model to the quantal data sets. Inter-species scaling (rodent to human)
was based on (body weight)** resulting in a potency correction factor of (human body weight/
animal body weight)™. The o,* cancer potencies or the 95% upper-bound on the linear slope at
low dose (LMS) were calculated directly by the program. To calculate cancer slope factors
(CSFs) based on the LEDq or the 95% lower-bound on the dose that is predicted to give a 10%
tumor incidence, the value predicted by the program in ppb diet units was first converted to mg/kg-
day assuming 1.5 kg/day diet intake for a 70 kg human. The CSF isthen calculated as 0.1/LEDg
in units of (mg/kg-day)™. As can be seen from Table 4a the potency estimates for liver tumors are
quite similar whether based on the q1* or the CSF ranging from a CSF of 9.8 x 10" for female rat
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liver carcinoma and neoplastic nodulesin the NTP (1982) study to ac,* of 3.2 x 10° for male rat
liver carcinoma and neoplastic nodules in the Corning Hazleton (1996) study. The best valueis
probably the CSF of 3.0 x 10° (mg/kg-day) ™ for liver adenomas and carcinomas in the male rat
from the same study. This can be compared with U.S. EPA’s current value of 1.4 x 10 (mg/kg-
day)™ or OEHHA’s current oral value of 8.4x 10° (mg/kg-day)™. For the CSF calculations we
have employed ap 2 0.05 criterion for the Chi-squared goodness of fit statistic.

Table 3a. Carcinogenic Potency Estimates for DEHP from Rodent Cancer Bioassays

Study / Doses Quantal  q,* c? p k LEDy CSF
Data Set (mg/kg-d) Tumor  (mg/kg-d)™* (mg/kg-d)* (mg/kg-d)™*
Response

NTP (1982): 103 weeks treatment, 105 weeks duration

M Rat, liver 0, 3/50, 19x10% 00 10 2 55098 1.8x 10°
carcinomaor 322, 6/49,

neoplastic 674 12/49

nodule

FRat, liver 0O, 0/50, 1.0x10® 001 092 2 1021 9.8x 10*
carcinomaor 394, 2/49,

neoplastic 774 8/50

nodule

M Mouss, 0, 9/50, 26x10° 00017 097 2 40.16 25x 10°
liver 672, 14/48,

carcinoma 1,325 19/50

F Mouse, 0, 0/50, 21x10° 00 10 2 5076 2.0x 10°
liver 799, 7/50,

carcinoma 1,821 17/50

Hazleton (1996): 104 weeks duration.

M Rat, liver 0, 5/80, 32x10° 08 084 4 3341 3.0x 10°
carcinomaor 5.8, 5/50,
neoplastic 28.9, 4/55,
nodule 146.6, 11/65,
789.0 34/80
FRat, liver 0O, 0/80, 14x10%° 792 002 4 7316 14x10°
carcinomaor 7.3, 4/50,
neoplastic 36.1, 1/55,
nodule 181.7, 3/65,
9385 21/80

Note: The gu* is the carcinogenic potency determined by the linearized multistage model. C?isthe value
of the chi squared goodness of fit statistic; p is the significance level of the chi squared value where a
criterion of p3 0.05is considered an adequate fit of the polynomial equation to the quantal tumor
response data set; k is the number of non-zero doses used in the fitting procedure. The LED, is the 95%
lower confidence limit on the dose required to give a 10% tumor incidence. The CSF is the carcinogenic
potency or cancer slope factor calculated from the LEDqq (i.€., 0.1/LED;9 = CSF).
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Table 3b. Multistage Models fit to DEHP Rodent Cancer Bioassay Data

Study / Data Doses
Set (mg/kg-day)

Quantal Tumor  Polynomial Coefficients
Response

NTP (1982): 103 weeks treatment, 105 weeks duration.

M Rat, liver 0, 3/50, 00=6.187540E-2 0:=1.115209E-4
carcinoma or 322, 6/49, 0,=3.166839E-7
neoplastic 674 12/49
nodule
F Rat, liver 0, 0/50, 00=0.0 0:=0.0
carcinoma or 394, 2/49, 0,=2.862112E-7
neoplastic 774 8/50
nodule
M Mousg, liver 0, 9/50, 00=1.992340E-1 0:=2.121160E-4
carcinoma 672, 14/48, 0,=0.0

1,325 19/50
F Mousg, liver 0, 0/50, 00=0.0 0:=1.579497E-4
carcinoma 799, 7/50, 0,=3.856678E-8

1,821 17/50

Hazleton (1996): 104 weeks duration

M Rat, liver 0, 5/80, 0o=7.560943E-2 0:=6.176571E-4
carcinoma or 5.8, 5/50, 0=0.0 0:=0.0
neoplastic 28.9, 4/55, g,=0.0
nodule 146.6, 11/65,

789.0 34/80
F Rat, liver 0, 0/80, 00=2.598187E-2 0:=1.150446E-4
carcinoma or 7.3, 4/50, 0=0.0 0:=0.0
neoplastic 36.1, 1/55, 0,=2.198296E-13
nodule 181.7, 3/65,

938.5 21/80
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Figure 1. Multistage Fit of Hazleton '96 DEHP Male Rat Data

Non-linear approach

In the non-linear approach it is assumed that a practical threshold for carcinogenic effects exists at
some dose below those employed in the cancer bioassays. The point of departure for this
calculation would be an appropriate LED;, for tumor formation in the rodent bioassay (i.e., the
33.41 mg/kg-day value) for male ratsin the Corning Hazleton study. This value can be treated as
an LOAEL for DEHP-induced carcinogenicity in calculations of an adequate margin of exposure
(MOE). Familiar uncertainty factors would be employed.

Noncarcinogenic Effects

The most sensitive noncarcinogenic endpoint is probably that for reproductive or developmental
toxicity in the NTP (1984) study in mice. In this continuous breeding study an NOAEL of 0.01%
DEHP in feed (14.2 mg/kg-day) was identified. Assuming 5.1 g/day of feed consumed and an
average body weight of 36 g, the study doses were estimated as 0, 14.2, 141 and 425 mg/kg-day.

CALCULATION OF PHG

Carcinogenic Effects

Data from the NTP (1982) bioassay has been used by a number of agenciesto calculate human
carcinogenic risk estimates. Under the DHS carcinogen guidelines (DHS, 1985), DEHP is
identified as a carcinogenic hazard because an oncogenicity bioassay conducted in male and female
B6C3F mice and F-344 rats was considered to provide clear evidence of carcinogenicity for
DEHP (NTP, 1982). Although this study has been criticized (Northrup et al., 1982), U.S. EPA
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(19864) concluded that the evidence on potentia carcinogenicity from animal studiesis
“sufficient,” and that DEHP is a probable human carcinogen.

In 1986, U.S. EPA (1986a) summarized the weight-of-evidence regarding the oncogenic potential
of DEHP:

“DEHP administered in the diet at levels near the maximum tolerated dose (MTD) for 103
weeks has been shown to be carcinogenic in male and female F344 rats and B6C3F mice.
The incidence of hepatocellular carcinoma or hepatic neoplastic nodules was significantly
(p < 0.05) increased in male rats exposed at 12,000 mg/kg diet and female rats at 6,000
and 12,000 mg/kg diet. A significant (p < 0.05) dose-dependent trend of increasing liver
neoplasms was reported for both sexes of rats. In mice treated at 3,000 and 6,000 mg/kg
diet, hepatocellular carcinoma was significantly (p < 0.05) elevated in high-dose males and
all treated females compared to controls. Both sexes showed a significant (p < 0.05) dose-
dependent trend of increasing hepatocellular carcinoma.

“No data regarding the carcinogenicity of DEHP to humans were available. No case
reports or epidemiological studies on humans exposed to DEHP were located in the
available literature. Thus, using the U. S. EPA (1984) Guidelines for Carcinogen Risk
Assessment for evaluating the overall weight of evidence to humans, DEHP is most
appropriately classified as a Group B2 chemical.”

The data from the recent Corning Hazleton (1996) study essentially confirm the earlier NTP rat
study with more dose levels. Dueto the lack of clear indication of athreshold from the dose
response data or any convincing mechanistic data or models, U.S. EPA’s proposed cancer
guidelines would suggest that alinear approach would probably be the most appropriate method to
assess human cancer risks. In the calculations below both linear and non-linear approaches are
presented.

Linear Approach
Assuming that the CSF of 3.0 x 10° (mg/kg-day)™ is the best estimate of cancer potency, a health-

protective drinking water concentration (C) for DEHP (in mg/L) can be calculated using the
general equation for carcinogenic endpoints:

C = BW xR = mg/L

CSF x L/day
where,
BW = Adult default male body weight (70 kg)
R = De minimis theoretical lifetime excess individual cancer risk level (10°)
L/day = Volume of water consumed daily by an adult (2 L/day).
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Therefore,

C = 70 kg x 10°
3 x 10° (mg/kg-day)™ x 2 L/day

0.0116 mg/L = 0.012 mg/L (rounded) = 12 ppb.

A public health-protective concentration for DEHP in drinking water using the linear approach is
12 ppb.

Non-linear Approach
Assuming that a non-linear approach is more appropriate, a health-protective drinking water

concentration (C, in mg/L) can be calculated following the genera equation for carcinogenic
endpoints:

C = LED;ox BW x RSC
UF x L/day

where,

LED;o = 95% L ower-bound on the dose that gives a 10% tumor incidence rate (use
33.4 mg/kg-day for DEHP)

BW = Adult default male body weight (70 kg)

RSC = Relative source contribution (use a default of 20% or 0.2 for DEHP)

UF = Uncertainty factors (use 1,000 for DEHP: 10-fold for the severity of the
endpoint, 10-fold for human variability, and 10-fold for conversion of an
LOAEL to an NOAEL)

L/day = Volume of drinking water consumed daily for an adult (2 L/day).

Therefore,

C = 33.4 mg/kg-day x 70 kg x 0.2

1,000 x 2 L/day
= 0.234 mg/L =0.23 mg/L (rounded) = 230 ppb.
Noncarcinogenic Effects

A health-protective drinking water concentration (C) for DEHP in drinking water (in mg/L) can be
calculated following the genera equation for noncarcinogenic endpoints:

C = NOAEL x BW xRSC = mg/L
UF x L/day
where,
NOAEL = No-observed-adverse-effect-level (14.2 mg/kg-day)
BW = Adult default male body weight (70 kg)
RSC = Relative source contribution (default of 20% or 0.2 for DEHP)
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UF = Uncertainty factor (use 1,000 for DEHP: 10-fold for inter-species
extrapolation, 10-fold for human variability, and 10-fold for the
developmental and reproductive endpoint)

L/day = Volume of drinking water consumed daily for an adult (2 L/day).
Therefore,
C = 14.2 mg/kg-day x 70 kg x 0.2

1,000 x 2.0 L/day

0.0994 mg/L = 0.1 mg/L (rounded to nearest mg/L) = 100 ppb.

OEHHA concludes that the most sensitive endpoint for assessing potential human risk from
chronic low level exposure to DEHP islikely to be the carcinogenic endpoint. Based on the lack
of aclear dose-response indicative of athreshold for the carcinogenicity of DEHP demonstrated in
rodent bioassays or other convincing mechanistic arguments as to the mode(s) of action of DEHP,
current guidelines would propose a linear approach to assess human risks. From the calculation
above, a public health-protective concentration based on a de minimis theoretical excessindividual
lifetime cancer risk level of 10°is0.012 mg/L (12 ppb). For risk management purposes, public
health-protective concentrations of 120 and 1,200 ppb can be calculated based on the linear
approach at theoretical excess individual lifetime cancer risk levels of 10° and 10, respectively.
The value of 12 ppb based on the de minimis risk level is the lowest (i.e., most health-protective)
of the calculated values above, both using the linear and non-linear approaches for cancer risk
estimates and for the developmental and reproductive (noncarcinogenic) endpoint. Therefore,
OEHHA calculates and adopts a PHG of 12 ppb for DEHP in drinking water which is justified
based on the scientific analysis as well as being public health-protective.

RISK CHARACTERIZATION

DEHP is an artificial substance with no sources other than human activities. It is awidespread
environmental contaminant, but levelsin the general environment are generally low. Higher levels
of exposure for some individuals potentially arise from substantial local concentrations in waste
sites, industrial sites where DEHP is used or stored and from certain specia situations such as the
repeated use of medical devices containing DEHP-plasticized PVC plastics. Adverse health effects
which may occur as aresult of human exposure to DEHP include cancer, developmental toxicity
and reproductive toxicity. While experimental data in rodents indicate a potential for synergistic
interaction with other water contaminants, notably trichloroethylene, for selected reproductive
toxicity endpoints, the relevance of these observations with respect to human exposures and
toxicity is highly uncertain.

The carcinogenicity of DEHP was tested in two major series of experiments. In thefirst (NTP,
1982; Kluwe et al., 1982), both male and femal e rats exhibited significant dose-dependent
increases in the incidence of liver neoplasms (hepatocellular carcinomas or hepatic neoplastic
nodules). Similarly, both male and female mice exhibited significant dose-dependent increasesin
hepatocellular carcinomas. The survival and growth of animalsin this study showed minimal
impact in spite of the high doses of DEHP used. In the second series (Corning Hazleton, 1996),
both rats and mice were studied but only the data from rats were available at the time of
preparation of this report. Hepatocellular adenomas and carcinomas were increased significantly
in both sexes at the highest dose level (12,500 ppm), and also amarginal increase of these tumors
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was apparent in the next highest dose level (2,500 ppm) in malesonly. Increasesin mononuclear
cell leukemia were aso noted in the high-dose groups. Effects of all types were minimal in the two
lowest dose groups. In this series of experiments, both rats and mice were studied but full data
were available only from the rats at the time of preparation of this report. Preliminary accounts of
the mouse study indicate that the results are similar to the concurrent rat study, and to the NTP
mouse study, with observation of hepatocellular carcinoma at the two highest dose levels. Both
these series of studies appear to have been well designed and conducted, and there is little reason to
doubt the conclusion that high doses of DEHP are carcinogenic to rodents.

A considerable number of studies in rodents (including the NTP long-term bioassay described in
the section on carcinogenesis, and a separate NTP multi-generation reproductive toxicity study)
have produced evidence that high doses of DEHP result in testicular atrophy, impaired male
reproductive performance and various cellular and endocrine changes related to these findings.
Severa studiesin mice and rats also indicate that gestational exposure to DEHP resultsin
developmental toxicity, causing fetal death, reductionsin neonatal weight and survival and various
malformations. Postnatal exposure viamilk also causes decreased weight gain, liver enlargement
and peroxisome proliferation in the brain and liver, in exposed rat pups. The reproductive and
developmental effects of DEHP have been primarily reported in rodents. Direct evidence of such
toxic effects in humans does not exist, and systematic studies in non-rodent species are not
available.

Many reports show that exposure of rodents to DEHP resultsin liver peroxisome proliferation.
This response is visible microscopically as a massive increase in the number of peroxisomes (a
small membranous organelle which contains various oxidative enzymes) in the hepatocytes, and
also lesser increases in the number of mitochondria and lysosomes. These changes are associated
with liver enlargement at the macroscopic level, and with various biochemica changes including
increases in oxidative metabolism of fatty acidsin both peroxisomes (by oxidase enzymes) and
mitochondria (by b oxidation). Peroxisome proliferation is associated with various kinds of cell
damage ascribed to excess of oxygen-containing reactive intermediates, including increasesin lipid
peroxidation, 8-hydroxyguanosine residuesin DNA, and cell death. Increasesin cell proliferation
aretypically noted within afew days of the start of exposure to DEHP, athough this effect may be
reduced or modified at later times during chronic exposures. A number of different chemicals
besides DEHP have this effect on the rodent liver. Many of these compounds do not have obvious
resemblance in chemical structure to DEHP, but belong to classes of chemical known to have
hypolipidemic activity in vivo: some have been used as drugs to lower serum lipid levels (both in
preclinical and clinical trials and as approved for human use).

Studies with DEHP and other peroxisome proliferation inducersin rodent, and in other mammalian
speciesincluding primates, have shown that the rodent species show greater sensitivity to this
effect than others. The highly visible histological changes and oxidation-related pathology are
apparently not seen in non-rodent (including primate) species, athough some of the biochemical
aterations, including the hypolipidemic response to the drugs, have been seen in other species
including humans. Some reports of increased peroxisome levels in humans exposed to large doses
of DEHP or to hypolipidemic drugs have appeared, but in genera such response are much less
extreme and less sengitive than those characteristic of the rodent species. Nearly al of the reports
of peroxisome proliferation in rodents relate to its occurrence in the liver. A few reports suggest
that the response can occur in other tissues also but to aless extreme and visible degree; some of
these suggest that the great difference in sensitivity of the rodent liver is not necessarily
characteristic of extrahepatic tissues.
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DEHP has generaly been found to not induce gene mutationsin in vitro and in vivo mutation
assays. However, DEHP exposure may cause deleterious chromosomal effects such as
chromosomal aberrations and aneuploidy. No DEHP-derived adducts have been found in DNA in
exposed rodent liver, although 8-hydroxyguanosine residues considered characteristic of oxidative
damage to DNA have been found.

The mechanism by which DEHP causes the carcinogenic effect observed in rodent liver is
unknown, and may involve severa different processes acting simultaneoudly. The hypothesis has
been advanced that the carcinogenic effect is caused directly by the peroxisome proliferation,
perhaps due to oxidative damage to DNA resulting in mutations of proto-oncogenes. Alternatively
or additionally, the increases in cell proliferation seen after DEHP exposure may amplify either the
effect of the background mutation rate, the enhanced mutation rate (if any) resulting from the
oxidative DNA damage or any potentia clastogenic effect. On the other hand there now appearsto
be sufficient evidence to conclude that although the carcinogenic response and the peroxisome
proliferation response often appear in the same tissue and at similar dose levelsthe link is not
necessarily so close as to support a strict causal association.

Recent studies have suggested that both the peroxisome proliferation response and the stimulus to
cell proliferation (and perhaps also some other biochemical responses which are observed, such as
induction of cytochrome Pas, iS0enzymes associated with W1 hydroxylation of fatty acids) are
independent responses to activation of an intracellular receptor (“peroxisome proliferation
activation receptor,” PPAR). It may be that activating this receptor results in sufficient
perturbation of the normal control of cell division to explain, or at least contribute to, the observed
carcinogenic and promoting activities of DEHP. Receptor interactions, either with PPAR or with
steroid receptors, have been also considered probable causes of the developmenta and reproductive
effects. It does not appear likely that peroxisome proliferation isasole or primary cause of these
effects, although it may contribute to their severity especially at high doses and in some tissues.

Thisis an important difference, because the peroxisome proliferation response, at least in its
extreme form with associated oxidative cell damage, appears to be specific to the rodent liver. On
the other hand it seems that all mammalian species have aform of the PPAR, that it iswidely
distributed in extrahepatic tissues as well asthe liver and that it is capable of responding to DEHP
and other peroxisome proliferation inducing agents. If a receptor-based mechanismisin fact
responsible for the carcinogenic, reproductive and devel opmental effects of DEHP then it is not
possible to conclude with the information presently at hand that these effects would be seen only in
rodents. However there may be modulating effects of the peroxisome response and a so perhaps
differences in pharmacokinetics which might result in greater sensitivity of rodents, compared to
other species, to some or all of these effects.

The interpretation of the data on the biological mechanisms of DEHP toxicity have important
implications for the selection of dose-response models for risk assessment. The classica
“genotoxic” model for the carcinogenic effect, which has been generally assumed to mandate the
assumption of low-dose linearity, may not be applicable to DEHP. The assumption of asimple
oxygen-toxicity model based on peroxisome proliferation could be used to argue for a“true
threshold” model, since presumably such effects would not be seen until a dose rate where the
peroxisome induction and oxidant generation exceeded the reserve capacity of the detoxification
and repair mechanisms. On the other hand a receptor model could show a number of possible
dose-response shapes, ranging from Michaelis-Menten (which approximates to linearity at low
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doses) to Hill equation or other cooperative binding relationships with various degrees of non-
linearity between observed dose effect ranges and the environmental levels expected. On the whole,
such mathematical constructions result in aan S-shaped or “hockey stick” type of curve rather
than a true threshold. Although it may be possible to construct a receptor-response model which
produces a true threshold, this certainly cannot be assumed. In addition, it has been shown that
even where true thresholds apply to the dose response of an individual to atoxic effect, the existing
background exposures (which may exceed the threshold for some exposed individuals) and/or
variations in individua sensitivity may result in a population dose response which is linear (or at
least close to linear) at low doses.

Dose-response assessments were performed for the two classes of hazard identified, carcinogenicity
and developmental or reproductive toxicity. Because of the different nature of the hazards involved
the risks of these different hazards are not necessarily directly comparable. However, asfar as
possible similar methodology and assumptions were used in both cases to facilitate a decision asto
which hazard is likely to be limiting in determination of the risk estimates for these endpoints,
based on anima studies, indicate that health risks would be minimal provided that daily intake does
not exceed alevel between 24 and 200 pg/day (depending on the endpoint, assumptions and
methodology used in the analysis). These levels correspond to drinking water levels of 12 to 100
ppb, respectively. Inview of thisit isevident that use of OEHHA'’s calculated value of 12 ppb as
a PHG provides adequate public health protection.
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