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CI confidence interval(s)

CNS central nervous system

CPK creatinine phosphokinase

CREST antikinetochore

CSF cancer slope factor

Cv concentration in venous blood

CYP450 cytochrome P450

DEN diethylnitrosamine

FISH fluorescence in situ hybridization

G-6-Pase glucose-6-phosphatase

GC gas chromatography

GGT y-glutamyl transpeptidase

GST-P glutathione S-transferase placental form

HEAA B-hydroxyethoxy acetic acid

HED(s) human equivalent dose(s)

HPLC high-performance liquid chromatography

HSDB Hazardous Substances Data Bank

Hz Hertz

IARC International Agency for Research on Cancer

i.p. intraperitoneal
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1st order, non-saturable metabolism rate constant for 1,4-dioxane in the liver
Michaelis constant for metabolism of 1,4-dioxane in the liver
1st order elimination rate of HEAA (1,4-dioxane metabolite)

Organization for Economic Co-operation and Development

iv. intravenous

IRIS Integrated Risk Information System
JBRC Japan Bioassay Research Center

ke 1st order elimination rate of 1,4-dioxane
Kinn 1st order 1,4-dioxane inhalation rate constant
Kic

Kn

Kme

Koc soil organic carbon-water portioning coefficient
LAP leucine aminopeptidase

LDs median lethal dose

LDH lactate dehydrogenase

LOAEL lowest-observed-adverse-effect-level
MCH mean corpuscular hemoglobin

MCV mean corpuscular volume

MOA mode of action

MS mass spectrometry, multi-stage

MTD maximum tolerated dose

MVK Moolgavkar-Venzon-Knudsen (model)
NCE normochromatic erythrocyte

NCI National Cancer Institute

ND no data, not detected

NE not estimated

NOAEL no-observed-adverse-effect-level

NRC National Research Council

NTP National Toxicology Program

OCT ornithine carbamyl transferase

OoDC ornithine decarboxylase

OECD

PB blood:air partition coefficient

PBPK physiologically based pharmacokinetic
PC partition coefficient

PCB polychlorinated biphenyl

PCE polychromatic erythrocyte

PFA fat:air partition coefficient

PLA liver:air partition coefficient

POD point of departure

ppm parts per million

PRA rapidly perfused tissue:air partition coefficient
PSA slowly perfused tissue:air partition coefficient
QcCcC normalized cardiac output

QPC normalized alveolar ventilation rate
RBC red blood cell

RfC inhalation reference concentration

RfD oral reference dose

SCE sister chromatid exchange
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SDH
SMR
SRC
TPA
TWA

UF
UNEP
U.S. EPA

VAS
Va

Vm ax
VmaxC
VOC(s)
WBC

sorbitol dehydrogenase

standardized mortality ratio

Syracuse Research Corporation
12-O-tetradecanoylphorbol-13-acetate
time-weighted average

uncertainty factor

United Nations Environment Programme
U.S. Environmental Protection Agency
volts

visual analogue scale

volume of distribution

maximal rate of metabolism

normalized maximal rate of metabolism of 1,4-dioxane in liver
volatile organic compound(s)

white blood cell

Chi-squared
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FOREWORD

The purpose of this Toxicological Review is to provide scientific support and rationale
for the hazard and dose-response assessment in IRIS pertaining to chronic exposure to
1,4-dioxane. It is not intended to be a comprehensive treatise on the chemical or toxicological
nature of 1,4-dioxane.

The intent of Section 6, Major Conclusions in the Characterization of Hazard and Dose
Response, is to present the major conclusions reached in the derivation of the reference dose,
reference concentration, and cancer assessment, where applicable, and to characterize the overall
confidence in the quantitative and qualitative aspects of hazard and dose response by addressing
the quality of the data and related uncertainties. The discussion is intended to convey the
limitations of the assessment and to aid and guide the risk assessor in the ensuing steps of the
risk assessment process.

For other general information about this assessment or other questions relating to IRIS,
the reader is referred to EPA’s IRIS Hotline at (202) 566-1676 (phone), (202) 566-1749 (fax), or
hotline.iris@epa.gov (email address).

NOTE: New studies (Kasai et al., 2009; Kasai et al., 2008) regarding the toxicity of
1,4-dioxane through the inhalation route of exposure are available that were not included in the
1,4-dioxane assessment that was posted on the IRIS database in 2010 (U.S. EPA, 2010).

These studies have been incorporated into the previously posted assessment for review
(U.S. EPA, 2010). Sections including new information can be identified by the red underlined
text in the document. The entire document is provided for completeness.
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1. INTRODUCTION

This document presents background information and justification for the Integrated Risk
Information System (IRIS) Summary of the hazard and dose-response assessment of
1,4-dioxane. IRIS Summaries may include oral reference dose (RfD) and inhalation reference
concentration (RfC) values for chronic and subchronic exposure durations, and a carcinogenicity
assessment.

The RfD and RfC, if derived, provide quantitative information for use in risk assessments
for health effects known or assumed to be produced through a nonlinear (presumed threshold)
mode of action. The RfD (expressed in units of mg/kg-day) is defined as an estimate (with
uncertainty spanning perhaps an order of magnitude) of a daily exposure to the human
population (including sensitive subgroups) that is likely to be without an appreciable risk of
deleterious effects during a lifetime. The inhalation RfC (expressed in units of mg/m?®) is
analogous to the oral RfD, but provides a continuous inhalation exposure estimate. The
inhalation RfC considers toxic effects for both the respiratory system (portal-of-entry) and for
effects peripheral to the respiratory system (extrarespiratory or systemic effects). Reference
values are generally derived for chronic exposures (up to a lifetime), but may also be derived for
acute (< 24 hours), short-term (>24 hours up to 30 days), and subchronic (>30 days up to 10% of
lifetime) exposure durations, all of which are derived based on an assumption of continuous
exposure throughout the duration specified. Unless specified otherwise, the RfD and RfC are
derived for chronic exposure duration.

The carcinogenicity assessment provides information on the carcinogenic hazard
potential of the substance in question and quantitative estimates of risk from oral and inhalation
exposure may be derived. The information includes a weight-of-evidence judgment of the
likelihood that the agent is a human carcinogen and the conditions under which the carcinogenic
effects may be expressed. Quantitative risk estimates may be derived from the application of a
low-dose extrapolation procedure. If derived, the oral slope factor is a plausible upper bound on
the estimate of risk per mg/kg-day of oral exposure. Similarly, an inhalation unit risk is a
plausible upper bound on the estimate of risk per pg/m? air breathed.

Development of these hazard identification and dose-response assessments for
1,4-dioxane has followed the general guidelines for risk assessment as set forth by the National
Research Council (NRC, 1983). EPA guidelines and Risk Assessment Forum Technical Panel
Reports that may have been used in the development of this assessment include the following:

Note: Hyperlinks to the reference citations throughout this document will take you to the NCEA HERO database
(Health and Environmental Research Online) at http://epa.gov/hero. HERO is a database of scientific literature used
by U.S. EPA in the process of developing science assessments such as the Integrated Science Assessments (ISA)
and the Integrated Risk Information System (IRIS).
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Guidelines for the Health Risk Assessment of Chemical Mixtures (U.S. EPA, 1986¢), Guidelines
for Mutagenicity Risk Assessment (U.S. EPA, 1986b), Recommendations for and Documentation
of Biological Values for Use in Risk Assessment (U.S. EPA, 1988), Guidelines for
Developmental Toxicity Risk Assessment (U.S. EPA, 1991), Interim Policy for Particle Size and
Limit Concentration Issues in Inhalation Toxicity (U.S. EPA, 1994a), Methods for Derivation of
Inhalation Reference Concentrations and Application of Inhalation Dosimetry (U.S. EPA
1994b), Use of the Benchmark Dose Approach in Health Risk Assessment (U.S. EPA, 1995),
Guidelines for Reproductive Toxicity Risk Assessment (U.S. EPA, 1996), Guidelines for
Neurotoxicity Risk Assessment (U.S. EPA, 1998), Science Policy Council Handbook: Risk
Characterization (U.S. EPA, 2000b), Benchmark Dose Technical Guidance Document (External
Review Draft) (U.S. EPA, 2000a), Supplementary Guidance for Conducting Health Risk
Assessment of Chemical Mixtures (U.S. EPA, 2000c), A Review of the Reference Dose and
Reference Concentration Processes (U.S. EPA, 2002a), Guidelines for Carcinogen Risk
Assessment (U.S. EPA, 2005a), Supplemental Guidance for Assessing Susceptibility from Early-
Life Exposure to Carcinogens (U.S. EPA, 2005b), Science Policy Council Handbook: Peer
Review (U.S. EPA, 2006b), and A Framework for Assessing Health Risks of Environmental
Exposures to Children (U.S. EPA, 2006a).

The literature search strategy employed for this compound was based on the Chemical
Abstracts Service Registry Number (CASRN) and at least one common name. Any pertinent
scientific information submitted by the public to the IRIS Submission Desk was also considered
in the development of this document. The relevant literature was reviewed through September
2009 for the oral assessment and through March 2011 for the inhalation assessment.

2
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2. CHEMICAL AND PHYSICAL INFORMATION

1,4-Dioxane, a volatile organic compound (VOC), is a colorless liquid with a pleasant
odor (Hawley & Lewis Rj Sr, 2001; Lewis, 2000). Synonyms include diethylene ether,
1,4-diethylene dioxide, diethylene oxide, dioxyethylene ether, and dioxane (Hawley & Lewis
Rj Sr, 2001). The chemical structure of 1,4-dioxane is shown in Figure 2-1. Selected chemical
and physical properties of this substance are listed in Table 2-1 below:

O

O

Figure 2-1.  1,4-Dioxane chemical structure.

Note: Hyperlinks to the reference citations throughout this document will take you to the NCEA HERO database
(Health and Environmental Research Online) at http://epa.gov/hero. HERO is a database of scientific literature used
by U.S. EPA in the process of developing science assessments such as the Integrated Science Assessments (ISA)
and the Integrated Risk Information System (IRIS).
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Table 2-1.  Physical properties and chemical identity of 1,4-dioxane

CASRN: 123-91-1 (CRC, 2000)

Molecular weight: 88.10 (The Merck Index: An Encyclopedia of Chemicals,
Drugs, and Biologicals, 2001)

Chemical formula: C4HsO; (The Merck Index: An Encyclopedia of
Chemicals, Drugs, and Biologicals, 2001)

Boiling point: 101.1°C (The Merck Index: An Encyclopedia of
Chemicals, Drugs, and Biologicals, 2001)

Melting point: 11.8°C (CRC, 2000)

Vapor pressure: 40 mmHg at 25°C (Lewis, 2000)

Density: 1.0337 g/mL at 20°C (CRC, 2000)

Vapor density: 3.03 (air = 1) (Lewis, 2000)

Water solubility: Miscible with water (Hawley & Lewis Rj Sr, 2001)

Other solubilities: Miscible with ethanol, ether, and acetone (CRC, 2000)

Log Kow: —0.27 (Hansch, Leo, & Hoekman, 1995)

Henry’s Law constant: 4.80 x 10 atm-m*/molecule at 25°C (Park, Hussam
Couasnon, Fritz, & Carr, 1987)

OH reaction rate constant: 1.09 x 10™ cm®molecule sec at 25°C (Atkinson, 1989)

Koc: 17 (estimated using log Kow) (ACS, 1990)

Bioconcentration factor: 0.4 (estimated using log Kow) (Meylan et al., 1999)

Conversion factors (in air): 1 ppm = 3.6 mg/m*; 1 mg/m® = 0.278 ppm
(25°C and 1 atm) (HSDB, 2007)

1,4-Dioxane is produced commercially through the dehydration and ring closure of
diethylene glycol (Surprenant, 2002). Concentrated sulfuric acid is used as a catalyst
(Surprenant, 2002). This is a continuous distillation process with operating temperatures and
pressures of 130-200°C and 188-825 mmHg, respectively (Surprenant, 2002). During the years
1986 and 1990, the U.S. production of 1,4-dioxane reported by manufacturers was within the
range of 10-50 million pounds (U.S. EPA, 2002b). The production volume reported during the
years 1994, 1998, and 2002 was within the range of
1-10 million pounds (U.S. EPA, 2002b).

Historically, 1,4-dioxane has been used as a stabilizer for the solvent 1,1,1-trichloro-
ethane (Surprenant, 2002). However, this use is no longer expected to be important due to the
1990 Amendments to the Clean Air Act and the Montreal Protocol, which mandate the eventual
phase-out of 1,1,1-trichloroethane production in the U.S. ("Amendments to the Clean Air Act.
Sec. 604. Phase-out of production and consumption of class | substances," 1990; ATSDR, 2007;
U.N. Environment Programme, 2000). 1,4-Dioxane is a contaminant of some ingredients used in

4
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the manufacture of personal care products and cosmetics. 1,4-Dioxane is also used as a solvent
for cellulosics, organic products, lacquers, paints, varnishes, paint and varnish removers, resins,
oils, waxes, dyes, cements, fumigants, emulsions, and polishing compositions (Hawley & Lewis
Rj Sr, 2001; IARC, 1999; The Merck Index: An Encyclopedia of Chemicals, Drugs, and
Biologicals, 2001). 1,4-Dioxane has been used as a solvent in the formulation of inks, coatings,
and adhesives and in the extraction of animal and vegetable oil (Surprenant, 2002). Reaction
products of 1,4-dioxane are used in the manufacture of insecticides, herbicides, plasticizers, and
monomers (Surprenant, 2002).

When 1,4-dioxane enters the air, it will exist as a vapor, as indicated by its vapor pressure
(HSDB, 2007). It is expected to be degraded in the atmosphere through photooxidation with
hydroxyl radicals (HSDB, 2007; Surprenant, 2002). The estimated half-life for this reaction is
6.7 hours (HSDB, 2007). It may also be broken down by reaction with nitrate radicals, although
this removal process is not expected to compete with hydroxyl radical photooxidation (Grosjean,
1990). 1,4-Dioxane is not expected to undergo direct photolysis (Wolfe & Jeffers, 2000).
1,4-Dioxane is primarily photooxidized to 2-oxodioxane and through reactions with nitrogen
oxides (NOy) results in the formation of ethylene glycol diformate (Platz, Sehested, Mogelberg,
Nielsen, & Wallington, 1997). 1,4-Dioxane is expected to be highly mobile in soil based on its
estimated Ko and is expected to leach to lower soil horizons and groundwater (ACS, 1990;
ATSDR, 2007). This substance may volatilize from dry soil surfaces based on its vapor pressure

(HSDB, 2007). The estimated bioconcentration factor value indicates that 1,4-dioxane will not
bioconcentrate in aquatic or marine organisms (Franke et al., 1994; Meylan, et al., 1999).
1,4-Dioxane is not expected to undergo hydrolysis or to biodegrade readily in the environment
(ATSDR, 2007; HSDB, 2007). Therefore, volatilization is expected to be the dominant removal
process for moist soil and surface water. Based on a Henry's Law constant of 4.8x10°®
atm-m°/mole, the half-life for volatilization of 1,4-dioxane from a model river is 5 days and that
from a model lake is 56 days (ACS, 1990; HSDB, 2007; Park, et al., 1987). 1,4-Dioxane may be
more persistent in groundwater where volatilization is hindered.

Recent environmental monitoring data for 1,4-dioxane are lacking. Existing data indicate
that 1,4-dioxane may leach from hazardous waste sites into drinking water sources located
nearby (Lesage, Jackson, Priddle, & Riemann, 1990; Yasuhara et al., 1997; Yasuhara, Tanaka,
Tanabe, Kawata, & Katami, 2003). 1,4-Dioxane has been detected in contaminated surface and
groundwater samples collected near hazardous waste sites and industrial facilities (Derosa
Wilbur, Holler, Richter, & Stevens, 1996).
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3. TOXICOKINETICS

Data for the toxicokinetics of 1,4-dioxane in humans are very limited. However,
absorption, distribution, metabolism, and elimination of 1,4-dioxane are well described in rats
exposed via the oral, inhalation, or intravenous (i.v.) routes. 1,4-Dioxane is extensively absorbed
and metabolized in humans and rats. The metabolite most often measured and reported is
B-hydroxyethoxy acetic acid (HEAA), which is predominantly excreted in the urine; however,
other metabolites have also been identified. Saturation of 1,4-dioxane metabolism has been
observed in rats and would be expected in humans; however, human exposure levels associated
with nonlinear toxicokinetics are not known.

Important data elements that have contributed to our current understanding of the
toxicokinetics of 1,4-dioxane are summarized in the following sections.

3.1. ABSORPTION

Absorption of 1,4-dioxane following inhalation exposure has been qualitatively
demonstrated in workers and volunteers. Workers exposed to a time-weighted average (TWA)
of 1.6 parts per million (ppm) of 1,4-dioxane in air for 7.5 hours showed a HEAA/1,4-dioxane
ratio of 118:1 in urine (Young, Braun, Gehring, Horvath, & Daniel, 1976). The authors assumed
lung absorption to be 100% and calculated an average absorbed dose of 0.37 mg/kg, although no
exhaled breath measurements were taken. In a study with four healthy male volunteers, Young

et al. (1977) reported 6-hour inhalation exposures of adult volunteers to 50 ppm of 1,4-dioxane
in a chamber, followed by blood and urine analysis for 1,4-dioxane and HEAA. The study
protocol was approved by a seven-member Human Research Review Committee of the Dow
Chemical Company, and written informed consent of study participants was obtained. At a
concentration of 50 ppm, uptake of 1,4-dioxane into plasma was rapid and approached steady-
state conditions by 6 hours. The authors reported a calculated absorbed dose of 5.4 mg/kg.
However, the exposure chamber atmosphere was kept at a constant concentration of 50 ppm and
exhaled breath was not analyzed. Accordingly, gas uptake could not be measured. As a result,
the absorbed fraction of inhaled 1,4-dioxane could not be accurately determined in humans. Rats
inhaling 50 ppm for 6 hours exhibited 1,4-dioxane and HEAA in urine with an HEAA to
1,4-dioxane ratio of over 3,100:1 (J. D. Young, W. H. Braun, & P. J. Gehring, 1978a; J. D.
Young, W. H. Braun, & P.J Gehring, 1978b). Plasma concentrations at the end of the 6-hour
exposure period averaged 7.3 ug/mL. The authors calculated an absorbed 1,4-dioxane dose of

Note: Hyperlinks to the reference citations throughout this document will take you to the NCEA HERO database
(Health and Environmental Research Online) at http://epa.gov/hero. HERO is a database of scientific literature used
by U.S. EPA in the process of developing science assessments such as the Integrated Science Assessments (ISA)
and the Integrated Risk Information System (IRIS).
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71.9 mg/kg; however, the lack of exhaled breath data and dynamic exposure chamber precluded
the accurate determination of the absorbed fraction of inhaled 1,4-dioxane.

No human data are available to evaluate the oral absorption of 1,4-dioxane.
Gastrointestinal absorption was nearly complete in male Sprague Dawley rats orally dosed with
10-1,000 mg/kg of [**C]-1,4-dioxane given as a single dose or as 17 consecutive daily doses
(Young, et al., 1978a; Young, et al., 1978b). Cumulative recovery of radiolabel in the feces was
<1-2% of administered dose regardless of dose level or frequency.

No human data are available to evaluate the dermal absorption of 1,4-dioxane; however,
Bronaugh (1982) reported an in vitro study in which 1,4-dioxane penetrated excised human skin
10 times more under occluded conditions (3.2% of applied dose) than unoccluded conditions
(0.3% of applied dose). [**C]-1,4-Dioxane was dissolved in lotion, applied to the excised skin in
occluded and unoccluded diffusion cells, and absorption of the dose was recorded 205 minutes
after application. Bronaugh (1982) also reported observing rapid evaporation, which further
decreased the small amount available for skin absorption.

Dermal absorption data in animals are also limited. Dermal absorption in animals was
reported to be low following exposure of forearm skin of monkeys (Marzulli, Anjo, & Maibach,
1981). In this study, Rhesus monkeys were exposed to [**C]-1,4-dioxane in methanol or skin

lotion vehicle for 24 hours (skin was uncovered/unoccluded). Only 2-3% of the original
radiolabel was cumulatively recovered in urine over a 5-day period.

3.2. DISTRIBUTION

No data are available for the distribution of 1,4-dioxane in human tissues. No data are
available for the distribution of 1,4-dioxane in animals following oral or inhalation exposures.

Mikheev et al. (1990) studied the distribution of [**C]-1,4-dioxane in the blood, liver,
kidney, brain, and testes of rats (strain not reported) for up to 6 hours following intraperitoneal
(i.p.) injection of approximately one-tenth the median lethal dose (LDsp) (actual dose not
reported). While actual tissue concentrations were not reported, tissue:blood ratios were given
for each tissue at six time points ranging from 5 minutes to 6 hours. The time to reach maximum
accumulation of radiolabel was shorter for liver and kidney than for blood or the other tissues,
which the authors suggested was indicative of selective membrane transport. Tissue:blood ratios
were less than one for all tissues except testes, which had a ratio greater than one at the 6-hour
time point. The significance of these findings is questionable since the contribution of residual
blood in the tissues was unknown (though saline perfusion may serve to clear tissues of highly
water-soluble 1,4-dioxane), the tissue concentrations of radiolabel were not reported, and data
were collected from so few time points.

Woo et al. (1977) administered i.p. doses of [*H]-1,4-dioxane (5 mCi/kg body weight
[BW]) to male Sprague Dawley rats with and without pretreatment using mixed-function oxidase
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inducers (phenobarbital, 3-methylcholanthrene, or polychlorinated biphenyls [PCBs]). Liver,
kidney, spleen, lung, colon, and skeletal muscle tissues were collected from 1, 2, 6, and 12 hours
after dosing. Distribution was generally uniform across tissues, with blood concentrations higher
than tissues at all times except for 1 hour post dosing, when kidney levels were approximately
20% higher than blood. Since tissues were not perfused prior to analysis, the contribution of
residual blood to radiolabel measurements is unknown, though loss of 1,4-dioxane from tissues
would be unknown had saline perfusion been performed. Covalent binding reached peak
percentages at 6 hours after dosing in liver (18.5%), spleen (22.6%), and colon (19.5%). At

16 hours after dosing, peak covalent binding percentages were observed in whole blood (3.1%),
kidney (9.5%), lung (11.2%), and skeletal muscle (11.2%). Within hepatocytes, radiolabel
distribution at 6 hours after dosing was greatest in the cytosolic fraction (43.8%) followed by the
microsomal (27.9%), mitochondrial (16.6%), and nuclear (11.7%) fractions. While little
covalent binding of radiolabel was measured in the hepatic cytosol (4.6%), greater binding was
observed at 16 hours after dosing in the nuclear (64.8%), mitochondrial (45.7%), and
microsomal (33.4%) fractions. Pretreatment with inducers of mixed-function oxidase activity
did not significantly change the extent of covalent binding in subcellular fractions.

3.3. METABOLISM

The major product of 1,4-dioxane metabolism appears to be HEAA, although there is
one report that identified 1,4-dioxane-2-one as a major metabolite (Woo, Arcos, et al., 1977).
However, the presence of this compound in the sample was believed to result from the acidic
conditions (pH of 4.0-4.5) of the analytical procedures. The reversible conversion of HEAA and
p-1,4-dioxane-2-one is pH-dependent (Braun & Young, 1977). Braun and Young (1977)
identified HEAA (85%) as the major metabolite, with most of the remaining dose excreted as
unchanged 1,4-dioxane in the urine of Sprague Dawley rats dosed with 1,000 mg/kg of
uniformly labeled 1,4-[**C]dioxane. In fact, toxicokinetic studies of 1,4-dioxane in humans and
rats (Young, et al., 1978a; Young, et al., 1978b; Young, et al., 1977) employed an analytical
technique that converted HEAA to the more volatile 1,4-dioxane-2-one prior to gas
chromatography (GC); however, it is still unclear as to whether HEAA or 1,4-dioxane-2-one is
the major metabolite of 1,4-dioxane.

A proposed metabolic scheme for 1,4-dioxane metabolism (Woo, Arcos, et al., 1977) in
Sprague Dawley rats is shown in Figure 3-1. Oxidation of 1,4-dioxane to diethylene glycol
(pathway a), 1,4-dioxane-2-ol (pathway c), or directly to 1,4-dioxane-2-one (pathway b) could
result in the production of HEAA. 1,4-Dioxane oxidation appears to be cytochrome P450
(CYP450)-mediated, as CYP450 induction with phenobarbital or Aroclor 1254 (a commercial
PCB mixture) and suppression with 2,4-dichloro-6-phenylphenoxy ethylamine or cobaltous
chloride were effective in significantly increasing and decreasing, respectively, the appearance of
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HEAA in the urine of male Sprague Dawley rats following 3 g/kg i.p. dose (Woo, Argus, &
Arcos, 1977a, 1978). 1,4-Dioxane itself induced CYP450-mediated metabolism of several
barbiturates in Hindustan mice given i.p. injections of 25 and 50 mg/kg 1,4-dioxane (Mungikar
& Pawar, 1978). Of the three possible pathways proposed in this scheme, oxidation to
diethylene glycol and HEAA appears to be the most likely, because diethylene glycol was found
as a minor metabolite in Sprague Dawley rat urine following a single 1,000 mg/kg gavage dose
of 1,4-dioxane (Braun & Young, 1977). Additionally, i.p. injection of 100-400 mg/kg
diethylene glycol in Sprague Dawley rats resulted in urinary elimination of HEAA (Woo, Argus,
& Arcos, 1977b).

O. OH OH O
(V=T
e [V] [VI] ‘.
[Oj @) HOH.C )CHQOH HOMH.C  cooH
------------------------------ ES |\
o o L0
[ (1] [
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Source: Adapted with permission from Elsevier Ltd., Woo et al. (1977; 1977a).

Figure 3-1.  Suggested metabolic pathways of 1,4-dioxane in the rat.

I = 1,4-dioxane; II = diethylene glycol; III = B-hydroxyethoxy acetic acid (HEAA);
IV = 1,4-dioxane-2-one; V = 1,4-dioxane-2-o0l; VI = B-hydroxyethoxy acetaldehyde.
Note: Metabolite [V] is a likely intermediate in pathway b as well as pathway c.
The proposed pathways are based on the metabolites identified; the enzymes
responsible for each reaction have not been determined. The proposed pathways do
not account for metabolite degradation to the labeled carbon dioxide (CO,)
identified in expired air after labeled 1,4-dioxane exposure.

Metabolism of 1,4-dioxane in humans is extensive. In a survey of 1,4-dioxane plant
workers exposed to a TWA of 1.6 ppm of 1,4-dioxane for 7.5 hours, Young et al. (1976) found
HEAA and 1,4-dioxane in the worker’s urine at a ratio of 118:1. Similarly, in adult male
volunteers exposed to 50 ppm for 6 hours (Young, et al., 1977), over 99% of inhaled 1,4-dioxane
(assuming negligible exhaled excretion) appeared in the urine as HEAA. The linear elimination
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of 1,4-dioxane in both plasma and urine indicated that 1,4-dioxane metabolism was a
nonsaturated, first-order process at this exposure level.

Like humans, rats extensively metabolize inhaled 1,4-dioxane, as HEAA content in urine
was over 3,000-fold higher than that of 1,4-dioxane following exposure to 50 ppm for 6 hours
(Young, et al., 1978a; Young, et al., 1978b). 1,4-Dioxane metabolism in rats was a saturable
process, as exhibited by oral and i.v. exposures to various doses of [*“C]-1,4-dioxane (Young, et
al., 1978a; Young, et al., 1978b). Plasma data from Sprague Dawley rats given single i.v. doses
of 3, 10, 30, 100, 300, or 1,000 mg [**C]-1,4-dioxane/kg demonstrated a dose-related shift from
linear, first-order to nonlinear, saturable metabolism of 1,4-dioxane between plasma 1,4-dioxane
levels of 30 and 100 pg/mL (Figure 3-2). Similarly, in rats given, via gavage in distilled water,
10, 100, or 1,000 mg [**C]-1,4-dioxane/kg singly or 10 or 1,000 mg [**C]-1,4-dioxane/kg in
17 daily doses, the percent urinary excretion of the radiolabel decreased significantly with dose
while radiolabel in expired air increased. Specifically, with single [**C]-1,4-dioxane/kg doses,
urinary radiolabel decreased from 99 to 76% and expired 1,4-dioxane increased from <1 to 25%
as dose increased from 10 to 1,000 mg/kg. Likewise, with multiple daily doses 10 or 1,000 mg
[*C]-1,4-dioxane/kg, urinary radiolabel decreased from 99 to 82% and expired 1,4-dioxane
increased from 1 to 9% as dose increased. The differences between single and multiple doses in
urinary and expired radiolabel support the notion that 1,4-dioxane may induce its own
metabolism.

Induction of 1,4-dioxane metabolism is quantitatively illustrated by examining plasma
levels of the chemical in relationship to inhaled doses in a 13 week study by Kasai et al. (2008).
In this study, male and female F344 rats were exposed daily to concentrations of 0 (control),
100, 200, 400, 1,600, and 3,200 ppm. Plasma levels of 1,4-dioxane linearly increased with
increasing inhalation concentration, suggesting that metabolic saturation was not achieved during
the course of the experiments for plasma levels up to 730 and 1,054 pug/mL in male and female
rats, respectively, at the highest exposure concentration (3,200 ppm). In contrast, Young et al.
(1978a) single dose experiments showed possible saturation of metabolism at plasma levels of
100 pg/mL. Therefore, lack of the metabolic saturation of 1,4-dioxane found in the Kasai et al.
(2008) study is likely attributed to enhanced metabolism by the induction of P450 enzymes,
including CYP2E1, by 13 weeks of repeated inhalation exposure to 1,4-dioxane at concentrations
up to 3,200 ppm (Kasai, et al., 2008).
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Figure 3-2. Plasma 1,4-dioxane levels in rats following i.v. doses of

3-5,600 mg/kg [y-axis is plasma concentration of 1,4-dioxane (nug/mL) and x-

axis is time (hr)]

1,4-Dioxane has been shown to induce several isoforms of CYP450 in various tissues
following acute oral administration by gavage or drinking water (Nannelli, De Rubertis, Longo,

& Gervasi, 2005). Male Sprague Dawley rats were exposed to either 2,000 mg/kg 1,4-dioxane
via gavage for 2 consecutive days or by ingestion of a 1.5% 1,4-dioxane drinking water solution
for 10 days. Both exposures resulted in significantly increased CYP2B1/2, CYP2C11, and
CYP2EL activities in hepatic microsomes. The gavage exposure alone resulted in increased

CYP3A activity. The increase in 2C11 activity was unexpected, as that isoform has been
observed to be under hormonal control and was typically suppressed in the presence of 2B1/2
and 2E1 induction. In the male rat, hepatic 2C11 induction is associated with masculine pulsatile
plasma profiles of growth hormone (compared to the constant plasma levels in the female),
resulting in masculinization of hepatocyte function (Waxman, Pampori, Ram, Agrawal, &
Shapiro, 1991). The authors postulated that 1,4-dioxane may alter plasma growth hormone
levels, resulting in the observed 2C11 induction. However, growth hormone induction of 2C11
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is primarily dependent on the duration between growth hormone pulses and secondarily on
growth hormone plasma levels (Agrawal & Shapiro, 2000; Waxman, et al., 1991). Thus, the
induction of 2C11 by 1,4-dioxane may be mediated by changes in the time interval between
growth hormone pulses rather than changes in growth hormone levels. This may be
accomplished by 1,4-dioxane temporarily influencing the presence of growth hormone cell
surface binding sites (Agrawal & Shapiro, 2000). However, no studies are available to confirm
the influence of 1,4-dioxane on either growth hormone levels or changes in growth hormone
pulse interval.

In nasal and renal mucosal cell microsomes, CYP2EL1 activity, but not CYP2B1/2
activity, was increased. Pulmonary mucosal CYP450 activity levels were not significantly
altered. Observed increases in 2E1 mRNA in rats exposed by gavage and i.p. injection suggest
that 2E1 induction in kidney and nasal mucosa is controlled by a transcriptional activation of
2E1 genes. The lack of increased mRNA in hepatocytes suggests that induction is regulated via
a post-transcriptional mechanism. Differences in 2E1 induction mechanisms in liver, kidney,
and nasal mucosa suggest that induction is controlled in a tissue-specific manner.

3.4. ELIMINATION

In workers exposed to a TWA of 1.6 ppm for 7.5 hours, 99% of 1,4-dioxane eliminated in
urine was in the form of HEAA (Young, et al., 1976). The elimination half-life was 59 minutes
in adult male volunteers exposed to 50 ppm 1,4-dioxane for 6 hours, with 90% of urinary
1,4-dioxane and 47% of urinary HEAA excreted within 6 hours of onset of exposure (Young, et
al., 1977). There are no data for 1,4-dioxane elimination in humans from oral exposures.

Elimination of 1,4-dioxane in rats (Young, et al., 1978a; Young, et al., 1978b) was
primarily via urine. As comparably assessed in humans, the elimination half-life in rats exposed
to 50 ppm 1,4-dioxane for 6 hours was calculated to be 1.01 hours. In Sprague Dawley rats
given single daily doses of 10, 100, or 1,000 mg [**C]-1,4-dioxane/kg or multiple doses of 10 or
1,000 mg [**C]-1,4-dioxane/kg, urinary radiolabel ranged from 99% down to 76% of total
radiolabel. Fecal elimination was less than 2% for all doses. The effect of saturable metabolism
on expired 1,4-dioxane was apparent, as expired 1,4-dioxane in singly dosed rats increased with
dose from 0.4 to 25% while expired **CO, changed little (between 2 and 3%) across doses. The
same relationship was seen in Sprague Dawley rats dosed i.v. with 10 or 1,000 mg
[**C]-1,4-dioxane/kg. Higher levels of **CO, relative to 1,4-dioxane were measured in expired
air of the 10 mg/kg group, while higher levels of expired 1,4-dioxane relative to *CO, were
measured in the 1,000 mg/kg group.
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3.5. PHYSIOLOGICALLY BASED PHARMACOKINETIC MODELS

Physiologically based pharmacokinetic models (PBPK) models have been developed for
1,4-dioxane in rats (Leung & Paustenbach, 1990; Reitz, McCroskey, Park, Andersen, & Gargas,
1990; Sweeney et al., 2008), mice (Sweeney, et al., 2008), humans (Leung & Paustenbach, 1990;
Reitz, et al., 1990; Sweeney, et al., 2008), and lactating women (Fisher, Mahle, Bankston,
Greene, & Gearhart, 1997). Each of the models simulates the body as a series of compartments
representing tissues or tissue groups that receive blood from the central vascular compartment
(Figure 3-3). Modeling was conducted under the premise that transfers of 1,4-dioxane between
blood and tissues occur sufficiently fast to be effectively blood flow-limited, which is consistent
with the available data (Ramsey & Andersen, 1984). Blood time course and metabolite
production data in rats and humans suggest that absorption and metabolism are accomplished
through common mechanisms in both species (1978a; Young, et al., 1978b; Young, et al., 1977),
allowing identical model structures to be used for both species (and by extension, for mice as
well). In all three models, physiologically relevant, species-specific parameter values for tissue
volume, blood flow, and metabolism and elimination are used. The models and supporting data
are reviewed below, from the perspective of assessing their utility for predicting internal
dosimetry and for cross-species extrapolation of exposure-response relationships for critical
neoplastic and nonneoplastic endpoints (also see Appendix B).
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Figure 3-3. General PBPK model structure consisting of blood-flow

limited tissue compartments connected via arterial and venous blood flows.
Note: Orally administered chemicals are absorbed directly into the liver while
inhaled and intravenously infused chemicals enter directly into the arterial and
venous blood pools, respectively.

3.5.1. Available Pharmacokinetic Data

Animal and human data sets available for model calibration derive from Young et al.
(1978a; 1978b; 1977), Mikheev et al. (1990), and Woo et al. (1977; 1977b). Young et al.
(1978a; 1978b) studied the disposition of radiolabeled [**C]-1,4-dioxane in adult male
Sprague Dawley rats following i.v., inhalation, and single and multiple oral gavage exposures.
Plasma concentration-time profiles were reported for i.v. doses of 3, 10, 30, 100, and
1,000 mg/kg. In addition, exhaled **CO, and urinary 1,4-dioxane and HEAA profiles were
reported following i.v. doses of 10 and 1,000 mg/kg. The plasma 1,4-dioxane concentration-time
course, cumulative urinary 1,4-dioxane and cumulative urinary HEAA concentrations were
reported following a 6-hour inhalation exposure to 50 ppm. Following oral gavage doses of 10—
1,000 mg/kg, percentages of total orally administered radiolabel were measured in urine, feces,
expired air, and the whole body.

Oral absorption of 1,4-dioxane was extensive, as only approximately 1% of the
administered dose appeared in the feces within 72 hours of dosing (Young, et al., 1978a)
(Young, et al., 1978b). Although it may be concluded that the rate of oral absorption was high
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enough to ensure nearly complete absorption by 72 hours, a more quantitative estimate of the
rate of oral absorption is not possible due to the absence of plasma time course data by oral
exposure.

Saturable metabolism of 1,4-dioxane was observed in rats exposed by either the i.v. or
oral routes (Young, et al., 1978a; Young, et al., 1978b). Elimination of 1,4-dioxane from plasma
appeared to be linear following i.v. doses of 3-30 mg/kg, but was nonlinear following doses of
100-1,000 mg/kg. Accordingly, 10 mg/kg i.v. doses resulted in higher concentrations of *“CO,
(from metabolized 1,4-dioxane) in expired air relative to unchanged 1,4-dioxane, while
1,000 mg/kg i.v. doses resulted in higher concentrations of expired 1,4-dioxane relative to **CO,.
Thus, at higher i.v. doses, a higher proportion of unmetabolized 1,4-dioxane is available for
exhalation. Taken together, the i.v. plasma and expired air data from Young et al. (1978a;
1978b) corroborate previous studies describing the saturable nature of 1,4-dioxane metabolism in
rats (1977; Woo, Argus, et al., 1977b) and are useful for optimizing metabolic parameters (V max
and Ky,) in a PBPK model.

Similarly, increasing single or multiple oral doses of 10-1,000 mg/kg resulted in
increasing percentage of 1,4-dioxane in exhaled air and decreasing percentage of radiolabel
(either as 1,4-dioxane or a metabolite) in the urine, with significant differences in both metrics
being observed between doses of 10 and 100 mg/kg (Young, et al., 1978a; Young, et al., 1978Db).
These data identify the region (10-100 mg/kg) in which oral exposures will result in nonlinear
metabolism of 1,4-dioxane and can be used to test whether metabolic parameter value estimates
derived from i.v. dosing data are adequate for modeling oral exposures.

Post-exposure plasma data from a single 6-hour, 50 ppm inhalation exposure in rats were
reported (Young, et al., 1978a; Young, et al., 1978b). The observed linear elimination of
1,4-dioxane after inhalation exposure suggests that, via this route, metabolism is in the linear
region at this exposure level.

The only human data adequate for use in PBPK model development (Young, et al., 1977)
come from adult male volunteers exposed to 50 ppm 1,4-dioxane for 6 hours. Plasma
1,4-dioxane and HEAA concentrations were measured both during and after the exposure period,
and urine concentrations were measured following exposure. Plasma levels of 1,4-dioxane
approached steady-state at 6 hours. HEAA data were insufficient to describe the appearance or
elimination of HEAA in plasma. Data on elimination of 1,4-dioxane and HEAA in the urine up
to 24 hours from the beginning of exposure were reported. At 6 hours from onset of exposure,
approximately 90% and 47% of the cumulative (0-24 hours) urinary 1,4-dioxane and HEAA,
respectively, were measured in the urine. The ratio of HEAA to 1,4-dioxane in urine 24 hours
after onset of exposure was 192:1 (similar to the ratio of 118:1 observed by Young et al. (1976)
in workers exposed to 1.6 ppm for 7.5 hours), indicating extensive metabolism of 1,4-dioxane
As with Sprague Dawley rats, the elimination of 1,4-dioxane from plasma was linear across all
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observations (6 hours following end of exposure), suggesting that human metabolism of
1,4-dioxane is linear for a 50 ppm inhalation exposure to steady-state. Thus, estimation of
human Vmax and Ky, from these data will introduce uncertainty into internal dosimetry performed
in the nonlinear region of metabolism.

Further data were reported for the tissue distribution of 1,4-dioxane in rats. Mikheev
et al. (1990) administered i.p. doses of [**C]-1,4-dioxane to white rats (strain not reported) and
reported time-to-peak blood, liver, kidney, and testes concentrations. They also reported ratios
of tissue to blood concentrations at various time points after dosing. Woo et al. (1977; 1977b)
administered i.p. doses of [**C]-1,4-dioxane to Sprague Dawley rats and measured radioactivity
levels in urine. However, since i.p. dosing is not relevant to human exposures, these data are of
limited use for PBPK model development.

3.5.2. Published PBPK Models for 1,4-Dioxane

3.5.2.1. Leung and Paustenbach

Leung and Paustenbach (1990) developed a PBPK model for 1,4-dioxane and its primary
metabolite, HEAA, in rats and humans. The model, based on the structure of a PBPK model for
styrene (Ramsey & Andersen, 1984), consists of a central blood compartment and four tissue
compartments: liver, fat, slowly perfused tissues (mainly muscle and skin), and richly perfused
tissues (brain, kidney, and viscera other than the liver). Tissue volumes were calculated as
percentages of total BW, and blood flow rates to each compartment were calculated as
percentages of cardiac output. Equivalent cardiac output and alveolar ventilation rates were
allometrically scaled to a power (0.74) of BW for each species. The concentration of
1,4-dioxane in alveolar blood was assumed to be in equilibrium with alveolar air at a ratio equal
to the experimentally measured blood:air partition coefficient. Transfers of 1,4-dioxane between
blood and tissues were assumed to be blood flow-limited and to achieve rapid equilibrium
between blood and tissue, governed by tissue:blood equilibrium partition coefficients. The latter
were derived from the quotient of blood:air and tissue:air partition coefficients, which were
measured in vitro (Leung & Paustenbach, 1990) for blood, liver, fat, and skeletal muscle (slowly
perfused tissue). Blood:air partition coefficients were measured for both humans and rats. Rat
tissue:air partition coefficients were used as surrogate values for humans, with the exception of
slowly perfused tissue:blood, which was estimated by optimization to the plasma time-course
data. Portals of entry included i.v. infusion (over a period of 36 seconds) into the venous blood,
inhalation by diffusion from the alveolar air into the lung blood at the rate of alveolar ventilation,
and oral administration via zero-order absorption from the gastrointestinal tract to the liver.
Elimination of 1,4-dioxane was accomplished through pulmonary exhalation and saturable
hepatic metabolism. Urinary excretion of HEAA was assumed to be instantaneous with the
generation of HEAA from the hepatic metabolism of 1,4-dioxane.
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The parameter values for hepatic metabolism of 1,4-dioxane, Vmax and Ky, were
optimized and validated against plasma and/or urine time course data for 1,4-dioxane and HEAA
in rats following i.v. and inhalation exposures and humans following inhalation exposure (1978a;
1978b; Young, et al., 1977); the exact data (i.e., i.v., inhalation, or both) used for the
optimization and calibration were not reported. Although the liver and fat were represented by
tissue-specific compartments, no tissue-specific concentration data were available for model
development, raising uncertainty as the model’s ability to adequately predict exposure to these
tissues. The human inhalation exposure of 50 ppm for 6 hours (Young, et al., 1977) was
reported to be in the linear range for metabolism; thus, uncertainty exists in the ability of the
allometrically-scaled value for the human metabolic Vmax to accurately describe 1,4-dioxane
metabolism from exposures resulting in metabolic saturation. Nevertheless, these values resulted
in the model producing good fits to the data. For rats, the values for Vmax had to be adjusted
upwards by a factor of 1.8 to reasonably simulate exposures greater than 300 mg/kg. The model
authors attributed this to metabolic enzyme induction by high doses of 1,4-dioxane.

3.5.2.2. Reitz et al.

Reitz et al. (1990) developed a model for 1,4-dioxane and HEAA in the mouse, rat, and
human. This model, also based on the styrene model of Ramsey and Andersen (1984), included
a central blood compartment and compartments for liver, fat, and rapidly and slowly perfused
tissues. Tissue volumes and blood flow rates were defined as percentages of total BW and
cardiac output, respectively. Physiological parameter values were similar to those used by
Andersen et al. (1987), except that flow rates for cardiac output and alveolar ventilation were
doubled in order to produce a better fit of the model to human blood level data (Young, et al.,
1977). Portals of entry included i.v. injection into the venous blood, inhalation, oral bolus
dosing, and oral dosing via drinking water. Oral absorption of 1,4-dioxane was simulated, in all
three species, as a first-order transfer to liver (halftime approximately 8 minutes).

Alveolar blood levels of 1,4-dioxane were assumed to be in equilibrium with alveolar air
at a ratio equal to the experimentally measured blood:air partition coefficient. Transfers of
1,4-dioxane between blood and tissues were assumed to be blood flow-limited and to achieve
rapid equilibrium between blood and tissue, governed by tissue:blood equilibrium partition
coefficients. These coefficients were derived by dividing experimentally measured (Leung &
Paustenbach, 1990) in vitro blood:air and tissue:air partition coefficients for blood, liver, fat.
Blood:air partition coefficients were measured for both humans and rats. The mouse blood:air
partition coefficient was different from rat or human values; the source of the partition
coefficient for blood in mice was not reported. Rat tissue:air partition coefficients were used as
surrogate values for humans. Rat tissue partition coefficient values were the same values as used
in the Leung and Paustenbach (1990) model (with the exception of slowly perfused tissues) and
were used in the models for all three species. The liver value was used for the rapidly perfused
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tissues, as well as slowly perfused tissues. Although slowly perfused tissue:air partition
coefficients for rats were measured, the authors suggested that 1,4-dioxane in the muscle and air
may not have reached equilibrium in the highly gelatinous tissue homogenate (Reitz, et al.
1990). Substitution of the liver value provided much closer agreement to the plasma data than
when the muscle value was used. Further, doubling of the measured human blood:air partition
coefficient improved the fit of the model to the human blood level data compared to the fit
resulting from the measured value (Reitz, et al., 1990). The Reitz et al. (1990) model simulated
three routes of 1,4-dioxane elimination: pulmonary exhalation, hepatic metabolism to HEAA,
and urinary excretion of HEAA. The elimination of HEAA was modeled as a first-order transfer
of 1,4-dioxane metabolite to urine.

Values for the metabolic rate constants, Vmax and Kr,, were optimized to achieve
agreement with various observations. Reitz et al. (1990) optimized values for human Vpax and
Km against the experimental human 1,4-dioxane inhalation data (Young, et al., 1977). As noted
previously, because the human exposures were below the level needed to exhibit nonlinear
kinetics, uncertainty exists in the ability of the optimized value of Vax to simulate human
1,4-dioxane metabolism above the concentration that would result in saturation of metabolism.
Rat metabolic rate constants were obtained by optimization to simulated data from a two
compartment empirical pharmacokinetic model, which was fitted to i.v. exposure data (Young, et
al., 1978a; Young, et al., 1978b). As with the Leung and

The Leung and Paustenbach model (1990) and the Reitz et al. (1990) model included
compartments for the liver and fat, although no tissue-specific concentration data were available
to validate dosimetry for these organs. The derivations of human and rat HEAA elimination rate
constants were not reported. Since no pharmacokinetics data for 1,4-dioxane in mice were
available, mouse metabolic rate constants were allometrically scaled from rat and human values.

3.5.2.3. Fisher et al.

A PBPK model was developed by Fisher et al. (1997) to simulate a variety of volatile
organic compounds (VOCs, including 1,4-dioxane) in lactating humans. This model was similar
in structure to those of Leung and Paustenbach (1990) and Reitz et al. (1990) with the addition of
elimination of 1,4-dioxane to breast milk. Experimental measurements were made for blood:air
and milk:air partition coefficients. Other partition coefficient values were taken from Reitz et al.
(1990). The model was not optimized, nor was performance tested against experimental
exposure data. Thus, the ability of the model to simulate 1,4-dioxane exposure data is unknown.

3.5.2.4. Sweeney et al,

The Sweeney et al. (2008) model consisted of fat, liver, slowly perfused, and other well
perfused tissue compartments. Lung and stomach compartments were used to describe the route
of exposure, and an overall volume of distribution compartment was used for calculation of

urinary excretion levels of 1,4-dioxane and HEAA. Blood, saline, and tissue to air partition
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coefficient values for 1,4-dioxane were experimentally determined for rats and mice. Average
values of the rat and mouse partition coefficients were used for humans. Metabolic constants
(VmaxC and Km) for the rat were derived by optimization of data from an i.v. exposure of 1,000
ma/kg (Young, et al., 1978a) for inducible metabolism. For uninduced VmaxC estimation, data
generated by i.v. exposures to 3, 10, 30, and 100 mg/kg were used (Young, et al., 1978a).
Sweeney et al. (2008) determined best fit values for VmaxC by fitting to blood data in the Young
et al. (1978a). The best fit VmaxC values were 7.5, 10.8, and 12.7 mg/hr-kg® " for i.v. doses of 3
to 100, 300, and 1,000 mg/kg, suggesting a gradual dose dependent increase in metabolic rate
over i.v. doses ranging from 3 to 1,000 mg/kg. Although the Sweeney et al. (2008) model
utilized two values for VmaxC (induced and uninduced), the PBPK model does not include a
dose-dependent function description of the change of Vmax for i.v. doses between metabolic
induced and uninduced exposures. Mouse VmaxC and absorption constants were derived by
optimizing fits to the blood 1,4-dioxane concentrations in mice administered nominal doses of
200 and 2,000 mg/kg 1,4-dioxane via gavage in a water vehicle (Young, et al., 1978a). The in
vitro Vmax values for rats and mice were scaled to estimate in vivo rates. The scaled and
optimized rat VmaxC values were very similar. The discrepancy between the scaled and
optimized mouse values was larger, which was attributed to possible induction in mice at the
lowest dose tested (200 mg/kg). The ratio of optimized/scaled values for the rat was used to
adjust the scaled human VmaxC and Km values to projected in vivo values.

The Sweeney et al. (2008) model outputs were compared, by visual inspection, with data
not used in fitting model parameters. The model predictions gave adequate match to the 1,4-
dioxane exhalation data in rats after a 1,000 mg/kg i.v. dose. 1,4-Dioxane exhalation was
overpredicted by a factor of about 3 after a 10 mg/kqg i.v. dose. Similarly, the simulations of
exhaled 1,4-dioxane after oral dosing were adequate at 1,000 mg/kg and 100 mg/kg (within
50%), but poor at 10 mg/kg (model over predicted by a factor of 5). The fit of the model to the
human data (Young, et al., 1977) was problematic. Using physiological parameters of Brown et
al. (1997) and measured partitioning parameters (Leung & Paustenbach, 1990; Sweeney, et al.,
2008) with no metabolism, measured blood 1,4-dioxane concentrations reported by Young et al.
(1977) could not be achieved unless the estimated exposure concentration was increased by 2-
fold. As expected, inclusion of any metabolism resulted in a decrease in predicted blood
concentrations. If estimated metabolism rates were used with the reported exposure
concentration, urinary metabolite excretion was also underpredicted (Sweeney, et al., 2008).

3.5.3. Implementation of Published PBPK Models for 1,4-Dioxane

As previously described, several pharmacokinetic models have been developed to predict
the absorption, distribution, metabolism, and elimination of 1,4-dioxane in rats and humans.
Single compartment, empirical models for rats (Young, et al., 1978a; Young, et al., 1978b) and
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humans (Young, et al., 1977) were developed to predict blood levels of 1,4-dioxane and urine
levels of the primary metabolite, HEAA. PBPK models that describe the kinetics of 1,4-dioxane
using biologically realistic flow rates, tissue volumes, enzyme affinities, metabolic processes,
and elimination behaviors were also developed (Fisher, et al., 1997; Leung & Paustenbach, 1990;
Reitz, et al., 1990; Sweeney, et al., 2008).

In developing updated toxicity values for 1,4-dioxane the available PBPK models were
evaluated for their ability to predict observations made in experimental studies of rat and human
exposures to 1,4-dioxane (Appendix B). The Reitz et al. (1990) and Leung and Paustenbach
(1990) PBPK models were both developed from a PBPK model of styrene (Ramsey & Andersen,
1984), with the exception of minor differences in the use of partition coefficients and biological
parameters. The model code for Leung and Paustenbach (1990) was unavailable in contrast to
Reitz et al. (1990). The model of Reitz et al. (1990) was identified for further consideration to
assist in the derivation of toxicity values, and the Sweeney et al. (2008) PBPK model was also
evaluated.

The biological plausibility of parameter values in the Reitz et al. (1990) human model
were examined. The model published by Reitz et al. (1990) was able to predict the only
available human inhalation data (50 ppm 1,4-dioxane for 6 hours; Young et al., (1977)) by
increasing (i.e., approximately doubling) the parameter values for human alveolar ventilation (30
L/hour/kg® "), cardiac output (30 L/hour/kg® "), and the blood:air partition coefficient (3,650)
above the measured values of 13 L/minute/kg®’* (Brown, et al., 1997), 14 L/hour/kg®* (Brown
et al., 1997), and 1,825 (Leung & Paustenbach, 1990), respectively. Furthermore, Reitz et al.
(1990) replaced the measured value for the slowly perfused tissue:air partition coefficient (i.e.,
muscle—value not reported in manuscript) with the measured liver value (1,557) to improve the
fit. Analysis of the Young et al. (1977) human data suggested that the apparent volume of
distribution (Vg) for 1,4-dioxane was approximately 10-fold higher in rats than humans,
presumably due to species differences in tissue partitioning or other process not represented in
the model. Based upon these observations, several model parameters (e.g.,
metabolism/elimination parameters) were re-calibrated using biologically plausible values for
flow rates and tissue:air partition coefficients.

Appendix B describes all activities that were conducted in the evaluation of the empirical
models and the re-calibration and evaluation of the Reitz et al. (1990) PBPK model to determine
the adequacy and preference for the potential use of the models.

The evaluation consisted of implementation of the Young et al. (1978a; 1978b; 1977)
empirical rat and human models using the acsIXtreme simulation software, re-calibration of the
Reitz et al. (1990) human PBPK model, and evaluation of the model parameters published by
Sweeney et al. (2008). Using the model descriptions and equations given in Young et al. (1978a;
1978b; 1977), model code was developed for the empirical models and executed, simulating the
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reported experimental conditions. The model output was then compared with the model output
reported in Young et al. (1978a; 1978b; 1977).

The PBPK model of Reitz et al. (1990) was re-calibrated using measured values for
cardiac and alveolar flow rates and tissue:air partition coefficients. The predictions of blood and
urine levels of 1,4-dioxane and HEAA, respectively, from the re-calibrated model were
compared with the empirical model predictions of the same dosimeters to determine whether the
re-calibrated PBPK model could perform similarly to the empirical model. As part of the PBPK
model evaluation, EPA performed a sensitivity analysis to identify the model parameters having
the greatest influence on the primary dosimeter of interest, the blood level of 1,4-dioxane.
Variability data for the experimental measurements of the tissue:air partition coefficients were
incorporated to determine a range of model outputs bounded by biologically plausible values for
these parameters. Model parameters from Sweeney et al. (2008) were also tested to evaluate the
ability of the PBPK model to predict human data following exposure to 1,4-dioxane.

The rat and human empirical models of Young et al. (1978a; 1978b; 1977) were
successfully implemented in acsIXtreme and perform identically to the models reported in the
published papers (Figures B-3 through B-7), with the exception of the lower predicted HEAA
concentrations and early appearance of the peak HEAA levels in rat urine. The early appearance
of peak HEAA levels cannot presently be explained, but may result from manipulations of Ky, or
other parameters by Young et al. (1978a; 1978b) that were not reported. The lower predictions
of HEAA levels are likely due to reliance on a standard urine volume production rate in the
absence of measured (but unreported) urine volumes. While the human urinary HEAA
predictions were lower than observations, this is due to parameter fitting of Young et al. (1977).
No model output was published in Young et al. (1977) for comparison. The empirical models
were modified to allow for user-defined inhalation exposure levels. However, no modifications
were made to model oral exposures as adequate data to parameterize such modifications do not
exist for rats or humans. Further evaluations of the Young et al. (1977) modified model were
conducted against data from the Kasai et al. (2008) subchronic inhalation study. The results of
this evaluation are shown in Appendix B (Figure B-8). It shows that the Young et al. (1977)
inhalation empirical model failed to provide an adequate simulation of the 13 week inhalation
exposure blood data of Kasai et al. (2008). Since the Young et al. (1977) model consistently
overpredicted the Kasai et al. (2008) data, the lack of model fit is most likely due to the lack of
inclusion of other metabolic processes or parameters.

Several procedures were applied to the Reitz et al. (1990) human PBPK model to
determine if an adequate fit of the model to the empirical model output or experimental
observations could be attained using biologically plausible values for the model parameters. The
re-calibrated model predictions for blood 1,4-dioxane levels do not come within 10-fold of the
experimental values using measured tissue:air partition coefficients from Leung and Paustenbach
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(1990) or Sweeney et al. (2008) (Figures B-9 and B-10). The utilization of a slowly perfused
tissue:air partition coefficient 10-fold lower than measured values produces exposure-phase
predictions that are much closer to observations, but does not replicate the elimination Kinetics
(Figure B-11). Recalibration of the model with upper bounds on the tissue:air partition
coefficients results in predictions that are still six- to sevenfold lower than empirical model
prediction or observations (Figures B-13 and B-14). Exploration of the model space using an
assumption of zero-order metabolism (valid for the 50 ppm inhalation exposure) showed that an
adequate fit to the exposure and elimination data can be achieved only when unrealistically low
values are assumed for the slowly perfused tissue:air partition coefficient (Figure B-17).
Artificially low values for the other tissue:air partition coefficients are not expected to improve
the model fit, as these parameters are shown in the sensitivity analysis to exert less influence on
blood 1,4-dioxane than Vmax and Kn. In the absence of actual measurements for the human
slowly perfused tissue:air partition coefficient, high uncertainty exists for this model parameter
value. Differences in the ability of rat and human blood to bind 1,4-dioxane may contribute to
the difference in V4. However, this is expected to be evident in very different values for rat and
human blood:air partition coefficients, which is not the case (Table B-1). Therefore, some other,
as yet unknown, modification to model structure may be necessary.

Similarly, Sweeney et al. (2008) also evaluated the available PBPK models (Leung &
Paustenbach, 1990; Reitz, et al., 1990) for 1,4-dioxane. To address uncertainties and
deficiencies in these models, the investigators conducted studies to fill data gaps and reduce

uncertainties pertaining to the pharmacokinetics of 1,4-dioxane and HEAA in rats, mice, and
humans. The following studies were performed:

e Partition coefficients, including measurements for mouse blood and tissues (liver, kidney,
fat, and muscle) and confirmatory measurements for human blood and rat blood and
muscle.

¢ Blood time course measurements in mice conducted for gavage administration of
nominal single doses (20, 200, or 2,000 mg/kg) of 1,4-dioxane administered in water.

e Metabolic rate constants for rat, mouse, and human liver based on incubations of
1,4-dioxane with rat, mouse, and human hepatocytes and measurement of HEAA.

The studies conducted by Sweeney et al. (2008) resulted in partition coefficients that
were consistent with previously measured values and those used in the Leung and Paustenbach
(1990) model. Of noteworthy significance, the laboratory results of Sweeney et al. (2008) did
not confirm the human blood:air partition coefficient Reitz et al. (1990) reported. Furthermore,
Sweeney et al. (2008) estimated metabolic rate constants (Vmaxc and Ky,) within the range used in
the previous models (Leung & Paustenbach, 1990; Reitz, et al., 1990). Overall, the Sweeney et
al. (2008) model utilized more rodent in vivo and in vitro data in model parameterization and
refinement; however, the model was still unable to adequately predict the human blood data from
Young et al. (1977).
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Updated PBPK models were developed based on these new data and data from previous
kinetic studies in rats, workers, and human volunteers reported by Young et al. (1978a; 1978b;
1976; 1977). The optimized rate of metabolism for the mouse was significantly higher than the
value previously estimated. The optimized rat kinetic parameters were similar to those in the
1990 models. Of the two available human studies (Young, et al., 1976; 1977), model predictions
were consistent with one study, but did not fit the second as well.

3.6. RAT NASAL EXPOSURE VIA DRINKING WATER

Sweeney et al. (2008) conducted a rat nasal exposure study to explore the potential for
direct contact of nasal tissues with 1,4-dioxane-containing drinking water under bioassay
conditions. Two groups of male Sprague Dawley rats (5/group) received drinking water in
45-mL drinking water bottles containing a fluorescent dye mixture (Cell Tracker
Red/FluoSpheres). The drinking water for one of these two groups also contained 0.5%
1,4-dioxane, a concentration within the range used in chronic toxicity studies. A third group of
five rats received tap water alone (controls). Water was provided to the rats overnight. The next
morning, the water bottles were weighed to estimate the amounts of water consumed. Rats were
sacrificed and heads were split along the midline for evaluation by fluorescence microscopy.
One additional rat was dosed twice by gavage with 2 mL of drinking water containing
fluorescent dye (the second dose was 30 minutes after the first dose; total of 4 mL administered)
and sacrificed 5 hours later to evaluate the potential for systemic delivery of fluorescent dye to
the nasal tissues.

The presence of the fluorescent dye mixture had no measurable impact on water
consumption; however, 0.5% 1,4-dioxane reduced water consumption by an average of 62% of
controls following a single, overnight exposure. Fluorescent dye was detected in the oral cavity
and nasal airways of each animal exposed to the Cell Tracker Red/FluoSpheres mixture in their
drinking water, including numerous areas of the anterior third of the nose along the nasal
vestibule, maxillary turbinates, and dorsal nasoturbinates. Fluorescent dye was occasionally
detected in the ethmoid turbinate region and nasopharynx. 1,4-Dioxane had no effect on the
detection of the dye. Little or no fluorescence at the wavelength associated with the dye mixture
was detected in control animals or in the single animal that received the dye mixture by oral
gavage. The investigators concluded that the findings indicate rat nasal tissues are exposed by
direct contact with drinking water under bioassay conditions.
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4. HAZARD IDENTIFICATION

4.1. STUDIES IN HUMANS - EPIDEMIOLOGY, CASE REPORTS, CLINICAL
CONTROLS

Case reports of acute occupational poisoning with 1,4-dioxane indicated that exposure to
high concentrations resulted in liver, kidney, and central nervous system (CNS) toxicity (Barber
1934; Johnstone, 1959). Barber (1934) described four fatal cases of hemorrhagic nephritis and
centrilobular necrosis of the liver attributed to acute inhalation exposure to high (unspecified)
concentrations of 1,4-dioxane. Death occurred within 5-8 days of the onset of illness. Autopsy
findings suggested that the kidney toxicity may have been responsible for lethality, while the
liver effects may have been compatible with recovery. Jaundice was not observed in subjects
and fatty change was not apparent in the liver. Johnstone (1959) presented the fatal case of one
worker exposed to high concentrations of 1,4-dioxane through both inhalation and dermal
exposure for a 1 week exposure duration. Measured air concentrations in the work environment
of this subject were 208-650 ppm, with a mean value of 470 ppm. Clinical signs that were
observed following hospital admission included severe epigastric pain, renal failure, headache,
elevation in blood pressure, agitation and restlessness, and coma. Autopsy findings revealed
significant changes in the liver, kidney, and brain. These included centrilobular necrosis of the

liver and hemorrhagic necrosis of the kidney cortex. Perivascular widening was observed in the
brain with small foci of demyelination in several regions (e.g., cortex, basal nuclei). It was
suggested that these neurological changes may have been secondary to anoxia and cerebral
edema.

Several studies examined the effects of acute inhalation exposure in volunteers. Ina
study performed at the Pittsburgh Experimental Station of the U.S. Bureau of Mines, eye
irritation and a burning sensation in the nose and throat were reported in five men exposed to
5,500 ppm of 1,4-dioxane vapor for 1 minute (Yant, Schrenk, Waite, & Patty, 1930). Slight
vertigo was also reported by three of these men. Exposure to 1,600 ppm of 1,4-dioxane vapor

for 10 minutes resulted in similar symptoms with a reduced intensity of effect. In a study
conducted by the Government Experimental Establishment at Proton, England (Fairley, Linton,
& Ford-Moore, 1934), four men were exposed to 1,000 ppm of 1,4-dioxane for 5 minutes. Odor
was detected immediately and one volunteer noted a constriction in the throat. Exposure of six

volunteers to 2,000 ppm for 3 minutes resulted in no symptoms of discomfort. Wirth and
Klimmer (1936), of the Institute of Pharmacology, University of Wurzburg, reported slight
mucous membrane irritation in the nose and throat of several human subjects exposed to

Note: Hyperlinks to the reference citations throughout this document will take you to the NCEA HERO database
(Health and Environmental Research Online) at http://epa.gov/hero. HERO is a database of scientific literature used
by U.S. EPA in the process of developing science assessments such as the Integrated Science Assessments (ISA)
and the Integrated Risk Information System (IRIS).
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concentrations greater than 280 ppm for several minutes. Exposure to approximately 1,400 ppm
for several minutes caused a prickling sensation in the nose and a dry and scratchy throat.
Silverman et al. (1946) exposed 12 male and 12 female subjects to varying air concentrations of
1,4-dioxane for 15 minutes. A 200 ppm concentration was reported to be tolerable, while a
concentration of 300 ppm caused irritation to the eyes, nose, and throat. The study conducted by
Silverman et al. (1946) was conducted by the Department of Industrial Hygiene, Harvard School
of Public Health, and was sponsored and supported by a grant from the Shell Development
Company. These volunteer studies published in the 1930s and 1940s (Fairley, et al., 1934;
Silverman, et al., 1946; Wirth & Klimmer, 1936; Yant, et al., 1930) did not provide information
on the human subjects research ethics procedures undertaken in these studies; however, there is
no evidence that the conduct of the research was fundamentally unethical or significantly
deficient relative to the ethical standards prevailing at the time the research was conducted.

Young et al. (1977) exposed four healthy adult male volunteers to a 50-ppm
concentration of 1,4-dioxane for 6 hours. The investigators reported that the protocol of this
study was approved by a seven-member Human Research Review Committee of the Dow
Chemical Company and was followed rigorously. Perception of the odor of 1,4-dioxane
appeared to diminish over time, with two of the four subjects reporting inability to detect the
odor at the end of the exposure period. Eye irritation was the only clinical sign reported in this
study. The pharmacokinetics and metabolism of 1,4-dioxane in humans were also evaluated in
this study (see Section 3.3). Clinical findings were not reported in four workers exposed in the
workplace to a TWA concentration of 1.6 ppm for 7.5 hours (Young, et al., 1976).

Ernstgard et al. (2006) examined the acute effects of 1,4-dioxane vapor in male and
female volunteers. The study protocol was approved by the Regional Ethics Review Board in
Stockholm, and performed following informed consent and according to the Helsinki
declaration. In a screening study by these investigators, no self-reported symptoms (based on a
visual analogue scale (VAS) that included ratings for discomfort in eyes, nose, and throat,
breathing difficulty, headache, fatigue, nausea, dizziness, or feeling of intoxication) were
observed at concentrations up to 20 ppm; this concentration was selected as a tentative no-
observed-adverse-effect-level (NOAEL) in the main study. In the main study, six male and six
female healthy volunteers were exposed to 0 or 20 ppm 1,4-dioxane, at rest, for 2 hours. This
exposure did not significantly affect symptom VAS ratings, blink frequency, pulmonary function
or nasal swelling (measured before and at 0 and 3 hours after exposure), or inflammatory
markers in the plasma (C-reactive protein and interleukin-6) of the volunteers. Only ratings for

“solvent smell” were significantly increased during exposure.
Only two well documented epidemiology studies were available for occupational workers
exposed to 1,4-dioxane (Buffler, Wood, Suarez, & Kilian, 1978; Thiess, Tress, & Fleig, 1976).
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These studies did not provide evidence of effects in humans; however, the cohort size and
number of reported cases were small.

4.1.1. Thiess et al.

A cross-sectional survey was conducted by Thiess et al. (1976) in German workers
exposed to 1,4-dioxane. The study evaluated health effects in 74 workers, including 24 who
were still actively employed in 1,4-dioxane production at the time of the investigation,

23 previously exposed workers who were still employed by the manufacturer, and 27 retired or
deceased workers. The actively employed workers were between 32 and 62 years of age and had
been employed in 1,4-dioxane production for 541 years. Former workers (age range not given)
had been exposed to 1,4-dioxane for 3—38 years and retirees (age range not given) had been
exposed for 12—41 years. Air concentrations in the plant at the time of the study were

0.06-0.69 ppm. A simulation of previous exposure conditions (prior to 1969) resulted in air
measurements between 0.06 and 7.2 ppm.

Active and previously employed workers underwent a thorough clinical examination and
X-ray, and hematological and serum biochemistry parameters were evaluated. The examination
did not indicate pathological findings for any of the workers and no indication of malignant
disease was noted. Hematology results were generally normal. Serum transaminase levels were
elevated in 16 of the 47 workers studied; however, this finding was consistent with chronic
consumption of more than 80 g of alcohol per day, as reported for these workers. No liver
enlargement or jaundice was found. Renal function tests and urinalysis were normal in exposed
workers. Medical records of the 27 retired workers (15 living at the time of the study) were
reviewed. No symptoms of liver or kidney disease were reported and no cancer was detected.
Medical reasons for retirement did not appear related to 1,4-dioxane exposure (e.g., emphysema,
arthritis).

Chromosome analysis was performed on six actively employed workers and six control
persons (not characterized). Lymphocyte cultures were prepared and chromosomal aberrations
were evaluated. No differences were noted in the percent of cells with gaps or other
chromosome aberrations. Mortality statistics were calculated for 74 workers of different ages
and varying exposure periods. The proportional contribution of each of the exposed workers to
the total time of observation was calculated as the sum of man-years per 10-year age group.
Each person contributed one man-year per calendar year to the specific age group in which he
was included at the time. The expected number of deaths for this population was calculated from
the age-specific mortality statistics for the German Federal Republic for the years 1970-1973.
From the total of 1,840.5 person-years, 14.5 deaths were expected; however, only 12 deaths were
observed in exposed workers between 1964 and 1974. Two cases of cancer were reported,
including one case of lamellar epithelial carcinoma and one case of myelofibrosis leukemia.
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These cancers were not considered to be the cause of death in these cases and other severe
ilinesses were present. Standardized mortality ratios (SMRs) for cancer did not significantly
differ from the control population (SMR for overall population = 0.83; SMR for 65—75-year-old
men = 1.61; confidence intervals (CIs) were not provided).

4.1.2. Buffler et al.

Buffler et al. (1978) conducted a mortality study on workers exposed to 1,4-dioxane at a
chemical manufacturing facility in Texas. 1,4-Dioxane exposure was known to occur in a
manufacturing area and in a processing unit located 5 miles from the manufacturing plant.
Employees who worked between April 1, 1954, and June 30, 1975, were separated into two
cohorts based on at least 1 month of exposure in either the manufacturing plant (100 workers) or
the processing area (65 workers). Company records and follow-up techniques were used to
compile information on name, date of birth, gender, ethnicity, job assignment and duration, and
employment status at the time of the study. Date and cause of death were obtained from copies
of death certificates and autopsy reports (if available). Exposure levels for each job category
were estimated using the 1974 Threshold Limit Value for 1,4-dioxane (i.e., 50 ppm) and
information from area and personal monitoring. Exposure levels were classified as low
(<25 ppm), intermediate (50—75 ppm), and high (>75 ppm). Monitoring was not conducted prior
to 1968 in the manufacturing areas or prior to 1974 in the processing area; however, the study
authors assumed that exposures would be comparable, considering that little change had been
made to the physical plant or the manufacturing process during that time. Exposure to
1,4-dioxane was estimated to be below 25 ppm for all individuals in both cohorts.
Manufacturing area workers were exposed to several other additional chemicals and processing
area workers were exposed to vinyl chloride.

Seven deaths were identified in the manufacturing cohort and five deaths were noted for
the processing cohort. The average exposure duration was not greater for those workers who
died, as compared to those still living at the time of the study. Cancer was the underlying cause
of death for two cases from the manufacturing area (carcinoma of the stomach, alveolar cell
carcinoma) and one case from the processing area (malignant mediastinal tumor). The workers
from the manufacturing area were exposed for 28 or 38 months and both had a positive smoking
history (>1 pack/day). Smoking history was not available for processing area workers. The
single case of cancer in this area occurred in a 21-year-old worker exposed to 1,4-dioxane for
1 year. The mortality data for both industrial cohorts were compared to age-race-sex specific
death rates for Texas (1960-1969). Person-years of observation contributed by workers were
determined over five age ranges with each worker contributing one person-year for each year of
observation in a specific age group. The expected number of deaths was determined by applying
the Texas 1960-1969 death rate statistics to the number of person years calculated for each
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cohort. The observed and expected number of deaths for overall mortality (i.e., all causes) was
comparable for both the manufacturing area (7 observed versus 4.9 expected) and the processing
area (5 observed versus 4.9 expected). No significant excess in cancer-related deaths was
identified for both areas of the facility combined (3 observed versus 1.7 expected). A separate
analysis was performed to evaluate mortality in manufacturing area workers exposed to
1,4-dioxane for more than 2 years. Six deaths occurred in this group as compared to

4.1 expected deaths. The use of a conditional Poisson distribution indicated no apparent excess
in mortality or death due to malignant neoplasms in this study. It is important to note that the
cohorts evaluated were limited in size. In addition, the mean exposure duration was less than

5 years (<2 years for 43% of workers) and the latency period for evaluation was less than

10 years for 59% of workers. The study authors recommended a follow-up investigation to
allow for a longer latency period; however, no follow-up study of these workers has been
published.

4.2. SUBCHRONIC AND CHRONIC STUDIES AND CANCER BIOASSAYS IN
ANIMALS - ORAL AND INHALATION

The majority of the subchronic and chronic studies conducted for 1,4-dioxane were
drinking water studies. To date, there are only two subchronic inhalation studies (Fairley, et al.,
1934; Kasali, et al., 2008) and two chronic inhalation studies (Kasali, et al., 2009; Torkelson,
Leong, Kociba, Richter, & Gehring, 1974). The effects following oral and inhalation exposures

are described in detail below.

4.2.1. Oral Toxicity

4.2.1.1. Subchronic Oral Toxicity

Six rats and six mice (unspecified strains) were given drinking water containing 1.25%
1,4-dioxane for up to 67 days (Fairley, et al., 1934). Using reference BWs and drinking water
ingestion rates for rats and mice (U.S. EPA, 1988), it can be estimated that these rats and mice
received doses of approximately 1,900 and 3,300 mg/kg-day, respectively. Gross pathology and
histopathology were evaluated in all animals. Five of the six rats in the study died or were
sacrificed in extremis prior to day 34 of the study. Mortality was lower in mice, with five of six
mice surviving up to 60 days. Kidney enlargement was noted in 5/6 rats and 2/5 mice. Renal
cortical degeneration was observed in all rats and 3/6 mice. Large areas of necrosis were
observed in the cortex, while cell degeneration in the medulla was slight or absent. Tubular casts
were observed and vascular congestion and hemorrhage were present throughout the kidney.
Hepatocellular degeneration with vascular congestion was also noted in five rats and three mice.
For this assessment, EPA identified the tested doses of 1,900 mg/kg-day in rats and 3,300 mg/kg-
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day in mice as the lowest-observed-adverse-effect-levels (LOAELS) for liver and kidney
degeneration in this study.

4.2.1.1.1. Stoner et al. 1,4-Dioxane was evaluated by Stoner et al. (1986)for its ability to induce
lung adenoma formation in A/J mice. Six- to 8-week-old male and female A/J mice
(16/sex/group) were given 1,4-dioxane by gavage or i.p. injection, 3 times/week for 8 weeks.
Total cumulative dose levels were given as 24,000 mg/kg (oral), and 4,800, 12,000, or

24,000 mg/kg (i.p.). Average daily dose estimates were calculated to be 430 mg/kg-day (oral),
and 86, 210, or 430 mg/kg-day (i.p.) by assuming an exposure duration of 56 days. The authors
indicated that i.p. doses represent the maximum tolerated dose (MTD), 0.5 times the MTD, and
0.2 times the MTD. Mice were killed 24 weeks after initiation of the bioassay, and lungs, liver,
kidney, spleen, intestines, stomach, thymus, salivary, and e