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Preface

Extremely hazardous substances (EHSs)? can be released accidentally as a
result of chemical spills, industrial explosions, fires, or accidents involving rail-
road cars and trucks transporting EHSs. Workers and residents in communities
surrounding industrial facilities where EHSs are manufactured, used, or stored
and in communities along the nation’s railways and highways are potentially at
risk of being exposed to airborne EHSs during accidental releases or intentional
releases by terrorists. Pursuant to the Superfund Amendments and Reauthoriza-
tion Act of 1986, the U.S. Environmental Protection Agency (EPA) has identi-
fied approximately 400 EHSs on the basis of acute lethality data in rodents.

As part of its efforts to develop acute exposure guideline levels for EHSs,
EPA and the Agency for Toxic Substances and Disease Registry (ATSDR) in
1991 requested that the National Research Council (NRC) develop guidelines
for establishing such levels. In response to that request, the NRC published
Guidelines for Developing Community Emergency Exposure Levels for Hazard-
ous Substances in 1993. Subsequently, Standard Operating Procedures for De-
veloping Acute Exposure Guideline Levels for Hazardous Substances was pub-
lished in 2001, providing updated procedures, methodologies, and other
guidelines used by the National Advisory Committee (NAC) on Acute Exposure
Guideline Levels for Hazardous Substances and the Committee on Acute Expo-
sure Guideline Levels (AEGLS) in developing the AEGL values.

Using the 1993 and 2001 NRC guidelines reports, the NAC—consisting of
members from EPA, the Department of Defense (DOD), the Department of En-
ergy (DOE), the Department of Transportation (DOT), other federal and state
governments, the chemical industry, academia, and other organizations from the
private sector—has developed AEGLSs for approximately 200 EHSs.

In 1998, EPA and DOD requested that the NRC independently review the
AEGLs developed by NAC. In response to that request, the NRC organized
within its Committee on Toxicology (COT) the Committee on Acute Exposure
Guideline Levels, which prepared this report. This report is the ninth volume in

?As defined pursuant to the Superfund Amendments and Reauthorization Act
of 1986.

Xi

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals, Volume 9

http://lwww.nap.edu/catalog/12978.html

Xii Preface

the series Acute Exposure Guideline Levels for Selected Airborne Chemicals. It
reviews the AEGLs for bromine, ethylene oxide, furan, hydrogen sulfide, pro-
pylene oxide, and xylenes for scientific accuracy, completeness, and consistency
with the NRC guideline reports. It also includes a chapter addressing the use of
physiologically based pharmacokinetic (PBPK) models to support the derivation
of AEGLs.

The committee’s review of the AEGL documents involved both oral and
written presentations to the committee by the NAC authors of the documents.
The committee examined the draft documents and provided comments and rec-
ommendations for how they could be improved in a series of interim reports.
The authors revised the draft AEGL documents based on the advice in the in-
terim reports and presented them for reexamination by the committee as many
times as necessary until the committee was satisfied that the AEGLs were scien-
tifically justified and consistent with the 1993 and 2001 NRC guideline reports.
After these determinations have been made for an AEGL document, it is pub-
lished as an appendix in a volume such as this one.

The nine interim reports of the committee that led to this report were re-
viewed in draft form by individuals selected for their diverse perspectives and
technical expertise, in accordance with procedures approved by the NRC’s Re-
port Review Committee. The purpose of this independent review is to provide
candid and critical comments that will assist the institution in making its pub-
lished report as sound as possible and to ensure that the report meets institu-
tional standards for objectivity, evidence, and responsiveness to the study
charge. The review comments and draft manuscript remain confidential to pro-
tect the integrity of the deliberative process. We wish to thank the following
individuals for their review of the nine committee interim reports, which sum-
marize the committee’s conclusions and recommendations for improving NAC’s
AEGL documents for bromine (twelfth and fifteenth interim reports, 2005 and
2008, respectively), ethylene oxide (tenth and fifteenth interim reports, 2004 and
2008, respectively), furan (sixth, eighth, and fifteenth interim reports, 2001,
2002, and 2008, respectively), hydrogen sulfide (third, sixth, seventh, eighth,
and ninth interim reports, 2000, 2001, 2002, 2002, and 2003, respectively), pro-
pylene oxide (tenth interim report, 2004), xylenes (twelfth and fourteenth in-
terim reports, 2005 and 2006, respectively), and the use of PBPK models to sup-
port the derivation of AEGLs (fifteenth interim report, 2008): Deepak Bhalla
(Wayne State University), Harvey Clewell (The Hamner Institutes for Health
Sciences), Rakesh Dixit (MedImmune/AstraZeneca Biologics, before he became
a member of the committee), David Gaylor (Gaylor and Associates, LLC), Sid-
ney Green (Howard University), A. Wallace Hayes (Harvard School of Public
Health), Sam Kacew (University of Ottawa), Nancy Kerkvliet (Oregon State
University), Florence K. Kinoshita (Hercules Incorporated [retired]), Kenneth
Poirier (Toxicology Excellence for Risk Assessment),Charles R. Reinhardt (Du-
Pont Haskell Laboratory [retired]), and Bernard M. Wagner (New York Univer-
sity Medical Center [retired]).
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Preface Xiii

Although the reviewers listed above have provided many constructive
comments and suggestions, they were not asked to endorse the conclusions or
recommendations, nor did they see the final draft of this volume before its re-
lease. The review of the third interim report, completed in 2000, was overseen
by Mary Vore, University of Kentucky Medical Center. The reviews of the sixth
interim report (2001), seventh interim report (2002), fourteenth interim report
(2006), and fifteenth interim report (2008) were overseen by Robert Goyer,
University of Western Ontario (retired). The reviews of the eighth interim report
(2002) and tenth interim report (2004) were overseen by David H. Moore, Bat-
telle Memorial Institute. The review of the ninth interim report (2003) was over-
seen by Judith A. Graham, American Chemistry Council (retired). The review of
the twelfth interim report (2005) was overseen by David W. Gaylor, Gaylor and
Associates, LLC. Appointed by the NRC, they were responsible for making cer-
tain that an independent examination of the interim reports was carried out in
accordance with institutional procedures and that all review comments were
carefully considered. Responsibility for the final content of this report rests en-
tirely with the authoring committee and the institution.

The committee gratefully acknowledges the valuable assistance provided
by the following persons: Ernest Falke, Marquea D. King, Iris A. Camacho, and
Paul Tobin (all from EPA); and George Rusch (Honeywell, Inc.). The commit-
tee also acknowledges Raymond Wassel and Keegan Sawyer, the project direc-
tors for their work this project. Other staff members who contributed to this ef-
fort are James J. Reisa (director of the Board on Environmental Studies and
Toxicology), Susan Martel (senior program officer for toxicology), Ruth Cross-
grove (senior editor), Radiah Rose (manager of editorial projects), Mirsada Ka-
ralic-Loncarevic (manager of the Technical Information Center), Orin Luke
(senior program assistant), and Tamara Dawson (program associate). Finally, |
would like to thank all members of the committee for their expertise and dedi-
cated effort throughout the development of this report.

Donald E. Gardner, Chair

Committee on Acute Exposure
Guideline Levels
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National Research Council Committee
Review of Acute Exposure Guideline
L evels of Selected Airborne Chemicals

This report is the ninth volume in the series Acute Exposure Guideline
Levelsfor Selected Airborne Chemicals.

In the Bhopal disaster of 1984, approximately 2,000 residents living near a
chemical plant werekilled and 20,000 more suffered irreversible damage to their
eyes and lungs following accidental release of methyl isocyanate. The toll was
particularly high because the community had little idea what chemicals were
being used at the plant, how dangerous they might be, or what steps to take in an
emergency. This tragedy served to focus international attention on the need for
governments to identify hazardous substances and to assist local communitiesin
planning how to deal with emergency exposures.

In the United States, the Superfund Amendments and Reauthorization Act
(SARA) of 1986 required that the U.S. Environmental Protection Agency (EPA)
identify extremely hazardous substances (EHSs) and, in cooperation with the
Federal Emergency Management Agency and the U.S. Department of Transpor-
tation, assist local emergency planning committees (LEPCs) by providing guid-
ance for conducting health hazard assessments for the development of emer-
gency response plans for sites where EHSs are produced, stored, transported, or
used. SARA also required that the Agency for Toxic Substances and Disease
Registry (ATSDR) determine whether chemical substances identified at hazard-
ous waste sites or in the environment present a public health concern.

As afirst step in assisting the LEPCs, EPA identified approximately 400
EHSs largely on the basis of their immediately dangerous to life and health val-
ues, developed by the National Institute for Occupational Safety or Health. Al-
though several public and private groups, such as the Occupational Safety and
Health Administration and the American Conference of Governmental Industrial
Hygienists, have established exposure limits for some substances and some ex-
posures (e.g., workplace or ambient air quality), these limits are not easily or
directly trandlated into emergency exposure limits for exposures at high levels

3
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4 Acute Exposure Guideline Levels

but of short duration, usually less than 1 hour (h), and only once in alifetime for
the general population, which includes infants (from birth to 3 years of age),
children, the elderly, and persons with diseases, such as asthma or heart disease.

The National Research Council (NRC) Committee on Toxicology (COT)
has published many reports on emergency exposure guidance levels and space-
craft maximum allowable concentrations for chemicals used by the U.S. De-
partment of Defense (DOD) and the National Aeronautics and Space Admini-
stration (NASA) (NRC 1968, 1972, 1984a,b,c,d, 1985a,b, 1986a, 1987, 1988,
1994, 1996a,b, 20003, 2002a, 20073, 2008a). COT has also published guidelines
for developing emergency exposure guidance levels for military personnel and
for astronauts (NRC 1986b, 1992, 2000b). Because of COT'’s experience in rec-
ommending emergency exposure levels for short-term exposures, in 1991 EPA
and ATSDR requested that COT develop criteria and methods for developing
emergency exposure levels for EHSs for the general population. In response to
that request, the NRC assigned this project to the COT Subcommittee on Guide-
lines for Developing Community Emergency Exposure Levels for Hazardous
Substances. The report of that subcommittee, Guidelines for Developing Com+
munity Emergency Exposure Levels for Hazardous Substances (NRC 1993),
provides step-by-step guidance for setting emergency exposure levels for EHSs.
Guidance is given on what data are needed, what data are available, how to
evaluate the data, and how to present the resullts.

In November 1995, the National Advisory Committee (NAC)* for Acute
Exposure Guideline Levels for Hazardous Substances was established to iden-
tify, review, and interpret relevant toxicologic and other scientific data and to
develop acute exposure guideline levels (AEGL s) for high-priority, acutely toxic
chemicals. The NRC's previous name for acute exposure levels—community
emergency exposure levels (CEELs)—was replaced by the term AEGLS to re-
flect the broad application of these values to planning, response, and prevention
in the community, the workplace, transportation, the military, and the remedia-
tion of Superfund sites.

AEGL s represent threshold exposure limits (exposure levels below which
adverse health effects are not likely to occur) for the genera public and are ap-
plicable to emergency exposures ranging from 10 minutes (min) to 8 h. Three
levels—AEGL-1, AEGL-2, and AEGL-3—are developed for each of five expo-
sure periods (10 min, 30 min, 1 h, 4 h, and 8 h) and are distinguished by varying
degrees of severity of toxic effects. The three AEGL s are defined as follows:

AEGL-1 is the airborne concentration (expressed as ppm [parts per mil-
lion] or mg/m® [milligrams per cubic meter]) of a substance above which it is
predicted that the general population, including susceptible individuals, could
experience notable discomfort, irritation, or certain asymptomatic nonsensory
effects. However, the effects are not disabling and are transient and reversible

INAC is composed of members from EPA, DOD, many other federal and state agen-
cies, industry, academia, and other organizations. The NAC roster is shown on page 9.
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upon cessation of exposure.

AEGL-2 is the airborne concentration (expressed as ppm or mg/m°) of a
substance above which it is predicted that the general population, including sus-
ceptible individuals, could experience irreversible or other serious, long-lasting
adverse hedlth effects or an impaired ability to escape.

AEGL-3 is the airborne concentration (expressed as ppm or mg/m°) of a
substance above which it is predicted that the general population, including sus-
ceptible individuals, could experience life-threatening adverse health effects or
death.

Airborne concentrations below AEGL -1 represent exposure levels that can
produce mild and progressively increasing but transient and nondisabling odor,
taste, and sensory irritation or certain asymptomatic nonsensory adverse effects.
With increasing airborne concentrations above each AEGL, there is a progres-
sive increase in the likelihood of occurrence and the severity of effects described
for each corresponding AEGL. Although the AEGL values represent threshold
levels for the general public, including susceptible subpopulations, such as in-
fants, children, the elderly, persons with asthma, and those with other illnesses,
it is recognized that individuals, subject to idiosyncratic responses, could experi-
ence the effects described at concentrations bel ow the corresponding AEGL.

SUMMARY OF REPORT ON
GUIDELINES FOR DEVELOPING AEGLS

As described in Guidelines for Developing Community Emergency Expo-
sure Levels for Hazardous Substances (NRC 1993) and the NRC guidelines re-
port Standing Operating Procedures for Developing Acute Exposure Guideline
Levels for Hazardous Chemicals (NRC 2001a), the first step in establishing
AEGLsfor achemical isto collect and review all relevant published and unpub-
lished information. Various types of evidence are assessed in establishing AEGL
values for a chemical. These include information from (1) chemical-physical
characterizations, (2) structure-activity relationships, (3) in vitro toxicity studies,
(4) animal toxicity studies, (5) controlled human studies, (6) observations of
humans involved in chemical accidents, and (7) epidemiologic studies. Toxicity
data from human studies are most applicable and are used when available in
preference to data from animal studies and in vitro studies. Toxicity data from
inhalation exposures are most useful for setting AEGLSs for airborne chemicals
because inhalation is the most likely route of exposure and because extrapola-
tion of data from other routes would lead to additional uncertainty in the AEGL
estimate.

For most chemicals, actual human toxicity data are not available or critical
information on exposure is lacking, so toxicity data from studies conducted in
laboratory animals are extrapolated to estimate the potential toxicity in humans.
Such extrapolation requires experienced scientific judgment. The toxicity data
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for animal species most representative of humans in terms of pharmacodynamic
and pharmacokinetic properties are used for determining AEGLSs. If data are not
available on the species that best represents humans, data from the most sensi-
tive animal species are used. Uncertainty factors are commonly used when ani-
mal data are used to estimate risk levels for humans. The magnitude of uncer-
tainty factors depends on the quality of the animal data used to determine the no-
observed-adverse-effect level (NOAEL) and the mode of action of the substance
in question. When available, pharmacokinetic data on tissue doses are consid-
ered for interspecies extrapolation.

For substances that affect several organ systems or have multiple effects,
all end points (including reproductive [in both genders], developmental, neuro-
toxic, respiratory, and other organ-related effects) are evaluated, the most impor-
tant or most sensitive effect receiving the greatest attention. For carcinogenic
chemicals, excess carcinogenic risk is estimated, and the AEGL s corresponding
to carcinogenic risks of 1 in 10,000 (1 x 10, 1 in 100,000 (1 x 10®), and 1 in
1,000,000 (1 x 10°°) exposed persons are estimated.

REVIEW OF AEGL REPORTS

As NAC began developing chemical-specific AEGL reports, EPA and
DOD asked the NRC to review independently the NAC reports for their scien-
tific validity, completeness, and consistency with the NRC guideline reports
(NRC 1993, 20014). The NRC assigned this project to the COT Committee on
Acute Exposure Guideline Levels. The committee has expertise in toxicology,
epidemiology, occupational health, pharmacology, medicine, pharmacokinetics,
industrial hygiene, and risk assessment.

The AEGL draft reports are initially prepared by ad hoc AEGL develop-
ment teams consisting of a chemical manager, two chemica reviewers, and a
staff scientist of the NAC contractor—Oak Ridge National Laboratory. The
draft documents are then reviewed by NAC and elevated from “draft” to “pro-
posed” status. After the AEGL documents are approved by NAC, they are pub-
lished in the Federal Register for public comment. The reports are then revised
by NAC in response to the public comments, elevated from “proposed” to “in-
terim” status, and sent to the NRC Committee on Acute Exposure Guideline
Levelsfor find evaluation.

The NRC committee’s review of the AEGL reports prepared by NAC and
its contractors involves oral and written presentations to the committee by the
authors of the reports. The NRC committee provides advice and recommenda-
tions for revisions to ensure scientific validity and consistency with the NRC
guideline reports (NRC 1993, 2001a). The revised reports are presented at sub-
seguent meetings until the subcommittee is satisfied with the reviews.

Because of the enormous amount of data presented in AEGL reports, the
NRC committee cannot verify all of the data used by NAC. The NRC committee
relies on NAC for the accuracy and completeness of the toxicity data cited in the
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AEGL reports. Thus far, the committee has prepared seven reports in the series
Acute Exposure Guideline Levels for Selected Airborne Chemicals (NRC 2001b,
2002b, 2003, 2004, 2007b, 2008b, 2009, 2010). This report is the ninth volume in
that series. AEGL documents for bromine, ethylene oxide, furan, hydrogen sul-
fide, propylene oxide, and xylenes are each published as an appendix in this re-
port. This volume also contains a chapter on the use of physiologically based
pharmacokinetic models to support the derivation of AEGLs. The committee
concludes that the AEGLs developed in these appendixes are scientifically vaid
conclusions based on the data reviewed by NAC and are consistent with the NRC
guideline reports. AEGL reports for additional chemicals will be presented in sub-
sequent volumes.
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Furan'

Acute Exposure Guideline Levels

PREFACE

Under the authority of the Federal Advisory Committee Act (FACA) P.L.
92-463 of 1972, the National Advisory Committee for Acute Exposure Guide-
line Levels for Hazardous Substances (NAC/AEGL Committee) has been estab-
lished to identify, review, and interpret relevant toxicologic and other scientific
data and develop AEGLs for high-priority, acutely toxic chemicals.

AEGLs represent threshold exposure limits for the general public and are
applicable to emergency exposure periods ranging from 10 minutes (min) to 8
hours (h). Three levels—AEGL-1, AEGL-2, and AEGL-3—are developed for
each of five exposure periods (10 and 30 min and 1, 4, and 8 h) and are distin-
guished by varying degrees of severity of toxic effects. The three AEGLs have
been defined as follows:

AEGL-1 is the airborne concentration (expressed as parts per million
[ppm] or milligrams per cubic meter [mg/m’]) of a substance above which it is
predicted that the general population, including susceptible individuals, could
experience notable discomfort, irritation, or certain asymptomatic, nonsensory

'This document was prepared by the AEGL Development Team composed of Claudia
Troxel (Oak Ridge National Laboratory) and Chemical Manager George Rodgers (Na-
tional Advisory Committee [NAC] on Acute Exposure Guideline Levels for Hazardous
Substances). The NAC reviewed and revised the document and AEGLs as deemed neces-
sary. Both the document and the AEGL values were then reviewed by the National Re-
search Council (NRC) Committee on Acute Exposure Guideline Levels. The NRC com-
mittee has concluded that the AEGLs developed in this document are scientifically valid
conclusions based on the data reviewed by the NRC and are consistent with the NRC
guideline reports (NRC 1993, 2001).

136
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effects. However, the effects are not disabling and are transient and reversible
upon cessation of exposure.

AEGL-2 is the airborne concentration (expressed as ppm or mg/m’) of a
substance above which it is predicted that the general population, including sus-
ceptible individuals, could experience irreversible or other serious, long-lasting
adverse health effects, or an impaired ability to escape.

AEGL-3 is the airborne concentration (expressed as ppm or mg/m’) of a
substance above which it is predicted that the general population, including sus-
ceptible individuals, could experience life-threatening health effects or death.

Airborne concentrations below the AEGL-1 represent exposure levels that
could produce mild and progressively increasing but transient and nondisabling
odor, taste, and sensory irritation or certain asymptomatic, nonsensory effects.
With increasing airborne concentrations above each AEGL, there is a progres-
sive increase in the likelihood of occurrence and the severity of effects described
for each corresponding AEGL. Although the AEGLs represent threshold levels
for the general public, including susceptible subpopulations, such as infants,
children, the elderly, persons with asthma, and those with other illnesses, it is
recognized that individuals, subject to idiosyncratic responses, could experience
the effects described at concentrations below the corresponding AEGL.

SUMMARY

Furan is a colorless, highly flammable liquid with a strong, ethereal odor.
It is used primarily as an industrial intermediate. Occupational exposure to furan
is limited because it is handled in closed containers and is used in a closed sys-
tem in industrial processes. The general public is typically exposed to furan on a
daily basis. The chemical has been detected in cooked foods, the gas-phase
component of cigarette smoke, wood smoke, exhaust gas from diesel and gaso-
line engines, and oils obtained by distilling rosin-containing pine wood. If furan
is released, it is predicted to exist almost entirely in the vapor phase in the at-
mosphere because of its relatively high vapor pressure.

Quantitative toxicology data on effects after inhalation exposure to furan
were limited to one study in rats. Oral administration of furan resulted in hepa-
tocarcinogenicity and toxicity, and a number of studies determined that a reac-
tive metabolite was responsible for most of the hepatic effects furan induced. In
particular, metabolism studies indicate that furan is bioactivated in the liver to a
reactive metabolite, cis-2-butene-1,4-dial, by cytochrome P-450 2E1. On the
basis of a chronic oral carcinogenicity study in which clear evidence of carcino-
genicity was noted in male and female rats and mice, the National Toxicology
Program (NTP) classifies furan as “reasonably anticipated to be a human car-
cinogen” and the International Agency for Research on Cancer (IARC) lists fu-
ran as a Group 2B carcinogen (possibly carcinogenic to humans). The U.S. En-
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vironmental Protection Agency (EPA) has not classified furan according to its
carcinogenicity.

AEGL-1 values were not derived for furan. No human or animal data rele-
vant to the derivation of any AEGL-1 for furan were located.

The Terrill et al. (1989) study was used as the basis for the AEGL-2 and -3
derivations. Groups of five male and five female Sprague-Dawley rats were ex-
posed to furan for 1 h at analytic concentrations of 1,014, 2,851, or 4,049 ppm in
a dynamic inhalation chamber. The rats were observed for 14 days, at which
time a gross necropsy was conducted on the surviving animals. Signs of furan
intoxication during exposure included respiratory distress, increased secretory
response, and death. The degrees of respiratory distress and increased secretory
response at each concentration (or chemical) were not provided. Body weight
(b.w.) declined in the mid- and high-concentration groups (actual b.w. not pro-
vided). No treatment-related lesions were observed in surviving animals. Mor-
tality was not observed at the low or middle concentrations, but all males and
four of five females died at the high concentration. A general statement was
made that “in many instances, deaths were delayed until the end of the first
week and the beginning of the second week.”

The AEGL-2 derivation is based on the threshold for adverse effects in
male and female rats at a concentration of 1,014 ppm for 1 h (Terrill et al. 1989).
Although the severity of the clinical signs (respiratory distress, increased secre-
tory response) was not reported, this lowest exposure group did not exhibit a
decrease in b.w. as did the rats exposed to 2,851 or 4,049 ppm.

The AEGL-3 derivation is based on the highest nonlethal concentration in
male and female rats of 2,851 ppm for 1 h (Terrill et al. 1989). Rats exposed to
1,014, 2,851, or 4049 ppm exhibited clinical signs, including respiratory distress
and increased secretory response: however, the degree of the symptoms at each
concentration was not provided. Death occurred in the highest exposure group.

For the AEGL-2 and -3 derivations, an uncertainty factor of 10 was ap-
plied for species-to-species extrapolation because there are inadequate data to
properly assess interspecies variability. Terrill et al. (1989) was the only pub-
lished furan toxicity study that investigated the toxicity of inhaled furan, and it
evaluated only one species (rat). Therefore, insufficient empirical data were
available to examine species differences in response to inhaled furan. A physio-
logically based pharmacokinetic (PBPK) simulation of inhalation exposure to
furan predicted that the absorbed dose of furan in mice and rats would be ~10-
and 3.5-fold higher, respectively, than that in humans, whereas the integrated
liver exposure to furan metabolites would be ~6- and 3-fold higher, respectively,
than that in humans. However, oral toxicity data indicate that rats are more sen-
sitive than mice despite PBPK modeling predictions that mice would have a 3-
fold higher absorbed dose and 2-fold higher integrated liver exposure to furan
metabolites than rats. Therefore, there are too many uncertainties about the re-
sponse to furan of the rat, mouse, and human liver to base an uncertainty factor
on PBPK modeling predictions.
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An intraspecies uncertainty factor of 3 was applied for the following rea-
sons:

1. Assuming death was the result of a progression of the toxicity present
at the lower concentrations, the steep dose-response curve for lethality indicates
there is not much variability in the response (0/10 rats died at 1,014 and 2,851
ppm, whereas 9/10 rats died at 4,049 ppm). The delayed deaths in the high-
concentration group suggest that hepatotoxicity was the cause of death.

2. If no hepatotoxicity is present, the clinical signs are likely due to a di-
rect contact effect, which is not expected to vary much among individuals.

3. If hepatotoxicity is present, it is due to the reactive metabolite produced
in the liver. PBPK modeling data indicate that production of the metabolite is
blood flow limited. Therefore, variations in cytochrome P-450 2E1 levels are
not likely to be a significant factor (Kedderis and Held 1996). Using hepatocytes
as the basis, PBPK modeling indicates that when adults and children (ages 6, 10,
and 14 years) are exposed to the same furan concentrations, the blood concentra-
tion of furan is likely to be greater in children than in adults by a factor of only
1.5 (at steady state), and the maximum factor of adult-child differences in liver
concentration of furan metabolite is about 1.25 (Price et al. 2003).

A modifying factor of 5 was applied to account for a limited data set (only
one data set addressing furan toxicity after inhalation exposure was available;
this study was not repeated, and there was no information on furan toxicity in
other species). Therefore, a total uncertainty factor and modifying factor of 150
was applied to the AEGL-2 and -3 values.

The experimentally derived exposure values were scaled to AEGL time-
frames using the concentration-time relationship given by the equation C" x t =
k, where C = concentration, t = time, k is a constant, and n generally ranges from
0.8 to 3.5 (ten Berge et al. 1986). The value of n was not empirically derived
because of insufficient data; therefore, the default value of n = 1 was used for
extrapolating from shorter to longer exposure periods and a value of n = 3 was
used to extrapolate from longer to shorter exposure periods.

The derived AEGL values are listed in Table 3-1.

1. INTRODUCTION

Furan is a colorless, highly flammable liquid with a strong, ethereal odor.
An odor threshold value for furan could not be located in the available literature.
Furan is miscible with most organic solvents but is only slightly soluble in wa-
ter. It has low boiling and flash points and is often stabilized with butylated hy-
droxytoluene to inhibit the formation of explosion-prone peroxides upon expo-
sure to air (EPA 1987). Furan is produced by decarbonylation of furfural
(Kottke 1991). The industrial uses of furan are predominantly as an intermediate
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TABLE 3-1 Summary of AEGL Values for Furan

Classification 10 min 30 min 1h 4h 8h End Point (Reference)
AEGL-1 NR* NR NR NR NR Not applicable
(Nondisabling)

AEGL-2 12 ppm 8S5ppm 68ppm 1.7ppm  0.85ppm 1,014 ppm for I h:
(Disabling) 33 (24 (19 4.7 24 threshold for adverse

mg/m’) mg/m’) mg/m’) mg/m?) mg/m’) effects in rats; clinical
signs: although the
severity of respiratory
distress and increased
secretory response not
reported, no decrease in
body weight occurred
(Terrill et al. 1989)

AEGL-3 35ppm 24 ppm 199ppm  48ppm 24ppm 2,851 ppmfor 1 h:
(Lethality) 97 (67 (53 (13 6.7 threshold for lethality in
mg/m’) mg/m’) mg/m’) mg/m’) mg/m’) rats (Terrill et al. 1989)

“NR: not recommended. Numeric values for AEGL-1 are not recommended because of
the lack of available data. Absence of an AEGL-1 does not imply that exposure below the
AEGL-2 is without adverse effects.

in the production of tetrahydrofuran, pyrrole, and thiophene; in the formation of
lacquers and solvents for resins; in the production of pharmaceuticals; in agri-
cultural chemicals; and in stabilizers (IARC 1995). Furan is an EPA high-
production-volume chemical (revised Sept. 6, 2001), with production exceeding
1 million pounds annually. Occupational exposure to furan is predicted to be
minimal as it is handled in closed containers because of its volatility, and indus-
trial processes that use furan are conducted in closed systems (NTP 1993).

The general public is typically exposed to furan on a daily basis. The
chemical has been detected in the gas-phase component of cigarette smoke,
wood smoke, exhaust gas from diesel and gasoline engines, and oils obtained by
distilling rosin-containing pine wood (Budavari et al. 1989; IARC 1995). Furan
is also present in cooked foods: analysis of approximately 300 food samples
found furan levels ranging from nondetectable (below the limits of detection of
the method) to 175 parts per billion (FDA 2009). Food and Drug Administration
(FDA) calculations found that mean daily furan exposure ranged from 0.26
ng/kg of b.w. per day for adults to 0.41 pug/kg/day for infants consuming baby
food and 0.9 pg/kg/day for those consuming infant formula (FDA 2007). Com-
mon sources of exposure in adults include coffee, juices, snack foods, nutritional
drinks, and gravies; common sources in infants (up to 1 year old) are jarred baby
foods and canned infant formulas (Becalski et al. 2005; FDA 2007; Zoller et al.
2007). FDA has posted these furan data on the agency’s Web site at
http://www.cfsan.fda.gov/~Ird/pestadd.html#furan. It is postulated that the pri-
mary source of furans in food is from thermal degradation and rearrangement of
organic compounds, especially carbohydrates (69 CFR 25911[2004]).
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If it is released, furan is predicted to exist almost entirely in the vapor
phase in the atmosphere because of its relatively high vapor pressure. The pri-
mary removal mechanism during daylight is predicted to be the reaction with
photochemically generated hydroxyl radicals, with an estimated half-life of 2 to
6 h (EPA 1987) or 9.5 h (Atkinson 1989). Reaction with nitrate radicals is pre-
dicted to be the primary removal mechanism during night hours (approximate
half-life of 2 h) (EPA 1987).

Although furan is present in cigarette smoke (Newsome et al. 1965), no
human data were available regarding acute nonlethal toxicity of this compound.
The NTP report (1993) summarized possible human exposure data. While it was
reported that approximately 35 employees were potentially exposed to furan at
14 plants, no further details, such as health effects, were provided.

The physicochemical data on furan are presented in Table 3-2.

TABLE 3-2 Chemical and Physical Data for Furan
Value

Furfuran, oxole, tetrole, divinylene
oxide, 1,4-epoxy-1,3-butadiene,
oxacyclopentadiene

Reference
Budavari et al. 1989

Parameter

Synonyms

CAS registry number  110-00-9

Chemical formula C4H,0 Budavari et al. 1989
Molecular weight 68.07 Budavari et al. 1989
Physical state Liquid Budavari et al. 1989
Color Colorless, turns brown upon standing Garcia and James 2000
Melting point —86°C Garcia and James 2000
Boiling point 31.36°C at 760 mmHg Budavari et al. 1989

Liquid density
(water = 1)

Vapor density (air = 1)
Solubility

Vapor pressure

Conversion factors

32°C at 758 mmHg
0.9371 at 19.4/4°C

2.36

Freely soluble in alcohol and ether;
solubility in water: 1% at 25°C

658 mmHg at 20°C
600 mmHg at 20°C

1 ppm = 2.78 mg/m’

1 mg/m’ = 0.359 ppm
Calculated: ppm x molecular
weight = mg/m’ at 24.45 °C

Budavari et al. 1989

Kottke 1991

Budavari et al. 1989
Kottke 1991

Kottke 1991
HSDB 2003

Garcia and James 2000
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2. HUMAN TOXICITY DATA

2.1. Acute Lethality

No data were available regarding the acute lethality of furan in humans.

2.2. Nonlethal Toxicity

No human inhalation toxicity data for furan were available.

2.3. Developmental and Reproductive Effects

No human developmental and reproductive toxicity data concerning furan
were found in the available literature.

2.4. Genotoxicity

No human genotoxicity data on furan were found in the available litera-
ture.

2.5. Carcinogenicity

No human data were found in the available literature regarding the car-
cinogenic potential of inhaled furan.

2.6. Summary

No data were found in the available literature regarding lethal and
nonlethal toxicity, developmental and reproductive toxicity, genotoxicity, and
carcinogenicity of inhaled furan in humans. Although it was reported that ap-
proximately 35 employees were potentially exposed to furan at 14 plants, no
further details, such as health effects, were provided.

3. ANIMAL TOXICITY DATA
3.1. Acute Lethality
3.1.1. Dogs

A 10-kg dog (sex, age, and strain unspecified) was anesthetized with ether
and then injected with 0.2 cubic centimeters (cm®) of furan (Koch and Cahan
1925). Blood pressure immediately decreased, followed by an increase in the
amplitude of the heartbeat and a rapid recovery of blood pressure to slightly
higher than the initial reading. Three more injections gave similar results. It was
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concluded that furan stimulated the vagus mechanism because intravenous ad-
ministration of furan after injection of 3 cm® of 1% atropine resulted in a de-
crease in blood pressure but no increase in the amplitude of the heartbeat. Furan
was then substituted for ether (concentration of furan and protocol for furan in-
halation were not provided). Blood pressure rapidly decreased, followed by an
increased amplitude of the heartbeat. Respiration then ceased, followed by car-
diac arrest. Necropsy revealed marked dilation of the blood vessels in the vis-
cera; blood that was a bright, cherry red; and hyperemic lungs. The authors con-
cluded that the immediate cause of death was asphyxia resulting from paralysis
of the medulla.

3.1.2. Rats

Groups of five male and five female Sprague-Dawley rats were exposed
for 1 h to furan vapor at analytic concentrations of 1,014, 2,851, and 4,049 ppm
(Terrill et al. 1989). The vapor was generated with a bubbler, and exposures
were conducted in a modified, 1-m’ Hinner’s-type, glass and stainless steel
chamber (a Hinner’s-type chamber is a vertical-flow chamber with cubic expo-
sure sections, tangential inlets, and pyramid-shaped upper and lower sections)
(McClellan and Henderson 1995). An infrared analyzer was used to monitor the
exposure concentrations beginning at 15 min of exposure and continuing every 5
to 15 min thereafter. Animals were observed for 14 days, at which time a gross
necropsy was conducted on the surviving animals. Signs of furan intoxication
during exposure included respiratory distress, increased secretory response, and
death. The degrees of respiratory distress and secretory response at each concen-
tration were not provided. Body weight decreased in the middle- and high-
concentration groups (actual b.w. not provided). No exposure-related lesions
were observed in surviving animals. The mortality at each concentration was
recorded and is presented in Table 3-3. Mortalities were not observed at the low
and middle concentrations, but all males and four of five females died at the
high concentration. The 1-h LCs, (concentration with 50% lethality) values and
95% confidence intervals were 3,398 ppm (2,683 to 4,303 ppm) for males, 3,550
ppm (2,726 to 4,623 ppm) for females, and 3,464 ppm (2,905 to 4,131 ppm) for
both sexes combined.

TABLE 3-3 Mortality in Sprague-Dawley Rats Exposed to Furan

Mortality®
Concentration (ppm) Male Female
1,014 £36.6 0/5 0/5
2,851 +£246.7 0/5 0/5
4,049 +£227.8 5/5 4/5

“Number dead/number exposed.
Source: Terrill et al. 1989. Reprinted with permission; copyright 1989, American Industrial
Hygiene Association.
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A rat was exposed to furan by inhalation via saturated cotton held over the
nose (Koch and Cahan 1925). After a short struggle, the rat collapsed. There was
an increase in the rate of respiration and the rat exhibited complete analgesia and
relaxation lasting 2 to 3 min. The authors then stated that this experiment was
repeated, but it is unclear if they meant both the exposure and the clinical signs
or just the exposure. Although the rat appeared normal when replaced in its cage
after treatment, it was dead the next morning.

3.1.3. Mice

Groups of three or four Swiss mice weighing 18 to 21 grams (g) were ex-
posed to furan vapor ranging in concentration from 10.5 to 350 ppm for 1 h
(Egle and Gochberg 1979). Information about the sex of the animals, individual
vapor concentrations, method of vapor analysis, and period of observation after
exposure was not provided. The vapor was generated by passing air through
pure furan at room temperature and then transferring it with a 100-cm’ syringe
into a 5.2-liter (L) sealed glass desiccator. The 1-h LCs, was calculated to be 42
ppm. Gross necropsy revealed pulmonary inflammation and fluid accumulation,
although it was not stated if these findings were limited to decedents or were
also seen in survivors. Clinical signs of toxicity in mice that died during the 1-h
exposure included hyperactivity for 5 to 15 min, followed by labored breathing
and death soon after. As addressed by Garcia and James (2000), it is likely that
hypoxia contributed to the toxicity observed in this study. According to their
calculations, four mice placed in a closed system for 1 h would breathe 9.6 L of
air (4 mice X 40 milliters [mL]/min x 60 min). The desiccator in which the ex-
posure occurred was only a 5.2-L desiccator. The closed system in which the
mice were exposed did not provide enough oxygen for the number of mice
tested. Therefore, the mortality observed in the mice was most likely con-
founded by the hypoxic conditions, and the study is considered unacceptable.

3.1.4. Rabbits

A rabbit was exposed to furan through saturated cotton held over the nose
(Koch and Cahan 1925). The rabbit struggled and collapsed. As the animal be-
came sedated, respiration ceased but the heart continued to beat. After artificial
respiration, breathing returned. Furan was administered a second time, but this
time, respiration could not be restored after cessation. Necropsy revealed
marked dilation of the blood vessels in the viscera; blood that was a bright,
cherry red; and hyperemic lungs. The authors concluded that the immediate
cause of death was asphyxia resulting from paralysis of the medulla.

3.2. Nonlethal Toxicity

Limited acute nonlethal exposure data were available on rats from furan
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kinetic studies (Kedderis et al. 1993). Using a closed recirculating chamber, gas
uptake studies were conducted with three male Fischer 344 (F344) rats per
group, with initial furan concentrations of 100, 500, 1,050, and 3,850 ppm. From
the graph provided, it appears that rats were kept in the chamber up to 6 h. In a
later study, 12 male rats per group were exposed for 4 h to furan at 52, 107, or
208 ppm. The liver and blood were sampled after exposure to determine furan
concentrations. These studies were designed to develop and validate a PBPK
model. Therefore, no data on possible toxicity resulting from the furan expo-
sures were provided. It appears that all rats survived the exposures as there was
no mention of mortality. The authors stated that 4-h exposures to concentrations
higher than 300 ppm were not simulated by the PBPK model because the expo-
sures would probably be lethal (Kedderis and Held 1996).

3.3. Developmental and Reproductive Effects

Data addressing the developmental and reproductive effects of furan in
animals were not available.

3.4. Genotoxicity

Furan (up to 10,000 pg per plate) tested negative for genotoxicity in Sal-
monella typhimurium strains TA100, TA1535, TA1537, and TA98 in the pres-
ence and absence of exogenous metabolic activation (Mortelmans et al. 1986;
NTP 1993) and in the induction of sex-linked recessive lethal mutations in germ
cells from male Drosophila melanogaster when administered by feeding (10,000
ppm) or injection (25,000 ppm) (NTP 1993). Furan tested positive for genotox-
icity in a number of in vitro and in vivo mammalian systems: furan induced
trifluorothymidine resistance in mouse L5178Y lymphoma cells in the absence
of metabolic activation (concentrations of 1,139 to 3,800 pg per plate, equiva-
lent to ~16.5 to 45 micromolars [uM]) (McGregor et al. 1988; NTP 1993); in-
duced chromosome aberrations in Chinese hamster ovary (CHO) cells with
metabolic activation at concentrations of 100 to 200 millimolars (mM) (Stich et
al. 1981), while another study reported induction of chromosome aberrations
and sister chromatid exchanges in CHO cells with and without metabolic activa-
tion (NTP 1993); and induced chromosomal aberrations (intraperitoneal [i.p.]
concentration of 250 mg/kg) but not sister chromatid exchange (i.p. concentra-
tion up to 350 mg/kg) in bone marrow cells after i.p. injections to male B6C3F,
mice (NTP 1993). Kong et al. (1988) reported positive findings in the micronu-
cleus test (species and route of administration not provided) but negative find-
ings in the SOS chromotest and the umu test at furan concentrations of 400
mg/kg.

Furan tested negative for genotoxicity when evaluated in the in vivo hepa-
tocyte DNA repair assay (Wilson et al. 1992). For this assay, unscheduled DNA
repair was measured in hepatocytes that were isolated from male F344 rats after
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a single gavage administration of furan at 5, 30 or 100 mg/kg or from male
B6C3F| mice after administration of 10, 50, 100, or 200 mg/kg.

3.5. Chronic Toxicity and Carcinogenicity

No data were available assessing the potential carcinogenicity of inhaled
furan. Therefore, the data addressing carcinogenicity after oral exposure are in-
cluded below.

Furan was administered at doses of 0, 2, 4, or 8§ mg/kg in corn oil by ga-
vage to groups of 50 male or 50 female F344/N rats for 5 days/week for 2 years
(NTP 1993). All groups of dosed rats exhibited an increased incidence of
cholangiocarcinomas (males: 0/50, 43/50, 48/50, and 49/50; females: 0/50,
49/50, 50/50, and 48/50 for the 0, 2, 4, and 8-mg/kg groups, respectively).
Cholangiocarcinomas were also present in animals examined at the 9- and 15-
month interim evaluation. Male rats had an increased combined incidence of
hepatocellular adenomas or carcinomas (1/50, 5/50, 22/50, and 35/50), while
female rats had an increased incidence of hepatocellular adenomas (0/50, 2/50,
4/50, and 7/50). Nonneoplastic liver lesions that occurred in both male and fe-
male treated rats included biliary tract fibrosis, hyperplasia, chronic inflamma-
tion, proliferation and hepatocyte cytomegaly, cytoplasmic vacuolization, de-
generation, nodular hyperplasia, and necrosis. An increased incidence of
mononuclear cell leukemia was observed in rats treated with furan at 4 or 8
mg/kg (males: 8/50, 11/50, 17/50, and 25/50; females: 8/50, 9/50, 17/50, and
21/50). Nephropathy was observed in all dosed animals; severity increased with
the dose. The nephropathy was accompanied by an associated increased inci-
dence of parathyroid hyperplasia (renal secondary hyperparathyroidism).
Treated male and female rats exhibited forestomach hyperplasia (males: 1/50,
4/49, 7/50, and 6/50; females: 0/50, 2/50, 5/50, and 5/50), and female rats had an
increased incidence of subacute inflammation of the forestomach (0/50, 1/50,
5/50, and 6/50). The NTP concluded that there was clear evidence of carcino-
genic activity of furan in male and female F344/N rats based on increased inci-
dences of cholangiocarcinoma and hepatocellular neoplasms of the liver and on
increased incidences of mononuclear cell leukemia.

Fifty male F344/N rats were administered furan at 30 mg/kg of b.w. in
corn oil by gavage for 13 weeks and then maintained for 2 years without addi-
tional furan dosing (NTP 1993). Cholangiocarcinoma was present in all dosed
animals, and hepatocellular carcinoma occurred with an overall incidence of
15%.

Groups of 50 male and 50 female B6C3F; mice were administered furan at
0, 8, or 15 mg/kg in corn oil by gavage for 5 days/week for 2 years (NTP 1993).
Treated mice had an increased incidence of hepatocellular adenomas (males:
20/50, 33/50, and 42/50; females: 5/50, 31/50, and 48/50) and carcinomas
(males: 7/50, 32/50, and 34/50; females: 2/50, 7/50, and 27/50). A significant
number of nonneoplastic hepatocellular lesions were also observed, including
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hepatocyte cytomegaly, degeneration, necrosis, multifocal hyperplasia, cyto-
plasmic vacuolization and biliary tract dilation, fibrosis, hyperplasia, and in-
flammation. Benign pheochromocytoma and focal hyperplasia of the adrenal
medulla were increased in dosed animals (benign pheochromocytoma, males:
1/49, 6/50, and 10/50; females: 2/50, 1/50, and 6/50). Male mice also exhibited
an increased incidence of forestomach squamous papilloma (0/49, 1/50, and
3/50), focal inflammation of the forestomach (9/49, 13/50, and 21/50), and pap-
illary hyperplasia of the forestomach (7/49, 14/50, and 22/50). The NTP con-
cluded that there was clear evidence of carcinogenic activity of furan in male
and female B6C3F; mice based on increased incidences of hepatocellular neo-
plasms of the liver and benign pheochromocytomas of the adrenal gland. On the
basis of evidence of cancer in experimental animals, NTP classifies furan as
“reasonably anticipated to be a human carcinogen” (NTP 2005).

A group of 100 female B6C3F, mice was dosed with furan at 0.5
mg/kg/day; a group of 75 mice was dosed with 1.0 mg/kg/day; and groups of 50
mice were dosed with 0, 2, 4, or 8 mg/kg/day (Moser et al. 2009). No signifi-
cant, dose-related differences were observed in mortality rate or b.w. At gross
necropsy, the 4- and 8-mg/kg/day dose groups had increased absolute and rela-
tive liver weight (values not given) and an increased incidence of grossly ob-
served liver nodules (60% and 100% affected, respectively, compared with 8%
for controls and 17% to 20% in the remaining dose groups). The largest nodules
were observed in high-dose mice. Histopathologic examination of liver sections
revealed a dose-related increase in hepatic cytotoxicity as assessed by the inci-
dence and severity of hepatic subcapsular inflammation. Statistically significant
increases were seen in the incidence of mild hepatic cytotoxicity at doses of 1.0
mg/kg/day and higher, of moderate hepatic cytotoxicity at 4 mg/kg/day and
higher, and of marked hepatic cytotoxicity at 8 mg/kg/day (data provided in
graph; exact values not provided). A dose-related increase was observed in the
incidence of foci of altered hepatocytes, adenomas, carcinomas, and adenomas
or carcinomas; the incidences generally attained statistical significance at 4 and
8 mg/kg/day. Two of the carcinomas in the high-dose group metastasized to the
lung. In general, there was a dose-related decrease in the latency period or time
to first tumor.

TIARC (1995) concluded that there is inadequate evidence in humans of the
carcinogenicity of furan and sufficient evidence in experimental animals of the
carcinogenicity of furan. Therefore, IARC states that furan is possibly carcino-
genic to humans (Group 2B). EPA has not classified furan as to carcinogenicity
(EPA 2003).

3.6. Summary
Quantitative inhalation toxicity data were limited to the Terrill et al.

(1989) study in rats. A 1-h exposure to 1,014 or 2,851 ppm was not lethal,
whereas exposure to 4,049 ppm killed 9/10 animals. Clinical signs during expo-
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sure included respiratory distress and increased secretory response; however, the
degree of the signs at each concentration was not provided. The study by Egle
and Gochberg (1979) in which a 1-h LCsy of 42 ppm was determined in Swiss
mice was unacceptable. The closed system in which the mice were exposed did
not provide enough oxygen for the number of mice tested. Therefore, the mortal-
ity observed in the mice was most likely confounded by the hypoxic conditions.
In a qualitative study, signs of inhalation exposure to furan included decreased
blood pressure, increased amplitude of the heartbeat, and respiratory and cardiac
arrest in a dog; increased respiration rate, complete analgesia, and relaxation
with eventual death in a rat; and respiratory arrest in a rabbit (Koch and Cahan
1925). Necropsy of the dog and rabbit revealed visceral hemorrhage; vessel dila-
tion; and bright, cherry red blood. The authors concluded that the animals died
due to asphyxia resulting from paralysis of the medulla.

The NTP (1993) concluded that there was clear evidence of carcinogenic
activity of furan in male and female F344/N rats after oral exposure based on
increased incidences of cholangiocarcinoma and hepatocellular neoplasms of the
liver and increased incidences of mononuclear cell leukemia. The NTP also con-
cluded that there was clear evidence of carcinogenic activity of furan in male
and female B6C3F; mice after oral exposure based on increased incidences of
hepatocellular neoplasms of the liver and benign pheochromocytomas of the
adrenal gland. Therefore, NTP classifies furan as “reasonably anticipated to be a
human carcinogen” (NTP 2005). IARC has listed furan as a Group 2B carcino-
gen (possibly carcinogenic to humans), while the EPA has not classified furan as
to carcinogenicity (EPA 2003).

4. SPECIAL CONSIDERATIONS
4.1. Metabolism and Disposition

On the basis of indirect evidence, it was proposed that the reactive inter-
mediate formed during oxidation of furan was a reactive aldehyde (Burka et al.
1991; Parmar and Burka 1993). Chen et al. (1995) provided evidence that furan
is metabolized to the reactive aldehyde cis-2-butene-1,4-dial, which is a major
hepatic, microsomal metabolite of furan. It is likely that the formation of such an
intermediate is responsible for the protein binding and cytochrome P-450 inhibi-
tion that occurs after treatment with furan (Burka et al. 1991; Parmar and Burka
1993). Using rat liver microsomes from untreated and acetone-pretreated rats
and human cytochrome P-450 2E1 supersomes, Peterson et al. (2005) estimated
the kinetics of furan oxidation to cis-2-butene-1,4-dial; the Michaelis constants
(Ky) were 37.6, 18.5, and 65.1 uM, respectively; the maximum velocities (V yax)
were 2.5, 5.9, and 15.4 mmoles/min/mg of protein, respectively; and the
Vimax/Ki values were 0.066, 0.32, and 0.324, respectively.

Burka et al. (1991) investigated the distribution and metabolism of furan
after gavage with [2,5-"*C]furan at 8 mg/kg in male F344 rats. Twenty-four
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hours after a single dose of ["C]furan, 40% of the radioactivity was recovered in
expired air, 20% in the urine, 22% in the feces, and 19% remained in the tissues,
primarily in the liver (13%). Of the 40% recovered in the expired air, 16% of the
original dose was expired unchanged (11% in the first hour) and 26% was ex-
pired as CO,, indicating a ring opening with later oxidation to CO,. Most of the
radioactivity remaining in the liver (80%) was associated with protein; none was
associated with DNA. High-performance liquid chromatography analysis of
urine collected over 24 h after a single dose revealed at least 10 unidentified
metabolites.

Egle and Gochberg (1979) investigated the effects of respiratory rate and
chemical concentration on respiratory tract retention of furan in dogs. Retention
was determined in the total respiratory tract, lower respiratory tract, and upper
respiratory tract (above the tracheal bifurcation) in groups of at least five mon-
grel dogs (mix of males and females weighing between 9 and 23 kg). The dogs
were anesthetized with pentobarbital sodium and allowed to breathe spontane-
ously from a respirometer for the total and lower tract experiments, or they were
artificially ventilated for the upper tract experiments. Furan vapor was generated
by passing air through pure furan at room temperature, transferring the air to a
recording respirometer, and diluting it to the desired concentration. The percent-
age of furan retained by the respiratory tract was estimated as the difference in
the amount inhaled or in contact with the tissue and the amount recovered. Total
respiratory tract retention of furan in the concentration range of 140 to 210 ppm
varied from 91% to 95%, while lower tract retention varied from 87% to 93%.
One-way (air moving to the distal end of the trachea) and two-way (air moving
toward the distal end of the trachea and then back through the nose) upper respi-
ratory tract retention values were reported to be identical, ranging between 85%
and 90% (the authors did not speculate on the reason for the identical retention
values). An inverse relationship between ventilation rate (between 6 and 26 in-
halations per min) and retention was observed in all experiments, although the
relationship did not always achieve statistical significance. The effect of concen-
tration on total respiratory retention was also investigated, and it was found that
retention increased with increasing concentrations (ranging from 80% retention
for an average furan concentration of 110 ppm to 93% retention for an exposure
concentration of 180 ppm). The authors did not provide a theory for the observa-
tion of increasing retention with increasing concentration over this narrow con-
centration range. Differences in tidal volume did not affect the total respiratory
tract retention of furan.

Using freshly isolated hepatocytes from male F344 rats, Carfagna et al.
(1993) demonstrated that furan induced time- and concentration-dependent cyto-
lethality (as measured by lactate dehydrogenase leakage) and glutathione deple-
tion at furan suspension concentrations of 4, 8, and 12 mM. When cells were
exposed to the cytochrome P-450 inhibitor 1-phenylimidazole before exposure
to 12 mM furan, glutathione depletion was delayed for 6 h, but cytolethality was
not affected. To more closely mimic the typical in vivo exposure concentrations
as predicted by a PBPK model, hepatocytes were then exposed for 1 to 4 h to 2
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to 100 pM furan in suspension. Furan exposure produced time- and concentra-
tion-dependent cytolethality. Unlike exposure to higher furan concentrations,
pretreatment with 1-phenylimidazole prevented both cytolethality and glu-
tathione depletion. Conversely, hepatocytes from rats pretreated with acetone, a
cytochrome P-450 2E1 inducer, showed enhanced cytolethality and glutathione
depletion after exposure to furan. These results indicate that cytochrome P-450-
mediated bioactivation of furan is required for cytolethality and glutathione de-
pletion.

In vivo and in vitro furan kinetics were investigated in male F344 rats
(Kedderis et al. 1993). Gas uptake studies were conducted using three rats per
group, with initial furan concentrations of 100, 500, 1,050, and 3,850 ppm.
Some rats were pretreated (by i.p. injection) with pyrazole, a cytochrome P-450
inhibitor, 30 min before exposure. The results showed a single saturable process
following Michaelis-Menten kinetics. A V. of 27.0 pmoles/h and K, of 2.0
uM were estimated for a 250-g rat using a PBPK model to fit the kinetic data
(the PBPK model assumed that all furan biotransformation took place in the
liver and followed Michaelis-Menten kinetics). On the basis of these data, it was
stated that furan biotransformation is a high-affinity process. Pretreatment with
pyrazole completely inhibited furan biotransformation. To validate the PBPK
model, the concentration of furan was measured in the blood and liver of rats
after a 4-h inhalation exposure to furan at 52, 107, or 208 ppm (12 rats per
group). The predicted levels were similar to the actual levels, with furan uptake
from the 4-h inhalation exposure having a V;,,,C of 69.2 umoles/h/kg and a K,
of 1.7 uM.

Furan uptake into freshly isolated rat liver hepatocytes was then deter-
mined to compare in vitro and in vivo biotransformation (Kedderis et al. 1993).
Rat hepatocytes were exposed to an initial furan headspace concentration of 0.8
to 10.8 nM. Gas uptake by rat hepatocytes was also described by a single satur-
able process, with a K, of 0.4 uM and a V ,,, of 0.018 pmoles/h/ 10° cells. When
the kinetic parameters from the in vitro experiment were used in the PBPK
model, they accurately predicted the in vivo gas uptake data. The effect of vari-
ous cytochrome P-450 inhibitors on furan biotransformation was also investi-
gated by adding cytochrome P-450 inhibitors dissolved in media to the hepato-
cyte suspensions immediately before the addition of furan vapor. Furan
biotransformation was inhibited by many of these inhibitors, including 1-
phenylimidazole, ethanol, isopropanol, dimethyl sulfoxide, N-methylpyrazole,
and aminobenzotriazole, but it was not inhibited by metyrapone or SKF 525A.
Furan oxidation was not influenced by pretreating rats with phenobarbital, a
cytochrome P-450 2B inducer. However, pretreatment with acetone resulted in a
5-fold increase in oxidation, indicating that cytochrome P-450 2E1 is a major
catalyst in the oxidation of furan.

As discussed above, Kedderis et al. (1993) demonstrated that in vitro de-
termination of furan biotransformation kinetics in freshly isolated rat hepato-
cytes accurately predicted in vivo furan pharmacokinetics. Therefore, hepato-
cytes from male B6C3F; mice and from three humans were exposed to various
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concentrations of furan vapor to develop species-specific pharmacokinetic mod-
els for furan biotransformation (Kedderis and Held 1996). The predicted bioac-
tivation and hepatic dosimetry for each of the three species were then compared.
As in the previous rat study, furan metabolism in human hepatocytes and mice
hepatocytes was described by a single saturable process following Michaelis-
Menten kinetics. The hepatocytes from all three species rapidly metabolized
furan with a high affinity, with mice metabolizing it the most rapidly, followed
by humans and then rats. Simulations of dosimetry models were then used to
predict various parameters after inhalation exposure to 10 ppm for 4 h. The pre-
dicted absorbed dose of furan (mg/kg) was greatest in mice (10-fold higher)
followed by rats (3.5-fold higher) when compared with humans. This difference
in absorbed dose was accounted for by the fact that humans are larger and
physiologically slower than mice and rats. The liver exposure to the toxic me-
tabolite of furan followed the same pattern. Steady-state blood concentrations
were predicted to be reached approximately 1 h after inhalation exposure to fu-
ran at 10 ppm. Humans had a slightly lower predicted steady-state blood con-
centration than rodents. A comparison of the projected rate of furan liver perfu-
sion with furan oxidation revealed that furan oxidation was much greater than
furan delivery to the liver via blood flow in all species (13-, 24-, and 37-fold
greater in rats, mice, and humans, respectively). Therefore, hepatic blood flow
will be the limiting factor in the biotransformation of furan. The authors state
that the initial rate of furan bioactivation is so rapid relative to hepatic blood
flow that hepatic cytochrome P-450 2E1 concentrations would have to decrease
almost 40-fold before the bioactivation rate would decrease below the blood-
flow limitation. This finding implies that interindividual variation in human cy-
tochrome P-450 2E1 levels will not be a factor in the bioactivation of furan.

4.2. Mechanism of Toxicity

Furan is metabolized to the reactive aldehyde cis-2-butene-1,4-dial, a ma-
jor hepatic, microsomal metabolite (Burka et al. 1991; Parmar and Burka 1993;
Chen et al. 1995). In vitro work with rat hepatocytes demonstrated that furan
produces time- and concentration-dependent cytolethality (Carfanga et al. 1993).
Through the use of cytochrome P-450 inhibitors and inducers, it was determined
that cytochrome P-450-mediated (particularly cytochrome P-450 2E1) oxidation
of furan to a reactive intermediate is required for cytolethality (Carfanga et al.
1993; Kedderis et al. 1993).

The liver is the major target organ for furan-induced toxicity after oral ex-
posure, although the kidney and other systems developed toxicity with repeated
exposure at concentrations that produce significant hepatotoxicity. Hepatotoxic-
ity was characterized by degenerative and regenerative lesions of hepatocytes
and the biliary tract (NTP 1993). Degenerative lesions included cytoplasmic
vacuolization, degeneration and necrosis of hepatocytes, and multifocal atrophy
of the liver parenchyma (which was secondary to the necrosis of hepatocytes),
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while regenerative changes included cytomegaly and multifocal hyperplasia.
Biliary tract changes were noted in most of the portal areas, and included hyper-
plasia of the bile ducts, which was usually accompanied by fibrosis encompass-
ing many of the hyperplastic ducts, and chronic inflammation. Rats developed
changes in the biliary tract at much lower concentrations than mice. Other le-
sions that have been noted in rats at concentrations producing significant hepato-
toxicity include nephropathy, parathyroid hyperplasia and cardiomyopathy (sec-
ondary to the increased severity of nephropathy), bone marrow hyperplasia and
congestion and proliferation of hematopoietic cells in the spleen (considered
secondary to the inflammatory liver lesions), and dilation of the medullary si-
nuses (from an altered flow of lymph fluid secondary to the extensive hepatic
damage). In mice, other lesions include focal hyperplasia of the adrenal medulla,
focal inflammation and papillary hyperplasia of the forestomach in male mice,
and hematopoietic cell proliferation in the spleen (considered secondary to the
inflammatory liver lesions).

Although there is no direct evidence that inhaled furan causes hepatotoxic-
ity, available data make it reasonable to expect that the liver would be a target
organ. To compare human furan pharmacokinetics with those of rodents, a
PBPK model for inhaled furan was developed and validated in rats to predict the
absorbed liver dose after inhalation exposure to defined concentrations and dura-
tions (Kedderis et al. 1993). After demonstrating that furan biotransformation
kinetics determined with freshly isolated rat hepatocytes in vitro accurately pre-
dicted furan pharmacokinetics in vivo, freshly isolated mouse or human hepato-
cytes were used to develop a mouse- or human-specific PBPK model (Kedderis
and Held 1996). To compare interspecies differences, a simulation of a 4-h inha-
lation exposure to furan at 10 ppm was done for mice, rats, and humans. The
absorbed dose of furan (inhaled furan minus exhaled furan divided by kg b.w.)
in mice and rats would be ~10- and 3.5-fold higher, respectively, than that in
humans (4.1, 1.4, and 0.4 mg/kg for mice, rats, and humans, respectively), while
the integrated liver exposure to furan metabolites would be ~6- and 3-fold
higher, respectively, than that in humans (1,075, 480, and 168 uM for mice, rats,
and humans, respectively).

Much discussion has centered on the likelihood that the hepatic carcino-
genic potential of furan is not due to genotoxicity but results from cell prolifera-
tion secondary to cytotoxicity. NTP (1993) and Garcia and James (2000) are
excellent references. As summarized from these references, evidence that furan
affects DNA indirectly through a mechanism involving cytotoxicity and not
direct interaction includes the following: furan was negative in genotoxicity
assays using Salmonella; a single oral bolus administration of radiolabeled furan
in rats did not produce metabolites that bound covalently to DNA; single gavage
administration of furan did not result in unscheduled DNA synthesis in hepato-
cytes isolated from rats and mice; administration of a single dose of furan at a
concentration that was carcinogenic in a 2-year bioassay resulted in cytotoxicity
as measured by clinical chemistry parameters; loss of ATP from uncoupling of
oxidative phosphorylation was observed in hepatocytes treated in vitro and in
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mitochondria isolated from furan-exposed rats, which results in depletion of
energy needed to maintain cellular membrane calcium pumps and leads to acti-
vation of cytotoxic enzymes; and administration of furan 6 or 8 h after a partial
hepatectomy in rats did not result in initiation of hepatocarcinogenesis when
followed by 52 weeks of promotion with oral administration of phenobarbital.
The most current evidence is provided by a 2-year oral gavage study in mice by
Moser et al. (2009). An association was seen among the furan-induced dose-
response curve for hepatotoxicity, cell death, compensatory cell replication, and
formation of liver tumors at doses of 4 mg/kg/day and higher; no tumors were
produced at 0.5 or 1 mg/kg/day, concentrations that were not significantly hepa-
totoxic.

In contrast, evidence supporting the idea that furan could act as a direct
hepatic carcinogen (genotoxic mechanism) is limited to the different patterns of
mutation leading to oncogene activation that were seen in liver tumor cells from
furan-exposed rodents compared with unexposed rodents and the positive results
seen in some of the in vivo chromosomal aberration tests and eukaryotic cell
mutation tests (such as the cultured mouse lymphoma cells, CHO cells, and
B6C3F; mice) (NTP 1993; Garcia and James 2000).

No information was found concerning a potential mechanism for the de-
velopment of mononuclear cell leukemia seen in male and female rats exposed
to furan.

4.3. Structure-Activity Relationships

Although there are furan derivatives, they vary widely in toxicity, with
many having different target organs. Data are insufficient to use structure-
activity relationships to derive AEGL values.

4.4. Concentration-Exposure Duration Relationship

The relationship between concentration and duration of exposure as re-
lated to lethality was examined by ten Berge et al. (1986) for approximately 20
irritant or systemically acting vapors and gases. The authors subjected the indi-
vidual animal data sets to probit analysis with exposure duration and exposure
concentration as independent variables. An exponential function C" x t = k,
where the value of n ranged from 0.8 to 3.5 for different chemicals was found to
be an accurate quantitative descriptor for the chemicals evaluated. Approxi-
mately 90% of the values of n range from 1 to 3. Consequently, these values
were selected as the reasonable lower and upper bounds of n. A value of n =1 is
used when extrapolating from shorter to longer time periods because the ex-
trapolated values represent the most conservative approach in the absence of
other data. Conversely, a value of n = 3 is used when extrapolating from longer
to shorter time periods because the extrapolated values are more conservative in
the absence of other data.
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4.5. Other Relevant Information
4.5.1. Oral Toxicity Data

The LDs, (dose with 50% lethality) of furan in solution after i.p. injection
was 6.94 mg/kg for Swiss mice (mix of males and females) and 5.20 mg/kg for
male Sprague-Dawley rats (Egle and Gochberg 1979). An oral furan dose of
0.25 cm® (234 mg/kg) in dogs and rabbits resulted in a copious flow of bloody
saliva, vomiting (dogs), hemorrhage, and death (Koch and Cahan 1925). Intra-
venous furan administration of 1.5 cm® (1.41 mg/kg) in dogs resulted in convul-
sions, respiratory and cardiac arrest, visceral hemorrhage, and death (Koch and
Cahan 1925). A 200-g rat injected with 0.1 cm’® (94 or 470 mg/kg) of furan had
respiratory arrest within 0.5 min. Noted gross effects included hyperemic condi-
tion of the liver and intestines; bright, cherry-red blood; and dilation of the blood
vessels (Koch and Cahan 1925).

Acute, subchronic, and chronic oral toxicity data were available on rats
and mice. The liver was the primary target organ, although the kidney and other
systems developed toxicity with chronic exposure at significantly hepatotoxic
concentrations. Acute oral exposure generally resulted in transient hepatotoxic-
ity (Wilson et al. 1992). No mortality was seen at doses up to 30 mg/kg/day in
rats and 50 mg/kg/day in mice, which were the highest doses tested (Wilson et
al. 1992). Subacute exposure resulted in mortality in mice at doses of 40
mg/kg/day and higher and in rats at 80 mg/kg day and higher (NTP 1993). Sub-
chronic exposure produced substantial hepatotoxicity in rats, with cholangiofi-
brosis and hyperplasia of the biliary tract occurring at the lowest dose tested (4
mg/kg/day). Hepatotoxicity became more severe with concentration, with liver
changes including cholangiofibrosis and bile duct hyperplasia, pigmented
Kupffer cells, and hepatocyte changes (degeneration, cytomegaly, necrosis, and
nodular hyperplasia). Kidney lesions (tubule dilation, necrosis of tubule epithe-
lium), thymic atrophy, and testicular or ovarian atrophy also occurred at the top
doses. Similar hepatotoxic lesions were observed in dosed mice, but the lesions
generally did not become significant until doses of 30 mg/kg/day and higher.
Subchronic exposure to 30 mg/kg/day produced neoplasia in rats. One study
reported that rats exposed for 6, 9, 12, or 13 weeks and then followed for an
additional 16 months developed hepatic adenocarcinomas (Elmore and Sirica
1993), while another study found that a 13-week exposure produced cholangio-
carcinoma in all dosed rats and hepatocellular carcinomas in a few rats by 2
years (NTP 1993).

Chronic oral dosing with furan resulted in neoplasia in rats and mice. At 2
years, almost all dosed rats had developed cholangiocarcinomas (at 2 mg/kg/day
and higher), and male rats had an increased combined incidence of hepatocellu-
lar adenomas and carcinomas, while female rats had an increased incidence of
hepatocellular adenomas (4 mg/kg/day and higher) (NTP 1993). An increased
incidence of mononuclear cell leukemia was also observed in rats at 4
mg/kg/day. Nonneoplastic liver lesions included biliary tract fibrosis, hyperpla-
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sia, chronic inflammation, and proliferation; hepatocyte cytomegaly, cytoplas-
mic vacuolization, degeneration, nodular hyperplasia, and necrosis; and pigmen-
tation of Kupffer cells. Nephropathy was observed in all dosed animals; the se-
verity increased with dose. Other findings were generally considered to be a
secondary effect of liver or kidney damage. Mice had an increased incidence of
hepatocellular adenomas and carcinomas and benign pheochromocytoma at or
above 8 mg/kg/day. Nonneoplastic liver lesions included cytoplasmic vacuoliza-
tion, focal hyperplasia, and mixed cell cellular infiltration; dilation of the bile
duct; biliary tract chronic inflammation, fibrosis, and hyperplasia; hepatocyte
cytomegaly, degeneration, and necrosis; Kupffer cell pigmentation; and focal
atrophy of the liver parenchyma. The incidence of focal hyperplasia of the adre-
nal medulla was also increased. A dose-related increase in the incidence of he-
matopoietic cell proliferation in the spleen was considered secondary to the in-
flammatory liver lesions. In another study, no increases in neoplasia were noted
in mice dosed with furan at 0.5 or 1 mg/kg/day for 2 years; a dose-related in-
crease in the incidence of foci of altered hepatocytes, adenomas, carcinomas,
and adenomas or carcinomas occurred at 2.0 mg/kg/day and higher (Moser et al.
2009). In general, there was a dose-related decrease in the latency period or time
to first tumor.

4.5.2. Sensitive Populations

Furan-induced hepatotoxicity is caused by the reactive metabolite pro-
duced in the liver. PBPK modeling data indicate that production of the metabo-
lite is blood flow limited. Therefore, variations in cytochrome P-450 2E1 levels
are not likely to be a significant factor (Kedderis and Held 1996). With hepato-
cytes used as the basis, PBPK modeling indicates that when adults and children
(ages 6, 10, and 14 years) are exposed to the same furan concentrations, the
blood concentration of furan is likely to be greater in children than in adults by a
factor of only 1.5 (at steady state), and the maximum factor of adult-child differ-
ences in liver concentration of furan metabolite is about 1.25 (Price et al. 2003).

4.5.3. Species Variability

Limited data are available to evaluate interspecies variability. Empirical
inhalation toxicity data are limited to only one study, which investigated only
one species (rats) (Terrill et al. 1989). A PBPK simulation of a 4-h inhalation
exposure to furan at 10 ppm was done for mice, rats, and humans to compare
interspecies differences in internal dose (Kedderis and Held 1996). The ab-
sorbed dose of furan in mice and rats would be ~10- and 3.5-fold higher, respec-
tively, than that in humans, while the integrated liver exposure to furan metabo-
lites would be ~6- and 3-fold higher, respectively, than that in humans. From
these data, it would appear that mice are more sensitive to furan toxicity than
rats. However, oral toxicity data indicate that the rat is more sensitive, develop-
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ing cholangiofibrosis at the lowest chronic oral gavage dose of furan at 2
mg/kg/day (NTP 1993). In contrast, mice did not develop significant hepatotox-
icity until approximately 4.0 mg/kg/day; hepatic effects at 2.0 mg/kg/day did not
attain statistical significance (Moser et al. 2009).

5. DATA ANALYSIS FOR AEGL-1
5.1. Summary of Human Data Relevant to AEGL-1

No human data relevant to an AEGL-1 derivation were available.

5.2. Summary of Animal Data Relevant to AEGL-1

No animal data relevant to an AEGL-1 derivation were available in the
searched literature.

5.3. Derivation of AEGL-1

AEGL-1 values were not derived for furan. Although a 40-mL puff of
cigarette smoke was reported to contain 8.4 pg of furan (0.21 mg/L; 75 ppm),
this value should not be the basis for an AEGL derivation because exposure to
the puff of cigarette smoke is for too short a duration to extrapolate to the longer
time periods used for AEGLs, and furan is one of many components of cigarette
smoke that have the potential to cause adverse health effects. The health effects
resulting from exposure to the mix of chemicals in cigarette smoke compared
with the effects of exposure to furan alone are not known at this time. Therefore,
AEGL-1 values were not recommended because of insufficient data (Table 3-4).

6. DATA ANALYSIS FOR AEGL-2
6.1. Summary of Human Data Relevant to AEGL-2

No human data relevant to the derivation of the AEGL-2 values were
found in the available literature.

6.2. Summary of Animal Data Relevant to AEGL-2

Groups of Sprague-Dawley male or female rats exposed for 1 h to furan at
1,014, 2,851, or 4,049 ppm exhibited signs of toxicity, including respiratory
distress and increased secretory response; mortality was observed at the highest
concentration (Terrill et al. 1989). The severity of the signs at each concentra-
tion was not provided. It was stated that b.w. decreased in the middle- and high-
concentration groups, but b.w. data were not provided.
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TABLE 3-4 AEGL-1 Values for Furan

10 min 30 min l1h 4h 8h
NR* NR NR NR NR
“NR: Not recommended.

The exposure data on rats used to develop a PBPK model are not appro-
priate for use in AEGL derivations (Kedderis et al. 1993). Data from the gas-
uptake studies are not appropriate because furan was introduced into the expo-
sure chamber only at the beginning of the exposure; therefore, the exposure con-
centrations were not held constant over time. The other exposure data (12 rats
per group exposed to furan at up to 208 ppm) are not appropriate for use in an
AEGL derivation because the design of the study was not to evaluate toxicity
but to validate a PBPK model; therefore, no details were provided about possi-
ble toxicity resulting from the exposures.

6.3. Derivation of AEGL-2

The AEGL-2 derivation is based on an exposure of 1,014 ppm for 1 h in
rats (Terrill et al. 1989). Although the severity of the reported clinical signs
(respiratory distress, increased secretory response) was not reported, this lowest
exposure concentration group did not exhibit a decrease in b.w. as did the rats
exposed to 2,851 and 4,049 ppm. An uncertainty factor of 10 was applied for
species-to-species extrapolation because there are inadequate data to properly
assess interspecies variability. Of the published furan toxicity studies, Terrill et
al. (1989) was the only study that investigated the toxicity of inhaled furan, and
it evaluated only one species (rat). Therefore, insufficient empirical data were
available to examine species differences in response to inhaled furan. A PBPK
simulation of inhalation exposure to furan predicted that the absorbed dose of
furan in mice and rats would be ~10- and 3.5-fold higher, respectively, than that
in humans, while the integrated liver exposure to furan metabolites would be ~6-
and 3-fold higher, respectively, than that in humans. However, oral toxicity data
indicate that the rat is more sensitive than the mouse despite PBPK modeling
predictions that the mouse would have a 3-fold higher absorbed dose and 2-fold
higher integrated liver exposure to furan metabolites than the rat. Therefore,
there are too many uncertainties about the response of the rat, mouse, and hu-
man liver to furan to base an uncertainty factor on the PBPK modeling predic-
tions.

An intraspecies uncertainty factor of 3 was applied for the following rea-
sons:

1. Assuming death was the result of a progression of the toxicity present at

the lower concentrations, the steep dose-response curve for lethality indicates
there is not much variability in the response (0/10 rats died at 1,014 or 2,851
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ppm, while 9/10 rats died at 4,049 ppm). The delayed deaths in the high-
concentration group suggest that hepatotoxicity was the cause of death.

2. If no hepatotoxicity is present, the clinical signs are likely due to a di-
rect contact effect, which is not expected to vary much among individuals.

3. If the effect is hepatotoxicity, it is due to the reactive metabolite pro-
duced in the liver. PBPK modeling data indicate that production of the metabo-
lite is blood flow limited. Therefore, variations in cytochrome P-450 2EI levels
are not likely to be a significant factor (Kedderis and Held 1996). Using hepato-
cytes as the basis, PBPK modeling indicates that when adults and children (ages
6, 10, and 14 years) are exposed to the same furan concentrations, the blood
concentration of furan is likely to be greater in children than in adults by a factor
of only 1.5 (at steady state), and the maximum factor of adult-child differences
in the liver concentration of furan metabolites is about 1.25 (Price et al. 2003).

A modifying factor of 5 was applied to account for a limited data set (only
one data set addressing furan toxicity after inhalation exposure was available);
this study was not repeated, and there was no information on furan inhalation
toxicity in other species. Therefore, a total uncertainty factor and modifying
factor of 150 was applied to the AEGL-2 value.

The experimentally derived exposure values were then scaled to AEGL
timeframes by using the concentration-time relationship given by the equation
C" x t = k, where C = concentration, t = time, k is a constant, and n generally
ranges from 0.8 to 3.5 (ten Berge et al. 1986). The value of n was not empiri-
cally derived because of insufficient data; therefore, a default value of n =1 was
used for extrapolating from shorter to longer exposure periods and a value of n =
3 was used to extrapolate from longer to shorter exposure periods.

AEGL-2 values are presented in Table 3-5.

7. DATA ANALYSIS FOR AEGL-3
7.1. Summary of Human Data Relevant to AEGL-3

No human data were available for derivation of AEGL-3 values.

7.2. Summary of Animal Data Relevant to AEGL-3

Terrill et al. (1989) determined 1-h LCs, values from Sprague-Dawley rats
exposed to furan at 1,014, 2,851, and 4,049 ppm. The 1-h LCs, for male rats was
3,398 ppm, for female rats was 3,550 ppm, and for males and females combined
was 3,464 ppm. The dose-response curve, however, was such that no deaths
occurred at 1,014 or 2,851 ppm, but 9/10 died at 4,049 ppm. Exposed rats exhib-
ited clinical signs, including respiratory distress and increased secretory re-
sponse as well as decreased b.w.; however, the degree of the signs and actual
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TABLE 3-5 AEGL-2 Values for Furan

10 min 30 min lh 4h 8h
12 ppm 8.5 ppm 6.8 ppm 1.7 ppm 0.85 ppm
(33 mg/m’) (24 mg/m?) (19 mg/m*) (4.7 mg/m®) (2.4 mg/m’)

b.w. values at each concentration were not provided. The study, which deter-
mined a 1-h LCs, value of 42 ppm in Swiss mice, was inappropriate for use in
deriving an AEGL because the exposure methods were unacceptable (see Sec-
tion 3.1.3) (Egle and Gochberg 1979).

The rat exposure data used to develop a PBPK model are not appropriate
for use in AEGL derivations (Kedderis et al. 1993). Data from the gas uptake
studies are not appropriate because furan was introduced into the exposure
chamber only at the beginning of the exposure; therefore, the exposure concen-
trations were not held constant over time. The other exposure data (12 rats per
group exposed to furan at up to 208 ppm) are not appropriate for use in an
AEGL derivation because the design of the study was not to evaluate toxicity
but rather to validate a PBPK model; therefore, no details were provided about
possible toxicity resulting from the exposures.

7.3. Derivation of AEGL-3

The AEGL-3 derivation is based on the highest nonlethal concentration in
male and female rats of 2,851 ppm for 1 h (Terrill et al. 1989). An uncertainty
factor of 10 was applied for species-to-species extrapolation because there are
inadequate data to properly assess interspecies variability. Of the published fu-
ran toxicity studies, Terrill et al. (1989) was the only one that investigated the
toxicity of inhaled furan, and it evaluated only one species (rat). Therefore, in-
sufficient empirical data were available to examine species differences in re-
sponse to inhaled furan. A PBPK simulation of inhalation exposure to furan pre-
dicted that the absorbed dose of furan in mice and rats would be ~10- and 3.5-
fold higher, respectively, than that in humans, while the integrated liver expo-
sure to furan metabolites would be ~6- and 3-fold higher, respectively, than that
in humans. However, oral toxicity data indicate that the rat is more sensitive
than the mouse despite PBPK modeling predictions that the mouse would have a
3-fold higher absorbed dose and 2-fold higher integrated liver exposure to furan
metabolites than the rat. Therefore, there are too many uncertainties about the
response of the rat, mouse, and human liver to furan to base an uncertainty fac-
tor on the PBPK modeling predictions.

An intraspecies uncertainty factor of 3 was applied for the following rea-
sons:

1. Assuming death was the result of a progression of the toxicity present at
the lower concentrations, the steep dose-response curve for lethality indicates
there is not much variability in the response (0/10 rats died at 1,014 and 2,851
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ppm, while 9/10 rats died at 4,049 ppm). The delayed deaths in the high-
concentration group suggest that hepatotoxicity was the cause of death.

2. If no hepatotoxicity is present, the clinical signs are likely due to a di-
rect contact effect and are not expected to vary much among individuals.

3. If the effect is hepatotoxicity, it is due to the reactive metabolite pro-
duced in the liver. PBPK modeling data indicate that production of the metabo-
lite is blood flow limited. Therefore, variations in cytochrome P-450 2EI levels
are not likely to be a significant factor (Kedderis and Held 1996). With hepato-
cytes used as the basis, PBPK modeling indicates that when adults and children
(ages 6, 10, and 14 years) are exposed to the same furan concentrations, the
blood concentration of furan is likely to be greater in children than in adults by a
factor of only 1.5 (at steady state), and the maximum factor of adult-child differ-
ences in liver concentration of furan metabolite is about 1.25 (Price et al. 2003).

A modifying factor of 5 was applied to account for a limited data set (only
one data set addressing furan toxicity after inhalation exposure was available);
this study was not repeated, and there was no information on furan toxicity in
other species. Therefore, a total uncertainty factor and modifying factor of 150
was applied to the AEGL-3 value.

The experimentally derived exposure values were then scaled to AEGL
timeframes using the concentration-time relationship given by the equation C" x
t = k, where C = concentration, t = time, k is a constant, and n generally ranges
from 0.8 to 3.5 (ten Berge et al. 1986). The value of n was not empirically de-
rived because of insufficient data; therefore, a default value of n = 1 was used
for extrapolating from shorter to longer exposure periods and a value of n = 3
was used to extrapolate from longer to shorter exposure periods. AEGL-3 values
are presented in Table 3-6.

A quantitative carcinogenicity risk assessment for a single exposure to fu-
ran was not considered appropriate. Data indicate that furan is a threshold car-
cinogen dependent on cell proliferation secondary to cytotoxicity at the target
site. Therefore, a one-time exposure to furan would not be expected to result in
tumor development. This probability is supported by a study in rats and mice
administered a single oral gavage dose of 30 or 50 mg/kg/day, respectively, and
sacrificed at 12 h or 1, 2, 4, or 8 days postexposure to assess hepatotoxicity
(Wilson et al. 1992). Hepatotoxicity (as assessed by increases in liver enzyme
activity, hepatocellular proliferation, and histopathology changes) peaked be-
tween 1 and 2 days postexposure. By 8 days postexposure, the liver had returned
to near normal in the mice and rats, except that rats had some small foci of in-
flammation and some scarring.

TABLE 3-6 AEGL-3 Values for Furan

10 min 30 min l1h 4h 8h
35 ppm 24 ppm 19 ppm 4.8 ppm 2.4 ppm
(97 mg/m®) (67 mg/m®) (53 mg/m’) (13 mg/m®) (6.7 mg/m®)
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8. SUMMARY OF AEGLs
8.1. AEGL Values and Toxicity End Points

A summary of the AEGL values for furan is presented in Table 3-7.
AEGL-3 values are derived from the highest nonlethal concentration in rats,
AEGL-2 values are based on the threshold for adverse effects in rats, and insuf-
ficient data were available to derive AEGL-1 values.

8.2. Comparisons with Other Standards

No occupational standards currently exist for furan. NTP (1993) postulates
that it is because occupational exposure to furan should be minimal as it is used
and handled in closed systems and containers (NTP 1993). A workplace envi-
ronmental exposure level (WEEL) is not recommended by the American Indus-
trial Hygiene Association (AIHA 1993) because of the highly toxic and carcino-
genic potencies of furan and the lack of a no-observable-effect level for these
effects (AIHA 1993). Instead, the recommended WEEL guide states that
“worker exposure by all routes should be minimized to the fullest extent possi-
ble”. The 1-h AEGL-2 value of 6.8 ppm is slightly higher than the 1-h spacecraft
maximum allowable concentration (SMAC) of 4 ppm, which is based on an es-
timated no-observed-adverse-effect level (NOAEL) for hepatoxicity in rats
(Garcia and James 2000). Calculation of the SMAC value is as follows: the 1-h
LCs of 3,500 ppm (9,700 mg/m’) calculated by Terrill et al. (1989) was used as
the basis for deriving an acceptable concentration for hepatoxicity. This value
was extrapolated to a nonhepatotoxic concentration by adjusting with the minute
volume for rats and the respiratory retention estimated from dogs and comparing
with the oral NOAEL. This value was then adjusted by a total factor of 900 (30
for extrapolation from an LCsy to a NOAEL, 3 for interspecies extrapolation,
and 10 to account for inadequate database).

TABLE 3-7 Summary of AEGL Values for Furan

Classification 10 min 30 min 1h 4h 8h
AEGL-1 NR¢ NR NR NR NR
(Nondisabling)

AEGL-2 12 ppm 8.5 ppm 6.8 ppm 1.7 ppm 0.85 ppm
(Disabling) B3mgm’) @4mgm’) (19 mgm’) 4.7 mgm’) (2.4 mg/m’)
AEGL-3 35 ppm 24 ppm 19 ppm 4.8 ppm 2.4 ppm
(Lethal) 97 mg/m®) (67 mg/m®) (53 mg/m’) (13 mgm’) (6.7 mg/m’)

“NR, not recommended. Numeric values for AEGL-1 are not recommended because of
the lack of available data. Absence of an AEGL-1 does not imply that exposure below the
AEGL-2 is without adverse effects.
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8.3. Data Adequacy and Research Needs

Quantitative inhalation toxicology data in animals were limited to one
study in rats. Much of the literature on furan focused on metabolism and disposi-
tion. Research needs are many and include acute inhalation toxicity studies in-
cluding gross and microscopic examination of exposed animals, inhalation data
on multiple species, inhalation developmental and reproductive toxicity studies,
and carcinogenicity evaluations after inhalation of furan. Detailed inhalation
studies would elucidate whether the target organ is primarily the liver (as it is
after oral or i.p. administration) or if other organs are also affected. The studies
would also determine whether inhalation exposure to furan produces a direct
contact effect, such as irritation.
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APPENDIX A

DERIVATION OF AEGL VALUES FOR FURAN

10-min AEGL-1:
30-min AEGL-1:
1-h AEGL-1:
4-h AEGL-1:

8-h AEGL-1:

Key study:

Toxicity end point:

Time-scaling:

Uncertainty factors:

Modifying factor:

Total uncertainty factors
and modifying factor:

Calculations:

Derivation of AEGL-1
Not recommended based on insufficient data
Not recommended based on insufficient data
Not recommended based on insufficient data
Not recommended based on insufficient data

Not recommended based on insufficient data

Derivation of AEGL-2
Terrill et al. 1989

Exposure concentration of 1,014 ppm for 1 h in

rats (Terrill et al. 1989). Although the severity of
the reported clinical signs (respiratory distress,
increased secretory response) was not reported, this
lowest exposure concentration group did not exhibit
a decrease in b.w. like the rats exposed to 2,851 or
4,049 ppm.

C" x t =Kk (this document; default of n = 1 for shorter
to longer exposure periods and n = 3 for longer to

shorter exposure periods)

10 for interspecies variability
3 for intraspecies variability

5 for limited data set

150

C/uncertainty factors)" x t =k
(1,014 ppm/150)' x 1 h=6.76 ppm-h
(1,014 ppm/150)* x 1 h=308.9 ppm-h
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10-min AEGL-2:

30-min AEGL-2:

1-h AEGL-2:

4-h AEGL-2:

8-h AEGL-2:

Key study:

Toxicity end point:

Time-scaling:

Uncertainty factors:

Modifying factor:
Combined uncertainty
factors and modifying

factor:

Calculations:

Acute Exposure Guideline Levels

C’ x 0.167 h=308.9 ppm-h
C’=1,849.7 ppm
C=123 ppm=12 ppm

C’ x 0.5 h=308.9 ppm-h

C’=617.8 ppm
C=28.5ppm

Cx 1h=6.76 ppm-h
C=6.76 ppm

C=6.8 ppm

C' x4 h=6.76 ppm-h
C'=1.69 ppm
C=1.7 ppm

C' x 8 h=6.76 ppm-h
C'=0.845 ppm
C=0.85 ppm

Derivation of AEGL-3
Terrill et al. 1989

Highest nonlethal exposure concentration in rats
of 2,851 ppm for 1 h

C" x t =k (this document; default of n = 1 for shorter
to longer exposure periods and n = 3 for longer to

shorter exposure periods)

10 for interspecies variability
3 for intraspecies variability

5 for limited data set

150

(C/uncertainty factors)" x t =k
[(2,851 ppm)/150]' x 1 h=19.01 ppm-h
[(2,851 ppm)/150° x 1 h = 6866.2 ppm-h
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10-min AEGL-3:

30-min AEGL-3:

1-h AEGL-3:

4-h AEGL-3:

167

C’ x 0.167 h = 6866.2 ppm-h
C’=41,114.97 ppm
C =345 ppm =35 ppm

C’ x 0.5 h = 6866.2 ppm-h
C’=13,732.4 ppm
C=23.9 ppm =24 ppm

Cx1h=19.01 ppm-h
C=19.01 ppm
C=19 ppm

C'x4h=19.01 ppm-h
C'=4.75 ppm

C=4.8 ppm

C'x 8 h=19.01 ppm-h
C'=2.376 ppm
C=24ppm
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APPENDIX B

ACUTE EXPOSURE GUIDELINE LEVELS FOR FURAN

Derivation Summary for Furan

AEGL-1 VALUES
10 min 30 min 1h 4h 8h

Not Not Not Not Not
recommended recommended recommended recommended recommended

Reference: Not applicable

Test Species/Strain/Number: Not applicable

Exposure Route/Concentrations/Durations: Not applicable
Effects: Not applicable
End Point/Concentration/Rationale: Not applicable

Uncertainty Factors/Rationale: Not applicable

Modifying Factor: Not applicable

Animal to Human Dosimetric Adjustment: Not applicable

Time-scaling: Not applicable

Data Adequacy: Insufficient data to propose AEGL values

AEGL-2 VALUES
10 min 30 min lh 4h 8h
12 ppm 8.5 ppm 6.8 ppm 1.7 ppm 0.85 ppm

Reference: Terrill, J.B., W.E. Van Horn, D. Robinson, and D.L. Thomas. 1989. Acute
inhalation toxicity of furan, 2 methylfuran, furfuryl alcohol, and furfural in the rat. Am.
Ind. Hyg. Assoc. J. 50(5):A359-A361.

Test Species/Strain/Number: Sprague-Dawley rats, 5/sex/exposure group

Exposure Route/Concentrations/Durations: 1,014, 2,851, and 4,049 ppm for 1 h

Effects: Signs of toxicity during exposure included respiratory distress, increased
secretory response (severity at each concentration not provided).

1,014 ppm: 0/10 died, no changes in b.w.

2,851 ppm: 0/10 died, decreased b.w.

4,049 ppm: 9/10 died, decreased b.w.

End Point/Concentration/Rationale: Exposure concentration of 1,014 ppm for 1 h in rats.
Although the severity of the reported clinical signs (respiratory distress, increased
secretory response) was not reported, this lowest exposure concentration group did not
exhibit a decrease in b.w. like the rats exposed to 2,851 and 4,049 ppm.

Total Uncertainty Factor and Modifying Factor = 150

(Continued)
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AEGL-2 VALUES Continued
10 min 30 min lh 4h 8h
12 ppm 8.5 ppm 6.8 ppm 1.7 ppm 0.85 ppm

Uncertainty Factors and Rationale:
Interspecies: 10; applied because there are inadequate data to properly assess
interspecies variability. Terrill et al. (1989) was the only published furan toxicity study
that investigated the toxicity of inhaled furan, and it evaluated only one species (rat).
Therefore, insufficient empirical data were available to examine species differences in
response to inhaled furan. A PBPK simulation of inhalation exposure to furan predicted
that the absorbed dose of furan in mice and rats would be ~10- and 3.5-fold higher,
respectively, than that in humans, while the integrated liver exposure to furan
metabolites would be ~6- and 3-fold higher, respectively, than that in humans.
However, oral toxicity data indicate that the rat is more sensitive than the mouse despite
PBPK modeling predictions that the mouse would have a 3-fold higher absorbed dose
and 2-fold higher integrated liver exposure to furan metabolites than the rat. Therefore,
there are too many uncertainties about the response of the rat, mouse, and human liver
to furan to base an uncertainty factor on the PBPK modeling predictions.
Intraspecies: 3; applied for the following reasons:
1. Assuming death was the result of a progression of the toxicity present at the lower
concentrations, the steep dose-response curve for lethality indicates there is not much
variability in the response (0 of 10 rats died at 1,014 or 2,851 ppm, while 9 of 10 rats
died at 4,049 ppm). The delayed deaths in the high-concentration group suggest that
hepatotoxicity was the cause of death.
2. If no hepatotoxicity is present, the clinical signs are likely due to a direct contact
effect, which is not expected to vary much among individuals.
3. Higher, respectively, than that in humans. If the effect is hepatotoxicity, it is due to
the reactive metabolite produced in the liver. PBPK modeling data indicate that
production of the metabolite is blood flow limited. Therefore, variations in
cytochrome P-450 2E1 levels are not likely to be a significant factor (Kedderis and
Held 1996). Additionally, when using hepatocytes as the basis, PBPK modeling
indicates that when adults and children (ages 6, 10, and 14 years) are exposed to the
same furan concentrations, the blood concentration of furan is likely to be greater in
children than in adults by a factor of only 1.5 (at steady state), and the maximum
factor of adult-child differences in liver concentration of furan metabolite is about
1.25 (Price et al. 2003).

Modifying Factor: 5; applied to account for a limited data set (only one data set
addressing furan toxicity after inhalation exposure was available). This study was not
repeated, and there was no information on furan toxicity in other species.

Animal to Human Dosimetric Adjustment: Not applicable

Time-scaling: C" x t = k, where the default value of n = 1 was used for extrapolating from
shorter to longer exposure periods and a value of n = 3 was used to extrapolate from
longer to shorter exposure periods.

Data Adequacy: Only limited data were available to assess the inhalation toxicity of
furan.
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AEGL-3 VALUES
10 min 30 min 1h 4h 8h

35 ppm 24 ppm 19 ppm 4.8 ppm 2.4 ppm

Reference: Terrill, J.B., W.E. Van Horn, D. Robinson, and D.L. Thomas. 1989. Acute
inhalation toxicity of furan, 2 methylfuran, furfuryl alcohol, and furfural in the rat. Am.
Ind. Hyg. Assoc. J. 50(5):A359-A361.

Test Species/Strain/Number: Sprague-Dawley rats, 5/sex/exposure group

Exposure Route/Concentrations/Durations: 1,014, 2,851, and 4,049 ppm for 1 h

Effects: Signs of toxicity during exposure included respiratory distress, increased
secretory response (severity at each concentration not provided).

1,014 ppm: 0/10 died

2,851 ppm: 0/10 died

4,049 ppm: 9/10 died

End Point/Concentration/Rationale: Highest nonlethal concentration in rats

Total Uncertainty Factor and Modifying Factor = 150

Uncertainty Factors and Rationale:
Interspecies: 10; applied because there are inadequate data to properly assess
interspecies variability. Terrill et al. (1989) was the only published furan toxicity study
that investigated the toxicity of inhaled furan, and it evaluated only one species (rat).
Therefore, insufficient empirical data were available to examine species differences in
response to inhaled furan. A PBPK simulation of inhalation exposure to furan predicted
that the absorbed dose of furan in mice and rats would be ~10- and 3.5-fold higher,
respectively, than that in humans, while the integrated liver exposure to furan
metabolites would be ~6- and 3-fold higher, respectively, than that in humans.
However, oral toxicity data indicate that the rat is more sensitive than the mouse despite
PBPK modeling predictions that the mouse would have a 3-fold higher absorbed dose
and 2-fold higher integrated liver exposure to furan metabolites than the rat. Therefore,
there are too many uncertainties about the response of the rat, mouse, and human liver
to furan to base an uncertainty factor on the PBPK modeling predictions.
Intraspecies: 3; applied for the following reasons:
1. Assuming death was the result of a progression of the toxicity present at the lower
concentrations, the steep dose-response curve for lethality indicates there is not much
variability in the response (0/10 rats died at 1,014 or 2,851 ppm, while 9/10 rats died
at 4,049 ppm). The delayed deaths in the high-concentration group suggest that
hepatotoxicity was the cause of death.
2. If no hepatotoxicity is present, the clinical signs are likely due to a direct contact
effect, which is not expected to vary much among individuals.
3. If the effect is hepatotoxicity, it is due to the reactive metabolite produced in the
liver. PBPK modeling data indicate that production of the metabolite is blood flow
limited. Therefore, variations in cytochrome P-450 2E1 levels are not likely to be a
significant factor (Kedderis and Held 1996). Additionally, when using heptatocytes as
the basis, PBPK modeling indicates that when adults and children (ages 6, 10, and 14
years) are exposed to the same furan concentrations, the blood concentration of furan
is likely to be greater in children than in adults by a factor of only 1.5 (at steady state),
and the maximum factor of adult-child differences in liver concentration of furan
metabolite is about 1.25 (Price et al. 2003).

(Continued)
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AEGL-3 VALUES Continued
10 min 30 min 1h 4h 8h

35 ppm 24 ppm 19 ppm 4.8 ppm 2.4 ppm

Modifying Factor: 5; applied to account for a limited data set (only one data set
addressing furan toxicity after inhalation exposure was available; this study was not
repeated; there was no information on furan toxicity in other species.

Animal to Human Dosimetric Adjustment: Not applicable

Time-scaling: C" x t =k, where the default value of n = 1 was used for extrapolating
from shorter to longer exposure periods and a value of n = 3 was used to extrapolate from
longer to shorter exposure periods.

Data Adequacy: Only limited data were available to assess the inhalation toxicity of
furan.
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APPENDIX C

Category Plot for Furan
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FIGURE 3-1 Category plot of animal toxicity data for furan compared with AEGL

values.
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