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Foreword

The National Toxicology Program (NTP), established in 1978, is an interagency program within
the Public Health Service of the U.S. Department of Health and Human Services. Its activities
are executed through a partnership of the National Institute for Occupational Safety and Health
(NIOSH, part of the Centers for Disease Control and Prevention), the Food and Drug
Administration (FDA, primarily at the National Center for Toxicological Research), and the
National Institute of Environmental Health Sciences (NIEHS, part of the National Institutes of
Health), where the program is administratively located. NTP offers a unique venue for the
testing, research, and analysis of agents of concern to identify toxic and biological effects,
provide information that strengthens the science base, and inform decisions by health regulatory
and research agencies to safeguard public health. NTP also works to develop and apply new and
improved methods and approaches that advance toxicology and better assess health effects from
environmental exposures.

The Technical Report series began in 1976 with carcinogenesis studies conducted by the
National Cancer Institute. In 1981, this bioassay program was transferred to NTP. The studies
described in the NTP Technical Report series are designed and conducted to characterize and
evaluate the toxicological potential, including carcinogenic activity, of selected substances in
laboratory animals (usually two species, rats and mice). Substances (e.g., chemicals, physical
agents, and mixtures) selected for NTP toxicity and carcinogenicity studies are chosen primarily
on the basis of human exposure, level of commercial production, and chemical structure. The
interpretive conclusions presented in NTP Technical Reports are derived solely from the results
of these NTP studies and should not be misconstrued to represent an official policy of the
individual agencies that participate in the NTP partnership (NIEHS, NIOSH, or FDA).
Extrapolation of the results to other species, including characterization of hazards and risks to
humans, requires analyses beyond the intent of these reports. Selection for study per se is not an
indicator of a substance’s carcinogenic potential.

NTP conducts its studies in compliance with its laboratory health and safety guidelines and the
FDA Good Laboratory Practice Regulations and meets or exceeds all applicable federal, state,
and local health and safety regulations. Animal care and use are in accordance with the Public
Health Service Policy on Humane Care and Use of Laboratory Animals. Studies are subjected to
retrospective quality assurance audits before they are presented for public review. Draft reports
undergo external peer review before they are finalized and published.

NTP Technical Reports are available free of charge on the NTP website and cataloged in
PubMed, a free resource developed and maintained by the National Library of Medicine (part of
the National Institutes of Health). Data for these studies are included in NTP’s Chemical Effects
in Biological Systems database.

For questions about the reports and studies, please email NTP or call 984-287-3211.
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Explanation of Levels of Evidence of Carcinogenic Activity

The National Toxicology Program (NTP) describes the results of individual experiments on a
chemical agent and notes the strength of the evidence for conclusions regarding each study.
Negative results, in which the study animals do not have a greater incidence of neoplasia than
control animals, do not necessarily mean that a chemical is not a carcinogen, in as much as the
experiments are conducted under a limited set of conditions. Positive results demonstrate that a
chemical is carcinogenic for laboratory animals under the conditions of the study and indicate
that exposure to the chemical has the potential for hazard to humans. Other organizations, such
as the International Agency for Research on Cancer, assign a strength of evidence for
conclusions based on an examination of all available evidence, including animal studies such as
those conducted by NTP, epidemiologic studies, and estimates of exposure. Thus, the actual
determination of risk to humans from chemicals found to be carcinogenic in laboratory animals
requires a wider analysis that extends beyond the purview of these studies.

Five categories of evidence of carcinogenic activity are used in the Technical Report series to
summarize the strength of evidence observed in each experiment: two categories for positive
results (clear evidence and some evidence); one category for uncertain findings (equivocal
evidence); one category for no observable effects (no evidence); and one category for
experiments that cannot be evaluated because of major flaws (inadequate study). These
categories of interpretative conclusions were first adopted in June 1983 and then revised in
March 1986 for use in the Technical Report series to incorporate more specifically the concept of
actual weight of evidence of carcinogenic activity. For each separate experiment (male rats,
female rats, male mice, female mice), one of the following five categories is selected to describe
the findings. These categories refer to the strength of the experimental evidence and not to
potency or mechanism.

e Clear evidence of carcinogenic activity is demonstrated by studies that are
interpreted as showing a dose-related (i) increase of malignant neoplasms,
(i1) increase of a combination of malignant and benign neoplasms, or (iii) marked
increase of benign neoplasms if there is an indication from this or other studies of the
ability of such tumors to progress to malignancy.

e Some evidence of carcinogenic activity is demonstrated by studies that are
interpreted as showing a chemical-related increased incidence of neoplasms
(malignant, benign, or combined) in which the strength of the response is less than
that required for clear evidence.

e Equivocal evidence of carcinogenic activity is demonstrated by studies that are
interpreted as showing a marginal increase of neoplasms that may be chemical
related.

e No evidence of carcinogenic activity is demonstrated by studies that are interpreted
as showing no chemical-related increases in malignant or benign neoplasms.

e Inadequate study of carcinogenic activity is demonstrated by studies that, because of
major qualitative or quantitative limitations, cannot be interpreted as valid for
showing either the presence or absence of carcinogenic activity.

For studies showing multiple chemical-related neoplastic effects that if considered individually
would be assigned to different levels of evidence categories, the following convention has been
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adopted to convey completely the study results. In a study with clear evidence of carcinogenic
activity at some tissue sites, other responses that alone might be deemed some evidence are
indicated as “were also related” to chemical exposure. In studies with clear or some evidence of
carcinogenic activity, other responses that alone might be termed equivocal evidence are
indicated as “may have been” related to chemical exposure.

When a conclusion statement for a particular experiment is selected, consideration must be given
to key factors that would extend the actual boundary of an individual category of evidence. Such
consideration should allow for incorporation of scientific experience and current understanding
of long-term carcinogenesis studies in laboratory animals, especially for those evaluations that
may be on the borderline between two adjacent levels. These considerations should include:

adequacy of the experimental design and conduct;
occurrence of common versus uncommon neoplasia;

progression (or lack thereof) from benign to malignant neoplasia as well as from
preneoplastic to neoplastic lesions;

some benign neoplasms have the capacity to regress but others (of the same
morphologic type) progress. At present, it is impossible to identify the difference.
Therefore, where progression is known to be a possibility, the most prudent course is
to assume that benign neoplasms of those types have the potential to become
malignant;

combining benign and malignant tumor incidence known or thought to represent
stages of progression in the same organ or tissue;

latency in tumor induction;
multiplicity in site-specific neoplasia;
metastases;

supporting information from proliferative lesions (hyperplasia) in the same site of
neoplasia or other experiments (same lesion in another sex or species);

presence or absence of dose relationships;
statistical significance of the observed tumor increase;

concurrent control tumor incidence as well as the historical control rate and
variability for a specific neoplasm;

survival-adjusted analyses and false positive or false negative concerns;
structure-activity correlations; and

in some cases, genetic toxicology.
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Abstract

Sulfolane is commonly used as an industrial solvent in liquid-liquid and liquid-vapor extractions,
in natural gas and petroleum refineries, and in the extraction of acidic components from sour gas
streams. Sulfolane was detected in contaminated groundwater and drinking water wells near a
petroleum refinery in North Pole, Alaska, and at additional sites in Canada and the United States.
Because of concerns about potential long-term human exposure via contaminated drinking water
and the lack of toxicity data, chronic exposure studies in rats and mice were conducted to
evaluate the potential toxicity and carcinogenic activity of sulfolane.

Time-mated female Sprague Dawley (Hsd:Sprague Dawley® SD®) rats were exposed to
sulfolane in drinking water at 0, 30, 100, 300, or 1,000 mg/L beginning at gestation day (GD) 6
through lactation. On postnatal day (PND) 28, offspring (50/sex/group) were continued on study
and provided dosed water containing the same sulfolane concentration as their respective dam
for 2 years. In B6C3F1/N mice, groups of 50 mice per sex, aged 6 weeks at study start, were
provided dosed water containing 0, 30, 100, 300, or 1,000 mg/L sulfolane for 2 years. Interim
evaluations of hematology, clinical chemistry (rats only), vaginal cytology, and internal
concentration assessment were conducted at 3 months in rats and mice. At study termination,
toxicity (e.g., survival, body weights) and the incidences of neoplasms and exposure-related
histopathological changes were evaluated in rats and mice.

Two-year Study in Rats

Sulfolane exposure to dams had no toxicologically relevant effects on maternal measurements
during gestation or lactation. Slight but significantly decreased (within 5%) body weights were
observed in the 1,000 mg/L group during lactation but were not considered exposure related.
Daily sulfolane intake during GD 6-21 was estimated to be 4, 12, 37, and 126 mg/kg/day for the
30, 100, 300, and 1,000 mg/L groups, respectively; during lactation days 1-14, intake was
estimated to be 6, 20, 59, and 206 mg/kg/day for the 30, 100, 300, and 1,000 mg/L groups,
respectively. There were no significant effects on littering parameters and offspring survival
through lactation. Pup body weights were significantly decreased by up to 9% in males and 11%
in females exposed to 1,000 mg/L sulfolane during lactation. In female offspring, vaginal
opening was significantly delayed in the 300 and 1,000 mg/L groups, with and without
adjustment for body weight at weaning.

Interim evaluation at 3 months showed marginal effects in male rats, with reduced body weights
that were within 10% of control values. Clinical chemistry, hematology, and organ weights were
unaffected by sulfolane exposure. Sulfolane plasma concentrations were consistent between the
sexes and showed metabolic saturation at higher exposure concentrations.

Following exposure to sulfolane for 2 years, there were no significant differences in the survival
of rats exposed to sulfolane. While body weights were significantly decreased in the 1,000 mg/L
male and female groups throughout the 2-year exposure, the decrease was not significant at the
end of the 2-year study in males. Water consumption in the sulfolane-exposed groups was
comparable to that of the control groups throughout the study. Daily PND 28 to 119 sulfolane
intake was estimated to be 3, 8, 25, and 80 mg/kg/day for males and was estimated to be 3, 11,
31, and 104 mg/kg/day for females in the 30, 100, 300, and 1,000 mg/L groups, respectively. For
the remainder of the study (study day 21 to 616), sulfolane intake was estimated to be 1, 5, 13,
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and 49 mg/kg/day for males and 2, 8, 21, and 80 mg/kg/day for females in the 30, 100, 300, and
1,000 mg/L groups, respectively.

Histopathological evaluations identified significant increases in the incidence of mammary gland
adenoma in females exposed to 100 mg/L sulfolane.

Two-year Study in Mice

In male and female mice exposed to sulfolane for 2 years, no significant changes were observed
in survival or body weights, with intermittent changes in water consumption. Daily sulfolane
intake from study day 0 to 707 was estimated to be 3, 9, 28, and 89 mg/kg/day for males in the
30, 100, 300, and 1,000 mg/L groups, respectively; for females, intake was estimated to be 2, 7,
20, and 65 mg/kg/day in the 30, 100, 300, and 1,000 mg/L groups, respectively. Interim
evaluation at 3 months showed no exposure-related effects on body weights, hematology, or
organ weights, and sulfolane plasma concentrations showed metabolic saturation in female mice.
Histopathological evaluations identified positive trends and significant increases in the
incidences of hemangiosarcomas of all organs (systemic) and of the liver of male mice exposed
to 1,000 mg/L sulfolane. A significantly increased incidence of hemangiosarcoma was observed
in the spleen of males exposed to 30 mg/L sulfolane. In female mice, a positive trend and a
significant increase in the incidence of hepatocellular carcinoma were observed in the

1,000 mg/L group. Additionally, the incidence of mixed cell focus of the liver in males was
significantly increased in the 30, 100, and 300 mg/L groups. In females, a positive trend in the
incidence of clear cell focus of the liver was observed, and the incidence of focal fatty change of
the liver was significantly increased in the 100 and 300 mg/L groups. The incidence of follicle
cysts of the ovary was significantly increased in the 30, 300, and 1,000 mg/L groups.

Genetic Toxicology

In the in vivo rodent peripheral blood micronucleus assay, no increases in micronucleated
erythrocytes were observed in male or female rats or mice administered sulfolane via dosed
water for 3 months. A positive trend in the percentage of reticulocytes was observed in female
rats, but the increase was within the historical control 95% confidence interval.

Conclusions

Under the conditions of these 2-year drinking water studies, there was no evidence of
carcinogenic activity of sulfolane in male Hsd:Sprague Dawley® SD® rats at exposure
concentrations of 30, 100, 300, or 1,000 mg/L. There was equivocal evidence of carcinogenic
activity of sulfolane in female Hsd:Sprague Dawley® SD® rats based on the increased incidence
of mammary gland adenoma.

There was clear evidence of carcinogenic activity of sulfolane in male B6C3F1/N mice based on
the increased incidence of hemangiosarcoma (all organs), which predominately occurred in the
liver. There was equivocal evidence of carcinogenic activity of sulfolane in female B6C3F1/N
mice based on the increased incidence of hepatocellular carcinoma.

Exposure to sulfolane resulted in increased incidences of nonneoplastic lesions of the liver in
male and female mice and the ovary in female mice. Sulfolane exposure also induced a delay in
vaginal opening in female rats.

Synonyms: 2,3,4,5-tetrahydrothiophene-1,1-dioxide, tetramethylene sulfone,
tetrahydrothiophene-1,1-dioxide
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Summary of the Perinatal and Two-year Carcinogenesis and Genetic Toxicology Studies of

Sulfolane

Male Sprague
Dawley Rats

Female Sprague
Dawley Rats

Male
B6C3F1/N Mice

Female
B6C3F1/N Mice

Concentrations in
Drinking Water
Survival Rates

Body Weights

Pubertal
Endpoints

Nonneoplastic
Effects

Neoplastic Effects

0, 30, 100, 300, or
1,000 mg/L

16/50, 17/50, 15/50,
17/50, 10/50

F, generation:
Lactation: |

Study termination:
no effect

None?

None

0, 30, 100, 300, or
1,000 mg/L

21/50, 26/50, 26/50,
27/50, 19/50

Fo generation:
Gestation: exposed

groups within 10% of
the control group
Lactation: exposed
groups within 10% of
the control group

F| generation:
Lactation: |

Study termination: |

(1,000 mg/L group 15%

less than the control
group)

Vaginal opening:

delayed (300 mg/L and

1,000 mg/L)

None

None

0, 30, 100, 300, or
1,000 mg/L

34/50, 28/50, 35/50,
32/50, 30/50

No effect

Liver: mixed cell
focus (6/50, 18/50,
15/50, 13/50, 7/50)

All organs (systemic):
hemangiosarcoma
(3/50, 6/50, 4/50,
3/50, 12/50)

Liver:
hemangiosarcoma
(3/50, 5/50, 3/50,
2/50, 11/50)

Spleen:
hemangiosarcoma

(0/49, 5/50, 1/50,
1/50, 3/50)

0, 30, 100, 300, or
1,000 mg/L

35/50, 39/50, 34/50,
34/50, 37/50

No effect

Liver: clear cell
focus (4/50, 4/50,
6/50, 4/50, 10/50);
fatty change, focal
(1/50, 5/50, 8/50,
11/50, 2/50)

Ovary: follicles, cyst
(2/48, 9/46, 3/47,
11/48, 9/49)

None
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Male Sprague Female Sprague Male Female

Dawley Rats Dawley Rats B6C3F1/N Mice B6C3F1/N Mice
Equivocal None Mammary gland: None Liver: hepatocellular
Findings adenoma (1/50, 4/50, carcinoma (2/50,

Level of Evidence No evidence

of Carcinogenic
Activity

Genetic Toxicology

Micronucleated Erythrocytes (In Vivo)

Rat peripheral blood: Negative in males and females exposed via dosed water for 3 months

7/50, 2/50, 5/50)

Equivocal evidence Clear evidence

3/50, 5/50, 5/50,
8/50)

Equivocal evidence

Mouse peripheral blood: Negative in males and females exposed via dosed water for 3 months

aNone = no toxicologically relevant effects for this endpoint.
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Overview

Sulfolane was nominated to the National Toxicology Program (NTP) because of its
contamination of drinking water supplies near a natural gas and petroleum refinery site. As part
of the broader NTP sulfolane research program, the metabolism of sulfolane was evaluated in
rats, mice, and humans (in vitro),? and the kinetics of sulfolane exposure were evaluated in rats
and mice.? In addition, because of questions of species sensitivity, 28-day toxicity studies were
conducted to determine whether guinea pigs were more sensitive to sulfolane exposure than rats
and mice.* Immunotoxicity studies were also conducted in rats and mice to further explore
identified immune toxicity in previous studies in the literature. The 2-year carcinogenicity
studies of sulfolane in rats and mice are presented in this Technical Report.

XX
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Introduction
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Figure 1. Sulfolane (CASRN 126-33-0; DTXSID3027037; Chemical Formula: CsH3SO>;
Molecular Weight: 120.17 g/mol)

Synonyms: 2,3,4,5-tetrahydrothiophene-1,1-dioxide, tetramethylene sulfone, tetrahydrothiophene-1,1-dioxide.

Chemical and Physical Properties

Sulfolane is an organosulfur compound containing a sulfonyl group with a sulfur atom double-
bonded to two oxygen atoms. The double bond is highly polar, whereas the carbon ring has high
nonpolar stability. Sulfolane is a clear, colorless gel at ambient temperature (approximately
25°C) with a melting point in the range of 27.4°C to 27.8°C and a density of 1.261 g/cm?,
liquid.® Sulfolane is miscible in water, acetone, glycerol, and many oils. It is chemically stable in
the presence of many chemical substances except sulfur and aluminum chloride.” Sulfolane has a
low vapor pressure (0.0062 mm Hg at 27.6°C).°

Production, Use, and Human Exposure

Sulfolane production occurs when sulfur dioxide and butadiene react together, forming sulfolene;
sulfolene is then hydrogenated to form sulfolane.

Sulfolane is commonly used as an industrial solvent in liquid-liquid and liquid-vapor extractions,
such as in the extraction of benzene, toluene, and xylene from mixtures with aliphatic
hydrocarbons (e.g., in petroleum refining) and in the extraction of acidic components (e.g.,
hydrogen sulfide, carbon dioxide, carbonyl sulfide, carbon dioxide, mercaptans) from sour gas
streams.®19 It is also used in textile refinishing, in the fractionalization of wood tars, as a
component of hydraulic fluid, and as a curing agent in epoxy resins.'? It is estimated that
approximately 150 extraction units utilizing sulfolane are in use around the world, and sulfolane
is considered a high production volume chemical in the United States, with an annual production
of 10-50 million pounds.'!

Release of sulfolane into the environment through various waste streams near refineries results in
groundwater contamination. It is presumed that sulfolane does not break down easily in
groundwater, likely because of low oxygen and nutrient levels, and while it does not accumulate
in the aquatic food chain, it is taken up by plants.'? !* In North Pole, Alaska, contamination of
groundwater from a nearby petroleum refinery led to detection of sulfolane in nearly 300
drinking water wells in the area since 2009, with measurements in 2015 ranging from 4 to 7 ppb
in older supply wells'* and several measurements within 100—400 ppb in previous years.!> 16
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Sulfolane has been detected at additional sites in Canada and the United States near natural gas
or petroleum refineries.!”2

Human exposure to sulfolane occurs through occupational (inhalation and/or dermal) and
environmental (drinking water) sources; however, no exposure data are available.

Regulatory Status

Currently, no federal regulatory limits exist for sulfolane levels in drinking water. The Agency
for Toxic Substances and Disease Registry’s (ATSDR’s) recommended public health action
levels in drinking water are based on the Zhu research group identifying an oral no-observed-
adverse-effect level (NOAEL) for guinea pigs of 0.25 mg sulfolane/kg body weight/day
(mg/kg/day).?! Because of limited available research, ATSDR applied an uncertainty factor of
100 to the NOAEL of 0.25 mg/kg/day, resulting in a health guidance value dose of

0.0025 mg/kg/day (2.5 pg/kg/day). On the basis of average water intake, the public health action
levels in drinking water for sulfolane are 20 ppb (infants), 32 ppb (children), and 70 ppb
(adults).”? The U.S. Environmental Protection Agency (EPA) Provisional Peer-reviewed Toxicity
Values for subchronic and chronic sulfolane exposure are 10 pg/kg/day and 1 pg/kg/day,
respectively, and are based on decreased white blood cell (WBC) counts in female CD rats after
a 90-day drinking water exposure.”?

Absorption, Distribution, Metabolism, and Excretion

Experimental Animals

As part of the National Toxicology Program (NTP) research program on sulfolane, absorption,
distribution, metabolism, and excretion studies, as well as toxicokinetic (TK) studies, were
conducted following a single gavage administration or dermal application in male and female
Sprague Dawley (Hsd:Sprague Dawley® SD®) rats and B6C3F1/N mice. * Sulfolane was well
absorbed following administration of 30, 100, or 300 mg/kg [2,5-'*C]sulfolane in rats and mice
and was excreted extensively in urine (rats, approximately 91%—93%; mice, approximately
64%—86%) with low tissue retention (<2%) at 48 hours following oral administration.?
Following dermal application of 100 mg/kg [2,5-*C]sulfolane to a covered application site, the
absorption of sulfolane was lower in male and female rats (approximately 16%—19%) compared
to that in male and female mice (approximately 70%-80%).? There were no route, species, or sex
differences in urinary radiochemical profiles, with sulfolane and 3-hydroxysulfolane analytes
found to be the main analytes in urine.” Other investigators have also reported 3-
hydroxysulfolane as the primary metabolite of sulfolane in rats, mice, and rabbits.?* Following
intraperitoneal (IP) injection of 100 mg of [**S]sulfolane/kg, 85% of the radioactivity excreted in
the urine during the first 24 hours was associated with the metabolite 3-hydroxysulfolane.**

In studies investigating the TK behavior of sulfolane in male and female rats and mice,
absorption of sulfolane was rapid following a single gavage administration of 10, 30, or

100 mg/kg of sulfolane, with the maximum plasma concentration (Cmax) reached at 1.47 hours in
rats and at 0.55 hours in mice.’ In rats of both sexes, Cmax increased proportionally with the dose,
whereas the increase in Cmax Was greater than proportional in mice. The plasma elimination half-
life increased with dose in rats (1.99—6.33 hours) and mice (0.299-1.25 hours), with shorter half-
lives observed in mice compared with rats. Estimated oral bioavailability was higher in rats
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(81%—83%) than in mice (59%—63%) at 10 mg/kg; values were >100% at 30 and 100 mg/kg in
both species and sexes, suggesting that saturation of the metabolism and clearance pathways of
sulfolane may begin at doses of approximately 30 mg/kg.?

Humans

The literature contains no studies on the absorption, metabolism, distribution, or excretion of
sulfolane in humans.

Toxicity
Experimental Animals

General Toxicity

In subchronic inhalation studies of aerosolized sulfolane (3% water) conducted in rats, guinea
pigs, dogs, and squirrel monkeys, overt toxicity was observed in squirrel monkeys and dogs
within the first 7 days of exposure to 200 mg/m? sulfolane. Chronic lung inflammation was
observed in all species following 27 days of exposure (8 hours/day, 5 days/week) to 495 mg/m?
sulfolane.? At 60 days, the only remaining male dog had grossly elevated plasma aspartate
aminotransferase, alanine aminotransferase, and lactate dehydrogenase activities. In guinea pigs,
chronic pleuritis was noted in the lungs after 30 days of exposure to 200 mg/m>, and fatty
vacuolization was observed in the liver of the 30-, 60-, and 90-day exposed groups. No signs of
toxicity or effects on body weight, hematology, or pathology were observed following
continuous exposure (85-110 days) to 2.8-159 mg/m? sulfolane in rats, guinea pigs, monkeys,
or dogs.?

In a 28-day study, male and female rats dosed with 700 mg/kg/day sulfolane via gavage
experienced significantly decreased body weights and feed consumption, although the female
rats recovered after the second week of exposure. In males, a higher incidence of hyaline droplet
accumulation was observed in the kidneys. A significant decrease in erythrocyte count was noted
in female rats after a 2-week recovery period, and significant decreases in spleen weights were
also noted at 28 days and after a 2-week recovery period.?® 2’ An NTP 28-day toxicity study
compared the effects of sulfolane in three species (rats, mice, and guinea pigs) to determine
species sensitivity.* Following gavage administration of 800 mg/kg/day sulfolane, male and
female B6C3F1/N mice and Hartley guinea pigs were removed from the study because of overt
toxicity, and a noted reduction in weight was observed in male and female Sprague Dawley rats.
Additional findings following 28 days of exposure included nonneoplastic lesions in the kidney
(male rats), forestomach and glandular stomach (male mice), esophagus (male and female guinea
pigs), and nose (male guinea pigs), including hyaline droplet accumulation in the proximal
tubules of the kidney (male rats).*

4

In a 90-day drinking water study of sulfolane (0, 25, 100, 400, or 1,600 mg/L) by Huntingdon
Life Sciences (2001), a NOAEL of 25 mg/L (2.9 mg/kg/day) and a lowest-observed-adverse-
effect level (LOAEL) of 100 mg/L (10.6 mg/kg/day) were reported for female CD rats and were
based on significantly decreased WBC, lymphocytes, monocytes, and large unstained cells.?®
Although few details are provided, a 90-day gavage study (0, 55.6, 167, and 500 mg/kg/day) in
rats and guinea pigs reported clinical chemistry changes in addition to significantly decreased
WBC in guinea pigs.?! In a second study in guinea pigs orally exposed for 6 months (0, 0.25, 2.5,
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25, or 250 mg/kg/day), clinical pathology and bone marrow cell changes along with spleen white
pulp shrinkage were observed at the 3-month interim, and lesions in the liver (fatty deposits) and
spleen (white pulp shrinkage) were reported after 6 months of exposure.”!

Neurotoxicity

Acute metabolic and neurotoxic effects have been reported for sulfolane, including changes in
thermoregulation, motor activity, and brain-wave patterns in male Long Evans hooded rats.?% 3°
Following acute IP injection, dose-related inhibition of metabolic rate and hypothermia were first
observed 60 minutes postinjection and lasted at least 2.5 hours in Sprague Dawley rats.*! In male
CD-1 mice, IP injection of sulfolane at >400 mg/kg reduced the metabolic rate and body
temperatures and induced behavioral changes including preference of ambient temperatures.
Sulfolane has been reported as a convulsant in rats, mice, dogs, and squirrel monkeys.%? In a
study exploring the median lethal dose (LDso) via different routes of exposure (i.e., oral and IP)
in rats, mice, guinea pigs, and rabbits, no significant species differences in the LDso of sulfolane
were observed, and death was preceded by signs of central nervous system (CNS) stimulation,
such as hyperactivity and convulsions, across species.® Similar toxic signs of CNS stimulation in
mice and rats were observed across different routes of exposure (i.e., intravenous and IP)
including hunched, retreating posture with front limbs braced wide, erect tail, hyperactivity,
increased responsiveness to auditory stimulation, and rapid respiration. At lethal doses, all
species on study had clonic-tonic convulsions.®

Reproductive and Developmental Toxicity

A gavage reproductive/developmental toxicity screening test (OECD TG 421) was conducted at
doses of 0, 60, 200, and 700 mg/kg/day.?% 33 Male Sprague Dawley rats were dosed for 49 days
starting 14 days prior to mating, and female rats were dosed for 41-50 days (starting 14 days
prior to mating to day 3 of lactation). There was some mortality and significant decreases in
body weight gain and feed consumption at 700 mg/kg/day along with disrupted estrous cyclicity.
Four dams experienced whole litter loss at 700 mg/kg/day. Litter size, survival, and pup weight
were significantly decreased postparturition. Litter size at birth and the number of pups and pup
weight on days 0 and 4 of lactation were lower in the 200 mg/kg/day group. The parental
NOAEL was 200 mg/kg/day, and the NOAEL for offspring was 60 mg/kg/day. In the above
study, there were no dose-related findings in the external appearance, general conditions, and
necropsy findings of the offspring. However, in another study, increased fetal resorptions and
fetal skeletal anomalies were observed in Chinese Kunming mice following maternal oral
exposure to 840 mg/kg/day.?!

Immunotoxicity

In a comprehensive NTP immunotoxicology study, the potential effects of sulfolane on gross
pathology, enhanced immunopathology, hematology, antibody response to sheep red blood cells,
antibody response to keyhole limpet hemocyanin, T-cell proliferation, natural killer (NK) cell
activity, immunophenotyping of the spleen, and cytotoxic T-lymphocyte response to influenza
infection were examined.’® In this study, adult female B6C3F1/N mice were dosed with sulfolane
via gavage (0, 1, 10, 30, 100, or 300 mg/kg/day) for 90 days, and time-mated female Sprague
Dawley rats were exposed to sulfolane in drinking water (0, 30, 100, 300, or 1,000 mg/L) from
gestational day 6 through approximately 13 weeks of age. In mice, no clinical indications of
toxicity or effects on body weight were observed following sulfolane exposure, and minimal
immunotoxic effects, including decreased splenic NK cell number at >100 mg/kg/day (ex vivo
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NK cell activity was not affected) and decreased number of large unstained cells at doses

>30 mg/kg/day, were noted. Similarly, limited findings were observed following perinatal
exposure in rats. No clinical indications of toxicity related to sulfolane were noted, and a slight
decrease in body weight was observed in male and female Fi rats exposed to 1,000 mg/L
(approximately 5% and 7%—10%, respectively). Sulfolane exposure had no significant
immunotoxic effects on F1 males. In female F1 rats immunized with sheep red blood cells
(SRBC), spleen cellularity was increased 14%—-31% at concentrations of >100 mg/L sulfolane,
and NK cell activity decreased in a concentration-dependent manner in cells from the sulfolane-
exposed female Fi rats.’

Humans

The literature contains no studies on the possible health effects following sulfolane exposure in
humans.

Carcinogenicity

Experimental Animals

Aside from the previously mentioned 6-month study in guinea pigs,?! there are no chronic or
carcinogenicity studies of sulfolane in animal models. Structurally related 3-sulfolene was
previously evaluated for carcinogenic activity in male and female Osborne-Mendel rats and
B6C3F1 mice via gavage (corn oil vehicle) by the National Cancer Institute.>* There was no
evidence of carcinogenic activity in both rats and mice; however, exposure-related significant
decreases in survival were observed, resulting in dose adjustments throughout the study.

Humans

The literature contains no studies on the carcinogenicity of sulfolane in humans.

Genetic Toxicity

In 28-day gavage studies previously conducted as part of the NTP sulfolane research program,
peripheral blood samples were obtained from male and female Sprague Dawley rats and
B6C3F1/N mice and analyzed for the frequency of micronucleated reticulocytes and
erythrocytes.* In male and female rats, the reticulocyte population (polychromatic erythrocytes,
or PCEs), which is the only red blood cell population that can be accurately assessed for
micronucleus frequency in peripheral blood of rats because of efficient splenic scavenging of
damaged erythrocytes, did not show an increase in micronuclei after 28 days of exposure to
sulfolane via gavage (0, 1, 10, 30, 100, 300, or 800 mg/kg/day). Significant changes in the
percentage of reticulocytes were observed in male and female rats; however, these changes were
within the historical control 95% confidence interval. There were no increases in micronucleated
reticulocytes or micronucleated erythrocytes in male and female mice after 28 days of exposure
to sulfolane via gavage (0, 1, 10, 30, 100, or 300 mg/kg/day).

A few additional reports of the genetic toxicity of sulfolane are also available in the peer-
reviewed literature; however, these reports lacked primary data and were inadequate for review.
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Study Rationale

Sulfolane was nominated to NTP by the Alaska Department of Environmental Conservation with
support from various entities in Alaska, as well as by ATSDR. The potential for human exposure
to sulfolane through groundwater in North Pole, Alaska, and near other natural gas or petroleum
refining sites has raised public health concerns for residents. Because long-term exposure to
sulfolane has likely occurred and information on potential toxicity following long-term exposure
is lacking, 2-year drinking water studies were conducted in rats and mice to evaluate the
potential chronic toxicity and carcinogenic activity of sulfolane. Because of the likelihood of
early life exposure to sulfolane in these communities, gestation and early postnatal exposure was
included in the rat study to evaluate for potential effects of lifetime exposure.
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Materials and Methods

Procurement and Characterization of Sulfolane

Sulfolane was obtained from Sigma-Aldrich (Milwaukee, WI) in a single lot (MKBN9784V).
Identity, purity, and stability analyses were conducted by the analytical chemistry laboratory at
RTI International (Research Triangle Park, NC) and the study laboratory at Battelle (Columbus,
OH). Reports on analyses performed in support of the sulfolane studies are on file at the National
Institute of Environmental Health Sciences (NIEHS).

Lot MKBN9784V was a solid to a gel at room temperature and formed a colorless liquid upon
warming. The identity of the test lot was confirmed using infrared (IR) spectroscopy, 'H nuclear
magnetic resonance (NMR) spectroscopy, *C NMR spectroscopy, and ultra-high-performance
liquid chromatography with high resolution mass spectrometry (MS). The IR, 'H NMR, and *C
NMR spectra cohered with the structure of sulfolane and were consistent with reference spectra
from the Sigma-Aldrich library (IR and '"H NMR)?**:3¢ and the Spectral Database for Organic
Compounds (*C NMR).>” Elemental analyses were performed by Galbraith Laboratory
(Knoxville, TN) to aid in identification. The relative amounts of carbon (39.51%), hydrogen
(7.08%), and sulfur (26.34%) were within 6% of the theoretical values. An accurate
determination of oxygen could not be made because of interference from the high elemental
sulfur content. The boiling point (285°C) and density (1.31 g/cm? at 21.9°C) measured by
Galbraith Laboratory were consistent with literature values from the Hazardous Substance Data
Bank.!'”

Purity evaluation was conducted using gas chromatography (GC) with flame ionization detection
(FID) (Table A-1, System A) and GC with MS detection (Table A-1, System B). No impurities
with peak areas >0.1% of the total integrated peak area were detected using GC/FID. The
GC/MS spectrum for the major component was consistent with the library spectrum for
sulfolane.®® Karl Fischer titration yielded a water content of 0.22%. The overall purity of the test
lot was determined to be >99%. Because butadiene is a precursor of sulfolane synthesis,
additional GC/MS analysis was conducted to determine whether butadiene was present at trace
levels (Table A-1, System C). Butadiene was not present at >0.05% of the total ion
chromatogram, with an analytical system limit of detection (LOD) of butadiene at 12 ng/mL.

An accelerated stability study was previously conducted using a different lot (MKBH1265V,
Sigma-Aldrich [Milwaukee, WI]) and was not repeated using lot MKBN9784V. The stability of
lot MKBH1265V was confirmed for 14 days at frozen (—20°C), refrigerated (5°C), room (25°C),
and elevated (60°C) temperatures when stored in amber glass vials sealed with Teflon®-lined
caps.

One 30-gallon drum of lot MKBN9784V was warmed for 2.5 hours to liquify the contents. Once
the chemical was liquified, the drum was rolled for approximately 5 minutes to homogenize the
contents. A spigot was screwed into the drum, and it was placed on a drum cradle. The chemical
was transferred to thirty 80-ounce amber glass bottles. Reanalysis of the bulk chemical was
performed by the study laboratory prior to and after the 2-year study; no degradation was
detected by GC/FID (Table A-1, System D).
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Preparation and Analysis of Dose Formulations

Dose formulations of sulfolane (lot MKBN9784V) in tap water (West Jefferson, OH municipal
supply) were prepared approximately monthly at the study laboratory following the protocols
outlined in Table A-2. Formulations were prepared at 0, 30, 100, 300, and 1,000 mg/L for both
rats and mice. The formulations were stored refrigerated (5°C) in amber glass bottles sealed with
Teflon-lined lids and were used within 42 days of preparation.

The stability of sulfolane formulations in tap water was determined by the analytical laboratory
at RTI International using GC/FID (Table A-1, System E). Stability of the 30 mg/L formulation
was confirmed for 42 days at both refrigerated (5°C) and room (25°C) temperatures. Under
simulated dosing conditions, the 30 mg/L formulation was stable for 8 days.

Periodic analyses of the preadministration and postadministration dose formulations of sulfolane
were conducted by the Battelle analytical laboratory using GC/FID (Table A-1, System F).
Postadministration samples were collected from the animal rooms and formulation carboys. A
1,000 mg/L formulation was prepared on August 12, 2015, to replace the original preparation
from July 23, 2015, which did not meet acceptance criteria and was deemed not suitable for use.
With that exception, all other preadministration dose formulations were within 10% of the target
concentrations (Table A-3). All postadministration samples were within 10% of the target
concentrations with the following exceptions: The carboy samples of the 30 and 1,000 mg/L
formulations prepared on May 4, 2015, were 10.9% and 10.2% below the target concentrations,
respectively. The carboy samples of the 300 and 1,000 mg/L formulations prepared on
September 21, 2015, were 10.2% and 13.0% below the target concentrations, respectively. The
rat animal room sample of the 30 mg/L formulation prepared on July 23, 2015, was 10.5% below
the target concentration, and the mouse animal room sample of the 300 mg/L formulation
prepared on May 4, 2015, was 12.4% below the target concentration. These marginal deviations
in postadministration dose formulations were not considered to have affected the study outcome.

Animal Source

Time-mated (Fo) female Sprague Dawley (Hsd:Sprague Dawley® SD®) rats were obtained from
Envigo (Haslett, MI). Male and female B6C3F1/N mice were obtained from the National
Toxicology Program (NTP) colony maintained by Taconic Biosciences, Inc. (Germantown, NY).

Animal Welfare

Animal care and use were in accordance with the Public Health Service Policy on Humane Care
and Use of Animals. All animal studies were conducted in an animal facility accredited by
AAALAC International. Studies were approved by the Battelle (West Jefferson, OH) Animal
Care and Use Committee and conducted in accordance with all relevant National Institutes of
Health (NIH) and NTP animal care and use policies and applicable federal, state, and local
regulations and guidelines.
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Two-year Studies

Exposure Concentration Selection Rationale

Exposure concentrations were selected using data from 28-day gavage studies in mice and rats,*
a gavage developmental and reproductive toxicity (DART) screening study in rats?® 33 that
followed the OECD 421 guideline, a 90-day drinking water rat study,?® and estimated exposure
derived from drinking water consumption from previous NTP studies. The 28-day NTP gavage
study showed evidence of overt toxicity following administration of 800 mg/kg/day, whereas in
the 90-day drinking water study, rats exposed to 1,600 mg/L (132 mg/kg/day for males,

191 mg/kg/day for females) did not show chronic dose limiting effects (i.e., evidence of overt
toxicity that would be concerning with chronic exposure). However, the gavage DART study
showed developmental toxicity at doses >200 mg/kg/day. Given these toxicity data, differences
in kinetics between gavage and drinking water and drinking water consumption and exposure
estimates, the highest exposure concentration of 1,000 mg/L was selected for the 2-year studies
for rats and mice (i.e., average exposure to approximately 50200 mg/kg/day for each species),
with a half-log dose spacing to the lowest exposure concentration of 30 mg/L to characterize the
dose response. An interim necropsy at 3 months was included to evaluate subchronic toxicity.

Study Design for Rats

Fo female rats were 12 to 13 weeks old upon receipt. Evidence of mating is defined as gestational
day (GD) 1; Fo females were received on GD 2 and held for 4 days. Fo females were randomly
assigned to one of five exposure groups on GD 5. Randomization was stratified by body weight
that produced similar group mean weights using NTP Provantis software (Instem, Stone, UK).

Fo females were quarantined for 11 to 15 days after receipt. Ten nonmated females received with
the time-mated females were designated for disease monitoring 3 days after arrival; samples
were collected for serological analyses, and the rats were euthanized, necropsied, and examined
for the presence of disease or parasites. The health of the F1 rats was monitored during the study
according to the protocols of the NTP Sentinel Animal Program (Appendix C). All test results
were negative.

Beginning on GD 6, groups of 53 (0 mg/L) or 43 (30, 100, 300, and 1,000 mg/L) Fo time-mated
female rats were exposed to sulfolane in drinking water throughout gestation and lactation at the
following concentrations: 0, 30, 100, 300, or 1,000 mg/L. Tap water served as the 0 mg/L
control. Feed and dosed water were available ad libitum.

Fo female rats were housed individually during gestation and with their respective litters during
lactation. Cages were changed weekly for pregnant dams before delivery and twice weekly for
dams and their litters after postnatal day (PND) 4. Fo females were observed twice daily for signs
of mortality or moribundity. Body weights were recorded upon receipt, on GD 5 (for
randomization), and on GDs 6, 9, 12, 15, 18, and 21. Clinical observations were recorded every
3 days from GD 6 through GD 21. Water consumption data were recorded on GDs 6, 9, 12, 15,
18, and 21. Details of the study design and animal maintenance are summarized in Table 1.

The day of parturition was considered lactation day (LD) 0 for dams and PND 0 for pups. On
apparent GD 27, all time-mated female rats that failed to deliver were euthanized, and the uteri
were examined and stained for evidence of implantation and resorption. Body weights were
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recorded for littered Fo females on LDs 1, 4, 7, 10, 14, 17, 21, 24, and 28. Clinical observations
were recorded on LDs 1, 4, 7, 17, and 24. Water consumption data were recorded on LDs 1, 4, 7,
10, 14, 17, 21, 24, and 28. Individual Fi pup weights were recorded on PNDs 1, 4, 7, 10, 14, 17,
21, 24, and 28. Formal clinical observations were recorded for F1 pups on PNDs 1, 4, 7, 17, and
24, and detailed clinical observations (formal clinical observations with the addition of an open-
field assessment) were recorded on PNDs 10, 14, 21, 28, and 35.

F1 litters were standardized on PND 4 to eight pups per litter, with four males and four females
each. Weaning occurred on PND 28. One male and one female from 10 litters per exposure
group were randomly selected for use in the 3-month interim evaluation, and

5 animals/sex/group were chosen from the interim group for internal concentration assessment.
One or two pups per sex per litter from 25 to 27 litters per exposure group were randomly
selected for use in the 2-year study. Twenty additional pups per sex (from control litters) were
designated for disease monitoring. Following weaning, <60 pups/sex/group were selected for an
immunotoxicity evaluation,’ and all Fo females and unselected pups were humanely euthanized
with carbon dioxide. Weaning marked the beginning of the 3-month interim evaluation and 2-
year study.

After weaning, groups of 50 male and 50 female F1 pups were administered 0, 30, 100, 300, or
1,000 mg/L sulfolane in drinking water for 2 years. Separate groups of 10 male and 10 female
F1 pups per exposure group were included in the 3-month interim evaluation, which was
conducted to evaluate potential subchronic toxicity, assess internal exposure, and allow for
comparison to the Huntingdon Life Sciences (HLS) 2001 90-day drinking water study.?® Tap
water served as the 0 mg/L control. Feed and dosed water were available ad libitum. Two diets
were used in the rat studies: (1) NIH-07 during the perinatal phase and (2) NTP-2000 during the
postweaning phase. The NIH-07 diet is a higher protein diet that supports reproduction and
lactation in rodents, whereas the NTP-2000 diet is a lower protein diet that decreases the
incidence of chronic nephropathy in adult rats. Fi rats were housed up to two (males) or up to
four (females) per cage. Water consumption was measured at least twice weekly and was
reported weekly for the first 13 weeks and at 4-week intervals thereafter. Cages were changed at
least once weekly, and racks were changed and rotated at least every 2 weeks. Further details of
animal maintenance are given in Table 1. Information on feed composition and contaminants is
provided in Appendix B.

Study Design for Mice

Male and female B6C3F1/N mice were approximately 4 weeks old upon receipt and were
quarantined for 11 days before study start. Mice were randomly assigned to one of five exposure
groups (n = 50 mice/sex/exposure group). Randomization was stratified by body weight that
produced similar group mean weights using NTP Provantis software (Instem, Stone, UK).
Groups of 50 male and 50 female mice were administered 0, 30, 100, 300, or 1,000 mg/L
sulfolane in drinking water for 2 years. Separate groups of 10 male and 10 female mice per
exposure group were included in the 3-month interim evaluation, and separate groups of 5 male
and 5 female mice per exposure group were included for internal concentration assessment. Tap
water served as the 0 mg/L control. Twenty-three male and 25 female mice were randomly
selected for parasite evaluation and gross observation of disease. The health of the mice was
monitored during the study according to the protocols of the NTP Sentinel Animal Program
(Appendix C). All test results were negative.
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Mice were housed individually (males) or up to four (females) per cage. Feed and dosed water
were available ad libitum. Water consumption was measured weekly (males) or biweekly
(females) and was reported weekly for the first 13 weeks and at 4-week intervals thereafter.
Cages were changed at least once weekly and rotated at least every 2 weeks. Racks were
changed and rotated every 2 weeks. Further details of animal maintenance are given in Table 1.
Information on feed composition and contaminants is given in Appendix B.

Clinical Examinations and Pathology

In the 2-year studies in rats and mice, animals were observed twice daily for signs of morbidity
and moribundity. Animals were weighed and clinical observations were recorded prior to
exposure on study day 0, weekly for the next 13 weeks, every 4 weeks thereafter, and at study
termination.

In all F1 male and female rats, anogenital distance (AGD) was measured on PND 1 using a
calibrated caliper. Attainment of balanopreputial separation (BPS), defined as complete
retraction of the prepuce from the glans penis, was evaluated in all F1 male rats beginning on
PND 35 until the day of attainment; body weight was recorded upon BPS attainment. The
attainment of vaginal opening (VO) was evaluated in all F1 female rats beginning on PND 25
until the day of attainment, and the corresponding body weight recorded upon VO attainment.

At the 3-month interim evaluations, blood was collected from the retroorbital plexus (rats) or
retroorbital sinus (mice) for hematology, clinical chemistry (rats), and erythrocyte micronuclei
determinations. Rats and mice were anesthetized with a carbon dioxide/oxygen mixture and bled
in a random order. Blood for hematology, micronuclei determinations, and internal concentration
assessment was collected into tubes containing tripotassium ethylenediaminetetraacetic acid (K3
EDTA). Blood for clinical chemistry was collected into serum separator tubes and centrifuged,
and the serum was harvested. Hematology parameters were analyzed using an Advia® 120
system (Bayer Diagnostics Division, Tarrytown, NY). Clinical chemistry parameters were
analyzed using a Roche cobas® c311 chemistry analyzer (Roche, Indianapolis, IN). The
parameters measured are listed in Table 1. Samples for erythrocyte micronuclei determination
were refrigerated immediately after collection and shipped to Integrated Laboratory Systems,
LLC (ILS, Durham, NC) for analysis. For internal concentration assessment, plasma was isolated
from red blood cells, and plasma samples were stored at —60°C to —85°C until they were shipped
to RTI International for chemical analysis (Research Triangle Park, NC), as described in
Appendix D. Plasma samples were analyzed using a previously validated method.*

Samples were collected for sperm motility and vaginal cytology evaluations from 3-month
interim F1 male and female rats and male and female mice in the 0, 100, 300, and 1,000 mg/L
groups. For 16 consecutive days before the scheduled 3-month interim termination, the vaginal
vaults of the females were moistened with saline, if necessary, and samples of vaginal fluid and
cells were collected and subsequently stained. Relative numbers of leukocytes, nucleated
epithelial cells, and large squamous epithelial cells were determined and used to ascertain estrous
cycle stage (i.e., diestrus, proestrus, estrus, and metestrus). Male rats and mice were evaluated
for sperm count and motility. An incision was made in the distal region of the left cauda
epididymis, and the cauda was placed in a Petri dish containing M 199 solution (maintained at
approximately 37°C) with 1.0% bovine serum albumin (BSA). A small sample of the diluted
sperm was loaded into a 100 um-chambered slide for determination of motility. After completion

11
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of sperm motility estimates, the remainder of the diluted sperm and cauda epididymis in
M199/BSA solution and the left testis were stored frozen (approximately —70°C) until
enumeration of sperm concentration was performed. The left cauda epididymis in M199/BSA
solution was thawed and homogenized, and the left testis was thawed and homogenized in 0.9%
saline with 0.05% Triton-X 100. Homogenized samples were mixed with a DNA-specific
fluorescent dye (IDENT) to allow for sperm identification under fluorescent illumination.

Complete necropsies and microscopic examinations were performed on all 2-year study Fi rats
and all mice. At the 3-month interim evaluation, complete histopathological examinations were
performed on all organs with gross lesions and on all vehicle control and 1,000 mg/L rats and
mice. The kidney was identified as a target organ and examined to a no-effect-level. At the
3-month Fi rat interim evaluation, the weights of the left and right epididymis, heart, left and
right kidneys, liver, lungs, left and right ovaries, left and right testes, and thymus were collected.
At the 3-month and 2-year necropsies, all organs and tissues were examined for grossly visible
lesions, and all major tissues were fixed and preserved in 10% neutral buffered formalin except
for the eyes and right testis (including vaginal tunic and epididymis), which were first fixed in
Davidson’s solution and modified Davidson’s solution, respectively. Tissues were processed and
trimmed, embedded in paraffin, sectioned at a thickness of 4 to 6 um, and stained with
hematoxylin and eosin (H&E) for microscopic examination. For all paired organs (e.g., adrenal
gland, kidney, ovary), samples from each organ were examined. The uterus/cervix/vagina and
ovaries, with the exception of interim evaluations for which the ovaries were removed and
weighed, were mounted on cardstock before fixation. Following fixation, the ovaries were
removed and embedded whole. The cervix and vagina were separated from the uterus
immediately posterior to the uterine body. The uterine horns were bisected at their midpoint, and
one transverse section was taken from the midpoint of each horn. Within a single cassette, the
cervix and vagina were embedded as one piece, along with the two transverse sections of the
uterine horns. The uterine body with attached pieces of the uterine horn and the two free portions
of the uterine horn were embedded in a second cassette. Sagittal sections of all tissues within the
resulting blocks were processed and examined histologically. Tissues examined microscopically
are listed in Table 1.

Microscopic evaluations were completed by a board-certified veterinary pathologist (study
pathologist), and the pathology data were entered into the NTP Provantis software (Instem,
Stone, UK). The report, slides, paraffin blocks, residual wet tissues, and pathology data were sent
to the NTP Archives for inventory and storage. An audit of pathology specimens was conducted
wherein the wet tissues, blocks, and slides were examined for quality and adherence to the NTP
Specifications (published in 2011)* by technical staff, and the wet tissues were examined by a
team of pathologists to ensure all tissues were sampled according to NTP Specifications. The
slide and tissue counts were also verified. Slide-mounted, H&E-stained slides were evaluated for
accuracy and consistency of diagnoses by a team of quality assessment (QA) pathologists
independent of the study laboratory. The histotechnique was also evaluated. For the 2-year
studies, QA pathologists evaluated slides from all tumors and all potential target organs, which
included the kidney of male rats, as well as other slides identified during the pathology data
review. For lesions in which there was a discrepancy of diagnosis, slide scans (Hamamatsu S360
whole slide scanner; Hamamatsu Photonics K. K., Hamamatsu-city, Japan) were reviewed by the
study pathologist and QA pathologists (with the Division of Translational Toxicology [DTT]
pathologist present) to reconcile differences, and the diagnoses were revised as appropriate.

12
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Subsequently, a secondary reviewing pathologist reviewed the lung, liver, spleen, skin (with
mammary gland), and bone marrow to confirm the diagnoses of proliferative endothelial lesions
(i.e., endothelial hyperplasia, hemangioma, and hemangiosarcoma) in mice. A pathology
working group (PWG) was conducted by the secondary reviewing pathologist, DTT pathologist,
and other pathologists experienced in rodent toxicological pathology. When the PWG consensus
diagnosis differed from that of the laboratory pathologist, the diagnosis was changed. The study
pathologist and QA pathologist read the slides in an informed manner (with knowledge of the
animal numbers and which exposure groups the animals were from), but the PWG members
reviewed the slides in a blinded fashion (with no knowledge of exposure groups). The rationale
for this is presented in Sills et al.*! Final diagnoses for reviewed lesions represent a consensus
between the laboratory pathologist, reviewing pathologist(s), and the PWG. Details of these
review procedures have been described, in part, by Maronpot and Boorman,** Boorman et al.,**
and Sills et al.*! For subsequent analyses of the pathology data, the decision of whether to
evaluate the diagnosed lesions for each tissue type separately or combined was generally based
on the guidelines of Brix et al.*

Table 1. Experimental Design and Materials and Methods in the Perinatal and Two-year Drinking
Water Studies of Sulfolane

Rats Mice
Study Laboratory
Battelle (West Jefferson, OH) Same as rat study
Strain and Species
Sprague Dawley (Hsd:Sprague Dawley® SD®) B6C3F1/N
Animal Source
Envigo (Haslett, MI) Taconic Biosciences, Inc. (Germantown, NY)

Time Held Before Studies

Fy female rats: 4 days 11 (females) or 12 (males) days
Average Age When Studies Began

Fo female rats: 12—13 weeks 6 weeks

Date of First Exposure

Fo female rats: May 22-26, 2015 May 18 (females) or 19 (males), 2015
Fi rats: July 5-10, 2015

Duration of Exposure

Fy female rats: GD 6 through LD 28 3 months (interim) or 2 years

F; rats (3-month interim): Perinatal plus 3 months
(interim)

F, rats (2-year study): Perinatal plus 2 years

Date of Last Exposure

Fo female rats: July 5-10, 2015 3-month interim evaluation: August 16 (females) or 17
(males), 2015

F, rats (3-month interim): October 12—13, 2015 2-year study: May 15-18 (females) or 18-21 (males), 2017

13
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Rats Mice

F, rats (2-year study): July 10-12 (males) or 12—14
(females), 2017

Necropsy Dates

F, rats (3-month interim): October 12 (males) or 13 3-month interim evaluation: August 17 (females) or 18
(females), 2015 (males), 2015

F, rats (2-year study): July 10-12 (males) or 12—14 2-year study: May 15-18 (females) or 18-21 (males), 2017
(females), 2017

Size of Study Groups

Fy female rats: 53 (0 mg/L) or 43 (30, 100, 300, 3-month interim evaluation: 10/sex
1,000 mg/L)

F, rats (3-month interim): 10/sex Internal concentration: 5/sex

F rats (internal concentration): 5/sex 2-year study: 50/sex

F, rats (2-year study): 50/sex
Method of Distribution

Animals were distributed randomly into groups of Same as in rat study
approximately equal initial mean body weights using
NTP Provantis (Instem, Stone, UK).

Animals per Cage

Fy females: 1 (with litter) 1 (males) or up to 4 (females)
F, rats: up to 2 (males) or up to 4 (females)

Method of Animal Identification

Fo females: Cage card and tail marking Tail tattoo or ear tag

Fi rats (pups): Limb tattoo until PND 28, then cage
card and tail tattoo or ear tag

F, rats (3-month interim): Cage card and tail tattoo

F, rats (2-year study): Cage card and tail tattoo or ear

tag

Diet

Irradiated NIH-07 wafer feed (perinatal phase) or Irradiated NTP-2000 wafer feed (Zeigler Brothers, Inc.,
irradiated NTP-2000 wafer feed (postweaning) Gardners, PA), available ad libitum, changed at least

(Zeigler Brothers, Inc., Gardners, PA), available ad weekly
libitum, changed at least weekly
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Rats

Mice

Water

Tap water (Village of West Jefferson, OH municipal
supply), either untreated or containing a formulation
of sulfolane via water bottles, available ad libitum,
changed at least twice weekly

Cages

Solid polycarbonate (Lab Products, Inc., Seaford,
DE), changed at least weekly through PND 4, then
twice weekly, rotated every 2 weeks

Bedding

Irradiated Sani-Chips® (P.J. Murphy Forest Products
Corporation, Montville, NJ), changed with cage
changes

Racks

Stainless steel (Lab Products, Inc., Seaford, DE),
changed and rotated every 2 weeks

Rack Filters

Spun-bonded polyester (National Filter Media
Corporation, Olive Branch, MS), changed at least
every 2 weeks

Animal Room Environment

Temperature: 70°F-78°F

Relative humidity: 18%—77%

Room fluorescent light: 12 hours/day

Room air changes: at least 10/hour

Exposure Concentrations

0, 30, 100, 300, or 1,000 mg/L in drinking water
Type and Frequency of Observation

Fy females: Observed twice daily. Weighed GDs 5, 6,
9,12,15,18,and 21 and on LDs 1, 4, 7, 10, 14, 17,
21, 24, and 28. Clinical observations were recorded

every 3 days from GD 6 through GD 21 and on LDs 1,
4,7, 17, and 24. Water consumption was measured on

GDs 6,9, 12, 15, 18, and 21 and on LDs 1, 4, 7, 10,
14,17, 21, 24, and 28.

F, rats: Observed twice daily. Pups were weighed
individually. Clinical observations were recorded on
PNDs 1, 4,7, 10, 14, 17, and 24, and detailed clinical
observations were conducted on PNDs 10, 14, 21, 28,
and 35. Clinical observations were then recorded

weekly for 13 weeks, every 4 weeks thereafter, and at

study termination. Water consumption was measured

at least twice weekly and reported weekly for the first

13 weeks and at 4-week intervals thereafter.

Anogenital distance was measured on PND 1. Vaginal

Tap water (Village of West Jefferson, OH municipal
supply), either untreated or containing a formulation of
sulfolane via water bottles, available ad libitum, changed
weekly (males) or at least twice weekly (females)

Solid polycarbonate (Lab Products, Inc., Seaford, DE),
changed at least weekly, rotated at least every 2 weeks

Same as in rat study

Same as in rat study

Same as in rat study

Temperature: 70°F-77°F

Relative humidity: 30%—80%

Room fluorescent light: 12 hours/day
Room air changes: at least 10/hour

Same as in rat study

Observed twice daily. Animals were weighed and clinical
observations were recorded prior to exposure on day 0,
weekly for 13 weeks, every 4 weeks thereafter, and at
study termination. Water consumption was measured
weekly (males) or twice weekly (females). Water
consumption was reported weekly for the first 13 weeks
and at 4-week intervals thereafter.
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Rats

Mice

opening (and concomitant body weight) was evaluated
daily beginning on PND 25 until the day of
attainment, and balanopreputial separation (and
concomitant body weight) was evaluated beginning on
PND 35 until the day of attainment.

Method of Euthanasia
Carbon dioxide
Necropsy

Necropsies were performed on all 3-month interim
evaluation and 2-year study F, rats. Organs weighed at
the 3-month interim evaluation were the left and right
epididymis, heart, left and right kidneys, liver, lungs,
left and right ovaries, left and right testes, and thymus.

Clinical Pathology

At the 3-month interim evaluation, blood was
collected from the retroorbital plexus of F; rats for
hematology, clinical chemistry, and erythrocyte
micronuclei determinations.

Hematology: Red blood cell count, hemoglobin,
hematocrit, manual hematocrit, mean corpuscular
volume, mean corpuscular hemoglobin, mean
corpuscular hemoglobin concentration, white blood
cell count, absolute differential leukocyte count,
absolute reticulocyte count, platelet count, and
qualitative evaluation of morphological features in all
cellular components.

Clinical chemistry: Urea nitrogen, creatinine, glucose,
total protein, albumin, cholesterol, triglycerides,
alanine aminotransferase, alkaline phosphatase,
creatine kinase, sorbitol dehydrogenase, and total bile
acids.

Histopathology

Complete histopathology was performed on all F; rats
in the 0 mg/L and 1,000 mg/L groups at the 3-month
interim evaluation. The kidney was identified as a
target organ and examined to a no-effect level.
Complete histopathology was performed on all F; rats
in the 2-year study. In addition to gross lesions and
tissue masses (if observed), the following tissues were
examined: adrenal glands, brain (seven sections
including (1) olfactory bulbs, (2) fronto-parietal cortex
and basal ganglia, (3) mid-parietal cortex and
thalamus, (4) mid-brain with substantia nigra and red
nucleus, (5) posterior colliculi, (6) mid-cerebellum
including cranial nerve VIII, and (7) posterior
medulla), cervix/vagina, clitoral glands, esophagus,
eyes, femur (including diaphysis with marrow cavity
and epiphysis [femoral condyle with epiphyseal
cartilage plate, articular cartilage, and articular

Same as in rat study

Necropsies were performed on all mice. Organs weighed
at the 3-month interim evaluation were the left and right
epididymis, heart, left and right kidneys, liver, lungs, left
and right ovaries, left and right testes, and thymus.

At the 3-month interim evaluation, blood was collected
from the retroorbital sinus for hematology and erythrocyte
micronuclei determinations.

Hematology: Same as in rat study

Clinical chemistry: None

Complete histopathology was performed on all mice in the
0 mg/L and 1,000 mg/L groups at the 3-month interim
evaluation and on all mice in the 2-year study. In addition
to gross lesions and tissue masses (if observed), the
following tissues were examined: adrenal glands, brain
(seven sections including (1) olfactory bulbs, (2) fronto-
parietal cortex and basal ganglia, (3) mid-parietal cortex
and thalamus, (4) mid-brain with substantia nigra and red
nucleus, (5) posterior colliculi, (6) mid-cerebellum
including cranial nerve VIII, and (7) posterior medulla),
cervix/vagina, clitoral glands, esophagus, eyes, femur
(including diaphysis with marrow cavity and epiphysis
[femoral condyle with epiphyseal cartilage plate, articular
cartilage, and articular surface]), gallbladder, Harderian
glands, heart and aorta, kidneys, large intestine (cecum,
colon, rectum), liver (two sections including left lateral
lobe and median lobe), lungs and mainstem bronchi,
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Rats Mice
surface]), Harderian glands, heart and aorta, kidneys, lymph nodes (mandibular and mesenteric), mammary
large intestine (cecum, colon, rectum), liver (two gland with adjacent (inguinal) skin, muscle (thigh, if
sections including left lateral lobe and median lobe),  neuromuscular signs were present), nasal cavity and nasal
lungs and mainstem bronchi, lymph nodes turbinates (three sections), nerve (sciatic, tibial, and
(mandibular and mesenteric), mammary gland with trigeminal with ganglion, if neurological signs were
adjacent (inguinal) skin, muscle (thigh, if present), ovaries, pancreas, parathyroid glands, pituitary

neuromuscular signs were present), nasal cavity and  gland, preputial glands, prostate, salivary glands, seminal
nasal turbinates (three sections), nerve (sciatic, tibial, ~ vesicles, small intestine (duodenum, jejunum, ileum),

and trigeminal with ganglion, if neurological signs spinal cord (three sections, if neurological signs were
were present), ovaries, pancreas, parathyroid glands,  present), spleen, stomach (forestomach and glandular),
pituitary gland, preputial glands, prostate, salivary testis with epididymis, thymus, thyroid gland, trachea,

glands, seminal vesicles, small intestine (duodenum,  urinary bladder, and uterus.
jejunum, ileum), spinal cord (three sections, if

neurological signs were present), spleen, stomach

(forestomach and glandular), testis with epididymis,

thymus, thyroid gland, trachea, urinary bladder, and

uterus.

Sperm Motility and Vaginal Cytology

At the 3-month interim evaluation, sperm samples Same as in rat study
were collected from F; male rats in the 0, 100, 300,
and 1,000 mg/L groups for sperm motility evaluations.
Sperm motility and sperm/spermatid concentration
data were not analyzed or reported because of artifacts
identified during analysis. The left cauda, left
epididymis, and left testis were weighed. Vaginal
smears were collected for 16 consecutive days before
the 3-month interim necropsy from F; female rats in
the 0, 100, 300, and 1,000 mg/L groups for vaginal
cytology evaluations.

Internal Concentration Assessment

At the 3-month interim evaluation, blood samples At the 3-month interim evaluation, blood samples were
were collected from the retroorbital plexus of five collected from the heart of five randomly selected
randomly selected F, rats/sex/group (Appendix D). mice/sex/group (Appendix D). Plasma sulfolane

Plasma sulfolane concentrations were measured using concentrations were measured using a validated analytical
a validated analytical method.> method.*

GD = gestation day; LD = lactation day; PND = postnatal day.

Statistical Methods

For all analyses, p values <0.05 were considered statistically significant, and p values <0.01 were
also noted. Statistical significance is one component of the “weight of evidence” approach to
evaluate carcinogenicity (described in the Explanation of Levels of Evidence of Carcinogenic
Activity section).

Survival Analyses

The probability of survival was estimated by the product-limit procedure of Kaplan and Meier*
and is presented graphically. Animals surviving to the end of the observation period are treated
as censored observations, as are animals dying from unnatural causes within the observation
period. Animals dying from natural causes are included in analyses and are treated as uncensored
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observations. For the 2-year mouse study, exposure concentration-related trends are identified
with Tarone’s life-table test,*® and pairwise exposure concentration-related effects are assessed
using Cox’s method.*” For the rat perinatal study, exposure concentration-related trends and
pairwise exposure concentration-related effects on survival are assessed using a Cox proportional
hazards model*’ with a random litter effect. All reported p values for the survival analyses are
two-sided. In this study, animals that reached or exceeded the age of the youngest animal
euthanized at study termination were considered to have survived to study termination.

Calculation of Incidence

The incidences of neoplasms or nonneoplastic lesions are presented as the numbers of animals
bearing such lesions at a specific anatomic site. For calculation of incidence rates, the
denominator for most neoplasms and all nonneoplastic lesions is the number of animals for
which the site was examined microscopically. When neoplasms had multiple potential sites of
occurrence (e.g., leukemia or lymphoma), the denominator consists of the number of animals on
which a necropsy was performed. Additional study data also give the survival-adjusted neoplasm
rate for each group and each site-specific neoplasm. This survival-adjusted rate (derived from the
Poly-3 method described below) accounts for differential mortality by assigning a reduced risk
of neoplasm, proportional to the third power of the fraction of time on study, only to site-
specific, lesion-free animals that do not reach terminal euthanasia.

Analysis of Neoplasm and Nonneoplastic Lesion Incidence

Statistical analyses of neoplasm and nonneoplastic lesion incidence considered two features of
the data. Some animals did not survive the entire 2 years of the study, so survival differences
between groups had to be considered. In addition, up to two animals per sex were randomly
selected from each litter to participate in the study. The statistical analysis of lesion incidence
used the Poly-3 test to account for survival differences, with a Rao-Scott adjustment for litter
effects, as described below.

The Poly-k test*®° was used to assess neoplasm and nonneoplastic lesion prevalence. This test is
a survival-adjusted quantal-response procedure that modifies the Cochran-Armitage linear trend
test to account for survival differences. More specifically, this method modifies the denominator
in the quantal estimate of lesion incidence to approximate more closely the total number of
animal years at risk. For analysis of a given site, each animal is assigned a risk weight. This
value is 1 if the animal had a lesion at that site or if it survived until terminal euthanasia; if the
animal died before terminal euthanasia and did not have a lesion at that site, its risk weight is the
fraction of the entire study time that it survived, raised to the kth power.

This method yields a lesion prevalence rate that depends only on the choice of a shape parameter
for a Weibull hazard function describing cumulative lesion incidence over time.*® Unless
otherwise specified, a value of k = 3 was used in the analysis of site-specific lesions. This value
was recommended by Bailer and Portier*® after an evaluation of neoplasm onset time
distributions for a variety of site-specific neoplasms in control Fischer 344 rats and B6C3F1
mice.’! Bailer and Portier*® showed that the Poly-3 test gave valid results if the true value of k
was anywhere in the range of 1 to 5. A further advantage of the Poly-3 method is that it does not
require lesion lethality assumptions. Variation introduced by the use of risk weights, which
reflect differential mortality, was accommodated by adjusting the variance of the Poly-3 statistic
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as recommended by Bieler and Williams.>? Poly-3 tests used the continuity correction described
by Nam.>?

Littermates tend to be more like each other than like fetuses/pups in other litters. Failure to
account for correlation within litters leads to underestimates of variance in statistical tests,
resulting in higher probabilities of Type I errors (“false positives”). Because up to two
pups/sex/litter were present in the rat perinatal and 2-year study, the Poly-3 test was modified to
accommodate litter effects using the Rao-Scott approach.’* The Rao-Scott approach accounts for
litter effects by estimating the ratio of the variance in the presence of litter effects to the variance
in the absence of litter effects. This ratio is then used to adjust the sample size downward to yield
the estimated variance in the presence of litter effects. The Rao-Scott approach was implemented
in the Poly-3 test as recommended by Fung et al.” formula Tzs>.

Tests of significance included pairwise comparisons of each exposed group with control groups
and a test for an overall exposure concentration-related trend. Continuity-corrected Rao-Scott-
adjusted Poly-3 tests were used in the analysis of lesion incidence and reported p values are one-
sided. For neoplasms and nonneoplastic lesions observed without litter structure (as in the 2-year
mouse study), Poly-3 tests that included the continuity correction, but without adjustment for
potential litter effects, were used for trend and pairwise comparisons to the control group. At the
interim evaluation, neither a Poly-3 adjustment nor a Rao-Scott adjustment was needed because
there were no long-term exposures and no littermates; the Cochran-Armitage trend tests and
Fisher’s exact pairwise tests were used.

To evaluate incidence rates by litter in the rat perinatal and 2-year study, the proportions of litters
affected by each lesion type were tested among groups. Cochran-Armitage trend tests and
Fisher’s exact test™® were used to test the litter incidences for trends and pairwise differences
from the control group, respectively.

Analysis of Continuous Variables

Before statistical analysis, outliers identified by the Dixon and Massey test’ for small samples

(n < 20) and Tukey’s outer fences method®® for large samples (n > 20) were examined by DTT
personnel, and biologically implausible values (likely due to experimental error) were eliminated
from the analysis. Organ and body weight measurements, which historically have approximately
normal distributions, were analyzed with the parametric multiple comparison procedures of
Dunnett® and Williams.%% ¢! Dam gestational and lactational feed consumption, hematology and
clinical chemistry data, litter sizes, pup survival, implantations, number of resorptions, and
proportions of male pups per litter for all studies were analyzed using the nonparametric multiple
comparison methods of Shirley®? [as modified by Williams®’] and Dunn® given that these
endpoints typically have skewed distributions. For all quantitative endpoints unaffected by litter
structure, the Jonckheere test®> was used to assess the significance of the exposure concentration-
related trends and to determine at the 0.01 level of significance whether a trend-sensitive test (the
Williams or Shirley test) was more appropriate for pairwise comparisons than a test that does not
assume a monotonic exposure concentration-related trend (the Dunnett or Dunn test). For plasma
concentration data, when individual concentration values were provided as “below limit of
detection,” one-half the LOD was used as a substitute value. However, if 80% or more of the
values in the control group were below the LOD, the mean was reported as “BD” to indicate the
values were “below detection” and no statistical analysis was performed on the endpoint.
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Dam body weights during gestation and lactation were analyzed with the parametric multiple
comparison procedures of Dunnett® or Williams,** ¢! depending on whether the Jonckheere test
indicated the use of a trend-sensitive test. P values for these analyses are two-sided. Postweaning
body weights were measured on two pups/sex/litter in the 2-year study; more than two
pups/sex/litter were possible in preweaning body weight measurements. The analysis of these
postweaning weights along with the analysis of pup body weights and pup body weights adjusted
for litter size (described below), accounted for litter effects using a mixed model with litter as a
random effect. AGD was adjusted for the body weight of the pup taken on the day of AGD
measurement. The adjusted AGDs were analyzed as normal variates with litter effects using a
linear mixed model. To adjust for multiple comparisons, a Dunnett-Hsu adjustment was used.5

Analysis of Gestational and Fertility Indices

Cochran-Armitage trend tests were used to test the significance of trends in gestational and
fertility indices across exposure groups. Fisher’s exact test was used to conduct pairwise
comparisons of each exposed group with the control group. P values for these analyses are
two-sided.

Body Weight Adjustments

Preweaning pup body weights were adjusted for live litter size as follows: A linear model was fit
to body weights as a function of exposure and litter size. The estimated coefficient of litter size
was then used to adjust each pup body weight based on the difference between its litter size and
the mean litter size. Prestandardization PND 4 body weights were adjusted for PND 1 litter size,
and body weights measured between PND 4 poststandardization and PND 21 were adjusted for
PND 4 poststandardization litter size. After adjustment, body weights were analyzed with a
linear mixed model with a random litter effect.

Analysis of Time-to-event Data

Time-to-event endpoints, such as day of attainment of BPS and VO, have several features that
require careful model selection: non-normality of distributions, litter-based correlation, and
censored values when attainment was not observed before the end of the observation period.
Further, growth retardation, reflected in the weaning weight, is an important covariate in the
case of BPS and VO given the relationship between normal day of expected attainment and
body weight.

When attainment times were approximately normally distributed and attainment was observed
for all or most animals, two approaches for modeling discrete developmental endpoints were
taken. First, a mixed model was fit to attainment day as a function of exposure concentration
with a random litter effect. A second mixed model was fit to attainment day as a function of
exposure concentration and weaning weight with a random litter effect. Dunnett-Hsu adjustments
were used to account for multiple comparisons.®®

To calculate mean attainment values adjusted for weaning weight, a linear model was fit to
attainment day as a function of exposure concentration and weaning weight. The estimated
coefficient of weaning weight was then used to adjust each attainment day based on the
difference between the measured weaning weight and the mean weaning weight.
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Analysis of Vaginal Cytology Data

Vaginal cytology data consist of daily observations of estrous cycle stages over a 16-day period.
Differences from the control group for cycle length and number of cycles were analyzed using a
Dunn'’s test or a Shirley’s test as determined by the results of a Jonckheere trend test To identify
disruptions in estrous cyclicity, a continuous-time Markov chain model (multi-state model) was
fit using a maximum likelihood approach, producing estimates of stage lengths for each exposure
concentration group. Confidence intervals for these estimates were derived from bootstrap
sampling of the individual animal cycle sequences. Stage lengths that were significantly different
from the control group were identified using permutation testing with a Hommel adjustment.

Historical Control Data

The concurrent control group is the most valid comparison to the exposed groups and is the only
control group analyzed statistically in NTP bioassays. Historical control data are often helpful in
interpreting potential exposure-related effects, however, particularly for uncommon or rare
neoplasm types. For meaningful comparisons, the conditions for studies in the historical control
data must be generally similar. Significant factors affecting the background incidence of
neoplasms at a variety of sites are diet, sex, strain/stock, and route of exposure. The NTP
historical control database contains all 2-year studies for each species, sex, and strain/stock with
histopathology findings in control animals completed within the most recent 5-year period®’-*
including the concurrent control for comparison across multiple technical reports. In general, the
historical control data for a given study includes studies using the same route of administration,
and the overall incidence of neoplasms in controls for all routes of administration are included
for comparison, including the current study. However, there is only one other drinking water
study in the database; therefore, only the overall incidence for all routes was included.

Quality Assurance Methods

The 2-year studies were conducted in compliance with U.S. Food and Drug Administration Good
Laboratory Practice Regulations.”® In addition, the 2-year study reports were audited
retrospectively by an independent QA contractor against study records submitted to the NTP
Archives. Separate audits covered completeness and accuracy of the pathology data, pathology
specimens, final pathology tables, and a draft of this NTP Technical Report. Audit procedures
and findings are presented in the reports and are on file at NIEHS. The audit findings were
reviewed and assessed by DTT staff, and all comments were resolved or otherwise addressed
during the preparation of this Technical Report.

Genetic Toxicology

The genetic toxicity of sulfolane was assessed by testing whether the chemical increases the
frequency of micronucleated erythrocytes in rat and mouse peripheral blood or increases DNA
damage in cells from the peripheral blood of rats and mice. The protocol for these studies and the
results are given in Appendix E.

The genetic toxicity studies have evolved from an earlier effort to develop a comprehensive
database permitting a critical anticipation of a chemical’s carcinogenicity in experimental
animals that was based on numerous considerations, including the relationship between the
molecular structure of the chemical and its observed effects in short-term in vitro and in vivo
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genetic toxicity tests (structure-activity relationships). The short-term tests were developed
originally to clarify proposed mechanisms of chemical-induced DNA damage, given the
relationship between electrophilicity and mutagenicity,”! and the somatic mutation theory of
cancer.”” 7* Not all cancers, however, arise through genotoxic mechanisms.

Peripheral Blood Micronucleus Test

Micronuclei (literally “small nuclei” or Howell-Jolly bodies) are biomarkers of induced
structural or numerical chromosomal alterations and are formed when acentric fragments or
whole chromosomes fail to incorporate into either of two daughter nuclei during cell division.”
5 Acute in vivo bone marrow chromosome aberration and micronucleus tests appear to be less
predictive of carcinogenicity than the Salmonella test.””” However, clearly positive results in
long-term peripheral blood micronucleus tests have high predictivity for rodent carcinogenicity;
a weak response in one sex only or negative results in both sexes in this assay do not correlate
well with either negative or positive results in rodent carcinogenicity studies.’® Because of the
theoretical and observed associations between induced genetic damage and adverse effects in
somatic and germ cells, determination of in vivo genetic effects is important to overall
understanding of risks associated with exposure to a particular chemical.
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Results

Data Availability

All study data were evaluated. Data relevant for evaluating toxicological findings are presented
here. All study data are available in the National Toxicology Program (NTP) Chemical Effects in
Biological Systems (CEBS) database: https://doi.org/10.22427/NTP-DATA-TR-605.7

Rats

Two-year Study (Perinatal Phase)

No effects related to sulfolane exposure were observed for pregnancy status, maternal survival,
gestation length, or number of dams that littered (Table 2).

Although there were negative trends for dam body weights at some time points during gestation,
the body weights of exposed groups remained within 5% of control group values. During
lactation, dam body weights were significantly decreased in the 1,000 mg/L group compared to
the control group, but these effects were also considered marginal, as weights were within 5% of
control group values (Table 3).

Table 2. Summary of the Disposition of Fy Female Rats during Perinatal Exposure and
F; Allocation in the Perinatal and Two-year Drinking Water Study of Sulfolane

0 mg/L 30 mg/LL 100 mg/L 300 mg/L 1,000 mg/L

Reproductive Performance
Time-mated Females (GD 6) 53 43 43 43 43
Females Pregnant (%)* 41 (77.4) 33 (76.7) 35 (81.4) 37 (86.0) 38 (88.4)
Females Not Pregnant (%) 12 (22.6) 10 (23.3) 8 (18.6) 6 (14.0) 5(11.6)
Pregnant Females Removed Prior 0 0 0 1(2.7) 0
to Littering (%)
Dams with Litters on LD 0 (%) 38 (92.7) 31(93.9) 33 (94.3) 35(97.2) 34 (89.5)
Gestation Length (Days)*¢ 22.2+0.1(38) 22.3+£0.1(31) 22.2+£0.1(33) 22.1+0.1(35) 22.1+0.1 (34)
Litters Poststandardization 38 31 32 34 34
(PND 4)°
F; Males/Females (PND 28)f 142/143 125/122 121/117 139/129 135/132
Postweaning Allocation
Fi Males — Chronic (Litters)® 50 (27) 50 (25) 50 (26) 50 (25) 50 (26)
F\ Males — Interim (Litters)" 10 (10) 10 (10) 10 (10) 10 (10) 10 (10)

F; males — internal concentration 509 5(5) 505 5(5) 5(5)

assessment (litters)!
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0 mg/L 30 mg/LL 100 mg/L 300 mg/L 1,000 mg/L
F, Females — Chronic (Litters)8 50 (27) 50 (25) 50 (26) 50 (26) 50 (26)
Fi Females — Interim (Litters)" 10 (10) 10 (10) 10 (10) 10 (10) 10 (10)
F, females — internal 5(5) 5(5) 5(5) 5(5) 5(5)

concentration assessment
(litters)!
GD = gestation day; LD = lactation day; PND = postnatal day.
aStatistical analysis performed by the Cochran-Armitage (trend) and Fisher’s exact (pairwise) tests. No statistically significant
findings were noted at p < 0.05.
Percentage is given as a portion of pregnant dams surviving to littering date.
“Statistical analysis performed by the Jonckheere (trend) and Shirley or Dunn (pairwise) tests. No statistically significant findings
were noted at p < 0.05.
dGestation length calculated for sperm-positive females that delivered a litter. Data are presented as mean + standard error
(number of dams).
°Standardization to eight pups/litter (four pups/sex).
fNumber of males/females surviving until weaning on PND 28.
€Total number of Fi rats included in the 2-year study (number of litters from which they originated).
"Number of F; rats included in the 3-month interim evaluation (number of litters from which they originated).
Number of F1 3-month interim evaluation rats selected for internal concentration assessment (number of litters from which they

originated).

Table 3. Summary of Body Weights and Body Weight Gains of Fy Female Rats during Gestation
and Lactation in the Perinatal and Two-year Drinking Water Study of Sulfolane

30 mg/L

100 mg/L

300 mg/L

1,000 mg/L

Parameter™® 0 mg/L

Gestation Body Weight

Gestation Day
6 237.9+2.1(41)
9 249.8 £2.1* (41)
12 263.4+£2.2* (41)
15 281.0 £2.3* (41)
18 316.6 £3.2 (41)
21 357.8 £4.5*% (41)

Gestation Weight Change

Gestation Day Interval

69 11.9 £ 0.6%* (41)
9-12 13.5+£0.6 (41)
12-15 17.6 £0.7 (41)
15-18 35.7+1.6 (41)
18-21 41.2+1.9 (41)
621 119.9 £4.2* (41)
Lactation Body Weight
Lactation Day
1 272.2 £3.0** (38)

236.6+ 1.8 (33)
249.1+ 1.7 (33)
2632 +1.9 (33)
282.0 2.1 (33)
319.9 +3.2(33)
364.9 +4.8 (33)

12.4 0.8 (33)
14.1 £0.6 (33)
18.8 + 1.0 (33)
37.9+ 1.7 (33)
45.0 £2.0 (33)
128.2 4.8 (33)

272.1+£2.8 (31)

235.0 1.9 (35)
247.7+1.9 (35)
261.9+2.3 (35)
279.4+2.6 (35)
315.7 3.8 (35)
3553+ 5.8 (35)

12.7 0.5 (35)
14.2 £0.7 (35)
17.5+0.8 (35)
36.3+ 1.9 (35)
39.6 + 2.4 (35)
120.3 5.2 (35)

273.7+2.6 (33)

24

234.8+1.9 (37)
246.0 + 2.1 (37)
259.8+2.2(37)
2783 +2.6 (37)
317.1 3.6 (37)
358.4+5.8 (37)

11.2+0.5 (37)
13.8 0.6 (37)
18.5+0.7 (37)
38.8+ 1.8 (37)
412+33(37)
123.5+5.0 (37)

236.1+2.0 (38)
243.7+1.9 (38)
258.1 £2.1 (38)
274.0 £2.4 (38)
308.5 £3.5 (38)
344.1 £5.3 (38)

7.6+ 1.0%* (38)
14.4 1.0 (38)
15.9+£0.9 (38)
34.5+ 1.8 (38)
35.6+3.0 (38)
108.0 + 5.2 (38)

267.5+£3.0 (34) 260.3 +2.6%* (34)
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Parameter®”

0 mg/L

30 mg/L

100 mg/L

300 mg/L

1,000 mg/L

4

284.3 +2.6%* (38)

283.4+2.4 (31)

283.2+£2.5 (32)°

280.7 2.7 (34)

272.4 4 2.7+ (34)

7
10
14
17
21
24
28

293.2 + 2.4+ (38)
303.7 £2.7* (38)
310.4 +2.6%* (38)
306.8 +2.6 (38)
298.1 +2.5% (38)
288.2£2.5(38)
278.9 £2.4 (38)

Lactation Weight Change

Lactation Day Interval

1-4
4-7
7-10
10-14
14-17
17-21
21-24
24-28
1-28

12.1 £1.2 (38)
8.9+ 1.1 (38)
10.4 +1.2 (38)
6.8+ 1.4 (38)
-3.6+ 1.5 (38)
~8.7+ 1.7 (38)
9.9+ 1.5 (38)
9.2+ 1.3 (38)
6.8 + 2.4%* (38)

2921423 (31)
303.7+2.4 (31)
306.6+2.3 (31)
304.4 + 2.4 (30)
2942+2.4(31)
287.1+2.7 31)
277.6+2.5 (31)

113+ 1.6(31)
8.7+ 1.3 (31)
11.6+ 13 (31)
28+ 1.7 (31)
~1.6+ 1.5 (30)
~10.4 + 1.8 (30)
~7.1+14(31)
—9.4+13@31)
5.6+23(31)

288.4+2.6 (32)
301.9+£2.9 (31)°
308.9+2.7 (31)
305.6 + 2.6 (30)
295.5+2.7 (31)
286.3+2.6 (31)
2752+2.8(31)

9.5+ 1.2 (32)
52+ 1.4(32)

13.6+1.8(31)
7.0+2.0 31)

-3.0+ 1.8 (30)
~10.6 + 2.0 (30)
92+ 13@31)
~11.1+ 1.2 31)
1.4+22(31)

289.0 2.9 (34)
302.1+3.0 (34)
307.3£2.7 (34)
306.2 +3.0 (34)
295.4 +2.5 (34)
286.1 £2.7 (34)
277.2£2.4 (34)

132+1.1 (34)
8.3+ 1.3 (34)

13.1+ 1.6 (34)
52+ 1.8 (34)

~12+ 1.9 (34)
~10.8+ 1.7 (34)
93+ 1.2 (34)
~8.9+ 1.6 (34)
9.7+ 1.9 (34)

282.6 +2.5%* (34)

293.1+2.8% (34)

299.4 +2.6%* (34)

300.8 + 2.8 (34)
288.7 £ 2.4* (34)
282.9 4 2.4 (34)
274.5+ 1.9 (34)

122+ 1.9 (34)
10.2 + 1.8 (34)
10.5 + 1.6 (34)
6.3+2.1(34)
1.3+1.7(34)
~12.1+ 1.7 (34)
—5.7+ 1.3 (34)
—8.5+ 1.5 (34)
14.2 £2.2% (34)

Statistical significance for an exposed group indicates a significant pairwise test compared to the vehicle control group. Statistical
significance for the vehicle control group indicates a significant trend test.
*Statistically significant at p < 0.05; **p < 0.01.
aPData are presented as mean + standard error (number of dams). Body weight data are presented in grams.
YEach exposed group was compared to the vehicle control group with the Williams test when a trend was present (p < 0.01 from
the Jonckheere trend test) or with the Dunnett test when no trend was present.
°One dam in the 100 mg/L group was removed from analysis on lactation day (LD) 7 and one on LD 11 due to whole litter loss,
which occurred on LD 4 and LD 10, respectively.
40ne Fo LD 17 body weight in each of the 30 mg/L and 100 mg/L groups were excluded as outliers.

Water consumption (g water/kg body weight/day) during gestation was unaffected by sulfolane
exposure (Table 4). Average gestational chemical intake was calculated from GD 6-21, and
chemical intake generally increased in proportion to exposure concentration. During lactation,
water consumption (g/kg/day) from lactation day (LD) 1 through LD 14 was significantly
increased (7%—11%) in the exposed groups compared to the control group (Table 4). This result
was largely due to significant increases in water consumption that occurred from LD 10 through
LD 14. Average lactational chemical intake was calculated from LD 1 through LD 14, and
chemical intake generally increased in proportion to exposure concentration.
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Table 4. Summary of Water and Sulfolane Consumption by Fyo Female Rats during Gestation and
Lactation in the Perinatal and Two-year Drinking Water Study

Parameter? 0 mg/L 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L

Gestation Day Interval (g/kg/day)®
6-9 113.2+£2.5@41) 116.8+2.6(33) 1154+2.1(35) 113.8£2.2 (37) 115.2+£2.9 (38)
9-12 123.4+£3.8* (41) 125.5+2.7(33) 1253+£2.8(35) 126.8 £4.0 (37) 129.9+£3.0 (38)
12-15 118.5+2.2(41) 122.1+25(33) 121.1+3.3(35) 121.5+£2.5(37) 121.8 £2.8 (38)
15-18 133.1+£2.5(41) 136.8+3.2(33) 132.7+2.7(34) 136.1 £2.5 (37) 141.3£3.3(38)
18-21 116.5+2.4(41) 118.1+3.1(33) 118.4+4.0(35) 117.1£2.2 (37) 126.1 £4.4 (37)
6-21 119.7+£2.2 (41) 122.5+24(33) 121.9+2.7(35) 121.8 £ 1.9 (37) 126.0 £2.6 (38)

Lactation Day Interval (g/kg/day)®

1-4 164.4 £ 8.7%% (38) 175.6+ 103 (31) 177.1+13.8(32) 166.6+33(34)  172.9+3.5%* (34)

4-7 168.2+4.1(38) 1760+32(31) 167.9+43(32) 1702+29(34)  178.1+3.0(33)
7-10 191.3+4.4(38) 211.8+3.7%(30) 201.2+62(32) 209.5+3.8(34)  208.0+4.6(34)
10-14  206.5+5.7%* (38) 224.9+4.3% (30) 230.5+6.2%* (31) 227.1 £3.6%* (34) 241.8 +9.5%* (34)
1-14  186.0 £4.2%* (38) 200.1 +3.8% (31) 201.0 £ 5.4%* (31) 198.1 £ 2.6%* (34) 205.6 & 4.4** (34)

Chemical Intake (mg/kg/day)>?
GD6-21  00+00(41)  37+0.1(33) 122+03(35)  365+0.6(37)  126.0=2.6(38)
LD1-14  00+00(38)  60+0.1(31) 20.1+£05(31) 5940834  205.6+4.4(34)

Statistical significance for an exposed group indicates a significant pairwise test compared to the vehicle control group. Statistical
significance for the vehicle control group indicates a significant trend test.

*Statistically significant at p < 0.05; **p <0.01.

GD = gestation day; LD = lactation day.

Data are presented as mean + standard error (number of dams).

YEach exposed group was compared to the vehicle control group with the Shirley test when a trend was present (p < 0.01 from the
Jonckheere trend test) or with the Dunn test when no trend was present.

°Chemical intake calculated as: ([exposure concentration X water consumption]/[average body weight of day range]).

4No statistical analysis performed on the chemical intake data.

Litter size both prestandardization on postnatal day (PND) 4 and poststandardization was not
affected by sulfolane exposure; pup survival was also not affected (Table 5).

Table 5. Summary of Litter Size and Survival Ratio of F; Male and Female Rats during Lactation
in the Perinatal and Two-year Drinking Water Study of Sulfolane

Postnatal Day 0 mg/L 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L
Total Litter Size*”
0 11.6+0.6(38) 13.2+£04(31) 11.6+0.7(33) 124+ 0.5 (35) 12.8+0.5(34)

Live Litter Size™®
0
1
4 (Prestandardization)

4 (Poststandardization)

11.3 0.6 (38)
11.140.6 (38)
11.1+0.6 (38)
7.5+0.2 (38)

12.8 + 0.4 (31)
12.84 0.4 (31)
12.7+0.4 31)
8.0+0.0 31)

11.3 £ 0.6 (33)
11.2 4 0.6 (33)
11.5+ 0.6 (32)
7.5+0.3 (32)

12.6 + 0.4 (34)°
12,5+ 0.4 (34)
12.4 4 0.4 (34)
7.9+£0.1 (34)

12.4+0.5 (34)
12.4 0.5 (34)
12.3+ 0.5 (34)
7.9+0.1 (34)

26



Sulfolane, NTP TR 605

Postnatal Day 0 mg/L 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L
7 75+02(38) 80+00(31) 75+03(32)  79+0.1(34)  7.9+0.1 34)
10 7.5+£0.2 (38) 8.0+ 0.0 (31) 7.7+0.2 (31)¢ 7.9+£0.1 (34) 7.9+0.1(34)
14 75£02(38) 80+00(31) 77+02(31)  79+£01(34)  7.9+0.1(34)
17 75+02(38) 80+00(31) 77+02(31)  79+0.1(34)  7.9+0.1 (34)
21 7.5+£0.2 (38) 8.0+ 0.0 (31) 7.7+£0.2 (31) 7.9+£0.1 (34) 7.9+0.1(34)
28 75£02(38) 80+00(31) 77+02(31) 790134  7.9+0.1(34)
% Live Male per Litter®"®
0 51.59+£3.26 (38) 52.51+£2.4(31) 53.14+3.02(33) 52.1+2.84(34) 53.44+2.57 (34)
No. of Dead Pups (Litters)"®
0 10 (8) 10 (8) 10 (7) 6(5) 12 (8)
1-4 8 (4) 3(3) 4(3) 6 (6) 6 (5)
528 0 (0) 1(1) 3(3) 1(1) 1(1)
Dead per Litter™®
0 0.26+0.09 (38) 032+0.11 (31) 0.30+0.12(33) 0.17+0.08(35)  0.35+0.13 (34)
1-4 0.21+0.14 (38) 0.10+0.05(31) 0.12+0.07(33) 0.18=0.07(34)  0.18 % 0.08 (34)
528 0.00+0.00 (38) 0.03£0.03 (31) 0.09=0.05(32) 0.03=0.03 (34)  0.03 % 0.03 (34)
Survival Ratio®P
ob 0.98 £0.01 (38) 0.98=0.01 (31) 0.98+0.01(33) 0.96+0.03(35) 0.97+0.01 (34)
14 0.98+0.01 (38) 0.99+0.00(31) 0.96=0.03(33) 0.99+0.00 (34) 0.99+0.01 (34)
528 1.00 £0.00 (38) 1.00=0.00 (31) 0.95%0.03(32) 1.00%0.00 (34)  1.00 % 0.00 (34)

aData are presented as mean + standard error (number of litters).
YEach exposed group was compared to the vehicle control group with the Shirley test when a trend was present (p < 0.01 from the
Jonckheere trend test) or with the Dunn test when no trend was present. No statistically significant findings were noted at

p<0.05.

°One dam in the 300 mg/L group was removed due to whole litter loss on lactation day (LD) 9 due to whole litter loss, which

occurred on LD 0.

40One dam in the 100 mg/L group was removed from analysis on LD 7 and one on LD 11 due to whole litter loss, which occurred
on LD 4 and LD 10, respectively.
€100 x [number of live males in exposure group]/[number of live males and females in exposure group](number of pups).

fTotal number of dead pups in exposure group (number of litters contributing dead pups).

No statistical analysis performed on this endpoint.
hSurvival per litter: Number of pups on postnatal day (PND) 0/total number of pups upon completion of parturition.
iSurvival per litter: Number of pups prestandardization on PND 4/total live pups on PND 0.

iSurvival per litter: Number of live pups on PND 28/number of live pups poststandardization on PND 4.

Male and female pup body weights were significantly decreased in the 1,000 mg/L groups
relative to the control groups at all time points during lactation. Male pup body weights were
6%—-9% lower, and female pup body weights were 5%—11% lower compared to the respective
control groups, with the greatest difference occurring on PND 10 for both sexes (Table 6).
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Table 6. Summary of Preweaning F; Male and Female Rat Pup Body Weights Following Perinatal

Exposure to Sulfolane

Postnatal

Day*» 0 mg/LL 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L
Male
1€ 7.16 £ 0.07** 7.16 £0.10 6.99 +0.12 7.04 +£0.07 6.74 £ 0.08%*
(216/38) (207/31) (199/32) (220/34) (222/34)
4ed 10.58 £ 0.15%* 10.52£0.16 10.13+0.28 10.48 £0.13 9.86 +£0.13*
(215/38) (206/31) (197/32) (219/34) (220/34)
7 16.80 = 0.29* 16.26 = 0.33 15.88 £ 0.60 16.17 +£0.27 15.41 +£0.28*
(142/38) (126/31) (122/32) (139/34) (135/34)
10° 23.99 + 0.34** 23.35+0.41 23.18+0.41 23.19+0.37 21.76 £ 0.36**
(142/38) (126/31) (121/31) (139/34) (135/34)
14¢ 33.57 £ 0.41** 32.90+0.50 32.85+0.47 32.87+0.45 31.22 £0.45%*
(142/38) (125/31) (121/31) (139/34) (135/34)
17¢ 40.47 £ 0.49** 39.18+0.58 39.40 +£0.57 39.90+0.51 38.07 £ 0.55%*
(142/38) (125/31) (121/31) (139/34) (135/34)
21° 55.30£0.71%* 53.66 £0.78 53.28£0.91 54.48 £0.73 51.89 £ 0.74**
(142/38) (125/31) (121/31) (139/34) (135/34)
24¢ 68.77 £ 0.81** 66.90 = 0.95 66.87 = 0.90 68.22 +£0.89 64.64 £+ (0.83**
(142/38) (125/31) (121/31) (139/34) (135/34)
28° 87.91 £0.97** 86.80 £ 1.30 86.51 +£1.33 87.04 £1.13 82.54 £ 1.11**
(142/38) (125/31) (121/31) (139/34) (135/34)
Female
1 6.85 £ 0.08%* 6.89 £0.10 6.68 £0.13 6.61+0.10 6.42 £ 0.08%*
(206/38) (189/31) (171/32) (205/34) (197/34)
4 10.15+0.15%* 10.08 £0.15 9.94+0.16 9.85+0.16 9.36 £ 0.16%*
(206/38) (189/31) (170/31) (204/34) (197/34)
7 16.18 £ 0.28** 15.77+0.31 15.78 £ 0.28 15.22 +£0.29 14.66 £ 0.26**
(143/38) (122/31) (119/31) (129/34) (132/34)
10 23.35+0.35%* 22.70 £ 0.40 22.31+0.40 22.05+0.40 20.85 £ 0.33**
(143/38) (122/31) (119/31) (129/34) (132/34)
14 32.50 £ 0.42%* 31.95+0.51 32.16 +0.38 31.52+0.43 30.0 £ 0.41%*
(143/38) (122/31) (117/31) (129/34) (132/34)
17 38.99 £ 0.51** 38.04 +£0.61 38.36 +0.44 38.04 +0.47 36.33 £ 0.48**
(143/38) (122/31) (117/31) (129/34) (132/34)
21 52.56 £ 0.65%* 51.26 £0.75 51.08 £0.70 51.36 £ 0.66 49.05+0.61**
(143/38) (122/31) (117/31) (129/34) (132/34)
24 64.36 + 0.83** 62.68 + .88 63.12+0.67 62.90 +0.76 59.93 £ 0.72%*
(143/38) (122/31) (117/31) (129/34) (132/34)
28 80.12 £ 0.78** 79.00 £ 1.02 79.37+1.01 78.58 £0.95 75.72 £0.83**
(143/38) (122/31) (117/31) (129/34) (132/34)
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Postnatal

Day* 0 mg/L. 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L
Male and Female

1 7.02 £ 0.07** 7.04+0.09 6.78+0.14 6.84 +0.08 6.59 £ 0.07**
(422/38) (396/31) (370/33) (425/34) (419/34)

4 10.40 £ 0.14%** 10.32+0.14 9.95+0.26 10.20 +0.13 9.63 £ 0.14%*
(421/38) (395/31) (367/32) (423/34) (417/34)

7 16.53 £ 0.28%%* 16.01 £0.31 15.57+0.58 15.74 +£0.27 15.05 +£0.25%*
(285/38) (248/31) (241/32) (268/34) (267/34)

10 23.68 £ (0.34%* 23.03 £0.39 22.71£0.39 22.66 £0.37 21.31 £0.32%%*
(285/38) (248/31) (240/31) (268/34) (267/34)

14 33.04 £ 0.41** 32.43+£0.48 32.50 +£0.40 32.25+0.43 30.63 £ 0.40%*
(285/38) (247/31) (238/31) (268/34) (267/34)

17 39.71 £ 0.48%* 38.61 +0.57 38.89 +0.47 39.04 +0.47 37.22 £ 0.49%*
(285/38) (247/31) (238/31) (268/34) (267/34)

21 53.92 £ 0.67** 52.47+0.74 52.20+0.77 53.05+0.66 50.49 £ 0.62**
(285/38) (247/31) (238/31) (268/34) (267/34)

24 66.48 + 0.80%* 64.80 +0.88 65.02+0.75 65.77 £ 0.81 62.32 £ 0.71%*
(285/38) (247/31) (238/31) (268/34) (267/34)

28 83.83 £ (.92%* 8294+ 1.11 82.98+1.14 83.06 = 0.99 79.20 £ 0.92%*
(285/38) (247/31) (238/31) (268/34) (267/34)

Statistical significance for an exposed group indicates a significant pairwise test compared to the vehicle control group. Statistical
significance for the vehicle control group indicates a significant trend test.

*Statistically significant at p < 0.05; **p <0.01.

aStatistical analysis performed using mixed models with random litter effect for both trend and pairwise tests, using the
Dunnett-Hsu adjustment for multiple comparisons.

Data are presented as mean of litter means + standard error (number of pups/number of litters). Body weight data are presented
in grams.

Individual pup weights first adjusted for live litter size on postnatal day (PND) 1.

4PND 4 prestandardization.

¢Individual pup weights first adjusted for live litter size on PND 4 poststandardization.

Anogenital distance (AGD) was increased in both males and females in the 300 mg/L groups
compared to the control groups, but no effects were observed in the 1,000 mg/L groups for either
sex (Appendix G). Although this effect occurred in both sexes, the increase in AGD was
considered sporadic and not related to sulfolane exposure.

Pubertal development, including balanopreputial separation (BPS) and vaginal opening (VO),
was assessed in male and female rats. A significant positive trend in day of attainment for BPS
was observed in males, but when adjusted for body weight at weaning, this trend was not
present, suggesting the effect was secondarily related to body weight differences (Table 7). Male
body weight at attainment was marginally but significantly decreased (3%) in the 1,000 mg/L
group compared to the control group. In female rats, a significant delay in VO occurred in both
the 300 and 1,000 mg/L groups (Table 8). The delay was also significant after adjustment for
weaning body weight. There were no effects on body weight at attainment in female rats.
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Table 7. Summary of Balanopreputial Separation of F1 Male Rats Following Perinatal Exposure to
Sulfolane

Parameter® 0 mg/L 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L

No. Examined® 120 (38) 120 (31) 120 (31) 120 (29) 120 (31)
No. Not Attaining® 0 (0) 0(0) 1(1) 0(0) 1(1)
Day of BPS

Litter mean®* 44.6 +0.2*% 445+0.4 445+0.2 445+0.3 454+0.4

Adjusted litter mean®t2 44.8+0.2 44.5+0.3 44.6+0.2 445+0.2 45.1+0.4
Body Weight at Attainment (g)" 1922+ 1.7 187.0+1.9 189.6 £ 1.7 189.5+1.8 186.2 £2.1*
Body Weight at Weaning (g)" 89.1 + 1.4** 86.2+1.3 86.9+1.3 86.7+1.3 83.0 £ 1.2%*

Statistical significance for an exposed group indicates a significant pairwise test compared to the vehicle control group. Statistical
significance for the vehicle control group indicates a significant trend test.

*Statistically significant at p < 0.05; **p < 0.01.

BPS = balanopreputial separation.

aPData are displayed as mean + standard error unless otherwise noted; values are based on litter means, not individual pup values.
"No. Examined = number of pups examined (number of litters).

°No. Not Attaining = number of pups that survived to the end of the observation period without attaining BPS (number of litters).
dSummary statistics and mixed model results are presented for animals that attained BPS during the observation period.
¢Statistical analysis performed using mixed effects models with exposure as a covariate for both trend and pairwise tests and a
Dunnett-Hsu adjustment for multiple pairwise comparisons.

fAdjusted based on body weight at weaning.

gStatistical analysis performed using mixed effects models with exposure and weaning weight as covariates for both trend and
pairwise tests and a Dunnett-Hsu adjustment for multiple pairwise comparisons. No statistically significant findings were noted at
p<0.05.

hAnalysis of body weight at acquisition and body weight at weaning for both linear trend and pairwise comparisons performed
using mixed effects models with exposure as a covariate and litter as a random effect and a Dunnett-Hsu adjustment for multiple
pairwise comparisons.

Table 8. Summary of Vaginal Opening of F; Female Rats Following Perinatal Exposure to
Sulfolane

Parameter® 0 mg/L 30 mg/LL 100 mg/L 300 mg/LL 1,000 mg/L

No. Examined® 120 (33) 120 (31) 117 (31) 120 (32) 120 (32)
No. Not Attaining® 0(0) 0(0) 0(0) 0(0) 0(0)
Day of VO

Litter mean®® 36.2+£03*% 37.1+0.3 36.5+£03  37.4+£03% 38.4+0.3%*

Adjusted litter mean®t2 36.4+£0.3%  37.1+03 36.6+03  37.4+03% 382+ 03%*
Body Weight at Attainment (g)" 1157+1.3 116.1+14 1150+13 1163+1.6 1164+1.5
Body Weight at Weaning (g)" 81.6 £ 1.2%* 78.7+1.0 799+1.0 783+£1.0 76.0+£0.8%*

Statistical significance for an exposed group indicates a significant pairwise test compared to the vehicle control group. Statistical
significance for the vehicle control group indicates a significant trend test.

*Statistically significant at p < 0.05; **p <0.01.

VO = vaginal opening.

aPData are displayed as mean + standard error unless otherwise noted; values are based on litter means, not individual pup values.
"No. Examined = the number of pups examined (number of litters).

°No. Not Attaining = number of pups that survived to the end of the observation period without attaining VO (number of litters).
dSummary statistics and mixed model results are presented for animals that attained VO during the observation period.
¢Statistical analysis performed using mixed effects models with exposure as a covariate for both trend and pairwise tests and a
Dunnett-Hsu adjustment for multiple pairwise comparisons.

fAdjusted based on body weight at weaning.
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gStatistical analysis performed using mixed effects models with exposure and weaning weight as covariates for both trend and
pairwise tests and a Dunnett-Hsu adjustment for multiple pairwise comparisons.

h"Analysis of body weight at acquisition and body weight at weaning for both linear trend and pairwise comparisons performed
using mixed effects models with exposure as a covariate and litter as a random effect and a Dunnett-Hsu adjustment for multiple
pairwise comparisons.

Two-year Study (Three-month Interim Evaluation)

There were no exposure-related effects on survival or on clinical observations in male and
female rats at the 3-month interim evaluation (Appendix G). There were significant decreases
(6%—9%) in terminal body weights of male rats in the 100, 300, and 1,000 mg/L groups
compared to the control group, but these differences did not exceed 10% (Table 9, Table 10;
Figure 2). There were no effects on body weights of female rats at the 3-month interim
evaluation.
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Table 9. Summary of Survival and Body Weights of Male Rats in the Three-month Interim Evaluation during the Perinatal and Two-year
Drinking Water Study of Sulfolane

0 mg/L 30 mg/L 100 mg/L 300 mg/LL 1,000 mg/L
Postnatal
PN We@® Gl We® ooy L M@ Conroy Liters Vo ®  Controly Litiers Y ®  Controly Liters
28¢ 94.9 +2.9% 10 872+2.1%* 91.9 10 89.3+£1.7 94.1 10 89.9+1.9 94.8 10 842+ 1.5%* 88.8 10
35 1353 £33 10 1262+32 933 10 128.2 £2.1 94.7 10 132.8+24 98.1 10 1245+£2.2% 92.0 10
42 185.3+£3.9% 10 174.1+4.1 94.0 10 175.1+£2.8 94.5 10 178.3£4.0 96.2 10 167.2+24%* 902 10
49 233.0£4.5% 10 221.3+49 95.0 10 222.1+£3.1 95.3 10 223.7+4.8 96.0 10 209.8+2.5%  90.1 10
56 2832+ 58*%* 10 268.7+49 94.9 10 269.8 +4.2 95.3 10 268.4 £ 5.4* 94.8 10 256.7+3.8%*  90.6 10
63 3220+ 6.4%* 10 306.5+5.0 95.2 10 305.6+£3.8 94.9 10 2949 +13.1* 91.6 10 292.5+43%* 909 10
70 349.5+6.1%* 10 3354+48 96.0 10 332.6+3.8* 95.2 10 333.0 £ 6.4* 95.3 10 3202+45%  91.6 10
71 3745+ 6.6%* 10 3569+5.1* 953 10 353.3+4.0% 94.3 10 354.0 £ 6.6* 94.5 10 342.0+4.9%* 913 10
84 3944 +£7.7%* 10 377.8+5.1 95.8 10 376.7+4.8 95.5 10 374.4 + 8.4%* 94.9 10 3592 +6.0% 911 10
91 409.4+£7.3*% 10  3947+53 96.4 10 3914+52 95.6 10 394.1 £ 84 96.3 10 377.6+6.7%* 922 10
98 431.7+83** 10  411.0+6.5 95.2 10 404.2 £5.3* 93.6 10 400.0 £ 9.9%* 92.7 10 391.1+£7.4%  90.6 10
105  4429+84%% 10 420.1+6.9* 948 10 4144 +5.1% 93.6 10 4158 £10.5* 93.9 10 406.3 £6.9%*  91.7 10
112 459.6£9.0%* 10 431.4+79* 939 10 426.8+5.0%* 929 10 4254+108*%*  92.6 10 416.9+7.7%*  90.7 10
119 467.7+8.6** 10  450.6 + 6.4 96.4 10 4382 +5.6% 93.7 10 438.5+11.8* 93.8 10 4304 +£83**  92.0 10

Statistical significance for an exposed group indicates a significant pairwise test compared to the vehicle control group. Statistical significance for the vehicle control group
indicates a significant trend test.

*Statistically significant at p < 0.05; **p < 0.01.

aStatistical analysis performed by Jonckheere (trend) and Williams or Dunnett (pairwise) tests.

"Weights shown are mean + standard error.

“Postnatal day 28 is the day animals were placed on study after pups were weaned.
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Table 10. Summary of Survival and Body Weights of Female Rats in the Three-month Interim Evaluation during the Perinatal and
Two-year Drinking Water Study of Sulfolane

0 mg/L 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L
Postnatal

YW@ Gl W@ Congaiy Litirs Y®  Conroy Litirs Vo ®  Controly Litiers WV¢®  Controly Liters
28¢ 77.6 2.0 10 789+ 1.7 101.8 10 81.7+£1.5 105.3 10 825+14 106.3 10 76.3+£1.6 98.4 10
35 109.4+24 10 109.7 £2.1 100.3 10 112.7+1.8 103.1 10 117.6 2.4 107.5 10 108.5+2.7 99.2 10
42 141.7+32 10  138.6+2.7 97.9 10 143.2+2.2 101.1 10 145.1+2.3 102.5 9d 135.4+3.3 95.6 10
49 163.2+3.1 10  163.8+2.8 100.4 10 167.1+£2.6 102.4 10 167.3+3.2 102.6 10 162.5+3.7 99.6 10
56 183.8 £4.2 10 185.9+3.6 101.1 10 187.8£2.9 102.2 10 191.4+£23 104.1 10 178.3+3.9 97.0 10
63 202.1+43 10 2035+32 100.7 10 208.3 +4.0 103.1 10 206.8 2.8 102.4 10 198.5+4.7 98.2 10
70 217.6+55 10  2203+45 101.3 10 221.6+52 101.9 10 218.5+3.2 100.4 10 209.8 +5.5 96.4 10
77 226.8+£5.5 10 233.3+45 102.8 10 234.1+£5.5 103.2 10 2353 +£3.7 103.7 10 221.0+£6.2 97.4 10
84 236.4+57 10  239.0+52 101.1 10 2453 +5.6 103.8 10 242.1+3.4 102.4 10 226.0+5.4 95.6 10
91 2441+46 10  246.6+5.0 101.0 10 2478 £4.9 101.5 10 247.7+3.3 101.5 10 235.1+6.6 96.3 10
98 250.0+56 10  256.0+5.7 102.4 9d 257.4+54 102.9 10 256.7+3.7 102.6 10 244.1+6.9 97.6 10
105 2535+53 10 260.1 £4.9 102.6 10 260.3£5.6 102.7 10 261.0£6.0 103.0 10 244.0+6.3 96.3 10
112 259.5+49 10  266.0+5.6 102.5 10 272.0+6.1 104.8 10 270.9+3.5 104.4 10 252.8+6.0 97.4 10
119  2639+59 10 2702+57 102.4 10 278.0+6.3 105.3 10 274.1+3.8 103.9 10 255.1+6.1 96.7 10

aStatistical analysis performed by Jonckheere (trend) and Williams or Dunnett (pairwise) tests. No statistically significant findings were noted at p < 0.05.
"Weights shown are mean + standard error.

“Postnatal day 28 is the day animals were placed on study after pups were weaned.

4One animal weight was excluded from analysis on the indicated study day.
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Figure 2. Growth Curves for Male and Female Rats in the Three-month Interim Evaluation during
the Perinatal and Two-year Drinking Water Study of Sulfolane

Growth curves are shown for (A) males and (B) females.
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Water consumption by Fi rats postweaning to the interim necropsy (PND 28-119) was
unaffected by sulfolane exposure (Table 11). In males, sporadic but significant differences
compared to the control group were observed that were not considered exposure related, and no
differences were observed in females (Appendix G). Average chemical intake was calculated
from study day 28 through study day 119. Generally, chemical intake increased in proportion to
exposure concentration; however, female chemical intake was marginally higher (average of
approximately 1.3-fold) than that of males.

Table 11. Summary of Water and Sulfolane Consumption by Male and Female Rats in the
Three-month Interim Evaluation during the Perinatal and Two-year Drinking Water Study

Postratal Day 0 mg/L 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L
Male (g/kg/day)®
28-35 1605£62(6) 157=6.1(5) 167.9+13.1(6) 153.9£2.7(5) 1557453 (5)
49-56 1165£2.6(6) 117.9+3.1(5) 1164+24(6) 118.1+43(5) 111.8+6.6(5)
70-77 741+£2.6(6) 803+28(5) 787+25(6) 793+1.0(5)  76.6+4.7(5)
112-119 558+1.5(6) 598+1.6(5)  583+2.1(6) 573+24(5)  56.6%3.4(5)
28-119 833+2.0(6) 85.0+2.0(5)  835+22(6) 838+17(5)  79.9+3.5(5)
Chemical Intake (mg/kg/day)*?
28-119 00£00(6)  25+0.1(5 83+02(6)  25.1+05(5) 79.9+3.5(5)
Female (g/kg/day)
28-35 151.9+82(3) 171.1+8.6(4) 1474+21.6(4) 1472+95(3) 117.7+27.4(4)
49-56 1148+4.0(3) 1261+77(4) 1252+93(4) 1198+109(3) 120.8+7.8(4)
70-77 929+29(3) 107.0+£57(4) 972+78(4) 101.9+38(3) 103.6=12.5(4)
112-119 80.9+44(3) 880+83(4)  83.6+55(4) 79.0+42(3)  87.6+9.4(4)
28-119 1012443 (3) 109.7+85(4) 106.1+£85(4) 103.8=3.8(3)

Chemical Intake (mg/kg/day)

28-119

0.0 0.0 (3)

33403 (4)

10.6+ 0.9 (4)

31412 (3)

103.8 + 5.4 (4)

103.8 + 5.4 (4)

aPData are presented as mean + standard error (number of cages).
YEach exposed group was compared to the vehicle control group with the Shirley test when a trend was present (p < 0.01 from the
Jonckheere trend test) or with the Dunn test when no trend was present. No statistically significant findings were noted at

p <0.05.

°Chemical intake calculated as: ([exposure concentration X water consumption]/[average body weight of day range]).
dNo statistical analysis performed on the chemical intake data.

There were no exposure-related effects on absolute or relative organ weights of males or
females; organ weight changes noted in male rats were considered secondary to body weight
changes (Appendix G). There were no exposure-related effects observed on clinical chemistry or
hematology and no exposure-related gross or microscopic lesions (Appendix G).

Sperm count analysis was not conducted because of clumping during the measurement of sperm
parameters. No lesions were observed in the testis or epididymis after microscopic evaluation,
and sulfolane exposure did not affect estrous cyclicity parameters (Appendix G).

35



Sulfolane, NTP TR 605

Plasma sulfolane concentrations were quantified in all exposed groups and were below the limit
of detection (LOD) for the control group (Table 12). Average chemical intake (PND 28-119) by
males and females in the internal concentration assessment groups was calculated to be 3, 8, 26,
and 80 mg/kg/day and 3, 11, 30, and 96 mg/kg/day, respectively (Appendix G). Sulfolane plasma
concentrations were generally consistent between male and female rats. The proportional
increase in sulfolane plasma concentrations relative to exposure concentration was much higher
in the 1,000 mg/L groups, indicating a saturation in metabolism occurs between 300 and

1,000 mg/L.

Table 12. Summary of Internal Concentration Data for Male and Female Rats in the Three-month
Interim Evaluation during the Perinatal and Two-year Drinking Water Study of Sulfolane

0 mg/L 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L

n 5 5 5 5 5
Sulfolane Plasma Concentration (ng/mL)>"
Male BD¢ 342 +£26.9 1,020 + 160 4,300 + 399 27,300 + 6,090

Female BD 213 +36.3 1,110 £ 312 3,350 £410 25,200 + 5,280

BD = below detection; group did not have over 20% of its values above the limit of detection (LOD).

Data are presented as mean + standard error.

°If over 20% of the animals in a group were above the limit of LOD, one-half of the LOD value was substituted for values below
the LOD. LOD for plasma = 0.516 ng/mL.

“When the vehicle control group did not have over 20% of its values above the LOD, no mean or standard error was calculated,
and no statistical analysis was performed.

Two-year Study (Postweaning Phase)

Chronic exposure to sulfolane did not affect the survival of female rats (Table 13; Figure 3), and
no clinical observations were attributable to exposure. There was a significant negative trend for
survival in male rats; however, no clinical findings or histological lesions explained the lower
survival. Survival in the highest exposure group was marginally outside the NTP historical
control range of 24%-64% in male Sprague Dawley rats across 10 studies.® It is not clear if the
survival of male rats was affected by sulfolane exposure. In males exposed to 1,000 mg/L,
significant decreases (<11%) in body weights compared to the control group were observed. In
females exposed to 1,000 mg/L, significant decreases in body weight compared to the control
group (5%—16%) were observed throughout the study and were not associated with clinical
observations. (Table 14, Table 15; Figure 4).

Table 13. Summary of Survival of Male and Female Rats in the Perinatal and Two-year Drinking
Water Study of Sulfolane

0 mg/L 30 mg/L 100 mg/. 300 mg/LL 1,000 mg/L
Male
Animals Initially in Study 50 50 50 50 50
Euthanized Moribund 24 22 22 22 20
Found Dead 10 11 13 11 20
Animals Surviving to Study 16° 17¢ 15 17 104
Termination®
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0 mg/L 30 mg/L 100 mg/L. 300 mg/LL 1,000 mg/L
Percent Probability of Survival at Study 32.0 34.0 30.0 34.0 20.0
Termination®
Survival (Days)" 650.1 +18.9 619.8+18.8 636.1 £+18.2 647.5+16.8 603.4+18.7
Survival Analysis® p=0.034 p=0.835 p=0.835 p=0.835N p=0.158
Female
Animals Initially in Study 50 50 50 50 50
Euthanized Moribund 19 18 19 16 22
Found Dead 10 6 5 7 9
Animals Surviving to Study 21 26 26 27" 19¢
Termination
Percent Probability of Survival at Study 42.0 52.0 52.0 54.0 38.0
Termination
Survival (Days) 6705147 679.6+14.5 6683 +13.2 6544+19.5 651.2+17.1
Survival Analysis p=0.204 p=0.567N p=0.567N p=0.567N p=0.567

2Any animal that reached the age of the youngest animal euthanized at study termination is considered as surviving to study
termination.

®Includes one animal that was found dead and one animal that was euthanized moribund; both were older than the youngest
animal euthanized at study termination.

“Includes one animal that was euthanized moribund, which was older than the youngest animal euthanized at study termination.
4Includes two animals that were found dead; both were older than the youngest animal euthanized at study termination.
¢Kaplan-Meier determinations.

fMean of litter means of all deaths (uncensored, censored, and study termination) + standard error.

€The result of the Cox proportional hazards trend test with random litter effect is in the vehicle control group column, and the
results of the Cox proportional hazards pairwise comparisons, with a Hommel adjustment for multiple comparisons, to the
vehicle control group are in the exposed group columns. A negative trend or lower mortality in an exposure group is indicated
by N.

"Includes one animal that was found dead, which was older than the youngest animal euthanized at study termination.
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Figure 3. Kaplan-Meier Survival Curves for Male and Female Rats in the Perinatal and Two-year

Drinking Water Study of Sulfolane

Survival curves are shown for (A) males and (B) females.

38



Sulfolane, NTP TR 605

Table 14. Summary of Survival and Body Weights of Male Rats in the Perinatal and Two-year Drinking Water Study of Sulfolane

Stud 0 mg/L 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L
udy
Day® b a Wt. (% of Wt. (% of Wt. (% of Wt. (% of
Wt (2) n Wt (2) Controls) Wt (2) Controls) n Wt (2) Controls) Wt (2) Controls)
0 4543 +42 50(27) 4433 +5.1 97.6 50 441.0+4.9 97.1 50 451.8+5.5 99.4 50 438.8+4.6 96.6 50
(25) (26) (25) (26)
28 488.1+54 50(27) 471.7+£5.5 96.6 50 472.3+4.7 96.8 50 480.2 £ 6.1 98.4 50 467.8+54 95.9 50
(25) (26) (25) (26)
56 514.6 £ 6.0 50 (27) 496.3+5.8 96.4 50 497.0+5.7 96.6 50 509.6 + 6.3 99.0 50 4944+ 59 96.1 50
(25) (26) (25) (26)
84 526.1+£64 50(227) 508.3+£6.1 96.6 50 511.6+5.5 97.2 50 521.9+6.8 99.2 50 509.1+6.2 96.8 50
(25) (26) 25) (26)
112 5448 +6.9 50(27) 5264+7.0 96.6 49 527.9+5.9 96.9 49 542.0+7.0 99.5 50 526.5+7.1 96.6 50
(25) (26) (25) (26)
140 565.8+6.9 50 (27) 545.7+7.1 96.4 49 548.6 £ 6.5 96.9 49 563.0+7.6 99.5 50 543.1+7.7 96.0 50
(25) (26) 25) (26)
168 587.4+7.6 50 (27) 567.7+8.1 96.6 49 571.8+6.8 97.3 48 584.4 +8.3 99.5 50 562.1+7.5 95.7 50
(25) (26) 25) (26)
196 605.6+£8.5* 49 (26) 579.4+8.5 95.7 49 586.6+ 7.4 96.9 48 598.9 +8.3 98.9 50 569.9 + 7.6* 94.1 50
(25) (26) (25) (26)
224 612.1 +£8.7 49 (26) 587.2+8.7 95.9 49 597.8+7.7 97.7 48 607.3 £8.8 99.2 50 580.7 = 8.1 94.9 49
(25) (26) (25) (26)
252 625.7+9.1* 49 (26) 602.4+9.0 96.3 48 613.0+£8.7 98.0 46 618.9+£9.1 98.9 49 589.0 £8.7* 94.1 49
(25) (26) (25) (26)
280 638.6+9.8% 49(26) 612.5+94 95.9 48 629.2 +8.9 98.5 45 632.7+£9.6 99.1 49 598.8 £ 9.6* 93.8 48
(25) (26) 25) (26)
308  646.4+10.2* 48 (26) 619.4+10.2 95.8 48 638.8+9.2 98.8 45 639.2+10.6 98.9 49 604.9 +9.8* 93.6 47
(25) (26) 25) (26)
336 655.9+10.9*%* 47 (26) 6253 +11.1 95.3 48 647.5+94 98.7 45 653.9+10.5 99.7 48 609.8 + 9.8%* 93.0 45
(25) (26) (25) (26)
364 657.1 £11.5%* 46 (26) 620.8+12.1 94.5 47 650.3+9.2 99.0 45 653.7+11.8 99.5 48  606.0 £ 11.0%* 92.2 43
(25) (26) (25) (25)
392 654.4+12.8% 45(26) 628.4+13.7 96.0 43 646.3+9.5 98.8 45 652.1+10.5 99.7 45 606.0 + 11.7* 92.6 39
(25) (26) (24) (25)
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Stud 0 mg/LL 30 mg/L 100 mg/L 300 mg/LL 1,000 mg/L
udy
Day® b d Wt. (% of Wt. (% of Wt. (% of Wt. (% of
Wt (2 n Wt (@ Controls) Wt (@) Controls) n Wt (@ Controls) Wt (@ Controls)
420 6479+ 13.9** 45(26) 634.9+13.7 98.0 41 643.7+10.1 99.3 44 658.7+£9.9 101.7 42 600.4 + 13.9* 92.7 36
(24) (26) (23) (25)
448 654.0+12.7** 43 (25) 629.2+17.1 96.2 38 645.1£11.2 98.6 41 660.9+£10.0 101.1 39 584.8+19.3%* 89.4 32
(23) (24) (23) (23)
476  651.5+£12.9* 41(25) 630.2+13.0 96.7 34 6412+11.4 98.4 40  652.0+£122 100.1 39 598.8 +17.0* 91.9 29
(22) 24 (23) 21
504  643.3+13.5 40(25) 616.6+16.2 95.9 32 634.6+14.5 98.6 39 6440139 100.1 37 604.0 £ 14.5 93.9 25
(20) 24 (22) (18)
532 639.6+13.4* 36(24) 625.8+15.0 97.8 27 633.4+149 99.0 36 6302+182 98.5 35 589.2+14.5 92.1 24
19) (23) (21) 17)
560 610.6+17.4* 33(23) 632.8+10.3 103.6 22 606.1 £18.0 99.3 30 621.9+16.8 101.9 31 565.6 £ 18.5 92.6 20
(16) (23) (18) (13)
588  608.5+18.4* 25(19) 608.0+15.2 99.9 20 6029 +21.3 99.1 24 607.2+£26.8 99.8 26 546.6 +£23.0 89.8 18
(16) (19) (16) (13)
616  5954+254 21(16) 597.9+13.8 100.4 18 599.4 +16.8 100.7 17  625.7+243 105.1 20 539.1+£29.4 90.5 13
(15) (14) (14) (12)

Statistical significance for an exposed group indicates a significant pairwise test compared to the vehicle control group. Statistical significance for the vehicle control group
indicates a significant trend test.
*Statistically significant at p < 0.05; **p < 0.01.
aStudy day O is the day the 3-month interim animals were removed, at which time animals were between 123 and 128 days of age.
bStatistical analysis was performed using mixed models with litter as a random effect for both trend and pairwise tests, using Dunnett-Hsu adjustment for multiple comparisons.
“Weights shown are mean of litter means + standard error.

4Number of individual animals (number of litters).
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Table 15. Summary of Survival and Body Weights of Female Rats in the Perinatal and Two-year Drinking Water Study of Sulfolane

Stud 0 mg/L 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L
udy
Dav? b d Wt. (% of Wt. (% of Wt. (% of Wt. (% of
y Wt (2) n Wt (2) Controls) Wt (2) Controls) Wt (2) Controls) Wt (2) Controls)
0 276.4£2.8%% 50 275.0+2.8 99.5 50 2759+3.2 99.8 50 2723 +3.5 98.5 50 263.7 £2.4% 95.4 50
27) (25) (26) (26) (26)
28  292.8+3.6*%* 50 286.3+3.2 97.8 50 288.9+3.7 98.7 50 2853+33 97.4 50 276.1 £2.7%* 94.3 50
27) (25) (26) (26) (26)
56 303.8+3.6%* 50 299.5+3.4 98.6 50 299.7+3.7 98.7 50 296.8 +£3.8 97.7 50 286.2 £ 3.1%* 94.2 50
27) (25) (26) (26) (26)
84 314.0 £ 4.1%* 50 309.8+3.5 98.7 50 310.0+4.4 98.7 50 307.5+3.9 97.9 50 294.4 +2.9%* 93.8 50
27) (25) (26) (26) (26)
112 322.8 £4.1%** 50 316.0+ 3.9 97.9 50 321.6+5.2 99.6 50 318.7+4.1 98.7 50 301.5 £ 3.5%* 934 50
27) (25) (26) (26) (26)
140 334.0+4.8% 50 3264+43 97.7 50 328.8+6.0 98.4 50 327.6+4.8 98.1 49 308.5 & 3.8%* 92.4 49
27) (25) (26) (26) (26)
168  338.8+5.5%* 49 331.3+4.8 97.8 50 336.6 +6.5 99.3 50 3345+53 98.7 49 311.1 £5.6%* 91.8 49
27) (25) (26) (26) (26)
196 3459+ 6.0%* 49 335.6+5.0 97.0 50 338.5+6.3 97.8 50 340.6 £ 6.4 98.5 49 316.0 £ 5.1%* 91.4 49
27) (25) (26) (26) (26)
224 349.1+6.4** 49 3458+ 5.4 99.1 50 346.8 + 6.8 99.3 50 346.4+5.8 99.2 48 323.7+£5.2% 92.7 49
27) (25) (26) (26) (26)
252 3532+ 7.4%* 49 350.5+6.9 99.2 49 353.3+8.0 100.0 50 352.3+6.8 99.7 47 326.1+£6.0 92.3 48
27) (25) (26) (26) (26)
280  366.8 £7.1*%* 49 356.7+7.5 97.3 48 364.9 + 8.1 99.5 50 365.1+8.0 99.5 46 337.5+6.2% 92.0 47
27) (25) (26) (25) (26)
308 379.2+£7.8% 47 364.8+8.5 96.2 48 373.0+£ 8.7 98.4 50 3752+8.9 98.9 46 345.2 + 6.8%* 91.0 47
27) (25) (26) (25) (26)
336 390.9 +£8.8* 47 372.4+9.7 95.3 48 3782+9.4 96.7 49 377.6 £8.2 96.6 44 355.5+7.5*% 90.9 47
27) (25) (26) (25) (26)
364  398.3+£9.2% 47 373.3+£9.7 93.9 48 3773 +9.1 94.7 47 383.3+8.2 96.2 44 359.2 £ 7.6% 90.2 47
27) (25) (26) (25) (26)
392 405.8+£9.7%% 47  379.5+10.1 93.5 47 391.5+9.7 96.5 46 388.8 £ 8.8 95.8 44 360.7 £ 8.8** 88.9 46
27) (25) (26) (25) (26)
420 416.8+10.3** 47  390.5+10.3 93.7 47  406.1+10.7 97.4 45 400.4+9.4 96.1 44 360.4 £ 8.8** 86.5 45
27) (25) (26) (25) (26)

41



Sulfolane, NTP TR 605

Stud 0 mg/L 30 mg/L 100 mg/L 300 mg/LL 1,000 mg/L
udy
Day? b 4 Wt. (% of Wt. (% of Wt. (% of Wt. (% of
y Wt (@) n Wt (@) Controls) Wt (@) Controls) Wt (@ Controls) Wt (@) Controls)
448 4253 +£11.8%* 47 3984 +£11.3 93.7 47 412.2+13.8 96.9 44 403.7+9.5 94.9 42 366.4 £ 9.5%* 86.2 42
27 (25) (26) (25) 25)
476 423.0£12.0%* 44 4004 +11.5 94.7 45 411.2+11.6 97.2 40 4157124 98.3 41 371.9 £ 10.5* 87.9 40
(26) (25) 25) (25) 24)
504 421.6+10.4*%* 43 398.4+9.3 94.5 43 4189+12.5 99.4 38 417.7+13.1 99.1 39 367.7 £ 11.0** 87.2 38
25) (24) (24) (25) (24)
532 4294 +12.9*%* 41 408.8+11.2 95.2 40 4344+ 16.1 101.2 36 4154+£11.2 96.7 37 3733+ 12.5* 86.9 36
(24) (23) (24) (24) (23)
560 426.6 +12.9*%* 35 4241+ 13.1 99.4 37 428.7+£15.2 100.5 33 4257+ 14.4 99.8 31 366.0 + 12.7* 85.8 31
(23) (22) (22) (23) (22)
588 435.7+£15.3%* 28 427.6 £13.7 98.2 35 4253+17.0 97.6 31 407.8 £13.3 93.6 29 364.8 + 16.9%* 83.7 28
21 21) (22) (22) (19)
616 438.1 £ 14.5** 25 415.1+12.8 94.8 26 414.0+12.8 94.5 30 408.8 £ 14.7 93.3 27 372.2 £ 17.4** 85.0 21
(20) 17 21 21) (15)

Statistical significance for an exposed group indicates a significant pairwise test compared to the vehicle control group. Statistical significance for the vehicle control group

indicates a significant trend test.
*Statistically significant at p < 0.05; **p <0.01.

aStudy day O is the day the 3-month interim animals were removed, at which time animals were between 123 and 128 days of age.
bStatistical analysis was performed using mixed models with litter as a random effect for both trend and pairwise tests, using Dunnett-Hsu adjustment for multiple comparisons.
“Weights shown are mean of litter means + standard error.
4Number of individual animals (number of litters).
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Figure 4. Growth Curves for Male and Female Rats in the Perinatal and Two-year Drinking Water
Study of Sulfolane

Growth curves are shown for (A) males and (B) females. Study day 0 is the day the 3-month interim animals were removed, at
which time animals were between 123 and 128 days of age.
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Water consumption by exposed groups was generally not statistically different from that of the
control groups throughout the 2-year period, although water consumption (g/kg/day) by the
1,000 mg/L groups was somewhat higher than that of the control groups. Average chemical
intake was calculated over the study day 21-616 interval (corresponding to PND 144—-149
through PND 739-744). Generally, chemical intake (mg/kg/day) increased in proportion to
exposure concentration. Additionally, intake by males was consistently lower than that of
females throughout the 2-year study period (Table 16), which is consistent with findings from
other drinking water studies.

Table 16. Summary of Water and Sulfolane Consumption by Male and Female Rats in the
Perinatal and Two-year Drinking Water Study

?;‘t‘gryvgif 0 mg/L 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L
Male (g/kg/day)*
21-28 503+08(27)  50.6£09(25) S0.1+1.1(26) 49.1+1.1(25  52.9+ 1.4 (26)
217-224 38.6£09(27)  423£17(25) 39.01+13(26) 39.01+1.1(25 416+ 1.1(26)
413420 496+£3.5(27)  49.7+44(22) 498+29(26) 448+24(22)  60.6+5.6(24)
609-616 737£53(16)  69.5+£54(15) 743:6.1(14) 773:84(14) 834+128(12)
21-616 455+ 14(16) 440+ 13(15) 464+24(14) 424+16(14) 494+40(12)
Chemical Intake (mg/kg/day)®*
21-616 0.0+ 0.0 (16) 13£00(15)  46+02(14)  127+05(14) 49.4+40(12)
Female (g/kg/day)
21-28 69.7+1.8%(14)  743+20(14) 739=17(13) 743=1.6(13) 747+1.5(15)
217-224 717£34(14)  720£14(14)  750:23(13)  67.6+20(13)  74.0+3.0(15)
413-420 TI1£2.1(14)  868+3.7%* (16) 80.6+44(13) 75.0+27(13) 83.7+52(15)
609-616 746+34(12)  839+54(14) 925:88(12) 828+56(11) 105.8+22.0(12)
21-616 663+1.6(12)  754=17(13) 765+34(12) 71.1+29(11) 79.9+638(12)

Chemical Intake (mg/kg/day)

21-616

0.0 0.0 (12)

2.3+0.1(13)

7.7+0.3 (12)

21.3+0.9(11)

79.9 + 6.8 (12)

Statistical significance for an exposed group indicates a significant pairwise test compared to the vehicle control group. Statistical
significance for the vehicle control group indicates a significant trend test.
*Statistically significant at p < 0.05; **p < 0.01.

aData are presented as mean + standard error (number of cages).

Study day 0 is the day the 3-month interim animals were removed, at which time animals were between 123 and 128 days of
age.

°Each exposure group was compared to the vehicle control group with the Shirley test when a trend was present (p < 0.01 from
the Jonckheere trend test) or with the Dunn test when no trend was present.

dChemical intake calculated as: ([exposure concentration x water consumption]/[average body weight of day range]).

“No statistical analysis performed on the chemical intake data.

Histopathology

This section describes the statistically significant or biologically noteworthy changes in the
incidences of neoplasms of the mammary gland.

Mammary gland: In female rats, there were significant increases in the incidences of adenoma
and adenoma or carcinoma (combined) in the 100 mg/L group compared to the control group
(Table 17). The incidences of these lesions in all other exposed groups were also higher than that
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in the control group but were not significant following pairwise or trend tests. The incidences of
adenoma and adenoma or carcinoma (combined) in the 100 mg/L group exceeded the historical
control range for all routes of exposure. Though not significant, the incidence of mammary gland
adenoma in the 1,000 mg/L group also exceeded the historical control range for all routes of
exposure.

Table 17. Incidences of Neoplasms of the Mammary Glands in Female Rats in the Perinatal and
Two-year Drinking Water Study of Sulfolane

0 mg/L. 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L

n* 50 50 50 50 50

Adenoma®
Overall rate® 1/50 (2%) 4/50 (8%) 7/50 (14%) 2/50 (4%) 5/50 (10%)
Rate/litters¢ 1/27 (4%) 4/25 (16%) 7/26 (27%) 2/26 (8%) 5/26 (19%)
Adjusted rate® 2.49% 9.52% 17.54% 5.19% 12.75%
Terminal ratef 0/21 (0%) 2/26 (8%) 6/26 (23%) 2/26 (8%) 1/18 (6%)
First incidence (days) 661 651 690 734 (T) 527
Rao-Scott-adjusted p=0.316 p=0.198 p=0.036 p=0.461 p=0.102
poly-3 test®

Adenocarcinoma®
Overall rate 1/50 (2%) 1/50 (2%) 2/50 (4%) 1/50 (2%) 1/50 (2%)
Rate/litters 1/27 (4%) 1/25 (4%) 2/26 (8%) 1/26 (4%) 1/26 (4%)
Adjusted rate 2.49% 2.38% 4.95% 2.56% 2.62%
Terminal rate 0/21 (0%) 0/26 (0%) 1/26 (4%) 0/26 (0%) 0/18 (0%)
First incidence (days) 671 580 501 584 521
Rao-Scott-adjusted p=0.675 p=0.743 p=0.479 p=0.718 p=0.711
poly-3 test

Adenoma or Adenocarcinoma (Combined)’
Overall rate 2/50 (4%) 5/50 (10%) 9/50 (18%) 3/50 (6%) 6/50 (12%)
Rate/litters 2/27 (7%) 5/25 (20%) 9/26 (35%) 3/26 (12%) 5/26 (19%)
Adjusted rate 4.94% 11.76% 22.18% 7.69% 15.05%
Terminal rate 0/21 (0%) 2/26 (8%) 7/26 (27%) 2/26 (8%) 1/18 (6%)
First incidence (days) 661 580 501 584 521
Rao-Scott-adjusted p=0.373 p=0.244 p=0.033 p=0.469 p=0.137
poly-3 test

(T) = terminal euthanasia.

aNumber of animals with tissue examined microscopically.

"Historical control incidence for all routes of 2-year studies (mean + standard deviation): 19/590 (2.81% =+ 3.29%); range: 0%
to 9%.

“Number of animals with neoplasm/number of animals necropsied.

4Number of litters with neoplasm-bearing animals/number of litters examined at site.

Poly-3 estimated neoplasm incidence after adjustment for intercurrent mortality.

fObserved incidence at study termination.

gBeneath the control incidence is the p value associated with the trend test. Beneath the exposed group incidence is the p value
corresponding to pairwise comparisons between the control group and that exposed group. The Rao-Scott test adjusts the Poly-3
test (which accounts for differential mortality in animals that do not reach study termination) for within-litter correlation. All
trend and pairwise p values are reported as one-sided.

"Historical control incidence: 44/590 (7.19% + 5%); range: 2% to 16%.

iHistorical control incidence: 61/590 (9.8% + 5.8%); range: 2% to 18%.
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Other lesions: In the lung of male rats, there were slight but significant increases in the
incidences of alveolar histiocytic infiltration (1,000 mg/L group) and chronic interstitial
inflammation (100 and 300 mg/L groups) compared to the control group (Appendix G). A
positive trend was also observed in the incidence of cellular infiltration. There was a slight
increase in the severity of cellular infiltration in the 30 and 1,000 mg/L groups compared to the
control group, but the increase was negligible. This lesion was characterized by a slight increase
in the number of macrophages in the alveoli of the lungs. The chronic inflammation was
characterized by mild, multifocal thickening of the alveolar septa associated with an increase in
the number of alveolar macrophages and scattered lymphocytes. Because these findings are very
common in laboratory rodents, their incidence varies, and the severity was relatively low, the
above lesions were not considered to be related to sulfolane exposure.
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Mice

Two-year Study (Three-month Interim Evaluation)

There were no exposure-related effects on survival or on clinical observations in male and
female mice at the 3-month interim evaluation (Appendix G). Body weights of both male and
female mice remained similar to those of the control groups throughout the 3-month study period
(Table 18, Table 19; Figure 5).
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Table 18. Summary of Survival and Body Weights of Male Mice in the Three-month Interim Evaluation during the Two-year Drinking

Water Study of Sulfolane

Study 0 mg/LL 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L

PV Wit n o We®  Gaag 0 W@ gagay 0 We®  Goiad 0 We®  Coa
0 224402 10 225+04 100.4 10 22102 98.4 10 224+03 100.0 10 224+03 100.2 10
7 244403 10 247+04 101.4 10 24.0+0.2 98.4 10 243+03 99.8 10 243+04 99.5 10
14 25.5+0.7 10 258+04 101.2 10 25.6+0.2 100.2 10 25.8+0.3 100.9 10 258+0.4 100.9 10
21 26.4+0.3 10 272+04 103.0 10 265+03 100.4 10 269+04 102.1 10  27.0+0.5 102.3 10
28 27.7+0.3 10 283+0.5 102.2 10 275+04 99.1 10 279+04 100.7 10 28.2+0.6 101.8 10
35 29.0+0.4 10 284+1.0 97.8 10 29.0+04 99.8 10 29.0+04 100.0 10 29.5+0.7 101.7 10
42 302+0.5 10 309+0.6 102.1 10 302=+0.5 99.9 10 30.5+0.5 101.0 10 31.3+0.8 103.5 10
49 32.1£0.7 10 32.6+0.38 101.7 10 32.1+£05 100.1 10 322+0.7 100.6 10 32.7+£09 102.0 10
56 33.0+£0.8 10 33.5+0.7 101.7 10 32.7+0.5 99.0 10 33.0+0.5 100.1 10 33.6+0.8 101.9 10
63 34.1+£0.8 10 349+038 102.1 10 342+0.6 100.1 10 343+0.6 100.6 10 34.8+0.8 101.8 10
70 352+0.9 10 36.5+0.38 103.7 10 35.6+0.7 101.1 10 35.8+0.6 101.6 10 35.8+09 101.7 10
77 36.6 0.9 10 37.6+£09 102.7 10 36.6+0.7 100.1 10 36.8+0.7 100.7 10 37.1+09 101.5 10
84 37.8+0.9 10 38.6+09 102.1 10 379+0.8 100.2 10 38.1+0.7 101.0 10 37.8+0.9 99.9 10
91 39.0+£0.8 10 40.0£1.0 102.5 10 39.2+0.7 100.6 10 38.6+0.9 99.0 10 39.1+0.9 100.3 10

aStudy day 0 is the day animals were placed on study.
bStatistical analysis performed by the Jonckheere (trend) and Williams or Dunnett (pairwise) tests. No statistically significant findings were noted at p < 0.05.
“Weights shown are mean =+ standard error.
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Table 19. Summary of Survival and Body Weights of Female Mice in the Three-month Interim Evaluation during the Two-year Drinking

Water Study of Sulfolane

Study 0 mg/L 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L

PMLWe@™ 0 W@ oy " We®  Coweg 0 We® oo 0 W@ oy
0 16.7+0.3 10 169+0.4 101.4 10 17.8+0.3 106.6 10 17.0+£04 101.9 10 16.8+£0.6 100.6 10
7 182+0.3 10 18.0+£0.4 99.1 10 18.8+£0.2 103.5 10 18.1+04 99.3 10 179+04 98.4 10
14 19.3+0.3 10 19.5+04 101.3 10 20.2+0.3 104.6 10 19.7+04 102.3 10 192+04 99.5 10
21 20.1+£0.3 10 203+04 100.9 10 20.9+0.3 103.9 10 20.2+0.5 100.2 10 19.9+03 98.7 10
28 21.0+£0.2 10 21.5+0.6 102.5 10 220+04 105.0 10 21.3+£0.5 101.7 10 213+04 101.5 10
35 21.5+04 10 22.7+0.5 105.4 10 229+04 106.2 10 222+0.5 103.0 10 22.0+0.3 102.4 10
42 229+0.3 10 23.8+0.5 104.2 10 243+0.5 106.5 10 23.8+0.6 104.0 10 23.1+04 101.1 10
49 23.8+04 10 249+038 104.7 10 252404 105.9 10 242+0.7 101.8 10 243+04 102.1 10
56 246+ 0.6 10 25.6+0.8 104.2 10 26.1+0.5 106.1 10 24.5+0.6 99.6 10 23.8+0.7 96.9 10
63 25.1+0.5 10 267+12 106.1 10 26.9+0.6 107.1 10 25.7+0.8 102.5 10 246+09 98.1 10
70 25.5+0.6 10 27.6+13 107.9 10 28.1+0.7 110.1 10 26.8+1.0 104.8 10 26.5+0.6 103.9 10
77 25.6+0.7 10 28.6+1.5 111.9 10 28.3+0.7 110.5 10 27.1+1.1 106.0 10 27.5+0.8 107.6 10
84 27.0+0.6 10 29.7+1.7 109.8 10 28.8+0.8 106.6 10 27.4+0.8 101.3 10 282+0.8 104.1 10
91 27.9+0.7 10 314=+15 112.7 10 30.0+0.8 107.5 10 28.7+1.0 102.9 10 29.7+1.1 106.7 10

aStudy day 0 is the day animals were placed on study.

bStatistical analysis performed by the Jonckheere (trend) and Williams or Dunnett (pairwise) tests. No statistically significant findings were noted at p < 0.05.

“Weights shown are mean + standard error.
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Figure 5. Growth Curves for Male and Female Mice in the Three-month Interim Evaluation during
the Two-year Drinking Water Study of Sulfolane

Growth curves are shown for (A) males and (B) females.
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Water consumption by male and female mice in the interim evaluation was unaffected by
exposure (Table 20). Average chemical intake was calculated from study day 0 through study
day 91, and chemical intake generally increased in proportion to exposure concentration and was
similar between males and females (Table 20).

Table 20. Summary of Water and Sulfolane Consumption by Male and Female Mice in the
Three-month Interim Evaluation during the Two-year Drinking Water Study

itl‘t‘gryvgfﬁ 0 mg/L 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L

Male (g/kg/day)*!

0-7 1354+45(10) 1463+4.5(10) 1489+52(10) 148.1+4.9(10) 143.9+4.6 (10)

21-28 131.7+3.0(10) 122.8+3.4(8) 131.4+28(6) 1261=4.1(10) 1243+6.6(8)

84-91 95.9+53%* (10) 97.2+7.9(10) 89.9+3.1(10) 80.4=2.5%(9) 82.7+3.2%(10)

0-91 117.9+65(10) 112.6+3.6(10) 117.1£4.7(10) 109.9+3.2(10) 109.3 = 3.4 (10)
Chemical Intake (mg/kg/day)>’

0-91 0.0+0.0(10)  3.4+0.1(10) 11.7£05(10) 33.0+1.0(10) 109.3 3.4 (10)
Female (g/kg/day)

0-7 1260+ 53 (10) 1293+53(10) 119.5+4.4(10) 127.5+55(10) 123.9+3.1 (10)

21-28 1275+58(10) 1255+55(10) 1202+3.6(10) 1251463 (10) 121.0=3.5(10)

84-91 99.6+2.7(10) 92.9+48(10) 913+25(10) 948=3.6(10) 93.7+3.4(10)

0-91 119.9+£2.7(10) 115.0+43(10) 113.6+1.9(10) 1162+4.1(10) 117.9=4.0(10)
Chemical Intake (mg/kg/day)

0-91 00+00(10)  34+01(10) 11.4+£02(10) 349+12(10) 117.9+4.0(10)

Statistical significance for an exposed group indicates a significant pairwise test compared to the vehicle control group. Statistical
significance for the vehicle control group indicates a significant trend test.

*Statistically significant at p < 0.05; **p <0.01.

aPData are presented as mean + standard error (number of animals).

bStudy day 0 is the day animals were placed on study.

°Each exposed group was compared to the vehicle control group with the Shirley test when a trend was present (p < 0.01 from the
Jonckheere trend test) or with the Dunn test when no trend was present.

4Excludes water consumption data not collected for all animals at certain time points.

°Chemical intake calculated as: ([exposure concentration x water consumption]/[average body weight of day range]).

No statistical analysis performed on the chemical intake data.

There were no exposure-related effects observed in hematology or relative organ weights of
males or females (Appendix G). In both males and females, there were no exposure-related gross
or microscopic lesions.

Sperm count analysis was not conducted because of clumping during the measurement of sperm
parameters. No lesions were observed in the testis or epididymis after microscopic evaluation,
and sulfolane exposure did not affect estrous cyclicity parameters (Appendix G).

Plasma sulfolane concentrations were quantified in all exposed groups and were below the LOD
for the control group (Table 21). Average chemical intake in the internal concentration
assessment groups was calculated to be 3, 11, 32, and 103 mg/kg/day for males and 4, 12, 34,
and 112 mg/kg/day for females (Appendix G). Sulfolane concentrations were generally
consistent between male and female mice in the 30 and 100 mg/L groups, but plasma
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concentrations were approximately 2-fold and 13-fold higher in females than in males in the 300
and 1,000 mg/L groups, respectively. The proportional increase in sulfolane plasma
concentrations relative to exposure concentration was much higher in the female 300 and

1,000 mg/L groups, indicating a saturation in metabolism occurs at exposure concentrations
between 100 and 300 mg/L in females.

Table 21. Summary of Internal Concentration Data for Male and Female Mice in the Three-month
Interim Evaluation during the Two-year Drinking Water Study of Sulfolane

0 mg/L 30 mg/LL 100 mg/L 300 mg/L 1,000 mg/L
n 5 5 5 5 5
Sulfolane Plasma Concentration (ng/mL)*"
Male BD¢ 31.1+£13.5 184 +83.1 597 £ 286 624 £284
Female BD 244+ 8.48 198 £51.3 1,350 =770 8,020 = 1,900

BD = below detection; group did not have over 20% of its values above the limit of detection (LOD).

Data are presented as mean + standard error.
YIf over 20% of the animals in a group were above the LOD, one-half of the LOD value was substituted for values below the

LOD. LOD for plasma = 0.516 ng/mL.
°When the vehicle control group did not have over 20% of its values above the LOD, no mean or standard error was calculated,

and no statistical analysis was performed.

52



Sulfolane, NTP TR 605

Two-year Study

Chronic exposure to sulfolane did not affect the survival of male and female mice (Table 22;
Figure 6), and no clinical observations were attributable to exposure. There were no significant
effects on body weight attributed to sulfolane exposure (Table 23, Table 24; Figure 7).

Table 22. Summary of Survival of Male and Female Mice in the Two-year Drinking Water Study of
Sulfolane

0 mg/L 30 mg/L 100 mg/L 300 mg/LL. 1,000 mg/L

Male

Animals Initially in Study 50 50 50 50 50
Euthanized Moribund 5 12 5 4 7
Found Dead 11 10 10 14 13
Animals Surviving to Study Termination 34 28 35 32 30*
?Ziclﬁir:;caft’ir()olllal)ability of Survival at Study 63.0 56.0 70.0 64.0 60.0
Survival (Days)® 700.6 8.0 691.1+£85 6909+11.2 688.1+11.3 688.5+10.1
Survival Analysis? p=0.641 p=0972 p=1.000N p=1.000 p =1.000
Female

Animals Initially in Study 50 50 50 50 50
Euthanized Moribund 2 2 5 8 2
Found Dead 13 9 11 8 11
Animals Surviving to Study Termination 35 39 34 34 37
?Zﬁ?ntal;r(())fability of Survival at Study 70.0 73.0 68.0 63.0 74.0
Survival (Days) 7022 +8.1 703.6+9.6 695.7+10.7 689.5+12.5 690.1 +13.8
Survival Analysis p=0969N p=0.945N p=0.945 p =0.945 p=0.945N

Includes one animal that was euthanized moribund after the first day of necropsy.

"Kaplan-Meier determinations.

“Mean of all deaths (uncensored, censored, and study termination) + standard error.

9The result of the Tarone trend test is in the vehicle control group column, and the results of the Cox proportional hazards
pairwise comparisons to the vehicle control group are in the exposed group columns. A negative trend or lower mortality in an
exposure group is indicated by N.
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Figure 6. Kaplan-Meier Survival Curves for Male and Female Mice in the Two-year Drinking
Water Study of Sulfolane

Survival curves are shown for (A) males and (B) females.
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Table 23. Summary of Survival and Body Weights of Male Mice in the Two-year Drinking Water Study of Sulfolane

Study 0 mg/L 30 mg/LL 100 mg/L 300 mg/L 1,000 mg/L
a o ° o °
Pyt w. @®" Slﬁ'(\)r‘i\(/);'rs Wt (2) \gtfilgr/ool:)f Sli\ll‘(\)/'i\?(frs Wt (2) ‘g(:;lgr/ool(s))f Slﬁ'(\)r‘i\(/);'rs Wt (2) \gtfilgr/ool:)f Slﬁ'(\)r‘i\(/);'rs Wt (g) ‘g(:;lgr/ool(s))f Slﬂ(\)/.is?ofrs

0 225+0.1 50 22.6+0.1 100.1 50 22.7+0.1  100.6 50 22.6+0.1  100.1 50 22.5+0.1 99.7 50
24.6 +£0.1 50 24.6 +0.1 99.9 50 24.6 +0.1 99.8 50 24.4+0.1 99.1 50 24.4+0.1 99.2 50

14 262+0.1 50 25.9+0.1 98.9 50 26.0+0.1 99.2 50 25.9+0.2 98.8 50 25.9+0.2 98.8 50
21  26.6+0.1 50 26.9+0.2 101.2 50 269+0.2 101.2 50 27.1+0.2 102.0 50 269+0.2 101.3 50
28 28.0+0.2 50 28.1+0.2 100.2 50 27.9+0.2 99.8 50 28.2+0.2 1009 50 28.0+0.2  100.0 50
35 29.6+02 50 29.3+0.2 99.2 50 29.2+0.2 98.7 50 29.5+0.3 99.9 50 29.3+0.2 99.0 50
42 30.8+0.3 50 30.7+0.3 99.7 50 30.8+0.3 99.7 50 309+£0.3 100.3 50 30.8+0.3 99.8 50
49 325403 50 325+0.3 99.8 50 325+0.3 99.9 50 327+£0.3 100.6 50 325+0.3 99.8 50
56 33603 50 33.3+03 99.1 50 33.0+0.3 98.4 50 33.5+03 99.9 50 33.2+0.3 99.0 50
63 349+03 50 344403 98.7 50 344403 98.6 50 34704 99.5 50 345+04 99.0 50
70 362+04 50 35.7+0.3 98.8 50 358+04 99.0 50 36.1£04 99.8 50 35704 98.7 50
77 375+£04 50 369+ 04 98.6 50 369+ 04 98.5 50 37.2+04 99.2 50 36.9+04 98.5 50
84 385+04 50 383+04 99.3 50 38.2+04 99.2 50 38,604 100.3 50 383+04 99.3 50
91 399+05 50 39.5+04 99.1 50 39.6+£04 99.3 50 39.8+04 99.8 50 39.6+04 99.4 50
119 442+0.5 50 440+ 0.4 99.5 50 439+0.5 99.2 50 443+0.5 100.2 50 43.8+0.5 99.1 50
147 473+0.5 50 47.0+0.4 99.4 50 46.5+0.4 98.4 50 46.6 0.5 98.5 494 46.7+0.4 98.8 50
175 48.8+0.4 50 49.0+0.4 100.4 50 48.7+0.3 99.9 50 48.7+0.3 99.8 50 48.8+0.4  100.1 50
203 50.0+0.4 50 502+0.3 100.3 50 49.8+0.3 99.5 50 50.1£0.3  100.1 50 50.1£0.3  100.1 50
231 50.5+0.6 50 519+04 102.7 50 51.0£0.3 1009 50 51.3+£0.3 101.6 49¢ 51.1+£03 101.1 50
259 52.8+04 50 529+04 100.0 50 524+03 99.2 50 52.7+04 99.6 50 52.6+0.3 99.6 50
287 53.7+04 50 53.6+04 99.9 50 533+03 99.2 50 533+04 99.2 50 53.6+04 99.7 50
315 549+04* 50 545+04 99.4 50 53.8+04 98.1 50 539+04 98.3 50 540+04 98.4 50
343 554+04* 50 550+04 99.3 50 54.1+04 97.7 50 545+04 98.4 50 546+04 98.7 50
371 554+04 50 552+0.5 99.6 50 544+0.5 98.3 50 54.7+0.5 98.8 50 55.1+04 99.4 50
399 552+04 50 552+0.5 100.0 50 544+04 98.5 49 55.0+0.5 99.5 50 550+04 99.5 49
427 555+0.5 50 553+0.5 99.7 50 54.5+0.5 98.2 49 552+0.5 99.4 48 553+04 99.7 49
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Study 0 mg/LL 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L
a o ° o °

PR W@ guvivors Y@ Control Survivors o ®  Contraly Suvivors - ®  Contratyy Survivors V¢ @ Controly) Survvors
455 55.7+0.6 50 553+£0.6 99.2 50 54.9+0.5 98.4 49 553+0.5 99.2 48 553+0.5 99.2 49
483 559+0.6 49 55.8+£0.6 99.8 50 54.3+0.7 97.0 49 55.5+0.6 99.1 48 55.3+0.6 98.8 49
511 56.1+0.7 49 55.0£0.8 98.0 49¢ 53.8+£0.8 95.8 48 55.1+£0.7 98.2 48 54.6 £0.8 97.2 49
539 553+0.8 48 54.4+0.8 98.5 49 53.6+0.9 97.0 47 54.9+0.8 99.3 46 539+1.0 97.5 49
567 543+0.9 48 53.5+£0.9 98.5 46 52.7+0.9 97.0 44 53.5+0.9 98.4 46 53.7+£1.0 98.8 45
595 52.8+1.1 48 51.6+1.1 97.8 43 50.5+ 1.1 95.7 42 52.6+1.0 99.6 43 53.1+1.1 100.6 44
623 529+1.2 45 50.7+1.3 95.8 42 492+1.3 93.0 41 51.3+£1.2 97.0 42 52.6+1.3 99.4 43
651 49.7+14 43 48.5+ 1.4 97.5 38 48.1+1.4 96.8 40 494+1.3 99.4 38 533+14 107.1 38
679 492+15 37 46.2 + 1.7 93.9 35 46.6 = 1.6 94.8 39 474+1.5 96.3 37 51.8+1.5 1052 36
707 49.2+14 36 455+1.9 92.6 32 45.1+1.7 91.8 37 459+ 1.7 933 36 51.8+1.5 1053 32

Statistical significance for the vehicle control group indicates a significant trend test.

*Statistically significant at p < 0.05.

aStudy day 0 is the day animals were placed on study.

bStatistical analysis performed by Jonckheere (trend) and Williams or Dunnett (pairwise) tests.

“Weights shown are mean =+ standard error.

4One animal weight was excluded from analysis on the indicated study day.

°One animal weight was excluded as an outlier and thus excluded from analysis on the indicated study day.
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Table 24. Summary of Survival and Body Weights of Female Mice in the Two-year Drinking Water Study of Sulfolane

Study 0 mg/LL 30 mg/LL 100 mg/L 300 mg/L 1,000 mg/L
Pyt w. ®" Slﬂ(\)/.is?ofrs Wt (2) \g;;lg/;lg)f Sli\ll'(\)"i\(’)(fl‘s Wt (2) ‘g(:;lgﬁl(s))f Sli\ll'(\)/'i\?(frs Wt (2) \g;;lg/;lg)f Sli\ll'(\)"i\(’)(fl‘s Wt (2) \éltfilgor/ool:)f Slﬂ(\)/.is?ofrs

0 175+02 50 17.5+£0.1 100.1 50 17.4+0.2 99.2 50 17.5+£0.2 99.8 50 17.6 0.2 100.3 50
7 18.6+02 50 18.6 £ 0.1 99.7 50 18.4+0.2 98.8 50 18.7+0.1 100.3 50 18.5+0.1 99.2 50
14 199+0.2 50 19.8+£0.1 99.3 50 19.8+0.2 99.6 50 19.7+£0.2 99.0 50 19.7+0.2 98.8 50
21 20.7+02 50 20.6£0.2 99.2 50 20.8+0.2 100.2 50 20.6£0.2 99.1 50 20.7+0.2 99.9 50
28 21.7+02 50 21.3+£0.2 98.3 50 21.8+0.2 100.4 50 21.5+£0.2 99.2 50 21.6+0.2 99.6 50
35 223+02 50 222402 99.5 50 22.3+0.2 99.7 50 222402 99.5 50 22.3+0.2 99.8 50
42 23.8+02 50 23.5+0.2 99.0 50 23.6+0.3 99.1 50 23.7+£0.2 99.5 50 23.6+0.2 99.1 50
49 24.6+03 50 24.6+0.2 100.1 50 24.5+0.3 99.7 50 24.7+0.2 100.4 50 24.8+0.3 100.9 50
56 253+03 50 252+0.3 99.9 50 253+0.3 100.1 50 253+0.3 100.3 50 249+0.3 98.8 50
63  265+04 50 259+0.3 97.8 50 264 +0.3 99.6 50 262+0.3 99.1 50 26.2+0.3 98.9 50
70 272+04 50 27.0+£0.4 99.1 50 269+ 0.4 98.8 50 27.0+£0.3 99.2 50 26.9+0.3 98.8 50
77 282+0.5 50 27.9+0.4 99.0 50 27.5+0.4 97.5 50 28.2+0.4 100.1 50 28.1+0.4 99.7 50
84 29.0+0.5 50 293+04 100.8 50 28.5+0.4 98.3 50 29.0+0.4 100.0 50 29.0+0.4 99.8 50
91 302+05 50 30.1+0.5 99.6 50 29.7+0.5 98.5 50 29.8+0.4 98.8 50 29.9+0.4 99.0 50
119 347+0.6 50 343+0.6 99.0 50 343+0.6 98.9 50 350+0.5 100.9 50 343+0.5 98.9 50
147 38.6+0.7 50 37.6+0.6 97.4 50 38.2+0.7 98.8 50 39.1+0.6 101.4 50 38.6+0.6 100.0 50
175 42.4+0.7% 50 41.8+£0.6 98.6 50 41.9+0.8 98.8 50 43.7+£0.7 103.2 50 432+0.6 101.9 50
203 45.1+0.7 50 45.1+£0.7 100.0 50 453 +0.8 100.4 50 46.8+£0.7 103.8 50 46.0 £ 0.7 101.9 50
231 48.5+0.7% 50 48.7+£0.7 100.4 50 48.7+0.8 100.4 50 50.6+0.8 104.2 50 50.0+0.7 103.1 50
259 523+0.7 50 52.3+0.7 99.8 50 52.2+0.9 99.7 50 53.4+0.8 102.0 50 53.6+0.8 102.5 50
287 543 +0.6% 50 54.4+0.7 100.2 50 54.5+0.9 100.3 50 56.0 0.7 103.2 50 55.4+0.7 102.0 50
315 56.0+0.6 50 56.2+0.7 100.5 50 55.8+0.8 99.8 49 57.0+0.6 101.8 49 56.3+0.7 100.6 49
343 57.8+0.6 50 58.0+0.6 100.3 50 58.1+0.7 100.5 49 58.6+0.6 101.4 49 57.8+0.7 99.9 49
371 59.1+0.5 50 59.2+0.6 100.2 50 59.3+0.7 100.4 49 59.7+0.6 101.0 49 59.0+0.6 99.8 474
399 58.6+0.5 50 59.3+0.6 101.2 49 59.6+0.7 101.8 49 59.2+0.7 101.1 49 58.4+0.8 99.7 48
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Study 0 mg/LL 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L

P WE@ guvivors Y ©  Conraly suvvars M@ Contraly Survivars V¢ @ Control) Survivors V¢ ®  Controly) Survivors
427 59.1+£0.6 50 60.0+0.6 101.5 49 60.7 £ 0.7 102.8 49 60.5+0.7 102.4 48 60.0+£0.8 101.5 47
455 60.7 +0.6* 50 60.4+£0.7 99.5 49 61.5+0.8 101.3 49 62.0£0.6 102.1 48 61.2+1.0 100.7 47
483 61.8+0.7 50 61.4+£0.7 99.3 49 61.9+0.9 100.1 49 62.9+0.8 101.9 48 62.1+1.1 100.6 46
511 60.9 +0.9* 48 60.8+0.8 99.9 48 61.4+1.1 100.8 49 62.2+0.8 102.2 48 623+1.1 102.3 46
539 60.0+1.2* 48 60.7+ 0.9 101.1 48 604+1.3 100.5 48 62.2+£09 103.6 45 62.0+1.1 103.3 46
567 599+1.2 47 61.4+0.8 102.5 46 613+1.2 102.4 46 61.1+1.1 102.0 45 622+ 1.1 103.9 46
595 59.3+1.2% 45 60.6+0.8 102.0 46 60.1+1.3 101.2 46 60.8 1.1 102.5 44 61.9+1.2 104.4 44
623 589+1.2 45 60.5+1.0 102.7 46 60.1+1.5 102.1 44 59.8+1.4 101.5 44 60.7+1.3 103.0 44
651 583+13 44 60.7+ 1.0 104.1 45 59.1+1.6 101.3 44 599+1.6 102.7 42 599+13 102.8 43
679 56.7+1.5 41 58.8=+1.1 103.7 43 58.6+1.7 103.4 40 60.1+1.3 106.1 40 58.8+1.2 103.8 43
707 563+ 1.4 38 56.8+1.1 100.9 42 56.7+1.8 100.6 37 55.8+1.4 99.0 39 55.8+1.5 99.1 39

Statistical significance for the vehicle control group indicates a significant trend test.
*Statistically significant at p < 0.05.
aStudy day 0 is the day animals were placed on study.

bStatistical analysis performed by Jonckheere (trend) and Williams or Dunnett (pairwise) tests.
“Weights shown are mean + standard error.

4One animal weight was excluded as an outlier and thus excluded from analysis on the indicated study day.
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Figure 7. Growth Curves for Male and Female Mice in the Two-year Drinking Water Study of
Sulfolane

Growth curves are shown for (A) males and (B) females.
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Water consumption by male and female mice over the 2-year study period was unaffected by
exposure (Table 25). Although slight differences in consumption between exposed groups and
control groups were noted, these changes were intermittent and likely due to variability in body
weights. Average chemical intake was calculated over the study day 0-707 interval. Generally,
chemical intake increased in proportion to exposure concentration; additionally, intake by
females was consistently lower than that of males throughout the 2-year study period (Table 25).

Table 25. Summary of Water and Sulfolane Consumption by Male and Female Mice in the
Two-year Drinking Water Study

Study Day

Interval®® 0 mg/L 30 mg/LL 100 mg/L 300 mg/L 1,000 mg/L
Male (g/kg/day)*
0-7 156.5 £4.1 (50) 1485+2.0(49) 151.7+33(49) 1494+3.2(50) 150.2+2.4(50)
84-91 86.3£2.1(45) 852+ 1.4 (47) 86.4+1.6 (47) 83.1£1.6 (48) 83.4+£1.3(45)
392-399 78.5+ 1.6 (45) 82.3+2.4(49) 81.0+2.1(48) 80.6 £2.0 (50) 76.6 £ 1.7 (49)
700-707 109.2+£6.7(35) 136.5+13.0(32) 1452+14.2(36) 1334+12936) 97.7+£7.5(32)
0-707 93.6 £ 1.7* (36) 92.4+1.3(32) 94.0+ 1.5 (37) 93.4+1.8(36) 88.7+1.5(32)

Chemical Intake (mg/kg/day)®*

0-707 0.0+ 0.0 (36) 2.8+0.0 (32) 9.4+0.2(37) 28.0 + 0.6 (36) 88.7+1.5(32)
Female (g/kg/day)
0-7 125.4+£3.5(17) 1266 £3.1 (17) 123.9+73(17) 1249+4.4(17) 1254+3.4(17)
84-91 94.0+3.0(17) 95.0£22(17) 101.4+£54(17) 91.6+2.3(17) 97.8+4.4(17)
392-399 442+13(17) 43.1+1.1(17) 454+1.2(117) 454+1.6(17) 478 +2.1(17)
700-707 62.2+4.4(16) 61.1+3.6(17) 67.5+4.6 (16) 75.9+8.5(17) 67.8+5.6 (17)
0-707 65.4+1.8(16) 64.3+1.0(17) 66.2+ 1.3 (16) 64.9+1.3(17) 653+ 1.3(17)

Chemical Intake (mg/kg/day)

0-707 0.0 0.0 (16)

1.9+ 0.0 (17)

6.6+0.1(16)

19.5 + 0.4 (17)

65.3+1.3(17)

Statistical significance for an exposed group indicates a significant pairwise test compared to the vehicle control group. Statistical
significance for the vehicle control group indicates a significant trend test.

*Statistically significant at p < 0.05.

aPData are presented as mean + standard error (number of cages).

Study day 0 is the day animals were placed on study.
°Each exposure group was compared to the vehicle control group with the Shirley test when a trend was present (p < 0.01 from
the Jonckheere trend test) or with the Dunn test when no trend was present.

dChemical intake calculated as: ([exposure concentration X water consumption]/[average body weight of day range]).
“No statistical analysis performed on the chemical intake data.

Histopathology

This section describes the statistically significant or biologically noteworthy changes in the
incidences of neoplasms and/or nonneoplastic lesions of all organs (systemic), liver, and ovary.

All organs (systemic): In male mice, the incidence of hemangioma in all organs was higher in the
100 mg/L group relative to the control group; the incidence of hemangiosarcoma in all organs
was higher in the 30, 100, and 1,000 mg/L groups relative to the control group; and the incidence
of hemangioma or hemangiosarcoma (combined) in all organs was higher in the 30, 100, and
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1,000 mg/L groups relative to the control group (Table 26). Only the incidences of
hemangiosarcoma alone and hemangioma or hemangiosarcoma (combined) exhibited positive
trends and were significantly increased in the 1,000 mg/L group, using pairwise comparisons to
the control group. The incidence of hemangioma in all organs exceeded the historical control
range for all routes of exposure in the 100 mg/L group. The incidence of hemangiosarcoma
exceeded the historical control range for all routes in the 30 and 1,000 mg/L groups, and the
incidence of hemangioma or hemangiosarcoma (combined) exceeded the historical control range
in the 30, 100, and 1,000 mg/L groups. There were no corresponding increases in lesion
incidences observed in sulfolane-exposed female mice.

Hemangiomas and/or hemangiosarcomas were observed in the liver, spleen, bone marrow, heart,
mesenteric lymph node, prostate, skeletal muscle, and skin. Significantly increased incidences of
hemangiosarcoma, using a pairwise comparison to the control group, were seen in the spleen of
males exposed to 30 mg/L and in the liver of males exposed to 1,000 mg/L sulfolane. Positive
trends were observed for hemangiosarcoma in the liver and for hemangioma in the spleen. In the
liver, the incidence of hemangiosarcoma in the 30 and 1,000 mg/L groups exceeded the historical
control range for all routes of exposure. The incidences of hemangioma in the mesenteric lymph
node in the 100 mg/L group and in the spleen in the 1,000 mg/L group also exceeded the
historical control range for all routes of exposure. The incidences of hemangiosarcoma in the
spleen in the 30 mg/L group and in the mesenteric lymph node in the 100 mg/L group exceeded
the historical control range for all routes of exposure.

Table 26. Incidences of Hemangioma or Hemangiosarcoma of All Organs (Systemic) and Select
Organs in Male and Female Mice in the Two-year Drinking Water Study of Sulfolane

0 mg/L 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L
n? 50 50 50 50 50
Male
All Organs
Hemangioma®
Overall rate® 2/50 (4%) 1/50 (2%) 3/50 (6%) 1/50 (2%) 2/50 (4%)
Adjusted rate¢ 4.44% 2.31% 6.8% 2.3% 4.56%
Terminal rate® 2/34 (6%) 1/28 (4%) 2/35 (6%) 1/32 (3%) 0/29 (0%)
First incidence (days) 730 (T) 730 (T) 675 730 (T) 565
Poly-3 test p =0.603 p=0.871 p=0.491 p=0.872 p=0.685
Hemangiosarcoma$
Overall rate 3/50 (6%) 6/50 (12%) 4/50 (8%) 3/50 (6%) 12/50 (24%)
Adjusted rate 6.67% 13.32% 8.91% 6.8% 26.8%
Terminal rate 3/34 (9%) 2/28 (7%) 2/35 (6%) 1/32 (3%) 6/29 (21%)
First incidence (days) 730 (T) 552 523 626 567
Poly-3 test p=0.002 p=0.242 p =0.498 p=0.653 p=0.010
Hemangiosarcoma or Hemangioma (Combined)"
Overall rate 4/50 (8%) 7/50 (14%) 7/50 (14%) 4/50 (8%) 14/50 (28%)
Adjusted rate 8.89% 15.54% 15.53% 9.07% 30.79%
Terminal rate 4/34 (12%) 3/28 (11%) 4/35 (11%) 2/32 (6%) 6/29 (21%)
First incidence (days) 730 (T) 552 523 626 565
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0 mg/L 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L
Poly-3 test p =0.003 p=0.261 p=0.261 p=0.632 p =0.008
Liver
Hemangioma'
Overall rate 2/50 (4%) 1/50 (2%) 0/50 (0%) 1/50 (2%) 0/50 (0%)
Adjusted rate 4.44% 2.31% 0% 2.3% 0%
Terminal rate 2/34 (6%) 1/28 (4%) 0/35 (0%) 1/32 (3%) 0/29 (0%)
First incidence (days) 730 (T) 730 (T) — 730 (T) -
Poly-3 test p=10.941 p=0.871 p=0.983 p=0.872 p=0.983
Hemangiosarcoma®
Overall rate 3/50 (6%) 5/50 (10%) 3/50 (6%) 2/50 (4%) 11/50 (22%)
Adjusted rate 6.67% 11.24% 6.69% 4.57% 24.57%
Terminal rate 3/34 (9%) 2/28 (7%) 1/35 (0%) 1/32 (3%) 529 (17%)
First incidence (days) 730 (T) 566 523 626 567
Poly-3 test p =0.002 p=0.350 p=10.661 p=0.811 p=0.018
Spleen
Hemangioma!
Overall rate 0/49 (0%) 0/50 (0%) 0/50 (0%) 0/50 (0%) 2/50 (4%)
Adjusted rate 0% 0% 0% 0% 4.56%
Terminal rate 0/34 (0%) 0/28 (0%) 0/35 (0%) 0/32 (0%) 0/29 (0%)
First incidence (days) - - - - 565
Poly-3 test p=0.019 (e) (e) (e) p=0.234
Hemangiosarcoma™
Overall rate 0/49 (0%) 5/50 (10%) 1/50 (2%) 1/50 (2%) 3/50 (6%)
Adjusted rate 0% 11.17% 2.25% 2.3% 6.88%
Terminal rate 0/34 (0%) 2/28 (7%) 0/35 (0%) 1/32 (3%) 1/29 (3%)
First incidence (days) - 552 523 730 (T) 666
Poly-3 test p=0.371 p=10.031 p =0.500 p=0.495 p=0.115
Bone Marrow
Hemangiosarcoma®™° 0/50 (0%) 2/50 (4%) 0/50 (0%) 0/50 (0%) 1/50 (2%)
Heart
Hemangiosarcoma®P 0/50 (0%) 0/50 (0%) 0/50 (0%) 1/50 (2%) 0/50 (0%)
Mesenteric Lymph Node
Hemangioma®P* 0/50 (0%) 0/48 (0%) 1/47 (2%) 0/49 (0%) 0/47 (0%)
Hemangiosarcoma®P 0/50 (0%) 0/48 (0%) 1/47 (2%) 0/49 (0%) 0/47 (0%)
Prostate
Hemangioma®P 0/50 (0%) 0/50 (0%) 1/50 (2%) 0/50 (0%) 0/50 (0%)
Skeletal Muscle
Hemangiosarcoma®" 0/2 (0%) 0/2 (0%) 0/1 (0%) 0/0 (0%) 2/3 (67%)
Skin
Hemangioma®P 0/50 (0%) 0/50 (0%) 1/50 (2%) 0/50 (0%) 0/50 (0%)
Hemangiosarcoma®® 0/50 (0%) 2/50 (4%) 0/50 (0%) 1/50 (2%) 1/50 (2%)
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0 mg/L 30 mg/LL 100 mg/L 300 mg/L 1,000 mg/L
Female
All Organs
Hemangioma®
Overall rate 3/50 (6%) 2/50 (4%) 3/50 (6%) 4/50 (8%) 3/50 (6%)
Adjusted rate 6.52% 4.32% 6.59% 9.03% 6.7%
Terminal rate 2/35 (6%) 2/39 (5%) 2/34 (6%) 4/34 (12%) 3/37 (8%)
First incidence (days) 630 728 (T) 560 728 (T) 728 (T)
Poly-3 test p=0.504 p=0.821 p=0.657 p=0.479 p=0.649
Hemangiosarcoma*
Overall rate 1/50 (2%) 2/50 (4%) 3/50 (6%) 2/50 (4%) 3/50 (6%)
Adjusted rate 2.19% 4.32% 6.57% 4.49% 6.63%
Terminal rate 1/35 (3%) 2/39 (5%) 0/34 (0%) 1/34 (3%) 2/37 (5%)
First incidence (days) 728 (T) 728 (T) 598 651 574
Poly-3 test p=0.344 p=0.504 p =0.305 p=0.491 p=10.302
Hemangiosarcoma or Hemangioma (Combined)”
Overall rate 4/50 (8%) 4/50 (8%) 6/50 (12%) 6/50 (12%) 6/50 (12%)
Adjusted rate 8.69% 8.65% 12.99% 13.46% 13.25%
Terminal rate 3/35 (9%) 4/39 (10%) 2/34 (6%) 5/34 (15%) 5/37 (14%)
First incidence (days) 630 728 (T) 560 651 574
Poly-3 test p=0.325 p =0.646 p=0.371 p=0.349 p=0.359

(T) = terminal euthanasia; (e) = value of statistic could not be computed.

Number of animals with tissue examined microscopically.

PHistorical control incidence for all routes of 2-year studies (mean + standard deviation): 6/439 (1.39% =+ 1.41%); range 0% to
4%.

“Number of animals with neoplasm/number of animals necropsied.

4Poly-3 estimated neoplasm incidence after adjustment for intercurrent mortality.

¢Observed incidence at study termination.

Beneath the control incidence is the p value associated with the trend test. Beneath the exposed group incidence is the p value
corresponding to pairwise comparisons between the control group and that exposed group. The Poly-3 test accounts for
differential mortality in animals that do not reach study termination. All trend and pairwise p values are reported as one-sided.
gHistorical control incidence: 21/439 (5.03% + 2.58%); range: 2% to 10%.

"Historical control incidence: 26/439 (6.18% =+ 2.79%); range: 3% to 12%.

Historical control incidence: 4/439 (1% + 1.51%); range: 0% to 4%.

Not applicable; no neoplasms in group.

Historical control incidence: 10/439 (2.39% + 2.61%); range: 0% to 6%.

'Historical control incidence: 0/433 (0% + 0%); range: 0%.

MHistorical control incidence: 9/433 (2.28% + 2.76%); range: 0% to 8%.

"Historical control incidence: 2/437 (0.5% =+ 1.41%); range: 0% to 4%.

°Statistical analysis performed by Poly-3 test. No statistically significant findings were noted at p < 0.05.

PNo trend or pairwise statistical tests were performed on these data. A Poly-3 analysis was conducted only if the incidence in at
least one of the groups was >2.

dHistorical control incidence: 0/439 (0% = 0%); range: 0%.

"Historical control incidence: 1/439 (0.14% =+ 0.39%); range: 0% to 1%.

SNumber of animals with neoplasm/number of tissues examined microscopically.

‘No trend or pairwise statistical tests were performed on these data. A Poly-3 analysis was not conducted in tissues when
histopathological evaluation was conducted only because a gross lesion was found.

UHistorical control incidence: 1/439 (0.25% + 0.71%); range: 0% to 2%.

VHistorical control incidence: 3/439 (0.64% = 1.41%); range: 0% to 4%.

“Historical control incidence: 11/490 (2.05% + 2.29%); range: 0% to 6%.

*Historical control incidence: 13/490 (2.69% + 1.99%); range: 0% to 6%.

YHistorical control incidence: 24/490 (4.74% + 2.5%); range: 2% to 8%.
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Liver: In female mice, the incidence of hepatocellular carcinoma in the liver was significantly
increased in the 1,000 mg/L group, with a positive trend (Table 27). These are relatively
common neoplasms in B6C3F1/N mice, and the incidence in all exposure groups, with the
exception of the 1,000 mg/L group, was within the historical control range for all routes of
exposure. The incidence of hepatocellular adenoma or carcinoma (combined) exhibited a
positive trend, but all groups were within the historical control range for all routes of exposure.
The incidences of other hepatocellular neoplasms in female mice were not considered
exposure related.

In male mice, the incidence of mixed cell focus was significantly increased in the 30, 100, and
300 mg/L groups relative to the control group (Table 27). In female mice, the incidence of clear
cell focus exhibited a positive trend, and the incidence of focal fatty change was significantly
increased in the 100 and 300 mg/L groups relative to the control group.

Table 27. Incidences of Neoplastic and Nonneoplastic Lesions of the Liver in Male and Female Mice
in the Two-year Drinking Water Study of Sulfolane

0 mg/L 30 mg/LL 100 mg/L 300 mg/L. 1,000 mg/L
n? 50 50 50 50 50
Male
Mixed Cell Focus (Includes Multiple)® 6 18** 15* 13* 7
Female
Clear Cell Focus (Includes Multiple)® 4* 4 6 4 10
Fatty Change, Focal® 1 (1.0 5(1.2) 8* (1.1) 11*% (1.1) 2 (1.0)
Hepatocellular Adenoma?
Overall rate® 10/50 (20%)  5/50 (10%)  6/50 (12%)  11/50 (22%) 11/50 (22%)
Adjusted rate’ 21.57% 10.81% 13.23% 24.5% 24.54%
Terminal rate® 7/35(20%)  5/39 (13%)  5/34 (15%)  10/34 (29%) 10/37 (27%)
First incidence (days) 567 728 (T) 623 529 713
Poly-3 test" p=0.119 p=0.955 p =0.908 p =0.466 p = 0.465
Hepatocellular Carcinoma'
Overall rate 2/50 (4%) 3/50 (6%) 5/50 (10%)  5/50 (10%)  8/50 (16%)
Adjusted rate 4.38% 6.47% 10.99% 11.23% 17.51%
Terminal rate 2/35 (6%) 2/39 (5%) 3/34 (9%) 4/34 (12%)  5/37 (14%)
First incidence (days) 728 (T) 706 653 664 592
Poly-3 test p=10.030 p=0.507 p=0.214 p=0.205 p =0.045
Hepatocellular Adenoma or Carcinoma (Combined)
Overall rate 11/50 (22%) 8/50 (16%) 10/50 (20%) 16/50 (32%) 18/50 (36%)
Adjusted rate 23.72% 17.26% 21.79% 35.45% 39.34%
Terminal rate 8/35(23%)  7/39 (18%)  7/34 (21%)  14/34 (41%) 14/37 (38%)
First incidence (days) 576 706 623 529 592
Poly-3 test p=0.010 p=0.847 p=10.680 p=0.157 p =0.080

Statistical significance for an exposed group indicates a significant pairwise test compared to the vehicle control group. Statistical
significance for the vehicle control group indicates a significant trend test.
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*Statistically significant at p < 0.05; **p < 0.01.

(T) = terminal euthanasia.

“Number of animals with tissue examined microscopically.

"Number of animals with lesion. For nonneoplastic lesions, each exposed group was compared to the vehicle control group using
the Poly-3 test.

°Average severity grade of lesions in affected animals: 1 = minimal, 2 = mild, 3 = moderate, 4 = marked.

dHistorical control incidence for all routes of 2-year studies (mean + standard deviation): 83/489 (16.59% =+ 7.01%); range: 6%
to 24%.

“Number of animals with neoplasm/number of animals necropsied.

fPoly-3-estimated neoplasm incidence after adjustment for intercurrent mortality.

g0bserved incidence at terminal euthanasia.

"Beneath the control incidence is the p value associated with the trend test. Beneath the exposed group incidence is the p value
corresponding to pairwise comparisons between the control group and that exposed group. The Poly-3 test accounts for
differential mortality in animals that do not reach study termination. All trend and pairwise p values are reported as one-sided.
Historical control incidence: 28/489 (5.44% + 3.97%); range 2% to 14%.

IHistorical control incidence: 104/489 (20.68% + 9.23%); range: 8% to 36%.

Ovary: In female mice, the incidence of follicular cysts was significantly increased in the 30,
300, and 1,000 mg/L groups compared to the control group (Table 28). The toxicological
significance of this finding is unknown.

Table 28. Incidences of Nonneoplastic Lesions of the Ovary in Female Mice in the Two-year
Drinking Water Study of Sulfolane

0 mg/L 30 mg/L 100 mg/L 300 mg/L 1,000 mg/L
n? 48 46 47 48 49
Follicles, Cyst® 2 9* 3 1%* 9

Statistical significance for an exposed group indicates a significant pairwise test compared to the vehicle control group.
*Statistically significant at p < 0.05; **p <0.01.

Number of animals with tissue examined microscopically.

"Number of animals with lesion. Each exposed group was compared to the vehicle control group using the Poly-3 test.

Genetic Toxicology

The genetic toxicity of sulfolane was evaluated in the peripheral blood micronucleus tests in rats
and mice after exposure to sulfolane via drinking water. Micronucleated reticulocytes were not
increased in male and female rats exposed to sulfolane for 3 months via drinking water (0, 30,
100, 300, 1,000 mg/L) (Table E-1), and there were no increases in micronucleated reticulocytes
and micronucleated erythrocytes in male and female mice exposed to sulfolane for 3 months via
drinking water (0, 30, 100, 300, 1,000 mg/L) (Table E-2). A positive trend in the percentage of
reticulocytes was observed in female rats in the 3-month study, but the increase was within the
historical control 95% confidence interval. Data from all NTP genetic toxicity tests with
sulfolane are available in the NTP Chemical Effects in Biological Systems database:
https://doi.org/10.22427/NTP-DATA-TR-605.7
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Discussion

Sulfolane was nominated for study because of exposure concerns for residents surrounding a
refinery in North Pole, Alaska. Because of likely long-term exposure and the presence of
sulfolane around other similar refineries, these 2-year carcinogenicity studies in rats and mice
were conducted. Drinking water was selected as the route of exposure, with 1,000 mg/L as the
highest exposure concentration, on the basis of previously published National Toxicology
Program (NTP) studies and the literature. The design of this study included several evaluations
of potential developmental toxicity in rats and interim evaluations in both rats and mice,
including measurements of internal exposure.

Marginal effects were observed following sulfolane exposure during gestation and lactation.
Reduced male and female pup weights (up to 11%) in the 1,000 mg/L groups compared to
control rats was the only exposure-related finding. This observation is consistent with the OECD
421 study,?%** as maternal exposures of 200 mg/kg/day showed minimal effects. Sulfolane
intake in the current study was 126 mg/kg/day during gestation (gestational day [GD] 6-21) and
206 mg/kg/day during lactation (lactational day [LD] 1-14). Vaginal opening was delayed in the
300 and 1,000 mg/L F: female rats, with and without adjustment for body weight at weaning.
This observation is suggestive of sulfolane inducing a developmental delay in female rats at
these exposure concentrations in a developmental endpoint that has not been evaluated in other
sulfolane studies.

The interim evaluation in rats and mice at 3 months showed marginal effects in male rats, with
reduced body weights that were <10% different from control values. Clinical chemistry (rats
only), hematology, and organ weights were unaffected by sulfolane exposure in rats and mice. In
female rats, no effects were observed in lymphocyte counts, whereas a significant decrease in
lymphocyte counts was previously observed in female rats exposed to >100 mg/L sulfolane in
another 3-month drinking water study.?® Although this observation is inconsistent with the
Huntingdon Life Sciences (HLS) 2001 drinking water study, marginal to no exposure-related
effects on white blood cell counts were observed in other studies within the NTP research
program on sulfolane, including in studies that evaluated multiple species after 28 days of
exposure to sulfolane* or in immunotoxicity studies of sulfolane.’ The reason for this is unclear.
Additionally, no exposure-related nonneoplastic lesions in immune tissues were observed in
these 3-month interim or 2-year studies.

Kidney pathological observations in previous studies on male rats included hyaline droplet
accumulation and/or cortical tubular basophilia and granular casts in multiple exposure groups®
28: however, no exposure-related effects in the kidney were observed in this study at the interim
or 2-year evaluations. Hyaline droplet accumulation in the NTP 28-day gavage study was
significantly increased in all exposed groups (1-800 mg/kg/day), while similar increases were
only observed in the higher exposed groups of 400 and 1,600 mg/L (35.0 and 131.7 mg/kg/day,
respectively) in the HLS drinking water study. This suggests that the method of administration
(e.g., drinking water versus gavage) influences these kidney lesions, likely because of
absorption, distribution, metabolism, and exposure (ADME) differences. It is not clear why there
was a lack of these findings in the current studies, as chemical intake from weaning to the
3-month interim evaluation (postnatal day [PND] 28—119) averaged 80 mg/kg/day in the

1,000 mg/L male rats, which was within the range of the higher exposure (1,600 mg/L) in the
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HLS 13-week study. It is possible the difference in findings was due to sensitivity differences
between Charles River CD and Hsd Sprague Dawley rats at lower exposure concentrations.
Other histopathological findings in the NTP 28-day gavage study that were not observed in the
current study were most likely due to the higher doses used in the 28-day study and
administration differences (gavage versus drinking water).

In male and female rats, chemical intake (mg/kg/day) increased in proportion to drinking water
concentration (mg/L) with consistent sex differences (i.e., increased intake in females in
comparison to males) typically found in drinking water studies. However, sulfolane plasma
concentrations measured at the 3-month interim timepoint were consistent between the sexes and
metabolic saturation occurred at higher exposures. In mice, chemical intake was generally
similar between the sexes at 3 months, whereas plasma concentrations were higher in females in
the 300 and 1,000 mg/mL groups compared to respective males. Metabolic saturation was
evident in females starting at 300 mg/L, but metabolic saturation was not evident in males. When
comparing plasma concentrations between this drinking water study and the NTP 28-day toxicity
study (gavage),* concentrations in male and female rats exposed to 30 or 100 mg/kg/day
sulfolane were 4-9 times higher in the 28-day study (2 hours after the last dose) compared to the
300 and 1,000 mg/L interim data in the current study. Similarly, concentrations in mice exposed
to 30 and 100 mg/kg/day sulfolane were 5-9 times higher at the 2-hour time point in the 28-day
toxicity study compared to the 300 and 1,000 mg/L concentrations in this study. An exception
was the ratio between the 1,000 mg/L male mice in this study and the 100 mg/kg/day male mice
in the 28-day study, which showed a considerably higher difference (134%). Previous studies
showed evidence of saturation in both male and female mice,” * but there was no evidence of
saturation in male mice in this study, which could be due to differences in the method of
administration (drinking water versus gavage) for this sex and species.

In the chronic portion of the rat study, survival was unaffected, while body weights were
significantly decreased in male and female rats compared to their respective control groups (up
to 11% and 16% in males and females, respectively, in the 1,000 mg/L group). In female rats, the
incidence of mammary gland adenoma in the exposed groups was higher than the control group
incidence and a significant increase was observed in female rats exposed to 100 mg/L sulfolane,
which was outside the historical control range (14% versus 0%—9%). Although not significant,
the incidence in the 1,000 mg/L group (10%) also exceeded the historical control range.
However, there was no corresponding increase in nonneoplastic lesions or adenocarcinoma
within the mammary gland. Given that the statistical significance occurred in a mid-exposure
group only, and no increase in corresponding nonneoplastic lesions was observed, the increase in
the incidence of mammary gland adenoma was considered equivocal evidence of carcinogenic
activity. There was no evidence of carcinogenicity in male rats.

In mice, survival and body weights were not affected by sulfolane exposure. In female mice, the
incidence of follicle cysts of the ovary was significantly increased in the 30, 300, and

1,000 mg/L groups. However, the toxicological significance of this lesion is unknown, this
finding was not observed in rats, and no other findings in male and female reproductive tissues
or estrous cyclicity effects were observed. In male mice, there was a positive trend and
significant increase in the incidences of hemangiosarcomas of all organs (systemic) and of the
liver in the 1,000 mg/L group compared to the concurrent control group, and the incidence rate
was outside the historical control range for all organs (24% versus 2%—-10%) and for the liver
(22% versus 0%—6%). The incidences of hemangiomas of all organs (systemic) or individual
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organs was not increased in the exposed groups compared to the concurrent control group, aside
from a positive trend observed in the spleen. The combined incidence of hemangioma and
hemangiosarcoma of all organs, due to the increase in hemangiosarcoma, was also significantly
increased in the 1,000 mg/L group, with a positive trend, and was also well outside the historical
range (28% versus 3%—12%). Taken together, the increase in hemangiosarcoma supported clear
evidence of carcinogenic activity in male mice.

Hemangiosarcomas are more common in mice than in rats and humans.?! Using NTP’s “Organ
Sites with Neoplasia” database, 31 chemicals have been found to be positive (“positive,” “clear,”
“some”) for hemangiosarcoma or hemangioma and hemangiosarcoma. Of these, 28 were positive
in mice, 8 were positive in rats, and 5 were positive in both mice and rats.®? In a review by
Cohen et al.,3! genotoxicity and/or nongenotoxic pathways are suggested as possible mechanisms
of action. The relevance and mechanism for inducing these tumors varies with genotoxic
chemicals inducing hemangiosarcomas in humans (e.g., vinyl chloride, vinyl bromide, and
thorotrast), whereas there is more uncertainty with human relevance for the non-genotoxic
pathway. In the current study, there was no evidence for genotoxicity by sulfolane exposure.
Most of the hemangiosarcomas in the 1,000 mg/L group occurred in the liver, a common site for
this neoplasm. 1,3-Butadiene exposure, which can be used as a precursor in sulfolane production,
has been found to increase the incidence of hemangiosarcoma within the heart in male and
female mice.®® In this study, there was no evidence of 1,3-butadiene contamination in the
sulfolane analysis, and no increase in the incidence of hemangiosarcoma in the heart in male or
female mice. Although the mechanism is unknown, the finding of an increased incidence of
hemangiosarcoma was considered clear evidence of carcinogenic activity in male mice after
sulfolane exposure.

A significant increase in the incidence of hepatocellular carcinoma was observed in the highest
exposure group in female mice. The incidence (16%) marginally exceeded the historical control
range (2%—14%), whereas there was no change in hepatocellular adenoma or preneoplastic
lesions relative to control animals. The combined incidence of hepatocellular adenoma and
carcinoma was not increased by pairwise comparison to the control group, but there was a
positive trend. Taken together, the increase in incidences of hepatocellular carcinoma was
considered to be equivocal evidence of carcinogenic activity due to no increase in the incidences
of preneoplastic lesions, hepatocellular adenoma, or adenoma or carcinoma (combined)
compared to the concurrent control.

Exposure concentrations within this study were higher than has been measured in drinking water
wells, which were as high as approximately 100—400 ppb (100400 pg/L) onsite or offsite the
refinery.!> 1634 Previously, a chronic reference dose of 10 pug/kg/day was calculated, which was
based on the finding of reduced leukocytes within female rats following a 90-day drinking water
exposure?® and for which a drinking water screening level of 365 ppb was derived.®* The data
presented here provide context for potential chronic toxicity and carcinogenic activity to support
the risk assessment of sulfolane exposures in the general public and for potentially higher
worksite exposures.
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Conclusions

Under the conditions of these 2-year drinking water studies, there was no evidence of
carcinogenic activity of sulfolane in male Hsd:Sprague Dawley® SD® rats at exposure
concentrations of 30, 100, 300, or 1,000 mg/L. There was equivocal evidence of carcinogenic
activity of sulfolane in female Hsd:Sprague Dawley® SD® rats based on the increased incidence
of mammary gland adenoma.

There was clear evidence of carcinogenic activity of sulfolane in male B6C3F1/N mice based on
the increased incidence of hemangiosarcoma (all organs), which predominately occurred in the
liver. There was equivocal evidence of carcinogenic activity of sulfolane in female B6C3F1/N
mice based on the increased incidence of hepatocellular carcinoma.

Exposure to sulfolane resulted in increased incidences of nonneoplastic lesions of the liver in
male and female mice and the ovary in female mice. Sulfolane exposure also induced a delay in
vaginal opening in female rats.
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A.1. Procurement and Characterization of Sulfolane

Sulfolane was obtained from Sigma-Aldrich (Milwaukee, WI) in a single lot (lot MKBN9784V).
Identity, purity, and stability analyses were conducted by the analytical chemistry laboratory at
RTI International (Research Triangle Park, NC) and the study laboratory at Battelle (Columbus,
OH). Reports on analyses performed in support of the sulfolane studies are on file at the National
Institute of Environmental Health Sciences (NIEHS).

Lot MKBN9784V was a solid to a gel at room temperature, formed a colorless liquid upon
warming, and was consistent with the supplier’s Certificate of Analysis. The identity of the test
lot was evaluated using infrared (IR) spectroscopy, 'H nuclear magnetic resonance (NMR)
spectroscopy, *C NMR spectroscopy, and ultra-high performance liquid chromatography
(UHPLC) with high resolution mass spectrometry (MS). The IR, 'H NMR, and *C NMR spectra
(Figure A-1, Figure A-2, and Figure A-3, respectively) cohered with the structure of sulfolane
and were consistent with reference spectra from the Sigma-Aldrich library (IR and '"H NMR)3>: 3
and the Spectral Database for Organic Compounds ('*C NMR).>” UHPLC with high resolution
MS further confirmed the identity of the test lot as sulfolane, as the observed molecular mass
(121.0321 m/z) was within 2.5 m/z of the calculated molecular mass (121.0318 m/z). Elemental
analyses were performed by Galbraith Laboratory (Knoxville, TN) to aid in identification. The
relative amounts of carbon (39.51%), hydrogen (7.08%), and sulfur (26.34%) were within 6% of
the theoretical values (39.98%, 6.71%, and 26.68%, respectively). An accurate determination of
oxygen could not be made because of interference from the high elemental sulfur content. The
boiling point (285°C) and density (1.31 g/cm?® at 21.9°C) measured by Galbraith Laboratory were
consistent with literature values from the Hazardous Substance Data Bank (285°C and

1.26 g/cm’ at 30°C, respectively).!”

Purity evaluation was conducted using gas chromatography (GC) with flame ionization detection
(FID) (Table A-1, System A) and GC with MS detection (Table A-1, System B). The GC/FID
chromatogram showed one major peak accounting for 99.9% of total peak area; no impurity
peaks with areas >0.1% of the total integrated peak area were detected. The GC/MS spectrum for
the major component was consistent with the library spectrum for sulfolane.*® Karl Fischer
titration yielded a water content of 0.22%. The overall purity of the test lot was determined to be
>99%. Because butadiene is a precursor of sulfolane synthesis, additional GC/MS analysis was
conducted to determine whether butadiene was present at trace levels (Table A-1, System C).
Butadiene was not present at >0.05% of the total ion chromatogram, with an analytical system
limit of detection of butadiene at 12 ng/mL.

An accelerated stability study was previously conducted using a different lot (MKBH1265V,
Sigma-Aldrich [Milwaukee, WI]) and was not repeated using lot MKBN9784V. The stability of
lot MKBH1265V was confirmed for 14 days at frozen (—20°C), refrigerated (5°C), room (25°C),
and elevated (60°C) temperatures when stored in amber glass vials sealed with Teflon®-lined
caps.

One 30-gallon drum of lot MKBN9784V was warmed for 2.5 hours to liquify the contents. Once
the chemical was liquified, the drum was rolled for approximately 5 minutes to homogenize the
contents. A spigot was screwed into the drum, and it was placed on a drum cradle. The chemical
was transferred to thirty 80-ounce amber glass bottles sealed with a nitrogen headspace for bulk
storage at room temperature. Reanalysis of the bulk chemical was performed by the study
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laboratory prior to and after the 2-year study; no degradation was detected by GC/FID
(Table A-1, System D).

A.2. Preparation and Analysis of Dose Formulations

Dose formulations of sulfolane (ot MKBN9784V) in tap water (West Jefferson, OH municipal
supply) were prepared approximately monthly at the study laboratory following the protocols
outlined in Table A-2. Formulations were prepared at 0, 30, 100, 300, and 1,000 mg/L for both
rats and mice (29 batches; May 2015—-April 2017). For the rat study, two additional batches were
prepared in May and June 2017. The formulations were stored refrigerated (5°C) in amber glass
bottles sealed with Teflon-lined lids and were used within 42 days of preparation.

The stability of sulfolane formulations in tap water was determined by the analytical laboratory
at RTI International using GC/FID (Table A-1, System E). Samples were prepared at 30 mg/L
and stored at refrigerated (5°C) or room (25°C) temperatures. Stability was confirmed for

42 days at both refrigerated and room temperatures. An additional study of the 30 mg/L
formulation under dosing conditions was conducted. A single test solution was stored in a clear
glass bottle in an animal cage in a fume hood exposed to normal laboratory lighting. Stability
was confirmed for 8 days under these simulated dosing conditions.

Periodic analyses of the preadministration and postadministration dose formulations of sulfolane
were conducted every 2 to 3 months by the Battelle analytical laboratory using GC/FID

(Table A-1, System F). Postadministration samples were collected from the animal rooms and
formulation carboys. A 1,000 mg/L formulation was prepared on August 12, 2015, to replace the
original preparation from July 23, 2015, which did not meet acceptance criteria and was deemed
not suitable for use. With that exception, all other preadministration dose formulations were
within 10% of the target concentrations (Table A-3). All postadministration samples were within
10% of the target concentrations with the following exceptions: The carboy samples of the 30
and 1,000 mg/L formulations prepared on May 4, 2015, were 10.9% and 10.2% below the target
concentrations, respectively. The carboy samples of the 300 and 1,000 mg/L formulations
prepared on September 21, 2015, were 10.2% and 13.0% below the target concentrations,
respectively. The rat animal room sample of the 30 mg/L formulation prepared on July 23, 2015,
was 10.5% below the target concentration, and the mouse animal room sample of the 300 mg/L
formulation prepared on May 4, 2015, was 12.4% below the target concentration.

Table A-1. Gas Chromatography Systems Used in the Two-year Drinking Water Studies of
Sulfolane

Detection System Column Carrier Gas Oven Temperature Program

System A

Flame ionization (260°C) J&W DB-WAX Helium at 80°C for 1 minute, then
(15 m % 0.32 mm ID, 1.5 mL/minute 20°C/minute to 250°C, then held
0.25 pm film thickness) for 7 minutes at 250°C

System B

Mass spectrometry with J&W DB-5MS Helium at 60°C for 3 minutes, then

electron impact ionization (30 m X 0.25 mm ID, 1.0 mL/minute 30°C/minute to 270°C, then held
0.25 pm film thickness) for 2 minutes at 270°C
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Detection System Column Carrier Gas Oven Temperature Program

System C

Mass spectrometry J&W DB-624 Helium at 35°C for 3 minutes, then
(30 m x 0.32 mm ID, 1.5 mL/minute 30°C/minute to 245°C, then held
1.80 pm film thickness) for 5 minutes at 245°C

System D

Flame ionization (260°C) J&W DB-WAX Helium at 80°C for 1 minute, then
(15 m % 0.32 mm ID, 1.5 mL/minute 20°C/minute to 200°C, then held
0.25 pm film thickness) for 5 minutes at 200°C

System E

Flame ionization (260°C) J&W DB-WAX Helium at 80°C for 1 minute, then
(15 m % 0.32 mm ID, 1.5 mL/minute 20°C/minute to 200°C, then held
0.25 pm film thickness) for 3 minutes at 200°C

System F

Flame ionization (260°C) J&W DB-WAX Helium at 80°C for 1 minute, then
(15m x 0.32 mm ID, 1.5 mL/minute 20°C/minute to 200°C, then held
0.25 pm film thickness) for 7 minutes at 200°C

ID = inner diameter.

Table A-2. Preparation and Storage of Dose Formulations Administered to Male and Female Rats
and Mice in the Two-year Drinking Water Studies of Sulfolane

Preparation

For the 0 mg/L formulation, blank tap water vehicle was used. For remaining formulations, a target amount of test
article was weighed into individually tared weighing containers. The weighed test article was transferred to the
appropriate tared mixing drum containing ~80% of the target final volume of vehicle. The weighing container was
rinsed three times with vehicle, and the rinses were added to the mixing drum. The vehicle was slowly added to the
mixing drum to achieve the target final total weight. The mixing drum contents were mixed with a drum stirrer for
~10 minutes or until the test article was visibly in solution.

Chemical Lot Number

MKBN9784V (Sigma-Aldrich, Milwaukee, WI)

Maximum Storage Time

42 days

Storage Conditions

Stored in amber glass bottles sealed with Teflon®-lined lids at 5°C (refrigerated).
Analytical Laboratory

Battelle (Columbus, OH)

Study Laboratory

Battelle (West Jefferson, OH)
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Table A-3. Results of Analyses of Dose Formulations Administered to Male and Female Rats and
Mice in the Two-year Drinking Water Studies of Sulfolane

Target Determined Difference from
Date Prepared Date Analyzed Concentration Concentraation Target (%)
(mg/L) (mg/L)
May 4, 2015 May 5, 2015 0 BLOQ NA
30 29.7+0.2 -1.1
100 92.3+0.3 =7.7
300 276 £ 10 —-8.1
1,000 940 + 48 —6.0
July 23, 2015 July 27, 2015 0 BLOQ NA
30 30.5+£0.3 1.7
30 29.0+£0.3 -34
100 90.8+£5.0 -9.2
100 98.7+2.0 -13
July 23,2015 July 30, 2015 300 305+8 1.7
300 299 +7 -0.3
1,000 933+ 59 —6.7
1,000°¢ 980 + 33 -2.0
September 21, 2015  September 21, 2015 0 BLOQ NA
30 29.1+0.3 -29
30 28.3+0.8 —5.6
100 91.7+0.8 -8.3
100 96.8+1.0 -3.2
300 284 + 10 -53
300 279+ 10 -6.9
1,000 905 + NA¢ -9.5
1,000 938 + 64 —6.2
December 8, 2015 December 9, 2015 0 BLOQ NA
30 30.1+£0.6 0.2
30 304+04 1.5
100 97.5+1.0 -2.5
100 103+2 2.7
300 295+5 -1.8
300 286+ 8 —4.8
1,000 1,010 + 30 0.5
1,000 980 + 26 -2.0
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Target Determined Difference from
Date Prepared Date Analyzed Concentration Concentration Target (%)
(mg/L) (mg/L)*
February 2, 2016 February 4, 2016 0 BLOQ NA
30 31.3+04 4.2
30 31.2+0.8 3.9
100 97.8+1.0 -2.2
100 101+2 1.3
300 309+6 3.0
300 306+ 13 2.1
1,000 973 +8 -2.7
1,000 987 +20 -1.3
April 26,2016 April 29, 2016 0 BLOQ NA
30 29.2+0.5 -2.8
30 29.7+0.5 -1.0
100 97.8+0.8 —2.2
100 97.3+03 -2.7
300 298+ 5 —0.8
300 3011 0.3
1,000 988 + 19 -1.2
1,000 977+8 -2.3
June 21, 2016 June 23,2016 0 BLOQ NA
30 29.5+0.1 -1.8
30 30204 0.8
100 97.5+0.9 -2.5
100 98.5+0.0 -1.5
300 305+1 1.8
300 3015 0.5
1,000 998 + 10 —-0.2
1,000 992 +8 —0.8
September 13, 2016  September 14, 2016 0 BLOQ NA
30 29.4+0.2 -1.9
30 29.3+0.2 -2.2
100 98.0£0.5 -2.0
100 96.3+£0.3 -3.7
300 296 + 3 -1.2
300 290 + 4 -3.5
1,000 977 +8 =23
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Target Determined Difference from
Date Prepared Date Analyzed Concentration Concentration Target (%)
(mg/L) (mg/L)*

1,000 972+ 15 —2.8

November 8, 2016 November 11, 2016 0 BLOQ NA
30 29.2+0.6 —2.8

30 28.5+0.9 -5.1

100 94.7+2.3 -53

100 93.0+0.5 -7.0

300 293 +7 -2.5

300 290 +2 -34

1,000 967 =20 -33

1,000 968 + 14 -3.2

February 2, 2017 February 2, 2017 0 BLOQ NA
30 29.6 0.7 -1.3

30 29.6 +0.5 -1.3

100 101+1 0.5

100 102+1 1.7

300 306 +2 1.9
300 299+ 6 -0.4

1,000 1,010+ 10 0.5

1,000 977+ 18 -23

March 28, 2017 March 30, 2017 0 BLOQ NA
30 29.2+£0.2 -2.7
30 28.8+0.3 -3.9
100 95.0+1.3 -5.0
100 973+1.0 —2.7

300 288+ 6 —4.1
300 290 + 1 -32

1,000 972+ 15 —2.8

1,000 995 + 15 -0.5

June 20, 2017¢ June 26, 2017 0 BLOQ NA
30 30.7£0.6 2.3

100 101+1 1.3
300 29245 -2.6
1,000 918 +8 -8.2
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Target Determined Difference from
Date Prepared Date Analyzed Concentration Concentration Target (%)
(mg/L) (mg/L)*
Carboy Samples
May 4, 2015 June 15, 2015 0 BLOQ NA
30 26.7+0.2 —-10.9
100 96.2+0.3 -3.8
300 295+3 -1.8
1,000 898+ 6 —10.2
July 23, 2015 September 3, 2015 0 BLOQ NA
30 27.7+0.7 =7.7
100 93.8+1.4 —6.2
300 276 +2 8.1
1,000° 987 +20 -1.3
September 21,2015 October 28, 2015 0 BLOQ NA
30 27.8+0.2 -7.5
100 91.5+1.3 -8.5
300 269 +4 -10.2
1,000 870+ 10 —-13.0
December 8, 2015 January 20, 2016 0 BLOQ NA
30 29.4+0.3 -2.0
100 95.8+0.8 —4.2
300 316 8 53
1,000 973+ 10 -2.7
June 21, 2016 August 3, 2016 0 BLOQ NA
30 29.7+1.4 -1.0
100 103+2 33
300 310+3 3.5
1,000 1,050 £ 10 4.7
February 2, 2017 March 16, 2017 0 BLOQ NA
30 28.7+0.3 —4.3
100 95.3+0.8 —4.7
300f 287+ 6 —4.4
1,000" 952 +£8 —4.8
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Target Determined Difference from
Date Prepared Date Analyzed Concentration Concentration Target (%)
(mg/L) (mg/L)*
Animal Room Samples (Rats)
May 4, 2015 June 15, 2015 0 BLOQ NA
30 29.8+0.5 —0.6
100 97.5+0.0 -2.5
300 283+ 8 -5.6
1,000 935+26 —6.5
July 23, 2015 September 3, 2015 0 BLOQ NA
30 26.9+£0.6 -10.5
100 93.8+0.3 —6.2
300 278 + 1 -7.4
1,000° 972+ 13 -2.8
September 21, 2015  October 28, 2015 0 BLOQ NA
30 27.5+0.2 -8.3
100 96.2+0.3 -3.8
300 270+ 4 —-10.0
1,000 912+6 —8.8
December 8, 2015 January 20, 2016 0 BLOQ NA
30 28.8+0.3 -39
100 92.8+2.5 =72
300 296 +2 -1.2
1,000 955+ 13 —4.5
June 21, 2016 August 3, 2016 0 BLOQ NA
30 31.0+ 1.8 32
100 1012 1.2
300 306+3 1.9
1,000 1,050 + 20 4.7
February 2, 2017 March 16, 2017 0 BLOQ NA
30 28.9+0.2 -3.7
100 96.0+1.3 —4.0
300° 286+ 6 —4.7
1,000* 970+ 13 -3.0
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Target Determined Difference from
Date Prepared Date Analyzed Concentration Concentration Target (%)
(mg/L) (mg/L)*
Animal Room Samples (Mice)
May 4, 2015 June 15, 2015 0 BLOQ NA
30 30.1£0.2 0.3
100 99.2+0.3 —0.8
300 263+ 10 -12.4
1,000 927 + 8 -7.3
July 23, 2015 September 3, 2015 0 BLOQ NA
30 27.6 1.0 —-8.1
100 91.5+£2.8 -8.5
300 276 +5 =79
1,000° 982 + 8 -1.8
September 21, 2015  October 28, 2015 0 BLOQ NA
30 27.7+0.1 =7.7
100 91.2+0.8 —8.8
300 279+ 8 -7.0
1,000 922 +£25 -7.8
December 8, 2015 January 20, 2016 0 BLOQ NA
30 29.3+£0.3 -2.3
100 97.2+0.6 -2.8
300 289+9 -3.6
1,000 930 + 33 =7.0
June 21, 2016 August 3, 2016 0 BLOQ NA
30 30604 2.0
100 103+1 3.0
300 275+£9 -84
1,000 1,060 £ 10 6.0
February 2, 2017 March 16, 2017 0 BLOQ NA
30 29.1£0.2 -3.0
100 96.7+0.8 -33
300° 279+5 —6.9
1,000* 960 + 13 —4.0

BLOQ = below the limit of quantification; NA = not applicable.

2Data are presented as mean + standard deviation of triplicate analysis.

"Prepared August 12, 2015.

°Analyzed August 12, 2015.

9The first replicate of three was deemed to be an outlier according to Q-test analysis and was excluded from the calculations.
*Prepared only for the rat study.

fAnalyzed March 20, 2017.
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Figure A-1. Infrared Absorption Spectrum of Sulfolane
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Appendix B. Ingredients, Nutrient Composition, and
Contaminant Levels in NIH-07 and NTP-2000 Rat and Mouse
Rations
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B.1. NIH-07 Feed

Sulfolane, NTP TR 605

Table B-1. Ingredients of NIH-07 Rat Ration

Ingredients Percent by Weight

Ground Hard Winter Wheat 23.00
Ground #2 Yellow Shelled Corn 24.25
Wheat Middlings 10.0

Oat Hulls 0.0

Alfalfa Meal (Dehydrated, 17% Protein) 4.0
Purified Cellulose 0.0
Soybean Meal (47% Protein) 12.0

Fish Meal (62% Protein) 10.0

Corn Oil (without Preservatives) 0.0

Soy Oil (without Preservatives) 2.5

Dried Brewer’s Yeast 2.0
Calcium Carbonate (USP) 0.5
Vitamin Premix?® 0.25
Mineral Premix” 0.15
Calcium Phosphate, Dibasic (USP) 1.25
Sodium Chloride 0.5
Choline Chloride (70% Choline) 0.10

Dried Skim Milk 5.0

Dried Molasses 1.50

Corn Gluten Meal (60% Protein) 3.00
Methionine 0.0

USP = United States Pharmacopeia.
*Wheat middlings as carrier.
®Calcium carbonate as carrier.

Table B-2. Vitamins and Minerals in NIH-07 Rat Ration

Vitamins and Minerals Amount® Source

Vitamins

Vitamin A 6,062 TU Stabilized vitamin A palmitate or acetate
Vitamin D 5,070 TU D-activated animal sterol
Vitamin K 3.1 mg Menadione sodium bisulfite complex
Vitamin E 221U a-Tocopheryl Acetate
Niacin 33 mg -

Folic Acid 24 mg -
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Vitamins and Minerals Amount? Source
d-Pantothenic Acid 19.8 mg d-Calcium pantothenate
Riboflavin 3.8 mg -

Thiamine 11 mg Thiamine mononitrate
B2 50 ug -

Pyridoxine 6.5 mg Pyridoxine hydrochloride
Biotin 0.15 mg d-Biotin

Minerals

Iron 132 mg Iron sulfate

Zinc 18 mg Zinc oxide
Manganese 66 mg Manganese oxide
Copper 4.4 mg Copper sulfate

Iodine 2.0 mg Calcium iodate
Cobalt 0.44 mg Cobalt carbonate

Per kg of finished diet.

Table B-3. Nutrient Composition of NIH-07 Rat Ration

Nutrient Mean + Standard Deviation Range Number of Samples

Protein (% by Weight) 22.7+0.566 22.3-23.1 2
Crude Fat (% by Weight) 52+0.283 5.0-54 2
Crude Fiber (% by Weight) 3.6+0.198 3.46-3.74 2
Ash (% by Weight) 6.23 +£0.537 5.85-5.61 2
Amino Acids (% of Total Diet)

Arginine 1.278 £0.343 0.258-1.49 11
Cystine 0.307 £ 0.059 0.153-0.372 11
Glycine 1.065 £+ 0.289 0.217-1.31 11
Histidine 0.482+0.121 0.125-0.553 11
Isoleucine 0.914 +0.233 0.214-1.03 11
Leucine 1.873 £0.485 0.423-2.13 11
Lysine 1.140 £ 0.345 0.111-1.32 11
Methionine 0.453+0.117 0.102-0.515 11
Phenylalanine 1.023 +0.245 0.286-1.12 11
Threonine 0.850 +0.228 0.168-0.961 11
Tryptophan 0.259 £ 0.064 0.076-0.326 11
Tyrosine 0.801 =0.200 0.209-0.894 11
Valine 1.055+0.264 0.262-1.17 11
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Nutrient Mean + Standard Deviation Range Number of Samples

Essential Fatty Acids (% of Total Diet)

Linoleic 2.436 +0.489 0.199-3.77 11
Linolenic 0.367 £0.397 0.214-1.56 11
Vitamins

Vitamin A (IU/kg) 5,080 £42.26 4,780-5,380 2
a-Tocopherol (ppm) 6,097 = 20,067 31.36-66,600 11
Thiamine (ppm)? 11.05+0.495 10.7-11.4 2
Riboflavin (ppm) 13.54 £4.438 4.2-19.8 11
Niacin (ppm) 95.02 +16.30 51.9-112.0 11
Pantothenic Acid (ppm) 40.69 + 12.76 3.8-51.1 11
Pyridoxine (ppm)* 11.74 +4.81 0.42-19.7 11
Folic Acid (ppm) 2.38+0.571 1.37-3.09 11
Biotin (ppm) 0.300 £0.187 0.0-0.638 11
Bi2 (ppb) 4527 +15.14 4.0-61.6 11
Choline (as Chloride) (ppm) 1,719.0 £ 386.0 700.0-2,200.0 11
Minerals

Calcium (%) 1.18£0.113 1.1-1.26 2
Phosphorus (%) 5.62 +6.62 0.939-10.3 2
Potassium (%) 0.762 £ 0.226 0.088-0.88 11
Chloride (%) 0.656 +0.102 0.411-0.8 11
Sodium (%) 0.409 £0.112 0.318-0.721 11
Magnesium (%) 0.171 +0.053 0.0162-0.218 11
Iron (ppm) 353.3+117.5 35.7-469.0 11
Manganese (ppm) 82.88 +£27.28 3.53-104.0 11
Zinc (ppm) 58.75+£20.3 4.74-89.2 11
Copper (ppm) 1291 +£4.73 0.683-21.1 11
Iodine (ppm) 1.647 + 1.088 0.0-3.45 11
Chromium (ppm) 3.95+0.035 3.894.0 9
Cobalt (ppm) 0.470 £ 0.296 0.01-0.963 11
2As hydrochloride.
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Table B-4. Contaminant Levels in NIH-07 Rat Ration

Contaminants and Pesticides Mean + Standard Deviation Range N;;?{:’;; ;)f

Contaminants

Arsenic (ppm) 0.408 +£0.022 0.392-0.423 2
Cadmium (ppm) 0.087 = 0.009 0.08-0.093 2
Lead (ppm) 0.160 = 0.025 0.142-0.177 2
Mercury (ppm) 0.01 0.01-0.01 2
Selenium (ppm) 0.314 +0.030 0.292-0.335 2
Aflatoxins (ppb)* <5.0 - 2
Nitrate Nitrogen (ppm)® 9.25+2.06 7.79-10.7 2
Nitrite Nitrogen (ppm)™P <0.61 - 2
BHA (ppm)** <1.0 - 2
BHT (ppm)** <1.0 - 2
Aerobic Plate Count (CFU/g)¢ <10.0 - 2
Coliform (MPN/g)¢ <3.0 - 2
Escherichia coli (MPN/g)¢ <3.0 - 2
Salmonella sp. (MPN/g) Negative - 2
Total Nitrosamines (ppb)® 335+4.74 0.0-6.7 2
N-Nitrosodimethylamine (ppb)© 1.4+198 0.0-2.8 2
N-Nitrosopyrrolidine (ppb)® 1.95+2.76 0.0-3.69 2
Pesticides (ppm)

a-BHC? <0.01 - 2
B-BHC® <0.02 - 2
y-BHC? <0.01 - 2
5-BHC? <0.01 - 2
Heptachlor® <0.01 - 2
Aldrin® <0.01 - 2
Heptachlor Epoxide® <0.01 - 2
DDE*? <0.01 - 2
DDD* <0.01 - 2
DDT* <0.01 - 2
HCB? <0.01 - 2
Mirex* <0.01 - 2
Methoxychlor® <0.05 - 2
Dieldrin® <0.01 - 2
Endrin® <0.01 - 2
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Contaminants and Pesticides Mean + Standard Deviation Range N;;?I:);ll; :f
Telodrin® <0.01 - 2
Chlordane® <0.05 - 2
Toxaphene? <0.10 - 2
Estimated PCBs* <0.20 - 2
Ronnel* <0.01 - 2
Ethion® <0.02 - 2
Trithion® <0.05 - 2
Diazinon* <0.10 - 2
Methyl Chlorpyrifos 0.047 £0.018 0.034-0.060 2
Methyl Parathion® <0.02 - 2
Ethyl Parathion® <0.02 - 2
Malathion 0.0405 +0.012 0.032-0.049 2
Endosulfan I* <0.01 - 2
Endosulfan II* <0.01 - 2
Endosulfane Sulfate? <0.03 - 2

All samples were irradiated.

BHA = butylated hydroxyanisole; BHT = butylated hydroxytoluene; CFU = colony-forming units; MPN = most probable

number; BHC = hexachlorocyclohexane or benzene hexachloride; DDE = dichlorodiphenyldichloroethylene;
DDD = dichlorodiphenyldichloroethane; DDT = dichlorodiphenyltrichloroethane; HCB = hexachlorobenzene;
PCB = polychlorinated biphenyl.

2All values were below the detection limit. The detection limit is given as the mean.

"Sources of contamination include alfalfa, grains, and fish meal.

“Sources of contamination include soy oil and fish meal.

dResults of microbiological analyses were less than the limit of detection.

°All values were corrected for percent recovery.

B.2. NTP-2000 Feed

Table B-5. Ingredients of NTP-2000 Rat and Mouse Ration

Ingredients Percent by Weight
Ground Hard Winter Wheat 23.00
Ground #2 Yellow Shelled Corn 22.44
Wheat Middlings 15.0
Oat Hulls 8.5
Alfalfa Meal (Dehydrated, 17% Protein) 7.5
Purified Cellulose 55
Soybean Meal (49% Protein) 4.0
Fish Meal (60% Protein) 4.0
Corn Oil (without Preservatives) 3.0
Soy Oil (without Preservatives) 3.0

B-6



Sulfolane, NTP TR 605

Ingredients Percent by Weight
Dried Brewer’s Yeast 1.0
Calcium Carbonate (USP) 0.9
Vitamin Premix?® 0.5
Mineral Premix® 0.5
Calcium Phosphate, Dibasic (USP) 0.4
Sodium Chloride 0.3
Choline Chloride (70% Choline) 0.26
Dried Skim Milk 0.2

USP = United States Pharmacopeia.
*Wheat middlings as carrier.
bCalcium carbonate as carrier.

Table B-6. Vitamins and Minerals in NTP-2000 Rat and Mouse Ration

Vitamins and Minerals Amount? Source
Vitamins
Vitamin A 4,000 IU Stabilized vitamin A palmitate or acetate
Vitamin D 1,000 IU D-activated animal sterol
Vitamin K 1.0 mg Menadione sodium bisulfite complex
a-Tocopheryl Acetate 100 IU -
Niacin 23 mg -
Folic Acid 1.1 mg -
d-Pantothenic Acid 10 mg d-Calcium pantothenate
Riboflavin 3.3 mg -
Thiamine 4 mg Thiamine mononitrate
Bz 52 ug -
Pyridoxine 6.3 mg Pyridoxine hydrochloride
Biotin 0.2 mg d-Biotin
Minerals
Magnesium 514 mg Magnesium oxide
Iron 35 mg Iron sulfate
Zinc 12 mg Zinc oxide
Manganese 10 mg Magnesium oxide
Copper 2.0 mg Copper sulfate
Iodine 0.2 mg Calcium iodate
Chromium 0.2 mg Chromium acetate
*Per kg of finished diet.
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Table B-7. Nutrient Composition of NTP-2000 Rat and Mouse Ration

Nutrient Mean + Standard Deviation Range Number of Samples
Protein (% by Weight) 14.7 £ 0.495 13.9-15.7 25
Crude Fat (% by Weight) 8.08 = 0.654 5.1-8.6 25
Crude Fiber (% by Weight) 9.56 +£0.523 7.7-10.3 25
Ash (% by Weight) 495+0.177 4.41-5.22 25
Amino Acids (% of Total Diet)
Arginine 0.808 £0.073 0.67-0.97 31
Cystine 0.220 + 0.021 0.15-0.25 31
Glycine 0.703 +£0.037 0.62-0.8 31
Histidine 0.341 +0.068 0.27-0.68 31
Isoleucine 0.548 +£0.039 0.43-0.66 31
Leucine 1.096 = 0.061 0.96-1.24 31
Lysine 0.070 £ 0.101 0.31-0.86 31
Methionine 0.409 £ 0.040 0.26-0.49 31
Phenylalanine 0.623 +0.045 0.471-0.72 31
Threonine 0.513 £ 0.040 0.43-0.61 31
Tryptophan 0.156 £0.026 0.11-0.2 31
Tyrosine 0.425 +0.064 0.28-0.54 31
Valine 0.666 = 0.038 0.55-0.73 31
Essential Fatty Acids (% of Total Diet)
Linoleic 3.936+0.229 3.49-4.55 31
Linolenic 0.306 = 0.030 0.21-0.368 31
Vitamins
Vitamin A (IU/kg) 3,493 £155.0 2,080-8,920 25
a-Tocopherol (ppm) 2,376 + 12,602 13.6-69,100 30
Thiamine (ppm)* 7.74 £1.143 6.8-12.5 25
Riboflavin (ppm) 8.32 +£2.868 4.2-17.5 31
Niacin (ppm) 79.78 £8.978 66.4-98.2 31
Pantothenic Acid (ppm) 26.28 £ 10.69 17.4-81.0 31
Pyridoxine (ppm)* 9.832 +2.080 6.44-14.3 31
Folic Acid (ppm) 1.61 £0.434 1.15-3.27 31
Biotin (ppm) 0.319+0.113 0.0-0.704 31
B12 (ppb) 49.82 +33.79 18.3-174.0 31
Choline (as Chloride) (ppm) 2,553 £632 1,160-3,790 31
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Nutrient Mean + Standard Deviation Range Number of Samples

Minerals

Calcium (%) 0.902 + 0.049 0.802-0.992 25
Phosphorus (%) 0.571 £0.027 0.522-0.639 25
Potassium (%) 0.663 +0.035 0.563-0.733 31
Chloride (%) 0.389 £ 0.044 0.3-0.517 31
Sodium (%) 0.194 £ 0.027 0.153-0.283 31
Magnesium (%) 0.216 £0.052 0.185-0.49 31
Iron (ppm) 190.0 + 35.69 135-311 31
Manganese (ppm) 49.87+9.15 21.0-73.1 31
Zinc (ppm) 56.53 £24.87 42.5-184 31
Copper (ppm) 7.64 £2.42 3.21-16.3 31
Iodine (ppm) 0.50 £ 0.232 0-0.972 31
Chromium (ppm) 1.164 £ 1.16 0.33-3.97 30
Cobalt (ppm) 0.217 £0.148 0.086-0.864 29
2As hydrochloride.

Table B-8. Contaminant Levels in NTP-2000 Rat and Mouse Ration

Contaminants and Pesticides Mean + Standard Deviation Range Ng;ﬁ:’:;;:f

Contaminants

Arsenic (ppm) 0.242 +£0.036 0.187-0.314 25
Cadmium (ppm) 0.052 +0.004 0.045-0.061 25
Lead (ppm) 0.117 £0.136 0.058-0.621 25
Mercury (ppm) 0.009 +0.001 0.005-0.011 25
Selenium (ppm) 0.166 +0.027 0.127-0.251 25
Aflatoxins (ppb)? <5.0 - 25
Nitrate Nitrogen (ppm)® 10.73 £3.06 5.05-17.7 25
Nitrite Nitrogen (ppm)*® <0.61 - 25
BHA (ppm)° 1.067 £ 0.255 1.0-2.24 25
BHT (ppm)** <1.0 - 25
Aerobic Plate Count (CFU/g) 16.8 +34.0 10.0-180.0 25
Coliform (MPN/g)¢ <3.0 - 25
Escherichia coli (MPN/g)¢ <3.0 - 25
Salmonella sp. (MPN/g) Negative - 25
Total Nitrosamines (ppb)© 83+3.7 24-17.1 25
N-Nitrosodimethylamine (ppb)© 27+£22 0.0-7.9 25
N-Nitrosopyrrolidine (ppb)® 56+2.5 1.2-12.0 25
Pesticides (ppm)

a-BHC? <0.01 - 25
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Contaminants and Pesticides Mean + Standard Deviation Range N;;?I:):ll;:f
B-BHC* <0.02 - 25
y-BHC*? <0.01 - 25
5-BHC*? <0.01 - 25
Heptachlor® <0.01 - 25
Aldrin® <0.01 - 25
Heptachlor Epoxide® <0.01 - 25
DDE® <0.01 - 25
DDD? <0.01 - 25
DDT® <0.01 - 25
HCB? <0.01 - 25
Mirex® <0.01 — 25
Methoxychlor® <0.05 - 25
Dieldrin® <0.01 - 25
Endrin® <0.01 - 25
Telodrin® <0.01 - 25
Chlordane® <0.05 - 25
Toxaphene? <0.01 - 25
Estimated PCBs?* <0.20 - 25
Ronnel® <0.01 - 25
Ethion? <0.02 - 25
Trithion® <0.05 - 25
Diazinon?® <0.10 — 25
Methyl Chlorpyrifos 0.119+0.082 0.029-0.36 25
Ethyl Chlorpyrifos <0.025 - 25
Methyl Pirimiphos 0.027 +£0.008 0.025-0.05 25
Methyl Parathion® <0.02 25
Ethyl Parathion® <0.02 25
Malathion 0.115+0.134 0.02-0.54 25
Endosulfan I* <0.01 - 25
Endosulfan II* <0.01 - 25
Endosulfane Sulfate® <0.03 - 25

All samples were irradiated.

BHA = butylated hydroxyanisole; BHT = butylated hydroxytoluene; CFU = colony-forming units; MPN = most probable

number; BHC = hexachlorocyclohexane or benzene hexachloride; DDE = dichlorodiphenyldichloroethylene;
DDD = dichlorodiphenyldichloroethane; DDT = dichlorodiphenyltrichloroethane; HCB = hexachlorobenzene;
PCB = polychlorinated biphenyl.

2All values were below the detection limit. The detection limit is given as the mean.

"Sources of contamination include alfalfa, grains, and fish meal.
°Sources of contamination include soy oil and fish meal.
dResults of microbiological analyses were less than the limit of detection.

°All values were corrected for percent recovery.
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Appendix C. Sentinel Animal Program
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C.1. Methods

Rodents used in the National Toxicology Program are produced in optimally clean facilities to
eliminate potential pathogens that might affect study results. The Sentinel Animal Program is
part of the periodic monitoring of animal health that occurs during the toxicological evaluation of
test compounds. Under this program, the disease state of the rodents is monitored via sera or
feces from extra (sentinel) or exposed animals in the study rooms. The sentinel animals and the
study animals are subject to identical environmental conditions. Furthermore, the sentinel
animals come from the same production source and weanling groups as the animals used for the
studies of test compounds.

In these toxicology and carcinogenesis studies, blood samples were collected from each sentinel
animal and allowed to clot, and the serum was separated. Additionally, fecal samples were
collected and tested for endoparasites and Helicobacter species. All samples were processed
appropriately with serology and Helicobacter testing performed by IDEXX BioResearch
(formerly Rodent Animal Diagnostic Laboratory [RADIL], University of Missouri), Columbia,
MO, for determination of the presence of pathogens. Evaluation for endo- and ectoparasites was
performed in-house by the testing laboratory.

The laboratory methods and agents for which testing was performed are tabulated below; the
times at which samples were collected during the studies are also listed (Table C-1, Table C-2).

C.2. Results

Rats: All test results were negative.

Mice: All test results were negative.
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Table C-1. Methods and Results for Sentinel Animal Testing in Male and Female Rats

Two-year Study

Collection Time Points Quarantine® Immunotoxicity? 4 Weeks® 6 Months 12 Months

14 Months

18 Months

Study
Termination

Number Examined (Males/Females) 0/10 0/10 5/5 5/5 5/5

1/0

3/5

5/5

Method/Test

Multiplex Fluorescent Immunoassay (MFI)
Kilham rat virus (KRV) - - - - —
Mycoplasma pulmonis - - _ _ _
Pneumocystis carinii NT NT NT - NT
Pneumonia virus of mice (PVM) - - - — _

Rat coronavirus/sialodacryoadenitis - - - — _
virus (RCV/SDA)

Rat minute virus (RMV) - - - - —
Rat parvo virus (RPV) - - - - —
Rat theilovirus (RTV) - - - - —
Sendai - - - - —

Theiler's murine encephalomyelitis - - - - —
virus (TMEV)

Toolan's H-1 - - - — -
Immunofluorescence Assay (IFA)

Rat coronavirus/sialodacryoadenitis NT - NT NT NT
virus (RCV/SDA)

In-house Evaluation

Endoparasites (evaluation of cecal - - - - —
content)

Ectoparasites (evaluation of perianal - - - _e _
surface)

NT

NT

NT

NT

—=negative; NT = not tested.

2Age matched nonpregnant females.

Fy females from the 3-month interim timepoint (perinatal and subsequent 3-month exposure).
°Fi animals tested 4 weeks after start of chronic phase.

YNumber examined (males/females) = 6/5.

“Number examined (males/females) = 4/5.
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Table C-2. Methods and Results for Sentinel Animal Testing in Male and Female Mice

Two-year Study

Collection Time Points

Quarantine

4 Weeks

6 Months

12 Months

18 Months

Study
Termination

Number Examined (Males/Females)

5/5

5/5

5/5

5/5

4/5

5/5

Method/Test

Multiplex Fluorescent Immunoassay (MFT)
Ectromelia virus
Epizootic diarrhea of infant mice (EDIM)
Lymphocytic choriomeningitis virus (LCMV)
Mycoplasma pulmonis
Mouse hepatitis virus (MHV)
Mouse norovirus (MNV)
Mouse parvovirus (MPV)
Minute virus of mice (MVM)
Pneumonia virus of mice (PVM)
Reovirus (REO3)
Sendai

Theiler's murine encephalomyelitis virus (TMEV)
GDVII

Immunofluorescence Assay (IFA)
Mouse norovirus (MNV)

Polymerase Chain Reaction (PCR)
Helicobacter species

In-house Evaluation
Endoparasites (evaluation of cecal content)

Ectoparasites (evaluation of perianal surface)

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT
NT

— = negative; NT = not tested.
aNumber examined (males/females) = 2/5.
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Appendix D. Sulfolane Concentration Determination
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D.1. Sample Collection

At the 3-month interim evaluation, five F1 rats/sex/exposure group and five mice/sex/exposure
group were anesthetized with a CO2/O2 mixture, and blood was collected from the retroorbital
plexus (rats) or by cardiac puncture (mice). The blood samples were collected within 2 hours
after lights were turned on (approximately 6 a.m.), placed into tubes containing tripotassium
ethylenediaminetetraacetic acid (K3 EDTA), and centrifuged to separate the plasma. Plasma
samples were frozen at approximately —70°C and shipped to the analytical laboratory (RTI
International, Research Triangle Park, NC).

D.2. Sample Analysis

Sulfolane concentrations in samples were quantified using validated analytical methods.*
Briefly, a 100 pL aliquot of plasma was transferred to a screw-cap microcentrifuge tube, and

10 pL of deionized water was added and mixed. To each sample, 10 puL of internal standard
solution (2 pg/mL sulfolane-d8) and a 50 puL aliquot of 1 N NaOH solution were added and
briefly mixed. A 500 pL aliquot of ethyl acetate was added and mixed by vortex for 5 minutes.
The extracts were centrifuged for 5 minutes at 14,000 rpm at 4°C. To each supernatant, 50 pL of
isopropanol was added, and the volume was reduced to 50 pL under nitrogen at room
temperature. The concentrated extract was mixed and transferred to an autosampler vial for
analysis.

Matrix calibration standards (20 to 1,000 ng sulfolane/mL) were prepared in male Sprague
Dawley rat plasma similar to study samples except that 10 uL of sulfolane spiking solution was
added in place of water. Matrix blanks (no sulfolane added) and quality control (QC) standards
(50 and 500 ng sulfolane/mL) were prepared in corresponding study matrices. All samples were
analyzed for sulfolane concentration via gas chromatography with mass spectrometry (GC/MS)
using an Agilent 7890A (Agilent, Santa Clara, CA) GC/MS with an Agilent DB-5 column

(30 m % 0.25 mm internal diameter, 0.25 pm film thickness). Study samples with responses
greater than the highest calibration standard were diluted 5-fold with matrix or diluted up to 50-
fold using both the matrix and the internal standard blank matrix extract.

D.2.1. Instrumentation and Quantitation

A linear regression with 1/x* weighting was used to relate the peak area ratio of sulfolane to the
internal standard and sulfolane concentration. The concentration of sulfolane in each study
sample was calculated from the peak area ratio, the linear regression equation, and a dilution
factor, if necessary. The concentrations were reported as ng sulfolane/mL plasma.

The performance of the calibration curve was evaluated before the analysis of each sample set. A
successful calibration was indicated by the following: correlation coefficient (r) >0.99; relative
standard deviation (RSD) <15% (except at the limit of quantitation [LOQ] where RSD was
<20%); relative error (RE) <15% (except at LOQ where RE was <20%). All calibration curves
met acceptance criteria.

Data from study samples were considered valid if they were bracketed by valid QC sets. In
general, each sample set, method blank, and control were bracketed by two QC sets, which
consisted of a calibration blank and two concentrations of calibration standards (QC low and QC
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high). A QC set passed when the measured concentration for QC standards was within 15% of its
nominal value. If the QC standard failed, it was necessary to reanalyze the bracketed samples.
All QC standards were within 15% of nominal concentrations.
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Appendix E. Genetic Toxicology
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E.1. Evaluation Protocol

National Toxicology Program (NTP) reports consider biological as well as statistical factors to
determine an overall assay result. For an individual assay, the statistical procedures for data
analysis are described in the following protocols. There have been instances, however, in which
multiple samples of a chemical were tested in the same assay, and different results were obtained
among these samples and/or among laboratories. In such cases, all the data are critically
evaluated with attention given to possible protocol variations in determining the weight of
evidence for an overall conclusion of chemical activity in an assay. The summary table in the
abstract of this technical report presents the Division of Translational Toxicology’s (DTT’s)
scientific judgment regarding the overall evidence for activity of the chemical in an assay.

E.2. Micronucleus Assay

E.2.1. Peripheral Blood Micronucleus Test Protocol

Peripheral blood samples were analyzed by Integrated Laboratory Systems, LLC (ILS; Research
Triangle Park, NC) for determination of erythrocyte micronucleus frequencies. At the 3-month
interim evaluation of sulfolane, blood samples (approximately 200 puL) were collected from male
and female rats and mice, placed in tripotassium ethylenediaminetetraacetic acid (K3 EDTA)-
coated tubes, and shipped overnight to the testing laboratory. Upon arrival, blood samples were
fixed in ultracold methanol using a MicroFlowPLUS Kit (Litron Laboratories, Rochester, NY)
according to the manufacturer’s instructions. Fixed samples were stored in a —80°C freezer until
analysis. Thawed blood samples were analyzed for frequency of micronucleated immature
erythrocytes (i.e., reticulocytes or polychromatic erythrocytes [PCEs]) and mature erythrocytes
(i.e., normochromatic erythrocytes [NCEs]) using a flow cytometer®®; both the mature and
immature erythrocyte populations can be analyzed separately by employing special cell surface
markers to differentiate the two cell types. Because the very young reticulocyte subpopulation
(CD71+ cells) can be targeted using this technique, rat blood samples can be analyzed for
damage that occurred in the bone marrow within the past 24—48 hours, before the rat spleen
appreciably alters the percentage of reticulocytes in circulation.®” In mice, both the mature and
immature erythrocyte populations can be evaluated for micronucleus frequency because the
mouse spleen does not sequester and eliminate damaged erythrocytes. Damaged erythrocytes
achieve steady state in the peripheral blood of mice after 4 weeks of continuous exposure.
Approximately 20,000 reticulocytes and 1 x 10° erythrocytes were analyzed per animal for
frequency of micronucleated cells, and the percentage of immature erythrocytes (% PCE) was
calculated as a measure of bone marrow toxicity resulting from chemical exposure.

Prior experience with the large number of cells scored using flow cytometric scoring
techniques®® suggests it is reasonable to assume that the proportion of micronucleated
reticulocytes is approximately normally distributed. The statistical tests selected for trend and for
pairwise comparisons with the control group depend on whether the variances among the groups
are equal. The Levene test at o = 0.05 is used to test for equal variances. In the case of equal
variances, linear regression is used to test for a linear trend with exposure concentration, and the
Williams test is used to test for pairwise differences between each exposed group and the control
group. In the case of unequal variances, the Jonckheere test is used to test for linear trend, and
the Dunn test is used for pairwise comparisons of each exposed group with the control group. To
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correct for multiple pairwise comparisons, the p value for each comparison with the control
group is multiplied by the number of comparisons made. In the event that this product is >1.00, it
is replaced with 1.00. Trend tests and pairwise comparisons with the control group are
considered statistically significant at p < 0.025.

In the micronucleus test, it is preferable to base a positive result on the presence of both a
positive trend as well as at least one significantly elevated exposed group compared with the
corresponding control group. In addition, historical control data are used to evaluate the
biological significance of any observed response. Both statistical significance and biological
significance are considered when arriving at a call. The presence of either a positive trend or a
single significant exposed group generally results in an equivocal call. The absence of both a
trend and any significant differences between exposed groups and the control group results in a
negative call. Ultimately, the scientific staff determines the final call after considering the results
of statistical analyses, reproducibility of any effects observed (in acute studies), and the
magnitudes of those effects.

E.2.2. Results

The genetic toxicity of sulfolane was evaluated in the peripheral blood micronucleus tests in rats
and mice after exposure to sulfolane via drinking water. Micronucleated reticulocytes were not
increased in male and female rats exposed to sulfolane for 3 months via drinking water (0, 30,
100, 300, 1,000 mg/L) (Table E-1), and there were no increases in micronucleated reticulocytes
and micronucleated erythrocytes in male and female mice exposed to sulfolane for 3 months via
drinking water (0, 30, 100, 300, 1,000 mg/L) (Table E-2). A positive trend in the percentage of
reticulocytes was observed for female rats in the 3-month study, but the increase was within the
historical 95% confidence interval. Data from all NTP genetic toxicity tests with sulfolane are
available in the NTP Chemical Effects in Biological Systems database:
https://doi.org/10.22427/NTP-DATA-TR-605.7

Table E-1. Frequency of Micronuclei in Peripheral Blood Erythrocytes of Male and Female Rats in
the Three-month Interim Evaluation during the Perinatal and Two-year Drinking Water Study of
Sulfolane

%lalrsb;li‘tﬁf Micronucleated Micronucleated
PCEs/1,000 P Value® NCEs/1,000 P Value® PCEs(%)* P Value®
Erythrocytes a a
PCEs NCEs
Scored
Male
Exposure Concentration (mg/L)
0 6 0.783 +0.139 0.164 +£0.028 1.214 +0.177
30 5 0.850 +£0.208 0.6413  0.124+0.043  0.7729 1.128£0.105 0.7672
100 5 0.677 £0.122 0.7334  0.101+0.014  0.8536 1.077+£0.053 0.8860
300 5 0.640 + 0.080 0.7713  0.161+0.035 0.8830 1.176£0.075 0.9251
1,000 5 0.600 + 0.091 0.7920  0.098+0.030  0.8975 1.145+0.076 0.9432
Trend® p=0.8790 p=0.8350 p=0.9011
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Number of

Rats with Micronucleated Micronucleated
PCEs/1,000 P Value® NCEs/1,000 P Value® PCEs(%)* P Value®
Erythrocytes a a
PCEs NCEs
Scored
Female
Exposure Concentration (mg/L)
0 5 0.580 +0.132 0.080 +£0.023 1.156 £ 0.082
30 5 0.760 £ 0.116 0.4516  0.109 +0.031 0.2964 1.041+0.129 1.0000
100 5 0.530 +0.098 0.5318  0.090+0.023  0.3542 1.206+£0.036 1.0000
300 5 0.540 £ 0.073 0.5647  0.141+£0.029  0.2756 1.289+0.139 1.0000
1,000 5 0.560 + 0.081 0.5820  0.077+0.015  0.2867 1.511+£0.142 0.2347
Trend p =0.7247 p =0.6948 p=0.0191

PCE = polychromatic erythrocyte (i.e., reticulocyte); NCE = normochromatic erythrocyte (i.e., mature erythrocyte).
Data are presented as mean + standard error.
bPairwise comparisons with the vehicle control group performed using the Williams or Dunn test (p < 0.025).
°Exposure-related trends evaluated by linear regression or the Jonckheere test (p < 0.025).

Table E-2. Frequency of Micronuclei in Peripheral Blood Erythrocytes of Male and Female Mice in
the Three-month Interim Evaluation during the Two-year Drinking Water Study of Sulfolane

l?vllliréleb;l; t(l)lf Micronucleated Micronucleated
Erythrocytes PCEs/1,000 P Value® NCEs/1,000 P Value® PCEs (%)* P Value®
Scored PCEs? NCEs?
Male
Exposure Concentration (mg/L)
0 5 2.630 £ 0.203 1.544 £ 0.025 1.538 £0.079
30 5 2.600 £ 0.156 0.5209 1.585 +0.052 0.4767 1.513+0.092 1.0000
100 5 2.670 £0.143 0.5230 1.510 +£0.042 0.5592 1.516+0.063 1.0000
300 5 2.920 + 0.241 0.3417 1.581 +£0.028 0.5040 1.585+0.096 0.8652
1,000 5 2.700 + 0.239 0.3535 1.537 £0.051 0.5213 1.611+£0.053 0.6563
Trend® p=10.3697 p =0.6003 p=0.2922
Female
Exposure Concentration (mg/L)
0 5 2.870 £ 0.244 1.383 +£0.302 1.960 +0.379
30 5 2.060 + 0.206 0.9866 1.006 £ 0.020 1.0000 1.798 £0.220 1.0000
100 5 2.020 £ 0.101 0.9960 0.978 £ 0.039 1.0000 1.799 +0.107 1.0000
300 5 2.400+0.174 0.9975 1.077 £ 0.054 1.0000 1.830+0.104 1.0000
1,000 5 2.020+£0.115 0.9984 1.007 +0.043 1.0000 1.794 +0.128 1.0000
Trend p=10.9091 p =0.8642 p=0.9238

PCE = polychromatic erythrocyte (i.e., reticulocyte); NCE = normochromatic erythrocyte (i.e., mature erythrocyte).
Data are presented as mean + standard error.
bPairwise comparisons with the vehicle control group performed using the Williams or Dunn test (p < 0.025).
°Exposure-related trends evaluated by linear regression or the Jonckheere test (p < 0.025).
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F.1. Peer Reviewers

External peer review of the draft NTP Technical Report on the Toxicology and Carcinogenesis
Studies of Sulfolane (CASRN 126-33-0) Administered in Drinking Water to Sprague Dawley
(Hsd:Sprague Dawley® SD®) Rats and B6C3F1/N Mice was conducted by four subject matter
experts who individually provided comments via letter. Individuals outside the federal
government were invited to serve as peer reviewers because of their expertise and then vetted,
following established National Toxicology Program (NTP) practices, to ensure no conflicts of
interest. For peer review of this draft NTP report, the peer reviewers had expertise in chemical
toxicology, in-vitro biology, pharmacology, regulatory toxicology, reproductive toxicology,
toxicologic pathology, and vascular carcinogenicity.

The peer reviewers were charged to peer review the draft NTP report and provide recommended
revisions that would strengthen the scientific analyses or conclusions.

The report preparation team carefully considered the peer reviewers’ comments in revising the
report. The peer reviewers’ anonymized comments, presented in random order, are provided
verbatim in this appendix, other than for the correction of minor grammatical or typographical
errors.

Reviewers:

Charles A. Easley, Ph.D.

Associate Professor, Department of Environmental Health Science
University of Georgia

Athens, Georgia, USA

Elana R. Elkin, Ph.D., M.P.H.

Assistant Professor, Division of Environmental Health
San Diego State University

San Diego, California, USA

Debie J. Hoivik, Ph.D.

Vice President, Early Development
Akebia Therapeutics

Cambridge, Massachusetts, USA

Kevin A. Keane, D.V.M., Ph.D.
Senior Director of Pathology
Blueprint Medicines

Cambridge, Massachusetts, USA

F.2. Peer Review Charge and Instructions

Charge:

Peer review the draft NTP Technical Report on the Toxicology and Carcinogenesis Studies of
Sulfolane (CASRN 126-33-0) Administered in Drinking Water to Sprague Dawley (Hsd:Sprague
Dawley® SD®) Rats and B6C3F1/N Mice.
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Instructions:

For the numbered charge questions, provide any recommended revisions necessary for
strengthening the scientific analyses or conclusions of the draft NTP Technical Report. As
available, please provide the page and line number(s), table number, and/or figure number to
which the specific comments refer.

F.3. Peer Review Comments

F.3.1. Reviewer 1

1. Information presentation:

a. Please comment on whether the information presented in the draft NTP Technical Report,
including presentation of data in any tables and figures, is technically correct, clearly stated,
and objectively presented.

Reviewer Comments: The Technical Report is very well-written. The data are clearly stated,
the methodologies are well-described and detailed, the statistical tests are very detailed and
well-justified, and the overall presentation of the data is excellent. I particularly like the
background provided and the commentary on the current literature.

b. Please suggest any improvements to the information presented and provide your rationale or
scientific support for proposed improvements where applicable.

Reviewer Comments: | recommend adding more details on why the doses were chosen
especially since they differ from the 28-day report and are substantially higher than levels
reported in well water in Alaska.

e Especially with the rat studies, a number of animals died during the 2-year study, I
recommend the authors comment on that in more detail and discuss whether these
death rates are common in the historical studies. I imagine that they are, but I believe
that adding more information will provide better context. Considering that the number
of animals that died was higher in the 1000 mg/L dose, it might be difficult to say that
there isn’t a sulfolane-mediated effect.

e The 28-day study observed a number of non-neoplastic lesions, it appears these
weren’t observed in the 2-year study in the same strain of rats, can the authors add
more information as to why they did not see the same lesions in this Report?

e Especially in the rat studies, can the authors comment more about whether intake by
males being less than females impacted the overall results (specifically in the section
on page 43)?

e For the mice studies, do female animals retain more sulfolane or more slowly
metabolize it compared to males? If so, can the authors add more detail into how that
might impact the results?

e The follicular cyst data in mice are really interesting, the authors mention that the
toxicological significance of this finding is unknown, but I would recommend
expanding on this notion. This knowledge could be useful for physicians in regions
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with potential exposure to sulfolane to treat their patients, especially if there is a
potential impact on fertility long-term.

In two different places in the Discussion section, the authors comment: “It is possible
the difference in findings was due to sensitivity differences between rat stocks” when
discussing previously published results, but other previous studies, including the 28-
day Technical Report suggest that there is not species sensitivity to sulfolane. I would
recommend editing these statements or proposing more precise explanations for why
there are differences in this study. The Technical Report here is incredibly rigorous,
so the presented data is likely more accurate.

Please identify any information that should be added or deleted and provide your rationale
behind the additions or deletions.

Reviewer Comments: In Appendix D, I would either include Tables 12 and 21 in this
section or at least reference them in the Appendix.

On page 7, there is the following error: Table A 1Error! Reference source not found.
Please add back the reference source

In the “Preparation and Analysis of Dose Formulations,” only one dose appears to be
tested for stability. What is the rationale for this? Why just the lowest dose vs the
highest dose?

In this same section, the authors importantly note differences in target concentrations.
Did these differences affect the results in any way? Presumably not, but the authors
should add a statement addressing whether this impacted the results or not.

While the authors note that sperm counts were not assessed due to sample clumping,
were any histology assessments conducted on testis tissue? If so, discussing those
results (even if there were no changes in seminiferous tubule morphology, etc.) would
give more credence to the idea that the concentrations tested did not impact male
fertility

In Table 11, were the Chemical Intake Calculations validated by internal plasma
concentration values per animal?

In the Conclusion section, I recommend adding the follicular cyst data.

2. Study design, conduct, and findings:

a.

Please comment on the adequacy of the experimental design and methods used for execution
of the studies. Provide your rationale or scientific support for proposed changes where the
approach is deemed insufficient.

Reviewer Comments: The experimental design and methods are rigorous and robust and
give lots of credence to the results. This is a very well-designed, well-executed study with
meaningful results.

Please comment on whether the statistical analyses have been appropriately applied and
scientifically justified. Provide your rationale or scientific support for any proposed changes
to the statistical analyses.
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Reviewer Comments: The statistical tests and analyses are very well described, are detailed
well, and are easily justified. My only recommendation is that in the methods, significance is
less than 0.05, but in some of the tables and graphs, significance less than 0.01 is noted. I
would include this in the methodology section as well.

c. Please comment on whether the scientific interpretations of the data are objectively presented
and scientifically justified. Please specify any study conclusions that are not justified and
provide alternate interpretation of the data.

Reviewer Comments: All the interpretations of the data are justified and scientifically
sound. I have no objections as to how the data were interpreted.

3. Levels of Evidence of Carcinogenic Activity categories:

Information on the NTP Levels of Evidence of Carcinogenic Activity is available at
https://ntp.niehs.nih.gov/sites/default/files/ntp/test_info/cartox loe 508.pdf and in the draft NTP
Technical Report.

a. Indicate your agreement or disagreement with each draft NTP Level of Evidence conclusion,
taking into consideration the strength of the toxicology and carcinogenicity results in
Hsd:Sprague Dawley® SD® rats and B6C3F1/N mice exposed to sulfolane:

e Male Hsd:Sprague Dawley® SD® rats:
o No evidence of carcinogenic activity
X Agree
[0 Agree in principle with the exceptions listed below:
[0 Do not agree with interpretations because:

e Female Hsd:Sprague Dawley® SD® rats:
o Equivocal evidence of carcinogenic activity
= Increased incidence of mammary gland adenoma
X Agree

[0 Agree in principle with the exceptions listed below:
O Do not agree with interpretations because:

e Male B6C3F1/N mice:
o Clear evidence of carcinogenic activity

= Increased incidence of hemangiosarcoma (all organs), predominantly
occurring in the liver

X Agree
O Agree in principle with the exceptions listed below:
[J Do not agree with interpretations because:

e Female B6C3F1/N mice:

o Equivocal evidence of carcinogenic activity
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= Increased incidence of hepatocellular carcinoma

X Agree
[0 Agree in principle with the exceptions listed below:
[0 Do not agree with interpretations because:

Please provide any additional comments, suggestions, or recommendations for
improving the report and provide rationale or scientific support for proposed
improvements where applicable.

Reviewer Comments: At the end of the Discussion section, the authors write: “Previously, a
chronic reference dose of 10 pg/kg/day was calculated, which was based on the finding of
reduced leukocytes within female rats following a 90-day drinking water exposure?’ and for
which a drinking water screening level of 365 ppb was derived.®® The data presented here
may influence these values.” I would consider re-wording this statement because it might
lead policymakers to assume that higher levels of sulfolane in drinking water are safe.

e The authors accurately state that hemangiosarcomas are more prevalent in mice
compared to rats and humans, and as presented, this statement draws concerns about
the mouse model for these types of studies. I would add additional text to highlight
the limitations (as they have done) but also talk about the strengths and how the
observed data still indicate clear evidence for carcinogenicity.

F.3.2. Reviewer 2

1.

a.

Information presentation:

Please comment on whether the information presented in the draft NTP Technical Report,
including presentation of data in any tables and figures, is technically correct, clearly stated,
and objectively presented.

Reviewer Comments: I have no issues with the presentation of the data. No changes
proposed.

Please suggest any improvements to the information presented and provide your rationale or
scientific support for proposed improvements where applicable.

Reviewer Comments: See my comments in part 1C.

Please identify any information that should be added or deleted and provide your rationale
behind the additions or deletions.

Reviewer Comments: The section titled “Exposure Concentration Selection Rationale”
gives a brief rationale for the doses used in the rat and mice experiments outlined in the
technical report. This section is very important. In the early years of toxicology studies, very
high doses of toxicants were given to animals with little regard to the relevance of probable
human exposures levels. Now, that idea has drastically changed. Human relevance and
justification of the doses is one of the most important aspects of the study for translatability
and extrapolation. Although the study gives some justification for doses, I believe they are
inadequate. Many sentences in the paragraph refer the reader to other sources/references that
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the reader must look up on their own to further understand the dosing justifications. Because
of the importance of dosing justification in the context of acceptable toxicology studies done
in this field today, these justifications should be more explicitly stated and cited properly so
that the reader does not have to do more work to understand the justification for doses. I
think this section needs to be reviewed by the authors carefully and make sure they are
making it as easy for the reader as possible to understand why they are using doses as high as
1000 mg/L. Page 8 line 38-39 and page 9 line 1-6.

Study design, conduct, and findings:

Please comment on the adequacy of the experimental design and methods used for execution
of the studies. Provide your rationale or scientific support for proposed changes where the
approach is deemed insufficient.

Reviewer Comments:

e What is the rationale for using “teflon-lined” lids to seal the sulfolane dose
preparations? There would a slight concern for PFAS-family chemical contamination
depending on what chemicals were used to manufacture the “teflon-lined” lids and
whether there is any risk of sulfolane touching/mixing with “teflon-lined.” If this
specific lid serves a specific purpose, I would suggest stating that purpose (ie to
prevent evaporation etc.). Otherwise, it seems like a pointless fact to add to the
methods. Page 8, Lines 5-6.

e Why were more female F1 rats held in a single cage compared to males? Again may
want to explain why. Page 10, Line 16.

Please comment on whether the statistical analyses have been appropriately applied and
scientifically justified. Provide your rationale or scientific support for any proposed changes
to the statistical analyses.

Reviewer Comments: No changes proposed.

Please comment on whether the scientific interpretations of the data are objectively presented
and scientifically justified. Please specify any study conclusions that are not justified and
provide alternate interpretation of the data.

Reviewer Comments: Please see my level of evidence comments.

Levels of Evidence of Carcinogenic Activity categories:

Information on the NTP Levels of Evidence of Carcinogenic Activity is available at
https://ntp.niehs.nih.gov/sites/default/files/ntp/test_info/cartox loe 508.pdf and in the draft NTP

Technical Report.

a.

Indicate your agreement or disagreement with each draft NTP Level of Evidence conclusion,
taking into consideration the strength of the toxicology and carcinogenicity results in
Hsd:Sprague Dawley® SD® rats and B6C3F1/N mice exposed to sulfolane:

e Male Hsd:Sprague Dawley® SD® rats:

o No evidence of carcinogenic activity
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X Agree
[0 Agree in principle with the exceptions listed below:
O Do not agree with interpretations because:

e Female Hsd:Sprague Dawley® SD® rats:
o Equivocal evidence of carcinogenic activity
= Increased incidence of mammary gland adenoma

0 Agree
[0 Agree in principle with the exceptions listed below:
X Do not agree with interpretations because:

I don’t believe there is enough evidence to make the overall conclusion of equivocal
evidence of carcinogenic activity based only “increased incidence” of mammary
gland adenoma in one treatment group. In table 17, it shows only one dose, the
middle dose of 100 mg/L increasing the incidence over the other treatment groups
with a p-value 0.036. Although this p-value is technically significant based on a
p<0.05 definition, it is still not particularly convincing. Looking at the full context of
the results for the female rats, there was no dose-response relationship, only one
group showing higher incidence in one type of tumor out of two listed. I don’t think
this evidence rises to the level of any carcinogenic activity. I would change this
conclusion to no evidence of carcinogenic activity.

e Male B6C3F1/N mice:

o Clear evidence of carcinogenic activity

» Increased incidence of hemangiosarcoma (all organs), predominantly
occurring in the liver

Agree
(] Agree in principle with the exceptions listed below:
Do not agree with interpretations because:

I agree that the data at the 1000 mg/L are consistent with increased incidence of
carcinogenesis, however, the concentration is so high that I’'m not sure how relevant
is it to actual human exposures.
e Female B6C3F1/N mice:
o Equivocal evidence of carcinogenic activity
= Increased incidence of hepatocellular carcinoma
X Agree

[0 Agree in principle with the exceptions listed below:
[0 Do not agree with interpretations because:

4. Please provide any additional comments, suggestions, or recommendations for
improving the report and provide rationale or scientific support for proposed
improvements where applicable.
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Reviewer Comments: [No comments]

F.3.3. Reviewer 3

1.

a.

Information presentation:

Please comment on whether the information presented in the draft NTP Technical Report,
including presentation of data in any tables and figures, is technically correct, clearly stated,
and objectively presented.

Reviewer Comments: The integrated and summarized word document was presented in a
standard and easily understood format (e.g., intro, M&M, results, etc.). The pertinent tables
were expertly prepared and inserted into this document and this made it quite easy to review.
Additionally, the folders with background reports were useful. There was a minor issue in
getting the individual data tables (due to some PDF watermarking format) but this was
readily resolved by the NTP staff, and these data were subsequently received in a timely
manner.

Please suggest any improvements to the information presented and provide your rationale or
scientific support for proposed improvements where applicable.

Reviewer Comments: It would be ideal if there could be links in the

integrated document [that] could take one to the ancillary file (e.g. individual data) of interest
rather than the reviewer having to hunt for this document in the review packet. The vast
number of files associated with this technical report makes searching for an individual data
file a cumbersome process.

Please identify any information that should be added or deleted and provide your rationale
behind the additions or deletions.

Reviewer Comments: Given that there were minor findings in the associated
immunotoxicity studies (e.g., reduced NK cells), it could be more clearly stated if there were
any non-neoplastic immune tissue findings that were observed that maybe associated with the
neoplastic findings, especially in the same tissues as those identified below.

Study design, conduct, and findings:

Please comment on the adequacy of the experimental design and methods used for execution
of the studies. Provide your rationale or scientific support for proposed changes where the
approach is deemed insufficient.

Reviewer Comments: The unusual study design which includes gestational exposure may
be something that warrants further discussion and justification. I am not inherently opposed
to this study design but consider that a non-neoplastic developmental issue may skew the
results of the assessment of neoplasia. I admit that I did not find any evidence even with
careful review of the developmental data provided. Thus, I admit this concern is more
hypothetical than real based on the data herein.

Please comment on whether the statistical analyses have been appropriately applied and
scientifically justified. Provide your rationale or scientific support for any proposed changes
to the statistical analyses.
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Reviewer Comments: The statistical analyses were complete and appropriately applied.

c. Please comment on whether the scientific interpretations of the data are objectively presented
and scientifically justified. Please specify any study conclusions that are not justified and
provide alternate interpretation of the data.

Reviewer Comments: I believe your conclusions below are conservative (albeit justified) in
the two cases below for the reasons stated.

3. Levels of Evidence of Carcinogenic Activity categories:

Information on the NTP Levels of Evidence of Carcinogenic Activity is available at
https://ntp.niehs.nih.gov/sites/default/files/ntp/test _info/cartox loe 508.pdf and in the draft NTP
Technical Report.

a. Indicate your agreement or disagreement with each draft NTP Level of Evidence conclusion,
taking into consideration the strength of the toxicology and carcinogenicity results in
Hsd:Sprague Dawley® SD® rats and B6C3F1/N mice exposed to sulfolane:

e Male Hsd:Sprague Dawley® SD® rats:
o No evidence of carcinogenic activity
X Agree

[0 Agree in principle with the exceptions listed below:
[0 Do not agree with interpretations because:

e Female Hsd:Sprague Dawley® SD® rats:
o Equivocal evidence of carcinogenic activity

= Increased incidence of mammary gland adenoma

[0 Agree
Agree in principle with the exceptions listed below:

The non-dose response of this common finding (presence in the 100 mg/L group)
gives considerable concern that this is a spurious background finding.

L1 Do not agree with interpretations because:

e Male B6C3F1/N mice:
o Clear evidence of carcinogenic activity

= Increased incidence of hemangiosarcoma (all organs), predominantly
occurring in the liver

X Agree
[0 Agree in principle with the exceptions listed below:
[0 Do not agree with interpretations because:

e Female B6C3F1/N mice:

o Equivocal evidence of carcinogenic activity

F-10


https://ntp.niehs.nih.gov/sites/default/files/ntp/test_info/cartox_loe_508.pdf

Sulfolane, NTP TR 605

= Increased incidence of hepatocellular carcinoma

L] Agree
X Agree in principle with the exceptions listed below:

The high incidence of these findings in the control group (combined 11/50 or 22%)
gives concern that this is a spurious background finding in all dose groups.

L] Do not agree with interpretations because:

4. Please provide any additional comments, suggestions, or recommendations for
improving the report and provide rationale or scientific support for proposed
improvements where applicable.

Reviewer Comments: Accessing the report in the ECB system is quite cumbersome. It is far
easier to work in the Kiteworks system.

F.3.4. Reviewer 4
1. Information presentation:

a. Please comment on whether the information presented in the draft NTP Technical Report,
including presentation of data in any tables and figures, is technically correct, clearly stated,
and objectively presented.

Reviewer Comments: Information was clearly presented.

b. Please suggest any improvements to the information presented and provide your rationale or
scientific support for proposed improvements where applicable.

Reviewer Comments: None

c. Please identify any information that should be added or deleted and provide your rationale
behind the additions or deletions.

Reviewer Comments: None
2. Study design, conduct, and findings:

a. Please comment on the adequacy of the experimental design and methods used for execution
of the studies. Provide your rationale or scientific support for proposed changes where the
approach is deemed insufficient.

Reviewer Comments: Experimental design adequate.

b. Please comment on whether the statistical analyses have been appropriately applied and
scientifically justified. Provide your rationale or scientific support for any proposed changes
to the statistical analyses.

Reviewer Comments: No comment
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c. Please comment on whether the scientific interpretations of the data are objectively presented
and scientifically justified. Please specify any study conclusions that are not justified and
provide alternate interpretation of the data.

Reviewer Comments: Data is presented in a balanced, objective manner.
3. Levels of Evidence of Carcinogenic Activity categories:

Information on the NTP Levels of Evidence of Carcinogenic Activity is available at
https://ntp.niehs.nih.gov/sites/default/files/ntp/test_info/cartox loe 508.pdf and in the draft NTP
Technical Report.

a. Indicate your agreement or disagreement with each draft NTP Level of Evidence conclusion,
taking into consideration the strength of the toxicology and carcinogenicity results in
Hsd:Sprague Dawley® SD® rats and B6C3F1/N mice exposed to sulfolane:

e Male Hsd:Sprague Dawley® SD® rats:
o No evidence of carcinogenic activity
Agree

[0 Agree in principle with the exceptions listed below:
[0 Do not agree with interpretations because:

e Female Hsd:Sprague Dawley® SD® rats:
o Equivocal evidence of carcinogenic activity
= Increased incidence of mammary gland adenoma
X Agree

[0 Agree in principle with the exceptions listed below:
O Do not agree with interpretations because:

e Male B6C3F1/N mice:
o Clear evidence of carcinogenic activity

= Increased incidence of hemangiosarcoma (all organs), predominantly
occurring in the liver

Agree
O Agree in principle with the exceptions listed below:
[J Do not agree with interpretations because:

e Female B6C3F1/N mice:
o Equivocal evidence of carcinogenic activity
» Increased incidence of hepatocellular carcinoma
Agree
O Agree in principle with the exceptions listed below:
[J Do not agree with interpretations because:
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4. Please provide any additional comments, suggestions, or recommendations for
improving the report and provide rationale or scientific support for proposed
improvements where applicable.

Reviewer Comments: Studies and report are well done.
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Appendix G. Supplemental Data

Tables with supplemental data can be found here: https://doi.org/10.22427/NTP-DATA-TR-605.

G.1. Perinatal and Two-year Study (Three-month Interim) — Rats

G.1.1. Data Tables

101 - Animal Removal Summary
C11054B01 101 Animal Removal Summary.pdf

102 - Animal Removals
C11054B01 102 Animal Removals.pdf

103 - Growth Curve
C11054B01 103 Growth Curve.pdf

103C - Growth Curve
C11054B01_103C Growth Curve.pdf

104 - Mean Body Weight Summary
C11054B01 104 Mean Body Weight Summary.pdf

104G - Mean Body Weight Gain
C11054B01 104G _Mean Body Weight Gain.pdf

105 - Clinical Observations Summary
C11054B01 105 Clinical Observations Summary.pdf

105D - Detailed Clinical Observations Summary
C11054B01_I05D_Detailed Clinical Observations Summary.pdf

I05P - Pup Clinical Observations Summary
C11054B01_105P_Pup Clinical Observations Summary.pdf

I05PD - Pup Detailed Clinical Observations Summary
C11054B01_I05PD_Pup Detailed Clinical Observations Summary.pdf

107 - Mean Water Consumption
C11054B01 107 Mean Water Consumption.pdf

108 - Mean Test Compound Consumption
C11054B01 108 Mean Test Compound Consumption.pdf

PAO2R - Neoplastic Lesion Summary with Percent and Litter Incidence
C11054B01 _PAO2R Neoplastic Lesion Summary with Percent and Litter Incidence.pdf

PAO3R - Nonneoplastic Lesion Summary with Percent and Litter Incidence
C11054B01 _PAO3R Nonneoplastic Lesion Summary with Percent and Litter Incidence.pdf
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PAOSR - Incidence Rates of Neoplastic Lesions with Litter Incidence Systemic Lesions
Abridged

C11054B01 PAOSR Incidence Rates of Neoplastic Lesions with Litter Incidence Systemic
_Lesions_Abridged.pdf

PAO06 - Organ Weights Summary
C11054B01 PA06 Organ Weights Summary.pdf

PAOSR - Statistical Analysis of Neoplastic Lesions with Litter Incidence
C11054B01 PAOSR_Statistical Analysis of Neoplastic Lesions with Litter Incidence.pdf

PAI10R - Statistical Analysis of Nonneoplastic Lesions with Litter Incidence
C11054B01 _PAI1OR Statistical Analysis of Nonneoplastic Lesions with Litter Incidence.pdf

PA14 - Individual Animal Pathology Data
C11054B01_PA14 Individual Animal Pathology Data.pdf

PA18R - Nonneoplastic Lesion Summary with Mean Severity Grade and Litter Incidence
C11054B01 PA18R Nonneoplastic Lesion Summary with Mean Severity Grade and Litter
_Incidence.pdf

PA41 - Clinical Chemistry Summary
C11054B01 _PA41 Clinical Chemistry Summary.pdf

PA43 - Hematology Summary
C11054B01_PA43 Hematology Summary.pdf

PA46 - Summary of Gross Pathology
C11054B01 PA46 Summary of Gross Pathology.pdf

PA48 - Summary of Internal Concentration
C11054B01 PA48 Summary of Internal Concentration.pdf

RO1 - Multigeneration Cross Reference
C11054B01 RO1 Multigeneration Cross Reference.pdf

RO2 - Reproductive Performance Summary
C11054B01_RO02 Reproductive Performance Summary.pdf

RO3 - Summary of Litter Data
C11054B01_RO3 Summary of Litter Data.pdf

R04 - Anogenital Distance Summary
C11054B01_R04 Anogenital Distance Summary.pdf

R16 - Pubertal Markers Summary
C11054B01_R16 Pubertal Markers Summary.pdf

R19 - Pup Mean Body Weight Summary
C11054B01 _R19 Pup Mean Body Weight Summary.pdf
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R19C - Pup Growth Curve
C11054B01_R19C Pup Growth Curve.pdf

R19G - Pup Mean Body Weight Gain
C11054B01 _R19G Pup Mean Body Weight Gain.pdf

Vaginal Cytology Markov Model
C11054B01_Vaginal Cytology Markov Model.pdf

Vaginal Cytology Plots
C11054B01 Vaginal Cytology Plots.pdf

Vaginal Cytology Summary
C11054B01-Vaginal Cytology Summary.pdf

G.1.2. Individual Animal Data

Individual Animal Body Weight Data
C11054B01 _Individual Animal Body Weight Data.xlsx

Individual Animal Clinical Chemistry Data
C11054B01 Individual Animal Clinical Chemistry Data.xlsx

Individual Animal Clinical Observations Data
C11054B01 _Individual Animal Clinical Observations Data.xIsx

Individual Animal Consumption Data
C11054B01 Individual Animal Consumption Data.xlsx

Individual Animal Developmental Markers Data
C11054B01 _Individual Animal Developmental Markers Data.xIsx

Individual Animal Gross Pathology Data
C11054B01 Individual Animal Gross Pathology Data.xlsx

Individual Animal Hematology Data
C11054B01 Individual Animal Hematology Data.xlsx

Individual Animal Histopathology Slide Review Data
C11054B01 Individual Animal HistoPathologySlideReview Data.xlsx

Individual Animal Litter Data
C11054B01 Individual Animal Litter Data.xlsx

Individual Animal Organ Weight Data
C11054B01 Individual Animal Organ Weight Data.xlsx

Individual Animal Pup Body Weight Data
C11054B01 Individual Animal Pup Body Weight Data.xIsx

Individual Animal Pup Clinical Observations Data
C11054B01 Individual Animal Pup Clinical Observations Data.xlIsx
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Individual Animal Removal Reasons Data
C11054B01 _Individual Animal Removal Reasons Data.xlsx

Individual Animal Reproductive Performance Data
C11054B01 Individual Animal Reproductive Performance Data.xlsx

Individual Animal Tissue Concentration Data
C11054B01 _Individual Animal Tissue Concentration Data.xIsx

G.2. Perinatal and Two-year Study Tables — Rats

G.2.1. Data Tables

101 - Animal Removal Summary
C11054B01 2 year 101 Animal Removal Summary.pdf

102 - Animal Removals
C11054B01 2 year 102 Animal Removals.pdf

103 - Growth Curve
C11054B01 2 year 103 Growth Curve.pdf

103C - Growth Curve
C11054B01 2 year 103C_Growth Curve.pdf

104 - Mean Body Weight Summary
C11054B01 2 year 104 Mean Body Weight Summary.pdf

104G - Mean Body Weight Gain
C11054B01 2 year 104G _Mean Body Weight Gain.pdf

105 - Clinical Observations Summary
C11054B01_2 year I05 Clinical Observations Summary.pdf

107 - Mean Water Consumption
C11054B01 2 year 107 Mean Water Consumption.pdf

108 - Mean Test Compound Consumption
C11054B01 2 year 108 Mean Test Compound Consumption.pdf

PAO2R - Neoplastic Lesion Summary with Percent and Litter Incidence
C11054B01 2 year PAO2R Neoplastic Lesion Summary with Percent and Litter Incidence.
pdf

PAO3R - Nonneoplastic Lesion Summary with Percent and Litter Incidence
C11054B01 2 year PAO3R Nonneoplastic Lesion Summary with Percent and Litter Incide
nce.pdf
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PAOSR - Incidence Rates of Neoplastic Lesions with Litter Incidence Systemic Lesions
Abridged

C11054B01 2 year PAOSR Incidence Rates of Neoplastic Lesions with Litter Incidence S
ystemic_Lesions Abridged.pdf

PAOSL - Statistical Analysis of Neoplastic Lesions with Litter Incidence
C11054B01 2 year PAOSL Statistical Analysis of Neoplastic Lesions with Litter Incidence
pdf

PA10L - Statistical Analysis of Nonneoplastic Lesions with Litter Incidence
C11054B01 2 year PAIOL Statistical Analysis of Nonneoplastic Lesions with Litter Incid
ence.pdf

PA11 - Statistical Analysis of Survival Data
C11054B01 2 year PAI11 Statistical Analysis of Survival Data.pdf

PA14 - Individual Animal Pathology Data
C11054B01_2 year PA14 Individual Animal Pathology Data.pdf

PA18R - Nonneoplastic Lesion Summary with Mean Severity Grade and Litter Incidence
C11054B01 2 year PAI8R Nonneoplastic Lesion Summary with Mean Severity Grade an
d_Litter Incidence.pdf

PA40 - Survival Curve
C11054B01 2 year PA40 Survival Curve.pdf

PA46 - Summary of Gross Pathology
C11054B01 2 year PA46 Summary of Gross Pathology.pdf

G.2.2. Individual Animal Data

Individual Animal Body Weight Data
C11054B01_2 year Individual Animal Body Weight Data.xlsx

Individual Animal Clinical Observations Data
C11054B01 2 year Individual Animal Clinical Observations Data.xIsx

Individual Animal Consumption Data
C11054B01 2 year Individual Animal Consumption Data.xlsx

Individual Animal DamID and PupID Data
C11054B01 2 year Individual Animal DamID and PupID Data.xlIsx

Individual Animal Gross Pathology Data
C11054B01 2 year Individual Animal Gross Pathology Data.xlsx

Individual Animal Histopathology Slide Review Data
C11054B01 2 year Individual Animal HistoPathologySlideReview Data.xIsx

Individual Animal Removal Reasons Data
C11054B01 2 year Individual Animal Removal Reasons Data.xlsx
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G.3. Two-year (with Three-month Interim) Study Tables - Mice

G.3.1. Data Tables

101 - Animal Removal Summary
C11054B02 101 Animal Removal Summary.pdf

102 - Animal Removals
C11054B02 102 _Animal Removals.pdf

103 - Growth Curve
C11054B02 103 Growth Curve.pdf

103C - Growth Curve
C11054B02_103C_Growth Curve.pdf

104 - Mean Body Weight Summary
C11054B02 104 Mean Body Weight Summary.pdf

104G - Mean Body Weight Gain
C11054B02 _104G_Mean Body Weight Gain.pdf

105 - Clinical Observations Summary
C11054B02 105 Clinical Observations Summary.pdf

107 - Mean Water Consumption
C11054B02 107 Mean Water Consumption.pdf

108 - Mean Test Compound Consumption
C11054B02 108 Mean Test Compound Consumption.pdf

PAO2 - Neoplastic Lesion Summary with Percent Incidence
C11054B02 PAO02 Neoplastic Lesion Summary with Percent Incidence.pdf

PAO03 - Nonneoplastic Lesion Summary with Percent Incidence
C11054B02 PAO0O3 Nonneoplastic Lesion Summary with Percent Incidence.pdf

PAOS - Incidence Rates of Neoplastic Lesions with Systemic Lesions Abridged
C11054B02 PAO5 Incidence Rates of Neoplastic Lesions with Systemic Lesions Abridged
pdf

PAO06 - Organ Weights Summary
C11054B02 PA06 Organ Weights Summary.pdf

PAO0S - Statistical Analysis of Neoplastic Lesions
C11054B02 PAOS8 Statistical Analysis of Neoplastic Lesions.pdf

PAO8X - Statistical Analysis of Neoplastic Lesions
C11054B02 PAO8X Statistical Analysis of Neoplastic Lesions.pdf

PA10 - Statistical Analysis of Nonneoplastic Lesions
C11054B02 PA10 Statistical Analysis of Nonneoplastic Lesions.pdf
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PA10X - Statistical Analysis of Nonneoplastic Lesions
C11054B02 PA10X_Statistical Analysis of Nonneoplastic Lesions.pdf

PA11 - Statistical Analysis of Survival Data
C11054B02 PA11 Statistical Analysis of Survival Data.pdf

PA14 - Individual Animal Pathology Data
C11054B02 _PA14 Individual Animal Pathology Data.pdf

PA18 - Incidence Rates of Nonneoplastic Lesions by Anatomic Site with Average Severity
Grade

C11054B02 PA18 Incidence Rates of Nonneoplastic Lesions by Anatomic Site with Aver
age Severity Grade.pdf

PA40 - Survival Curve
C11054B02_PA40 Survival Curve.pdf

PA43 - Hematology Summary
C11054B02 PA43 Hematology Summary.pdf

PA46 - Summary of Gross Pathology
C11054B02 PA46 Summary of Gross Pathology.pdf

PA48 - Summary of Internal Concentration
C11054B02 PA48 Summary of Internal Concentration.pdf

Vaginal Cytology Markov Model
C11054B02_ Vaginal Cytology Markov Model.pdf

Vaginal Cytology Plots
C11054B02 Vaginal Cytology Plots.pdf

Vaginal Cytology Summary
C11054B02_Vaginal Cytology Summary.pdf

G.3.2. Two-year (with Three-month Interim) Individual Animal Data

Individual Animal Body Weight Data
C11054B02 Individual Animal Body Weight Data.xlsx

Individual Animal Clinical Observations Data
C11054B02 Individual Animal Clinical Observations Data.xlsx

Individual Animal Consumption Data
C11054B02_Individual Animal Consumption Data.xlsx

Individual Animal Gross Pathology Data
C11054B02 Individual Animal Gross Pathology Data.xlsx

Individual Animal Hematology Data
C11054B02_Individual Animal Hematology Data.xlsx

G-7



Sulfolane, NTP TR 605

Individual Animal Histopathology Data
C11054B02_Individual Animal HistoPathology Data.xlsx

Individual Animal Organ Weight Data
C11054B02 Individual Animal Organ Weight Data.xlsx

Individual Animal Removal Reasons Data
C11054B02_Individual Animal Removal Reasons Data.xlsx

Individual Animal Tissue Concentration Data
C11054B02 Individual Animal Tissue Concentration Data.xIsx

G.3.3. Genetic Toxicology

G.3.3.1. Genetic Toxicity Evaluation of Sulfolane (126-33-0) in Micronucleus Study in Sprague
Dawley Rats

G04 — In Vivo Micronucleus Summary
G11054C_GO04 In Vivo Micronucleus Summary Data.pdf

Individual Animal In Vivo Micronucleus Data
G11054C Individual Animal In Vivo Micronucleus Data.xIsx

G.3.3.2. Genetic Toxicity Evaluation of Sulfolane (126-33-0) in Micronucleus Study in B6C3F1/N
Mice

G04 - In Vivo Micronucleus Summary
G11054D_G04 In Vivo Micronucleus Summary Data.pdf

Individual Animal In Vivo Micronucleus Data
G11054D Individual Animal In Vivo Micronucleus Data.xlsx
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