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FOREWORD

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

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

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

This document presents background information and justification for the Integrated Risk
Information System (IR1S) Summary of the hazard and dose-response assessment of acrylonitrile
(AN). IRIS Summaries may include oral reference dose (RfD) and inhalation reference
concentration (RfC) values for chronic and other exposure durations, and a carcinogenicity
assessment.

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

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

Development of the hazard identification and dose-response assessments for AN has
followed the general guidelines for risk assessment as set forth by the National Research Council
(NRC, 1983). U.S. Environmental Protection Agency (U.S. EPA) Guidelines and Risk
Assessment Forum Technical Panel Reports that may have been used in the development of this
assessment include the following: Guidelines for the Health Risk Assessment of Chemical
Mixtures (U.S. EPA, 1986a), Guidelines for Mutagenicity Risk Assessment (U.S. EPA, 1986b),
Recommendations for and Documentation of Biological Values for Use in Risk Assessment (U.S.
EPA, 1988), Guidelines for Developmental Toxicity Risk Assessment (U.S. EPA, 1991), Interim
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Policy for Particle Size and Limit Concentration Issues in Inhalation Toxicity (U.S. EPA,
1994a), Methods for Derivation of Inhalation Reference Concentrations and Application of
Inhalation Dosimetry (U.S. EPA, 1994b), Use of the Benchmark Dose Approach in Health Risk
Assessment (U.S. EPA, 1995), Guidelines for Reproductive Toxicity Risk Assessment (U.S. EPA,
1996), Guidelines for Neurotoxicity Risk Assessment (U.S. EPA, 1998a), Science Policy Council
Handbook: Risk Characterization (U.S. EPA, 2000a), Benchmark Dose Technical Guidance
Document (U.S. EPA, 2000b), Supplementary Guidance for Conducting Health Risk Assessment
of Chemical Mixtures (U.S. EPA, 2000c), A Review of the Reference Dose and Reference
Concentration Processes (U.S. EPA, 2002), Guidelines for Carcinogen Risk Assessment (U.S.
EPA, 2005a), Supplemental Guidance for Assessing Susceptibility from Early-Life Exposure to
Carcinogens (U.S. EPA, 2005b), Science Policy Council Handbook: Peer Review (U.S. EPA,
2006a), and A Framework for Assessing Health Risks of Environmental Exposures to Children
(U.S. EPA, 2006b).

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

2 DRAFT - DO NOT CITE OR QUOTE



2. CHEMICAL AND PHYSICAL INFORMATION

AN (CASRN 107-13-1) is a three-carbon alkene carrying a nitrile substituent group as
part of the terminal carbon atom (carbon 1) (Figure 2-1). Synonyms for the compound include
vinyl cyanide, propenenitrile, and cyanoethylene, and there are a variety of trade names. AN is a
colorless, flammable, and volatile liquid with a weakly pungent onion- or garlic-like odor. Some
physical and chemical properties are shown below (NLM, 2003; IPCS, 2002; ATSDR, 1990).

)
H\C%C\C
N
H
Figure 2-1. Chemical structure of AN.

Formula: CsHsN
Molecular weight: 53.06
Melting point: -83°C
Boiling point: 77.4°C
Density: 0.806 g/mL (at 20°C)
Log Koc: -0.07
Vapor pressure: 100 mm Hg at 22.8°C
Henry’s law constant; 8.8 x 10”° atm-m*/mol
Conversion factors: 1 ppm = 2.17 mg/m®

1 mg/m® = 0.46 ppm

AN is a commercially important chemical with a wide range of uses in the chemical
industry. It is used in the production of acrylic and modacrylic fibers, plastics (AN butadiene
styrene [ABS] and AN-styrene resins), and nitrile rubbers and as an intermediate in the
production of other important chemicals, such as adiponitrile and acrylamide. AN is used in the
plastics industry in the formation of surface coatings and adhesives. It is a chemical intermediate
in the synthesis of antioxidants, pharmaceuticals, and dyes and, in general, for processes
requiring the introduction of a cyanoethyl group into a molecule (NLM, 2003). AN is also used
in clinical practice in the form of dialysis tubing (Mulvihill et al., 1992). AN was used
occasionally as a fumigant insecticide for stored grain. A measure of the commercial importance
of AN may be judged by the amount produced in a given year. The Agency for Toxic
Substances and Disease Registry (ATSDR, 1990) reports that 1,112,754 metric tons of AN were
produced in the United States in 1987. Production had increased to 1,455,735 metric tons by
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1995 (ACS, 2003). Exposure of the general public to AN can potentially occur through
migration of residual monomer in polymeric products via contact with food or water. Exposure
to airborne AN is possible among members of the general population living in the vicinity of
emission sources such as acrylic fiber or chemical manufacturing plants or waste sites (ATSDR,
1990). In addition, smokers are expected to be exposed to AN, which has been detected in
cigarette smoke at levels of 3.2—15 mg per cigarette (IARC, 1999).
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3. TOXICOKINETICS

Although only limited information on the toxicokinetics of AN in exposed humans is
available, a substantial body of evidence has accumulated on the absorption, distribution,
metabolism, and excretion of AN in experimental animals. AN is rapidly and nearly completely
absorbed, widely distributed among the tissues, and biochemically transformed into several
discrete metabolites that are excreted in the urine and, to a much lesser extent, in feces and
expired air. Two primary metabolic processes appear to be involved for AN: (1) interaction
with reduced glutathione (GSH) and (2) cytochrome P450 (CYP450) 2E1-mediated formation of
2-cyanoethylene oxide (CEO). Each product of these processes can undergo further metabolic
transformations. Important data elements that have contributed to the current understanding of
the toxicokinetics of AN are summarized in the following sections.

3.1. ABSORPTION
3.1.1. Studies in Humans

Jakubowski et al. (1987) administered AN via inhalation to six male volunteers for 8
hours at concentrations of either 5 or 10 mg/m?® from a chamber. Lung ventilation and retention
of AN in the lungs of these individuals were measured by determining the concentrations of AN
in the inhaled and expired air. A respiratory retention of 52% was estimated, based on 90
minutes to 8 hours of observation.

3.1.2. Studies in Animals

Most of the available information on the absorption of AN has come from studies in
experimental animals. Young et al. (1977) carried out a series of experiments in which
[1-**C]-AN was administered to male Sprague-Dawley rats via the oral, inhalation, or
intravenous (i.v.) route. Semiquantitative evidence of extensive absorption of AN has come
from an inhalation experiment of Young et al. (1977) in which four rats/group were exposed
nose only to 5 or 100 ppm AN vapor for 6 hours. Following the exposure, the animals were kept
in metabolism cages and excreta were collected for 220 hours. Total recovered doses estimated
from total recovered radioactivity for the low and high exposure levels were 0.7 and 10.2 mg/kg
[1-1C]-AN, respectively. Substantial amounts of the recovered dose were found in urine, feces,
and tissues, which indicated that AN has the capacity to be absorbed via the inhalation route
(Table 3-1).
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Table 3-1. Recovery of radioactivity from male Sprague-Dawley rats
exposed to 5 or 100 ppm [1-**C]-AN for 6 hours via inhalation

5 ppm | 100 ppm
Site of recovery Percentage of recovered dose (mean * standard deviation [SD])
Urine 68.50 + 9.38 82.17+4.21
Feces 3.94+0.97 3.15+0.82
Yco, 6.07 + 1.58 2.60 +0.83
Body 18.53 + 4.68 11.24 +2.85
Cage wash 2.95+3.95 0.85+0.58
Total dose (mg/kg) 0.7 10.2

Source: Young et al. (1977).

In the gavage experiments, animals were kept in metabolic cages after a single dose of
either 0.1 or 10 mg/kg [1-**C]-AN (vehicle not stated), and the fate of the radiolabel was
monitored for 72 hours. As shown in Table 3-2, only about 5% of the administered radiolabel
was recovered in the feces after 72 hours. By contrast, most of the administered radiolabel was
recovered in the urine, carcass, and skin, with smaller fractions of the administered radiolabel
expired as 1*CO,. These data suggest that at least 95% of administered AN was absorbed.

Table 3-2. Recovery of radioactivity after a single gavage dose of 0.1 or
10 mg/kg [1-*C]-AN to male Sprague-Dawley rats

0.1 mg/kg | 10 mg/kg
Recovery site Percent of dose
Urine 34.22 +6.26 66.68 + 10.6
Feces 5.36+1.43 522+1.17
Expired CO, 456 +1.82 393+1.79
Carcass 24.24 £5.02 16.04 £1.87
Skin 1278 £ 1.17 10.57 £ 4.55
Total recovery 81.2 102.4

Source: Young etal. (1977).

Ahmed et al. (1983) administered a single oral dose of 46.5 mg/kg AN to male Sprague-
Dawley rats in distilled water, using 50 pCi/kg of either [2,3-'*C]- or [1-'*C]-AN as a tracer.
Only 8-10% of administered radioactivity from the [2,3-*C]-AN dose had been excreted in
feces 72 hours after dosing, compared with 2% from orally administered [1-**C]-AN during the
same period. Thus, AN was readily absorbed at the gastrointestinal (GI) tract. The time course
of radioactivity released from feces showed a major spike of [2,3-**C]-AN-derived radiolabel
after 72 hours. The delayed release suggests that at least a portion of this released radioactivity
may have resulted from biliary elimination of absorbed AN. The major peak of released
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radiolabel from [1-**C]-AN was at 24 hours postexposure, possibly indicative of a different
metabolic fate for the nitrile portion of the molecule.

Kedderis et al. (1993a) administered [2,3-**C]-AN orally to male F344 rats (0.09—
28.8 mg/kg) and male B6C3F; mice (0.09-10 mg/kg). Three to five percent of the administered
dose was recovered in the feces of rats after 72 hours. Between 2 and 8% of the dose was
recovered in the feces of male B6C3F; mice. These data indicate the near-complete absorption
of the compound when administered via the oral route.

3.2. DISTRIBUTION

The toxicokinetic experiments of Young et al. (1977) provide data on the deposition of
radiolabel when male Sprague-Dawley rats were exposed to [1-**C]-AN via inhalation, gavage,
or i.v. injection. As shown in Table 3-1, an average of 11.24% of total recovered dose
(10.2 mg/kg [1-*C]-AN) was obtained in the tissues when a group of four rats was exposed to
100 ppm of [1-**C]-AN for 6 hours via inhalation, and excreta were collected for 220 hours.
Another group exposed to 5 ppm [1-**C]-AN had an average of 18.53% of the recovered
radiolabel (0.7 mg/kg [1-**C]-AN) deposited in the tissues. When the fate of radiolabel
administered by gavage was monitored, combining the recoveries of the administered
radioactivity in carcass and skin gave a value of 37% for tissue deposition at the lower AN
concentration (0.1 mg/kg) vs. 27% at the higher concentration (10 mg/kg) (Table 3-2), indicating
possible metabolic saturation at the higher dose. The percentage of expired CO, was lower for
the high-dose group than the low-dose group (3.93 vs. 4.56%), providing support for possible
metabolic saturation.

Young et al. (1977) examined the distribution of the radiolabel among the major organs
and tissues after oral and i.v. administration of [1-**C]-AN. Radioactivity was detected in
several tissues, including lungs, liver, kidneys, stomach, intestines, skeletal muscle, heart, spleen,
brain, thymus, testes, skin, carcass, and blood cells. Of these, the stomach, red blood cells
(RBCs), and skin appeared to be the most important deposition sites for radiolabeled AN or its
metabolites, regardless of the route of administration, dose level, or time. Radioactivity found in
the stomach was highest after either oral or i.v. route and was not due to unabsorbed AN since
similar results were obtained with either i.v. or oral dosing.

In a follow-up time course experiment, Young et al. (1977) administered 10 mg/kg
[1-**C]-AN intravenously via the tail vein to three male Sprague-Dawley rats and examined the
distribution of radioactivity to the stomach and adrenal glands. The level of radioactivity in the
stomach and its contents increased from 5 minutes to 24 hours postinjection. On the other hand,
radioactivity was high in the adrenal gland at 5 minutes but decreased 13-fold in 24 hours.
Radioactivity was observed in the bile of a single bile-duct-cannulated rat, indicating biliary
excretion. Maximal radioactivity in bile was observed after 15 minutes but declined at later time
points.
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When both sexes of adult Sprague-Dawley rats (including some pregnant animals) and
two cynomolgus monkeys were exposed orally (26 mg/kg) or intravenously (13 mg/kg) to single
doses of [1-**C]-AN, whole-body autoradiography from 20 minutes after injection primarily
showed radioactivity in the bile, intestinal contents, and urine (Sandberg and Slanina, 1980).
Other organs showing accumulation of isotope in the autoradiogram were blood, liver, kidney,
lung, and adrenal cortex, in which the activity declined slowly during 24 hours. There also was
uptake of the label in the stomach mucosa and hair follicles. Distribution of radioactivity in fetal
tissue following i.v. and oral administration to pregnant rats was uniform and showed a low
uptake compared to maternal tissue. An exception was found in the eye lens, in which the
radioactivity exceeded that of the maternal blood (Sandberg and Slanina, 1980).

Jacob and Ahmed (2003a) used whole-body autoradiography to examine the distribution
of 11.5 mg/kg [2-**C]-AN administered orally or intravenously to male F344 rats 5 minutes and
8, 24, and 48 hours postexposure. Levels of radioactivity per gram of tissue were highest
5 minutes after oral dosing for stomach lumen and mucosa, small intestine lumen and mucosa,
liver, nasal mucosa, spleen, and kidney; other tissues (including the lung, brain, spinal cord,
thyroid, and testis) had peak levels at 8 hours. Covalently bound radioactivity was detected
48 hours later in stomach mucosa, blood, and hair follicles. Five minutes following i.v.
administration, the highest levels of radioactivity per gram of tissue were detected in the lung,
liver, spleen, small intestine lumen, kidney, epididymis, and adrenal gland. At 24 hours, tissues
that showed peak levels included bone marrow, brain, lacrimal gland, and testis. Tissues with
the highest level at 24 hours included the lung, liver, and bone marrow. The levels of covalent
bound radioactivity (nCi/g) were higher 48 hours after i.v. exposure compared with oral
exposure, with bound radioactivity retained in liver, spleen, bone marrow, lung, kidney, and
adipose tissue ranging from 2.5 to 23 times higher following i.v. exposure. The only organs that
retained higher levels of covalently bound radioactivity 48 hours following oral exposure were
the stomach mucosa (3%) and heart blood (5.7x). The total radioactive dose retained in animals
after i.v. and oral exposures were 70 and 38%, respectively. Jacob and Ahmed (2003a)
concluded that the metabolism and distribution of AN is greatly influenced by the portals of
entry, with a higher amount of AN metabolized and excreted following oral exposure compared
with exposure by i.v. injection. Rapid delivery of AN after i.v. treatment resulted in fast
conjugation and/or covalent interaction of the parent compound with biological molecules,
resulting in minimal metabolism and excretion in urine or feces.

Sapota (1982) administered 40 mg/kg AN in saline, containing either 40 uCi/kg
[1,2-*C]-AN or [1-**C]-AN to male Wistar rats, either via gavage or intraperitoneally. Tissue
distribution of radioactivity as measured by liquid scintillation counting after intraperitoneal
(i.p.) and oral administration showed that the highest specific radioactivity in tissue (nCi/g) was
found in RBCs, liver, and kidneys. Tissue-wide recovery of the radiolabel from either
[1,2-'*C]-AN or [1-**C]-AN at 2, 8, and 24 hours after a single oral dose is shown in Table 3-3.
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Statistically significant differences were observed in the distribution of radioactivity from the
two forms of labeled AN in RBCs, plasma, liver, and kidney at 8 and 24 hours after
administration. More rapid loss of tissue radioactivity in the liver, kidneys, and brain was also
observed after oral administration of [1-**C]-AN than [1,2-**C]-AN. These results suggested
different pathways for disposition and biotransformation of the cyano and vinyl moieties of the
AN molecule.

Table 3-3. Percentage recovery of radioactivity in tissues of male Wistar
rats following a single oral dose of radiolabeled AN

Recovered radioactivity (percent of dose in tissue)
Target organ/ Distribution from [1-**C]-AN Distribution from [1,2-**C]-AN

tissue 2h 8h 24 h 2h 8h 24 h
RBCs 5.36 4.82° 5.45 531 7.27° 6.72
Plasma 2.63 4.00* 0.50% 1.93 1.92% 1.70°
Liver 6.13 1.21% 1.00% 7.00 5.98% 2.67%
Kidney 1.17 0.27% 0.15% 0.82 0.77% 0.30°
Spleen 0.22 0.10 0.08 0.14 0.17 0.10
Lung 0.36 0.25 0.25 0.30 0.27 0.11
Brain 0.25 0.12% 0.09 0.24 0.25% 0.12
Total 16.1 10.8 7.5 15.7 16.6 11.7

%p < 0.05; significant difference between [**CN]-AN and [1,2-**C]-AN at the same time point.

Source: Sapota (1982).

In an in vivo study on the interaction of orally administered 46.5 mg/kg [1-*C]-AN or
5 mg/kg K**CN with rat blood, Farooqui and Ahmed (1982) reported that up to 94% of **C from
AN in RBCs was covalently bound to cytoplasmic and membrane proteins. On the other hand,
90% of the radioactivity from K*CN in erythrocytes was bound to the heme fraction of
hemoglobin (Hb), indicating that CN™ liberated from potassium cyanide (KCN) interacted with
heme. In addition, distribution of **C from erythrocytes of rats treated with [1-*C]-AN showed
that more than 40% of total radioactivity was localized in membrane residue, 20-35% in the
globin fraction, and 11-25% in the heme fraction. In contrast, 70% of **C from K**CN in red
cells was localized in the heme fraction, 14-25% in globin, and 5-10% in cell membrane. The
study authors concluded that KCN interacted with rat blood mainly through liberation of CN™,
which was bound to heme. Since AN was found to be mainly covalently bound to cell
membranes, AN might cause damage to RBCs by mechanisms other than the release of CN™.

In male Wistar rats that received 40 mg/kg AN (about half the median lethal dose [LDsg])
by gavage in water, peak blood levels of AN (2 ug/mL) were detected 1.5 hours after dosing
(Shibata et al., 2004). By 2.5 hours after dosing, blood levels of AN had dropped to less than
0.2 pg/mL. Ten hours after dosing, AN was still detectable in blood at 50 ng/mL.
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Ahmed et al. (1983, 1982) studied the distribution of AN administered to male Sprague-
Dawley rats by gavage with a dose equivalent to one-half the LDs (46.5 mg/kg). In the first
experiment (Ahmed et al., 1982), the dose additionally contained 50 uCi/kg [1-**C]-AN. In the
second experiment (Ahmed et al., 1983), both [2,3-**C]-AN (both carbons in the vinyl moiety
were radiolabeled) and [1-**C]-AN were studied in rats administered an oral dose of 46.5 mg/kg.

Radioactivity from both forms of labeled AN or its metabolites initially was sequestered
mainly in the stomach and stomach content, followed by the rest of the Gl tract, including small
and large intestines. The Gl tract contained the highest levels of radioactivity up to 72 hours
before beginning to decline, suggesting that AN or its metabolites were re-secreted in the
stomach (Ahmed et al., 1983). In addition, radioactivity became widely distributed in all tissues
within 1-6 hours after dosing, with liver, kidney, and blood showing higher radioactivity than
muscle, fat, and bone (Ahmed et al., 1983, 1982). Heart, spleen, brain, and thymus showed
maximum concentrations between 3 and 6 hours. By 24 hours after administration, the levels of
radioactivity found in liver, kidney, and lung began to decline, resulting in 10- to several
100-fold reductions from peak concentrations over the course of the 10-day experiment.
However, in several tissues, the decline of radioactivity was much lower: at 10 days postdosing,
radiolabel concentrations had declined only 2.4-fold in skin, 2.9-fold in blood, 3.8-fold in spleen,
and 4.9-fold in eyes, as compared with peak levels.

Two differently labeled AN preparations were administered to rats to elucidate potential
differences in distribution and metabolism between the cyano and vinyl groups. One important
finding of these studies was that radioactivity in blood was predominantly in the RBCs,
especially for radioactivity from [2,3-2*C]-AN. Radioactivity from [1-**C]-AN in plasma was
higher than that from [2,3-**C]-AN. For radioactivity from [1-**C]-AN in RBCs, 40% was
localized in membrane residue, 20-35% in the globin fraction, and 11-25% in the heme fraction.
In contrast, 50% of radioactivity from [2,3-**C]-AN was in the membrane fraction, 45% in the
globin fraction, and only a trace amount in the heme fraction.

In addition, compared to [1-**C]-AN administered to animals, the percentage of covalent
binding of [2,3-1*C]-AN to proteins was significantly higher even 72 hours after dosing.
Subcellular distribution of radioactivity from [2,3-**C]-AN was also different from that derived
from [1-C]-AN. For [2,3-*C]-AN, the cytosol fraction attained the lowest covalent protein
binding in tissues. The percentage of covalently bound radioactivity in tissues relative to the
total increased four- to fivefold over that of the 1-hour level. At 72 hours after administration,
the highest bound radioactivity was in the mitochondrial fractions of kidney, spleen, lung, and
heart. However, in liver, the microsomal fraction contained the highest radioactivity (Ahmed et
al., 1983).

For [1-**C]-AN, covalent binding to macromolecules in tissues remained unchanged over
time. Cytosol contained the highest levels of total radioactivity in the six tissues (liver, kidney,
spleen, brain, lung, and heart) selected for the study of subcellular distribution. Twenty to 40%
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of total radioactivity was bound to nuclear, mitochondrial, or microsomal fractions. Only 6-14%
of total radioactivity was bound to cytosol over 6 hours (Ahmed et al., 1982).

Farooqui and Ahmed (1983a) demonstrated the irreversible binding of radiolabel from
[2,3-%*C]-AN to proteins and nucleic acids in vivo. AN was administered by gavage as a bolus
dose of 46.5 mg/kg (one-half LDsp) in distilled water to male Sprague-Dawley rats (3—-4/group).
Proteins were extracted by chloroform-isoamyl alcohol-phenol, and ribonucleic acid (RNA) and
deoxyribonucleic acid (DNA) were isolated by hydroxyapatite chromatography. Protein binding
at 1 hour after dosing was highest in spleen and stomach, followed by liver, brain, and kidney.
Protein binding in spleen and stomach declined after 1 hour, whereas binding in liver, kidney,
and brain increased. At 6 hours after dosing, protein binding fell to lower values in spleen and
stomach but increased in other tissues. Binding plateaued in all tissues between 6 and 48 hours,
with levels in spleen > liver > stomach > kidney > brain. Binding to RNA was highest in liver,
stomach, and brain, with liver attaining a maximum by 6 hours and stomach and brain by
24 hours. The subsequent decline until 48 hours was also slow. DNA binding did not reach a
maximum until 24 hours after dosing, with levels in brain > stomach > liver. Again, the decline
of DNA-bound radioactivity during the following 24 hours was slow. Binding of AN to DNA in
brain, stomach, and liver was 56, 45, and 5 umol AN per mol DNA, respectively, at 24 hours.
The study authors also calculated a covalent binding index for DNA, defined as the ratio of
(umol AN bound per mol DNA) to (mmol AN applied per kg body weight [BW]). The values
for brain, stomach, and liver were 65, 52, and 6, respectively.

Silver et al. (1987) examined the distribution of 100 mg [1-**C]-AN in female Sprague-
Dawley rats after i.v. injection to investigate why this procedure induced acute hemorrhagic
necrosis of the adrenal gland 2 hours after administration and why this damage was more
prominent with i.v. injection than with oral administration. Total radioactivity was found to be
highest in the blood, liver, kidney, duodenum, and adrenals 15-90 minutes following i.v.
injection of [1-**C]-AN . (This result was largely in agreement with the whole-body
autoradiographic findings of Sandberg and Slanina [1980] in rats and monkeys.) Total radiolabel
in blood increased over this time period, whereas the total radiolabel in other organs remained
constant or decreased with time. The level of covalently bound radiolabel in the adrenals was
lower than that observed in blood, liver, kidney, forestomach, and glandular stomach.

Silver et al. (1987) also administered the same dose of [1-**C]-AN in water by gavage to
female Sprague-Dawley rats (four/group) and investigated the distribution of radiolabel up to
24 hours after dosing. Total radioactivity was highest during the first 8 hours after dosing in the
blood, Gl tract, liver, and kidney. At 24 hours after dosing, the highest total radioactivity was
found in the blood, forestomach, and glandular stomach. The highest level of covalently bound
radioactivity was found in these same tissues during the first 8 hours after dosing and remained
highest in the blood and forestomach at 24 hours after dosing. The study authors concluded that
their observations would not support a role of covalent binding in the hemorrhagic effect of AN
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on the adrenals. Rather, the initial high concentrations of radiolabel from AN might play a role
in the action of AN on the adrenal gland. However, it should be noted that in both studies, the
cyano carbon, not the vinyl carbons, was labeled.

The rapidity with which AN was biotransformed and distributed to the brain as its
epoxide metabolite, CEO, was reported in two studies (Kedderis et al., 1993b; Roberts et al.,
1991). Roberts et al. (1991) administered 4 mg/kg AN to male F344 rats and B6C3F; mice
(three/group) and measured CEO levels in blood at 0.5, 1, 4, or 24 hours after dosing. Higher
levels of CEO were found in rat blood than in mouse blood. In addition, CEO was cleared from
mouse blood in 4 hours, but was cleared in rat blood in 24 hours. The dose dependence of CEO
concentrations in blood was also evaluated. Blood CEO was measured 0.5 hours after oral
dosing in F344 rats given either 0, 1, 4, 10, or 30 mg/kg AN and in B6C3F; mice given either O,
1, 4, 8, or 10 mg/kg AN. Blood CEO concentrations increased with dose in rats and mice but at
higher concentrations in rats at the same doses.

In the first experiment by Kedderis et al. (1993Db), three male F344 rats and three male
B6C3F; mice were administered 10 mg/kg AN in water by gavage. The rats were sacrificed
10 minutes after dosing, while the mice were sacrificed 5 minutes after dosing. CEO
concentrations from blood and brains of rats and mice were measured. Higher CEO
concentrations were found in the blood and brains of rats than in mice (13% higher in blood and
23% higher in brain). In addition, CEO concentration in rat blood 10 minutes after oral
administration was about twice the concentration previously reported by Roberts et al. (1991) at
30 minutes after oral dosing of 4 mg/kg AN to three male F344 rats. On the other hand, CEO
concentration in mice 5 minutes after oral administration was about 10 times higher than that
reported at 30 minutes after oral dosing of 4 mg/kg AN to three male B6C3F; mice (Roberts et
al., 1991). These results suggested that CEO was rapidly cleared in both rats and mice and that
the clearance of CEO in mice was more rapid than in rats.

Kedderis et al. (1993b) also administered 3 mg/kg [2,3-1*C]-CEO orally to F344 rats and
B6C3F; mice to determine the tissue distribution of radioactivity from labeled CEO after 2 and
24 hours. Radioactivity from labeled CEO was widely distributed in major organs of rats and
mice 2 hours after administration, with the highest level of radioactivity found in the stomach
and intestines of rats and mice. However, radioactivity detected in the stomach and intestines of
mice was only about 15 and 40%, respectively, of that detected in rats, suggesting that mice
absorbed CEO more rapidly than rats (Kedderis et al., 1993b). By 24 hours, radioactivity
decreased by 71-90% in all tissues, including the brain, liver, and lung. Stomach and intestines
continued to retain the highest level of radioactivity, probably due to covalent binding of CEO to
macromolecules in these organs.

Burka et al. (1994) monitored the tissue distribution of radiolabel derived from
[2-**C]-AN after oral dosing at 0.87 mmol/kg (46 mg/kg) to untreated, phenobarbital
(PB)-pretreated, or SKF 525A pretreated male F344 rats (three/group). PB induces a number of
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CYP450 isozymes, including CYP2B1 and CYP2B2, whereas SKF 525A is a general inhibitor
of CYP450. After 24 hours, about 10% of the administered dose in untreated rats was present in
the blood with a further 4% sequestered in the tissues. In PB-pretreated rats, a 40% increase in
AN-derived radioactivity was found in both the liver and glandular stomach when compared
with rats treated with AN alone, with no changes in other tissues. However, AN-derived
radioactivity in most tissues of SKF 525A pretreated rats were up to 278% higher, suggesting the
involvement of CYP450 metabolism in the disposition of AN and/or its metabolites. (AN reacts
more rapidly with tissue nucleophiles than CEO; hence, decreasing its oxidative metabolism to
CEO would increase tissue binding of radiolabel.) Because PB pretreatment had little effect on
tissue distribution, the isoforms of CYP450 induced by PB are probably not the ones involved in
the metabolism of AN. It is known that AN is metabolized by CYP2E1, not CYP2B1 or
CYP2B2, to CEO (see Section 3.3). PB might increase AN-derived radioactivity in the liver and
stomach by inducing other enzymes, such as nicotinamide adenine dinucleotide phosphate
(NADPH)-cytochrome CYP450 reductase.

Ahmed et al. (1996a) monitored the tissue distribution of AN-derived radioactivity in
F344 rats (four/group) up to 48 hours following i.v. injection of 11.5 mg/kg of [2-*C]-AN
(50 uCi/kg). The study authors used whole-body autoradiography to chart a time course of tissue
deposition and obtained the highest levels of activity in lung (998 nCi/mg), intestinal contents
(752 nCi/mg), liver (713 nCi/mg), and spleen (539 nCi/mg) 5 minutes after dosing. Other tissues
with high radiolabel at this time point were the kidney (283 nCi/mg), epididymis (266 nCi/mg),
adrenal gland (241 nCi/mg), intestinal mucosa (245 nCi/mg), heart-blood (166 nCi/mg), bone-
marrow (178 nCi/mg), thyroid (121 nCi/mg), adipose tissue (169 nCi/mg), and lacrimal gland
(122 nCi/mg), while the brain, spinal cord, and testis had the lowest levels of radioactivity. At
8 hours after dosing, the contents of the large intestine, especially the cecum, had the highest
level of radioactivity (852 nCi/mg). Radioactivity in brain (92 nCi/mg), lacrimal gland
(294 nCi/mg), and thyroid (211 nCi/mg) peaked at 24 hours after dosing, while radioactivity
level in bone marrow (698 nCi/mg) peaked at 48 hours. Covalent bound radioactivity, as
determined after acid-extraction techniques on freeze-dried sections, was observed in the spleen,
liver, bone marrow, and lung.

3.3. METABOLISM

A proposed scheme for the metabolic pathways of AN in mammals is shown in
Figure 3-1. The scheme has been developed as a result of studies on the identification of urinary
metabolites following acute exposure (Fennell and Sumner, 1994; Kedderis et al., 1993a; Fennell
etal., 1991; Turner et al., 1989; Muller et al., 1987; Tardiff et al., 1987; Gut et al., 1985;
Kopecky et al., 1980; Langvardt et al., 1980), measurements of the in vivo modulation of
AN-induced toxicological and biochemical changes by enzyme inhibitors or inducers (Wang et
al., 2002; Sumner et al., 1999; Burka et al., 1994; Kedderis et al., 1993c; Pilon et al., 1988a, b;
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Ghanayem and Ahmed, 1986; Ahmed and Abreu, 1981; Abreu and Ahmed, 1980), determination
of the subcellular distribution of metabolic products of AN (Nerland et al., 2001; Ahmed et al.
1996a), and analysis of metabolites formed in vitro by subcellular fractions of liver, lung, and
kidney in response to AN administration (Mostafa et al., 1999; Kedderis et al., 1995; Kedderis
and Batra, 1993;, Roberts et al., 1991, 1989; Hogy, 1986; Geiger et al., 1983; Ahmed and Abreu,
1981; Guengerich et al., 1981; Abreu and Ahmed, 1980).
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Source: National Toxicology Program (NTP) (2001).

Figure 3-1. Scheme for the metabolic transformation of AN.

Primary components of the scheme are formation of CEO by the action of mixed function
oxidases (predominantly CYP2EL), detoxification of AN by interaction with GSH, and covalent
binding of AN reactive metabolite to other biological macromolecules.

In rats, CYP2EL is present in the liver and widespread among other tissues. This isoform
can be induced in the tongue, esophagus, forestomach squamous epithelia (Shimizu et al., 1990),
and intestinal mucosa (Subramanian and Ahmed, 1995). It is present, albeit at levels 10—

20 times lower than in liver, in such tissues as kidney and lung. It is also present in the brain
(Geng and Strobel, 1993; Sohda et al., 1993). The formation of CEO has important implications
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for the toxicity of AN, because the intermediate has been proposed as the principal carcinogenic
metabolite of AN. However, CEO can undergo a number of further transformations. These
include the interaction with GSH to form a series of cysteine or N-acetyl cysteine derivatives and
the production of cyanide via the action of epoxide hydrolase (EH). Subsequent detoxification
of cyanide to thiocyanate is thought to occur under the action of rhodanese (Kopecky et al.,
1980).

3.3.1. Oxidation of AN to CEO

Evidence for the oxidation of AN to CEO and its subsequent transformations came from
a number of studies. Abreu and Ahmed (1980) studied the in vitro conversion of AN to cyanide
in subcellular fractions of liver from Sprague-Dawley rats (also reported in Ahmed and Abreu
[1981]). The metabolic activity was localized in the microsomal fraction and required NADPH,
MgCl,, and oxygen for maximal activity. Determination of the kinetic parameters (Ky, and Vmax)
of the transformation of AN to cyanide pointed to a higher affinity and faster rate of product
formation in microsomes from rats pretreated with CYP450-inducing agents, such as
Aroclor 1254 and PB. (Six AN concentrations ranging from 10 to 300 mM were used for each
preparation.) The Ky, values calculated for the PB and Aroclor 1254 preparations were 54.8 and
40.9 mM, respectively, and were lower than the control (190 mM). Pretreatment of rats or
addition to incubation mixtures with agents that inhibit CYP450 activity, such as SKF 525A or
cobalt chloride, reduced the amount of cyanide formed by rat liver microsomes.

Abreu and Ahmed (1980) studied the effect on cyanide formation when 1,1,1-trichloro-
propane-2,3-oxide (TCPO), a specific inhibitor of EH, was added to the microsomal incubation
mixtures. Production of cyanide was dose-dependently reduced to 19% of control levels at
TCPO concentration of 1 x 102 M. Abreu and Ahmed (1980) also tested the effect of sulfhydryl
compounds on microsomal metabolism of AN, as measured by the rate of cyanide formation.
Only cysteamine decreased cyanide formation; other sulfhydryl compounds, including GSH and
cysteine, enhanced the rate of cyanide formation from AN.

Abreu and Ahmed (1980) suggested that probably more than one step was involved in the
enzymatic conversion of AN to cyanide. The study authors proposed the initial product of AN
oxidation to be CEO, which could then undergo a number of alternative transformations, one of
which would be non-enzymatic conversion to cyanide. That another transformation might
involve EH was indicated by the decrease in cyanide formation following administration of the
inhibitor TCPO. Because cyanide production was enhanced in the presence of sulfhydryl
compounds, such as GSH, chemical interaction of CEO with GSH could lead to formation of
cyanohydrin. Rearrangement of this cyanohydrin to an aldehyde could result in the release of
cyanide. Cysteamine might diminish cyanide formation due to its inhibition of CYP450-
dependent metabolism (Buckpitt et al., 1979).
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Geiger et al. (1983) studied the conversion of AN to its metabolic products in isolated rat
hepatocytes and demonstrated the formation of CEO and its hydrolysis to cyanide, which itself
was transformed and detected as thiocyanate.

In vitro incubation of AN with liver microsomes isolated from male F344 rats pretreated
with inhibitors or inducers of specific members of the CYP450 family of mixed function
oxidases indicated that CYP2EL1 is the major catalyst in the oxidation of AN to CEO (Kedderis et
al., 1993c). The rate (Vmax) at which rat liver microsomes oxidized AN to CEO was increased
more than fivefold from V.« 0f 366 pmol CEO/minute-mg for untreated rats following acetone
pretreatment, although K, was increased from 11 to 19 uM. Because acetone is a potent inducer
of CYP2EL, the data suggest that this isoform is a primary catalyst of AN epoxidation in rats.
Treatment with B-naphthoflavone to induce CYP1A1l and CYP1AZ2 or with dexamethasone
(DEX) to induce the CYP3A enzymes increased Vmax only less than twofold, but K, was
increased by 3.5 and 5.2-fold, respectively, for AN epoxidation in these two pretreatment
systems. Treatment with PB to induce CYP2B1 and CYP2B2 slightly decreased the Vax but
increased the Ky, in microsomes from rats. These studies demonstrated that other forms of
CYP450 (CYP2B1, CYP2B2, and the 3A enzymes) can oxidize AN but with specific activities
much lower than CYP2EL.

The effect of a number of CYP450 inhibitors on epoxidation of 1.2 mM AN by rat
hepatic microsomes was investigated (Kedderis et al., 1993c). Neither SKF 525A nor
metyrapone were effective inhibitors, retaining 87% of control activity. After treatment of rats
with DEX or PB, SKF 525A became a more effective inhibitor, retaining 45 and 47% of control
activity. Metyrapone also became a more effective inhibitor of epoxidation of AN after DEX
treatment. The CYP450 ligand, 1-phenylimidazole, was a potent inhibitor of AN epoxidation
(4% of control activity). Chlorzoxazone (27%), ethanol (42%), and diethyldithiocarbamate
(17%) also inhibited this pathway. The changes in the degree of inhibition of epoxidation of AN
following DEX and PB treatments could be interpreted as multiple CYP450 enzymes from rat
hepatic microsomes were capable of oxidizing AN.

Antibodies to CYP2E1 (sheep or goat anti-rabbit CYP2EL) inhibited more than 85% of
AN epoxidation in liver microsomes from untreated or acetone-treated rats but only 40 and 60%
inhibition following DEX and PB treatment, respectively (Kedderis et al., 1993c), suggesting
that CYP450 enzymes other than CYP2E1 might participate in the epoxidation. However, it
should be noted that the AN concentration in these in vitro studies was high (1 mM). Forms of
CYP450 enzymes other than CYP2E1 might have been recruited to AN metabolism.

Kedderis et al. (1993c) also investigated the kinetics of the epoxidation of 1.2 mM AN by
using human hepatic microsomes. Ky, and Vmax values for oxidation of AN by liver microsomes
from six uninduced individuals ranged from 12 to 18 uM and from 129 to 315 pmol/minute-mg,
respectively. Antibodies to CYP2EL produced 58-70% inhibition of AN epoxidation catalyzed
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by the six human liver microsomal preparations. This suggests that, while CYP2E1 was the
major catalyst of AN epoxidation in humans, other isoforms of CYP450 may also be involved.

Sumner et al. (1999) investigated the role of CYP450 in the metabolism of AN in mice.
Three male wild-type (WT) mice and three to four male CYP450 2E1-null mice were treated
orally with either 2.5 mg or 10 mg/kg of [1,2,3-"*C] AN. Urinary metabolites in samples
collected over 24-h were characterized using **C nuclear magnetic resonance (NMR). In WT
mice, urinary metabolites of CEO predominated, with metabolites derived from GSH
conjugation at the 3-carbon of CEO accounting for 67-71%. Metabolites from GSH conjugation
at the 2-carbon accounted for about 13%. Metabolites from direct GSH conjugation with the
parent compound, AN, accounted for 15-21%. In the urine of CYP2E1-null mice, however,
only metabolites from direct GSH conjugation were detected. Sumner et al. (1999) interpreted
their data as indicating that CYP2E1 may be the only CYP450 involved in the metabolism of AN
in mice.

Subramanian and Ahmed (1995), attempting to characterize the specific intestinal
toxicity of AN, incubated microsomes isolated from male Sprague-Dawley rat intestinal mucosa
in vitro with AN in the presence of NADPH. AN metabolism to cyanide was enhanced by the
addition of sulfhydryl compounds such as GSH, cysteine, and D-penicillamine. AN metabolism
to cyanide was also enhanced following the induction of microsomal proteins (MPSs) by treating
rats with PB (inducer of CYP2B1), B-naphthoflavone (inducer of CYP1A1), and
4-methylpyrazole (inducer of CYP2E1). AN metabolism to cyanide was inhibited to 8 and 20%
of control, respectively, when dimethyl sulfoxide (DMSO) or ethanol (competitive inhibitors of
CYP2E1) was added to the incubation mixtures.

Subramanian and Ahmed (1995) showed that the intestinal CYP450 isoform had a high
affinity for AN, with a Kp, of 1.1 uM and a Ve 0f 1,250 pmol/mg protein/minute. Addition of
DMSO in varying concentrations (final 30 mM) increased the Ky, of the reaction to 10 uM, but
Vmax remained unchanged. Since DMSO is a specific substrate and competitive inhibitor for
CYP2EL1, these studies indicated that CYP2E1 was the main CYP450 isoform that bio-activates
AN in the intestine. In addition, anti-P450 3a immunoglobulin (Ig)G (which cross-reacts with rat
CYP2E1) caused a concentration-dependent inhibition of the metabolism of AN to cyanide in the
ethanol-induced intestinal microsomes (Subramanian and Ahmed, 1995). These results showed
that CYP2E1 was the main intestinal mucosa enzyme metabolizing AN to cyanide.

Similarly, Abdel-Aziz et al. (1997) demonstrated the metabolism of AN to cyanide when
AN was incubated in vitro with NADPH and a microsomal fraction prepared from Sprague-
Dawley rat testis. The Vax Of this reaction was 65 pmol CN™/mg protein/minute, and the K,
was 88.6 uM AN. Addition of SKF 525A or benzimidazole (competitive inhibitors of CYP450)
to the incubation mixture inhibited the formation of cyanide, whereas microsomes obtained from
PB-treated rats increased activation of AN to cyanide. Thus, AN was metabolized in rat testis
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via CYP450 mixed function oxidase. Addition of GSH, L-cysteine, D-penicillamine, or
2-mercaptoethanol also enhanced the release of cyanide from AN.

The capability of rat kidney to metabolize AN to cyanide was demonstrated by Mostafa
et al. (1999) in an in vitro study that investigated the mechanism by which AN caused renal
toxicity. In renal subcellular fractions from Sprague-Dawley rats, the metabolism of AN to
cyanide was highest in the microsomal fraction. An NADPH-generating system in the presence
of magnesium ions was required for maximal activity. The Vmax Of this reaction was 118 pmol
CN™/mg protein/minute, and the K, was 160 uM AN. Metabolism of AN to cyanide was
increased when microsomes were obtained from PB-, ethanol-, 4-methylpyrazole-, and
3-methylcholanthrene-treated rats. On the other hand, addition of SKF 525A or benzimidazole
to the incubation mixture inhibited AN metabolism. These data suggested that AN was
metabolized in the kidney via a CYP450-dependent mixed function oxidase system. Addition of
GSH, L-cysteine, cysteamine, D-penicillamine, or 2-mercaptoethanol to the incubation mixture
enhanced AN metabolism.

Ahmed and Patel (1981) carried out a series of single-dose gavage experiments on male
Sprague-Dawley rats and male Swiss mice at fractions of the LDs, values of AN and KCN. (The
LDso of AN is 93 mg/kg in rats and 27 mg/kg in mice; the LDso of KCN is 10 mg/kg in rats and
8.5 mg/kg in mice.) Cyanide was measured and detected in blood, liver, kidney, and brain of
both rats and mice 1 hour after administration in a dose-dependent manner. However, cyanide
concentrations from metabolism of one LDsy AN in blood and tissues of rats were significantly
lower than those produced from one LDso of KCN. On the other hand, comparable
concentrations of cyanide in blood and tissues were observed after one LDsy AN or KCN was
administered to mice. Blood and liver contained higher amounts of cyanide per unit volume than
kidney and brain (the other two organs evaluated).

Observed signs of toxicity were also different in rats and mice administered an LDs of
AN. Rats developed severe cholinomimetic signs including salivation, lacrimation, diarrhea,
wheezing on expiration, and peripheral vasodilatation within 10 minutes after administration of
93 mg/kg AN. These signs were not observed in rats treated with KCN. Severe central nervous
system (CNS) effects such as depression, convulsions, and asphyxia were observed in rats 10—
20 minutes after treatment with 10 mg/kg KCN (LDsp). These CNS signs of cyanide toxicity
were observed in AN-treated rats 2—-3 hours after dosing. No physiological adverse effects were
observed in rats receiving 0.25 LDso AN. Mild salivation, diarrhea, and vasodilation were
observed after one-half LDsy AN in rats. However, in mice treated with equitoxic dose (LDsy
27 mg/kg) AN, CNS signs identical to those observed after KCN was administered were
observed. These results demonstrated species differences in the toxicity and metabolism of AN.

Moreover, Ahmed and Patel (1981) showed that pretreatment of rats with Aroclor 1254
and PB increased AN metabolism to cyanide in rats, and pretreatment of rats with CoCl, or SKF
525A decreased blood cyanide concentrations. These results showed that the AN
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transformations demonstrated by Abreu and Ahmed (1980) in vitro also could take place in vivo.
In addition, increased metabolism of AN to cyanide would increase CNS effects. However,
acute AN toxicity was also manifested as cholinomimetic signs, which were not from cyanide.

Shibata et al. (2004) employed headspace gas chromatography to simultaneously measure
blood levels of AN and its metabolite, hydrogen cyanide, following oral administration to rats.
Plasma and urinary thiocyanate concentrations were also measured by the colorimetric method.
Male Wistar rats that received 40 mg/kg AN (about half the LDsg) by gavage in water showed
toxic signs such as tachycardia 1 hour later. Peak blood levels of AN (2 pug/mL) and cyanide
(0.7 ng/mL) were detected 1.5 hours after dosing. By 2.5 hours after dosing, blood levels of AN
had dropped to less than 0.2 pg/mL and blood levels of cyanide decreased to 0.1 pg/mL; at that
time, thiocyanate was detected in plasma (20 pg/mL). Plasma thiocyanate concentrations rose
over time, peaking at 5 hours (31.3 pg/mL). At the same time, excretion of thiocyanate in urine
began to increase significantly. Ten hours after dosing, AN was still detectable in plasma at
50 ng/mL, but cyanide had decreased to a background level of about 5 ng/mL. The cumulative
urinary elimination of thiocyanate gradually increased, and at 10 hours, about 1.2 mg thiocyanate
was excreted into the urine. This amount was calculated to be 7% of the total administered AN.
Urinary AN level was not measured.

The capacity for formation of CEO from AN has been demonstrated in F344 rat liver
microsomes, lung microsomes, and isolated lung cells. The rate of CEO formation in rat lung
was cell specific, with the Clara cell-enriched fraction having a rate of CEO formation 7 times
greater than other cell fractions (Roberts et al., 1989). The overall rate of CEO formation was
about 15 times greater in the livers than the lungs (Roberts et al., 1989).

Roberts et al. (1991) provided data on the kinetics of CEO formation in liver and lung
microsomes isolated from male F344 rats, B6C3F; mice, and humans (Table 3-4). While CEO
was produced in vitro by lung and liver microsomes in both rats and mice, the metabolite was
produced at a greater rate in liver compared with lung and in mice vs. rats. These data
potentially implicated the liver as the primary site of CEO formation after oral challenge with
AN but suggested differences in the kinetics of CEO formation between species. The rate of
CEO formation in microsomes isolated from human livers was comparable to that of F344 rats,
but about 4 times lower than that of B6C3F; mice. The average rate of CEO formation in liver
microsome samples from six human donors was 501 + 112 pmol/minute-mg protein. (The
almost eightfold variation in enzymatic activity among these human samples appeared to
correlate with the amount of CYP450 in each preparation.) However, after oral administration of
AN, the concentration of CEO in mouse blood was about one-third that in rat blood at all doses
and time points tested. Thus, blood CEO concentration did not correlate with rate of microsomal
CEO formation, suggesting that species differences in detoxification of CEO might play a role in
determining CEO concentrations in blood. The single human lung microsome sample tested in
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the study formed 0.55 pmol CEO/minute-mg protein, which was much lower than that for rat
liver or lung microsomes.

Table 3-4. Apparent kinetic parameters of CEO formation from AN in
B6C3F1 mice, F344 rats, and humans

Tissue Species Vmax (PMol/min-mg protein) Km (UM)?
Liver Mouse 2,801% 67
Rat 667% 52
Human 501° Not available
Lung Mouse 570° 1,229
Rat 45% 1,854
Human 0.55° Not available

®Values are the mean of eight replicates.
b\/alue is the mean of six human donors.
“Value is from one human donor.

Source: Raberts et al. (1991).

Guengerich et al. (1981) used a reconstituted enzyme system containing purified rat liver
CYP450 and NADPH-P450 reductase and a NADPH-generating system to oxidize AN in vitro
to a metabolite that they identified colorimetrically as CEO. The extent of CEO accumulation
was decreased by the addition of purified rat liver EH to the incubation medium. When 0.5 mM
CEO was incubated with 30 ng/mL purified EH, the rate that CEO was hydrolyzed was
5.5 nmol/minute. The rate of disappearance of CEO (due to nonenzymatic hydrolysis) was
1.7 nmol/minute in the absence of EH or in the presence of inactivated EH. HCN was released at
a rate of 1.5 nmol/minute during the hydrolysis of CEO by EH. (The rate of HCN release was
0.2 nmol/minute in the absence of EH.) The study authors suggested that the reason the HCN
release was not stoichiometric with epoxide disappearance might be due to a finite level of
cyanohydrin existing in solution. A K, of 0.8 mM and a Vmax of 300 nmol/minute-mg based on
disappearance of CEO was estimated for the hydrolysis of CEO by purified rat liver microsomal
EH. The half-life of CEO in 0.1 M potassium phosphate was estimated to be about 2 hours at
37°C (Guengerich et al., 1981).

Kopecky et al. (1980) also investigated the role of EH and the generation of hydrogen
cyanide from AN metabolism. AN was incubated in vitro with liver microsomes isolated from
female Wistar rats, with and without cofactors (NADP, Mg, etc.) for 60 minutes. After the
incubation, the mixtures were adjusted to either pH 1.8 (acidic processing) or 6.3 (alkaline
processing). Cyanide release, in the presence of cofactors, was found to be fourfold higher under
alkaline processing condition than acidic processing condition. The role of EH in AN
metabolism in rats was supported by the increase in cyanide release after alkaline processing,
indicating the existence of a cyanohydrin intermediate (glycolaldehyde cyanohydrin) in the
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biotransformation of AN. (Cyanohydrins generally decompose spontaneously to hydrogen
cyanide and a carbonyl compound at pH higher than 7.) Moreover, when 3,3,3-trichloro-
propylene oxide (TPO), a potent inhibitor of EH, was added to the incubation mixture, the
conversion of AN to cyanide was decreased by 70%. This result also provided evidence for the
participation of the cyanohydrin in AN metabolism because the hydration of CEO to
glycolaldehyde cyanohydrin was significantly inhibited by TPO.

Kedderis and Batra (1993) compared the rates of CEO hydrolysis, enhanced by liver
cytosol and microsomes from rats, mice, and humans, to the background rate of non-enzymatic
hydrolysis displayed by the chemical. [2,3-**C]-CEO was incubated at pH 7.3 and 37°C for
5 minutes with liver cytosol or microsomes. [2,3-**C]-CEO and its hydrolysis products were
separated by high performance liquid chromatography (HPLC). The identity of the hydrolysis
products could not be determined and did not correspond to aldehydes. Human hepatic
microsomes enhanced the formation of hydrolysis products of CEO, whereas both human hepatic
cytosol and liver cytosol and microsomes from F344 rats and B6C3F; mice had no effect on
hydrolysis product formation from CEO. The study authors concluded that rodent hepatic
microsomal and cytosolic EHs were not active toward CEO, contrary to conclusions developed
by Guengerich et al. (1981) on rat purified microsomal EH and the conclusions by Kopecky et al.
(1980).

One possible explanation that EH activity was not observed by Kedderis and Batra
(1993) in microsomes from rats and mice was that their enzymatic reactions had not been
optimized. No cofactors were used in the incubation mixture, and the incubation duration was
only for 5 minutes. Both Kopecky et al. (1980) and Guengerich et al. (1981) used an NADPH-
generating system in their incubation mixture.

Kedderis and Batra (1993) also showed that the heat-labile human EH activity was
inhibited by the specific inhibitor, 1,1,1-trichloropropene oxide (median inhibitory concentration
[ICso] of 23 uM), indicating that EH was the catalyst in the hydrolysis of CEO. The half-life of
CEO in sodium phosphate buffer (pH 7.3), as estimated from hydrolysis by human liver
microsomes, was 99 minutes. Estimated K, using liver microsomes from six individuals ranged
from 0.6 to 3.2 MM. Vnax ranged from 8.3 to 18.8 nmol hydrolysis products/minute-mg protein.
The affinity of the human liver microsomal EH for CEO was relatively low, suggesting that the
contribution of the hydrolysis pathway to the clearance of CEO would be small at low substrate
concentrations. Increase in microsomal hydrolysis was observed after treatment of mice and rats
with PB or acetone, suggesting that CEO hydrolysis is inducible. However, treatment of rats and
mice with AN did not induce hepatic EH activity towards CEO (Kedderis and Batra, 1993).

Studies that demonstrated that EH is present in rats and humans are also available.
Immunoblot analysis of MPs was used by de Waziers et al. (1990) to measure EH in different
organs and tissues of rats and humans. They reported that EH occurred in rat liver microsomes
at 165 pg/mg protein and in human liver microsomes at 170 pg/mg protein. Therefore, the
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concentrations of EH in MP are similar in rats and humans. Guengerich et al. (1979) also
reported that multiple forms of EH exist in rats and humans.

EH activity was demonstrated in mice in a recent study, contrary to the conclusion by
Kedderis and Batra (1993). El Hadri et al. (2005) demonstrated that microsomal EH was present
in WT mice, which metabolized AN administered by gavage to cyanide in a dose- and time-
dependent manner. Blood cyanide levels in microsomal EH-null mice treated with a gavage
dose of 0.047-0.38 mmol/kg AN were lower than levels in similarly treated WT mice. Blood
cyanide level was also largely abolished in CYP2E1-null mice and in WT mice pretreated with a
nonselective CYP inhibitor, 1-aminobenzotriazole (ABT), confirming that CYP2E1 was the key
enzyme for the epoxidation of AN and the subsequent formation of cyanide. AN-treated
CYP2EL- and mEH-null mice showed less severe symptoms of cyanide poisoning (labored
breathing, lethargy, and trembling) than similarly treated WT mice (EI Hadri et al., 2005).
Significantly higher levels of AN-derived blood cyanide levels were observed in male mice than
in female mice, suggesting gender-related differences in toxicity. Western blot analysis also
demonstrated that expression of soluble EH was greater in male than female mice.

Detection and identification of urinary metabolites of AN from male F344 rats or B6C3F;
mice exposed orally to [1,2,3- **C]-AN (10 or 30 mg/kg for rats, 10 mg/kg for mice), using
3C NMR spectroscopy, also offered more information of its possible metabolic interactions
(Fennel and Sumner, 1994; Fennel et al., 1991). As detailed in Section 3.4.2.3, some of the
hypothetical metabolites of AN shown in Figure 3-1 were detected in the urine of animals
exposed to AN. A major urinary metabolite in rats was N-acetyl-S-(2-cyanoethyl)cysteine, from
conjugation of AN with GSH. Other metabolites, formed following oxidation of AN to CEO and
subsequent conjugation to GSH, were identified as N-acetyl-S-(2-hydroxyethyl)cysteine,
thiodiglycolic acid, S-carboxylmethylcysteine, and thionyldiacetic acid, all derived from addition
of GSH to the 3-position of CEO. Thiocyanate was detected in urine as a metabolite of released
cyanide. Moreover, N-acetyl-S-(1-cyano-2-hydroxyethyl)cysteine was formed after addition of
GSH to the 2-position of CEO (Fennel and Sumner, 1994). These metabolites were also found in
mouse urine.

Species differences in the extent of AN metabolism via oxidation to CEO, and
subsequent conjugation of CEO with GSH, may exist. Fennell et al. (1991) and Fennell and
Sumner (1994) noted differences in the relative abundance of these urinary metabolites in mice
compared with rats. After oral administration of 10 mg/kg AN to mice, 80% of the urinary
metabolites were derived from CEO, most notably thiodiglycolic acid and S-(carboxymethyl)-
cysteine. By contrast, these metabolites made up only 60% of metabolites in the urine from rats
administered orally with 10 or 30 mg/kg AN. This difference indicated that more CEO was
produced in the mouse than in rats. In addition, the ratio of metabolites derived from glutathione
conjugation of CEO at the 2- and 3-positions determined the amount of cyanide released, since
cyanide is released from CEO metabolites conjugated at the 3-position. This ratio was 0.43 in
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rats and 0.21 in mice, indicating that a greater percentage of the CEO produced in mice was
metabolized to release cyanide. Thus, mice were likely to be exposed to a higher cyanide level
produced from CEO, possibly accounting for the greater acute toxicity of AN in the mouse
(Fennel and Sumner, 1994).

Wang et al. (2002) confirmed the central role of CYP2EL in the metabolism of AN to
cyanide via CEO. Male WT and CYP2E1-null mice were dosed by gavage with 0, 2.5, 10, 20, or
40 mg/kg AN, and cyanide was measured in blood and tissues. Expression of CYP2EL and EH
was monitored concurrently using Western blot techniques. Cyanide concentrations in blood and
tissues of AN-treated WT mice increased dose dependently but remained at background levels in
CYP2E1-null mice or control WT mice. Results from Western blots showed CYP2E1 to be well
expressed in the liver, kidney, and lung of WT mice and not detected in tissues of CYP2E1-null
mice. EH was equally expressed in both WT and CYP2E1 mice, supporting the hypothesis that
CYP2E1-mediated oxidation of AN is an early step in the metabolism of AN to cyanide. The
role of cyanide in the acute toxicity of AN was confirmed by the lack of acute symptoms of AN
toxicity in CYP2E1-null compared with WT mice. Pretreatment of WT mice with a universal
CYP450 inhibitor, ABT, likewise blocked cyanide formation and abolished the symptoms of
acute toxicity. Wang et al. (2002) concluded that the metabolism of AN to CEO was exclusively
catalyzed by CYP2EL.

3.3.2. Interaction of AN with GSH

Young et al. (1977) suggested that since the toxicity of AN was due to the parent
compound (AN) or its oxidative metabolites, the cyanoethylation of sulfhydryl-containing
compounds, such as GSH or cysteine, by AN represented a detoxification mechanism. This
metabolic pathway was shown indeed to play a role in the detoxification of AN (Ghanayem and
Ahmed, 1986; Ghanayem et al., 1985; Appel et al., 1981). The toxicity of AN would be
expected to increase in severity as the GSH level becomes depleted (Benz et al., 1997a).

Kopecky et al. (1980) administered 0.75 mmol/kg AN or 0.5 mmol/kg [1-**C]-AN to
female Wistar rats by different routes (oral, i.p., subcutaneous [s.c.], and i.v.) and measured
radioactivity and thiocyanate excreted in the urine. “Non-thiocyanate” metabolites excreted in
urine constituted about two-thirds of the administered dose. Paper chromatography of the
metabolites in urine identified AN mercapturic acid as the key metabolite. Kopecky et al. (1980)
proposed that there were at least two pathways for AN metabolism. The minor route was
oxidative metabolism to cyanide, which was further metabolized to thiocyanate and other “non-
thiocyanate” metabolites. The major route was conjugation with glutathione, catalyzed by
glutathione S-alkenetransferases, to N-acetyl-S-(2-cyanoethyl)cysteine.

Further support for this proposition came from Geiger et al. (1983), who studied AN
metabolism in isolated F344 rat hepatocytes. GSH levels and AN-protein binding were
measured after incubating rat hepatocytes with [1-**C]- or [2,3-**C]-AN. GSH-adduct levels
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were determined by chromatographic procedures of aliquots of the trichloroacetic acid
supernatant. Exposure to AN at 5 or 10 mM resulted in decrease of GSH levels to 15-20% of
controls within 10 minutes. The primary radiolabeled product was S-(2-cyanoethyl)glutathione,
and not S-(2-oxoethyl)GSH (the compound formed by reaction of CEO with GSH in the
presence of purified GSH transferase).

Indirect evidence for the involvement of GSH in the metabolism of AN was provided by
Langvardt et al. (1980, 1979), who used gas chromatography-mass spectrometry and gas
chromatography-infrared spectroscopy to identify urinary components in male Sprague-Dawley
rats 16 hours after exposure to [1-*C]- or [2,3-**C]-labeled AN by gavage. They identified two
major components: the first was N-acetyl-S-(2-cyanoethyl)cysteine, which they assumed to be a
product of AN conjugation with GSH, and the other was thiocyanate. A third metabolite,
N-acetyl-S-(2-cyanoethyl)cysteine, was tentatively identified and was proposed by Langvardt et
al. (1980) to have resulted from the action of GSH on the epoxide intermediate. The authors
speculated that the detoxification of AN likely involved conjugation with GSH, and the toxicity
of AN was likely affected by the status of GSH pools in target tissues, since a rapid and dose-
dependent decrease in GSH stores in the liver, lungs, kidney, and adrenals was observed by
Szabo et al. (1977) after i.v. injection of 1-15 mg/100 g AN to Sprague-Dawley rats. A sharp
decrease in cerebral GSH concentrations occurred between 5 and 15 mg/100 g AN and correlated
with the occurrence of mortality. On the other hand, oral dosing of 0.002-0.05% AN to rats for
21 days resulted in up to 25% increase in hepatic GSH and might represent a rebound
phenomenon (Szabo et al., 1977).

Benz et al. (1997a) studied the time and dose dependence of the depletion of tissue GSH
and tissue cyanide and the covalent binding to tissue after s.c. injection of 0, 20, 50 (LD1y),

80 (LDsp), or 115 mg/kg (LDgo) AN to male Sprague-Dawley rats. GSH levels in liver were the
most sensitive marker of AN exposure and were depleted by 50% at 20 mg/kg, a dose without
overt toxicity. At 50 mg/kg, the threshold dose for overt toxicity, GSH was depleted by>85%
and followed by a rapid recovery of 60% at 4 hours. Liver GSH was depleted almost completely
within 30 minutes when rats were injected with 80 mg/kg AN. The depletion was sustained
through 120 minutes and followed by 40% recovery through the end of study period of 4 hours.
Blood and brain GSH were more resistant to the GSH depleting effects of AN and were depleted
less extensively in a dose-dependent manner as the doses were in the toxic range. (The highest
dose of 115 mg/kg depleted only 40% brain GSH at 2 hours.) In addition, brain GSH levels
showed little capacity for recovery during the study period, unlike liver and kidney. Glandular
and forestomach GSH were also dose-dependently depleted by AN treatment and were unable to
recover within the study period.

GSH depletion was accompanied by a dose-dependent increase of cyanide in the blood
and brain during the first 60 minutes. At the lowest dose of 20 mg/kg, blood and brain cyanide
declined after 60 minutes. At the higher doses, blood and brain cyanide continued to increase to
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120 minutes and then declined. Covalent binding of AN to tissue protein increased in all tissues
rapidly during the first 30 minutes at all doses. At 20 mg/kg, covalent binding reached a plateau
at 30 minutes. At the three higher doses, covalent binding continued to increase after 30 minutes
and reached a plateau level by 2-4 hours. Benz et al. (1997a) concluded that when liver GSH
was depleted, detoxification of AN was terminated. Acute AN toxicity became apparent, and a
sustained increase in covalent binding to tissue protein was observed.

Further experiments by Ahmed and coworkers (Ahmed et al., 1983, 1982; Ghanayem and
Ahmed, 1982) confirmed the involvement of hepatic GSH in AN metabolism. When bile was
collected from male Sprague-Dawley rats given a single oral dose of 46.5 mg/kg AN containing
12 uCilkg [1-**C]-AN, four metabolites were isolated and characterized in biliary extracts at 6
hours after treatment; the two main metabolites, glutathione conjugates of AN, were S-
cyanoethyl glutathione and N-acetyl-S-(2-cyanoethyl)cysteine (Ghanayem and Ahmed, 1982).
Pretreatment of rats with diethyl malate (a glutathione-depleting agent) significantly decreased or
abolished all of the metabolites in the bile. The study authors proposed GSH conjugation as a
major pathway of AN metabolism, probably catalyzed by glutathione transferases. The product,
S-cyanoethyl glutathione, is further metabolized to N-acetyl-S-(2-cyanoethyl)cysteine. Nearly
27% of the administered dose was excreted in the bile after 6 hours (Ahmed et al., 1982).

Kedderis et al. (1995) compared the kinetics of AN and CEO interaction with GSH in
vitro by measuring the formation of conjugates when [2,3-**C]-labeled AN or CEO were
incubated for a very short time (20 seconds for mice, 30 seconds for rats) with [glycine-
2-3H]-GSH in the presence of microsomal and cytosolic subcellular fractions of human, rat, or
mouse liver. Because of the rapid non-enzymatic reaction of AN and CEO with GSH at pH 7.3,
the steady-state kinetics of GSH conjugation were determined at pH 6.5. HPLC-mass
spectrometry was used to separate and identify the conjugates, which included S-(2-cyanoethyl)-
glutathione from AN; and S-(1-cyano-2-hydroxyethyl)glutathione and S-(2-cyano-2-hydroxy-
ethyl)-glutathione from CEO. The apparent kinetic parameters for the conjugation reactions
(Vmax app @nd Ky app) Were estimated by fitting the Michaelis-Menten equation to the data, giving
estimates of Vmax app fOr the conjugation reactions catalyzed by mouse cytosolic enzymes that
were four to six times greater than those for rat cytosolic enzymes at pH 6.5 (Table 3-5). These
data suggest that mouse liver cytosolic glutathione-S-transferase (GST) has a greater capacity for
conjugating AN and CEO than do rat liver enzymes. Initial velocity studies were also carried out
with microsomes and cytosol from human liver, providing data to suggest that GSH conjugation
of AN with human liver cytosol was broadly similar to that of rodent liver cytosol (Table 3-6).
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Table 3-5. Apparent kinetic parameters for glutathione conjugation of AN
and CEO at pH 6.5

Fixed substrate Species Vmax app (mol/min-mg)? K app (GSH) (mMM)?
AN Rat 3.32+£0.29 17.47 £ 3.60
Mouse 21.68 £ 1.75 23.39£3.99
CEO Rat 2.00+0.20 9.36 + 2.27
Mouse 8.34 £ 0.75 15.12£2.84

®V/alues are the means + SDs of three determinations.
Source: Kedderis et al. (1995).
Table 3-6. Glutathione conjugation of AN and CEO with or without

microsomal or cytosolic GST from rat, mouse, and human liver
preparations

Nanomoles of product
Species® Substrate Non-enzymatic Microsomal Cytosolic
Rat 326+19° 36.1+3.0°
Mouse AN 255+2.0 31.3+1.2° 36.6+1.4°
Human 19.5-24.5° 25.2-34.4°
Rat 16.6+ 1.1 252+1.1°
Mouse CEO 155+ 1.3 18.9+1.0° 25.9+3.7°
Human 11.2-14.3° 12.6-14.5°

®Rodent values are means + SDs of three determinations.
bStatistically significantly greater than the non-enzymatic reaction (p < 0.05) as calculated by the authors.
‘Range of values for subcellular fractions prepared from six human subjects.

Source: Kedderis et al. (1995).

In the same report, Kedderis et al. (1995) described the determination of the initial
velocities of non-enzymatic vs. enzymatic GSH conjugation of AN and CEO at pH 7.3 in the
absence or presence of GST (Table 3-6). Both substrates reacted rapidly with GSH in a non-
enzymatic reaction, and addition of hepatic microsomes or cytosol from rats and mice
statistically significantly enhanced the rate of product formation from AN (p < 0.05). Initial
velocities indicated that AN conjugated more effectively with GSH than did CEO. Hepatic
cytosol enhanced the rate of product formation from CEO to a greater extent (up to 52% higher)
than did microsomes, suggesting that rodent cytosolic GST is more active toward CEO than
microsomal GST. Under physiological conditions (pH 7.3), addition of liver cytosol from four
out of six individuals similarly enhanced GSH conjugation with AN but not CEO. Human liver
microsomes did not enhance the velocity of CEO or AN conjugation with GSH, suggesting that
human microsomal GST forms do not catalyze this reaction (Table 3-6).
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Similarly, Guengerich et al. (1981) studied the reaction of AN and CEO with glutathione
in vitro. The pseudo first-order rate constant for disappearance of GSH at pH 7.7 (37°C) was
0.28/minute, when 0.5 mM was mixed with 0.1 M AN. The rate constant for the disappearance
of GSH in the presence of 0.1 mM CEO was 0.11/minute.

Guengerich et al. (1981) also incubated [1-**C]-AN or -CEO with GSH at pH 6.5 in the
presence of cytosolic fraction from rat liver, human liver, or rat brain to determine GST activity.
Rat liver cytosol showed GSH S-transferase activity towards AN, with a K, of 33 mM and a
Vmax 0f 57 nmol/minute-mg protein. Human liver and rat brain cytosolic fraction had no activity
towards AN. Rat liver also showed activity towards CEO, with activity in rat brain more than an
order of magnitude lower.

The importance of sulfhydryl compounds in the detoxification of AN was shown in a
number of studies, particularly by the demonstration that treatment with exogenous sulfhydryl
compounds could protect the organism from the harmful effects of AN. Appel et al. (1981)
reported that sulfhydryl compounds such as cysteine were effective antidotes for both orally and
intraperitoneally administered lethal doses of AN in rats. N-acetyl-cysteine was ineffective
when given intraperitoneally and less effective than cysteine when administered orally. The
GSH-depleting effect of a single s.c. dose of AN administered to male Sprague-Dawley rats and
the subsequent Gl bleeding and gastric mucosal necrosis could be blocked by pretreatment with
sulfhydryl-containing agents such as L-cysteine or cysteamine (Ghanayem and Ahmed, 1986;
Ghanayem et al., 1985).

Benz et al. (1990) studied the effectiveness of D- or L-cysteine and N-acetyl-D-cysteine
or N-acetyl-L-cysteine in the detoxification of acutely administered AN by determining the s.c.
LDso of AN in male Sprague-Dawley rats either administered AN alone or in combination with
individual antidotes. The LDso of AN alone was determined to be 74.7 mg/kg. The LDso of AN
when combined with other antidotes ranged from 93.3 mg/kg (with N-acetyl-D-cysteine) to
151.4 mg/kg (with L-cysteine). The antidote protective index [(LDso AN with antidote)/(LDso
AN alone)] ranged from 1.25 for N-acetyl-D-cysteine to 2.03 for L-cysteine. Thus, N-acetyl-D-
cysteine was less effective than other antidotes in reducing acute lethality of AN. Measurement
of urinary N-acetyl-S-cyanoethyl cysteine, which was derived from conjugation with GSH
pathway, following s.c. injection of 50 mg/kg AN alone or AN plus an antidote, indicated that
none of the antidotes significantly increased the excretion of this metabolite.

Blood cyanide levels were also measured in rats at 0.5, 1, 2, 4, and 6 hours following s.c.
injection of 50 mg/kg AN or AN plus an antidote. Benz et al. (1990) showed that all of the
antidotes, except N-acetyl-D-cysteine, lowered blood cyanide levels. Since N-acetyl-D-cysteine
was the least effective antidote, the antidotal effectiveness of these cysteine enantiomers was
related to their cyanide detoxification mechanism. Discussing these findings, Borak (1992)
pointed out that, because both D- and L-cysteine provided equivalent protection against AN
poisoning but only L-cysteine could be incorporated into GSH, the antidotal effects of these
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compounds may be unrelated to GSH repletion. In fact, since the potency of each antidote was
proportional to their ability to lower cyanide levels, Borak (1992) suggested that their effects
may be due to the ability of cysteine derivatives to serve as sulfur donors for the detoxification of
cyanide via rhodanese-mediated transformation of cyanide to thiocyanate. The protection
provided by these antidotes for cyanide poisoning from AN exposure, however, does not
necessarily extend to other forms of AN-induced toxicity.

3.3.3. Covalent Binding of AN and Its Metabolites to Subcellular Macromolecules

When isolated hepatocytes from male F344 rats were incubated with 1 mM [2,3-**C]-AN
for 2 hours (Hogy, 1986; Geiger et al., 1983), a radiolabeled protein adduct was formed that
could be characterized after the removal of residual AN and other low molecular weight products
by dialysis. Analysis of the hydrolyzed non-dialyzable fraction indicated that about 75% of the
radioactivity was contained in a single major peak that was chromatographically identified as
S-(2-carboxyethyl)cysteine, the hydrolysis product of S-(2-cyanoethyl)cysteine, indicating direct
cyanoethylation of cysteinyl residues by AN. When isolated hepatocytes were incubated with
2 mM [2,3-%*C]-AN for 60 minutes, Geiger et al. (1983) estimated the level of irreversible
binding to protein to be 8.1 nmol/mg protein, a level of alkylation corresponding to modification
of 1 in every 900 amino acid residues or roughly 1 of every 20 cysteine groups. In contrast to
AN-protein binding, detection of binding of [2,3-**C]-AN-derived radiolabel to DNA and RNA
in hepatocytes was limited by the low level of radioactivity that could be incorporated into
[*C]-AN because of polymerization and microsynthesis problems and by the high level of
protein binding. Therefore, hepatocytes were incubated with 2 mM [2,3-*C]-AN for 60 minutes
in the presence of extracellular calf thymus DNA (0.5 mg/mL) (Hogy, 1986; Geiger et al., 1983).
RNA and both intracellular and extracellular DNA were isolated. The isolated RNA contained
53 pmol AN metabolites per mg RNA of which 9 pmol/mg RNA could be attributed to the
contaminating protein. The isolated extracellular DNA contained 47 pmol AN adducts per mg
DNA, of which 30 pmol/mg DNA could be attributed to protein. A portion of incubated
extracellular DNA was further purified; alkylation of extracellular DNA was not observed at a
detection limit at 3.5 x 10° bases (Geiger et al., 1983).

Hogy and Guengerich (1986) treated an F344 rat intraperitoneally with 0.6 mg/kg
[2,3-%C]-CEO to assess macromolecular binding in liver and brain 1 hour after treatment. DNA
and RNA in liver and brain were isolated, and the amounts were estimated. Bound radioactivity
was estimated by liquid scintillation counting. Covalent binding of CEO-derived radioactivity
was detected in both liver and brain protein at rates of 1.1 and 1.0 alkylations per 10° amino
acids, respectively. However, no covalent binding to DNA or RNA could be detected at the
level of 0.3 alkylations per 10° bases in liver and brain.

In another experiment by Hogy and Guengerich (1986), liver and brain DNA were
isolated from three rats 2 hours after treatment with 50 mg/kg AN i.p. or 6 mg/kg CEO i.p.
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Using thin layer chromatography with fluorescent plates, the study authors were able to detect
N’-(2-oxoethyl)guanine at 0.014 and 0.032 alkylations per 10° DNA bases in liver for rats treated
with CEO and AN, respectively. This DNA adduct was apparently derived from CEOQO,
consistent with its recovery after AN and CEO treatment. The apparent lineage of this DNA
adduct was different from the protein adduct, S-(2-cyanoethyl)cysteine, described previously,
which was derived from AN.

N’-(2-oxoethyl)guanine was only at the level of detection in rat brain DNA. In addition,
1,N®-ethenoadenosine or 1,N°-ethenodeoxyadenosine were not detected in liver DNA, using
HPLC with fluorescence detector in the analyses of these two adducts. Binding of AN and/or
CEO to DNA is also discussed in Section 4.5.1.2.1.

As discussed in Section 3.3.2, when 0, 20, 50, 80, or 115 mg/kg [2,3-**C]-AN was
injected subcutaneously into male Sprague-Dawley rats, GSH became almost completely
depleted (>95%) in liver at 80 mg/kg within 30 minutes, while blood and brain GSH were more
resistant to the depleting effect of AN. Brain and blood GSH were not affected at 20 mg/kg.
The amount of cyanide in blood and brain increased dose dependently in the first hour after
dosing (Benz et al., 1997a). Covalent binding to tissue proteins increased in a dose-dependent
fashion during the first 30 minutes at all doses, with binding to blood proteins being 3—4 times
greater than in any other tissue. Benz et al. (1997a) suggested that GSH depletion in liver was
related to AN toxicity and covalent binding.

The effect of GSH depletion on the irreversible binding of AN to tissue macromolecules
has been studied in male F344 rats exposed to 4 mg/kg [2,3-**C]-AN either by inhalation (Pilon
et al., 1988a) or gavage (Pilon et al., 1988b). Binding of radiolabel to tissue macromolecules
was evaluated in control rats or rats depleted of GSH by an i.p. injection of phorone (PH)/
buthionine sulfoximine (BSO) about 30 minutes prior to AN exposure. GSH contents in control
rats were as follows: liver (17.3 umol/g), kidney (4.5 umol/g), lung (3.1 umol/g), stomach
(5.3 umol/g), brain (3.9 umol/g), and blood (4.2 umol/g). A significant depletion of GSH was
produced in liver (43%), kidney (42%), and lung (22%) after PH/BSO treatment. No significant
depletion of GSH was observed in blood, brain, or stomach 30 minutes after a combined
PH/BSO treatment.

In the inhalation studies (Pilon et al., 1988a), three rats were exposed to initial AN
concentrations of 0, 25, 50, 100, 500, or 750 ppm in a closed-circuit inhalation chamber for
240 minutes. AN was not replenished during the exposure, and the decrease in chamber AN
concentration was monitored by taking samples every 10 minutes during the exposure. Uptake
of AN vapor by control rats showed two distinct phases: an initial, rapid phase that lasted about
60 minutes, followed by a slower phase. An uptake rate of 4.82 mg/kg-hour was estimated for a
concentration of 100 ppm using the uptake curve for the rapid phase. In GSH-depleted rats, the
mortality rate was higher. The rate of AN uptake was increased in the rapid phase but decreased
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at 500 and 750 ppm. In the slow phase, uptake was similar to that in control rats for
concentrations below 200 ppm, but was elevated at 500 and 750 ppm.

Radioactivity irreversibly associated with tissue macromolecules was measured in control
rats 1, 2, 4, 6, 12, or 24 hours after the AN dose. In GSH-depleted rats, radioactivity was
measured 1, 6, or 24 hours postexposure. In most tissues, the concentration of AN-derived
undialyzable radioactivity (ADUR) reached a maximum in <1 hour in both control and
GSH-depleted rats. (In the brain, ADUR levels reached a maximum in 2 hours.) The time
course of ADUR levels showed a plateau from 1 to 6 hours in studied organs of control rats,
followed by a decrease thereafter during the next 6 hours. This was then followed by an increase
between 12 and 24 hours in the lung and kidney (but not in the brain, stomach, and liver). The
time course of ADUR levels in blood showed high level 1 hour after AN administration,
decreased from 6 to 12 hours, and increased from 12 to 24 hours, resulting in a maximum level at
24 hours.

Total radioactivity recovered from brain, stomach, liver, kidney, and blood decreased by
54% in GSH-depleted rats compared with controls at both 1 and 24 hours. In GSH-depleted rats,
ADUR levels remained constant in all organs evaluated throughout the 24-hour postexposure
period and were lower than those in controls. The kidney was the most affected organ, with an
average 52% decrease in ADUR levels, followed by the liver (44%). ADUR levels in the brain,
stomach, and lung of GSH-depleted rats were 31% lower when compared with controls. Blood
ADUR levels were decreased by 50% in GSH-depleted rats.

Irreversible binding of ADUR with total nucleic acids (RNA + DNA) of brain, stomach,
and liver was also evaluated in control and GSH-depleted rats 1 hour after an inhalation dose of
4 mg/kg (40 nCi) AN vapor. In control rats, ADUR in total nucleic acids was found to be
highest in the brain (63 pmol AN equivalents/mg), followed by that in the stomach (20 pmol AN
equivalents/mg) and the liver (12 pmol AN equivalents/mg). In GSH-depleted rats, ADUR in
nucleic acids in the brain was about 50% lower than that in controls, but no change was detected
in stomach or liver. ADUR in DNA could not be detected in any tissue of control or
GSH-depleted rats. The study authors suggested that ADUR in DNA was not detected because
the analytical method used was not sensitive enough to detect radiolabel bound to DNA.
Nevertheless, a preferential binding of ADUR with brain RNA was observed in both control and
GSH-depleted rats, with ADUR in brain RNA about 50% lower in GSH-depleted rats.

It is unlikely that the observed decrease in radiolabel binding in GSH-depleted rats
treated with PH/BSO was due to treatment effect on CYP2EL1. BSO is a selective inhibitor of
GST; PH depletes GSH in liver, kidney, and lung but not in the blood or brain by conjugation
with GSH. PH was reported not to affect the hepatic microsomal mixed-function oxidase system
(Younes et al., 1986).

In the oral studies on male F344 rats, total radioactivity recovered in the tissues examined
was similar in control and GSH-depleted rats at both 1 and 24 hours. However, significantly
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higher recovered radioactivity was found in stomach, lung, and blood of GSH-depleted rats than
of control rats 1 hour after dosing, while the radioactivity in kidney was lower in GSH-depleted
rats (Pilon et al., 1988D).

The concentration of ADUR in brain reached a maximum in <1 hour for both control and
GSH-depleted rats and remained constant for 24 hours. In GSH-depleted rats, 60-80% increase
in ADUR was measured in brain at 1, 6, and 24 hours after dosing. The highest ADUR level was
found in stomach and increased with time in control rats. ADUR levels in liver and kidney of
control rats was characterized by an increase over the first 6 hours and a decrease between 5 and
24 hours. GSH-depletion resulted in an increase in ADUR levels in liver, lung, kidney, stomach,
blood, and brain between 6 and 24 hours after the dose.

GSH depletion also caused a significant increase in ADUR levels in total nucleic acid
(DNA + RNA) in both brain and stomach (one and a half- and threefold, respectively) 6 hours
after the dose. No change was found in liver. ADUR associated with DNA was detected in
stomach tissue of control rats only. Pilon et al. (1988b) suggested that ADUR levels reflected
the relative concentration of covalently bound radioactivity in control and GSH-depleted rats and
that the reaction of AN with protein and other macromolecules was responsible for the rapid
increase in ADUR at <1 hour. The slower increase in ADUR in metabolically competent organs
(liver, kidney, and lung) of control rats and all organs of GSH-depleted rats might represent the
binding of CEO to macromolecules. Urinary excretion of thiocyanate, a final metabolite from
the epoxide pathway of AN metabolism, was increased twofold in GSH-depleted rats. Since
urinary thiocyanate is indicative of CEO formation, Pilon et al. (1988a) interpreted their results
as indicating that more CEO was formed after GSH-depletion.

Farooqui and Ahmed (1983a) also reported covalent binding of [2,3-**C]-AN to protein,
DNA, and RNA of tissues of male Sprague-Dawley rats treated with a single oral dose of
46.5 mg/kg. DNA from tissue homogenate was isolated by extraction with chloroform/isoamyl
alcohol/phenol and application of the aqueous extract to hydroxyapatite chromatography. DNA
alkylation was higher in brain and stomach than that in the liver, with highest levels of covalent
binding in the brain. The covalent binding indices for the liver, stomach, and brain at 24 hours
after dosing were 5.9, 51.9, and 65.3, respectively.

Ahmed et al. (1992a) demonstrated the covalent binding of radiolabel from [2,3-**C]-AN
to testicular DNA after a single gavage of radiolabeled AN (46.5 mg/kg) to male Sprague-
Dawley rats. In atime course study, bound activity was shown to be greatest after 30 minutes
(8.93 + 0.80 umol AN bound per mol nucleotide). Using an identical experimental protocol,
Ahmed et al. (1992b) demonstrated the capacity of AN to bind covalently to DNA in the lung.
Binding was associated with a 28-41% decrease in replicative DNA synthesis at time points up
to 24 hours after dosing.

Jacob and Ahmed (2003a) used whole-body autoradiography to examine the distribution
of [2-1*C]-AN administered orally or intravenously to male F344 rats. Two days after oral
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dosing, covalently bound radioactivity was retained at higher levels in the gastric mucosa, blood,
and hair follicles. After i.v. injection, covalently bound radioactivity was retained in liver,
spleen, bone marrow, adipose tissue, and lung. The amount of radioactivity associated with
covalent binding was lower for oral dosing than for i.v. injection, which was consistent with the
higher recovery of radioactivity excreted following oral dosing compared with injection (see
Section 3.4.2.1).

Covalent binding of [2,3-**C]-AN to tissue protein and globin was also studied in male
Sprague-Dawley rats after a single s.c. injection of 1.2-115 mg/kg (Benz et al., 1997b).
Covalent binding to tissue protein reached completion in 1-4 hours and was linear in the low
dose range (1.2-50 mg/kg), with the relative order (in descending order) as follows: blood >
kidney = liver > forestomach = brain > glandular stomach > muscle. Covalent binding to globin
followed a similar dose-response curve. Benz et al. (1997b) also measured an N-(2-cyanoethyl)-
valine (CEVal) adduct of globin at this dose range. This adduct was formed by reaction of AN
with the NH,-terminal residue of globin (Osterman-Golkar et al., 1994) and represented only
0.2% of total AN binding to globin. However, regression of tissue protein binding vs. globin
total covalent binding or globin CEVal adduct indicated that both globin biomarkers could be
used as surrogates for the amount of AN bound to tissue protein.

Using a similar dosing regimen, Nerland et al. (2001) employed sodium dodecy! sulfate-
polyacrylamide gel electrophoresis to separate labeled proteins isolated from subcellular
fractions of liver from treated rats. Binding of AN was found to be associated preferentially with
GST of the p subclass (GSTM). Within this subclass, GSTM1 was labeled about seven times
more strongly than GSTM2, while, from the a-subclass, only GSTA3 was labeled (at about
1/35 the strength of GSTM1). No label was associated with GSTAL or GSTA2. The site of
binding was identified as exclusively cysteine 86. Since this particular cysteine residue in
rGSTML1 appeared to have been targeted specifically, the study authors hypothesized that high
reactivity at cysteine 86 was due to its potential interaction with histidine residue at position 84,
which would lower the pk, of cysteine 86, increasing reactivity towards sulfhydryl reagents.
These data would suggest that tissue proteins containing cysteine residues with an abnormally
low pk, value would be likely targets for AN. In an in vivo experimental approach, Nerland et
al. (2003) demonstrated that subcutaneously administered AN preferentially bound to the
cysteine 186 residue of carbonic anhydrase 111 (CAIII) in rat liver.

A considerable body of evidence demonstrated the ability of AN to bind to intercellular
proteins, in particular to Hb. Osterman-Golkar et al. (1994) reported a method for quantifying an
N-terminal cyanoethyl-valine adduct, CEVal, the product of reaction between AN and the
N-terminal valine of Hb. The method was based on the N-alkyl Edman procedure involving the
derivatization of globin with pentafluorophenyl isothiocyanate and gas chromatography-mass
spectrometry analysis. Osterman-Golkar et al. (1994) showed that the method was applicable to
experimental animals exposed to AN in drinking water and to humans exposed to AN in tobacco
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smoke. Hb from smokers (10-20 cigarettes/day) with a daily intake of 0.5-5 ug AN per kg BW
contained about 90 pmol CEVal/g, whereas adduct level