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Note to the Reader

The National Toxicology Program (NTP) is made up of four charter agencies of the United States
Department of Health and Human Services (DHHS):
* the National Cancer Institute (NCI) of the National Institutes of Health;
* the National Institute of Environmental Health Sciences (NIEHS) of the National
Institutes of Health;
* the National Center for Toxicological Research (NCTR) of the Food and Drug
Administration; and
* the National Institute for Occupational Safety and Health (NIOSH) of the Centers for
Disease Control.
In July 1981, the Carcinogenesis Bioassay Testing Program was transferred from NCI to
NIEHS. NTP coordinates the relevant Public Health Service programs, staff, and resources that
are concerned with basic and applied research and with biological assay development and
validation.

NTP develops, evaluates, and disseminates scientific information about potentially toxic and
hazardous chemicals. This knowledge is used for protecting the health of the American people
and for the primary prevention of disease.

To carry out its mission, NTP designs and conducts studies to characterize and evaluate the
toxicologic potential of selected chemicals in laboratory animals (usually two species, rats and
mice). Chemicals selected for NTP toxicology studies are chosen primarily on the bases of
human exposure, level of production, and chemical structure. Selection per se is not an
indicator of a chemical's toxic potential.

The studies described in this toxicity study report were performed under the direction of
NIEHS and were conducted in compliance with NTP chemical health and safety requirements.
These studies met or exceeded all applicable federal, state, and local health and safety
regulations. Animal care and use were in accord and compliance with the Public Health
Service Policy on Humane Care and Use of Animals.

Single copies of this report are available without charge, while supplies last, from the NTP
Public Information Office (telephone number 919/541-3991).

NTP Public Information Office
NIEHS
Post Office Box 12233
Research Triangle Park, NC 27709
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Riddelliine
CHy, OH
AN [—
C=—C——CH, — C— C — CH,OH
H5C ‘
CQ0O CH,0CO

N

N
Molecular Formula CgH,3NOg
CAS Number 23246-96-0
Molecular Weight 349.4
Synonyms 13,19-didehydro-12,18-dihydroxy senecionan-11,16-dione;

trans-15-ethylidine-12b-hydroxy-12a-hydroxymethyl-13-
methylenesenec-1-enine;

3-ethylidine-3,4,5,6,9,11,13,14,14a,14b-decahydro-6-hydroxy-6-
(hydroxymethyl)-5-methylene(1,6)di-oxacyclododecino
(2,3,4-gh)-pyrrolizidine-2,7-dione

ABSTRACT

Riddelliine is a naturally occurring pyrrolizidine alkaloid, a class of compounds
occurring in rangeland plants of the genera Crotalaria, Amsinckia, and Senecio. Two-
week and 13-week rodent toxicity studies of riddelliine were conducted because
riddelliine can be a contaminant of foodstuffs, such as meat, grains, seeds, milk, herbal
tea, and honey. In addition to histopathology, evaluations included clinical pathology
and reproductive toxicity. In vitro genetic toxicity studies included assessments of
mutagenicity in Salmonella typhimurium and of the induction of chromosomal
aberrations and sister chromatid exchanges in Chinese hamster ovary cells. Riddelliine
was also evaluated in vivo for the induction of micronuclei in mouse bone marrow and
in peripheral blood and for the induction of S-phase synthesis and unscheduled DNA

synthesis in the liver of rats and mice.
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In the 2-week studies, groups of five male and five female F344 /N rats and B6C3F

mice were administered riddelliine in 0.1 M phosphate buffer by gavage at dose levels of
0, 0.33, 1.0, 3.3, 10, or 25 mg/kg body weight five times per week, for a total of 12
doses. Four of five male rats in the 25 mg/kg group died or were killed moribund
before the end of the study. Mean body weight gains of male rats in the 10 and 25
mg/kg groups were depressed. No deaths or body weight effects were observed in
female rats. Male rats had dose-related hemorrhagic centrilobular hepatic necrosis,
hepatocytic karyomegaly and cytologic alterations, pulmonary hemorrhage and/or
edema, splenic extramedullary hematopoiesis, and pancreatic edema. Female rats
exhibited fewer and less severe lesions than identically treated male rats. Heart

weights of treated male and female rats were lower than those of the controls.

No deaths or effects on body weight were observed in treated mice. Dose-related
increases in absolute and relative liver weights and increased incidences of hepatic
cytomegaly were the only treatment-related findings in male and female mice

administered riddelliine.

In the 13-week studies, groups of 20 male and 20 female F344 /N rats and B6C3F

mice were administered riddelliine in 0.1 M phosphate buffer by gavage five times per
week for 13 weeks. Rats received O, 0.1, 0.33, 1.0, 3.3, or 10 mg/kg and mice received
0, 0.33, 1.0, 3.3, 10, or 25 mg/kg. Ten animals from each dose group were killed after
13 weeks of treatment. The remaining 10 animals in each dose group were observed
without further treatment for up to 14 weeks; five animals from each dose group were
killed after 7 weeks of recovery, and the remaining five animals per dose group were

killed at the end of the 14-week recovery period.

During the 13-week treatment period, 19 of 20 male rats in the high-dose group died;
all others survived. Body weight gains were decreased with increasing dose at Week 13.
During the 14-week recovery period, all male rats survived, but five high-dose females
died. Mean body weight gains of dosed and control male rats were similar throughout
the 14-week recovery period; the final mean body weights of the treated males
approached the final mean body weight of the controls. Similarly, mean body weight
gains among the treated female rats were similar to the control value at the end of the
14-week recovery period. However, the final mean body weight of female rats given 1.0
or 3.3 mg/kg remained lower than that of controls at the end of the 14-week recovery

period.
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In the 13-week study, the most significant treatment-related histopathologic lesions in
rats occurred in the liver and included hepatocyte cytomegaly and karyomegaly,
cytoplasmic vacuolization, centrilobular necrosis, mixed inflammatory cell infiltration,
and bile duct hyperplasia. Vascular lesions in the kidneys and lungs were observed in
most high-dose rats after 13 weeks of riddelliine administration. Additional lesions
were found in the heart, spleen, kidneys, and pancreas at 13 weeks. At the end of the
14-week recovery period, hepatocyte karyomegaly, cytomegaly, and cytoplasmic
vacuolization persisted. In addition, the incidence of bile duct hyperplasia was
markedly increased in dosed female rats, and foci of cytologic alteration or hyperplastic
hepatocytes were observed in dosed rats that were allowed to recover for up to 14

weeks.

Adenomas of the liver occurred in 2 of 10 females in the 10 mg/kg group at 13 weeks
and in one of five females in this group after the 14-week recovery period; no adenomas

were found in the livers of control females.

Serum activities of alkaline phosphatase in male rats and sorbitol dehydrogenase in
female rats increased with increasing dose. Reticulocyte counts consistently increased
and platelet counts consistently decreased with increasing dose in treated male and
female rats. The clinical pathology findings were indicative of liver damage and

erythrocyte and platelet sequestration.

In mice in the 13-week study, no deaths related to riddelliine treatment occurred. Body
weight gains were depressed at the two highest dose levels (10 and 25 mg/kg); the
depression in body weight persisted throughout the 14-week recovery period. Dose-
related increases in erythrocyte counts in male mice and in reticulocyte counts in
female mice were observed. Dose-related decreases in platelet counts were also
observed in both males and females. Centrilobular cytomegaly in the liver was noted at
13 weeks in males and females administered 25 mg/kg riddelliine; this lesion persisted
through the recovery period in females. At the end of the 14-week recovery period, bile
duct hyperplasia was seen in the liver in high-dose female mice. Epithelial hyperplasia
of the forestomach was noted in male and female mice in the 10 and 25 mg/kg groups
after 13 weeks of treatment, but this lesion became less severe during the recovery

period.
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In male rats administered up to 3.3 mg/kg and in male mice administered up to 25
mg/kg for 13 weeks, riddelliine did not adversely affect any of the reproductive end
points evaluated. In female rats given 10 mg/kg and in female mice given 25 mg/kg,
the length of the estrous cycle was increased. However, no unequivocal adverse effects
were noted on fertility, pup growth and survival, or weight gain of dams during
pregnancy during the mating trial in rats, although mean body weights of dams given
0.1 or 1.0 mg/kg were significantly lower than the mean body weight of the controls
throughout gestation and lactation. In contrast, riddelliine administered at a dose of 25
mg/kg was toxic to the dams in the mouse mating trial, resulting in lower body weights
at the beginning of gestation and throughout lactation. Administration of 25 mg/kg
riddelliine to mouse dams also affected fetal growth and survival; the average live litter
size was significantly reduced, the number of pups born dead was increased, and the

average pup weight was reduced throughout the 21-day postpartum period.

Riddelliine was mutagenic in Salmonella typhimurium strain TA100 with, but not
without, S9 activation; results of mutagenicity testing were negative in strains TA97,
TA98, and TA1535. Riddelliine induced sister chromatid exchanges in Chinese
hamster ovary (CHO) cells with and without S9. Chromosomal aberrations were
induced in CHO cells only in the presence of S9. The frequency of micronucleated
erythrocytes in mouse peripheral blood samples was not elevated after 4 or 13 weeks of
daily gavage treatments; however, a weakly positive response was noted in the
peripheral blood and bone marrow of male mice administered a single, high dose of

riddelliine by gavage.

Unscheduled DNA synthesis was detected in cultured hepatocytes from male and
female rats and mice following 5 or 30 days of riddelliine treatment by gavage. In
addition, an increase in S-phase DNA synthesis was observed in cultured hepatocytes

of male and female rats treated for either time period.

In summary, the administration of riddelliine to rodents by gavage for up to 13 weeks
resulted in a spectrum of neoplastic and nonneoplastic effects similar to those previously
described for other pyrrolizidine alkaloids. Rats were found to be somewhat more sensitive
than mice, and males more sensitive than females, to the toxic effects of riddelliine. The
no-observed-adverse-effect level (NOAEL) for histopathologic changes in the 13-week
studies was 3.3 mg/kg body weight for mice and 0.1 mg/kg body weight for rats. The liver

was the primary target of riddelliine-induced injury that resulted in lesions characterized
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by cytomegaly and cytologic alteration in rats and mice and also by marked necrotic
and proliferative changes in rats. Riddelliine is carcinogenic to female F344/N rats,

based on the occurrence of hepatocellular adenomas.
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SUMMARY OF PEER REVIEW COMMENTS

On June 24, 1992, the Technical Reports Review Subcommittee of the Board of
Scientific Counselors for the National Toxicology Program met in Research Triangle

Park, NC, to review the draft technical report on toxicity studies of riddelliine.

Dr. Po Chan, NIEHS, introduced the short-term toxicity studies of riddelliine by
reviewing the occurrence of the chemical, the rationale for the studies, the experimental

design, and the results.

Dr. Goodman, a principal reviewer, said that the report was thoroughly prepared and to
the point. However, given what is known about the toxicity and carcinogenicity of the
pyrrolizidine alkaloids, he wondered if there was adequate rationale to perform the
studies. He requested that more detail be added to the report concerning the interest of
the United States Food and Drug Administration (USFDA) in this particular alkaloid.
Dr. Chan replied that the USFDA was concerned about the contamination of meat,
milk, honey, and herbal teas, and that in some Western grasses, riddelliine is the
predominant pyrrolizidine alkaloid found. Dr. Goodman stated that longer exposures to
lower levels of riddelliine might cause lung toxicity, as is seen with other pyrrolizidine
alkaloids, rather than liver toxicity. Dr. John R. Bucher, NIEHS, agreed and indicated
that this possibility would be added to the discussion. Dr. Carlson pointed out the
rather marked effect on lung weights in the studies and asked if more information
could be given concerning possible reasons for this finding. Dr. Chan replied that it

appeared to result from perivascular macrophage accumulations and edema fluid.

Dr. Davidson, another principal reviewer, said the report was well written. She asked
why gavage was chosen over administration in the diet. Dr. Chan replied that the
alkaloid was difficult to obtain and that gavage allowed more efficient use of the

material.

Dr. Bailey said that although NOAELs are given for the test animals, it would be useful
if information could be added concerning the levels of riddelliine contamination in

various foods. The FDA data on riddelliine residues in foods are unpublished.

After discussion of editorial matters, Dr. Carlson accepted the report on behalf of the

peer review panel.
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INTRODUCTION

Physical Properties, Occurrence, and Exposure
Riddelliine is a solid with a melting point of 194° to 196° C (Molyneux et al., 1991). Itis
soluble in chloroform, acetone, and ethanol, and is sparingly soluble in water. As a
solid, it is stable at room temperature in diffuse light for 12 months or longer.
Alcoholic and aqueous solutions of riddelliine are stable at room temperature when
protected from light. Riddelliine is a member of a class of pyrrolizidine alkaloids (PAs).
The PAs are esters of unsaturated basic alcohols or necines (e.g., heliotridine,
retronecine, supinidine, crotanecine, otonecine) and a necic acid (a C5-C1p branched-
chain unsaturated, epoxidized or hydroxylated mono- or dicarboxylic acid) (Merck
Index, 1983). They may be monoesters with monocarboxylic acids (heliotrine,
lasiocarpine) or macrocyclic diesters formed from dicarboxylic acids (monocrotaline,
retrorsine). Riddelliine is a macrocyclic diester of a necine, retronecine (Figure 1), and a

necic acid, riddelliic acid (Figure 2).

HO CH,OH
H,C OH
AN [—
\ C—C—CH, —C—C —— CH,OH
we | |
N 3 CO,H CO,H
FIGURE 1 Chemical Structure FIGURE 2 Chemical Structure
of Retronecine of Riddelliic Acid

Riddelliine is isolated from plants of the genus Senecio (Molyneux et al., 1979),
which are found in the rangelands in the western United States. The alkaloids
occur in different parts of the plants with the highest content in the seeds and
flowering tops. Riddelliine and other PAs in these plants may cause economic loss
to ranchers, as cattle, horses, and, to a lesser extent, sheep ingesting these plants
succumb to the toxic effects. These plants may contaminate human food sources
as intact plants or their seeds may contaminate commercial grains. Riddelliine
residues may be found in meat animal tissues, and in products such as milk and
honey (USFDA, unpublished report on riddelliine). In East India, the root of

Crotalaria juncea, which contains PAs, is taken as a hemoptysis remedy
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and the plant is used against impetigo psoriasis and as an emmenagogue. The "bush
tea" used to treat children for colds in Jamaica, as well as the herbal teas used in the

American Southwest, may contain riddelliine and other PAs.

Disposition and Metabolism

At present, there are no data on the absorption and metabolic fate of riddelliine.
However, other pyrrolizidine alkaloids have been extensively studied and the
information accumulated serves as a background for the study of the toxicity of

riddelliine.

Disposition studies have been conducted with [3H]-monocrotaline (Hayashi, 1966),
[14C]—lasiocarpine (Culvenor et al., 1969), [14C]—senecionine, and [14C]—seneciphylline
(Eastman et al,, 1982). In general, about 80% of the ingested PAs are excreted, rapidly
and unchanged, in the urine and feces, with urine the more prevalent route. Exhaled
COy is a minor route of excretion, with about 10% of the ingested PAs excreted in this
manner. The ingested alkaloids are concentrated in the liver and kidney; very low

levels of radioactivity are found in other tissues, including the lung and spleen.

Pyrrolizidine alkaloids appear to be metabolized via common pathways (McLean, 1970;
Huxtable, 1979; Peterson and Culvenor, 1983; Mattocks, 1986). The alkaloids may be
hydrolyzed, converted to N-oxides, or dehydrogenated to pyrrolic derivatives.
Hydrolysis and N-oxidation seem to be detoxication pathways. Dehydrogenation

appears to be associated with cytotoxicity.

Hydrolysis gives rise to a mono- or dicarboxylic acid and a pyrrole ring. The acid formed is
apparently of no significance in toxicity. The pyrrole ring is further oxidized to an N-oxide
or dehydrogenated to a pyrrolic metabolite (Figure 3). The dehydrogenated pyrrolic
metabolites, dehydroalkaloids, are powerful alkylating agents and are responsible for the
toxic reaction of the alkaloids. They are very reactive and immediately upon formation
attack nucleophile centers (SH, NH, and OH groups) in protein and other cell constituents
(Hsu et al, 1975). Covalent binding of senecionine and seneciphylline to hepatic DNA,
RNA, and protein has been demonstrated (Eastman et al, 1981, 1982). Hincks et al
(1991) showed that riddelliine cross-links cellular DNA in cultured bovine kidney epithelial
cells. Dehydroalkaloids may be further hydrolyzed to dehydroamino alcohols that are
carcinogenic (Peterson et al, 1983) and teratogenic (Peterson and Jago, 1980) and are

thought to be responsible for the development of extrahepatic lesions. It is difficult to
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separate the carcinogenicity of dehydroalkaloids and the dehydroamino alcohols due to

spontaneous hydrolysis of the former (Peterson et al., 1983).

CH,0R

R'O
R'O CH,OR \ Alkaloid N—oxide
0
y\ .

' 0
N R'O CHLOR
-ZIHI\/

Alkaloid Base -

/ Dehydroalkaloid
N

FIGURE 3 Oxidation and Dehydrogenation of an Alkaloid Base

The N-oxides are water soluble, have low toxicity, and are rapidly excreted in the urine.
However, the intestinal bacterial flora can reduce them back to the parent compound
(Powis et al., 1979). Hepatic toxicity has been reported when indicine N-oxide was used
as a chemotherapeutic agent in the treatment of cancer (Letendre et al.,, 1981, 1984;

Cook etal., 1983).

The hydrolysis and dehydrogenation reactions are carried out by the liver microsomal
mixed-function oxidase system. It has been shown that pretreatment of the animal
with phenobarbital increases the rate of metabolic conversion and enhances toxicity
(White et al., 1983; Bruner et al., 1986). Pretreatment with a microsomal enzyme
inhibitor such as SKF 525A has the opposite effect (Allen et al., 1972; Bruner et al.,
1986) and reduces toxicity. Thus, susceptibility to the toxic effects of pyrrolizidine
alkaloids is determined by factors that affect the activity of the microsomal enzyme

system at the time of PA exposure.

Other factors that affect the susceptibility to PA toxicity include species, strain, diet, age,
and sex. Gerbils, hamsters, guinea pigs, goats, sheep, rabbits, and Japanese quail are
resistant, while humans, monkeys, rats, mice, chicks, turkeys, cattle, pigs, and horses are
sensitive to the toxicity of PAs (Cheeke, 1989). Dietary constituents rich in sulfhydryl

compounds may have some protecting value against pyrrolizidine poisoning. The strong
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nucleophilic nature of the presumptive toxic pyrrole makes it readily subject to adduct
formation with -SH compounds. Thus, methionine has been used successfully to treat
racehorses poisoned with Senecio (Huxtable, 1979). The toxic effects of monocrotaline in
rats are ameliorated by feeding a high cysteine diet (Buckmaster et al.,, 1976). Presumably,
the sulfhydryls bind the toxic metabolites of PAs and minimize the amount of toxicant
available to cause tissue damage. Administration of antioxidants such as BHA or
ethoxyquin, which induce GSH S-transferases, also protects against the toxic effects of
monocrotaline (Kahl and Wulff, 1979; Miranda et al., 1981). Young rats are more
susceptible to the toxic effects of PAs than are adult rats. The greater susceptibility is
probably related to the PA-metabolizing enzyme levels and the sensitivity of the tissues in
different age groups. Male rats are better able to metabolize PAs into pyrroles and are

therefore more susceptible to PA toxicity than are females (Mattocks, 1972).

Toxicity

HUMAN EFFECTS

Heliotrope poisoning is endemic in central Asia, where seeds of Heliotropium species
enter the wheat -crop. The typical clinical picture is that of ascites,
hepatosplenomegaly, veno-occlusive disease of the liver, and abnormal liver function
(McLean, 1970; Huxtable, 1980). In South Africa, a disease known as "bread
poisoning," found among poor Europeans, was traced to the inclusion of Senecio and
Crotalaria seeds and flowers in whole grain processed for bread flour (Selzer and Parker,
1951). A veno-occlusive disease outbreak in Jamaica was traced to the widespread use
of "bush tea," an herbal medicine used to treat children for colds (Stirling et al., 1962).
In the American Southwest, the popular herbal tea, gordolobo yerba, is a potential
hazard for exposure to toxic PAs. The Mexican herb Gnaphalium macounii, used in
gordolobo yerba, is easily confused with Senecio longilobus. Some deaths have been
reported from mistaken preparation of gordolobo yerba with S. longilobus (Huxtable,
1980). Cases reported include a 6-month-old female infant who developed liver
cirrhosis (Stillman et al, 1977) after being fed gordolobo yerba, containing 70 to 147
mg/kg of PAs total, for 2 weeks and a 2-month-old boy who died after exposure to S.
longilobus alkaloids in gordolobo yerba at 13 to 17 mg/kg daily for 4 days (Fox et al.,
1978). One case of hepatic veno-occlusive disease of an infant who died 38 days after
birth was traced to the mother's drinking a coltsfoot tea preparation for cough during
pregnancy (Roulet et al.,, 1988). The tea preparation was found to contain leaves and
flowers of Tussilago farfara and roots of Petasites officinalis (Spang, 1989), which

contain senecionine and senkirkine (Westendorf, 1992).
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In the acute stage of PA toxicity, severe abdominal pain is accompanied by emesis and
diarrhea. Liver biopsy shows centrilobular congestion resulting in compression and
disappearance of liver cell cords and necrosis. In the chronic stage,
hepatosplenomegaly, ascites, hepatic veno-occlusion, fibrosis and cirrhosis, portal
hypertension, lymphadenopathy, anemia, hemosiderosis, widespread hemorrhage,
nephritis, and thymic cortical necrosis are noted (Peterson and Culvenor, 1983). At low
levels of exposure, lung lesions rather than liver lesions occur. The toxic

manifestations in the lung are similar to those described in animal studies.

ANIMAL TOXICITY

Most of the documentation of pyrrolizidine toxicity is found in the literature of
veterinary medicine and animal husbandry. A few common animal diseases related to
PAs are Missouri-River-bottom disease of horses, Pictou disease of cattle (Canada),
Winton disease of cattle and horses (New Zealand), Schweinsberger disease of horses
(Germany), Molteno cattle sickness (South Africa), and various chronic cirrhotic
diseases of range animals reported worldwide. The knowledge among stockmen that
PA-containing plants such as Crotalaria and Senecio species were common toxic agents
in animal diseases was verified by animal feeding studies in which the plants were fed
whole (Mattocks, 1986). Clinical signs in poisoned animals include neurological,
gastrointestinal (diarrhea), and hematologic (high blood ammonia, hemolysis) effects.

Ascites is often observed.

Molyneux et al. (1991) reported that calves fed Senecio riddellii, which contains only
riddelliine and its N-oxide, for 20 days showed weight loss, signs of depression, reduced
feed intake, ataxia of hind limbs, ascites, and edema before death. Microscopic
examination revealed hepatocellular necrosis and collapse of lobules, increased
numbers of fibroblasts and collagen, portal edema, anisokaryosis of hepatocyte nuclei

with some cytomegaly, and bile duct proliferation.

Two stages of reactions are associated with pyrrolizidine poisoning. The first is a
primary reaction in which the PA or its metabolite(s) acts on the liver tissue inducing
acute necrosis and/or a marked enlargement of hepatocytes, which has been referred to

as megalocytosis. The process takes place even after a single exposure to PA. The second
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stage develops in response to the initial damage. The responses include development of
liver fibrosis accentuated by stromal collapse and endothelial cell damage. The latter
may lead to thrombosis and occlusion of central veins; eventually, cirrhosis develops.
Chronic exposure to the alkaloids also gives rise to proliferation of bile ductule cells and
nodular hyperplasia. The functional capacity of the liver deteriorates; death results
from hepatic failure (Schoental, 1976; Peterson and Culvenor, 1983). The toxic
metabolites from the liver may affect the heart and lungs. Huxtable (1979) has
reviewed the toxicity of the pyrrolizidine alkaloids and describes the following sequelae
of cardiopulmonary damage: endothelial proliferation in the heart and lung, arterial
hypertrophy, pulmonary arterial hypertension, right ventricular hypertrophy, and cor

pulmonale.

While large single doses of monocrotaline can damage the liver, chronic exposure to
lower doses causes pulmonary damage in the absence of hepatotoxicity. Gillis et al
(1978) reported that ingestion of 0.4 mg of monocrotaline per day by young (45 to 50 g)
rats for 21 days led to pulmonary toxicity in the absence of hepatotoxicity. Pulmonary
toxicity was manifested by increased lung-to-body-weight ratios, increased lung
protein, and reduction in 5-hydroxytryptamine (5-HT) and noradrenaline removal and
metabolism. The young rats also developed pulmonary hypertension and right
ventricular hypertrophy. The reduced capacity of monocrotaline-damaged lung
endothelial cells to remove S5-HT probably allowed circulating 5-HT and other
vasoconstrictor levels to increase, resulting in increased pulmonary arterial pressure.
Compensatory hypertrophy of the right ventricular wall developed as the heart

attempted to overcome the elevated pulmonary arterial pressure.

Raczniak et al. (1978) reported that monthly doses of monocrotaline administered to
young Macaca (stump-tail) monkeys resulted in significant ultrastructural changes in
the right ventricle. These changes included mitochondrial hypertrophy, streaming and
clumping of Z-band material, degeneration of myofibrils, changes in ribosomes and
proliferation of intercellular collagen fibers. These changes were considered to be

indicative of compensation to hypertensive heart disease.

Mineral metabolism in rats has been reported to be modified by dietary intake of
Senecio plant material. Copper and iron levels in the liver were markedly increased
even in the absence of supplemental copper. When copper was added to the diet of the
test animals, an even greater accumulation of copper was found. Impairment of

hematopoiesis and accelerated erythrocyte destruction were noted (Swick et al., 1982).
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REPRODUCTIVE TOXICITY AND TERATOGENICITY

PAs and their metabolites can cross the placenta. Heliotrine and dehydroheliotridine
injected into rat dams at the fourteenth day of pregnancy were recovered in the fetuses.
The PAs induced growth retardation and fetal mortality (Peterson and Jago, 1980).
Administration of heliotrine to pregnant rats during organogenesis led principally to
fetal growth retardation and musculoskeletal defects, mainly in rib development.
Hypoplasia of the lower jaw and cleft palate were common findings; however, there was
no liver damage (Green and Christie, 1961). Intraperitoneal administration of fulvine to
rat dams on Days 9 through 12 of gestation induced exencephaly, cleft palate,
microphthalmia, limb and tail abnormalities, and other defects in offspring (Persaud

and Hoyte, 1974).

Schoental (1959) reported that retrorsine administered to lactating rats caused liver
lesions in the pups. Pups dying at 18 to 30 days of age showed hydropic or fatty
vacuolation of liver cells. Weanling rats that died or that were killed between 1 and 6
months of age showed hemorrhagic necrosis, an increase in hepatic centrilobular
reticulin, thickening of centrilobular veins, hyperplastic nodules, and bile duct
proliferation. The fact that hepatic lesions were observed only after birth and not in
fetuses was probably due to the inability of embryonic liver to activate PAs (Mattocks,

1986).

MITOTIC INHIBITION

The pyrrolizidine alkaloids as well as their metabolites and synthetic analogues are
potent antimitotic compounds. Administration of heliotrine, lasiocarpine, or
lasiocarpine N-oxide reduced mitosis by more than 50% in regenerating rat liver
following partial hepatectomy (Peterson, 1965; Downing and Peterson, 1968).
Heliotridine added to leukocyte cultures depressed mitosis (Bick et al,, 1975). Hincks et
al. (1991) showed that riddelliine and four other PAs inhibited colony formation by
cultured bovine kidney epithelial cells. The PAs were not lethal to the cultured cells,
but only inhibited mitosis. McGrath et al. (1975) noted renal glomerular lesions in pigs

fed Crotalaria seeds and suggested that the primary cause was mitotic inhibition.

Because of the antimitotic property of PAs, indicine-N-oxide was used as a
chemotherapeutic agent for cancer (Letendre et al, 1981, 1984). The relationship
between the antimitotic activity and tumorigenic activity of the PAs is not clear. It

should be noted that more tumors developed following the cessation of pyrrolizidine
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alkaloid intake (Svoboda and Reddy, 1972; Allen et al., 1975). Higher tumor yields were
observed in rats fed Petasites japonicus maxim or Symphytum officinale intermittently
than in rats fed continuously (Hirono et al, 1973, 1978). However, megalocyte
development is attributed to the action of PAs, which allow the cells to go through DNA
synthesis and the cell cycle to repeat without undergoing cell division (Samuel and
Jago, 1975; Mattocks, 1986). Hincks et al. (1991) postulated that the antimitotic
activity of PAs is related to their ability to cross-link DNA and thereby inactivate the

section of genome that codes for the proteins of division (Samuel and Jago, 1975).

CARCINOGENICITY

The carcinogenicity of pyrrolizidine alkaloids has been studied by administration of the
plant, crude extracts of the plant, or the alkaloids to rats via varying routes. Harris and
Chen (1970) reported that malignant liver tumors developed in rats fed diets containing
0.5% dried Senecio longilobus L. every other week for 1 year. Newberne and Rogers
(1973) demonstrated that monocrotaline given intragastrically once weekly for 55 weeks
or longer induced liver cell carcinomas in rats. These authors also reported that
monocrotaline acted synergistically with aflatoxin Bj in hepatic carcinogenesis. Both
male and female rats fed lasiocarpine at low doses (7, 15, or 30 ppm) for 2 years
developed hepatic angiosarcoma, hepatocellular carcinoma, and hepatocellular

adenoma. Female rats also developed hematopoietic tumors (NCI, 1978).

In drinking water studies, hepatomas were induced in rats given retrorsine or isatidine
at 0.03 g/L, 3 days per week (Schoental et al.,, 1954). Petasitenine given at 0.01%
induced hemangioendothelial sarcoma and hepatic adenoma in rats (Hirono et al.,
1977). Clivorine administered at a concentration of 0.05 g/L for 340 days induced liver
tumors, hemangioendothelial sarcomas, and neoplastic nodules in rats (Kuhara et al,
1980). Liver nodules were observed in 4 of 4 male and 5 of 12 female Wistar rats given
riddelliine (0.02 mg/mL) in drinking water twice weekly for 6 months, followed by three
intraperitoneal injections of 25 mg/kg during the seventh month or by a single
intraperitoneal injection of 30 mg/kg 1 year after the beginning of riddelliine treatment
(Schoental and Head, 1957). The IARC (1976) considered the study inconclusive.

Young male Sprague-Dawley rats given biweekly subcutaneous injections of

dehydroretronecine for 12 months developed rhabdomyosarcomas at the site of injection
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(Allen et al,, 1975). Peterson et al. (1983) reported that dehydroheliotridine given to

rats intraperitoneally produced tumors in the liver, lungs, intestines, and other organs.

GENETIC TOXICITY

The published genotoxicity data on riddelliine indicate that the chemical is genotoxic in
vitro and in vivo. It induced mutations in Salmonella typhimurium strain TA100 when
tested with rat and hamster liver S9 activation (Zeiger et al, 1988), and it induced
sister chromatid exchanges and chromosomal aberrations in Chinese hamster ovary
(CHO) cells in the presence of S9 (Galloway et al., 1987). Sister chromatid exchanges
were also increased in CHO cells in the absence of S9, but the response was markedly
lower than that observed with S9. Therefore, it appears that metabolic activation is
necessary for the genotoxic activity of riddelliine. Support for this idea comes from
metabolism, cytotoxicity, and DNA and protein binding studies performed with other
pyrrolizidine alkaloids; results of these studies showed that these compounds are
metabolized to reactive pyrroles that covalently bind to liver proteins and DNA
(Eastman et al., 1981, 1982) and are potent hepatotoxins (Green et al., 1981; Griffin
and Segall, 1986). That the liver is a site sensitive to the genotoxic action of riddelliine
is supported by the observation that riddelliine induced a significant increase in
unscheduled DNA synthesis (UDS) in hepatocytes of rats treated by gavage in vivo
(Mirsalis, 1987).

The results of short-term genotoxicity tests with riddelliine have been reported in
several abstracts. Positive results were reported for induction of mutations in mouse
lymphoma L5178Y cells (Rudd et al., 1983), UDS in Fischer 344 rat hepatocytes in vitro
(Mirsalis et al., 1983), S-phase and unscheduled DNA synthesis in vivo (Mirsalis, 1987),
and micronuclei in peripheral blood polychromatic erythrocytes of Swiss mice treated in
vivo (MacGregor et al., 1985).

Study Rationale and Design

Riddelliine was nominated by the Food and Drug Administration and the Bureau of Foods
for toxicity and carcinogenicity testing because of its economic impact on the livestock
industry, the potential for human exposure, and the information available on the toxicity of
other pyrrolizidine alkaloids, which suggests that riddelliine is carcinogenic. Gavage in
phosphate buffer was chosen as the route of administration because the oral route is the

major route of exposure in humans and because the quantity of riddelliine available for
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study was limited. The studies performed included 2-week and 13-week studies with
14-week recovery in F344 /N rats and B6C3F mice, clinical pathology, histopathology,
reproductive system evaluations, and mating trials. Riddelliine was also evaluated for
mutagenicity in S. typhimurium, for induction of sister chromatid exchanges and
chromosomal aberrations in Chinese hamster ovary cells, for the induction of
micronuclei in mouse bone marrow cells and peripheral blood, and for the induction of

S-phase DNA synthesis and unscheduled DNA synthesis in the liver of rats and mice.
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MATERIALS AND METHODS

Procurement and Characterization of Riddelliine

Riddelliine (CAS Number 23246-96-0) was supplied by Dr. Russell J. Molyneux
(Western Regional Research Center, Agricultural Research Service, U.S. Department of
Agriculture). The chemical was extracted and purified from Riddell's groundsel (Senecio
riddellii) collected from rangeland. Two lots were shipped to the NTP. Lot U101981 was
used in the 2-week studies and Lot U041483 was used in the 13-week studies.

Identity, purity, and stability analyses were conducted at Midwest Research Institute
(Kansas City, MO). The study chemical, a white, crystalline solid, was identified as
riddelliine by infrared, wultraviolet/visible, and nuclear magnetic resonance
spectroscopy; the spectra were consistent with the structure of riddelliine and with
available literature references. Elemental analyses for carbon, hydrogen, and nitrogen
were in agreement with theoretical values. Cumulative analytical data, based on
nuclear magnetic resonance spectroscopy, thin layer chromatography, and high-
performance liquid chromatography (HPLC) using two solvent systems, indicated
approximately 95% riddelliine, 5% of the alkaloid retrorsine, and about 0.2%
seneciphylline for Lot U101981 and approximately 92% riddelliine, 5% retrorsine, and
1.4% seneciphylline for Lot U041483. An additional impurity with an area of 0.3%
relative to the major peak was observed in HPLC analysis of Lot U041483.
Quantitation based on nonaqueous amine titration indicated a purity of 99.7% + 0.5%
riddelliine for Lot U101981 and 98.6% = 0.7% riddelliine for Lot U041483; however, this
method did not differentiate between riddelliine and other pyrrolizidine alkaloids.
Water content by weight loss on drying was 0.3% for Lot U101981 and 0.065% for Lot
U041483. Stability studies indicated that riddelliine was stable as the bulk chemical
when stored for 2 weeks, protected from light, at temperatures up to 60+ C. At the
study laboratory, subsequent chemical reanalyses by infrared spectroscopy, HPLC, and
titration (13-week studies only) revealed consistent purity levels for the bulk chemical

relative to the reference standard over the course of these studies.
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Dose Formulations

Dose formulations were prepared by dissolving the appropriate quantity of riddelliine
(weighed to the nearest 0.1 mg) in 0.1 M phosphate buffer (pH 6.0) to achieve the
desired concentrations, which ranged from O to 5 mg/mL for the studies in rats and
from O to 2.5 mg/mL for the studies in mice. Stability studies indicated that a 4
mg/mL solution of riddelliine in 0.1 M phosphate buffer was stable for 3 weeks in the
dark at 5° C and for 3 hours at room temperature open to air and light; 0.032 mg/mL
riddelliine was also stable for 3 hours at room temperature open to air and light.
Losses of approximately 2% to 4.5% of the chemical were observed under all other
storage conditions. The dose formulations used in the 2-week and 13-week studies
were stored in Teflon-sealed amber glass bottles in the dark at approximately 5° C and
were used within 3 weeks of preparation. Results of analyses of dose formulations for
the 2-week and 13-week studies by wultraviolet absorption spectroscopy before

administration to animals were within 10% of theoretical values.

Toxicity Study Designs

Male and female F344 /N rats and B6C3F| mice used in these studies were obtained from
Simonsen Laboratories, Inc. (Gilroy, CA). Rats and mice were shipped to the study
laboratory at approximately 4 weeks of age, were quarantined for 2 weeks, and were 6
weeks of age when the studies began (animals used in the mating trials were quarantined
for 4 weeks and were 8 weeks of age at the beginning of the studies). Rats used in the
13-week studies were received in two shipments (one for the mating trial and the other for
the base, clinical pathology, and genetic toxicology studies). Mice used in the 13-week
studies were received in three shipments (one for the mating trial, one for the base study,
and one for the genetic toxicology study). Several mice were found dead or were killed
moribund during the quarantine period preceding the 13-week studies; necropsy revealed
changes consistent with stress or decreased food or water intake. Additional mice
showing evidence of emaciation or stress were not used in the studies. Two male and two
female rats and mice were necropsied 2 to 3 days before the 2-week studies began; five
male and five female rats and mice from each shipment were necropsied 2 to 3 days
before the 13-week studies began. No evidence of infectious disease or internal
parasitism was observed in any of these animals. At the end of the 13-week studies,
blood samples were taken from five control rats and five sentinel mice of each sex for

determination of viral antibody titers; all samples were negative (Boorman et al., 1986;
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Rao et al.,, 1989a,b). Additional details concerning study design and performance are

listed in Table 1.

With the exception of mating trial animals, five rats were housed per cage, and mice
were housed individually for the 2-week and 13-week studies. Prior to mating, mating
trial males were housed individually and females were housed two per cage. Animal
rooms were maintained at 72° F (ranging from 64° to 79° F) and 50% relative humidity
(ranging from 20% to 78%), with more than 10 fresh air changes per hour. Fluorescent

light was provided for 12 hours per day. Feed and water were available ad libitum.

In the 2-week studies, groups of five rats and five mice per sex were administered
riddelliine in 0.1 M phosphate buffer by gavage at dose levels of O (vehicle control),
0.33, 1.0, 3.3, 10, and 25 mg/kg of body weight. The high dose of 25 mg/kg was based
on a report by Schoental and Magee (1959) that 6 of 11 Wistar rats (30 to 60 g) died
from 11 to 60 days after a gavage dose of 30 to 39 mg/kg. Another report indicated
that the intravenous LDg( of riddelliine in mice is 105 mg/kg (Anonymous, 1949).
Dose volumes were 5 mL/kg body weight for rats and 10 mL/kg for mice and were
based on individual body weights taken on Day 1 for Week 1, Day 8 for Week 2, and
Day 15 for the final two doses. Riddelliine was administered for 5 days per week for 2
weeks plus 2 consecutive dose days before terminal sacrifice; thus, each animal

received a total of 12 treatments.

Based on the results of the 2-week studies, the high dose selected for the 13-week
studies was 10 mg/kg for rats and 25 mg/kg for mice. In the 13-week studies, 20
animals per species per sex were administered riddelliine in 0.1 M phosphate buffer by
gavage. Dose levels for rats were O (vehicle control), 0.1, 0.33, 1.0, 3.3, or 10 mg/kg
body weight; dose volumes of 5 mL/kg body weight were based on individual rat body
weights taken weekly. Dose levels for mice were 0, 0.33, 1.0, 3.3, 10, or 25 mg/kg;
dose volumes of 10 mL/kg body weight were based on individual body weights taken
weekly. The test article was administered on weekdays, excluding holidays, for 13
weeks. At the end of the treatment period, 10 rats and 10 mice per dose group were
killed. Half of the remaining animals (five rats and five mice per dose group) were killed
after a 7-week recovery period and the other half were killed after a 14-week recovery
period. The recovery studies were conducted because it had been reported that PAs are

mitotic inhibitors and that tumors developed after the cessation of PA administration.
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Complete necropsies were performed on animals in the 2-week and 13-week base
studies. The following organs from rats and mice in the base studies (including
animals in the recovery groups) were weighed: brain, heart (whole organ and right and
left ventricles), right kidney, liver, lung, spleen, thymus, and right testis. Organs and
tissues were examined for gross lesions and were fixed in 4CF-1G fixative (buffered
formaldehyde-glutaraldehyde mixture). Tissues to be examined microscopically were
trimmed, embedded in paraffin, sectioned, and stained with hematoxylin and eosin.
Complete histopathologic examinations of protocol-required tissues were performed on
all control animals, all animals in the highest dose group with at least 60% survivors at
the time of sacrifice, plus all animals in higher dose groups inclusive of early deaths
and survivors. In the 2-week and 13-week studies, all gross lesions and the adrenal
glands, heart, kidneys, liver, lungs, spleen, and testes of rats and mice in the lower
dose groups were examined microscopically. In the 13-week studies, the mandibular
and mesenteric lymph nodes, pancreas, salivary glands, and seminal vesicle of rats and
the forestomach of mice were also examined in these groups. Tissues required by the

protocol to be examined are listed in Table 1.

Upon completion of the laboratory pathologist's histologic evaluation, the slides,
paraffin blocks, and residual wet tissues were sent to the NTP Archives for inventory,
slide/block match, and wet tissue audit. The slides, individual animal data records,
and pathology tables were sent to an independent pathology laboratory where quality
assessment was performed. The results were reviewed and evaluated by the NTP
Pathology Working Group (PWG); the final diagnoses represent a consensus of
contractor pathologists and the PWG. Details of these review procedures have been

described by Maronpot and Boorman (1982) and Boorman et al. (1985).

Supplemental Evaluations

HEMATOLOGY AND CLINICAL CHEMISTRY

Clinical pathology studies were performed on rats and mice in the 13-week gavage studies.
Analyses were conducted on Days 3, 14, and 30 for rats in a special study group (five
animals per dose group) and at Week 13 on selected rats and mice in the base studies (10
animals per dose group). Clinical pathology studies were not performed on base study
animals during the recovery phase. Rats in the special study group received 0, 0.1, 1.0, or

10 mg/kg riddelliine; the doses were given by gavage in a 0.1 M phosphate buffer up
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to a final dose volume of 5 mL/kg. Doses were administered daily, excluding weekends

and holidays, for 30 days.

At all time points, rats and mice used for clinical pathology evaluations were
anesthetized with CO5:09 (60:40) and bled from the retroorbital sinus. Blood for
hematology analyses was collected in Vacutainers® (Becton-Dickinson and Co.,
Rutherford, NJ) containing potassium EDTA. Blood for serum chemistry analyses was
collected in containers without anticoagulant, allowed to clot at room temperature and
centrifuged. Clinical pathology studies were limited to hematology for the mice due to
animal size and lack of adequate blood volume. Parameters evaluated and methods

used are listed in Table 1.

REPRODUCTIVE SYSTEM EVALUATIONS

Sperm Morphology and Vaginal Cytology in Rats and Mice

Vaginal cytology and sperm morphology evaluations were performed on rats and mice
from the 13-week base studies. Ten male rats from each of the vehicle control, 0.1, 1.0,
and 3.3 mg/kg groups were evaluated; 10 females rats from each of the vehicle control,
0.1, 1.0, and 10 mg/kg groups were evaluated. Mice from the vehicle control, 0.33, 3.3,
and 25 mg/kg groups (10 animals per dose group) were also evaluated. Methods were
those described by Morrissey et al. (1988). Briefly, beginning 7 days prior to sacrifice,
the vaginal vaults of 10 females of each species were lavaged, and the aspirated lavage
fluid and cells were stained with toluidine blue. Relative numbers of leukocytes,
nucleated epithelial cells, and large squamous epithelial cells were determined and
were used to ascertain stages of the estrous cycle (i.e., diestrus, proestrus, estrus, or

metestrus).

Sperm motility was evaluated at necropsy in the following manner. The right
epididymis was isolated and weighed. The tail of the epididymis (cauda epididymis) was
then removed from the epididymal body (corpus epididymis) and weighed. Tyrode's
buffer (mice) or test yolk (rats) was applied to slides and a small incision was made at
the distal border of the epididymal tail. The sperm effluxing from the incision were
dispersed in the buffer on the slides and the numbers of motile and nonmotile

spermatozoa were evaluated using a videomicroscopic system.

Following completion of sperm motility estimates, each right cauda epididymis was placed

in buffered 0.9% saline solution. Cauda were gently minced and the tissue was incubated
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in the saline solution and then heat fixed at 65° C. Sperm density was then determined

microscopically with the aid of a hemacytometer.

Mating Trials in Rats and Mice

Mating trials were conducted on 20 male and 40 female rats and mice per dose level.
Rats received O (vehicle control), 0.1, 1.0, or 10 mg/kg riddelliine by gavage at a dose
volume of 5 mL/kg body weight; mice received O (vehicle control), 0.33, 3.3, or 25
mg/kg riddelliine by gavage at a dose volume of 10 mL/kg body weight. Doses were
selected based on body weight gains and survival in the 2-week studies. Rats and mice
were dosed once per day, S days per week; males and females were dosed prior to and
throughout mating; females were also dosed during gestation and lactation. Dose
volumes were adjusted weekly on the basis of individual body weights. Because of
excessive mortality in rats receiving 10 mg/kg riddelliine, the rats receiving this dose
were not mated; the surviving rats in this dose group were killed after 10 weeks of
treatment. After 10 weeks (rats) or 10% weeks (mice) of treatment, two females and
one male from each dose group were placed in the same cage for 5 days, were separated
for 2 days, and were housed together again for up to 5 more days. Females were
checked each morning for sperm-positive vaginal smears (rats) or sperm plugs (mice).
Females were separated from the males when there was evidence of a sperm-positive
mating or when the 2-week mating period had elapsed; gestation Day O was defined as
the day when a female was separated from the male. At the end of the mating period,
males were killed without necropsy. Females were weighed on gestation Days O and 18
(mice) or 19 (rats). Dams were allowed to deliver and pups were examined for any gross
malformations. The number of live and dead pups was recorded and live pups were
sexed and weighed individually. Dam and pup weights were determined on postpartum
Days O, 5, 14, and 21. Females that did not deliver a litter by gestation Day 23 (rats) or
Day 22 (mice) were killed and the uterus was examined for evidence of unsuccessful
pregnancy; if there was no evidence of pregnancy, the uterus was stained with 10%
sodium sulfide and was examined microscopically for early implantation sites. Dams
and pups were killed following body weight determinations on postpartum Day 21.

Necropsies were not performed.
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TABLE 1 Experimental Design and Materials and Methods
in the 2-Week and 13-Week Gavage Studies of Riddelliine

EXPERIMENTAL DESIGN
Study Laboratory SRI International, Menlo Park, CA

Size of Study Groups 2-Week Studies:
Five males and five females per species per dose group
13-Week Studies:
Base Studies: 20 males and 20 females per species per dose group
Clinical Pathology Study: five male and five female rats per dose group
Mating Trial Studies: 20 males and 40 females per species per dose group

Route of Administration Gavage with 1 mL syringes with stainless steel ball-tipped needles
Dose Volume Rats: 5 mL/kg body weight
Mice: 10 mL/kg body weight
Concentration 2-Week Studies:
of Dose Formulations Rats: 0, 0.066, 0.2, 0.66, 2.0, 5.0 mg/mL

Mice: 0, 0.033, 0.1, 0.33, 1.0, 2.5 mg/mL
13-Week Studies:

Rats: 0, 0.02, 0.066, 0.2, 0.66, 2.0 mg/mL

Mice: 0, 0.033, 0.1, 0.33, 1.0, 2.5 mg/mL

Doses/Duration of Dosing 2-Week Studies:

Rats: 0, 0.33, 1.0, 3.3, 10, or 25 mg/kg; 5 days per week plus 2 dose days, for a total

of 12 doses

Mice: 0, 0.33, 1.0, 3.3, 10, or 25 mg/kg; 5 days per week plus 2 dose days, for a total

of 12 doses

13-Week Studies:

Base Studies:
Rats: 0, 0.1, 0.33, 1.0, 3.3, or 10 mg/kg; weekdays, excluding holidays, for 13
weeks
Mice: 0, 0.33, 1.0, 3.3, 10, or 25 mg/kg; weekdays, excluding holidays, for 13
weeks

Clinical Pathology Study:
Rats: 0, 0.1, 1.0, or 10 mg/kg; weekdays, excluding holidays, for 30 days

Mating Trial Studies:
Rats: 0, 0.1, 1.0, or 10 mg/kg; weekdays, excluding holidays, prior to and during
the mating period (males and females) and during gestation and lactation
(females)
Mice: 0, 0.33, 3.3, or 25 mg/kg; weekdays, excluding holidays, prior to and

during

the mating period (males and females) and during gestation and lactation
(females)

Date of First Dose 2-Week Studies:
Rats: 3 November 1986
Mice: 5 November 1986
13-Week Studies:
Rats: 18 March 1987
Mice: 11 March 1987

Date of Last Dose 2-Week Studies:
Rats: 18 November 1986
Mice: 20 November 1986
13-Week Studies:

Base Studies:
Rats: 17 June 1987 (males), 18 June 1987 (females)
Mice: 10 June 1987 (males), 11 June 1987 (females)

Clinical Pathology Study:
Rats: 16 April 1987

Mating Trial Studies:
Rats: 31 May 1987 (males and females in the 10 mg/kg group), 14 June 1987
(all other males), Day 19 postpartum or Gestation Day 22 (all other females)
Mice: 7 June 1987 (males), Day 20 postpartum or Gestation Day 21 if no signs
of pregnancy were observed (females)
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TABLE 1 Experimental Design and Materials and Methods
in the 2-Week and 13-Week Gavage Studies of Riddelliine (continued)

Necropsy Dates

Type and Frequency
of Observation

Necropsy and
Histologic Examinations

Supplemental Evaluations

2-Week Studies:
Rats: 19 November 1986
Mice: 21 November 1986
13-Week Studies:
Base Studies:
Rats: 18 June 1987 (males), 19 June 1987 (females)
Mice: 11 June 1987 (males), 12 June 1987 (females)
7-Week Recovery:
Rats: 6 August 1987 (males), 7 August 1987 (females)
Mice: 30 July 1987 (males), 31 July 1987 (females)
14-Week Recovery:
Rats: 24 September 1987 (males), 25 September 1987 (females)
Mice: 17 September 1987 (males), 18 September 1987 (females)

2-Week Studies:
Animals were observed twice daily and were weighed at initiation of dosing,
weekly thereafter, and at necropsy. Clinical observations were recorded daily.
13-Week Studies:
Base Studies:
Animals were observed twice daily. Body weight and clinical
observations were recorded weekly.
Clinical Pathology Study:
Same as base studies
Mating Trial Studies:
Animals were observed twice daily. Clinical observations were
recorded once per week for the first 4 weeks of treatment, then at 4
week intervals (rats) or at 3 week intervals (mice). Animals were
weighed once per week for the first 10 weeks (rats) or 102 weeks
(mice) of treatment, then at end of mating. Females were weighed on
gestation Day 0, Day 18 (mice), Day 19 (rats), and on Days 0, 5, 14,
and 21 postpartum. Offspring were sexed and were observed for
malformations. Offspring were also weighed on Days 0, 5, 14, and 21
postpartum.

Complete necropsies were performed on all animals in the base studies. The
protocol required that tissues be examined microscopically in all control animals, all
animals in the highest dose group with at least 60% survivors, and all animals in
higher dose groups, including animals that died early. The following tissues were
examined: adrenal glands, bone (sternebrae, including marrow), brain (three
sections), esophagus, eyes (if grossly abnormal), gallbladder (mice), gross lesions,
heart, large intestine (cecum, colon, rectum), kidneys, liver, lung/mainstem bronchi,
lymph nodes (mandibular, mesenteric), mammary gland (including surface skin), nasal
cavity and turbinates (three sections), ovaries, pancreas, parathyroid glands, pharynx
(if grossly abnormal), pituitary gland, preputial or clitoral glands (rats), prostate gland,
salivary glands, seminal vesicles, small intestine (duodenum, jejunum, ileum), spinal
cord and sciatic nerve (if neurological signs were present), spleen, stomach
(forestomach and glandular stomach), testes (with epididymis), thymus, thyroid gland,
trachea, urinary bladder, uterus, and vagina (13-week study rats and mice in the
vaginal cytology groups only). Selected organs and gross lesions were examined in
the lower dose groups.

Clinical Pathology Study (13-Week Study):
Hematologic evaluations were performed on rats on Days 14 and 30 and on rats
and mice at Week 13. Clinical chemistry studies were performed on rats at all
time points (Days 3, 14, and 30 and Week 13). Evaluation of erythrocyte (RBC)
and leukocyte (WBC) counts, hemoglobin (HGB) concentration, hematocrit
(HCT), and mean cell volume (MCV) were performed with a S560 Whole Blood
Analyzer (Coulter Electronics, Hialea, FL). Mean cell hemoglobin (MCH) and
mean cell hemoglobin concentration (MCHC) were manually calculated. Platelet
counts and determination of mean platelet volume (MPV) were performed using a
Baker's Series 810 Whole Blood Platelet Analyzer (Baker Instruments Corp.,
Allentown, PA). Leukocyte differential and reticulocyte counts were determined
by microscopic examination of blood smears using modified Romanowsky and
new methylene blue stains, respectively.
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TABLE 1 Experimental Design and Materials and Methods
in the 2-Week and 13-Week Gavage Studies of Riddelliine (continued)

Supplemental Evaluations
(continued)

Clinical Pathology Study (continued):
Clinical chemistry analyses, including determinations of activities of alkaline
phosphatase (ALP), alanine aminotransferase (ALT), and sorbitol dehydrogenase
(SDH), were performed using a Gemini Miniature Centrifugal Analyzer
(Electronucleonics, Inc., Fairfield, NJ).

Mating Trials (13-Week Studies):
Breeding of rats began on 1 June 1987 and ended on 13 June 1987.
Breeding of mice began on 25 May 1987 and ended on 6 June 1987 after 10
weeks of treatment (rats) or 10.5 weeks of treatment (mice). Females were
allowed to litter and the offspring were examined for malformations. Body
weights of dams and offspring, litter size, sex ratio, and survival of offspring were
recorded.

Sperm Morphology and Vaginal Cytology (13-Week Studies):

Male rats from the base study that were dosed with the vehicle control,
0.1, 1.0, or 3.3 mg/kg riddelliine (10 animals per dose group) and male mice from
the base study that were dosed with the vehicle control, 0.33, 3.3, or 25 mg/kg
riddelliine (10 animals per dose group) were evaluated for necropsy body and
reproductive tissue weights and spermatozoal data. Female rats from the base
study that were dosed with the vehicle control, 0.1, 1.0, or 10 mg/kg riddelliine
(10 animals per dose group) and female mice from the base study dosed with the
vehicle control, 0.33, 3.3, or 25 mg/kg riddelliine (10 animals per dose group)
were evaluated for necropsy body weight, estrous cycle length, and the percent
of cycle spent in the various stages.

ANIMALS AND ANIMAL MAINTENANCE

Strain and Species

Animal Source

Time Held Before Study

Age When Placed on Study

Age When Killed

Method of Animal Distribution

Diet

Animal Room Environment

F344/N Rats
B6C3F 4 Mice

Simonsen Laboratories, Inc. (Gilroy, CA)

2-Week Studies: 2 weeks
13-Week Studies:
Base Studies: 2 weeks
Clinical Pathology Study: 2 weeks (rats only)
Mating Trial Studies: 4 weeks

2-Week Studies: 6 weeks
13-Week Studies:
Base Studies: 6 weeks
Clinical Pathology Study: 6 weeks (rats only)
Mating Trial Studies: 8 weeks

2-Week Studies: 8 weeks
13-Week Studies:
Base Studies: 19 weeks, 26 weeks, or 33 weeks
Clinical Pathology Study: 10 weeks (rats only)

Animals were weighed and were randomized using a computer program.

NIH-07 Open Formula Pellets (Zeigler Brothers, Inc., Gardners, PA) and deionized
water (filtered and ultraviolet-treated) available ad libitum

Rats were housed five animals per cage by sex and mice housed individually for all
base studies. For mating trial studies, male animals were housed individually and
females were housed two animals per cage until the mating period began. After
mating, females were housed individually and males were killed. Temperature was
maintained at 64° to 79° F and relative humidity at 20% to 78%, with more than 10 air
changes per hour. Fluorescent light was provided for 12 hours per day.
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Genetic Toxicity Studies

SALMONELLA TYPHIMURIUM MUTAGENICITY TEST PROTOCOL

Testing was performed as reported by Zeiger et al. (1988). Riddelliine was sent to the
laboratory as a coded aliquot. It was incubated with the Salmonella typhimurium tester
strains (TA97, TA98, TA100, and TA1535) either in buffer or S9 mix (metabolic
activation enzymes and cofactors from Aroclor 1254-induced male Sprague-Dawley rat
and Syrian hamster liver) for 20 minutes at 37° C. Top agar supplemented with [
histidine and d-biotin was added, and the contents of the tubes were mixed and poured
onto the surfaces of minimal glucose agar plates. Histidine-independent mutant

colonies arising on these plates were counted following incubation for 2 days at 37° C.

Each trial consisted of triplicate plates of concurrent positive and negative controls and
of at least five doses of riddelliine. The high dose was limited by toxicity. All positive

trials were repeated under the conditions that elicited the positive response.

CHINESE HAMSTER OVARY CELL CYTOGENETICS PROTOCOLS

Testing was performed as reported by Galloway et al. (1987). Riddelliine was supplied
as a coded aliquot. It was tested in cultured Chinese hamster ovary (CHO) cells for
induction of sister chromatid exchanges (SCEs) and chromosomal aberrations (Abs)
both in the presence and absence of Aroclor 1254-induced male Sprague-Dawley rat
liver S9 and cofactor mix. Cultures were handled under gold lights to prevent
photolysis of bromodeoxyuridine-substituted DNA. Each test consisted of concurrent
solvent and positive controls and of at least three doses of riddelliine. A single flask per

dose was used.

In the SCE test without S9, CHO cells were incubated for 25 to 26 hours with
riddelliine in McCoy's 5A medium supplemented with fetal bovine serum, [
glutamine, and antibiotics. Bromodeoxyuridine (BrdU) was added 2.5 hours after
culture initiation. After 26 hours, the medium containing riddelliine was removed
and replaced with fresh medium plus BrdU and Colcemid, and incubation was
continued for 2 hours. Cells were then harvested by mitotic shake-off, fixed, and
stained with Hoechst 33258 and Giemsa. In the SCE test with S9, cells were
incubated with riddelliine, serum-free medium, and S9 for 2 hours. The medium
was then removed and replaced with medium containing serum and BrdU and no

riddelliine, and incubation proceeded for an additional 26 hours, with
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Colcemid present for the final 2 hours. Harvesting and staining were the same as for
cells treated without S9. All slides were scored blind and those from a single test were
read by the same person. Fifty second-division metaphase cells were scored for
frequency of SCEs/cell from each dose level, except for the 10 and 30 ug/mL groups in
the trial conducted with S9. For these two dose groups, fewer cells were scored due to
the extremely high numbers of SCEs, which made scoring very difficult. Because
significant chemical-induced cell cycle delay was seen at the 100 pg/mL dose level in
the trial with S9, incubation time was lengthened in an attempt to obtain a sufficient
number of scorable (second-division metaphase) cells; however, this dose was

completely cytostatic and no cells were scored.

In the Abs test without S9, cells were incubated in McCoy's SA medium with riddelliine
for 8.5 hours; Colcemid was added and incubation continued for 2 hours. The cells
were then harvested by mitotic shake-off, fixed, and stained with Giemsa. For the Abs
test with S9, cells were treated with riddelliine and S9 for 2 hours, after which the
treatment medium was removed and the cells incubated for 18.5 hours in fresh
medium, with Colcemid present for the final 2 hours. Cells were harvested in the same
manner as for the treatment without S9. The harvest time for the Abs test with S9 was
based on the cell cycle information obtained in the SCE test; because cell cycle delay

was anticipated, the incubation period was extended.

Cells were selected for scoring on the basis of good morphology and completeness of
karyotype (21 + 2 chromosomes). All slides were scored blind and those from a single
test were read by the same person. One hundred first-division metaphase cells were
scored at each dose level in the absence of S9. With S9, fewer cells were scored
because of the extremely high numbers of aberrations observed. Classes of aberrations
included simple (breaks and terminal deletions), complex (rearrangements and
translocations), and other (pulverized cells, despiralized chromosomes, and cells

containing 10 or more aberrations).

MOUSE PERIPHERAL BLOOD MICRONUCLEUS TEST PROTOCOL

A detailed discussion of this assay is presented in MacGregor et al. (1990). Riddelliine,
dissolved in sodium phosphate buffer, was administered by gavage to male and female
mice five times per week for either 4 or 13 weeks. At the end of the study, blood smears
were immediately prepared and fixed in absolute methanol. The methanol-fixed slides

were stained with a chromatin-specific fluorescent dye mixture of Hoechst 33258/
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pyronine Y (MacGregor et al, 1983) and coded. Slides were scanned at 630 or 1000 x
magnification using a semi-automated image analysis system to determine the frequency of
micronuclei in 2000 polychromatic erythrocytes (PCEs; 13-week study only) and 10,000
normochromatic erythrocytes (NCEs) in each of 10 animals per dose group. The criteria of
Schmid (1976) were used in defining micronuclei, with the additional requirement that
micronuclei exhibit the characteristic fluorescent emissions of DNA (blue with 360 nm and
orange with 540 nm UV illumination); the minimum size limit was approximately one-
twentieth the diameter of the NCE. In addition, the percentage of PCEs among the total

erythrocyte population was determined.

BONE MARROW MICRONUCLEUS TEST PROTOCOL

Preliminary range finding studies were performed. Factors affecting dose selection
included chemical solubility, toxicity, and the extent of cell cycle delay induced by
riddelliine. Based on the results of these studies, male mice to be tested for induction
of bone marrow micronuclei were administered a single gavage treatment of riddelliine
dissolved in sodium phosphate buffer; the dosing volume was 0.4 mL. Solvent control
animals were gavaged with 0.4 mL buffer only, and the positive control mice received
urethane. Bone marrow smears were prepared 24 hours after treatment; peripheral
blood smears were prepared 48 hours after treatment. Blood was obtained from the tail
vein, and bone marrow was extracted from the femurs. Smears were air-dried, fixed,
and stained; 2000 PCEs were scored for frequency of micronucleated cells in each of
eight animals per dose group, per tissue. In addition, the percentage of PCEs among
the total erythrocyte population in the peripheral blood and the bone marrow was

scored for each dose group as a measure of toxicity.

UNSCHEDULED DNA SYNTHESIS AND S-PHASE DNA SYNTHESIS TEST
PROTOCOLS

For unscheduled DNA synthesis and S-phase DNA synthesis assays, livers from rats
and mice treated with riddelliine were perfused in situ, and a single cell suspension of
hepatocytes was obtained using collagenase. Cells were collected by centrifugation,
resuspended in cold medium, and seeded into 6-well culture plates containing 25 mm
round Thermanox® coverslips (Bio-Labs, Northbrook, IL) in Williams' Medium E (WE)
supplemented with 2 mM [-glutamine, 50 ug/mL gentamycin sulfate (Sigma), and 10%

fetal bovine serum. After 1.5 to 2.0 hours of incubation in a humidified, 5% CO9

atmosphere at 37° C, cultures were washed and then incubated in Williams' Medium E
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without serum (dWE) containing 10 uCi/mL [3H]-methy1—thymidine (specific activity
approximately 80 Ci/mmole) for 4 hours at 37° C and 5% COq, followed by 14 to 18
hours in WE containing 0.25 mM unlabeled thymidine. Cultures were washed and
fixed, and autoradiography was performed as described by Hamilton and Mirsalis
(1987). Thirty morphologically unaltered hepatocytes on a randomly selected area of
each slide were examined. The highest grain count from two nucleus-sized areas over
the most heavily labeled cytoplasmic areas adjacent to the nucleus was subtracted from
the nuclear count to give the net grains/nucleus. Three slides were scored for each

animal, for a total of 90 cells per animal.

Hepatocytes undergoing DNA replication have jet-black nuclei as a result of the large
number of silver grains and are easily distinguished from nonreplicating cells in
autoradiographic preparations. Approximately 1000 cells were counted from a
randomly selected area of each slide and classified as "S-phase" (undergoing replicative
DNA synthesis) or "non-S-phase." Three slides were scored for each animal, for a total
of approximately 3000 cells per animal. The percentage of cells in S-phase was

calculated for each dose group.

Statistical Methods

ANALYSIS OF CONTINUOUS VARIABLES

Two approaches were employed to assess the significance of pairwise comparisons
between dosed and control groups in the analysis of continuous variables. Organ and
body weight data, which are approximately normally distributed, were analyzed with
the parametric multiple comparisons procedures of Williams (1971, 1972) and Dunnett
(1955). Clinical chemistry, hematology, and sperm motility data, which typically have
skewed distributions, were analyzed with the nonparametric multiple comparisons
methods of Shirley (1977) or Dunn (1964). Jonckheere's test (Jonckheere, 1954) was
used to assess the significance of dose-response trends and to determine whether a
trend-sensitive test (Williams, Shirley) was more appropriate for pairwise comparisons
than a test capable of detecting departures from monotonic dose response (Dunnett,
Dunn). If the P-value from Jonckheere's test was greater than or equal to 0.10, Dunn's

or Dunnett's test was used rather than Shirley's or Williams' test.
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The outlier test of Dixon and Massey (1951) was employed to detect extreme values. No
value selected by the outlier test was eliminated unless it was at least twice the next
largest value or at most half of the next smallest value. The extreme values chosen by
the statistical test were subject to approval by NTP personnel. In addition, values
indicated by the laboratory report as being inadequate due to technical problems were

eliminated from the analysis.

ANALYSIS OF VAGINAL CYTOLOGY DATA

Because the data are proportions (the proportion of the observation period that an
animal was in a given estrous state), an arcsine transformation was used to bring the
data into closer conformance with normality assumptions. Treatment effects were
investigated by applying a multivariate analysis of variance (Morrison, 1976) to the

transformed data to test for simultaneous equality of measurements across dose levels.

ANALYSIS OF MATING TRIAL DATA

Jonckheere's test was used to assess the significance of dose-response trends for
average litters per male, dam weights, length of gestation, and survival and mean body
weights of pups. If a trend was present (P<0.10), Shirley's test was used to test for
significance; otherwise, Dunn's test was used. The Cochran-Armitage trend test was

used to assess trends in male fertility.

ANALYSIS OF MUTAGENICITY IN SALMONELLA TYPHIMURIUM

A positive response in the S. typhimurium test was defined as a reproducible, dose-
related increase in histidine-independent (revertant) colonies in any one
strain/activation combination. An equivocal response was defined as an increase in
revertants that was not dose related, not reproducible, or of insufficient magnitude to
support a determination of mutagenicity. A negative response was obtained when no
increase in revertant colonies was observed following chemical treatment. There was no
minimum percentage or fold increase required for a chemical to be judged positive or

weakly positive.

ANALYSIS OF CHINESE HAMSTER OVARY CELL CYTOGENETICS DATA
For the SCE data, statistical analyses were conducted on the slopes of the dose-response
curves (Galloway et al, 1987). An SCE frequency 20% above the concurrent solvent

control value was chosen as a statistically conservative positive response. The probability
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of this level of difference occurring by chance at one dose point is less than 0.01; the
probability for such a chance occurrence at two dose points is less than 0.001. An
increase of 20%, or greater, at any single dose, was considered weak evidence of
activity; increases at two or more doses resulted in a determination that the trial was
positive. A statistically significant trend (P<0.05), in the absence of any responses

reaching 20% above background, led to a call of equivocal.

Chromosomal aberration data were presented as percentage of cells with aberrations.
Statistical analyses were conducted on both the dose-response curve and individual
dose points (Galloway et al., 1987). For a single trial, a statistically significant (P<0.05)
difference for one dose point and a significant trend (P<0.015) was considered weak
evidence for a positive response; significant differences for two or more doses indicated
the trial was positive. A positive trend, in the absence of a statistically significant

increase at any one dose point, led to an equivocal call (Galloway et al., 1987).

ANALYSIS OF MOUSE PERIPHERAL BLOOD MICRONUCLEUS DATA

Log transformation of the NCE data, testing for normality by the Shapiro-Wilk test, and
testing for heterogeneity of variance by Cochran's test were performed before statistical
analyses. The frequency of micronucleated cells among NCEs was analyzed by analysis
of variance using the SAS GLM procedure. The NCE data for each dose group were
compared with the concurrent solvent control using Student's ttest. The frequency of
micronucleated cells among PCEs was analyzed by the Cochran-Armitage trend test,
and individual dose groups were compared to the concurrent solvent control by
Kastenbaum-Bowman's (1970) binomial test. The percentage of PCEs among total
erythrocytes was analyzed by an analysis of variance on ranks (classed by sex) and
individual dose groups were compared with the concurrent solvent control using a t-test

on ranks.

ANALYSIS OF BONE MARROW MICRONUCLEUS DATA

The results were tabulated as the mean of the pooled results from all animals within a
treatment group, plus or minus the standard error of the mean. Statistical analyses
were performed on the micronucleated PCE and percent PCE data as described in the

peripheral blood micronucleus protocol above.
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Quality Assurance

The animal studies of riddelliine were performed in compliance with Food and Drug
Administration's Good Laboratory Practices regulations (21 CFR 58). The Quality
Assurance Unit of SRI International performed audits and inspections of protocols,

procedures, data, and reports throughout the course of the studies.
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RESULTS

2-Week Gavage Study in F344/N Rats

Four males in the 25 mg/kg group died or were killed moribund before the end of the

39

study (Table 2). Dose-related decreases in the mean final body weight and mean body

weight gain were observed in males receiving 10 or 25 mg/kg riddelliine by gavage.

Mean final body weights and body weight gains of female rats receiving riddelliine were

similar to control values.

TABLE 2 Survival and Weight Gain of F344/N Rats in the 2-Week Gavage Study

of Riddelliine
Final Weight
Dose Mean Body Weight (grams) Relative to Vehicle
(mg/kg) Survival’ Initial2 Final Change3 Controls4 (%)
MALE
Vehicle 5/5 105 169 64
0.33 5/5 105 169 64 100
1.0 5/5 107 180 74 107
3.3 5/5 104 162 58 96
10 5/5 105 151 46 90
25 1/59 107 1148 96 686
FEMALE
Vehicle 5/5 95 126 31
0.33 5/5 93 132 39 105
1.0 5/5 93 134 41 106
3.3 5/5 92 127 35 101
10 5/5 94 126 32 100
25 5/5 95 121 26 96

o O WN -

n=3.

Number surviving at 16 days/number of animals per dose group.
Final body weights were recorded on Day 14.
Mean weight change of the animals in each dose group surviving to Day 16.
(Dosed group mean/vehicle control group mean) x 100.

Day of death: 13, 14, 15, 15. Three of these animals were killed moribund (Days 13, 15, and 15).
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Administration of riddelliine produced a dose-related salivation response in both male
and female rats, ranging from profuse salivation in animals treated with 25 mg/kg
riddelliine to slight salivation in the 3.3 mg/kg groups. This response was initially
noted on Day 3 of dosing and occurred immediately after dosing throughout the entire
treatment period for those animals receiving 10 or 25 mg/kg riddelliine and on all
except the last 2 dose days for animals receiving 3.3 mg/kg riddelliine. Clinical signs of
toxicity in male rats appeared on Day 10 of dosing. All five male rats receiving 25
mg/kg appeared hunched and hypoactive and had ruffled fur. On Day 12, these
animals were slightly ataxic and exhibited moderate dyspnea; by Day 13, four of these
animals were emaciated. One female in the 25 mg/kg group had hunched posture and

nasal discharge during Week 2 of the study.

Marked dose-related increases were noted for absolute and relative lung and spleen
weights for both males and females receiving riddelliine. A mild increase in mean
relative liver weigh