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The species/strain differences in bioactivation and detoxication of the
pyrrolizidine alkaloids (PAs) in rats and guinea pigs have been investigated in
terms of the roles of cytochrome P450s, flavin-containing monooxygenases
(FMOs) and carboxylesterases. There was no difference in (x)6,7-dihydro-7-
hydroxy-1-hydroxymethyl-5H-pyrrolizine (DHP; activation of the PAs)
formation from the PA senecionine (SN) by liver microsomes from both sexes
of Sprague-Dawley (SD) and Fischer 344 (F344) rats. However, hepatic
microsomes from both male and female F344 rats produced higher SN N-
oxidation (a detoxification pathway) by 88% and 180%, respectively, compared
to that of SD rats. SN N-oxide was primarily produced by FMO in both sexes
of F344 rats, while P450s provided the major N-oxidation route in SD rats.
This result showed a significant strain difference in PAs metabolism.
Treatment with spironolactone (SPL), an inducer of cytochrome P4503A,

increased DHP and N-oxide formation from SN by 500% in female SD rats



while causing a 50% increase and a 50% decrease in DHP and N-oxide
production, respectively, in male SD rats. By contrast, SPL dosing of guinea
pigs resulted in a 50% increase in both DHP and N-oxide formation with no
apparent differences between sexes. This result indicated that SPL had a
greater effect in rats than in guinea pigs.

Cytochrome P4502B played the most important role (over 70%) in the
bioactivation of SN in the guinea pig. However, purified guinea pig P4502B
(M,=57,512 by mass spectroscopy) had a minimal specific activity toward SN.
This phenomenon reveals that metabolism by a purified P450 in reconstitution
system may be quite different from that of the same P450 in microsomes where
a mixture of P450s are present. By contrast, guinea pig cytochromes P4502C
(M,=56,496 by mass spectroscopy) and P4503A (M,=54-56,000 by SDS-PAGE)
had limited capacity for DHP formation in microsomes. Also cytochrome
P4502B is responsible along with FMO for the detoxication of SN in the guinea
pig. Purified guinea pig carboxylesterase (GPH1) hydrolyzed the PA jacobine
(JB), which is unusually toxic to guinea pigs, at a slower rate than that for SN.
Also JB yielded much less JB N-oxide compared to that seen with SN upon
incubation with guinea pig liver microsomes. Therefore, the combination of
high pyrrole, lower N-oxide formation and little hydrolysis appeared to be the

major factors in the susceptibility of guinea pigs to JB intoxication.
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COMPARATIVE METABOLISM OF THE PYRROLIZIDINE ALKALOID

SENECIONINE IN RAT AND GUINEA PIG

I. INTRODUCTION

Distribution of Pyrrolizidine Alkaloids

Pyrrolizidine alkaloids (PAs) are found in a large number of plant
species such as Compositae, Leguminosae and Boraginaceae. All climates and
areas of the world héve representatives of these plants (Bull et al., 1968). Of
special interest in Oregon are Senecio jacobaea (tansy ragwort) and Senecio
vulgaris (common groundsel) because of their prevalence in animal grazing
areas. Senecio jacobaea is a biennial plant with a green leafy stem and yellow
clustered flower head (Kingsbury, 1964). Senecio vulgaris is a low annual herb
With a green leafy stem and yellow flowers. Senecio jacobaea contains six
major pyrrolizidine alkaloids: jacobine, jacoline, jaconine, jacozine, senecionine
and seneciphylline (Bull et al., 1968). Many of these alkaloids are cytotoxic
and are often responsible for poisoning livestock and humans (Mattocks, 1986).
Many of the toxic PAs are allylic esters of the bases retronecine or its
stereoisomer heliotrioline with toxicities varying according to the nature of the
esterified necic acid (Fig. I-1). PAs can be monoesters, open diesters or closed

diesters, the latter being the most hepatotoxic (Smith and Culvenor, 1981).
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Fig. I-1. Structures of pyrrolizidine alkaloids.
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The tissue distributions of PAs in animals after the administration of
radiolabelled PAs has been studied. Eastman and Segall (1982) investigated
the distribution of ['*C]-labelled senecionine and seneciphylline in lactating
mice. At 16 hr after an i.p. injection of senecionine (82 mg/kg), about 96% of
the radioactivity had been recovered in the urine (75%), feces (14%), expired
CO, (0.21%) and the milk (0.04%). A relatively high level in liver (1.92%)
reflects the potential for hepatotoxicity by this PA compared to small portion
in the blood (0.32%), kidney (0.05%) and lung (0.03%). Some of the
radioactivity in liver from senecionine or seneciphylline is bound to proteins,
RNA and DNA. The distribution of [’H]-dehydroretronecine (DHR), a pyrrolic
degradation product of PAs, has been measured in male rats given an s.c. dose
of 65 mg/kg (Hsu et al., 1974). There was a rapid general distribution of
radioactivity throughout the body tissues. Unlike PAs, DHR was not
preferentially bound in liver. However, there was a very large amount in the
glandular part of the stomach. Excretion of DHR occurred via the urine (25%

in 24 hr) and the bile.

Metabolism of PAs

PAs are rather chemically inert. It is, therefore, unlikely that they
would be able to react with cell constituents under physiological conditions.
On the other hand, metabolites known to be formed from PAs in the liver are

highly reactive and considerably more cytotoxic than their parent alkaloids.
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Once ingested by an animal, the PA can follow various pathways of
distribution, metabolism and elimination, and the eventual biological effects
will 'depend on the balance of these vaﬁous processes. In laboratory animals,
the principal known routes of PA metabolism are 1) ester hydrolysis to form
the corresponding necine bases (retronecine or heliotrioline); 2) conversion to
N-oxides; and 3) dehydrogenation to form pyrrolic derivatives (Fig. I-2). The
first two types of metabolites appear to be detoxication pathways and only the
last class of metabolites cause cytotoxicity.

Esterase hydrolysis of a toxic PA leads to the necine and necic acid
moieties, neither of which are hepatotoxic. There are three kinds of evidence
relating to the importance of PA hydrolysis for detoxification by mammalian
enzymes: (1) metabolic activation of PAs is enhanced in animals whose
esterase activity is inhibited; (2) direct in vitro measurements of PA hydrolysis
by esterase preparations show relatively high activities in some animal species;
and (3) identification of hydrolysis products formed in vivo have demonstrated
the formation of relatively nontoxic necine bases such as retronecines (Bull et
al., 1968). Steric hindrance around the estér groups is a major factor
controlling hydrolysis of individual PAs (Mattocks, 1982).

Two major kinds of metabolites are formed by the enzymatic oxidation
of PAs in animals: pyrrolic derivatives and N-oxides. The PAs are
metabolized, via cytochrome P450s, to PA pyrroles through dehydrogenation

of the pyrrolizidine ring (Fig. I-3). These highly reactive pyrrole metabolites
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Fig. I-3. Mechanism of pyrrole formation.
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are unstable and either undergo rapid hydrolysis to yield the more stable
necine pyrrole [(£) 6,7-dihydro-7-hydroxy-1-hydroxymethyl-5H-pyrrolizine
(DHP)] or covalently bind to DNA or other tissue nucleophiles (Mattocks and
White, 1971). DHP is also a strong electrophile capable of alkylating tissue
constituents. The cytochrome P450 system (localized in the endoplasmic
reticulum) attempts to oxidize the alkaloids to the more water soluble
derivatives which can be more readily excreted, but the chemical instability of
these intermediates leads to the formation of a more lipophilic and highly toxic
metabolite. The pyrroles are readily detectable by the strong magenta color
with a modified Ehrlich reagent. This color reaction is positive in the urine,
liver and other tissues of rats shortly after they have been given various PAs
(Mattocks, 1968).

A second oxidative pathway results in formation of PA N-oxides. This
reaction is catalyzed both by cytochrome P450s and flavin-containing
monooxygenases (FMOs) that are localized in the endoplasmic reticulum of
primarily the liver. The N-oxides, once formed, are more hydrophilic than
their parent alkaloids and readily excreted via the urine. In addition, the N-
oxides of PAs are not converted to pyrrolic metabolites by microsomal enzymes
after oral administration of N-oxides (Mattocks, 1971). However, substantial
reduction of PA N-oxides back to the parent PAs can occur in the gut
(Mattocks, 1971). Evidence suggests that the latter reaction may be brought

about by enzymes in the intestinal flora, rather than from the gut itself.
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Antibiotic treatment, which considerably lowers the bacterial content of the
gut, causes a large decrease in the amount of N-oxide reduced.

Rates of metabolism of different PAs by hepatic microsomes in vitro vary
widely, depending on the structure and physical properties of the alkaloid
(Mattocks and Bird, 1983a). The most lipophilic PAs are metabolized at the
fastest rates. There are also considerable differences between the proportions
of pyrroles and N-oxides formed from PAs with different ester groups, and
" these appear to be due to the different degrees of steric hindrance caused by
the acid moieties at the sites of these metabolic reactions. PAs which are open
diesters and able to give the greatest hindrance at the C-8 position yield the
highest proportion of N-oxide compared with pyrrole, whereas monoesters and
closed diesters in which movement of the acid moiety is restricted, give
relatively more pyrrole.

The actions of other mammalian enzymes on PAs may lead to the
production of other metabolites besides pyrroles and N-oxides. Liver
microsomes from female mice produce 19-hydroxysenecionine (6.8%) from
. senecibnine (Eastman and Segall, 1982). The acid moiety of heliotﬁhe is
demethylated to heliotridine trachelanthate in sheep (Jago, 1969). In ovine
rumen fluid, heliotrine is converted to the non-tdxic base (Lanigan and Smith,
1970). The 1-aldehyde and the 7-methyl ether derivative of DHR also are
detectable after the in vitro metabolism of senecionine by mouse liver

microsomes (Segall et al., 1984).



Toxicity of PAs

There are many different PAs and this group of compounds can have a
variety of toxic actions in various speciés of laboratory and farm animals. All
the hepatotoxic alkaloids are esters of unsaturated necines. Different
unsaturated PAs can produce similar hepatotoxic effects, but their degree of
toxicity may vary widely (Table I-1).

Sufficiently large doses of most PAs can cause rapid death. This type
of acute toxicity is associated with pharmacological actions of the compounds
rather than cytotoxic actions. Death may be preceded by convulsions or by
coma. The more lipophilic PAs are especially liable to cause acute toxicity and
death.

While PAs produce a diversity of biological effects, the principal
pathology is irreversible liver cirrhosis with pronounced fibrosis and biliary
hyperplasia. The sequence of events in acute pyrrolizidine hepatotoxicity is as
follows (Barnes et al., 1964). The PA is metabolized to a proximal toxin pyrrole
in hepatic parenchymal cells and this toxin causes necrosis in those cells.
Some pyrroles escape to damage the endothelium of hepatic veins leading to
cell proliferation and venoocclusion. Some of the reactive metabolite may
proceed further by way of the bloodstream to damage other organs such as
lung. Most of the other tissue lesions and signs of toxicity, including mortality,
can be related to impaired liver function. In chronic hepatotoxic disease

produced by PAs, the liver becomes small and its surface has a granular,



Table I-1. Acute toxicity data of pyrrolizidine alkaloids’.

PAs Animal  Sex’ Route® LD,, (mg/kg)
Heliosupine rat M 1.p. 60
Heliotrine rat M 1.p. 296
Heliotrine N-oxide rat M 1.p. 5000
Jacobine rat F 1.p. 138
guinea pig M 1.p. 1007
Monocrotaline rat M 1.p. 109
F 1.p. 230
guinea pig M 1.p. >1000
Retrorsine rat M 1.p. 34
F i.p. 153
guinea pig M 1.p. >800
Senecionine rat M 1.p. 50
mouse U 1.V. 64
Seneciphylline rat M 1.p. 77
F i.p. 83
guinea pig U 1.v. 50-80

*Adapted from Chen et al. (1940), Mattocks (1986) and Swick et al. (1982).
*M, male; F, Female; U, unspecified.
%.p., Intraperitoneal; i.v., intravenous; 'LD,,, value.
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mottled and nodular appearance. There may be some post-necrotic fibrosis and
thus the liver continues to undergo cell division cycle but bypasses mitosis.
The resulting giant hepatocytes (megalocytosis) often show varying degrees of
degeneration. Other common chronic features of PA hepatotoxicity include a
proliferation of the bile ducts (Schoental and Magee, 1959).

Similar toxic actions of PAs have been demonstrated in many different
animals, but there may be large quantitative differences between animal
species. The LDy, of retrorsine varies from 34 mg/kg in male rats to over 800
mg/kg in guinea pigs (White et al., 1973). This difference is mainly due to the
ability of the animal to convert the PAs to their pyrrolic and/or N-oxide
metabolites. |

Some animal species show a distinct sex difference in their susceptibility
to PA hepatotoxicity. This again is probably related to tissue differences in PA
metabolism. Male rats are over four times as susceptible as are females to the
acute toxicity of retrorsine and with monocrotaline a two-fold difference in
LD,,s exists between males and females (Mattocks, 1972). In contrast, no

significant sex difference was found for retrorsine in mice (White et al., 1973).

A higher toxicity of retrorsine in 14-day-old rats compared to adults has
been attributed to three factors (Mattocks and White, 1973). Young animals
have a relatively lower liver weight (2.8% of body weight compared with 4.3%

in older rats), which makes the dose of PAs to the liver higher in younger rats.
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Secondly, there is a higher portion of pyrrolic metabolites bound to liver tissue
in young rats. Finally, there is a greater susceptibility to PA-induced
cytotoxicity in tissues where the cells are rapidly dividing.

The effects of PAs in animals can be influenced by food intake and
nutritional status. Rats fed a low protein diet are more susceptible to the
toxicity of Senecio jacobaea PAs whereas high protein diets afford some
protection (Cheeke and Garman, 1974). The acute hepatotoxicity of retrorsine
is decreased more than three-fold in rats fed only sucrose for 4 days prior to
injection of the PA and then returned to a normal diet (Mattocks, 1972).
Incorporation of copper*? (50 ppm) in the diet of rats increases the
hepatotoxicity of Senecio jacobaea (Miranda et al., 1981).

Pretreatment of rats with phenobarbital causes an increase in
susceptibility to PAs under conditions where the rate of metabolism in rats is
normally low, but phenobarbital is protective where metabolism is normally
fast, even though pyrrole production is increased (Mattocks, 1972).
Pretreatment with SKF 525A, an inhibitor of cytochrome P450, reduces the
susceptibility of male rats to retrorsine toxicity. Pretreatment with zinc*?
lowers the ability of rat liver microsomes to convert PAs to pyrrolic metabolites
and gives some protection against hepatotoxicity (Miranda et al., 1982).
Pretreatment of animals with tri-orthocresyl phosphate, an inhibitor of
esterase activity, can result in a large proportion of PAs being converted to

pyrrolic metabolites in vivo (Mattocks, 1981). Cysteine pretreatment doubles
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the liver glutathione (GSH) level and halves the toxicity of retrorsine whereas
2-chloroethanol reduces the liver GSH concentrations to one-fourth of control
values and doubles the alkaloid’s toxicity (White, 1976).

The liver, where many PAs are converted to toxic metabolites, is the
commonest site of injury by these alkaloids. There is no evidence that
substantial amounts of toxic metabolites are formed from PAs in other tissues.
Thus, the extent to which an extrahepatic tissue is damaged will depend not
only on its intrinsic susceptibility to damage but also on the amounts of
reactive PA metabolites that are able to reach the tissue in active form from
liver. The more reactive the metabolite, the smaller the amount that would
survive the journey from liver to an extrahepatic tissue in order to cause
damage. The lung is the most common extrahepatic site for toxic actions of
PAs. Macrocyclic diesters with 11-members such as monocrotaline and fulvine
are particularly active in causing pneumotoxicity (Barnes et al., 1964).
Monocrotaline pyrrole is less reactive than retrorsine pyrrole (Mattocks, 1969).
Monocrotaline pyrrole also is more stable than other pyrroles. This may be the
. reasoh why monocrotaline is more effective in damaging the lung. Early iung
changes caused by PAs include alveolar edema and hemorrhage. The initial
injury leads to a progressive thickening of medial walls of small pulmonary
arteries and veins. This then results in increased pulmonary pressure,
endothelial damage and the development of right ventricular hypertrophy

(Ghodsi and Will, 1981). A normal function of pulmonary endothelial cells is



14

to remove and metabolize circulating vasoactive substances and drugs. This
activity may be impaired in animals suffering from PA-induced lung injury.

| Chronic heart damage often occurs as a secondary result of PA-induced
lung damage. Thus, right ventricular hypertrophy develops in rats fed
monocrotaline in the diet (Turner and Lalich, 1965). Cor pulmonale has been
similarly induced with seneciphylline (Ohtsubo et al., 1977).

There are reports of kidney damage in animals poisoned with PAs.
Fulvine damages the epitheliu_m of proximal convolutéd tubules in rats
(Persaud et al.,, 1970). Retrorsine causes a severe toxic nephritis with
damaged glomeruli and hemorrhage in the adrenal glands in monkeys (Van
der Watt and Purchase, 1970).

Infrequent enlarged islet cells have been seen in pigs fed Crotalaria
retusa (Hooper and Scanlan, 1977). Islet cell tumors of the pancreas have been
reported in rats fed monocrotaline (Hayashi et al., 1977).

Spongy degeneration in brains of calves and sheep fed with PAs was
observed due to increased blood ammonia, secondary to the severe liver
damage: a similar lesion was produced in sheéep given ammonium acetate
intravenously (Hooper, 1972).

The International Agency for Research in Cancer (IARC) concluded that
some PAs such as lasiocarpine, monocrotaline, retrorsine, riddelliine,

senecionine and seneciphylline are hepatocarcinogens (IARC, 1976 and 1983).
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A mixture of intermedine and lycopsamine extracted from seeds of Amsinckia
intermedia produced tumors of the pancreas in rats (Schoental et al., 1970).

A number of PAs such as fulvine, heliotrine, jacobine, monocrotaline,
retrorsine and senecionine have been shown to be mutagens in bacterial test
systems (Mattocks, 1986). The N-oxides of heliotrine, lasiocarpine and
monocrotaline are also mutagens (Clark, 1960). Heliotrine induced
chromosome damage in human lymphocytes (Kraus et al., 1985). Lasiocarpine
and its pyrrolic metabolites can exert their antimitotic activities resulting in
megalocytosis (Samuel and Jago, 1975).

In summary, many of the PAs produce acute and chronic hepatotoxicity
with cirrhosis and megalocytosis leading to irreversible liver damage. Some
PAs are pneumotoxic, producing pulmonary arterial hypertension and right
ventricular hypertrophy, or carcinogenic (McLean, 1970) and show ‘

mutagenicity in various test systems (White et al., 1983).

Speciés differences in response to PAs

There is a marked variation in the sensitivity of animal species to the
toxic effects of PAs (Table I-2). There are several factors that may account for
species differences in susceptibility and resistance of some animals to PA
toxicity. These include: 1) lack of PA absorption; 2) degradation of PAs in the
rumen; 3) lack of hepatic formation of pyrroles; and 4) conjugation and

excretion of PAs and pyrroles.
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Table I-2. Susceptibility of animals to PA intoxication in comparison with

their rates of in vitro hepatic pyrrole production’.

Animal Susceptibility Pyrrole LD (% of body weight)*
Chicken High Low 39
Cow High High 4
Guinea pig Low Low . 119
Horse High High 8
Japanese Quail Low Low 2450
Rabbit | Low High 113
Rat High ‘High 21
Sheep Low Low 302

*Adapted from Cheeke and Shull (1985).

*Chronic lethal dose of Senecio jacobaea
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(1). Mouse

The mouse is susceptible to PA poisoning. After feeding tansy ragwort
which contains the six major PAs such as jacobine, jacoline, jaconine, jacozine,
senecionine and seneciphylline, young male mice developed edema,
megalocytosis and cytoplasmic invaginations of hepatocytes (Hooper, 1974).
In addition to the liver lesions, lung and kidney also were affected. Mice
injected i.p. with the alkaloid lasiocarpine exhibited lesions of the
gastrointestinal tract (Hooper, 1975).

(2). Rat

Rats are susceptible to both injected and ingested PAs. Livers from rats
fed Senecio jacobaea developed megalocytosis, vascular congestion and
hemorrhage (Bull et al., 1968). After consuming a diet containing Crotalaria
spectabilis seed, rats developed lung lesions including hydrothorax and edema
(Allen and Carstens, 1970). Kidneys and livers were mildly damaged. The
LD,, in male rats injected i.p. with retrorsine was 34 mg/kg; senecionine 50
mg/kg; monocrotaline 109 mg/kg (Mattocks, 1972); and seneciphylline 80 mg/kg
(Anon, 1949). Tissue damage associated with acute death included
hemorrhagic necrosis and congestion of the liver, ascites, and pulmonary
edema.

(3) Hamsters

Hamsters were more susceptible to intoxication by injected alkaloids

than rats and mice (Rose et al., 1959). PYrrole production rates were several
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times greater in male hamsters than in male rats when both monocrotaline
and tansy ragwort mixed alkaloids were fed (Shull et al., 1976).

(4) Guinea pig

Liver tumors due to pyrrolizidine alkaloid poisoning were not induced
in guinea pigs (Schoental, 1969; McLean, 1970). Guinea pigs, injected with
four times the monocrotaline LD, for rats, remained normal for 6 weeks and
no pathologic changes were seen at necropsy (Chesney and Allen, 1973). A
dose of 800 mg retrorsine/kg was not sufficient fo kill guinea pigs (White et al.,
1973) and guinea pigs were resistant to the acute hepatotoxic effects of
senecionine (McLean, 1970). However, Chen et al. (1940) observed that guinea
pigs injected intravenously with a 2% solution of seneciphylline in doses of 50-
80 mg/kg died after convulsions. Jacobine is also very toxic to the guinea pig
(Swick et al., 1982) giving an LD, similar to that seen in the rat (Bull et al,,
1968). Pyrrole formation in guinea pigs was 30 times slower than in injected
rats, while N-oxide production was greater. It thus appears that guinea pigs
are very resistant to certain PAs but are intoxicated by other PAs,’ notably
seneciphylline and jacobine. |

(5) Rabbit

Rabbits are well recognized to be very resistant to PA-induced toxicity.
However, a rabbit fed Crotalaria crispata which contained monocrotaline,
fulvine and crispatine, died after 136 days (Bull et al., 1968). The liver showed

sign of megalocytosis. Kidney was affected with enlarged proximal convoluted
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tubule epithelial cells. Lungs showed patchy emphysema and enlarged
alveolar cells. Among the resistant species, rabbits produce the highest
am;)unts of pyrroles in in vitro preparations. The resistance is due to the high
conjugation and excretion of pyrroles produced.

(6) Avian species

Turkeys are very susceptible to poisoning by seed from Crotalaria
spectabilis which contains monocrotaline (Allen, 1963). Typical histological
changes occur in the liver With» necrosis, bile ductbprolife'ration and fibrosis.
Chickens also are readily intoxicated by Crotalaria seed and tansy ragwort
(Campbell, 1956). However, quail differ in their susceptibility to PAs toxicity
(Buckmaster et al., 1977). Japanese quail allowed to eat 10% tansy ragwort
in a standard layer mash consumed the mixture for 365 days with no ill
effects.

(7) Sheep

Sheep can consume 300% of their body weight of Senecio jacobaea but
still survive. The specific organism, named Peptococcus heliotrinreducans,
responsible for reductive breakdown of heliotrine in sheep rumen has been
isolated (Lanigan, 1976). The organism is in competition with rumen
methanogenic bacteria for molecular hydrogen.

(8) Cattle

After consumption of alfalfa hay contaminated with Senecio vulgaris,

twelve dairy heifers suffered ataxia, prolapsed rectum and congested mucus
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membranes (Fowler, 1968). The very firm livers showed megalocytosis and
excess fibrosis. PAs were found in the milk of cows that had consumed 10 g
of dried tansy ragwort, but the calves were not affected (Dickinson et al.,
1976).

(9) Horse

In horses, neurological disturbances are seen, after consuming PAs,
including head pressing against solid objects and walking in a straight line
(Van Es et al., 1929). As a result, drowning is common. Neurological signs in
horses are due to eleyated blood ammonia caused by decreased ability of the
liver to convert ammonia to urea (Rose et al., 1957).

(10) Human

Humans are also subject to pyrrolizidine alkaloid poisoning. Clinical
reports on Senecio contamination of bread and tea have been issued from
Africa and India (McLean, 1970). Symptoms include abdominal pain,
distended abaomen, ascites and death. Ingestion of herbal teas prepared from
Senecio longilobus, which contains riddelliine, retrorsine, seneciphylline and
senecionine, has been fatal to children in the United States (Huxtable et al.,

1977). Successive intake caused ascites and liver enlargement.
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Objectives

Rats are highly susceptible, whereas guinea pigs are very resistant to
PA intoxication (McLean, 1970). In guinea pigs, where PA pyrrole formation
is particularly low, a dose of 800 mg/kg retrorsine is insufficient to kill the
animals. Pretreatment with phenobarbital which induces cytochrome P450s
increases the hepatic metabolic activity and the LD, is lowered to 210 mg/kg
(White et al., 1973). Guinea pigs are similarly resistant to monocrotaline
(Chesney and Allen, 1973) and senecionine (McLean, 1970), but not to jacobine
or to mixed alkaloids from Senecio jacobaea which are highly toxic at 100-150
mg/kg (Swick et al., 1982).

In Sprague-Dawley rats (Willialﬁs et al., 1989a) and humans (Miranda
et al., 1991b), liver microsomal conversion of the PA SN to DHP is catalyzed
primarily by enzymes belonging to the cytochrome P4503A subfamily. In
guinea pigs, however, the orthologs of cytochrome P4502B and P4503A both

participate in DHP formation by hepatic microsomes (Miranda et al., 1992).
Cytochrome P4502C11 is responsible for SN N-oxidation in Sprague-Dawley
rats (Williams et al.,, 1989a). Flavin-containing monooxygenase (FMO)
accounts for no more than 20 % of the PA N-oxidase activity of Sprague-
Dawley rat liver microsomes (Williams et al., 1989b), but the major catalyst for
the N-oxidation of SN in guinea pigs is the FMO system (Miranda et al,,

1991a).
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We chose for further study the rat and guinea pig as animal models for
susceptible and resistant species, respectively. We have investigated the
species/strain difference in terms of the role of cytochrome P450s, flavin-
containing monooxygenase and carboxylesterases in bioactivation and
detoxication of the pyrrolizidine alkaloids. The PA senecionine was chosen
because it has high toxicity in rats but low toxicity in guinea pigs and it is a
good substrate for the enzymes examined. Jacobine also was studied since it

is unusually toxic to the guinea pig which is a species resistant to other PAs.

SPECIFIC OBJECTIVES:

1. To investigate the influence of strain on the metabolism of the PA
senecionine (SN) using Sprague-Dawley and Fischer 344 rats (strain
differences between rats).

2. To determine the effect of spironolactone (SPL), a known inducer of
cytochrome P4503A, on the metabolism of the SN in rats and guinea
pigs (species differences between rats and guinea pigs).

3. To determine which P450 isozyme is responsible for the bioactivation
and detoxication of SN in guinea pigs (guinea pigs as resistant animals).

4, To determine which factor is responsible for susceptibility of guinea pigs

to the PA jacobine (guinea pigs as susceptible animals).
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Abstract

Wide variations of metabolism of the pyrrolizidine alkaloids (PAs), such as
senecionine (SN), between animal species are known to exist but little work
has been done to investigate differences in animal strain. The metabolism of
SN in Fischer 344 (F344) rats has been studied in order to compare to that of
the previously studied Sprague-Dawley (SD) rats (Drug Metab. Dispos. 17, 387,
1989). There was no difference in DHP (activation) formation by hepatic
microsomes from either sex of between SD and F344 rats.‘ However, hepatic
microsomes from male and female F344 rats had greater activity in the N-
oxidation (detoxication) of SN by 88% and 180%, respectively, compared to that
of male and female SD rats. In a test for optimum pH, the maximum for SN
N-oxidation by hepatic microsomes in females was pH 8.5 whereas in males SN
N-oxide formation showed a bimodal pattern with peaks at pH 7.6 and 8.5.
Use of specific inhibitors showed that SN N-oxide was primarily produced by
flavin-containing monooxygenase (FMO) in both sexes of Fischer 344 rats. In
contrast, SN N-oxide formation is known to be catalyzed mainly by P450
rather than FMO in Sprague-Dawley rats. This study, therefore, demonstrates
that substantial differences in PA metabolism can exist between animal

strains.
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Pyrrolizidine alkaloids (PAs) are constituents of certain plant species
(Mattocks, 1986). Human exposures can occur through the ingestion of
foodstuffs such as herbal teas, milk, honey, etc. Some of these alkaloids are
toxic to animals and humans. PAs are metabolized by liver monooxygenases
yielding PA pyrroles and N-oxides (Mattocks and Bird, 1983a). PA pyrroles
are considered the ultimate toxic metabolites whereas N-oxides are believed to
be non-toxic. The PA pyrroles either react with cellular macromolecules or are
hydrolyzed to form a secondary pyrrole known as (+) 6,7-dihydro-7-hydroxy-1-
hydroxymethyl-5H-pyrrolizine (DHP). DHP also is a strong electrophile
capable of alkylating cellular nucleophiles including DNA (White and
Mattocks, 1972).

A marked variation exists in the sensitivity of animal species to the toxic
effects of PAs. In Sprague-Dawley (SD) rats (Williams et al., 1989a) and
humans (Miranda et al., 1991b), the microsomal formation of DHP and N-oxide
from the PA,‘senecionine (SN), is catalyzed primarily by enzymes belonging to
the cytochrome P4503A subfamily. Flavin-containing monooxygenase (FMQO)
accounts for no more than 20% of the PA N-oxidase activity of SD rat liver
microsomes (Williams et al., 1989b). However, FMO was the major catalyst
of the N-oxidation of SN in guinea pig (Miranda et al., 1991a).

Recently, evidence was presented that rat strains are highly polymorphic
in electrophoretic recognizable isoforms of cytochrome P450 (Rampersaud and

Walz, 1987) and esterases (Simon et al., 1985). Microsomal drug metabolism
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in a large number of inbred rat strains varied over a 1.3- to 7.3-fold range
depending on the enzyme activity being measured (Koster et al., 1989).
Fischer 344 (F344) rats were found to be significantly different from SD rats
in terms of the effect of cyclosporine on ethylmorphine N-demethylase and
aniline hydroxylase activities (Augu