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ABSTRACT 

Pyrrolizidine alkaloids are proposed to be metabolized in the liver to reactive 

pyrrole species, or dehydroalkaloids. These reactive pyrroles are hypothesized to be 

responsible for pyrrolizidine alkaloid toxicity. This dissertation research has established 

that dehydroalkaloids are, in fact, metabolites of pyrrolizidine alkaloids. It was first 

detennined that dehydromonocrotaline is produced during hepatic microsomal metabolism 

of monocrotaline and that it has the ability to bind in vitro with a synthetic thiol

containing resin, Thiopropyl Sepharose 6B. Similarly, synthetic dehydromonocrotaline 

binds to this resin. Dehydromonocrotaline was identified as a pyrrolizidine alkaloid 

metabolite based upon its resin cleavage products. When resin-bound pyrrole, synthetic 

or microsomally generated, was cleaved in a buffered, ethanolic silver nitrate solution, 0 7
_ 

ethyl dehydroretronecine was the major product, supporting the suggestion that the pyrrole 

generated by hepatic microsomes is dehydromonocrotaline. This system was then used 

to detennine the fonnation of dehydroalkaloids from other pyrrolizidine alkaloids. These 

other alkaloids-trichodesmine, retrorsine, senecio nine and heliotrine-cause toxicity to the 

liver as well as to extrahepatic organs. Their metabolism in this system reveals that 

alkaloids which produce extrahepatic toxicity have an increased percentage of reactive 

metabolites fonned by phenobarbital-induced hepatic microsomes. Therefore, this system 

in vitro can be a good predictor of alkaloids which may produce extrahepatic toxicity ill 

vivo. 
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Trichodesmine is a pyrrolizidine alkaloid that is unique in its neurotoxicity. It is 

structurally similar to monocrotaline, yet it varies widely in its toxicity. It was determined 

that trichodesmine is more toxic in the rat than monocrotaline as indexed by LD~o values. 

The distribution of pyrrolic metabolites reveals that trichodesmine treatment results in 

brain pyrrole levels 4 times higher than monocrotaline, retrorsine, or control. Histopatho

logic investigation of trichodesmine-treated animals reveals severe neuronal death in the 

cerebral cortex. These results suggest that neurotoxicity observed with trichodesmine is 

a result of pyrrole metabolites reaching the brain, thus providing further evidence for the 

involvement of pyrrole metabolites in pyrrolizidine alkaloid-induced extrahepatic toxicity. 
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INTRODUCTION 

Pyrrolizidine alkaloids can be isolated from flowering plants that are found 

globally (Huxtable, 1980; Mattocks, 1986; Peterson and Culvenor, 1983). These plants 

are grazed upon by cattle, drunk as herbal teas by humans, fed upon by bees, and have 

been accidentally incorporated into grains and then consumed in foodstuffs (Huxtable, 

1989; Culvenor, 1985; Culvenor et al., 1981). Pyrrolizidine alkaloids are responsible for 

toxicities that have been observed in humans, cattle, sheep, horses, pigs, mice, and rats 

(Mattocks, 1986; Huxtable, 1980; Bull et ai., 1968; McLean, 1970; Jago et al., 1969; 

Johnson and Molyneux, 1984). The liver, lung, kidney, gastrointestinal tract, and brain 

are organs that are affected during pyrrolizidine alkaloid toxicity (Mattocks, 1986; 

Huxtable, 1991; Jago et ai., 1970). These alkaloids must be metabolized in order to 

produce toxicity as the parent alkaloids themselves are not toxic (Mattocks, 1972; 

Mattocks and White, 1973). 

Pyrrolizidine Alkaloid Exposure 

Human exposure to pyrrolizidine alkaloids can occur through the use of herbal 

tea preparations. The use of herbal teas for medicinal purposes has long been customary 

in many countries including Japan, Germany, South Africa, and the United States 

(Schoental and Coady, 1968; Hirono et al.1978; Culvenor et al.1980; Huxtable, 1990a; 

fARC, 1975). The folklore behind the use of herbs for healing purposes has been carried 

through many generations, and often a definitive relationship between herbal use and 
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effectiveness has not been established. The chemicals responsible for the healing 

properties of these folkloric remedies are most often unknown. They may be toxic 

themselves or other toxic chemicals may be present. Several cases of human poisonings 

are known here in the United States and throughout the world (Huxtable, 1989). 

There are numerous reports concerning human toxicity associated with the use of 

bush teas in Jamaica (Bras et al., 1954; Stuart and Bras, 1957). These bush teas may 

contain Senecio and Crotalaria species and, therefore, pyrrolizidine alkaloids (Bras et al., 

1954). The use of pyrrolizidine alkaloid-containing teas has resulted in veno-occlusive 

disease to many in the Jamaican population, resulting in the disease being endemic in this 

country for a time (WHO, 1988). UnfOitunately, the medicinal effectiveness of these teas 

is overshadowed by the resulting pyrrolizidine alkaloid poisoning. 

Comfrey preparations (Symphytum spp.) are known to contain pyrrolizidine 

alkaloids and have been shown to result in pyrrolizidine alkaloid toxicity (Huxtable, 1986, 

1989). Numerous herbal preparations of comfrey are found in health food stores. 

Comfrey is sold as an herbal tea preparation or as a digestive aid in the form of comfrey

pepsin capsules. Their extensive availability implies that humans are consuming these 

preparations willingly. 

Cattle are also exposed to pyrrolizidine alkaloids. Cattle graze in pastures where 

pyrrolizidine alkaloid-containing plants grow. These plants grow in many climates but 

are more likely to be found in arid climates and to flourish during dry weather (Mattocks, 

1986). Cattle grazing upon pyrrolizidine alkaloid-containing plants exhibit malaise, 
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d~pression, aimless walking and ataxia (Johnson et al., 1985). Histopathologic 

examination reveals centrilobular necrosis and hepatobiliary lesions along with spongy 

degeneration of the brain. 

The exposure to pyrrolizidine alkaloids should be a health concern of many 

populations, yet many are unaware of the potential toxicity herbal teas and other 

preparations can possess. The study of these alkaloids provides information on their 

mechanism of toxicity. These results can be useful in providing knowledge to the 

scientific community as well as to the general public. Public knowledge of pyrrolizidine 

alkaloid toxicity would be beneficial, especially to high-risk populations. 

Pyrrolizidine Alkaloid Chemistry 

Pyrrolizidine alkaloids contain a pyrrolizine ring, or necine base. The necine base 

is composed of two fused five-membered rings with a bridgehead nitrogen (Figure 1). 

In order to produce toxicity, the necine base needs to be unsaturated in the 1,2 position. 

Those alkaloids exhibiting the most toxicity have esters replacing the hydroxyl groups in 

the 7 and/or 9 positions and the side chain is branched (Figure 1). The most toxic 

pyrrolizidine alkaloids are macrocyclic, diester pyrrolizidine alkaloids such as the Senecio 

alkaloids, retrorsine and senecionine, and the Crotalaria alkaloid, monocrotaline. The 

structures of several pyrrolizidine alkaloids are shown in Figure 2. The toxicity of 

pyrrolizidine alkaloids is a consequence of their metabolic activation to pyrrolic 
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R 

6 

5 4 3 

Figure 1: Structure and numbering system for pyrrolizidine alkaloids. Toxicity of the 
alkaloids is increased when R = -OCO- versus R = -OH. The carbons at the 7 and 9 
positions are the reactive sites on the metabolized alkaloids. 
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Figure 2: Structures of pyrrolizidine alkaloids. The most toxic alkaloids are the 
macrocyclic, diester pyrrolizidine alkaloids such as senecionine, retrorsine, monocrotaline 
and trichodesmine. Heliotrine is less toxic as it is an acyclic, monoester pyrrolizidine 
alkaloid. 
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c9mpounds. The initially-fonned, reactive pyrrole that is fonned is referred to as a 

dehydroalkaloid. The necine ring has undergone dehydrogenation to fonn a pyrrole 

(Figure 3b). The difference between the parent alkaloid and the pyrrolic product is the 

addition of a double bond in the necine ring, to result in aLe-membered, nitrogen

containing ring with two double bonds. This initially-fonned pyrrole is more reactive 

than the parent pyrrolizidine alkaloid. The reactivity of this metabolite is due to the 

conjugated double bond system which can disperse a charge within the ring. Since ester 

groups are good leaving groups due to the ability of the carboxyl group to disperse the 

charge, and the pyrrole ring can stabilize a charge, this initially-fonned species rapidly 

hydrolyses to fonn the more stable pyrrole metabolite, dehydroretronecine (Figure 3c). 

The reaction of the dehydroalkaloid with water or other nucleophiles occurs through an 

SNI mechanism. In an SNI chemical reaction, a carbonium ion is fonned. This 

carbonium ion reacts with water or other nucleophiles. This generally results in a more 

polar species being fonned which is then easily excreted. 

The macrocyclic, diester dehydroalkaloids contain two reactive sites. These 

reactive sites are at the two ester linkages, one at the 7 carbon and one at the 9 carbon. 

The carbons at these two positions are different with respect to the number of hydrogen 

atoms bonding to it. The 7 carbon is part of the necine ring and has a single hydrogen, 

whereas the 9 carbon is a methylene group with two hydrogens bound. When an SNI 

reaction occurs at the 7 position, a secondary carbonium ion is fonned as opposed to the 

primary carbonium ion that is fonned at the 9 position. The secondary carbonium ion at 
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Figure 3: Structure of the pyrrolizidine alkaloid monocrotaline (a) and its pyrrolic 
metabolites, dehydromonocrotaline (b) and dehydroretronecine (c). Dehydromonocrotaline 
is the proposed initially-formed metabolite that is rapidly hydrolyzed to dehydro
retronecine. 
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the 7 position is more stable than the primary carbonium ion and is more likely to fonn 

over the 9 carbonium ion. However, once reaction has occurred at the 7 position, 

reactioncan then occur at the 9 position, resulting in the fonnation of a second carbonium 

ion. This second carbonium ion can also react with another nucleophile such as DNA to 

result in DNA-crosslinking and toxicity. 

When the dehydroalkaloid is hydrolyzed to dehydroretronecine, a more stable 

pyrrole is fonned. The stability of this pyrrole is a result of hydroxyl groups present at 

the 7 and 9 positions. A hydroxyl group is not a good leaving group; therefore 

dehydroretronecine does not readily undergo an SNI reaction. Dehydroretronecine does 

have the ability to alkylate, as indicated by DNA crosslinking that has been detected in 

vitro (Petry et al., 1984; Hincks et al., 1991). 

Pyrrolizidine Alkaloid Metabolism 

Pyrrolizidine alkaloids are metabolized in the liver to their N-oxides and pyrrolic 

metabolites and are also degraded by esterases to their corresponding necine bases and 

necic acids (Mattocks, 1986; Huxtable, 1990; Segall et ai, 1991). The metabolism of 

pyrrolizidine alkaloids is illustrated in Figure 4. The major route of metabolism in the 

liver is to pyrrolic metabolites. The toxicity of pyrrolizidine alkaloids is a result of their 

metabolism to pyrrolic species. The detoxification of pyrrolizidine alkaloids is due to 

their cleavage by esterases and metabolism to N-oxides. 

-------- ------ --- -----
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Figure 4: Metabolic pathways of pyrrolizidine alkaloids. Metabolism can be mediated by 
flavin-containing monooxygenase (FMO), cytochromes P-450 (c. P-450) or esterases 
within the liver. 
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Studies by Mattocks have shown that several species metabolize pyrrolizidine 

alkaloids to N-oxides and pyrroles (Mattocks and White, 1971; White et ai., 1973). The 

rat, mouse, and hamster all produced larger amounts of pyrrole metabolites compared 

toN-oxides, while sheep and guinea pigs produce more N-oxides. The sheep and guinea 

pig appear to be more resistant to pyrrolizidine alkaloid toxicity and this is presumably 

a result of their ability to metabolize pyrrolizidine alkaloids to the non-toxic N-oxides. 

The formation of pyrrolizidine alkaloid N-oxides can occur via metabolism by the 

cytochromes P450 system and flavin-containing monooxygenase (Mattocks and White, 

1971; Chesney and Allen, 1973; Guengerich, 1977; Williams et ai., 1989; Miranda et 

ai.1991; Mattocks, 1971). The cytochromes P450 are a multi-enzyme family found in 

many tissues. The isoforms have different substrate specificity, stereospecificity and 

tissue distributions (Nebert, 1991). This enzyme family metabolizes pyrrolizidine 

alkaloids to both N-oxides and to pyrrolic metabolites. 

The flavin-containing monooxygenase family is also involved in the formation of 

pyrrolizidine alkaloid N-oxides (Kedzierski and Buhler, 1986; Williams et ai., 1989). 

Flavin-containing monooxygenase (FMO) catalyzes the formation of the pyrrolizidine 

alkaloid N-oxides with a requirement for oxygen and NADPH. This metabolism occurs 

in humans, guinea pigs, sheep, rats and mice. The formation of N-oxides is thought to 

play a role in the species differences to pyrrolizidine alkaloid intoxication. This may 

either be due to differences in enzyme levels in these species or enzyme activities. 
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Hepatic esterases also contribute to the metabolism of pyrrolizidine alkaloids 

(Mattocks, 1972). The esterase pathway of metabolism is a detoxification route. 

Esterases cleave pyrrolizidine alkaloids to their corresponding necine bases and necic 

acids. The role of esterases in the metabolism of pyrrolizidine alkaloids was investigated 

(Mattocks et al.1986; Dueker et al.1992b). It was shown that esterases catalyze the 

hydrolysis of pyrrolizidine alkaloids to their necic acids and necine bases, as opposed to 

a hydrolysis occurring through a purely chemical process. When animals are pre-treated 

with the esterase inhibitor, tri-o-cresylphosphate, pyrrole levels produced after pyrroliz

idine alkaloid administration were increased with those alkaloids most susceptible to 

esterase metabolism. Therefore, esterase inhibition resulted in increasing the amount of 

parent pyrrolizidine alkaloid available for metabolism by other enzymes, allowing more 

of the toxic pyrrole metabolites to be fonned. This indicates that esterases are 

participating in the metabolism of pyrrolizidine alkaloids. The acids and bases fonned 

during pyrrolizidine alkaloid metabolism by esterases have not been associated with the 

toxicity of pyrrolizidine alkaloids. This route of metabolism accounts for little of the 

overall pyrrolizidine alkaloid metabolism (Mattocks 1982). 

The major metabolic route for pyrrolizidine alkaloids is the fonnation of pyrrolic 

products. This route of metabolism is also responsible for the toxicity of pyrrolizidine 

alkaloids (Mattocks and White, 1971; White et al .. 1973; Peterson and Culvenor, 1983; 

Huxtable, 1989). Mattocks proposed in 1968 that pyrrolizidine alkaloids were initially 

metabolized to dehydroalkaloids (Figure 3). However, because of their reactivity, they 
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h~d not been isolated as metabolites of pyrrolizidine alkaloids. Support for the formation 

of the initial metabolite, or dehydroalkaloid, was the identification of dehydroretronecine 

in the urine of rats (Hsu et al., 1973). It was shown that monocrotaline administration, 

i.p., to male rats resulted in the formation of dehydroreU'onecine that was excreted in the 

urine. The secondary pyrrole metabolites have also been isolated from systems in vitro; 

these systems will be discussed later. 

The possible reactions available for the dehydroalkaloids are shown in Figure 4. 

Besides the reactions mentioned earlier, dehydroalkaloids can react with glutathione 

(Huxtable et al., 1991; Mattocks et al., 1991; Lafranconi et aI., 1985; Dueker et al., 

1992a; Mattocks and Jukes, 1992; Reed et al., 1992). The role of the glutathione 

conjugate in the toxicity of pyrrolizidine alkaloids is as yet uncertain. 

Pyrrolizidine Alkaloid Toxicity 

Hepatotoxicity 

The most commonly observed toxicity with pyrrolizidine alkaloids is hepatotoxici

ty (Huxtable, 1987; Mattocks, 1986; Jago et ai., 1970; McLean, 1970). The lesions 

observed are veno-occlusive disease and liver cirrhosis with hepatocytomegaly. The 

hepatotoxicity caused by pyrrolizidine alkaloids has been characterized pathologically and 

histologically (Butler, 1971; Mattocks and White, 1971). Centrilobular necrosis is often 

observed after exposure to hepatotoxic pyrrolizidine alkaloids as well as hepatocyto

megaly. These lesions can provide evidence of pyrrolizidine alkaloid exposure. The 
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v.eno-occlusive disease observed is essentially pathognomonic for pyrrolizidine alkaloid 

toxicity. Veno-occlusive disease affects the small veins of the liver, they become blocked 

and ascites develops. Veno-occlusive disease can result in distension of the abdomen 

with prominent veins visible through the skin (Bras et al., 1954). 

Carcinogenicity 

Pyrrolizidine alkaloids have the ability to alkylate DNA (Hincks et ai, 1992; Petry, 

et al., 1984). Alteration of DNA and proteins within the cell can lead to tumor formation. 

Due to the effect!; of pyrrole metabolites upon DNA, pyrrolizidine alkaloids are 

considered mutagens. This has been indicated in the Salmonella typhimurium assay and 

in Drosophila mutagenicity studies (Rubiolo et al., 1992; Schoental, 1968). Tumor 

formation has been shown following pyrrolizidine alkaloid exposure. 

Hepatocytomegaly produced by pyrrolizidine alkaloids is a result of pyrrolizidine 

alkaloid metabolites interfering with the DNA synthesis phase or O2 stage of the cell 

cycle (Jago and Samuel, 1975; WHO, 1988). Pyrrolizidine alkaloids interrupt the cell 

cycle, chromosomes do not divide and increased nuclear masses can be observed. For 

this effect upon mitosis, some pyrrolizidine alkaloids have been used as anti-tumor agents. 

Indicine N-oxide has been used in Phase 2 trials for the treatment of childhood leukemia 

(Miser et al., 1992). Indicine N-oxide treatment did result in a complete response to 

acute lymphoblastic leukemia, however, the doses needed (300 mg/m2/day for 5 days) 
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resulted in severe hepatotoxicity. It is thought that indicine N-oxide should first be 

reduced to indicine which may then have the antitumor effects (Powis et al., 1979). 

Pneumotoxicity 

The pneumotoxicity of some pyrrolizidine alkaloids is pulmonary arterial 

hypertension. Monocrotaline is used to induce an experimental pulmonary arterial 

hypertension in the rat (Lafranconi and Huxtable, 1981). Besides monocrotaline, fulvine 

and seneciophylline have also been shown to have effects upon the lung (Kay et al., 1971; 

Ohtsubo, 1977). 

The pulmonary hyperten5ion observed with pyrrolizidine alkaloids in rats appears 

to be due to effects upon the endothelial cell (Lafranconi and Huxtable, 1981; Kay and 

Heath, 1969; Huxtable, 1979; McLean, 1970) and smooth muscle cells (Shubat and 

Huxtable, 1989). The initial phase is the formation of an exudate due to increased 

capillary permeability. This edema is accompanied by an increase in the medial thickness 

of the pulmonary arteries. These force an increased arterial pressure and workload upon 

the right heart, resulting in right heart hypertrophy. Kay and Heath have determined that 

right ventricularlbody weight values correlate with the degree of arterial medial 

thickening, and that this can be used as an index of the degree of pulmonary hypertension 

induced by Crotalaria (1969). 

Biochemical changes that occur during pyrrolizidine alkaloid-induced pulmonary 

toxicity include alterations of serotonin and angiotensin metabolism. Serotonin and 
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ap.giotensin metabolism can be measured in the isolated, perfused lung after pretreatment 

with alkaloids or during co-perfusion with pyn-olizidine alkaloid metabolites (Huxtable, 

1979). Metabolism of these vasoactive substances is greatly reduced in pyrrolizidine 

alkaloid-intoxicated animals (Huxtable et ai., 1978). 

The chemical species responsible for pulmonary toxicity ill vivo is not known, but 

is a result of hepatic metabolism of pyrrolizidine alkaloids (Huxtable, 1990b). 

Dehydroretronecine, dehydroalkaloids and glutathionyl dehydroretronecine alter the 

metabolism of serotonin and angiotensin in a manner similar to that observed during 

pyrrolizidine alkaloid pneumotoxicity (Huxtable et al., 1978; Lafranconi et aI., 1985). 

However, the concentrations needed of dehydroretronecine and glutathionyl dehydro

retronecine are higher than the concentrations that would be achieved during pyrrolizidine 

alkaloid metabolism ill vivo. This would indicate that these metabolites alone could not 

be responsible for the pneumotoxicity of pyrrolizidine alkaloids and that it may be a 

combination of metabolites or another metabolite that is actually responsible for 

pyrrolizidine alkaloid pneumotoxicity. 

Neurotoxicity 

The neurotoxicity associated with pyn-olizidine alkaloid exposure has been studied 

in horses, cattle and mice (United Nations Environment Programme International Labour 

Organization and World Health Organization, 1988; Smirnov and Stoljarova, 1959; 

Smirnov et aI., 1959a; Smirnov et al.I959b; Ismailov et al., 1970). The equine disease 
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suiljuk, which is a neurohepatic disease, has been associated with the pyrrolizidine 

alkaloids from Trichodesma incanum (Smirnov et al., 1954). Horses and cattle exposed 

to T. incanum in hay exhibited alterations of hepatic enzymes, spongy degeneration of the 

brain and death (Smirnov et al., 1954) T. illcanum contains the pyrrolizidine alkaloids 

trichodesmine and incanine. Structurally, they are similar to the erotalaria alkaloid, 

monocrotaline (Figure 3). The toxicity of trichodesmine and incanine had not been 

studied in the laboratory rat, until the recent studies performed during this dissertation 

research. However, human exposure to these alkaloids resulted in neurological symptoms 

(WHO, 1988; Huxtable, 1989). Human neurotoxicity was observed in Uzbeldstan where 

contamination of local grains by Trichodesma incanum caused malaise, dizziness, 

headaches and memory loss (United Nations Environment Programme and International 

Labour Organization, 1988). 

Metabolites Responsible for Extrahepatic Toxicity 

Current research is focusing on two classes of pyrrolizidine alkaloid metabolites, 

the dehydroalkaloids and the glutathionyl conjugate and its further metabolites, for their 

involvement in pulmonary toxicity. The metabolism of pyrrolizidine alkaloids to pyrroles 

occurs in the liver. Other tissues such as lung, sldn and kidney do not form pyrrolic 

metabolites (Mattocks and White, 1971; Hi11iker et al., 1983; Mattocks, 1972). Each 

metabolite has its drawbacks; the reactivity of the dehydroalkaloids reduces the likelihood 

that they could travel to extrahepatic organs before hydrolysis occurs, while glutathione 
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conjugation has traditionally been viewed as a detoxification pathway. Recently, it has 

become apparent that glutathione conjugates have the ability to cause toxicity (Reed, 

1990). 

The dehydroalkaloids are the suspected hepatotoxins (Mattocks, 1986; Segall, 

1991). They are reactive pyrroles capable of binding to DNA, protein, and other cellular 

macromolecules (Petry et ai., 1984; Mattocks, 1986). This can result in toxicity to the 

liver mainly in the centrilobular region where dehydroalkaloids are formed. Although 

dehydroalkaloid production in vivo has not been proven, toxicity studies and studies in 

vitro indicate their formation (Glowaz et al., 1992; Hsu et al., 1973; Mattocks and White, 

1971; White et al., 1973; Kedzierski and Buhler, 1986b). However, the involvement of 

the reactive primary pyrroles in extrahepatic toxicity is limited because of their reactivity. 

They have half-lives in aqueous solutions of only a few seconds (Mattocks and Jukes, 

1990). Many researchers suggest that the likelihood of a sufficient quantity of 

dehydroalkaloid escaping the liver and travelling to the lungs or other organs to cause 

toxicity is low. However a few simple calculations indicate the possibility of a reactive 

dehydroalkaloid escaping the liver. In the rat, the blood volume is approximately 15 

mll250 g and the cardiac output is 50 mllmin (Fox et at., 1984). This indicates that the 

entire volume of blood will circulate the body in 0.3 min (18 sec). If it is assumed that 

the distance from the liver to the lung is 1/4 of total body distance (an overestimate), then 

the blood leaving the liver will reach the lung in approximately 4.5 sec. Therefore, if the 
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half-life of a dehydroalkaloid is at least 4.5 sec then some portion of the dehydroalkaloid 

entering the bloodstream should survive until reaching the lung. 

Other evidence for the dehydroalkaloid as the extrahepatic toxin has been provided 

from studies in vivo with the dehydroalkaloids. When given i.v., dehydroalkaloids cause 

extrahepatic toxicity similar to the parent alkaloid (Butler, 1970; Plestina and Stoner, 

1972). Administration via the vascular system is important due to the reactivity of the 

dehydroalkaloids. Administration by other routes results in local responses at the 

injection site. 

Another candidate for causing extrahepatic toxicity is the glutathione conjugate, 

glutathionyl dehydroretronecine. Glutathionyl dehydroretronecine and its N-acetylcysteine 

metabolite have been identified as metabolites of pyrrolizidine alkaloids (Mattocks et al., 

1991; Lafranconi et al., 1985; Lame et al., 1990; Reed et al., 1992; Estep et al., 1990). 

Lafranconi and Huxtable showed that the perfusate from monocrotaline-perfused rat 

livers was able to produce changes in pulmonary metabolism of serotonin upon 

subsequent perfusion through rat lungs (1985). The metabolite identified was glutathionyl 

dehydroretronecine (Mattocks et aI., 1991). On the contrary, Wilson et al., (1992) report 

that rats dosed via tail vein injections with glutathionyl dehydroretronecine did not 

develop pulmonary toxicity. The investigators used doses of glutathionyl dehydro

retronecine that would be expected to be produced during the metabolism of a 

pneumotoxic dose (60 mg/kg) of monocrotaline (approximately 12 mg/kg glutathionyl 

dehydroretronecine) and two times this amount (24 mg/kg). Neither group exhibited 
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pulmonary toxicity while the positive control, monocrotaline (60 mg/kg), and doses of 5 

mg/kg and 10 mg/kg of dehydromonocrotaline did produce the expected pulmonary 

toxicity. 

The fonnation of glutathionyl dehydroretronecine appears to occur primarily via 

a chemical reaction between the dehydroalkaloid and glutathione (Reed et al., 1992). The 

addition of cytosolic fractions to microsomal fraction incubations did not enhance the 

formation of glutathionyl dehydroretronecine. Since the majority of glutathione-S

transferases are found in the cytosol, their role in the formation of glutathionyl 

dehydroretronecine appears limited. Additionally, incubation of dehydroretronecine with 

glutathione and cytosolic fractions did not result in the formation of glutathionyl 

dehydroretronecine, indicating that it is a reaction between the dehydroalkaloids and 

glutathione that results in the formation of glutathionyl dehydroretronecine. 

Glutathionyl dehydroretronecine is a possible candidate for causing extrahepatic 

toxicity since it is a relatively stable pyrrole metabolite that enters the bloodstream to be 

transported to other organs. The toxicity of glutathionyl dehydroretronecine could be a 

result of its metabolism in extrahepatic organs to re-release the pyrrole nucleus. This 

metabolism could occur in the lungs via a cytochrome P450 or flavin-containing 

monooxygenase pathway or in the kidney via a beta lyase pathway. The role of 

glutathionyl dehydroretronecine in the toxicity of pyrrolizidine alkaloids is unknown. 

The study of pyrrolizidine alkaloid pyrrole metabolites will provide an understand

ing of the formation of extrahepatic toxicity observed with pyrrolizidine alkaloids. Is the 
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fonnation of extrahepatic toxicity due to a more stable dehydroalkaloid escaping the liver 

to travel to other organs; or does the glutathionyl dehydroretronecine metabolite playa 

role in extrahepatic toxicity through its further metabolism? 

Studies In Vitro Determining Pyrrole Formation 

Metabolism of pyrrolizidine alkaloids has been investigated in several systems in 

vitro including isolated perfused organs, microsomes, and slices (Lafranconi and Huxtable, 

1984; Kedzierski and Buhler, 1986b; Culvenor et ai., 1976; Mattocks et ai., 1990). The 

tandem isolated perfused liver and lung were used to study monocrotaline metabolism to 

pneumotoxic pyrrolizidine alkaloid metabolites (Lafranconi and Huxtable, 1984). It was 

detennined that a sulfur-containing pyrrole metabolite had the ability to cause lung 

toxicity similar to that observed with monocrotaline in vivo. This conjugate was later 

identified as glutathionyl dehydroretronecine (Mattocks et aI., 1991). 

Microsomal preparations have been used to study the metabolism of pyrrolizidine 

alkaloids to pyrroles, N-oxides and the necic acids and bases (Mattocks and White, 1971; 

White et ai., 1973; Buhler and Kedzierski, 1986; Chesney and Allen, 1973). The 

fonnation of pyrrole metabolites was detennined to occur through a cytochrome P-450 

dependent mechanism since NADPH and oxygen were required for metabolism (Buhler 

and Kedzierski, 1986; Mattocks and White, 1971). The involvement of the cytochromes 

P450 family was also detennined through the use of inducers and inhibitors of these 
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e~zymes. The enzyme inducers, phenobarbital and DDT both resulted in increased levels 

of pyrrole metabolites from pyrrolizidine alkaloid-treated animals, but 3-

methylcholanthrene did not affect pyrrole levels (Mattocks, 1986). Furthermore, the 

inhibitors carbon monoxide and SKF 525A inhibit the formation of pyrrole metabolites. 

The pyrroles detected in these studies were the more stable secondary pyrrole metabolite, 

dehydroretronecine. The formation of the reactive, initial metabolite or dehydroalkaloid 

was not determined. 

Studies Using Thiopropyl Sepharose Resin 

Thiopropyl Sepharose 6B resin has been used as a trapping agent for reactive 

pyrrolizidine alkaloid metabolites (Mattocks and Jukes, 1990; Mattocks et al., 1991). 

This resin has been used to determine the half-lives of dehydromonocrotaline and 

dehydroretrorsine (Mattocks and Jukes, 1990), to trap reactive pyrroles escaping the 

isolated perfused liver (Mattocks et ai, 1991) and to purify synthetic peptides (Pharmacia, 

1977). The resin contains sulfllydryl groups originally present as disulfides. Upon 

activation, the disulfide linkage is cleaved and a free sulfuydryl is available to react with 

the dehydroalkaloids. 

The resin is useful for studying the metabolism of pyrrolizidine alkaloids to 

reactive pyrrole metabolites, due to its ease of preparation and ease of isolation from the 

incubation system. We have developed a system that utilizes this resin in vitro to show 
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tile fonnation of the proposed dehydroalkaloids (Glowaz et ai., 1992) and to compare the 

fonnation of dehydroalkaloids from different pyrrolizidine alkaloids. 

Statement of the Problem 

The metabolites of pyrrolizidine alkaloids are responsible for their toxicity. 

However, due to their reactivity, these metabolites are difficult to isolate and identify. 

Therefore, a method of identifying them is needed. The hypotheses are that the 

fonnation of the reactive metabolite can be studied in vitro and secondly, the metabolism 

of pyrrolizidine alkaloids in vitro can be related to their toxicities in vivo. This 

dissertation has addressed this problem by using a hepatic microsomal system that 

includes the Thiopropyl Sepharose 6B resin. This resin was used to 'trap' the reactive 

metabolite and characterize its resin binding characteristics. Since the resin binding is a 

reflection of the stability of the alkaloid, the results of the resin binding can be used to 

address the involvement of the dehydroalkaloid in the fonnation of extrahepatic toxicity. 

Additionally, the extrahepatic toxicity is likely due to a pyrrole metabolite traveling to 

extrahepatic organs to cause toxicity. To address this question, the distribution of pyrrole 

metabolites to extrahepatic organs was detennined. Finally, to understand the extrahepatic 

toxicity of pyrrolizidine alkaloids, the neurotoxic alkaloid, trichodesmine was studied. 

To provide support for the neurotoxicity of trichodesmine, toxicity and histopathological 

studies were perfonned. 
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METHODS 

Preparation of Alkaloids 

Extraction from source: Alkaloids were isolated from the seeds of Crotalaria 

spectabilis (monocrotaline), TricllOdesma incanum (trichodesmine), and Senecio longi/obu.'! 

(senecionine and retrorsine) according to the method of Rogers and Adams (1939). 

Briefly, seeds were ground in a Hamilton blender and extracted for 72 hours in a Soxhlet 

extractor with 95% ethanol. The ethanolic extract was reduced using a rotorevaporator 

and the residue suspended in acidified water (pH = 2-3). The water was extracted with 

chloroform or diethyl ether until the organic layer was colorless. The aqueous layer was 

then made basic with saturated sodium carbonate and extracted with chloroform. The 

chloroform extracts were combined and dried over anhydrous sodium sulfate. After 

filtration the extracts were evaporated on a rotovapor. 

Isolation using countercurrent chromatography: Alkaloids isolated from 

T. incanum and S. longi/obus were separated using an Ito Multilayer-Coil Separator-

Extractor Model #1. Countercurrent chromatography separates compounds based upon 

their partition coefficients. T. incanum alkaloids were separated using a stationary phase 

of 50 mM potassium phosphate buffer (pH 5.9) and a chloroform mobile phase. 

Similarly, S. longilobus alkaloids were separated using a stationary phase of 50 mM 

potassium phosphate buffer (pH 6.7) and a chloroform mobile phase. A preparative coil 

(#14) was used for both separations with a flow rate of 4.0 mllmin and coil speed of 800 

rpm. Fractions were collected every 1.5 min. Fractions were tested for alkaloid content 
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by spotting individual fractions on Whatman # 1 filter paper and visualizing with 0-

chloranil and Ehrlich reagent. Pyrrole positive fractions were then tested using thin layer 

chromatography (Whatman no. 1 silica plates; Methanol: Acetone (1: 1) for T. incanum 

alkaloids and chloroform: methanol: ammonia (85: 14: 1) for S. longilobus alkaloids). 

Fractions containing the same alkaloid were combined and recrystallized with ethanol. 

Purified alkaloids were identified based upon mass spectral characteristics (See Appendix 

A). 

Thin layer chromatographic identification: Thin layer chromatography was 

performed on silica plates using the following solvent systems: (1) petroleum ether:acetone 

(1: 1) and (II) butanol:water:ethanol:ammonia (57:26: 16: 1). Pyrroles were visualized with 

Ehrlich reagent. Rf values of dehydromonocrotaline, dehydroretronecine, 7-ethyl 

dehydroretronecine and 7,9-diethyl dehydroretronecine are recorded on Table 2 (lines 1-4). 

Mass spectral identification: Mass spectra were obtained using a Hewlett Packard 

5988A mass spectrometer. 7,9-Diethyl dehydroretronecine was analyzed using gas 

chromatography-electron impact at 70 eV with an ion source temperature of 170° C. 7-

Ethyl dehydroretronecine was analyzed using electron impact at 70 e V with an ion source 

temperature of 200° C. 

Preparation of Microsomes 

Liver microsomes were prepared from male, Sprague-Dawley rats (200-300 g). 

Where induced animals were used, animals were treated with phenobarbital (80 mg/kg Lp 
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daily) for three days. Microsome preparation followed the methods of Kedzierski and 

Buhler (1986) and Guengerich (1977) and protein content was detennined by the method 

of Lowry et ai., (1951). Briefly, livers were removed and immediately placed in ice cold 

1.15% KCI. Livers were minced and homogenized in 3 times (w/v) of Tris-EDTA buffer 

with BHT added. Homogenates were centrifuged at 10,000 g for 30 min. The supernatants 

were decanted and centrifuged at 100,000 g for one hr. The pellets were then washed by 

resuspending in potassium pyrophosphate-EDT A buffer with BHT and centrifuged again 

at 100,000 g for one hour. Microsomes were stored in a Tris-EDTA and glycerol buffer 

at -700 C. 

Detennination of Microsomal Incubation Conditions 

General incubation: All incubations were one ml total volume, containing as 

standard components 100 mM potassium phosphate buffer (pH 7.6), 1 mM NADP, 5 mM 

glucose-6-phosphate, 5 mM magnesium chloride and 1 unit glucose-6-phosphate 

dehydrogenase. All reagents were prepared in 100 mM potassium phosphate buffer (pH 

7.6) except for magnesium chloride. Monocrotaline, microsomal protein, and thiopropyl 

sepharose were added as appropriate. All components except for microsomes were pre

incubated at 370 C for 5 minutes and microsomes were added to begin the reactions. 

Incubations were placed on ice to stop reactions. Aliquots were removed for pyrrole 

detennination with Ehrlich reagent. 
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Time-dependence: Incubations were as described above. Total incubation time was 

30 min. Aliquots were removed at 0, 5, 7.5, 10, 12.5, 15, 20, 25, and 30 min and 

analyzed for pyrrole content using Ehrlich reagent. 

Protein-dependence: Incubations were for 10 min containing standard components. 

Protein concentrations used were 0.5, 1.0 2.5 and 3.0 mg/ml. 

Alkaloid concentration: Incubations contained standard components with 1.0 mg/ml 

protein. The monocrotaline concentration range was 0 - 3.0 mM. After 10 min all 

incubations were placed on ice and then tested for pyrrole content using Ehrlich reagent. 

Resin amount: Incubations were for 10 min containing 1 mg/ml protein and 0.5 

mM monocrotaline. Aliquots of resin (1 g suspended in 5 ml) were added in the amounts 

of 0, 50, 100, 200, 300, 400, 500, and 600 Ill. Supernatant and resin were analyzed 

separately for pyrrole content using Ehrlich reagent. 

Preparation of Thiopropyl Sepbarose 6B Resin 

Thiopropyl sepharose 6B resin (1 g) (Sigma, St. Louis, MO.) was suspended in 

potassium phosphate buffer (pH 7.6) and allowed to swell for 20-30 min with occasional 

agitation. The suspension was then centrifuged, the buffer was decanted and the 

procedure repeated until the resin had been washed with 100 ml of buffer for each g of 

resin prepared. ~-Mercaptoethanol (10 } .. 11) was then added to the quantity needed and 

allowed to incubate with the resin for 20-30 min at room temperature. The resin was 

repeatedly washed with buffer until no ~-mercaptoethanol was detectable with 5,5' -dithio-
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bis-(2-nitrobenzoic acid) (DTNB) to an aliquot of supernatant (approximately 4-5 washes 

of 50 ml each). The resin was then suspended in the original amount of buffer. 

The volume of water present in a 5 ml resin suspension was detennined using 

eH]mannitol and was found to be 4.74 ml. This volume was used as a correction in all 

calculations involving resin. 

Preparation of Pyrrolizidine Alkaloid Derivatives and Metabolites 

Dehydroalkaloids: Dehydromonocrotaline and other dehydroalkaloids were 

prepared from their parent alkaloids by the method of Mattocks and Jukes (1989). 

Briefly, alkaloids (200 mg) were dissolved in chlorofonn (50 ml), added to a solution of 

o-chloranil (250 mg) in chlorofonn (50 ml) and allowed to sit at room temperature for 

1-2 min. This solution was extracted with an ice-cold sodium borohydride/potassium 

hydroxide solution twice. The chlorofonn layer was then dried using anhydrous sodium 

sulfate, filtered and evaporated under vacuum using a rotorevaporator. 

Dehydroretronecine: Dehydroretronecine was prepared either by the method of 

Mattocks and Jukes (1989) or by using the supernatant from a dehydromonocrotaline/resin 

incubation. 

07-Ethyl Dehydroretronecine and 07.9-Diethyl Dehydroretronecine: Dehydro

monocrotaline was dissolved in ethanol, stored under nitrogen and refrigerated overnight. 

The ethyl derivatives were separated on silica plates using petroleum ether:acetone (1: 1). 

The silica bands containing pyrroles were removed from the plate and extracted with 
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cl)loroform. The chloroform layer was filtered through diatomaceous earth and then 

evaporated to dryness. The derivatives were identified by mass spectrometry. Hydrolysis 

at the 9-position, to yield 7-ethyl dehydroretronecine, presumably occurs during spotting 

on the TLC plate. 

Resin and Substrate Binding 

Monocrotaline, dehydromonocrotaline or dehydroretronecine was incubated with 

0.40 ml resin for 10 min at 37° C. The amount of bound Ehrlich-positive material was 

determined as described above. 

Reaction of DebydroaJkaloids witb Water and Resin 

Dehydroalkaloids (100 nmol in 100 ~ dimethyl sulfoxide) were added to either 

water or resin (0.250 ml) as a bolus or over 2.5, 5.0, 7.5 or 10 min. The incubations were 

carried out for a total of 30 min at 37° C with constant stirring. Oehydroalkaloids were 

added using an Ismatec four channel syringe pump set to deliver 100 III over the specified 

time period. 

Cleavage of DebydroalkaJoids From Resin Using Silver Nitrate 

Resin-bound pyrroles from microsomal incubations or from synthetic dehydro

alkaloid reaction with the resin were quantitated by treating the resin with a saturated 

ethanolic, silver nitrate solution. The resin-bound pyrroles were determined by first 
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a9ding Ehrlich reagent to react with the pyrroles bound and then treating with silver 

nitrate to release pyrroles into the supernatant. 

To identify the position of the thioether linkage, pyrrole cleavage was performed 

using buffered, ethanolic silver nitrate modified from Mattocks et al. (1990). A silver 

nitrate solution (5 ml of 20% silver nitrate in 50% ethanol) was added to 7 ml of TRIS 

base (40%) and neutralized with dilute nitric acid. This was added to a resin slurry that 

had been reacted with synthetic dehydromonocrotaline or had been present in hepatic 

microsomal incubations with monocrotaline and reacted for 30 min with constant stirring. 

The resin was pelleted by centrifugation in a microfuge and the supernatant removed. 

The supernatant was treated with 2% aqueous K2C03, centrifuged and rotorevaporated and 

then extracted with chloroform. The chloroform layer was rotorevaporated and the 

residue brought up in ethanol and tested on HPLC or TLC as described above. 

Pyrrole Analysis Using Ehrlich Reagent 

Ehrlich reagent was prepared fresh daily from 0.5 g p-

dimethylaminobenzaldehyde, 0.35 ml perchloric acid and 25 ml absolute ethanol 

(Mattocks, 1968b). Incubations that did not contain resin were analyzed by adding equal 

volumes of incubation mixture and either ascorbic or citric acid (0.2 ml; 2.4 M). Ehrlich 

reagent (1 ml) was added and the mixture was heated at 55° C for 4-5 min. After the 

mixture had cooled, the absorbance at 562 nm was determined. For incubations 

containing the resin, an aliquot of the incubation mixture was removed and the resin 
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p~lleted by centrifugation in a microfuge. The supernatant was analyzed as above. The 

resin was washed twice with deionized water and twice with absolute ethanol. One ml 

of Ehrlich reagent was added to the pelleted resin and heated as above. The resin was 

rinsed free of Ehrlich reagent by washing twice with absolute ethanol. A saturated 

solution of silver nitrate (1 ml) in absolute ethanol was added and the resin was heated 

for 5-10 min at 55° C to release the color developed by the Ehrlich reagent into solution. 

The resin was pelleted and the absorbance of the supernatant determined at 562 nm. 

Quantification of Monocrotaline, 07-Ethyl Dehydroretronecine and 0 7
,9. Diethyl 

Dehydroretronecine Using HPLC 

Supernatants from microsomal incubations were treated with 4 volumes of ethanol 

and centrifuged at 12,000 g for five min. The volume was reduced under a stream of 

nitrogen and injected onto an ODS C 18 5 11m reverse phase column connected to a 

Beclanan 420 dual pump system. The solvent was 5 mM potassium phosphate (pH 7.0): 

methanol (70:30) and the eluent was monitored at 220 nm on a Gilson 116 uv monitor. 

Analyses of samples containing 07-ethyl dehydroretronecine and dehydroretronecine were 

performed similarly, except that water:methanol (70:30) was used as the mobile phase. 

Retention times were monocrotaline (12.4 min), dehydroretronecine (4.3 min) and 0 7
_ 

ethyl dehydroretronecine (11.7 min). 
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I<Jentiflcation of Pyrrole Cleaved From Resin 

Thin layer chromatography: Thin layer chromatography was performed on silica 

plates using the following solvent systems: (I) petroleum ether:acetone (1: 1) and (II) 

butanol:water:ethanol:ammonia (57:26: 16: 1). Pyrroles were visualized with Ehrlich 

reagent. Rr values of dehydromonocrotaline, dehydroretronecine, 07-ethyl 

dehydroretronecine and 0 7
•
9 -diethyl dehydroretronecine are recorded on Table 2 (lines 1-

4). 

High performance liquid chromatography: Pyrroles cleaved from the resin were 

then analyzed using HPLC as described above. 

Toxicity of Trichodesmine 

Toxicity of trichodesmine - I. Male, Sprague-Dawley rats (120-130 g) were dosed 

with 5, 10, 20, 40 and 80 mg/kg of trichodesmine. Positive control groups were dosed 

with monocrotaline (30, 60 and 120 mg/kg), while control animals were dosed with 

saline. Doses of alkaloids were chosen according to the method for LD~o determination 

(Hayes, 1982). Briefly, each dose is a double of the next lowest dose (i.e., 30, 60, 120 

mg/kg). Probit analysis can then be performed on the data collected. Animals were 

observed every other day when body weights were determined. The number of animals 

alive at 4, 7 and 14 days were recorded. From these data an estimated LD~o was obtained 

for trichodesmine. After 14 days, animals were decapitated and exsanguinated. Liver, 

lung, heart, thymus, brain, lddney and spleen were removed for determination of 
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ti~sue:body weight ratios. Wet weights were recorded immediately and dry weights were 

obtained after drying the organs at 50°C for 3 days. Differences in tissue:body weight 

ratios between control, trichodesmine- and monocrotaline-treated animals were detennined 

by ANOV A analysis using a STATA statistical analysis package. 

Toxicity of trichodesmine - II. Male, Sprague-Dawley rats (40-45 g) were dosed 

i.p. with saline, monocrotaline (60 mg/kg) or trichodesmine (7.5 or 15 mg/kg). Body 

weights were detennined every other day. On day 20, animals were decapitated and 

organs removed. Sample collection and data analysis proceeded as above. 

Toxicity oftricllOdesmine - Ill. Male, Sprague-Dawley rats (60-65 g) were dosed 

i.p. with saline, monocrotaline (60 mg/kg) or trichodesmine (7.5 or 15 mg/kg). Body 

weights were detennined every other day. On day 10, animals were decapitated and 

organs removed. Sample collection and data analysis proceeded as above. 

Two animals from each group were used for histopathological evaluation. A 

previous study suggested that nonnal fonnaldehyde fixation techniques were introducing 

artifacts to brain tissue. Nonnally, tissues are removed, sliced into thin sections, and 

placed in parafonnaldehyde. In this study animals were anesthetized with Nembutal (50 

mg/kg) and then perfused with buffered parafonnaldehyde through the aorta. This 

allowed the tissues to be fixed in situ, thereby preventing ani facts, and then removed, 

sliced and placed in parafonnaldehyde solution. 
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T~ue Distribution of pyrroles After Pyrrolizidine Alkaloid Injection 

Male, Sprague-Dawley rats (120 - 130 g) were dosed (i.p.) with monocrotaline 

(25 or 90 mg/kg) , trichodesmine (25 mg/kg) or retrorsine (25 mg/kg). After 18 hr 

animals were decapitated and tissues removed immediately. Tissue pyrrole determinations 

were performed as described by Mattocks and White (1970). Briefly, tissue portions (0.5 

g) were homogenized in 10 ml of 5% ethanolic mercuric chloride and centrifuged for 5 

min at 2700 rpm. After rinsing the pellet once with ethanol (20 ml), the pellets were 

resuspended in 2 ml Ehrlich reagent and heated at 90°C for 2 min. After centrifugation, 

the supernatants were read at 565 and 625 nm. Pyrrole content of each tissue was 

determined from a corrected absorbance reading of Abscorr = 1. 1 (Abs565-Abs625)' This 

equation from Mattocks and White (1970) corrects for the interference of endogenous 

pyrroles found in the blood. 

Identification of pyrrole Metabolite Detected in the Tissue Distribution Study 

The method used to determine pyrroles in the tissue distribution experiment states 

that the pyrroles being detected are soluble pyrroles. To detelmine the nature of the 

pyrroles being determined, dehydromonocrotaline (6 mg in dimethylformamide) was 

added to a liver tissue homogenate and stirred at 37 ° for one hr. The control used 

dimethylformamide in a homogenate from the same tissue. The homogenates were 

divided into three groups: (1) treatment with mercuric chloride (HgCLz) as per Mattocks 

and White (1970), (2) treatment of the supernatant with HgCl2 and (3) treatment of the 
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p~llet with HgCI2• To obtain the supernatant and pellet fractions, the homogenate was 

centrifuged at 18,000 g for 20 min. The supernatant was then used as group (2). The 

pellet was rinsed 5 times with 25 ml saline and centrifuged at 18,000 g for 20 min each 

time to remove any soluble pyrrole. Supernatants and pellets were treated with 5% 

ethanolic HgCl2 (5ml) for 15 min. Samples were centrifuged and pellet and supernatant 

from each sample were analyzed separately for pyrrole content with Ehrlich reagent. The 

homogenate was treated with 10 ml of 5% HgCI2, centrifuged and reacted with Ehrlich 

reagent. 

Statistics 

Statistics were performed using a ST AT A statistical analysis package from the 

Computing Resource Center. ANOV A analysis was used to compare organ:body weight 

ratios in the trichodesmine toxicity study and pyrrole tissue content in the tissue 

distribution experiment. A p value of less than 0.05 was considered statistically 

significant. 

Determination of LDso values was performed using a linear least squares analysis 

program, MINSQ. Due to the steep dose-response obtained with these alkaloids, 

traditional probit analysis could not be performed. Therefore, MINSQ was used to 

determine curve fit and to estimate the dose at which 50% of the animals were alive. 

Correlations using the Spearman Rank correlation statistic were determined using 

a ST A TA statistical analysis package. This test assigns a rank to each observations and 
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t~en correlates the ranks. A positive result indicates a correlation in the positive 

direction. A students t-test can then be performed using the test result to determine the 

significance of the result. 



RESULTS 

Microsomal Metabolism of Monocrotaline 
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Rat hepatic microsomes metabolized monocrotaline to an Ehrlich-positive pyrrolic 

species, detectable in the supernatant. Monocrotaline metabolism was dependent upon 

incubation time, microsomal protein concentration and substrate concentration (Figure 5a

c). The rate of pyrrole formation was constant to 15 min in the presence of 1.0 mM 

monocrotaline and 1.0 mg/ml protein (Figure 5c). Monocrotaline metabolism increased 

as the substrate concentration was increased up to 1.5 mM monocrotaline in a 10 min 

incubation in the presence of 1.0 mg/ml protein (Figure 5b). Monocrotaline metabolism 

was linear for protein concentrations of 0 - 1.5 mg/ml (Figure 5a). 

Reactivity of Dehydromonocrotaline with Thiopropyl Sepharose Resin 

In order to identify the formation of dehydromonocrotaline in an aqueous system, 

a means of trapping it was needed. Mattocks (1990, 1991) used Thiopropyl Sepharose 

6B resin to 'trap' dehydromonocrotaline via an alkylation reaction. 

To detennine that dehydromonocrotaline would be the only component of the 

incubation mixture that would react with the resin, monocrotaline, dehydromonocrotaline 

or dehydroretronecine were all separately incubated with the resin (Table 1). 

Monocrotaline and dehydroretronecine did not interact with the resin and that dehydro

monocrotaline was the only chemical to react with the resin. 
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Figure 5: Monocrotaline metabolism to pyrrole metabolites by microsomes from 
phenobarbital-induced rats. Dependence of pyrrole formation upon (a) time, (b) substrate 
concentration and (c) protein concentration. Unless otherwise indicated, incubations were 
10 min containing 1 mg/ml protein and 0.5 mM monocrotaline. 
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Table 1: Reaction of alkaloids, synthetic metabolites and microsomal incubation contents 
with thiopropyl sepharose 6B resina 

nmol pyrroleb 

Substrate Supernatant Resin-bound Total % 
bound of 
total 

Monocrotaline 0.0 

Oehydroretronecine 0.0 

Oehydromonocrotaline 35.9 0.0 

Microsomes - 0.0 0.0 0.0 0.0 
no alkaloid 

Monocrotaline - 0.0 0.0 0.0 0.0 
no microsomes 

Monocrotaline and 18.8 ± 5.0 9.0 ± 2.0 27.8 ± 7.0 32 
microsomes 

a ___ not determined 
b Calculated from absorbance obtained after reaction with Ehrlich reagent using a molar 
absorptivity of 60,000 cm2/mmol (mean ± SO). 
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R,eaction of Dehydromonocrotaline with the Resin 

Synthesized dehydromonocrotaline was added to either a suspension of the resin 

or to water alone. The addition of dehydromonocrotaline occurred as a bolus or over 

various time periods up to 10 min. Table 2 lists the amounts of pyrrole detected in the 

supernatant when added to a resin slurry over various periods of time. It was found that 

as the time of addition increased the amount of resin-bound pyrrole decreased. The 

addition of dehydromonocrotaline over a longer time period is most closely associated 

with the process occUlTing during microsomal metabolism of monocrotaline. Therefore, 

it can be seen that the amount of dehydromonocrotaline that reacts with the resin is much 

lower than that actually present. 

Metabolism of Monocrotaline to Dehydromonocrotaline by Hepatic Microsomes 

When Thiopropyl Sepharose 6B resin is included in the microsomal incubation, 

a pyrrolic species was bound to it (Table 1). When monocrotaline was incubated with 

the resin alone, in the absence of microsomes, no pyrrole was found bound to the resin. 

Similarly, when monocrotaline was incubated with heat-inactivated microsomes, no bound 

pyrrole was found. However, when monocrotaline was incubated with metabolically 

active micro somes and the resin, a pyrrole species could be detected bound to the resin. 

Like dehydromonocrotaline, this pyrrolic species could be cleaved from the resin using 

silver nitrate or mercuric chloride but not by ~-mercaptoethanol. To determine the amount 

of resin needed for efficient trapping of the alkaloid, resin amounts from 0 - 600 ).11 
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Table 2: Effect of time of addition on the reaction of dehydromonocrotaline with 
thiopropyl sepharose 6B resin 

nmol products 

Ehrlich-positive4 Undetectedb 

Time (min) Resin bound Supernatant 

0.0 11.1 46.7 42.2 

2.5 10.4 52.1 37.5 

5.0 8.4 49.9 41.7 

7.5 7.0 57.3 35.7 

10.0 6.0 53.0 41.0 

4Calculation based on a molar absorptivity for dehydromonocrotaline of 60,333 at 562 nm 
under the analytical conditions employed. 
bCalculated from the difference between dehydromonocrotaline added and Ehrlich-positive 
products detected. 
Incubation conditions: Dehydromonocrotaline (100 nmol in 0.1 ml dimethyl sulfoxide) 
was added to 0.25 ml resin suspension as a bolus (0 min) or dropwise over the period of 
time given. Incubations were for 30 min from the start of the dropwise or bolus addition 
after which the bound and supernatant pyrroles were determined. 
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were added (Figure 6). As the resin amount was increased there was an increase in the 

amount of pyrrole metabolites bound. At 400 , .. 11 of resin added, the amount of pyrrole 

binding leveled off, although increased amounts were observed at 500 and 600 Ill. A 

resin volume of 400 III was used for all subsequent experiments. 

Characterization of Pyrrole Bound to the Resin 

Chemistry: The pyrrole bound to the resin was determined by identifying the 

products released into the supernatant following resin treatment with buffered, ethanolic 

and ethanolic silver nitrate. Silver nitrate will cleave at the site of the thioether linkage. 

During cleavage with silver nitrate, a proton is generated that can participate in an acid

catalyzed solvolysis at positions where hydroxyl groups are located. The acid catalysis 

would result in ethoxy groups being placed at sites where hydroxyl groups were also. 

Therefore, for determination of the position of the thioether linkage, cleavage was 

performed in a buffered, ethanolic silver nitrate solution. This prevents acid catalysis at 

positions other than where the thioether linkage occurs and allows a true determination 

of the location of the thioether linkage. 

The pyrrole reacting with the resin following hepatic microsomal metabolism of 

monocrotaline appeared to react with the resin in the same manner as dehydro

monocrotali ne. 
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Figure 6: Effect of resin amount upon pyrrole metabolite binding during the hepatic 
microsomal metabolism of mOllocrotaline. • Resin-bound pyrroles; 0 Supernatant 
pyrroles. Incubations were performed at 37° C for 10 min. Pyrroles were detected 
spectrophotometrically after reaction with Ehrlich Reagent. 
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Identification - mass spectra: To identify the products of the silver nitrate-resin 

cleavage, standards of 07-ethyl dehydroretronecine and 07,9-diethyl dehydroretronecine 

were prepared. These standards were identified based upon their mass spectra (Figures 

7 and 8). 07-Ethyl dehydroretronecine was identified based upon its mass ion of 181 and 

due to its fragmentation pattern. The fragment from the 7 position of the pyrrole nucleus 

is a more stable fragment and will result in a more intense peak at that mlz. In the mass 

spectrum in Figure 7, the fragment at mlz = 136 is stronger than at mlz = 163. An mlz 

of 136 corresponds to (M - ethanol) + 1. Therefore, this spectrum represents 07-ethyl 

dehydroretronecine. Similarly for 07,9-diethyl dehydroretronecine, its mass ion is 209 and 

more intense peaks were observed at mlz 164 [(M - ethanol) + 1] and at mlz 134 [M -

2(ethanol)] . 

Identification - thin layer chromatography: The 07-ethyl dehydroretronecine and 

07,9-diethyl dehydroretronecine standards were then used to identify pyrroles cleaved from 

the resin after reaction with synthetic dehydromonocrotaline and after incubation with 

hepatic microsomes and monocrotaline. Table 3 lists the retention factor values for the 

standards and for cleaved pyrroles in two solvent systems. It was found that both 

synthesized dehydromonocrotaline and the pyrrole generated during the microsomal 

metabolism of monocrotaline that reacted with the resin could be cleaved from the resin 

in buffered, ethanolic silver nitrate to yield 07-ethyl dehydroretronecine and 

dehydroretronecine, but not 07,9-diethyl dehydroretronecine. The dehydroretronecine is 

formed due to the presence of water in the buffered system. 
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Figure 8: Electron impact mass spectrum of 07.9-diethyl dehydroretronecine. Identified 
by the molecular ion at mlz 209 and fragments at mlz 164 (M - ethanol) + I, m/z 120 (1-
methyl-5H-pyrrolizine) and mlz 106 (6,7-dihydro-5H-pyrrolizine). 



Table 3: Rf values for synthetic and resin-bound pyrroles. 

Rr 

Pyrrole Solvent system 1ft Solvent system lib 

1. Dehydromonocrotaline 0.77 0.79 

2. Dehydroretronecine 0.30 0.57 

3. 07,09-Diethyl dehydroretro- 0.96 0.94 
necine 

4. 07-Ethyl dehydroretronecine 0.83 0.83 

5. Dehydromonocrotaline in water 0.30 0.57 

6. Resin-bound pyrroles from 0.32, 0.83, 0.96 0.56, 0.82, 0.93 
microsomesc 

7. Resin-bound pyrroles from 0.32,0.83 0.56,0.82 
microsomesd 

8. Resin-bound pyrroles from 0.30,0.81, 0.96 0.56, 0.82, 0.93 
dehydromonocrotalinec 

9. Resin-bound pyrroles from 0.30,0.81 0.56,0.82 
dehydromonocrotalined 

ftSilica plates using petroleum ether:acetone (1: 1) 
bSilica plates using butanol:water:ethanol:ammonia (57:26: 16: 1) 
CPyrroles released using ethanolic silver nitrate 
dPyrroles released using buffered, ethanolic silver nitrate 
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o.7-Ethyl dehydroretronecine was identified as the resin cleavage product in both of the 

solvent systems. 

Identification - high perfonnance liquid chromatography: Q7-Ethyl dehydro

retronecine and Q7.9-diethyl dehydroretronecine standards were again used as standards 

to compare to the cleaved pyn·oles. Retention times for the standards were dehydro

retronecine (4.3 min), Q7-ethyl dehydroretronecine (11.7 min) and Q7.9-diethyl de

hydroretronecine (20.6 min). Again, the pyrroles cleaved from the resin were identified 

as Q7-ethyl dehydroretronecine and dehydroretronecine, thereby confirming the results 

obtained on TLC. 

Quantification of Monocrotaline Metabolized to Pyrrolic Species 

Monocrotaline was incubated with hepatic microsomes, an NADPH-generating 

system and Thiopropyl Sepharose 6B resin. The supernatant was also analyzed for 

monocrotaline. Figure 9 shows the amounts of metabolites and substrate present in the 

incubation, determined as a percentage of the monocrotaline added. It was found that 

only 17% of the monocrotaline added was metabolized. 4.6% was metabolized to 

supernatant pyrroles, 1.3% was metabolized to resin-bound pyrroles and the remaining 

was unknown metabolites. 
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R~action of Dehydroalkaloids with Water or Resin 

Dehydroalkaloids of monocrotaline, trichodesmine, retrorsine and heliotrine were 

synthesized and then added to water or a resin slurry. Dehydroalkaloids (in 

dimethylsulfoxide) were added to the aqueous solution either as a bolus or over times of 

2.5, 5.0, 7.5 or 10 min. Table 4 contains the amounts of pyrTOle that were detected in 

water after the dehydroalkaloids were added over 10 min period and allowed to react for 

total of 30 min. After reaction with water, dehydrotrichodesmine and dehydroretrorsine 

incubations were found to contain the entire 100 nmol of pyrrole added. 

Dehydromonocrotaline and dehydroheliotrine added to water resulted in a 20% loss of 

pyrrole as detected by Ehrlich reagent (Table 4). 

When dehydroalkaloids were added to a resin slurry over 10 min and allowed to 

react for a total of 30 min, the amount of pyrroles resin-bound varied for different 

alkaloids. The reactivity of the dehydroalkaloid is a reflection of the amount of 

dehydroalkaloid bound. A more stable dehydroalkaloid will resist hydrolysis and have 

an increased likelihood of interacting with the resin. Dehydrotrichodesmine and 

dehydroretrorsine had approximately 20% of the dehydroalkaloid added bound to the 

resin. Dehydromonocrotaline had only 14% of the pyrrole added detected and 

dehydroheliotrine was very unreactive toward the resin and less than 1 % of this pyrrole 

was found bound to the resin. 



62 

Table 4: Reaction of dehydroalkaloids with resin (n=3) and water over a 10 min addition 
time and 30 min total incubation time.' 

nmol pyrroleb 

Water Resin-Bound 

Heliotrine 80.4 0.9 ± 0.6 

Monocrotaline 84.0 14.2 ± 5.8 

Trichodesmine 97.7 20.7 ± 12.8 

Retrorsine 98.2 21.6 ± 10.3 

, Dehydroalkaloids (100 nmol in 0.100 ml DMSO) were added to water or resin slurry 
(0.250 ml) over 10 min. Reaction was allowed to occur for a total of 30 min. 
Supernatant and resin fractions (when applicable) were analyzed for pyrrole content. 
b Pyrroles were detected spectrophotometrically after reaction with Ehrlich reagent. 
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Metabolism of Other Pyrrolizidine Alkaloids 

Once the resin-microsomal system had been characterized, it was of interest to 

investigate the metabolism of other pyrrolizidine alkaloids such as trichodesmine, 

retrorsine, senecionine and heliotrine. These alkaloids have different toxicities ill vivo, 

affecting different organs. The resin-microsomal system was used to determine if 

metabolism of the alkaloids in vitro to dehydroalkaloids corresponded to the toxicities 

observed in vivo. The metabolism in microsomes from uninduced animals is greatly 

reduced compared to induced microsomal metabolism (Table 5). Therefore, the 

interpretation of these data is difficult. Retrorsine was metabolized to the greatest extent, 

producing 37.0 nmol pyrrole/mg protein. Senecionine metabolism was 32.7 nmollmg 

protein. Trichodesmine and monocrotaline were metabolized to 14.4 and 3.8 nmol 

pyrrole/mg protein, respectively. Heliotrine metabolism was extremely low and could not 

be determined accurately. 

The amount of resin-bound pyrroles differed for these alkaloids also. Senecio nine 

and retrorsine had 4.1 and 4.2 nmol pyrrole bound, respectively. Trichodesmine had 1.8 

nmol pyrrole bound, while monocrotaline had only 0.6. 

The last column in Table 5 indicates the percentage of the metabolites found as 

resin-bound pyrrole compared to total pyrrole detected. This allows a comparison of 

dehydroalkaloid resin binding on a relative scale. That is, it corrects for differences in 

the amount of total metabolism. The percent of pyrrole metabolites binding to the resin 

compared to total metabolism was calculated. Monocrotaline had a high percentage 



Table 5: Microsomal metabolism of pyrrolizidine alkaloids using hepatic microsomes 
from uninduced ratsa 

nmol pyrrole/mg proteinb 

Alkaloid Super- Resin-bound Total % bound 
natant 

Monocrotaline 3.4 ± 1.1 0.6 ± 0.2 3.8 ± 1.1 17.2 ± 5.7 

Trichodesmine 12.7 ± 2.1 1.8 ± 0.6 14.4 ± 2.6 11.0 ± 2.1 

Senecionine 28.6 ± 6.2 4.1 ± 1.8 32.7 ± 7.9 10.1 ± 2.8 

Retrorsine 2.8 ± 5.2 4.2 ± 1.5 37.0 ± 6.6 9.9 ± 2.2 

64 

a Incubations contained 0.5 mM alkaloid, 1 mg/ml protein and 0.4 ml resin slurry. 
Incubation time was 45 min and reactions were terminated by placing samples on ice. 
b Pyrrole content was determined using Ehrlich reagent and a molar absorptivity of 
60,000. Data are presented as mean ± standard error of the mean. (n=4 monocrota
line; n=6 all others) 
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(17.5%) of pyrrole metabolites bound to the resin. Trichodesmine, retrorsine and 

senecionine all had similar percentages of pyrroles bound to the resin, 11.0, 9.9, and 

10.1 %, respectively. These results were not statistically significant. 

Pyrrolizidine alkaloid metabolism was also investigated in microsomes from 

phenobarbital-induced rats. Table 6 lists the metabolism of the individual alkaloids to 

their reactive dehydroalkaloid (resin-bound pyrrole) and dehydropyrrole (supernatant 

pyrrole) by phenobarbital-induced hepatic microsomes and the total pyrrole detected. 

Retrorsine was found to be metabolized to the greatest extent followed by trichodesmine, 

senecionine; monocrotaline, and finally, heliotrine. There is a different profile for the 

amount of metabolites bound to the resin. Heliotrine had virtually no pyrrolic metabolites 

bound to the resin. Senecionine had the lowest amounts of pyrrole bound to the resin, 

while monocrotaline and trichodesmine had 2 and 4 times as much pyrrole bound to the 

resin as during senecionine metabolism, respectively. Retrorsine was found to have the 

greatest amounts of pyrrole metabolites bound to the resin. If the percentages of pyrrole 

metabolites bound to the resin are compared, it can be seen that heliotrine and senecionine 

have only a small percentage (4 %) of their metabolites bound, while retrorsine, 

monocrotaline, and trichodesmine have much higher amounts (30%). 

Comparison of metabolism in vitro and site of toxicity 

The previous results can be compared to other data gathered in vivo. One index 

of toxicity in vivo is the LDso. Mattocks has determined these values for a number of 
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Table 6: Metabolism of pyrrolizidine alkaloids by hepatic microsomes from phenobar
bital-induced ratsA 

nmol pyrrole/mg protein 

Alkaloid Supernatant Resin-Bound Total % bound 
of total 

Heliotrine 12.45 ± 2.1 0.42 ± 0.16 12.86 ± 1.84 3.3 

Monocrotaline 11.95 ± 1.41 4.58 ± 1.83 16.54 ± 2.92 27.7 

Senecionine 32.68 ± 2.92 2.39 ± 0.42 35.06 ± 2.76 6.8 

Trichodesmine 28.34 ± 2.86 9.47 ± 3.21 37.33 ± 4.27 25.5 

Retrorsine 43.91 ± 1.30 19.2 ± 2.40 63.4 ± 3.00 30.3 

A Incubations were for 10 min using 0.5 mM alkaloid, 1 mglml protein and 400 )..11 
resin. 
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pyrrolizidine alkaloids (1972) mainly using naive animals without pretreatment. In 

general, as the total metabolism by microsomes from uninduced rats increases, the LD50 

value decreases (Table 7). That is, the lethality associated with a pyrrolizidine alkaloid 

increases as the metabolism ill vitro increases. However, trichodesmine does not follow 

this pattern and has a decreased amount of metabolism compared to senecionine and 

retrorsine even though its LD50 value is similar. Secondly, these alkaloids have different 

sites of toxicity. When the percentage of pyrroles bound to the resin is increased there 

is a greater likelihood that extrahepatic toxicity will occur in vivo to similarly induced 

animals (Table 8). For example, monocrotaline and trichodesmine produce extrahepatic 

toxicity and they have greater than 25% of their pyrrole metabolites bound to the resin. 

This is compared to senecionine which is only hepatotoxic and has less than 7% of its 

pyrrole metabolites resin bound. A similar trend is observed when comparing the 

metabolism by non-induced microsomes, however, it is not as notable and is not 

significant. 

The correlation between resin binding ill vitro and extrahepatic toxicity ill vivo was 

detennined using a Speannan Rank Correlation statistic. A t-statistic was calculated for 

the correlation and it was detennined that there is a statistically-significant correlation 

between resin binding and extrahepatic toxicity as well as between the percent of pyrrole 

metabolites bound and extrahepatic toxicity (Table 9). 
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Table 7: Comparison of microsomal metabolism in vitro to LD,o values. 

Alkaloid InducedA Uninduced 

Metabolismb LD,oc Metabolismb LD,oc 

Heliotrine 12.9 296 

Monocrotaline 16.6 68 3.8 109 

Senecionine 35.1 32.7 50 

Trichodesmine 37.3 14.4 20 

Retrorsine 63.4 67 37.0 34 

A Male, Sprague-Dawley rats were pre-treated for 3 days with 80 mg/kg phenobarbital, i.p. 
b Total metabolism in the resin-microsomal system (nmol/mg protein) 
C LD,o values are shown as mg/kg and were obtained from Mattocks (1972) except for 
trichodesmine (Wild et al., 1994) 
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Table 8: Comparison of the percentage of pyrrole metabolites bound during microsomal 
metabolism of pyrrolizidine alkaloids and site of toxicity 

% of Pyrrole Metabolites BoundA 

Site of 
Alkaloid Induced Uninduced Toxicity 

Monocrotaline 27.7 17.2 Lung and Liver 

Trichodesmine 25.5 11.0 Brain and Lung 

Retrorsine 30.3 9.9 Lung (induced), 
Liver 

Senecionine 6.8 10.1 Liver 

Heliotrine 3.3 Liver 

• Values from Tables 5 and 6. 
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Table 9: Spearman rank correlation coefficients for resin-binding of pyrrole metabolites 
produced in vitro from phenobarbital-induced hepatic microsomes and site of toxicity in 
vivo. 

Tissuea 

Extrahepaticb 

Resin-Bound 

0.7906 

0.8660· 

Pyrrole Metabolites 

% of Total Resin-Bound 

0.6325 

0.8660· 

a Correlation calculated by ranking site of toxicity. (Liver= 1, lung=2 and brain=3) 
b Correlation calculated using a rank of 1 = hepatic toxicity and 2 = extrahepatic 
toxicity . 
• Statistically significant correlation (Student's t-test, p < 0.05, df=3) 
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T!ssue Distribution of Pyrrolic Metabolites in Pyrrolizidine Alkaloid-Treated Animals 

Two studies were performed to determine the distribution of pyrrolic metabolites 

in pyrrolizidine alkaloid-treated animals. The first compared equitoxic doses of 

monocrotaline (90 mg/kg) or trichodesmine (25 mg/kg) and the second equal doses of 

monocrotaline, retrorsine or trichodesmine (25 mg/kg) in rats. Pyrrole metabolites were 

found in the tissues from all pyrrolizidine alkaloid-treated animals (Figures 10 and 11). 

Tissues (liver, lung, heart, kidney and brain) were removed and analyzed for pyrrole 

content. After correction for endogenous pyrroles (Mattocks, 1970), it was found that 90 

mg/kg of monocrotaline resulted in pyrrole levels that were significantly different from 

control in liver, lung, heart and kidney tissues (Figure 10). At an approximately equitoxic 

dose of trichodesmine (25 mg/kg), pyrrole levels were significantly different from control 

heart, kidney and brain. Although pyrroles were detected in the lung and liver these were 

not significantly different than control in this study. The levels of pyrrole metabolites in 

the brain were significantly higher than control and four times higher than monocrotaline. 

In the second study, retrorsine-treated animals (25 mg/kg) exhibited the greatest 

pyrrole levels in the liver (Figure 11). As in the first experiment, monocrotaline treatment 

(25 mg/kg) also resulted in significantly higher levels of pyrrole metabolites in the liver 

as compared to control. Trichodesmine was the only alkaloid to metabolized to pyrrolic 

species that could be detected in all tissues examined. In this study trichodesmine 
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Figure 11: Distribution of pyrrole metabolites following pyrrolizidine alkaloid injec
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monocrotaline. a = significantly different from monocrotaline, b = significantly 
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different from control at p < 0.05. 
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m,etabolism did result in pyrrole levels that were statistically significantly different from 

control in all tissues examined. This is most likely a result of smaller deviations in this 

experiment. 

The total metabolism of each alkaloid to pyrroles was determined by summing the 

pyrroles found in each tissue examined. This is not a direct reflection of total metabolism 

of the alkaloids, but it can be used to compare differences in total metabolism of these 

alkaloids. Metabolism of retrorsine was the highest for the three alkaloids tested. Total 

pyrrole metabolites detected represented 2.1 % of the retrorsine administered. 

Trichodesmine and monocrotaline were metabolized less than retrorsine with only 0.8% 

of administered alkaloid being detected. 

Toxicity of Trichodesmine 

One of the alkaloids used in the metabolism studies in vitro is trichodesmine. 

Trichodesmine is reportedly a neurotoxic pyrrolizidine alkaloid (Smirnov, 1959; WHO, 

1988). However, no evidence has been provided that this alkaloid is neurotoxic in the 

Sprague-Dawley rat. Therefore, the toxicity of trichodesmine in male, Sprague-Dawley 

rats was investigated. 

Lethality study: The lethality of trichodesmine was determined by dosing male 

rats (120-130 g), i.p., with 0,5, 10,20,40, or 80 mg/kg of trichodesmine. The number 

of animals alive after 4, 7 and 14 days was recorded. Monocrotaline (0, 30, 60, 120, or 

240 mg/kg) was used as a positive control. As shown in Figure 12, the number of 
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aQimals remaining alive at 7 days differs for monocrotaline and trichodesmine. An 

estimated LD50 was calculated for both alkaloids. However, due to the steep dose

response an accurate detennination could not be made. At 7 days, 50% of the animals 

treated with 20 mg/kg of trichodesmine were still alive, while the same number of 

animals were alive in the 120 mg/kg monocrotaline-treatment group. Therefore, this 

result would indicate that trichodesmine is 6 times more toxic than monocrotaline. 

Over the course of the two-week period, treated animals had a reduction in growth, 

as measured by body weight and shown in Figure 13. Animals that lived until day 14 of 

the study were used to evaluate the toxicity of trichodesmine by detennining organ:body 

weight ratios. Animals were decapitated and organs removed immediately and weighed. 

Wet organ:body weight ratios were detennined from these values. As shown in Table 10, 

there were significant differences between control and treated groups in the dry 

organ:body weight ratios. Changes observed with monocrotaline (120 mg/kg) and 

trichodesmine (10 mg/kg) included significant increases in the right ventricle:left ventricle 

+ septum ratio (RV/LVS). Increases in RV/body weight indicate right heart hypertrophy 

which has been previously observed in rats treated with erotalaria (Kay and Heath, 1969; 

Lafranconi and Huxtable, 1981). Data obtained for animals dosed with trichodesmine at 

5 and 20 mg/kg are not shown, as 5 mg/kg had no effect upon organ weights and 50% 

of the animals in the 20 mg/kg group died by Day 14. Similarly for monocrotaline, the 

data for animals treated with 30 mg/kg and 120 mg/kg are not shown. In order to 
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Figure 13: Daily body weights for monocrotaline- or trichodesmine-treated animals 
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Table 10: Summary of Dry Organ:Body Weight Ratios at Day 14 after injection (i.p.) of Trichodesmine 
or Monocrotaline. 

Organ Control Trichodesmine (10 Monocrotaline 
mg/kg) (60 mglkg) 

Right Ventricle 0.016 ± .001 0.022 ± 0.004 0.021 ± 0.004 

Left Ventricle 0.065 ± 0.012 0.056 ± 0.001 0.062 ± 0.004 

Lung 0.129 ± 0.013 0.138 ± 0.005 0.224 ± 0.037· 

Liver 1.37 ± 0.10 1.25 ± 0.03 1.18 ± 0.04· 

Spleen 0.078 ± 0.012 0.080 ± 0.012 0.089 ± 0.010 

Thymus 0.071 ± 0.012 0.064 ± 0.007 0.064 ± 0.QI8 

Kidney 0.181 ± 0.016 0.200 ± 0.QI5 0.191 ± 0.009 

Bmin 0.173 ± 0.QI8 0.174 ± 0.008 0.219 ± 0.Q28· 

RV/LVS 0.257 ± 0.050 0.384 ± 0.081· 0.338 ± 0.069 

"Data are expressed as mean (x IO~ ± SD (n=6, except monocrotaline n=5) 
·Significantly different from control. 
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determine if any organ:body weight changes were due to edema or collagen formation 

the data were analyzed as dry organ:wet organ ratios (data not shown). In this 

experiment, there were no significant changes in dry organ:wet organ ratios in any of 

the treannent groups. 

Toxicity study: A second study was performed with younger animals to 

determine if right heart hypertrophy could be induced in these animals at lower doses 

of alkaloids. Animals (40-45 g) were dosed with monocrotaline (60 mglkg) or 

trichodesmine (7.5 or 15 mg/kg). Animals were decapitated on Day 20 and organ:body 

weight ratios obtained as described in the Methods. Over the course of the 20 day 

experiment there were significant decreases in body weight for monocrotaline-treated 

animals (60 mglkg) and trichodesmine-treated animals (15 mg/kg) as seen in Figure 14. 

Analysis of dry organ:body weight ratios, shown in Table 11, revealed significant 

differences for monocrotaline and the high dose of trichodesmine (15 mg/kg). In both 

of these treatment groups lung:body weight ratios were increased significantly. 

Monocrotaline-treated animals also had significantly different right ventricle, and thymus 

to body weight ratios. Monocrotaline treatment resulted in the characteristic increased 

RV /L VS ratio. Trichodesmine treatment resulted in increased spleen:body weight and 

RV/LVS ratios, however, the RV/LVS ratio was not significant due to the large sample 

deviation. 
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Table 11: Summary of dry organ to body weight mtios' on Day 20 after animals were dosed i.p. with 
alkaloids. 

Monocrotaline Trichodesmine (mglkg) 
(mglkg) 

Organ Control 60 7.5 15 

Right ventri- 0.016 ± .001 0.031 ± .004" 0.017 ± .002 0.022 ± .009 
cle 

Left ventri- 0.065 ± .004 0.070 ± .000 0.063 ± .003 0.067 ± .003 
cle 

Lung 0.120 ± .004 0.268 ± .047" 0.120 ± .004 0.173 ± .032" 

Liver 1.269 ± .074 1.238 ± .127 1.237 ± .050 1.233 ± .054 

Spleen 0.076 ± .006 0.084 ± .025 0.088 ± .004 0.095 ± .002" 

Thymus 0.080 ± .004 0.056 ± .001" 0.074 ± .007 0.066 ± .010 

Kidney 0.215 ± .008 0.201 ± .009 0.210 ± .004 0.208 ± .008 

Bmin 0.233 ± .009 ................. __ .... 0.241 ± .020 0.265 ± .014 

RV/LVS 0.243 ± .014 0.441 ± .065" 0.266 ± .015 0.326 ± .127 

"Data are expressed as mean (x 1O~ ± SD (n-5, except monocrotaline n"2). 
"Significantly different from control. 
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The organ weights were also analyzed as dry:wet organ weight ratios (Table 12). 

Unlike the results for animals necropsied on day 14, there were significant differences 

in these ratios for the trichodesmine-treated animals. Spleen and thymus dry:wet ratios 

were both significantly increased, indicating increased fibrin and collagen formation. 

Toxicity and histopathology study: A final study was performed using young rats 

(60 g) in order to obtain histopathological evaluations. Animals were treated i.p. with 

monocrotaline (60 mglkg) as a positive control or trichodesmine (7.5 or 15 mglkg) and 

body weights obtained every other day. On Day 10, animals were decapitated and 

organs removed. As in the previous studies, body weights of treated animals were 

decreased compared to control over the 10 day period (data not shown). Organ weights 

were obtained as above and are shown in Tables 13 and 14. Similar to the previous 

experiment of 20 days with larger animals, wet brain to body weight ratios were 

increased for animals treated with the high dose of trichodesmine or monocrotaline. 

Wet liver to body weight ratios were decreased as opposed to the increase observed in 

the previous experiment. There was also an increase in wet lung:body weight as 

observed previously. However, RV/LVS changes were not observed when necropsies 

occurred at 10 days. Similar results were obtained for dry organ to body weight ratios 

(Table 14). 
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Table 12: Summary of dry/wet organ weights taken on day 20 after Lp. injection of alkaloids. 

Monocrotaline Trichodesmine (mglkg) 
(mglkg) 

Organ Control 60 7.5 15 

Rt. ventricle 0.206 ± 0.008 0.196 ± 0.006 0.232 ± 0.114 0.214 ± 0.109 

Left ventricle 0.215 ± 0.002 0.214 ± 0.000 0.194 ± 0.024 0.236 ± 0.023 

Lung 0.196 ± 0.002 0.204 ± 0.022 0.237 ± 0.059 0.160 ± 0.042 

Liver 0.295 ± 0.011 0.275 ± 0.024 0.301 ± 0.005 0.304 ± 0.011 

Spleen 0.213 ± 0.003 0.216 ± 0.002 0.218 ± 0.002· 0.221 ± 0.002· 

Thymus 0.202 ± 0.004 0.193 ± 0.004 0.154 ± 0.023 0.270 ± 0.041· 

Kidney 0.217 ± 0.006 0.215 ± 0.008 0.225 ± 0.005 0.221 ± 0.008 

Brain 0.208 ± 0.016 .................... 0.217 ± 0.020 0.216 ± 0.010 

"Data are expressed as mean ± SO (n"'5, except monocrotaline n .. 2) 
·Significantly different from control. 
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Table 13: Wet organ:body weight ratios on day 10 after animals were dosed i.p. with alkaloids 

Monocrotaline Trichodesmine 

Organ Control (60 mg/kg) (7.5 mg/kg) (15 mg/kg) 

Rt. Vent. 0.095 ± 0.008 0.103 ± 0.005 0.099 ± 0.009 0.121 ± 0.016" 

Lt. Vent. 0.315 ± 0.027 0.309 ± 0.010 0.328 ± 0.024 0.391 ± 0.025" 

Lung 0.767 ± 0.059 1.067 ± 0.218" 0.891 ± 0.058 1.170 ± 0.121" 

Liver 5.032 ± 0.271 4.433 ± 0.060 4.291 ± 0.131" 4.141 ± 0.192" 

Spleen 0.379 ± 0.026 0.426 ± 0.040 0.419 ± 0.037 0.291 ± 0.050" 

Thymus 0.342 ± 0.047 0.482 ± 0.158 0.335 ± 0.035 0.357 ± 0.046 

Kidney 0.940 ± 0.025 0.950 ± 0.031 0.967 ± 0.161 0.910 ± 0.014 

Brain 1.270 ± 0.028 1.624 ± 0.093' 1.399 ± 0.077 1.623 ± 0.182" 

RV/LVS 0.303 ± 0.031 0.333 ± 0.025 0.304 ± 0.031 0.311 ± 0.047 

Initial Body 60.6 ± 1.2 62.7 ± 1.8 59.6 ± 1.2 64.4 ± 1.2 
wt. 

Final Body 131.6 ± 4.33 98.67 ± 11.37 113.2 ± 4.147 100.4 ± 5.55 
wt. 

aData are expressed as a mean (x 102
) ± SO (n = 5, except monocrotaline n = 3) 

"Significantly different from control (p < 0.05) 
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Table 14: Dry organ:body weight ratios on day 10 after animals were dosed i.p. with alkaloids 

Monocrotaline Trichodesmine 

Organ Control (60 mg/kg) (7.5 mg/kg) (15 mg/kg) 

Rt. Vent. 0.017 ± 0,01 0.019 ± 0.001 0.020 ± 0.002 0.024 ± 0.003· 

Lt. Vent. 0.064 ± 0.006 0.063 ± 0.001 0.068 ± 0.004 0.079 ± 0.005· 

Lung 0.136 ± 0.010 0.195 ± 0.020· 0.162 ± 0.012 0.197 ± 0.024· 

Liver 1.511 ± 0.098 1.297 ± 0.13 r 1.283 ± 0.042· 1.218 ± 0.028· 

Spleen 0.079 ± 0.006 0.089 ± 0.008 0.090 ± 0.010 0.061 ± 0.012 

Thymus 0.Q78 ± 0.027 0.077 ± 0.004 0.066 ± 0.008 0.070 ± 0.010 

Kidney 0.207 ± 0.006 0.214 ± 0.005 0.203 ± 0.005 0.208 ± 0.006 

Brain 0.288 ± 0.019 0.380 ± 0.012" 0.313 ± 0.028 0.349 ± 0.010· 

RV/LVS 0.270 ± 0.030 0.306 ± 0.019 0.291 ± 0.026 0.303 ± 0.050 

"Data are expressed as a mean (x l(2) ± SD (n a 5, except monocrotaline n a 3) 
·Significantly different from control (p < 0.05) 
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Animals from which tissue samples were taken for histological preparation were 

first perfused with parafonnaldehyde. Perfusing the animals with parafonnaldehyde 

prevented artifacts that resemble ischemia from appearing in the brain tissue. Sections 

of liver, lung and brain tissue were prepared and stained with hematoxylin and eosin. 

The monocrotaline-treated animals showed extensive hepatic and pulmonary 

damage as is characteristic. Trichodesmine treatment did not appear to affect the liver, 

however, slight changes to the lung vasculature and airways were present. 

Figures 15 a-c show the cerebral cortex from control and treated animals. Figure 

15a is a photograph of the control cerebral cortex and it can be seen that the neurons 

are all healthy as indicated by their lightly stained appearance. The monocrotaline

treated animals were affected slightly as is seen by the dead neurons indicated by the 

arrow in Figure 15b. These neurons have been damaged and stain darkly with eosin. 

Finally, Figure 15c shows the extensive neuronal damage in trichodesmine-treated 

animals. The entire area in this photograph has been affected. 
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Figure 15: Photomicrographs of cerebral cortex from control (a), monocrotaline
treated - 60 mg/kg (b), and trichodesmine-treated animals - 15mg/kg (c). The open 
arrowheads indicate normal, viable neurons and the filled arrowheads indicate 
damaged, or dead neurons. 
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Figure 15(b). Cerebral cortex from a monocrotaline-treated animal. The arrowheads 
indicate damaged or dead neurons. 
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Figure 15(c). Cerebral cortex from a trichodesmine-treated animal. The arrowheads 
indicate damaged or dead neurons. 
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DISCUSSION 

Pyrrolizidine alkaloids are toxic components of flowering plants from several 

families, including Boraginecea, Symphytum and erotalaria. Ingestion of these 

alkaloids by humans (herbal tea preparations), and livestock (grazing) results in toxicity. 

Pyrrolizidine alkaloid toxicities include liver cirrhosis and veno-occlusive disease, 

pulmonary hypertension resulting in right heart hypertrophy, and neurotoxicity. These 

toxicities are a result of the metabolism of pyrrolizidine alkaloids to pyrroles. The focus 

of this dissertation research was to investigate this metabolism of pyrrolizidine alkaloids 

to reactive pyrrole intermediates, which have been suggested to be the ultimate chemical 

species responsible for pyrrolizidine alkaloid toxicity. Pyrrolizidine alkaloids must be 

metabolized in order to produce toxicity but are metabolized only in the liver. This 

suggests that extrahepatic toxicity must be a result of metabolites leaving the liver. 

Once metabolites have left the liver, they can then cause toxicity to other organs. 

However, the metabolite(s) responsible for the extrahepatic toxicity of pyrrolizidine 

alkaloids has not been definitively established. Reactive dehydroalkaloids are 

hypothesized to be formed as an intermediate in the metabolism of pyrrolizidine 

alkaloids to pyrroles. A role for these reactive dehydroalkaloids in toxicity has been 

suggested previously (Mattocks, 1968b; Reindel and Roth, 1991). Unfortunately, due 

to the short half-lives of dehydroalkaloids, they have been difficult to identify as 

pyrrolizidine alkaloid metabolites. Studies in vitro have provided some evidence for the 

formation of dehydroalkaloids using a thiol containing resin as a trapping system. 
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Hpwever, these studies did not conclusively prove that the pyrrole trapped by the resin 

was a dehydroalkaloid. 

Although many advances have been made, questions arise concerning the 

involvement of dehydroalkaloids in the extrahepatic toxicity of pyrrolizidine alkaloids: 

1) Is there a way to identify and quantify these metabolites in order to 

verify that they are produced? 

2) Will sufficient amounts of dehydroalkaloid survive to reach other organs, 

where they may cause toxicity? 

Therefore, the objectives of this dissertation were 1) to develop and characterize a 

system that will allow quantitation of dehydroalkaloids, 2) to identify dehydroalkaloids 

as metabolites of pYlTOlizidine alkaloids in vitro, and 3) to compare the metabolism of 

several different pyrrolizidine alkaloids in this system in vitro. Additionally, it was 

important to substantiate the claim that the pyrrolizidine alkaloid trichodesmine has the 

ability to produce neurotoxicity; therefore, a fourth objective was to investigate the 

neurotoxicity of trichodesmine. 

Characterization of the Thiopropyl Resin-Microsome System 

The system used to identify dehydroalkaloids consisted of hepatic microsomes, 

an NADPH-generating system, and Thiopropyl Sepharose 6B resin. Hepatic microsomes 

were shown to metabolize pyrrolizidine alkaloids to pyrrole metabolites and the resin 

was then used to trap these pyrrole metabolites. Other investigators have used 
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Thiopropyl Sepharose 6B resin to trap the initially fonned pyrrole metabolite (a 

dehydroalkaloid) via the sulfhydryl groups present on the resin (Mattocks and Jukes, 

1990; Mattocks et ai .. 1990). Dehydromonocrotaline has been reported to be a bidentate 

alkylating agent (Mattocks, 1986; Petry et ai., 1984; Hincks et ai., 1992); therefore, it 

should have the ability to interact with the resin at one or both of its reactive sites. The 

reactive sites are found at the 7 and 9 positions of the necine ring (Figure 16). 

However, it was detennined that for reaction between dehydromonocrotaline and the 

resin to occur, the resin must first be 'activated', i.e., the disulfide linkage on the resin 

reduced to ,yield a free sulfhydryl. 'nle pyridyl group attached to the resin through a 

disulfide linkage can be cleaved using dithiothreitol or ~-mercaptoethanol, to yield a free 

sulfhydryl group. 

The pyrrole binding capability of the resin was tested using synthetic de

hydromonocrotaline and dehydroretronecine. Dehydromonocrotaline bound to the 

activated resin, while dehydroretronecine did not. After binding to the resin, 

dehydromonocrotaline could be cleaved from the resin using an agent that cleaves 

thioethers (R-CH2-S-CH2-R), such as mercuric chloride or silver nitrate, but not by 

agents that cleave disulfide bonds (R-CH2-S-S-CH2-R), such as dithiothreitol or ~

mercaptoethanol. This indicates that synthetic dehydromonocrotaline is reacting with 

the resin via a thioether linkage. 
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cH~ + Resin-O-CH2-CH(OH)-CH2-SH 

Dehydromonocrotaline 

Figure 16: Proposed reaction of dehydromonocrotaline with the sulfhydryls present 
on Thiopropyl Sepharose 6B resin. Dehydromonocrotaline has two reactive sites at 
the 7 and 9 positions, through which to react with the resin. 
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An initial study of the metabolism of monocrotaline by hepatic microsomes 

indicated that metabolism to pyrroles is time, protein, and substrate dependent. 

Furthermore, when thiopropyl sepharose resin was included in the incubation medium, 

a pyrrole was found bound to the resin. This pyrrole could be cleaved using silver 

nitrate or mercuric chloride but not dithiothreitol or ~-mercaptoethanol. This is identical 

to the manner in which synthetic dehydromonocrotaline was bound to and released from 

the resin. 

The amount of resin added to the incubation mixture could be a limiting factor 

in determining the amount of resin-bound metabolites. The resin contains 20 - 35 umol 

of sulfhydryl groups per 1 g of resin. In order for the resin not to be a limiting factor 

in pyrrole binding, the amount of free sulfhydryl present must be in excess of twice the 

amount of the dehydroalkaloid formed. Characterization experiments reveal that the 

amount of pyrrole bound to the resin increased as the amount of resin increased. It 

appeared that the amount of pyrroles bound did not increase drastically between 400 and 

600 J,.Ll of resin. For all subsequent experiments, 400 III of resin was used. This amount 

of resin should contain an excess of sulfhydryl groups for reaction with the reactive 

pyrroles. Theoretically, 400 III of resin (or 80 mg of dry resin) should contain a 

minimum of 1.6 J.1IDol of free sulfhydryl groups. The amount of monocrotaline added 

to the incubations is 500 nmol. The percent of the monocrotaline added that is 

metabolized is only 17 % or 85 nmol of monocrotaline added. Note that all metabolites 

formed are not pyrroles, as some may be N-oxides or other unidentified metabolites. 
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A~though it is an overestimate, 85 nmol would be the total amount of pyrrole that may 

be formed during monocrotaline metabolism under these conditions. The sulfhydryl 

content on the resin is in excess of the total amount of dehydromonocrotaline that could 

be formed. Even considering that dehydromonocrotaline has 2 reactive sites to react 

with the resin (a total of 170 nmol reactive sites to react with resin sulfhydryl), there 

is still an excess of free sulfhydryl groups available for reaction (more than 1400 nmol 

free sulfhydryl still available). 

Additionally, this resin-microsome system is used to compare the metabolism of 

several pyrrolizidine alkaloids. The metabolism of pyrrolizidine alkaloids to pyrroles 

differs for each alkaloid. Indeed, the distribution study in vivo indicated that retrorsine 

was metabolized to 2.5 times more pyrrole than monocrotaline or trichodesmine (2.1 % 

for retrorsine vs. 0.8% for monocrotaline and trichodesmine), while metabolism by 

hepatic microsomes produced 4 times more pyrrole than monocrotaline. The total 

metabolism of retrorsine was not determined in the system ill vitro. Therefore, using 

the estimated total metabolism of monocrotaline (17%), the total metabolism of 

retrorsine by hepatic microsomes could be 340 nmol (17% X 4 X 500 nmol). Again, 

dehydroretrorsine contains two sites that have the potential to interact with sulfhydryls 

(a total of 680 nmol reactive sites). Even so, there is still an excess of sulfhydryls 

available for reaction with the reactive pyrrole metabolites (almost 1000 nmol of 

reactive sites still available). Therefore, the quantity of sulfhydryl available for reaction 
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sQould not be a limiting factor in the reaction between any dehydroalkaloid and the resin 

when 400 J..Ll of resin is present. 

Reactivity of Dehydromonocrotaline with 17liopropy/ Sepharose Resin 

To characterize this system in vitro. the resin was tested for its reactivity towards 

the components of the incubation system. It was determined that monocrotaline and 

dehydroretronecine did not interact with the resin and that dehydromonocrotaline was 

the only chemical in the system to react with the resin. This result was expected based 

upon the reactivity of these three chemicals. 

As mentioned in the introduction, dehydroretronecine is more stable than 

dehydromonocrotaline. The stability of dehydroretronecine is due to the presence of 

hydroxyl groups at the 7 and 9 positions of the pyrrole ring. The pyrrole ring, by 

definition, contains a conjugated double bond system that stabilizes a charge within the 

ring. However, for the ring to be reactive, the group at the 7 carbon, and to a lesser 

extent at the 9 carbon, must be a good leaving group. For a chemical group to be a 

good leaving group it must be a very weak base. Good leaving groups include ester and 

carbonyl groups. The hydroxyl group is a strong base and does not act as a good 

leaving group. Therefore, the reactivity of the pyrrole nucleus is diminished by the 

presence of hydroxyl groups. 

Dehydromonocrotaline on the other hand has carboxyl groups at the 7 and 9 

positions of the pyrrole ring. Carboxyl groups are good leaving groups since they can 
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distribute the charge via the carbon-oxygen double bonds. This allows the carboxyl 

groups to be released from the pyrrole nucleus through an SNI reaction. The 

carbocation formed at the site of the carboxyl group attachment can then react with 

other nucleophiles present, such as water or sulfuydryl groups. Under aqueous 

conditions, a hydroxyl group would react with the carbocation resulting in the formation 

of dehydroretronecine, the stable hydrolysis product of dehydromonocrotaline. 

Monocrotaline is not reactive towards the resin since it contains an unsaturated 

necine ring (only one double bond present in the ring system) as opposed to the 

conjugated. double bond system present in the pyrrole metabolites. This ring can not 

distribute a charge, therefore it is more stable, even with the ester linkage at the 7 and 

9 positions. 

Metabolism of Monocrotaline to Dehydromonocrotaline by Hepatic Microsomes 

The first evidence that dehydromonocrotaline was formed by hepatic microsomes 

was the presence of a pyrrole species bound to the resin following incubation of hepatic 

microsomes, monocrotaline, and the resin. This pyrrole could be released from the resin 

using silver nitrate. This was identical to the release of the pyrro!e bound to the resin 

following reaction with synthetic dehydromonocrotaline. Silver nitrate mediated release 

of the pyrrole species from the resin indicates that synthetic dehydromonocrotaline and 

the microsomally-generated pyrrole are reacting with the resin through a thioether 

linkage and not through a disulfide linkage. This evidence, in combination with the fact 



98 

th.at dehydromonocrotaline is the only component of the microsomal system that could 

react with the resin, is strong evidence that the pyrrole generated during microsomal 

metabolism of monocrotaline is dehydromonocrotaline. 

Characterization of Pyrrole Bound to the Resin 

The pyrroles cleaved from the resin with silver nitrate will fonn characteristic 

species when cleaved in ethanol. When the thioether linkage is cleaved in an ethanolic 

solution, the nucleophile available for reaction with the carbocation is CH3CH20". 

During silver nitrate cleavage of the bound pyrrole, the silver ion interacts with sulfur 

to fonn RAgSR and then a second silver ion reacts to fonn RAg2SR. This complex will 

readily undergo solvolysis via an SNI mechanism (Saville, 1962). During solvolysis, a 

carbocation at the position of the thioether linkage on the pyrrole ring will be fonned. 

This carbocation can react with the nucleophiles present in the reaction mixture. During 

cleavage with ethanolic silver nitrate, the pyrrolic carbocation will react with CH3CH20" 

to fonn 07-etbyl dehydroretronecine if the thioether was at the 7 position, as shown in 

Figure 17. Likewise, if the thioether is in the 9 position, silver nitrate cleavage would 

result in the fonnation of 0 9 -ethyl dehydroretronecine. If the pyrrole is bound to the 

resin at both its 7 and 9 positions, then 07,9-diethyl dehydroretronecine would be fonned 

following silver nitrate cleavage. 
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Figure 17: Cleavage of resin-bound pyrrole using silver nitrate. Silver nitrate 
cleaves at the site of the thioether linkage, through the fonnation of a carbonium ion. 
The ethanol present then reacts at the site of the carbonium ion. However, in an 
unbuffered solution, the nitrate released may cause acid catalysis at the hydroxyl 
group. Therefore, in a buffered solution, silver nitrate cleavage of thioethers will 
determine the site of the thioether linkage. 
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If the cleavage is perfonned in an unbuffered solution, the nitric acid released 

will cause an acid hydrolysis at the position of the second hydroxyl group on the pyrrole 

nucleus. This would result in the fonnation of a second carbocation at this position. 

Again, the ethoxy group would react with the carbocation to fonn Q7.9-diethyl 

dehydroretronecine. The purpose of this cleavage is to identify the site of thioether 

linkage on the pyrrole ring, however, perfonning the cleavage in an unbuffered silver 

nitrate solution could give erroneous results. Therefore, the detennination of the site of 

thioether linkage was perfonned in a buffered, ethanolic silver nitrate solution. This 

prevents acid catalysis at the non-thioether linkage and allows a true detennination of 

the location of the thioether linkage. 

When the resin from microsomal incubations with monocrotaline, or from 

reaction with synthetic dehydromonocrotaline was treated with buffered, ethanolic silver 

nitrate, it was found that both pyrroles were bounrt via a 7-thioether linkage to the resin. 

If any is bound as a 7,9-dithioether, it is not enough to be detected in these experiments. 

This provides strong evidence that the pyrrole fonned during the metabolism of 

monocrotaline that interacts with the resin is dehydromonocrotaline. 

Dehydromonocrotaline has been shown to contain two reactive sites at both the 

7 and 9 positions, therefore, it may be surprising as to why dehydromonocrotaline reacts 

with the resin to fonn only a 7-monoether. To observe a reaction at the 7 position is 

not surprising since this position is more reactive than the 9 position (Mattocks, 1982). 

The explanation for a monoether linkage as opposed to the diet her linkage could be due 
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to,l) possible steric constraints that prevent the l-methyl-6,7-dihydropyrrolizine moiety 

from spanning two sulfuydryl groups on the resin or 2) a diminished reactivity towards 

sulfuydryls at the 9 position. Recall that synthetic dehydroheliotrine, which is a 9-

monoester, did not react with the resin. Further, the pyrrole derivative of lycopsamine, 

another 9-monoester, does not react with thiopropyl sepharose resin (R. J. Huxtable and 

R. C. Cooper, unpublished results). This would seem to indicate that the 9 position of 

the pyrrole nucleus is not reactive toward sulfuydryl groups. The necessity for reactivity 

at the 7 position may explain some differences in toxicity that are observed for different 

alkaloids. As stated previously, toxicity of pyrrolizidine alkaloids is increased with 

diester, macrocyclic alkaloids compared to monoesters. For example, the 9-monoester 

heliotrine has an LD~o of 296 mg/kg, which is higher than alkaloids that are diester 

pyrrolizidine alkaloids. The pyrrolic 9-monoesters may not have the ability to produce 

cellular adducts as the 7,9-diester pyrrolizidine alkaloids or 7-monoester pyrrolizidine 

alkaloids can. 

These experiments indicate that dehydromonocrotaline and an initial pyrrolic 

product of monocrotaline metabolism by hepatic microsomes show the same reactivity 

towards the resin, and cleavage of the resin-bound pyrrole by ethanolic silver nitrate 

results in release of the identical pyrrole into the supernatant. Figure 18 provides a 

summary of the resin-pyrrole interactions. It can be seen that microsomally-generated 

pyrrole and synthesized dehydromonocrotaline are cleaved from the resin to yield 
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MonocrotaIine + Dehydromonocrotaline Dehydroretronecine 
hepatic microsomes 

+ resin 

buffered 
ethanolic 
A~O 

Figure 18: Summary of monocrotaline metabolism to pyrro)e metabolites and their 
reactivity with the resin. 
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the same product. This pyrrole has been identified as 07-ethyldehydroretronecine, 

thereby establishing that the moiety bound to the resin is I-hydroxymethyl-6, 7 -dihydro-

5H-pyrrolizine bound via a thioether linkage at the 7 position. This constitutes strong, 

presumptive evidence that the initial, resin-reacting, product of monocrotaline 

metabolism is dehydromonocrotaline, as predicted a quarter century ago by Mattocks 

(1968b). 

Reaction of Dehydromonocrotaline with the Resin 

The. proportion of dehydromonocrotaline reacting with the resin as opposed to 

the competing direct hydrolysis by water varies from 20% on bolus addition of 

dehydromonocrotaline to 10% on gradual addition over a 10 min period (Table 3). The 

formation of dehydromonocrotaline during incubation of mono crotaline with microsomes 

is more comparable to the latter set of conditions, i.e., a slow release of 

dehydromonocrotaline into an aqueous environment. Of the monocrotaline metabolized 

to pyrrolic products, 27.7% was found bound to the resin as dehydromonocrotaline, 

indicating that the bulk of monocrotaline metabolism proceeds via the initial formation 

of dehydromonocrotaline. Whereas 58-59% of dehydromonocrotaline added to a resin

buffer suspension is detectable as pyrrolic products (Table 3), only 34% of the 

monocrotaline metabolized was detected as pyrrolic products during hepatic microsomal 

metabolism, indicating that other reactions with dehydromonocrotaline are occurring. 

With dehydromonocrotaline and water, the only competing reaction is polymerization. 
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In microsomal incubations, competing reactions include reaction of 

dehydromonocrotaline with protein and other biological molecules and binding of 

unreacted monocrotaline with biological molecules, as well as polymerization. Despite 

this, the high ratio of resin-bound to supernatant pyrrole is consistent with the latter 

being fonned by hydrolysis of dehydromonocrotaline. 

Metabolism of Other Pyrrolizidine Alkaloids 

The toxicity of pyrrolizidine alkaloids is due to their metabolism to pyrrolic 

metabolites. Previous studies have not been able to differentiate between the fonnation 

of reactive pyrrole metabolites and their stable hydrolysis product, dehydroretronecine. 

However, this system in vitro can be used to measure the metabolism of pyrrolizidine 

alkaloids to their reactive pyrroles (those binding to the resin), and more stable pyrroles 

(those detected in the microsomal supernatant). 

Five alkaloids were studied, all with differing toxicities ill vivo. Due to structural 

differences between the alkaloids, initially-fonned reactive pyrroles will also have 

structural differences. If these differences lead to an increase in the stability of the 

metabolite, that metabolite may have an increased likelihood of escaping the liver, to 

enter the blood stream, and travel to another organ where toxicity may occur. The 

resin-microsomal system provides a good indication of the amount of reactive 

metabolites fonned and this can then be related to toxicity in vivo. 
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RtJactivity of the Dehydroalkaloids with the Resin 

The ability of the dehydroalkaloid to react with the resin is a factor of the 

resistance of the dehydroalkaloid to hydrolysis. The amount of resin-binding observed 

with an alkaloid during hepatic microsomal metabolism, therefore, is an index of the 

stability of the initial metabolite formed. There is a competition between the resin 

sulfhydryl and water for reaction with the dehydroalkaloid. Once hydrolysis has 

occurred, resulting in the formation of dehydroretronecine, no reaction can occur 

between the dehydroalkaloid and the resin. For reaction between the resin and 

dehydroalkaloid to occur, several obstacles must be overcome. The dehydroalkaloid 

must be stable enough to resist hydrolysis, i.e., it must survive long enough to come in 

contact with the resin. Additionally, there are two phases in this reaction system, the 

solid phase resin and the aqueous medium. The dehydroalkaloid will be more likely to 

interact with a nucleophile in the same phase as itself, i.e., water. Furthermore, water 

is present in much greater quantity than the resin sulfhydryl. This system attempts to 

mimic the situation in vivo, where the microsomes are the cellular component, the 

incubation medium acts as the blood, and the resin acts as an extrahepatic tissue. 

Therefore, resin binding is akin to tissue binding of the pyrrole metabolite. 

If a dehydroalkaloid is extremely resistant to hydrolysis, resin binding may not 

be observed during the metabolism of the parent alkaloid, as with heliotrine. Heliotrine 

is an acyclic, monoester pyrrolizidine alkaloid with the ester linkage at the less reactive 

9 position of the pyrrolizidine nucleus. Dehydroheliotrine appears to be less reactive 
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towards the resin than the other dehydroalkaloids studied, presumably due to its lack of 

reactivity. However, for those dehydroalkaloids reacting with the resin, an estimate of 

their reactivity can be obtained based upon the amount of resin binding observed. 

Therefore, the resin binding is an index of the stability of the initial metabolite formed. 

The toxicities associated with these five alkaloids include hepatotoxicity, 

pneumotoxicity and neurotoxicity. Senecionine and heliotrine are both hepatotoxic, and 

retrorsine, which is structurally similar to senecionine, is hepatotoxic but also has the 

ability to be pneumotoxic under conditions such as phenobarbital pretreatment. 

Monocrotaline is hepatotoxic and pneumotoxic, while trichodesmine, which is 

structurally similar to monocrotaline, shows little hepatotoxic effect, some pneumotoxic 

effect, yet causes neuronal death in the cerebral cortex. 

The metabolism of these alkaloids in vitro reveals that alkaloids that are more 

toxic, as indicated by their LD,o values, tend to produce increased amounts of pyrrolic 

metabolites. First, it should be noted that the LD,o values for senecionine, retrorsine, 

and trichodesmine are similar (50, 34, and 20, respectively). This suggests that they are 

equitoxic pyrrolizidine alkaloids, yet their target organ of toxicity is different. 

Furthermore, retrorsine metabolism in vitro results in two times the pyrrole metabolites 

of trichodesmine and senecionine. Since pyrrole metabolites are the suggested toxic 

species, it would be expected that the greatest quantity of pyrroles produced would result 

in the greatest toxicity. However, trichodesmine deviates from this tendency. This 

could imply that less pyrrole metabolites are needed to produce toxicity with 
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trichodesmine. Whether this is a result of a more sensitive target organ of toxicity or 

of the nature of the pyrrole metabolites themselves is unknown. However, 

trichodesmine exposure causes neurotoxicity and the brain is an organ that is more 

susceptible to injury due to its inability to regenerate. Additionally, the chemical 

structure of trichodesmine is more lipophilic than the structurally similar alkaloid, 

monocrotaline. This increased lipophilicity could allow the pyrrole metabolites of 

trichodesmine easier access to the brain, where only a small amount of this pyrrole 

metabolite may be necessary to cause toxicity. 

The profile of the hepatic microsomal metabolism of these alkaloids reveals that 

those alkaloids which produce extrahepatic toxicity have an increased percentage of their 

pyrrole metabolites bound to the resin (Figure 19). It has been shown that the amount 

of resin binding is correlated with extrahepatic toxicity. For example, trichodesmine 

causes toxicity at the organ furthest removed from the liver and it has approximately 

25% of its pyrrole metabolites bound to the resin, whereas senecionine causes only 

hepatotoxicity and has 6% of pyrrole bound. Additionally, the amount of resin-bound 

pyrroles detected following trichodesmine metabolism by microsomes from induced rats, 

9.5 nmol, is higher than monocrotaline or senecionine, 4.6 and 2.4 nmol, respectively. 

It is important to note that heliotrine metabolism ill vitro does not result in large 

quantities of pyrrole metabolites bound to the resin. However, this does not imply that 
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th~ reactive pyrroles are not fonned, just that they are not reactive towards the resin. 

This is supported by experiments measuring the reaction of synthetic dehydroheliotrine 

with the resin. Dehydroheliotrine exhibited very little reactivity towards the resin. This 

is presumably due to the structural features of dehydroheliotrine (Figure 2); it is an 

acyclic monoester pyrrole with the ester group attached at the less reactive 9 position. 

These results support the hypothesis for the formation of reactive pyrrole 

metabolites during metabolism of pyrrolizidine alkaloids (Mattocks, 1968). It has been 

shown that dehydromonocrotaline is produced during the metabolism of monocrotaline 

by hepatic microsomes. Furthermore, the system used to identify these metabolites was 

characterized and has proven useful in determining the metabolism of several 

pyrrolizidine alkaloids to reactive pyrroles. This system in vitro provides results that 

correlate well with toxicity in vivo and can be used to predict the extrahepatic toxicity 

of pyrrolizidine alkaloids ill vivo. 

Toxicity of Trichodesmine 

Trichodesmine is a pyrrolizidine alkaloid that has been little studied in the 

laboratory. However, it is unique among pyrrolizidine alkaloids in that exposure results 

in neurotoxic effects. These effects of trichodesmine were investigated in male, 

Sprague-Dawley rats. It was determined that trichodesmine is a more toxic alkaloid than 

monocrotaline with an approximate LDso value that is one-sixth lower. This could be 



110 

a ,result of the more lipophilic nature of trichodesmine which may allow easier access 

to the cellular enzymes responsible for the formation of pyrrole metabolites. 

Trichodesmine is metabolized to a greater extent than monocrotaline in vitro. 

Additionally, the increased toxicity of trichodesmine may be a result of its target organ 

of toxicity. Toxicity studies were performed to determine organ:body weight ratios; 

trichodesmine treatment caused significant changes in organ to body weight ratios. 

Additionally, histopathologic investigation of the rats revealed that trichodesmine 

treatment resulted in a high percentage of dead neurons in the cerebral cortex compared 

to control (Figures 13 a, c). 

Trichodesmine treatment produces changes in liver, lung, spleen, thymus and 

brain to body weight ratios. Organ to body weight ratios are a non-specific index of 

toxicity to a tissue. To further determine the toxicity to the liver, lung and brain, these 

tissues were examined histopathologically. Monocrotaline was used as a positive control 

for liver and lung toxicity. Liver from monocrotaline-treated animals revealed 

centrilobular damage and enlarged hepatocytes. Lung tissue was also altered from 

control; edema was present along with a thickening of the arterial and bronchial walls. 

There was little change in the brain compared to control. Only were small areas of 

neuronal death were observed in the cerebral cortex following monocrotaline treatment, 

along with an apparent increase in dying purkinje cells in the cerebellum. 



111 

In contrast to monocrotaline treatment, trichodesmine treatment had little effect 

upon the liver. The lungs exhibited some edema and muscular changes but these were 

not as prominent as those changes observed with monocrotaline. The cerebral cortex 

of trichodesmine-treated animals had a large number of dead neurons. Figure 13 c 

shows that the neurons in this section are eosinophilic and have taken up a large amount 

of stain to result in their darkened appearance. Cellular eosinophilia is an index of 

toxicity; therefore, these neurons are not normal and are exhibiting signs of toxicity. 

The effect of trichodesmine upon brain tissue was much more dramatic than that 

with monocrotaline. This indicates that trichodesmine is producing toxicity that is 

different from monocrotaline toxicity. Furthermore, the absence of liver toxicity with 

trichodesmine suggests that the neuronal damage is not due to alterations in ammonia 

and nitrogen levels in the liver that may result in neurotoxicity. 

The mechanism of neuronal toxicity caused by trichodesmine is still unknown. 

However, the neurotoxicity is likely to be a result of the actions of pyrrole metabolites 

(see further evidence in the following section). The toxicity could be a result of a direct 

effect of pyrrole metabolites upon the neuronal membrane. Alternatively, since the 

neuronal death observed in trichodesmine-treated animals is similar to that observed 

during ischemia, it is possible that the pyrroles may be causing vascular changes or 

alterations in mitochondrial function that could limit oxygenation to this area. 
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Tlssue Distribution of pyrrolic Metabolites in Pyrrolizidine Alkaloid-Treated 

Animals 

The metabolites responsible for hepatic toxicity of pyrrolizidine alkaloids are 

pyrrolic species that are fonned in the liver. It is also likely that the metabolite 

responsible for the extrahepatic toxicity of pyrrolizidine alkaloids is pyrrolic in nature. 

To detennine if pyrrole species could be escaping the liver and traveling to the brain in 

trichodesmine-treated animals, the tissue distribution of pyrroles following pyrrolizidine 

alkaloid administration was investigated. The pyrrole metabolites detected using the 

Ehrlich assay for pyrroles were both soluble and tissue-bound pyrroles, indicating that 

the pyrroles measured in the tissues had the ability to react with membranes. 

Pyrrolic metabolites were detected in the brain following pyrrolizidine alkaloid 

treatment. Interestingly, trichodesmine-treated animals had almost 4 times the amount 

of pyrrolic metabolites in the brain as compared to animals treated with retrorsine or 

monocrotaline. Additionally, trichodesmine treatment resulted in pyrrole metabolites 

being detected in other extrahepatic organs. Since these pyrrole metabolites could only 

fonned in the liver, these results indicate that pyrrole metabolites fonned during the 

hepatic metabolism of trichodesmine, and other pyrrolizidine alkaloids, have the ability 

to escape the liver and travel to the brain, or other organs to cause toxicity. The identity 

of the pyrrole found in the brain is unknown at this time. However, it would not be 

expected, based upon the chemical structures, that dehydroretronecine would traverse 

the blood-brain barrier as easily as dehydrotrichodesmine, suggesting that the metabolite 
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eQtering the brain is dehydrotrichodesmine or another reactive pyrrole species. It is also 

not likely that trichodesmine would enter the brain and be metabolized to a pyrrole 

species, as initial experiments with brain microsomes showed that pyrroles were not 

formed following incubation with either trichodesmine or monocrotaline (S. L. Wild and 

R. J. Huxtable, unpublished results). 

The results of the toxicity, histopathology, and tissue distribution experiments 

support the suggestion that trichodesmine is a neurotoxic pyrrolizidine alkaloid. There 

are changes observed in tissue to brain weight ratios (10 days after treatment), a non

specific indicator of neurotoxicity and the histopathological results show that animals 

treated with trichodesmine have dead neurons in th~ cerebral cortex. The pathology of 

neuronal death is unknown at this time. However, it is known that pyrrole metabolites 

of pyrrolizidine alkaloids are responsible for other toxicities observed with these 

alkaloids. In summary, the pyrrole metabolites detected in the brain of trichodesmine

treated animals indicate that these pyrroles are traveling to the brain, where they may 

be responsible for the neurotoxicity of trichodesmine. 

Pyrrole Metabolites and Extrahepatic Toxicity 

It is generally accepted that a pyrrole metabolite is responsible for hepatic and 

extrahepatic toxicity of pyrrolizidine alkaloids. There is evidence that the reactive 

pyrrole metabolites cause hepatotoxicity. Yet, their reactivity may suggest that they do 

not have the ability to survive long enough to travel to extrahepatic organs. Pyrrole 
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m,etabolites conjugated to glutathione have also been identified. These metabolites are 

more stable than the reactive pyrrole metabolites, which could allow them to travel to 

extrahepatic organs. Their further metabolism could re-release the pyrrole nucleus in 

an extrahepatic organ to cause toxicity. Metabolism of the glutathione conjugates does, 

in fact, occur as the N-acetylcysteine conjugate of pyrroles has been identified. 

Therefore, it is a dilemma as to whether a single metabolite of pyrrolizidine alkaloids 

causes toxicity or a combination of a metabolite and its glutathione conjugate produces 

extrahepatic toxicity. 

The research presented in this dissertation seeks to address the role of a reactive 

metabolite in extrahepatic toxicity produced by pyrrolizidine alkaloids. The results 

suggest that pyrrolizidine alkaloids are metabolized to pyrrole species that can travel to 

extrahepatic organs and that there is a correlation between the amounts of reactive 

pyrroles formed and extrahepatic toxicity. Other studies in this laboratory have shown 

that pyrrole metabolites from different pyrrolizidine alkaloids have different half-lives 

(R.A. Cooper and R. J. Huxtable, unpublished results). Interestingly, those metabolites 

with longer half-lives cause toxicity at organs further removed from the liver. This is 

evidence to support a role for the reactive pyrrole metabolite, or dehydroalkaloid, in the 

production of extrahepatic toxicity. 

However, the glutathione conjugate of the dehydroalkaloids has been shown to 

produce low levels of extrahepatic toxicity. For this to occur, the glutathione conjugate 

would require further activation in extrahepatic organs, such as metabolism at the sulfur 
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to, release glutathione and a reactive pyrrole or a sulfhydryl exchange reaction that 

would result in the pyrrole nucleus binding to cellular constituents. Although the 

glutathione conjugate is a candidate for producing extrahepatic toxicity, its mechanism 

is more complex than that of the dehydroalkaloid. The dehydroalkaloid possesses its 

own inherent reactivity that would allow a direct effect to occur in the extrahepatic 

organ. Therefore, it is believed that the glutathione conjugate plays a smaller role in 

extrahepatic toxicity compared to the role of the dehydroalkaloid. 
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C.onclusion 

This dissertation has investigated the role of hepatic metabolism in the 

production of extrahepatic toxicity by pyrrolizidine alkaloids through the use of an assay 

system in vitro. The development of the microsome-resin system has allowed for the 

investigation of the formation of reactive metabolites during the hepatic metabolism of 

pyrrolizidine alkaloids. It has now been established that pyrrolizidine alkaloids are 

metabolized to reactive pyrrolic metabolites, or dehydroalkaloids. Further, in 

microsomes from phenobarbital-induced rats, increased amounts of pyrrolic metabolites 

bound to the resin correlate to extrahepatic toxicities observed in vivo. 

The toxicity of the pyrrolizidine alkaloid, trichodesmine, was investigated for the 

first time in the male, Sprague-Dawley rat. Toxicity occurred in rats treated with doses 

as low as 7.5 mg/kg trichodesmine. It was determined that the approximate 7 day LD50 

for trichodesmine was 20 mg/kg, demonstrating that trichodesmine is 6 times more toxic 

than the structurally similar alkaloid, monocrotaline. Also, increased brain and lung to 

body weight ratios were observed with trichodesmine treatment. Histopathological 

examination of the liver, lung and brain tissue of trichodesmine-treated animals revealed 

that the lungs were slightly affected and there was neuronal death in the cerebral cortex. 

The brain changes observed with trichodesmine were not observed with monocrotaline. 

Finally, the distribution of pyrrole metabolites in trichodesmine-treated animals revealed 

that pyrroles do have the ability to travel to the brain, suggesting they may be 

responsible for the neuronal death observed following trichodesmine exposure. 
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In summary, this dissertation has established that pyrrolizidine alkaloids are 

indeed metabolized to reactive dehydroalkaloids. Also, it has provided strong support 

for the suggestion that these metabolites are responsible for the extrahepatic toxicity of 

pyrrolizidine alkaloids. Based upon data obtained from the resin-microsome system in 

vitro, those alkaloids that produce increased percentages of dehydroalkaloid also produce 

extrahepatic toxicity. Lastly, the toxicity of trichodesmine has been investigated and 

experimental support for the neurotoxicity of this alkaloid has been provided. 
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Mass Spectra of Pyrrolizidine Alkaloids 
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The alkaloids that were isolated from Trichodesma incanum and Senecio 

longilobus were identified based upon their mass spectra (Figures 20-22). All 

determinations were performed using electron impact and were performed at the 

University of Arizona mass spectrum facilities. 
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Figure 20: Mass spectrum of the pyrrolizidine alkaloid retrorsine. Retrorsine was 
identified based upon the molecular ion at rn/z 351 and by the fragments at rn/z 120 

( 1-methyl-5H-pyrrolizine). 
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Figure 21: Mass spectrum of the pyrrolizidine alkaloid senecionine. Senecionine was 
identified based upon the molecular ion at mJz 335 and by the fragment at mJz 120 
(l-methyl-5H-pyrrolizine ), 
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Figure 22: Mass spectrum of the pyrrolizidine alkaloid trichodesmine. Trichodesmine 
was identified based upon the molecular ion at mlz 353 and by the fragment at mlz 
120 (l-methyl-5H-pyrrolizine). 
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APPENDIX B 

Effect of Thiopropyl Sepharose Resin Gavage upon Monocrotaline Toxicity 

Monocrotaline is metabolized in the liver to reactive pyrrole metabolites and 

glutathionyl dehydroretronecine. The role of these metabolites in producing the 

pulmonary toxicity displayed followed monocrotaline administration is unknown. 

Thiopropyl sepharose 6B resin has been used to trap the reactive pyrrole metabolites 

formed during monocrotaline metabolism (Glowaz et al .. 1992; Jukes and Mattocks, 

1990). To determine if the reactive metabolites were involved in the extrahepatic 

toxicity of monocrotaline, the resin was administered p.o. to trap any reactive 

metabolites leaving the liver in the bile. The hypothesis is that reactive pyrrole 

metabolites can be bound by the resin and excreted to prevent toxicity. 

Methods 

Male, Sprague-Dawley rats (60 g) were administered monocrotaline (40 mg/kg) 

or monocrotaline plus resin (200 mg total). Resin-treated animals received 100 mg of 

resin in a 0.5 ml slurry in saline 30 min prior to monocrotaline injection. At the time 

of monocrotaline injection another 100 mg of resin was administered. Animals were 

weighed every other day. On day 20 animals were decapitated and organs removed for 

organ to body weight analysis. 

The organ to body weights were analyz, __ "0). 

and p < 0.05 was considered statistically significant. 

rATA. T -tests were performed 
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R,esults 

The wet organ to body weight ratios and dry organ to body weight ratios are 

listed in Tables 15 and 16. There were no statistically significant changes between the 

groups. 



124 

Table 15: Wet organ to body weight ratios on day 20 after i.p. injection of mono
crotaline (40 mg/kg) and gavage injection of 200 mg Thiopropyl Sepharose 6B resin. 

Monocrotaline (40 mg/kg) 

Organ With Resin Without Resin 

Rt. Ventricle 0.202 ± 0.010 0.195 ± 0.007 

Left Ventricle 0.039 ± 0.030 0.300 ± 0.002· 

Lung 1.262 ± 0.016 1.410 ± 0.216 

Liver 4.382 ± 0.740 3.916 ± 0.470 

Spleen 0.411 ± 0.058 0.426 ± 0.036 

Kidney 0.915 ± 0.159 0.844 ± 0.044 

Thymus 0.142 ± 0.024 0.135 ± 0.010 

Ratio 0.657 ± 0.038 0.649 ± 0.019 

Initial Body Weight 61.5 ± 2.8 60.5 ± 1.8 

Final Body Weight 128.3 ± 6.6 118.7 ± 15.0 
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Table 16: Dry organ to body weight ratios on day 20 after i.p. injection of mono
crotaline (40 mg/kg) and gavage injection of 200 mg Thiopropyl Sepharose 6B resin. 

Monocrotaline - 40 mg/kg 

Organ with resin without resin 

Rt. Ventricle 0.046 ± 0.003 0.046 ± 0.002 

Left Ventricle 0.072 ± 0.007 0.069 ± 0.001 

Lung 0.281 ± 0.013 0.315 ± 0.081 

Liver 1.169 ± 0.211 1.123 ± 0.160 

Spleen 0.094 ± 0.014 0.096 ± 0.006 

Kidney 0.207 ± 0.029 0.195 ± 0.005 

Thymus 0.034 ± 0.009 0.025 ± 0.016 

Ratio 0.644 ± 0.024 0.673 ± 0.041 
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Discussion 

Administration of Thiopropyl Sepharose 6B resin via gavage to monocrotaline

treated animals did not result in any changes compared to animals dosed only with 

monocrotaline. The resin was administered to reduce toxicity observed with 

monocrotaline treattnent. There are several reasons for the ineffectiveness of the resin 

in this study. First, the resin contains free sulfhydryl groups necessary for trapping 

dehydroalkaloids. Following administration, the resin may react with endogenous 

sulfhydryls and other compounds to effectively block the sulfhydryls and to prevent 

dehydromonocrotaline binding. 

Secondly, the resin must be in the duodenum where the bile duct enters the 

gastrointestinal tract when metabolites are being released. The resin was administered 

30 min prior to and at the time of monocrotaline administration to ascertain that the 

resin would be at the proper location. 

Thirdly, the amount of dehydromonocrotaline surviving through the biliary tract 

to the intestine may be very low. Furthermore, any dehydromonocrotaline that does 

survive and could have been trapped by the resin may not play a role in the 

pneumotoxicity of monocrotaline. 

Another reason that the resin did not provide protection to monocrotaline-treated 

animals could be dose related. The dose of monocrotaline used may not have been 

enough to cause pneumotoxicity. Furthermore, the cardiopulmonary toxicity of a 40 
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I11g/kg dose of monocrotaline could not be assessed in this experiment since there were 

no control animals. 

Finally, it has been demonstrated that pyrrolic metabolites leaving the liver in the 

bile are actually glutathione conjugates (Lafranconi et al., 1985; Mattocks et ai., 1991). 

Subsequent studies during this dissertation research found that glutathionyl 

dehydroretronecine does not react with the resin. Therefore, if the majority of the 

pyrrolic metabolites leaving the liver via the bile are glutathione conjugates, then they 

would not react with the resin and would not afford any protection against toxicity. 

The goal of this study was to determine if a trapping reagent such as thiopropyl 

sepharose resin could be used to protect against monocrotaline-induced extrahepatic 

toxicity. Although this resin did not work, it could be possible that a resin that reacts 

with glutathione conjugates may have the ability to trap these metabolites and determine 

if their excretion via this route is involved in extrahepatic toxicity. 
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APPENDIX C 

Effect of Cysteamine upon Monocrotaline Metabolism in the Isolated Perfused 
Liver 

The metabolism of monocrotaline to pyrrole metabolites was investigated using 

the isolated, perfused liver. Monocrotaline is metabolized to glutathionyl 

dehydroretronecine in the isolated, perfused liver (Lafranconi et ai, 1985; Mattocks et 

ai., 1991). Previous research in this laboratory has used a solid phase sulfhydryl-

containing reSIn to trap the reactive pyrroles formed during monocrotaline metabolism 

(Glowaz et al., 1992). The specific aim of this experiment was to determine if a soluble 

sulfllydryl could be used to trap the reactive pyrroles formed during monocrotaline 

metabolism. The hypothesis is that cysteamine, a soluble sulfhydryl-containing 

compound, will have the ability to react with reactive pyrroles produced during the 

metabolism of monocrotaline in the isolated, perfused liver. As glutathione reacts with 

dehydroalkaloids to form glutathionyl dehydroretronecine, it would be expected that 

cysteamine would react with dehydroalkaloids to form cysteaminedehydroretronecine. 

Method 

Male, Sprague-Dawley rats were injected with heparin and phenobarbital 30 and 

15 min before surgery, respectively. The bile duct was cannulated with PE 10 tubing 

and secured with surgical thread. The portal vein was then cannulated using a 16 gauge 
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ne,edle connected to the recirculating buffer system. After cannulation the liver was 

removed and perfused with Krebs-Henseleit buffer for 5 min. The buffer was then 

exchanged for 100 ml of 300 mM monocrotaline buffer. Aliquots of bile and perfusate 

were taken every 10 min for 60 min. Aliquots were tested for pyrrole content using 

Ehrlich reagent. 

Results 

pyrrole metabolites could be detected in the perfusate at 10 min and in the bile 

at 20 min (Figure 23) during the liver perfusion with monocrotaline. Perfusate pyrrole 

concentration was higher than bile pyrrole concentration throughout the one hour 

incubation period. Total pyrrole detected at 60 min was 207.3 nmol/g liver. 

During the incubation with cysteamine and monocrotaline, pyrrole metabolites 

were detected in bile and perfusate fractions (Figure 24). The bile pyrrole concentration 

was higher in cysteamine-monocrotaline perfusions at 60 min (114.6 nmol/g liver) 

compared to monocrotaline only perfusion (75.2 nmol/g liver). Total metabolism at 60 

min was 185.6 nmol/g liver and was similar to the perfusions with monocrotaline alone. 
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Figure 23: Monocrataline metabolism in the isolated perfused liver. 
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C~)Dc1usion 

This experiment indicates that the presence of sulfhydryl compounds in the 

perfusion medium can alter the metabolism of monocrotaline. In the presence of 

cysteamine the majority of pyrrole metabolites are present in the bile. This may be 

expected based upon the formula weight of cysteaminedehydroretronecine (266). 

Compounds with molecular weights between 250 and 350 may be released in the bile 

or in the circulation (Cassarett and Doull's Toxicology, 1991). Conjugation of 

cysteamine with the pyrrole could increase the distribution of the pyrrole metabolite into 

the bile. Since the weight of cysteaminedehydroretronecine is intermediate it still has 

the ability to be released into the circulation to be detected in the perfusate along with 

dehydroretronecine (fw 153). 

The results indicate that cysteamine may have the ability to react with reactive 

pyrrole metabolites produced during the metabolism of monocrotaline to result in an 

increase in pyrrole metabolites in the bile. 
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APPENDIX D 

Effect of Sulfbydryls upon Dehydromonocrotaline Resin Binding 

The presence of sulfllydryl-containing compounds during the metabolism of 

monocrotaline ill vitro could alter the distribution of pyrrole metabolites between the 

resin and supernatant. It has been shown that glutathione conjugates of pyrrole 

metabolites are produced during the metabolism of pyrrolizidine alkaloids (Lafranconi 

et ai., 1985; Mattocks et ai., 1991; Buhler et al., 1992). To determine the effect of the 

presence of additional sulfuydryls upon dehydromonocrotaline resin binding, glutathione 

was added to microsomal-resin incubations. Glutathione has the ability to react directly 

with dehydromonocrotaline (Buhler et ai., 1992). The hypothesis is that glutathione will 

compete with the resin to bind dehydromonocrotaline produced. The binding of 

dehydromonocrotaline with glutathione versus the resin will be determined by decreased 

pyrrole binding to the resin. 

Methods 

Hepatic microsomes were prepared from phenobarbital-induced, male, Sprague

Dawley rats. Microsomes were incubated with an NADPH-generating system, 

monocrotaline, 400 III of resin and 0 - 1.0 mM glutathione. Incubation time was 10 

min. Supernatant and resin-bound pyrroles were detected with Ehrlich reagent. 
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R~ults 

Glutathione decreased the amount of resin-bound pyrroles during the microsomal 

metabolism of monocrotaline (Figure 25). As the concentration of glutathione was 

increased, there was an increase in the supernatant pyrrole corresponding to a decrease 

in resin-bound metabolites. 
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Dfscussion 

Glutathione altered the binding of pyrrole metabolites during monocrotaline 

metabolism. As expected there was a decrease of pyrrole resin binding in the presence 

of glutathione and a con'esponding increase in supernatant pyrroles. Glutathione and 

dehydromonocrotaline react to fonn a soluble pyrrole metabolite that does not bind to 

the resin. The fonnation of this metabolite would decrease the amount of 

dehydromonocrotaline available to react with the resin. 

The likelihood of reaction between dehydromonocrotaline and the soluble 

sulfhydryl is increased since they are present in the same phase. Reaction between 

dehydromonocrotaline and the resin is occurring in two different phases, making the this 

reaction less likely to occur. Therefore, it is expected that a soluble sulfhydryl will not 

only compete with the resin to bind dehydromonocrotaline but it will also be more likely 

to interact with dehydromonocrotaline. However, from this experiment it can not be 

detennined if this is the case. 

There is the possibility that the soluble thiols could react with the resin through 

a disulfide linkage, thereby blocking potential binding sites for dehydromonocrotaline. 

However, the resin contains 20 -35 J.1I1101 of thiol groups per 0.33 g of resin (Pharmacia 

Handbook, 1977). A typical one ml incubation with the resin contains 0.4 ml resin (1 

g resin suspended in 5 mI), equivalent to SO mg of resin or 4.S J.1I1101 of free sulfhydryl. 

If 1 mM of glutathione is added to a resin incubation with a volume of 1 mI. then the 

glutathione added is equivalent to only 1 J.1I11ol of sulfhydryl groups. The resin contains 



137 

almost a 5 fold excess of thiol groups compared to the glutathione added. Therefore, 

the number of resin thiols available to react with dehydromonocrotaline is in excess of 

the free glutathione. 

These results indicate that the pyrrole being produced during the microsomal 

metabolism of monocrotaline could be reacting with the soluble thiol added, thereby 

preventing its reaction with the solid phase resin thioI. 



138 

REFERENCES 

ADAMS, R. and E. F. ROGERS. The structure of monocrotaline, the alkaloid in 
Crotalaria spectabilis and Crotalaria retusa. J. Amer. Chern. Soc. 61: 2815-2819, 
1939. 

BRAS, G., D. B. JELLIFFE and K. L. STUART. Veno-occlusive disease of liver with 
nonportal type of cirrhosis, occurring in Jamaica. Archives of Pathology 57: 
285-300, 1954. 

BUHLER, D. R. and B. KEDZIERSKI. Biological reactive intermediates of pyrroliz
idine alkaloids. Adv. Exp. Med. BioI. 197: 611-620, 1986. 

BULL, L. B., C. C. J. CULVENOR and A. T. DICK. 17ze Pyrrolizidine Alkaloids: 17zeir 
Chemistry, Pathogenicity and Other Biological Properties. Amsterdam: 
North-Holland, 1968, p. 1-293. 

BUTLER, W. H. An ultrastructural study of the pulmonary lesion induced by pyrrole 
derivatives of the pyrrolizidine alkaloids. J. Path. 102: 15-19, 1970. 

BUTLER, W. H., A. R. MATTOCKS and J. M. BARNES. Lesions in the liver and 
lungs of rats given pyrrole derivatives of pyrrolizidine alkaloids. J. Pathol. 100: 
169-175, 1970. 

CHESNEY, C. F. and J. R. ALLEN. Resistance of the guinea pig to pyrrolizidine 
alkaloid intoxication. Toxicol. Appl. Pharmacol. 26: 385-392, 1973. 

CULVENOR, C. C., J. A. EDGAR and L. W. SMITH. Pyrrolizidine alkaloids in honey 
from Echium plantagineum L. J. Agric. Food Cizem. 29(5): 958-960, 1981. 

CULVENOR, C. C. J., 1. A. EDGAR, M. V. JAGO, A. OUTTERIDGE, J. E. 
PETERSON and L. W. SMITH. Hepato- and pneumotoxicity of pyrrolizidine 
alkaloids and derivatives in relation to molecular structure. Chem. -Biol. Interact. 
12(3-4): 299-324, 1976. 

CULVENOR, C. C. J., M. CLARKE, J. A. EDGAR, J. L. FRAHN, M. V. JAGO, J. E. 
PETERSON and L. W. SMITH. Structure and toxicity of the alkaloids of 
Russian comfrey (symphytum X uplandicum Nyman), a medicinal herb and item 
of human diet. Experientia 36(4): 377-379, 1980. 



139 

C~L VENOR, C. C. J. Pyrrolizidine alkaloids: some aspects of the Australian 
involvement. Trends Pharmacol. Sci. 6: 18-22, 1985. 

DUEKER, S. R., M. W. LAME, D. MORIN, D. W. WILSON and H. J. SEGALL. 
Guinea pig and rat hepatic microsomal metabolism of monocrotaline. Drug 
Metab. Dispos. 20: 275-280, 1992a. 

DUEKER, S. R., M. W. LAME and H. 1. SEGALL. Hydrolysis of pyrrolizidine 
alkaloids by guinea pig hepatic carboxylesterases. Toxicol. Appl. Pharmacol. 
117: 116-121, 1992b. 

ESTEP, J. E., M. W. LAME, A. D. JONES and H. J. SEGALL. N-acetyl
cysteine-conjugated pyrrole identified in rat urine following administration of 
two pyrrolizidine alkaloids, monocrotaline and senecionine. Toxicol. Lett. 54: 
61-69, 1990. 

FOX, 1.G.,. B.J. COHEN and F.M. LOEW. Laboratory animal medicine. Academic 
Press, Orlando, 1984. 

GLOWAZ, S. L., M. MICHNIKA and R. J. HUXTABLE. Detection of a reactive 
pyrrole in the hepatic metabolism of the pyrrolizidine alkaloid, monocrotaline. 
Toxicol. AppL. PharmacoL. 115: 168-173, 1992. 

GUENGERICH, F.P. Separation and purification of multiple forms of cytochromes P-
450: Activities of different forms of cytochrome P-450 towards several 
compounds of environmetnal interest. J. Bioi. Chern. 252: 3970-3979, 1977. 

HILLIKER, K. S., C. M. GARCIA and R. A. ROTH. Effects of monocrotaline and 
monocrotaline pyrrole on 5-hydroxytryptamine and paraquat uptake by lung 
slices. Res. Comrnun. Chern. Patlzol. Pharmacol. 40: 179-197, 1983. 

HINCKS, J. R., H. -Y. KIM, H. 1. SEGALL, R. 1. MOLYNEUX, F. R. STERMITZ and 
R. A. COULOMBE,lR .. DNA cross-linking in mammalian cells by pyrrolizidine 
alkaloids: Structure-activity relationships. Toxicol. Appl. Phannacol. 111: 90-98, 
1991. 

HIRONO, I., H. MORI and M. HAGA. Carcinogenic activity of Symphytum officinale. 
J. Natl. Cancer inst. 61: 865-869, 1978. 



140 

H.SU, I. C., J. R. ALLEN and C. F. CHESNEY. Identification and toxicological effects 
of dehydroretronecine, a metabolite of monocrotaline. Proc. Soc. Exp. Bioi. Med. 
144: 834-838, 1973. 

HUXTABLE, R. J., D. CIARAMITARO and D. EISENSTEIN. The effect of a 
pyrrolizidine alkaloid, monocrotaline, and a pyrrole. dehydroretronecine, on the 
biochemical functions of the pulmonary endothelium. Mol. Pharmacal. 14: 
1189-1203, 1978. 

HUXTABLE, R. J. Pyrrolizidine alkaloids and the lung endothelium: a paradigm of lung 
damage resulting from circulating toxins. In: Pyrrolizidine (senecio) alkaloids: 
toxicity, metabolism and poisonous plallt control measures, edited by P. R. 
Cheeke. Corvallis: Oregon State University, 1979, p. 43-56. 

HUXTABLE, R. J. Problems with pyrrolizidines. Trends Pharmacal. Sci. 1: 299-303, 
1980. 

HUXTABLE, R. J., J. LUTHY and V. ZWEIFEL. Toxicity of comfrey-pepsin 
preparations. New Engl. J. Med. 315: 1095, 1986. 

HUXTABLE, R. J. Chemistry and toxicology of pyrrolizidine alkaloids. Trends 
Pharmacol. Sci. 8-38, 1987. 

HUXTABLE, R. J. Human health implications of pyrrolizidine alkaloids and herbs 
containing them. In: Toxicants of Plallt Origin, Vall: Alkaloids, edited by P. R. 
Cheeke. Boca Raton, Florida: CRC Press, 1989, p. 41-86. 

HUXTABLE, R. J. The harmful potential of herbal and other plant products. Drug 
Safety 5 (Suppl. 1): 126-136, 1990a. 

HUXTABLE, R. J. Activation and pulmonary toxICity of pyrrolizidine alkaloids. 
Pharmacology and Therapeutics 47: 371-389, 1990b. 

HUXTABLE, R. J. The harmful potential of herbal and other plant products. Currellt 
Therapeutics 32: 53-60, 1991. 



141 

HYXTABLE, R. J., R. BOWERS, A. R. MATTOCKS and M. MICHNICKA. Sulfur 
conjugates as putative pneumotoxic metabolites of the pyrrolizidine alkaloid, 
monocrotaline. In: Biological Reactive Intermediates Vol. IV: Molecular and 
Cellular Effects and their Impact on Human Health, edited by C. M. Witmer, R. 
R. Snyder, D. J. JoHow, G. F. Kalf, J. 1. Kocsis and I. G. Sipes. New York: 
Plenum Press, 1991, p. 605-612. 

IARC, Pyrrolizidine alkaloids. IARC Monograph 10: 265-343, 1976. 

ISMAILOV, N. I., N. M MADZHIDOV, A. L. MAGRUPOV, G. M. MAKHKAMOV 
and S. MUKMINOVA. Klinika, diagnostika i lecheniye, trichodesmotokikoza 
(alimentarno toksicheskogo entsefalita) [Clinical signs, diagnosis and treatment 
of Trichodesma toxicosis (alimentary toxic encephalopathy). Meditsina 
(Tashkent,Uzbek SSR) 85, 1970. 

JAGO, M. V., O. W. LANIGAN, J. B. BINGLEY, D. W. T. PIERCY, J. H. WHITTEM 
and D. A. TITCHEN. Excretion of the pyrrolizidine alkaoid heliotrine in the 
urine and bile of sheep. J. Patlwl. 98: 115-128, 1969. 

JAGO, M. V., J. A. EDGAR, L. W. SMITH and C. C. J. CULVENOR. Metabolic 
conversion of heliotridine-based pyrrolizidine alkaloids to dehydroheliotridine. 
Mol. Pharmacol. 6: 402-406, 1970. 

JOHNSON, A. E., R. 1. MOLYNEUX and L. D. STUART. Toxicity of Ridell's 
groundsel (senecio riddellii) to cattle. Am. J. Vet. Res. 46: 577-582, 1985. 

JOHNSON, A. E. and R. J. MOLYNEUX. Toxicity of threadleaf groundsel (senecio 
douglasii var longilobus) to cattle. Am. J. Vet. Res. 45: 26-31, 1984. 

KAY, J. M. and D. HEATH. Crotalaria Spectabilis: The Pulmonary Hypertension 
Plant. Springfield, IL: Thomas, 1969, 

KEDZIERSKI, B. and D. R. BUHLER. The formation of 6,7-dihydro-7-hydroxy-
I-hydroxymethyl-5H-pyrrolizine, a metabolite of pyrrolizidine alkaloods. Chem. 
-Biol. Interact. 57: 217-222, 1986a. 

KEDZIERSKI, B. and D. R. BUHLER. Method for determination of pyrrolizidine 
alkaloids and their metabolites by high-performance liquid chromatography. 
Anal. Biochem. 152: 59-65, 1986b. 



142 

LAFRANCONI, M. and R. J. HUXTABLE. Pyrrolizidines and the pulmonary 
vasculature. Rev. Drug Metab. Drug Inter. 3: 271-315, 1981. 

LAFRANCONI, W. M., S. OHKUMA and R. J. HUXTABLE. Biliary excretion of 
novel pneumotoxic metabolites of the pyrrolizidine alkaloid, monocrotaline. 
Toxicon 23: 983-992, 1985. 

LAFRANCONI, W. M. and R. J. HUXTABLE. Hepatic metabolism and pulmonary 
toxicity of monocrotaline using isolated perfused liver and lung. Biochem. 
PharmacoL. 33: 2479-2484, 1984. 

LAME, M. W., D. MORIN, A. D. JONES, H. 1. SEGALL and D. W. WILSON. 
Isolation and identification of a pyrrolic glutathione conjugate of the 
pyrrolizidine alkaloid monocrotaline. Toxicol. Lett. 51: 321-329, 1990. 

LIN, J. J., C. LIU and D. J. SVOBODA. Long term effects of aflatoxin BI and viral 
hepatitis on marmoset liver. Laboratory Investigation 30: 267-278, 1974. 

LOWRY, O. J., N. J. ROSEBROUGH, A. L. FARR and R. J. RANDALL. Protein 
measurement with folin phenol reagent. J. Bioi. Chern. 193: 265-275, 1951. 

MATTOCKS, A. R. Spectrophotometric determination of pyrrolizidine alkaloids -some 
improvements. Anal. Chern. 40: 1749-1750, 1968a. 

MATTOCKS, A. R. Toxicity of pyrrolizidine alkaloids. Nature (London) 217: 723-728, 
1968b. 

MA TrOCKS, A. R. Hepatotoxic effects due to pyrrolizidine N-oxides. Xenobiotica 1: 
563-565, 1971. 

MA TTOCKS, A. R. Acute hepatotoxicity and pyrrolic metabolites in rats dosed with 
pyrrolizidine alkaloids. Chern. -Bioi. Interact. 5: 227-242, 1972. 

MATTOCKS, A. R. Hydrolysis and hepatotoxicity of retronecine diesters. Toxicol. Lett. 
14(1-2): 111-116, 1982. 

MATTOCKS, A. R. Chemistry and Toxicology of Pyrrolizidine Alkaloids. London: 
Academic Press, 1986, p. 1-393. 



143 

MATTOCKS, A. R., H. E. DRIVER, R. H. BARBOUR and D. J. ROBINS. Metabolism 
and toxicity of synthetic analogues of macrocyclic diester pyrrolizidine alkaloids. 
Chern. Bioi. Interactions 58: 95-108, 1986. 

MATTOCKS, A. R., R. JUKES and J. BROWN. Simple procedures for preparing 
putative toxic metabolites ofpyrrolizidine alkaloids. Toxicon 27: 561-567, 1989. 

MATTOCKS, A. R., R. F. LEGG and R. JUKES. Trapping of short-lived electrophilic 
metabolites of pyrrolizidine alkaloids escaping from perfused rat liver. Toxicol. 
Lett. 54: 93-99, 1990. 

MATTOCKS, A. R., S. CROSWELL, R. JUKES and R. J. HUXTABLE. Identity of a 
biliary metabolite formed from monocrotaline in isolated, perfused rat liver. 
Toxicon 29: 409-415, 1991. 

MATTOCKS, A. R. and R. JUKES. Trapping and measurement of short-lived alkylating 
agents in a recirculating flow system. Chern. -Bioi. Interact. 76: 19-30, 1990. 

MATTOCKS, A. R. and R. JUKES. Detection of sulphur-conjugated pyrrolic 
metabolites in blood and fresh or fixed liver tissue from rats given a variety of 
toxic pyrrolizidine alkaloids. Toxicol. Lett. 63: 47-55, 1992. 

MA TTOCKS, A. R. and I. N. H. WHITE. Estimation of metabolites of pyrrolizidine 
alkaloids in animal tissues. Anal. Biochern. 38: 529-535, 1970. 

MA TTOCKS, A. R. and I. N. H. WHITE. The conversion of pyrrolizidine alkaloids to 
N-oxides and to dihydropyrrolizine derivatives by rat liver microsomes in vitro. 
Chern. -Bioi. Interact. 3: 393-396, 1971. 

MATTOCKS, A. R. and I. N. H. WHITE. Toxic effects and pyrrolic metabolites in the 
liver of young rats given the pyrrolizidine alkaloid retrorsine. Chern. Bioi. Inter. 
6: 297-306, 1973. 

MCLEAN, E. K. The toxic actions of pyrrolizidine (Senecio) alkaloids. Phann. Rev. 22: 
429-483, 1970. 

MIRANDA, C. L., R. L. REED, F. P. GUENGERICH and D. R. BUHLER. Role of 
cytochrome P450IIIA4 in the metabolism of the pyrrolizidine alkaloid 
senecionine in human liver. Carcinogenesis 12: 515-519, 1991. 



144 

MISER, J.S., W. A. SMITHSON, W. KRIVIT, C. H. HUGHES, D. DAVIS, M. D. 
KRAILO, and F. D. HAMMOND. Phase II trial of indicine N-oxide in relapsed 
acutr leukemia of childhood. Am. J. Clin. Oncol. 15(2): 135-140, 1992. 

NEBERT, D. W., D. R. NELSON, M. J. COON, R. W. ESTABROOK, R. 
FEYEREISEN, Y. FUJII-KURIY AMA, F. J. GONZALEZ, F. P. GUENGERICH, 
I. C. GUNSALUS, E. F. JOHNSON, J. C. LOPER, R. SATO, M. R. 
WATERMAN, and D. 1. WAXMAN. The P450 superfamily: Update on new 
sequences, gene mapping and recommended nomenclature. DNA Cell BioI. 10(1): 
1-14, 1991. 

OHTSUBO, K., Y. ITO, M. SAITO, T. FURUYA, and M. HIKICHI. Hypertrophy of 
pulmonary arteries and arterioles with cor pulmonale in rats induced by seneci
phylline, a pyrrolizidine alkaloid. Experientia 33(4): 498-499, 1977. 

PETERSON, J. E. and C. C. J. CULVENOR. Hepatotoxic pyrrolizidine alkaloids. In: 
Handbook of natural toxins - volume 1 - plant and fungal toxins, edited by R. 
Keeler and A. T. Tu. New York and Basel: Marcel Dekker, Inc., 637-671, 1983. 

PETRY, T., G. T. BOWDEN, R. J. HUXTABLE and I. G. SIPES. Characterization of 
hepatic DNA damage induced by the pyrrolizidine alkaloid monocrotaline. 
Cancer Res. 44: 1505-1509, 1984. 

PLESTINA, R. and H. B. STONER. Pulmonary oedema in rats given monocrotaline 
pyrrole. J. Pat/IOI. 106: 235-249, 1972. 

POWIS, G., M. M. AMES and J. S. KOVACH. Relationship of the reductive 
metabolism of indicine N-oxide to its antitumor activity. Res. Comm. Chem. 
Pathol. Pharm. 24: 559-569, 1979. 

REED, D. J. Glutathione: Toxicological implications. Ann. Rev. Pharmacol. Toxicol. 
30: 603-631, 1990. 

REED, R. L., C. L. MIRANDA, B. KEDZIERSKI, M. C. HENDERSON and D. R. 
BUHLER. Microsomal formation of a pyrrolic alcohol glutathione conjugate of 
the pyrrolizidine alkaloid senecionine. Xenobiotica 22: 1321-1327, 1992. 

REINDEL, J. F. and R. A. ROTH. The effects of monocrotaline pyrrole on cultured 
bovine pulmonary artery endothelial and smooth muscle cells. Am. J. Pathol. 
138: 707-719, 1991. 



145 

R:UBIOLO, P., L. PIETERS, M. CALOMME, C. BICCHI, A. VLIETINCK and D. 
VANDEN BERGHE. Mutagenicity of pyrrolizidine alkaloids in the Salmonella 
typhimuriumimammalian microsome system. Mutat. Res. Lett. 281: 143-147, 
1992. 

SAMUEL, A. and M. V. J AGO. Localization in the cell cycle of the antimitotic action 
of the pyrrolizidine alkaloid, lasiocarpine, and of its metabolite, dehydrohelio
tridine. Chern. -BioI. Interact. 10(3): 185-97, 1975. 

SAVILLE, B. Solvolysis of unsaturated sulfides assisted by silver ion. J. Chern. Soc. 
Perkin. Trans. 4062-4068, 1962. 

SCHOENTAL, R. Toxicology and carcinogenic action ofpyrrolizidine alkaloid.s. Cancer 
Res. 28: 2237-2246, 1968. 

SCHOENTAL, R. and A. COADY. The hepatotoxicity of some ethiopian and east 
african plants, including some used in traditional medicines. E. Afric. Med. J. 45: 
577-580, 1968. 

SEGALL, H.J., D.W. WILSON, M.W. LAME, D. MORIN and C.K. WINTER. 
Metabolism of pyrrolizidine alkaloids in Handbook of Natural Toxins, Volume 
6 - Toxicology of Plant and Fungal Compounds. (Keeler, R.F. and Tu, A.F., eds) 
Marcel Dekker, New York, 1991. 

SMIRNOV, F. E., G. A. GROSHEVA and A. G. STOLJAROVA. Role of the plant 
trichodesma incanum in the aetiology of "suilyuk" disease of horses. Uzbek. Inst. 
Vet. Sborn. Nauch. Tr. 13: 173-185, 1959a. 

SMIRNOV, F. E., G. A. GROSHEVA and A. G. STOLJAROVA. Action of the leaves 
and stems of trichodesma incanum on cattle. Uzbek. Inst. Vet. Sborn. Nauclz. Tr. 
13: 195-198, 1959b. 

SMIRNOV, F. E. and A. G. STOLJAROVA. Pathogenesis of trichodesma poisoning 
(suiljuk) in horses. Uzbek. Inst. Vet. Sborn. Nauch. Tr. 13: 186-194, 1959. 

STUART, K. L. and G. BRAS. Veno-occlusive disease of the liver. Quart. J. Med. 26: 
291-315, 1957. 



146 

UNITED NATIONS ENVIRONMENT PROGRAMME, INTERNATIONAL LABOUR 
ORGANIZATION and WORLD HEALTH ORGANIZATION. Environmental 
Health Criteria 80: Pyrrolizidine Alkaloids. Geneva: World Health Organization, 
1988, p. 1-345. 

WHITE, I. N. H., A. R. MATTOCKS and W. H. BUTLER. The conversion of the 
pyrrolizidine alkaloid retrorsine to pyrrolic derivatives ill vivo and in vitro and 
its acute toxicity to various animal species. Chem.-Biol. Interact. 6: 207-218, 
1973. 

WILLIAMS, D.E., R.E. REED, B. KEDZIERSKI, D. M. ZIEGLER, AND D. E. 
BUHLER. The role of flavin-containing mono oxygenase in the N-oxidation of 
the pyrrolizidine alkaloid senecionine. Drug Metab. Disp. 17(4): 380-392, 1989. 

WILSON, D. W., H. 1. SEGALL, L. C. PAN, M. W. LAME, J. E. ESTEP and D. 
MORIN. Mechanisms and pathology of mono crotaline pulmonary toxicity. Crit. 
Rev. Toxico/. 22: 307-325, 1992. 


