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PREFACE 

A disease caused by the consumption of plants containing 
pyrrolizidine alkaloids (PAS) has been recognized 
independently as an endemic disease in certain parts of the 
West Indies and in Uzbekistan in the USSR. Outbreaks of the 
disease have affected significant segments of populations or 
large numbers of people in geographically confined areas in 
Afghanistan, India, and Uzbekistan. The outbreaks have been 
caused through contamination of the staple food crops with the 
seeds of plants containing PAs, growing among the crops; such 
plants are likely to thrive following periods of drought. 

it is notable that the same family of plants that caused 
endemic disease and large-scale outbreaks in Uzbelcistan also 
caused another outbreak of the disease in adjacent 
Afghanistan, long after the chemical etiology of the disease 
(through consumption of toxic seeds in the food) had been 
identified in the USSR. This happened because there was a 
lack of general awareness of the causal relationship between 
the chemical present in the plant and the disease. Sporadic 
cases continue to occur in different parts of the world 
through the consumption of seeds or plant parts containing 
toxic PAs, as home remedies, beverages, or food. 

The IPCS recognized that this was a health problem that 
might be lethal, and that it was entirely preventable, 
provided that it was recognized in time. It was also 
recognized that the dissemination of knowledge, about both the 
disease and the sources of the chemicals involved, would be a 
critical step in its prevention. 

Accordingly, the IPCS invited Professor H.D. Tandon, who 
was responsible for establishing such a causal relationship in 
the outbreaks in Afghanistan and India, to prepare a draft 
criteria document and to assist in its further development and 
finalization after the Task group meeting, which was held in 
Tashkent, USSR, on 1-5 December, 1986. 

In most episodes of toxic human disease caused by PAs, the 
liver has been the principal target organ, except for an 
outbreak in the USSR caused by Trichodesma alkaloids, in which 
the symptoms were mostly extra-hepatic. The Environmental 
Health Criteria document provides comprehensive coverage of 
the hepatotoxic PAS, but lack of relevant documentation 
prevented the Task Group from analysing the role of 
Trichodesma alkaloids in detail. 
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INTRODUCTION - PYRROLIZIDINE ALKALOIDS AND HUMAN HEALTH 

Pyrrolizidine alkaloids (PAs) are found in plants growing 
in most environments and all parts of the world. The main 
sources are the families Boraginaceae (all genera), Compositae 
(tribes Senecionae and Eupatoriae), and Leguminosae (genus 
Crotalaria), and the potential number of alkaloid-containing 
species is as high as 6000, or 3% of the world's flowering 
plants (Culvenor, 1980). They have long been known to be a 
health hazard for livestock, at least since 1902 (Schoental, 
1963), and loss of livestock in various parts of the world has 
been traced to their grazing on certain plants growing in 
pastures, especially following periods of drought or in arid 
climates. They have been found to be toxic for all species of 
animals tested (Schoental, 1963), though some species, notably 
the guinea-pig, are resistant (Chesney & Allen, 1973a; White 
et al., 1973). Human disease caused by PA toxicity has been 
known to be endemic in the central Asian republics of the 
USSR, at least since the early thirties (lsmailov, 1948a,b; 
Mnushkin, 1949) when several outbreaks occurred, and the cause 
was discovered to be the seeds of plants of Heliotropium 
species (Dubrovinskii, 1947, 1952; Khanin, 	1948), which 
contaminated the staple food crops. 	A spate of reports 
followed, mostly from the West Indies, of acute and chronic 
liver disease (Bras et al., 1954, 1961; Bras & Hill, 1956; 
Stirling et al., 1962), associated with the ingestion by 
people of herbal infusions for the treatment of certain 
ailments. Schoental (1961) and Davidson (1963) suggested 
that, in view of the evidence of the hepatotoxicity of PAs, 
consumption of plants containing them could be of etiological 
significance in human liver disease, especially in developing 
countries where they are consumed as food or herbal medicines. 
In spite of this, and the fact that such an ubiquitous source 
of toxic material is capable of producing animal and human 
disease and that there have been more recent reports, the PAs 
have not attracted much attention in the world as a health 
hazard. In fact, a recent handbook on naturally occurring 
toxic agents in food (Rechicigl, Jr, 1983) refers to them only 
in passing and makes no mention of human disease caused by 
them. Veno-occlusive disease (VOD) (Bras & Hill, 1956), which 
is characterized by the dominant occlusive lesion of the 
centrilobular veins of the liver lobule and is caused by these 
alkaloids, has since been reported from all parts of the 
world, in both man and animals (Hill, 1960; Bras, 1973). It 
has been attributed to the accidental contamination of food by 
toxic plant products or the ingestion of herbal infusions. 
There have been reports of stray cases and of small outbreaks 
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from both developing and developed countries. However, in the 
most recent studies from Afghanistan (Tandon & Tandon, 1975; 
Mohabbat et al., 1976; Tandon, B.N. et al., 1978; Tandon, M.D. 
et al., 1978) and India (Tandon, B.N. et al., 1976; Tandon, 
R.K. at al., 1976; Krishnamachari et al., 1977; Tandon, H.D. 
et al., 1977; Tandon, B.N. et al., 1978), the disease has been 
reported to affect large masses of the population, resulting 
in high mortality, and has been attributed to the accidental 
contamination of their staple food crops by PA-containing 
seeds of plants, following periods of drought. 

There is conclusive evidence from studies on experimental 
animals that the effects of a single exposure to PA5 may 
progress relentlessly to advanced chronic liver disease and 
cirrhosis (Schoental & Magee, 1957, 1959; Nolan et al., 1966), 
following a long interval of apparent well-being, and without 
any other latent or provocative factor (Schoental & Magee, 
1959). The lowest levels of such alkaloids administered thus 
far to experimental animals, e.g., I - 4 mg/kg diet, have 
produced chronic liver disease and tumours (looper & Scanlan, 
1977; Culvenor & Jago, 1979). Pyrrolizidine alkaloids have 
also been shown to act synergistically with aflatoxin, another 
environmental toxin present in agricultural products, in 
causing cirrhosis and hepatoma in primates (Lin et al., 
1974). Though there is no conclusive evidence yet of a 
carcinogenic role of PA5 in man, such a possibility has been 
suspected on the basis of experimental data (Hill, 1960; 
Williams et al., 1967; IARC, 1976, 1983; Huxtable, 1980; 
Culvenor, 1983), and experimental studies have demonstrated 
carcinogenicity in rats given dosages equivalent to those 
reported to have been ingested in human cases (Cook et al., 
1950; Culvenor, 1983). 

Alkaloids/toxic metabolites have been shown to be secreted 
in the milk of lactating dairy cattle (Dickinson et al., 1976) 
and rats, and the young of both sexes have been shown to 
suffer toxic damage, even when suckled by mothers treated with 
retrosine, who apparently are not affected themselves 
(Schoental, 1959). Such suckling animals may also be in 
apparent good health while the livers show toxic effects. 
Protein-deficient and young suckling animals are particularly 
vulnerable (Schoental, 1959), 

Chromosomal aberrations have been demonstrated in rats and 
humans with veno-occlusive disease (Martin et al., 1972). 

Alkaloids have been found in the honey secreted by bees 
feeding on the toxic plants (Deinzer et al., 1977). According 
to Culvenor and his co-workers, populations in some countries 
are exposed to low levels of alkaloids in commonly used 
foodstuffs, e.g., honey in Australia (Culvenor et al., 1981; 
Culvenor, 1983, 1985) and comfrey in many countries (Culvenor 
et al., 1980a; Culvenor, 1985). 
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human cases of acute disease following the brief ingestion 
of the alkaloids have been known to progress to cirrhosis 
(Stuart & Bras, 1957; Braginskii & Bobokhadzaev, 1965; 
Stiliman et al., 1977; Tandon, B.N. et al., 1977; Tandon, H.D. 
et al., 1977) in as short a period as 3 months from the acute 
phase (Stuart & Bras, 1957). The initial disease may be 
cryptic (Braginskii & Bobokhadzaev, 1965) and may not be 
ascribed to herbal consumption, and yet may progress to 
cirrhosis (Huxtable, 1980). Veno—occlusive disease was stated 
to be the most common cause of cirrhosis in infants in Jamaica 
(Bras et al., 1961) and has been believed to be a significant 
etiological factor for adult cirrhosis, especially in 
developing countries (Gupta et al., 1963). 

Plants known or suspected to contain toxic alkaloids are 
widely used for medicinal purposes as home remedies all over 
the world, without systematic testing for safety (Schoental, 
1963; Smith & Culvenor, 1981) and some are even used as food 
(Schoental & Coady, 1968; Culvenor, 1980). There are several 
reports of the continued use of such herbs for medicinal 
purposes in technically advanced countries (Culvenor, 1980). 
senecio jacobaea continues to be sold at herbalists shops in 
the United Kingdom (Schoental, 1963; Burns, 1972), and 
Syniphytum spp. (comfrey) are still used as a vegetables, 
beverages, or remedies (Mattocks, 1980). Both these herbs are 
known to be carcinogenic (IARC, 1976; Hirono et al., 1978). 
Young flower stalks of Petasites japonicus Maxim, the 
pre—bloom flower of coltafoot, Tussilago farfara, the leaf and 
root of comfrey, Symphytum officinale, and the young leaves 
and stalks of Farfugium japonicum and Senecio cannabifolius, 
which are all used in Japan as human food or herbal remedies, 
are known to be carcinogenic for rats (Hirono et al., 1983). 
Symphytum x uplandicum Nyman (Russian confrey), which contains 
several toxic PAs (Culvenor et al., 1980b) echimidine and 
7 acetylycopsamine being the main constituents, is used as a 
salad plant, green drink, and medicinal herb. It has been 
estimated that the rate of ingestion of alkaloids from this 
herb may, over a period of time, exceed the levels reported to 
have been taken during the Afghan outbreak. There is a report 
of at least one patient who developed toxic effects as a 
result of consuming a confrey preparation (Culvenor et al., 
1980a; Ridker et al., 1985). Arseculeratne et al. (1981) 
found that 3 of the 50 medicinal herbs commonly used in Sri 
Lanka contained PAs that had been proved to be hepatotoxic for 
animals. They suggested that consumption of such herbs might 
contribute to the high incidence of chronic liver disease, 
including primary liver cancer, in Asian and African 
countries, especially as they may act synergistically with 
aflatoxin and hepatitis B. virus. The risk of toxic effects 
due to these alkaloids may be particularly high in children 
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(Schoental, 1959; Jago, 1970) and protein malnutrition, which 
exists in Some countries, may potentiate them (Schoental & 
Magee, 1957). Recent studies from Hong Kong (Kumana et al., 
1985; Culvenor et al., 1986), the United Kingdom (McGee et. 
al, 1976; Ridker et al., 1985), and the USA (Stiliman et al., 
1977; Fox et al., 1978; Ridker et al., 1985) report instances 
of human disease that have been caused by the use of such 
herbs, resulting in fatality or the development of cirrhosis, 
even in countries with well-developed health services and 
among the higher economic and educated strata of society. 
Indeed, Stiliman et al. (1977), from the USA, called PA 
toxicosis the "iceberg disease", implying that cases of this 
disease might be more frequent than reported in the USA, 
especially among populations of Mexican-American origin. In 
general, the use of herbal remedies is not elicited in the 
clinical history and patients do not volunteer this 
information themselves. Furthermore, the alkaloids are 
eliminated within 24 h (Huxtable, 1980) and, even though 
methods are available for their detection in biological 
tissues and fluids, the suspicion cannot be confirmed, as the 
symptoms may take several days or months to appear. 

Contamination of food crops is particularly likely to 
occur in parts of the world with arid climates, poor or 
uncertain rainfall, poor irrigation facilities, and following 
periods of drought, all of which promote the growth of the 
PA-containing plants that grow as weeds among cultivated 
crops, as has been found in studies on the outbreaks in 
Afghanistan, India, and the USSR (Terekhov, 1939; 
Dubrovinskii, 1947; Ismailov, 1948a,b; Tandon & Tandon, 1975; 
Mohabbat et al., 1976; Tandon, B.N. et al., 1976; Tandon, R.K. 
et al., 1976; Tsndon, H.D. et al., 1978) and in grazing 
pastures. The use of traditional medicines is common in these 
countries and there is insufficient awareness of this hazard, 
the disease condition, and its diagnostic pathological 
picture. Furthermore, health services are poorly developed. 
Thus, many of the cases or even outbreaks may go unnoticed or 
unrecorded and may even be ascribed to malnutrition (Lancet, 
1984). Also, many of the reported cases of so-called 
"Budd-Chiari syndrome", a condition associated with 
obstruction of major hepatic veins and/or inferior vena cava, 
may actually be cases of veno-occlusive disease (Sherlock, 
1968), in which only the central veins of the liver lobule or 
sublobular veins are occluded. 

Another type of PAs, Trichodesma alkaloids, has been known 
to cause a human outbreak of disease in the USSR, through 
contamination of the staple cereal with the seeds containing 
these PAs; in this outbreak, the symptoms were principally 
extra-hepatic (Isniailov et al., 1970). 
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This document is aimed at focusing on a health menace that 
is insufficiently recognized, in order to evaluate the health 
risks on the basis of published data, and to draft a set of 
recommendations that would help in its recognition, 
prevention, and control. 
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1. SUMMARY AND RECOMNENDATIONS 

1.1 Summarl 

The ingestion of pyrrolizidine alkaloids (PAs) in foods 
and medicinal herbs results in acute and chronic effects in 
man, affecting mainly the liver. Data from experimental 
animal studies indicate that PAs represent a potential cause 
of cancer in man. 

The alkaloids are produced by numerous plant species and 
occur throughout the world. In the present document, the 
alkaloids and their properties are described together with the 
sources of human exposure and the diseases that they produce 
in man and animals. The risks for human health are evaluated 
and recommendations are made for reducing such risks. 

1.2 Sources and Chemical Structure 

The known pyrrolizidine alkaloids, most of which are 
hepatotoxic, are produced by plant species within the 
following families: Boraginaceae (Heliotropium, Trichodesma, 
Synphytum, and most other genera), Compositae (Senecio, 
Eupatorium, and other genera of the tribes Senecioneae and 
Eupatoriae), Leguminosae (genus Crotalaria), and Scrophul-
ariacese (genus Castilleja). These genera are mainly 
herbaceous and very widely distributed, some species being 
found in most regions of the world. The majority of the 
species within these genera have not yet been investigated, 
but are expected to contain pyrrolizidine alkaloids. 

The hepatotoxic alkaloids have a 1,2-double bond in the 
pyrrolizidine ring and branched chain acids, esterifying a 
9-hydroxyl and preferably also the 7-hydroxyl substituent. 
Modified seco-pyrrolizidine alkaloids, in which the central 
bond between the N and C8 atoms is broken, are also 
hepatotoxic. Some Senecio species contain non-basic 
derivatives that are 5-oxopyrroles. The toxicity of these 
derivatives may be similar to that of the alkaloids, but this 
aspect has not been investigated. The alkaloids occur as free 
bases and N-oxides. The latter are reduced to the free bases 
in the gastrointestinal tract of animals and have a similar 
toxicity when ingested orally. 

Suitable analytical procedures are available for screening 
plant species, including a simple field test for toxic 
alkaloids. Thin-layer chromatography (TLc), high-performance 
liquid (HPLC), gas chromatography (CC), and gas chromato-
graphy-mass spectrometry (CC-MS) have been applied for 
separating, characterizing, and quantifying the alkaloids 
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present. Effective use of these procedures requires authentic 
alkaloids for standards, few of which are available. Improved 
analytical methods are required for the determination of very 
low levels of alkaloids in some foodstuffs. 

1.3 Mechanisms and Features of Toxici 

The toxic effects of pyrroliidine alkaloids are due to 
activation in the liver. Metabolism of the alkaloids by 
mixed-function oxidases leads to pyrrolic dehydro-alkaloids, 
which are reactive alkylating agents. Reaction of initial 
metabolites with constituents of the liver cell in which they 
are formed are probably the main cause of liver cell necrosis. 
Metabolites are released into the circulation and are believed 
to pass beyond the liver to the lung causing vascular lesions 
characteristic of primary pulmonary hypertension, especially 
when alkaloids, such as monocrotaline, are administered to 
animals. 

In experimental animals, PAs are quickly metabolized and 
are almost completely excreted in 24 h, so that no residual 
products are detectable in the biological fluids or body 
tissues after this period. 

	

The rate of formation of pyrrolic metabolites is 	- 
influenced by the induction or inhibition of the mixed-
function oxidases in the liver, but the relationship between 
the rate of metabolism and expression of toxicity is uncertain. 

Several pyrrolizidine alkaloid-derivatives and related 
compounds are known to cause chromosome aberrations in plants, 
leukocyte cell cultures of the marsupial (Potorus 
tridactylus), and in hamster cell lines. Some pyrrolizidine 
alkaloids induce riicronuclei formation in erythrocytes in the 
bone marrow and fetal liver in mice, sister chromatid 
exchanges in a Chinese hamster cell line and human lymphocytes 
in vitro, and repair DA synthesis in rodent hepatocyte cell 
cultures. Chromosome aberrations have been reported in the 
blood cells of children suffering from veno-occlusive disease 
VOD, presumably caused by fulvine. 

A number of pyrrolizidine alkaloids have been shown to be 
mutagenic in the Salmonella typhiniurium assay, after metabolic 
activation. The carcinogenic activity of pyrrolizidine 
alkaloids appears to parallel their mutagenic behaviour, but 
not their hepatotoxicity. 

Heliotrine at doses of 50 mg/kg body weight or more, 
administered to rats during the second week of gestation, has 
been shown to induce several abnormalities in the fetus. 
Doses of 200 mg/kg body weight resulted in intrauterine deaths 
or resorption of fetuses. Dehydroheliotridine, the metabolic 
pyrrole derivative of heliotrine, was 2.5 times more effective 
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on a molar basis than its parent PA in inducing teratogenic 
effects. 

The ability of PAs to cross the placental barrier in the 
rf and to induce premature delivery or death of litters has 

n demonstrated. The embryo in utero appears to be more 
istant to the toxic effects of pyrrolizidine alkaloids than 
neonate. PAs are known to have passed through the 

her's milk to the sucklings. 
Megalocytosis, the presence of enlarged hepatocytes 
raining large, hyper-chromatic nuclei, is a characteristic 
ture of pyrrolizidine alkaloid-induced chronic 
stotoxicity 	in experimental 	animals. 	The enlarged 
atocytes arise through the powerful antimitotic action of 
pyrrole metabolites of pyrrolizidine alkaloids. This 

nge has not been observed in the human liver, though human 
ii liver cells in vitro culture become enlarged when 
,sed to FAa, indfEEing susceptibility to the antimitotic 
ect of the alkaloids. 
In experimental animals, protein-rich and sucrose-only 

Ste have given some measure of protection against the 
ects of the alkaloids, as has pre-treatment of animals with 
ls, anti-oxidants, or zinc chloride. 
PA5 are noted mainly for the poisoning of livestock due to 

tFie animals grazing on PA-containing toxic weeds, and 
large-scale outbreaks have been recorded. Such episodes have 
been reported from most parts of the world, including those 
with temperate or cold climates. Studies carried out on a 
wide variety of farm and laboratory animals have revealed 
generally common features of toxicity with some species 
variations. The liver is the principal target organ. In 
small laboratory animals, doses approaching a lethal d,ge 
produce a confluent, strictly zonal haemorrhagic necrosis in 
the liver lobule, within 12 - 48 h of administration of PAs. 
Simultaneously in non-human primates, or after a short time in 
the rat, chicken, and swine, changes begin to occur, and later 
become organized, in the subintima of the central or 
sublobular veins in the liver resulting in their occlusion. 
The reticulin framework in the central zone of the lobule 
collapses following necrosis leading to scarring. Repeated 
administration of suitable doses leads to chronic liver lesion 
characterized by megalocytosis, and increasing fibrosis, which 
may result in cirrhosis. Chronic liver disease including 
cirrhosis has been shown to develop in the rat following 
administration of a single dose of a PA. In a number of 
animal species, the lungs develop vascular lesions 
characteristic of primary pulmonary hypertension with 
secondary hypertrophy of the right ventricle of the heart. In 
rats, appropriately low repeated doses of several alkaloids 
have been shown to induce tumours, mainly in the liver. In 
some studies, a single dose has been carcinogenic. 
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The central nervous system is the target organ of the 
toxic PAs contained in Trichodesma, which produce spongy 
degeneration of the brain. 

1.4 Effects on Man 

In man, PA poisoning is usually manifested as acute 
veno-occlusjve disease characterized by a dull dragging ache 
in the right upper abdomen, rapidly filling ascites resulting 
in marked distension of the abdomen, and sometimes associated 
with oliguria, and massive pleural effusion. It can also 
manifest as subacute disease with Vague symptoms and 
persiStent hepatomegaly. Children are particularly 
vulnerable. Many cases progress to cirrhosis and, in some 
cases, a single episode of acute disease has been demonstrated 
to progress to cirrhosis, in spite of the fact that the 
patient has been removed from the source of toxic exposure and 
has been given symptomatic treatment. Mortality can be high 
with death due to hepatic failure in the acute phase or due to 
hematemesis resulting from ruptured oesophagesl varices caused 
by cirrhosis. Less severely affected cases may show clinical, 
or even apparently complete, recovery. The Task Group was not 
aware of any substantiated report of primary pulmonary 
hypertension resulting from PA toxicity. However, in view of 
the evidence in experimental animals and circumstantial 
evidence in one case report, the possibility of the 
development of toxic pulmonary disease in man cannot be ruled 
out. There is a report of an outbreak of Trichodesma 
poisoning in the IJSSR in which the symptoms were mainly 
neurological. 

1.4.1 	Nature and extent of health risks 

The two main sources of pyrrolizidine alkaloid poisoning 
reported in human beings are the consumption of cereal grain 
contaminated by weeds containing the alkaloids and the use of 
alkaloid-containing herbs for medicinal and dietary purposes. 
A third form of exposure, with the potential to affect large 
populations is the possible low-level contamination of some 
foodstuffs, such as honey and milk, but the Task Group was not 
aware of any cases of human toxicity having been caused 
through the contamination of these foods. 

Liver disease caused by the contamination of cereal grains 
has been reported in rural populations in Afghanistan, India, 
South Africa, and the USSR. A contributing factor appears to 
be abnormally dry weather, resulting in the growth of an 
exceptionally high proportion of the alkaloid-containing weeds 
in the crops, the seeds of which contaminate the cereal grain 
on harvesting. The weeds responsible for known outbreaks have 
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been Heliotropium, Trichodesraa, 	Senecio, and Crotalaria 
species. Mortality in such outbreaks has been reported to be 
high. 	In the largest reported outbreak in northwestern 
Afghanistan, an estimated 8000 people were affected in a total 
pulatieri of 35 000 with 1600 - 2000 deaths. 

Human poisoning through the medicinal use of herbs 
ntaining pyrrolizidine alkaloids has been reported from all 
rts of the world. PAs were responsIble for a common liver 
sease in children in 3amaica, and individual cases in 
uador, Hong Kong, India, the United Kingdom, and the USA. 
e plants involved were species of Crotalaria, Heliotroum, 
neclo, 	pyum, 	and 	ura. 	symphytum-contauiing 
eparations present a particulr hazard ecause of their 
despread use and the generally high levels of indivIdual 
posures. 	The use of herbs is almost universal in 
aditional folk medicine and is increasing in developed 
rntries. Some of the herbs used contain pyrrolizidine 
kaloids and have a Long-term toxicity that is unsuspected by 
s people taking them. 	Knowledge of the species used in 
balmedicine and the frequency of such use is very limited 
the scientific literature. 	About 40 such species are 
ted in this report, about one-third of which are in use in 
eloped countries. They are often prescribed by herbalists, 

nauropaths, and other non-orthodox practitioners. The extent 
of the contribution to acute and chronic liver disease cannot 
be accurately assessed. It may also constitute an etiological 
factor in cirrhosis of the liver and, once this stage is 
reached, it may not be possible to identify the cause as a PA. 

PAs are known to be transmitted from the feed of dairy 
animals Into milk and to cause toxic damage In the suckling 
young. One instance of large-scale contamination of honey is 
known to have been caused by a common weed rich in PAs, which 
was the source of nectar and pollen for the honey-secreting 
bees. No reports of cases of acute toxicity caused by 
consumption of contaminated dairy products or honey were 
available to the Task droop. Furthermore, no information is 
available on the possible presence of FAa or their metabolifes 
in the meat of animals fed toxic weeds before slaughter; 
however, the possibility of toxic disease being caused through 
this medium is considered to be low. 

There are no substantial, long-term follow-up data to 
assess whether exposure to PAs results in increased incidence 
of chronic liver disease or cancer in man. Available clinical 
and experimental data suggest that a single episode of PA 
toxicity and possibly also a long-term low level exposure may 
lead to cirrhosis of the liver. PA5 could also be possible 
carcinogens in man, since a number of them have been 
demonstrated to induce cancer in experimental animals, the 
resin target organ being the liver. These include some which 
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have caused episodes of human toxicity 1  and some others which 
are found in herbs traditionally used as items of food. Also, 
in several instances of human toxicity, the reported daily 
rates of intake of such PAs were in close range of those known 
to induce tumours in rats. However, these risks cannot be 
adequately assessed on a quantitative basis. There are 
indications that PA intoxications leading to liver disease are 
more prevalent than the reported frequency of cases would seem 
to indicate. 

Because of their known involvement in human poisoning and 
their possible carcinogenicity, exposure to pyrrolizidine 
alkaloids should be kept as low as practically achievable. 
The setting of regulatory tolerance levels for certain food 
products may he required in some situations. 

1.5 Methods for Prevention 

The only known method of prevention is to avoid 
consumption of the alkaloids. In the USSR, a set of 
agricultural (or agrotechnical) legislative, phyto-sanitary 
and educational measures has prevented new outbreaks of 
poisoning due to Mel iotropium and Trichodesma, since 1947. 

1.6 Recommendations 

1.6.1 	General recommendations 

I. Cereal crops should be assessed throughout the world for 
possible contamination by weeds likely to contain pyrrolizi-
dine alkaloids. Appropriate grain inspection systems are 
desirable in order to achieve near-zero levels of contamina-
tion by such weeds. 

2 There is a need to create awareness, among the general 
population and those responsible for the delivery of health 
services, with regard to the hazards of consuming such plants 
as contaminants in food or as food, or for medicinal purposes. 
Advice on hazards should include mention of possible increased 
risks, if the alkaloid intake is associated with drug 
treatment, (e.g. phenobarbitone) or foods which increase the 
level of liver metabolizing enzymes. 

3. Ethnobotanical and taxonomic studies are required in many 
countries to provide specific information on the use of plant 
species containing pyrrolizidine alkaloids for medicinal and 
dietary purposes. There may be a need to control the sale of 
some species, and their prescription by herbalists and other 
practitioners of traditional systems of medicine. 
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4. Honey and dairy products, both local and bulk supplies, 
should be assayed for pyrrolizidine alkaloids in all regions 
where a risk of contamination of these foodstuffs has been 
identified. 

1.6.2 	Recommendations for research 

Long-term follow-up studies of the survivors of both 
alkaloid poisoning in human beings and animal outbreaks are 
required, in order to determine the possible development of 
chronic liver disease or cancer. 	Similar studies are also 
desirable on individuals who regularly consume comfrey or 
other PA-containing herbs over a substantial period of time. 

Epidemiological studies should be carried out in countries 
with a high incidence of primary liver cancer, in order to 
determine whether there is an association with the intake of 
herbs containing pyrrolizidine alkaloids. 

A network of reference laboratories is needed to assist 
member states in identifying plants and their seeds suspected 
of producing toxic effects and for the assay and identifica-
tion of PAs. Provisions may be made for the easy availability 

' 	of pure alkaloids for use as reference standards for assays. 

It is necessary to develop improved assay procedures, 
suitable for the purposes of recommendation (4) in section 
1.6.1, particularly using fluorescence and immunochemical 
methods. 

There is a need for further toxicological studies, such as 
studies on the carcinogenicity of echimidine and the toxicity 
of the 5-oxopyrrole constituents of Senecio species, and for 
studies that would provide more quantitative information on 
the various adverse biological effects of PA5. A study of the 
carcinogenicity of the alkaloids in the pig is also indicated, 
since the pig exhibits a high sensitivity to acute and 
subacute toxicity similar to that seen in man. 

Study is required of the possible alkaloid content of the 
meat, organs, and fat of animals that have recently consumed 
plants containing pyrrolizidine alkaloids. 

Experimental studies are needed on the influence of 
nutritional atatus on the metabolism, and acute and chronic 
effects of PAs. 

Further metabolic studies are required to define more 
specifically the enzymes involved in the microsomal activation 
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and detoxification of FA5, to determine whether organelles 
other than microsomes are involved, and to explore further, 
ivantitative relationships between different routes of 
metabolism. 

9. The maximum no-observed-adverse-effect dose levels for 
repeated long-term administration in the rat and the pig need 
to be determined. 

10. Experimental studies should be conducted to determine 

whether pyrrolizidine alkaloid N-oxides may be 
metabolized directly into the pyrrolic dehydro-
alkaloid in mitochondria, especially in tumour cells; 
and 

which P450 enzymes are involved in the activation and 
N-oxidation of PAs and thence in the selective 
induction of N-oxidation enzymes. 

11. A study might be conducted of human variability and its 
genetic aspects in relation to factors that influence 
susceptibility to PAs; for example, the study of mixed-
function oxidase levels in the liver by metabolism of 
appropriate test substances recognized as harmless. 
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2. PROPERTIES AND ANALYTICAL METHODS 

2.1 Chemical Structure and Properties 

The chemical structure of PAs in relation to their toxic 
effects has been reviewed recently by Mattocks (1986). The 
pyrrolizidine alkaloids with which this document is concerned 
are those that have previously been called "hepatotoxic" or 
'nucleotoxic'. 1-lere it is proposed to refer to them as 
"toxic" PAs, because of the weight of evidence now available 
that they produce damage in other organs as well as the liver, 
and the need to avoid a restrictive term. There are other 
types of pyrrolizidine alkaloids, such as those that occur in 
the plant family Orchidaceae, which are not toxic and are not 
discussed here. 

The toxic FAa are esters of the amino-alcohols derived 
from the heterocyclic nucleus. The pyrrolizidine molecule is 
made up of two 5-membered rings inclined to each other as 
shown in Fig. I so that geometric isomerism is possible, and 
which share a common nitrogen at position L. 

7 	1 	 R 	9CH2OH 

6 	 2 	

6 t62 5 	4

5 	4 	3 	5 

(a) 

(b) 

Fig. 1. Molecular structure of pyrrolizidirie molecule. 

Most hepatotoxic alkaloids are esters of molecules sImila 
to that shown in Fig. 1(b) (1-hydroxymethyl-1.2-dehydro-
pyrrolizidine). ilowever, a few hepatotoxic alkaloids are 
esters of the amino-alcohol otonecine, e.g., petasitenine 
(Fig. 2, No.7). The unsaturated pyrrolizidine nucleus itself 
is not toxic, but esters of branched-chain acids are. Ester 
linkages may be at positions 9, 7, or (rarely) 6. Some esters 
have an "open" molecule, e.g., heliotrine whereas others are 
macrocyclic diesters, e.g.., monocrotaline and retrosine. 
Examples of some pyrrolizidine alkaloid structures are shown 
in Fig. 2. 

The ring nucleus contains a double bond at the 1:2 
position, which is essential for the toxic effects of the 
alkaloid, but not for unrelated effects. 
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Echimidine 
Chemical structure; 

Ck 

C--C—OH 

CH 	cC_5O_CC__C_CH_CH: 

Chemical formula: 	C20H31N07 
Relative molecular mass; 397 
CAS registry number: 	520-68-3 

Heliotrine 
Chemical structure; 

H0 	CH 

HO CC-I 

HO  

D 
Chemical formula: 	C16H27N05 
Relative molecular mass: 313 
CAS registry number; 	303-33-3 

3. Indicine-N-oxide 
Chemial structure; 

HO 

Chemical formula: 	C15H25N06 
Relative molecular mass: 315 
CAS registry number: 41708-76-3 

4. 	Jacobine HCHCH 

Chemical structure: 

OH. 

Chemical formula: C181125N06 
Relative molecular mass; 351 
CAS registry number; 	6870-67-3 
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Lasiocarpine 
Chemical structure: 

OH, 

H 	
CH 	 CH,—C—OH 

— 	 I 
c__ 	co—o 	CH,—O--CO—C—C1.---Ck, 

KII$ 
Chemical formula: 	C211133N07 
Relative molecular mass: 411 
CAS registry number: 	303-34-4 

Nonocrotaline 	u,c OH 

Chemical structure: 	
CHH—C—C—C 

I 	I 
Co 	cii CO 

0 	CH,—O 

	

M,~ \ 	11 

Chemical formula: 	C16H23N06 
Relative molecular mass: 325 
CAS registry number: 	3 15-22-0 

	

H 	CH, 

Petasitenine 	H 	0 	CH 	C 	/ 
OH 

Chemical structure: 	

r° 	0-r° 

Chemical formula: 	C19H27N07 
Relative molecular mass: 381 
CAS registry number; 	60132-19-6 

S. Retrorsine (retrosine N-oxide = iatidine) 
Chemical structure: 	HO .._ j H OH - 

	

H,C 	 CO 

	

00 	 / 
11 

0 

Chemical formula: 	C18H25N06 	-' 
Relative molecular mass: 351 
CAS registry number; 	480-54-6 
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9. Senecionine 
Chemical structure: 

Co 
Co / 

Chemical formula: 	C 18M25N05  
Relative molecular mass: 335 
CAS registry number: 	130-01-8 

5, 	C 
-' - 
C. n 

C1 

	

I 	I 	I 
1 

Chemical formula: 	C20H31N06 
Relative molecular mass: 381 
CAS registry number; 	22571-95-5 

Trichodesmine 
Chemical structure: 

Chemical formula: 	C18H27N06 
Relative molecular mass: 353 
CAS registry number: 	548-90-3 

Incanine 
CH 	OH 

Chemical structure: 	HC. 	 I 
 CH  

HC 	- - 
CO 

Chemical formula: 	C181127N05 
Relative molecular mass: 337 
CAS registry number: 	480-77-3 

Fig, 2. Molecular structure and chemical data for some pyrrelizidiTle 
alkaloids. 

10. Syinphytine 
Chem[1 structure: 
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As the Task Croup met in Tashkent, it is of historical 
interest to recall that the structures of heliotrine and 
lasiocarpine, the main alkaloids of Heliotropium lasiocarpum, 
were worked out by Dr C.P. Men'shikov and associates in Moscow 
in the 1930s. This work included determining the structure of 
heliotridine, the parent compound of the amino-alcohol, 
heliotridane. Dr Men'shikov's studies were carried Out at 
essentially the same time, but independently of studies by 
English and American authors on retronecine-based alkaloids. 

The alkaloids in plants are often found together with 
their N-oxides, which are also toxic, when ingested orally. 
The pyrrolizidine alkaloids acquire their toxic properties 
only through the toxic pyrrolic intermediates (the general 
structure of which is showis in Fig. 3) formed by the 
mixed-function oxidases of the hepatocytes. To form these 
pyrrolic derivatives, the alkaloid molecule should have: 

a double bond at the 1.2 position of the ring nucleus; 

esterified hydroxyl groups in the nucleus at the C 9 
and/or C 7 positions; and 

a branched carbon chain in at least one of the ester 
side-chains (McLean, 1974). 

RCOO 

H2OCOR 2  

Fig. 3. Molecular structure of toxic pvrrolit intermediates. 

Substitution at the a position of the acid and ester-
itication of the C-7 hydroxy group both enhance the toxicity 
of the alkaloid (Robins, 1982). 

A group of related alkaloids, isolated from Senecio 
species by Bohlmann et al. (1979), have non-basic pyrrolic 
structures similar to those of toxic pyrrolizidine alkaloid 
metabolites, but they are chemically deactivated by the 
presence of a carbonyl group at position 3 of the pyrroli- 

- zidine nucleos, e.g., senaetnine (Fig. 4). Senaetnine does 
not possess the acute hepatotoxic characteristics of basic 
pyrrolizidine alkaloids. However, it had a direct irritant 
action on tissues near the site of intra-peritoneal 
administration and caused damage to pulmonary vascular tissue 
when given intra-veinous to rats (Mattocks & Driver, 1987). 
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17 

< 3 4  XN5 

0 

Fig. 4. }1o1eciily structure of senaetnine, a ton—alkaloidal pyrro1ic 
constituent of some Senecio species. 

The alkaloids are fairly stable chemically, but the ester 
groups may undergo hydrolysis under alkaline conditions. Some 
alkaloids in plant material may decompose during drying (Bull 
et al., 1968), but others appear to be stable under similar 
conditions (Pedersen, 1975; Birecka et al,, 1980). The 
N—oxides of unsaturated pyrrolizidines are more readily 
decomposed by heat than the basic alkaloids, especially when 
dry. However, the stability of the alkaloidg and N—oxides in 
hot water as, for example, in cooking, is not known. 

Some pyrrolizidine alkaloids have a limited water 
solubility, unless neutralized with acid; but others (e.g., 
indicine), and all the N—oxides, are readily soluble. 

2.2 Analytical Methods 

When analysing for PAs, it is important to recognize that 
this group consists of many different compounds (section 2.1) 
and that these often occur as mixtures in plants or in 
materials of plant origin. They may vary in structure, 
relative molecular mass, response to analytical procedures, 
and toxicity. Both basic alkaloids and corresponding N—oxides 
may be present at the same time. Thus, where such mixtures 
are present, analyses will inevitably be approximate, unless 
the individual components are separated and identified. 

Nevertheless, such estimates can be useful. In 
particular, all hepatotoxic PAs are unsaturated in the sense 
that they possess a 1.2—double bond in the pyrrolizidine 
nucleus, and analytical methods that are specific for this 
structure can be of value in screening for potential 
toxicity. A simple qualitative field test for screening plant 
materials for the presence of such alkaloids and their 
N—oxides, without the need of high technology equipment, is 
described in section 2.2.2.5. 
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2.2.1 	Extraction 

2.2.1.1 Plant tissue 

Pyrrolisidine alkaloids are usually extracted from dried, 
milled plant material with hot or cold alcohol. The alcohol 
is evaporated, the bases taken up in dilute acid, and fats 
extracted with ether or petroleum. It is usual, at this 
stage, to reduce any N-oxides present to the corresponding 
basic alkaloids with zinc, before making the solution alkaline 
and extracting the alkaloids with chloroforni (Koekenioer & 
Warren, 1951). Alternatively, alcohol can be continuously 
circulated through the plant material and then cation exchange 
resin, and the alkaloids subsequently eluted from the resin 
(Mattocks, 1961; Deagen & Deinzer, 1977). PAs can also be 
extracted by soaking plant material in dilute aqueous acid 
(Briggs et al., 1965; Craig et al., 1984). 

2.2.1.2 Biological fluids and tissues 

Pyrrolizidine alkaloids have been extracted for analytical 
purposes from honey (Deinxer et al., 1977), milk (Dickinson et 
al., 1976), blood-plasma (Ames & Powis, 1978; NcComish et al., 
1980), urine (Mattocks, 1967a; Jago et al., 1969; Evans at 
al., 1979), and bile (Jago et al., 1969; Lafranconi et al., 
1985). 

When attempting to isolate PAs from animal tissues, it 
must be appreciated that the toxic alkaloids are often 
metabolized very rapidly in animals, so that the amounts that 
are recoverable (except from urine), only a few hours after 
alkaloid ingestion, may be extremely small. Various methods 
have been used to separate PAs, but some mixtures are 
extremely difficult to separate. On the analytical scale, the 
most useful methods are thin-layer chromatography (TLC) 
high-performance liquid chromatography (I{PLC), and gas 
chromatography (CC) (section 2.2.2). 

2.2.2 	Analysis for pyrrolizidine alkaloids 

2.2.2.1 Thin-layer chromatography (TLC) 

For TLC, silica plates are usually used, eluted with 
chloroforsr. methanolaqueous ammonia mixtures (Shams et al., 
1965; Chalmers et al., 1965); solvents suitable for the 
N-oxides, which are more water-soluble, have been described by 
Mattocks (1967b) and Wagner et al. (1981). The most sensitive 
methods for detecting PAs on TLC are those using Ehrlich 
reagent (4-dimethylaminobenzaldehyde) (Mattocks, 1967b). The 
unsaturated alkaloids are best visualized by spraying the 
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plates first with a solution of orthochloranil, then with 
EhrliCh reagent, heating after each spray (Molyneux & Roitman, 
1980). 	The N-oxides of unsaturated pyrrolizidines are 
detected by spraying a solution of acetic anhydride, heating 
the plate, and then spraying Ehrlich reagent (Mattocks, 1967b), 

Pyrrolizidine alkaloids with a saturated base moiety must 
be detected in other ways (which are not specific for 
pyrrolizidines), e.g., by exposing the dried plates to iodine 
vapour, or by spraying with an iodobismuth (Dragendorff) 
reagent (Munier, 1953). 

2.2.2.2 Hig-pformance liquid chromatography (IWLC) 

Analytical or preparative scale IIPLC separation of 
pyrrolizidine alkaloids has been described by Segall (1979a,b) 
and Dinienna et al. (1980), and an improved method has been 
reported by Ramsdell & Buhler (1981). Alkaloids from 
symphytum officinale (comfrey) have been separated on an 
analytical scali3 Tittel et al. (1979), and partially 
separated on a preparative scale by Iluizing et al. (1981). UV 
detectors are usually used for the RPLC of pyrrolizidine 
compounds (Mattoeks, 1986). 

2.2.2.3 Gas chromatography(GC) and mass spectrometry (MS) 	- 

The GC characterization of PA5 using packed columns has  
been described by Chalmers et al. (1965) and Wiedenfeld et al. 
(1981). Mixtures of alkaloids from comfrey (Symphytum sp.), 
normally hard to separate, were resolved by Culvenor et al. 
(1980a) and Frahn et al. (1980) by CC of the methylboronate 
derivatives. 

Gas chromatography combined with mass spectrometry (GC-MS) 
has become a valuable and highly sensitive means for both the 
identification and the quantitative determination of pyrroli-
zidine alkaloids. Thus, alkaloids extracted from honey were 
separated and identified by Deinzer et al. (1971) and (as 
butylboronate derivatives) by Culvenor et al. (1981). Deinzer 
et al. (1978) described a method for the recognition (but not 
the individual identification) of retronecine-based pyrroli-
zidine alkaloids, by hydrolysing them to retronecine (the 
amino alcohol moiety) followed by GC-MS of its bis-trifluoro-
acetate. The use of capillary CC has greatly improved the 
sensitivity of pyrrolizidine alkaloid analysis, especially 
when used with MS (Luthy et al., 1981). The MS of pyrroli-
zidine compounds has been reviewed (Bull et al., 1968; 
Mattocks, 1986). 

Pyrrolizidine 	N-oxides 	generally 	undergo 	thermal 
decomposition, when subjected to CC, but they can first be 
reduced to the corresponding basic alkaloids (Koekemoer & 
Warren, 1951). Alternatively they may be derivatised. Thus, 
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trimethylsilylation of indicine N-oxide or heliotrine N-oxide 
can lead either to the trimethylsilyl (TMS) derivative of the 
parent alkaloid or to the TMS derivative of the dehydro-
alkaloid (pyrrolic derivative), depending on the reagents 
used, and these products will run successfully on GC-MS (Evans 
et al., 1979, 1980). 

2.2.2.4 Nuclear magnetic resonance (NMR) spectromety 

A 	convenient, 	but 	relatively 	insensitive, 	method, 
specifically for the determination of unsaturated PAs, has 
been described by Molyneux et al. (1979). The basic alkaloids 
are extracted, then subjected to NMR spectrometry along with 
an internal standard (p-dinitrobenzene). This enables 
quantitative measurements to be made of the signal(s) 
representing the 112 proton(s) in unsaturated pyrrolizidines, 
and thus the alkaloid(s) can be determined. Quantitative NMR 
analysis of pyrrolizidine alkaloid mixtures from Senecio 
vulgaris has been described by Pieters & Vlietinck (1985) and 
compared with an HPLC method by the same authors (1986). 
Qualitative aspects of the NMR spectrometry of pyrrolizidine 
alkaloids have been reviewed by Bull et al. (1968) and 
Mattocks (1986). 

2.2.2.5 The Ehrlich reaction 

This method (Mattocka, 1967a, 1968b) is specific for 
unsaturated pyrrolizidine alkaloids and is not suitable for 
other alkaloids. Thus, it is the most useful colorimetric 
method for potentially hepatotoxic pyrrolizidine compounds. 
The procedure converts the alkaloid into its N-oxide, using 
hydrogen peroxide. The product reacts with acetic anhydride 
to form a pyrrolic derivative (dehydro-elkaloid) that gives a 
magenta colour with a specially modified Ehrlich reagent. The 
latter contains boron trifluoride to give maximum sensitivity. 
As little as 5 iig of most unsaturated pyrrolizidines can be 
measured by this method. If the oxidation stage is omitted, 
only the unsaturated pyrrolizidine N-oxides can be determined. 
The determination of pyrrolizidine N-oxides has also been 
discussed by Mattocks (1971b). 

A simplification of the above colorimetric procedure was 
described by Mattocks (1971d) to provide a qualitative test 
that could be used to screen large numbers of plant samples 
for the presence of unsaturated pyrrolizidine alkaloid 
N-oxides. An improved version of this field test is now 
available (Mattocks & Jukes, 1987). It is suitable for any 
plant parts, such as leaves, stems, flowers, seeds, or roots, 
or materials of plant origin, such as cereals or herbal teas, 
but has not yet been applied to cooked food. 
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The plant material (0.2 - I g) is extracted by grinding it 
with aqueous ascorbic acid (5%) and a small amount of sand. 
The solution is filtered and divided into two equal portions 
( " test "  and "blank"). An aqueous solution (0.2 ml) of sodium 
nitroprusside (5%) containing sodium hydroxide (I0 -  mol) is 
added to the "test" sample. Both portions are heated for 
approximately I min at 70 — 80 C; then Ehrlich reagent is 
added and heating is continued for 1 mm. The Ehrlich reagent 
contains 4-dimethylaminobenzaldehyde (5 g) dissolved in a 
mixture of acetic acid (60 ml), water (30 ml), and 60% 
perchioric acid (10 ml).. A magenta colour in the "test" 
compared with the "blank 1 ' indicates the presence of an 
unsaturated PA N-oxide. The "blank" may show a colour if the 
plant contains compounds, such as indoles or pyrroles, which 
can themselves give a colour with Ehrlich reagent. The 
intensity of colour in the "sample" compared with the "blank" 
can give a rough idea of the amount of alkaloids present, and 
indicate whether further chemical or toxicological testing of 
the plant material is adviseable. 

in practice, the majority of PA-containing plants contain 
enough alkaloid in the N-oxide form (often a large proportion) 
to react positively in this test. The main exceptions are 
some seeds (Crotalaria), which may contain much alkaloid base, 
but little or no N-oxide. These (and any other sample not 
containing chlorophyll) can be tested for basic PAs by 
grinding them with chloroform, heating the filtered extract 
with a solution (0.1 ml) of orthochloranil (0.5%) in 
acetonitrile, and them heating it with Ehrlich reagent. A 
magenta colour indicates the presence of an unsaturated PA. 
Non-toxic pyrrolizidine alkaloids having a saturated pyrroli-
zidine nucleus, and pyrrolizidine alkaloids that are otonecine 
esters, such as petasitenine, will not respond to this test. 

2.2.2.6 Indicator dyes 

A method generally applicable to tertiary bases has been 
adapted for pyrrolizidine alkaloids by Birecka et al. (1981). 
It is sensitive, but is not specific for this group of 
alkaloids, and it does not distinguish between the saturated 
and unsaturated alkaloids. A chloroform solution of the 
alkaloid is shaken with acidified aqueous methyl orange. The 
yellow alkaloid;dye complex is subsequently released from the 
chloroform phase, using ethanolic sulfuric acid, and measured 
spectrophotometrically. 

2.2.2.7 Direct weighing 

An insensitive way to determine the alkaloids in, for 
example, a plant sample, providing enough is available, is to 
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extract the alkaloids (section 2.2.1) and weigh them. This 
will provide a rough measure of the total bases present in the 
sample; however, these may not necessarily be PAs. Never- 

-- theless, the sample can then be subjected to further tests, 
e.g., GC-t'IC, nuclear magnetic resonance (NMR), or coloritnetric 
analysis. Furthermore, pyrrolizidine N-oxides are generally 
too Water soluble to be appreciably extractable from aqueous 
solution by chloroform. Thus, if two portions of the sample 
are extracted, and one of them is reduced to convert N-oxides 
to bases, the weight difference between the two produEts will 
represent the alkaloid existing in the form of N-oxide in the 
original sample. 

2.3 Determination of4etabolites in Animal Tissues 

Important metabolites of toxic pyrrolizidine alkaloids in 
animals include "pyrrolic' derivatives (dehydro-alkaloids) and 
N-oxides. A procedure for measuring pyrrolic metabolites in 
tissue samples (such as liver or lung) has been described by 
Nattocks & White (1970). The sample (usually 0.5 g) is 
homogenized in an ethanolic solution of mercuric chloride; the 
solids are separated by centrifugation and heated with Ehrlich 
reagent to give a soluble colour that can be measured spectro-
photometrically. 

The measurement of pyrrolic and N-oxide metabolites, 
formed by the action of hepatic microsomal preparations on PAs 
in vitro, is an improvement described by Mattocks & Bird 

- 
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3. SOURCES AND PATHWAYS OF EXPOSURE 

3.1 Hepatotoxic Plrrolizidine Alkaloids and Their Sources 

Plants constitute the only natural source of pyrrolizidine 
alkaloids (PAs) that cause toxic reactions in man and 
animals. PAs occur in a number of species in the families 
Boraginaceae, Compositae, Leguminosae (genus Crotalaria) 
Ranunculaceae (genus Caitha), and Scrophulariaceae (genus 
Castilleja) (Table 1). The most important genera of PA-
contai3iing toxic plants are Crotalaria (Leguminosae), Senecio 
(Compositee), fleliotropium, Trichodesma Amsinckia, Echium, 
and Syutphytum (Boraginaceae) (Hooper, 1978). The recorded 
cases of human toxicity have mainly been caused by at least 12 
different pyrrolizidine alkaloids, mostly derived from 
Heliotropjum, Senecio, and Crotalaria genera. The Senecio 
app. grow throughout the world; the Crotalaria spp. are mainly 
found in the tropics and subtropics (Culvenor, 1980). 

Table 1. List of plant genera containing toxic pyrrolizidine alkaloids 
(with number of species investigated) 

Family 	 Genera 

Apocynacese 	Fernaldia (1), Parsonsia (4), 

Boraginacexe 	Alkanna (1), Amsinckia (4), Anchusa (2) 	yeruga 
ilorago (1), Caccinia (1), Cynoglossurti (9), 

Echium 	(3), 	flackeija 	(1), 	1-leliotropluis 	(25), 
Lappula 	(2), 	Lindelotia (7), 	Lithosperum 	(1), 
Macrctortiia (1). i]esserschmidtia (1), ?IyoStDtlS (2), 
Paracaryurs (1), Paracynog1ossu 	(1), Rindera (5), 
Solentinthus (4), 	jjm (7), Tourneortia (2), 
risTieanrhus (2), Trichodesma (2), Ulugbrkia (I) 

Conpositae 	AdenostvLes (3), Braclivglottis (1), Cacalia (4), 
onociitTun (1). 	Crassncpphaiuiti 	(I.), 	Dororlicuitt 

Sithinacea (2), Ersilia (2), trechtites717 
Eupatoriuni (8), 	Farfuium 	(1), 	Gynusa 	(2), 
Ligularia (5), 	Petasites 	(4), 	Senecin 	(142), 
Syneilesis (1), TuSsilSgO (1) 

LeguitiinOsae 	Crotalaria (60) 

Ranunculaceam 	CalIha (2) 

Scrophulariaceae 	Castilleja (1) 

An alphabetical list of pyrrolizidine alkaloids with their 
plant sources has been published by Smith & Culvenor (1981) 
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and Mattocks (1986). 	An updated version is attached as 
Appendix I. The plant genera containing toxic PAs are listed 
in Table 1 indicating the number of species investigated for 
PAs. A comprehensive list of species of plants belonging to 
each of these genera, the alkaloids isolated from each, and 
the part of the plant containing the alkaloid are presented in 
Appendix II. Table 1 in Appendix II includes species known to 
contain alkaloids of proved hepatotoxicity, or of a molecular 
structure that would make them very probably hepatotoxic. 
Table 2 in Appendix II includes species containing pyrroli-
zidine amino-alcohols or esters, which, while not having all 
the features of hepatotoxicity, would need only minor 
structural modifications to render them hepatotoxic. Plants 
of the same taxonomic groups as the plants of proven hepato-
toxicity are listed in part (a) of the table. There is a 
possibility that on further examination, hepatotoxic 
alkaloids may be found, as minor constituents, in strains or 
parts of these plants not yet investigated or under specific 
conditions of growth. It should be noted that the species 
that have been investigated and are listed are only few 
compared with the total number of species in each genera. It 
has been recommended by Smith & Culvenor (1981) that it would 
be prudent to regard all species in the family Boraginaceae 
and the genera Crotalaria, Senecio, and Eupatorium as 
potentially hepatotoxic. 

It is pertinent to note that the alkaloid content in 
different parts of the plant (e.g., roots, leaves, stalks, 
flowers, and buds) varies and is subject to fluctuations 
according to the climate, soil conditions, and time of 
harvesting (Danninger et al., 1983; Hartmann & Zimmer, 1986). 
}Iattocks (1980) demonstrated that the alkaloid content of the 
leaves of Symphytum spp. (Russian comfrey), which are used as 
an item of food, varies with their maturity. The toxic PA 
content is highest at the beginning of the vegetative period 
and declines as the leaves mature. The PA content of the 
roots is much higher than that of the leaves, and dried leaves 
contain a higher concentration than fresh leaves (Mattocks, 
1986). According to Danninger et al. (1983), in some species 
(Symphtum asperum), relatively long storage may lead to a 
reduction in the alkaloid content, presumably because enzymes 
are released during drying. Candrian et al. (1984b) studied 
the stability of PAs in hay and silage containing various 
amounts of Senecio alpinus. The PA content of hay remained 
constant for several months, but the PAs in silage were mainly 
degraded. However, the degradation of PAs was much less 
complete in the lower concentration range. A quantitatively 
significant PA-degradation product in silage was identified as 
retronecine. Silage with an S. alpinus percentage of 3.5 - 23 
still contained macrocyclic PA5 at a concentration of about 



- 40 - 

20 mg/kg wet weight. Such silage was not considered safe for 
cattle bearing in mind that a 600-kg calf eats about 30 kg 
silage/day, amounting approximately to a daily intake of about 
I mg PAs/kg body weight. In feeding trials with Senecio 
jacobaea, Johnson (1979) found that the minimum lethal dose 
for cattle was between I and 2 mg PAs/kg body weight per day. 

PAs known to have been associated with instances of human 
toxic liver disease in different parts of the world are listed 
in Table 2. Two groups of alkaloids that, according to 
Culvenor (1983), are consumed in significant amounts by people 
in different parts of the world include 

Echimidine, acetyllycopsamine, and related alkaloids 
(many countries) 

Leaves of plants of the Symphytum sp. (Symphytum 
officinale (comfrey) and Symphytum x uplandicum) are used 
traditionally as a salad and as a medicinal herb in Australia, 
many countries of Europe, and the USA. S. officinale has been 
shown to be carcinogenic for rats (Hirono et al., 1978). 
Leaves of RuSsian comfrey contain a concentration of alkaloids 
(mainly echimidine) of 0.1 - 1.5 glkg. The highest level of 
daily consumption of the alkaloids has been estimated to be 
5 - 6 mg (Culvenor, 1983). 

Echjmjdjne and related alkaloids (Australi 

FAa derived from Echium plantagineum, with echimidine as 
the major component, have been found in honey secreted by bees 
feeding on the plant (Culvenor at al., 1981). The plant is a 
major source of honey (section 3.3.4). 

3.2 Pneumotoxic and Other Toxic pyrrolizidine Alkaloids 

Not all hepatotoxic alkaloids are pneumotoxic. 	The 
commonest ones used to produce experimental lung injury are 
fulvine (Barnes et al., 1964; Kay et al., 1971a; Wagenvoort et 
al., 1974a,b) and monocrotaline (Lalich & Ehrhart, 1962; 
Chesney & Allen, 1973b; Huxtable et al., 1977). These are 
also the most active (!'attocks, 1986). The seeds of 
Crotalaria spectabilis, which contain monocrotaline, have also 
been used to study pneumotoxic affects on experimental animals 
(Turner & Lalich, 1965; Kay & Heath, 1966; Kay et al., 1967a) 
and C. spectabilis has been called the pulmonary hypertension 
plant (Kay & Heath, 1969), because of the pulmonary 
hypertensionogenic properties of the FAa it contains. 
Culvenor et al. (1976a) screened 62 FAs for hepatotoxicity and 
pneumotoxicity. Chronic lung lesions were produced by most 
compounds that induced chronic liver lesions, though high 
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Table 2. 	Instances of human toxicity caused by pyrrolicidine alka1oids. 

Principal Plant Country! Cause of Reference 
alkaloid Region intake 

Heliotrine and Heliotropiun Afghanistan contxrsin- Tendon & landon 
other alkaloids popvii ation (1975); Tandon, 
similar to B.N. et aL 
lesiocarpine (1978); Tendon, 

1UD 	at al. 
(1978); 
Mohbbot 
et aT. 	(1976) 

Senecionine Senecjo South Contamin- Wilmot & 
illiciformia; Africa ation Robertson 
Senecio- (1920) 
burchelli 

Senecio spp. South contamin- SeIzer 6 
Africa ztioo Parker (1951) 

Alkaloids of Crotalarie Ecuador medicine Lyford et al. 
trichodesmine jcea (1976) 
and senecionine 
type 

Heliotrisie and Heliotropium Hong Kong medicine Kumana at sl. 
lesiocerpine lasiocerg (1985); 

Culvenor et al. 
(1986) 

Crotananine and Crotalaria India contamin- Tendon, R.K. 
cronaburmine none ation at 	al. 	(1976); 

Krishnamachari 
et 	al. 	(1977); 
Siddiqui at al. 
(1978a,b) 

Haliotrine 1le1iorrojm India medicine Detta et aT. 
N-oxide eichwaldii (1978a.b) 

Monocrotaline Crotalarja West Indies medicine Bras el al. 
fulvine retusa; (1954, 	1957) 

Crotalarja 
fulva Stuart & Bras 

(1957) 

Ilex sp. United medicine McGee et al. 
Kingdom (1976) 

Riddelline Senecjo USA medicine Stillman at al. 
retrorsine gjIobus (1977); Fox et 
N-oxide al 	(1978); 
with others) Huxtable (1980) 



Table 2 (contd). 

Indicine N-oxide 

Symphytine, syingi-
aridine and other 
sysiphytum alka-
bids 

Lasiocorpine and 
heliotrine 

purified 	USA 
chemical 

Sympyum sp. 	USA 

Heliotropium 	USSS 
lasiocaip. n 

Trfchodesnsine and 	Trichodesma 	USSR 
incanjne 	 ____ 
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medicine Letendre at al. 
(1981) 

inedicine Rjdker at al. 
(1935); 
hunt able 
et 	al 	(1985) 

contamination Dubrovirskii 
(1952); 
[nu shkir 

(1955) 

contanhjflatioTl $htenez 
Or cva 	1955); 
Vunosov I 
Plekhanr\'a 
(1959) 

Adapted from; Culvenor (1983) and Mattocks (1986). Refer also o Table 
15 for details and section 7. 

doses were required in some instances. It is possible that 
chronic lung lesions may not occur in experimental animals 
because of early death due to acute toxicity. However, the 
authors identified a number of PAs that were particularly 
prone to produce chronic lung damage in rats including 
crispatine, senecionine, seneciphylline, and usaranline 
(12-membered macrocyclic, retronecine diesters), anacrotine 
and inadurensine (crotonecine esters), and the heliotridine 
esters, heliosupine, lasiocarpine, and rinderine. 

The molecular structure-activity requirements for pneumo-
toxicity are the same as those for hepatotoxicity. This is 
consistent with their both being caused by the same toxic 
metabolites and by the metabolic activation of the alkaloids 
in the liver cells to form a reactive pyrrolic 
dehydro-alkaloid (Culvenor et al., 1976a). 

Trichodesmine and incanine, found in the seeds of 
Trichodesma incanum (Yunusov & Plekhanova, 1959), are believed 
to have been the causative factors of the "Ozhalangar 
encephalitis" that was endemic in Uzbekistan, USSR (1942-51), 
in which the symptoms and signs were related primarily to the 
central nervous system (Shtenberg & Orlova, 1955) (section - 
7.7). 

3.3 Pathways of Exposure 

Naturally-occurring animal disease is caused by the 
alkaloid-containing plants growing in fields and pastures or 
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being fed accidentally as fodder. They are mostly herbaceous 
or small shrubs and many thrive in dry and arid climates. One 
such plant containing toxic PA alkaloids has been reported to 
grow in the western desert of Egypt (liatmacuda at al., 1984). 
The growth of this group of plants is particularly prolific 
during, and following, periods of drought, as has been 
reported in association with the outbreaks of human disease in 
Afghanistan (Tandon & Tandon, 1975; Mohabbat at at., 1976) and 
India (Tandon, B.N. et al., 1976). Alkaloid-containing plants 
are widespread in the tropics, especially Crotalaria, of which 
there are over 300 species in Africa. Orinarily, the 
alkaloid-containing plants have a bitter taste and grazing 
animals will reject them, unless their normal fodder is 
scarce. However, PAs often occur largely as N-oxides, which 
are said not to be bitter, and plants containing PAs are 
readily eaten by some animal species. 

Human intoxication may result from the ingestion of the 
toxic substance in either contamined food or herbal infusion. 

3.3.1 	Contamination of staple food crops 

The products of pyrrolizidine alkaloid-containing plants, 
generally seeds, may contaminate the staple food and may be 
eaten over long periods of time. The fact that these plants 
may cause disease is generally not recognized by the people 
and such contamination is known to have resulted in large-
scale outbreaks of poisoning (Dubrovinskii, 1952; Mnushkin, 
1952; Shtenberg & Orlova, 1955; Tandon & Tandon, 1975; 
Mohabbat at al., 1976; Tandon, B.N. et al., 1916, 1977; 
Tandon, R.K. et al., 1976; Krishnamachari et aI., 1977; 
Tandon, 1I.D. at al., 1977) (Table 2, section 3.1). 

3.3.2 	Herbal infusions 

Plants have been used traditionally for medicinal purposes 
all over the world. Herbs have been the mainstay of the 
indigenous systems of medicine, especially in China, Greece, 
and India, since ancient times. Table 3 includes a list of 
some plants that are suspected, or known, to contain PAs and 
have been used as herbal medicines in different countries 
(Mattocks, 1986). 

Several PA-containing plants are included among the list 
of plants used in indigenous systems of medicine in India 
(Chopra, 1933). 	As a part of a research study on the 

- 	etiological factors of chronic liver disease in Sri Lanka, 
Arseculeratne at al. (1981) chemically screened the first 50 
plants used in Sri Lanka's traditional medicine pharmacopoaea, 
and found that 3 of them contained PAs. All 3 were hepatotoxic 
in rats. Of the 3, the presence of alkaloids in Cassia 
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Table 3. Soise plants containing (or suspected of containing) PAs, which 
have been used by people either as herbal medicines (N) or [ooze (F) 

Plant Mode Country or Reference 
of use 	region 

SORAGINACEAE 

Anchusa officicia.lis H Europe Eroci-Due & Acisen (198 1 )) 

Borago officcns]is H USA Delorme 	et 	ol. 	(1977) 

çyiog1oasun H East Schoentsl S Coady (1968) 
geometricum Africa 

Cynaglossum H Iran Coady 	(1973) 
off icinale 

Heliotropiuis H India Gandhi 	Cr 	al. 	(iSSia); 
eichwaldij Datta et 	al. 	(1978a,b) 

H. auropaeiim H India, lARD 	(1978) 
Greece 

H. 	Lasiocap N Hong Kong KuTsana 	at 	sI. 	(1985); 
Culvenor et al. 	(1986) 

H. 	indicum H India, 	Africa, 3choenLai 	(iSiSa); 
South America, loque 	St 	al. 	(1976) 
and elewhert 

H. ramossissimum H Arabia Macksad et al. 	(1970); 
Coady 	(1973) 

H. supinum H Tanzania Schoental 	S Cosdy (1968) 

H USA Delorrse 	at 	al. 	(1977) 

1, H Japan and Hirano 	et 	al. 	(1978, 	1979h) 

	

(contrey) 	 elsewhere 

H 	USA 

aodicum 	F, H General 

USA 

	

S. asperum 	 I 	GSA 

CO5DOSITAE 

Furuva & Hikichi (1971); 
Uciorme et cii. (1977) 

Ii is (1976) 

Culvenor St cii. (1980a,h) 

Podersen (1975) 

A 
A 

B 

A 

A 

Cacaija decosiposita 	H 	USA 	 Sullivan (1981) 	 B 
(aatarique) 

Cyaabei 	 F 	Japan 	 Sikichi & F'uruya (1978) 	8 

B 

A 

A 

B 

5 
A 

A 
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Table 3 (coutd). 

Plant 	 Node Country or 	Retersrice 
of use 	region 

Farfugium jsicure N Japan Furoya et 	aL. 	(1971) 	B 

Ligularis dentate F Japan As5da & Furuya (1984) 	B 

Pet5sites ,)aponicus F, N Japan Hirono at al. 	(1973, 	1979b) 	A 

Senecin abyssinicus N Nigeria Williams S Schoental 	(1970) 	B 

S. 	aureus N USA WadC 	(1977) 	 B 

S. bup le uroides.  N Africa Watt S Sreyer-lrandwijk 	A 
(1962) 

S. 	burchelli F, 	N South Africa Rose (1972) 	 A 

S. 	corc'rtatus N South Africa Rose 	(1972) 	 A 

S. doronicum 

S. inaeguidens 

S. jacobuec 
(raguor t) 

1ongilbu 
(s. douglassi) 

S. monoensis 

S. nemorensis 
spp. {uchsji 

S. 	 rOtti 

S. retroraus 
(S. latifotius) 

S. vu1 aria 
common groundsel) 

If 	Jasiaira Aeprey & Thornton (1955) 11 

N 	Germany Roeder et 	al. 	(1960a) B 

F 	South Africa Rose 	(1912) B 

N 	Europe Schoental S Pullinger (1972); 8 
Wade 	(1977) B 

N 	USA Stiilrsan et 	al. 	(1977); A 
fluxtable 	(1979a) 

71 	USA liuxtable 	(1980) A 

N 	Germany Habs 	et 	al. 	(1982) A 

F 	Japan Asada & Furuya (1982) B 

N 	South Attica Rose (1972) A 

N 	Europe 	Watt & Breyer-Brandwijk 
	

A 
(1962) 

Wade (1977) 
	

B 

Coady (1973) 
	

B 

Hikiahi & Furuya (1976) 
	

B 

Omar Cr al (1963) 
	

3 

Na t her ic nd S 

N 	Iran 

Syneilesis paitnata 	F 	Japan 

Trjchodesma africaria 	N 	Asia 
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Table 3 (cntd). 

Plant 	Node Country or 	Refereuce 
of use 	region 

Tussilago farfara M Japan Culvenor et al. 	(1976a) 	A 
(coltafoot) 

11 China Hirono et a). 	(1976b) 	A 

N Norway Borka & Oshuus (1979) 	B 

II USA borka & Onshuus (1979); 	B 
Culvenor at al. 	(1976b); 	B 

LEGUNINOSAE 

Crotalaria brevidens F East Africa Coady (1973) 	B 

C. fuiva M Jamaica Barnes at al 	(1954); 
MiLsan (1970, 	1974) 	A 

C. incana N East Africa Schoental & Coady (1948) 	A 

C. 	juncea }4 	F India Chopra (1933); 	A 
Watt & Breyer—l5randwijk 	A 
(1962) 

C. 	laburnifolia 91 Tanzania Schoental & Coafy (1968) 	A 

F Asia Cuady 	(1973) 	B 

C. riucronata M Tanzania Coady (1973) 	B 

C. recta M, 	F Tanzania Schoental & Coady (1968) 	A 
Coady (1973) 	B. 

C. retusa M 	F Africa IANC (1976) 	A 

India Watt & Srever—Brandwijk 	A 
(1962) 

C. verrucoss N Sri Lanka Arsaculeratne et al. 	(1981) 	A 

! A = Reference in the reference list of this docunent. 
B = Reference in Mattocks (1986). 
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all, of the plants reported to be etiological agents in human 
cases of veno-occlusive disease can be found in an inventory 
of medicinal plants used in different countries (WHO, 1980), 
which also indicates the countries that they are used in. The 
above lists may not be complete as many such plants may be 
used in folk medicine but have not been mentioned in the 
scientific literature. However, the lists do indicate the 
wide and varied use of such toxic herbs in all parts of the 
world. 

Lately, there has been a growing interest in the developed 
COuntries in organically grown products for food, as well as 
home remedies (Table 3), and some of the PA-containing herbs 
have been freely available in herbal shops (Schoental, 1968; 
Burns, 1972). Danninger et al. (1983) listed plants 
containing PAs that are commonly used in the Federal Republic 
of Germany as medicainents (Table 4). He also listed 9 plants 
in which alkaloids have only been identified qualitatively, 
the toxicity of which has not been, or has been insuf-
ficiently, investigated (Table 5). Similarly, Roitman (1983) 
listed 10 plants, in which the presence of PAs is suspected or 
has been proved and which are used as herbal teas in the USA. 
The lists include 10 plants containing PAs, most of which have 
been proved hepatotoxic experimentally, some having highly 
carcinogenic promoter activity. Some of these alkaloids have 
been associated with human case reports of PA toxicity. The 
more recent reports (Table 2) of instances of PA poisoning 
through the use of herbal medicines are from developed 
countries (Lyford et al., 1976; Stillman et al., 1977; Fox et 
al., 1978; Kumana et al., 1985; Ridker et al., 1985). Such 
use of the herbs is the reason that veno-occlusive disease is 
endemic in Jamaica (Bras et al., 1954; Jellife at al., 
1954a,b; Bras & Watler, 1955; Stuart & Bras, 1955, 1957). 
There are obvious difficulties in exercising any kind of 
control to restrict this use only to plants that have been 
tested and certified as safe for human use. It is impossible 
to identify many such herbs, as they are sold as plants or 
their amorphous products in the herbal shops. 

Manufactured preparations may also contain PA-containing 
herbs, e.g., comfrey-pepsin capsules sold as a digestive aid 
(Huxtable et al., 1986). 

3.3.3 	Use of PA-containin& plants as food 

Several PA-containing plants are used as food as can be 
- seen in Table 3 (Mattocks, 1986). Petasites japonicus Maxim, 

Tussilago farfara L. (coltsfoot), and Symphytum officinale L. 
(comfrey or Russian comfrey) are known as edible plants in 
Japan, and have been proved to Contain carcinogenic 
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Table 4. Medicinal plants containing PAs of known hepatotoxicity, 
reported as commonly used in the Federal Republic of Germany, and the 

FAa contained in then 

Family Genus Species Pyrrolizidine 
alkaloids 

Cosipositae Eupatorirn F. cannabinum amobiline± 
(hemp agrimony) 5upinine 

Petasites P. hvbirdus oenecionine-' 
integerris1irte. 
scnkirkineli 

Senocjo S. 	nersorensis iuchsenecionne 
(groundsel) sp. 	fuchsii senecionireL'.S 

(Foci's groundsel) 

S. vulcaris senecionineL' 
(grounasel) seneciophyiline-b  

retrorsine. 
riddelline'.E 

S. Jacobaes jacobinell  
(ragwort) omen icnine5.E 

seneciphyl 1 ine. 
jacoliOe, 	jaconine 
chlorinated PAs 

aureus oenecienine 
Aicn golden 
ragwort) 

Tussilago tarfara oenkirkine 
(coitsfoot) (coltofoot) oenecionineL'.E 

tusilagin 

Alkanna A. 	rincroria 7-angely1retronecine 
tr iangu I or me 

d ihydroxytriangu- 
larifle 

Anchua officinalia lycopsarnine 

Boraginacmae 30mg0 officinalis lycopsamine/ -inter- 
(borage) medine± 

acetyllycopaaniine/ 
acetyl intemoedine 

amabiline 
supluille 

Svmphytuni S. 	oificivale symphytiiie 
(coafray) (comirey) echimidine(?) 

lycopsanine 
acetyl lycopsamirie-b 
lasiocorpine. 
heliosupine N-oxide 
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Table 4 (contd). 

Family 	 Genus 	Species Pyrrolizidine 
a1ka1oid 

S. peregrinum lycopsaniine. 
S. 	x uplandicuin intermedine 

symphytine. 
echimidine. 
7-acetyllycopsamine 
7-acetylinterutedine 
symland inn 
uplsndicne 

S. 	asperum asperomine 
(prickly comfrey) heliosupine N-oxide 

echimidin b  
echisiatine 

Cynoglossum 	C. officinale 
(hound's 	(hound's tongue) 
tongue) 

Heliotropium H. euro 
1HelitropeT 	ii3n heliotrope) 

heliosupine N-oxide 
echinatine 

acetyl hello- 
sop in eb 

0-7-angelylbelio-
triciinell  

hel iotrine'E' 
lasiocarpine!'E'_e  
supinine 
he 1 nut joe 
europine 
acetyllan iOcatpifle. 

Modified from: Danniger et al. (1983). 
Toxic alkaloids. 
Alkaloids known to have caused human toxicity. 

. 	Alkaloids with highly carcinogenic promoter activity. 

. 	Used only in homeopathy. 

pyrrolizidine alkaloids (1-lirono et al., 1973, 1979a,b). 	The 
young flower-stalks of P. japonicus and the buds of coltsfoot 
have been used in Japan as human food or herbal remedies. The 
leaf and root of comfrey are also used as an edible vegetable 
or tonic (Hirono et al., 1978) in Japan and other countries 
(Culvenor, 1985). The carcinogenic PAs in these plants are 
petasitenine (P. japonicus), senkirkine (coltsfoot), and the 
group including symphytine (comfrey). They were also mutagenic 
in the Ames system of Salmonella typhimurium and V79 hamster 
cell line and induced transformation in cryo-preserved hamster 
embryonic cells (Hirono et al., 1979b). Other such 
PA-containing plants, used as food in Japan, include young 
leaves of Syneilesis palmata, various Cacalia species, and 
young Senecio pierotti (Mattocks, 1986). According to 
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Table 5. Medicinal plants containing PAs, reported as commonly used 
10 the Federal yepublic of Germany, the toxicity of which has not 

been, or has been insufficiently, investigated 

Fsmily Genus Species 

Corspositse Eupatoriura E. potforatum 

Mrachyglottis B. repene 

Arriica A. montana (mountain arr.lca) 

Boraginaceae LappulS L.interrsedia (stickeei) 

Pu]im,nria FoficinaLis (lunar.ort 

Modified from; Deoninger or al. (1983). 

Culvenor (1985), consumers of comfrey could be ingesting up to 
5 rug PAs per day. Rose (1972) listed a number of plantu of 
the genus Senecio that are used as spinach in South Africa. 	. 
These include S. burchelli, which is known to have caused an 
episode of PA poisoning through the ingestion of contaminated 
bread (Wilmot & Robertson, 1920). 

3.3.1 	Contaminated hone 

In the USA, ]Deinzer et al. (1977) reported the presence of 
all PAs contained in Senecio jacobaea (ragwort) and proved to 
be hepatotoxic, in the honey secreted by bees feeding on the 
plant. The total alkaloid content ranged from 0.3 to 
3.9 mg/kg. It has been estimated that an average annual human 
intake of honey (600 g) at the highest alkaloid level quoted 
would contain less than 3 mg of PAs (Mattocks, 1986). 
Culvenor et al. (1981) and Culvenor (1983, 1985) drew 
attention to the same potential hazard in honey from Echium 
plant, gineum, a weed that grows widely in Southern Australia 
and is a major source of honey, yielding an estimated 2000 - 
3000 tonnes per annum for human consumption. Echiinidine is 
the major component of the alkaloids of Echium, which are 
present in concentrations of up to 1 mg/kg. Culvenor (1983) 
estimated that individuals may consume up to 80 g honey/day 
with a corresponding alkaloid intake of 80 pg/day, if only 
the Echium honey were used. No reports of acute human 
toxicity through this source are available. 
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3.3.5 	Milk 

PAs have been shown to produce toxic effects via trans-
ference into the milk of dams (Schoental, 1959). Retrorsine 
was administered orally to 17, and intraperitoneally to 6, 
lactating rats weighing 185 - 350 g in 5 - 10 mg doses daily, 
the first dose being given during the first 24 h after 
parturition. The rats received from 1 to 14 doses, the total 
intake amounting to 21 - 335 mg/kg body weight. The litters 
were separated from the mothers for 1/2 h following the 
administration of PA to avoid direct contamination of the 
former by licking. Apparently the milk production was not 
affected as the stomachs of many of the young, examined 
postmortem, were distended with milk. All animals whose 
mothers had received a total dose of 138 mg PA or more died 
within 30 days. Many of the young whose mothers had received 
smaller doses survived until they were killed at 6 months. 
Biopsy of the liver of the young at various intervals or at 
autopsy showed marked changes, even in cases where the mothers 
did not appear to be affected. Animals dying at 18 - 30 days 
showed hydropic or fatty vacuolation of liver cells. In the 
liver of animals dying or killed later, various degrees of 
haemorrhagic necrosis and increase in the centrilobular 
reticulin of the liver, and some thickening of centrilobular 
veins were seen. In animals that survived 6 months, the 
appearance was less abnormal, but some hyperplastic nodules 
and bile-duct proliferation were seen. The lactating rats 
dosed with the FAa generally survived longer than the suckling 
animals and usually did not show any ill effects, suggesting 
that the susceptibility of the suckling rats was greater than 
that of the mothers. 

Dickinson et al. (1976) demonstrated the presence of PAs 
in the milk of dairy cattle fed or dosed with ragwort (Senecio 
jacobaea). When 4 cows were administered the dried plant 
materi1 at levels of up to 10 g/kg body weight per day 
through rumen cannula, PA levels of up to 0.84 mg/kg were 
observed in the milk. However, only one (jacoline) of the 
several PAs contained in the plant was secreted. Calves, 
bucket fed on the milk did not show any signs of PA toxicity. 

Dickinson (1980) repeated the study on goats. Four milk 
goats were freshly prepared with rumen cannulae. The kids 
were separated from their dams and were fed milk twice a day. 
Dried tansy ragwort plant material with a PA content of 0.16% 
(dry weight) was administered through the cannulae to each 
goat at a dosage rate of 10 g/kg body weight per day over 125 
days. During this period, each of the 4 kids received milk 
from their dams at approximately 125 mI/kg per day in addition 
to ad lib feeding on alfalfa grass hay. Six PAs were isolated 
from the plant material: jacobine, jaconine, jaconline, 
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jacozine, senecionine, and seneciphylline. 	Milk samples 
collected twice daily showed PA contents 	of 225 - 
530 pg/litre with a mean of 381 pg/litre. 	No apparent 
health effects were noted in the kids, and only mild hepatic 
damage was suspected in the dams, on the basis of liver 
function tests. Pifty percent of the kids were killed after 
10 weeks. No lesions of PA toxicity were seen. The dams were 
rebred and appeared normal throughout the gestation period. 
However, three dams aborted at almost full term, and the 
fetuses were born dead. One of the dams died shortly after 
parturition and showed evidence of severe liver damage 
characteristic of PA toxicity. Another, which delivered 
normally, also showed a lesser degree of liver damage at 
biopsy. 

Data relating to PA secretion were compared with similar 
earlier data on cows. Mean Secretion of PA5 in cows appeared 
much higher, e.g., 684 pg/litre. The authors concluded that 
the amount of PAs secreted in the goat's milk did not cause 
any serious deleterious effects in the kids. 

Johnson (1976) fed long-term lethal doses of Senecie 
jacobaea, by stomach tube, to 6 cows. Feeding started at term 
or within 30 days post-partum, and continued until what was 
considered to be a lethal dose had been fed. The daily dose 
of the plant ranged from 1 to 4.4 g/kg body weight, the total 
amount fed representing 5 - 15% of body weight over a period 
of 54 - 126 days. Five cows died within 98 days; one, in a 
moribund state, was killed on day 126. The calves suckled for 
30 - 126 days. Suckling started immediately after birth in 
the case of 4 calves and 10 and 30 days later, respectively, 
in the 2 remaining calves. Three calves were killed with their 
dams or soon after, and 3 were retained for 1 year for 
observation. Milk samples from 2 cows were collected and 
pooled in 14- to 16-day lots during 64 days of feeding of the 
Senecio plant. Each pooled sample was administered intra-
gastrically to a group of rats in daily doses of 12 ml for 15 
- 30 days. A control group of rats were fed raw milk from 
cows not fed Senecio. Blood samples of the dams and the 
calves were analysed for glutamic oxaloacetic transaminase 
(GOT), lactic dehydrogenase (LDH), and gaimsa-glutamyl 
transpeptidase (GGTP). Serum-enzyme levels in all cows 
indicated statistically significant deviations suggesting 
liver dysfunction, and the livers at autopsy had 
characteristic features of PA toxicosis. The LDH and GOT 
levels in calves were generally abnormal after 20 - 45 days of 
suckling. The abnormalities ranged from mild to a 15- to 
170-fold increase. One calf was autopsied at the peak 
increase of serum-enzymes and was found to have mild focal 
hepatitis. No significant pathological features were seen in 
the livers of other animals, nor of the rats, some of which 
were retained for up to 150 days. 
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Goeger et al. (1982) fed dried Senecio jacobana (tansy 
ragwort) to lactating goats in a proportion of 25% of the 
feed. The milk contained 7.5 ig PA/kg dry weight. The milk 
produced by the goats was pooled and then bottle fed to 
appetite to 2 Jersey bull calves (1 day old) that also had 
access to tansy ragwort-free hay for 109 and 124 days, 
respectively. They were then weaned and given normal feed and 
observed for 6 months, after which they were killed and 
autopsied. In another study, rats were fed a diet containing 
the freeze-dried milk at 80% level for 180 days with a 
calculated total PA intake of 0.96 mg/rat. Other groups of 
rats were fed tansy ragwort at dietary levels of 0.01 - 
10 g/kg (corresponding to PA intakes of 39.77, 5.04, 0.52, and 
0.05 mg/rat). The calf livers only showed very mild non-
specific changes, but the livers of rats fed tansy ragwort or 
the milk from tansy ragwort-fed goats showed definite, but 
mild, changes including swollen hepatocytes, megalocytosis, 
biliary hyperplasia, and fibrosis. Histopathological changes 
in milk-fed rats were similar to those in the group fed tansy 
ragwort in the diet at 0.01 gjkg. The authors concluded that 
there was evidence of PA transfer into milk, which proved 
hepatotoxic for rat It was also noted that the goats had 
been fed high levels of tansy ragwort at the upper limit of 

— their acceptance, and that the hepatic changes observed in 
rats fed high levels of milk, for extensive periods, were 
slight. 

Luthy et al. (1983) produced direct evidence of excretion 
of macrocyclic esters of retronecine of the senecionine and 
seneciphylline- type into rat milk. 'il-retronecine, an 
311-necic acid-labelled senecionine, and aeneciphylline were 
prepared biosynthetically with seedlings of Senecio vulgaris 
L. Two lactating rats (Ivanovas, Sprague Hawley), weighing 
300 - 400 g, were fed the first of the second compound by 
stomach tube, in doses of 2.7 mg/kg and 5.5 mg/kg body weight, 
respectively. Samples of hlood were examined 1, 3, and 6 h 
after treatment, and those of milk I and 3 h after. Animals 
were killed after 6 h. They were found to have excreted 
approximately 0.08% of the applied radioactivity in the milk 
within 3 h, mainly as unidentified retronecine-derived 
isetabolites, and approximately 0.02% as unchanged PA5. The 
highest levels of PAs and inetabolites in tissues were found in 
the liver and lungs, 6 h after administration. 

Candrian et al. (1984a) also demonstrated that Drosophila 
iselanogaster flies fed on milk from lactating rats that had 
been administered an oral dose of seneciphylline showed 1.2% 
sex-linked recessive lethals, compared with 0.37 in controls, 
indicating the transfer of the mutagenic properties of the PA 
via milk (section 6.4.7). 
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The implications of the above studies on the possibility 
of carry-over of PAs into foodstuffs of animal origin are 
obvious. However, no reports of human cases of acute PA 
toxicity, ascribed to the consumption of contaminated milk, - 
are available. 

	

3.3.6 	Meat 

There have not been any reports of the detection of PAs in 
meat products from livestock exposed to them. 

	

3.3.7 	Use of PAs as chemotherapeutic agents for cancer 

An alkaloid of Heliotropium indicum L. (indicine N-oxide) 
has been found to have antitumour activity and has been used 
in experimental clinical chemotherapy for cancer (section 7.9). 
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4. N%TA3OLISM 

4.1 Absorption, Excretion, and Tissue Distribution 

4.1.1 	Absorption 

There have been few studies on the absorption of PA5 in 
man, but absorption has been inferred from studies on tissue 
distribution and the amounts of alkaloids and their 
metabolites excreted in the urine, faeces, and bile of animals 
(section 4.1.2). 

Swick et al. (1982c) measured the transfer of a mixture of 
pyrrolizidine alkaloids extracted from Senecio j_acobaea, 
across isolated intestine and stomach segmiEs from rabbits. 
The alkaloid mixture contained seneciphylline, jacobine, 
jacozine, jacoline, and senecionine. The alkaloids were 
transferred across the ileum and jejunum, but not the 
stomach. Brauchli et al. (1982) compared the oral and 
percutaneous absorption in rats of a crude alkaloid mixture 
obtained from comfrey (Symphytum officinale L.). The mixture 
consisted of N-oxides of 7 alkaloids, principally 7-acetyl-
intennedine and 7-acetyl-lycopsamine. A dose of 194 mg/kg was 

- either given by gavage, or was applied to the shaved skin and 
left for 44 h. After the dermal application, the excreted 
N-oxides in urine (up to 48 h) amounted to 0.1 - 0.4% of the 
dose. After oral dosage the excreted level of N-oxides and 
alkaloid bases was quoted as being 20 - 50 times greater. 

4.1.2 	Excretion and distribution 

The excretion and distribution of heliotrine in rats has 
been reported in Bull et al., 1968. Young rats (150 g), given 
the LB50 of heliotrine by ip injection, were killed at 
intervals, bled quickly, and the organs and tissues analysed. 
1-leliotrine was present in the liver after 2 nun 0.7% of total 
dose), the level peaking at 5 mm (6.3%), and dropping to 2.2% 
at 1 h and 0.5% at 2.5 h. In adult rats, the level in the 
liver at 5 h was 0.07% of the total dose. Five mit' after 
dosing, 30 - 40% of the initial dose remained in the 
peritoneal cavity, and the blood level of heliotrine was 
60 mg/litre, dropping to 3 mg/litre at I h. The urinary 
excretion of base and metabolites other than pyrrolic 
metabolites, collected and measured 16 h after administration 
of several alkaloids by ip injection, is shown in Table 6. 
The proportion of base excreted unchanged increased with the 
hydrophilicity of the alkaloid, being 62% for heliotrine 
N-oxide, 30% for heliotrine, and only 1 - 1.5% for lasio-
carpine. 1-leliotridine, the hydrolysis product from heliotrine 
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Table 6. Urinary metabolites of pyrrolizidine bes in te rat 
116-h urine)f 

	

Urine COnSt].tuCrit (amount in percentage of dose injected) 	. 

Base administered Unchanged 	Base 	helm- 	Uelio- 	Hello- 	Hello- 
(Ip injection) 	base 	H-oxide tridine 	tridine tridire 	tridijie 

trachel- trachel- 	 N-oxide 
anthste 	anthate 

N-oxide 

I101iOtrine 30 Trace 	10 5 	3 15 
}Ieliotrine 62 (52) 	2.7 ca. 	I 	ca. 	S ca. 	10 

N-  oxid e 
Lasiocarpine 1 - 1.5 1.5- 3 6 
Helitrjdine 35 is. 	1 	(35) (is. 	1> 	5 21) 
trah 	lar)th5tC 

Heliotrjdfne 60 20 (53) (20) 

FrosU Bull et ii. (1958). 

and lasiocarpine, was excreted in the form of the N-oxide in 
larger quantities after the administration of each of these 
alkaloids. 

The distribution and excretion of monocrotaline was 
studied in rats by 1-1ayahi (1966) who found that 50 - 707 was 
excreted in the urine within the first day. However, the 
analysis was by a non-specific chemical method that did not 
distinguish between the unchanged alkaloid and its 
metabolites. 	Mattocks (1968a) gave toxic pyrrolizidine 
alkaloids intraperitoneally to male rats and measured the 
urinary excretion of the unchanged alkaloid, and of N-oxide 
and pyrrolic metabolites. 	The excretion of N-oxide and 
unchanged alkaloid was rapid and almost complete in the first 
24 h. Excretion of pyrroles was also rapid but continued for 
a little longer. 	For example, in rats given retrosine 
(60 mg/kg body weight), the urine in the first 24 h contained 
10.6% unchanged alkaloid, 13.3% N-oxide, and 13.4% pyrrolic 
metabolites. During the second day, only 0.1% alkaloid, 0.27 
N-oxide, and 1.8% pyrroles were excreted. Biliry excretion 
also occurred. About one-quarter of an iv dose of retrosine 
in rats was excreted in the bile as pyrrolic metabolites, and 
4% as unchanged alkaloid; most of this excretion occurred — 
during the first hour after the injection (White, 1977). 

Jago et al. (1969) gave heliotrine iv to sheep; urinary 
excretion of the unchanged alkaloid together with metabolites 
(N-oxide, and demethylation and hydrolysis products) occurred 
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rapidly and continued for up to 8 h. Excretion in the bile 
was only 2% of that in the urine. 

The tissue distribution of radioactivity from a tritiated 
toxic pyrrolizidine alkaloid analogue was studied by Mattocks 
& White (1976) using synthanecine A bis-N-ethylcarbamate 
(40 mg/kg body weight). The highest, concentrations of radio-
activity were seen in the liver (where metabolism occurs), 
lungs, kidneys, and spleen (respectively, 3.9%, 0.19%, 0.18%, 
and 0.27% of the dose given), and about 69% of the dose was 
eliminated in the urine during the first day. Radioactivity 
in the expired air was negligible. The binding of 
radioactivity in the liver, and especially the lungs, was more 
persistent than in other organs. Similar results were given 
by the semisynthetic pyrrolizidine alkaloid analogue, 
retronecine bis-N-ethylcarbamate (Mattocks, 1977). 

The distribution of the uniformly 24C4abelled natural 
pyrrolizidine alkaloid senecionine in lactating mice was 
studied by Eastman et al. (1982). After 16 h, 75% of the 
radioactivity had been recovered in the urine, 14% in the 
faeces, but only 0.04% was in the milk; the liver contained 
1.92%. The mice were milked using teat cups. Candrian et al. 
(1985) studied the distribution of radioactivity in rats given 
small doses of senecionine or seneciphylline (0.3 - 
3.3 mg/kg), tritiated in the pyrrolizidine (retronecine) 
moiety. Most radioactivity was eliminated in the urine and 
faeces within 4 days. Using mass spectrometry, Dickinson et 
al, (1976) found a concentration of up to 0.84 ing PAs/litre in 
the milk of cows fed Seneciojacobaea. Blood levels of 
senecionine in rats given 0.1 LU50 ip were determined by 
Culvenor (1978). The levels were 0.38, 0.32, and 
0.14 mg/litre at 0.5, 1, and 2 h after injection, respectively. 

To summarize, the available evidence suggests that 
ingested toxic pyrrolizidine alkaloids are rapidly metabolized 
and that the excretion of unchanged alkaloid and of most 
metabolites is also rapid. Thus, within a few hours, only a 
relatively small proportion of the dose remains in the body, 
much of this in the form of metabolites bound to tissue con-
stituents. It appears improbable that a significant amount of 
unchanged alkaloid will remain in the body after the first day. 

Pyrrolizidine N-oxides are much more water soluble than 
their parent alkaloids. Indicine N-oxide (which is excep-
tionally water soluble) is very rapidly excreted, either 
unchanged or conjugated. Thus, indicine N-oxide given iv to 
mice, monkeys, or rabbits disappeared from the serum with 

-  initial half-lives ranging from 3 to 20 mm (Powis et al., 
1979; El Dareer St al., 1982). Over 80% of tritium-labeiled 
indicine N-oxide given iv was excreted in the urine of mice or 
monkeys within 24 h (El Dareer et al., 1982); at 2 h, the 
highest concentrations of radioactivity were in the kidneys, 
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liver, and intestines. Urinary excretion of indicime N-oxide 
was also rapid in rabbits, but somewhat slower in human beings 
(Powis et ala, 1979). 

4.2 Metabolic Routes 

The major metabolic routes of unsaturated pyrrolizidine 
alkaloids in animals are; (a) hydrolysis (of the ester 
groups); (b) N-oxidation; and (c) dehydrogenation (of the 
pyrrolizidine nucleus) to dehydro-alkaloids (pyrrolic 
derivatives). Other minor routes of metabolism are known but 
the three pathways account for the major known toxic effects 
of these alkaloids (Fig. 5). Routes (a) and (b) are believed 
to be detoxification mechanisms. Route (c) leads to toxic 
metabolites and appears to be the major activation mechanism. 
Route (a) may occur in various tissues, including the liver 
and blood. Routes (b) and (c) are brought about in the liver 
by the microsomal mixed-function oxidase system. 

	

RCOO 	OcOR 	RCOO 	OCOR 

ALKALOID 	 DEHYDRO- 
-2H 	 ALKALOID 

N 	 primary toxic \.—N--..../ 	(enz)  
metabolite 

[O //2H \y(drol  sis 
(enz ,/,/(gut ?) 

RCOO 

 

	

HN 

	Tj 

	

0 	 NECINE 

ALKALOID 
N- OXIDE 

DEHYDRO-
NECINE 

HO 

N6X 

 OH 

[0] j 

possible further metabolites 

Fig. 5. Major metabolic routes of unsaturated pyrrolizidine alkaloids. 

4.2.1 	Hydrolysis 

The hydrolysis of a PA leads to the formation of the 
amino-alcohol moiety (necine base) and the acid moiety. 
Neither of these is hepatotoxic (Schoental & Mattocks, 1960; 
Culvenor et al., 1976a). The highly water-soluble necine base 
is readily excreted, is not accessible to the ruicrosonial 
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system, and is not activated to a toxic metabolite. Thus, 
pyrrolizidine alkaloids that are very susceptible to (enzymic) 
hydrolysis have low toxicity (Mattocks, 1982). A major factor 
contributing to resistance to esterase is the steric hindrance 
in the acid moiety. Thus, the chain branching near the 
carbonyl groups slows hydrolysis allowing the formation of 
relatively high levels of pyrrolic metabolites; a conformation 
of the basic moiety, which brings the two ester groups close 
together, thus leading to mutual steric hindrance, can also 
prevent hydrolysis (Mattocks, 1981a). 

The influence of hydrolysis in vivo on alternative meta-
bolic pathways is demonstrated by the fact that treatment of 
rats with an esterase inhibitor, before giving pyrrolizidine 
alkaloids (or synthetic analogues), can lead to greatly 
increased production of pyrrolic metabolites from alkaloids 
that are normally susceptible to hydrolysis, but little 
increase in those from alkaloids normally resistant to 
hydrolysis (Mattocks, 1981a). 

4.2.2 	N-oxidation 

The N-oxidation of pyrrolizidine alkaloids is induced by 
the hepatic microsomal enzymes. The N-oxide metabolites are 
highly water soluble and are rapidly excreted in the urine 
(Mattocks, 1968a). Pyrrolizidine N-oxides are not converted 
to any significant extent to pyrrolic metabolites by micro-
somal enzymes (Jago et al., 1970; Mattocks & W1ite, 1971a), 
and there is no evidence that they are toxic, unless first 
reduced to the corresponding basic alkaloids which can then 
be activated by the microsomal system (Mattocks, 1971c). 
Thus, it appears that the formation of N-oxides represents a 
detoxification pathway. 

4.2.3 	Conversion to pyrrolic metabolites 

In laboratory animals, toxic pyrrolizidine alkaloids are 
metabolized to pyrrolic derivatives, so-called because the 
unsaturated ring of the pyrrolizidine system loses 2 hydrogen 
atoms to form what is in effect a pyrrole ring (though the 
structure is more correctly a dihydropyrrolizidine). Pyrrolic 
metabolites are easily detectable in the tissues shortly after 
giving a toxic pyrrolizidine alkaloid to an animal, by 
treating the tissue with an Ehrlich reagent containing boron 
trifluoride, when a red colour is produced; this reaction also 
occurs with the urine (Mattocks, 1968a; Mattocks & White, 
1970). In rats given retrosine, pyrrolic metabolites were 
found principally in the liver, with highest levels associated 
with the microsonial and solid debris fractions and less in the 
mitochondrial fraction; low levels were found in the lungs, 
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heart, spleen, and kidneys, within 4 h of giving retrosine. 
Rats given 60 mg retrosine/kg body weight excreted 14% of the 
dose in the urine, within 48 h. 

Pyrrolic metabolites are formed by the hepatic mixed- 
function oxidase system, with a requirement for cytochrome 
P450, oxygen, and NADPH, as has been demonstrated in vitro 
(Jago et al., 1970; Nattocks & White, 1971a). Conversion of 
pyrrolizidine alkaloids to pyrrolic metabolites by the lung 
tissue of the human embryo (Armstrong & Zuckerman, 1970), rat 
(Mattocks & White, 1971a; Hilliker et al., 1983), or rabbit 
(Guengerich, 1977) was negligible. The formation of pyrrolic 
metabolites does not proceed via N-oxide intermediates, but 
appears to result from an initTal hydroxylation of the 
unsaturated pyrrolizidine ring adjacent to the nitrogen atom 
(Mattocks & White, 1971a; Mattocks 6 Bird, 1983). This would 
lead to a chemically unstable intermediate that would be 
expected to decompose spontaneously to the pyrrolic product. 
The primary pyrrolic metabolites (or dehydro-alkaloid) formed 
by dehydrogenation of pyrrolizidine alkaloids are chemically 
dehydropyrrolizidine esters (Fig. 5). 	These are highly 
reactive compounds that can rapidly react with tissue 
constituents or hydrolyse to the corresponding pyrrolic 
alcohols, or dehydro-necines, which can thus be regarded as 
secondary metabolites. The latter can also react with tissue 
constituents, but more slowly. Because of their high chemical 
reactivity, the primary metabolites would be expected to have 
a short life in the liver cell (minutes or seconds) before 
they are hydrolysed or react with nucleophilic tissue 
constituents. Some might escape into the blood stream and 
reach other organs, especially the lungs. Dehydro-necines are 
more stable and also more water soluble, and can become more 
widely distributed throughout the body. However, they are 
also capable of reacting with tissue constituents. 	Thus, 
measurements of pyrroles formed from pyrrolizidine alkaloids 
in tissue samples, using a colour reaction (Mattocks & White, 
1970), will not represent a single metabolite, but mixtures of 
the metabolites together with various reaction products of 
these with tissue constituents. It will be seen (section 5) 
that pyrrolic metabolites are believed to be responsible for 
major toxic actions of pyrrolizidine alkaloids (Mattock, 
l972a). 

A pyrrolic metabolite with reactivity midway between that 
of dehydromonocrotaline and dehydroretronecine has been 
reported to be formed from monocrotaline in isolated, perfused 
rat liver (Lafranconi et al., 1985). Studies on this 
metabolite (isolated from bile) indicated that it is a 
monoester, and that it is toxic in perfused rat lung. This 
suggests that monoester pyrrolic metabolites may play a part 
in the toxic actions of PAs in extra-hepatic tissues. 
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When rats or other laboratory animals are given a toxic 
pyrrolizidine alkaloid, pyrrolic metabolites accumulate 
rapidly in the liver (Mattocks, 1973; White et al., 1973), 
reaching a peak within 1 - 2 h, then falling slowly during the 
next 24 h; the metabolites may still be detectable after 
2 days. Accumulation is especially rapid after intraperitoneal 
injection, a very high level of pyrrolic metabolites being 
attained within 20 mm; this indicates how rapid the 
metabolism of pyrrolizidine alkaloids can be. 

The level of pyrrolic metabolites in rat liver is 
generally directly related to the amount of alkaloid given 2 h 
previously, at least up to an acute LD50 dose. The pyrrole 
level depends on the alkaloid used, and is related to the 
acute hepatotoxicity of the alkaloid (Mattocks, 1972a). 

To be converted to the type of chemically reactive, toxic 
pyrrolic metabolites described above, an alkaloid must possess 
a 1-hydroxymethyl pyrrolizidine system, unsaturated in the 
1,2-position (this makes the ring susceptible to dehydro-
genation), and at least one hydroxyl group must be esterified, 
usually by a branched-chain acid. Otonecine esters are 
converted to similar pyrrol metabolites by a different media 
involving N-demethylation. Pyrrolizidine amino-alcohols 
(e.g., retronecine) are not metabolized to more than small 

_ amounts of pyrroles (Jago et al., 1970; Mattocks, 1981a), 
possibly because they are too water soluble to reach the 
microsomal enzymes. 

The metabolic formation of pyrroles is catalysed by 
cytochrome P450 and specificity exists in the various isozymes 
(Guengerich, 1977; Juneja et al., 1984). 

A few non-toxic pyrrolizidine alkaloids (e.g., rosmarinine 
and hygrophylline) are converted to pyrrolic metabolites in 
vivo (blattocks, 1973). Such metabolites are chemically 
TTerent from the pyrroles of toxic alkaloids, and they are 
neither reactive nor toxic (Mattocks & White, 1971b). The 
balance of structural features necessary for a pyrrolizidine 
alkaloid to be converted to give high concentrations of toxic 
pyrrolic metabolite has been discussed by Mattocks (1981a); 
the optimum conditions appear to be met in some alkaloids that 
are macrocyclic diesters, such as retrosine. 

4.3 Effects of Treatments Affecting Metabolism 

The formation of pyrrolic metabolites (and of N-oxides) is 
altered by treatments that affect the hepatic microsomal 
enzymes. Such effects have been studied by measuring rates of 
metabolism of pyrrolizidine alkaloids in vitro using 
uiicrosomal preparations from animals pre-treated in various 
ways (Table 7). For example, microsomes from rats given the 
nicrosomal enzyme inducers phenobarbitone or DDT (but not 
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Table 7. Effect of pre-treatment of male rats on the cooversion of PAs 
to pyrrolic derivatives and to N-oxides by liver microsomes lovitro 

Alk1oid 	Prt-treatment, and 	Eozyiiie activity as 	Reference  
time before enryme 	I of control values 
measurements 	 for formation of 

Pyrroles N-oxi 

retrorsine 	phenobarbitone, ip, 	311 	232 	Hattocks & 
3 x 100 mg/kg, 	 White (1971a) 
I - 3 days 

retrorsine 	DOT, ip, 75 mg/kg, 	407 	203 	Msttocks & 
3 days 	 IThite (1971a) 

retrorsine 	3-methylcholanthreoe, 	95 (us) 	116 (ns) Mattocks & 
ip, 3 x 20 mg/kg, 	 White (1971a) 
1 - 3 days 

tetrorsine 	retrorsine, ip, 	63 	- 	l4attocks & 
35 mg/kg, 20 Ii 	 White (1971a) 

retrorsine 	protein-free diet, 	39 	- 	Mattocks & 
3 days 	 White (1971a) 

monocrotaline phenobarbitone, ac, 	448 	165 	Chesney et al. 
4 x 75 mg/kg, 	 (1974) 
14 days 

monocrotaline chloramphenicol, Sc, 	10 	109 (ns) Chsney et al. 
200 mg/kg, 1 h 	 (1974) 

monocrot1ine SKF 525A, ip, 75 mg/kg, 10 	87 (os) Chesney at al. 
1 h 	 (1974) 

ns = not significantly different from controls. 

those from rats given 3-methyicholanthrene) induce greatly 
increased pyrrole formation and smaller increases in N-oxide 
formation, from the alkaloid retrorsine (Mattocks & White, 
1971a). Enzyme preparations from rats treated with inhibitors 
of microsomal enzymes, including SKF 525A and chioramphenicol, 
are much less active in converting monocrotaline to pyrroles 
(Chesney et al., 1974). The ability to metabolize retrorsine 
is diminished in inicrosomes from rats fed a protein-free diet, 
or from rats acutely poisoned with retrorsine (Mattocks & 
White, 1971a). 



- 63 - 

The effects of in vivo treatment with several types of 
enzyme inducers on the toxicity of lasiocarpine and 
senecionine for primary rat hepatocyte cultures was 
investigated by Hayes et al. (1985). Pre-treatment with 
phenobarbitone potentiated the cytotoxicity of senecionine 
towards the cultured cells, whereas pre-treatment with 
3-methytcholanthrene diminished the toxic action of 
senecionine, but had little effect on lasiocarpine cyto-
toxicity. The cytocidal effects of both alkaloids were 
substantially inhibited in the presence of SKF 525A. 

4.4 Other Factors Affecting Metabolism 

Variations between animal species have been investigated 
by White et al. (1973) and Shull et al. (1976). For instance, 
metabolism to form pyrroles is high in rats and very low in 
guinea-pigs, which, however, have higher rates of 
N-oxidation. For example, 2 h after an ip dose of retrosine 
rloo mg/kg body weight), the liver-pyrrole level in male rats 
was 13 times higher than that in male guinea-pigs (White et 
al., 1973). Liver microsotue preparations from male rats were 
28 times more active than microsomes from male guinea-pigs in 
the dehydrogenation of monocrotaline (Chesney & Allen, 1973a). 

The development with age of the ability of Witar rats to 
metabolize retrosine was studied by Mattocks & White (1973). 
The ability to form pyrroles is very low in new-born rats, 
but, by 5 days of age, it is nearly as high as in adult males. 
This activity continues at a similar level in male rats, but, 
in females, it falls after the age of about 20 days until, by 
60 days, it is about one-eighth that in males. Such a sex 
difference was not observed in mice (White et al., 1973). 

4.5 Other Metabolic Routes 

The actions of hepatic microsomal enzymes on pyrrolizidine 
alkaloids can produce other metabolites as well as pyrroles 
and N-oxides, but there are few reports of these. Eastman & 
Segall (1982) demonstrated hydroxylation of the acid moiety of 
senecionine by liver microsomes from female mice. Such 
metabolism should not prevent the subsequent conversion of the 
product to pyrrolic or N-oxide metabolites. The formation of 
other niicrosomal metabolites of senecionine has been reported 
by Segall et al. (1984). 

The 0-demethylation of the acid moiety of heliotrine has 
been demonstrated by Jago et al. (1969) and represents a 
partial detoxification mechanism, since the product is about 
half as toxic as heliotrine. Other detoxification mechanisms 
exist in the rurnen of sheep (Dick et al., 1963; Lanigan & 
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Smith, 1970a,b), which are, thus, particularly resistant to 
the effects of pyrrolizidine alkaloids. 

4.6 Metabolism of Pyrolizidine N-Oxides 

As mentioned in Section 4.2, the N-oxides of pyrrolizidine 
alkaloids are not converted to pyrrolic metabolites by liver 
microsomes. It appears that their main route of metabolism in 
animals is reduction to the corresponding basic alkaloids, 
which may then be further metabolized as already described. 
This reduction has been shown to occur in the rat or rabbit 
gut (Mattocks 1971c; Powis et al., 1979), and may be brought 
about by intestinal bacteria or possibly by gut enzymes. Such 
reduction can also be brought about by hepatic microsomal 
fractions (Powis et al., 1979) in the presence of NAD}t or of 
NADPH, and by sheep rumen fluid (Lanigan et al., 1970a, b). 

The reduction of pyrrolizidine N-oxides in vivo is of 
great importance as a step in the bioactivation of these 
compounds (Mattocks, 1971c), as shown in section 4.2.2. 

4.7 Metabolism in Man 

Powis et al. (1979) found that indiCine N-oxide given iv 
to 3 human patients as an antitumour drug was partially 	-' 
reduced to indicine base, detectable in the urine and plasma. 
Armstrong & Zuckerman (1970) showed that human embryo liver 
slices, but not lung slices, converted the pyrrolizidine 
alkaloids lasiocarpine, retrorsine, and fulvine to pyrrolic 
metabolites in vitro. 
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5. MECHANISMS OF TOXICITY AND OTHER BIOLOGICAL ACTIONS 

5.1 Metabolites Responsible for ToxicJ5 

5.1.1 	Metabolic basis of toxicity 

The toxic effects of pyrrolizidine alkaloids are mediated 
through their toxic metabolites and not by the alkaloids 
themselves. The following observations are evidence for the 
above statement (Mattocks, 1972a) 

The alkaloids are chemically rather unreactive and it 
is hard to envisage reactions with cell constituents that 
they could undergo readily under physiological conditions. 
On the other hand, chemically prepared derivatives,, 
similar or identical to known metabolites of these 
alkaloids, are highly reactive and are capable of causing 
toxic effects similar to those of PAs, often at dose 
levels much lower than those required by the alkaloids 
themselves. 

The liver is usually the main organ affected, what 
ever the route of administration of the alkaloid. The 
alkaloids are known to he metabolized in the liver. 

Direct application of these alkaloids to the skin 
does not cause local toxic effects (Schoental Ct Cl., 

1954) , nor do cytotoxic effects occur at sites of 
injection. 

The susceptibility of animals to the toxic actions of 
FAa is related to the ability of the animal to metabolize 
the alkaloids. For example, the hepatic microsomal enzymes 
of rats less than 1 h old have very low activity towards 
retrorsine and these rats are relatively resistant to it, 
whereas rats aged several days have a high enzyme activity 
and are highly susceptihle to the alkaloid (Mattocks & 
White, 1973). Guinea-pigs are very resistant to retror-
sine, unless they have been given phenobarbitone, which 
potentiates the enzymes that metabolize it (White St al., 
1973). Rats pre-treated with microsomal enzyme inhibitors, 
such as SKF 525A or chloramphenicol, have increased 
resistance to retrorsine or monocrotaline (Allen et al., 
1972; Mattocks, 1973). 	In general, there is a good 
relationship between the rate of hepatic metabolism of PAs 
to pyrrole in vitro (Shull et al., 1976) and chronic 
toxicity. 	Highly resistant species, e.g., guinea-pigs, 
Japanese quail, and sheep, have a low rate of pyrrole 
formation, while susceptible species, such as the horse, 
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cattle, and rat, have a high rate. Notable exceptions are 
the rabbit and hamster, which have high rates of pyrrole 
formation, but are resistant. It is possible that this 
may be due to changes in the balance between activation 
and the involvement of other factors, such as activity of 
detoxification. For example, sheep have a high epoxide 
hydrolase activity in the liver (SWick et al., 1983), 
which may affect PA detoxification (Cheeke & Pierson-
Coeger, 1983). 

5.1.2 	Isolation of pyrrolic metabolites 

There is plenty of evidence that many unsaturated PAs are 
converted into pyrrolic esters (dehydro-alkaloids) in the 
manirsalian liver (section 4.2.3). 	These primary pyrrolic 
metabolites cannot be isolated, because of their high 
reactivity and rapid rate of hydrolysis. However, their more 
stable hydrolysis products (pyrrolic alcohols; dehydronecines) 
have been isolated and identified. ThuS dehydrohefiotridine 
has been obtained from the in vitro incubation of both the 
heliotridine-based alkaloidslasiocarpine and heliotrine, 
with rat liver microsomes (Jago et al., 1970) and dehydro-
retronecine was found to be the main detectable pyrrolic 
metabolite in the liver, blood, and urine of rats injected 	. 
with the retronecine-based alkaloid, monocrotaline (Hsu et 
al., 1973). 	There is evidence that these materials are 
identical, i.e., the (±)-forrn resulting from racemization 
during hydrolysis of the parent pyrrolic esters (i(edzierski & 
Buhler, 1985). 

The results of these studies confirm that rat liver 
enzymes convert PAs into metabolites with known cytotoxic 
activity (section 5.2), and imply that these metabolites are 
formed via the yet more toxic and short-lived dehydro-
alkaloids (Jago et al., 1970). 

5.1.3 	Chemical aspects of pyrrolic metabolites 

5.1.3.1 Preparation 

Chemical methods are available for converting unsaturated 
PAs into pyrrolic esters (dehydro-alkaloids), the putative 
primary toxic metabolites, enabling the physical, chemical, 
and toxicological properties of the latter to be studied. 

Small amounts of dehydro-pyrrolizidine alkaloids are 
usually prepared by the reaction of the corresponding alkaloid 
N-oxides with either acetic anhydride (Mattocks, 1969; 
Culvenor et al., 1970a) or methanolic ferrous sulfate 
(Mattocks, 1969). The products must be protected from 
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moisture and from acids, which can cause their immediate 
decomposit ion. 

A variety of reagents can dehydrogenate the alkaloid bases 
to pyrrolic derivatives, these include manganese dioxide 
(Culvenor et al., 1970a,b; Mattocks, 1969), potassium 
permanganate (Culvenor et ml., 1970a), chioranil (Culvenor at 
al., 1970a), 2,3-dichloro-5,6-dicyanobenzoquinone (Mattocks, 
1969), iodine (Culvenor et al., 1970b), and aryl thiols 
(Juneja et al., 194). Some PAs are slowly oxidized to 
pyrroles by molecular oxygen (Bick et al., 1975). 

The more stable pyrrolic alcohol, dehydroretronecine 
(Fig. 6), 	is prepared from retronecine using chloranil 
(Culvenor et al., 	1970) or aqueous potassium nitro- 
sodisulfonate (Mattocks, 1981c) or from retronecine N-oxide 
(isatinecine) using ferrous sulfate (Mattocks, 1969). 	The 
enantiomeric 	dehydroheliotridine 	can be 	prepared 	from 
heliotricline in similar ways. Racemic dehydro-heliotridine 
has been synthesized (Viscontini & Gilhof-Schaufelberger, 
1971; Bohlmann et ml., 1979). 

	

A 	2 CH 2OH 

6NIX  

Fig. 6. Structures 	of dehydroheliotridine 	(R I  = 0111R 2 	H) 	and 

	

dehydroretronecine (R 1 	111R2 	OH). 

5.1.3.2 ChemIstry associated with toxic actions 

	

IJehydro-pyrrolizidine 	alkaloids 	and 	dehydronecines 
(pyrrolic esters and alcohols) act chemically as alkylating 
(electrophilic) agents, i.e., they can react with compounds 
possessing electron-rich (nucleophilic) groups, such as 
amines, thiols, and some hydroxyl compounds. The products of 
alkylation consist of the "pyrrole" moiety covalently bonded 
to the substrate molecule. The mechanism of alkylation is 
illustrated in Fig. 7 (Mattocks, 1972a). An ester (R = COR) 
or hydroxyl group (R = II) attached to the pyrrole ring via one 
carbon atom (i.e., at C7 or C9) is highly reactive, being 
easily cleaved, leaving a positively charged pyrrole moiety 
with a high affinity for electron-rich substrates. Pyrrolic 

-  esters are the most reactive, RCOO being a better "leaving 
group" than HO. When 2 oxygen functions are present (as 
illustrated), either (in turn) can act as an alkylating 
centre. Such bifunctional alkylation could lead to cross 
linking of macromolecules (Mattocks, 1969; White & Mattocks, 
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Fig. 7. Mechauisw of reactiSO of a pyrrolic alcohol or ester with a 
nucieophif (Nu). 

1972; Petry et al., 1984, 1986). when the groups (R) are the 
same or similar, C7 is the more reactive site. Examples of 
such alkylations using pure chemicals (anhines or alcohol) have 
been given by Mattocks (1969) and Culvenor et al. (1970a). 
Mattocks & Bird (1983) showed that a variety of nucleophiles 
of biological interest could be alkylated by dehydraretro-
necine. Black & Jago (1970) demonstrated the in vitro 
alkylation of DNA by dehydroheliotridine, and Robertson (1982) 
and Wickramanayake et al. (1985) the alkylation of deoxyguano-
sine by dehydroretronecine. The alkylation of mouse or rat 
liver DNA by pyrrolizidine alkaloids has been shown in viva by 
Eastman et al. (1982) and Candrian et al. (1985). 

5.1.4 	Possible further metabolites 

The possibility that pyrrolic metabolites of PAs might 
themselves be metabolized by microsomal enzymes to further 
cytotoxic derivatives was suggested by Guengerich & Mitchell 
(1980). These authors showed that the tritium-labelled model 
compounds 1,2 ,3-trimethylpyrrole and 1-methyl-3-4 bishydroxy-
methylpyrrole could be metabolized in rats or by rat liver 
microsomes to unidentified derivatives able to bind covalently 
to proteins and nucleic acids. It is possible that liver 
damage, seen in some rats given iv injections of pneumotoxic 
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pyrrolic esters, might have been due to metabolites of the 
latter formed in the liver (Nattocks & Driver, 1983). Segall 
et al. (1985) have identified trans-4-hydroxy-2-hexenal in an 
in vitro mouse liver microsomal system metabolizing the PA 
senecionine and suggested that it might have been formed from 
the alkaloid via a pyrrolic intermediate. The compound is 
capable of causing liver damage and might contribute to the 
acute hepatotoxicity of senecionine and other alkaloids. 
However, this has not been proved, and the highly reactive and 
toxic primary pyrrolic metabolites from PA5 are themselves 
capable of causing the known hepatotoxic effects of these 
alkaloids. 

5.2 Toxic Actions of Pyrrolic Metabolites 

Pyrrolic derivatives prepared chemically from PAs, as well 
as some analogous compounds, have been tested in experimental 
animals and in vitro systems, and shown to have a variety of 
toxic actions. 

5.2.1 	Animals 

5.2.1.1 Pyrrolic esters (dehydro-alkaloids) 

Dehydro-pyrrolizidine alkaloids are very reactive and 
their effects in vivo are largely confined to the first 
tissues they encounter. When given orally to rats, they are 
destroyed almost immediately in the aqueous acid of the 
stomach and show no toxic action. When given ip, they cause 
severe local irritation and peritonitis (Mattocks, 1968a; 
Butler et al., 1970); subcutaneous injection leads to skin 
lesions (boson & Grasso, 1976). After iv injection of 
pyrroles, such as dehydromonocrotaline (monocrotaline 
pyrrole), into the tail veins of rats, the toxic injuries 
appear principally in the lungs. Depending on the dose, these 
include vascular lesions and pulmonary oedema (Plestina & 
Stoner, 1972); a progressive alveolar proliferation similar to 
that produced by very much larger doses of the parent alkaloid 
(Butler et al., 1970) and pulmonary hypertension (Hilliker et 
al., 1983). Dehydromonocrotaline does not require further 
metabolism to express its pneumotoxicity, and it is rapidly 
rendered inactive after exposure to aqueous media (Bruner et 
al., 1986). Similar pneumotoxicity is produced by totally 
synthetic pyrrolic esters having a simpler structure but the 
same type of chemical reactivity as the alkaloid derivatives 
(Mattocks & Driver, 1983), thus confirming the chemical 
mechanism of this action. 

Injections of dehydro-pyrrolizidine alkaloids or synthetic 
analogues into mesenteric veins of rats lead to liver damage 
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after smaller doses than the alkaloids themselves (Butler at 
al., 1970; Shumaker et al., 1976). The liver damage differs 
somewhat from the alkaloid damage, consistent with the toxin 
being introduced via the hepatic vascular system rather than 
being produced within the hepatocytes, as is the case with the 
alkaloids. Nevertheless, the progressive liver lesions are 
very similar to those produced by PAs (Butler et al., 1970). 
The lung damage after tail vein injections bears a closer 
resemblance to pyrrolizidine damage, since the latter is also 
believed to be caused by metabolites entering the lungs via 
the bloodstream (Barnes et al., 1964). 

5.2.1.2 Pyrrolic alcohols (dehydro-necines) 

Dehydroheliotridine (Fig. 6), a secondary pyrrolic metabo-
lite from heliotridine-based PAs, such as heliotrine and 
lasiocarpine, is lass acutely toxic than its parent alkaloids; 
it has an LD50 (7 days) of about 250 mg/kg body weight in 
mice (Percy & Pierce, 1971). Its effects on 14-day-old rats 
were studied by Peterson et al. (1972). All rats given ip 
doses of 0.4 mmol/kg body weight survived, but a dose of 
0.6 mmol/kg killed most animals within 10 days. Toxic effects 
were mainly found in rapidly developing tissues. In young 
rats, it caused fur loss, tooth defects, and atrophy of hair - 
follicles, gut mucosa, spleen, thymus, testis, and bone 
marrow. The lungs were not affected. Pathological effects in 
the liver were confined to necrosis of isolated cells and 
antimitotic action, which was manifested as a mild inegalo-
cytosis (development of giant hepatocytes) in rats surviving 4 
weeks or more. The persistent antimitotic action of dehydro-
heliotridine and of its parent alkaloid lasiocarpine in the 
liver of rats was investigated by Samuel & Jago (1975), who 
located the mitotic block as being either late in the DNA 
synthetic (8) phase or early in the post synthetic (02) phase 
of the cell cycle. 

Dehydroheliotridine is also carcinogenic. Peterson et al. 
(1983) showed that rats given 9 ip injections of this compound 
(60 - 76.5 mg/kg body weight) over 23 weeks had a shorter life 
span and suffered a significantly higher incidence of tumours 
than control rats. The authors concluded that dehydrohelio-
tridine is responsible for some, or possibly all, of the 
carcinogenicity of its parent alkaloids. 

Dehydroheliotridine was found to be teratogenic when given 
ip to female hooded rats on the 14th day of pregnancy. A dose 
of 40 mg/kg body weight produced effects similar to those 
produced by the alkaloid heliotrine at a dose of 200 mg/kg 
(Peterson & Jago, 1980). For the immunosuppressant activity 
of this compound, see section 6.4.10. 
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The toxic actions of dehydroretronecine (DHR) (Fig. 7) 
when given sc to rats are similar to those of dehydrohelio-
tridine (Usu et al., 1973; Shumaker et al., 1976). Repeated 
large doses also caused ulceration of the glandular stomach. 
Daily sc doses (4 mg/kg body weight), administered to rats for 
1 week, caused lung damage leading to right ventricular hyper-
trophy (Huxtable et al., 1978). DHR was carcinogenic when 
applied repeatedly to mouse skin (Johnson et al., 1978; 
Mattocks & Cabral, 1982). 

5.2.2 	Cell cultures 

Dehydroheliotridine and dehydrosupinidine both have an 
inhibitory action in cultures of KB cells (human epidermoid 
carcinoma of the nasopharynx) with ED50 concentrations of 
lO mol and 10 mol, respectively (Culvernor et al., 
1969). 

Bick & Culvenor (1971) found dehydroheliotridine (DHR) to 
be considerably more effective than the alkaloid heliotrine in 
suppressing cell division and causing chromosome breaks, in 
cultures of leukocytes from the marsupial Potorus tridactylus; 
at a concentration of 6 x 10 mol, the mitotic index was 
zero, and more than half the cells had disintegrated. In a 
study by Mattocks & Legg (1980), dehydroretronecine and 
several synthetic analogues completely inhibited cell division 
in a cultured rat liver cell line at a concentration of 
10 inol. Ord et al., (1985) found that DHR induced sister 
chromatid exchange in human lymphocytes without the need for 
metabolic activation. Analogous pyrroles with only one 
functional (reactive) group were much less effective. DIIR was 
also weakly active in inducing mutations in the Salmonella 
typhimurium base substitution strain, TA92, and gawe positive 
results in an in vitro cell transformation test using a 
culture derived from hamster kidney cells (Styles et al., 
1980). 

The toxicity of the pyrrolic ester, dehydromonocrotaline, 
for cultures of mouse fibroblasts was studied in vitro by 
Johnson (1981). The level of exposure was approximately 1 ng 
per cell. Cell death was preceded, first by the swelling and 
disruption of organelles, including mitochondria, and then by 
the rupture of plasma membranes with the release of cell 
components. 

Bick at al., (1975) investigated whether the effects of 
PAs on leukncyte cultures of Potorus tridactylus were due to 
pyrrolic metabolites. Levels of dihydropyrrolizines. which 
could be demonstrated in the culture media, were insufficient 
to account for the observed effects of heliotrine, 
lasiocarpine, and monocrotaline on the cells, but the actual 
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amounts formed within the cells may have been higher than 
those observed. 

5.2.3 	Possible participation of membrane lipid peroxidation 

Distinct increases in NADPU- and ascorbate-dependent 
peroxidation of microsomal membrane lipids were found in rats 
given heliotrine subcutaneously (300 mg/kg body weight) (Savin 
1983). The primary biochemical interactions and cellular 
aiscromolecular targets for the pathogenesis of PA-induced 
toxicity remain unidentified. 

5.3 Chemical and Metabolic Factors Affecting Toxicit1 

The toxicity of an alkaloid depends on the extent to which 
it is converted into active juetabolites and on the disposition 
and reactivity of these metabolites, once formed. 

5.3.1 	Structural features of a toxic alkaloid 

The essential structural features of a hepatotoxic PA 
(Fig. 8) are 

a 1-hydroxymethylpyrrolizidine ring system unsatur-
ated in the 12-position, with preferably a second 
hydroxyl group in the 7-position; 

esterification of at least one of the hydroxyls, 
though toxicity is much greater when both hydroxyls 
are esterified; and 

ester 	groups 	that 	are 	resistant 	to 	enzymic 
hydrolysis, which usually means that there is a high 
degree of chain branching in the acid moiety. 

The above requirements apply to natural PAs but, strictly 
speaking, only the right hand (pyrroline) ring is essential, 
being the ring that is metabolized to a pyrrole derivative. 
Thus, esters of 2 ,3-bis-hydroxymethyl-l-methyl3pyrrOline 
(synthanecine A) (Fig. 9) have pyrrolizidine-like hepato-
toxicity (Mattocks, 1971a; Driver & Mattocks, 1984). 

Structural requirements for N-oxides are the same as those 
for the hepatotoxic alkaloids. However, it is important to 
note that a PA N-oxide is not hepatotoxic itself; toxicity 
depends on it being reduced to the corresponding basic 
alkaloid, chiefly in the gut (Mattocks 1971c), but possibly in 
other organs, such as the liver (Powis et al., 1979). 
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Fig. B. Essential structural features of a hepatotoxic pyrrolisidine 
alkaloid. 
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Fig. 9. gtructure of synthariecine A. 

5.3.2 	Activation and detoxication 

Factors affecting the proportion of an ingested alkaloid 
that is converted into toxic metabolites in an animal include 
the following 

(a) Lipid solubilit 

highly water-soluble alkaloids (such as indicine) are 
easily excreted and have low toxicity. Alkaloids that are 
more lipophilic are more open to activation by liver 
soicrosomes (Mattocks, 1981a). 
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Subceptibility to hydrolysis 

This is determined by the molecular structure and 
conformation of the alkaloid (Mattocks, 1981a,b). If the 
alkaloid is open to esterase attack, it may be largely 
detoxified by hydrolysis. 

Susceptibility to N-oxidation 

The relative amounts of an alkaloid converted by hepatic 
microsomal enzymes to N-oxide and to pyrrolic metabolites 
depends on its molecular structure and conformation (Mattocks 
& Bird, 1983). N-oxidation represents a detoxication pathway 
(Nattocks, 1972b). 

5.3.3 	Factors affecting the toxicity of active metabolites 

5.3.3.1 Reactivity of the nietabolite 

Toxic metabolites are formed in liver cells. 	Primary 
pyrrolic metabolites (dehydro-alkaloids) are very reactive 
and, thus, are quickly hydrolysed or deactivated by reaction 
with cell constituents. To damage tissues other than the 
cells in which they are formed, active metabolites must cross 
the cell membrane and survive while being transported in the 
bloodstream. The more stable pyrrolic metabolites, such as 
dehydromonocrotaline from the alkaloids monocrotaline, are 
able to reach, and become bound to, lung tissue (Nattocks, 
1973). Thus, monocrotaline frequently damages the lungs, 
whereas retrorsine, which yields a more reactive pyrrolic 
metabolite, normally does not. 

Secondary 	metabolites 	(pyrrolic 	alcohols, 	e.g., 
dehydroretronecine), formed by the hydrolysis of primary 
pyrro1ic metabolites, are water soluble, relatively stable 
compounds that can become more widely distributed throughout 
the body or excreted; these are not acutely toxic. 

5.3.3.2 The number of reactive groups 

The toxicity of a pyrrolic alkylating agent is affected by 
the number of reactive ester or hydroxyl groups (1 or 2) 
present as the following examples show: - 

(a) Many pyrrolic esters can cause acute lung damage when 
given iv to rats, but only bifunctional ones also cause 
delayed effects on the lungs (Mattocka & Driver, 1983). 
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Bifunctional pyrrolic alcohols are more effective 
jhibitors 	of 	mitosis 	in 	cultured 	cells 	than 
monofurictional pyrroles (Hattocks & Legg, 1980). 

Bifunctional pyrrolic alcohols are much better 
iriducers of sister chromatid exchange (SCE) in lymphocytes 
than monoalcohols (Ord et al., 1985). 

Reasons for these differences might be that the 
bifunctional pyrroles are able to crosslink macromolecules or 
simply that they can bind more strongly to target molecules. 

5.4 Metabolites Associated with the Biological Actions 
of Pyrrolizidine Alkaloids 

5.4.1 	Acute hepatotoxicity 

The following is good evidence that acute liver necrosis 
is caused by primary pyrrolic ester metabolites 
(dehydro-alkaloids) 

The liver, in which these muetabolites are formed, is 
the only organ exposed to them in relatively high 
concentrations. 

There are good correlations between amounts of 
pyrroles bound to liver tissue and acute hepatotoxicity 
(Nattock, 1973). 

Pyrrolic alcohols are not acutely hepatotoxic, even 
when given to animals in very large amounts. 

Pyrrolic esters injected iv into the liver are much 
more acutely hepatotoxic than the parent alkaloidt (Butler 
et al., 1970). 

it is possible that other metabolites, such as 4-hydroxy 
2,3-unsaturated aldehydes, might also contribute to the acute 
hepatotoxicity of some PAs (Segall et al., 1985). However, 
this has still to be confirmed. 

5.42 	Chronic hepatotoxicity 

The persistent antimitotic action on the liver that leads 
to the formation of giant hepatocytes can be produced both by 
pyrrolic ester metabolites, such as dehydromonocrotaline (lisu 
at al., 1973), and by pyrrolic alcohols, such as dehydro-
heliotridine ( Peterson et il., 1972). both kinds of nets-
bolites can lead to similar alkylatlon products and both are 
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likely to be present in the liver when the alkaloids are 
metabolized. Thus, either could be responsible for chronic 
hepatotoxic effects. However, the antimitotic action alone is 
not sufficient. It must be accompanied or followed by a 
stimulus of cell division. This may be provided by the acute 
necrotic effect of primary pyrrolic inetabolites or by any 
other cause of acute liver injury that leads to tissue 
regeneration. In very young animals, the stimulus can be the 
enhanced rate of replication that already exists in them. 

5 .4.3 	Pneumotoxicity 

Characteristic pyrrolizidine lung damage is produced by iv 
injections of pyrrolic eater metabolites, which are effective 
at much lower doses than the parent alkaloids. The latter are 
not metabolized in lung tissue; thus, lung damage from PAs is 
believed to be due to pyrrolic esters reaching the lungs from 
the liver (Butler at al., 1970). Chronic lung damage appears 
to be caused by bifunctional rather than by monofunctional 
pyrrolic alkylating agents (Mattocks & Driver, 1983) (section 
5.3.3.2). 

There is some evidence that pyrrolic alcohol metabolites 
might also be able to contribute to chronic (but not acute) 
pneumotoxicity (Huxtable at al., 1978). - 

5.4.4 	Toxicity in other tissues 

Chronic heart damage including right ventricular hyper-
trophy is a consequence of pyrrolizidine lung damage 
(pulmonary hypertension) (Hayashi at al., 1967). Brain damage 
is attributed to ammonia intoxication secondary to severe 
pyrrolizidine liver injury (Hooper, 1972). This view has been 
contested and some PAs are known to have direct effects on the 
central nervous system (section 6.4.3). There is no evidence 
that PAs are appreciably metabolized in tissues other than the 
liver. Thus, damage to other organs is probably due to 
metabolites transported from the liver. For example, in the 
relatively uncommmion cases of chronic kidney damage after 
pyrrolizidine intoxication (Hooper, 1974; Hooper & Scanlan, 
1977) megalocytosis in this organ suggests that pyrrolic 
metabolites (either ester or alcohol,) are involved. Overall, 
patterns of disease, as observed in extra-hepatic sites, are 
consistent with a "spillover" effect of the pyrroles produced 
in the liver (Ilooper, 1978). Toxicity of an alkaloid reflects 
its rate of metabolism to a pyrrole (Tuchweber at al., 1974) 
and so the spillover effect is likely to be more evident at 
higher doses. Studies of Culvenor at al. (1976a) suggest that 
the PAs that are hepatotoxic for rats should also be pncumo-
toxic when administered at higher doses. In acute poisoning, 
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the hepatotoxic effects could outweigh the pneumotoxic effects 
or those on other organs, to such a degree that the latter are 
not manifested. Variation in expression of disease (primarily 
hepatic or extra-hepatic) also depends on the reactions of 
host tissues in different species of animals, in addition to 
the quantities of the pyrroles (Hooper, 1978). The sensitivity 
of the blood vessels might explain severe interstitial 
pneumonias in some animals, or severe nephroses in pigs 
(McGrath et al., 1975). 

5.4.5 	Carcinogenicit 

The pyrrolic alcohols dehydroretronecine and dehydro-
heliotridine are known carcinogens (Johnson et al., 1978; 
Peterson et al., 1983), whereas the pyrrolic esters dehydro-
monocrotaline and dehydroretrorsine are only carcinogenic in 
conjunction with a tumour promotor (Mattocks & Cabral, 1979, 
1982). This suggests that the more persistent secondary 
metabolites (pyrrolic alcohols) might account for the rather 
weak carcinogenicity of some PAs. 

5.4.6 	Antitumour activity 

Some FAa and their N-oxides are active as tumour 
inhibitors in test systems (Culvenor, 1968; Suffness & 
Cordell, 1985). Indicine N-oxide, in particular, showed high 
activity against B16 melanoma, mammary xenograft, M5076 
sarcoma, P388 leukaemia, and Walker 256 carcinoma. In 
clinical studies, indicine N-oxide has shown significant 
activity against some forms of leukaemia, with dosage limited 
mainly by myelosuppressjon and sometimes by hepatotoxicity. 
It is tempting to suppose that this action is related to the 
powerful antimitotic action of their pyrrolic metabolites, 
even though some of these alkaloids and derived pyrroles are 
themselves carcinogenic. On the other hand, there is evidence 
suggesting that indicine N-oxide owes it activity to a 
property of the compound itself rather than to the pyrrolic 
metabolites, which could be formed through reduction to 
indicine (Powis et 51., 1979). The evidence, that indicine is 
less effective than indicine N-oxide, is not conclusive and 
other structure-activity data (Milkowsky, 1985) point to a 
need for a structural capability to form a pyrrolic 
metabolite. It is also possible that indicine N-oxide is 
converted directly to dehydroindicine by mitochondrial enzymes 
in liver or tumour cells, since the type of reaction required 
has been observed in the mitochondrjal metabolism of the 
N-oxides of tryptamine alkaloids and certain methylated amino 
acids (Fish et al., 1956; Smith et al., 1962). 
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5.5 Prevention and Treatment of Pyrrolizidine Poisoning 

There is no known way to prevent pyrrolizidine liver 
damage, once a hepatotoxic dose of the alkaloid has been 
ingested. A number of dietary regimes have been found to 
partially protect animals (chiefly rodents) from the acute 
effects of subsequent alkaloids ingestion. None of these are 
of any practical use for preventing pyrrolizidine intoxication 
in livestock. Furthermore, chronic toxic effects in the liver 
or in other organs are sometimes more severe in animals 
receiving higher doses of alkaloids after being protected 
against acute hepatotoxicty. 

5.5.1 	Modified diets 

The mechanism of action of modified diets is not clear, 
but they may be associated with the decreased metabolic 
activation of the alkaloids. Some examples follow: 

A protein-rich diet can give some protection to rats 
against Senecio _jacobaea alkaloids (Cheeke & Cornian, 
1974). Rats fed a high casein diet survived longer than 
rats given anormal diet, when poisoned with retrorsine or 
riddelline, but the survivors were more liable to develop 
liver tumours (Schoental & Head, 1957). However, whether 
this was simply due to a prolongation of life of the 
animals by the diet is open to question. 

Male rats previously fed a sucrose-only diet for 4 
days were considerably protected against the acute hepato-
toxicity of retrorsine (LD50 120 mg/kg body weight 
compared with 34 mg/kg in normal rats). However, lung 
damage, rare in control rats, was frequently seen in 
"protected" rats given high doses of retrorsine (Mattocks, 
1973) 

Restriction of feed intake to 40% of normal 
attenuated the increase in lung weight and lavage protein 
concentration in cell-free bronchopulmonary lavage fluid 
and abolished the right ventricular hypertrophy in mono-
crotaline-treated rats. 	Furthermore, the percentage of 
diet-restricted animals that survived was significantly 
higher than that in animals that had eaten ad libitum up 
to day 28, but, from this time onwards, there was no 
difference. Alterations of dietary sodium intake alone 
dd not affect the results of monocrotaline-induced 
toxicity (Caney et al., 1985). 
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5.5.2 	Pretreatment to enhance the detoxication of active 
rietabolites 

Treatments that have afforded some protection against 
pyrrolizidine hepatotoxicity (probably by increasing the liver 
level of sulfydryl compounds, which are known to react with 
pyrrolic metabolites) (White, 1976) include the following: 

Pre-treatment of rats with mercaptoethylamine (150 
mg/kg body weight ip) partially protected rats against the 
acute hepatotoxicity of monocrotaline given 15 min later 
(Hayashi & Lalich, 1968); it gave no protection when 
administered 2 h after the alkaloid. Mercaptoethylamine, 
when given orally (300 mg/kg body weight) at the same time 
as the 1asiocarpine also increased the resistance of rats 
to the alkaloid (Rogers & Newberne, 1971). 

Cysteine 0% in the diet) partially protected rats 
against Senecio jacohaea alkaloids (Buckniaster et at., 
1977) and mice against monocrotaline (Miranda et al., 
198lc) 

The antioxidant ethoxyquin fed at a level of 2.5 g/kg 
diet to female mice for 38 days, increased the liver thiol 
concentration and raised the acute LD50 of monocrota-
line, given ip on the 10th day, to 364 mgfkg  compared with 
243 mg/kg in control mice (Miranda et ci., 1981a). 

Rats or mica also had increased resistance to acute 
pyrrolizidine hepatotoxicity when fed the antioxidant 
butylated hydroxyanisole (BNA) (up to 7.5 g/kg diet) 
(Miranda at al., 1981c, 1982a,b; Kim & Jones, 1982). 

Heliotrine-induced toxicity can be modified by the 
co-administration of cupir (a copper-containing complex) 
at a level of 1 mg/kg per day for 20 days. It prevented 
the exit of hepatic cytosolic enzymes into the blood and 
improved all the energy reactions studied in the mito-
chondrja of heliotrine-intoxicated rats (Yuldasheva & 
Sultanova, 1983). 	Inhibition of lipid peroxidation by 
cytoplasmic copper was shown later (Wittig & Stephen, 
1964). 	Savin (1983) found that lethality to rats of 
heliotrine (300 mg/kg sc) was completely prevented by 
co-administration of e-tocopherol (6 mi/kg ip). 

Rats pre-treated with ip doses of zinc chloride 
(72 niol/kg body weight) had increased resistance to the 
IepatotoxicLty of Senecia jacobasa alkaloids, as assessed 
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by histology and enzyme measurements (Miranda et al., 
1982c). The zinc treatment increased the liver level of 
metallothionein, a sulfhydryl-rich protein that might 
react with pyrrolic metabolites. _• 

Metabolic inhibitors of the microsomal p450 mixed-function 
oxidase system, SKF 525A, metyrapone, and allylisopropyl 
acetamide, which Inhibit the formation of toxic pyrroles in 
the liver, have been tried successfully in the prevention of 
the toxic effects of monocrotaline in rats (Eisenstein & 
lluxtable, 1979). The use of P450 inhibitors was stated to 
show "potential therapeutic promise". However, this would 
seem impracticable considering that, at least in the rat, PAs 
undergo a high rate of metabolism commencing a few minutes 
after ingestion (Mattocks, 1972b). In some instances, they 
have been known to lead to an increase in toxicity, e.g., with 
lasiocarpine as reported by Tuchweber et al. (1974). 

5.5.3 	Other treatments 

Lanigan & Whittem (1970) attempted, unsuccessfully, to 
protect sheep against Heliotropium europaeum poisoning by 
treating theu with cobalt, in the hope that this would enhance 
the vitamin B12-mediated detoxication of the alkaloids in -.. 

the rumen (DIck et al., 1963). 
Lanigan et al. (1978) found that the resistance of sheep 

to dietary Heliotropium europaeum was increased by giving them 
large daily doses of the antimethanogenic drug, iodoform. 
However, Swick et al., (1983) found that Senecio jacobaea 
alkaloids were not detoxified by incubationr 48 h with 
sheep rumen fluid in vitro. 
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6. EFFECTS ON ANIMALS 

6.1 Patterns of Disease Caused by Different Plant Genera 
and of Organ Involvement in Different Specis 

The most important genera of PA-containing plants listed 
in section 3.1 are all hepatotoxic. Among these, Crotalaria 
spp. cause damage in the broadest range of tissues in most 
domestic species. In pigs, they are known to be severely 
nephrotoxic (Peckham et al., 1974; McGrath et al., 1975; 
Ilooper & Scanlan, 1977). Some species are known to be pneumo-
toxic for horses (Watt & Breyer-Brandwijk, 1962; Cardiner et 
al., 1965), cattle (Sanders et al., 1936; Berry & Bras, 1957), 
sheep (Laws, 1968), and pigs (Peckham et al., 1974; Hooper & 
Scanlan, 1977), as well as hepatotoxic. 

Although several Crotalaria spp. are known to be pneumo-
toxic for horses (Cardiner et al., 1965), C. retuaa is an 
exception. It is an important cause of disease in horses in 
northern Australia (looper, 1978) and has been shown to be 
pneumotoxic for pigs in the saris area (Hooper & Scanlan, 
1977); yet it produces only hepatic disease in horses (Rose et 
al., 1957a,b). 

Similarly, Senecio spp. are primarily hepatotoxic, but S. 
jacobaea has been demonstrated to be pneumotoxic for pigs 
(Harding et al., 1964), though it could probably be an 
inconsistent change (Bull et al., 1968). This plant is also 
knowii to cause pulmonary disease in rats and mice (Hooper, 
1974). However, there are no reports of its affecting the 
lungs in cattle, sheep, horses, or chicken. Renal megalo-
cytosis and mild nephrosis are reported in most species 
poisoned with S. jacobaea (Harding et al., 1964; Bull et al., 
1968). Heliotropium app., Amsinckia app., and Echiuni spp. are 
all mainly hepatotoxic. 

Roitman (1983) summarized the pattern of organ involvement 
observed in man and different species of farm and experimental 
animals affected by pyrrolizidine alkaloids (Table 8). Even 
within a single species, the nature of a toxic effect, as well 
as the organ affected, can be altered by changing the dose 
rate and duration. 

6.2 Field Observations - Outbreaks in Farm Animals 

The veterinary problem of PA toxicity has been reviewed by 
Bull et al. (1968) and McLean (1970). Nattocks (1986) listed 
the cases of livestock poisoning and feeding trials since 
1968, and cited relevant literature. Peterson & Culvenor 
(1983) produced a useful and comprehensive table of the plant 
species known or suspected of causing natural outbreaks of 
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Table 8. Animal species and organs affected by pyrrolicidine alkaloidsJ 

Species 	Liver 	Lung 	Kidney 	Heart 	Pancreas Gastric 	Huscie 
Inucosa  

Han + 
Hockey + + + 	+ 
Horse + 4- + 
Pig + + + 	 + 	+ 
Sheep + + + 
Cost + 
Cattle + -F 

HOg 4- 

:- ouse * + 
Rat + 4- + 	 4- 

Chicken + + + 	 * 	 a 
Turkey + a- + 

f Frcm Roitman (1983). 

poisoning in each animal species. The influence of factors 
such as species, age, sex, and diet, on toxicity is also 
reviewed in the same paper. 

The first cases of pyrrolizidine poisoning were described -. 
in cattle as early as 1903 (Gilruth, 1903). Since then, there 
have been numerous reports from most parts of the world, of 
poisoning among farm snimals caused by grazing or feeding on 
PA-containing weeds (Bull et al., 1968; Mattocks, 1986). One 
of the first clues to the etiology of the human disease in 
Jamaica, came from a study in which calves fed with Crotal-
aria fulva (Bras et al., 1957) developed characteristic veno-
occlusive disease in the liver. 

Laws (1968) described a field outbreak in sheep in a herd 
of 100 adult merino ewes, which developed within 2 weeks of 
moving into a coastal farm in Australia, where they grazed 
Crotalaria mucronata. The etiology was confirmed by feeding 
the plant to 6 sheep, 4 of which died within 24 h of feeding, 
with severe pulmonary oederria. However, the rapidity of 
poisoning and the atypical lung lesions suggest that possibly 
• toxin other than pyrrolizidine alklaoids was also present. 

An outbreak of Crotalaria retusa poisoning was observed in 
• piggery near Darwin, Northern territory, Australia (1-looper & 
Scanlan, 1977) containing approximately 350 sows. It was 
caused by feeding sorghum contaminated by Crotalaria seeds at 
the rate of about 0.1% by weight for about 3 weeks, and at a 
rate of about 0.05% for a further week. The disease was 
indicated by reduced body weight gain and inappetence. The 
dominant pathological features at autopsy were severe 
nephrosis with chronic uraemia, and to a lesser degree, severe 
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diffuse interstitial pneumonia. 	Both were accompanied by 
microscopic disease in the liver, and both the liver and 
kidney showed niegalocytosis. 

Walker & Kirkland (1981) reported outbreaks in the Hunter 
river valley of New South Wales in Australia, in cattle that 
had been grazing a pasture in which Senecio lautus was 
growing. There were sporadic deaths among the cattle as well 
as two protracted outbreaks affecting calves 3.5 months of age 
and older animals, in which groups of 3 - 16 head of cattle 
died in addition to sporadic deaths of animals over periods of 
I and 6 months. Clinical signs were weakness, emaciation with 
recumbency, aimless wandering and ataxia, which suggested 
neurological involvement. At autopsy, the liver showed 
characteristic megalocytosis, periportal fibrosis, and focal 
necroses. An aged animal had cirrhosis. The etiology of S. 
lautus was proved in feeding studies on 3 calves. 

Knight et al. (1984) reported the deaths of 10 horses 
during a 3-year period after being fed hay from the same 
pasture. The animals became sick in the spring after being 
fed only the suspect hay throughout the winter. The hay was 
found to be contaminated with Cynoglossum officinale (hound's 
tongue), which contained two PAn (heliosupine and echinatine) 
in much higher quantities than is generally reported in 

--  Seneclo species. The animals developed weight loss, icterus, 
ataxia, and siniptoms of hepatic failure. At autopsy, there 
was diffuse severe megalocytosis, biliary hyperplasia, and 
fibrosis. The C. officinale was proved as the etiological 
factor in a feeding trial on a 14-year-old pony, that 
developed clinical features and pathological changes in the 
liver suggesting PA poisoning. The signs of PA toxicity in 
horses are mostly neurological, though non-specific gastric 
and oesophageal lesions have also been reported (McLean, 1970) 
(Section 6.4.3). Rose et al. (1957a,b) described a disease in 
which the dominant symptom was "compulsive" walking in a 
straight line. It occurred in areas where Crotalaria retusa 
was growing, and was ascribed to a steep rise in blood-ammonia 
levels, which accompanied chronic liver failure. 

Farm animals differ widely in their sensitivity to PAs, 
sheep and goats being fairly resistant, cattle and horses, 
less so, and poultry and pigs, rather sensitive (section 
6.4.1.2). Sheep are not immediately affected and generally 
survive one season, after feeding on heliotrope and Senecio 
(Bull & Dick, 1959). During the second season of feeding, 
they die of neurological symptoms caused presumably by rising 
blood-ammonia levels associated with chronic liver disease, or 
with haemoglobinuria and very high copper levels in the blood 
(Bull et al,, 1956, 1958) (section 6.4.1.2). With Crotalaria, 
the lung seems to be the target organ (Hooper, 19787 Similar 



acute responses to a single feed of the plant Crotal.aria 
spctabi1is were described in cattle by Emmel (1948) and in 
the chicken by Piercy & Rusoff (1946). 

Poisoning of cattle in northwestern USA has reached such - 
proportions that it has become a considerable economic problem 
(Johnson, 1982) Culvenor (1985) has reviewed the problem of 
livestock losses due to PA toxicosis in Australia, where it 
has been estimated that about tO million sheep are exposed to 
heliotrope and Echium plantagineum (Paterson's curse) to a 
greater or lesser extent and may suffer a shortening of their 
productive life by as much as two years. Most of the 
PA—containing plants are reported to grow in fallow fields and 
pastures and thrive particularly in a dry climate or following 
periods of drought. Uowever, instances of cattle poisoning 
have been reported from most parts of the world, including 
countries with temperate or cold climates, which do not 
ordinarily suffer drought. Three herds of cattle have been 
reported to have been affected in the alpine/subalpine region 
of Switzerland, after they grazed pastures that had Senecio 
alpinus growing on them. Nine different hepatotoxic PAs were 
found in the weed, the main one being seneciphylline. 
Analyses of urine samples from one cow confirmed the presence 
of PA metabolites. Several cows had to be slaughtered, 
because of cirrhosis of the liver (Luthy et al., 1981). 

6.3 Studies on Farm Animals 

There are several reports of the production of disease 
characteristic of PA toxicity in farm animals, by feeding them 
PA—containing plants. 

Senecio jacobsea (tansy ragwort) is a weed that commonly 
grows in pastures and has been the cause of extensive 
livestock losses in the United Kingdom (Forsyth, 1968) and the 
USA (Johnson, 1982). Extensive studies on this plant have 
been csrried Out using a variety of farm animals. Dickinson 
et at. (1976) fed tansy ragwort to cows through a rumen canuls 
at the rate of 10 mg/kg body weight per day, for 2 weeks. 
Liver biopsies showed characteristic megalocytosis and 
fibroplasia, and autopsy also showed centrilobular necrosis. 
A PA, jacoline, was found in the milk, but when the calves 
were bucket fed the milk, there were no detectable effects on 
them. Thorpe & Ford (1968) made similar observations in 5 
calves fed ragwort in their diet. Animals eventually dying of 
toxicity showed characteristic necrosis, megalocytosis, and 
veno—occlusve lesions. In a study by Goeger et al. (1982), 
goats were fed dried ragwort mixed in the diet at 250 g/kg. 
Four of the 11 goat kids and lactating dairy goats died. 
Characteristic niegalocytosis was seen in the liver. Goats are 
more resistant to tansy ragwort toxicosis than cattle and 
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horses, the chronic lethal dose for cattle or horses being 
0.05 - 0.2 kg ragwort/kg body weight and, for goats, 1.25 - 
4.04 kg/kg body weight. The alkaloid levels in the plant, and 
thus its toxicity, varies with season and locality. 

looper & Scanlan (1977) studied the long-term effects of 
feeding very low levels of ground C. retusa seeds, mixed with 
the feed, to pigs and chickens. Seven groups of 4 pigs each 
(sex not mentioned) bred from Saddleback-large white cross 
sows and Large White or Landrace boars, were maintained on 
diets containing 0 (control), 0.004%, 0.01%, 0.02%, 0.05%, 
0.1%, or 0.5% body weight ground seeds. Another 8 pigs were 
fed a diet containing 0.1% C. retusa for 21 days followed by 
0.05% for 7 days and then kept on a C. retusa-free diet. Pigs 
either died or were killed when moribund, or at the end of 136 
days of feeding. 

In a second study, groups each of 4 2-week-old chickens 
were fed diets containing 0 (control), 0.005%, 0.01%, 0.05%, 
0.1%, and 0.5% ground seeds of C. retusa. Chickens fed 0.5% 
started dying 12 days after the commencement of feeding and 
were all dead by day 45. Five out of 8 birds fed 0.1% or more 
died between days 22 and 56. No deaths occurred in animals 
fed 0.01% - 0.005%. 

In the study on pigs, all animals died between days 63 and 
- 107 except for 2 that survived 136 days. In these animals, 

pulmonary disease was the main cause of death. Hepatic and 
renal megalocytosis was seen in almost all animals in both the 
field outbreak and study group. The lungs showed extensive 
consolidation and oedema. Besides megalocytosis in the 
glomeruli and tubules, the kidneys showed glomerular atrophy 
and tubular necrosis. In the study on poultry, the major 
disease was hepatic necrosis of irregular distribution. The 
kidneys showed mild megalocytosis. 

In the above study, the low levels of contamination that 
produced serious disease are worthy of note. 

Johnson & Molyneux (1984) fed 55 cattle, by gastric 
tavage, with hay mixed with threadleaf groundsel (Senecio 
douglasii var. longilobus), which grows commonly in the 
pastures of southwestern USA. The PA dosage in different 
groups ranged from 5 to 40 mg/kg, daily, and the total intake 
ranged from 80 to 284 mg/kg body weight. The groups were fed 
for periods ranging from 2 to 20 days. One hundred percent 
mortality occurred in 3 out of 9 groups, each consisting of 
2 - 8 calves, receiving doses of 13 mg/kg or more. Mean 
survival time was generally inversely proportional to the 
dosage received. All sick calves had typical clinical signs 
of seneciosis. At autopsy, the principal lesion was seen in 
the liver and consisted of swelling of the hepatocytes, 
necrosis, biliary hyperplasia, and marked fibrosis. The 
estimated minimum lethal dose of the PA was 13 mg/kg body 
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weight for 15 days, or a total intake of approximately 200 mg 
PA/kg, over a 15-day period. Cattle that consumed up to 600 org 
PA/kg, in hay, in a 20- to 100-day period, were unaffected or 
only slightly affected. The authors concluded that the 
time-dose relationship for PA toxicosis in cattle is important 
and that there is a threshold level that must be exceeded for 
the toxicosis to develop. 

A similar study was conducted by Johnson et al. (195) in 
which the dry whole or ground leaves of Senecio riddelli, 
mixed with the feed, were fed to calves in gelatin capsules or 
by gavage. Forty-two female Hereford calves were divided into 
3 groups. One group of 12 was fed the leaves mixed with 
alfalfa hay feed estimated to have 20 - 40 mg PA/kg body 
weight per day over a 20-day period in different regimes, 
receiving a total of 400 - 800 rag PAs per animal. The second 
group of 12 animals received the plant packed into gelatin 
capsules, receiving an estimated PA content of 10 - 20 mg/kg 
body weight, daily, over 20 days, with a total of 200 - 400 rag 
per animal. The third group of 18 animals was administered 
(by gavage) finely ground leaves in a water slurry at various 
PA dosages ranging from 10 to 60 mg/kg body weight per day and 
a total of 200 - 500 mg over 20 days. 

Calves that received 10 rag PA/kg body weight per day for 
20 days did not develop clinical signs of disease or show any 
changes in serum-enzyme. However, feed containing the plant 
that provided 15 - 20 org PA/kg per day or more, administered 
by gavage or fed in capsules, resulted in high mortality. 
Malaise, depression, erratic or unprecedented behaviour, 
aimless walking, and ataxia, were observed in the affected 
calves; diarrhoea with tenesorus and rectal collapse were 
frequently observed. The feed intake decreased progressively 
and was negligible terminally. The animals that died and 
those that were moribund or in a state of irreversIble 
wasting, were autopsied. Hepatobiliary lesions were present 
in all such animals. The most consistent change was portal 
biliary hyperplasia and periportal fibrosis. Centrilobular or 
zonal haemorrhage and necrosis were observed in some lobules. 
Fibrosis of some central veins was common, often encroaching 
on the lumen, resulting in complete occlusion. Hepatocytes 
also showed nonspecific changes. Central nervous system 
changes were present in all animals with clinical signs of 
seneciosis, consisting mainly of spongy degeneration of the 
brain. 

	

The plant mixed in the hay ration was eaten slowly and 	- 
reluctantly and was tolerated at dosages > 20 mg/kg per day, 
emphasizing that the toxicity depended on the rate at which 
the dosage was consumed and that mortality was not necessarily 
dependent on the cumulative dosage. 
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Burguera et al. (1983) produced the disease in turkey 
poults by feeding them seeds of C. spectabilis. Simultaneous 
addition of sodium selenite at doses of 0.1, 5, or 10 mg 

selenium/kg diet did not provide any protection. 

6.4 Experimental Animal Studies 

6.4.1 	Effects on liver 

6.4.1.1 Relative hepatotoxicity of different PAs and their 
N-oxides 

The U50  values for rats, listed in Table 9, are for 
some of the most commonly used hepatotoxic alkaloids, 
calculated from data on animals dying from acute haemorrhagic 
necrosis of the liver, 3 - 7 days after intra-peritoneal 
administration of a single dose. It is evident that the 
toxicity varies widely between the alkaloids. The most toxic 
are certain macrocyclic diestera of retrorsine and the least 
toxic are the monoesters of heliotridine, retrorsine, and 
supinine (Mattocks, 1986). 

The relative toxicity of N-oxides compared with that of 
their basic alkaloids depends on the route of administration. 
The N-oxides of lasiocarpine, monocrotaline, and fulvine were 
reported to be as toxic as their basic alkaloids (Schoental & 
Nagee, 1959) when administered orally; however, when given by 
the ip or intravenous (iv) routes to rats, they were much less 
toxic (Nattocks, 1971c). Similarly, the LD50 of retrorsine 
N-oxide when administered ip to male rats was 250 mg/kg 
(Table 9) but when given orally, it was 48 mg/kg. This has 
been explained by the observations on the metabolic pathways 
of the basic alkaloids and their N-oxides. The PAs or their 
N-oxides exert toxic effects only after being metabolized to 
pyrroles by the hepatic microsomal enzymes (section 5.1.1). 
Hepatic microsomes act directly on the N-oxides (Mattocks & 
White, 1971b) only after they have been converted to the basic 
alkaloids (Mattocks, 1986); this mainly occurs in the gut 
(Mattocks, 1971c; Powis et al., 1979). This matter is of 
practical importance as the alkaloids are often present as 
their N-oxides in weeds grazed by farm animals. 

6.4.1.2 Factors affecting hepatotoxici 

These factors have been reviewed by Mattocks (1986). 

(a) Route of administration 

Most studies on LB50 values have been carried out using 
the ip route, and very few experimental data are available on 



Table 9. 	LD50 s in male rats after a single intraperitoneal de;e 
of same hepatotoxir a1.Iloids 

AlkaloId LD50 	(mg/Ice) Time range Referenc5 
(days) 

heliotririe 296 3 Bull 	et al. 	(1958) 

lasiocarpine 77 3 Bull 	et 	al. 	(1958) 

lasocarpiiie N - oxide 547 3 Bull 	et 	al. 	(1958) 

monocroLalinc 175 3 Bull 	Ct 	al. 	(196$) 

retrorsine 34 4 or 7 isttocks 	(1972a) 

retrorejne N-oxide 253 7 Battocks 	(1972s) 

senecionine 50 7 Flattccks 	(1972s) 

sCneciphylline 77 3 Bull 	at al. 	(1968 

senkirkine 220 Hirono Ct Cl. 	(199a) 

symphytine 130 Ilirono et 	al. 	(199a) 

P Not stated. 

toxicity using the oral route. There is a close similarity 
between the iv data and the ip data. Furthermore, toxicity 
data on rats administered PAs by the oral route (Schoental & 
Magee, 1959), including retrorsine, lasiocarpine, heliotrine, 
and monocrotaline, closely resemble those relating to the 
LD5ç values for the same Strain administered PAs intra-
peritoneally (Mattocks, 1972b). Thus, the hepatotoxicity of 
PAs in rats does not differ very much, irrespective of the 
route of administration, however, rabbits appear to be less 
susceptible to PAs in the plant Senecio jacobaea when 
administered orally than when administered intravenously 
(Pierson et al., 1977). 

(b) Species 

Wide differences have been observed in the hepatotoxic 
effects of PAs and alkaloid-containing plants between 
different species of both farm animals and laboratory animals, 	— 
and in the same animal exposed to PAs derived from different 
plants. Sheep are resistant to PA-containing plants (section 
6.2) and when fed hchium plantagineum pellets containing 1.3 g 
alkaloid/kg as the sole diet for 12 months, over a period of 



2 years, showed almost no liver damage (Culvenor et al., 
1984). However, adult rats fed the same pellets as only 50% 
of the diet for 14 days died 4 - 13 weeks later (Peterson & 
Jago, 1984). Pigs were found to be 5 - 10 times as 
susceptible to PAs in Crotalaria retusa as chickens (Hooper & 
Scanlan, 1977). Overall, the approximate ratios of quantities 
of plant material required to prove toxic in the various 
species listed are about 200 for the sheep (approximately the 
same for the goat), 150 for the mouse, 50 for the rat, 14 for 
cattle (approximately the same for the horse), 5 for the 
chicken, and 1 for the pig (Hooper, 1978). 

Cheeke & Pierson-Goeger (1983) studied the chronic 
toxicity of Senecio jacobaea for several laboratory animals by 
feeding the dried plant as a component of a mixed diet. The 
degree of susceptibility to PA poisoning was compared in terms 
of the chronic lethal dose of the dried plant as a percentage 
of the initial body weight among the animals themselves, and 
with similar data on livestock in other studies. Gerbils, 
hamsters, and guinea-pigs were resistant to chronic toxicity, 
gerbils being the most resistant, consuming over 35 times 
their body weight of the dried plant. Comparison with similar 
data in other studies indicated that the rabbit (Pierson et 
al., 1977), Japanese quail (Buckivaster et al., 1977), and goat 

-.-- (Goeger et al., 1982) were resistant, requiring a long-term 
lethal dose of the plant of 113% or more of the initial body 
weight, whereas the rat was highly sensitive requiring only 
21% (Goeger at al., 1983). Chicks and turkey poults were also 
susceptible with severe inhibition of growth occurring when 
there was 5% and 10% contamination of the feed with the plant; 
survival time was short (Cheeke & Pierson-Goeger, 1983). 

In a study by Fushimi at al. (1978), on the carcino 
genicity of the flower stalks of Petasites qponicus Maxim in 
mice and Syrian golden hamsters, species and strain 
differences were observed, not only with regard to hepato-
toxicity, but also with regard to the carcinogenicity of PAs. 
Nice of ddN, Swiss, and C57BL/6 strains and Syrian golden 
hamsters were fed on a diet containing young flower stalks of 
the plant for 480 days. High incidences of lung adenoma and 
adenocarcinoma were observed in ddN mice, but no significant 
differences in tumour incidence were observed between the 
experimental groups of Swiss mica and hamsters and the 
corresponding control group. No tuniours were induced in an 
experimental group of C57BLJ6 strain mice. 

These differences have been explained by the differences 
- in the rate of metabolic conversion of PA5 to toxic 

metabolites (pyrroles) by the hepatocyte microsomes in the 
different animal species (White et al., 1973; Shull et al., 
1976; Peterson & Jago, 1984). 
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The resistance of sheep has been ascribed to destruction 
of the alkaloids in the rumen by a reductive conversion into 
non-toxic 1-methylenepyrrolizidine derivatives (Bull et al., 
1968; Lanigan, 1971, 1972). It has also been suggested that 
the resistance of sheep is due to a low level of activation in 
liver cells (Shull et al., 1976), but this factor was not 
prominent in some Australian sheep, which were as sensitive as 
rats to PAs injected intraperitoneally (Ilooper, 1974). 

Thus, it is possible for ruminants to graze plants 
containing PAs for a period of months without evident harm, 
e.g., cattle eating Crotalaria juncea in Africa (Srungboonmee 
& Maskasaine, 1981), but long-term effects may arise in animals 
exposed over several years. 

Considerable differences in LD50 values have been 
reported for the same alkaloids in different species. For 
example, the LD50 for retrorsine varies from 34 mg/kg for 
male rats to 279 mg/kg for quail and over 800 mg/kg body 
weight for guinea-pigs (White et al., 1973). Guinea-pigs are 
also resistant to monocrotaline (Chesney & Allen, 1973a), but 
not to jacobine or to mixed alkaloids of Senecio jacobaea, 
which are highly toxic (Swick et al., 1982a). 

Sex 

Significant differences in the hepatotoxicity of the same 
alkaloid have been observed between sexes in some species. 
Male rats are much more susceptible to the acute toxicity of 
retrorsine or monocrotaline than females (Mattocks, 1972b). 
Mattocks & White (1973) reported a higher level of metabolic 
transformation in young male rats to form pyrroles from 
retrorsine, compared with females (section 4.4). Jago (1971) 
reported a higher susceptibility in male rats to the chronic 
hepatotoxic effects of heliotrine, while female rats were more 
susceptible to lasiocarpine. It is possible that this may be 
due to the potentiating effect of male sex hormones. Campbell 
(1957a,b) reported that diethylstilboeaterol protacts against 
the effects of seneciphylline and promotes repair of damaged 
liver in poultry. Protein-deficient rats of both sexes, or 
Cemale animals pre-treated with testosterone, were more 
susceptible to monocrotaline (Ratnoff & Mirick, 1949). 

Age 

	

Available data on the effects of age are highly 	- 
conflicting. IL has been stated that young rats, particularly 
suckling animals (Schoental, 1959), are more susceptible than 
adults to the hepatotoxic effects of some alkaloids (Jago, 
1970), such as monocrotaline (Schoental & Head, 1955), and 



- 91 - 

retrorsine and lasiocarpine (Schoental, 1959). Rats, 1 - 4 
days old, were far more susceptible to retrorsine and 
senkirkine than rats aged 25 - 30 days (Schoental, 1970); yet 
new-born rats (within 1 h of birth) were relatively more 
resistant to the hepatotoxic effects of retrorsine than I- to 
4-day-old rats (Mattocks & White, 1973). McLean (1970) has 
critically reviewed the data. In comparing the data on small 
animals from several studies, newborn and 4-week-old animals 
appear to have about the same susceptibility as adults. Data 
for the intervening period obtained by Harris et al. (1957), 
Schoental (1959), and Hayashi & Lalich (1968) are conflicting, 
suggesting decreased susceptibility in some studies (Harris et 
al., 1957 and one series of Schoental's studies, 1959), and 
increased susceptibility in others (Hayashi & Lalich, 1968 and 
the second series of Schoental's studies, 1959). Furthermore, 
Jago (1971) demonstrated that, while rats aged 1 - 2 weeks 
were more susceptible to the acute effects of heliotrine and 
lasiocarpine than older rats, sensitivity to the effects of 
long-term administration of these alkaloids increased with 
age, after 2 - 3 months. 

(e) Diet 

Effects of both qualitative and quantitative changes in 
diet on the hepatotoxicity of PAs have been investigated in 
several studies. Restriction of protein levels in the diet 
enhanced the acute hepatotoxic effects of retroraine in rats 
(SeIzer & Parker, 1951) and the chronic effects of a single 
dose of orally administered lasiocarpine (Schoental & Nagee 
1957) (sectiOn 6.4.5.1) as well as the toxicity of PAs in 
Senecio jacobaea, whereas a high protein diet had a protective 
effect (Cheeks & Corman, 1974). Likewise, low lipotrope diet 
enhanced the toxic effects of orally administered lasiocarpine 
in pregnant rats and also in the fetal livers (Newberne, 
1968). On the other hand, it protected young male ratS against 
the acute toxicity of monocrotaline, because of the reduced 
metabolic conversion of the alkaloid into pyrrolic metabolites 
(Newberne et al., 1971, 1974). 

Caloric restriction reduced the cardiopulmonary toxicity 
of a single dose of monocrutaline in rats (ilsyashi et al. 
1967). This was ascribed to the reduced growth rate in 
animals on a restricted diet rather than to a reduction in the 
rate of metabolic conversion of the alkaloid, since dietary 
restriction started only after administration of the alkaloid. 

—  When the animals were put back on the ad libitum feeding 
regimen, they developed signs of increased toxicity. 

A high copper content in the diet has been shown to 
enhance the toxic effects of PAs (Miranda et al., 1981b). 
Incorporation of copper sulfate at 50 mg/kg in the diet 
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containing the plant Senecio jacobaea increased the hepato-
toxicity in rats, as judged by enzyme measurements. The 
implications of this observation are obvious if some 
PA-containing plants being grazed by farm animals also have a 
high copper content. 

Nattocks (1972b) demonstrated the protective effects of 
sucrose against the acute hepatotoxic effects of retrorsine in 
rats, if administered for 3 days prior to alkaloid admini-
stration (section 5.5.1). 

6.4.1.3 Acute effects 

Experimental animal studies on the pathological effects of 
PAs on the liver have been reviewed by Bull et al. (1968) and 
McLean (1970). Most studies have been carried Out on the rat 
(Schoental & Magee, 1957, 1959; Bull & Dick, 1959; Schoental, 
1963; Barnes et al., 1964; McLean et al., 1964; Nolan et al., 
1966; Jago, 1969; Butler et al., 1970; Peterson & Jago, 1980), 
but several other species of animals have been studied 
including the monkey (Wakim et al., 1946; Rose et al., 1959; 
Allen & Carstens, 1968, 1971; Allen et al., 1969), turkey 
(Allen et al., 1963), chicken (Allen et al., 1960), hamster 
(Harris et al., 1957), mouse, guinea-pig (Chen et al., 1940), 
quail, cat, rabbit, and pig (Enunel et al., 1935; Hooper & 	— 
Scanlan, 1977). All animals tested, except the guinea-pig 
(Chen, 1945), have been found to be susceptible in studies 
using purified alkaloids and their N-oxides and crude extracts 
of PA-containing plants. 

Typically, the most conmion lesion produced in small 
laboratory animals by doses close to the LD50 is a confluent 
haemorrhagic necrosis in the liver, which appears within about 
12 h of exposure and peaks at 24 - 48 h. It is strictly zonal 
in distribution in different species of animals but may vary 
within the same animal, depending on the alkaloid used, 
species, nutritional status, and pretreatment with other 
chemicals. 

Retrorsine produces centrilobular necrosis in the rat, 
mouse, and guinea-pig, periportal necrosis in the hamster, and 
focal necrosis in the fowl and in the monkey (White et al., 
1973). In the monkey, monocrotaline produces centrilobular 
necrosis (Allen & Carstens, 1968), but senecionine produces 
necrosis in the periportal and midzonal areas of the liver 
lobule (Wkim et al., 1946). 	Almost simultaneously, or 
shortly after the development of acute haemorrhagic necrosis 
of the liver cells, various levels of change appear in the — 
central and sublobular veins of the liver lobules, consisting 
of subintiinal oedema or even necrosis, deposits of fibrin, 
thrombosis, and occlusion of the lumen, which later becomes 
organized. While haemorrhagic necrosis is a constant feature, 
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attempts to produce occlusive lesions in the veins of 
experimental animals have produced variable results (Allen et 
al. 1967). In man and non-human primates, hepatoceilular 
necrosis and venous occlusion occur simultaneously but, in the 
rat (McLean et al., 1964), chicken (Allen et al., 1960), and 
swine (Emmel et al., 1935), the vascular changes follow 
hepatic necrosis. 

Seizer & Parker (1951) produced a lesion comparable to 
human veno-ocelusive disease in albino rats by administrating 
retrorsine hydrochloride, the active alkaloid of Senecio 
ilicifolius, as well as the crude plant extract. Four batches 
of rats were administered alkaloids orally in a single dose of 
1 - 1.5 mg/lU g body weight or repeated doses of 5 - 50 mg/kg 
body weight for 31 days or as single subcutaneous injection of 
100 mg/kg body weight. One batch was fed on a diet of Senecio 
ilicifolius constituting 10% of the ration as crude plant or 
its extract; the animals lived for 21 - 84 days. Some groups 
were kept on a normal diet, and others on a diet that was 
protein-deficient. Animals, administered a single dose orally, 
developed the earliest degenerative changes in the centri-
lobular hepatocytes and sinusoidal dilatation, and the 
vascular lesion appeared after 36 h. 	Protein deficiency 
enhanced the toxic effect. 	Only 5 out of 9 animals 

. 	administered repeated doses orally showed early centrilobular 
fibrosis and none showed the vascular lesion, possibly due to 
scarring. 

Bull et al. (1958) studied the effects of a single ip 
LD 70 dose of heliotrine (320 mg/kg body weight), lasio-
carpine (80 mg/kg), or lasiocarpine N-oxide (629 mg/kg) in 
rats of a hooded strain of both sexes. Eighty-one rats were 
used and 3 rats from each treatment were killed at intervals 
of 4 - 36 h. Heliotrine produced marked centrilobular necrosis 
at 24 h, but venous changes were not evident, except for some 
aggregation of mononuclear macrophages on the endothelium. 
With lasiocarpine, the hepatic changes were similar, but the 
necrosis was not clearly centrilobular and, with its N-oxide, 
it was midzonal at 34 - 49 h. The earliest toxic effect of 
the PAs was manifested as a temporary loss of mitochondria at 
8 h. The authors concluded that FAa have an early toxic 
effect on the hepatocytes and that this does not follow 
vascular injury, as suggested by Davidson's earlier studies 
(1935). 

McLean et al. (1964) administered an aqueous extract of 
Crotalaria fulva to Wistar rats in a single intragastric dose 

-  of 0.8 - 1.5 g/kg body weight. Lesions identical to those of 
human veno-occlusive disease were produced in the animals by 
adjusting the dose to permit survival for 8 - 12 days. Loss 
of cytoplasmic glycogen in the certtrilobular cells occurred 
3 h following administration. Centrilobular necrosis, which 
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occurred after 24 h, increased with time. The central veins 
gradually filled up with thickened endothelial cells at about 
7 days, later progressing to coliagenization. Evidence was 
presented that the histological occlusion of the central veins 
was preceded by several days by a functional blocking of the 
blood flow. 

Barnes et al. (1964) observed similar results in rats 
administered a single oral dose of fulvine N-oxide at 54 mg/kg 
body weight and studied at intervals of 1 	4 days after the 
administration. 	One hundred and thirty-five rats of both 
sexes were used. Acute lesions resembling human disease were 
observed during days 1 - 8. During days 19 - 21, 3 out of 25 
animals showed liver damage consisting of some centrilobular 
haemorrhage and fibrous thickening of the central veins. Of 
the 78 animals studied at 22 - 44 days, so still had centri-
lobular congestion and some had fibrous thickening of the 
central veins. 

The effects of pyrrolic derivatives of PAs on rats were 
studied by Butler et al. (1970). Male albino rats of Porton 
strain were administered solutions of pyrrole derivatives of 
sionocrotaline and retrorsine in dimethyl forunamide as a single 
injection of 0.05 - 0.1 ml solution. When injected in the 
tail vein at a concentration of 5 mg/kg body weight, it 
produced progressive proliferation of alveolar epithelium of 
the lungs and the animals developed signs of respiratory 
distress in 2 - 3 weeks. When injected in the mesenteric vein 
at a concentration of 15 mg/kg body weight, as a rule, the 
n[mals remained well in the postoperative period and only 
1/26 animals died of mesenteric vein thrombosis; the livers 
developed multiple infercts in the left lobes that developed 
into multiple coarse nodules at 6 - 12 weeks. The above 
studies substantiated the view that PAs act only when 
converted in hepatocytes to pyrroles. When pyrroles were 
inected, they affected the smaller vessels at the portal of 
entry; in animals injected through the mesenteric vein, the 
main target was the portal vein with only secondary damage to 
the parenchynal cells, thus sparing the animals from the 
effects of hepatocellular injury. On the other hand, pyrroles 
injected through the tail vein went directly to the pulmonary 
arteries through the heart and damaged the alveolar 
capillaries. 

Acute vero-ocelusive disease was produced in monkeys 
administered monocrotaline (Allen et sl., 1967, 1969) and 
ground Crotalaria spectahilis seed (Allen & Carstens, 1968). 
In a study published in 1967, these authors used 14 mookeys 
(Mncacn specinsa) of both sexes, each weighing approximately 4 
Q. Seven of the animals were administered 1 mg monocrotaline 
in distilled water by gastric intuhation on days 1 and 14. 
The remaining 7 were used as controls and received distilled 
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water only. Wedge biopsies of liver were examined weekly. 
The survival time ranged from 14 to 38 days, the mean being 21 
days. The livers of treated animals were small and firm and 
showed changes characteristic of human veno-occlusive disease 
including centrilobular necrosis, and vascular changes in the 
central veins of liver lobules ranging from subintimal oedeaia 
to progressive collagenization and extension of collagen 
fibres into the sinusoids. Similar observations were made in 
studies on Macaca mulatta monkeys (Allen & Carstens, 1968), 
administered ground Crotalaria spectabilis seed. Sixty-four 
animals, averaging 6.2 kg in weight 1  were divided into 3 
groups. Group I, comprising 10 experimental animals (4 
control animals), received seeds in the diet containing the 
equivalent of 0.074 rag monocrotaline/kg body weight, daily, up 
to death. Group II, consisting of 14 treated animals (4 
control animals), received a single dose of seeds containing 
1.3 g monocrotaline/kg body weight 1  and Group III, consisting 
of 26 experimental animals (6 controls), received 3 weekly 
doses containing the equivalent of 0.116 g monocrotaline/kg 
body weight, by gastric intubation. Liver biopsies were 
carried out each month in Group I and each week in Groups II 
and III. Animals of the last 2 groups were killed when in 
extremis. The mean survival times for the groups were: 
Group I, 269 days (176 - 425 days); Group II, 28 days (6 - 43 
days); and Group III, 41 days (23 - 91 days). In Group I 
animals, occlusive lesions of the central and suhlobular veins 
of the liver were seen in 7/10 animals at autopsy. These 
consisted of oedema, haemorrhages, and fragmentation of the 
vessel walls, the luuiina being filled with fibrin, and 
degenerating liver cells. The lobular pattern was distorted 
because of connective tissue bands encircling small groups of 
liver cells, especially in the central zones of the lobules. 
In Groups II and III, various levels of focal or centrilobular 
necrosis were observed and the liver cells were replaced by 
stromal tissue. Vascular lesions 1  as described above, were 
seen in 25 monkeys, but no collagen was demonstrated. 

In the studies of Wakim et al. (1946) on the rhesus 
monkey, senecionine administered iv as a 2% solution at doses 
of 10 - 30 mg/kg body weight to 4 animals, daily, until they 
appeared to be sick, produced periportal, or midzonal necrosis 
in 3 animals accompanied by haemorrhage. No mention was made 
of any vascular changes. 

Electron microscopic studies 

Svoboda & Soga (1966) studied the effects of lasiocarpine 
and Crotalaria fulva on the livers of male Sprague Dawley rats 
weighing 110 - 150 g each. One group of 22 rats was given an 
ip injection of lasiocarpine at 80 mg/kg body weight and pairs 
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of animals were killed at various intervals ranging from 
15 min to 6 days. A second group of 22 animals was 
administered a single dose of an aqueous extract of CrotaLaria 
fulva at 0.5 mg/g body weight, by gastric tube, and killed at 
the same intervals. A third group of 8 rats was administered 
a total of 3.2 times the LD50 dose of lasiocarpine in small 
doses, 3 times a week, and killed at 9 - 20 weeks. The 
changes primarily involved the nucleus and interchromatin 
granules. The first change, seen after 30 min in the nueleoli 
of the hepatocytes and Kupffer cells of animals receiving 
lasiocarpine or crotalaria extract, consisted of a separation 
of the fibrillar and granular componeots. The hepatocyte 
nuclei had returned to normal after 72 h and remained so 
throughout the rest of the study. In animals receiving a 
single dose of lasiocarpine or crotalaria, round periodic acid 
schiff (PAS) positive eosinophilic bodies appeared in the 
cytoplasm after 12 h, consisting of dense masses of cyto-
plasnic material. Five days after treatment with crotalaria, 
large cells lined the luminal surface of the central veins; 
the centrilobular cells had undergone necrosis by this stage. 
Animals receiving 3.2 times the LD50 of lasiocarpine 
developed megalocytosis after 9 weeks (section 6.4.1.5). The 
cytoplasm showed vesicles of smooth endoplasmic reticulum with 
niitochondria of various shapes and sizes. The appearance 
resembled an exaggerated regenerative response. 

Allen et al. (1967, 1969) studied ultrastructural changes 
in the liver tissue, in general, including the hepatic veins 
in Macaca speciosa monkeys treated with PAs. In the study on 
hepatic veins (Allen at al., 1969), 18 treated and 6 control 
adult animals were used with an average weight of 5.8 kg. 
Animals were divided into 3 groups of 6 treated and 2 control 
animals each. The experimental animals received 0.125 g 
monocrotaline/kg body weight by ip injection. Liver wedge 
biopsies were examined at various intervals in Group I during 
hours 1 - 48, in Group II at 4 - 12 days, and in Group III at 
16 - 32 days. The earliest changes, observed by light 
microscopy, were seen at 24 h and consisted of progressive 
loss of endothelial cells and other associated changes in the 
lumen and wall leading to occlusion by collagenization by the 
third week. Under the electron microscope, within 24 h of 
administration, marked changes were observed in the endo-
thelial cells resulting in their rupture and release of 
organelles in the lumen. This was followed by penetration of 
fluid though the vessel walls in the first week and changes in 
the fibroblasts. By the third to fourth week, hepatic veins 
showed various levels of occlusion and the vessel was 
scattered with cell debris, free organelles, etc. The authors 
concluded that, in this species, hepatocellular necrosis was 
not the primary factor causing veno-occiusive disease, as the 
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association of cellular necrosis and venous occlusion occurred 
only in the central area of liver lobules, and the hepatocytes 
surrounding the sublobular and medium sized hepatic veins were 
unaffected. 

In their study of 1967, Allen at al. also investigated the 
ultrastructural changes in the liver of N. spjosa monkeys 
after administering 2 doses of I g monocrotaline each, on days 
1 and 14. At autopsy, after a mean survival time of 21 days, 
a wide spectrum of changes was observed in the hepatocytic 
organelles, many of which were lying, discharged into 
sinusoids, and also phagocytosed by the Kupffer cells. By the 
third week, proliferation of connective tissues had started in 
the sinusoids near the central veins and also in the walls of 
central veins. The authors concluded that the vascular and 
parenchymal cell changes were simultaneous and appeared to be 
equally instrumental in the development of the occlusive 
lesion. 

6.4.1.4 Mechanism of toxic action 

The mechanism of toxic action in acute pyrrolizidine 
hepatotoxicity and the sequence of events, judged from the 
collective experimental studies, appears to be as follows. 

The PA, which is inactive as a cell poison by itself, 
becomes cytotoxic through its metabolism in the hepatic 
parenchymal cells to pyrroles, which act preferentially on the 
hepatocytes and the endothelium of blood vessels in the liver 
or lungs. In the hepatocytes, the immediate action is a rapid 
fall in cytoplasmic protein synthesis reaching 30% of control 
levels at 15 min and 6% at I h (Harris et al., 19.69). This is 
manifested as disaggregation of polyribosomes and is followed 
by failure of pyruvate oxidation, loss of glycogen, structural 
damage to the mitochondria, lysosomal activity, failure of 
nitochondrial nicotineadenine—dinucleotide (HAD) systems and 
nuclear NAD synthesis, and necrosis (McLean, 1970). The 
necrosis is zonal in the liver lobule, the particular zone 
affected depending on the metabolic enzymic geography of the 
lobule in the particular animal species, and also in man and 
monkey on the vascular endothelium of the central and 
sublobular veins 

The sequence of events of the vascular lesion has been 
studied by McLean at al (1964). After a single dose of 
Crotalaria fulva extract in the rat, centrilobular necrosis is 
present after the fit- st day, but collagenous veno—occlusion of 

-  the central veins of the liver lobule only appears between 7 
and 10 days later. Evidently, the necrosis of the liver cells 
is not secondary to venous occlusion. Centrilobular 
haemorrhage i5 seen from day 2 onwards and signs of hepatic 
venous outflow tract obstruction appear after 2 - 5 days 
(McLean & Hill, 1969). 

7 



Rappaport et al. (1967) and McLean (1969) demonstrated, 
through transillumination studies on rats, that the outlet end 
of the sinusoids is blocked by stationary columns of red 
cells, 16 - 24 h following administration of PA5. The 
reaction is typically patchy and results in stasis and 
extravasation of red cells spreading backwards from the centre 
of the lobule. For at least 3 days, no circulatory detail can 
be seen with transillumination. Portal pressure is 
significantly raised 3 days after administration of fulvine 
(Rappaport at al., 1967), notably before the first appearance 
of collagenous venous occlusion at 7 days. McLean (1969) 
observed that 6 - 10 days after PA administration, a new 
irregular pattern of vascular flow, contrasting with the 
uniform radial pattern of flow in the normal liver lobule, 
develops, which corresponds to the bypass channels represented 
by dilated paraseptal sinusoids, as observed in human liver 
biopsies (section 7.3). Segments of central vein into which 
the blocked sinusoids open, are gradually abandoned in favour 
of such by—pass routes and undergo occlusion first by 
oedematous connective tissue and then by fibrosis. The 
mechanism of closure of the sinusoids is not clear. A toxic 
action on the sinusoidal or venous endothelium, which swells 
and occludes the lumen, seems possible, as suggested by Allen 
& Carsten's (1968) electron microscopic studies on the monkey, 
and studies on children (Brooks et al., 1970). The 
endothelial lining of the vessels is denuded and replaced by a 
fibrinous and proteinaceous precipitate, which, together with 
the oedematous wall of the vessel, becomes organized and 
slowly replaced by fibrous connective tissues. The occlusion 
of sinusoids is further contributed by the discharge of 
cellular debris into the space of Disse. The lumen of the 
sinusoids becomes occluded simultaneously with the fibrosis 
occurring in the central vein. Collagen fibres extend into 
the space of Disse and sinusoids leading to a creeping 
fibrosis. 

The proximate toxin that escapes from the liver is 
returned to the heart, after which it damages the first portal 
of entry into the alveolar capillaries of the lung and 
pulmonary arteries. 

6.4.1.5 Chronic effects 

The chronic hepatotoxic effects of PA5 have been described 
in a number of studies on a variety of animals and have been 
reviewed by Bull et al. (1968) and McLean (1970). A notable 
feature is that an appropriate single dose of PA has been 
demonstrated by Schoental and llagee (1957, 1959) to lead to a 
relentlessly progressive course and eventually kill the 



animal, more than 18 months after administration. Schoental & 
Bensted (1963) demonstrated that rats receiving a single dose 
of PA may develop chronic liver disease and finally hepato-
cellular carcinoma more than 13 months after administration. 
The morphological changes in the liver are similar in a given 
species of animal, whether a single sublethal dose is 
administered or multiple small doses. 

Schoental & Magee (1957) studied the long-tern effects of 
a single dose of lasiocarpine on rats receiving normal and 
protein-deficient diets. Albino rats of Porton strain were 
used. In the first study, 66 rats fed a normal diet were 
administered a single oral dose of lasiocarpine at one of 3 
dose levels (50 - 74 mg/kg, 75 - 100 mg/kg, or 101 - 150 mg/kg 
body weight); 24 animals served as controls. In another 
study, 46 young female rats were administered a protein-
deficient diet. Of these, 13 and 10 animals received a single 
oral dose of lasiocarpine at 50 - 100 mg/kg and 50 - 75 mg/kg 
body weight, respectively. Each of these groups was pair-fed 
with an identical number of animals that did not receive any 
PA. Of the 66 rats fed a normal diet, very few died in the 
first 10 days. Thirty-one animals survived longer than 3 
months. They continued to be in good health until shortly 
before death. The numbers of animals that survived for 13 

-  months after administration of lasiocarpine were 8/10 males 
and 7/1 females (lowest: dose) and 5/25 males and 11/18 females 
(intermediate dose). In the group that received the highest 
dose, neither of the 2 male animals survived longer than 35 
days, and only 1/4 female animals survived longer than 3 
months. In the animals that died or were killed when 
moribund, parenchymal damage was invariably present with 
prominent: megalocytes, ductular proliferation, and invasion of 
lobules by oval or elongated cells, thought to be derived from 
the bile-duct epithelium or the reticuloendothelial cells. 
Animals that survived showed various degrees of fibrosis and 
nodular hyperplasia and, in some, a mild thickening of the 
central veins. No obliterative lesions of the veins were 
seen. The 31 animals that survived 13 months showed similar 
changes, but to a much lesser extent. In the livers of 
animals that had repeat liver biopsies, there was no tendency 
to regression of the lesions. 

The above data indicate that very few animals died of 
acute disease. In most animals, there was a latent period of 
3 - 4 weeks, during which they remained well and showed little 
evidence of liver cell injury, followed by a progressive 

- 	course often leading to fibrosis and nodular hyperplasia. 
The low-protein diet adversely affected the growth of all 

the rats in the control as well as the treated group. Only 3 
out of 23 treated animals remained alive and in apparent good 
health, 8 - 11 months after the treatment. Liver biopsies 
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taken at various intervals between 4 and 10 months showed very 
severe fatty changes in the liver cells. There was little 
fibrosis and no bile-duct proliferation. In areas where the 
fatty changes were less severe, characteristic megalocytes 
were seen. Control animals had either normal livers or showed 
only slight fatty changes that were not comparable in severity 
with those in the livers of PA-treated animals. Thus protein 
deficiency in the diet was shown to enhance the toxic effects 
of the PA. 

Schoental & Magee (1959) extended these etudies on young 
Wistar rats using several other PAs including heliotrine, 
retrorsine, riddelliine, seneciphylline, monocrotaline, and 
its N-oxide in various dosages ranging from 25 to 303 mg/kg 
hody weight; the animals were studied at death from 1 - 10 
days to 18 - 30 months. Pathological changes were similar to 
those observed with lasiocarpine in the previous study. 
Notable observations were that necrosis did not necessarily 
precede subacute or chronic changes. 	The livers of some 
animals became severely damaged and showed nodular hyper-
plasia. Liver biopsy, 2 - 3 days after PA treatment, did not 
show pathological changes in some animals, but a repeat biopsy 
at 41 days showed characteristic changes. Fibrous thickening 
of the central veins was observed in some animals, more often 
with monocrotaline N-oxide, but no occlusion of the hepatic 
veins was seen. 

The studies of Nolan et al. (1966) confirmed the observa-
tions of Schoental & Magee (1957, 1959). They gave a single 
dose of lasiocarpine at 120 mg/kg body weight, by stomach 
tube, to 108 (equal numbers of both sexes) Sprague Dawley 
weanling rats (60 - 135 g body weight). Thirty animals of 
both sexes served as controls. Groups of 10 animals, each 
consisting of 8 treated and 2 control animals, were killed at 
various intervals from I to 123 days. Of the 80 treated 
animals, 28 died within 26 days. No delayed hepatic lesions 
were found in 59 rats between days 1 and 18. Between 19 and 
123 days, delayed lesions were found in 34/49 rats. These 34 
rats showed megalocytosis, but no ductular proliferation or 
fibrosis. 

In a second study, 127 twenty-one-day-old male Wistar rats 
were given a single oral dose of lasiocarpine at 80 mg/kg body 
weight; 65 animals served as controls. Liver biopsy was 
carried out on day 3 in 108 and on day 9 in 15 of the treated 
animals. In 47 animals, additional biopsies were carried out 
at intervals. Of the 127 PA-treated rats, 98 died during the 
first 9 days, and 29 after 10 - 50 days. In contrast to the 
first study, 32/58 survivors exhibited delayed subacute and 
chronic lesions, as described by Schoental & Magee (1957). Of 
these, 8 animals developed cirrhosis. The observations 
indicated that the lesions of acute zonal necrosis, which 
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appeared on, or before, the third day, healed without residual 
lesions. 1-lowever, 55% of the 58 survivors developed 
subacute/chronic lesions that tended to be progressive after a 
latent period of 2 - 3 weeks. There appeared to be an 
intimate relationship between chronic lesions and 
siegalocytosis, which was seen in 52/58 surviving animals. No 
obliterative vascular changes were observed and so the lesions 
could not be ascribed to impaired circulation. 

Schoental (1959) demonstrated the toxic effects on the 
newborn of PAs administered to lactating mother rats . Wistar 
rats (200 - 300 g) were administered lasiocarpine, orally or 
by ip injection, at 25 - 40 og, in 5 10 doses of 5 - 10 og, 
twice weekly or more (24 rats), or retrorsine at 4 - 10 mg per 
dose, in I - 14 approximately daily doses (23 rats). The 
litters were left with the mothers for 24 days or more (except 
for 1/2 hour separation during the PA treatment). The litters 
were examined by biopsy at frequent intervals or at autopsy 
when they died or were killed in a moribund state. LitterS of 
the lasiocarpine-treated rats showed only insignificant 
fibrosis or some megslocytosis. In the retrorsine-trested 
group, the majority of the young rats survived for about 18 
days, but all rats died before reaching the age of 30 days. 
The milk secretion of the mothers was apparently not affected 

_-- by the PA treatment. Of the 98 animals in 9 litters, 45 died 
by the 20th day and 45 survived 30 days. Animals dying in the 
first fortnight did not show gross liver lesions, but those 
that died at weaning time or later, all showed signs of liver 
disease. Animals dying at 18 	30 days showed hydropic or 
fatty vacuolation of hepatocytes and haeniorrhage 	into 
distended sinusoids. The change was severe in animals dying 
at 1 	2 months, and some central veins showed a narrowed 
lumen. 	The lactating rats that received the alkaloids 
survived longer than their young, and most showed no ill 
effects from the treatment. This evidently indicates either a 
high susceptibility of suckling rats or a high concentration 
of PAs in milk. 

In studies by Allen et al. (1963), 2 groups of 4-week-old 
turkeys, each consisting of 12 birds, were fed diets 
containing ground Crotalaria spectabilis seed at 2.5 g/kg and 
5 g/kg, respectively, for 120 days. Twelve animals served as 
controls. At the end of the study, 11112 birds receiving 5 
g/kg sped and 6/12 receiving 2.5 g/kg seed in the diet 
developed cirrhosis. The minimum period of feeding required 
to produce cirrhosis was 75 days, provided the diet was 
reduced to a level that was not lethal. 

Allen & Carstens (1971) induced the Budd-Chiari syndrome 
in monkeys by monocrotaline. Six adult female and 9 adult 
male Macaca_speciosa monkeys, weighing 5.2 - 6.5 kg each, were 
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divided into 2 groups, each comprising 5 control (3 males and 
2 females) and 10 treated animals (6 males and 4 females). 
The treated group was given a subcutaneous (sc) injection of 
monocrotaline at 60 mg/kg body weight at monthly intervals for 
3 months. Needle biopsy of the liver was carried out every 
month for 5 months and laparotomy, 6 months after PA treatment. 

The treated animals showed marked vascular changes and 
various degrees of occlusion in the centrilobular and 
sublobular veins as well as the larger vessels. There was 
also characteristic haemorrhagic necrosis in the centrilobular 
zones and megalocytes were seen. The portal venous pressures 
were raised. The animals were autopsied at 6 months. The 
livers were markedly shrunken weighing an average of 68 g in 
contrast to those of control animals, which weighed 130 g. 
There were severe occlusive vascular changes and irregular 
fibrosis in the lobules. The adjacent sinusoids were dilated 
as a compensatory mechanism. 

Swick et al. (1982a) studied the effects on guinea-pigs of 
long-term dietary administration of Senecio_jbaea and 
compared them with the toxic effects of iingle doses of 
injected Senecio alkaloids and monocrotaline. The possible 
protective effect of cysteine was also examined. 	Fifteen 
guinea-pigs of 250 - 300 g initial body weight were divided 
into 2 treated groups, being fed 10% Senecio jacobaea, or 10% -. 
Senecio jacobaea plus 1% cysteine in the diet, ana control 
group. The whole plant of Senecio jacobaea was air dried and 
powdered for incorporation into the diets. The animals were 
fed for 365 days. They were autopsied at death or at the 
termination of the study. In a second study, 7 guinea-pigs of 
500 g body weight were injected intraperitoneally with either 
monocrotaline, jacobine, or mixed Senecio jacobaea PAs. The 
chronic lethal dose LD100  of Senecio acobaea was 1264 g/kg 
initial body weight or 526% of the initial body weight with an 
average survival time of 279 days. No mortality was observed 
in control animals. This contrasts with the chronic LD100 
of Senecio jacobaea for rats of 58% of initial body weight 
(Swick et al., 1979) and that of cattle equivalent to 5 - 20% 
body weight (gull et al., 1968). Addition of cysteine to the 
diet was only slightly, but not significantly, protective. 
Pathological examination of the livers of the guinea-pigs fed 
Senecio jacobaea revealed extensive megalocytosis and severe 
cytoplasmic vacuolation with biliary hyperplasia and fibrosis, 
primarily in periportal areas. The centrilobular and midzonal 
areas were spared. 

Monocrotaline was non-toxic at doses up to 1000 mg/kg body 
weight, whereas jacobine and mixed alkaloids from Senecio 
jacobaea were lethal at much lower levels. Similar results 
showing resistance to monocrotaline in guinea-pigs were also 
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reported by Chesney & Allen (1973a). 	In in vitro studies, 
they related this resistance to lack of conversion of PA to 
pyrroles by guinea-pig microsomes. 

A morphological peculiarity of chronic hepatotoxicity in a 
large variety of laboratory and farm animals is megalocytosis 
(Bull, 1955; McLean, 1970), i.e., the appearance of exception-
ally large hepatocytes, 10 - 30 times the volume of normal 
cells with proportionately large nuclei. Relevant literature 
has been reviewed by Jago (1969), McLean (1970), and Mattocks 
(1986). Advanced megalocytosis was produced by Jago (1969) 
within 4 weeks in 2-week-old rats by administering a single 
dose of lasiocarpitie at 76 imol/kg body weight. Megalocytes 
tend to appear in the periportal and midzones of the liver 
lobules with normal sized cells around the central veins. The 
nuclear chromatin is proportionately increased, but the cells 
appear incapable of entering into initosis, as only abnormal 
mitoses are seen. Jago (1969) demonstrated a fall in the 
mitotjc index (from 1.61 to 0.04) in liver cells of 2-week-old 
rats, one day after injection of 50 jnnol lasiocarpine/Icg. 
The electron microscopic appearance also supports the above 
observations (Afzelius & Schoental, 1967). A striking 
proliferation of rough endoplasmic reticulum and multiple 
centrioles is seen in the cytoplasm, and the cytoplasmic 
organelle are disorganized, suggesting increased metabolic 
activity but inability of the cells to divide. Such cells may 
persist for the life-time of the animal (up to 2 years in the 
rat) and the liver never returns to normal (Mattocks, 1986). 
Megalocytes have also been described in the kidney (Bull et 
al., 1968), the lung (Barnes et al., 1964; Butler et al., 
1970; Hooper, 1974), and the duodenum (Hooper, 1975c). 

Data on the total chronic lethal dose of heljotrjne in 
rats were discussed by Bull & Dick (1959) and Bull et al. 
(1968). For a variety of dosing rates, and with withholding 
periods of 10 - 20 weeks interposed, the total doses ranged 
from 2.2 to 7.8 LD50. In Table 10, these data are extended 
with results for other alkaloids. The overall range of the 
total lethal dose is 1.2 - 10.3 LD50. 

6.4.2 	Effects on lungs 

Current literature has been extensively reviewed by Kay & 
Heath (1969), and Mattocks (1986). PAs have been shown to 
produce pulmonary hypertension with associated vascular 
changes in the pulmonary circulation in a number of experi-
mental animal species including the rat, mouse, frog, turkey, 
pig, sheep, rabbit, and horse (McLean, 1970) as well as in 
non-human primates (Allen & Chesney, 1972; Chesney & Allen, 
1973b) and the dog (Miller et al., 1978). The alkaloids have 
been administered by feeding the animals with: PA-containing 
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Dose (x LD50 ) 

Table 13. Total chrooit lethal doces in rate 
(ip administration, 2 or 3 tunes per week) 

Time to 	Total lethal 
death (doy) 	dose 

Cx LD50) 

Reference 

Heliotrine 
(male rats, unless 
otherwise stated) 

0.2 
0.1 
0.06 
0.02 
0.01 

(with interval of 10 - 
20 weeks after 21 days) 

0.11 
0.1 

(35-day-old male tote) 
0.1 

(337-day-old male rats) 
0.1 

05-day-old female rats) 
0.1 

(337-day-old female rats) 

Lasiocarpins 
(male rats) 

0.1 
0.01 
0.02 
0.01 
(0.005) 
0.1 
0.1 

Lasiocarpine 
(female rats) 

0.1 
0.05 
0.02 
0.01 
(0.005) 
0.1 

N000c total in a 
0.1 
0.05 

SeneciOflne. 
0.2 
3.1 
0.04 

58 5 
123 5.1 
303 4.1 
508 4.1 

5.2 	- 	5.3 

2.2 	- 	4.3 
7.8 

4.7 

5.8 

4.5 

210 9 
482 10.3 
676 5.7 
595 2.6 
(638) (1.4) 
81-175 2.4-5 

- 6.3 	- 	10.9 

108 4.6 
274 5.8 
471 4 
487 2.1 
(1192) (1.5) 

2.4 - 	 7 

1.2 - 2.4 
2.5 - 4.4 

2 - 7.4 
1.7 - 5.7 
(3 survived) 

Bull & Dick (1959) 

Bull 1. Dick (1960) 

Bull & Dick (1959) 
Jago (1971) 

Jago (1971) 

1° (1971) 

Jago (1971) 

Culvenor & Jago 
(1979) 

Bull B Dick (1959) 
Jago (1971) 

Culvenor & Jago 
(1979) 

Jago (1971 

Bull ef al (1968) 

Bull et al. (1968) 

Assuming LD50 mglkg (c.f., liatfocks, 1986). 
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seeds of plants (notably Crotalaria spectabilis) (Turner & 
Lalich, 1965; Kay & Heath, 1966; Kay et at., l9&7a) or the 
dried plant itself (e.g., Senecio jacobaes) (Burns, 1972), 
aqueous solutions of fulvine(Barnes et al., 1964; Wagenvoort 
et al., 1974a,b) or monocrotaline (Lalich & Ehrhart, 1962; 
Huxtable et al., 1977), subcutaneous injections of monocrota-  
line (Allen & Chesney, 1972; Chesney & Allen, 1973b) and 
seneciphylline (Ohtsubo et al., 1977), or intravenous 
injections of some pyrrolic esters and analogues of 
pyrrolizidine alkaloids and their metabolites (Mattocks & 
Driver, 1983). Lafranconi & Huxtable (1984) studied the 
hepatic metabolism and pulmonary toxicity of monocrotaline in 
in vitro perfusion studies. Some of the representative 
studies on the morphological effects of toxic lung injury are 
listed in chronological order in Table 11. 

Chronic lung lesions have been produced by most compounds 
that produce chronic liver lesions, though higher doses were 
required in some instances (Culvenor et al., 1976a). However, 
not all PAs that are hepatotoxic are also pneumotoxic. Among 
the pneumotoxic alkaloids, fulvinc (Barnes et al., 1964) and 
monocrotaline are particularly active (Nattocks, 1986). 
Molecular structure activity requirements are the same as for 
hepatotoxicity, since both are caused by the same toxic 
metabolites produced in the hepatocytes. 

6.4.2.1 Acute effects 

Pulmonary lesions produced by PAs have been extensively 
investigated, mostly in rats, but also in non-human primates. 
Monocrotaline has been the alkaloid most frequently used, but 
lung lesions have also been seen in rats following fulvine and 
senecipliylline administration, besides pure alkaloids, 
PA-containing seeds of some plants, most notably Crotalaria 
spectabilis, have also been used. 

Miller et al. (1978) gave a single iv injection of 
monocrotaline at 60 mg/kg body weight to 10 mongrel dogs. 
Toxic effects, recorded within 2 h, included ultrastructural 
changes in the endothelial cells of the alveolar capillaries, 
prominent accumulation of platelets, and the appearance of 
interstitial oedema (Table 11). '/aldivia at at. (1967a,b) 
used 25 Sprague Dawley rats in their study and made similar 
observations on the rat lung within 4 h of a single 
subcutaneous injection of monocrotaline at a dose of 60 mg/kg 
body weight (Table 11). 	Interstitial oedema and elastolysis 

- 	of the alveolar wall, increase in number of mast cells, and 
other associated changes were observed within 4 h of the 
injection, followed by alterations in endothelial and 
interstitial cells. All of the changes progressed steadily 
for up to 3 weeks. It was concluded that the initial changes 
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of destruction of pulmonary capillaries and the other 
components of the alveolar wall preceded the arteriolar 
hypertrophy and arteritis observed by other investigators 
following nionocrotaline administration, and alone was 
sufficient to cause right ventricular hypertrophy. Sugita et 
al. (1983a,b) administered a single dose of monocrotaline at 
40 mg/kg body weight to 5 Sprague Dawley rats and adduced 
further evidence, by biochemical and radinisotopic studies, of 
microvascular leak in the alveolar wall within the first 3 
days of injury, which preceded right ventricular hypertrophy 
observed 2 weeks following administration (Table 11). 

A histological and electron microscopic study was made by 
1-lurley & Jago (1975) of the lungs of rats administered 
dehydromonocrotaline. Female black and white hooded rats 
weighing 80 - 100 g were used. Dehydromonocrotaline dissolved 
in dimethylfonasmide (DMF) was administered iv as a single 
dose at 30 mg/kg body weight to 12 rats and at 15 mg/kg body 
weight to 7 rats. Four control rats were administered DNF 
alone. A colloidal suspension of carbon black was injected 
iv, 6 - 18 h after injection of dehydromonocrotaline, and the 
animals killed 19 - 44 h after treatment. 

After an interval of 6 - 8 h, there was a direct toxic 
effect on the endothelial cells of pulmonary capillaries and 
small venules. Many endothelial cells had prominent nuclei - 
and thickened cytoplasm, which contained more RNA granules 
than usual. There was also an increase in the number of 
mitochondria. The endothelial damage did not seem to have 
caused permanent disruption of the small blood vessels, and, 2 
days after injury, all vessels were patent. Large numbers of 
mononuclear cells, which appeared in the interstitial tissues 
of the lung 44 Ft after injury, seemed to be altered emigrated 
blood monocytes. 

6.4,2.2 Chronic effects 

Lalich & Erhart (1962), fed 35 Sprague Dawley rats a diet 
containing monocrotaline at 10 - 30 mg/kg (Table 11). Animals 
receiving a daily dose of monocrotaline of 20 mg/kg diet or 
more, showed progressive changes in the lungs after 24 days of 
feeding. Of the 23 animals receiving 20 - 30 mg/kg, 12 showed 
pulmonary arteritis, 4 of these even at the dose level of 
20 mg/kg diet. Pulmonary haemorrhages were observed in 16 
animals. No changes were observed in animals fed alcohol-
extracted seeds or other derivatives of monocrotaline. 

Identical changes were observed in similar studies by 
Turner & Lalich (1965) on two strains of rats, Sprague Dawley 
(19) and Wistar Furth (24). The first group of 19 female 
Sprague Dawley rats was fed a diet containing monocrotaline at 
an initial level of 10 mg/kg diet. Depending on the response 
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of each individual animal, the monocrotaline level was raised 
to a maximum of 75 mg/kg diet (Table 11). Fourteen rats 
survived for more than 100 days and 8 reached the maximum 
dietary level of monocrotaline, the last animal dying after 
232 days. The second group of 24 female Wistar Furth rats was 
fed a diet contaminated with Crotalaria spectabilis seeds, 
initially at 0.2 mg/kg diet, gradually rising to 1.6 mg/kg by 
increasing the levels by 0.2 mg/kg every week. All teat 
animals survived 100 days and 15 reached the maximum levels of 
Crotalaria fed. The last animal died after 172 days of 
feeding. Animals developed signs of toxicity and right vent-
ricular strain, e.g., cyanosis, etc. Progressive thickening 
of media in the muscular pulmonary arteries, progressive 
musculariration of arterioles, and changes characteristic of 
pulmonary hypertension, were seen. Some pulmonary arteries 
showed medial necrosis. No changes were observed in the 
pulmonary veins. Significant hypertrophy of the heart, as 
judged by the heart weight in relation to body weight, was 
seen in almost all animals that survived 100 days or more 
(32/38), and the right ventricles were dilated. The 
hypertrophy affected the right side of the heart only, and 
generally corresponded with the vascular changes. There was a 
marked hyperplasia of the mast cells in the mediastinal lymph 
nodes and around bronchi and pulmonary arteries. Similar 
observations were made by Barnes et al. (1964) and Valdivia et 
al. (1967a,b). 

Kay and his group studied cardiac and pulmonary vascular 
changes in rats fed Crotalaria spectabilis seeds (Kay & Heath, 
1966; Kay et al., 196]a,b) or administered fulvine (Kay at 
al., 1971a). 

A group of 10 female weanling Wistar albino rats were fed 
a diet containing I g powdered seeds of Crotalaria specta-
bilis/kg until they died of cardiorespiratory distress, after 
36 - 60 days of feeding. Thirty-four control rats were fed a 
normal diet. At autopsy, the atria of the heart, the right 
ventricle, and the left ventricle with the interventricular 
septum were weighed separately. The medial thickness of the 
muscular pulmonary arteries was measured, and expressed as 
percentage of external diameter. The medial thickness of the 
muscular pulmonary arteries increased in all test rats; acute 
or healing pulmonary arteritis was seen in 3 animals. 
Statistically significant cardiomegaly was present in all rats 
fed the seeds, contributed chiefly by the right ventricle. 
The readings from all the test rats were well outside the 
upper 95% confidence limit. The increase in the medial 
thickness of the pulmonary arteries correlated well with the 
weight of the right ventricle (Fig. 10). Three rats showed 
pulmonary arteritis (indicated by a solid triangle). It was 
presumed that the organic basis for increased pulmonary 
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resistance was the abnormal muscularization of the radicles of 
the pulmonary arterial system. Essentially similar results 
were obtained in an identical study repeated on 8 teat rats 
and 5 controls (Kay et ml., 1967a). The test rats developed 
pulmonary hypertension in 37 days, levels of which were corre-
lated with the medial thickness of the muscular pulmonary 
arteries and that of the pulmonary trunk, as well as with the 
weight of the right ventricle. 

RV weiahts x 100 

body weight 

Fig. 10. The relation between the average percent nedial thickness of 
pulmonary arteries, and the wlght of the right venttice, 
eapressed as a percentage of the total body weight,  in cont:c1 
and test rats (Kay & Heath, 1966). Control animals 0: test 
animals - o; animals showing pulmonary arteritis -  A. 

Ghodsi & Will (1981) made similar observations in Sprague 
Dawley rats given a single subcutaneous injection of 
monocrotaline at 60 mg/kg body weight. Forty rats weighing 
180 - 200 g were used; of these, 20 constituted the Control 
group. The control animals received the same volume of 
saline. Each week, 3 rats from each group were catheterized 
and pulmonary artery pressures were measured. In the treated 
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group, 2 out of 5 animals showed a mild increase in pulmonary 
artery pressure at the end of 8 days. A further 4 out of 5 
animals showed a mlld to moderate rise in pulmonary artery 
pressure after 2 weeks. The highest value recorded in test 
rats was 56 mrnHg compared with a normal upper limit of 
22 mmHg. The medial thickness of pulmonary arteries was 
correlated with pulmonary artery pressures (P < 0.02) as was 
the thickness of the right ventricle. The correlation between 
the pulmonary artery pressures and right ventricular 
hypertrophy was statistically significant (P < 0.05). 

gay et al. (1971a) administered a single dose of fulvine 
to rats, intraperitoneally at 50 mg/kg body weight, or through 
a stomach tube at 80 mg/kg. 	Of the 30 treated rats, 17 
survived 23 days. 	All of the animals showed changes 
characteristic of hypertensive pulmonary vascular disease with 
right ventricular hypertrophy and muscular hypertrophy of the 
pulmonary trunk and the muscular pulmonary arteries. 
Pulmonary arterioles were also muscularized and contained 
fibrin thrombi. Four animals showed pulmonary arteritis. 

Essentially similar changes in the pulmonary arterial 
system were produced within 20 - 28 days by Hayashi & Lalich 
(1967) in 22 male suckling rats administered a single injec-
tion of monocrotaline at 120 mg/kg body weight, and within 28 
dayg by Ohtsubo et al. (1977) in 16 male, 4-week-old rats 
given a single injection of seneciphylline at 80 mg/kg body 
weight. Hooper (1974) did not find any such effect on feeding 
powdered Senecio jacobaea at 100 - 200 mg/kg diet to 9 male 
white mice for up to 193 days. 

in studies by Allen & Chesney (1972), non-human primates 
(Macaca arctoides) were administered 4 doses of monocrotaline 
at 30 - 60 mg/kg body weight by subcutaneous injection 
(Table 11). Twelve infant monkeys (30 days old) and 12 adults 
(15 months old) were studied with different results. Vascular 
changes, characteristic of pulmonary hypertension and 
resultant cor pulmonale, were observed in the infant monkeys, 
as described by earlier workers in the rat. Only isolated 
small hepatic veins were occluded. On the other hand, the 
adult animals showed a more severe involvement of the liver 
with changes characteristic of veno-occlusive disease and only 
an occasional pulmonary blood vessel was involved. The 
authors postulated that the different responses in infant and 
adult animals were due to the different stages of maturation 
of the enzyme systems of the hepatocyte in the two age 
groups. It is possible that the different reactions in the 
liver and lung in the 2 groups may be due to the fact that the 
enzymatic pathways responsible for producing isetaholites that 
cause hepatic damage are poorly developed in the infant, but 
those responsible for causing pulmonary lesions are better 
developed. 
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Chesney & Allen (1973b) made observations similar to those 
of Allen & Chesney (1972) in twenty, 30-day-old monkeys in a 
similar study using moriocrotaline injections and recorded, in 
addition, endocardial fibrosis of the right heart. The treated 
animals developed classical clinical features of cardio-
pulmonary distreas which was also evidenced by changes in the 
blood-gas parameters. The raised right heart pressures were 
confirmed by actual measurements of the blood pressure in the 
right ventricle, pulmonary artery, and descending aorta. The 
authors considered this study to be a good experimental model 
to investigate hypertensive pulmonary vascular disease, or 
pulmonary and endocardial fibrosis. The type of vascular 
changes seen in the animals were comparable with those 
associated with pulmonary hypertension in man in cardio-
pulmonary disease (Barnes et al., 1964; Kay & Heath, 1966; Kay 
et al., 1967a; Chesney & Allen, 1973b). 

Wagenvoort et al. (1974a,b) made light microscopic and 
ultra-structural studies on 50 female Wistar rats, 1 - 6 weeks 
following a single oral dose of fulvine at 80 mg/kg body 
weight or an ip dose at 60 mg/kg body weight. Twelve animals 
served as controls. Vasoconstriction of muscular pulmonary 
arteries and arterioles was seen initially, one week following 
administration. This was evident by the coiled appearance of 
the muscular nuclei and excessive crenation of the internal 
elastic lamina. The nuclei of smooth muscle cells as well as 
those of endothelial cells were partly squeezed between the 
folds of the lauiina. After 3 - 4 weeks, these blood vessels 
began to thicken, with muscular hypertrophy and fibrinoid 
necrosis of the arterial muscle. Animals surviving admini-
stration of fulvine developed right ventricular hypertrophy, 
proliferation of endothelial cells in the arteries and even 
thickening of the veins. 

In a study by Meyrick and Reid (1979), 21 Sprague Dawley 
rats were fed a diet containing I g powdered seeds of 
crotalaria spectabilislkg for various periods ranging from 3 
to 35 days. The earliest demonstrable change in the pulmonary 
arterial system of the animals was seen on day 3 and consisted 
of the appearance of muscle in normally non-muscular arteries 
of the lung. The muscular pulmonary arteries began to show 
hypertrophy of the media from day 7, which reached statist-
ically significant levels on day 10 in smaller arteries and on 
day 14 in the larger arteries. Significant right ventricular 
hypertrophy was seen on day 21. These changes were confirmed 
by 3fl-thymidine uptake studies (Meyrick & Reid, 1982). 

6.4.2.3 Mechanisms of toxic action 

Considerable progress has been made recently in the 
understanding of biochemical and pharmacological changes that 
occur in PA-induced lung disease. 
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Turner & Lalich (1965) and Takeoka et al. (1962) 
postulated that pulmonary hypertension was mediated by the 
release of 5-hydroxytryptamine from the mast cells, which 
became hyperplastic in the mediastinal lymph nodes and around 
bronchi and pulmonary arteries (Turner & Lalich, 1965) 
(section 6.4.2.2) following administration of monocrotaline, 
causing vasoconstriction. On the other hand, Kay et al, 
(1967b) found that the number of mast cells corresponded with 
the severity of exudative changes in the lung and were not 
related to the genesis of pulmonary hyperplasia. 

Besides the medial muscular hypertrophy of pulmonary 
arteries reported in several studies cited above, swelling and 
lysis of the endothelial cells, contributing to luminal 
narrowing and thickening of the wall with fibrosis, have been 
described (Allen & Carstens, 1970). 

Weanling rats are more susceptible to these changes than 
older animals, and the changes follow a strict temporal 
sequence. Oral administration of monocrotaline to rats at 
20 mg/litre in drinking-water produced a sequence of changes 
over 3 weeks, that included an increase in lung mass, which 
was significant by day 9, stimulation of pulmonary RNA and 
protein synthesis (maximal on day 10) increased pulmonary 
arterial blood pressure (significant by day 10), and right 
ventricular hypertrophy by day 14 (Huxtable at al., 1978; 
Lafranconi et al., 1984). The increase in the lung mass was 
not accompanied by change in the total collagen content and 
was contributed possibly by hypertrophy of endothelial cells, 
but the increased mass of the right ventricle was associated 
with a 4-fold increase in collagen content (Lafranconi et al., 
1985). 

An early event is inhibition of serotonin removal by 
pulmonary endothelium (1-luxtable et al., 1978). This 
phenomenon, combined with the increased release of serotonin 
by mast cells that has been observed, may be involved in the 
development of pulmonary hypertension (Carillo & Aviado, 
1969). Right ventricular hypertrophy is blocked by 
propanolol, whereas the development of pulmonary hypertension 
is unaffected (Huxtable et al., 1977). Novel metabolites have 
been found to be released by livers perfused with monocrota-
line in vitro, and these metabolites block serotonin transport 
in vitro, when perfused through isolated lungs (Lafranconi & 
1-luxtable, 1984). These data suggest that the slow release of 
metaboltes from the liver into the circulation following low-
level exposure to monocrotaline results in specific inhibition 

- 	of endothelial cell function (Huxtable et al., 1975). 
The effect of monocrotaline treatment on pulmonary 

angiotensin converting enzyme (ACE) activity in the rat is 
disputed. llayashi et al. (1984) observed a reduction in the 
ACE activity of pulmonary tissue in pyrrolizidine-exposed rats 
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in parallel with the development of pulmonary alterations, 
while the ACE activity of the plasma remained unchanged. 
However, other authors have reported that, though the specific 
activity of ACE falls in the isolated perfused lungs of mono-
crotaline-treated rats, or in lung homogenates from such 
animals, when activity is expressed as total activity per 
lung, there is no significant alteration in the lungs of 
treated animals compared with those of untreated animals 
(1-luxtable et al., 1978; Lafranconi & Huxtable, 1983). 
Therefore, the significance of changes in ACE activity is open 
to question. 

Holteni et al. (1984) also found evidence of endothelial 
cell damage by monocrotaline in their ultrastructural and 
hiochemical studies on rats. Eighty male Sprague Dawley rats 
were used; half were administered monocrotaline at 20 mg/litre 
in the drinking-water and half were given plain water. The 
average daily water consumption was 35 mI/rat. Thus, the 
treated rats were estimated to have received 2 mg/kg per day. 
Five animals each from the treated and control groups were 
killed at intervals of I - 12 weeks after the start of the 
study. The endothelial damage was measured by ACE activity, 
plasminogen-activator (PLA) activity, and prostacyclin 
(PGI2) production. These were correlated with pulmonary 
arterial perfusion and ultrastructural changes in the lung. 
In the treated groups, after an initial rise at 1 week, the 
ACE activity showed a steady decline from 1 to 6 weeks, after 
which it plateaued at 55% of normal. PLA activity did not 
change for 2 weeks, but decreased by 59 and 79% of the control 
value after 6 and 12 weeks, respectively. On the other hand, 
the PG12 production increased progressively reaching 140 and 
270% of the control level after 6 and 12 weeks, respectively. 
These endothelial functional changes were not accompanied by 
significant changes in pulmonary arterial perfusion as 
visualized by mlTclabelled macroaggregated albumin 
perfusion studies. The activities of ACE and PLA and the 
production of PCI2 are considered sensitive indices of 
endothelial function in rats. The above results indicated 
endothelial cell dysfunction. The ultrastructural studies 
also revealed oedema of capillary subendothelial, perivenous 
and periarterial tissues at I week, and interstitial 
inflammatory infiltrates at 2 weeks. At 6 - 12 weeks, there 
was thickening of the pulmonary arteries and enlargement of 
right side of the heart. 

Stenmark et al. (1985) studied the role of alveolar 
inflammation and arachidonate metabolism in monocrotaline-
induced pulmonary hypertension in rats. Five groups of male 
Sprague Dawley rats were treated as follows: (a) 20 rats 
received 40 mg monocrotaline/kg body weight, sc; (b) 20 rats 
received monocrotaline, 40 mg/kg sc plus diethylcarbarnazine 
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(DEC) 100 mg/kg Sc, every 12 h; in addition, 250 mg DEC was 
added to 100 ml of drinking-water. This treatment started 2 
days prior to the start of the study and was continued daily 
for 3 weeks; (c) 12 control rats received normal saline plus 
monocrotaline at 40 mg/kg Sc; (d) 12 rats received indometh-
acm at 2 mg/kg se for 2 days, prior to receiving monocrot-
aline at 40 mg/kg and then daily for 3 weeks; (e) 6 animals 
each received a single sc injection of normal saline and 
served as additional controls. 

One, 2, and 3 weeks after monocrotaline or saline 
injection, lung lavage was carried out for cell counts and 
assay for enzyme activity and cyctooxygenase metabolites, the 
degradation products of prostacyclin (PCI2) and thromboxane 
A 2 (TXA 2), as 6-keto-prostaglandin (2GF1 5) and TXE 2 , 
respectively. At 3 weeks, the animals were anaesthetized, 
right ventricular pressures measured by catheterization and 
the heart removed. The 2 ventricles were separated and 
weighed for the determination of heart-weight ratio (right 
ventricle/left ventricle + septums RV/LV + s) an indicator of 
right ventricular hypertrophy. 

The right ventricle showed hypertrophy at 2 weeks and the 
right ventricular pressure was increased at 3 weeks following 
monocrotaline administration (Fig. 11). The leukocyte count 
in the lavage fluid increased at 3 weeks, with a rise in the 
percentage of polymorphonuclear leukocytes and large, abnormal 
alveolar macrophages in the test animals. B-N--scetyl-D-gluco-
seaminidose activity was also elevated at 3 weeks, indicating 
activation of leukocytes. There was also a rise in the con-
centration of 6-keto-PCF10  at 1 and 3 weeks, as well as in 
TXB2  at 3 weeks, compared with those in control animals. 

The administration of DEC Inhibited both the increase in 
heart-weight ratio (RV/Lv + s) and the increase in pulmonary 
artery pressure (Fig. 11) that occurred 3 weeks after 
monocrotaline administration, and reduced the percentage of 
polymorphonuclear cells, abnormal alveolar macrophages, and 
hexoseaminidase activity in the lavage fluid, compared with 
that from animals that had received monocrotaline only. The 
rise in the levels of 6-keto-P0F1 0  was inhibited (P 
0.05) by 732 and that of TXB2 by 742 in the lung lavage. 

The administration of indomethacin did not have any 
effects on either the heart-weight ratio or the pulmonary 
arterial pressure 3 weeks after monocrotaline administration 
(Fig. 11), but it inhibited (P < 0.05) the rises in 
6-keto-PGF1 5  (by 902) and TXR 2  by 912) that occurred in 
the lung lavage of nionocrotaline-treated animals at 3 weeks. 

The above studies indicate that both the cyclo-oxygenase 
and the lipo-oxygenase pathways of arachidonate metabolism are 
activated by monocrotaline as early events in its toxic effect. 
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Right aeis: mean puLmonary arterial pressure at 3 weeks [40 

a, mean of 15 ratsl or of saline (C, rein of i rats) 
subcutaneously. 

mean values for 15 rats given mottocrotaiine at time zero 
plus daily dierhylcarbatsizine (DEE) for 2 days before and 3 weeks 
after isonocroteline. 

mean values for 12 rats given isonocrotalicte at time zero 
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nonocrotaline–treated rats. 

4- - 	values different (P < 0.05) 	from those treated with 
u000Crotolin€ and normal saline. 

Source: Stenmark Ct al. (1955) 
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Activation of the cyclo-oxyenase pathway, demonstrated by 
increased concentrations of the prostaglandin metabolites 
6-keto-FCF1 0  and TXB2  in lavage fluid, was inhibited by 
indomethacin, but this inhibition did not prevent the 
monocrotaline-induced injury. DEC attenuated both the 
inflammatory response and pulmonary hypertension and inhibited 
the formation of slow reacting substances including leuko-
triene P4. Since DEC produces a pharmacological blockade of 
the lipo-oxygenase pathway, it seems that the latter, rather 
than the cyclo-oxygenase pathway, is responsible for 
perpetuating the pathophysiological mechanism leading to 
monocrotal me- induced pulmonary hypertension. 

Hilliker et al. (1984) demonstrated that antibody-induced 
thrombocytopaenia attenuates right ventricular hypertrophy 
induced by monocrotaljne in rats. In another study, ililliker 
& Roth (1984) also produced evidence that hydrallazine, a 
vasodilator and inhibitor of platelet prostaglandin synthesis, 
dexamethason, an antiinflammatory agent and inhibitor of 
phospholipase, and sulfinopyrazone, an inhibitor of platelet 
prostaglandin synthesis inhibited monocrotaline-induced right 
ventricular hypertrophy in rats, supporting the hypothesis 
that platelets and vasoconstrictor agents play a role in 
monocrotaline-induced pulmonary hypertension. Likewise, prior 

- chemical sympathectomy with 6 hydroxydopamine (100 mg/kg) or 
inhibition of serotonin synthesis with -chloropheny1a1anine 
(500 mg/kg) reduced the degree of monocrotaline-induced right 
ventricular hypertrophy in rats, but did not prevent or reduce 
pulmonary vascular muscularization (Tucker et al., 1983). 
Thus, the sympathetic nervous system and serotogenic 
mechanisms seemed to be involved in the development of right 
ventricular hypertrophy, but not in the development of the 
pulmonary vascular lesion induced by monocrotaline. Kay et 
al, (1985) also demonstrated that pretreatment with 
-chlorophenylalanine, which inhibits 5-hydroxytryptamine 
(5HP) synthesis, also significantly (p < 0.05) reduced right 
ventricular systolic pressure, right ventricular hypertrophy, 
and medial thickness of muscular pulmonary arteries in 
monocrotaline-treated rats. Similar observations were made in 
rats exposed to hypoxia. It was therefore suggested that 5HP 
might play a role in monocrotaline-induced or chronic hypoxi.c 
pulmonary hypertension. 

The biosynthesis of rat lung polyamines, putrescine, 
spermidine, and spermine, generally considered to be important 
regulators of cell growth and differentiation, is increased 

- 	prior to the evolution of monocrotaline-induced pulmonary 
hypertension in rats. Continuous administration of e-di-
fluoromethylornithine (DFMO), which is a highly specific 
irreversible inhibitor of ornithine decarboxylase (DDC), a 
rate-limiting enzyme in polyamine biosynthesis, attenuated the 
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development of monocrotaline-induced pulmonary hypertension in 
rats (Olson et al., 1984). This effect was mediated by the 
DFMO, by inhibiting the synthesis of putrescine and 
spermidine, and not by blocking the hepatic metabolism of 
monocrotaline to pyrroles (Olson et al., 1985). Thus, it was 
suggested that lung polyamine biosynthesis might be essential 
for the expression of monocrotaline-induced perivascular 
oedema as well as medial thickening in the development of 
monocrotaline-induced pulmonary hypertension vascular disease. 

On the basis of the preceding studies, mostly on the rat, 
the mechanism of chronic long-term injury to the lung by 
monocrotaline seems to be as follows. Within hours of PA 
administration, there is damage to the pulmonary endothelial 
cells accompanied by vascular leak leading to pulmonary 
osdema. Platelet aggregation also occurs. The endothelial 
damage indicated by ultrastructural and biochemical studies 
activates the production of prostacyclin and lipogenic 
products, which mediate increases in vascular permeability and 
inflammatory reaction. There is simultaneous production of 5 
hydroxytryptamine and several polyamines. The injected 
monocrotaline is completely metabolized within hours, and no 
significant quantity is found in the body at 24 h (Hayashi, 
1966) and, though some active metabolites may still be 
detectable by isotope studies, even at 14 days (Hsn et al. , 
1974), the rats do not have any lung lesions. The slow 
evolution of vascular changes suggests that it is not caused 
by nionocrotaline but through biological pathways activated by 
the initial injury. 

Methylprednisolone (MP), which reduces acute lung oedema 
caused by monocrotaline (MCT), has been shown to reduce 
MCT-induced pulmonary hypertensive vascular changes in rats 
and the resultant right ventricular hypertrophy (i.angleben & 
Reid, 1985). Daily ip administration of Ml' at 5 mg/kg body 
weight, was found to be more effective than 2 large doses of 
MP at 30 mg/kg, 2 h before and 2 h after a single cc injection 
of MCT at 60'mgJkg. It was suggested that secondary changes, 
though triggered by the acute MCT injury, become self 
sustaining and are more significant for vascular structural 
remodelling. 

Structural arterial remodelling with vasoconstriction, 
medial hypertrophy of the muscular pulmonary arteries, and 
muscularization of the pulmonary arterioles follow as late 
effects, resulting in pulmonary hypertension and right 
ventricular hypertrophy of the heart. 

The results of the above studies suggest a direct toxic 
effect of the alkaloid on the endothelial cells of the 
alveolar capillaries and on the pulmonary arteries, as well as 
a pulmonary hypertensive effect on the heart. 
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6.4.3 	Effects on the central nervous system 

The dominant signs of pyrrolizidine poisoning in horses 
are neurological (Rose et al., 1957a,b; McLean, 1970). 
Similar signs can also occur in cattle and sheep. It has been 
claimed that such signs are probably non-specific secondary 
effects following primary liver disease resulting in hyper-
ammonaemja (Rose et al., 1957a). However, neurological 
abnormalities in which animals walk in a straight line until 
they come to an object, and then stand with their heads 
pressed against t he object, indicate specific lesions in the 
central nervous system. Spongy degeneration of the central 
nervous system occurs in cattle, sheep, and pigs (looper et 
al., 1974; 1-looper, 1975a,b). 

Trichodesma alkaloids, 	in particular, appear to be 
neurotoxic. There is a considerable body of literature in the 
USSR on Trichodesma intoxication of mice, rabbits, and dogs, 
which has been reviewed (Ismailov et al., 1970). Mice given 
Trichodesma alkaloids subcutaneously at 0.5 mg/kg develop 
paresis of the hind limbs within 12 - 17 days. Opisthotonus 
and clonic convulsions are also seen. Doses of 10 - 15 mg/kg 
of alkaloids produces death in all animals within 2 - 6 h, as 
the result of respiratory depression. Higher doses produce 
ijmriediate death. 

6.4.4 	Effects on other organs 

Right ventricular hypertrophy, secondary to the primary 
effects on the pulmonary arteries, and the resultant pulmonary 
hypertension in animals treated with PAs or PA-containing 
plants have been dealt with in Section 6.4.2. Lalich & Merkow 
(1961) reported myocarditis consisting of focal oedema and 
infiltration with a minimal number of lymphocytes and 
mononuclear cells in some rats fed Crotalaria spectabilis 
seeds mixed with the diet at a concentration of 0.13 - 
2 g/kg. Treated groups consisted of 11 - 24 animals each; 
there were 12 controls. The changes were seen in all groups 
of animals, but the maximum number of rats (10 out of an 
unspecified number of the group) showing these changes was in 
the group that received 0.5 g/lcg diet for 20 - 31 days, 
Generally, there was a close correlation with the presence of 
pulmonary arteritis. 

Renal changes have been described by a number of 
investigators. Hayashi & Lalich (1967) observed mild to 
moderate changes in renal glomeruli consisting of necrosis, 
capillary thrombosis, and degenerative changes in the 
epithelisi and mesangial cells, thickening of interlobular 
arteries, and arterial thrombosis in suckling, male Sprague 
Dawley rats given a single ac dose of monocrotaline at 
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120 mg/kg body weight. Renal changes were seen, to some 
extent, in all animals surviving for 41 - 47 days. 

Carstens & Allen (1970) studied the effects of feeding 
Crotalaria spectabilis seed on the rat kidney. Fifty male  
Sprague Dawley rats were fed a diet containing ground 
Crotalaria spectabilis seed at 0.2 - 0.8 g/kg for 8 months. 
The seeds were estimated to contain approximately 3.5 g mono-
crotaline/kg; 10 animals served as controls. Renal changes 
were seen in 33/50 PA-treated rats. In 22 rats, over 75% of 
the gloineruli were hyalinized and capsules thickened. In the 
less severely affected kidneys, the glomerular basement 
membrane was thickened and homogeneous deposits were seen in 
mesangial areas. Afferent arterioles and interlobular arteries 
were markedly thickened. 	In the most severely affected 
vessels, the internal elastic lamina was necrosed and the 
larger arteries showed fibrinoid necrosis. 

Renal tubular megalocytosis was the dominant lesion 
described by looper (1974) in mice. Nine male white mice, 10 
weeks of age, were fed Senecio_jacobaea, which contained a 
concentration 	of 	alka17oIs 	(jaconine, 	jacobine, 	and 
seneciphylline) of 2.7 gfkg and a concentration of N-oxide of 
0.9 g/kg, mixed with the diet. The S. jacobaea wa given at 
100 g/kg diet for 9 weeks, before being raised to 200 g/kg 

	

diet. Five animals served as controls. The animals were 	., 
killed from 63 to 193 days after the start of the study. All 
treated animals, except 2 killed on day 63, showed changes. 
The large cells occurred in both the proximal tubules and the 
loop of lienle. Similar cells were seen in the alveolar and 
bronchiolar epitheliuiii. No glomerular lesions were described. 
The author mentioned having seen the above changes in rats 
given repeated sublethal injections of fulvine and specta-
biline. On the other hand, Rurozumi et al. (1983) observed 
glomerular lesions in rats given a single injection of 
monocrotaline. 

A variety of renal lesions has been observed in pigs, a 
cottsuon pathological feature being renal megalocytosis, which 
was observed in pigs poisoned by at least 4 different plant 
genera containing a variety of toxic alkaloids (Harding et 
al., 1964; Peckham et al., 1974) and has also been observed in 
wiia pigs grazing in areas rich in PA-containing plants in 
northern Australia (looper, 1978). McGrath et al. (1975) 
described gloinerular lesions in pigs given Crotalaria 
ptabilis seed daily for 43 days. Severe renal lesions 

comprising tubular dilatation, megalocytosis, and necrosis of 
tubular epithelial cells with casts in the lumen, interstitial 
and periglomerular fibrosis, and glomerular hyalinization were 
reported by Hooper & Scanlan (1977) in pigs fed Crotalaria 
retusa seeds containing monocrotaline. Renal megalocytosis 
has also been reported in C. retusa poisoning in horses, 
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sheep, and mice poisoned by S. jacobaea but not by 11. 
europaeum, and in vervet monkeys with chronic retrorsine 
poisoning (Van der Watt at al., 1972). 

Lesions have been reported in the stomach and intestines 
in field and experimental animals after poisoning with 
pyrrolizidine alkaloids, but are difficult to identify as 
specific PA injury. 	looper (1975c) conducted studies on 
sheep, rats, and mice. 	In the study on sheep, 12 male 
cross-bred lambs, 7 - S weeks of age, were newly weaned on to 
a standard commercial calf grower diet. Lasiocarpine was 
administered at the rate of 15 - 20 mg/kg body weight every 
2 - 4 days. Each animal was killed when in terminal coma. 
Survival time ranged from 4 to 17 days. In the rat study, 
young Wistar-Furth rats (sex not stated) weighing 150 - 200 g 
were used. In one group of 11 rats, each animal received an 
ip injection of lasiocarpine at the rate of 40 mg/kg body 
weight. Three animals received isotonic saline. Animals were 
killed or died 2 - 6 days after the injection. A second group 
of 13 rats received a dose of 35 mg lasiocarpine/kg body 
weight; 4 control animals received saline. All rats received 
a second injection 48 h later. They were killed 3 - 60 days 
after the second administration of lasiocarpine. In the mouse 
study, 3 mature male white mice received 6 injections each of 

-  lasiocarpine at the rate of 45 mg/kg body weight followed by 4 
injections of 90 mg/kg body weight at 48-h intervals. There 
was one control animal. 

All animals showed characteristic hepatic lesions. Sheep 
also showed severe oedema, haemorrhage, and epithelial 
necrosis in the gall bladder; lesions were also found in the 
central nervous system and occasionally in the kidney. All 
animals showed severe intestinal atrophy. There was inhibition 
of -crypt cell mitosis leading to mitotic irregularities, 
abnormal large cells and syncitial cells, especially in the 
duodenum of sheep, and severe villous atrophy with ulceration. 
Lesions in the intestines were similar to those caused by 
radiation and radiomimetic agents. It was suggested that the 
local intestinal radiomimetic effect was due to local exposure 
to the pyrrole metabolite of lasiocarpine after excretion 
through the bile duct. It was proposed that a more 
conspicuous and rapid development of duodenal megalocytosis 
was due to very rapid turnover of cells in the duodenum. 

Other probably secondary effects included haemolysis in 
sheep in association with advanced liver disease and high 
liver-copper levels (Bull et al., 1956) anaemias and 
disturbance in iron metabolism and haeinatopoiesis (Schoental & 
Magee, 1959; Schoental, 1963; Peckham at al., 1974; looper & 
scanlan, 1977) (section 6.4.11), pancreatic oedema and 
fibrosis (Bras & Hill, 1956; Schoental & Magee, 1959), 
cerebral oedema, haeisorrhage, and congestion in the rat brain 
(Davidson, 1935; Rosenfield & Beath, 1945). 
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Tuniours in the different organs have been dealt with 
separately under carcinogenesis (section 6.4.8). 

6.4.5 	Teratogenicity 

The teratogenic potential of PAs was demonstrated by Green 
& Christie (1961) who produced a variety of dose-related fetal 
abnormalities in the rat, with a single intraperitoneal 
injection of heliotrine administered during the second week of 
gestation. The dosages ranged from 15 to 300 mg/kg maternal 
body weight. Litters exposed to a dose of less than 50 mg did 
not show any abnormalities, but abnormalities were observed in 
litters exposed to higher doses, and increased in frequency 
and severity with increasing dose. The abnormalities included 
retardation of development, musculoskeletal defects, 
especially hypoplasia of the lower jaw, cleft palate, and 
other abnormalities. Doses above 200 nig resulted in the 
intrauterine death or resorption of many fetuses. 

Similar studies were performed by Peterson & Jago (1980) 
who compared the effects of heliotrine with its metabolic 
pyrrole derivative dehydroheliotridine (01111), when 
administered in a single ip injection to rats on the 14th day 
of gestation. Heliotrine was administered at 200 mg/kg body 
weight and DUN at 30 - 90 mg/kg, 14 days after conception. 
Effects on embryos, evaluated on the 20th day, showed that 
both helioarine and DHH retarded growth and were teratogenic, 
but that the effects of a 40 mg/kg dose of DHH were equivalent 
to those of 200 mg/kg heliotrine, i.e., the metabolite was 2.5 
times as effective on a molar basis. DUB produced a number of 
skeletal abnormalities including retarded ossification, 
distorted ribs, long bones, cleft palate, and feet defects. 
At higher doses, growth almost ceased in many tissues and the 
fetuses were very immature. However, the embryonic liver 
parenchyma did not show the antimitotic effects of Dill. 

The teratogenic properties of heliotrine were also 
demonstrated in Drosophila larvae fed low levels of the 
alkaloid (Brink, 1982). 

6.4.6 	Fetotoxicity 

The subject of fetotoxicity has been reviewed by Mattocks 
(1986). 	Sundareson (1942) demonstrated the ability of 
pyrrolizidine alkaloids to cross the rat placenta. 	Twice 
weekly injections of the PA, starting at, or after, the 12th 
day of gestation, resulted in premature delivery of some 
litters and many were born dead. The same author showed that 
the alkaloids themselves and not just the pyrroles formed in 
the dams' livers, could pass the placental barrier by 
injecting senecionine into 19-day-old rat fetuses in__utero, 
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which produced the characteristic toxic lesions in the dams. 
The fetuses were also found to be more resistant to the lethal 
effects of the PA than the mother rats. When 4 fetuses were 
each administered 1.25 mg of PA, representing about 200 - 
400 mg/kg body weight, which is much higher than the LD5 0  
for an adult rat, 3 of them were still alive after 2 days. 
Green & Christie (1961) did not find any liver damage in 
fetuses from pregnant rats given teratogenic doses of 
heliotrine. Only mild liver damage was found in the embryo 
rats whose mothers had been injected with PA5 (heliotrine, 
lasiocarpine, retrorsine, or monocrotaline) (Bhattacharya, 
1965). In contrast, Schoental (1959) demonstrated that 
lasiocarpine and retrorsine, when administered to lactating 
rats produced little effect on the mothers, but produced acute 
liver lesions in the suckling infants. The lesions were most 
severe in 3- to 7-week--old animals. It was suggested that the 
infants were affected by the milk from the lactating mothers, 
which possibly contained the metabolic products of the PAs. 

It would seem from the above studies that the embryo is 
relatively more resistant to the toxic effects of PAs in utero 
than it is after birth. Mattocks & White (1973) postulated 
that this could be due to the low capacity for the metabolic 
activation of PAs of the embryo liver, as they had shown that 
the ability of liver enzymes to convert retrorsine to toxic 
metaholites was low in ratS, immediately after birth, but 
picked up rapidly afterwards. The susceptibilities of rats of 
Various ages to the hepatotoxic effects of the PAs was 
proportional to their capacity to form and retain the pyrrolic 
nietabolites. Twenty-day-old rats were found to be more 
sensitive than older animals. 

The effects of fulvine administration on pregnant rats 
between 9 and 12 days of gestation were studied by Persaud & 
Hoyte (1974). Dose-related fetal resorptions were observed, 
but no hepatic lesions were seen in the fetuses. On the other 
hand, Newberne (1968) observed damage, in both the maternal 
and fetal livers, when lasiocarpine was administered to 
pregnant rats. Acute liver necrosis was observed in the 
livers of mothers as well as fetuses in animals that had 
received 100 nig lasiocarpine/kg body weight on day 13 of 
gestation. However, in animals that received 2 doses of 
35 mg/kg body weight on days 13 and 17 of pregnancy, liver 
necrosis was seen in the fetal liver but not in that of the 
mother. It is not known why lasiocarpine acts differently 

-  from other alkaloids and has a greater effect on the fetal 
liver. Mattocks (1986) has postulated the possibility that 
fetotoxicity was caused chiefly by toxic metabolites formed in 
the maternal liver, and that a greater proportion of such 
metabolites reached the fetus from lasiocarpine than from 
other PAs. 



6.4.7 	Mutagenicity 

A number of FAa that have been shown to be powerful dose 
dependent mutagens in Drosophila melanogaster have been 1ited 
by Mattocks (1986). All the compounds are hepatotoxic though 
the degree of mutagenicity is not necessarily proportional. 
Table 12 provides a suimnary of the mutagenicity tests on 
different PAs, related compounds and plant extracts. Clark 
(1959) demonstrated the mutagenic effect of heliotrine in 
DrosoJ!, in which a considerable increase in sex-linked 
recessive lethals was produced, apparently by interfering with 
the maturation of germ cells, so that as soon as the available 
spermatozoa were used, the males were no longer capable of 
breeding. The cell damage was irreversible. The mutagenic 
effect of feeding Drosophila males for 24 h with a medium 
containing 10 mol monocrotaline was comparable to about 
1000 R of X rays (Clark, 1976). The Base test with Drosophila 
inelanogaster is considered a highly sensitive mutagenicity 
test PAs (Candrian et al., 1984a). 

Seneciphylline and senkirkine, known to occur in animal 
feeds and medicinal herbs, respectively, were tested for their 
ability to produce sex-linked recessive lethals in males of 
Drosophila melanogaster using the Base (3-day feeding method) 
by Candrian et al. (1984a). Seneciphylline was found to be 
mutagenic at concentrations of 10 1 , 10 -1 , and 10 mol, 
which produced 3.8% (983 chromosomes tested), 9% (708 chromo-
somes tested), and 15.3% (327 chromosomes tested) sex-linked 
recessive lethals, respectively. Senkirkine (10' mol) was 
found to produce 4.4% sex-linked recessive lethals (2541 
chromosomes tested) against 0.177 maximum sensitivity in the 
late spermatid stage of spermatogenesis indicating that PAs 
act as indirect mutagens. Flies fed with milk from lactating 
rats given an oral dose of 25 mg seneciphylline/kg showed 1.2% 
sex-linked recessive lethals (1477 chromosomes tested) 
compared with 0.3% (1533 chromosomes tested) in controls. 

Mutagenic properties of 7 PAs extracted from plants to 
Salmonella typhimurium TA100 have been demonstrated by a 
modified Ames method by Yamanaka et al. (1979). The PAs were 
clivorine, fukinotoxin, heliotrine, lasiocarpine, ligulari-
dine, LXC201, and senkirkine. Pre-incubation of these 
alkaloids with liver 59 mix and bacteria in liquid medium was 
essential for demonstration of the property. PAs in the 
heliotridine and otonecine family were mutagens, while 
retronecjne bases were inactive. Monocrotaline and heliotrine 
were not active mutagens to Escherichia ccli WP2, even though 
they were quite cytotoxic (Green & Muriel, 1975). They were 
active in repair deficient strains. Retrorsine was active in 
inducing mutations on the Ames Salmonella/microsome assay 
(Wehner et al., 1979). Extracts from medicinal plants and 
noxious weeds were mutagenic towards Salmonella in the Ames 
a8say (Pool, 1982; White et al., 1983; Koletaky et al., 1978). 
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Table 12. >tutageniciry tests on pyrroliaidine alkaloids, related 
compounds, and source plants 

Corspouod or riaterial 	 Type of test 	 Response 

Clivorine A + 
HPC + 

Echimidine 1 + 

Echinatine I + 

Fulvifle 1 1- 

Holictr.tie I + 

F 
CC 

+ 
+ 

A 
B + 
TN + 
ON/CC + 

Iriteperrirsine I + 

Jacobino I ± 
P + 

LasiOcarpine I + 
p + 
F + 
A + 
HPC + 
CNICC + 
TN + 

Ligularidine A + 

Lindelofine A 0 

Lycopsamisie A 0 

Monocrotalirie I + 
P + 
CC + 
B + 
A 0 
HPC + 
CT + 

Petsajtenine (fukinotxin) A + 
IIPO + 
ON 
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Tb1e 12 (ccntd). 

Compound or inatorial 	 Typo of re5t 	RnnpOon o.!a 

Piatyphylline D U 

Retrorni.rtc A + 
C 
CT + 

Roamarnirtc CT U 

Senecionine C 
A C 

S+necph+t1ne 
C - 
C * 

Senkirkine A * 
iLPO + 
011/CC + 
C * 

Supinane B ± 
1' + 

lImed slksloidn 	from 
Senocic 	icobaea A 0 

SeneclO riumorerisis 
spp.. 	Thnlisii 	(extract) 

A 0 
A + 

Senecio 	jacobaea (extract) A + 

Sescio 	longilobus 	(extr5ct) A 0 

Syrephytum officinale 
(conifrey extract) A 0 

Retroriecine bis-p-chloco- P 
benzoate 

SyritharLecine A his-N-ethyl- CT + 
cmrbamcite 

Retccnccnne A 0 

1-leliotridine C C 

Viridoflaric acid A U 

Ileliotrin 	(heliotrinic) 	scnd U ± 
11CC + 
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Table 12 (contd), 

Compound or material 	Type of tests 	R5sponse—b  

Dehydroretronec ice 	CT 	+ 

A 	± 
ICE 	+ 

Dehydroheliotridine 	CM 	+ 

Pyrrole 	 1PO 	0 

2 3lishydroxymethyl-1-methyl- CT 
pyrrole A 	± 

CE 

2-Hydroxyltsethyl-1-niethvl -  A 	C 
pyrrole ICE 	I 

3-Hydroxylmethyl-l-nethy1- A 	+ 
pyrrole ICE 	I 

A = Salmonella ("Ants") test. 
B 	Other bacterial tCnts, 
CC 	Clastoganic activity in cultured cells. 
CM 	Mulagenicity to cultered masvsali.an cells. 
CT 	Cell transformation test. 
D = Mutagenicity in Drosophila. 
F = Tests in fungus (Aspergillus nidulans). 
HPC = Hepatocyte primary tulture/ONA repair test. 
P = Chromosomal aberrations in plant cells. 
SCE 	Sister chromatid exchange. 
TM = Transplacental micronucleus test. 

+ 	active. 
± = marginally active. 
0 = inactive. 

From the limited data available, it seems that the 
carcinogenic activity of individual alkaloids parallels their 
mutagenic behaviour, but not their relative hepatotoxicities 
(Culvenor & Jago, 1979). 

6.4.7.1 Chromosome damage 

Pyrrolizidine alkaloids have been shown to be capable of 
damaging chromosomes in plants, fungi, bacteria, tissue cell 
cultures, and the fruit fly (Drosophila melanogaster). 
Literature on this topic has been reviewed by Bull et al. 
(1968), McLean (1970), and Mattocks (1986). 

9 
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Several PAs are known for their ability to damage the 
chromosomes of growing plant cells (Mattocks, 1986). Similar 
properties have been demonstrated in leukocyte cultures from 
the marsupial (Potorus tridactylus) (Sick & Jackson, 1968; 
Sick, 1970). Sick & Culvenor 0971) found dehydrohe].io-
tridine, a metabolite of heliotrine, to be 10 times more 
active than the alkaloid. 

Infusions of Symphytum officinale L., described in Polish 
pharmacopoeia as Radix symphyti, are recommended as expect-
orants, especially for children. Furmanowa et al. (1983) 
demonstrated the mutagenic effects of an alkaloidal fraction 
and infusion in this plant in the meristeniatic cells of the 
lateral roots of 'Jicia [aba L. var minor. Lasiocarpine, a 
proven carcinogen, served as a positive control. 

Chromosome damage by PAs in the hamster lung cell line was 
demonstrated by Takanashi et al. (1980). Stoyel & Clark 
(1980) used the transplacental micronucleus test in pregnant 
female mice and showed the chromosome damaging properties of 
heliotrine (225 mg/kg body weight) and lasiocarpine (86 mg/kg) 
within 20 h of the injection. 

The genotoxicity of heliotrine, monocrotaline, seneci-
phylline, and senkirkine was studied by Bruggeman & Van der 
1-loeven (1985) using the sister-chromatid exchange (BCE) assay 
in V79 Chinese hamster cells co-cultured with primary chick 
embryo hepatocytes. Exposure to these PAs resulted in the 
high induction of SCE5, a more than 5-fold increase in the SCE 
rate with 2.5 mg heliotrine/litre, 4-fold with monoárotaline 
at 5 mg/litre, 8-fold with seneciphyline at 1.2 mg/litre, and 
more than 5-fold response with senkirkine at 2.5 mg/litre. 
For all compounds, a dose-response relationship was observed 
at concentrations that did not seriously affect survival. PAs 
are also known to induce DNA repair in rodent hepatocytes 
(Green et al.,, 1981; Mori et al., 1985). DNA repair synthesis 
was elicited by 15 alkaloids, including 11 of unknown 
carcinogenic potential (Mori et al., 1985). 

There are also a few reports of chromosome damage by PAs 
in man. Martin et al. (1972) found chromosome damage in the 
blood cells of children with veno-occlusive disease, probably 
caused by fulvine. It has also been shown by Ord et al. (1985) 
that dehydroretronecine, is able to induce BCE in human 
lymphocytes. Kraus et al. (1985) studied the PAs senkirkine 
and tussilagine, which occur in a medicinal plant Tussilago 
farfara, for their ability to induce chromosome damage in 
human lymphocytes in vitro. They were not found to enhance 
the number of chromosome aberrations up to concentrations of 
1000 mo1. However, heliotnine, used for comparison, 
induced 	chromosomal 	aberrations 	at 	concentrations 	of 
100 iinol. 	In addition, heliotrine was also found to be 
capable of damaging unstimulated eg C0-phase lymphocytes. 
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6.4.8 	Carcinogenesis 

Carcinogenesis has been reviewed by McLean (1970), IARC 
(1976, 1983), and Mattocks (1986). A number of purified PAR, 
purified or crude extracts of plants containing them in a 
mixture or the actual plant, dried and milled, and several PA 
tuetabolites or synthetic analogue compounds have been tested 
for carcinogenecity. However, these include only relatively 
few of the known cytotoxic PAs. Data relating to some of the 
representative studies on rats are summarized in Table 13. 
Studies on liver tumours found in rats given PAs and plant 
materials are summarized in Table 14. All experimental animal 
studies, with the exception of one on chickens (Campbell, 
1956) and one on Syrian golden hamsters (Fushimi et al., 
1978), have been carried out on rats. 

The liver is the most common organ involved in experi-
mental studies. Tumours produced are mostly of epithelial 
origin, but a significant number are also vascular. Lack of 
precision and diversity of terms used to describe similar or 
identical tumours makes it difficult to compare the types of 
carcinogenic effect in different studies. Some terms have 
been used interchangeably, e.g., hepatomas, hepatocellular 
carcinomas, haemangiogenic and cholangiogenic rumours; nodular 
hyperplasia, pre-neoplasma, neoplastic nodules, and hepato-
cellular tumours. In most studies, there are no supporting 
photomicrographs to draw any inference as to whether the 
tumours were malignant. Difficulties in the interpretation of 
data have been commented on by Schoental et al. (1954) and 
MCLean (1970). 

Lasiocarpine has produced the largest yield of turnouts. 
In the studies of Svoboda & Reddy (1972). 16118 animals 
surviving for more than 56 weeks after receiving ip multidoses 
of lasiocarpine developed malignant turnouts of the liver. Of 
these, 10 animals had more than one tumour. Continuous feeding 
of rats on a regimen containing lasiocarpine resulted in all 
animals (24/24) developing rumours (Nd, 1978). In one study, 
a single oral administration of retrorsine (Schoental & 
Bensted, 1963) to weanling rats resulted in 7 of the 29 
animals that survived for more than one year developing 11 
rumours of a wide variety, at least of 5 which were malignant. 
It is of note that this PA is known to have caused two cases 
of human toxicity together with riddelline in two cases, 
though the total intake was proportionately lower (Stillman et 
al., 1977; Fox et al., 1978; Huxtable, 1980) (Table 15). 

Tumours produced covered a very wide range in unrelated 
tissues and organs, for example, the pancreas, urinary 
bladder, pituitary, bone, retro-peritoneal tissues, and skin, 
among others. Hepatocellular carcinoma and haemangiosarcoma 
were the most common. 
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Crude extracts of plants or whole plants have also been 
demonstrated to produce a variety of tumours. For example, 
Senecio longilobus has been shown to produce tumours in a 
significantly large proportion of experimental animals (Harris 
& Chen, 1970). Hirono et al. (1973, 1976, 1978, 1979b) 
demonstrated the carcinogenic properties of a number of 
plants, used as food in Japan, in the rat. 

A summary of the relevant experimental data follows. 

6.4.8.1 Purified alkaloids 

Kuhara et al. (1980) administered clivorine in the 
drinking—water at a concentration of 0.05 g/litre to 12 rats 
of both sexes, continuously for 340 days followed by plain 
water. There were 20 control rats. All the treated rats 
survived 440 days. Eight of the 12 animals developed liver 
tumours including 2 haemangioendothelial sarcomas and 6 that 
were described as "neoplastic nodules". No liver tumours were 
seen in the control animals (Table 13). 

Schoental (1975) tested the carcinogenic properties of-
heliotrine, with and without prior administration of 
nicotinamide. Nicotinamide protects against liver necrosis 
and so may enhance tumour yelid, as shown by Rakietin et al. 
(1971), who studied pancreatic tumours in rats given 
streptozootocin. 

Heliotrine was administered intragastrically to 4 groups 
of 26 male weanling rats in 1 or 2 doses of 230 mg/kg and 
300 mg/kg body weight; 2 groups also received nicotinamide at 
350 - 500 mg/kg body weight, administered ip 10 - 15 mm 
before, and 2.5 h after administration of heliotrine, as per 
the dosing regimen shown in Table 13. There were 8 controls. 
All animals administered the higher dose of heliotrine 
(300 mg/kg body weight) died within 5 months of the PA 
administration. The livers showed lesions characteristic of 
PA toxicity. No tumours were seen. Only I out of 4 animals 
receiving heliotrine alone, survived 27 months and it showed 
an islet cell adenoma as well as adenoma of pituitary, but so 
did 3 of the 8 controls. In the group receiving 230 mg 
heliotrine/kg and also treated with nicotinamide, 4 animals 
died within 5.5 months (one with a fibrosarcoma and the other 
in a moribund condition), chiefly from toxic liver disease, 
and two more had to be killed. Of the 6 animals surviving 
more than 22 months after heliotrine treatment, islet cell 
adenoma was seen in 3 together with other tumours as shown in 
the table. This tumour is stated to be extremely rare in the 
animal strain used. Hepatoma was seen in only one animal. 
The role of nicotinamide in this study is not clear. 
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Svoboda & Reddy and their group have carried Out 2 studies 
using lasiocarpine (Svoboda & Reddy, 1972, 1974; Rao & Reddy, 
1978). Svoboda & Reddy (1972, 1974) gave repeated ip 
injections to 25 rats at a dose of 7.8 mg/kg body weight 
(0.1 LD50) for 56 weeks as per regimen shown in Table 13. 
Three rats died of acute liver necrosis in the initial 4 
weeks. Eighteen rats survived 56 weeks, by which time each 
animal had received an average cumulative dose of 125 mg 
lasiocarpine. Of these, 16 animals developed a variety of 
tuinours 60 - 76 weeks after the beginning of the study 
(Table 13). Ten of the 16 animals had more than I tumour. 
Hepatocellular carcinoma was the most connuon. The squamous 
cell carcinoma of the skin was found to be transplantable. 
When the sane PA, mixed with the diet at the rate of 50 mg/kg 
(Rao & Reddy, 1978) (Table 13), was administered to 20 rats 
for 55 weeks, 17 animals developed turnouts. Angiosarcoma of 
the liver emerged as the most common tumour (9/20 animals), 
even though hepatocellular carcinomas were also frequently 
seen (7/20 animals); squamous cell carcinoma of the skin was 
not found, but there was a malignant adnexal tumour of the 
skin. The average cumulative dose of the alkaloid was 
estimated to be 190 - 200 mg per rat, 

tionocrotaline has been studied for its carcinogenic 
.- activity in rats by Schoental & Head (1955), Newberne & Rogers 

(1973), Allen et al. (1975), Shumaker et al. (1976) and 
flayashi et al. (1977), using different routes of administra-
t ion. 

Allen et al. (1975) studied the long-term effects on rats 
of repeated sc injections of monocrotaline or its major 
detectable metabolite, dehydroretronecine, Hale Sprague 
Dawley rats were given biweekly injections of monocrotaline, 
at 5 mg/kg body weight (75 animals) for 12 months, or dehydro-
retronecine at 20 mg/kg body weight (75 animals) for 4 months 
followed by 10 mg/kg body weight for 8 months. Fifty control 
animals received phosphate buffer (Table 13). Partial 
hepatectomy was performed on 15 animals in each of the treated 
groups and 5 in the control group. They were observed for 10 
months following cessation of the injections. Of the 60 
animals surviving in each of the treated groups, those 
receiving monocrotaline showed rhabdomyosarcoma at the 
injection site (2 animals), hepatocellular carcinoma (2 
animals), acute myelocytic leukaemia (2 animals), and 
pulmonary adenoma (2 animals). In the group receiving 
dehydroretronecine, 36 animals developed rhabdouiyosarcomas, 
and 5 of these animals developed metastases. None of the 
control group developed turnouts. Tissues obtained from 
partial hepatectomies showed that both compounds caused 
inhibition of mitotic division in regenerating liver. The 
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results of the study illustrate the dual alkylating and 
antimitotic properties of these agents, commented on by 
Culvenor et al. (1969). 

In a similar study by Shumaker et al. (1976), rats were 
administered rnonocrotaline at 5 mg/kg body weight on alternate 
weeks or its metabolite dehydroretronecine at 20 mg/kg body 
weight, on alternate weeks for 4 months, followed by a dose of 
10 mg/kg on alternate weeks in the succeeding 8 months 
(Table 13). Of the 60 rats receiving monocrotaline, 17 
developed one or more tumours, but not until after the treat-
ment was discontinued. The time interval was not stated. The 
most common tumour was carcinoma of the lung (11 animals) 
followed by hepatocellular carcinoma (5 animals). A wide 
variety of other tumours was also seen. A notable feature was 
that the metabolite dehydroretronecine did not produce any 
rumours by systemic action, but only at the site of injection, 
where significant numbers of rhabdomyosarconias (39/60 animals) 
were seen. The marked difference in tumour sites is explained 
by the fact that the parent alkaloid monocrotaline has to be 
metabolized before it becomes a carcinogen. For this reason, 
the tumours are distributed in several organs of the body, 
whereas dehydroretronecine is itself carcinogenic and so acts 
at the site of injection. When monocrotaline was delivered in 
a higher dose, but as a single subcutaneous injection 
(40 mg/kg body weight) (Hayashi et al., 1977) to 40 rats there 
were no malignant rumours but only adenomas of the islets in 
the pancreas in 16/23 surviving animals. The results of the 
above studies indicate that monocrotaline is tumorigenic, but 
the type of tumour and the malignancy both depend on the route 
of administration and the dosage used. 

ilirono et al. (1977) studied petasitenine, the pure 
alkaloid isolated from the flower stalks of the plant, 
Petasites japonicus Maxim, which has been found to be 
carcinogenic for rats (Hirono et al., 1973). Two groups of 
ACI rats of both sexes, Group I of 3 animals and Group Ii of 
11 animals, were given the alkaloid in in the drinking—water, 
at concentrations of 0.5 g/kg and 0.1 g/kg, respectively 
(Table 13). There were 19 controls. All 3 animals in group I 
died within 72 days showing marked hepatocellular damage; no 
tumours were seen. in Group II, 10 out of 11 rats survived 
for more than 160 days. Eight of the 10 animals developed 
tuniours - liver cell adenomas (5) and haemangiosarcomas (5) 
(Table 10). Two animals had both types of tumours. The 
authors concluded that the carcinogenicity of the plant was 
due to petasitenine. 

Retrorsine and its N—oxide (isatidine) have been used in 
several studies. Schoental et al. (1954) administered 
retrorsine at a concentration of 3 mg/litre in the drinking 
water to 14 rats and isatidine at concentrations of 5 mg/litre 
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followed by 3 rag/litre to 22 rats until death. Twenty-five 
rats were administered the alkaloid mixture from Senecio 
jobaea Lin at a concentration of 500 mg/litre followed by 

- 300 mg/litre in the drinking-water. Dosing regimens are shown 
in Table 13. One group of 7 animals receiving isatidine 
received supplementary 0.5% choline in the drinking-water and 
another group of 5 animals received isatidine 2 mg as a single 
ip administration in 0.2 ml of tricaprilyn, followed by skin 
application of alkalids as 0.5% solution for 3 days/week. 

The animals receiving mixed alkaloids of the plant showed 
extensive liver damage followed by marked nodular hyperplasia; 
no tumours developed. The nodules were earlier interpreted as 
hepatornas, but later only as an early stage in the progression 
from hyperplasia to neoplasia. 

The retrorsine group showed extensive liver damage 
associated with cirrhosis and nodular hyperplasia. In 4 rats, 
they were interpreted as hepatomas. 

In the isatidine group, 10 out of the 22 rats developed 
hepatomas. Turnouts were present in 3 out of 7 animals 
receiving isatidine plus choline indicating that the latter 
had no protective role. One out of the 5 animals receiving 
the alkaloid ip and then through dermal application developed 
a tumour, which was also interpreted as a hepatonia. 

In another study (Schoental & Bensted, 1963), 95 weanling 
rats were administered a single dose of retrorsine at 30 mg/kg 
body weight, by stomach tube (Group Ii). One comparable group 
of 50 wesnling rats (Group 1) received 400 r radiation in 
animals surviving 100 days after retroraine administration 
(31/50). A third group (Group III) of 6 animals received 
400 r radiation alone. Another group of 10 weanling rats 
received the PA, 9 days after partial hepatectomy (Group TV) 
(Table 13). The additional treatments were given to study 
whether they would act as co-carcinogens and induce neoplasia 
in hepatocytes, which are known to show injurious effects for 
long periods following PA treatment. In Group I, 19 of the 50 
animals receiving a single dose of the PA died before 
radiation could be given. Of the 31 remaining animals that 
received radiation after the PA, 25 survived 12 months. Among 
these, 19 turnouts of a wide variety were seen (Table 13). Of 
the 6 tumours in the liver, only 1 was malignant, having 
metastasized. Most of the other tuinours were malignant, 
including those of the breast, one of which had also 
metastasized. 

- 	In Group II, 29 out of 95 animals that had received one 
dose of PA and no radiation survived for more than a year, 
with a mean survival time of 23 months. Among these, 7 
animals developed tumours of a wide variety (Table 13). Five 
tumours in the liver were benign. Most of the others were 
malignant. Two tumours, a cystic tumour of the breast and a 
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carcinoma of the uterus, were present in one animal. Tumours 
seen in Groups III and IV, which were found in animals 
surviving 12 months or more after the start of the study, are 
shown in the Table 13. The 2 tumours of the liver in Group IV 
were also benign. The number of control animals, if any, were 
not indicated. 

The authors concluded that the above studies did not 
provide definite evidence of synergistic action in the 
carcinogenicity of retrorsine by whole body radiation or 
partial hepatectomy. 

Hirono et al. (1979a) studied the carcinogenic properties 
of senkirkine extracted from the dried milled buds of 
Tussilago farfara (coltsfoot) and symphytine extracted from 
dried milled roots of Syuiphytum officinale (comfrey). Both 
Tussilago farfara (Hirono at al., 1976) and Symphytum 
officinale (Hirono et al., 1978) had earlier been demonstrated 
to have carcinogenic properties. 

Sixty inbred ACt strain male rats were divided into 3 
groups of 20 animals each and received repeated ip injections 
of senkirkine at 22 mg/kg body weight or symphytine at 13 
mg/kg body weight as per schedule given in Table 13. All 
animals treated with senkirkine survived 290 days. Nine Out 
of 20 rats developed liver adenomas mostly after 350 - 450 
days from start of the study. Cirrhosis of liver was 
frequently observed. Of the symphytine group, all animals 
survived 330 days after the start of the study. Three animals 
developed haemangioendothelial sarcoma and one, liver 
adenoma. The sarcomas were noted at least 518 days after the 
start of the study. 

Schoental 	& Cavanagh 	(1972) 	used 	two 	alkaloids, 
retronecine and hydroxysenkirkine isolated from Crotalaria 
laburnifolia, which was injected ip in single doses ranging 
from 100 to 300 mg/kg body weight in 5 weanling Porton Wistar 
rats (Table 13). One animal that had received the 300 mg/kg 
dose developed astrocytoma of the brain after 14 1/2 months. 
Retronecine hydrochloride was administered in doses ranging 
from 300 to 1000 mg/kg body weight by single subcutaneous 
injection to 10 newborn rats. One male rat, which was found 
to be paraplegic 6.6 months after receiving a dose of 
600 mg PA/kg, was also found to have ependymoblastoma of the 
spinal cord. Among the litter mates of this rat, 1 male that 
had received a dose of 1000 mg/kg died. The remaining 6 
females and 2 males were killed within 22 months of being 
dosed. Of the females, 5 had pituitary tumours and 1 had a 
mananary tumour (type not stated). Two males did not show any 
significant abnormalities. 

One group of 5, 6-month-old female rats, born to dams that 
had been fed on a diet containing 50 g dried and powdered 
Heliotropium ramosissimum/kg diet, a tribal remedy, used 
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during pregnancy and parturition, were then themselves fed on 
the same diet at 6 months of age, as per the regimen indicated 
in Table 13. On female rat was found to be paraplegic at 7 

._ months of age. A tumour, possibly of Schwann or satellite 
cell origin, was found. 

6.4.8.2 Plant materials 

A number of plant materials have been tested for their 
carcinogenicity by administering either a mixture of extracted 
alkaloids (Cook et al., 1950; Schoental et al., 1954) or, more 
often, the dried and milled plant mixed with the diet. The 
only study in which the plant alone was fed was that of 
Campbell (1956), who produced tumours in chickens by feeding 
dried and milled Senecio jacobaea plant. It is notable that 
the plants tested are almost all those that have been reported 
to be used as herbal medicines and/or food, some of which have 
been reported to cause human toxicity. 

Schoental et al. (1970) used mixed PA5 (jntermedine and 
lycopsamine) extracted from seeds of Amsinckia intermedia, 
known to cause livestock losses in the USA, and leaves and 
stems from Heliotropium supirium L., known to be used by women 
in East Africa as a herbal medicine, after childbirth. The 
dosing regimen and mode of administration are indicated in 
Table 13. Of the 15 male weanling rats that had received a 
single treatment with the Amsinckia PAs and survived for more 
than 1 year, 3 rats showed one adenoma, one adenocarcinoma of 
the islet c1ls, and one adenoma of the exocrine pancreas, 
respectively (Table 13). In addition, one of the animals also 
developed a pituitary adenoma and papillary tumour of the 
urinary bladder. Eight animals received the treatment with 
Heliotropium supinum L. (Table 13). One out of the 2 weanling 
rats fed on the plant with the diet and one out of the 6 
animals that received a single intragastric dose of the crude 
alkaloid fraction developed islet cell adenoma of the 
pancreas. The number of control animals, if any, used in the 
study is not stated. 

Harris & Chen (1970) tested the carcinogenicity of Senecio 
longilobus, which has been associated with cases of human 
toxTity7Sti11man et al., 1977; Iluxtable, 1980; Fox et al., 
1978). Harlan rats were divided into 4 groups (equal numbers 
of both sexes) and fed diets containing dried and powdered 
stems and leaves of the plant in the proportion of 5 - 
7.5 g/kg. The number of animals in each group and the feeding 
regimen are shown in Table 13, Continuous feeding did not 
produce any tumours, presumably because of the comparatively 
low survival rate of animals. Significant results were 
obtained when the animals were fed contaminated diet 
alternating with normal diet (Group IV). Of the 100 animals 
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fed on this regimen for 54 weeks, 47 survived for more than 
200 days. Seventeen of these animals developed malignant 
tumours in the livers - hepatocellular carcinomas in 16 and an 
angiosarcoma in 1 animal after a minimum feeding period of 217 
days. In Group III, fed a contaminated diet for 1 year, 23 
rats lived for more than 200 days. Four rats (3 males and 1 
female) developed hepatocellular carcinomas and one, a 
peritoneal mesothelioma, after a minimum feeding period of 
more than 428 days. 	The tumour-bearing animals were 
predominantly male. 	The authors emphasized the relative 
rarity of liver tumours in the strain of animals used. 
Results demonstrated that S. longilobus is carcinogenic for 
rats. 

For a study of Schoental & Cavanagh (1972), using dried 
and powdered Heliotropium ramosissimum, see section 6.4.8.1. 

HironO et al. tested the carcinogenic effects of 3 
widely-used herbs containing PAs. 	Hirono et al. (1973) 
studied the possible carcinogenic effects of the young flower 
stalks of Petasites japonicus Maxim, which has long been used 
in Japan as food or herbal remedy as well as the PA, 
petasitenine, isolated from it. The flower stalks of the 
plant were dried, milled, and fed to young ACI rats of both 
sexes mixed with the basal diet in the proportion of 40 - 
80 g/kg, as indicated in the feeding regimen in Table 13, 	' 
until the animals were moribund or dead. One group of 27 rats 
was fed the plant mixed in the proportion of 40 g/kg diet for 
6 months followed by 80 g/kg diet on alternate weeks. The 
second group of 19 rats was fed a contaminated diet (40 g/kg) 
continually. Three animals in Group I died of pneumonia. 
Eleven out of the remaining 24 rats in this group developed 
liver tumours after 15 - 16 months of feeding. There were 2 
hepatocellular carcinomas, 6 liver cell adenomas, and 3 
haemangiosarcomas, of which 2 had metastasized, In Group II, 
2 animals died from non-tumorous causes. Of the remaining 17, 
8 developed haemangiosarcomas, 4 liver cell adenomas and 1 had 
a hepatocellular carcinoma. The incidence of haemangiosarcoma 
was statistically higher in Group II. 

In a similar study on mice and hamsters (Fushimi et al. 
(1978), groups comprising 20 - 24 male and 20 - 21 female 
6-week-old ddN, Swiss, and C57BL/6 mice, and 13 male and 17 
female hamsters, were fed a diet combining 4% young, dried, 
and milled flower stalks of Petasites japonicus Maxim for 480 
days. All surviving animals were killed at the end of the 
study. Lung adenomas and adenocarcinomas were found in 30/39 
surviving male and female ddN mice combined (compared with 
1/50 in the respective controls) in addition to other tumours 
(Table 13). No significant differences in tumour incidence 
were observed between treated Swiss and C578L/6 mice and 
banisters, and the corresponding controls. No data were given 



- 169 - 

on the tumour incidence according to sex, in treated and 
control animals or on survival in the controls. 

In studies on rats (Hirono et al., 1976), the dried and 
powdered flower buds of Tussil!9 farfara (coltsfoot) were 
mixed with the diet. Forty-nine inbred ACI strain rats were 
divided into 4 groups and fed diets containing 40 - 320 g 
T. farfara/kg for up to 600 days. The number of animals in 
each group and the dosage and feeding regimen are given in 
Table 13. Two groups receiving a diet containing 80 - 
320 g/kg on a continual basis developed tumours in the liver 
of the same types as animals in the studies using Petasites 
jponicus, e.g., haemangioendotheliomas, liver cell adenomas, 
and hepatocellular carcinomas (Table 13). All 12 animals in 
Group I survived for more than 380 days after the start of the 
study. Of these, 8 (5 males, 3 females) developed haemangio-
endothelial sarcoma of the liver. In addition, 3 of the 8 
rats developed simultaneously hepatocellular adenoina, hepato-
cellular carcinoma, or urinary bladder papilloma. In Group II 
receiving coltsfoot at 80 g/kg in the diet, 9 out of 10 
animals that survived for more than 420 days developed a 
haemangioendothelial sarcoma. 

Hirono et al. (1978) fed Symphytum officinale, similarly 
dried and milled, to the ACI Strain of inbred rats of both 

-  sexes at different levels ranging from 80 to 330 g/kg as 
leaves or 5 - 40 g/kg as root, for 280 days or more. Eight 
groups of animals of 19 - 48 animals each were used on 
different regimens of feeding. The feeding regimen, the 
number of animals in each group, and the duration of treatment 
are given in Table 13. Sixty-five males and 64 females served 
as controls. Tumours were induced in all groups receiving 
leaves or roots. The most common tumour was liver adenoma. 
lisemangiosarcomas were observed but infrequently (3 animals in 
the whole study). No carcinomas of the liver were seen, but 
there was a wide variety of other tumours. It is noteworthy 
that, in Group VII, 14 of 15 animals fed the lowest dose of 
10 g/kg for 275 days followed by 5 g/kg or basal diet 
alternating every 3 weeks, developed tumours, 2 of which were 
malignant (haemangiosarcotnas). In the control group, single 
animals each had papilloma of urinary bladder, caecal adenoma, 
subcutaneous fibrosarcoma, mammary fibroadenonia, or retro-
peritoneal teratoma. The livers of animals that did not have 
the tumours showed other features commonly encountered in 
animals administered PAs, e.g., megalocytosis, liver 
cirrhosis, hyperplastic nodules, etc., suggesting that they 
were induced by the PA5 contained in the plant. The authors 
concluded that the carcinogenic activity of this plant was 
weaker than that observed in animals fed Petasites 
(coltefoot). Rirono et al. (1979b) have summarized the above 
studies on PAs found in edible plants in Japan. 
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flabs (1982) and Habs et al. (1982) tested a crude alkaloid 
extract from the plant Senecio numorensis sp. fuchii 
containing 	fuchsisenecionine 	(500 g/kg) 	and 	senecionine 
(10 g/kg). The extract was administered intragastrically in 2 
doses of 8 mg and 40 mg/kg body weight, respectively, to 2 - 
groups of rats of both sexes, comprising 40 animals each, 5 
times a week for 104 weeks (Table 13). A large, dose-related 
number of liver tumours was produced, originating in the liver 
cell and the sinusoidal system, and predominantly affecting 
the female animals. 	The tumour incidence was higher in 
Group II (dose, 40 mg/kg) with 34 tumours compared with 13 in 
Group I. In Group I (dose, 8 mg/kg), 2 tumours were found in 
20 males compared with 11 tumours among 20 female rats. 
Similarly, in Group II, only 6 tumours were found in 20 males 
compared with 29 among 20 female rats. The tumours included 
19 of 	origin", 16 of "cholangigenic origin", 
and 12 of "haemangiogenic origin" (Table 14). 	Besides the 
liver tumours, 12 males and 9 females in the treated groups 
and 4 males and 6 females in the control group developed a 
variety of extra-hepatic tumours. Senecionine is known to be 
hepatotoxic and capable of being converted in the rat liver 
into cytotoxic metabolites. Fuchsisenecionine is a saturated 
PA, not previously known to be cytotoxic. It is therefore 
likely that senecionine was the hepatotoxic component and that 
perhaps the two PAs acted synergistically with each other, 
though there is no actual evidence for synergism. However, 
this needs confirmation. Moreover, there appeared to have 
been other unknown components in the mixture tested (Mattocks, 
1986) 

Hirono et al. (1983) studied the carcinogenicity of 2 more 
plants (Farfugiuin japonicum and Senecio cannabifolius) of the 
tribe Senecioneae in the family Compositae, the leaves and 
stalks of which are used in Japan as human food. Fresh leaves 
and stalks of the plants were dried, milled, and mixed with 
the basal diet. Inbred strain ACI rats of both sexes, with 
preponderance of females, 1.5 months old, were divided into 6 
groups. They were fed diets containing various proportions of 
the dried plant materials, as indicated in Table 13. The 
study was terminated at 480 days, except for one group, which 
was studied for 560 days. Besides the groups shown in the 
tables, 2 more groups of 30 and 28 animals of equal numbers of 
both sexes were fed 8% and 4% of Seneclo cannabifolius, 
respectively. None of these animals survived more than 177 
days and all died of hepatotoxicity. A wide range of tumours 
was observed, mostly in the liver, as shown in Table 13, the 
most common being haemangiosarcomas, which were not 
encountered in the control group. 

The carcinogenicity of Farfujium japonicum is considered 
to be due to senkirkine and petasitenine. Senecio cannabj- 
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folius contains senecicannabine, a new macrocyclic PA 1  sene-
ciphylline, and jacozine. It is probable that the carcino-
genicity of Senecio cannabifolius is due to these PAs (Hirono, 
et al., 19837. 

hayes et al. (1985) studied the biological mechanisms by 
which PAs initiate carcinogenesis in male Fischer 344 rats. 
Lasiocarpine (single or double injection of up to 80 pmol/kg 
body weight) and senecionine (single or double injection of up 
to 160 jnol/kg) were inactive as initiators of Y-GT-positive 
nodules in rats exposed to 2-acetylaminofluorene and partial 
hepatectomy. Administration of lasiocarpine or senecionine 
12 h after partial hepatectomy resulted in the development of 
very few nodules. Lasiocarpine given in a single or double 
dose (up to 80 imol/kg) delayed hepatic regeneration by at 
least 8 weeks after partial hepatectomy, and pre-treatment 
with this PA reduced the initiating capacity of diethylnitro-
samine and N-nitrosomethylurea in rats subsequently selected 
with 2-acetylaminofluorene and partial hepatectomy. Resistant 
nodules selected with lasiocarpine also had the typical 
resistant nodule phenotype (positive for Y-GT and epoxide 
hydrolase) and also lacked PA-induced megalocytosis. La5io-
carpine treatment also resulted in small regenerative nodules 
that were distinct from resistant nodules, because they were 
negative for Y-GT and epoxide hydrolase. 

6.4.8.3 Pyrrolizidine alkaloid metabolites and analogous 
synthetic compounds 

The subject has been reviewed by Mattocks (1986). The 
pyrrolizidine alkaloids are converted into pyrrolic esters in 
the hepatocytes. These may then be hydrolysed into pyrrolic 
alcohols, which are more water soluble and less active than 
the esters. The esters may be widely distributed throughout 
the body. Some of these compounds and their analogues have 
been tested for carcinogenicity. 

(a) Pyrrolic esters 

(i) Dehydromonocrotaline (monocrotaline_pyrole) 

Mattocks & Cabral (1979) tested dehydromonocrotaline on 
the skin of mice. In their first study on male BALB/c mice, 
they applied the compound on the back at 1- to 2-week 
intervals. Thirty-three applications of 1 imo1 did not 
produce any skin tuisours in 16 mice, but 2 developed lung 
adenomas; no tumours occurred in 14 control mice treated with 
the solvent (acetone). In the second study (Mattocks & 
Cabral, 1982), Il female LACA mice each received 47 
applications of 2.5 imol dehydromonocrotaline; one animal 



developed a malignant skin tumour. A second batch of 10 mice 
was given similar treatment and subsequently received 61 
twice-weekly applications of croton oil at the same site. 
Half of these animals developed turnouts. In the control group 
of 10 mice, only I tumour was seen. The results of these 
studies indicate that dehydromonocrotaline requires the action 
of a promoter to manifest carcinogenic potential. 

!!droretrorsine 

This supposed pyrrolic metabolite of retrorsine was 
applied to the skin of male BALB/c mice at 1- to 2-week 
intervals; 33 treatments of 0.5 or 1 iimol failed to produce 
tumours in 15 mice that survived for up to 60 weeks (Mattocks 
& Cabral, 1979). 

l-Methyl-2,3-bistrimethylacetoxymethylpyrrole 

Nattocks & Cabral (1979, 1982) made 2 studies on this 
compound. In the second study, which was more significant, 22 
female LACA mice received 47 dermal applications of 0.5 ijmol 
each. This caused marked skin damage with ulceration and 
scarring. Malignant skin tumours developed in 19 out of 21 
surviving animals. Two hydrolysis products of this ester, 
pivalic acid and 1-methyl-2,3-bishydroxymethylpyrrole, were 
similarly tested (Mattocks, 1986). Tuniours were produced, 
though fewer. 

The results of the above studies suggest that the intact 
pyrrolic ester is a carcinogen. 

(b) Pjrrolic alcohols 

Studies have been conducted using dehydroretronecine 
(retronecine pyrrole) and dehydroheliotridine, which are 
secondary metabolites of monocrotaline and heliotridine-based 
PAs, respectively. Originally they were regarded as (-i-)- and 
(-)- forms, respectively, of dihydro-7-hydroxy-1-hydroxy-
methyl-5H-pyrrolirine. Kadzierski & Buhler (1985, 1986) 
showed that the metabolite from monocrotaline is racemic and 
concluded that the product from all heliotridine and retro-
necine esters is the same (±)- form. 

Johnson et al. (1978) painted the skin on the back of 16 
female Swiss mice with dehydroretronecine, each dose equalling 
20 mg/kg body weight or about S jimol per mouse, once a week 
for 4 weeks and then twice more after 6 months. Six mice 
developed skin tuinours. Subcutaneous injections of the same 
dose yielded turnouts in 13 out of 21 mice. Twenty-eight out 
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of 55 mice given both topical applications and cc injections 
developed skin tumours. 

When the same study was repeated on 34 BALB/c mice, only 
one skin tumour developed (Mattocks 6 Cabral, 1982). When 17 
animals were given the same dose at more frequent intervals, 
e.g., 65 weekly doses, no tumours developed. 

Similar results were obtained in a study by Shumaker et 
al. (1976), already desecribed in section 6.4.8.1, in which 
39/60 rate given repeated subcutaneous injections of dehydro 
retronecine developed rhabdomyosarcomas at the site of 
injection. The compound appears to be a direct-acting 
carcinogen for rats and mice, though the susceptibility of 
various strains of nice varies. 

Peterson et al. (1983) gave 9 ip injections (60 
76.5 mg/kg body weight) of dehydroheliotridine to rats over a 
32-week period. A large variety of tumours was produced. It 
was concluded that this metabolite may be responsible for the 
carcinogenicity of its parent PA. 

6.4.8.4 Molecular structure and carcinogenic activit 

Mattocks (1986) has reviewed the present position 
concerning the relationship between molecular structure and 

.- carcinogenic activity. Data available at present are not 
adequate for any strict correlation to be established between 
the molecular structure of PAs and the types of tumours 
produced by then in the rat. however, the common determinants 
in the molecular structure of all carcinogenic PAs are that 
they are macrocyclic or "open" diesters, in which the amino-
alcohol moiety is retronecine, heliotridine, or otonecine. 
These are all esters of unsaturated necines and are capable of 
being metabolized to pyrrolic esters in the mammalian liver. 
Studies on pyrrolic esters, the toxic metabolic product of 
PAs, have yielded equivocal results. Monocrotaline has been 
shown to bind covalently to DNA, which is associated with the 
carcinogenic activity of the pyrrolizidine alkaloids 
(Robertson, 1982). Dehydromonocrotaline, the primary metabo-
lite of monocrotaline has been found to be an incomplete 
dermal carcinogen (Hooson & Grasso, 1976; Mattocks & Cabral, 
1982), whereas the synthetic compound 1-methyl-2,3--bistri-
methylacetoxymethylpyrrole, which is chemically similar to 
dehydromonocrotaline, is clearly carcinogenic (Mattocks & 
Cabral, 1982). Dehydroretronecine (DHR), a second metabolite 
of monocrotaline and possibly other retronecine-based PAs, is 
also carcinogenic for the skin and is considered a proximate 
carcinogenic metabolite, since, unlike monocrotaline, it acts 
at the site of application directly and not at remote sites. 
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6.4.9 	Antimitotic activfy 

Literature on this phenomenon has been reviewed by Jago 
(1969), McLean (1970), and Mattocka (1986). The most 
characteristic feature of the chronic hepatotoxicity of the 
PAs is the presence in the liver of megalocytes (Bull & Dick, 
1959; McLean, 1970), which are generally enlarged hepatocytes 
containing large, hyperchromatic nuclei (section 6.4.1.5). 
These appear to be the result of a combined action of PAs on 
the hepatocytes, a stimulus to regenerate following 
parenchymal cell injury, and the powerful antimitotic action 
of the pyrrole metabolites of the PAs (Mattocks, 1986; Jago, 
1969). This property has served as the basis for using a PA 
(indicine-N-oxide) as a chemotherapeutic agent for cancer 
(Letendre et al., 1981, 1984). Peterson (1965) showed that 
the number of mitoses following partial hepatectomy was 
reduced to 501 or less of normal values by prior 
administration of hepatotoxic alkaloids, and that the effect 
was dose dependent. The hepatocytes seemed to continue to 
grow without dividing. The effect can be produced by a single 
sublethal dose of the alkaloids (Schoental & Magee, 1957) or 
can be a cumulative effect of small doses (Bull & Dick, 
1959). The lesion appears within a few weeks and may persist 
for the lifetime of the animal (Mattocks, 1986). It was - 
characteristically described in the liver of the rat, but has 
also been reported in a number of other animals, e.g., mouse, 
sheep, horse, and pig, and in some other organs, e.g., kidney 
and lung (McLean, 1970). It has not been observed in human 
livers (Tandon, H.D. et al., 1978; Mattocks, 1986), but it has 
been observed that cultured human fetal liver cells become 
enlarged when exposed to PAs (Armstrong at al., 1972) 
indicating a susceptibility to the antimitotic effect of PAs. 
The lesion is not specific for PAs but has been reported to be 
produced by a number of toxins (McLean, 1970), including 
semisynthetic derivatives of PAs but not non-hepatotoxic PAS, 
such as platyphyline (Jago, 1970). The ultrastructural 
features of megalocytes are controversial, ilowever, consistent 
with other functional and metabolic features, the cells show 
morphological characters suggesting increased metabolic 
activity with increased exchange of material between the 
nucleus and cytoplasm. 

This unique reaction of the hepatocytes to PA has been 
used by Jago (1970) to develop a method for assessing hepato-
toxicity and by Culvenor at al. (1976a) for screening 62 PAs 
for acute and chronic hepatotoxicity and pneumotoxicity. 

Mattocks (1986) suggested a scheme for the antimitotic 
action of PAs in vivo, consistent with observations of the 
phenomenon in animals. The PA is irreversibly metabolized by 
the hepatic microsomes into a pyrrolic ester, which can be 



- 175 - 

hydrolysed to a pyrrolic alcohol. The latter is the agent 
that inhibits mitosis. The more reactive primary metabolite 
may also do this, by reacting with tissue constituents to give 
products identical to pyrrolic alcohols, inhibiting mitosis. 
On the other hand, it can also produce acute injury to the 
cells, which stimulates regeneration. Thus administration of 
the PA or the pyrrolic ester can induce megalocytosis to a 
much greater extent than a secondary inetabolite alone. 

Antimitotic activity does not seem to be directly related 
to inhibition of DNA synthesis, since the latter recovers 
within a week while mitotic inhibition continues for up to a 
period of 4 weeks (Peterson, 1965; Armstrong & Zuckerinan, 
1970). Mattocks & Legg (1980) have shown that the level of 
DNA synthesis is reduced in cells that do not divide, but is 
not totally inhibited. Samuel & Jago (1975) investigated the 
position in the cell cycle of the antimitotic action of 
lasiocarpine and of its pyrrolic metabolite, dehydrohelio-
tridine. Their studies indicated that the alkaloid acts 
during the late S or early C2 phase of the cell cycle. 

6.4.10 	ImmunosuppresCion 

Dehydroheliotridine (DHH), a pyrrolic metabolite, has a 
significant immunosuppressant activity on the primary response 
in young mice; when injected ip shortly before the antigenic 
stimulus (Percy & Pierce, 1971). The secondary response to 
antigenic stimuli; as measured by the reduction in the number 
of 7S and 195 specific antibody-synthesizing cells of the 
spleen, was suppressed when OHM was administered at the time 
of secondary stimulus, but not when it was given 24 or 36 h 
after the antigenic stimulus. It was suggested that dehydro-
heliotridine selectively destroys or inactivates cells 
involved in the initial stages of antigen recognition and 
processing, 

6.4.11 	Effects on mineral metabolism 

Aberrations of mineral metabolism have been observed in 
several species of animals. The most notable among them 
relate to haemolysis and copper metabolism. Anaemia has been 
reported to occur in rats following PA poisoning (Schoental & 
Magee, 1959; Schoental, 1963) and the kidney and liver show 
haemosiderosis (Hayashi & Lalich, 1967). Besides the 
haemolysis, PAs have been found to exert a direct inhibitory 
effect on haematopoiesis in the livers of new-born rats 
(Sundaresan, 1942). Disturbances of iron metabolism and 
haematopoiesis have also been demonstrated in rats fed Senecio 
jacobaea and supplementary copper (Swick et al., 198t) and 
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they have been found to develop raised copper levels in the 
liver and spleen, when fed on this plant (Swick et al., 
1982b). Miranda et al. (1979) reported elevated levels of 
iron in the liver and spleen and of copper in the liver in 
rats fed on tansy ragwort. Studies with radioactive iron also 
indicated a specific inhibitory effect of PAs on haemato-
poiesis. High copper levels in the liver associated with 
haemoglobinuria have been reported in sheep grazing on 
heliotrope (Bull et al., 1956), signs of disease closely 
resembling those of chronic copper poisoning. St. George-
Grambauer & Rae (1962) reported a similar outbreak of fatal 
jaundice due to haemolytie crisis of chronic copper poisoning 
in sheep that had grazed Echium plantagineum over 2 or more 
seasons. The pathological changes in the liver were 
indistinguishable from those of Heliotropium, and the livers 
had a high copper content. Studies of Miranda et al. (1981b) 
indicate that dietary copper can enhance PA hepatotoxicity in 
rats. It has been suggested that the hepatotoxic effects of 
some PAs may interfere with the excretion of copper (Bull & 
Dick, 1959; Farr&ngton & Gallagher, 1960). Similar effects 
have been observed in pigs fed Senecio (Harding et al., 
1964). White et al. (1984) did not observe any rise in 
hepatic copper levels in sheep fed Senecio jacobaea. 

6.4.12 Methods for the assessment of chronic hepatotoxiçy 
and pneumotoxicity 

Pyrrolizidine alkaloids produce acute as well as chronic 
liver damage. The acute effect is seen as extensive necrosis 
(Schoental & Magee, 1957), while the chronic effect in rats is 
manifested characteristically by the presence of greatly 
enlarged parenchymal cells (Schoental & Magee, 1957; Bull & 
Dick, 1959), which persist long after a single exposure 
(Schoental & Magee, 1959). The latter effect of megalocytosis 
may manifest without the liver cells going through the process 
of necrosis (Sclioental & Magee, 1959). This property has been 
used by Jago (1970) to develop a method for the assessment of 
the relative chronic hepatotoxicity of different alkaloids. 
It has since been used by other investigators (Culvenor et 
al., 1976a). It consists of the intraperitoneal administration 
of a single dose of between 0.025 and 3.2 lauol of the 
alkaloid per kg body weight in 0.2 ml aqueous solution to 
14-day-old suckling hooded Wistar rats of both sexes. The 
litters are randomized among the mothers, one day before the 
administration of the toxin, and then weaned at 28 days. 
Animals are killed 4 weeks after the injection. The relative 
acute toxicity is indicated by the dose levels that cause 
death within approximately a week and chronic hepatotoxicity 
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by those that produce hepatic megalocytosis within 4 weeks of 
the injection. With this method, it is not only posibIe to 
evaluate the hepatotoxicity of a given alkaloid but also to 
compare the hepatotoxic effects of different compounds in 

- relation to each other on a molar basis. Chronic effects on 
the lunge can also be assessed by the same method. Culvenor 
et al. (1976a) found this method satisfactory for compounds of 
medium to high hepatotoxicity but failed to detect toxicity in 
certain compounds of known, low hepatotoxicity. 

6.5 Effects on Wild-life 

6.5.1 	Deer 

There is very little information on the consumption of 
PA-containing plants by non-domesticated animals, birds, and 
other wild-life. In one instance, the deaths of white-tailed 
deer in coastal marshes in Louisiana in 1967, was ascribed to 
the consumption of Crotalaria and/or lieliotropium species in a 
period of feed scarcity (Seger et al.,l99J. The animals had 
thin and watery blood, abnormal bone marrow, and serious 
atrophy of cardiac and mesenteric adipose tissue. In a 
9-year-old doe, the liver was dull and somewhat granular and 
evinced megalocytosis of the hepatocytes. In another 
4-year-old animal, the liver appeared normal but with 
microscopic evidence of early megalocytosis, with considerable 
vacuolization in the centrilobular hepatocytes. Plants of the 
genera Crotalaria and Heliotropum were abundant and there 
were some Senecio species. There were signs of ingestion of 
the plants by the deer. 

Senecio jacobaea (tansy ragwort) has been fed experi-
mentally to black- tailed deer (Odocoileus hemionus 
columbianus) in Oregon to determine their susceptibility to 
poisoning (Dean & Winward, 1974). The ragwort was given ad 
libitum together with different levels of basal ration (851 
alfalfa, 10% barley, 57 molasses) to captive deer. The 
ragwort was eaten, only when the basal ration was inadequate. 
One group, not given any basal ration for 6 days, began eating 
ragwort and consumed 5.4 kg dry weight per animal in 42 days. 
This represented 24% of the animal body weight. The animals 
did not show any toxic signs, and blood levels of SGOT and 
bilirubin were normal. 

6.5.2 	Fish 

The effects of S. jacobaea alkaloids on rainbow trout 
(Salnio gairdneri) fingerlings has been investigated (Hendricks 
et al., 1981Y Duplicate groups of 80 fingerlings were fed 

IVA 
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for up to 12 months on diets containing 20 or 100 mg 
alkaloid/kg. The alkaloid comprised 91% 5acobine, 3% jacazine, 
2.5% senecionine, and 2.5% seneciphylline. The 100 mg/kg diet 
resulted in severe growth depression and mortality, which 
began at 3 - 4 months. Both levels of PAs produced severe 
hepatic lesions. The livers from these fish were shrivelled, 
mottled yellow or whitish in colour, nodular, fibrous, and 
sometimes haemorrhagie. Microscopically, there was megalo-
cytosis, severe fibrosis, and bile-duct proliferation. 
Characteristic veno-occiusive changes were seen in the 
centrilobular and hepatic veins, which, in the case of fish 
receiving the 100 rug/kg diet, appeared after only 2 months on 
the diet. 

6.5.3 	Insects 

There are no reports of the toxicity of PAs for insects, 
but there is substantial literature on the use of PAs by 
certain insect families that have evolved with the ability to 
store the alkaloids as defensive chemicals and to convert them 
into pheromones and other signalling chemicals (see recent 
reviews by Brown (1984) and Bopprê (1986), and an earlier 
complementary paper by Edgar (1982)). In some species, such 
as moths of the family Arctiidae, the larvae feed on 
PA-containing plants. In other families, such as Nymphalid 
butterflies of the sub-families Danainae and Ithomijnae, the 
larvae of most species live on other plants, but the adult 
males seek out PA-containing species and contrive to ingest 
alkaloids from wilting, dead, or damaged plant material or 
from nectar. The alkaloids so acquired have a functional role 
as defensive chemicals against predators and, in some species, 
are also converted into pheromones and other signalling 
chemicals involved in mating. The alkaloid derivatives may be 
pyrrolic compounds related to dehydroretronecine or 
derivatives of the esterifying acids. In one Arctiid genus, 
Creatonotus, the alkaloids have a morphogenetic or hormonal 
effect, determining the size of the pheromone-disseminating 
organ. Thus, for some insect species, PA-containing plants 
may be necessary for survival. 
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7. EFFECTS ON NAN 

The toxic effects of pyrrolizidine alkaloids 	are 
principally on the liver. The toxic disease, produced by 
consuming PAs derived from certain plants, is called 
veno-occlusive disease (VOD), the pivotal and pathognomonic 
lesion being the occlusion of the central and sublobular 
hepatic veins in the liver. The larger hepatic vein 
tributaries are characteristically unaffected in contrast with 
the findings in Budd-Chiari syndrome (Bras, 1973). 

7.1 Clinical Features of Veno-Occiusive Disease NOW 

There are several good clinical accounts of the disease, 
mostly in the earlier reports from Jamaica, in children 
(Jelliffe et al., 1954a,b), and adults (Stuart & Bras, 1955), 
which have been summarized by Stuart & Bras (1957). Maksudov 
(1952) has described the clinical features among children in 
outbreaks in the USSR, where it was called toxic hepatitis 
with ascites, and Ismailov (1948a,b), Nnushkin (1949, 1952), 
and Zheltova (1952) have described them among adults. 
Srivastava et al. (1978) also described the clinical findings 
among children in a large outbreak. Children seem to be 
particularly vulnerable as is evident from the report of 
Stuart & Bras (1957) and that of Mohabbat et al. (1976) 
concerning a large outbreak, though the disease is rare before 
the age of one or two years. Frequently, more than one member 
of the family becomes affected (Stuart & Bras, 1957; Mohabbat 
et al., 1976; Tandon et al., 1976; Arora et al., 1981) within 
days or weeks of each other. 

The disease generally has an acute onset, characterized by 
rapidly developing and progressing symptoms of upper abdominal 
discomfort, dragging pain in right hypochondriuin, ascites, and 
sometimes oliguria and oedema of the feet. Nausea and vomiting 
may be present. Jaundice and fever are rare. There is 
generally gross, tender, smooth hepatomegaly often accompanied 
by massive pleural effusion, and sometimes slight splenoniegaly 
and minimal ankle oedema. Liver function tests may show only 
mild disturbance. The acute disease is associated with high 
mortality and a subacute or chronic onset may lead to 
cirrhosis. Death often occurs after oesophageal haemorrhage. 

Stuart & Bras (1957) summarized the clinical data of 84 
patients ranging in age from 6 months to 53 years. The 
highest incidence occurred between the ages of 1 and 3 years 
(39%), and 26% of patients belonged to the 3- to 6-year age 
group. Thus, children up to 6 years accounted for 65% of 
total cases. Although the VOD was relatively uncommon at the 
2 extremes of age, early infancy and adult life, mortality was 
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highest in these groups, being 60% and 54%, respectively. 
Hepatomegaly and some degree of ascites were invariably 
present in acute cases; in 48 Out of 64 patients, ascites was 
acute enough to require paracentesis. In 38 patients 1  
hepatomegaly was grossly severe, reaching more than half way 
down to the umbilicus. Jaundice was relatively uncommon. 
Among the liver function tests, the most significant and 
consistent changes were found in the serum-cholinesterase (t = 
2.67, 0.02 > P > 0.01) and serum-albumin levels (t a 2.82, 
0.01 > P). Mortality rates associated with signs of 
parenchymal liver damage were 74% with clinical jaundice or 
high levels of serum-bilirubin, 62% with diminished serum-
cholinesterase, and 58% with considerable anorexia and 
apathy. The mortality rates among cases with acute, subacute, 
or chronic disease were reported to be 27%, 17%, and 57%, 
respectively. Death was mostly due to hepatocellular failure 
(71%) in the acute phase and haemetemesis in the chronic phase 
(75%). More recent publications (Lyford at al., 1976; McGee 
et al., 1976; Tandon, B.N. et al., 1977; Datta et al., 
1978a,b) also describe the haemodynamic data of the hepatic 
blood flow and the results of portovenographic studies that 
suggest outflow tract obstruction in the liver at the 
post-sinusoidal level, and irregularity and 
obstruction/distortion of the hepatic venous 	radicles, 
respectively. 

The clinical course of the disease has been shown 
schematically by Stuart & Bras (1957) (Fig. 12). However, the 
temporal relationships in the different phases of the disease 
are not precise, and their account, at best, represents a 
trend. 

Complete Clinical lo 	Latest period of years 
recsver-y (4%) 	recosery (2155) 

A, Acute eencoccIusivC 13%) 	B. Subacute 	no-occisive 	 C Chronic verto-occlusive 
disease (suddee 

hepatoniegaly and ascites) 
00 	disease (persistent worm 	 0 	disease 

tlepatonre9aly) 	 (cirrhosis ot the liver) 

Rapid death (19%) 
(incrcasirg jaundice cholcemia) Clinical inprovemerrts 

Camplete recovery 

115. 12. Clinical natural history of veno—occiusive disease of the liver. 
ft and C. stay be present with no clinical history of preceding 
illness. From Stuart S BrSs (1957). 
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The onset of the disease may be sudden (acute) or 
insidious (subacute or chronic). The acute disease may 
recover completely or result in death. A few patients may go 
on to the subacute phase, with almost none or very few 
symptoms, but a persistent hepatomegaly. The patient may 
subsequently recover completely, or may, after or without 
apparent clinical improvement, go on to the chronic phase of 
disease, mostly ending up in cirrhosis. Some patients with 
the acute disease may go on to the subacute phase, even after 
clinical recovery, or as postulated by the authors, after a 
latent period of several years, progress to cirrhosis. 

Braginskii & Bobokhadraev (1965) related an experience 
concerning the evolution of this disease that was similar to 
that observed in the USSR. About 50 - 60% of cases made a 
full recovery and 35% made a partial recovery with continuing 
hepatomegaly. About 2% of cases developed persistent ascites 
with *11055  of working capacity". It has been suggested that 
these cases may develop cirrhosis. 

7.2 Salient Pathological Features of Veno-Occlusive Disease 

The pathological features of the disease at different 
stages have been described in detail (Terekhov, 1939, 1952; 
Dolinskaya, 1952; Bras et al., 1954; Bras & Watler, 1955; Bras 
& Hill, 1956; Stuart & Bras, 1957; Stirling et al., 1962; 
Aikat et al., 1978; Tandon, B.N. et al., 1978; Tandon, H.D. et 
al., 1978). The following description of Bras & watler (1955) 
characterizes the morphological changes at different stages of 
the disease described by most investigators. 

I4orphological features of the liver at autopsy in 19 
patients from Jamaica who died at various stages of VOD have 
been described. The ages ranged from 10 months to 45 years. 
Fourteen patients were below the age of 14 years. Of the 14 
patients, 9 had developed cirrhosis, 3 died of acute disease, 
and 7 had various levels of fibrosis superimposed over acute 
VOD. In the acute stages, there was acute centrilobular 
congestion. The centrilobular and sublobular veins showed 
different degrees of thickening of the wall and occlusion of 
the lumen, mainly due to subintimal swelling composed of loose 
reticular tissues and a few cells including endothelial cells, 
occasional histocytes, lymphocytes, and polymorphs, suggesting 
an acute exudative process. In addition, there was a small 
amount of fibrin. Organization of this exudate gradually led 
to collagenization and thickening of the wall. The centri-
lobular, congestion rssulted in compression and even 
disappearance of liver cell cords. The reticular framework of 
the liver lobule was frequently preserved but was ruptured at 
places. Clearly recognizable thrombi occurred sporadically 
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but were not commonly seen. The portal veins and hepatic 
arteries were normal. 

Stirling et al. (1962) in their description of the early 
lesion of VOD of the liver also emphasized that thrombosis of 
the hepatic veins was not an important histogenetic factor in 
the evolution of the lesion. In the later stages of the 
disease, hepatic venous occlusion was chronically established. 
Perivenous reticular collapse and the resultant condensation 
and reduplication of the reticular framework resulted in 
non-portal fibrosis and later cirrhosis. Nacroscopically, the 
cirrhosis looked like Laennec's cirrhosis. The cirrhotic 
process, which was non-portal to begin with, involved portal 
tracts which also became incorporated in the connective tissue 
septa. The presence of oesophageal varices was a common 
finding. Extra-hepatic collateral vessels and congestive 
splenomegaly were frequently seen. Within the liver, intra-
hepatic collateral circulation was established with the 
coalescence of sinusoids. The larger hepatic veins and 
inferior vena cava did not show any thrombi or other patho-
logical change. The subintimal swelling observed in the 
hepatic veins was not seen in any other vessels in the body. 
The authors concluded that acute VOD gradually leads to 
Laennecs cirrhosis, but, in the initial phases, it is 
non-portal. 

No clear dose or temporal relationships between the liver 
and parenchymal and vascular changes in the liver lobules are 
evident from the available human case reports. 

It is notable that megalocytosis, which is the hall-mark 
of chronic PA toxicity in experimental animals and a morpho-
logical manifestation of the antimitotic effect of PAs, has 
not been observed in human subjects (Tandon, H.D. et a'., 
1978) (section 6.4.9). 

Tandon H.D. (personal communication) has analysed all 
published and unpublished observations including liver 
biopsies and autopsies derived from 3 outbreaks of VOD of 
which two occurred in India (Tandon, B.N. et al., 1976, 1977; 
Tandon, R.K. et al., 1976; Tandon, H.D. et al., 1977) and one 
occurred in Afghanistan (Tandon, B.N. at al., 1978; Tandon, 
H.D. et al., 1978). He commented on the frequency with which 
the characteristic veno-occiusion may not be seen in the 
needle biopsy in the acute phase of the disease, though it is 
invariably observed in the autopsy material. Haemorrhages may 
persist for up to 1 year after subsidence of acute symptoms. 
There is no significant inflammation accompanying the veno-
occlusive changes. Cirrhosis was reported to have developed 
within 3 months in one patient, after an initial biopsy had 
shown no fibrosis (Stuart & Bras, 1957). 

Brooks et al (1970) made an ultrastructural study of the 
liver in VOD in Jamaican children. 	They found extensive 
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damage 	in 	the 	sinusoidal 	epithelium 	resulting 	in 
entra-vasation of red cells in Disse's space and between 
hepatocytes. The closed structure of the vessels, the absence 
of fenestrations, the existence of a basement membrane, and 
the presence of collagen in the wall contribute to the 
resistance to cellular debris and erythrocytes which track up 
Disse's space and tend to narrow the lumen of the sinusoid 
where it enters the vein. Fibrin may he present in this 
location and occasionally in the sinusoids, but not within 
hepatic veins themselves. The venous block, therefore, does 
not appear to be the result of thrombosis. 

Pancreatic changes similar to those in Kwashiorkor were 
stated to be commonly observed (Bras & Hill, 1956; Stuart & 
Bras, 1957). 

7.3 Iuman Caseports of Veno-Occlusive Disease 

Available data on human cases are summarized in Table 15, 
with the countries they have been reported from in alpha-
betical order. The first report of this disease in man and 
its relationship with consumption of wheat flour contaminated 
by seeds of a plant of the genus Senecio was made by Albertjin 
in 1918 in a report made to the government of South Africa, as 
quoted by Wilmot & Robertson (1920), who gave the first 
account of this disease in scientific literature from that 
country. It is possible that it may have existed even 
earlier, as its occurrence in farm animals had been described 
since the beginning of the century in veterinary literature 
(Bull et al., 1968). Willmot & Robertson (1920) recorded the 
occurrence of 'bread poisoning' in South Africa for a period 
of about 10 years, during which 80 cases had been observed, 
mostly resulting in death. The detailed account of clinical 
data and pathological findings in 11 cases was consistent with 
what is known as VOD today. The flour from which the bread 
was prepared was found to be contaminated with the flower 
heads and seeds of Senecio app. 

Isolated case reports are available in the literature 
(ilashem, 1939; Wurm, 1939) describing changes in childrens' 
liver characteristic of veno-occlusive disease; however, in 
these studies, no mention was made of possible etiological 
agents. 

A pattern of disease described in the Soviet literature as 
dystrophy of the liver, and later as toxic hepatitis with 
ascites has been known in the Central Asian republics of the 
USSR especially Uzbekistan and Tadjikistan for a long time 
(Terekhov, 1952). The local inhabitants called the disease, 
characterized by rapidly filling ascites, the "camel-belly" 
syndrome and are reported to have long distrusted a weed with 
fine seeds, known locally as "Khariayk", as a source of the 
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disease (Dubrovinskii, 1952) (it is notable that, in the 
Afghan outbreak, which occurred close to the area in 
Uzbekistan where the disease had been known, the toxic seeds 
were known as "Charmak" among the local population). The 
"camel-belly" disease was associated with the use of bread -. 
with a bitter taste (presumably caused by the mixing and 
grinding of toxic seeds with the wheat grains). Two waves of 
outbreaks occurred, the first between 1931-35 (Terekhov, 1939) 
and the second between 1945-46 (Dubrovinskii, 1947; Ismailov, 
1948a,b). 	In the first wave of outbreaks, approximately 
1000 - 1500 subjects were estimated to have been affected with 
an overall mortality rate of 13 - 15%. The age of the 
affected subjects ranged from 3 to 50 years. In the second 
wave of outbreaks, 60 - 70% of the population in agricultural 
areas were estimated to have been affected (Ismailov, 
1948a,b). Domestic animals also suffered from the disease 
(Dubrovinskii, 1947). During the second wave of outbreaks, 
the disease was found to have been caused by contamination of 
food 	crops 	with 	seeds 	of 	Heliotropium 	lasiocarpum 
(Dubrovinskii, 1947; Khanin, 1948). The etiology was 
confirmed by studies on a variety of experimental animals 
using the suspect seed (Khanin, 1948; Kampanzev, 1952). 
Pathological features of the disease in children have been 
described by Dolinskaya (1952) and in all age groups by 
Terekhov (1939, 1952). First an acute form of the disease was 
recognized, followed by hepatic cirrhosis, which was found to 
result as a consequence of the initial disease (Ismailov, 
1948a,b; Savvina, 1952). The disease has since been largely 
eradicated by the agricultural and public health measures 
taken. 

Selzer & Parker (1951), from South Africa, described 12 
cases, 10 of whom came from 3 families that had eaten bread 
made of flour of "imperfectly winnowed wheat". Five cases who 
were autopsied showed characteristic occlusion of the central 
vein of the liver lobules. 

Attention on veno-occiusive disease as an entity followed 
a spate of reports, mostly from Jamaica, on the occurrence of 
this disease, mainly among children (Bras et al., 1954, 1961; 
Jelliffe et al., 1954a,b; Bras & Watter, 1955; Bras & Hill, 
1956; stirling et al., 1962) but also among adults (Stuart & 
Bras, 1955, 1957). The youngest patient reported was a 
3-month-old infant (Stein & Isaacson, 1962), but the disease 
was stated even to have been observed in the newborn (Stein, 
1957). Very often, several members of the family were 
affected by disease, which presented primarily as rapidly 
filling ascites, within a matter of days, sometimes 
accompanied by fever, and leading to hepatic failure. It was 
considered an important cause of cirrhosis among children in 
Jamaica (Jelliffe et al., 1954a,b). On the basis of evidence 
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of an almost identical disease occurring among grazing animals 
(Hill, 1960), and a prevalent practice among the Jamaicans of 
using herbal infusions for treating a variety of ailments as a 
home remedy, herbs, notably of the Senecio and Crotalaria 
groups, were suspected of being a contributory factor (Bras & 
Hill, 1956; Bras et al., 1957, 1961; Stuart & Bras, 1957). 

Hill (1960) gave a comprehensive account of current 
knowledge up to that time of the world-wide distribution of 
seneciosis in man and animals in which mention is made of this 
disease only in Egypt, the Federal Republic of Germany, South 
Africa, and the West Indies. Pyrrolizidine alkaloids were 
identified as the active element in the toxic factor in the 
plants. 

However, there are earlier reports of this disease from 
elsewhere. Bras (1973) cited a number of reports from Europe 
from 1905 to 1949, including reports by Wurm (1939) and Teilum 
(1949), of an entity in infants and children that was called 
Endophiebitis hepatica obliterans. He reported having studied 
some tissue sections of liver in Austrian children aged 7 
months - 1 year, who had died with clinical and histological 
patterns of Von. Some of these conformed to the Budd-Chiari 
syndrome whereas others were consistent with VOD. The case of 
a 36-year-old woman reported by Teilum (1949) does not, 
however, fall in the usual category of cases accepted as 
veno-occlusive, since thrombotic changes were also seen in the 
larger hepatic veins and several, in the peripheral parts of 
the body, as well as the portal vein. 

A comprehensive account of all available published reports 
of thip disease to date from different parts of the world is 
given in Table 15. A clear distinction between the acute and 
chronic effects of exposure is not always possible from the 
published data, since, in most patients, the history of onset 
of disease with intake of the toxic substance is not generally 
volunteered or available, and so a precise temporal relation-
ship is difficult to establish. However, this information is 
available in a reasonably accurate form in more recent reports 
(Stillman et al., 1977; Datta et al., 1978a,b; Fox et al., 
1978; Kutnana et al., 1985). 

Gupta et al. (1963) from India described 2 cases who had 
drunk some herbal infusions for the treatment of skin 
disorders. The liver biopsies confirmed changes typical of 
acute VOD. However, the herb was not identified and no 
analysis was made of the infusion for alkaloids. 

The cases of 59 children in Egypt who had symptoms of 
— rapidly developing abdominal distension and hepatomegaly were 

reported by Safouh & Shehata (1965). Their ages ranged 
between 1 and 12 years, 47 being below 4 years of age. A 
dietary survey carried out on 17 patients indicated ingestion 
of drinks made by boiling some common plant seeds, but these 

13 
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were not identified. Wedge biopsies of liver were performed 
in 6 patients and 16 postmortem examinations were made. In 
all the autopsy cases, there was thrombotic obliteration of 
the main hepatic veins and their ostia. The central and sub- --
lobular veins were not uniformly thickened as they were 
frequently dilated or disrupted and some contained fresh 
thrombi. 	There was centrilobular necrosis of the liver 
lobules. One patient developed decompensated cirrhosis in 3 
years. The authors observed that the clinical and pathological 
features closely resembled those of VOD in Jamaica, but 
thrombosis was an unusual feature of the latter disease. 

Al-ilasany & Mohamed (1970) described a short outbreak in 
Iraq, occurring during a 3-month period, affecting 9 children, 
all except one being below 12 years of age, and belonging to 3 
Bedouin families living outside Baghdad. One of the children 
died. Autopsy of this case and biopsies on the others showed 
changes characteristic of VOD. Poisoning through the wheat 
flour contaminated by seeds of some PA-containing plant was 
suspected, but no analysis of the food was carried Out. 

Three of the largest outbreaks of the disease have been 
reported from South Asia, two from the same site in central 
India (Tandon, B.N. Ct al., 1976, 1977; Tandon, R.K. et al., 
1976; Krishnaimachari et al., 1977; Tandon, H.D. et al., 1977) 
and one from North-West Afghanistan (Tandon & Tandon, 1975; 
Flohabbat et al., 1976; Tandon, B.N. et al., 1978; Tandon, H.D. 
et al., 1978). The first Indian outbreak was reported by 
Tendon, B.N. et al. (1976) and Tandon, R.K. et al. (1976) and 
Tandon, B.N. et al. (1977) and Tandon, N.D. et al. (1977). It 
occurred in a group of 5 tribal villages in central India in 
1972-73. The epidemiology of the outbreak was later described 
by Arora et al. (1981). Out of a total population of 2060 in 
these villages, 71 households with 366 members were investi -
gated. Among these, 39 cases had developed and 19 had died 
before commencement of the investigations. The incidence rate 
was 1.12 and the case fatality rate was 507. 	All cases 
occurred among 20 households. 	In many households, several 
members were affected. In one household, 4 out of 5 cases 
died. Six sick patients were investigated in detail with 
repeated liver biopsies. One patient died 17 months after 
onset and was autopsied. The clinical onset was character- 
iStic of disease. 	Haemodynamic and radiographic studies 
suggested a combined post and perisinusoidal block. 	Liver 
biopsy studies showed features characteristic of acute 
centrilobular haemorrhagic necrosis with progressive fibrosis, 
hepatic veno-occiusion, and non-portal cirrhosis in one case 
who survived 17 months after the acute onset. The etiological 
factor of this outbreak was not established, though dietary 
contamination with pyrrolizidine alkaloids was considered. 
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A second outbreak occurred at the same site in 1975 and 
was studied and reported independently by Krishnamachari et 
al. (1977) and Tandon, B.N. et al. (1976, 1977). A total 
population of 486 was affected, 67 cases were reported, of 
whom 28 (46%) had died. There was a strong family history 
(Tandon, B.N. et al., 1976). In a later survey, 108 patients 
were studied and the mortality rate was estimated to be 63% 
(Tandon, B.N. et al., 1977). This time the etiological factor 
was identified as the plant Crotalaria nana Hurm, which had 
been growing in the fields of millE(anicum miliare), their 
staple food crop. The seeds of this plant became mixed with 
the cereal grain during harvesting. The toxic seeds contained 
pyrrolizidine alkaloids that were identified as a macrocyclic 
ester closely similar to monocrotaline. The total alkaloid 
content was estimated to be 5,3 g/kg of seed, expressed as 
monocrotali.ne. The levels of contamination of the millet with 
seeds were reported to be 0 - 3.4 g/kg in the unaffected and 
o - 19 g/kg in the affected households (Krishnamachari et al., 
1977). A precise identification could not be made, but the 
same material, independently studied by Siddiqui cc al. 
(1978a,b), were reported to contain 2 new alkaloids, crona-
burmine and crotarianine. The seed contained an alkaloid level 
of 26 g/kg. The levels of contamination of the millet were up 

.- to 20 g/kg and the amount of alkaloid ingested was estimated 
to be up to 40 mg per day. 

The largest outbreak reported to date occurred in the 
Gulran district of Herat Province in northwest Afghanistan, 
close to the border of the USSR. Tandon & Tandon (1975) 
identified the plant as being causative factor of the disease, 
which was surveyed and reported in detail by tiohabbat cc al. 
(1976). The outbreak, was estimated to have affected a 
population of approximately 35 000 in 98 villages. Examina-
tion of 7200 inhabitants of the affected villages showed 
evidence of disease in 22.6%, which was more serious in 157. 
Thus, it was estimated that approximately 8000 subjects 
suffered from the disease including 5000 who were seriously 
affected. All age groups were affected, but 46% of subjects 
were below 14 years of age. However, no sign of disease Was 
found in children below 2 years of age. A detailed report 
concerning the pathological material obtained from 14 liver 
biopsies and 8 autopsies was made by Tandon, B.N. et al. 
(1978) and Tandon, H.D. et al. (1978). The time interval 
between the onset of symptoms and the biopsy/autopsy was not 
indicated. Pathological findings were characteristic, ranging 
from acute disease with characteristic veno-ocelusion to 
non-portal cirrhosis, which was observed in 5 of the above 22 
cases. The outbreak was ascribed to massive contamination of 
wheat, the staple food crop, following 2 years of drought, 
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with the seeds of Heliotropium popovii H. Riedi subap. 
gillianum H. Riedi, which had been growinjprofuse1y among the 
wheat crop. The seeds contained pyrrolizidine alkaloids at 
concentrations reported by 2 laboratories to be 7.2 and 13.2 - - 
14.9 g/kg, identified as mainly as the N-oxide of heliotrine 
(74%) (Mattocks, personal communication), and one or two other 
compounds similar in character to lasiocarpine. 	Samples of 
wheat from several villages contained an average of 
40 seeds/kg, i.e., 0.03% by weight. It was estimated that an 
adult consumed at least 700 g 	flour/day, 	containing 
approximately 2 mg alkaloid (based on a mean of the seed 
analyses). 	There is some uncertainty about the estimate, 
since Mohabbat et al. (1976) also stated that the samples of 
the wheat flour were assayed and contained 0.186 - 0.50% 
alkaloid, This analysis and the 0.72% result for alkaloid in 
the H. popovii seed were from the same laboratory in Kabul 
(R.N. Srivastava, personal coiimiunication), and together, imply 
13 - 367 seed in the wheat. If correctly reported, the result 
for the flour conflicts with the estimated proportion of the 
seed in the wheat and can scarcely have been representative. 

Tandon & Tandon (1975) stated in their report of the 
survey during which the causative factor of the Afghan 
outbreak was discovered, that such cases had always been 
observed by Government physicians posted in this area in the 
past, sometimes in significant numbers, but neither the 
population nor the physicians remembered that the disease had 
occurred in the form of an outbreak. 

There was no mention of 10D in the hepatic lesions 
observed by Sobin et al. (1969) among the 121 specimens of 
liver obtained at medico-legal autopsies or by needle biopsies 
at Kabul, though 6.6% of the 89 autopsy specimens showed 
"acute passive congestion with necrosis' 1 . The ages of these 
subjects was not stated and the authors did not discuss the 
cause of the lesion. 

Following these outbreaks, a number of isolated cases have 
been described following the use of herbal medicines. McGee 
et al. (1976) reported a case from the United Kingdom of a 
26-year-old woman who had consumed herbal tea containing 
pyrrolizidine alkaloids. The one sample examined contained 
only trace amounts of alkaloids. Neither the plant nor the 
alkaloids were further characterized. The patient had been 
taking very large quantities of the tea for about 2 years and 
it is possible that some of the earlier batches may have been 
more heavily contaminated. Mate or Paraguay tea (Ilex 
species), which she was drinking, is stated to be a popular 
drink in Brazil and is not believed to contain pyrrolizidine 
alkaloids. It has been stated (Huxtable, 1980) that possibly 
she ingested the pyrrolizidine alkaloids from some other 
unidentified source. The clinical course of the disease 
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progressed rapidly. Three biopsies carried out within one 
month and the autopsy showed characteristic changes including 
centrizonal fibrosis, but no cirrhosis. It is notable that 
some involvement of muscular pulmonary arteries was also seen. 

Lyford at al. (1976) reported the case of a 35-year-old 
woman from Ecuador, who had ingested herbal tea prepared from 
Crotalaria juncea. She had consumed I - 2 litres of this 
infusion daily for 6 weeks, but no qualitative or quantitative 
analysis for pyrrolizidine alkaloids was made. She had had 
arthralgias for 3 years, for which she had received treatment 
with indomethacin and phenylbutazone. The liver biopsy showed 
characteristic changes of acute VOD from which she recovered 
completely as proved by a repeat biopsy carried out one year 
later. 

The occurrence of acute disease was reported in 2 infants 
in Arizona in the USA, aged 6 months and 2 months, 
respectively, following ingestion of infusions of a herb, 
locally called the Gordolobo Yerba by the Mexican-American 
population and identified as S_enecio longilobus (Stiliman et 
al., 1977; Fox et al., 1978; Huxtable, 1980). The plant from 
which this infusion had been prepared was found to contain 
pyrrolizidine alkaloids identified as riddelline and N-oxides 
of retrorsine, seneciphylline, and senecionine (Huxtable, 
1980), in a concentration of 3 g free alkaloid and 10.5 g 
N-oxides/kg (Stillman at al., 1977). It was estimated that, 
auring a period of 2 weeks, the 6-month-old infant received a 
total dose of between 70 and 147 mg of combined alkaloid and 
N-oxide derivative. The liver biopsy showed characteristic 
features of acute disease, which had progressed to extensive 
central, portal, and sinusoidal fibrosis (Stillman et al., 
1977). The child subsequently developed cirrhosis over the 
next 8-month period. The 2-month-old infant was administered 
an infusion of the same herb for 4 days, after which he became 
progressively more ill and tuporous (Fox et al., 1978). On 
admission he was diagnosed as a case of Reye's syndrome, but 
subsequently developed jaundice and possibly ascites and 
died. The sample of herb contained a concentration of 
alkaloids of 15 g/kg. It was estimated that the infant had 
received a total of 66 mg of mixed alkaloids over the 4-day 
period. At autopsy, extensive centrilobular haemorrhagic 
necrosis of the liver was seen, which is characteristic of the 
acute disease. However, no occlusive lesions of the central 
vein of the lobules were described, and no obstructive lesions 
were seen in the larger hepatic veins or inferior vena cava. 
No mention was made of ascites. The basal ganglia showed 
kernicterus. 

Datta et al. (1978 a,b) reported 6 cases that occurred 
between 1974 and 1977. All of the patients had taken herbal 
medicines, identified in 1 case as Heliotropium eichwaldii, 
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which contained N-oxides of heliotrine. Two patients took the 
herb as an extract of the whole plant, which contained an 
alkaloid concentration of 20 g/kg, for 20 and 50 days, 
respectively, and developed symptoms after a time lag of 45 
and 90 days, respectively. They were both estimated to have 
consumed 200 mg of heliotrine per day, the total alkaloid 
intake being 4 g and 10 g,  respectively. They had taken the 
herb for treatment of epilepsy, and were admitted with acute 
onset of symptoms of abdominal pain, ascites, jaundice, 
hepatic encephalopathy, and gastrointestinal bleeding, which 
suggested fulminant viral hepatitis. They died within 2 - 12 
weeks of the onset of symptoms. Only a brief description of 
the main autopsy findings in the liver was given, which 
indicated that there were changes characteristic of acute 
veno-occlusive disease of liver, including marked centri-
lobular haemorrhagic necrosis of the liver lobules, and 
occlusive lesions of the central and sublobular veins. It is 
interesting to note that both patients had also been on 
long-term anticonvulsant phenobarbitone therapy. The 
remaining 4 patients had a chronic insidious onset of disease 
suggesting cirrhosis of the liver in 3, and alcoholic liver 
disease in one. One of the former had been taking some 
indigenous powder, presumably prepared from a herb, the 
indication and nature of which are not known. The patient 
died from hepatic encephalopathy. No detailed description of 
the autopsy findings was given, but it was stated that the 
central and sublobular veins of the liver showed chronic 
occlusive changes. The inferior vena cava and large hepatic 
veins were patent. There was non-portal cirrhosis. A notable 
feature was that the arsenic levels in the liver tissue were 
high (500 pg/kg; normal, 1 pg/kg). There is no mention of 
arsenic in the report on the analysis of the indigenous powder 
taken by the patient. Two of the remaining 3 patients with 
chronic disease, had taken herbal medicine for vitiligo, and 
one for diabetes mellitus. The herb was identified as 
Heliotropium eichwaldii in the case of one of the vitiligo 
patients, who had taken it for 10 days and in whom the onset 
of symptoms occurred within 10 days. The herb was taken in 
the form of seed with an alkaloid content of 12 g/kg. The 
daily intake was estimated to be 500 mg of alkaloid and the 
total intake, 5 g. This patient was admitted with a clinical 
diagnosis of cirrhosis of the liver. The liver biopsy showed 
changes characteristic of acute VOD. Follow-up data are not 
known. The herb taken by the other 2 patients was not 
identified. The diabetic patient was being treated with oral 
hypoglycaemic drugs and was also known to be an alcoholic. 
The indigenous powder being taken by him contained a high 
concentration of arsenic (5 mg/kg). The results of haemo-
dynamic studies suggested hepatic venous outflow tract 
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obstruction of the intra-hepatic post-sinusoidal type in the 
smallest hepatic veins. Liver biopsy showed characteristic 
centrilobular haemorrhages. Central veins could not be 
recognized. There were mild changes in the liver cells, but 
no alcoholic hyaline was seen. The liver biopsy of the third 
patient showed characteristic features of acute disease with 
vency-occlusjon. 

Two cases have been reported from China (Hou et al., 
1980). floth were adults who were taken ill after taking 
medicinal infusions prepared from Gynura segetuin of the family 
Compositae (tribe, Senecioneae). The presenting symptoms and 
the cause of disease, as well as the pathological findings, 
were characteristic, except that one patient had jaundice and 
also portal vein thrombosis, which is not a usual feature of 
the disease. No chemical analysis of the plant was made and 
the alkaloid was not precisely identified. Furthermore, the 
total intake of alkaloid was not calculated. It has been 
stated that this was the first report of such a case, but that 
it was possible that the disease might occur among adults more 
frequently without being reported. 

Chanem & Hershko (1981) reported 3 cases of Arabs, one 
3-year-old child and 2 adults, who were diagnosed as having 
VOD of the liver, on the basis of the clinical findings and 

,,. morphological features of liver biopsies. One more patient 
had occlusive lesions of both the small and large hepatic vein 
radicies. They were among 29 patients with clinical features 
of hepatic vein thrombosis (HvT) found on a retrospective 
analysis of data from 9 major hospitals in Israel. Of these 
patients, 15 were Jews and 14 were Arabs. Notable features 
were that all Jewish patients were adults, whereas the 
majority of Arab patients were children below 10 years of age 
and primary HVT was 2.4 times more common among the latter. 
No analysis of the diet was made for FAa and their etiological 
role was suspected only on a presumptive basis. A survey of 
stored wheat grain in 9 villages showed that 2 samples were 
contaminated with seeds of Lolium, belonging to the Graminae 
family, which were found to contain 2 PAs (loline and mono-
line). However, these FAa are not known to be hepatotOxic. 
The authors argued that, even though in a classical case of 
VOD there should not be thrombosis of the larger hepatic vein 
radicles, the difference in the anatomical appearance of VOD 
and that of primary HVT of the near-east type is not due to a 
different etiological agent but rather to a difference in the 
dose and rate of absorption of the ingested toxic compounds. 

-  A further report of the disease from Hong Kong, by Kumana 
et al. (1985), described it in 4 young Chinese women with 
psoriasis who took infusions of a herbal remedy, the toxic 
component of which has since been identified as Heliotropium 
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lesiocarpum (Culvenor et al., 1986). They developed symptoms 
19 - 45 days after starting the herbal treatment, and were 
examined 61 - 68 days after its initiation. The condition of 
patient No. 2, who continued taking the herb for 16 days after 
the onset of symptoms, deteriorated and she died of hepatic -. 
failure and was auropsied. The liver biopsies and autopsy 
confirmed the presence of acute disease in all patients. 
Patient No. 4 stopped taking the herb after 21 days, on 
account of a new rash. When assessed 77 days later, she had 
mild hepatomegaly only. A detailed analysis of the alkaloid 
content was carried Out for each case. 	The pyrrolizidine 
alkaloids were quantified as if senecionine based. The herb 
contained 0.42 g alkaloid/kg and 1.4 g N-oxide/kg. The daily 
intakes of alkaloid base and N-oxide were estimated to be 
12 ± 1 mg and 18 ± 4 mg, respectively. 	The respective 
cumulative doses of alkaloid (base and N-oxide) consumed by 
patients Nos 1, 2, and 3, up to onsef of symptoms, were 
calculated to be 1350 mg over 45 days, 900 mg over 30 days, 
and 570 over 19 days, respectively. Patient No. 4 who had 
irrefutable histological evidence of disease but did not 
develop symptomatic disease, must have consumed 630 ing over 21 
days. Patient No. 2, who died, was estimated to have taken a 
total amount of 1380 mg alkaloid over 46 days. The estimated 
cumulative intake per kg body weight before the development of 
symptoms for patients Nos. 1, 2, 3, and 4 was 26, 15, 12, and 
15 mg/kg, respectively. It should be noted that, in patient 
No. 2, who died, the cumulative dose until the onset of 
symptoms was the same as in patient No. 4, who was asympto-
matic. 1oreover, the total intake by patient No. 2, was 23 
mg/kg, which was lower than the intake by patient NO. I, who 
survived. The authors compared the intake data of their 
patients with those of the Arizona children reported by 
Stillman et al. (1977) and Fox et al. (1978). The 6-month-old 
baby, who survived but developed cirrhosis, and the 
2-month-old baby, who died, are estimated by comparison to 
have taken cumulative doses of 12 - 25 and 11 mg/kg, 
respectively. The above data suggest marked variation in 
susceptibility among individual subjects. It is also known 
from experimental animal studies that the young and new-born 
animals are particularly vulnerable (Jago, 1970). 

A case reported from the USA is ascribed to the 
consumption of comfrey (Syphytum sp.) powder, sold as a 
digestive aid (Ridker et al., 1985). A 49-year-old woman 
presented with classical symptoms and signs of yOU. The 
haemodynamic data showed a hepatic vein wedge pressure of 
3.07 kPa (23 inniNg) with a sinusoidal pressure of 2.27 kPa 
(17 mrnHg). Hepatic venograms showed near obliteration of the 
smaller radicles of the hepatic veins during balloon disten-
sion of one of the intra-hepatic venous tributaries, and there 
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was extra-vasation of the dye into the hepatic parenchyma. A 
porta-caval shunt was carried out and the operative findings 
confirmed the presence of a post-sinusoidal block. The liver 
biopsy showed marked centrilobular necrosis and congestion 
with dilatation of the central veins and sinusoids, consistent 
with hepatic venous outflow tract obstruction. According to 
the clinical history, the patient had been a heavy consumer of 
food supplements. Apart from several vitamins and minerals, 
she had been drinking 3 cups of camomile tea per week and for 
6 months before admission had consumed I g/day of a commer-
cially available herbal tea. For 4 months before admission, 
she had taken 2 capsules of 'comfrey-pepsin" pills with each 
meal. The herbal tea and the pills were analysed for PAs. 
Pyrrolizidine alkaloids and their N-oxides were found, but the 
compounds were not precisely identified. On the basis of the 
analysis of the PA content, the patient was estimated to have 
consumed a total of at least 85 mg of PA (Huxtable et al., 
1986) (14.1 pg/kg body weight per day, Ridker et al., 
1985). The authors emphasized that the total PA consumption 
was relatively iow. It was possible that the patient had 
other sources of exposure and probably she had been consuming 
PA-containing supplements for longer than the periods stated 
by her in the clinical history. 

The latest is the report of a 13 year old boy from the 
U.K. who is stated to have developed symptoms of toxicity 
following administration of herbal tea prepared from comfrey 
leaf (Symphytuni officinale) for treatment of inflammatory 
bowel disease for two or three years (Weston et al., 1987). 
The exact quantity of leaves conaumed and frequency of 
administration were not known. The liver biopsy is stated to 
have shown a "thrombotic variant" of veno-occiusive disease, 
though the inferior vena cava and the major hepatic veins were 
patent on Doppler ultrasound and percutaneous phlebography. 
He had earlier been treated with predinisolone and sulpha-
salazine. The case is unusual in so far as the thrombosis of 
the central veins of the liver lobules, which is not a usual 
feature of veno-occlusive disease of the liver. 

7.4 VOD and Cirrhosis of the Liver 

Jelliffe et al. (1954b) were the first to draw attention 
to VOD being an important cause of cirrhosis among Jamaican 
children. Prior to this, Hashem (1939), while reviewing the 
records of all cases of cirrhosis admitted to a children's 
hospital in Egypt since 1933, described 3 cases of a special 
type of cirrhosis that was rare in adults. The clinical 
features and pathological findings were similar to those in 
cases of VOD. They speculated that the cause was some meta-
bolic toxins of gastrointestinal origin. Royes (1948) 
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suggested that the cirrhosis in the Jamaican children was very 
like the disease described from India and Egypt. 

The clinical and pathological features of 100 cases of VOD 
among Jamaican children were described by Bras et al. (1954). 
Sixty-five of the cases were below 12 years of age. None of 
the 100 patients had cirrhosis initially, but 5 showed 
occlusive lesions in hepatic veins and features of non-portal 
fibrosis. Four of these 5 cases later developed cirrhosis. 
The authors concluded that VOD contributed to a substantial 
number of all cases of cirrhosis in this age group. Stuart & 
Bras (1957) studied 84 patients with VOD including 64 acute, 
6 subacute, and 14 chronic cases. Twenty-three patients were 
followed up, some for up to 5 years. Autopsy performed on 
21/26 cases showed cirrhosis in 11 cases. hotable features 
were that j  of the 6 cases of acute disease described in 
detail, developed cirrhosis. Of the 2 cases with chronic 
disease, I developed cirrhosis within 3 months of a liver 
biopsy for acute disease, at which time the liver had shown 
hepatic venous occlusive lesions but no fibrosis. Autopsy 
findings were described by Bras & Watler (1955) in 19 patients 
aged 10 months - 45 years in different stages of the disease. 
Nine patients had cirrhosis that was non-portal to begin with 
but finally became indistinguishable from Laennec's portal 
cirrhosis. Rhodes (1957) studied the pattern of liver disease 
among Jamaican children. A total of 193 liver biopsies was 
studied derived from 39 children who had one biopsy and 59 who 
had more than one at intervals of I week - 3 years. Of the 14 
autopsies on cases of VOD, 12 had cirrhosis. A notable 
feature was that the disease could occur asymptomatically with 
hepatomegaly. The autopsy material from the University 
College Hospital, Jamaica was analysed by Bras et al. (1961). 
Of the 1560 autopsies, 28.5% cases concerned infants of less 
than one year old, mostly from poor, predominantly black 
families. Cirrhosis was seei in 77 autopsies. Approximately 
30% of these 77 cases were diagnosed as post-VOD. The authors 
postulated that they might have resulted from the ingestion of 
Crotalaria fulva or some other toxic substances. 

In a follow-up study of 61 patients who developed the 
disease in an outbreak in the USSR in 1958, 28 developed 
"Hepatoleinal syndrome" (Braginski & Bobokhadzaev, 1965). Two 
of these cases, in whom the disease in the initial stages was 
not particularly severe, developed cirrhosis within 4 years. 

Tandon, H.P. (personal communication) has analysed the 
pathological data derived from the Afghan and Indian outbreaks 
on the basis of 61 liver biopsies and 17 autopsies, including 
repeat biopsy studies on 15 patients who were followed-up for 
I month - 3 years after onset in the Indian outbreaks. Three 
of the 11 patients, followed up for 16 months or longer for 
persistent clinical evidence of disease, ended up with 
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cirrhosis and 2 more had marked fibrosis with equivocal 
changes of cirrhosis in the biopsy. Notable features of the 
study were that the disease progressed to cirrhosis in 
patients who were put on a normal diet, free from alkaloids, 
after appearance of symptoms of acute disease and did not 
receive any subsequent exposure. Impact of alcohol intake was 
excluded. There was a poor correlation between the clinical 
and pathological severity of disease. Centrilobular haeiaor-
rhages, which are a sign of acute disease, were seen to 
persist for over one year in patients, some of whom were 
apparently well. At needle biopsy, characteristic hepatic 
venous occlusions were not seen in many patients in the acute 
phase of the disease, though they were seen in all livers at 
autopsy and most of them showed persistent centrilobular 
haemorrhages. Biopsy findings in cirrhotic livers were often 
not histopathologically characteristic for any specific form 
of cirrhosis. Features that might suggest the veno-occlusive 
etiology of cirrhosis at biopsy included paraseptal dilatation 
of sinusoids and persistent haemorrhages or haemosiderin in 
the septa. 

In studies by Aikat et al. (1978) and Datta at al. 
(1978a,b), 6 cases of VOD were reported following ingestion of 
herbal medicines containing PAz. Four of the patients had 
symptoms of chronic disease and one of them developed 
non-portal cirrilosis. 

One of the 2 infants from Arizona, USA, who suffered from 
Von following the administration of PA-containing herbal 
medicine, developed cirrhosis during the S-month period 
following the appearance of acute symptoms (Stiliman et al. 
1977; Fox et al., 1978; Huxtable, 1980). fluxtable (1980) 
mentioned the death from cirrhosis of liver of a 62-year-old 
woman, who had consumed the same herb as the 2 infants for 6 
months prior to her death. However, there was no confirmation 
of the diagnosis of cirrhosis. 

7.5 Differences between VOD and 
Indian Childhood Cirrhosis (ICC) 

A type of cirrhosis of liver, peculiar to the people of 
Indian origin, Indian Childhood Cirrhosis (ICC), has been 
ascribed to PA toxic etiology (Bras et al., 1954; Rhodes, 
1957), owing to the observation of occlusive changes in the 
central and sublobular veins of the liver, by some investi-
gators (Radhakrishna Rao, 1935; Prabhu, 1940; Jelliffe at al., 

— 	1957; Ramalingaswami & Nayak, 1969), though this is not a 
characteristic feature of the disease. 	The presence of 
copper-positive granules in the hepatocytes (Salaspuro & 
Sipponen, 1976) has added to such a conjecture (Tanner & 
Portmann, 1981), because of the reported aberration of copper 
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metabolism in experimental animals exposed to PAs (section 
6.4.11). However, ICC and VOD are clinically and patho-
logically distinct. ICC, confined to infants and children, 
often affects siblings. Jaundice is a common sign and 
hepatosplenomegaly is a common feature. The disease is almost 
invariably fatal due to rapidly developing hepatocellular 
failure. Liver parenchymal changes are characterized by 
marked ballooning degeneration of hepatocytes, prominent 
deposits of alcoholic hyaline, severe cholestasis, and 
aggressive, pericellular fibrosis (Nayak et al., 1969), all 
features not characteristic of VOD. Moreover, occlusive 
changes in the hepatic veins are very rare and were not 
observed by any member of the liver diseases subcommittee of 
the Indian Council of Medical Research (1955), who made a 
critical study of the disease. 

7.6 Chronic Lung Disease 

Heath et al. (1975) reported the case of a 19-year-old 
African man who had died of congestive cardiac failure, and 
who was suspected of having ingested a herbal remedy 
containing the seeds of Crotalaria laburnoides. Histopatho-
logical examination of the lungs ehowed characteristic 
vascular changes of severe primary pulmonary hypertension. 
Powdered seeds of the plant were fed in the diet to WiStSr 
albino rats for 60 days (Table 11). Characteristic features 
of pulmonary hypertension including hypertensive vascular 
changes in the lung and right ventricular hypertrophy of the 
heart were produced in the animals showing that the seeds 
contained an agent capable of inducing pulmonary hypertension 
in rats. Apart from this indirect evidence, there was no 
proof of such a causal relationship with the pulmonary 
hypertensive disease in the patient. 

A brief mention is made by HcCee et al. (1976) of finding 
changes 'somewhat similar but rather more mature" (than those 
seen in the hepatic veins) involving some branches of the 
pulmonary artery in the lower lobe of the left lung, in a case 
of veno-occlusive disease of the liver caused by ingestion of 
PA-containing herbal teas. The alkaloids were not further 
characterized. The changes were also stated to be similar to 
those produced in experimental animals by PA5. Apart from 
these 2 cases, there is no mention of involvement of the 
pulmonary arterial system in any of the case reports available. 

The possibility that diet-mediated agents might induce 
pulmonary hypertension in man has been discussed at length by 
Fishman (1974). A parallel was drawn with the epidemic of 
pulmonary hypertension that occurred in Austria, the Federal 
Republic of Germany, and Switzerland between 1966 and 1968 
(Kay et al., 1971b), which was suspected of being caused by 
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Aminorex, 	a compound that resembles 	epinephrine 	and 
amphetamine in chemical structure. Although the etiological 
role of Aminorex could not be conclusively proved on 
epidemiological or experimental grounds, there continues to be 
a suspicion that agents taken by mouth can evoke pulmonary 
hypertension in man. Levine et al. (1973) reported the cases 
of 3 children aged 5 1/2 - 13 years, and 11 months, 
respectively, with portal hypertension, who developed 
progressive pulmonary hypertension resulting in cor pulmonale 
and death. In all 3 cases, there was evidence of 
extra-hepatic portal vein obstruction confirmed at autopsy, 
and the symptoms and signs of portal obstruction had appeared 
in early childhood. They developed symptoms of cardio-
respiratory failure. Studies of pulmonary and cardiovascular 
function including haemodynamic studies of pulmonary 
circulation in 2 of the children suggested pulmonary vascular 
obstructive disease. At autopsy, no primary parenchynial lung 
disease was found. There were vascular changes of advanced 
pulmonary hypertension (plexiform lesions), but no evidence of 
thronibo-embolism was found. No factor responsible for 
pulmonary vasoconstriction was identified. In one case, the 
liver was stated to show coarse nodularity at autopsy, but the 
microscopic examination showed only patchy areas of portal 
fibrosis and regeneration. In the other 2 cases, there were 
only non-specific changes, with fibrosis in one. 	However, 
centrilobular congestion was present in 2 cases, 	It is 
possible that some metabolites of toxic agents, such as PAs, 
which are metabolized in the liver, might have blocked a 
metabolic pathway that ordinarily exerts a pulmonary 
antihypertensive effect, or that, by damaging the liver, 
vasoactive substances, such as histamine, serotonin, and 
catecholaniines, might escape metabolic pathways to reach the 
lungs and injure the pulmonary vessels. However, no such 
agents were identified. 

Kay et al. (1971b) made a plea that, on the basis of the 
experimental data available, including the ability of several 
agents to produce pulmonary hypertension in experimental 
animals, and, in spite of the fact that pulmonary vascular 
disease has never been demonstrated in human cases of 
veno-occlusive disease, careful enquiries should be made on 
the possibility of patients presenting with unexplained 
pulmonary hypertension having ingested a plant product. A 
similar plea was made by Heath et al. (1975). 

7.7 Trichodesma Poisonin 

The disease "Ozhalanger encephalitis", which occurred in 
the Samarkand region of Tjzbekistan, USSR in the period 
1942-51, is believed to have been caused by contamination of 
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food grain with the seeds of Trichodesma incanum (Shtenberg & 
Orlova, 1955; Ismailov et al., 1970), which contain 1.5 - 3.1% 
alkaloids, mainly trichodesmine and incanine (Yunusov & 
Plekhanova, 1959). Clinical features of the disease have been 
described by Ismailov et al. (1970). This outbreak differed 
from the others described above in that the primary 
symptonatology was extra—hepatic. Over 200 patients were 
affected, not including children below the age of 10, or the 
breast—fed infants of the affected mothers. Following 
exposure, there was a latent period of about 10 days, then 
vertigo and recurring headaches developed leading to nausea 
and vomiting. This was followed by generalized malaise, which 
progressed to delirium and loss of consciousness. Physical 
signs included pathological reflexes in 59% of the patients 
and paresis of the extremities and the facial nerve. Death 
was stated to have been caused mostly by respiratory 
depression. Of the 200 patients affected, 44 died. Autopsy 
findings were relatively non—specific degenerative and 
necrotic lesions scattered in several organs including the 
central nervous system. No report of such a disease is 
available from outside the USSR. 

7.8 Relationshi0 Between Dose Level and Toxic Effects 

In some recent human case reports, the PAs consumed have 
ben identified and estimates made of the daily and total 
intakes (Table 16). The relationship between these intake 
levels and the known toxicity of the alkaloids in rats has 
been discussed by Culvenor (1983) and Nattocks (1986). 

Discussion of the relationship between the dose level and 
toxic effects in human cases is complicated, because the 
poisoning is generally due to a mixture of alkaloids found in 
naturally—occurring plant products, consumed as herbal 
remedies or food, and different plant species. There are wide 
differences in the acute toxicities of the alkaloids, which 
are the best available measure of comparative effects due to 
long—term intake as well. Furthermore, estimates of intake 
can, at best, be approximate. When a large population is 
affected through the contamination of a food crop, as happened 
in the Afghan and Indian outbreaks (section 7.3), no precise 
estimates are possible regarding the extent of contamination 
in different households, the amount of the contaminated grain 
consumed, the length of exposure resulting in the appearance 
of syniptpms or signs of toxicity, or death, in the cases 
studied. There may also be various other contributing factors 
that are not apparent, e.g., food or cooking habits, on 
account of which no conclusive generalizations regarding the 
causative role of the toxic agent can be made. Reports on 
chemical analysis for the toxic agent and, hence, the amounts 
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ingested, may not always be reliable (refer to the controversy 
in the Afghan outbreak in section 7.3). In cases, such as the 
one reported by Rid.ker et al. (1985), when the total dose of 
FAa estimated to have been received by the patient before the 
disease developed, was only a fraction of that of other 
alkaloids causing episodes of human toxicity (Table 16) , it is 
not certain whether that was the only toxic alkaloid agent 
that the patient was exposed to, or whether there were other 
contributing factors, particularly as the patient was stated 
to be a heavy consumer of herbs, vitamins, and natural food 
supplements. 

In the known instances of human toxicity the principal 
alkaloids involved are heliotrine from Heliotropium, echim-
idine and related alkaloids from Syinphytum, riddelline and 
retrosine from Senecio longilobus, and crotananine and crona-
burmine from Crotalaria nana (Table 16). Approximate acute 
toxicity values (LD50 in rats) for these alkaloid mixtures 
are 300, 500, and 50 mg/kg, respectively. For the mixture 
from C. nana, for which there are no experimental data, the 
acute toxicity was assumed to be similar to that of mono-
crotaline, 100 mg/kg. These relativities need to be taken 
into account in discussing dose-effect relationships for the 
PAs as a group. This has been done by discussing first the 

._- 	dose estimates for heliotrine, since it was the main alkaloid 
in 1 epidemic and in 6 case reports (Table 16). 	Then in 
discussing the other alkaloids, reference is made to a 
heliotrine-equivalent dose as well as the actual dose. The 
heliotrine equivalent is: 

L050 of heliotrine 
actual dose x 

L050 of alkaloid mixture concerned 

The estimated daily intake in poisoning by heliotrine ranges 
from 0.033 mg/kg body weight in the Afghan epidemic (Mohabbat 
et al., 1976), which after a period of about 180 days and a 
total intake of about 6 mg/kg caused fatalities, to 3.3 mg/kg, 
which led, in 2 cases in India (Datta at al., 1978a,b), to 
death after 20 and 50 days and total intakes of 67 and 167 
mg/kg, respectively. In between are 4 cases in Hong Kong with 
estimated daily intakes ranging from 0.49 to 0.71 mg/kg 
(Kumana et al., 1983, 1985; Culvenor et al., 1986). Three 
cases were non-fatal at total doses of 11 - 27 mg/kg body 
weight and one was fatal at a total dose of 23 mg/kg. These 
heliotrine cases imply that daily intakes are cumulative down 
to 0.033 mg/kg and may be fairly rapidly fatal above 0.5 
mg/kg. Above a total dose of 6 - 15 mg/kg, VOD may become 
evident and sometimes fatal. 

In the 2 cases due to riddelline and retrorsine in Senecio 
longilobus (Stillman et al., 1977; Fox et al., 1978; Huxtable, 
1980), the estimated daily intakes were 0.8 - 0.17 and 3 mg/kg 
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body weight (equivalent to 3 and I mg heliotrine/kg, respect-
ively, and the total doses were 12 - 25 and 12 mg/kg (equiv-
alent to 72 - 150 and 72 mg heliotrine/kg, respectively). 
These levels are comparable with the highest reported intakes 
of heliotrine and, in infants, led to the rapid development of 

yOU and, in one case, death. 
In the epidemic due to mixed crotananine and cronaburmine 

in Crotalaria nana (Tandon, U.N. et al., 1976; Tandon, R.K. et 
al., 1976; Krishnamachari et al., 1977), the estimated daily 
intake of 0.66 mg/kg and the total intake of 40 mg/kg (equiv-
alent to 2 and 120 mg heliotrine/kg, respectively) also 
corresponded to the highest intake of heliotrine. 

In the case of Symphytum poisoning (Ridker et al., 1965), 
the estimated daily intake of echimidine and related alkaloids 
was 0.015 mg/kg and the total dose 1.7 mg/kg (equivalent to 
0.009 and 1.0 mg/kg heliotrine, respectively). The dose 
levels are lower in equivalent terms than the lowest estimates 
in cases due to heliotrine by a factor of about 4 for daily 
intake and 6 for total intake. The estimates were based on 
questioning of the patient and assay of the material 
concerned. It seems prudent to conclude that a daily intake 
of pyrrolizidine alkaloid as low as the equivalent of 
0.01 mg/kg heliotrine may lead to disease in humans. 

There is substantial overlap between intake rates and 
total intakes for fatal and non-fatal poisoning. This 
presumably reflects the influences of a number of factors, 
such as individual sensitivity, age, nutritional status, and 
general health, but it is also due to the progressive nature 
of pyrrolizidine toxicity and the effects of time. In the 
epidemics, in which some people died, only an estimated 
average intake is available and some who were alive at the 
time of investigation may have died later. Comparing the 
total intakes for human toxicity with the total doses up to 
death observed in the long-term administration of PA5 to rats, 
1.2 - 10.9 times the LU50  dose, equivalent to 360 - 3270 mg 
heliotrine/kg (Table 10, section 6.4.1.5), it is evident that 
human beings are more susceptible to the acute and chronic 
effects of the alkaloids than rats, sometimes markedly so. 

These considerations of the toxic effects in human beings 
of various intake levels could provide a basis for some 
assessment of the likely hazard from other types of exposure 
to PAs. For example, the consumption of comfrey root tea, 
estimated by Roitman (1981) to contain 8.5 mg alkaloid per 
cup, at the rate of 3 cups per day, or the ingestion of 
comfrey leaf at the rate of one leaf per day, could lead to 
alkaloid ingestion rates of 0.40 and 0.016 mg/kg. These rates 
are respectively, much greater than, and equal to, the lowest 
daily rate causing veno-occlusive disease. Lower levels of 
exposure arising from such sources as the consumption of milk 

14 
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from cows eating PA-containing plants or of honey derived from 
such plants, seems unlikely, in practice, to cause acute or 
subacute liver disease. However, care should be exercised. 
In an experimental situation in which cows were fed Senecio 
jacobaea, the milk was reported to contain up to 0.84 mg 
alkaloid/litre. A 30-kg child drinking 0.5 litre/day of this 
milk could ingest 0.014 mg/kg alkaloid, equivalent to 0.028 mg 
heliotrine/kg (assuming an LD50 of 150 mg/kg for S. jacobaca 
alkaloid) This is above the lowest daily rate leading to 
veno-occlusive disease and the lowest estimated total toxic 
dose would be achieved in 36 days. This level of 
contamination of milk is undoubtedly extreme and there is no 
knowledge of any contamination of commercial milk supplies. 
Honey derived from Echium plantagineum has been reported to 
contain up to 1 mg alkaloid/kg Culvenor et al., 1981). A 
30-kg child consuming 30 g/day of honey (a high consumption 
rate) would ingest 0.001 mg alkaloid/kg body weight. The 
lowest estimated total toxic dose (1.7 mg comfrey alkaloid/kg, 
very similar to Echium alkaloid) would be achieved in 1700 
days. Although iEseems likely that consumption of 
contaminated milk and honey would lead to acute or subacute 
liver disease, the possibility remains that they may 
contribute to chronic liver disease or liver tumours. 

The possibility of carcinogenic effects due to long-term 
exposure to PA-containing plants has been discussed by 
Culvenor (1983). Some of the PAS involved in instances of 
human poisoning have been found to be carcinogenic in 
experimental animals (Table 13). Data from some of the 
significant experimental studies were summarized by Culvenor 
(1983) with approximate estimates of PA dosages administered 
to rats in terms of mg/kg body weight per clay (Table 17). The 
dose rates that were carcinogenic for rats (Table 17) ranged 
from 2 to 6 mg/kg per day for an initial period and 0.2 - 
3 mg/kg per day for a remaining period of about 12 months, 
except in one study in which a dose of 10 mg/kg per day Was 
used. It can be seen that, in all except two instances of 
human poisonings summarized in Table 16, the estimated daily 
rates of intake ranging from 0.015 to 3.3 mg/kg body weight 
per day are within close range of those known to induce 
tumoura in rats. In other reports, the consumption rates are 
above and below this range. 

Epidemiological studies to assess the carcinogenic role of 
PAs for man are not available. In countries with a high 
incidence of primary liver cancer, it is possible that PAs may 
have an additive effect with those attributed to aflatoxin 
(Newberne & Rogers, 1973) and hepatitis B virus. The total 
evidence now available warrants long-term studies of the 
survivors of poisoning outbreaks especially where a 
substantial number of people were affected, as in the 
Afghanistan outbreak. 
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7.9 Pyrrolizidine Alkaloids as a Chemotherapeutic Agent 
for Cancer 

- 	The PA, indicine N-oxide derived from Heliotropium 
indicum, a widely used indigenous drug in Ayurvedic medicine, 
has been found to have an antitumour activity and has been 
used in clinical trials as a chemotherapeutic agent for 
leukaemia (Letendre at al., 1981, 1984; Cook et al., 1983) and 
solid tumours (Kovach at al., 1979a,b; Nichols at al., 1981; 
Ohnuma et al., 1982; Taylor et al., 1983). Dosing schedules 
typically were 5 consecutive intravenous doses of 0.15 - 
3 gJm 2  body surface area (approximately 2.5 - 5 mg/kg body 
weight) repeated at 4- or 6-week intervals (Kovach et al., 
1979a; Letendre et al., 1981; Ohnuma et al., 1982). Hepatic 
toxicity, as judged by increased SCOP levels, was infrequent 
and mild. However, subsequent trials with this agent have 
indicated more serious hepatotoxicity. In a more recent 
report by the same workers (Letendre et al., 1984), 5 out of 
22 cases of refractory acute leukaemia, treated with indicine 
N-oxide, had severe hepatotoxicity, presumably induced by the 
drug. One of these patients had been treated for 18 months 
with methyl-testosterone, 4 months prior to receiving indicine 
N-oxide. Symptoms of severe hepatocellular failure appeared 

,  in 3 patients after the initial course of treatment. This 
occurred after 4 daily doses of 3 g/ml surface area in one 
patient and after 5 daily doses of 3.75 g/m 2  surface area in 
2 patients. Two other patients who had received 3 g/m 2  
surface area daily for 5 days developed hepatoceilular failure 
after the second course of treatment, one at 3.3 g/m 2  and 
the other at 3.75 g/m 2  surface area, daily, for 5 days. in 
each patient, the onset of hepatic disease was rapid and the 
course was downhill. Livers of 4 of these patients examined 
at post-mortem showed severe centrilobular vascular congestion 
with necrosis of parenchymal celia, and, in one patient, a few 
sublobular veins were found to be occluded. 

Nicer et al. (1982) reported severe hepatotoxicity in 4 of 
45 children treated with indicine N-oxide for refractory 
leukaemia or advanced solid tumours. Similarly, Cook et ai. 
(1983) reported the case of a 5-year-old child with acute 
myeloid leukaemia who developed severe hepatic failure within 
3 days of starting the treatment. Autopsy showed massive 
hepatic necrosis. 

However, it should he noted that no hepatic failure was 
reported in more than 100 adults with solid tuinours, treated 
with the same agent (Kovach at al., 1979a,b; Nichols et al., 
1981; Taylor et al., 1983). No hepatotoxic effects were 
reported by Ohnuma et al. (1982) among 37 patients who 
received this drug for solid tumours. The major toxic effect 
was myelosuppression (Kovach et al., 1979b). 
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7.10 Prevention of Poisonins in Man 

At present, prevention of poisoning can be achieved only 
by reducing or eliminating ingestion of the alkaloids. The --
two effective procedures are control of PA-containing plants 
in agricultural areas and educational programmes directed to 
the populations at risk. 

The control of plant populations for this purpose has been 
carried Out only in Usbekistan, USSR, following the epidemics 
of human disease due to contamination of grain by seeds of 
Heliotropium lasiocarpum and Trichodesma incanum. The 
following measures were introduced and have been effective in 
preventing further outbreaks; 

A stSte standard was set for the quality of seed grain, 
which must be certified by a State Seed Inspectorale. 
Current standards prohibit the sowing of wheat, rye, 
barley, or oats contaminated by seed of Heliotropium 
lasiocarpum or Trichodesma incanum. 

A state standard was set for the quality of grain stored 
for food. 	The limits for Heliotropium lasiocarpum and 
Trichodesnia incanum seeds are 0.2% and zero, respectively. 

Agricultural (agritechitical) measures to ensure minimum 
contamination of crops and harvested grain, including 
specification of the most suitable methods and timing of 
cultivation, use of clean seed for sowing, weeding of 
crops prior to maturing of the grain (towards the end of 
May), and mechanical cleaning of grain. 

Methods for monitoring levels of contamination of flour, 
bread, and similar products. 

Publication 	of 	educational 	booklets 	describing 	the 
biological, environmental, and morphological character -
istics of the toxic weeds, their pathways of distribution 
and the causes of the toxicoses experienced. 

Promotion of weed control by governmental authorities and 
provision of legislation to enforce the control measures. 

In other countries, the control of some PA-containing 
weeds in crops is practised by cultivation and herbicide 
treatment, in order to maximize yield and the general quality 
of the grain. In pastures, animal management and herbicide 
treatments are used to increase pastures and reduce poisoning 
of animals. Specific treatment methods differ according to 
the plant species and the circumstances. General references 
were not available to the Task Group. 
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In Australia, where 1-leliotropiuin europaeuni and Echium 
plantagineum are widespread weeds in wheat—growing areas but 
where normal agricultural practices prevent all but occasional 
minor contamination, relevant tolerance standards for wheat 
delivered at storage silos are not specific. Heliotropium 
propaeum seed is rarely seen and would form part of the 
unmillable material" the seed component of which can be up to 
1% of the volume of the wheat. Seed of Echium plantagineum is 
occasionally seen in delivered grain at levels of up to 10 
seeds per half litre, the tolerance level for this seed 
fraction being 50 seeds per half litre. 
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8. BIOLOGICAL CONTROL 

Biological control methods have been investigated for 
several PA-containing plant species, notably Senecio 4cobaea, 
Heliotropium europaeum, Echium p1antagineum,nd Trichodesma 
Eicanum. The effectiveness of such methods is variable and 
good results may be confined to certain regions where 
favourable conditions exist. For example, in control 
programmes against S. jacobaea in Australia, Canada, New 
Zealand, and the USA, using 3 insect species, results varied 
from virtually nil to nearly 100% control (Julien 1982). The 
effects of the introduction of the cinnabar moth (Tyria 
acobaea L.) on S. jacobaea in these countries have been 

summarized as in Table 18. 

Table 18. Results of the sttempted control of Senecio jacobaea (raqwort) 
with the cinnabar moth 

Country or region 	Result 

Australia 	Establishment precluded by predation, 
parasitism sod disease 

Western Canada 	Moth populations stabiliced below that 
required for control 

Eastern Canada 	Establishment and subsequent notab'e 

reductions its ragwort levels 

New Zealand 	Narginel establishment, moth population 
limited by predation and parasitism, 
little impact on ragwort 

USA 	 Widespread establishment, ragwort levels 
sometimes reduced at localities near the 
limits of its distribution 

Several agents are being tested in Australia for the 
control of H. europaeum and one species, a flee beetle 
Longitarsus albinesi, has been released (Julien, 	1982; 
Delfosse, 1985). There are good prospects in this country for 
the biological control of Echium plantagineum and 2 other 
Echium spp., with S insect species approved for release, when 
legal restrictions are lifted (Delfosse & Cullen, 1985a,b). 
Preliminary studies have been made on the biological control 	— 
of Ainsinckia and other Senecio species (e.g., Pantone ct al., 
1985). 

Given adequate funding, PA-containing plants are a 
suitable target for biological control. 
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9, EVALUATIoN OF HUMAN HEALTH RISKS AND EFFECTS ON THE 
ENVIRONMENT 

9.1 Human Exposure Conditions 

9.1.1 	Reported sources of human exposure 

The two main sources of exposure of human beings to toxic 
PAs that have led to major outbreaks of poisoning with high 
mortalities as well as to individual cases in several 
countries are 

the contamination of cereal grains, such as wheat and 
millet, with the seed or other parts of plants 
containing alkaloids; and 

the consumption for medicinal or dietary purposes of 
herbs containing the alkaloids, either as the plant 
itself or as infusions. 

Consumption of contaminated grain is more likely to occur in 
regions where food is in short supply, and particularly when 

_ drought favours infestation of the grain crop by PA-containing 
weeds. A qualitative field test for detecting the presence of 
toxic pyrrolizidine alkaloids in plant materials, using simple 
laboratory methods, is now available (section 2.2.2.5). 

9.1.2 	Plant species involved 

Plant species containing toxic PAs occur throughout the 
world and are known in 47 genera in 6 plant families. As many 
as 6000 species are potentially PA-containing. The most 
important genera responsible for human and animal disease are 
Senecio and other genera- of the tribe Senecioneae (family 
Compositae), Crotalaria (family Legurninosae) and Heliotropium, 
Trichodesma, and other genera of the family Boraginaceac 
(sections 3.1 and 3.2). 

Approximately 150 different toxic PAs have been isolated 
from about 360 plant species that have been investigated and 
contain this type of alkaloid. Of these, about 12 have been 
involved in instances of human toxicity (section 3.1). The 
molecular structures of almost all of these alkaloids are 
known and the main outlines of structure-toxicity relation-
ships have been established (section 2.1). 

The alkaloids may occur in all plant parts and are often 
present as the N-oxide derivatives, which are also toxic when 
ingested orally. Alkaloid contents vary from low (0.1 g/kg 
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dry weight) to very high (40 g/kg up to the maximum recorded 
of 180 g/kg in Senecio riddelli). Levels vary with stage of 
growth, locality, and other circumstances. In some, but not 
all, species, the alkaloid is partly decomposed during the 
drying or storage of the plant. The decomposition is largely 
enzymic and once the plant material is dry, the alkaloid is 
fairly stable. 

9.1.3 	Modes and pathways of exposure 

9.1.3.1 Contamination of grain crops 

Large outbreaks of poisoning have occurred through 
contamination of wheat crops in Afghanistan, India, and the 
USSR. In particular, 3 species of Boraginaceae (Heliotropium 
lasiocarpum, H. po2ovii ,  and H. europseum) are well adapted to 
vigorous growth under the climatic conditions in which wheat 
is usually grown. Contamination can be effectively controlled 
in wheat produced using modern harvesting techniques and grain 
seed that is inspected and controlled for weed seed contamin-
ation, but control of contamination is more difficult where 
these conditions cannot be met. Contamination of staple food 
grain is of particular concern, since entire populations are 
exposed, and, control may not be possible, if the people are 
not aware of the hazard that PA-containing weeds present. 

9,1.3,2 Herbal medicines 

Herbal preparations containing PA5 are used as tonics, 
treatments, preventatives, and food supplements. Such usages 
are so widespread that they are nearly universal. Many are 
traditional, while others reflect a rejection of, or lack of 
access to, standard health care services (section 3.3.2). 

Veno-occlusive disease was first recognized as a clinical 
entity in Jamaica as a result of the medicinal use of 
PA-containing herbs prepared from Crotalaria. Crotalaria-
containing herbs have also been responsible for human 
poisonings in Barbados, Equador, and other locations in the 
West Indies. Heliotropium herbs have been reported to cause 
poisoning in Hong Kong and India. Sy-aiphytum- and Senecio-
containing herbs have given rise to case reports in Ehe USA. 
Other reports of PA poisoning are known in which the herbs 
used were not botanically identified. PA-poisoning has been 
associated with both home-prepared and commercially available 
herbs, the latter including prescriptions by herbalists 
(Weston et al., 1987). 

Various other genera of PA-containing plants in the 
families Boraginaceae, Compositse, and Leguniinosae are also 
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widely used as herbs. No case reports are available for these 
genera. 

Reported cases of PA poisoning due to the use of the herbs 
are geographically widespread, but few in number. Uowever, 
the scale on which PA-containing plants are used as herbs, the 
typically delayed effects of long-term exposure, and the 
difficulties of diagnosis led the Task Group to conclude that 
there is every indication of under-reporting of intoxications 
from the use of such herbs. Symphytum root preparations, in 
particular, represent a hazard, arrtain user groups are 
routinely exposed to levels of Symphytum alkaloids that are 
higher than those at which intoxications have been reported. 

The risks associated with the use of PA-containing herbs 
are accentuated by the difficulties of controlling this use. 

9.1.3.3 PA-containing plants used as food and beverages 

Some PA-containing plants are used for food or the making 
of beverages in many countries, including developed countries. 
The following species are known to be used (though many other 
plants are also probably used in this way): Cacalia yatabei, 
Symphytum species, Ligularia dentata, Petasites japonicus, 
Senecio burchellii S. inadeguidens, S. pierotti, Syneilesis 

- 	palmata, Crotalaria anagyrodies, C. brevidens, C. juncea, C. 
laburnifolia, C. pumila, C. recta, and C. retusa. No 
Tmation is available on the extent to which the different 
types are consumed (section 333). 

9.1.3.4 Other foods contaminated by PAs 

Several species of Boraginaceae are nectar and pollen 
sources for bees. Echiura plantagineum, in particular, is a 
widespread weed in some countries and a subatantial source of 
honey containing a low level of alkaloid. Senecio species are 
also visited by bees and yield alkaloid-containing honey, 
though Senecio-derived honey is not known to be produced in 
quantity for sale. Thus, some regional and local populations 
are exposed to a low-level intake through the presence of PAs 
in honey, and surveillance may be desirable in countries 
producing honey (section 3.3.4). 

Under experimental conditions, PAs are transmitted from 
the feed of dairy cows and goats into the milk. Some 
PA-containing species, such as Senecio jacobaea, S. 1autus 
and Echium plantagineum, are weeds in dairy pastures in some 

— countries and are eaten by cattle under certain conditions. 
There are no published reports of alkaloid in milk supplies 
for human consumption (section 3.35). 



- 220 - 

The Task Group was not aware of any reported cases of 
pyrrolizidine toxicity that had been ascribed to either honey 
or dairy products. 

No information was available to the Task Group on the 
possible presence of alkaloids or their metabolites in meat 
from animals that had consumed PA-containing plants shortly 
before slaughter. The results of metabolic studies in rats 
have indicated that the alkaloid is rapidly cleared from the 
body and, therefore, the levels of PAs in meat are expected to 
be very low. However, there is no information on the 
possibility of alkaloid accumulating in storage sites. 

9.1.4 	Levels of intake 

Reliable estimates of levels of intake of PA5, especially 
in outbreaks of disease caused by the contamination of cereal 
crops with the seeds of toxic plants, are extremely difficult 
to make. Sampling of the contaminated grain may not be 
strictly representative, since the extent of the contamination 
may vary in different sites and households, as is evident from 
the estimates of PA intake in the Indian and Afghan outbreaks 
reported in section 7.3. Furthermore, no accurate record is 
possible of the amount of contaminated food consumed over an 
uncertain length of time. No records of the levels of toxic 
PA intake are available in the earlier reports of human 
toxicity. Where available, estimates of intake in outbreaks 
caused by the contamination of staple food crops have been 
made on the basis of random sampling of the contaminated grain 
in food stores, and rough estimates of daily consumption by 
average adults. Food-on-the-plate analyses have not been 
made. The estimated lengths of exposure, and hence the amount 
of total intake, are also approximate. 

The contamination of cereal grains with the seed of 
PA-containing plants has caused major epidemics of human 
poisoning, though, in the two instances where estimates of 
alkaloid intake are available, the intakes were lower than in 
some exposures due to the use of herbal medicines. The 
estimated intakes are summarized in Table 16. In an outbreak 
in India, millet contaminated with Crotalaria nana seed had an 
average alkaloid content of 0.5 g/kg, and the estimated daily 
intake by the population was 0.66 mg/kg body weight. In a 
larger outbreak in Afghanistan, due to the seeds of 
Heliotropium popovii in wheat, the level of contamination was 
probably variable; representative samples of wheat contained 
alkaloid at 0,04 g/kg. The estimated daily intake was 0.033 
mg/kg body weight. These intakes, sustained for periods of 
approximately 2 and 6 months, respectively, resulted in 
typical acute and subacute veno-occlusive disease. 



- 221 - 

The highest intake rates have been associated with the use 
or misuse of medicinal herbs and have resulted in acute liver 
damage and death. In two occasions, the consumption of Helio-
tro?ium eichwaldii as a treatment for epilepsy led to an 
estimateintake of 3.3 mg/kg body weight daily for 20 or 50 
days, and the use of extracts of Senecio longilobus as 
medicine for young children led to estimated intakes of 3 and 
0.8 - 1.7 mg/kg body weight. The highest intake led to 
extensive liver necrosis. However, it is possible that, in 
the above case of poisoning by Heliotropium eichwaldii, the 
toxicity was enhanced due to simultaneous administration of 
phenobarbitone, which has a potentiating effect on the 
microsomal enzymes in the liver cells that convert the PAs to 
toxic metaboljtes. 

The use of He1iotrpium lasiocarpum as a component of a 
herbal treatment for psoriasis involved somewhat lower daily 
intake rates of 0.49 - 0.71 mg/kg body weight in 4 patients, 
who, after periods of 19 - 46 days, developed veno-occlusive 
disease. The patient with the longest intake period and a 
total intake of 1.4 g alkaloid or 23 mg/kg body weight died. 

The lowest ingestion rate leading to a case of veno-
occlusive disease was also due to medicinal herbal treatment 
or, more specifically, to the use of a digestive aid 

_  containing a preparation of coiafrey root. Commercial herb and 
food supplement preparations containing comfrey leaf or root 
are on sale in many countries. Limited assays of one comfrey-
pepsin preparation prepared from comfrey root indicated a PA 
content of 2.9 g/kg Another preparation made from confrey 
leaf contained up to 0.27 g alkaloid/kg. The consumption of 
these preparations led to an estimated daily intake of 
0.015 mg/kg body weight. Veno-occlusive disease was diagnosed 
after a 4- to 6-month period. 

The consumption of Syiuphyturn officinale (confrey) and S. x 
plandicum (Russian confrey) in the form of food, infusi 
or other  is widespread, though the full extent 
cannot be estimated. A high level of consumption as salad 
appears to be about 5 - 6 leaves per day and consumption as 
cosifrey tea probably reaches a similar level. Limited assays 
indicate that the average alkaloid content of the leaf is 
about I mg/leaf, the concentration being higher in the 
younger, smaller leaves. The alkaloid intake from comfrey 
leaves could therefore vary from a low value, up to about 6 
mg/day; or 0.1 mg/kg body weight for an adult, an intake 
within the range producing veno-occlusive disease. However, 
the Task Group noted that some people claim to have consumed 
comfrey at such a rate without suffering any disease. 

Overall, the estimates of intake of PAs by human beings 
(Table 16) indicate that ingestion rates above 0.015 mg/kg 
body weight for the mixture of echimidine and related 
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alkaloids in conifrey may lead to acute or subacute liver 
disease. If expressed in terms of equivalent doses of 
heliotrine (section 7.8), the estimated total doses in the 
known outbreaks or cases of veno-occlusive disease range from 
1 to 167 mg/kg body weight. There is little real difference 
in the ranges of estimated total doses in non-fatal cases (1 - 
120 mg/kg body weight) and those leading to death (6 - 167 
mg/kg). These figures, when compared with the total lethal 
dose of several PAs in rats, i.e., 1.2 - 10.9 times the LD50 
dose (equivalent to 360 - 3270 mg heliotrine/kg) (Table 10), 
would seem to indicate that man is markedly more sensitive 
than the rat to the toxic effects of PAs with regard to the 
development of acute and chronic effects on the liver. It 
should be noted that these estimates are based on limited raw 
data and a number of assumptions, and so are of uncertain 
reliability. 

The dose estimates indicate strongly that the effects of 
PAs in human beings are cumulative at very low intake rates. 
Lower rates of intake of PAs may lead to chronic forms of 
intoxication, though, at present, there is no evidence on 
which the degree of risk in these circumstances can be 
evaluated. The information available on dose-response 
relationships is very limited, but the data support the 
conclusion that even low rates of intake of PAs over a period 
of time may present a health risk and that exposure should be 
minimized wherever possible. 

There has not been any systematic monitoring of PA5 in 
cereal grains, food products, and herbal medicines. 
Analytical surveys of these materials are feasible, but it 
would be difficult to design surveys that would give direct 
estimates of the dietary intake of PAs. 

9.2 Acute Effects of Exposure 

9.2.1 	Acute liver disease 

All cases of human intoxication in reported accounts have 
been in the acute phase of the disease, the dominant symptom 
being rapidly filling ascites. The disease can affect large 
subpopulations and, in one study, up to 22.6% of the 
population was affected. 

Children appear to be the most vulnerable group and 
mortality can be high at the extremes of age. The liver is 
the principal target organ. In the acute stage of the 
disease, the liver shows a characteristic centrilobular 
haemorrhagic necrosis, which in man is accompanied by 
occlusion of the hepatic veins. However, characteristic 
veno-occiusive lesions, seen in the central veins of hepatic 
lobules, may not always be evident in the needle biopsy 
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examination of the liver, but are always apparent on 
examination of the autopsy material. 

9.3 Chronic Effects of Exposure 

9.3.1 	Cirrhosis of the liver 

There is evidence that the administration of a single dose 
of PA to experimental animals or a single acute episode of 
illness in man, following brief consumption of PA-containing 
herbs or PA-contaminated food, may lead to progressive chronic 
liver disease resulting in cirrhosis. Cirrhosis may also he a 
consequence of long-term low-dose administration of PAs to 
experimental animals and possibly also of long-term low intake 
of PAs by human beings, though there is no proof of the 
latter. Cirrhosis resulting from the toxic effects of PAs in 
the advanced stage, may not be distinguishable from that 
resulting from other causes (sections 6.4.1.5 and 7.4). The 
Task Group did not find any evidence suggesting that PAs are a 
causative factor of the specific disease, Indian Childhood 
Cirrhosis (section 7.5). 

9.3.2 	Mutagenicity and teratogenicity 

Several PA5, PA-derivatives, and related compounds have 
been shown to produce chromosome aberrations in plants and 
several cell culture systems, mutagenic effects (Salmonella 
("Ame's"), sister chromatid exchanges, and other tests), and 
teratogenic and fetotoxic effects in experimental animals 
(sections 6.4.5, 6.4.6, 6.4.7). Chromosomal aberrations have 
been reported in the blood cells of children suffering from 
veno-occiusive disease, believed to have been caused by 
fulvine. The Task Group was not aware of data on the 
teratogenic/fetotoxic effects of PAs on human beings and was 
unable to evaluate the potential for these effects in PA 
exposure. 

9.3.3 	Cancer of the liver 

A relatively large number of people have been exposed, in 
the past, to PAs and have suffered acute and chronic toxic 
effects. However, no information is available on the long-
term follow-up of these populations, to ascertain whether this 
type of exposure could have resulted in an increased incidence 
or iiver cancer or otner types or cancer. Jecause or this 
lack of knowledge, it is not possible, at present, to make an 
evaluation of the cancer risk due to PAs. However, various 
PAs have been shown to be carcinogenic for experimental 
animals, which implies that a potential cancer risk for human 
beings should be seriously considered. 
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Of several PAs evaluated for carcinogenicity by IARC 
(1976, 1983), there is "sufficient or limited evidence" for 
the carcinogenicity in experimental animals (IARC, 1976) of 
monocrotaline, retrorsine, isatidine, lasiocarpine, peta-
sitenine, senicirkine, and of extracts of the PA-containing 
plants Petasites •japonicum, Tussilago farara, Symphytum 
officinale, Senecio longilobus, Senecio numorensis, Farfugium 
jponicum, and Senecio cannabifolius. These studies were 
carried out mainly on rats, with few studies on mice or 
hamsters (section 6.4.8). The carcinogenicity data obtained 
with other PAs are difficult to evaluate, because of the 
limited number of treated animals and the lack of adequate 
numbers as controls. The main target organ is the liver, 
where liver cell tulnours and haemangioendothelial sarcomas 
were observed. In some instances, tumours in extra-hepatic 
tissues (lung, pancreas, intestine) were also observed, namely 
with monocrotaline, retrorsine, and lasiocarpine. Some PA5, 
for example, retrorsine, have been shown to be carcinogenic 
after a single dose. The pyrrolic metabolites have also been 
shown to be carcinogenic for rats. 

It may be recalled that several of the PAn involved in 
human poisoning include the above compounds. It is notable 
that the dose rates that have been effective in inducing 
tumours in rats, mostly equivalent to 0.2 - 3 mg/kg body 
weight per day (Table 17), are roughly similar in magnitude to 
estimated intake rates (0.49 - 3.3 mg/kg body weight per day) 
(Table 16) in several episodes of human toxicity. Comparison 
of the total intakes resulting in human toxicity with the 
total doses to death observed in the chronic toxicity studies 
on rats indicates that human beings are more susceptible 
(section 7.8) and suggests that human beings may survive for 
sufficient time to develop cancer after only a brief exposure 
at this level or a longer exposure at a markedly lower level. 
A more quantitative assessment is not possible on the basis of 
the available information, and the Task Group stressed the 
need for appropriate epidemiological studies. 

9.3.4 	Effects on other organs 

Substantiated reports of PA-induced extra-hepatic injury 
in man are limited to Trichodesma intoxication, in which 
symptoms and signs were predominantly neurological. The range 
of organs affected by other FAa in experimental and farm 
animals suggests that exposure of human beings to other FAa 
may also carry the potential for extra-hepatic injury. 

There are extensive reports of experimental studies in 
which PAs have been demonstrated to produce the characteristic 
vascular changes of primary pulmonary hypertension and 
consequent right ventricular hypertrophy of the heart in rats 
and non-human primates (section 6.4.2). Susceptibility is age 
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dependent, weanling rats being more vulnerable than older 
animals. There is only circumstantial evidence of PA-induced 
pulmonary vascular disease in one patient (section 7.6), but 
judging by the experimental evidence available, it is possible 
that human beings may be susceptible to PA-induced cardio-
pulmonary changes. 

In the opinion of the Task Group, the neurological 
involvement which is a dominant feature in PA-intoxicated 
horses and is also seen in cows and sheep, cannot be explained 
solely as a consequence of liver damage. Central nervous 
system lesions have been demonstrated in sheep, pigs, and 
rats. Distribution studies of the radiolabelled metabolite, 

311-dehydroretronecine, show increasing accumulation of 
radioactivity in the brain with time. 

Trichodesma alkaloids, structurally related to mono-
crotaline, are neurotoxic agents. Trichodesma toxicosis in 
man has been reported only from the USSR, together with 
several studies on experimental animals. Detailed reports on 
the pathological findings were not available to the Task 
Group, but the information available indicated that the 
central nervous system was the primary target organ (sections 
6.4.3 and 7.7). 

Stomach and intestinal lesions have been shown in PA-
exposed sheep, mice, cows, and rats. Distribution studies 
with radiolabelled pyrroles showed a high retention of radio-
activity in the stomach, consistent with the acid-sensitive 
nature of the pyrroles. In rats, pyrrolic metabolites are 
secreted in high concentrations in the bile. 

Kidney changes following to PA administration have been 
shown in mice, pigs, horses, sheep, and monkeys. Pyrrolizidine 
metabolites have been found covalently bound to kidney DNA in 
rats. Urinary excretion is a major route of excretion of 
metabolic products of PAs in rats. 

There is no evidence of involvement of organs other than 
the liver and central nervous system ascribed primarily to PA 
toxicity in any of the published human case reports. It is 
possible that under some circumstances, other major organ 
systems may also be at risk. As bioactivation of PAs has been 
demonstrated only in the liver, the risk of damage should be 
expected to be lower in the organs. 

9.4 Effects on the Environment 

9.4.1 	Agriculture 

In some countries, PA-containing weeds densely cover areas 
of up to thousands of square kilometres. Their adverse 
effects include the covering of pastures, additional costs in 
agricultural production, and the poisoning of farm animals. 

15 
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The toxicity of PAs for farm animals, including sheep, cattle, 
horses, pigs, goats, and poultry, which has been the 
inspiration for much of the investigation of PA toxicity. In 
Australia, for example, Ileliotropium europaeum and Echium 
plantagineum cause the death of thousands of animals annually 
(section 6.2). 

9.4.2 	Wild-life 

By contrast, little is known about the consumption of 
PA-containing plants by wild-life, or of their individual 
sensitivities. The death of deer in Louisiana has been 
ascribed to eating Heliotropium or Crotalaria species, and an 
experimental study has shown that the rainbow trout (Salmo 
gairdneri) is sensitive to Senecio jacobaea alkaloids 
sections 6.5.1 and 6.5.2). 

There is no information on the effects of the alkaloids on 
field rodents or other seed-eating mammals and birds that 
might be expected to consume seeds of PA-containing plants and 
to suffer toxic effects. 

9.4.3 	Insects 

Many species of insects, such as some moths of the family 
Arctidae and butterflies of the sub-families Danainse and 
Ithominae, have become dependent on PA-containing plants, 
using the alkaloids as defensive chemicals and derivatives of 
them as pheromones and other signalling chemicals. Thus, 
complete elimination of PA-containing plants in a region might 
lead to a marked reduction in the local population of insects 
of this type (section 6.5.3). 

9.4.4 	Soil and water 

There have not been any studies on the fate of PAs when 
the plants in which they occur wilt and age. If alkaloid is 
leached into soil or water, it is probably readily degraded by 
microorganisms since, as a base and ester, it is subject to 
oxidative and hydrolytic reactions. 
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