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ENVIRONMENTAL HEALTH CRITERIA FOR PYRROLIZIDINE ALKATOIDS

A WIIO Task Group on EnvironmentaL l{ealth Criteria for
Pyrrol izidine Alkaloids met in Tashkent, USSR, on L-5 Decenber
1986. Dr M. Gounar opened the meeting on behalf of the three
co-sponsoring organizations of the IPCs (UNEP/ILO/WHO). The
Task Group reviewed and revised the draft cr i ter ia document
and made an evaLuation of the health r isks of exposure to
pyrrol iz idine alkaloids .

Access to the original papers on the subject publ ished in
the USSR was made possibLe by PROFESS0R M. ABDULLAIIODJAEVA.
DR A.R. MATTOCKS lrrote the f irst drafts of the sections on
Propert ies and Anal-yt ical Methods, Metabolism, and Mechanisms
of Toxicity and Other Biological Actions. DR C.C.J. CULVENOR
assisted PROFESSOR H.D. TANDON in the f inal izat ion of the
document after the Task Group meeting. Dr J. Parizek, who was
originalLy the TPCS staff member responsible for the
preparation of the document, and was to be Secretary of the
Task Group, could not attend the meeEing because of sudden
iL lness ,  and the  Task  Group was ass is ted  in  h is  p lace  by
Dr M. Gounar, former IPCS staff member. Dr A. Prost l47as
responsibLe for the f inal version of the document.

The Secretariat acknowledge the help of both Professor
It .D. Tandon and Dr C.C.J. Culvenor. The Task Group meeting in
Tashkent was organized by the Centre of International
Projects, USSR State Committee for Science and Technology.

The efforts of al l  who helped in the preparation and
finaLization of the document are gratefulLy acknowledged.

Part ial f inancial support for the publication of this
cri teria document was kindly provided by the United States
Department of l lealth and Human Services, through a contract
from the National Inst i tute of Environmental l leal-th Sciences,
Research Triangle Park, North Carol ina, USA - a WHO
Collaborating Centre for Environmental l teaLth Effects.
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PRXFACE

A disease caused by the consunption of plants containing
pyrrol izidine al,kaloids (pAs) has been recognized
independently as an endemic disease in certain parts Jf the
I'lest Indies and in Uzbekistan in the USSR. Outbreaks of the
disease have affected signif icant segments of populat ions or
large nunbers 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
s_eeds of pLarrts containing PAs, growing among the crops; such
plants a_re likely to thrive foLlowing periods tt arougir-t.-

I t  is notable that the same fani ly of plants that caused
endemic disease and large-scale outbreaks in uzbekistan aLso
caused another outbreak of the disease in adjacent
Afghanistan, long after the chemical et iology of the disease
(through consumption of toxic seeds in the food) had been
identified in the USSR. This happened because there lras a
lack of generaL alrareness of the causal relationship between
the chemical present in the plant and the disease. Sporadic
cases continue to occur in dif ferent parts of the vorld
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
nigh! be lethal,  and that i t  was entirely preventable,
provided that i t  nas recognized in t ime. I i  l raa also
recognized that the dissemination of knowledge, about both the
disease and the sources of the chemicals invoLved, wouLd be a
cri t ical step in i ts prevention.

Accordingly, the IpCS invited professor H.D. Tandon, who
nas respoasible 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 deveLopm.ent and
final izat ion after the Task Group neeting, which l las h. ld io
Tashkent, USSR, on L-5 December, L986.

In most episodes of toxic human disease caused by pAs, the
l iver has been the principat target organ, except for an
outbreak in the ussR caused by Trichodesna alkatoids, in which
the sJmptoms lrere mostly extra:hepiETEl- 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
lr ichodesma alkaloids in detaiL.
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INTRODUCTION . PYRROTIZIDINE ALKAI,OIDS AND HUI.'AN TTEALTH

Pyrrolizidine alkaloips (PAs) are found in plants growing
in most environments an{ all parts of the worLd. The main
sources are the fanilies iBoraginaceae (a11 genera), Conpositae
(tr ibes Senecignae and Eupatoriae).r aod Leguminosae (genus
c r ot a 1 ar iiFna-Eh e p o t6ET-n-urnb e r o f a lk a 1 o i d- c on t a i n in g
;pd;i i ls as high ai 6000, or 3i( of the worldrs f  lowering
plants (culvenor, 1980). They have long been known to be a
health hazard for l ivestpck, at least since 1902 (Schoental,
1963), and loss of l ivestlck in various parts of the world has
been traced to their g{azing on certain plants growing in
pastures, especialLy foLl lowing periods of drought or in arid
cl imates. They have beenJ found to be toxic for al l  species of
an ima ls  tes ted  (Schoenta l ,  1963) ,  though some spec ies ,  no tab ly
the guinea-pig, are resi i l tant (chesney & A1lea, 1973a,'  White
et al. ,  L973). l luman dipease caused by PA toxicity has been
knortn to be endemic in.the central Asian republics of the
USSR,  a t  leas t  s ince  th f  earLy  th i r t ies  ( Isna i lov ,  1948arb ;
Mnushkin, 1949) when sevlral outbrqaks occurred, and the cause
was discovered to be t l l re seeds of plants of Heliotropiurn
species (Dubrovinski i ,  L947, Ig52; Khanin, 198)-hGE
contaminated the staple food crops. A spate of reports
folLowed, mostly from the West Indies, of acute and chronic
l i ver  d isease (Bras  e t  h l . ,  L954,  L961;  Bras  & H i l l ,  1956 i
Stir l ing et a1., L962), associated \,r i th the ingestion by
people of herbal infuslons for the treatment of certain
ai lments. Schoental" (1961) and Davidson (1963) suggested
that, in view of the evfdence of the hepatotoxicity of PAs,
consumption of plants corl taining them could be of et iologica!
signif icanee in human 1i*er disease, especial ly in developing
countr ies where they are consumed as food or herbal medicines.
In spite. of this, and thQ fact that such an ubiquitous source
of toxic material is calable of producing aninal .and human
d isease and tha t  there  h{ve  been more . recent  repor ts ,  the  PAs
have not attracted much I attention in the world as a health
hazard. In fact, a recent handbook on naturaLly occurring
toxic agents in food (nelnicigl,  Jr,  1983) refers to them only
in passing and makes no mention of human diseaee caused by
them. Veno-occlusive dislease (VOO) (sras & It iL1, 1956), which
is iharacterized by the dominant occlusive Lesion of the
centr iLobular veins of the f. iver Lobu1e and is caused by these
alkaLoids, has since bepn reported from al l  parts of the
wor ld ,  in  bo th  man and {n ina ls  (H i11 ,  1960;  Bras ,  f973) .  I t
has been attr ibuted to the accidental contamination of food by
toxic plant products or the ingestion of herbaL infusions.
There have been reports df stray cases and of smalL outbreaks
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from both developing and devel.oped countr ies. However, in the
most recent studies from Afghanistan (Tandon & Tandon, 1975;
Mohabbat  e t  a l . ,  1976;  Tandon,  B .N.  e t  a l . ,  L978;  Tandon,  I l .D .
e t  a l . . , 1 9 7 8 )  a n d  I n d i a  ( T a n d o n ,  B . N .  e t  a l . , 1 9 7 6 ;  T a n d o n ,
R.K.  e t  a l . ,  1976;  Kr ishnamachar i  e t  a l . ,  1977;  Tandon,  I l .D .
e t  a1 . . ,  L977;  Tandon,  B .N.  e t  a1 . ,  1978) ,  the  d isease has  been
reported to affect large nasses of the populat ion, resu!.t ing
in high mortal i ty, and has been attr ibuted to the accidental
contamination of their staple food crops by PA-containing
seeds of plants, foLLoning periods of drought.

There is conclusive evidence from studies on experimental
animals that the effects of a singLe exposure t;  pAs may
progress relentlessly to advanced chronic l iver disease and
c i r rhos is  (Schoenta l  &  Magee,  t957,  L959;  No lan  e t  a l . ,  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.r I  -  4 mg/kg diet,  have
produced chronic l iver disease and tumours (Eooper & Scan!.an,
L977; Culvenor & Jago, 1979). Pyrrol izidine alkaloids have
also been shown to act synergist icaLLy with af latoxin, another
environmental toxin present in agricultural products, in
causing cirrhosis and hepatoma in primates (f , in et 41.,
L974). Though there is no conclusive evidence yet of a
carcinogenic roLe of PAs in man, such a possibi l i ty has been
suspected  on  the  bas is  o f  exper iBenta l  da ta  (11 i11 ,1960;
W i l l i a m s  e t  a l . , 1 9 6 7 ;  I A R C ,  L 9 7 6 , 1 9 8 3 ;  H u x r a b 1 e , 1 9 8 0 ;
Culvenor, L983), and experimental studies have demonstrated
carcinogenicity in rats given dosages equivalent to those
reported to have been ingested in hunan cases (Cook et aL.,
1950;  Cu lvenor ,  1983) .

ALkaloids/toxic metaboLites have been shown to be secreted
in the miLk of Lactat ing dairy catt le (Dickinson et al.  ,  1976)
and rats, and the young of both sexes have been shown to
suffer toxic darnage, even when suckled by rnothers treated with
retrosine, who apparently are not affected themsel"ves
(Schoental,  1959). Such suckl ing animals lray also be in
apparent good heal-th while the l ivers show toxic effects.
Protein-deficient and young suckl ing animaLs are part icularly
vu lnerab le  (Schoenta l ,  1959) .

Chromosomal aberrations have been demonstrated in rats and
humans r 'r i th veno-occlusive disease (Mart in et al, ,  I97Z).

Alkaloids have been found in the honey secreted by bees
feeding on the toxic plants (Deinzer et a1., Lg77). According
to Culvenor and his co-workers, populations in some countr.ies
are exposed to low levele of alkaloids in comronly used
foods tu f fs ,  e .g . ,  honey  in  Aus t raL ia  (Cu lvenor  e t  a1 .1  1981;
Culvenor, 1983, 1985) and comfrey io many countr ies (Culvenor
e t  a l . ,  1980ar '  Cu lvenor ,  1985) .
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developing countr ies

I luman cases of acute disease fol lowing the brief ingestion
of the alkaloids have known to progress to cirrhosis
(Stuart & Bras, L957; Braginski i  & Bobokhadzaevr'  1965;
St i l lman e t  a l . ,  L977;  T indon,  B .N.  e t  a l . ,  L977;  Tandoa,  !1 .D.
et aL. ,  1977) in as shorf a period as 3 months from the acute
phase (Stuart & Bras, 1,957). The init ial  disease may be
cryptic (Braginski i  &
ascribed to herbal- c

adzaev, 1965) and may not be
tion, and yet may progress to

c i r rhos is  (Huxtab le ,  L9
to be the most cormron c

). Veno-occlusive disease was stated
of cirrhosis in infants in Jamaica
been bel ieved to be a signif icant

adult cirrhosis, especialLy in
a  e t  a l . ,  1 9 6 3 ) .
ted to contain toxic aLkaloids are
purposes as home remedies al l  over

the world, vr i thout systtrnatic test ing for safety (Schoental,
1963; snith & Culvenor, 1981) and some are even used as food
(Schoental & Coady, 1968i Culvenor, 1980). There are several
reports of the cont use of such herbs for medicinal
purposes in technical ly advanced countr ies (Culvenor, 1980).
senecio jacobaea contin
the United Kingdom (

to  be  so ld  a t  herba l i s ts  shops  in
ta l ,  1963;  Burns ,  1972) ,  and

Symphytum spp. (cornfreyf are st i11 used as a vegetables,
beverages ,  o r  remed ies  ( {a t tocks ,  1980) .  Both  these herbs  are
known to  be  carc inogen i {  ( tenc ,  1976, .  H i rono e t  a l . ,  1978) .
Young f lower stalks qf Petasites japonicus Maxim, the
pre-bloom f lower of coltCfoot, Tuss.i lago farfara, the leaf and
root of comfrey, of fETiiil6l-7iidT-e young leaves
and stalks of Far Senecio cannabif,ol ius,
which are a1-1 u foffi,
are  known to  be  carc ino$en ic  fo r  ra ts  (H i rono e t  a1 . ,  1983) .
Symphytum x uplandicum Nyman (Russian comfrey), which contains
several toxic PAs (Culvlenor et al. ,  1980b) echinidine and
7 acetylycopsamine being the main consti tuents, is used as a
saLad p1ant ,  g reen dr
estinated that the rate

, and medicinaL herb. I t  has been
of ingestion of alkaLoids from this

herb may, over a period.qf t ine, exceed the levels reported to
have been taken dur ing t t ie Afghan outbreak.  There is  a report
of  at  least  one pat ieni t  who developed toxic ef fects as a

countr ies, especial ly a4 they may act synergist ical ly with
a f la tox in  and hepat i t i s  B  v i rus .  The r i sk  o f  tox ic  e f fec ts
due to these alkal-oids y be part icularly high in chi ldren

result of consuming a cbmfrey preparation (Culvenor et a1-.,
1980a;  R idker  e t  a1 . ,  I .985) .  Arsecu le ia tne  e t  a1 .  (1981)
found that 3 of the 50 Sedicinal herbs cormnonly used in Sri
Lanka contained PAs that had been proved to be hepatotoxic for
animals. They suggested that consumption of such herbs rnight
contr ibute to the high incidence of chronic l iver disease,
incLuding primary l iveb cancer, in Asian and Afr ican
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(Schoental,  1959r'  Jago, 1970) and protein malnutr i t ion, which
exists in some countr ies, may potentiate them (Schoental &
Magee, L957). Recent studies from Hong Kong (Kunana et a1.,
1985; Culvenor et a1., 1986), the United Kingdon (UcGee et.
a L , 1 9 7 6 ;  R i d k e r  e t  a 1 . ,  1 9 8 5 ) ,  a n d  t h e  U S A  ( S t i l l n a n  e t  a 1 . ,
1977;  Fox  e t  aL . ,  1978;  R idker  e t  a l . ,  1985)  repor t  ins tances
of human disease that have been caused by the use of such
herbs, result ing in fatal i ty or the deveLopment of cirrhosis,
even in c6untries with lrelL-developed health services and
among the higher economic and educated strata of society.
Indeed, Sti l lnan et a1. (L977), from the USA, cal led PA
toxicosis the rr iceberg diseasett,  inplying that cases of this
disease night be more frequent than reported in the USA,
especially among populations of Mexican-American origin. In
general,  the use of. herbal remedies is not el ici ted in the
cl inicaL history and patients do not volunteer this
infornation themselves. Furthermore, the alkaloids are
el iminated within 24 h (Huxtable,. 1980) and, even though
nethods are avai lable . for their detection in biological
t issues and f luids, the suspicion.cannot be confirmed, as the
s]rmptoms may take several days or months to apPear.

Contamination of food crops is part icularly l ikely to
occur in parts of the world nith arid cl imates, poor or
uncertain rainfal l ,  poor irr igation faci l i t ies, and fol lowing
periods of drought, al l  of which promote the growth of the
PA-containing plants that grorr as weeds . among cultivated
crops, as has been found in studies on the outbreaks in
Afghanistan, India, and the USSR (Terekhov, L939;
Dubrovinski i ,  1947; Isrnai lov, 1948arbr'  Tandon & Tandon, 19751
Mohabbat  e t  a l . ,  L976;  Tandon,  B .N.  e t  aL . ,  L976;  Tandon,  R.K.
et a1., L976; Tandon, I1.D. et al. ,  1978) and in gtazirr.g
pastures. The use of tradit ional medicines is cosrnon in these
countr ies and there is insuff icient awareness of this hazard,
the disease condit ion, and i ts diagnostic pathologicat
picture. Furthermore, health se:rvices are poor1y developed.
Thus, many of the cases or even outbreaks may go unnoticed or
unrecorded and may even be ascribed to malnutr i t ion (Lancet,
1984). Also, many of. the reported cases of so-cal led
ItBudd-Chiari  syndromerr, a condit ion associated with
obstruction of najor hepatic veins and/or inferior vena cava,
may actual ly 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, Elglglg alkaLoids, has been known
to cause a human outbreak of disease in the USSR, through
contamination of the stapl"e cereaL with the seeds containing
thes.e PAs; in this outbreak, the s)rmptoms lrere principaLl,y
ex t ra -hepat ic  ( Isna i lov  e t  a1 . ,  1970) .
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AND RECOMMENDATIONS

.1 Sumrary

The ingestion of py I izidine alkaloids (PAs) in foods
and rnedicinal herbs resu
man, affect ing mainly
anirnal studies indicate
of cancer in man.

The alkaLoids are pr
occur throughout the
alkaloids and their prope
sources of human exposur
in man and animals. The
and recomrendations are

L . 2  s

in acute and chronic effects in
1iver. Data from experimental-

t  PAs represent a potential cause

t s
he

t d .
t ies
and

r isks

by numerous pLant species and
In the present document, the
are described together with the
the diseaseS that they produce
for human health are evatuated

for reducing such r isks.

and Chemical structure

hepatotoxic, are producpd by plant species within the
f ollowing f arnilies: Borapinaceae (Ilelig3ggpiu*, Trichodesna,
Sympnycum, ano mosE oqher g"rre.a-l-, uo.posrcaeG,
Eupat.orium, and other genera of the tr ibes Senecioneae andEupatorium, and other gfnera of the tribes SenecionEe and
Eupatoriae).,  Leguminosa-e ] (genus Crotalarla), and Scrophul-
ariaceae (genus casti l lgja).- Tff i---$enera ar9 rnainly
herbaceous and very wiaql-distr ibuted, some species being
found in most regions df the wor1d. The majori ty of the
species within these genfra have not yet been investigated,
but are expected to contaifn pyrroLizidine atr"kaloids.

The hepatotoxic alkaloids have a lr2-double bond in the
pyrrol izidine r ing and $ranched chain acids, esteri fying a
9-hydroxyl and preferably also the 7-hydroxyL substi tuent.
Modif ied seco-pyrrol- izidipe a1,kaloids, in which the central
bond between the tl anld CB atoms is broken, are also
hepatotoxic. Some Setrecio species contain non-basic
derivatives that are 5-{xopyrroles. The toxicity of these
derivatives may be similaf to that of the aLkaLoids, but this
aspect has not been investi igated. The alkaLoids occur as free
bases and N-oxides. The latter are reduced to the free bases
in the gaiErointestinal {ract of animals and have a similar
toxicity when ingested ordl ly.

Suitable analyt ical pfocedures are aval lable for screening
plant species, includin5i a sinple f ield test for toxic
alkaloids. Thin-Layer ctlroraatography (TtC), high-perforrnance
Liquid (HPLC) r gas chro{ratography (cc), and gas chromato-
graphy-mass spectrometry (GC-US) have been applied for
separating, characterizirfg, and quanti fJf ing the aLkaloids
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present. Effect ive use of these procedures requires authentic
alkaLoids for standards, few of which are avai labLe. Imrproved
anaLytical nethods are required for the determination of very
1ow levels of alkaloids in some foodstuffs.

1.3 Mechanisns and Features of Toxicitv

The toxic effects of pyrrol izidine alkaloids are due to
activation in the 1iver. Metaboliso of the alkaloids by
mixed-function oxidases leads to pyrrol ic dehydro-aLkaloids,
which are reactive alkylat ing agents. Reaction of ini t ial
metaboli tes with consti tuents of the l iver ceLl in which they
are formed are probably the nain cause of l iver celL necrosis.
Metaboli tes are released into the circulat ion and are bel ieved
to pass beyond the Liver to the lung causing vascular lesions
characterist ic 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 f luids or body
t issues  a f te r  th is  per iod .

The rate of forrrat ion of pyrroLic metabo!. i tes is
influenced by the induction or inhibition of the rnixed-
function oxidases in the l iver, but the relat ionship between
the rate of metabolism and expression of toxici ty is uncertain.

Several pyrrol izidine alkaloid-derivatives and rel-ated
compounds are known to cause chromosome aberrations in plants,
leukocyte cel l  cuLtures of the marsupial (?otorus
tTidaclylus), and in hamster cel l  l ines. soni pyrrol iTidG?
alkaloids induce micronuclei formation in erythrocytes in the
bone marrow and fetaL !. iver in mice, sister chromatid
exchanges in a Chinese hamster cell- line and human lynphocytes
in vitro, and repair DNA synthesis in rodent hepatocyte ce1l
cultures. Chromosone aberrat ions have been reporEed in the
blood cel1s of chi l"dren suffering from veno-occLusive disease
VOD, presumably caused by fulvine.

A number of pyrrol izidine alkaloids have been shown to be
mutagenic in the SaLnonella typhisruriun assay, after metabolic
activation. The carcinogenic activi ty of pyrrol izidine
alkaloids appears to paral lel- their mutagenic behaviour, but
not their hepatotoxicity.

HeLiotr ine at doses of 50 mg/kg body !,reight or more,
administered .to rats during the second week of gestat ion, has
been shown to induce severaL abnormaLit ies in the fetus.
Doses of 200 rng/kg body weight resuLted in intrauterine deaths
or resorption of fetuses. Dehydroheliotr idine, the metabolic
pyrroLe derivative of hel iotr ine, was 2.5 t ines more effect ive
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on a moLar basis than i [s parent pA in inducing teratogenic
e f f e c t s .

The abi l i ty of PAs to cross the placental barr ier in the
rat and to induce prenatlre del ivery or death of l i t ters has
been demonstrated. The embryo in utero appears to be rnore
resistant to the toxic elfects oif f iTizidine a!.kaloids than
the neonate. PAs are known to have passed through the
motherrs ni lk to the suck]l . ings.

Megalocytosis, the presence of enlarged hepatocytes
containing latge, hyper-{trronatic nuclei, I is a characteristie
feature of pyrrolibidine alkaloiil-induced chronic
hepatotoxicity in expprimental animals. The enlarged
hepatocytes arise through the powerful ailtinitotic action of
the pyrrole metaboLites of pyrrol izidine alkaLoids. This
change has not been obsefved in the human Liver, though human
fetal l iver ceL16 in lr i tro culture become enlarged when
exposed to PAs, indiE'iifi-f?usceptibiliry ro the anlimitotic
effect of the alkaloids.

In experimental anihaLs, protein-riih and sucrose-onLy
diets have given some jmeasure of protection against the
effects of the alkaloids, as has pre-treatinent of animals with
thioLs, anti-oxidants, or zinc chloride.

PAs are noted mainl-y for the poisoning of !.ivestock due to
the animals grazing oh PA-containing toxic weeds, and
large-scaLe outbreaks halie been recorded. Such episodes have
been reported from most parts of the norld, including those
with temperate or cold gLimates. Studiep carr ied out on a
wide variety of farn add laboratory aninals have revealed
generalLy cormon featurps of toxicity with sone species
variat ions. The Liver fs the principal target organ. In
smaLl laboratory aninal.d, doses approactiing a Let6al dpse
produce a confluent, str ict ly zonal haemorrhagic necrosis in
the l iver lobule, within L2 - 48 h of adninislrat ion of pAs.
SinultaneousLy in non-hum{n primates, or after a short tine in
the rat, chicken, and swifre, changes begin to occur, and later
become organized, in the subintina of the centraL or
subLobuLar veins in the l iver result ing in their egqlusi6n.
The reticulin framework in the central aone of the lobule
col lapses fol lowing necrFsis leading to scarr ing. Repeated
adminietration of suitabld doses leads to chronic liver lesion
characterized by negalocyiosis, and increa$ing f ibrosis, which
may resuLt in cirrhosisf Chronic l iver disease including
cirrhosis has been show{r to deveLop in the rat following
administrat ion of a sinl le dose of a pA. In a number of
animaL species, the lungs develop vagcuLar lesions
characteristic of prirdary pulmonary hypertension vith
secondary hypertrophy of fhe r ight ventr icle of the heart.  In
rats, appropriately low fepeated doses of several alkaloids
have been shown to inducp tumoure, mainly in the liver. In
some studies, a single dode has been carcinbgenic.
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The central nervous system is the target organ of the
toxic PAs contaioed in Trichodesma, which produce spongy
degeneration of the brain.

L .4  E f fec ts  on  Man

In manr PA poisoning is usualLy manifested as acute
veno-occlusive disease characterized by a duLL dragging ache
in the r ight upper abdomen, rapidly f i l l ing ascites result ing
in rnarked distension of the abdomen, and sometimes associated
with ol iguria, and massive pleural effusion. I t  can also
manifest as subacute disease with vague symptoms and
persistent hepatomegaly. Children are part icularly
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 synptomatic treatmect. Mortal i ty can be high
with death due to hepatic fai lure in the acute phase or due to
hematemesis result ing fron ruptured oesophageal varices caused
by cirrhosis. Less severely affected cases may show cl inical,
or even apparently compLete, recovery. The Task GrouP ritas not
arilare of any substantiated rePort of prirnary pulmonary
hypertension result ing from PA toxicity. I lowever, in view of
the evidence in experimental animals and circumstantial
evidence in one case report,  the possibi l i ty of the
development of toxic puLmonary disease in man cannot be ruled
out. There is a report of an outbreak of Trichodesma
poisoning irr the USSR in which the s)tmPtoms nere mainl"y
neurologicaL.

1.4.1 Nature arld extent of hea].th r isks

The two main sources of pyrroLizidine alkaloid poisoning
reported in hualan beings are the consunption 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
populat ions is the possible Low-level contanination of some
foodstuffs, such as honey and niLk, but the Task Group l tas not
aware of any casea 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 populat ions in Afghanistan, India,
South Afr ica, and the USSR. A contr ibuting factor appears to
be abnornaLly dry neather, resuLting in the growth of an
exceptional ly high proport ion 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 He!.iotropiurn, Tridhodesna, @!3[, and Crotalaria
species. Mortal i ty in subh outbreaks has been reported to be
high. In the largest reported outbreak in northwestern
Afghanistan, an estimated 8000 people were affected in a total
populat ion of 35 000 with 1600 - 2000 deathe.

lluman poisoning through the nedicinal use of herbs
containing pyrrol izidine { lkaloids has been reported fron al l
parts of the world. PAs were responsible for a corunon l iver
disease in chi ldren in Jamaica, and individual cases in
Ecuador, l long Kong, Indi{,  the United Kingdom, and the USA.
The plants invoLved were species of Crotalariq, HeliotroqiYn,
Senecio. Symphytum. and Gynura. Symphytunrcontainlng
preparatlons present a partr.cular nazatd because ot tnelr
widespread use and the leneral ly high 1-evel-s of individual
exposures. The use oI herbs is altnost universal in
tradit ional folk rnedici{e and is increasing in developed
countr ies. Some of the herbs used cotrtain pyrrol izidine
alkaloids and have a longfterrn toxicity thdt is unsusPected by
the people taking them. Knowledge of the species used in
herbal rnedicine and the {requency of such use is very l imited
in  the  sc ien t i f i c  l i te r f tu re .  About  40  such spec ies  are
l isted in this report,  about one-third of which are in use in
deve loped count r ies .  TheY are  o f ten  presc t ibed by  herba l i s ts ,
naturopaths, and other noh-orthodox practi t ioners. The extentl t 4 L u r v y 4 L . t o t  a u q  v L u s r  l , l q l L r L r v t ^ v t e .

of the contr ibution to adute and chronic l iver disease cannot
be  accura te ly  assessed.  t t  tnay  a lso  cons t i tu te  an  e t ioLog icaL
factor in cirrhosis of the Liver and, once this stage r-s
reached, i t  may not be pogsible to identi fy the cause as a PA.

PAs are knor^7n to be transmitted frorn the feed of dairy
animals into milk and td cause toxic darnpge in the suckl ing
young. One instance of l ]arge-scaLe contamination of honey is
knohrn to have been caused by a conunon weed rich in PAs, which

was the source of nectar and pol len for the honey-secreting
bees. No reports of {ases of acute toxicity caused by
consumption of contamin{ted dairy products or honey \ i lere
avai labLe to the Task Grlup. Furthermore, no information is
avai lable on the possible presence of PAs or their rnetaboli tes
in  the meat of  animals fed toxic weed$ before s laughter;
however, the possibi l i ty pf toxic disease being caused through
th is medium is considered to be Low.

There are no substafr t iaL,  long-term fo l low-up data to

assess whether exposure !o PAs results in increased incidence
of chronic l iver disease br cancer in man. AvaiLable cl inical
and experimental- data s t that a single episode of PA
toxicity and possibl,y also a long-term low level exposure may
lead to  c i r rhos is  o f  thE l i ver .  PAs cou ld  aLso be  poss ib le
carcinogens in man, s e a number of them have been

demonstrated to induce fancer in experiurental anirnals, the
main target organ being ihe l iver. These include sone which
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have caused episodes of human toxicity, and some others which
are found in herbs tradit ional ly used as i t .ems 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 tumoura in rats. Ilovever, these risks cannot be
adeguately assessed on a quanti tat ive basis. There are
indications that PA intoxications leading to l iver disease are
more prevatrent than the reported frequency of cases irould seem
to  ind ica te .

Because of their known involvement in human poisoning and
their -possible carcinogenicity, exposure to pyrrol izidine
a_Lkaloids- shotr ld be kept as iow as practical l t-achievabLe.
The sett ing of regulatory tolerance lLvels for 

- 
certain food

products may be 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) legislat ive, phyto-sanitary
and educational measures has prevented new outbreaks of
poisoning due to lteliotropium and IIigIg@, since t947.-

1.6 Recomendations

1.6.1 General recodmendations

1. CereaL crops should be assessed throughout the world for
possible contamination by weeds l ikely to contain pyrrol izi-
dine alkaloids. Appropriate grain inspection systems are
desirable in order. to achieve near-zero Levels of contamina-
t ion by such weeds

2 There is a need to create alrarenessr €mong the general.
populat ion and those .responsible .  for the del ivery of health
services, with regard to the hazards of consuming such pl.ants
ae contaminants in food or as food, or for nedicinaL purposes.
Advice on hazards should include mention of possible increased
risks, i f  the al l taloid intake is associated nith drug
treatment, (e.g. phenobarbitone) or foods which increase the
level of l iver metaboliziag enzytnes.

3. Ethnobotanical and taxonomic studies are required in many
countr ies to provide specif ic information on the use of plant
species containing pyrrol izidine aLkaloids for medicinai and
dietary purposes. ?here may be a need to controL the sale of
some species, and their prescript ion by herbal ists and other
practi t ioners of tradit ional syatems of medicine.
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4. Iloney and dairy proqucts, both local ancl bulk supplies,
should be assayed for pylrrol izidine alkaloids in al l  regions
where a r isk of contarnihation of these foodstuffs has been
identi f ied.

L.6.2 Recormendations research

I. Long-term fol low-up studies of the survivors of both
alkaloid poisoning in
required, in order to
chronic l iver disease

beings and animal outbreaks are

desirable on individua

termine the possible development of
cancer. Sini lar studies are also
who regularLy consume comfrey or

other PA-containing herbs over a substant, ial  period of t ime.

2. Epiderniological studips should be carr led out in countr ies
with a high incidence of prirnary l iver dancer, in order to
determine whether there Ls an association with the intake of
herbs containing pyrrol izfdine alkaLoids.

3. A network of referedce laboratories is needed to assist
nember states in identi fy] ing plants and their seeds suspected
of producing toxic effecfs and for the a$say and identi f ica-
t ion of PAs. Provisions pay be made for the easy avai labi l i ty
of pure alkaLoids for use as reference standards for assays.

4. I t  is necessary to deveLop improved assay procedures,
suitable for the purposds of recormrendaEion (4) in section
L.6.1, part icularly usi irg f luorescence I and irsnunochemicaL
methods.

5. There is a need for further toxicological studies, such as
studies on the carcinogen]ici ty of echimidine and the toxicity
of the 5-oxopyrrole consti tuents of Senecio species, and for
studies that would provi[e more quaiffitive information on
the various adverse biolo[ ical effects of PAs. A study of the
carcinogenicity of the a1!<aLoids in the pig is also indicated,
since the pig exhibits a high sensit ivi ty to acute and
subacute toxicity similar to that seen in man.

6. Study is required of the possibLe atkaloid content of the
meat, organs, and fat of animals that have recently consumed
plants containing pyrrol i{ idine alkaloids.

7. Experimental, studi.ee j are needed on the influence of
nutr i t ional status on thl metaboLism, an{ acute and chronic
e f fec ts  o f  PAs.

8. Further metabolic studies are requi4ed to define more
specif ical ly the enzymes involved in the mlcrosomaL activation
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and detoxif icat ion of PAs, to determine whether organelles
othef, than microsomes are involvetl, and to explore further,
quantitative relationships betrileen different routes of
metabolism.

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

10. ExperinentaL studies should be conducted to determine:

(a) whether pyrrolizid'ine alkaLoid N-oxides may be
metabolized directly into the f-yrroLic dehydro-
alkaloid in rnitochondria, especialLy in tumour ceL1s1
and

(b) which P450 enzJrmes are invoLved in the activation and
N-oxidation of PAs and thence in the selective
Tnduction of N-oxidation enzymes.

L1. A study night be conducted of human variabi l i ty and i ts
genetic aspects in relat ion to factors that inf luence
susceptibi l i ty to PAs; for example, the study of mixed-
function oxidase levels in the l iver by metabolism of
appropriate test subst.ances recognized as harmless.
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AND ANALYTICAL }IET}IODS

Chemical Structure and P r t ies

of PAs in reLaEion to their toxic
recently by Marttocks (1986). The

th which this document is concerned

turated pyrroLizidine nucleus i tseLf
of branched-chain acids are. Ester

ons 9, 7, or (rarely) 6. Some esters
e .g . ,  he l io t r ine ;  whereas  o thers  a re

is proposed to refer to them as
he weight of evidence now avaiLable

other organs as well  as the l iver,
and the need to avoid restrict.ive term. There are other
types of pyrrol izidine a 1oids, such as those that occur in

the plant fanily Orchi , which are oot toxic and are not
d iscussed here .

The toxic PAs are ters of the amino-alcoho1s derived
from the heterocycl ic !.eus. The pyrrol izidine molecule is
nade up of two rings incl ined to each other as
shown in Fig. 1 so that tr ic isomerisn is possible, and
which share a cornmon nr. a t  pos i t ion  4 .

ecHroH

Fig. 1. Molecular structure o pyrrolizidine molecuLe.

oids are estera of noLecules similar
I (b ) ( 1-hydro:cyroethyl-1 :2-dehydro-
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.g. r monocrotal ine and retrosine.
idine alkaloid structures are sholtn

ns a doubld bond at the L;2
ial for the toxic effects of the

alkaLoid, but not for la ted  e f fec ts .



L. Echinidine
Chemical structure:
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C2gH3 1NO7
397
520-68-3

CHr

I
cH3-?-oH

I
cH,-o-co-c -cH -cH3

t l
HO OH

Chenical formula:
Relat ive molecular mass :
CAS registry number:

2 .  I le l io t r ine
cheurfEffiture:

H.C CH"

HC OCH"
I I

cH:-o-co-c -cH -cH3

I
OH

Chemical formula: C16H27NO5
Relative molecular mass3 313
CAS registry number: 303-33-3

3. Indicine-N-oxide
cheniETllF[cffi

Chernical formula: C15H25NO6
Relative moLecular rnass: 315
CAS registry number: 4L708-76-3

4.  Jacob ine
ChernT,GTEucture:

Chemical formula: C1gIf25NO6
Rela t ive  molecu la r  mass !  351
CAS registry number: 6870-67-3

H.C CH.' \ /
HC or
t i

"? 
cd:-o-co-c-ch _cer

f-i-\ dr i
\-|J

5

H"C H OH\.-' ,.
ts 

/o\ /.cH'-c-c-cHl

^..r' I co
c o l

L 
"* ' toI  r -an

\-N-l



u r r s r u l g a l  u L t u s L u t E .  

, H ,
*-"=" 

a"" 
c''-i-

"f, 

-- -.o-1 c",-o-co-i-ct-c't,

rc 6cx' 
,

\_i,J !

Chemical  formula:  ]C21H33NO7
Relat . ive molecular  mass:  411

CAS registry number: 303-34-4

6. Monocrotaline lLc G
chemlic:i.l1ll-6'EiiEffie: cHr_ca _ | _l _"*

l l l
co oH co
t l

i i*-"
I

\-iJ i

c 16H23NO6
325
3L5-22-O

5. Lasiocarpine
Chemical structure:

Chemical formula:
Relative molecular mass 3
CAS registry number:

7. Petasitenine
chenE6l-FEiGdEire:

ChemicaL formula:

Chemical structure:

Chemical formuLa:
Relative molecular rnass 3
CAS registry numberi
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C 19H2 7NO7
381
60132-19-6

N-oxide = isatidlne)

fi..
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GHr
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o .c",-L-- -."cti'
-\ 

-c-on

i=" i="
I ^ cH,-O

>-u--(
LiJ i

cHr

..  " 'c - , rH .r*
F 

\^-^/ tH?-c -c--cHPr

*,".t=l' 
t"o

c o /
| ..o
o cH,
t l

fn) I
c1gH25No5 \-iJ !

351
480-54-6



9. Senecionine
chemTffiEure: H

Hrc
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*F 
- , ' "  , .*

\  -CHr-C-C"-Cq
j = c -  \

co

o

i
I

Chernical formula: ClgH25NO5
Relative molecuLar mass: 335
CAS registry number: 130-01-8

10. Syrnphytine
cheriGfsEiiGture: *">ll'

cHr- -clt o-*-l-[-"*
) c = c { -  |  I  I

H- 
")r1 

c4 o" * 
,

/H . i
\- ' lJ

Chemical formula: C29I{31NO6
Relative moLecular nass: 38L
CAS registry number: 22571-95-5

l"
L ",,,l l

Gf

LL. Trichodesmine
chenoGGli,iffie: arc gtl

* '"-"r-""-L-l-"".
H , c / l l l

co Ho co

Chemical formula:
Relat ive molecular mass :
CAS registry number:

12. Incanine
chetoEl-1 structure: H,c

? i"'-"
ar.\ !
\/NV

c 1gH27No6
353
548-90-3

Chemical formulat C1gH27NO5
Relative molecular nass: 337
CAS registry nuurberi 480-77-3

Fig .  2 .  Mo lecu la r  s t ruc tu re  and chemica l  da ta
a lka lo ids .

t l
r c H - S - S - C - C H ,

i" i"
i i*-"co;

for sone pyrrolizidine
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i t  i s  o f  h i s t o r i c a l
interest to recal1 that the structures of hel iotr ine and
lasiocarpine, the rnain alf t .aloids of Heliolropit to lasioc ,
were worked out by Dr c.Pf Merrtshikovff iscowi tere worked out  Dy ur  G.Pf l4en-snlKov anq assocraLes ln nuusuv

in the L930s.  This work lnc luded deternin lng the structure of

heL io t r id ine ,  the  par compound of the amino-alcohoI,

he l io t r idane.  Dr  Mentsh lkov ts  s tud ies  r te re  car r ied  ou t  a t
essential ly the same t but independentlY of studies bY

English and American authors on retronecine-based al-kaLoids.
The alkaLoids in pldnts are often found together with

their N-oxides, which ar$ also toxic, \"hen ingested oraLLy.
The pfrrol izidine alkaloN.ds acquire their toxic propert ies

onLy through the toxic lyrrol ic intermediates (the general

structure of which is shown in Fig. 3) formed by the
mixed-function oxidases df the hepatocytes. To form these
pyrrol ic derivatives, the lalkaloid molecule should have:

(a) a double bond at [ tre 1:Z posit ion of the r ing nucleus;

(b) esteri f ied hydro:{yl grouPs in the nucleus at the C 9
and/or C 7 posit iPns; and

(c) a branched carborl chain io at l-east one of the ester
side-chains (McLePn, L974).

Fig .  3 .  Mo lecu la r  s t ruc tu re  o f  fox ic  pyr ro l i c  in temed ia tes '

Substi tut ion at the a posit ion of the acid and ester-
i f icat ion of the C-7 hydr[xy group both eohance the toxicity
of the alkaloid (Robins , 1982).

A group of related I alkaloids, isolated fron Senecio
species by Bohlmann et al.  (L979), have non-basic pyrrol ic

structures similar to thdse of toxic pyrrol izidine alkaLoid
metaboli tes, but they abe chernical ly dbactivated by the
presence of a carbonyl gfoup at posit ion 3 of the pyrrol i-
z id ine  nuc leusr  e .B . ,  sen lae tn ine  ( f ig .  4 ) .  Senaetn ine  does
not  possess  the  acu te  h{pa to tox ic  charac ter is t i cs  o f  bas ic
pyrrol izidine alkaloids. l lovrever, i t  had a direct irr i tant
action on t issues neaf the site of intra-peritoneaL
administrat ion and caused damage to pulmonary vascular t issue
when given intra-veinous tb rats (Mattocks & Driver, L987).
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t ' i g .  4 .  Mo lecu la r  s t rucrure
cons t i tuent  o f  sme

of senaetnine, a non-alka1oida1 pyrrolic
Senec io  soec ies .

The aLkaloids are fairLy stable chemicaLLy, but the ester
groups may undergo hydrolysis under alkal ine condit ions. Some
alkaloids in plant material may decompose during drying (nul l
e t  a l . ,  L968) ,  bu t  o thers  appear  to  be  s tab le  under  s imi la r
cond i t ions  (Pedersen,  L975t  B i recka e t  a1 . ,  1980) .  The
N-oxides of unsaturated pyrrol izidines are more readi ly
d-ecomposed by heat than the basic alkaloids, especialLy \^rhe;
dry. I lowever, the stabiLity of the alkaloids and N-oxides in
hot water as, for example, in cooking, is not known.-

Some pyrrol izidine aLkaloids have a l ini ted r,rater
so lub i l i t y ,  un less  neut ra l i zed  w i th  ac id ;  bu t  o thers  ( . .g . ,
ind ic ine) ,  and a l l  the  N-ox ides ,  a re  read i l y  so lub le .

2.2 Analyt ical Methods

tr ' Ihen analysing for PAs, i t  is important to recognize that
this group consists of many dif ferent compounds (section 2.L)
and that these often occur as mixtures in plants or in
materials of plant origin. They may vary in structure,
relat ive molecular mass, response to anaJ.yt ical procedures,
and toxicity. Both ,basic alkaloids and corresponding N-oxides
may be present at the same t ime. Thus, where such fr ixtures
are present, anaLyses wil l  inevitably be approximate, unless
the individual components are separated and identi f ied.

Nevertheless, such estirnates can be useful.  In
part icular, al l  hepatotoxic PAs are unsaturated in the sense
that they possess a L:,2-doubLe bond in the pyrrol izidine
nucleus, and analyt ical methods that are specif ic for this
st.ructure can be of value in screening for potentiaL
toxicity. A sirnple qual i tat ive f iel-d test for screening plant
materials for the presence of such aLkaloids and their
N-oxides, without the need of high technol-ogy equipment, is
d e s c r i b e d  i n  s e c t i o n  2 . 2 . 2 . 5 .
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2.2 .L  Ex t rac t ion

2 . 2 . L . 1  P l a n t  t i s s u e

Pyrrol izidine alkaloids are usually extracted from dried,
ni lLed plant material wit lr  hot or cold alcohol. The alcohol
is evaporated, the bases taken up in di lute acid, and fats
extracted with ether or ipetroleun. I t  is usual, at this
stage, to reduce any N-{xides present to the corresponding
basic alkaLoids with zifrc, before naking the solut ion alkaLine
and extracting the alkalfoidg with chlorbform (Koekemoer &
tJarren, 1951). Alternatively, alcohol can be continuously
circulated through the pLdnt material and then cation exchange
resin, and the alkaloids subsequent. ly eluted from the resin
(Mattocks, 1961; Deagen $ Deinzer, L977). PAs can also be
extracted by soaking platrt  materiaL in di lute aqueous acid
( B r i g g s  e t  a l . ,  1 9 6 5 , '  C r a i [  e t  a l . ,  1 9 8 4 ) .

2 . 2 . L . 2  B i o ical f luid and t i ssues

Pyrrol izidine a1kalo
purposes from honey (Dei
a1-.,  L976), blood-p!"asma
L980) ,  u r ine  (Mat tocks ,- ' v v  t  ,  \ r s e L v e ^ o ,

a l . ,  L979) ,  and b i le  (Ja
1985) .

When attempting to i
must be appreciated
metaboLized very rapidly
are recoverable (except
alkaloid ingestion, rnay
have been used to

ext remeLy d i f f i cuL t  to  se
most usefuL methods
h igh--per forrnance l iquid
chromatography (GC) (sect

2 . 2 . 2  A n a l s is  fo r

1965;  Cha lmers  e t  a l - . ,
N-oxides, which are more

reagent (4-dinethylaminob
unsaturated alkaloids ar

have been extracted for analyt ical
r  e t  aL .  ,  1977) ,  m i lk  (D ick inson e t

& Powis ,  1978, '  McCon ish  e t  a l . ,
7a ;  Jago e t  a l . r  19697 Evans e t
e t  a1 . ,  L969;  La f rancon i  e t  a l . ,

ate PAs from animal t issues, i t
the toxic al l<aloids are often

n animals, so that the amounts that
urine), only a few hours after

extremeLy snal l .  Various methods
ate PAs, but some mixtures are
rate. On the ar1al.yt ical scale, the

thin-Layer chromatography (TLC),
chromatography (ttPl,c) r and gag

n  2 . 2 . 2 )  .

L iz id ine aLkalo ids

1965); solvents suitable for the
ter-solubLe, have been described by

nzaldehyde) (Mattocks, 1967b). The
best visual ized by spraying the

2 . 2 . 2 . 1  T h i n - l (TLC

For  TLC,  s i l i ca  p1a s are usually used, eLuted with
chLoroform: methanol  :aq arnmonia mixtuf ,es (Sharrna et  a l . ,

Mattocks ( 1967b) and tr ' Ia r  e t  a l .  (1981) .  The most  sens i t i ve
methods for detecting P on TLC are those using Ehrl ich
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plates f irst with a solut ion of orthochlorani l ,  then with
EhrLich reagent, heating after each spray (Molyneux & Roitman,
1980). The N-oxides of unsaturated pyrrol izidines are
detected by spr-aying a solut ion of acetic anhydride, heating
the plate, and then spraying EhrLich reagent (Mattocks, 1967b).

Pyrrol izidine alkaloids with a saturated base moiety must
be detected in other rdays (which are not specif ic for
pyrrol izidines), e.g., by exposing the dried pl.ates to iodine
vapour, or by spraying with an iodobisnuth (Dragendorff)
reagent  (Mun ier ,  L953) .

2.2.2.2 High-perforsrance l iquid chrouratography (I IPLC)

AnaLytical or preparative scale IIPLC separation of
pyrrol izidine alkaloids has been described by Segall  (1979arb)
and Dimenna et al.  (1980), and an inproved method has been
reported by Ramsdell  & Buhler (1981). Alkal.oids from
Symphvtum officinale (confrey) have been separated on an
ana ly t i ca l  sca l -e  by  T i t teL  e t  a l .  (L979) ,  and par t ia l l y
separated on a preparative scale by Huizing et al.  (1981). UV
detectors are usual- ly used for the IIPLC of pyrrol izidine
compounds (Mattocks, L986).

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

The GC characterization of PAs using packed colururs has
been described by ChaLmers et aL. (1965) and Wiedenfeld et al.
(  1981). Mixtures of alkaLoids f rom comfrey GI*$yt* "p. 

),
normall ,y hard to separate, were resoLved by Culvenor et al.
(1980a) and Frahn et al.  (1980) by GC of the methylboronate
derivatives.

Gas chromatography combined with mass spectrometry (GC-MS)
has become a valuabLe and highly sensit ive means for both the
identi f icat ion and the quanti tat ive determination of pyrrol i-
zidine alkaLoids. Thus, a1ka1-oids extracted from honey vere
separated and identi f ied by Deinzer et al.  (L977) and (as
butylboronate derivat. ives) by Culvenor et al.  (1981). Deinzer
et al-.  (1978) described a method for the recognit ion (but not
the individuaL identi f icat ion) of retronecine-based pyrrol i-
zidine aLkaLoids, by hydrolysing them to retronecine (the
ami.no alcohol noiety) foLlowed by GC-MS of i ts bis-tr i f luoro-
acetate. The use of capi l lary GC has greatly improved the
sens i t i v i t y  o f  pyr ro l i z id ine  a lka lo id  ana lys is ,  espec ia lLy
when used rnri th MS (l ,uthy et al.  ,  1981). The MS of pyrrol i-
zidine compounds has been reviewed (SutL et al. ,  1968;
Mat tocks ,  1986) .

Pyrrol izidine N-oxides general ly undergo thermal
decomposit ion, when subjected to GC, but they can f irst be
reduced to the corresponding basic alkaloids (Koekemoer &
I ' larren, 1951). Al-ternatively they may be derivatised. Thus,
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tr ioethylsi lyl .at ion of in4icine N-oxide or hel iotr ine N-oxide
can lead ei i trer to the tr inethyGilyl  (TMS) derivative-of the
parent alkaloid or to the TMS derivative of the dehydro-
alkaLoid (pyrrol ic derir lat ive), depending on the reagents
used, and these products di l l  run successful ly on GC-MS (Evans
e t  a l .  ,  L 9 7 9 ,  1 9 8 0 ) .

2 . 2 . 2 . 4  N u c L e a r (NMR) s

A convenient, but relat ively in$ensit ive, method,
specif ical ly for the d ination of unsaturated PAs, has
been described by Mol e t  a l .  (L979) .  The bas ic  a lka lo ids
are extracted, then subjepted to NltR spectrometry along with

quanti tat ive measurement! 
-to 

be made of the signal(s)
representing the II2 prot$n(s) in unsaturated pyrroLizidines,
and thus the aLkaloid(s) tan be determir ied. Quanti tat ive NUR
analysis of pyrrol izid alkaloid mixtures from Senecio

by Pieters & VLiet inck (198-5ff i?yglgar_-1" has been descr
compared with an HPLC
Quali tat ive aspects of
alkaLoids have been
Mat tocks  (1986) .

2 . 2 . 2 . 5  T h e  E h r l i c h  r e a c t

This method (t"tat ,  1967a,  1968b)  i s  spec i f i c  fo r
unsaturat,ed pyrroliziiline I alkaloids and io not suitable for
other alkaloids. Thus, l t  is the most lrsefuL colorimetr ic
method for potential ly rpatotoxic pyrrol izidine compounds.

e alkal-oid into i ts N-oxide, usingThe procedure converts t
hydrogen peroxide. The t reacts nith acetic anhydride
to form a pyrrol ic derivai ive (dehydro-a1kaloid) that gives a
magenta coLour with a s l,Ly rnodified Ehrlich reagent. The
latter contains boron tr i f luoride to give maximum sensit ivi ty.
As t i t tLe as 5 pg of nrosf, unsaturated pyrrol izidines can be
measured by this method. I f  the oxidation stage is omitted,
only the unsaturated pyrrol izidine N-oxides can be determined.
The determination of pyrfrol izidine N-oxides has also been
discussed by Mat,tocks (1971b)

A sinpl i f icat ion of t f i re above colorimetr ic procedure was
described by Mattocks (1971d) to provide a quaLitat ive test
that could be used to scfeen large numbers of plant sampLes
for the presence of r]rnsaturated pyrrol izidine alkaloid
N-oxides. An improved vbrsion of this f ield test is now
a:vaiLab1e (t{attocks & Jukps, 1987). I t  is suitable for any
p lan t  par ts ,  such as  leav fs ,  s tems,  f lowers ,  seeds ,  o r  roo ts ,
or materials of pl-ant ori$inn such as cereals or herbal teas,
but has not yet been applipd to cooked food.
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The plant material (O.Z - I  g) is extracted by grinding i t
with aqueous ascorbic acid (5%) and a small amount of sand.
The solution is filtered and divided into two equal portions
(tt testtt  and rrbLankrr).  An aqueous solut ion (0.2 rol) of sodium
nitroprusside (5%) containing sodium hydroxide (10-3 nol) is
added to the trtesttt  samole. Both port ions are heated for
approximately I  nin at 7b - 80'C; then Ehrl ich reagent is
added and heatlng is continued for 1 min. The Ehrlich reagent
contains 4-dinethylaninobenzaLdehyde (5 g) dissolved in a
mixture of acetic acid (60 nl) '  water (30 n1)'  and 607.
perchloric acid (10 nl).  A magenta colour in the rrtestrr

compared with the |tblankrr indicates the presence of an
unsaturated PA N-oxide. The flblanktt may show a colour if the
plant contains conpounds, such as indoles or pyrroLes, which
can themselves give a colour rrith Ehrlich reagent. The
intensity of coLour in the rrsamplett compared nith the [blankrr

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 posit iveLy ir i  t tr is test. The main exceptions are
some seeds (Crotalaria), which may contain much alkaloid base,
but Lit t le or no N-oxide. These (and any other sample not
containing chlorop-hyl l)  can be tested for basic PAs by
grinding then arith chloroform, heating the fiLtered extract
with a solut ion ( 0 .  1" nL ) of orthochlorani l  (0.5"/") in
acetonitr i le, and then heating i t  with Ehrl ich reagent. A
inagenta colour indicates the presence of an unsaturated PA.
Non-toxic pyrrolizidine alkaloids having a saturated pyrroli-
zidine nucleus, and pyrrol izidine aLkaLoids that are otonecine
esters, such as petasitenine, wi l l  not respond to this test.

2 .2 .2 .6  Ind ica tor  dyes

A method general ly appl- icabLe to tert iary bases has been
adapted for pyrrol izidine alkaloids by Birecka et al.  (1"981-).
I t  is sensit ive, but is not specif ic for this group of
al.kaloids, and i t  does not dist inguish betneen the saturated
and unsaturated alkaloids. A chloroform solut ion of the
alkaloid is shaken with acidif ied aqueous nethyl orange. The
yellow alkal-oid;dye complex is subsequently released from the
chloroform phase, using ethanoLic sulfuric acid, and measured
s pectrophotometrical ly.

2 .2 .2 .7  D i rec t  we igh ing

An insensitive way to determine the alkaloids in, for
example, a pLant sample, providing enough is avai lable, is to
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extract the alkaloids. (se]ct ion 2.2.I) and weigh then. This
wil l  provide a rough measulre of the total bases present in the
sample; however, these rn{y not necessari ly be PAs. Never-
theless, the sample can {hen be subjected to further tests,
e.g., GC-MC, nuclear nagnetic resonance (NMR), or colorinetr ic
analysis. Furthermore, pfrroLizidine N-oxides are general l .y
too rilater sotuble to be 4ppreciably ex-tractabLe from aqueous
solut ion by chloroform. fhus, i f  two port ions of the sampLe
are extracted, and one of them is reduced to convert N-oxides
to bases, the weight diff$rence betrileen the tno prodults will
represent the alkaloid existing in the form of N-oxide in the
original sampLe.

2.3 Determination o MetaboLites in Aninal Tissues
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3. SOURCES AND PATIIIilAYS OF EXPOST'RE

3.1 Hepatotoxic Pyrrotizidine Alkaloide and Their Sourceg

Plants consti tute the only natural source of pyrrol izidine
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 Caltha), and Scrophulariaceae (genus
casti l le. ia) (Table 1).---TG most important genera of PA-
Eff i f f i ;  toxic olanta are crotalaria (Leguminosae), Senecio
(compositie), Heliotropium, -fiidffil6ngg., Amsinckia, E?h-ffi;
andsymphytum- i ( -Borag inaceae) -@1973) -ErZ6?aea
cases of human toxicity have mainly been caused by at Least 12
different pyrrol izidine alkaloids, mostly derived from
Ilel iotropiurn, Senecio, and Crotalaria genera. The Senqcio
spp. grow throughout the world; the Crotalaria sPP. are mainly
found in the tropics and subtropics (CuLvenor, 1980).

Tab le  1 .  L is t  o f  p lan t  genera  conta in ing  tox ic  pyr ro l i z id ine  a lka lo ids
(w i th  nunber  o f  spec ies  inves t iga ted)

! anl ry Gen6a

Apocynacea€

Boraginaceae

Compos i tae

Leguminosae

Ranunculaceae

Scrophu lar iaceae Cast i l le ja  (  1 )

F e r n a l d i a  ( 1 ) ,  P a r s o n s i a  ( 4 ) ,

A l k a n n a  ( 1 ) ,  A m s i n c k i a  ( 4 ) ,  A n c h u s a  ( 2 ) ,  A s p e { u g o

IT f - .  Boraso eD.  caa in ia  d i .  cvnoe lossum (9) ,

E4!gs---Tt, uact<E1iE--11), uerT6ffi (zs) '
i66iiT" (2), -@l! (zl, -:ig1g99.*e 

Jl),
fri?i-otmia ( 1 ), 

-FiEll;;;-chmia 
t ia (TJIS@ g ( 2 ),

FE;a€rym (1). T;;;;86;I6;Fn (1).Tr5?A; (s),
Solenanthus  (4 )  .  Svnphvtum (  7 )  .  Tournetor t la  . \2 , ,  '
TTEEEETiith-us ( z),@gg (2);@-( I )

*r**=,:-1.,  s ' j"h"gr ' t t l :  {r). , . . lgggl4 !+r '
C o n o c l i n t u m  ( I ) ,  C r a s s o c e p h a l u m  ( f ) ,  D o r o n l c u m
( 2 ) .  E c h i n a c e a  ( 2 ) .  E m i l i a  ( 2 )  '  E r e c h t i t e s  ( r ,  '
e u p a t o ; i [ - n  ( 8 ) .  F a r f u g i u m  ( 1 ) ,  c y n u r a  ( 2 ) ,

f f i iT " r ia  (5 ) .  P f f i  (4 ) .  senElo  (L42) ,

S y n e i l e s i s  ( 1 ) ,  T u s s i l a g o  ( 1 )

Cro ta la r ia  (60)

c a l t h a  ( 2 )

An alphabetical l ist
plant sources has been

of pyrrol izidine alkaLoids with their
publ ished by Smith & Culvenor (1981)



- 3 9 -

and l tattocks (1986). {n updated version is attached as
Appendix I. The ptant gelrera containing toxic PAs are listed
in Table I indicating th$ nunber of species investigated for
PAs. A comprehensive l ist of species of ir lants belonging to
each of theae genera, thp alkaloids isolated from each, and
the part of the pl.ant confaining the alkalOid are presented in
Appendix II. Table 1 in Appendix II incLudes species kno!,rn to
contain alkaloids of provpd hepatotoxicity, or of a moLecular
structure that would naNe them very probabLy hepatotoxic.
Table 2 in Appendix I I  lncludes species containing pyrrol i-
zidine amino-alcohols or esters, which, wtr i le not having al l
the features of hepatdtoxicity, vould need only minor
structural- nodifications lto render them hepatotoxic. Plants
of the same taxononic grQups as the pLants of proven hepato-
toxicity are l- isted in f lart (a) of the table. There is a
possibi l i ty that, on further examinit ion, hepatotoxic
alkaloids may be found, {s rninor consti tuents, in strains or
parts of these plants no$ yet investigated or under specif ic
condit ions of growth. Ip should be noted that the species
that have been investigfted and are Listed are only few
cornpared with the total niumber of species in each genera. It
has been recomended by Slnith & Culvenor (1981) that i t  would
be prudent to regard al. l"  species in the fani ly Boraginaceae
and the genera Crotal4ria, Senecio, and Eupatorium as
potential ly hepatot6lf f i

according to the cli e, soiL condit lons, and t irne of
harvesting (Danninger et
Mattocks (1980) demonstra
leaves of lynphytun spp.
an i tem of food, varies

1., 1983; Hartmahn & Zirrner, 1986).

Russian confrey) p which are used as

content is highest at
and decl ines as the

It is pert inent to
dif ferent parts of the
fLowers, and buds) var

roots is much higher than
contain a higher concent
1986). According to Dann
(Symphytum asperun), rel
reduction in the aLkaloi
are released during dryin
the stabi l i ty of PAs in

that the alkaloid content in
l a n t  ( " . g . ,  r o o t s ,  l e a v e s ,  s t a l k s ,
s and is subject to f luctuations

that the alkaLoid content of the

r{ i th their maturi ty. The toxic PA
beginning of the vegetative period
s mature. The PA content of the

that of the leaves, and dried l-eaves
ation than fresh leaves (Mattocks,

r  e t  a l .  (L983) ,  in  some spec ies
tively long storage may lead to a

content, presumabl"y because enz)rmes
.  Candr ian  e t  aL .  (1984b)  s tud ied
hay and si lage containing various

amounts of Senecio a1 . The PA conternt of hay remained
constant for several mont s, but the PAs in si lage were mainly
degraded. However, the degradation of PAs rdas much less
complete in the lower
signif icant PA-degradat

trat ion rangei, A quanti tat ively
product in si lage was identi f ied as

retronecine. Si lage with an S. aLpinus pefcentage of 3.5 - 23
lc PAs at a concentrat ion of aboutst iLl contained macrocvc
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2O nglkg wet weight. Such siLage lras not considered safe for
catt le bearing in nind that a 600-kg calf  eats about 30 kg
silage/day, amounting approxirnately to a daily intake of about
L ng PAs/kg body neight. In feeding trials r4rith Senecio
jacobaea, Johnson (Jg79) found that the minimum letha-i-d6i6
for cattle was between I and 2 ng PAs/kg body weight per day.

PAs knolrn to have been associated nith instances of human
toxic l iver disease in dif ferent parts of the world are Listed
in Table 2. Two groups of alkaloids that, according to
Culvenor (1983), are consumed in signif icant amounts by people
in dif ferent parts of the world include:

(a) Echinidine acetvl l . am1-ne and related alkaloids
countrt.es

Leaves .of pLants of rhe Symphytun Bp. (j:gglyt*
of f icinale (confrey) and Synphyturn x uplandicun) E?Else<j
tradit ional ly as a salad and as a nedicinal herb in Austral ia,t rad i t iona l l y  as  a  sa lad

used

many countr ies of Europe, and the USA. S. off icinale has been
shown to be carcinogenic for rats (Hff io-;E=T:, 1978).
Leaves of Russian comfrey contain a concentrat ion of alkaloids
(nainLy echinidine) of 0.1 - L.5 e/ke. The highest Level of
dai ly consumption of the aLkaLoids has been estimated to be
5 -  6  ng  (Cu lvenor ,  1983) .

(b) Echimidine and related al-kaloids (Austral ia)

PAs derived from Echium plantagineum, with echimidine as
the major component, have been found in honey secreted by bees
feeding on the plant (Culvenor et a1., 1981). The plant is a
major  source  o f  honey  (sec t ion  3 .3 .4 ) .

3.2 Pneumotoxic and Other Toxic Pyrrol izidine Alkaloids

Not al l  hepatotoxic alkaloids are pneumotoxic. The
cofimonest ones used to produce experimentaL Lung injury are
fulvine (Barnes et al-. ,  L964; Kay et al. ,  1971-a; $lagenvoort et
aL. r 1974a,b) aad monocrota!. ine (f .al ich & Ehrhart ,  L962;
Chesney & Allen, L973b; I luxrable er al. ,  1977). These are
a lso  the  most  ac t i ve  (Mat tocks ,  1986) .  The seeds  o f
Crotalaria spectabi l is, which contain monocrotal ine, have also
been used to study pneumotoxic effects on experimental animaLs
(Turner & Lal ich, 1965; Kay & I leath, 1966r. Kay et a1. ,  t967a)
and C. spectabi l is has been cal led the pulrnonary hypertension
pl"anE@-Eeath, L969), because of Lhe- 

- 
pul"monary

hypertensionogenic propert ies of the pAs i t  contains.
Culvenor et a1. (L976a) screened 62 PAs for hepatotoxicity and
pneumotoxicity. Chronic luog lesions rrere produced by most
compoundd that induced chronic liver lesions, though high
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Table 2. Instances of humn toxicity caused by Pyrrolizidine alkaloids9

PrincipaL

a lka lo id

Country/
Region

Cause of Reference
int4ke

HeLiotrine and
other alkal-oids
s imi la r  to
lasiocarpine

Senecionine

Alkaloids of
trichodeemine
and senecionine
ryPe

Heliotrine and
lasiocarpine

Crotananine and
cronabumine

tleLiotrine
N-oxide

Monocrotal ine
fulvine

Riddell ine
retrorsine
N-oxide
(with others)

tleliolTopium Afghanistan
popovr l

i11ic i fornis;
senecie

South
Africa

b;;EJTi

.@ig spp. south

Crotalaria

Africa

Ecuador

Hong Kong

India

lUnCee

Crota la r ia
ngna

contaEin- selzer
ation

redlcine

India

ation

nedlcine

west Indies redicine

United
Kingdon

USA nedi-cine

nedlciae Kumana et al.
( 1 9 8 5 ) :

Culvenor et aI.
( 1e86)

contamin- Tandon' R.K.

Parker

Lyford
(  1976 )

&
( 1951 )

e t  a l .

e r  a l .  ( 1 9 7 5 ) ;

Krishnanachari
e t  a l .  (  1977)  ;
S idd iqu i  e t  a l .
(  1 9 7 8 a , b )

Dat ta  e t  a l .
( 1 9 7 8 a ,  b )

Bras  e t  a l .
(L954, L957)

Stuart E Bras
(  1957 )

Mccee e t  a1 .
(  1976)

St i lLnen e t  a l .
( 1 9 7 7 ) ;  r o x  e t
a l .  ( 1 9 7 8 ) ;
l{uxtable (1980)

contanin-
ation

contamin-
ation

Tandon & Tandon
(  1975)  ;  Tandon,
B . N .  e t  a l .
(1978) ;  Tandon,
I t .D .  e t  a l .
(  1978)  ;
Mohabbat
e r  a L .  ( 1 9 7 5 )

tl i lnot &

Robert6on
(  1920 )

l leliotrooiun
eichwaldii

Crotalaria

@;
Crotalaria
fulva

E "p.

senecio
Iffitouos

nedticine

senecio
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T a b l e  2  ( c o n t d ) .

Indicine N-oiide

Symphytine, syngl-
andine, and other
synphytum alka-
lo ids

I-asiocarpine and
he l io t r ine

Trichodesmine and
incanine

purif ied
chemical

Symphytum sp.

T i i chodesna
lncanum

USA nedicine

USA medicine

USSR contamination

USSR conEaminat ion

Letendre et  a1.
( 1984 )

Ridker et  a l .
( 1 9 8 5 ) ;
Huxtable
e r  a l  ( 1 9 8 6 )

Dubrovinski i
( 1 9 5 2 ) ;
iinushkin
(  19s2  )

q h r a n h A r o  I .

n r l a r r a  I r O i i ) .

i unosov  &
Plekhanova
(  r959 )

a Adapted  f rom:  Cu lvenor  (1983)  and Mat focks  ( f986) .  Refer  a lso  ro  Tab le
15 fo r  de ta i l s  and sec t ion  7 .

d_oses, lrere required in some instances. I t  is possible that
chronic lung lesions may not occur in experimentar. animals
because of early death due to acute toxicity. I{ovever, the
authors identified a number of pAs that were particularl"y
prone to produce chronic lung damage in rats incLuding
crispatine, senecionine, seneciphyl l ine, and usaramine
(l2-nenbered rnacrocycl ic, retronecine diesters), anacrotine
and madurensine (crotonecine esters), and the hel iotr idine
esters, heLiosupine, lasiocarpine, and r inderine.

The molecuLar structureactivity requirements for pneumo-
toxicity are the same as those for hefatotoxicity. i t  L" is
consistent with their both being caus;d by the same toxic
metaboli tes and by the metabolic act ivat ion of the alkaloids
in the l iver celLs to form a reactive pyrrol ic
dehydro-alkaloid (Culvenor et al. ,  1976a)

Trichodesmine and incanine, found in the seeds of
Triclrodesna incanum (yunusov & piekhanova, 1959), are believed
to have been the causative factors of the rrozhalangar
encephaLitisrr that riras endemic in Uzbekistan, USSR (Lg42-51),
in which the synptons and signs were related prinarily to the
central nervous system (Shtenberg & OrLova, 1955) (section
7 . 7 )  .

3.3 pathways of Exposure

Naturally-occurring aninal disease is caused bv the
alkaloid-containing plants gronring in fields and pastures or
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being fed accidentally as fodder. They af,e mostly herbaceous

or smal1 shrubs and many thrive in dry and arid climates. One

such plant containing toxic PA alkaloids has been rePorted to
gror 1tt  the lrestern desert of Bgypt (Hamouda et a1. '  1984).

Ttre growth of thie group of plants is particularly prolific
during, and fol lowing, periods of drought, as has been
reported in associat ion with the outbreaks of human disease in
Afghanistan (Tandon & Tandon, 1975,'  Mohabbat et a1., 1976) and
India (Tandon, B.N. et al.r  1976). Alkalold-containing plants
are widespread in the tropics, especial ly Crotalaria, of which
there are over 300 species in Afr ica. Ordinari ly '  the

alkaloid-containing pLants have a bitter taste and grazitg
animals wiLL reject them, unless their normal fodder is

scarce. llortever, PAs often occur l-argely as N-oxides, which

are said not to be bit ter, and Plants containing PAs are

readily eaten by some animal species.
lluman intoxication may result from ttre ingestion of the

toxic substance in either contamined food or herbal infusion.

3.3.1 Contamination of staple food crops

The products of pyrrol izidine alkaloid-containing plants'
generally seeds, may contaminate the staPle food and may be
eaten over Long periods of t ime. The fagt that these plants
nury cause disease is general ly not recognized by the people

and such contamination is known to have resulted in Large-
scale outbreaks of poisoning (Dubrovinski i ,  L952i Mnushkin,
L952; Shtenberg & Orlova, 1955; Tandon & Tandon, L975;
Mohabbat  e t  a ] . . ,  I976 ;  Tandon,  B .N.  e t  a l . ,  L976,  L977;

Tandon,  R.K.  e t  a l . ,  L976;  Kr ishnamachar i  e t  a l . ,  1977;

T a n d o n ,  H . D .  e t  a l . ,  1 9 7 7 )  ( t a b l e  2 ,  s e c t i o n  3 . L ) .

3 .3.2 l{erbal infusions

Plants have been used tradit ional ly for nedicinal purposes

all  over the world. Herbs have been the nainstay of the
indigenous systems of medicine, especial ly in China, Greece,
and India, since ancient t imes. Table 3 includes a l ist of
some planis that are suspected, or knownr to contain PAs and
have been used as herbal medicines in dif ferent countr ies
( M a t t o c k s , 1 9 8 6 ) .

Several PA-containing plants are included arnong the 1i8t
of plants used in indigenous systems of rnedicioe in India
(Chopra, 1933). As a part of a research study on the
etiological factors of chronic l iver di$ease in Sri Lanka,

Arseculeratne et a1. (1981) chenicaLl 'y screened the f irst 50
plants used in Sri Lankars tradit ionaL medicine pharmacopoaea,

and found that 3 of them contained PAs. A1.1 3 were hePatotoxic
in rats. Of the 3, the presence of alkaloids i" @!1
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Tab le  3 .  Sme p lan ts  conta in ing  (o r  suspec ted  o f  conEa in ing)  pAs,
have been used by people eicher as herbal medicines (I1) or foods

Plant Mode Country or
o f  use  reg ion

which
( F )

Reference9

Anchusa o f f i c ina l i s

Borago o f f i c ina l i s

Cynoglossum
geometricum

CynogLossum
of f i c ina le

Ileliotropium
eichwaldii

I l . europaeum

H. lasiocarpun

H. indicun

H.  ramoss iss imum
]?aiffi)-

H. supinum

Pulmonaria spp.

Syrnphytun officinale
(confrey )

S .  x  up land icum

S.  agperuE

Caca l ia  deconpos i ta
(natarique )

C .  y a t a b e i

BORAGINACEAE

M Europe

M USA

M  E a s t
Af ri-ca

M I ran

Broch-Due & Aasen (1980)

De lorme e t  a l .  ( l -977)

Schoenta l  &  Coady (1968)

c o a d y  ( 1 9 7 3 )

c a n d h i  e t  a l .  ( 1 9 6 6 a ) ;

D a t t a  e t  a 1 .  ( 1 9 7 8 a , b )

IARC (1976)

Kumana e t  a l .  (L985) ;

CuLvenor  e t  a1 .  (1986)

s c n o e n E a r  (  I 9 b 6 a r ;
H o q u e  e t  a 1 .  ( 1 9 7 6 )

B

A

A

Ind ia

l  nd  ia ,
Greece

Hong Kong

Ind ia ,  A f r i ca ,
Souch America,
and elsewhere

Arab ia

Tanzania

usA

Japan and
e lsewhere

USA

Genera 1

USA

USA

COMPOSITAE

USA

Japan

B

A

b

M

M

M a c k s a d  e t  a 1 .  ( 1 9 7 0 ) ;  B
C o a d y  ( 1 9 7 3 )  B

Schoenta l  &  Coady (1968)  A

Delome e t  a l  .  (  1977 )  A

I l i r o n o  e c  a l .  ( 1 9 7 8 ,  1 9 7 9 b )  A

F u r u y a  &  H i k i c h i  ( 1 9 7 1 ) ;  A
D e l o r m e  e t  a l .  ( 1 9 7 7 )  A

H i l l s  ( 1 . 9 7 6  )  B

C u l v e n o r  e t  a l .  ( 1 9 8 0 a , b )  A

P e d e r s e n  ( 1 9 7 5 )  A

S u l l i v a n  ( 1 9 8 1  )  B

Hik ich i  &  Furuya (1978)  B

F ' M

lt

F ,  M

M

M
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T a b l e  3  ( c o n t d ) .

PLant Mode Country or ReferenceS
of  use  reg ion

Farfugiun japonicun

L igu la r ia  denta ta

Petas i tes  japon icus

Senec io  abyss in icus

S.  aureus

S.  bup leuro ides

S.  burcheL l i

S .  coronatus

S .  d i s c o l o r

S.  doron icum

S.  inaequ idens

S .  i a c o b a e a
( ragwort )

S .  lons i lobus
( S .  d o u g l a s s i )

S .  monoens is

S.  nemorens is

"PP:.@
S. pierotci

S.  fe t ro rsus-Ts.-IiEi?6Tlsil

S.  vu lqar is
(comon groundse l )

Svne i les is  Da lna ta

Trichodesma africana

M Japan

F Japan

F,  M Japan

M Niger ia

M USA

M Af r ica

F,  M South  Af r i ca

M South  Af r i ca

M Janaica

M Germny

F South  Af r i ca

M Europe

USA

USA

GerMny

Japan

South  Af r i ca

Europe

Netherlands

I ran

Japen

A s i a

F u r u y a  e t  a l .  ( f 9 7 1 )

Asada & Furuya (198/ r )

l l i rono e t  a l .  (1973,  1979b)

Wi l l iams & Schoenta l  (1970)

I.lade ( L977)

WaLt & Ereyer-Brandwijk
(  1962 )

R o s e  ( 1 9 7 2 )

R o s e  ( 1 9 7 2 )

Asprey  & Thorn ton  (1955)

Roeder  d t  a l .  (1980a)

R o s e  ( 1 9 7 2 )

schoent4 l  &  Pu l l inger  (1972) t

W a d e  ( 1 9 7 7 )

sr i l lmn e t  a l .  (L977) ;

I {ux tab le  (1979a)

Huxrab l€  (1980)

I labs  e t  a l .  (1982)

Asada & Furuya (1982)

R o s e  ( 1 9 7 2 )

Watt & Breyer-Brandwijk
(  1 9 6 2  )

I , Iade (1977)

c o a d y  ( 1 9 7 3 )

Hik ich i  &  Furuya (1976)

o m a r  e r  a l .  ( 1 9 8 3 )

B

B

B

B

M

F

M

M

F

B

B

B

B
B

A

B

A

B

B

B
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T a b l e  3  ( c o n t d ) .

P lan t Mode Country or
o f  use  reg ion

ReferenceS

Crota la r ia  b rev idens  F

C.  fu lva  M

C. incana M

C.  juncea M,

Japan

China

Norway

USA

'.EGII}IINOSAE

East  A f r i ca

Jamaica

East  A f r i ca

Ind ia

Tanzania

As ia

Tanzania

Tanzania

Af r ica

Ind ia

Sri Lanka

Culvenor  e t  a l .  (1976a)

l l i rono er  a l .  (1976b)

Borka  & Onshuus (1979)

Borka & Onshuus (L979);
C u l v e n o r  e t  a l .  ( 1 9 7 6 b ) i

Coady (1973)

B a r n e s  e t  a l .  ( 1 9 6 4 ) ;
Mc lean (1970,  1974)

schoenta l .  &  coady  (1968)

C h o p r a  ( 1 9 3 3 ) ;

Watt & Breyer-Brandwijk
(L962)

Schoenta l  &  Coady (1958)

coady (1973)

C o a d y  ( 1 9 7 3 )

Schoenta l  &  Coady (1968) ;
Coady (1973)

rARc (1976)

Watt & Breyer-Brandwijk
(L962)

Araecu l .e ra tne  e t  a1 .  (1981- )

M

u

M

I1

b

B

-q

A

C.  laburn i fo l ia

C.  mcronata

C .  r e c t a

M

F

M

A

B

B

B

A

C .  r e t u s a  M ,  F

C. verrucosa t ',

g A = Reference in the reference list of this document.
B  =  Reference in  Mat tocks  (1986) .
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all ,  of the plants reported to be et iological agents in human
cases of veno-occlusive disease can be found in an inventory
of medicinaL pLants used in dif ferent couotr ies (WflO, 1980),
vhich also indicates the countr ies that they are used in. The
above lists may not be complete as rnany Buch pLants may be
used in foLk nedicine but have not been mentioned in the
scientific literature. llorrrever, the lists do indicate the
wide and varied use of such toxic herbs in al l  parts of the
wor1d.

Lately, there has beea a growing interest in the deveLoped
countries in organically grovm products fotr food, as weLl as
home remedies (Table 3), and some of the PA-containing herbs
have been freel.y avaiLable in herbal shops (Schoental-,  1968;
Burns, L972). Danninger et al.  (19B3) l isted plants
containing PAs that are comonly used in tlhe Federal Republic
of Germany as medicaments (Table 4). I le also l isted 9 plants
in which aLkaloids have only been identi f ied qual i tat ively,
the toxicity of which has not been, or has been insuf-
f icientLy, irnrestigated (TabLe 5). Sini lar l .y, Roitman (1983)
l isted L0 plants, in which the presence of pAs is suspected or
has been proved and which are used as herbal teas in the USA.
The f. ists incLude 10 plants containing pAs, most of which have
been proved hepatotoxic experimentally, gome having highly
carcinogenic promoter act ivi ty. 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
count r ies  (Ly fo rd  e t  a l . ,  L976;  Sr i lLman e t  aL . ,  L977;  Fox  e t
a l . ,  1978;  Kumana e t  a t . ,  1985;  R idker  e r  a l . ,  1985) .  Such
use of the herbs is the reason that veno-occLusive disease is
endemic  in  Jamaica  (Bras  e t  a l . ,  L954;  Je l l i fe  e t  a l . ,
1954a,b ;  Bras  & Wat le r ,  1955;  S tuar t  &  Bras ,  1 "955,  Lg57) .
There are obvious dif f icult ies in exercising any kind of
controL to restr ict this use only to pla[ts that have been
tested and cert i f ied as safe for human uge. I t  is inpossible
to identify many such herbs, as they ate I sold as piaats or
their amorphous products in the herbal shops.

Manufactured preparations may aLso contain pA-containing
herbs , ,  ! .g .1  comfrey-peps in  capsu les  so ld  as  a  d iges t ive  a id
( I lux tab le  e t  a l . ,  1986) .

3.3.3 Use of PA-containing plants as food

Several PA-containing plants are used as food as can be
seen in Table 3 (Mattocks, 19S6). petasites japonicus Maxim,
Tuss i lago ia r fa ra  L .  (co l i s foo t ) ,  anmale  L .
(comfrey or Russian cornfrey) are kno@ in
Japan, and have been proved to co4tain carcinogenic
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p lan ts  conta in ing  PAs o f  knom hepato tox ic i ty ,
used in the Federal Republic of Germny, and the

PAs contained in thern3

Fanily Genug Spec ies Pytrolizidine
a lka lo ids

Cmpositae Eupatorium

Petas  i  tes

Senec io
(ffii-a".r)

Svmphvtum
(  coml rey ,

E. cannabinum
G;.p ag-ffifiy)

P.  hyb i rdus

S.  nenorens is
'P@
(Fuch 's  g roundse l )

S .  v u l g a r i s
ac.-.i6iiilED'

ambil ine I
supinine!

senecionine!'9
inteeerrinina!
sentirt ine!

fuchs isenec ionin e

senecionine!€

senec ion in& '9
senec loPny l  I  lng
rer ro rs lnd
r idde l l ine ! '9

jacobine!
senecionine9'9
seneciphyl 1ine9
jaco l ine ,  jacon ine
chlorinated PAs9

senec ionine!r9

senkirkine!
senecionine! '9
tuss  i lag ine

7-ange ly lretronec ine
tr iangularine

d ihydroxytr iangu-
la r ine

lycopsamine

lycopsanine/ inter-
medine I

acetyL lycopsanine/
acetyl intermed ine

amabil. ine
supinine

symphytine!
ech in id ine(?)
lycopsamine
acetyl lycopsanine9
las iocarp ine ! ' !
he l iosup ine  N-ox ide

S.  aureus
l16EiTili' golaen

ragwort )

T u s s i l a s o  T .  f a r f a r a
( c o l t s f o o t )  ( c o l t s f o o t )

Alkanna

Anchus a

Boraginaceae Borago

A.  t i nc ro r i a

A .  o f f i c i n a l i s

S .  o f f i c i n a l e
Goffie|)-
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Tab le  4  (contd) .

Fmi ly Genua Spec ies Pyrrolizidine
alkaloids

S. peregrinum

S.  x  uo land icum

S.  asperum
(pr ick ly  conf rey)

Gynoglogsun
( hound I s

tongue)

Ileliotropiun H. europaeum
IiCIT6-otGI lE6iil6FGTiouope)

LvcoosaninJ
interedine9
synphytine|
echinidine9.
7-ace!yllycopsanine
7-ecetyl internedine
symlandine
upLandicine

asperunine
helioeupine N-oxide
echinidine!
echinatine

heliosupine N-oxide

echinetine
acetyl helio-

supineS
O- 7-anselvlhel io--tri<lineq'

heliotrine!. '9r9
lasiocarpine!€€
suPlnlne
heLeurine
europine
acetyllas iocarpine9

h

d

e

Modi f ied  f rom:  Dann inger  e t  a l .  (1983) .

Tq ic  a lka lo ids .
Al-kaloids known to have caused human toxicity.
Alkaloide with highly carcinogenic promoter activlty.
Used only in honeopathy.

pyr ro l i z id ine  aLka lo ids  ( I t i rodo er  a l .  ,  L973,  L979a,b) .  The
young flolref,-stalks of P. japonicus and the buds of coLtsfoot
have been used in Japan as human food or herbaL remedies. The
l-eaf and root of comfrey are also used as an edible vegetabLe
or tonic (Hirono et al.  ,  L978) in Japan and other countr ies
(Culvenor, 1985). The carcinogenic PAs in these plants are
petasitenine (!_. jgpqo&ng), senkirkine (coltsfoot),  and the
group includingE;FE EiiE(cornfrey). They were also mutagenic
in the Ames system of SalnonelLa typhinurium and V79 hamster
cell line and induced t@reserved hamster
embryonic cel ls (Hirono et a1., 1979b). Other such
PA-containing plants, used as food in Japan, include young
leaves of $yneilesis paLnata, various Caial ia species, and
young Senecio pierott i  (Mattocks, L986). According to
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Tab le  5 .  Med ic ina l  p lan ts  conta in ing  PAs,  repor ted  as  comonly  used
in  the  Federa l  Repub l ic  o f  Gernany ,  lhe  tox ic i ty  o f  wh ich  has  no t

been,  o r  has  been insu f f i c ien t ly ,  inves t iga tedS

Fanily Spec ies

Compositae

Boraginaceae

Eupatorium

Brachyg lo t t i s

Arnica

Lappu la

Pulmonaria

E.  per fo ra tum

B.  repens

A.  montana (mounta in  a tn ica)

L ,  i n t e r m e d i a  ( s t i c k s e e d )

P.  o f f i c ina l i s  (  lungwor t  )

a  Mod i f ied  f rom:  Dann inger  e t  a l .  (1983) .

Culvenor (1985), consumers of comfrey could be ingesting up to
5 rng PAs per day. Rose (1972) l isted a number of pLants of
the genus Senecio that are used as spinach in South Afr ica.
These include S. burchel l i ,  which is known to have caused an
e p i s o d e o t r a ! @ r o u g h t h e i n g e s t i o n o f c o n t a m i n a t e d
bread (Wilnot & Robertson, 1920).

3 .3.4 Contaminated honey

In the USA, Deinzer et aL. (L977) 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 rng/kg. I t  has been estimated that an average annual human
intake of honey (6OO g) at the highest alkatoid level quoted
r,rould contain less than 3 rng of PAs (Mattocks, 1986) .
CuLvenor  e t  a l .  (1981)  and Cu lvenor  (1983,  1985)  d rev
attention to the same potential hazard in honey from Echium
pLantagineum, a weed that grows wideLy in Southern AusEffi
and is a major source of honey, yielding an estimated 2000 -
3000 tonnes per annum for human corisumption. Echirnidine is
the major component of the alkaloids of Echium, which are
present in concentrat ions of up to L ng/kg-culvenor (1983)
estimated that individuals may consufle up to 80 g honey/day
with a corresponding alkaloid intake of 80 vg/da1y, i f  only
the Echium honey rdere used. No reports of acute human
toxicity through this source are avai lable.
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3 . 3 . 5  M i l k

PAs have been shown to produce toxic effects via trans-
ference into the niLk of dams (Schoental,  1959). Retrorsine
nas administered oral ly to 17, and intraperitonealLy to 6,
lactat ing rats weighing 185 - 350 g in 5 - L0 mg doses dai ly,
the f irst dose being given during the f irst 24 h after
parturi t ion. The rats received from 1 to L4 doses, the total
intake amounting to 2L - 335 olglkg bodf weight. The Litters
were separated from the mothers for Ll2 h following the
administrat ion of PA to avoid direct contamination of the
forner by Licking. Apparently the nilk production lras not
affected as the stomachs of many of the young, examined
postoortem, lrere distended lrith railk. All animals whose
mothers had received a total dose of 138 ng PA or more died
within 30 days. Many of the young whose mothers had received
smaller doses survived unti l  they were ki l led at 6 months.
Biopsy of the liver of the young at various intervals or at
autopsy sholred marked changes, even in caseg nhere the mothers
did not appear to be affected. Aninals dying at 18 - 30 days
showed hydropic or fatty vacuolat ion of l iver cel ls. In the
l iver of animals dying or ki l led later, various degrees of
haemorrhagic necrosis and increase in the centrilobular
reticulin of the liver, and some thickeninrg of centrilobuLar
veins nere seen. In anir"als that survived 6 months, the
appearance was less abnormal, but some hyperplastic nodules
and bi le-duct prol i ferat ion were aeen. The Lactat ing rats
dosed with the PAs generally survived longer than the suckling
animals and usually did not show any iLl effects, suggesting
that the susceptibi l i ty of the suckl ing rats vas greater than
that of the mothers.

Dickinson et al.  (1976) demonstrated the presence of pAs
in the niLk of dairy cattLe fed or dosed with ragnort (Senecio
.iacobaea). When 4 cows were administerea ttre Arieifl E
naterial at levels of up to 10 g/kg body weight per day
through rumen cannula, PA levels of up to 0.84 ng/kg were
observed in the nilk. Holrever, only one (jacoline) of the
several PAs contained in the plant nas 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 lrere freshly prepared with rumen carrnulae. The kids
lrere separated from their dams and were fed nilk twice a day.
Dried tansy raglrort plant material vi th a PA content. of O.L6"A
(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 L25 nl/kg per day in addition
to ad l ib feeding on alfalfa grass hay. Six PAs lrere isolated
from the plant material:  jacobine, jaconine, jaconl ine,
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jacoziae, senecionine, aod seneciphyl l ine. ui lk samples
col lected twice dai ly showed PA contents of 225
530 ug/l i tre with a rnean of 381 pg/l i tre. No apparent
health effects were noted in the kids, and only ni ld hepatic
damage \ras suspected in the dams, on the basis of Liver
function tests. Fif ty percent of the kids lrere ki l led after
l-0 weeks. No lesions of PA toxicity were seen. The dams were
rebred and appeared nornal throughout the gestation period.
Itowever, three dams aborted at aLmost fuLl tero, and the
fetuses were born dead. One of the dams died short ly after
parturition and showed evidence of severe liver damage
characterist ic of PA toxicity. Another, which del ivered
normall.y, also showed a lesser degree of liver danage at
b  iopsy .

Data relat ing to PA secretion rrere compared with sini lar
earl ier data on cows. Mean secretion of PAs in cows appeared
rnuch higher, e.g., 684 ug/1itre. The authors concluded that
the amount of PAs secreted in the goatrs milk did not cause
any serious deleterious effects in the kids.

Johnson (L976) fed long-term lethal doses of Senecio
jacobaea, by stomach tube, to 6 cows. Feeding started ff i
E-iffifin 30 days post-partum, and continued until what was
considered to be a lethal dose had been fed. The dai ly dose
of the plant ranged from L to 4.4 g/kg body weight, the total
amount fed repre'senting 5 - L5% of body weight over a period
of 54 - L26 days. Five cows died within 98 days; one, in a
moribund state, was ki l led on day 126. The calves suckled for
30 - 126 days. Suckl ing started iurnediately after birth i .n
the case of 4 calves and 10 and 30 days later, respectively,
in the 2 renaining calves. Three calves rilere 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 L6-day lots during 64 days of feeding of the
Senecio plant. Each pooLed sample was administered intra-
gastr ical ly to a group of rats in dai ly doses of 12 nl for L5
- 30 days. A control group of rats were fed rav ni lk from
cowa not fed Senecio. Blood samples of the dams and the
calves were an?@d- for glutanic oxaloacetic transaninase
(cOT), Lactic dehydrogenase (f.off) , and gama-glutamyl
transpeptidase (GGTP). Serurenzyme leveLs in all colts
iadicated stat ist ical ly signif icant deviat ions suggesting
l iver dysfunction, and ihe l ivers at autoPsy had
characteristic features of PA toxicosis. The LDII and GOT
levels in calves were generally abnormal after 20 - 45 days of
suckling. The abnormalities ranged from mild to a 15- to
L70-fo1d increase. One calf  was autopsied at the peak
increase of serurenzymes and was found to have mild focal
hepati t is. No signif icant pathological features nere seen in
the l ivers of other animals, nor of the rats, some of which
were retained for up to 150 days.
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Goeger et a1. (1982) fed dried Seneclo jacobaea (tansy
ragwort) to Lactating goats in a pr6!ffii-ii-757- of the
feed. The niLk contained 7.5 uE PAlkg dry weight. The ni lk
produced by the goats nas pooled and then bottle fed to
appeti te to 2 Jersey bu1l 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 nornal feed and
observed for 6 months, after which they lrere kiLl.ed and
autopsied. In anoEher study, rata nere fed a diet containing
the freeze-dried nilk at 807" level for 180 days with a
calculated total PA intake of 0.96 mg/rat. other groups of
rats nere fed tansy ragnort at dietary LeveLs of 0.01
L0 g /kg  (cor respond ing  to  PA in takes  o f  39 .77 ,5 .04 ,  0 .52 ,  and
0.05 mg/rat).  The calf  l ivers only showqd very ni ld non-
specif ic changes, but the Livers of rats fed tansy ragrirort or
the ni l"k from tansy ragwort-fed goats shoned definite, but
mild, changes including swoLlen hepatocytes, megalocytosis,
biLiary hyperpLasia, and f ibrosis. Histopathological changes
in rni lk-fed rats lrere similar to those in the group fed tansy
ragnort in the diet at 0.01 g/kg. The authors concluded that
there was evidence of PA transfer into milk, which proved
hepatotoxic for rat\  I t  was aLso noted thaE the goats had
been fed high LeveLs of tansy ragnort at the upper l ini t  of
their acceptance, and that the hepatic changes observed in
rats fed high levels of Ini lk, for extensive periods, were
s  l igh t .

Luthy et al.  (1983) produced direct evidence of excretion
of macrocycl ic esters of retronecine of the senecionine and
seneciphyl l ine-type into rat milk. sl l-retronecine, an
3H-necic acid-labelLed senecionine, and seneciphyl l ine were
prepared biosynthetical ly with seedLings of Senecio vulgaris
L. Two lactat ing rats (Ivanovas, Sprague Dawley), weighing
300 - 400 g, were fed the f irst of the second compouad by
stomach tube, in doses of 2.7 mglkg and 5.5 mg/kg body weight,
reepectively. Samples of blood were examif ied 1, 3, and 6 h
after treatment, and those of ni lk 1 and 3 h after. Anirnals
were ki lLed after 6 h. They were found to have excreted
approximateLy 0.087" of the applied radioactivi ty in the nitk
within 3 h, mainly as unidenti f ied tetronecinederived
metaboli tes, and approxinately 0.02% as unchanged PAs. The
highest Levels of PAs and metaboli tes in t issues were found in
the l iver and t-ungs, 6 h after administrat ion.

Candrian et a1. (1984a) al-so demonstrated that Drosophila
melanogaster f l ies fed on ni lk from lactat ing rats that had
been adrninistered an oral dose of seneciphyl l ine showed 1.22
sex-l. inked recessive lethals, compared with 0.3% in controls,
indicating the transfer of the mutagenic propert ies of the PA
v i a  m i L k  ( s e c t i o n  6 . 4 . 7 ) .
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The irnpl icat ions of the above etudies on the possibi l i ty
of carrfover of PAs into foodstuffe of aninal origin are
obvious. However, no reports of hrrman caaes of acute PA
toxicity, ascribed to the conaumption of contaminated nilk,
are avai lable.

3  .3 .6  l lea t

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

3.3.7 Use of PAs as chemotherapeutic agents for cancer

An alkaLoid of @ L. ( indicine N-oxide)
has been found to hffiity and has b&n used
in experimentaL cl inical chemotherapy for cancer (section 7.9).



- 5 5 -

4. METABOLISM

4.1 Absorption, Excretion, and Tissue Distr ibution

4 . 1 . 1  A b s o r p t i o n

There have been few studies on the absorption of PAs in
man, but absorption has been inferred fron studies on t issue
tlistribution and the amounts of alkaloicls and their
metaboli tes excreted in the urine, faeces, and biLe of animals
(  s e c t i o n  4 . L . 2 )  .

Swick et al.  (1982c) measured the transfer of a mixture <if
pyrrol izidine alkaLoids extracted from Senecio iacobaea,
across isolated intestine and stomach segme-iffiorr:-'8ffi.
The alkaloid mixture contained seneciphyl l ine, jacobine,
jacozine, jacol ine, and senecionine. The alkaloids were
transferred across the i leun and jejunum, but not the
stomach. BrauchLi et al.  (1982) compabed the oral and
percutaneous absorption in rat,s of a crude alkaloid mixture
obtained from comfrey (Symphytum off icinaLe t.) .  The mixture
consisted of N-oxides of 7 a1kaloids, principal ly 7-acetyl-
intermedine .ni 7-r".ty1-lycopsamine. A dose of, L94 ng/kg !,ras
either given by gavage, or was applied to the shaved skin and
left for 44 h. After the dermal. appl icat ion, the excreted
N-oxides in urine (up to 48 h) arnounted to 0.L - 0.4' l  of the
dose. After oral dosage the excreted level of N-oxides and
alkaloid bases r 'ras quoted as being 20 - 50 Eimes gr-eater.

4.L.2 Excretion and distr ibution

The excretion and distr ibution of hel iotr ine in rats has
been repor ted  in  Bu l l  e t  a1 . ,  1968.  Young ra ts  (150 g) ,  g iven
the LD5O of hel iotr ine by ip inject io4, were ki l led at
intervaLs, bled quickly, and the organs and t issues analysed.
Heliotr ine $ras present in the l iver after 2 nin (3.77" of totat
dose), the level peaking at 5 min (6.3D, and dropping xo 2.27"
a t  t  h  and 0 .5% a t  2 .5  h .  In  adu l t  ra ts ,  the  leve l  in  the
l iver at 5 h was O.O7"A of the total dose. Five min after
dos ing ,30  -  401(  o f  the  in i t ia l  dose remained in  the
peritoneal cavity, and the blood Level of hel iotr ine rras
60 nglLitre, dropping to 3 mglLitre at I  h. The urinary
excretion of base and metaboli tes other than pyrrol ic
metaboli tes, col lected and measured 16 h after adminisirat ion
of several alkaloids by ip inject ion, is shown in Table 6.
The proport ion of base excreted unchanged increased with the
hydrophiticity of the alkaloid, being 62'l for heliotrine
N-oxide, 30% for hel iotr ine, and only I  L.5% for lasio-
carpine. I lel iotr idine, the hydrolysis product from heLiotr ine
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Tab le  6 .  Ur inary  metabo l i tes  o i  py r ro l i z id ine  bases  in  the  ra t
(  16-h  ur ine)3

ur ine  cons t i tuent  (amount  in  percentage o f  dose in jec ted)

Base adninistered Unchanged
(  ip  in jec t ion)  base

t te l ie  He l io -  He l ie  l te l io -
t r id ihe  t r id ine  t r id ine  t r id ine
trachel- trachel- N-oxide
anthage anthate

N-ox ide

Base
N-oxide

Hel io t r ine
I{el iotr i-ne

N-ox ide
L?siocarpire
He l io t r id ine

t rache lan tha te
l ie l io t r id ine

30
62

I - I . )

40

r r a c e  l u

( 6 2 )  2 . 7

c a .  l  ( 3 5 )

zo

c a .  6

(  c a .  1 )

3  1 5
ca .  1  ca .  10

l .  ) - J  b

5 Z O

(40 )  ( 20 )

3  F r o m :  B u l l -  e t  a l .  ( 1 9 6 8 ) .

and lasiocarpine, was excreted in the form of the N-oxide in
larger quanti t ies after the administrat ion of each- of these
a lkaLo ids .

The distribution and excretion of monocrotaline lraa
studied in rats by Hayashi (1966) who found that 50 - 7O"A ttas
excreted in the urine vithin the first day. llonever, the
analysis was by a non-specific chemicaL method that did not
distinguish between the unchanged alkaloid and its
metabolites. Uattocks ( 1968a) gave toxic pyrtolLzidine
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-oxiEe and
unchanged alkaloid was rapid and almost compLete ln the first
24 h. Excretion bf pyrroles nas also rapid but continued for
a Lit t le longer. For example, in rats given retrosine
(60 ng/kg body weight),  the urine in the f irst 24 h contained
10.62 unchanged alkaloid, 13.32 N-oxide, and 13.42 pyrrol ic
metaboli tes. During the second da1y, onLy 0.12 al.kalola, O.27.
N-oxide, and 1.82 pyrroles were excreted. Bi l iary excretion
also occurred. About one-quarter of an iv dose of retrosine
in rats lras excreted in the bi le as pyrrol ic metaboLites, and
4Z as unchanged aLkaloid; most of this excretion occurred
during the f irst hour afrer rhe inject ion (I , thire, Lg77).

Jago et al.  (1969) gave heLiotr ine iv to sheep; urinary
excretion of the unchanged al.kaloid together with metabolites
(!-oxide, and denethylation and hydrolysis products) occurred
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rapidly and continued for up to 8 h. Excretion in the bile

was onLy 2% ot thax in the urine.
Ths t issue distr ibution of radioactivi ty from a tr i t iated

toxic pyrrolizidine alkaloid analogue vas Etudied by Mattocks
& White (L976) using synthanecine A bis-N-ethyLcarbamate
(40 rng/kg body weight).  The highest concentrat ions of radio-
."t i"- i ty-t .".  

"." i  
in the LivEr (where uetabolism occurs),

lungs ,  k idneys ,  and sp leen ( respec t iveLy ,  3 .97" ,  O.Lg i ( ,  0 .182 '

and 0.277 of the dose given), and about 69i( of the dose was
eliminated in the urine during the first day. Radioactivity

in the expired air waa negligible. The binding of

radioactivi ty in the l iver, and especial ly the lungs, was more
persistent than in other organs. Sini lar results were given

by the semisynthetic pyrrolizidine atkaloid analogue,

retronecine bis-N-ethylcarbamate (ltattocks, L977).
The distribdtion of the uniformly tlC-labelLed natural

pyrrolizidine alkaloid senecionine in lactating mice rrtas
itrrdied by Eastman et aL. (1982). After 16 h, 757" of the
radioactivity had been recovered in the urine, L47" in the
faeces, but only 0.04% was in the ni lk; the Liver -contained
L.gzit . '  The nice were milked using teat cups. Candrian et a1.
(19S5) studied the distr ibution of radioactivi ty in rats given

sna11 doses of senecionine or seneciphyl l ine (0.3

3.3 ng/kg), tr i t iated in the pyrrol izidine (retronecine)

moiety. 
- 

Most radioactivity ltas eliminated in the urine and

faeces within 4 days. Using mass specttooetry, Dickinson et

"1. 
(1976) found a concentrat ion of up to 0.84 ng ?As/l i tre in

the milk of cows fed Senecio jacobaea. Blood levels of

senecionine in rats gir6i-6@S wet. determined by

Culvenor  (197S) .  The leve ls  nere  0 .38 '  O.32 ,  and

0.14  ng / l - i t re  a t  0 .5 ,  1 ,  and 2  h  a f te r  in jec t ion ,  resPect ive ly .
To sumarize, the avaiLable evidence suggests that

ingested toxic pyrrol izidine alkaloids are rapidly metabolized
and that the excretion of unchanged alkaloid and of most
metaboli tes is al-so rapid. Thus, within a fer 'r  hours, only a
relat ively smalL proport ion of the dose r€mains in the body,
much of ttris in the form of netabolites bound to tissue con-
st i tuents. I t  appears inprobable that a signif icant amount of
unchanged alkaloid wil l  remain in the body after the f irst day'

Pyrrolizidine N-oxides are much more atater soluble thar

their parent alkaloids. Indicine N-oxide (which is exceP-

t ionaLly water soluble) is very iapidLy excreted, either

unchanged or conjugated. Thus, indicine N-oxide given iv to

mice, monkeys, or rabbits disappeared ftom the serum with

init ial  ha! ' f- l ives ranging fron 3 to 20 nin (Powis et al"
1979; El Dareer et a1., 1982). over 8O7" of tr i t iur labelLed
indicine N-oxide given iv ltas excreted in the urine of mice or
monkeys w-ithin 24 h (El Dareer et a1., L982)i at' 2 h, the
highest concentrat ions of radioactivi ty nere in the kidneyst
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liver, and intestines. Urinary excretion of
was also rapid in rabbits, but somelrhat slower
(Por ie  e t  a l . ,  L979) .

indicine N-oxide
I.n numan Der.ng6

4.2 Metabolic Routes

The major metabolic routea of unsaturated pyrrol izidine
alkatoids in animals are: (a) hydrol.ysis (of the ester
groups) , ' (b )  I -ox iaa t ion i  and (c )  dehydrogenat ion  (o f  the
pyrrol izidine nucteus) to dehydro-aLkaloids (pyrrol ic
derivatives). Other minor routes of metaboliam are known, but
the three pathways account for the major known toxic effects
of these alkaLoids (Fie. 5). Routes ( l)  and (b) are be!. ieved
to be detoxif icat ion mechanisms. Route (c) Leads to toxic
rnetaboLites and appears to be the major activation mechanism.
Route (a) rnay occur in various t issues, including the t iver
and blood. Routes (b) and (c) are brought about in the Liver
by the microsomal mixed-function oxidase system.

DEHYDBO.
ALKALOID
primary toxic
metabolite

DEHYDRO.
NECINE

!-oxrDE possible f urther metabolites

pyr ro l i z id ine  a lka lo ids  .F ig .  5 .  Ma jor  metabo l ic  rou tes  o f  unsatura ted

4 . 2 . L  H y d r o L y s i s

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 & Mattockst 1960;
Culvenor et al. ,  L976a). The highly nater-soluble necine base
is readi ly excreted, is not accessibLe to the microsomal

^.._^..fu-;.H*.
\
\
? \
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aystem, and iB not act ivated to a toxic metaboli te. Thus,
pyrrol izidine alkaloids that are very susceptible to (enzynic)
hydrolysis have 1ow toxicity (Mattocks, 1.982). A major factor
contr ibuting to resistance to esterase is the steric hindrance
in the acid moiety. Thus, the chain branching near the
carbonyl groups slows hydrolysie allowing the fornation of
relat ively high levels of pyrrol ic metabolLtee; a conformation
of the basic moiety, which brings the t lro ester groups close
together, thus leading to mutuat steric hindrance, cao also
prevent hydrolysis (Mattocks, 1981a).

The influence of hydrolvsis in vivo on alternative meta-
bolic pathways is demonst"aied bfrhe fact that treatment of
rats nith an esterase inhibitor, before giving pyrrol izidine
aLkaloids (or synthetic anaLogues), can lead to greatly
incteased production of pyrol ic metaboli tes fron alkaloids
that are nornal ly susceptible to hydrolysis, but l i t t le
increase in those from alkaloids norlial.ly resistant to
hydrolysis (Mattocks, L98La).

4 .2 .2  N-ox ida t ioo

The N-oxidation of pyrrolizidine alkaloids is induced by
the hepatic microsomal enzJrmes. The N'oxlde metabolites are
highly water solubLe and are rapidly excreted in the urine
(Mattocks, 1968a). Pyrrol izidine N-oxides are not converted
to any signif icant extent to pyrr; l ic metaboli tes by nicro-
somal enzymes (Jago et al. ,  1970i l tattocks & l lhi te, 197la),
and there is no evidence that they ar€ toxic, unless first
reduced to the corresponding basic alkaloids, which can then
be activated by the microsomaL system (Mattocksr l971c).
Thus, it appears that the formation of N-oxi.des represents a
detoxif  icat ion pathway.

4.2.3 Conversion to pyrrol ic metaboli tes

In Laboratory animals, toxic pyrrolizi.dine alkaloids are
netabolized to pyrrol ic derivatives, so-cal led because the
unsaturated r ing of the pyrrol izidine system loses 2 hydrogen
atoma to form what is in effect a pyrrol.e ring (though the
structure is more correctLy a dihydropyrol. izidine). Pyrrol ic
netaboli tes are easi ly detectable in the t issues short ly after
giving a toxic pyrrol izidine alkaloid to an animal, by
treating the tissue with an Ehrlich reageot containing boron
tr i f luoride, when a red colour is produced; this reaction also
occurs lr i th the urine (Mattocks, L968a; Mattocks & ! ' lhi te,
1970). In rats given retrosine, pyrrol ic metaboli tes were
found prineipal ly in the Liver, with highest levels associated
with the microsomaL and soLid debris fract ions and less in the
mitochondrial fraction; low levels were found in the Lungs,
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heart,  spleen, and kidneys, wiBhin 4 h of giving retrosine.
Rats given 60 ug retrosine/kg body weight excreted L4"l of rllre
dose in the urine, within 48 tr.

Pyrrolic metabolites are formed by the hepatic mixed-
function oxidase ayatem, with a requirement for cytochrome
P450, oxygen, and NADPH, as has been demonstrated in vi.tro
(Jago et a1., 1970; uattocks & white, 1971a). convff i iTF
pyrrol izidine aLkaloids to pyrro!. ic metaboli tes by the lung
tissue of the human embryo (Armstrong & Zuckerrnan, 1970), rat
( l la t tocks  & Whi te ,  L97La;  H i tL iker  e r  a l . ,  1983) ,  o r  rabb i r
(Guengerich, 1977) was negligible. The fornation of pyrrol ic
metaboli tes does not proceed via N-oxide intermediates, but
appears to resuLt from an init ial  hydroxyLation of the
unsaturated pyrrol izidine r ing adjacent to the nitrogen atom
(Mattocks & t l tr i te, L97La:, Mattocks & Bird, 1983). This wouLd
lead to a chemical ly unstable intermediate that would be
expected to decompose spontaneousLy to the pyrroLic product.
The prinary pyrolic metabolites (or dehydro-alkaloid) formed
by dehydrogenation of pyrrolizidine alkaloids are chemicaLly
dehydropyrrol izidine esters (f ig. 5). These are highly
reactive compounds that can rapidly react. with t issue
consti tuents or hydrol"yse to the corresponding pyrrol ic
alcohols, or dehydro-necines, which can thus be regarded as
secondary metaboli tes. The Latter can also react with t issue
consti tuents, but nore slowly. Because of their high chernical
reactivi ty, the prinary metaboli tes would be expected to have
a short l i fe in the l iver cel1 (minutes or seconds) before
they are hydrolysed or react with nucleophil ic t issue
consti tuents. Sone rnight escape into the blood stream and
reach other organs, especialLy the lungs. Dehydro-necines are
more stable and also more nater soluble, and can become more
widely distr ibuted throughout the body. However, they are
also capabLe of reacting with t issue consti tuent 's. Thus,
measurements of pyrroles formed from pyrrol"izidine alkaloids
in t issue samples, using a colour reaction (Mattocks & White,
1970), wi l-L not represent a single metaboli te, but mixtures of
the netaboli tes together with various reaction products of
these n i th  t i ssue cons t i tuents .  I t  w iLL  be  seen (sec t ion  5)
thbt pyrrol ic rnetaboli tes are bel ieved to be responsible for
major toxic act ions of pyrroLizidine aLkaLoids (Mattocks,
L972a).

A pyrrol ic metaboli te with reactivi ty nidway between that
of dehydromonocrotaline and dehydroretronecine has been
reported to be formed from monocrotal ine in isoLated, perfused
ra t  l i ve r  (La f rancon i  e t  a l . ,  1985) .  S tud ies  on  th is
metaboli te ( isolated from bi le) indicated that i t  is a
monoester, and that i t  is toxic in perfused rat lung. This
suggests that, monoester pyrroLic metaboli tes may play a part
in the toxic act ions of PAs in extra-hepatic t issues.
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Vlhen rats or other laboratory animals are given a toxic
pyrroLizidine alkaloid, pyrrol ic netaboli tes accumtrlate
rapidly in the l iver (Mattocks, L973i White et a1., L973),
reaching a peak within I - 2 h, then falling slowly during the
next 24 }J. ' ,  the metaboli tes may st i l l  be detectable after
2 days. AccumuLation is especial ly rapid after intraperitoneal
inject ion, a very high level of pyrrol ic metaboli tes being
attained within 20 minl this indicates how rapid the
netabolisn of pyrrol izidine aLkaloids can be.

The level of pyrroLic metaboli tes in rat l iver is
generalLy direct ly related to the amount of alkaLoid given 2 h
previously, at least up to an acute LD5g dose. The pyrrole
level depends on the alkaloid used, and is related to the
acuEe hepatotoxicity of the alkaloid (Mattocks, I972a).

To be converted to the type of chenical ly reactive, toxic
pyrrol ic metaboli tes described above, an aLkaloid must possess
a l-hydroxynethyl pyrrolizidioe systeo, urrsaturated in the
L r2-posit ion (this makes the r ing susceptible to dehydro-
genation), and at least one hydroxyl group Eust be esteri f ied,
usually by a branched-chain acid. Otonecine esters are
converted to similar pyrrol netabolites by a different media
involving N-demethylation. Pyrrolizidine amino-aLcohols
(e.g., retronecine) are not metabol.ized to more than srDall
amounts of pyrroles (Jago et al. ,  1970; Mattocks' 1981a),
possibly because they are too lrater soluble to reach the
rnicrosomal enzJrmes.

The metabolic fornation of pyrroles is catalysed by
cytochrome P450 and specificity exists in the various isozymes
(Guenger ich ,1977;  June ja  e t  a l . ,  1984) .

A few non-toxic pyrrol izidine aLkaloids (e.g., rosmarinine
and hygrophylline) are converted to pyrrolic metabolites in
yilrg (Mattocks, 1973). Such metab;lites are cheroicali!
EiT?erent from the pyrroles of toxic alkaloids, and they are
neither reactive nor toxic (Mattocks & I ' lhi te, 197lb). The
balance of structural features necessary f,or a pyrrol izidine
alkaloid to be converted to give high concentraEions of toxic
pyrrol ic metaboli te 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 Affect ing Metabolism

The fornation of pyrrol ic metabo!. i tes (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 pyrrol izi t l ine alkaloids in vitro using
microsomal preparations from animals pre-tr-6EGi-ii- varioui
ways (rable 7). For exanple, microsomes from rats given the
microsomaL erl.zyme inducers phenobarbitone or DDT (but not
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Table 7. Effect of pre-treatment of male rats on the conversion of pAs

to pyrrolic derivatives and to N-oxides by !-iver microsomes in vitro

A lkaloid Pre-treetEent, and
time before enz)me
measurementa

EnzyEe activity as Reference
Z of controL vaLues

for fomarion of:
Erroi6-s E-oxfdes

retrorsine phenobarbitone, ip, 311
3 x 100 ng/kg,
l - 3 d a y s

retrors ine DDI,  ip,  75 ng/kg,  4O7
3 days

retrorsine 3nethylcholanthrene, 95 (na)
i p , 3 x 2 0 n g / k g ,
I - 3 ilays

retrors ine retrors ine,  ip,  63
35 ng/kg, 20 h

retrorsine protein-free diet, 39
3 days

nonocrotaline phenobarbitone, sc, 448
4 x 75 mglkg,
1 -t 4 daye

nonocrotaline chloramphenicol, se, 10
200 ng/kg, t h

monocrotaline SKF 5254, ip, 75 ng/kg, 10
l h

232 llattocks &
whi te (197la)

203 Mattocks &
$rhi te (1971a)

116 (ns) Mattocks &
whi te (197la)

- Mattocks &
whi te (197la)

- Mattocks &
r.rh i re (1971a)

165 Ch€sney et a1.
(L974)

109 (ns) cheoney et al.
(r974)

87 (ns) Chesney et aL.
(L974)

nE = not significantly different frm controls.

those from rats given 3-nethylchotanthrene) induce greatly
increased pyrrole fornation and smalLer increases in N-oxide
formation, from the alkaloid retrorsine (Mattocks & 

-White,

1971a). Bnz]me preparations from rats treated with inhibitors
of microsomal enzymes, including SKF 525A and chloramphenicol,
are nuch less active in converting monocrotaline to pyrroles
(Chesney et al. ,  L974). The abi l i ty to metabol- ize retrorsine
is dininished in microsooes from rats fed a protein-free diet,
or from rats acuteLy poisoned lrith retrorsine (Mattockg &
Whi te ,  197 la ) .
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The effects of in vivo treatrnent with several tyPes of

enz)rme inducers oi-ffrf toxicity of lasiocarpine and
senecionine for prinary rat hepatocyte cultures waa
investigated by l layes et al.  (1985). Pre-treatment with
phenobarbitone potentiated the cytotoxicity of senecioniae
tonards the cultured celLs, whereas pre-treatment with
3-nethylcholanthrene dininished the toxic action of
senecionine, but had l i t t le effect on lasiocarpine cyto-
toxicity. The cytocidal effects of both alkaloids l tef,e
substantialLy inhibited in the presence of $KF 525A.

4.4 Other Factors Affect ing Metbbolism

Variations between anirnal species have been investigated
by  Vt t r i te  e t  a l .  (1973)  and Shu l l  e t  a l .  (1976) .  For  ins tance,
metabolism to form pyrroles is high in rats and very Low in
guinea-pigs, which, however, have trr igher rates of
N-oxidation. For exampLe, 2 h after an ip dose of retrosine
(100 rng/tg body weight),  the Liver-pyrrole level in maLe rats
was 13 tines higher than that in nale guinea-pigs (!i?rite et
aL., L973). Liver microsome preparations from nale rats were
28 tinres more active than microsomes fron nale guinea-pigs in
the dehydrogenation of monocrotal ine (Chesney & A11en, t973a).

The development with age of the abi l i ty of Wistar rats to
metabolize retrosine was studied by Mattocks & White (1973).

the abi l i ty to form pyrroles is very Lowr in nerrr-born rats,
but, by 5 days of age, i t  is neatly as high as in adult males.
This activi ty continues at a sini lar level in maLe ratsr but,
in females, i t  fal1s after the age of about 20 days unti l ,  by
60 days, i t  is about one-eighth that in males. Such a sex
difference lras not observed in mice (Wtri te et al.  ,  L973).

4.5 other Metabolic Routes

The actions of hepatic microsomaL enzynes on pyrrol izidine
alkaLoids can produce other metaboli tes as weLl as pyrroles
and N-oxides, but there are felr reports of these. Eastman &
segalL (19S2) demonstrated hydroxylat ion of the acid rnoiety of
senecionine by l iver microsomes from femaLe mice. Such
metabolism shouLd not prevent the subsequent conversion of the
product to pyrrol ic or N-oxide metaboli tes. The formation of
other microsomal metaboli tes of senecionine has been rePorted
by  Sega l l  e t  a l .  (1984) .

The O-demethyLation of the acid moiety of hel iotr ine has
been dernonstrated by Jago et al.  (1969) and rePresents a
part ial detoxif icat ion mechanism, since the Product is about
half as toxic as hel iotr ine. Other detoxif icat ion nechanisns
exist in the rumen of sheep (Dick et 41. '  1963; tanigan &
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Srnith, 1970arb), which are, thus, part icularly resistant to
the effects of pyrrol izidine alkaloids.

4.6 Metabolisn of Pyrrol izidioe N-Oxides

As mentioned in section 4.2, the N-oxides of pyrrol izidine
alkaloids are not converted to pyrrol ic netaboli tes by l iver
microsomes. I t  appears that their main route of metabolism in
animals is reduction to the corresponding basic alkaloids,
which nay then be further metabolized as already described.
This reduction has been shonn to occur in the rat or rabbit
gut (Mattocks, 1971c; Powis et al. ,  L979), and may be brought
about by intest inal bacteria or possibLy by gut enzymes. Such
reduction can also be brought about by hepatic microsonal
fract ions (Powis et a1., 1979) in the presence of NADII or of
NADPIi,  and by sheep rumen f luid (tanigan et aL., L970a, b).

The reduction of pyrrol izidine N-oxides in vivo is of
great importance as a step in the bioactivation of these
compounds (Mattocks, l97Lc), as shown in section 4.2.2.

4.7 Metabolisn in l lan

Powis et al.  (1979) found that indicine N-oxide given iv
to 3 human patients as an antitumour drug wao partial"Ly
reduced to indicine base, detectable in the urine and plasma.
Armstrong & Zuckerman (l-970) showed that human embryo Liver
sl ices, but not lung sl ices, converted the pyrroLizidine
alkaloids lasiocarpine, retrorsine, and fulvine to pyrrol ic
metaboLites in vitro.
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5. MECHANISI.{S OF TOXICITY AND OTHER BIOI,OGICAT ACTIONS

5.1  Metabo l i tes  Respons ib le  fo r  Tox ic i ty

5 .1 .1  Metabo l ic  bas is  o f  tox ic i t y

. The toxic effects of pyrrol izidine alkaloids are rnediated
through their toxic metaboLites and not by the alkaloids
themselves. The folLowing observations are evidence for the
above statement (Mattocks, 1972a) :

(a) The alkaLoids are chenical ly rather unreactive and i t
is hard to envisage reactions with cel l  consti tuents that
t.hey could undergo readily under physioLogical conditions.
On the other hand, chenical ly prepared derivatives,
similar or identical to known metaboli tes of these
alkaLoids, are highly reactive and are capable of causing
tox ic  e f fec ts  s imiLar  to  those o f  PAs,  o f ten  a t  dose
leveLs much lower than those required by the alkaloids
themselves.

(b) The l- iver is usuaLly the nain organ affected, $rhat-
.  ever the route of adninistrat ion of the alkal-oid. The

aLkaloids are known to be metabolized in the l iver.

(c) Direct appl. icat ion of these alkaloids to the skin
does  no t  cause locaL tox ic  e f fec ts  (Schoenta l -  e t  aL . ,
L954), nor do cytotoxic effects occur at si tes of
in jec t ion .

(d )  The suscept ib i l i t y  o f  an ima ls  to  the  tox ic  ac t ions  o f
PAs is related to the abi l i ty of the animaL to metabolize
the alkaloids. For example, the hepatic microsomal. enzJrmes
of rats less than t h old have very 1ow activi t ,y towards
re t ro rs ine  and these ra ts  a re  re la t i ve ly  res is tan t  to  i t ,
whereas rats aged severaL days have a high enzyme activi ty
and are highLy susceptible to the aLkaloid (Mattocks &
White, L973). Guinea-pigs are very re$istant to retror-
sine, unl.ess they have been given phenobarbitone, which
potentiates the enzymes that metabolize i . t  (Wtri te et al-. ,
1973)" Rats pre-treated with microsomal enz]rme inhibitors,
such as SKF 525A or chloramphenicol,  have increased
res is tance to  re t ro rs ine  or  monocro taL ine  (A l len  e t  a l . ;
t972; '  Mattocks, 1973) .  In general,  there is a good
relat ionship between the rate of hepatic metabolism of pAs
to  pyr ro le  in  v i t ro  (shu l1  e t  

"1 . ,  
Lg76)  and chron ic

toxicity. nTg-EIfEsistant species, €.g., guinea-pigs,
Japanese quail ,  and sheep, have a Low rate of pyrrole
fo rmat ion ,  wh i le  suscept ib le  spec ies ,  such as  the  horse ,
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catt le, and rat, have a high rate. Notable exceptions are
the rabbit and hamster, which have high rates of pyrroLe
formation, but are resistant. I t  is possibLe that this
may be due to changes in the balance betlreen activation
and the involvenent of other factors, sueh as activi ty of
detoxif icat ion. For example, sheep have a high epoxide
hydro lase  ac t iv i t y  in  the  l i ver  (sw ick  e t  a l . ,  1983) ,
which rnay affect PA detoxif icat ion (Cheeke & Pierson-
coeger ,  1983) .

5 .L .2  IsoLat ion  o f  pyr ro l i c  metgbo l i tes

There is plenty of evidence that many unsaturated PAs are
converted into pyrrol ic esters (dehydro-alkaloids) in the
maromalian l iver (section 4.2.3). These prinary pyrrol ic
metaboli tes cannot be isoLated, because of their high
reactivi ty and rapid rate of hydrolysis. I lolrever, their more
st.able hydrolysis products (pyrrol ic alcohols; dehydronecines)
have been isolated and identi f ied. Thus dehydroheliotr idine
has been obtained from the in vitro incubation of both the
heliotr idine-based alkaloids@arpine and hel iotr ine,
with rat f . iver microsomes (Jago et aL., l97O) and dehydro-
retronecine nas found to be the main detectabLe pyrrol ic
metaboLite in the 1iver, bLood, and urine.of rats injected
with the retronecine-based alkaloid, monocrotal ine (I lsu et
aL., 1973). There is evidence that these material.s are
identical,  i .e.,  the (t)-forn result ing from racemization
during hydrolysis of the parent pyrroLic esters (Kedzierski &
Buh ler ,  1985) .

The results of these studies confirm that rat l iver
enzJrmes convert PAs into metabolites with known cytotoxic
activi ty (section 5.2), and imply that these metaboli tes are
formed via the yet more toxic and short-Lived dehydro-
a lkaLo ids  (Jago e t  a l . ,  1970) .

5.1.3 ChemicaL aspects of pyrroLic metaboli tes

5 . 1 . 3 . 1  P r e p a r a t i o n

Chemical methods are availabLe for converting unsaturated
PAs into pyrrol ic esters (dehydro-alkaloids), the putat ive
prinary toxic metaboli tes, enabling the physical,  chemical,
and toxicological propert ies of the latter to be studied.

Snal1 amounts of dehydro-pyrrolizidine alkaloids are
usually prepared by the reaction of the corresponding alkaloid
N-oxides with either acetic anhydride (Mattocks, L969;
duLvenor et al. , L97Oil or methanolic ferrous sut fat.e
(Mattocks, 1969). The products mugt be protected from
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moisture and from acids, which can cau$e their irmediate
decomposit ion.

A variety of reagents can dehydrogenate the alkaloid bases
to pyrrol ic derivatives, these include nnnganese dioxide
(Cu lvenor  e t  aL . ,  L970arb ;  Mat tocks ,  L96g) ,  po tass ium
permanganate (CuLvenor et al. ,  1970a), chlorani l  (Culvenor et
a1., 1-97Oa), 2r3-dichloro-5r6-dicyanobenzoquinone (Mattocks,
L969) ,  iod ine  (Cu lvenor  e r  a l . ,  1970b) ,  and ary l  th io ls
(Juneja et aL., 1984). Socre PAs are s1ow1y oxidized to
pyrroles by moLecular oxygen (Bick et aL., 1975).

The more stable pyrroLic alcohol, dehydroretronecine
(r ig. 6) ,  is prepared 

- - 
from retronecine .t" iog chlorani l

(Culvenor et al. ,  1970a) or aqueoua potas;iun nitro-
sodisulfonate (Mattocks, 1981c) or from retronecine N-oxide
( isat inecine) using ferrous sulfate (Mattocks, 1969): The
enantiomeric dehydroheliotridine can be prepared from
heliotr idine in similar lrays. Racemic dehydro-hel iotr idine
has been synthesized (Viscontini & Gilhof-Schaufelberger,
1971;  BohLnann e t  a l . ,  L979) .

Fig. 6. structures .f 
, 9")Igt"h_:liotridine (nl = ontnz = H) anddehydroretronecine (Rr = HlRz = OH).

5.L.3.2 Chemistry associated lr i th toxic act ions

Dehydro-pyrrolizidine alkaloids and dehydronecines
(pyrrol ic esters and alcohols) act chemical ly as alkylat ing
(electrophi l" ic) agents, i .e.,  they can react with compounds
possessing electron-r ich (nucleophil ic) groups, 

"rrch 
as

amines, thiols, and some hyilroxyl compounds. The products of
al"kylat ion consist of the ttpyrrole[ moiety covalently bonded
to the substrate molecule. The mechanism of alkyLation is
i l lustrated in Fig. 7 (Mattocks, L972a). An esrer (R = COR)
or hydroxyL group (R = H) attached to the pyrroLe ring via one
carbon atom (i .e. ,  at C7 or C9) is highly reactive, being
easi ly cleaved, leaving a posit ively charged pyrrole moiety
with a high aff ini ty for electron-r ich substrales. pyrrol ic
esters are the most reactive, RCOo being a better tr leaving
group" than t{O. When 2 oxygen functionst are present (as
i l lustrated), either ( in turn) can act as an alkylat ing
centre. Such bifunctional aLkylat ion could lead to cross
l inking of macro'molecul.es (l,fattocks, 1969r. tr{hite & Mattocks,
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5d-:*; dd": ."
+ ROH

Fig .  7 .  Mechan ism o f  reac t ion  o f
nuc leoph i l  (Nu) .

a  pvr ro l i c  a lcoho l  o r  es te r  w i th  a

1972;  Pet ry  e t  aL . ,  1984,  1986) .  t lhen  the  groups  (R)  a re  the
same or similar, C7 is the more reactive site. Examples of
such alkylat ions using pure chemicaLs (amines or alcohol) have
been g iven by  Mat tocks  (1969)  and Cu lvenor  e t  a l .  (1970a) .
Mattocks & Bird (1983) showed that a variety of nucleophiles
of bioLogical interest could be alky1-ated by dehydroretro-
necine. Black & Jago (1970) demonstrated the in vitro
alkylat ion of DNA by dJhydroheliotr idine, and Roberts6i-@
and Wickramanayake et al. .  (1985) the alkylat ion of deoxyguano-
sine by dehydroretronecine. The alkylat ion of mouse or rat
l iver DNA by pyrrol izidine alkaloids has been shown in vivo by
Eastman er  ;1 ;  (1982)  and candr ian  e t  a l , .  (1985)

5 .L .4  Poss ibLe fu r ther  metabo l i tes

The possibi l i ty that pyrrol ic metaboli tes of PAs night
themselves be metabolized by microsomal enz)rmes to further
cytotoxic derivatives $ras suggested by Guengerich & Mitchel l
(1"980). These authors showed that the tr i t ium-Labe11ed model
compounds 1r2,3-tr imethylpyrrole and l-methyl-3-4 bishydroxy-
methylpyrrol-e could be metabolized in rats or by rat l iver
rnicrosomes to unidenti f ied derivatives abl-e to bind covatentLy
to  p ro te ins  and nuc le ic  ac ids .  I t  i s  poss ib le  tha t  l i ve r
damage, seen in some rats given iv inject ions of pneumotoxic
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pyrrol ie eaters, night have been due to metaboli tes of the
latter forned in the l iver (Uattocks & Driver, 1983). Segall
et al. (1985) have identified trans-4-hydroxy-2-hexena!- in an
in vitro mouse Liver microsomal system metabolizing the pA
ffiine and suggested that it might have been formed fron
the alkaloid via a pyrrolic intermediate. The compound is
capable of causing liver damage and rnight contribute to the
acute hepatotoxicity of senecionine and other aLkaloids.
Honever, this has not been proved, and the highly reactive and
toxic prinary pyrrolic rnetaboLites from PAs are themselves
capable of causing the knol,rn hepatotoxic effects of these
aLkaLo ids .

5.2 Toxic Actions of Pyrrol ic Metbbol" i tes

Pyrrol ic derivatives prepared chenicalLy 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 act iottsT

5 . 2 . 1  A n i m a l s

5 .2 . t .L  Pyr roL ic  es te rs  (dehydro-a lka lo ids)

Dehydro-pyrrol izidine alkaLoids are very reactive and
their effects in vivo are largely confined to the f irst
tissues they enGGE When given oralLy to rata, they are
destroyed almost inurediately in the aqueous acid of the
stomach and show no toxic act ion. I , lhen given ip, they cause
severe loca1 irr i tat ion and peritonit is (! lattocks, 1968a;
But le r  e t  a l . ,  L970) , '  subcutaneous in jec t ion  leads  to  sk in
Lesions (Hooson & Grasso, 1976). After iv inject ion of
pyrroles, such as dehydromonocrotal- ine (monoct 'otal ine
pyr ro le ) ,  in to  the  ta i l  ve ins  o f  ra ts ,  the  tox ic  in ju r ies
appear principal ly in the lungs. Depending on the dose, these
include vascular lesions and pulmonary oedema (Plestina &
Stoner, 1972); a progressive alveolar prol i ferat ion similar to
that produced by very rmrch larger doses of the pareot alkaloid
(But le r  e t  a l . ,  L970)  and pu lmonary  hyper tens ion  (n i lL iker  e t
al. ,  1983). Dehydromonocrotal ine does not require further
metabolism to expresa i ts pneumotoxicity, bnd i t  is rapidly
rendered inactive after exposure to aqueous media (Bruner et
al. ,  1986). Sirni lar pneumotoxicity is produced by totalLy
synthetic pyrrol ic esters having a simpler structure but the
same type of chemical reactivi ty as the aLkaloid derivatives
(Mattocks & Driver, 1983), thus confirming the chemicaL
mechanism of this act ion.

Inject ions of dehydro-pyrrol izidine alkal.oids or synthetic
analogues into mesenteric veins of rats lead to l- iver damage
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after smaLler doses than the alkaloids themseLves (Butler et
al. ,  1970; Shumaker et al. ,  L976). The Liver danage dif fers
somewhat from the alkaloid damage, consistent with the toxin
being introduced via the hepatic vascular system rather thao
being produced within the hepatocytes, as is the caee nith the
alkaLoids. Nevertheless, the progressive l iver lesions are
very similar to those produced by PAs (Butler et a1., 1970).
The Lung damage after tai l  vein inject ions bears a cloeer
resemblance to pyrrol. izidine danage, since the latter is also
believed to be caused by netaboli tes entering the lungs via
the bloodstream (Barnes et al.  ,  1964).

5.2.L.2 Pyrrol ic alcohols (dehydro-necines)

Dehydroheliotr idine (Fig. 6), a secondary pyrrol ic metabo-
Lite from hel iotr idine-based PAs, such as hel iotr ine aod
lasiocarpine, is less acutely toxic than i ts parent alkaloids;
i t  has an LD56 (Z aays) of about 250 urg/kg body weight in
mice (Percy & Pierce, L97L). I ts effects on 14-day-o1d rats
were studied by Peterson et aL. G972). A11 rats given ip
doses of 0.4 mrnol/kg body veight survived, but a dose of
0.6 mo1/kg kiL1ed most animals ! ' r i thin 10 days. Toxic effects
r,rere mainLy found in rapidly deveLoping tissues. In young
rats, i t  caused fur 1oss, tooth defects, and atrophy of hair
folLicles, gut mucosa, spleen, thymus, test is, and bone
narrorr. The Lungs vere not affected. Pathological effects in
the Liver were confined to necrosis of isolated cel l"s and
antimitot ic act ion, wtr ich was manifested as a rniLd megalo-
cytosis (development of giant hepatocytes) in rats surviving 4
weeks or more. The persistent antimitot ic act ion of dehydro-
heLiotr idine and of i ts parent aLkaloid lasiocarpine in the
tiver of rats was investigated by Samuel & Jago (1975), who
Located the mitot ic block as being either late in the DNA
synthetic (g) phase or early in the post synthet. ic (G2) phase
of  the  ce l l  cyc le .

Dehydroheliotr idine is aLso carcinogenic. Peterson et al.
(1983) showed that rats given 9 ip inject ioos of this compound
(50 - 76.5 ng/kg body weight) over 23 weeks had a shorter l i fe
span and suffered a significantly higher incidence of tumours
than control rats. The authors concluded that dehydrohelio-
tr idine is responsibLe for some, or possibly a1.1, of the
carcinogenicity of i ts parent alkaloids.

Dehydroheliotridine was found to be teratogenic when given
ip to female hooded rats on the 14th day of pregnancy. A dose
of 4O mg/kg body weight produced effects siniLar to those
produced by the alkaloid heLiotr ine at a dose of 200 ng/kg
(Peterson & Jago, 1980). For the immunosuppressant act ivi ty
o f  th is  compound,  see sec t ion  6 .4 .10 .
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The toxic act ions of dehydroretronecine (DHR) (Fig. 7)
when given sc to rats are similar to those of dehydrohelio-
tr idine (I tsu et al. ,  t973; Shumaker et aL., L976). RePeated
large doses aLso caused ulceration of the glandular stom:rch.
Daily sc doses (4 ng/kg body weight),  adminlstered to rats for
1 week, caused lung damage leading to right ventricular hyper-
trophy (I luxtabLe et al. ,  1978). DIIR was carcinogenic when
applied repeatedly to mouse skin (Johnson et al. ,  L978;
Mattocks & Cabral,  L982).

5 . 2 . 2  C e L l  c u L t u r e s

Dehydroheliotridine and dehydrosupinidine both have an
i.nhibitory action in cultures of KB cel ls (human epidernoid
carcinoma of the nasopharynx) wittr ED50 concentrations of
10 -4 mol and 10 -5 mol, respectively (Culvernor et a1. ,
1 9 6 9 ) .

Bick & Culvenor (1971) found dehydroheliotr idine ( lun) to
be considerably more effect ive than the alkaloid hel iotr ine in
suppressing ce11 division and causing chromosome breaks, in
cultures of leukocytes from the marsupial Potorus tr idactylus;
at a concentrat ion of 6 x Lo-s mol, the mitot ic index was
zero, and more than half the cel1s had disintegrated. In a
study by Mattocks & Legg ( 1980) ,  dehydroretronecine and
several synthetic analogues conpletely inhibited celL division
in a cultured rat l iver cel1 1-ine at a concentrat ion of
10-a  mol .  Ord  e t  a l . ,  (L985)  found tha t  DI IR induced s is te r
chromatid exchange in human Lynphocytes without the need for
metaboLic activation. Analogous pyrrol.es with only one
functional (reactive) group $rere much less dffect ive. Dl lR was
also weakly active in induciog mutations in the SalmonelLa
typhirnuriurn base substitution strain, TAg2, and gav-lGfffi
results in an in vitro cel. l  transformation test using a
cu l tu re  der ived  F-mster  k idney  ce lLs  (s ty les  e t  a l . ,
1980 ) .

The toxicity of the pyrrol ic ester, dehydrononocrotal ine,
for cuLtures of mouse f ibrobl-asts was studied in vitro bv
Johnson (1981). The level of exposure was appro*ff iGTi- i  ng
per ce1L. Cel1 death was preceded, f irst by the swell ing and
disruption of organelles, incl.uding mitochondria, and then by
the rupture of plasma membranes with the release of celL
components.

B ick  e t  a l . ,  (1975)  inves t iga ted  whether  the  e f fec ts  o f
PAs on leukocyte cuLtures of Potorus tr idactylus r i /ere due to
p y r r o l i c m e t a i o l i t e s . L e v e l s - i - F - d - i r r y d : f f i  . z i n e s , w h i c h
could be demonstrated in the culture media, were insuff icient
to account for the observed effects of hel iotr ine,
lasiocarpine, and monocrotal ine on the cel ls, but the actual-
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amounts formed within the cells may have been higher than
those observed.

5.2.3 Possible part icipation of membrane l ipid peroxidation

Distinct increases in NADPU- and ascorbate-dependent
peroxidation of microsomal membrane f.ipids were found in rats
given hel iotr ine subcuraneously (300 ng/kg body weight) (Savin
1983). The primary biochenicaL interactions and cel lular
mbcromoLecular targets for the pathogenesis of PA-induced
toxicity remain unidenti f  ied.

5.3 Chenical and Metabolic Factors Affect ing Toxicity

The toxicity of an alkaloid depends on the extent to which
it  is converted into active metaboli tes and on the disposit ion
and reactivi ty of these metabol" i tes, once formed.

5.3.1 StructuraL features -of a toxic aLkaLoid

The essential structural features of a hepatotoxic pA
( F i g .  8 )  a r e :

(a) a l-hydroxynethylpyrrolizidine ring system unsatur-
ated in the 112-posit ion, with preferably a second
hydroxyl group in the 7-position;

(b )  es te r i f i ca t ion  o f  a t  leas t  one o f  the  hydroxy ls ,
though toxicity is much greater when both hydroxyls
are esteri f ied; and

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

The above requirements apply to natural pAs but, str ictLy
speaking, onLy the r ight hand (pyrrol ine) r ing is essential,
being the r ing that is metaboLized to a pyrroLe derivative.
Thus, esters of 2,3-bis-hydroxynethyl-L-rnethyl-3-pyrrol ine
(synthanecine A) (f ig. 9) have pyrrol izidine-l ike heparo-
toxicity (Mattocks, L97la; Driver & Mattocks, 1984).

StructuraL requirements for N-oxides are the same as those
for the hepatotoxic alkaloids. l lor iever, i t  is. important to
note that a PA N-oxide is not hepatotoxic i tself ;  toxici ty
depends on it Teing reduced to the corresponding basic
alkaloid, chief ly in rhe gur (Mattocks 1971c), bur possibly in
other organs, such as the l iver (powis et aL., 1979).
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F i g . 8 .  E s s e n t i a l  s t r u c t u r a l  f e a t u r e a  o f  a
a lka lo id .

hepato tox ic  pyr ro l i z id ine

F ig .  9 .  S t ruc ture  o f  syn thanec ine  A.

5.3.2 Activation and detoxication

Factors affect ing the proport ion of aq ingested alkaLoid
that is converted into toxic netabolites irl an animal include
the fol lowing:

(a )  L ip id  so lub i l i t y

Highly vater-soluble alkaloids (such as indicine) are
easiLy excreted and have low toxicity. A,Lkaloids that ,ere
more lipophilic are mof,e open to acdivation by liver
microsomes (Mattocks, 1981a).
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(b) Subceptibi l i ty to hydrol.ysis

This is detersrined by the molecular structure and
conformation of the alkaloid (Mattocks, 198l.arb). I f  the
alkaloid is open to esterase attack, i t  may be Largely
detoxif ied by hydrolysis.

(c) S""""pt lUif i ty to N.

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
(Mattocks, L972b)-

5 .3 .3  Fac tors  a f fec t ing  the  tox ic i ty  o f  ac t i ve  metabo l i tes

5 .3 .3 .1  React iv i t y  o f  the  metabo l i te

Toxic metaboli tes are formed in Liver cel ls. Primary
pyrrol ic metaboli tes (dehydro-alkaloids) are very reactive
and, thus, are quickly hydrolysed or deactivated by reaction
with celL consti tuents. To damage t issues other than the
ceLls in which they are formed, act ive metaboli tes must cross
the ceLL membrane and survive whiLe being transported in the
bloodstrearn. The more stable pyrrol ic metaboli tes, such as
dehydromonocrotaLine from the alkaLoids monocrotal ine, are
able to reach, and become bound to, Lung t issue (Mattocks,
L973) .  Thus, monocrotal ine frequently danages the lungs,
whereas retrorsine, which yields a more reactive pyrroLic
metaboli te, normalLy does not.

Secondary  metabo l i tes  (pyr ro l i c  a lcoho ls ,  e .g . ,
dehydroretronecine), formed by the hydrolysis of primary

?yr ro l i c  metabo l i tes ,  a re  water  so lub le ,  re la t i ve ly  s tab le
compounds that can become nore 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 alkylat ing agent is affected by
the number of reactive ester or hydroxyl groups (f  or 2)
present as the fol lowing examples show:

(a) Many pyrrol ic esters can cause acute lung damage when
given iv to rats, but only bifunctional ones aLso cause
delayed effects on the lungs (Mattocks & Driver, 1983).
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(b) Bifunctional pyrrol ic alcohols are more effect ive

irririUitort of nitosis in cultured cells than

monofunctional pyrrotes (Mattocks & Legg, 1980).

(c) Bifunctional pyrrol ic alcohols are much better

inducers of sister chronatid exchange ($cE) in lynphocytes

than monoalcohols (Ord et al. ,  1985).

Reasons for these differences night be that the

bifunctional pyrroles are able to crossl ink macromolecules or

sinply that they can bind more strongly to target molecules'

5.4 Metaboli tes Associated with the Biological Actions

5.4 .1  Acute  hePato tox ic i ty

The fo!.lowing is good evidence that acute liver necrosis

is caused by prinary pyrrol ic ester metaboLites
( dehydro-alkal-oids ) :

(a) The l iver, in which these metaboll tes are formed, is

the only organ exposed to them in relatively high

concentrat ions.

(b) There are good correlations between amounts of

pyrroles bound to l iver t issue and acute hePatotoxicity
(Mattocks, L973).

(c) Pyrrol ic aLcohols are not acutely hePatotoxic, even

when given to animaLs in very large amourrts.

(d) Pyrrol ic esters injected iv into the l iver are much

more atutely hepatotoxic than the parent alkaloids (Butler

e t  a l .  ,  1 - 9 7 0 ) .

I t  is possible that other metaboli tes; such as 4-hydroxy

2,3-unsaturated aldehydes, might aLso cootf, ibute to the acute

hlpatotoxicity of some PAs (SegaLL et a1',  L985)'  Hovever'

this has st i l1 to be confirmed.

5.4,2 Chronic hepatotoxicity

The persistent antimitotic action on the liver that leads

to the fornation of giant hePatocytes can be produced both by

pyrro!.ic ester metabolit"", such as dehydromono-crotaline (Hsu

i t  a l . .  1973) .  and bv  pvr roL ic  a lcoho ls r  such as  dehydro-
hel iotr idine (Peterson eC al. ,  1972). Both kinds of meta-

bol i tes can lead to similar alkylat ion Products and both are
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l ikely to be present in the l iver when the aLkaloids are
netabolized. Thus, either could be responsible for chronic
hepatotoxic effects. l lo$ever, the antimitot ic act ion alone is
not suff icient. I t  mrrst be accompanied or fol lowed by a
stimulus of ceLl division. This nay be provided by the acute
necrotic effect of prinary pyrrol ic melaboli tes 

-or 
by any

other cauae of acute l iver injury that leads to i i""rr.
regeneration. In very young animal-s, the st imulus can be the
erf ianced rate of repl icat ion that already exists in them.

5.4.3 Pneumotoxicity

Characterist ic pyrrol izidine Lung damage is produced by iv
inject ions of pyrroLic ester metaboLites, which are effect ive
at much lower doses than the parent alkal.oids. The Latter are
not metaboLized in lung t issue; thus, lung darnage from pAs is
bel ieved to be due to pyrrol ic esters reaching ihe lungs from
the l iver (ButLer et aL., L}TO). Chronic lung damage Jpp..."
to be caused by bifunctional rather than by monotunctional
qyrrol ic alkylat ing agents (Mattocks & Driver, L9g3) (sectioa
5  . 3 . 3 . 2 )  .

There is some evidence that pyrrol ic alcohoL metaboli tes
rnight al-so be able to contr ibute to chronic (but not acute)
pneumotoxicity (Huxtable et al-. ,  L978).

5 .4 .4  Tox ic i ty  in  o ther  t i ssues

Chronic heart damage including r ight ventr icular hyper-
trophy is a consequence of pyrrol izidine lung damage
(pulmonary hypertension) (Hayashi et al-.  ,  1967). Brain damage
is attr ibuted to armonia intoxication secondary to severe
pyrrol izidine l iver injury (t looper, L972). This view has been
contested and some PAs are knovrn to have direct effects on the
central nervous system (section 6.4.3). There is no evidence
that PAs are appreciably metabolized in t issues other than the
1iver. Thus, damage to other organs is probably due to
metaboli tes transported from the 1iver. For example, in the
relat ivel-y unconmon cases of chronic kidney ainrage after
pyrrol izidine intoxication (Hooper, 1974: I tooper & Scanian,
L977,) megalocytosis in this organ suggests that pyrroLic
metaboli tes (either ester or alcohol.) are involved. Overal l ,
patterns of disease, as observed in extra-hepatic si tes, are
consistent with a rrspi l loverrr effect of the pyrroles produced
in  the  L iver  (Hooper ,  1978) .  Tox ic i ty  o f  an  a l -ka lo id  ie f lec ts
its rate of netabolism to a pyrroLe (Tuchweber et al.  ,  Lg74)
and so the spiLLover effect is l ikely to be more evident at
higher doses. Studies of Culvenor et al.  1976il  suggest that
the PAs that are hepatotoxic for rats should also le Dneumo-
toxic when administered at higher doses. In acute poisoning,
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the hepatotoxic effects could outrileigh the pneumotoxic effects
or those on other organs, to such a degree that the latter are
not manifested. Variat ion in expression of disease (prinari ly
hepatic or extra-hepatic) also depends oo the reactions of
host t issues in dif ferent species of animals, in addit ion to
the quanti t ies of the pyrroLes (Hooper, 1978). The sensit ivi ty
of the blood vessels might explain severe interst i t ial
pdeumonias in some animals, or severe nephroses in pigs
(McGrath et aL., L975)

5 .4 .5  Carc inogen ic i ty

The pyrrolic aLcohoLs dehydroretronecine and dehydro-
hel iotr idine are known carcinogens (John$on et al. ,  L978;
Peterson et aL., 1983), whereas the pyrrol ic eaters dehydro-
monocrotaline and dehydroretrorsine are only carcinogenic in
conjunction with a tumour promotor (Mattocks & Cabral,  L979,
L982). This suggests that the more persistent secondary
metabol- i tes (pyrrol ic alcohols) night accolrnt for the rather
weak carcinogenicity of some PAs.

5.4.6 Anti tumour activi ty

Some PAs and their N-oxides are active as tumour
inhibitors in test system-s (Culvenor, 1968; Suffness &
Cordel1, L985). Indicine N-oxide, in part icular, showed high
activity against 816 meTanoma, su$mary r xenograft, M5076
sarcona, P388 leukaemia, and Walker 256 carcinoma. In
cl inical studies, indicine N-oxide has shom signif icant
activi ty against some forms of leukaemia, with dosage l ini ted
roainly by nyelosuppression and sometimes by hepatotoxicity.
I t  is tempting to suppose that this act ion is reLated to the
polverfuL antinitot ic act ion of their pyrrol ic metaboli tes,
even though some of these alkaloids and derived pyrroles are
themselves carcinogenic. On the other hand, there is evidence
suggesti trg that indicine N-oxide owes i t  act ivi ty to a
property of the compound i tEelf rather than to the pyrrol ic
metabolites, which could be formed through reduction to
indicine (Powis et al.  ,  L979). The evidence, that indicine is
less effect ive than indicine N-oxide. is not conclusive and
other structure-activi ty data-(Uil towsky, L985) point to a
need for a structural capability to form a pyrrolie
metaboLite. I t  is also possible that irrdicine N-oxide is
converted directly to dehydroindicine by nitochondrGl enzynes
in Liver or tumour cel ls, since the type of reaction required
has been observed in the nitochondrial metaboLism of the
N-oxides of tryptamine alkaLoids and certairn nethyLated amino
a c i d s  ( F i s h  e t  a l . ,  1 9 5 6 ;  S r n i t h  e t  a l . ,  1 9 6 2 ) .
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5.5 Prevention and Treatment of Pyrrol izidine Poisoning

There is no known vay to prevent pyrroLizidine liver
damage, once a hepatotoxic dose of the alkal.oid has been
ingested. A number of dietary regimes have been found to
part ial ly protect animaLs (chief ly rodents) from the acute
effects of subsequent alkaLoids ingestion. None of these are
of any practical use for preventing pyrroLizidine intoxication
in Livestock. Furtheroore, chronic toxic effects in the l iver
or in other organs are sometimes more severe in animals
receiving higher doses of alkaloids after being protected
against acute hepatotoxicty.

5 .5 .  1 Modif ied diet.s

The mechanism of act ion of modif ied diets is not clear,
but they may be associated with the decreased metabolic
activation of the alkaloids. Sone examples foLlow:

(a) A protein-r ich diet can give some protection to rats
against Senecio jacobaea alkaloids (Cheeke & Gorman,
1974). 6ts--?a?:;TEE-asein dier survived longer than
rats given a'norrnal diet,  when poisoned with retrorside or
riddelline, but the survivors lrere more liable to develop
liver tumours (Schoental & Head, L957). However, vhether
this l tas sinply due to a prolongation of Life of the
animaLs by the diet is open to question.

(b) Male rats previousLy fed a sucrose-only diet fot 4
days were considerably protected against the acute hepato-
toxicity of retrorsine ( lnt6 l2O ng/ke body weight
compared with 34 ng/kg in normaL rats). Ilovever, lung
damage, rare in control rats, rdas frequently seen in
rrprotectedrr rats given high doses of retrorsine (Mattocks,
t973) .

(c) Restr ict ion of feed intake to 4O"l of norm€rl
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. Furthermorer the percentage of
diet-restr icted animals that survived was signif icantly
higher than that in aninals that had eaten ad libitun up
to day 28, but, from this time onwards, there was no
difference. Alterat ions of dietary sodium intake alone
did not affect the results of monocrotal ineinduced
tox ic i ty  (Ganey e t  a l . ,  1985) .
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5.5.2 Pretreatment to enhance the detoxication of act ive

Treatments that have afforded some protection against
pyrrol izidine hepatotoxicity (probably by increasing the l iver
Level of suLfydryl compounds, which are known to react rtith
pyrrol ic netaboli tes) (white, 1976) include the fol lowing:

(a) Pre-treatment of rats with mercaptoethylamine (L50
rng/kg body weight ip) part ial ly protectdd rats against the
acute hepatotoxicity of monocrotal ine Siven 15 min later
( l tayashi & Lal ich, 1968); i t  gave no protection when
administered 2 h after the alkaloid. Mercaptoethylamine,
when given oral ly (300 mg/kg body weight) at the same t ime
as the lasiocarpine, also increased ther resistance of rats
to  the  a lka lo id  (Rogers  &  Newberne,  1971) .

(b )  Cys te ine  (12  in  the d ie t )  par t ia l l y  p ro tec ted  ra ts
aLka lo ids  (Buckmaster  e t  a l - . ,

monocrotal ine (Miranda et a1.,
against Senecio
L977) and mice against
198 lc  )  .

(c) The antioxidant ethoxyquin fed at a 1evel of 2.5 glkg
diet to female mice for 38 days, increased the l iver thiol
concentrat ion and raised the acute LD<n of monocrota-
l ine, given ip on the LOth day, to 364 rf l tg 

"orp.red 
with

243 mglkg  in  cont ro l  m ice  (Mi randa e t  a l . ,  1981a) .

(d) Rats or mice also had increased resistance to acute
pyrrol izidine hepatotoxicity when fed the antioxidant
butylated hydroxyanisoLe (BHA) (,rp to 7.5 elke diet)
(Mi randa e t  a l . ,  1981c ,  1982a,b ;  K im & Jones ,  L982) .

(e) Hel- iotr ine-induced toxicity can be modif ied by the
co-administrat ion of cupir (a copper-containing complex)
at a level,  of 1 rng/kg per day for 20 days. I t  prevented
the exit  of hepatic cytosol ic enz5rmes into the bLood and
improved al l  the energy reactions studied in the mito-
chondria of hel iotr ine-intoxicated rats (Yuldasheva &
Sul tanova,  1983) .  Inh ib i t ion  o f  l ip id  perox ida t ion  by
cytoplasrnic copper was shown later (Witt ig & Stephen,
1964). Savin (1983) found that lethal i ty to rats of
hel iotr ine (300 nglke sc) r"as completely prevented by
co-administrat ion of o-tocopherol (6 mL/kg ip).

(f)  Rats pre-treated with ip doses of zinc chloride
(72 wol/kg body weight) had increased resistance to the
hepato tox ic i ty  o f  Senec io  jacobaea a lkd lo ids ,  as  assessed
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by histology and enz)rme measurements (Miranda et al.,
1982c). The zinc treatment increased the l iver level of
metal lothionein, a sulfhydryl-r ich protein that might
react lr i th pyrrol" ic metaboli tes.

Metabolic inhibitors of the microsomal p450 mixed-function
oxidase systemr SKF 525A, metyrapone, and alLyl isopropyl
acetamide, which inhibit  the formation of toxic pyrroles in
the l iver, have been tr ied successful ly in the prevention of
the toxic effects of monocrotal ine in rats (Eisenstein &
Huxtable, L979). The use of P450 inhibitors was stated to
show rrpotentiaL therapeutic promisett.  l lovever, this would
seem impracticable considering that, at Least in the rat, PAs
undergo a high rate of metabolism coumencing a fen minutes
after ingestion (Mattocks, L972b). 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  t rea tments

Lanigan & Whittem (1970) attempted, unsuccessfulLy, to
protect sheep against l lel iotropium europaeum poisoning by
treating them rrith cobalt, in the hope that this would enhance
the vitamin 812-mediated detoxication of the alkaLoids in
the  rumen (o ick  e t  aL . ,  1963) .

Lanigan et aL. (197e) found that the resistance of sheep
to dietary l lel iotropium europaeum was increased by giving thern
Large dai ly doses of the antimethanogenic drug, iodoform.
I lolrever, Swick et al. ,  (1983) found that Senecio jacobaea
alkaloids were not detoxif ied by incubation for ZB h -IEh
sheep rumeo fLuid in vitro.
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6. EFFBCTS ON ANIMALS

6.1 Patterns of Disease Caused bv Different Plant Geaera

The most important genera of PA-containing plants l ist 'ed
i n s e c t i o n 3 . 1 a r e a 1 1 h e p a t o t o x i c . A m o n g t h e s e ' @
spp. cause damage in the broadest range of t issues in most
domestic species. In pigs, tbey are known to be severely
nephro tox ic  (Peckham e t  a l . ,  L974;  McGrath  e t  a l . ,  1975;
Hooper & Scanlan, L977). Some species are known to be pneumo-
toxic for horses (Watt & Breyer-Brandwijk, 1962; eardiner et.
a l . ,  1 9 6 5 ) ,  c a t t L e  ( S a n d e r s  e t  a l - . ,  L 9 3 6 ;  B e r r y  &  B r a s ,  1 9 5 7 ) ,
sheep (Laws, 1968), and pigs (Peckharn et a1..,  L974; I looper &
Scanlan, L97'1), as welL as hepatoEoxic.

Al-though several Crotalaria spp. are known to be pneumo-
toxic for horses (caEi;,e-?-?fAT;, 1965) , c. rerusa is an
exception. It is an important cause of diseiffi-*-rses in
northern AustraLia (Hooper, 1978) and has been shown to be
pneumotoxic for pigs in the same area ( l looper & Scanlan,
L977)i yet i t  produces only hepatic disease l in horses (Rose et
a l . ,  1 9 5 7 a , b ) .

Sirni lar ly, Seoecio spp. are primari l-y t lepatotoxic, but S.
jacobaea has b6-?em6iSirated to be pneumotoxic for pigs
(ttarding et al. ,  L964), though i t  could probably be an
inconCis ten t  change (8u11,  e t  a l . ,  1968) .  Th is  p lan t  i s  a lso
known to cause pulmonary disease in rats and mice (Hooper,
1974). I lowever, there are no reports of i ts affect ing the
lungs in catt le, sheep, horses, or chicken. Renat megalo-
cytosis and miLd nephrosis are reported in most species
po isoned w i th  S .  jacobaea (Hard ing  e t  a l - . ,  L964;  Bu1 l  e t  a l . ,
1963). Heliotraifn-spo- Amsinckia spo.. and Echium sDD. are
al l  mainly hepatot,oxt c.

Roitnan (1983) surmrarized the pattern of organ involvement
observed in man and dif ferent species of farm and experimentaL
anirnals affected by pyrrol izidine alkaloids (Tab1e 8). Even
wi th in  a  s ing l "e  spec ies ,  the  na ture  o f  a  tox ic  e f fec t ,  as  we l l
as the organ affected, can be altered .by changing the dose
rate and duration.

6.2 Fiel-d Observations - Outbreaks in Farm Anirnals

The veterinary probLem of PA toxicity has been reviewed by
Bu1 l  e t  a l . .  (1968)  and Mc lean (1970) .  Mat tocks  (1986)  l i s ted
the cases of Livestock poisoning and feeding tr ials sinee
1968, and cited relevant l . i terature. 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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Tab le  8 .  An ioa l  spec ies  and organs  a f fec ted  by  pyr ro l i z id ine  a lka lo ids3

S pec  ies Liver Lung Kidney Heart Pancreas  Gast r i c  Musc le
mucosa

Man
ltonkey
Ilor s e
P i g
Sheep
Goat
C a t  t  1 e
D o g
I touse
Rat
Chicken
Turkey

+
+
+
+
+

+
+

+
+

+
+

+
+

+
+

+

3 From:  Ro i tmn ( l -983) .

poisoning in each aninal species. The inf luence of factors
such as  spec iesr  4g€r  sex ,  and d ie t ,  on  tox ic i ty  i s  a lso
reviewed in the same paper.

The f irst cases of pyrrol izidine poisoning r irere described
in cattLe as earl-y as L903 (Gilruth, 1903). Since then, there
have been numerous reports from most parts of the world, of
poisoning among farm animals caused by grazing or feeding on
PA-conta in ing  weeds (8u11 e t  a l . ,  1968;  Mat tocks ,  1986) .  One
of the f irst cLues to the et iology of the human disease in
Jamaica, came from a study in which calves fed with CrotaL-
aria fulva (Bras et aL., 1957) deveLoped characterist iJ: i6-o-
occ lus ive  d isease in  the  l i ver .

Lar,rs (1968) described a f ield outbreak in sheep in a herd
of 100 adult merino enes, which developed lr i thin 2 weeks of
moving into a coastal- farm in Australia, where they grazed
CrotaLaria mucrocata. The etiology was confirned by feeding
@, 4 of which died wirhin 24 h of feeding,
r^rith severe puknonary oedema. Ilolrever, the rapidity of
poisoning and the atypical lung lesions suggest that possibly
a toxin other than pyrroLizidine alklaoids was also present.

An outbreak of Crotalaria retusa poisoning was observed in
a piggery near DarwG]lGf?fr--Effiitory, Australia (Ilooper &
Scanlan, 1977) containing approximately 350 sows. I t  rras
caused by feeding sorghum contaminated by CrotaLaria seeds at
the rate of about 0.12 by weight for about 3 weeks, and at a
rate of about 0.057" for a further ! i leek. The disease \das
indicated by reduced body weight gain and inappetence. The
dominant pathol-ogical features at autopsy nere severe
nephrosis with chronic uraemia, and to a lesser degree, severe
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dif fuse interst i t ial  pneumonia. Both wete accompanied by
nicroscopic disease in the l iver, and both the l iver and
kidney shor^Ted rnegalocytosis.

Walker & Kirkland (1981) reported outbrdaks in the Hunter
r iver val ley of New South Wales ia Austral ia, in catt le that
had been grazing a pasture in which Senecio lautus \ras
growing. There were sforadic deaths amongffi? welL
as t lro protracted outbreaks affect ing calves 3.5 months of age
and older animaLs, in which groups of 3 - 16 head of catt le
died in addit ion to sporadic deaths of animals over periods of
1 and 6 months. Cl inical signs were weakness, emaciat ion with
recumbency, airnLess wandering and ataxia, which suggested
neurological involvement. At autopsy, the Liver showed
characterist ic rnegal-ocytosis, periportal f ibrosis, and focaL
necroses. An aged animal had cirrhosis. The etiology of S.
lautus was proved in feeding studies on 3 calves

Knight et a1. (1984) reported the dedths of 10 horses
during a 3-year period after being fed tray from the same
pasture. The animals became sick in the spring after being
fed only the suspect hay throughout the wirrter. The hay was
found to be contaminated with CynogLossum off icinaLe (houndts
tongue), which contained two e^0,@hinatine)
in much higher quanti t ies than is generaLLy reported in
Senecio species. The animals developed weight loss, icterus,
ataxia, and sfmptoms of hepatic fai lure. At autopsy, there
$ras dif fuse severe megalocytosis, bi l iary hyperplasia, and
fibrosis. The C. qff icinal-e was proved as the et iological
factor in a fEetTl.....ffaf on a l4-year-old pony, that
devetoped cLinical features and patho!.ogica1 changes in the
f. iver suggesting PA poisooing. The signs of PA toxicity in
horses are mostLy neurological,  though non-specif ic gastr ic
and oesophageal Lesi 'ons have aLso been reported (Mclean, 1970)
(sec t ion  6 .4 .3 ) .  Rose e t  aL .  (1957a,b)  descr ibed a  d isease in
which the dominant symptom rras ttcompulsivett walking in a
straight Liae. I t  occurred in areas where CrotaLaria retusa
was growing, and was ascribed to a steep riseffi??iEffiiE
levels, which accompanied chronic l iver fai lure.

Farm aninaLs dif fer widely in their sensit ivi ty to pAs,
sheep and goats being fairLy resistant, catt le and horses,
less sor and poultry and pigs, rather $ensit ive (section
6.4.L.2). Sheep are not imediately affe-cted and general ly
survive one season, after feeding on hel iotrope and Senecio
(Bull  & Dick, 1959). During rhe second season of f66ari lE;
they die of neurological symptoms caused presumabLy by rising
blood-armonia Level-s associated with chronic l iver disease, or
with haenoglobinuria and very high copper l"evels in the blood
( B u L l "  e t  a l . ,  1 9 5 6 ,  1 9 5 8 )  ( s e e t i o n  6 . 4 . 1 . 2 ) .  w i t h  c r o t a l a r i a ,
t h e 1 u n g s e e m s t o b e t h e t a r g e t o r g a n ( H o o p e r , ] - 9 7 8 ) f f i
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acute responses to a single feed of the plant Crotalaria
spectabi l ie were described in catt le by Enrnel (1946)-A-ifG
tJre-cTfrEE; by Piercy & Rusoff (1946).

Poisoning of catt le in northwestern USA has reached such
proportions that it has become a considerable economic problem
(Johnson, 1982). Culvenor (1985) has reviewed the problem of
l ivestock losses due to PA toxicosis in Austral ia, where i t
has been estimated that about 10 mil l ion sheep are exposed to
hel iottope and Echium pLantagineum (Patersonrs curse) to a
greater or lesser extent and may suffer a shortening of their
productive l i fe by as much as two years. Most of the
PA-containing plants are reported to grow in faLlow f ields and
pastures and thrive part icularly in a dry cl inate or fol lowing
periods of drought. I{owever, instances of catt le poisoning
have been reported from most parts of the world, incLuding
countr ies with temperate or cold cl- imates, which do not
ordinariLy suffer drought. Three herds of catt le have been
reported to have been affected in the alpine/subalpine region
of Switzerland, after they grazed pastures that had Senecio
alpinus growing on thern. Nine different hepatoto*ic PAffi
found in the weed, the main o:re being seneciphyl l ine.
Analyses of urine samples from one con confirmed the presence
of PA metaboli tes. Several corrs had to be slaughtered,
because o f  c i r rhos is  o f  the  l i ver  (Lu thy  e t  a l . ,  1981) .

6.3 Studies on Farm Animals

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

Senecio jacobaea (tansy ragnort) is a weed that corrnonly
grows in pastures and has been the cause of extensive
l ivestock losses in the United Kingdorn (Forsyth, 1968) and the
USA (Johnson, 1,982). Extensive studies on this pLant have
been carr ied out using a variety of farm animals. Dickinson
et a1. (1976) fed tansy ragr^rort to cows through a rumen canula
at the rate of L0 rng/kg body weight per day, for 2 weeks.
Liver biopsies showed characterist ic megalocytosis and
fibroplasia, and autopsy al-so showed centr i lobuLar necrosis.
A PA, jacol ine, was found in the mi1k, but when the calves
were bucket fed the rni lk, there lrere no detectable effects on
them. Thorpe & Ford (1968) made similar observations in 5
calves fed ragwort in their diet.  Animals eventual ly dying of
toxicity showed characterist ic necrosis, negalocytosis, and
veno-occ lus ive  les ions .  In  a  s tudy  by  Goeger  e t  a l .  (1982) ,
goats were fed dried ragr^rort nixed in the diet at 250 g/kg.
Four of the 11 goat kids end lactat ing dairy goats died.
Characterist ic megalocytosis was seen in the l iver. Goats are
more resistant to tansy ragwort toxicosis than catt le 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, t .25 -
4.04 kglkg body weight. The aLkaloid levels in the pLant, and
thus i ts toxici ty, varies with season and local i ty.

Hooper & Scanlan (L977) studied the loog-tern effects of
feeding very lov levels of ground C. retusa seeds, nixed with
the feed, to pigs and chickens. Seven groups of 4 pigs each
(sex not nentioned) bred fron SaddLeback-large vhite cross
sows and Large White or Landrace boars, were maintained on
d ie ts  conta in ing  0  (cont ro l ) ,  0 .004%,  0 .01%,  O.O2"1" ,  0 .052,
O.l%, ot 0.52 body weight ground seeds. Another 8 pigs were
fed a diet containing 0.12 C. retusa fot 2L days fol lowed by
O.O5% fot 7 days and then kept on a C. retusa-free diet.  Pigs
either died or were killed when .oribliffiF:at the end of 1.36
days of feeding.

In a second study, groups each of 4 2*week-old chickens
were  fed  d ie ts  conta in ing  0  (cont ro l ) ,  0 .0052,  0 .012,  O.O5%,
0.12 ,  and 0 .5% ground seeds  o f  C.  re tusa .  Ch ickens  fed  0 .57"
started dying 12 days after tnea6ffiEEemeot of feeding and
were al l  dead by day 45. Five out of 8 birds fed 0.1% or more
died between days 22 arl 'd 56. No deaths occurred in animaLs
f ed  0 .012  -  0 .0052 .

Ia the study on pigs, al l  animaLs died between days 63 and
107 except for 2 that survived 136 days. In these animals,
pulmonary disease lras the main cause of death. llepatic and
renal megalocytosis lras seen in alnost all atrimals in both the
field outbreak and study group. The Lungs showed extensive
consolidation and oede-a. Besides megalocytosis in the
gLomeruLi and tubuLes, the kidneys showed glomerul"ar atrophy
and tubular necrosis. In the study on poultry, the major
disease was hepatic necrosis of irregular distr ibution. The
kidneys showed miLd negalocytosis.

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

Johnson & Molyneux (1984) fed 55 catt le, by gastr ic
lavage, with hay nixed with threadleaf groundseL (Senecio
douglasi i  var. longi lobus), which grolrs comonly i t  the
pastures of south!f,estern USA. The PA dosage in dif ferent
groups ranged from 5 to 40 rng/kg, daiLy, and the total intake
ranged frorn 80 to 284 rng/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 consist ing of
2 - 8 caLves, receiving doses of 13 ng/kg or more. Mean
survivaL t ime was generalLy inverseLy proport ional to the
dosage received. AlL sick calves had typical cl inicaL signs
of seneciosis. At autopsy, the principal ldsion was seen in
the l iver and consisted of swell- ing of the hepatocytes,
necrosis, bi1-iary hyperplasia, and marked f ibrosis. The
estinated minimrm lethat dose of the PA was 13 rng/kg body
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weight for 15 days, or a total intake of approximately 200 mg
PAlkg, over a 15-day period. Catt le that consumed up to 600 ng
PA/kB, in hay, in a 20- to 100-day period, were unaffected or
only sl ightly 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 devel-op.

A similar study was conducted by Johnson et aL. (19Q5) in
which the dry whole or ground leaves of @!13!1!1!1i!!!,
nixed with the feed, were fed to calves in geLatin capsules or
by gavage. Forty-trro female I lereford calves were divided into
3 groups. One group of 12 was fed the leaves rnixed with
alfalfa hay feed estinated to have 20 - 40 ng PA/kg body
weight per day over a 20-day period in dif ferent regimes,
receiving a total of 400 - 800 mg PAs per animal. The second
group of 12 animals received the plant packed into gelat in
capsules, receiving an estimated PA content of 10 - 2O mglkg
body weight, daiLy, over 20 days, with a total of 200 - 400 arg
per animal. The third group of 18 animals was administered
(by gavage) f inely ground leaves in a water slurry at various
PA dosages ranging frorn 10 to 60 ng/kg body weight per day and
a total of 200 - 500 rng over 20 days.

Calves that received 10 rng PA/kg body treight per day for
20 days did not develop cl inical signs of disease or show any
changes in serureozyme. However, feed containing the plant
that provided 15 - 20 rng PA/kg per day or morer administered
by gavage or fed in capsul-es, resulted in high mortal i ty.
Ma1-aise, depression, errat ic or unprecedented behaviour,
aimless waLking, and ataxia, nere observed in the affected
calves; diarrhoea with tenesmus aod rectal col lapse were
frequentl-y observed. The feed intake decreased progressively
and was negligible terminal ly. The animals that died and
those that were moribund or in a state of irreversible
wasting, were autopsied. Hepatobi l iary lesions were present
in aLl such animals. The most consist.ent change was portal
bi l iary hyperplasia and periportal f ibrosis. Centr i l ,obular or
zonal haemorrhage and necrosis $rere observed in some lobules.
Fibrosis of some central veins was cormon, often encroaching
on the lurnen, result ing in compLete occlusion. Hepatocytes
also showed nonspecif ic changes. CentraL nervous system
changes were present in al l  animals with cl inical signs of
seneciosis, consist ing mainly of spoogy degeneration of the
bra in .

The plant mixed in the hay rat ion was eaten s1owLy and
reLuctantLy and was tolerated at dosages > 20 mg/kg per day,
ernphasizing that the toxicity depended on the rate at which
the dosage vras consumed and that mortal i ty rrras not necessari ly
dependent on the cumul-at ive dosage.
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Burguera et al.  (1983) produced the disease in turkey
pouLts by feeding them seeds of C. spectabi l is. Simultaneous
add i t ion  o f  sod ium se len i te  a t  doses  o f  0 .L ,  5 ,  o r  10  mg

selenium/kg diet did not provide any protection.

6.4 Experinental- AnimaL studies

6 . 4 . 1  E f f e c t s  o n  l i v e r

6 .4 .L .1  Re la t i ve  hepato tox ic i ty  o f  d i f fe re [ t  PAs and the i r

The LD56 vaLues for rats, f . isted in Table 9, are for
some of the most coamonLy used hepatotoxic alkaloids,
caLcuLated from data on animals dying from acute haemorrhagic
necros is  o f  t .he  1 iver ,3  -  7  days  a f te r  in t ra -per i tonea l
administrat ion of a singLe dose. I t  is evident that the
toxicity varies widely between the alkaloids. The most toxic
are certain nacrocycl ic diesters of retrorsine and the Least
toxic are the monoesters of hel iotr idine, retrorsine, and
supinine ( l{attocks, 1986).

.  The relat ive toxicity of N-oxides compared vri th that of
their basic al-kaloids depends on the route of administrat ion.
The N-oxides of Lasiocarpine, monocrotal ine, and fuLvine were
repoited to be as toxic as their basic aLkaloids (Schoental &
Magee, 1959) when adninistered oraL1y; however, when given by
the ip or intravenous ( iv) routes to rats, they were much less
tox ic  (Mat tocks ,  197 lc ) .  S i rn i la r l y ,  the  LD50 o f  re t ro rs ine
N-oxide when administered ip to mal-e rats r4ras 250 rng/kg
fraut. p) but when given oraL1y, ir  was 48 mg/kg. This has
been explained by the observations on the metabolic pathvays
of the basic alkal-oids and their N-oxides. The PAs or their
N-oxides exert toxic effects only-after being rnetabolized to
fyrrol-es by the hepatic microsomal enzymes (section 5.1.1).
I tepatic microsomes act direct ly on the N-oxides (Mattocks &
White, 1971b) only after they have been cdnverted to the basic
alkal-oids (Mattocks, 1986); this mainly occurs in the gut
(Mat tocks ,  L97Lc ;  Powis  e t  aL . ,  1979) .  Th is  mat te r  i s  o f
practical importance as the aLkaloids are often present as
their N-oxides in veeds grazed by farrn anir lal-s.

6 .4 . I .2  Fac tors  a f fec t ing  hepato tox ic i ty

These factors have been reviewed by Mattocks (L986).

.  (a) Route of administrat ion

Most studies on LD5g val-ues have been carr ied out usiag
the ip route, and very few experimental dat4 are avai lable on
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i n  na le  ra ts  a f te r  a
o f  some hepato tox ic

s ing le  in t raper i tonea l  dose
a lka lo  ids

A lka lo id LD59 (ng /kg) Tine range Reference
( d a y s  )

he l io t r ine

las iocarp ine

las iocarp ine  N-ox ide

monocrotal ine

re t ro rs ine

re t ro rs ine  N-ox ide

senecionine

senecipiyll ine

senkirkine

synphytine

296

'17

547

t I )

34

250

)U

7 7

220

130

J

3

4 o r 7

7

7

B u l l  e t  a f .  ( 1 9 5 8 )

B u 1 l  e t  a l .  (  l - 9 5 8 )

B u l l  e t  a 1 .  ( 1 9 5 8 )

B u l l  e t  a l .  ( 1 9 6 8 )

l la t tocks  (L972a)

ilattocks (1972a)

Mat tocks  (L972a)

B u l - l  e t  a l .  ( 1 9 6 8 )

I l i rono e t  a l .  (1979a)

I l i rono e t  a l .  (1979a)

.3  Not  s ta ted .

toxici ty using the oral route. There is a close sini lar i ty
betveen the iv data and the ip data. Furthermore! toxicity
data on rats administered PAs by the oral" route (Schoental &
I*Iagee, L959), including retroraine, lasiocarpine, hel iotr ine,
and monocrotal ine, closely resembLe those relat ing to the
LDqn vaLues for the same strain administered PAs intra-
pei l toneally (Mattocks, Lg72b). Thus, ihe hepatotoxicity of
PAs in rats does not dif fer very much, irrespective of the
route of administrat ion. However, rabbits appear to be less
susceptible to PAs in the plant Senecio jacobaea nhen
administere4 orally than when adnr nousl-y
(Pierson et al.  ,  

'J,977).

( b )  s p e c i e s

Wide dif ferences have been observed in the hepatotoxic
effecls 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 nhen fed Echium pLantagineum pellets containing 1".3 g
alkaloid/kg as the-so!.e diet for 12 mooths, over a period of
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2 years, showed almost no l iver damage (Culvenor et al. ,
1984). l lowever, aduLt rats fed the same pel lets as only 502
of the diet for 14 days died 4 - 13 weeke later (Peterson &
Jago, L984). Pigs r"ere found to be 5 - 10 t imes as
susceptible to PAs in Crotalaria retusa as chickens (Hooper &
Scanlan, 1977). ov"tafi-Gtllilfriie ratios of quantities
of plant material required to prove toxi.c in the various
species f. isted are about 200 for the sheep (approximately the
same for the goat), 150 for the mouse, 50 for the rat, 14 for
catt le (approxirnately the same for the horse), 5 for the
ch icken,  and 1  fo r  the  p ig  (Hooper ,  1978) .

Cheeke & Pierson-Goeger (1983) studied the chronic
toxicity of Senecio jacobaea for severaL laboratory anirnals by
feeding tfre EiiEE-lTiffiFa component of a mixed diet. The
degree of susceptibi l i ty 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
wi th  s in i la r  da ta  on  l i ves tock  in  o ther  s tud ies .  Gerb i l s ,
hamsters, and guinea-pigs were resistant to chronic toxicity,
gerbi ls being the most resistant, consumi.ng over 35 t imes
their body weight of the dried pLant. Comparison with similar
data in other studies indicated that the rabbit (Pierson et
al. ,  L977), Japanese quail  (Bucknaster et at. . ,  1977), and goat
(Goeger  e t  a l . ,  1982)  rdere  res is tan t ,  requ i r ing  a  long- te rm
lethal dose of the plant of LL3Z or more df the init ial  body
weight, whereas the rat was highly sensit ive requir ing only
2L7"  (Goeger  e t  a1 . ,  1983) .  Ch icks  and tu rkey  pou l ts  were  a lso
susceptible with severe inhibit ion of grotrth occurring when
there $ras 57" and 10% contarnination of the feed with the pLant;
survival t ime was short (Cheeke & Pierson-Goeger, L983).

In  a  s tudy  by  Fush imi  e t  a1 .  (1978) ,  on  the  carc ino-
genicity of the f lower stalks of Petasites japonicus Maxim in
mice and syrian golden harst@ strain
dif ferences were observed, not only with regard to hepato-
toxicity, but also with regard to the carcinogenicity of PAs.
Mice of ddN, Swiss, and C57BL/6 strains and Syrian golden
hamsters were fed on a diet containing young f lower stalks of
the plant for 480 days. l l igh incidences of lung adenoma and
adenocarcinoma were observed in ddN mice, but no sigaif icant
dif ferences in tumour incidence were obgerved between the
experimental groups of Swiss mice and hamgters and the
corresponding control group. No tumours were induced in an
experimental group of C57BL/6 strain mice.

These dif ferences have been expLained rby the dif ferences
in the rate of metabolic conversion of PAs to toxic
metabo l i tes  (pyr ro les)  by  the  hepatocy te  mic rosones in  the
d i f fe ren t  an ima l  spec ies  (Ut r i te  e t  a1 . ,  1973;  Shu l l  e t  aL . ,
l -976;  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 - l -urethylenepyrrol. izidine derivatives (nul1 et aL.,
1968; Lanigan, L97L, L972). Ir  has also been suggested thai
the resistance of sheep is due to a low Level of aci ivat ion in
Liver cel l ,s (Strul1 et aL., Lg76), but this factor rras not
prominent in some Austral ian sheep, which were as sensit ive as
rats to PAs injected intraperitonealLy (I tooper, L974).

Thus, i t  is possibLe for ruminants to Eraze plants
containing PAs for a period of months nithout evident harm,
e.g.r catt le eating Crotalaria juncea in Afr ica (Srungboonmee
& Maskasame, 198L), but Long-tern effects may arise in animals
exposed over several years.

Considerable dif ferences in LDcn values have been
reported for the same aLkaLoids in dif ferent species. For
example, the LD56 for retrorsine varies from 34 me/ke for
male rats to 279 n'glkg for quai l  and over g00 ng/kg- body
weight for guinea-pigs (White et al.  ,  lg73). Guinea-pigs are
aLso resistant to monocrotaLine (Chesney & Allen, L973a), but
not to jacobine or to mixed aLkaloids of Senecio jacobag.l ,
which are highLy toxic (S\,r ick et aL. ,  L982a)

( c )

Signif icant dif ferences 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 monocrotal ine than females (Mattocks , Ig72b).
Mattocks & White (1973) reported a higher level of metaboLic
transfornation in young mal-e rats to form pyrrol-es from
re t ro rs ine ,  compared w i th  females  (sec t ion  4 .4 ) : -  Jago (1971)
reported a higher susceptibi l i ty in maLe rats to the chronic
hepatotoxic effects of hel- iotr ine, while femal-e rats were more
susceptible to lasiocarpine. I t  is possible that this rnay be
due to the potentiat ing effect of male sex hormones. Campbell
(1957a,b)  repor ted  tha t  d ie thy ls t i lboes tero l  p ro tec ts  aga ins t
the effects of seneciphyl l ine and promotes repair of danaged
Liver in poultry. Protein-deficient rats of both sexes, or
female animals pre-treated with testosterone, $rere more
susceptible to monocrotal ine (Ratnoff & Mir ick, 1949).

(d) -&
Available data on the effects of age are highly

confLict ing. I t  has been stated that young rats, part icularly
suckl ing animaLs (Schoental,  1959), are more susceptible than
adu l ts  to  the  hepato tox ic  e f fec ts  o f  some a lka lo ids  (Jago,
1970) ,  such as  monocro ta l ine  (Schoenta l  &  Head,  1955) ,  and

Sex
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retrorsine and Lasiocarpine (Schoental,  1959). Rata' I  -  4
days o1d, r i lere far more susceptibLe to retrorsirre and
senkirkine than rats aged 25 - 30 days (Schoental,  1970); yet
new-born rats (within t  h of birth) wete relat ively more
resistant to the hepatotoxic effect.s of relrorsine than 1- to
4-day-oLd rats (Mattocks & White, 1973). Mclean (1970) has
cri t ical ly reviewed the data. In conparing the data on snraLl
animals from several studies, newborn and 4-veek-old animals
appear to have about the same susceptibi l i ty as adults. Data
for the intervening period obtained by l{arr is et al.  (1957),
schoental (1959), and l{ayashi & Lal ich (1968) are confl ict ing,
suggesting decreased susceptibi l i ty in some studies (I larr is et
a1 . ,  1957 and one ser ies  o f  Schoenta l rs  s tud ies ,  L959) ,  and
increased susceptibi l i ty in others (I layashi & Lal ich, 1968 and
the second series of Schoentalrs studies, L959). Furthermore,
Jago (1971) demonstrated that, while rats aged L - 2 weeks
\rere more susceptible to the acute effects of hel iotr ine and
lasiocarpine than older rats, sensit ivi ty to the effects of
long-term administrat ion of these alkaloids increased with
a g e r a f t e r 2 - 3 m o n t h s .

( e )  D i e t

Effects of both qual i tat ive and quanti tat ive changes in
diet on the hepatotoxicity of PAs have bqen investigated in
severaL studies. Restr ict ion of protein l-evels in the diet
enhanced the acute hepatotoxic effects of retrorsine in rats
(se lzer  &  Parker ,1951)  and the  chron ic  e f fec ts  o f  a  s ing le
dose of oraLLy administered lasiocarpine (Schoental & Magee,
L957)  (sec t ion  6 .4 .5 .1 )  as  we! . l  as  the  tox ic i ty  o f  PAs in
Senecio jacobaea, whereas a high protein diet had a protective
+ '
eftect (Cheeke-& Gorman, L974). Likewise, l-ow l ipotrope diet
enhanced the toxic effects of oral ly administered Lasiocarpine
in pregnant rats and also in the fetal Livers (Newberne,
1968). On the other hand, i t  protected young male rats against
the acute toxicity of monocrotal ine, becairse of the reduced
metaboLic conversion of the alkaloid into pvrrol- ic metabol- i tes
(Newberne et al.  ,  197t, L974).

CaLoric restr ict ioo reduced the cardippulmonary toxicity
o f  a  s ing le  dose o f  monocro ta l ine  in  ra ts  (Hayash i  e t  a l . ,
L967). This was ascribed to the reduced gror,rth rate in
animals on a restr icted diet rather than to a reduction in the
rate of rnetabolic conversion of the alkaloid, since dietary
restr ict ion started only after administrat ion of the alkaloid.
When the animals srere put back on the ad Libitun feeding
regimea, they developed signs of increased fo" 

-

A high copper content in the diet has been shown to
enhance the  tox ic  e f fec ts  o f  PAs (Mi randa e t  a1 . ,  1 .98 lb ) .
Incorporation of copper sulfate at 5O ng/kg, in the diet
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containing the plant Senecio jacobaea increased the hepato-
toxicity in rats, as judged by enz]rme measurements. The
inplications of this observation are obvious Lt sone
PA-containing pLants being grazed by farn animals also have a
high copper content.

Mattocks (1972b) demonstrated the lrrotective effects of
sucrose against the acute hepatotoxic effects of retrorsine in
rats, i f  adroinistered for 3 days prior to alkaLoid admini-
s t r a t i o n  ( s e c t i o n  5 . 5 . 1 ) .

6 . 4 . 1 . 3  A c u t e  e f f e c t s

Experimental aninal studies on the pathological effects of
PAs on the l iver have been reviened by BuL1 et al.  (1968) and
Mclean (1970). Most studies have been carr ied out on the rar
(Schoental & Magee, L957, L959; Bu1L & Dick, 1959; Schoental,
1963;  Barnes  e t  a l . ,  L964;  Mc l ,eao e t  aL . ,  \964;  No lan  e t  a1 . ,
1966;  Jago,  1969;  But le r  e t  a l . ,  1970;  Peterson & Jago,  1980) ,
but severaL other species of animals have been studied
incl-uding the nonkey (Wakirn et al. ,  L946; Rose et a1., 1959;
A l len  & Cars tens ,  L968,  t97L;  A lLen e t  a l . ,  1969) ,  tu rkey
(A l len  e t  aL . ,  1963) ,  ch icken (A l len  er  a1 . ,  1960) ,  hamgter
( I {a r r i s  e t  a1 . ,  1957) ,  mouse,  gu inea-p ig  (chen e t  a l - . ,  1y40) ,
quai1, cat, rabbit,  and pig (Eqmel et a1., L935i I looper &
Scanlan, 1977). A11 animaLs tested, except the guinea-pig
(Chen, t945), have been found to be susceptible in studies
using purif ied alkaloids and their N-oxides and crude extracts
of PA-containing plants.

Typical ly, the most cormon Lesion produced in snal l
laboratory animals by doses cLose to the LD56 is a confluent
haemorrhagic necrosis in the l iver, which appears nithin about
12 h of exposure and peaks at 24 - 48 h. lt is strictly zonal
in distr ibution in dif ferent species of animals but nay vary
within the same animal, depending on the alkaloid used,
species, nutr i t ional status, and pretreatment with other
chemica ls .

.Retrorsine produces centr i lobular necrosis in the rat,
mouse, and guinea-pig, periportal necrosis in the hamster, ard
focal necrosis in the fowl and in the monkey (Wtri te et a1.,
1973). In the monkgy, monocrotal ine produces centr iLobular
necrosis (Al len & Carstens, 1968), but senecionine produces
necrosis in the periportal and midzonaL areas of the l iver
1obule (Wakim et al. ,  1946). Almost simuLtaneousLy, or
short ly after the development of acute haemorrhagic necrosis
of the l iver cel1s, various levels of change appear in the
central and sublobular veins of lhe Liver lobuLes, coneist ing
of subint imal oedema or even necrosis, deposits of f ibr in,
thrombosis, and occlusion of the lumen, lrhich later becomes
organized. tr'Ihile haemorrhagic necrosis is a constaot feature,
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attempts to produce occlusive Lesions in the veins of
experimental animals have produced variabl-e results (A1len et
aL. L967). In man and non-human primates, hepatocel-1ular
necrosis and venous occlusion occur simultaoeousLy but, in the
ra t  (Mc lean e t  a l . ,  1964) ,  ch icken (A l len  er  a l . ,  1960) ,  and
swine (nrmeL et al. ,  1935), the vascular changes fol1ow
hepat ic  necros is .

Selzer & Parker (1951) produced a lesion comparable to
human veno-occlusive disease in al-bino rats by adninistrating
retrorsine hydrochloride, the active alkaloid of Senecio
iLici fol ius, as weLl as the crude pLant extract. Four FEEhE
of rats were administered aLkaloids oral ly in a single dose of
1 - 1.5 ng/10 g body weight or repeated doses of 5 - 50 mg/kg
body weight for 31 days or as single subcutaneous inject ion oi
L00 ng/kg body weight. One batch was fed on a diet of Senecio
iLici fol ius consti tut ing LOT" of the rat ion as crude pia;-A

G;ct; the animats l ivea for 2L - 84 days. sone groups
were kept on a nornaL diet, and others on a diet that was
protein-deficient. Aninals, administered a eingLe dose oral-Ly,
developed the earliest degenerative changes in the centri-
lobular hepatocytes and sinusoidal di latat ion, and the
vascular lesioir appeared after 36 h. protein deficiency
enhanced the toxic effect. Onlv 5 out of 9 animals
administered repeated doses oral ly showed early centr i lobular
f ibrosis and noae sholred the vascular lesion, possibly due to
scarring.

Bu1L e t  aL .  (1958)  s tud ied  the  e f fec ts  o f  a  s ing le  ip
LD76. dose of hel iotr ine (3ZO rrr1lke body weighr), lasio-
carpine (80 nglkg), or lasiocarpine N-oxide (629 ng/kg) in
rats of a hOoded strain of both s.*e": Eighty-one rats \rere
used and 3 rats from each treatmeot were ki11ed at interval-s
of 4 - 36 h. I tel iotr ine produced narked centr i lobular necrosis
at 24 h, but venous changes were not evideat, except for some
aggregation of mononucLear macrophages on the endotheLium.
tr ' f i th lasiocarpine, the hepatic changes were similar, but the
necrosis was not clearly centr i lobular and, with i ts N-oxide,
i t  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 pAs have an early lglic
effect on the hepatocytes and that this does not foLlow
vascular injury, as Buggested by Davidsonrs earl ier studies
(1e3s ) .

Mclean et aL. (1964) administered an aqueous extract of
Crotalaria fulva to Wistar rats in a single intragastr ic dose
6Fdffi5!/l.g body lreight. Lesions idenrical-to rhose of
human veno-occlusive disease vere produced in the animals by
adjusting the dose to permit survival for 8 - L2 days. Loss
of cytopLasnic gLycogen in the centr i lobular cel, ls occurred
3 h fol lowing adninistrat ion. Centr iLobular necrosis, which
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occu r red  a f t e r  24  h ,  i nc reased  w i t h  t ime .  The  cen t ra l -  ve i ns
g radua l l y  f i l l ed  up  w i t h  t h i ckened  endo rhe l i a l  ce l l s  a t  abou r
7  days ,  l a t e r  p rog ress ing  t o  co l l agen i , za t i on .  Ev idence  was
p resen ted  t ha t  t he  h i s t o l og i ca l  occ l us i on  o f  t he  cen t ra l  ve i ns
was preceded by several  days by a funct ional  b locking of  the
b l o o d  f 1 o w .

Ba rnes  e t  a1 .  ( L964 )  obse rved  s im i l a r  r esu l t s  i n  r a t s
adm in i s t e red  a  s i ng le  o ra l  dose  o f  f u l v i ne  N -ox ide  a t  50  mg /kg
body  we igh t  and  s tud ied  a t  i n t e r va l s  o f  I  =  4  days  a f t e r  t he
administrat ion.  One hundred and th i r ty- f ive rats of  both
sexes were used. Acute lesions resembl ing human disease were
obse rved  du r i ng  days  1  -  8 .  Du r i ng  days  l - 9  -  21 ,3  ou t  o f  25
animals showed l iver  damage consist ing of  some centr i lobular
haemorrhage and f ibrous th ickening of  the centra l  veins.  Of
t h e  7 8  a n i m a l s  s t u d i e d  a t  2 2  -  4 4  d a y s , 5 0 %  s t i L L  h a d  c e n t r i -
lobular  congest ion and some had f ibrous th ickening of  the
cen t ra l  ve i ns .

The  e f f ec t s  o f  py r ro l i c  de r i va t i ves  o f  pAs  on  ra t s  we re
s tud ied  by  Bu t l e r  e t  a l .  ( 1970 ) .  Ma le  a l b i no  ra t s  o f  po r t on
s t ra i n  we re  adm in i s t e red  so lu t i ons  o f  py r ro l e  de r i va t i ves  o f
monocrotal ine and retrors ine in d imethyl  formamide as a s ingle
i n j ec t i on  o f  0 .05  -  0 . 1  m l  so l u t i on .  When  i n j ec red  i n  t he
ta i l  ve i n  a t  a  concen t ra t i on  o f  5  mg /kg  body  we igh t ,  i t
p roduced  p rog ress i ve  p ro l i f e ra t i on  o f  a l veo la r  ep i t heL iu rn  o f
the lungs and the animals developed s igns of  respiratory
d i s t r ess  i n  2  -  3  weeks .  When  i n j ec ted  i n  t he  mesen te r i c  ve i n
a t  a  concenL ra t i on  o f  15  mg /kg  body  we igh t ,  as  a  r u l e ,  t he
animals remained wel l  in  the postoperat ive per iod and only
1 /26  an ima l s  d i ed  o f  mesen te r i c  ve i n  t h rombos i s ;  t he  f . i ve r s
deve loped  rnu l t i p l e  i n f a r c t s  i n  t he  l e f t  l " obes  t ha t  deveLoped
in to  mu l c i p l e  coa rse  nodu les  a t  6  -  12  weeks .  The  above
s tud ies  subs tan t i a t ed  t he  v i ew  t ha t  PAs  ac t  on l y  when
converted in hepatocytes to pyrro les.  When pyrroles vrere
i n j ec ted ,  t hey  a f f ec ted  t he  sma l l e r  vesse l s  a t  t he  po r t a l  o f
entry;  in anirnals in jected through the mesenter ic vein,  the
rnain target  r^7as the porta l  vei .n wi th only secondary damage to
the parenchymal ce1ls,  thus spar ing the animals f rom the
e f f ec t s  o f  hepa toce l l u l a r  i n j u r y .  On  t he  o the r  hand ,  py r ro l es
in jected through the ta i l  vein \ rent  d i rect ly  to the pulmonary
arter ies through the hearc and damaged the alveolar
c a p i l l a r i e s .

Acute veno-occlusive disease r4ras produced in monkeys
adm in i s t e red  monoc ro ta l i ne  (A11en  e t  a1 . ,  1967 ,  1969 )  and
ground ! : r .Jgler la_ spgclabi l is  seed (Al len & Carstens,  1968).
In a study publ ished in 1967, these authors used 14 monkeys
(Macaca speciosa) of  both sexes,  each weighing approximately 4
kg.  Seven of  the animals were administered I  mg monocrotal ine
i n  d i s t i l l ed  wa te r  by  gas t r i c  i n t uba t i on  on  days  1  and  14 .
The remaining 7 were used as contro ls and received dist i l l_ed
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water only. ! i ledge biopsies of l iver were examined weekly.
The survival t iare ranged frorn 14 to 38 days, the mean being 21
days. The l ivers of treated animals were small  and f irm and
showed changes characterist ic of human veno-occlusive disease
incLuding centr i lobular necrosis, and vascular changes in the
centraL veins of f- iver lobules ranging frogr subint imal oedema
to progressive colLagenization and extension of col lagen
fibres into the sinusoids. Sirni lar observations were rnade in
studies on Macaca mulatta monkeys (A11en & Carstens, 1968),
administeredlff i f f i lar ia ipectabi l is seed. Sixty-four
animals, averiging 6me divided into 3
groups. Group I,  comprising L0 experimental animaLs (4
control animals), received seeds in the diet containing the
equivalent of 0.074 mg monocrotaLine/kg body weight, daiLy, up
to death. Group II ,  consist ing of L4 treated animaLs (4
controL anirnals), received a single dose of seeds containing
1.3 g monocrotaLine/kg body weight, and Group II I ,  consist ing
of 26 experimeotal animals (6 controls), received 3 weekly
doses containing the equivaLent of 0.116 g monocrotal ine/kg
body weight, by gastr ic intubation. Liver biopsies were
carried out each month in Group I and each week in Groups II
and II I .  Animals of the Last 2 groups were ki l led when in
extremis. The mean survivaL tirnes for the groups r"ri
cr."p I ,  269 d,ays (L76 - 425 d,ays); croup II ,  28 days (6 - 43
d a y s ) ;  a n d  G r o u p  I I I , 4 L  d a y s  ( 2 3  -  9 1  d a y s ) .  I n  G r o u p  I
animals, occlusive lesions of the central and sublobular veins
of the liver r,rere seen in 7/10 animats at autopsy. These
consisted of oedema, haemorrhages, and fragmentation of the
vessel wal1s, the lumina being f i11ed lr i th f ibr in, and
degenerating f- i .ver ce11s. The lobuLar pattef,n was distorted
because of connective tissue bands encircl-ing smaLl- groups of
l i ver  ce l l s ,  espec ia l l y  in  the  cent ra l  zones  o f  the  Lobu les .
In Groups II  and II I ,  various 1evels of focal or centr iLobular
necrosis nere observed and the l iver cel ls vtere replaced by
stromal t issue. VascuLar lesions, as described above, \rere
seen in 25 monkeys, but no co1-Lagen was demonstrated.

In the studies of Wakirn et aL. (1946) on the rhesus
monkey, senecionine administered iv as a 2% solution at doses
of 10 - 30 ng/ke body weight to 4 animals, dai ly, unti l  they
appeared to be sick, produced periportal,  or midzonal necrosis
in 3 animals accompanied by haemorrhage. No rnention was made
of any vascular changes.

ELectron microscopic studies

Svoboda & Soga (1966)  s tud ied  the  e f fee ts  o f  Las iocarp ine
and Crotalaria fulva on the l ivers of male Sprague Dawley rats
weigfr@:-86-l each. one group of 22 rats was given an
ip inject ion of lasiocarpine at 80 mg/kg body weight and pairs
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of animals l lere ki l led at various intervals ranging from
15 rnin to 6 days. A second group of 22 animals r'tas
administered a singl-e dose of an aqueous extract of Crotal"gria
fulva at 0.5 mg/g body weight, by gastr ic tube, andETIEl-d-E
ff i-3ame intervals. A third group of 8 rats was administered
a total of 3.2 t ines the LD56 dose of Lasiocarpine in smal1-
doses, 3 t imes a week, and ki l led at 9 - 20 weeks. The
changes prinarily invoLved the nucleus and interchromatin
granules. The f irst change, seen after 30 min in the nueleol i
of the hepatocytes and Kupffer cel1s of animals receiving
lasiocarpine or crotalaria exCract, consisted of a separation
of the f ibr iLl,ar and granular components. The hepatocyte
nuclei had returned to normal after 72 h and remained so
throughout the rest of the study. In animaLs receiving a
singl-e dose of lasiocarpine or crotalaria, round periodic acid
schiff  (PAs) posit ive eosinophil ic bodies appeared in the
cy top lasm a f te r  12  h ,  cons is t ing  o f  dense masses  o f  cy to -
plasmic naterial.  Five days after treatment with crotalaria,
large cel ls l ined the luminal surface of the centraL veinsl
the centr i lobuLar cel ls had undergone necrosis by this stage.
Animals receiving 3.2 t imes the LD50 of lasio.carpine
deve loped mega locy tos is  a f te r  9  weeks  (sec t ion  6 .4 .L .5 ) .  The
cytoplasm shoned vesicles of smooth endoplasmic ret icuLum with
nitochondria of various shapes and sizes. The appearance
resembLed an exaggerated regenerative response.

A lLen e t  a l .  (L967,  1969)  s tud ied  uL t ras t ruc turaL  changes
in the l iver t issue, in general,  including the hepatic veins
in Macaca speciosa monkeys treated with PAs. In the study on
hepatic veins (Al len et al. ,  L969), 18 treated and 6 control
aduLt animals were used with an average weight of 5.8 kg.
AnimaLs wete divided into 3 groups of 6 treated and 2 control
animaLs each. The experimental animals received 0.125 g
monocrotat ine/kg body weight by ip inject ion. Livet wedge
biopsies were examined at various intervals in Group I during
hours 1 - 48, in Group II  at 4 - 12 days, and in Group II I  at
L6 - 32 days. The earl iest changes, observed by l ight
microscopy, nere seen at 24 h and consisted of progressive
Loss of endothel ial cel l-s and other associated changes in the
lumen and wall leading to occLusion by coLLagetization by the
third week. Under the electron microscope, within 24 h of
administration, marked changes vrere observed in the endo-
thel ial celLs result ing in their rupture and release of
organelles in the l"umen. This vas fol lowed by penetrat ion of
fLuid though the vessel walls in the f irst week and changes in
the f ibroblasts. By the third to fourth week, hepatic veins
showed various levels of occlusion and the vessel r^tas
scattered with cel l  debris, free organelles, etc. The authors
concluded that, in this species, hepatocel luLar necrosis was
not the prirnary factor causing veno-occLusive disease, as the
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associat ion of cel- lular necrosis and venous occlusion occurred
only in the central area of l iver Lobules, aod the hepatocytes
surrounding the sublobuLar and nediun sized hepatic veins were
unaffected.

In their study of 1967, Al len et al.  al.so investigated the
ultrastructural changes in the liver of 1,1. speeteee monkeys
a f t e r a d m i n i s t e r i n g I d o ' " " o f 1 g m o n o c r o - 5 f f i o n d a y s
l- and I-4. At autopsy, after a mean survival t ioe of 21 days,
a wide spectrum of changes was observed in the hepatocytic
organel" les, many of wtr ich rrere 1ying, discharged into
sinusoids, and also phagocytosed by the Kupffer cel ls. By the
third week, prol i ferat ion of connective t issues had started in
the sinusoids near the central veins,and al-go in the wal1s of
central veins. The authors concluded that the vascular and
parenchymal cell changes were sinultaneous and appeared to be
equally instrumental in the development of the occlusive
les ion .

6.4.L.4 Mechanism of toxic act ion

The mechanism of toxic act ion in acute pyrrol izidine
hepatotoxicity and the sequence of events, judged from the
col lect ive experimental studies, appears to be as fol lows.

The PA,  wh ich  is  inac t ive  as  a  ce l l  po ison by  i t se l f ,
becomes cytotoxic through i ts metabolisrn in the hepatic
parenchyrnal cel ls to pyrroles, which act preferential- ly on the
hepatocytes and the endothel iurn of blood vesseLs in the l iver
or 1ungs. In the hepatocytes, the imediate action is a rapid
fal l  in cytoplasmic protein synthesis reaching 30% of. control
levels at 15 rnin artd 6% at t  h (Harris et alr,  19.69). This is
manifested as disaggregation of polyribosomes and is fol lowed
by fai lure of pyruvate oxidation, loss of glycogen, structural
damage to the mitochondria, 1-ysosomaL actlvi ty, fai lure of
mitochondrial nicotine-adenine-dinucleotide (NAD) systemb and
nuclear NAD synthesis, and necrosis (Mclean, 1970) .  The
necrosis is zonal in the l iver lobule, the part icular zone
affected depending on the metabolic enzymic, geography of the
lobule in the part icular animal species, and aLso in man and
monkey on the vascular endothelium of the central and
sublobular veins .

The sequence of events of the vasculaf lesion has been
studied by Mclean et al (1964). After a singl-e dose of
Crotalaria fulva extract in the rat. centr i lobular necrosis is
present  a f te r  the  f i rs t  day ,  bu t  co l lagenous veno-occ lus ion  o f
the central veins of the l- iver lobule only appears between 7
and 10  days  la te r .  Ev ident ly ,  the  necros is  o f  the  l i ver  ceL ls
is not secondary to venous occlusion. Centr i lobular
haemorrhage is seen from day 2 onwards and signs of hepatic
venous outf low tract obstruction appear after 2 - 5 days
(Mc lean & H i l l ,  L969) .

7
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Rappaport et al.  (1967) and Mclean (1969) demonsrrated,
through transi l lumination studies on rats, that the outlet end
of the sinusoids is blocked by stat ionary coluurs of red
cel ls, L6 - 24 h foLLowing adninistrat ion of PAs. The
reaction is typical ly patchy and results in stasis and
extravasation of red ce1ls spreading backwards from the centre
of the lobuLe. For at least 3 days, no circulatory detai l  can
be seen with transi l lurnination. Portal pressure is
signif icantLy raised 3 days after administrat ion of fuLvine
(Rappaport et al.  ,  1967), notabl"y before the f irst appearance
of col lagenous venous occLusion at 7 days. Mclean (1969)
observed that 6 - 10 days after PA adninistration, a new
irregular pattern of vascular f low, contrasting nith the
uniform radial pattern of f low in the normal l iver Lobule,
develops, which corresponds to the bypass channels represented
by di lated paraseptal sinusoids, as observed in human l iver
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 f irst by
oedematous connective t issue and then by f ibrosis. The
mechanism of closure of the sinusoids is not clear. A toxic
action on the sinusoidal or venous endothelium, which swe!.1.s
and occludes the lumen, seems possible, as suggested by A1len
& Carstenrs (1968) electron microscopic studies on the monkey,
and studies on chi l"dren (Brooks et a1. r 1970). The
endothel ial l ining of the vessels is denuded and replaced by a
f ibrinous and proteinaceous precipitate, which, together ! ,r i th
the oedenatous wall  of the vessel, becomes organized and
slowly replaced by f ibrous connective t issues. The occlusion
of sinusoids is further contr ibuted by the discharge of
cel lular debris into the space of Disse. The lumen of the
sinusoids becomes occluded simuLtaneousLy lr i th the f ibroeis
occurring in the centraL vein. Collagen f ibres extend into
the space of Disse and sinusoids leading to a ereeping
f ib ros is .

The proximate toxin that escapes from the liver is
returned to the heart,  after wtr ich i t  damages the f irst portal
of entry into the alveolar capi l lar ies of the lung and
pulmonary arteries.

6 . 4 . 1 . 5  C h r o n i c  e f f e c t s

The chronic hepatotoxic effects of PAs have been
in a nunber of studies on a variety of animaLs and
reviewed by Bull  et al.  (1968) and Mclean (1970).
feature is that an appropriate single dose of PA
demonstrated by Schoental and Magee (L957, 1959) to
relentlessly progressive course and eventualLy

described
have been
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animal, more than 18 rnonths after administration. Schoental &
Bensted (1963) demonstrated that rats receiving a single dose
of PA may develop chronic l iver disease ai ld f inal ly hepato-
cel lular carcinoma more than 13 rnonths after administrat ion.
The morphological changee in the liver are similar in a given
species of animal.,  whether a singLe sublethal dose is
administered or mult ipLe srnal l  doses.

Schoental & Magee (1957) studied the lolrg-term effects of
a single dose of l-asiocarpine on rats receiving normal and
protein-deficient diets. Albino rats of Porton strain were
used. In the f irst study, 66 rats fed a normal diet were
administered a single oral dose of lasiocarpine at one of 3
dose levels (50 - 74 rng/kgr 75 - 100 rng/kg, or 101 - 150 rng/kg
body weight);  24 animals served as controls. In another
study, 46 young female rats nere administered a protein-
deficient diet.  Of these, 1.3 and 10 anirnals received a singLe
oral dose of lasiocarpine at 50 - 100 mg/kg and 50 - 75 urg/kg
body weight, respectively. Each of these grouPs was pair-fed
with an identical number of animaLs that did not receive any
PA. 0f the 66 rats fed a normal diet,  vet 'y few died in the
first 10 days. Thirty-one animals survived longer than 3
months. They continued to be in good health unti l  short ly
before death. The numbers of animal-s that survived for 13
months after administrat. ioa of lasiocarpine vrere 8/10 rnales
and,717 females ( lowest dose) and 5/25 rnalee and 11/18 femal-es
(intermediate dose). In the group that received the highest
dose, neither of the 2 male animals survived longer than 35
days, and only Ll4 female animals survived longer thaa 3
months .  In  the  an imals  tha t  d ied  or ,nere  k i l led  when
moribund, parenchymal damage was invariably present vith
prominent megalocytes, ductular prol i ferat ion, and invasion of
Lobules by oval or eLongated cel ls, thought to be derived from
the bi l ,e-duct epithel ium or the ret iculoendothel ial ce11s.
Anirnals that survived showed various degrees of f ibrosis and
noduLar hyperplasia and, in sorne, a mild thickening of the
central- veins. No obl i terat ive lesions of the veins were
seen. The 31 animals that survived 13 months showed similar
changes, but to a much lesser extent. In the l ivers of
animaLs that had repeat l iver biopsies, there nas no tendency
to  regress ion  o f  the  les ions .

The above data indicate that very fev animal-s died of
acute disease. In most anirnals, there was a tatent period of
3 - 4 weeks, during which they remained well  and showed l i t t le
evidence of l iver cel l-  injury, fol lowed by a progressive
course often leading to f ibrosis and nodular hyperplasia.

The low-protein diet adversely affected the growth of al l
the rats in the control as well  as the treated group. Only 3
out of 23 treated animal-s remained al ive and in apparent good
health, B - 11 months after the treatment. Liver biopsies
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taken at various intervaLs between 4 and l0 months showed very
severe fatty changes in the l iver ce11s. There was 1it t le
f ibrosis and no bi le-duct prol i ferat ion. In areas where the
fatty changes r^rere less ievere, characterist ic megalocytes
rirere seen. Control animals had either normaL Livers or showed
only sl ight fatty changes that r irere not comparabLe in severity
with those in the l ivers of PA-treated animals. Thus protein
deficiency in the diet was shown to enhance the toxic effects
o f  the  PA.

- Schoental & Magee (L959) extended these studies on young
Wistar rats using several other pAs incLuding frel iot i ine,
retrorsine, r iddel l i ine, seneciphyl- l ine, monocrotal ine, and
its N-oxide in various dosages ranging frorn 25 to 300 urg/kg
body-weight; the animals wJre stud]ied- at death from 1 - l0
days to 18 - 30 months. Pathological changes were similar to
those observed with lasiocarpine in the previous study.
Notable observations r^7ere that necrosis did not necessari l .y
precede subacute or chronic changes. The l ivers of some
aaimals became severely damaged and showed noduLar hyper-
p las ia .  L iver  b iops ! ,2  -  3  days  a f te r  pA t rea tment ,  d id  no t
show pathologicaL changes in some animals, but a repeat biopsy
at 41 days showed characterist ic changes. Fibrous thickening
of the central veins was observed in some animaLs, more often
with monocrotal ine N-oxide, but no occlusion of the hepatic
veins was seen.

The studies of Nolan et al.  (L966) confirmed the observa-
t ions of SchoentaL & Magee (L957, 1959). They gave a single
dose of lasiocarpine at L2O mglkg body weight, by stomach
tube, _ to 108 (.equaI numbers of both sexes) Sprague Dawley
weanling rats (60 - L35 g body weight).  thirty aninals of
both sexes served as controls. Groups of lO animals, each
consist ing of 8 treated and 2 control animals, were kiLLed at
various intervaLs from 1 to 123 days. Of the g0 treated
animals, 28 died within 26 days. No delayed hepatic lesions
were found in 59 rats between days 1 and 18. Betveen 19 and
L23 days, delayed lesions were found in 34/49 rats. These 34
rats showed megalocytosis, but no ductul-ar prol i ferat ion or
f ibros is .

In a second study, 127 twenty-one-day-oLd male l , l istar rats
were given a single oral dose of lasiocarpine at 80 ng/kg body
weight; 65 animals served as controls. Liver biopsy was
carried out on day 3 in 108 and on day 9 in j .5 of the treated
animal.s. In 47 animal-s, addit ionaL biopsies rrere carr ied out
at intervals. 0f the 127 PA-Eceated rats, 98 died during the
first 9 days, and 29 after L0 - 50 days. In contrast to the
first.study, 32158 survivors exhibited deLayed subacute and
chronic lesions, as described by Schoental- & i{agee (1957). Of
these, 8 animals developed cirrhosis. The observations
indicated that the lesions of acute zor.a]- necrosis. which
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appeared on, or before, the third day, healed without residual
Lesions. However, 55"1 of the 58 sur'vivors developed
subacute/chronic lesions that tended to be progressive after a
latent period of 2 - 3 weeks. There agpeared to be an
int imate relat ionship between chronic lesions and
megalocytosis, which rf ,as seen ln 52158 surviving animal-s. No
obli terat ive vascular changes were observed and so the lesions
couLd not be ascribed to impaired circulat ion.

Schoental (1959) demonstrated the toxic effects on the
newborn of PAs administered to lactat ing mother rats .  l ' l istar
rats (200 - 300 g) were administered lasiocarpine, oral ly or
by  ip  in jec t ion ,  a t  25  -  40  mg,  in  5  -  10  doses  o f  5  -  10  mg,
twice weekly or more (24 rats), or retrorsine aE 4 - 10 mg per
dose,  in  1  -  14  approx i rna teLy  da i l y  doses  (23  ra ts ) .  The
l i t ters were left  with the mothers fot 24 days or more (except
for L/2 hour separation during the PA treatment). The l i t ters
were examined by biopsy at frequent intervals or at autopsy
when they died or were ki l led in a moribund state. Lit ters of
the lasiocarpine-treated rats showed onLy insignif icant
f ibrosis or some megalocytosis. In the retrorsine-treated
group, the majori ty of the young rats survived for about 18
days ,  bu t  a l l  ra ts  d ied  be fore  reach ing  the  age o f  30  days .
The miLk secretion of the mothers was appart int ly not affected
by the PA treatment. Of the 98 animals in 9 l i t ters, 45 died
by the 20th day and 45 survived 30 days. Animals dying in the
first fortnight did not sholv gross l iver lesions, but those
that died at weaning t ime or 1-ater, al l  showed signs of l iver
disease. Animals dying at 18 - 30 days showed hydropic or
fatty vacuol-at ion of hepatocytes and haemorrhage into
distended sinusoids. The change $ras severe in anirnals dying
at 1 - 2 months, and some central veins showed a narrowed
lumen. The l-actat ing rats Ehat receivdd the alkaloids
survived longer than their young, and most showed no i11
effects from the treatment. This evidently indicates either a
high susceptibi l i ty of suckl ing rats or a high concentrat ion
of PAs in rniLk.

In  s tud ies  by  At len  e t  a l .  (1963) ,  2  g rbups  o f  A-week-o ld
turkeys, each consist ing of L2 birds, $rere fed diets
containing ground Crotalaria spectabi l is seed at 2.5 g/kg and
5 glkg, respectively, for 120 days. Twelve animals served as
cont roLs .  A t  the  end o f  the  s tudy ,  LU12 b i rds  rece iv ing  5

elke sqed and 6lL2 receiving 2.5 glkg seed in the diet
developed cirrhosis. The minimum period of feeding required
to produce cirrhosis was 75 days, provi{ed the diet \ ,ras
reduced to a level that was not l-ethal.

AlLen & Carstens (1971) induced the Budd-Chiari  syndrome
in monkeys by monocrotal- ine. Six adult female and 9 adult
ma le  Macaca spec iosa  monkeys ,  we igh ing  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 fenales).
The treated group lras given a subcutaneous (sc) injection of
monocrotaline at 60 ng/tg body weight at monthLy intervals for
3 months. Needle biopsy of the Liver was carried out every
month for 5 months and laparotooy, 6 months after PA treatment.

The treated animals showed marked vascular changes and
various degrees of occlusion in the centr i lobular and
sublobuLar veins as weLl as the larger vessel"s. There was
also characterist ic haemorrhagic necrosis in the centr i lobular
zones and megalocytes \rere seen. The portal, venous pressures
were raised. The aninals lrere 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 irregu!.ar
f ibrosis in the lobules. The adjacent sinusoids were di lated
as a comPensatory mechanism.

Swiek et al.  (1982a) studied the effects on guinea-pigs of
Long-term dietary adninistration of Senecio jacobaea and
compared then nith the toxic effects--6?-ffiffi-6Fes of
injected Senecio alkaloids and monocrotal ine. The possible
protective-Fect of cysteine lras aLso examined. Fifteen
guinea-pigs of 250 - 300 g init ial  body weight were divided
into 2 treated groups, being fed 102 Senecio jacobaea, or LOi(
Senecio jacobaea plus 1% cysteine in EE-Ee:TiiitT 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 of, at the
termination of the study. In a second study, 7 guinea-pigs of
500 g body weight were injected intraperitoneally with either
monocrotal ine, jacobine, or nixed Senecio jacobaea PAs. The
chronic lethal  dose LD166 of  Senecio jacobaea t tas L264 glkg
initial body weight 

"t 
B"zloz oe 

-EEffiETET-uoay 
weighr witir an

average survival t ime of 279 days. No mortal i ty was observed
in controL animals. This contrasts lr i th the chronic LDrno
of Senecio jacobaea for rats of 581l of ini t iaL body wei!f , i
(Swii I-Et a1-.,-T929-) and that of catt le equivalent to 5 - 2O%
body we igh t  (4u11 e t  a1 . ,  1968) .  Add i t ion  o f  cys te ine  to  rhe
diet was only s1ight1y, but not signif icantLy, protective.
Pathological examination of the l ivers of the guinea-pigs fed
Senecio jacobaea revealed extensive megaLocytosis and severe
cytoplasmic vacuoLation with bi l iary hyperpLasia and f ibrosis,
prinari ly in periportaL areas. The centr i lobuLar and midzonaL
areas were spared.

Monocrotaline was noa-toxic at doses up to 1000 ng/kg body
weight, whereas jacobine and mixed alkaloids from Senecio
jacobaea were Lethal at much lower Levels. Sinilar ;€ffi'
showing resistance to monocrotaline in guinea-pigs rrere also
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repor ted  by  Chesney & A lLen (1973a) .  In  in  v i t ro  s tud ies ,
they relat ld this resistance to lack of coif f i  of PA to
pyrroles by guinea-pig microsomes.

A morphological pecuLiari ty of chronic hepatotoxicity in a
large variety of laboratory and farm animals is megaLocytosis
(Bu l l ,  l -955, '  Mc lean,  1970) ,  i .e . ,  the  appearance o f  except ion-
aIly large hepatocytes, 10 - 30 t irnes the voLume of normat
cel ls with proport ionately Large nuclei.  Relevant l i terature
has  been rev iewed by  Jago (1959) ,  Mc lean (1970) ,  and Mat tocks
(1986). Advanced megalbcytosis was produced by Jago (1969)
within 4 weeks in 2-week-old rats by administering a single
dose of lasiocarpine at 76 urnol/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
nuel-ear chromatin is proport ionately increaeed, but the cel ls
appear incapable of entering into nitosie, as only abnormal
mitoses are seen. Jago (1969) demonstrated a fal l  in the
mi to t i c  index  ( f rom L .61  to  0 .04)  in  l i ve r  ce l1s  o f  2 -week-o1d
rats, one day after inject ion of 50 umol lasiocarpine/kg.
The eLectron microscopic appearance also Eupports the above
observations (Afzetius & SchoentaL, 1967). A str iking
prol i ferat ion of rough endoplasmic ret icqLum and mult ipLe
centr ioles is seen in the cytoplasm, and the cytoplasmic
organelle6 are disorganized, suggesting increased metabolic
activi ty but inabi l i ty of the ce1ls to divide. Such ce1Ls may
persist for the l i fe-t ime of the animal (up to 2 years in the
rat) and the l iver never returns to normal (Mattocks, L986).
Megalocytes have also been described in the kidney (fu1l et
a l . ,  1968) ,  the  l -ung (Baroes  e t  a l . ,  L964 i  But le r  e t  a l . ,
l -970; l looper, 1974), and the duodenum (I loopet, L975c).

Data on the total chronic lethal dose of hel iotr ine in
ra ts  were  d iscussed by  Bu l1  &  D ick  (1959)  and Bu l l  e t  a l .
(1968). For a variety of dosing rates, and with withhoLding
periods of 10 - 20 veeks interposed, the total doses ranged
f rom 2 .2  to  7 .8  LD5O.  In  Tab le  L0 ,  these da ta  a re  ex tended
with results for olher alkaloids. The overal l  range of the
to ta l  le tha l  dose is  1 .2  -  10 .3  LD56.

6 .4 .2  E f fec ts  on  lungs

Current Literature has been extensiveLy reviewed by Kay &
Heath (1969), and Mattocks (L986). PAs have been shown to
produce pulmonary hypertension with associated vascular
changes in the puLnonary circulation in a number of experi-
mental animal species incLuding the rat, morirse, frog, turkey,
pig, sheep, rabbit,  and horse (Mclean, 1970) as welL as in
non-human primates (Allen & Chesney, L972; Chesney & A1,Len,
1973b)  and the  dog (Mi l le r  e t  a1 . ,  L978) .  The a lka lo ids  have
been administered by feeding the animaLs with: PA-containing
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Table 10. Total chronic lethal doses in rats
( ip  admin is t ra t ion ,  2  o r  3  t ines  per  week)

D o s e  ( x  L \ q ) Time to
death  (dayg)

Tota l  le tha l
dose

(x  LD59)

Reference

H e l r o f r a n e

GffiEG, unless
otherwise stated)

o . 2  5 8
0.1 L23
0 .04  303
0 .02  508
0 . 0 1

(with inrerval of 10 -
20 weeks afcer 21 days)

0 . 1 1
0 . 1

(35-day-old male rats)
0 . 1

(337-day-old mle rats)
0 . 1

(35-day-o1d fenale rats)
0 . 1

(337-day-o ld  femle  ra ts )

Las iocarpine
G;T-;CT

0 . t
0 . 0 5
0  . 02
0 . 0 1
(  0 .005  )
0.  t -
0 . 1

210
482
o / o

59s
(  638)

8 1  -  1 7 5

5
5 . 1
4 . L
4 . L

5 . 2  -  5 . 3

2 . 2  -  4 . 3
7 . 8

4 . 7

5 . 8

4 . )

9
10  . 3

2 . 6
(  1 . 4 )

2 . 4 - 5
6 . 3  -  1 0 . 9

4 . 6
5 . 8
4
a 1

(  1 . 5 )
2 . 4 - 7

Bul l  & Dick (1959)

Bul l  & Dick (1960)

Bul l  e Dick (1959)
Jago  (1971 )

Jago  (1971 )

Jago (1971)

Jago (1971)

Culvenor & Jago
(1979)

Bu l l -  &  D ick  (1959)

J a g o  ( 1 9 7 1 )

Culvenor & Jago
(L979)

J a g o  ( 1 9 7 1 )

0 . 1
0 . 0 5
0  . 0 2
0 . 0 1
( 0 . 0 0 5 )
0 . 1

Monocrotaline

0 . 0 5

SenecioninC
0 . 2
0 . 1
0 . 0 4

1.08
274
47L
487

(692)

1 . 2  -  2 . 4  B u 1 l  e t  a l .  ( 1 9 6 8 )

2  -  7 . 4  B u l 1  e t  a l .  ( 1 9 6 8 )

(3  surv ived)

9  Assuming LD5g mg/kg  (c . f . ,  Mat tocks ,  1986) .
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seeds of pLants (notably Crotalaria spectabi l iq) (Turner &
tal ich, 1965; Kay & l teath,-T966; Kay et ai. ,  L967a) or the
dr ied  p lan t  i t se l f  ( . .g . ,  Senec io  jacobaeb)  (Burns ,  1972) '
.q,r"o,r" soLutions or rut-vine@ 1964; wagenvoort
e t  a l . ,  1974arb)  o r  monocro taL ine  ( r ,a t i c t r '&  Ehrhar t ,  1962;
I luxtable et al. ,  1977), subcutaneous inject ions of monocrota-
l ine  (A1 len  & Chesney,  L972;  Chesney & A1 len ,  1973b)  and
seneciphyl l ine (Ohtsubo et a1., I977), or intravenous
inject ions of some pyrrol ic esters and analogues of
pyrrol izidine alkaloids aod their metaboli tes (Mattocks &
Dr iver ,  1983) .  La f rancon i  & .  I lux tab le  (1984)  s tud ied  the
hepatic metabolism and puLmonary toxicity of monocrotal ine in
in vitro perfusion studies. Some of the representative
studies on the morphological effects of toxic lung injury are
l i s ted  in  chrono log ica l  o rder  in  Tab le  1L .

Chronic lung lesions have been produced by most compounds
that produce chronic l iver lesions, though higher doses were
required in some instances (culvenor et al-. ,  I976a). I lowever,
not al l  PAs that are hepatotoxic are also pneumotoxic. Among
the pneumotoxic alkaLoids, fulvine (Barnes et al. . ,  1964) and

m o n o c r o t a l i n e  a r e  p a r t i c u l a r l y  a c t i v e , ( M a t t o c k s '  1 9 8 6 ) .
Molecular structure activi ty requirements are the same as for
hepatotoxicity, since both are caused by the same toxic
metaboli tes produced in the hepatocytes.

6 . 4 . 2 . L  A c u t e  e f f e c t s

Pulmonary lesions produced by PAs have been extensively
investigated, mostly in rats, but al-so in non-human primat.es.
Monocrotal ine has been the alkaloid most frequently used, but
lung l-esions have also been seen in rats fol lowing fulvine and
seneciphyl l ine administrat ion. Besides pure alkaloids,
PA-containing seeds of some plants, most notabl-y Crotal-aria
spec tab i l i s .  have a lso  been used.

Mi11er  e t  a1 .  (1978)  gave a  s ing le  i v  in jec t ion  o f
monocrot.al ine at 60 ng/kg body weight to 10 mongrel dogs.
Tox ic  e f fec ts ,  recorded w i th in  2  h ,  incLuded u l t ras t ruc tu ra l
changes in  the  endothe l ia l  ce1 ls  o f  . the  a lveo la r  cap i l la r ies ,
prominent accumulation of plateLets, and Ehe appearance of
in te rs t i t ia l  oedema ( tab le  11) .  Va ld iv ia  e t  a l .  (1967a,b)
used 25 Sprague DawLey rats in their study and made similar
observations oo the rat Lung within 4 h of a single
subcutdneous inject ion of monocrotal ine at a dose of 60 rng/kg
body we igh t  (Tab le  11) .  Io te rs t i t ia l  oedema and e las to lys is
of the alveolar wal1, increase in number of mast cel ls, and
other associated changes r^7ere observed within 4 h of the
inject ion, foLLowed by alterat ions in endothel ial and
in te rs t i t ia l  ce11s .  A11 o f  the  changes progressed s tead i l y
for up to 3 weeks. I t  was concLuded that the init ial  changes
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of destruction of pulmonary capi l lar ies and the other
components of the alveolar wal1 preceded the arteriolar
lYpertrophy and arteri t is observed by other investigators
folLo-wing monocrotaline administration, and alone lras
suff icient to cause r ight ventr icular hypertrophy. Sugita et
a l .  (L983arb)  adn in is te red  a  s ing le  dose o f  monocro ta l ine  a t
40 ng/kg body weight to 5 Sprague Dawley rats and adduced
further evidence, by biochemical and radioisotopic studies, of
microvascular leak in the alveolar wall  within the f irst 3
days of- injury, which preceded r ight ventr icular hypertrophy
observed 2 weeks fol lowing administrat ion (Table 11).

A histological and eLectron microscopic study rdas nade by
l lur ley & Jago (1975) of the Lungs of rats administered
dehydromonocrotal ine. FemaLe bl-ack and white hooded rars
weighing 80 - 100 g were used. Dehydromonocrotal ine dissoLved
in dinethylformamide (DlF) nas administered iv as a single
dose at 30 mg/kg body weight ro 12 rats and ar 15 mg/kg body
weight to 7 rats. Four control rats were administlret outr.
alone. A coLloidaL suspension of carbon black was injected
iv, 6 - 18 h after inject ion of dehydromonocrotal ine, .r id th"
animaLs ki l led 19 - 44 h after treatment.

After an interval- of 6 - 8 h, there was a direct toxic
effect on the endotheLial cel ls of puLmonary capi l lar ies and
sma1l venuLes. Many endothel ial cel1s had prominent nuclei
and thickened cytoplasm, which contained more RNA granules
than usual. There was also an increase in the number of
mitochondria. The endothel iaL damage did not seem to have
caused permanent disruption of the srnal l  blood vessels ,  and, 2
days after injury, al l  vessels were patent. Large numbers of
mononuclear cel ls, which appeared in the interst i t iaL t issues
-o-f the lung 44 h after injury, seemed to be altered emigrated
bl.ood monocytes.

6 . 4 . 2 . 2  C h r o n i c  e f f e c t s

Lal ich & Erhart (L962), fed 35 Sprague Dawley rats a diet
containing monocrotal ine at L0 - 30 ng/kg (Table 1l).  Anirnals
receiving a dai ly dose of monocrotal ine of 2O mg/kg diet.  or
more, showed progressive changes in the lungs after 24 days of
feeding. Of the 23 anirnals receiving 20 - 30 mg/k1, 12 showed
pulnonary arteri t is, 4 of these even at the dose levet of
20 mg/kg diet. PuLmonary haemorrhages were observed in 16
animals. No changes were observed in aninaLs fed alcohol-
extracted seeds or other derivatives of monocrotaLine.

_ Identical.  -changes were observed in similar studies by
Turner & Lal ich (1965) on t lro strains of rats, Sprague Dawley
(19)  and Wisrar  Fur th  (2D.  The f i rs t  g roop o f  19  femaLe
Sprague-Dawley rats was fed a diet containing monocrotal" ine at
an init ial  level of L0 ng/kg diet.  nependir ig on the response
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of each individuaL animal, the monocrotaline Level was raised
to a naximum of 75 ng/kg diet (table 11). Fourteen rats
survived for more than 100 days and 8 reached the naximrm
dietary 1eve1 of monocrotal ine, the last aninal dying after
232 days. The second group of 24 femal-e Wistar Furth rats lqas
fed a diet contaminated tt i th Crotalaria epectabi l is seeds,
init ialLy at 0.2 mg/kg diet,  grff ielke by
increasing the Levels by 0.2 ng/kg every week. A11 test
animaLs survived 100 days and 15 reached the maximum levels of
Crotalaria fed. The Last animal died after L72 days of
E dTn& /{nimaLs developed signs of toxicity and right vent-
r icular strain, e.g., cyanosis, etc. Progressive thickening
of rnedia in the muscular pulmonary arteries, progressive
muscularization of art-erioles, and changes characterist ic of
pulnonaiy hypertension, nere seen. Some pulmonary arteries
showed mediaL necrosis. No changes were observed in the
pulmonary veins. Signif icant hypertrophy of the heart,  as
judged by the heart weight in relation tor body weight, was
seen in aLmost all animals that survived 100 days or more
(32/38), and the r ight ventr icles lrere di lated. The
hypertrophy affected the right side of the heart onLy, and
geoeraLly corresponded with the vascular chalrges. There wae a
marked hyperplasia of the me.st cel1s in the, mediastinal lymph
nodes and around bronchi and pulmonary arteries. Sinilar
observations were nade by Barnes et al.  (1964) and Valdivia et
a 1 .  ( 1 9 6 7 a , b ) .

Kay and his group studied cardiac and puLmonary vascular
changes in rats fed CrotaLaria spectabi l is seeds (Kay & Heath,
1966; Kay et a1., l f f iea furvine (Kay et
a l .  ,  1 9 7 l a ) .

A group of 10 fenale weanling Wistar albino rats lrere fed
a diet containing L g powdered seeds of Crotalaria specta-
bi l is/kg unti l  th-ey d-ied of cardiorespirato@r
36 - 60 daye of feeding. Thirty-four control rats were fed a
normal diet.  At autopsy, the atr ia of the heart,  the r ight
ventr icle, and the left  ventr icle with the interventr icular
septum were weighed separately. The rnediatr thickness of the
muscul-ar puLmonary arteries was measured, and expressed as
percentage of external diameter. The medial thickness of the
muscul-ar pulmonary arteries increased in al. l  test rats; acute
or healing pulmonary arteritis lras seet in 3 aninals.
Stat ist ical ly signif icant cardiomegaly was present in aL1 rats
fed the seeds, contr ibuted chief ly by the r ight ventr icle.
The readings from al.1 the test rats vere welL outside the
upper 951l confidence Linit. The increase in the nedial
thickness of the pulmonary arteries correlated well  with the
weight of the r ight ventr icle (f ig. 10). Th:ee rats showed
pulmonary arteri t is ( indicated by a sol id tr iangle). I t  l ras
presumed that the organic basis for increased pulmonary
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resistance r{ras the abnormal muscularization of the radicles of
the pulnonary arteria! system. Essential ly sini lar resuLts
were obtained in an identical study repeat.ed on 8 test rats
and 5 controls (Kay et aL., L967a). The test rats developed
pulmonary hypertension in 37 days, levels of which l tere corre-
lated lrith the mediaL thickness of the muscular pulnonary
arteries and that of the pulnonary trunk, as well  as with the
weight of the r ight ventr icle.

0.05 0 .15

RV weights x 100

body weight

Fig. 1"0. Ttre relation between the average percent nedial thickness of

pulnonary arteries, and the weight of the right ventriele,

expfessed as a Percentage of the total body weight, in control

and tes t  ra ts  (Kay  & Heath ,  1966) .  Cont ro l  an ina ls  -  o i  tes t

animals - o; animals showing pulnonary arcerit is - A.

Ghodsi & Wil l  (1981) made similar observations in Sprague
Dawley rats given a single subcutaneous inject ion of
monocrotal ine at 60 ng/kg body weight. Forty rats r i leighing
180 - 200 g nere used; of these, 20 consti tuted the control
group. The control animals received the same volume of
sal ine. Each week, 3 rats fron each group \rere catheterized
and pulmonary artery pressures were measured. In the treated
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group, 2 out of 5 animals showed a rni ld increase in pulmonary
artery pressure at the end of 8 days. A further 4 out of 5
animals showed a ni ld to moderate r ise ic pulmonary artery
preasure after 2 weeks. The highest value recorded in test
rats rilas 56 mrnllg cornpared with a normal upPer lirnit of
22 mrnlfg. The mediaL thickness of pulmonary arteries was
correlated with pulnonary artery pressures (P < 0.02) as rrras
the thickness of the r ight ventr icle. The correLation between
the pulmonary artery pressures and r ight ventr icular
hyper t rophy  was s ta t i s t i ca lLy  s ign i f i can t  (P  <  0 .05) .

Kay  e t  a l .  (197La)  admin is te red  a  s ing le  dose o f  fu lv ine
to rats, intraperitoneally at 50 mg/kg body weight, or through
a stomach tube aE 80 ng/kg. Of the 30 treated rats, L7
survived 23 days. A11 of the animaLs showed changes
characterist ic of hypertensive pulmonary vascular disease with
right ventr icuLar hypertrophy and muscular hypertrophy of the
pulmonary trunk and the muscular pulmonary arteries.
Pulmonary arterioLes ! ' rere also muscul"arized and contained
fibrin thrombi. Four animals showed pulmonary arteri t is.

EssentiaLly sirni lar changes in the pulrnonary arterial
system were produced within 20 - 28 days by l layashi & Lal ich
(1967)  in  22  male  suck l ing  ra ts  admin is te red  a  s ing le  in jec-
t ion of monocrotal ine at 120 rng/kg body weight, and within 28
days  by  Ohtsubo e t  a l .  (L977)  in  L6  maLe,  4 -week-o ld  ra ts
given a single inject ion of seneciphyl-Line at 80 ng/kg body
weight. I looper (1974) did not f ind any such effect on feeding
powdered Senecio jacobaea at 100 - 200 ng/kg diet to 9 rnale
white rnice for up to 193 days.

In studies by Al len & Chesney (1972), don-human prirnates
(Macaca arctoides) were administered 4 dosee of monocrotal ine
a?-To--=--,66-Te/te body weight by subcutaneous injection
( tab te  t t ) .  Twe lve  in fan t  monkeys  (30  days  o1d)  and 12  adu l ts
(L5 rnonths oLd) were studied r^r i th dif ferent results. Vascular
changes, characterist ic of pulmonary hypertension and
resultant cor pulmonale, were observed in the infant monkeys,
as described by earl ier workers in the rat. Only isol-ated
smalL hepatic veins were occluded. On the other hand, the
adult animals showed a more severe involvement of the l iver
with changes characterist ic of veno-occlusive disease and onl-y
an occasiona!, pulmonary blood vessel rtas invol-ved. The
authors postulated that the dif ferent responses in infant and
adult animals were due to the dif ferent stages of rnaturation
of the enzyme systems of the hepatocyte in the two age
groups .  I t  i s  poss ib le  tha t  the  d i f fe ren t  reac t ions  in  the
Liver and lung in the 2 groups may be due to the fact that the
enzymatic pathways responsible for producing metaboli tes that
cause hepatic darnage 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 sini lar to those
of AlLen & Chesney (L972) in twenty, 30-day-o1d monkeys in a
similar study using monocrotal ine inject ions and recorded, in
addit ion, endocardial f ibrosis of the r ight heart.  The treated
animals developed classical cl inicaL features of cardio-
pulmonary distress, which was also evidenced by changes in the
blood-gas parameters. The raised r ight heart pressures were
confirmed by actual measurements of the blood pressure in the
right ventr icle, 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 f ibrosis. The type of vascular
changes seen in the animals were comparable rn?ith those
associated with puLmonary hypertension in man in cardio-
pul-monary disease (Barnes et al. ,  L9643 Kay & I leath, 1966; fay
e t  a l . ,  L967a;  Chesney & A l len ,  1973b) .

Wagenvoort et al.  (L974arb) made l ight rnicroscopic 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 rng/kg body weight. Twelve animal.s
served as controls. Vasoconstr ict ion of muscular pulmonary
arteries and arterioles was seen init iaLLy, one week fol.Lowing
administrat ion. This was evident by the coiLed appearance of
the muscular nuclei and excessive crenation of the internal
eLastic lamina. The nucLei of smooth rnrscle cel1s as wel"1 as
those of endothel- ial  cel-1s were part l-y squeezed betroeen the
folds of the lamina. After 3 - 4 weeks, these blood vessels
began to thicken, with muscuLar hypertrophy and fibrinoid
necrosis of the arteriaL muscle. Animals surviving admini-
strat ion of fulvine developed r ight ventr icular hypertrophy,
prol i ferat ion of endothel ial ceLls in the arteries and even
thickening of the veins.

In a study by Meyrick and Reid (1979), 2L Sprague Danley
rats v/ere fed a diet containing 1 g powdered seeds of
Crotalaria spectabi l is lkg for various periods ranging from 3
to 35 days. The earl iest demonstrable change in the puLmonary
arterial system of the animals r i las seeo on day 3 and consisted
of the appearance of muscle in normaL1y non-muscular arteries
of the lung. The muscular puLmonary arteries began to show
hypertrophy of the media from day 7, which reached stat ist-
ical ly signif icant levels on day 10 in srnal ler arteries and on
day Lh in the larger arteries. Signif icant r ight ventr icular
hypertrophy was seen on day 21. These ehanges rdere confirmed
by fi-thymidine uptake studies (Meyrick & Reid, 1982).

6 .4 .2 ,3  Mechan isms o f  tox ic  ac t ion

Considerable progress has
understanding of biochemicaL and
occur in ?A-induced lung disease.

been made recently in the
pharmacological changes that
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Turner & LaLich (1965) and Takeoka et al.  (1962)
postulated that pulmonary hypertension nas rnediated by the
release of 5-hydroxytryptamine from the tnast celts, which
became hyperplastic in the rnediastinat Lymph nodes and around
bronchi and pulmonary arteries (Turner & Lal ich, L965)
(sec t ion  6 .4 .2 .2 )  fo l low ing  admin is t ra t ion  o f  monocro ta l ine ,
causing vasoconstr ict ion. 0n the other hand, Kay et aL.
(1967b) found that the number of mast ce!" lsi  corresponded with
the severity of exudative changes in the lung and $rere not
related to the genesis of pulmonary hyperplasia.

Besides the medial muscuLar hypertrophy of pulmonary
arteries reported in several studies cited above, swelLing and
tysis of the endothel iaL cel l ,s, contr ibuting to LuminaL
narrowing and thickening of the walL with f ibrosis, have been
descr ibed (A11en & Cars tens ,  1970) .

Weanling rats are more susceptible to these changes than
older animals, and the changes fol low a str ict temporal
sequence. Oral administrat ion of mooocrotal" ine to rats at
20 mg/l i tre in drinking-nater produced a sequence of changes
over 3 weeks, that included an increase in lung mass, which
was signif icant by d,ay 9, st irmrlat ion of puLmonary RNA and
protein synthesis (rnaxinal on day 10), increased pulmonary
ar te r ia l  b lood pressure  (s ign i f i can t  by  day  10) ,  and r igh t
ventr icular hypertrophy by day L4 (Huxtable et al. ,  1"978i
Lafranconi et aL., 1984). The increase ir l  the lung mass was
not accompanied by change in the totaL col lagen content and
was contr ibuted possibly by hypertrophy of endothel ial cel ls,
but the increased mass of the r ight ventr i ,cle was associated
with a 4-fo1d increase in col lagen content (Lafranconi et al. ,
1985 ) .

An early event is inhibit ion of seiotonin removal by
pulmonary eodothel iurn (I tuxtabl-e et a1., 1978). This
phenomemon, combined with che increased rei lease of serotonin
by mast ceLls that has been observed, may be involved in the
development of pulmonary hypertension (Cari l1o & Aviado,
1969). Right ventr icuLar hypertrophy r is blocked by
propanolol, whereas the developmeot of pulmonary hypertension
is unaffected (I luxtable et al. ,  1977). Novpl metaboli tes have
been found to be reLeased by l ivers perfused with monocroEa-
l ine in vitro, and these metaboli tes bLock serotonin transport
in vitlg, r,rhen perfused through isolated lungs (Lafranconi &
Iluxtable, L984). These data suggest that the sLow release of
netaboli tes from the l iver into the circulat ion foLlowing low-
level exposure to monocrotaLine resuLts in specif ic inhibit ion
o f  endothe l . ia l  ce l . l  func t ion  (HuxtabLe e t  a1 , ,  L978) .

The effect of monocrotal ine treatment on pulmonary
angiotensin converting enz)rme (ACE) activity in the rat i;
disputed. I tayashi et al".  (1984) observed a reduction in the
ACE activi ty of pulmonary t issue in pyrrol izidine-exposed rats
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in paral lel- with the deveLopment of pul-monary alterat ions,
while the ACE activi ty of the plasma remained uachanged.
However, other authors have reported that, though the specif ic
activi ty of ACE fal l-s in the isol-ated perfused lungs of mono-
crotal ine-treated rats, or in lung homogenates from such
animals, when activi ty is expressed as totaL activi ty per
lung, there is no signif icant alterat ion in the lungs of
lreated animals compared with those of untf,eated animals
( I lux tab le  e t  a1 . ,  I978;  La f rancon i  &  I lux tab le ,  1983) .
Therefore, the signif icance of changes in ACE activi ty is open
to  ques t ion .

MoLten i  e t  a l .  (1984)  a lso  found ev idence o f  endothe l ia l
ce11 damage by monocrotaLine in their ul-trastructural and
biochemical- studies on rats. Eighty roale Sprague Da\rley rats
were used; half  were administered monocrotal ine at 20 mg/1itre
in the drinking-water and half were given plain r^rater. The
average dai ly water consumption was 35 ml/rat.  Thus, the
treated rats r^rere estimated to have received 2 mg/kg per day.
Five animal-s each from the treated and controL groups rirere
ki l led at intervals of L - 12 weeks after the start of the
study. The endothel ial darnage lras measured by ACE activi ty,
plasminogen-activator (PtA) act ivi ty, and prostacycLin
(PGI2) production. These vrere correlated with pulmonary
arterial perfusion and ultrastructural changes in the Lung.
In the treated groups, after an init ial  r ise at 1 week, the
ACE activi ty showed a steady decl ine from 1 to 6 veeks, after
wtr ich i t  plateaued at 55i( of normal. pLA activi ty did not
change for 2 weeks, but decreased by 59 and 79% of the controL
value after 6 and L2 weeks, respectiveLy. On the other hand,
the PGI2 production increased progressively reaching 140 and
2707" 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
visual- ized by s mTc-label led macroaggregated albtunin
perfusion studies. The activi t ies of ACE and PLA and the
production of PQIt are considered sensitive indices of
endothel ial functio-n in rats. The above results indicated
endothel ial celL dysfunction. The uLtrastructuraL studies
also reveaLed oedema of capiLlary subendotheLial,  perivenous
and periarterial t issues at I  Lreek, and interst i t ial
inf larsnatory inf i l t rates at 2 weeks. At 6 - 12 weeks, there
rtas thiokening of the pulmonary arteries and enlargement of
r ight side of the heart.

Stenmark et al-.  (1985) studied the role of alveolar
infLanrnation and arachidonate metaboLism in monocrotaline-
induced pulmonary hypertension in rats. Five groups of male
Sprague Dawley rats were treated as fol lows: (a) 20 rats
received 40 rng monocrotaLine/kg body weight, scl (b) 20 rats
received mooocrotaLine, 4O ng/kg sc plus diethylcarbamazine
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(DEC) 100 mg/kg sc, every 12 h; in addit ioo, 250 mg DEC was
added to 100 srL of drinking-\rater. This treatrnent started 2
days prior to the start of the study and wab continued dai!-y
for 3 weeks, '  (c) LZ controL rats received normal sal ine pLus
monocrotal ine at 40 mg/kg sc; (d) 12 rats ieceived indometh-
acin at 2 mglkg sc for 2 days, prior to receiving monocrot-
al ine at 40 mg/kg and then dai ly for 3 weelts; (e) 6 animals
each received a single sc inject ion of normal sal ine and
served as addit ional controls.

One, 2, and 3 weeks after monocrotal- ine or sal ine
inject ion, lung Lavage was carr ied out for cel l  counts and
assay for enz)rme activi ty and cyclooxygenase metaboli tes, the
degradation products of prostacycl in (fCf7) and thronboxane
A2(TXA2), 8s 6-keto-prostaglandin (fClro) and TXB2,
respectively. At 3 weeks, the animals wetre anaesthetizea,
r ight ventr icular pressures measured by catheterization and
the heart removed. The 2 ventr icles srere separated and
weighed for the determination of heart-weight rat io (r ight
ventr icl-e/ left  ventr icle + sspluns RV/LV + S) an indicator of
r ight ventr icular hypertrophy.

The right ventricle shoved hypertrophy at 2 weeks and the
right ventr icular pressure was increased at 3 weeks fol lowing
monocrotal ine administrat ion (Fig. 11). The leukocyte count
in the lavage f l ,uid increased at 3 weeks, with a r ise in the
percentage of poLynorphonucLear Leukocytes artd Large, abnormal
alveolar nacrophages in the test animals. B-N-acetyl--D-g1uco-
seaminidose activi ty was aLso elevated at 3 w1eks, indicating
ac t iva t ion  o f  leukocy tes .  There  was a lso  ar r i se  in  the  con-
centrat ion of 6-keto-PGF1o at 1 and 3 weekE, as well  as in
TX% at 3 weeks, compared with those in contrbl aninals.

The administrat ion of DEC inhibited both the increase in
heart-weight ratio (nv/r,v + S) and the increase in ouLmonarv
ar te ry  p ressure  ( f ig .  11)  tha t  occur red  3  weeks  a f te r
monocrotal ine administrat ion, and reduced the percentage of
polymorphonuclear ce11s, abnormal- alveol_ar macrophagesr aod
hexoseaminidase activi ty in the lavage f l_uid, compared with
that from animals that had received monocroEaline onl-v. The
r i s e i n t h e 1 e v e 1 s o f 6 - k e t o - P G F 1 n \ ' a s i n h i b i t e d ( p <
0.05) by 73% and thar of TXB2 by 74"1 i ;  the 1-ung lavage. 

-

The administrat ion of indomethacin did not have any
effects on either the heart-weight rat io or the puLmonary
arterial pressure 3 weeks after monocrotal ine administrat ion
( r ig .  L1) ,  bur  i r  inh ib i ted  (p  <  0 .05)  rhe  r i ses  in
6-keto-PcFlo (by 9O%) and TBr CUy gl-"/") rhat occurred in
the lung lavage of monocrotal ineltreated animals at 3 weeks.

The above studies indicate that both the cyclo-oxygenase
and the l ipo-oxygenase pathways of arachidonate metabolism are
activated by monocrotal ine as early events in i ts toxic effect.
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A DEC + monocrotaline
O Indo + monocrotaline
tr NS + monocrotaline

+ =  va lues  d i f fe ren t  (P

n lonocro ta l  ine-  t rea ted  ra ts .
+  =  v a l u e s  d i f f e r e n t  ( P  <  0 . 0 5 )
nonocro ta l ine  and norna l  

" i l i r " .

Source :  s tenmark  e t  a l .  (  1985 )
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Fig .  11 .  E f fec ts  o f  monocro taL ine  admin is t ra t ion  on  pu lmonary  a r te ry
pressures and right ventricular hypertrophy in rats and of the
pharmcological blockade of pathways of arachidonate metabol-ism
by diethy).carbanizine and indonethacin.

N o t e :

Le f t  ax is :  measurements  (SE)  o f  hear t /we igh t  ra t ios  I r igh t
re" t t f rT7  le f t  ven t r i c le  +  septum (nv / r ,v  +  s ) l ,  1 ,  2 ;  and 3
weeks  a f te r  admin is t ra r ion  a t  t ime ze to  o f  monocro ta l ine .
R igh t  ax is :  mean pu lmonary  a r te r ia l  p ressure  a t  3  weeks  [40
i - [7 [ ' [ f -6 ] - tean o f  15  ra ts l  o r  o f  sa l ine  (o ,  nean o f  6  ra ts ) ,
subcutaneous ly .
a = mean values for 15 rats given monocrotaline at t ime zero
pLus da i l y  d ie thy lcarbanaz ine  (osc)  fo r  2  days  be fore  and 3  weeks
af te r  monocro ta l ine .
v = mean vaLues for 12 rats given monocrotaline at t ioe zero
p lus  da i l y  i .ndomethac in .
f i  =  mean va lues  fo r  12  ra ts  g iven  monocro ta l ine  p lus  da i l y
n o m a l  s a l i n e  i n j e c t i o n s .
: r '  =  va lues  d i f fe ren t  (p  <  0 .05)  f rom those in  un t rea ted
c o n t r o l s .
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Activatioa of the cyclo-oxyenase pathway, demonstrated by
increased concentrat ions of the prostaglalrdin netabol. i tes
6-keto-PGF1o and TXB2 in lavage fluid, was inhibited by
indomethacin, but this inhibitioo did not prevent the
monocrotal ine-induced injury. DEC attentiated both the
inflarmatory response and pulmonary hypertension and inhibited
the formation of slov reacting substances i incLuding leuko-
tr iene D4. Since DEC produces a pharmacolosicaL bLockade of
the f.ipo-oxygenase pathway, it seems that the latt.er, rather
than the cyclo-oxygenase pathway, is lresponsible for
perpetuating the pathophysiological mechanism Leading to
monocrotal ine- induced pulmonary hyper tens ion.

HiLl iker et a1. (1984) demonstrated that antibody-induced
thrombocytopaenia att.enuates right ventricuLar hypertrophy
induced by monocrotal ine in rats. In anothei study, Hi l l iker
& Roth (1984) also produced evidence that hydral lazine, a
vasodiLator and inhibitor of platelet prostaglandin synthesis,
dexamethason, an anti inf larnnatory agent and inhibitor of
phospholipase, and sulf inopyrazone, an inhibitor of pLatelet
prostaglandin synthesis inhibited monocrotal ine-induced r ight
ventr icuLar hypertrophy in rats, support ing the hypothesis
that platelets and vasoconstr ictor agents play a role in
monocrotal iae-induced pulmonary hypertension. Likewise, prior
chemicaL sympathectomy with 6 hydroxydopamine (100 mg/kg) or
inhibition of serotonin synthesis with p-chlorophenyl-alanine
(500 ng/kg) reduced the degree of monocro-tal ine-induced r ight
ventricular hypertrophy in rats, but did not prevent or reduce
puLmonary vascular muscularization (Tucker et al. ,  1983).
Thus, the synpathetic nervous system and serotogenic
mechanisms seemed to be invoLved in the development of right
ventr icular hypertrophy, but not in the developmenc of the
pulmonary vascular lesion induced by nonocrotaline. Kay et
al.  (1985) also demoostrated that pretreatment vith
g-chlorophenyLalanine, which inhibits 5-hydroxytryptamine
(5t{P) synthesis, also signif icantly (P < 0.05) reduced r ight
ventr icular systol ic pressure, r ight ventr icular hypertrophy,
and nedial thickness of anuscular pulmoilary arteries in
monocrotaLine-treated rats. SimiLar observations were made in
rats exposed to hypoxia. I t  was therefore suggested that 5HP
might play a role in monocrotaline-induced or chronic hypoxic
pulmoaary hypertension.

The biosynthesis of rat lung polyamines, putrescine,
spermidine, and spermine, general ly considered to be important
regulators of cel1 gro$rth and dif ferentiat ion, is increased
prior to the evolution of monocrotal-inqinduced puLmonary
hypertension in rats. Continuous adminigtrat ion of a-di-
fLuoromethyLornithine (OfUO), which is a highl.y specif ic
irreversibLe inhibitor of ornithine decarboxylase (OOC), a
rate-t iur i t ing enzyme in polyamine biosynthesis, at ienuated the
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development of monocrotal.ine-induced pulmonary hypertension in
ra ts  (O lson e t  a1 . ,  1984) .  Th is  e f fec t  r r ras  med ia ted  by  the
DFMO, by inhibit ing the synthesis of putrescine aad
s.permidine, and not by blocking the hepatic rnetabolism of
monocro ta l ine  to  pyr ro les  (O lson e t  a l . ,  1985) .  Thus ,  i t  was
suggested that lung poLyamine biosynthesis rnight be essentiaL
for the expression of monocrotal ine-induced perivascular
oedema as well as rnedial thickening in the development of
monocrotal ine-induced pulmonary hypertension vascular disease.

On the  bas is  o f  the  preced ing  s tud ies ,  most ly  on  the  ra t ,
the mechanism of chronic long-term injury to the lung by
monocrotal ine seems to be as folLows. Inl i thin hours of pA
administrat ion, there is damage to the pulmonary endotheLial
cel ls accompanied by vascular leak leading to pulmonary
oedema.  P la te le t  aggregat ion  a lso  occurs .  The endothe l ia l
damage indicated by ul-trastructural and biochemical studies
activates the production of prostacycl in and l ipogenic
products, which mediate increases in vascular permeabil i ty and
inf lanrnatory reaction. There is simultaneous production of 5
hydroxytryptamine and several polyamines. The injected
monocrotal- ine is completely metabolized within hours, and no
signif icant quanti ty is found in the body at 24 h (Hayashi,
f966) and, though some active metaboLites may st i l l  be
detec tab le  by  iso tope s tud ies ,  even a t  L4  days  (Hsu e t  a l . ,
1974), the rats do not have any lung lesions. The slow
evolut ion of vascular changes suggests that i t  is not caused
by monocrotal ine but through biological pathways activated by
the init ial  injury.

Methylprednisolone (l'{P) , which reduces acute lung oedema
caused by monocroEal- ine (MCT), has been shown to reduce
MCT-induced .pulmonary hypertensive vascular changes in rats
and the resultant r ight ventr icular hypertrophy (Langleben &
Reid ,  1985) .  Da i ly  ip  admin is t ra t ion  o f  MP ar  5  mg/kg  body
weight, was found to be more effect ive than 2 large doses of
MP at 30 mg/k1, 2 h before and 2 h after a single sc inject ion
of MCT at 60'nrg/kg. I t  was suggested that secondary changes,
though tr iggered by the acute MCi injury, become self
sustaining and are more signif icant for vascuLar structural
remodell ing.

St ruc tura l  a r te r ia l  remode l l ing  w i th  vasoconst r i c t ion ,
nedial- hypertrophy of the muscular pulmonary arteries, and
muscularization of the pulmonary arterioles fol low as late
effects, result ing. in pulmonary hypertension and r ight
ventr icular hypertrophy of the heart.

The resu l ts  o f  the  above s tud ies  suggest  a  d i rec t  tox ic
e f fec t  a f  the  a lka lo id  on  the  endothe l ia l  ce l l s  o f  the
aLveolar capi l lar ies and on the pulmonary arteries, as well  as
a pulmonary hypertenoive effect on the heart.



- 1 2 1 -

6.4.3 Effects on the central nervous system

The dominant signs of pyrrol izidine poisoning in horses

are  neuro log ica l -  (Rose e t  a l . ,  1957arb1 '  Mc lean,  1970) .

Sirni lar signi caa also occur in catt le and sheep. I t  has been

clained thlt  such signs are probabLy non-speci-f ic secoodary

effects fol lowing pt i t" ty Liver disease resul ' t ing in hyPer-

amnonaemia (nose et aL., L957a). Ilowever, neurological

abnormalities in which animals walk in a straight f ine uotil

they come to ao object, and then stand with their heads
prelsed against the object, indicate specif ic Lesions in the

ceatral nervous system. Spongy degeneration of the central

nervous system occurs in catt le, sheep, and pigs (Hooper et

aL ,  ,  1974;  l looper ,  1975a,b) .
Trichodesma al-kaLoids, in part icular, apPear to be

neur6ffiEere is a considerabLe body of literature in the

USSR on Trichodesma intoxication of mice, rabbits, and dogs,
which hai l6i ln reviewed (rsnai lov et a1-.,  1970). Mice given

Trichodesma alkaloids subcutaneously at 0.5 ng/kB deveLop

;€rrJffiTthe hind f.irnbs vithin L2 - 17 days. opisthotonus
and clonic convulsions are also seen. Doses of 10 - 15 ng/kg
of alkaloids produces death in aLl animaLs within 2 - 6 h, as

the result of respiratory depression. Higher doses produce

imnediate death.

6 .4 .4  E f fec ts  on  o ther  o rgans

Right ventricular hypertrophy, secondary to the prinary

effects on the pulmonary arteries, and the resultant pulmonary

hypertension in animaLs treated with PAs or PA-containing
pLants have been <tealt with in section 6.4.2. LaLich & Merkow
(fSOf) reported nyocardit is consist ing of focal oedema and

iafiltration with a rninimaL number of Lymphocytes and
mononuclear ce1ls in some rats fed CrotalaTia specgaPiLis
seeds mixed with the diet at a concentrat ion ot 0.LJ
Z g/ke. Treated grouPs consisted of tL - 24 aninals each;
there were L2 controls. The changes l tere seen in al l  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 glkC diet for 20 - 3'1 days.

GeneralLy, there was a close correlat ion l t i th the presence of
puLmonary arteri t is.

Renal changes have been described by a number of

investigators. t layashi & tal ich (L967) observed utiLd to

moderate changes in renaL glomeruLi coqsist ing of necrosis,
capillary thrombosis, and degenerative changes in - the
eplthel ial and mesangial ce11s, thickening of interLobular
arteries, and arterial thrombosis in suckl iog, male Sprague
Dawley rats given a singLe sc dose of monocrotal ine at
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120 ng/kg body weight. RenaL changes were seen, ro sorne
extent, in aLL animals surviving for 4L - 47 days.

Carstens & AlLen (1970) studied rhe effects of feeding
9rotaLaria spectabiLis seed on the rat kidney. Fif ty nate
Sprague Dawley rats lrere fed- a diet containing ground

@__"p""8!:1is seed at 0.2 - 0.8 g/kg fot 8 months.
Tffied to contain approximaiely 3.5 g mono-
crotal ine/kg; 10 aninaLs served as controls. Renal Jhanges
nere seen in 33/50 PA-treated rats. In 22 rate, over 75"A of
the glomeruli were hyalinized and capsules thickened. In the
less severely affected kidneys, the glomerular baeement
membrane was thickened and homogeneous deposits were seen in
mesangial areas. Afferent arterioLes and interlobular arteries
rtere narkedly thickened. In the most severely affected
vessels, the internal elast ic lamina r i las necrosed and the
larger arteries showed f ibr inoid necrosie.

Renal tubular megal.ocytosis nas the dominant lesion
described by Eooper (L974) in mice. Nine male white nice, 10
weeks of age, were fed Senecio jacobaea, which contained a
concentration of altaT6Ta-iftconin-nine, jacobine, and
seneciphyl l ine) of 2.7 glkg and a concentrat ion of N-oxide of
0.9 gl1rg, nixed with the diet.  The S. jacobaea wal eiven ar
190 e/te diet for 9 weeks, before b=ffiEEffid to Ioo g/tg
diet. Five aninals served as controls. The animals rrere
ki l led from 63 to 193 days afrer the srarr of the srudy. A11
treated aninals, except 2 ki l led on day 63, shoved changes.
The large cells occurred in both the proxinal tubules and the
loop of llenLe. Sinilar ce1ls were seen in the al_veolar and
bronchiolar epithel iun. No glomerular lesions were described.
Th€ author mentioned having seen the above changes in rats
given repeated subletha!. injections of fu!.vine and specta-
biLine. On the other hand, Kurozumi et al.  (1983) observed
glomerular l-esions in rats given a singLe inject ion of
monocrotaLine.

A variety of renaL lesions has been observed in pigs, a
conmon pathological feature being renaL negalocytosis, wfr ictr
was observed, in pigs poisoned by at Least 4 dif ferent plant
genera containing a variety of toxic alkaloids (Harding et
a1., 1964; Peckham et aL., L974) and has aLso been observed in
wilh pigs grazir.g in areas rich in pA-containing plants in
northern Austral ia (Hooper, 1978). McGrath et aL. (1975)
described gLomeru!.ar lesions in pigs given Crotalaria
spectabilis seed daily for 43 days. Severe renalf--LEET6ns
comprising tubular di latat ion, megalocytosis, and necrosis of
tubuLar epithel iaL cel ls with casts in the lumen, interst i t ial
and periglornerular fibrosis, and glomeruLar hyalinization lrere
reported by Hooper & Scanlan (L977) in pigs fed Crotalaria
retusa seeds containing monocrotaLine. Rena!. reg;i;Fffi
EiEA-lso been reported in C. retusa poisoning in h'orses,
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sheep, and mice Poisoned by S. jacobaea but not by H'

europaeum, and in vervet rnonkeys tiFt, ch.orri" retrorsiiZ

poisonif i  (van der watt et aL., L972).
tesions have been reported in the stomach and intestines

in fieLd and experimental animals after poisoning with

pyrrol izidine aLkaloids, but are dif f icult  to identi fy as

siecif ic PA injury. Hooper (1975c) conducted studies on

"he.p, 
rats, and mice. In the study on s-heepr t2 male

crosi-bred lambs, 7 - 8 weeks of age, were newly, neaned on to
a standard cotunercial calf  grorter diet.  Lasiocarpine rtas
administered at the rate of 15 - 20 rng/kg body weight every

2 - 4 days. Each animal was ki l led when in terminat coma'

Survival t ime ranged from 4 to 17 days. In the rat study,
young tJistar-Furth rats (sex not stated) weighing 150 - 200 g

were used. In one group of 11 rats, each animal received an

ip inject ion 6f lasiocarpine at the rate of 40 rng/kg body

,". igt i .  Three animals received isotonic sal ine. Animals were

kiLled or died 2 - 6 days after the inject ion. A second group

of 13 rats received 
" 

dose of 35 mg Lasiocarpine/tg uoay

weight; d control animals received saLine. A11 rats received

a second inject ion 48 h 1ater. They were ki l led 3 - 60 days

after the second administrat ion of l-asiocarpine. In the mouse

study, 3 rnature male white mice received 6 inject ions each of

lasiocarpine at the rate of 45 mg/kg body weight fol lowed by 4

inject ions of 90 mg/kg body weight at 48-h intervals. There
rdas one control animaL.

A11 animals showed characterist ic hepatic lesions. Sheep
also showed severe oedema, haemorrhage, and epithel ial
necrosis in the gal l  bladder; Lesions were al"so found in the

central nervous system and occasionaLly in the kidney. ALl

animals showed severe intestinal atrophy. There was inhibition

of -crypt cel.1 mitosis leading to rnitot ic irregulari t ies,

abnormal 1,atge celLs and syncit ial  ce11s, especial ly in the

duodenum of sheep, and severe vi l- l -ous atrophy with ulceration'

Lesions in the intest ines were similar to those caused by

radiat ion and radiomimetic agents. I t  nas suggested that the

local intest inal radiomimetic effect r ' tas due to I 'ocal exPosure
to the pyrroLe metaboli te of lasiocarpine after excretion
through the bi le duct. I t  l tas proposed that a more

"oo"pi"rrous 
and rapid development of duodenal megalocytosis

ras dne to very rapid turnover of cel1s in the duodenum.
Other probabLy secondary effects incLuded haemolysis in

sheep in. associa-t ion with advanced l iver disease and high
l ivei-copper levels (sul1 et al. ,  L956), anaemias and

disturbance in iron metabolism and haematopoiesis (Schoental &

Magee,  1959;  Schoenta l , ,  1963;  Peckham e t  aL . ,  t974 i  Hooper  &

Scan lan ,  lg77)  (sec t ion  6 .4 .11) ,  pancreat ic  oedema and

f ib ros is  (Bras  & I l i l 1 ,  1956;  Schoenta l  &  Magee,  1959) ,

cerebral oedema, haemorrhage, and congestion in the rat brain
(Dav idson,  1935;  Rosenf ieLd & Beath '  1945) .
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Tumours in the dif ferent organs have been dealt l r i th
separa te ly  under  carc inogenes is  (sec t ion  6 .4 .8 ) .

6 .4 .5  Tera togen ic i ty

The teratogenic potential of pAs was demonstrated by Green
& Christ ie (1961) who produced a variety of dose-related fetal
abnormaLit ies in the rat, with a singl_e intraperitoneal
inject ion of hel iotr ine administered during the second week of
gestat ion. The dosages ranged fron 15 to 300 mg/kg naternal
body weight. Lit ters exposed to a dose of Less than-5O ng did
not show any abnornalities, but abnormalities were observed in
l i t- ters exposed to higher doses, and increased in frequency
and severity with increasing dose. The abnornal i t ies includei
retardation of development, musculoskeletal defects,
especialLy hypoplasia of the Lower jaw, cleft  palate, and
other abnormali t ies. Doses above 200 mg resul ied in the
intrauterine death or resorption of many fetuses.

Sini lar studies were perforned by peterson & Jago (1930)
who compared the effects of hel iotr ine with i ts metabolic
pyrrole derivative dehydroheliotr idine (DfH), when
administered in a sing!.e ip inject ion to rats on the 14th day
of gestat ion. I teLiotr ine was administered at 200 ng/kg body
weight and DIIH at 30 - 90 ng/kg, 14 days after gqagsp;ien.
Effects on errbryos, evaluated on the 20th day, showed that
both heliotrine and DIIH retarded grovth and weie teratogenic,
but that the effects of a 40 ng/kg dose of DIII I  were equivalent
to  those o f  200 ng /kg  he l io t r ine ,  i .e . ,  the  rne tabo l i te  was 2 .5
t imes as effect ive on a molar basis. DHII produced a number of
skeletal abnormali t ies including retarded ossif icat ion,
d is to r ted  r ibs ,  long  bones,  c le f t  pa la te ,  and fee t  de fec ts .
At higher doses, growth almost ceased in many t issues and the
fetuses lrere very irmature. Horilever, the embryonic liver
parenehyma did not show the antimitotic effects of DIIH.

The teratogenic propert ies of heLiotr ine rrere also
demonstrated in Drgggphilg Larvae fed low levels of rhe
al.kaLoid (Briak, 19EZ)1--

6 .4 .6  Feto tox ic i ty

_ The subject of fetotoxicity has been reviewed by Mattocks
(1986). Sundareson (1942) demonstrated the 

"Ulf l ty 
of

pyrroLizidiae alkaLoids to cross the rat placenta. Twice
weekly inject ions of the pA, start ing at, or after, the 12th
9ly of gestat ion, resuLted in premature del ivery of some
litters and many were born dead. The same author jhowed ttrat
the alkaloids themselves and not just the pyrroles formed in
th: dams ! l ivers, could pass the pLacentaL barrier by
inject ing senecionine into 19-day-o1d rat f  etuses in utepr
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which produced the characterist ic 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 ng of PA, representing about 200
400 rng/kg body weight, which is much higher than the LD56
for an adult rat,  3 of then were st i11 al ive after 2 days.

creen & Christ ie (1961) did not f ind any Liver damage in

fetuses from pregnant rats given teratogenic doses of
heLiotr ine. Only ni ld l iver damage wag found in the embryo
rats whose mothers had been injected nith PAs (hel iotr ine,
Lasiocarpine, retrorsine, or monocrotaLine) (Bhattacharya,

1965). In contrast, Schoental (1959) demonstrated that
lasiocarpine and retrorsine, when administered to lactat ing
rats produced l i t tLe effect on the mothersr but produced acute
l iver lesions in the suckl ing infants. The lesions were most
severe in 3- to 7-week-old animals. I t  l ras suggested that the
infants were affected by the milk from the lactat ing mothers,
which possibly contained the metaboLic products of the PAs.

It  woul-d seem from the above studies that the embryo is
reLatively more resistant to the toxic effects of PAs in utero
rhan i t  i s  a f te r  b i r th .  Mat tocks  & Whi te  (1973)  pos tu la ted
that this could be due to the low capacity for the metabolic
activation of PAs of the embryo l iver, as they had shown that
the abi l i ty of l iver enzymes to convert retrorsine to toxic
metabol. i tes was Low in rats, imnediateLy after birthr but
picked up rapidly afterwards. The susceptibiLit ies of rats of
various ages to the hepatotoxic effects of the PAs r,tas
proport ional to their capacity to form and retain the pyrrol ic
metabolites. Twenty-day-old rats rilere found to be more
sensit ive than older animals.

The effects of fuLvine administrat ion on pregnant rats
between 9 and L2 days of gestat ion r 'rere studied by Persaud &
Iloyte (1974). Dose-related fetal resorPtions were observed,
but no hepatic lesions r^tere seen in the fetuses. On the other
hand, Newberne (1968) observed damage, in both the maternal
and fetat l ivers, when lasiocarpine roas administered to
pregnant rats. Acute l iver necrosis was observed in the
l ivers of mothers as well  as fetuses in animals that had
received L00 arg Lasiocarpine/kg body weight on day 13 of
gestat ion. I lowever, in animals that received 2 doses of
35 mg/kg body weight on days 13 and 17 of pregnancy, liver
necrosis iras seen in the fetaL Liver but not in that of the
mother. I t  is not known why lasiocarpine acts dif ferently
from other alkaloids and has a greater effect on the fetal
l iver. uattocks (1986) has postulated the possibiLity that
fetotoxicity was caused chief ly by toxic metaboli tes formed in
the maternal liver, and that a greater proportion of such
metaboli tes reached the fetus from Lasiocarpine than from
other PAs.
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6 .4 .7  Mutagen ic i ty

A number of PAs that have been shown to be oowerful dose
dependent mutagens in DrosophiLa melanogaster have been l isted
by l tattocks (1986). A@eparotoxic though
the degree of nutagenicity is not necessari ly proport ipnal.
TabLe L2 provides a surnnary of the mutagenicity tests on
different PAs, related conpounds and plant extracts. Clark
(1959) demonstrated the mutagenic effect of hel iotr ine in
Drosophila, in which a considerable increase in sex-l inked
recessive lethals was produced, apparently by interfering with
the maturation of germ cel ls, so that as soon as the avai lable
spermatozoa were used, the males were no longer capable of
breeding. The ce11 damage was irreversible. The mutagenic
effect of feeding Drosophila males for 24 h with a medium
containing 10 - 3 moffifficro-ialine rdas comparabl-e to about
1000 R of X rays (Clark, L976). The Basc test wirh Drosophila
melanggaster _is considered a highly sensit ive .uFage-@
tes t  fo r  PAs (Candr ian  e t  aL . ,  1984a) .

SeneciphylLine and senkirkine, known to occur in animal
feeds and medicinal herbs, respectively! were tested for their
abi l i ty to produce sex-l inked recessive lethaLs in males of
DrosophiLa melanogaster using the Basc (3-day feeding method)
by Candrian et aL. (1984a). SenecipbyLl ine was found to be
mutagen ic  a t  concent ra t ions  o f  L0-5r  10- r ,  and 10-3  moL,
otr ich produced 3.82 (983 chronosomes tested), 9% (708 chrosro-
somes tested), and L5.3i4 (327 chromosomes tested) sex-l inked
recessive lethals, respectively. Senkirkine (10-s. mol) $ras
found to produce 4.4"/" sex-l inked recessive lethals (254L
chromosomes tested) against 0.172 maximum sensit ivi ty in the
late spermatid stage of spermatogenesis indicating that pAs
act as indirect mutagens. Fl ies fed with niLk frorn lactat ing
rats given an oral dose of !J ng seneciphylLine/kg showed 1.22
sex-l inked recessive lethaLs (L477 chromosomes tested)
compared lr i th 0.3"A (1533 chromosomes tested) in controLs.

Mutagenic propert ies of 7 PAs extracted from plants to
Salmonella typhinuriun TA100 have been demonstrated by a
@ yamanaka et al.  (Lglg). The pAs were
cl ivorine, fukinotoxin, hel iotr ine, l-asiocarpine, l igulari-
dine, LXC201, and senkirkine. preincubation of these
alkaloids with liver 59 mix and bacteria in liquid medium was
essential for demonstrat ion of the property. pAs in the
hetiotridine ' and otonecine fanily $rere mutagens, while
retronecine bases were inactive. MonocrotaLine and hel iotr ine
were not active mutagens to Escherichia coli tilp2, even though
they were quite cytoroxic (cG-ffiiTilLg7r. They were
active in repair deficient strains. Retrorsine was active in
inducing mutations on the Ames Salrnonella/rnicrosome assay
(wehner et al., 1979). Exrracrs Tffi'GdTcinal pLanrs and
noxious weeds were mutagenic towards Salmonella in the Arnes
assay (Pool ,  L982; White et a1., 1,983; K;Tdff i? a1., 1978).
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TabLe 12 .  Mutagen ic i ty  tes ts  on  pyr ro l i z id ine  aLka lo ids ,  re la ted
compounds, and source plants

Compound or material Type o f  tes€ Respons&

C livorine

Echinidine

E chinat ine

Fulvine

Hel io t r ine

Integerrimine

Jacobine

Lasiocarpine

Ligularidine

L indelofine

Lycopsamine

Monocrotaline

Petasitenine ( fukinotoxin)

A
HPC

D

D

D
P
F
cc
A
B
Til
c!1/cc

D

n

D

l{Pc
clr/cc
Tlt

n

P

B

HPC

CT

A
HPC
clt
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T a b l e  1 2  ( c o q t d ) .

Compound or naterial Type o f  tes t3 Response!

P latyphyll ine

Retrors ine

Rosmar in ine

Senec ion ine

Senec iphy l l  ine

Senkirkine

Supi.nine

Mixed a lka lo ids  f rom
Senec io  jacobaea

senec io  numorens is

ffiI@T&':tract)

Senec io  jacobaea (ex t rac t )

Serec io  long i lobus  (ex t rac t )

Symphytun  o f f i c ina le
(conf rey  ex t rac t )

Ret ronec  ine  b  i s -q -ch lo ro-
benzoate

Synthanec ine  A b is -N-e thy1-
carbamale

Ret ronec ine

Hel io t r id  ine

v l r l c o l l o r l c  a c l d

H e l i o t r i c  ( h e l i o t r i n i c )  a c i d

D

A
D
CT

CT

D
A

A
P

HPC
c}l/ cc
D

D

CT

D

D
HPC

0
+

+

0

0

CM

P

0

+

+

0

+
0

o
+
+

+

+

!

+

0

0

0

0

I

+
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T a b l e  1 2  ( c o n t d ) .

ComFound or macerial Type of  test9 Respons e!

Dehydroretronec ine

Dehydrohel iotrid ine

Pyr ro le

2 ,3-Bishydroxynethyl-1-me thy 1-
pyr ro le

2-Hydroxy lnethyl- 1-nethy 1-
pyr ro le

3-Hydroxy lnethy 1- 1-me thy 1-
pyrrole

CT
A
scE

CM

scE

scE

t

HPC

CT

scE

0

+
1

I

+
+

b

A =  Sa lnone l la  ( "Anesr r )  tes t .
B  =  Other  bac ter ia l  les ts .
CC =  C las togen ic  ac t iv i t y  in  cu l tu red  ce . l l s .
CM = l lu tagen ic i ty  tn  cu l te red  mml ian  ce l l s .
CT =  Ce l I  l rans format ion  tes t .
D =  Mutasen ic i tv  in  Drosoph i la .
F  =  Tes ts  in  fungus  (Asperg i l lus  n idu lans) .
HPc = He pa t ocy t e pr inl:y-6ilfEFbT[-iEfiii r te s t .
P  .=  Chromosoml  aber ra t ions  in  p lan t  ce l l s .
SCE = Sister chromtid exchalge.
TM = Transplacenlal micronucleus test.

+  =  ac t ive .
I  =  narg ina l l y  ac t i ve .
0  =  inac t ive .

From the l i rnited data avaiLable, i t  aeems that the
carcinogenic activi ty of individual alkaloids par411els their
mutagenic behaviour, but not their relat ive hepatotoxicit ies
(Culvenor & Jago, 1979).

6.4.7.1 €hromosome damage

Pyrrol izidine alkaloids have been shown to be capabLe of
danaging chromosomes in pLants, fungi, bactei ia, t issue cel1
cultures, and the fruit  f ly (Drosophila nelanogaster).
Literature on this . topic has been@l .
(1968) ,  Mc lean ( l -970) ,  and Mat toeks  (1986) .
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Several PAs are known for their ability to damage the
chromosomes of growing plant cel ls (Mattocks, 1986). Sini lar
propert ies have been demonstrated in leukocyte cultures from
the marsup iaL  (Potorus  t r idac ty lus)  (S ick  &  Jackson,  1968;
Bick, 1970). 8m971) found dehydrohelio-
t r id ine ,  a  metabo l i te  o f  he l io t r ine ,  to  be  L0  t imes more
active than the alkaloid.

Infusions of Symphytum off icinale L., described in PoLish
pharmacopoei. .s Bg!!1gp!y!i., are recormnended as expect-
orants, especial ly foi Childien. Furmanowa et al.  (1983)
demonstrated the mutagenic effects of an alkaloidal fract ion
and infusion in this plant in the meristematic cel ls of the
la te raL  roo ts  o f  V ic ia  faba L .  var  minor .  Las iocarp ine ,  a
proven carcinogen, =ffi-Fa positiveGErol.

Chromosome damage by PAs in the hamster lung cel l  l ine 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
heLiotr ine (225 rr 'glkg body weight) and lasiocarpine (86 rng/kg)
within 20 h of the inject ion.

The genotoxicity of hel iotr ine, monocrotal ine, seneci-
phyl l ine, and senkirkine was studied by Bruggeman & Van der
I loeven (1985) using the sister-chromatid exchange (sCE) assay
in V79 Chioese hamster cel1s co-cul-tured with primary chick
embryo hepatocytes. Exposure to these PAs resulted in the
high induction of SCEs, a more than 5-fo1d increase in the SCE
rate with 2.5 mg hel iotr ine/Litre, 4-foLd with monocrotal ine
at  5  mg/L i t re ,  8 - fo ld  w i th  senec iphy l ine  a t  L .2  mg/ l i t re ,  and
more than 5-fo1d response with senkirkine at 2.5 mg/Litre.
For alL compounds, a dose-response relaf ionship hras observed
at concentrat ions that did not seriously affect survival.  PAs
are also knoriTn to induce DNA repair in rodent hepatocytes
(Green e t  a l . ,  1981;  Mor i  e t  a l . ,  L985) .  DNA repa i r  syn thes is
was el ici ted by 15 alkaloids, including 11 of unknown
carc inogen ic  po ten t iaL  (Mor i  e t  a1 . ,  1 -985) .

There are also a few reports of chromosome damage by PAs
in man. Martin et al. (1972) found chromosome damage in the
bl-ood, ceLLs of chiLdren with veno-occlusive disease, probably
caused by fulvine. I t  has also been shown by Ord et a1. ( l-985)
that dehydroretronecine, is abLe to induce SCE in human
Lymphocytes. Kraus et aI-.  (1985) studied the Pa? senkirkine
and tussiLagine, which occur in a medicinal plant lgif.3g.
farfara, for their abi l i ty to induce chromosome damage in
human lyrnphocytes in vit.ro. They were irot found to enhance
the number of chroEffiberrations up to concentrations of
1000 'uno1.  ' . ^How€ver ,  he l io t r ine ,  used fo r  compar ison ,
induced 'chromosomal aberfat ions at concentrat ions 

'  
of

1-00 unol .  In addit ion, hel iotr ine r^ras also f ound to be
capable of damaging unstimulated eg Go-phase lymphocytes.
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6 .4 .8  Carc inogenes is

Carcinogenesis has been reviewed by Mclean (1970), IARC
(1976,  L983) ,  and Mat rocks  (1986) .  A  number  o f  pur i f ied  pAs,
purif ied or crude extracts of plants containing them in a
mixture or the actual plant, dried and mil l-ed, and several PA
metabolites or synthetic analogue compounds have been tested
for carcinogenecity. l lowever, these include only relat ivel-y
few of the known cytotoxic PAs. Data reLating to some of the
iepresentative studies on rats are sumarized in TabLe L3.
Studies on liver tumours found in rats given ?As and pLant
materials are sumarized in Table 14. AL1 experimentaL animal
studies, lr i th the exception of one on chickens (Canpbell ,
1956) and one on Syrian golden hamsters (Fushirni et a1.,
1978), have been carr ied out on rats.

The liver is the most connnon organ involved in experi-
mental studies. Trmours produced are mostly of epitheLiaL
origin, but a signif icant number are also vascuLar. Lack of
precision and diversity of terns used to describe similar or
identical tumoura makes it difficult to compare the types of
carcinogenic effect in dif ferent studies. Some terms have
been used interchangeably, e.g., hepatomas, hepatocel lular
carcinomas, haemangiogenic and cholangiogenic tumoursl nodular
hyperplasia, pre-neoplasma, neoplastic nodul-es, and hepato-
cel" lular tumours. In most studies, there are no support ing
photomicrographs to draw any inference as to nhether the
tumours were malignant. Diff icult ies in the interpretat ion of
data have been comrented on by Schoental et al.  (1954) and
Mclean (1970) .

Lasiocarpine has produced the largest yield of tumours.
In the studies of Svoboda & Reddy (1972), t6lL8 aninals
surviving for more than 56 weeks after receiving ip multidoses
of lasiocarpine developed nal ignant tumours of the l iver. Of
these, 10 aninals had more than one tumour. Continuous feeding
of rats on a regimen containing lasiocarpine resulted in al l
animaLs (24124) developing tumours (NcI, 1978). In one study,
a single oral administrat ion of retrorsine (Schoental &
Bensted, 1963) to weanling rats resulted in 7 of the 29
animals that survived for more than one year developing 11
tumours of a wide variety, at least of 5 which were maLignant.
I t  is of note that this PA is known to have caused two caaes
of human toxicity together with r iddel l ine in two cases,
though the total intake was proport ionately lower (Sti l lman et
a I . ,  L977;  Fox  e t  a l . ,  1978, .  I tux tab le ,  1980)  (Tab le  15) .

Tumours produced covered a very wide range in unrelated
tissues and organs, for example, the pancreas, urinary
bladder, pituitary, bone, retro-peritoneal t issues, and skin,
among others. IlepatoceJ.Lular carcinoma and haemangiosarcoma
vere the most cormon.
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Crude extracts of plants or whole plants have a!.so been
demonstrated to produce a variety of tumours. For exampLe,
Senecio longilobus has been shown to produce tumours in a
;idiffi;nmrce proportion of experinental animals (Itarris
& Chen,  1970) .  H i rono e t  a l .  (L973,  L976,  1 .978,  L979b)
demonstrated the carcinogenic properties of a number of
plants, used as food in Japan, in the rat.

A sumary of the relevant experimental data follows.

6 .4 .8 .1 .  Pur i f  ied  a lka lo ids

Kuhara et aL. (1980) administered cl ivorine in the
drinking-water at a concentrat ion of 0.05 g/Litre to 12 rats
of both sexes, continuously for 340 days fol lowed by plain
ltater. There were 20 control rats. A11 the treated rats
survived 440 days. Eight of the L2 animaLs developed l iver
tumours including 2 haemangioendothelial sarcomas and 6 that
were described as i lneoplastic nodulestr.  No l iver tumours lrere
seen in the control animals (Table 13).

Schoental (1975) tested the carcinogenic propert ies of
hel iotr ine, With and without prior administrat ion of
nicotinamide. .Nicotinamide protects against Liver necrosis
and so may enhance tumour yeild, as shown by Rakietin et al..
(  1971), who studied pancreatic tumours in rats given
s treptozootoc in.

I lel iotr ine rras administered intragastr icalLy to 4 groups
of 26 nal"e weanling rats in L or 2 doses of 230 ng/kg and
300 mg/kg body weight; 2 groups also received nicotinarnide at
350 - 500 mg/kg body weight, administered ip 10 - 15 min
before, and 2.5 h after adninistrat ion of hel iotr ine, as per
the dosing regimen shown in TabLe 13. There were 8 controLs.
A11 animals administered the higher dose of hel iotr ine
(300 ng/kg body weight) died within 5 months of rhe pA
administrat ion. The l ivers showed lesions characterist ic of
PA toxicity. No tumours vere seen. Only 1 out of 4 animals
receiving heLiotrine alone, survived 27 rnonths and it shoriled
an islet cel l  adenoma as ve11 as adenoma of pituitary, but so
did 3 of the 8 controls. In the group receiving 230 mg
heliotr ine/kg and also treated with nicotinamide,4 animals
died within 5.5 nonths (one with a f ibrosarcoma and the other
in a moribund condit ion), chief ly. fron toxic l iver disease,
and two more had to be killed. Of the 6 animale surviving
more than 22 months after hel iotr ine treatment, islet cel l
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. Ilepatoma vas seen in only one aninal.
The role of nicotinamide in this studv is not clear.
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Svoboda & Reddy and their group have carried out 2 studiea
using lasiocarpine (Svoboda & Reddy, 1972, t974; Rao & Reddy,
1978). Svoboda & Reddy (L972, L974) gave repeated ip
inject ions to 25 rats at a dose of 7.8 mglkg body weight
(0.1 LD5g) for 56 weeks as per regimen shown in Table 13.
Three rats died of acute l iver necrosis in the init ial  4
weeks. Eighteen rats survived 56 weeks, by which t ime each
animal had received an average cumulative dose of L25 mg
lasiocarpine. Of these, 16 animals developed a variety of
tnnours 60 - 76 weeks after the beginning of the study
(Table 13). Ten of the 16 animaLs had more than 1 tumour.
IlepatoceLlul,ar carcinoma was the most cofimon. The squamous
celL carcinoma of the skin was found to be transplantabLe.
When the sane PA, rnixed with the diet. at the rate of 50 ng/kg
(Rao & Reddy, 1978) (Table 13), was admioistered to 20 rate
for 55 weeks, L7 animals developed tumours. Angiosarcoma of
the l iver emerged as the most cotrmon tumour (9/20 aninals),
even though hepatocelLul.ar carcinomas lrere also frequentLy
seen (712O aninals); squamous cel1 carcinoma of the skin was
not found, but there naa a malignant adnexal tuaour of the
skin. The average cumulative dose of the alkaloid was
estimated to be 190 - 200 mg per rat.

Monocrotal ine has been studied for i ts carcinogenic
activi ty in rats by SchoentaL & I lead (1955), Newberne & Rogers
(1973) ,  A l len  e t  a l .  (L975) ,  Shumaker  e t  a l .  (1976) ,  and
l layashi et al.  (L977), using dif ferent routes of administra-
t ion .

At len  e t  a l .  (1975)  s tud ied  the  long- te rm e f fec ts  on  ra ts
of repeated sc inject ions of monocrotaLine or i ts major
detectabLe metaboLite, dehydroretronecine. Male Sprague
DawLey rats lrere given biweekly inject ions of monocrotal ine,
at 5 mg/kg body weight (75 animaLs) for L2 months, or dehydro-
retronecine at 20 mglkg body weight (75 aninals) for 4 months
followed by 10 rng/kg body weight for 8 months. Fifty control
animals received phosphate buffer (Table 13). Part iaL
hepatectomy was performed on L5 animals in each of the treated
groups and 5 in the control group. They were observed for 10
months fol lowing cessation of the inject ions. Of the 60
animals surviving in each of the treated groups, those
receiving monocrotaline showed rhabdomyosarcoma at the
inject ion si. te (z anirnals), hepatocelLular carcinoma (Z
anirnals), acute myelocytic leukaemia (Z aninraLs), and
pulmonary adenoma (2 aninaLs). In the group receiving
dehydroretronecine, 36 anirnals developed rhabdongrosarcomas,
and 5 of these animals developed metastases. None of the
controL group developed tumours. Tissues obtained from
partial hepatectomies showed that both compounds caused
inhibit ion of mitot ic division in regenerating 1iver. The
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results of the study ilLu8trate the dual alkylatiag and
antimitotic properties of these agents, comented on by
Cul.venor et al.  (  1969) .

In a sini lar study by Shumaker et al.  (1976), rata l tere
administered monocrotaline at 5 mg/kg body weight ou alternate
weeks or its metabolite dehydroretronecine at 20 mg/tg body
weight, on alternate weeks for 4 months, fol lowed by a dose of
10 ng/kg on alternate weeks in the succeeding 8 nonths
(Table 13). of the 60 rats receiving monocrotal ine, L7
developed one or more tumours, but not until after the treat-
ment lraa di.scontinued. The tine interval nas not stated. The
most comon tumour was carcinoma of the lung (lL aninals)
folLowed by hepatocel lular carcinoma (5 aninals). A wide
variety of other tumours was also seen. A notable feature !ta8
that the metabolite dehydroretronecine did not produce any
tumours by systemic action, but onLy at the site of inject ion,
wtrere significant numbers of rhabdonyosarcomaa (39160 animals)
rrere seen. The marked difference in tumour sitee is explained
by the fact that the parent alkaloid monocrotaline has to be
metaboLized before it beco'mes a carcinogen. For this reasont
the tumours are distributed in several organs of the body,
whereas dehydroretronecine is itseLf careinogenic and so acts
at the site of injection. VJhen monocrotaline was delivered in
a higher dose, but as a single subcutaneous injection
(40 ng/kg body weight) (I layastr i  et a1. '  L977) to 40 rats there
nere no matignant tumours but only adenomas of the islets in
the pancreas In L6123 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 adninistrat ion and the dosage used.

Hirono et al.  (1977) studied petasitenine, the Pure
alkaloid isolated from the f lower stalke of the plant,
Petasites japonicus Maxim, wtrich has been found to be

@s (n i rono e t  a1 . ,  1973) .  Two groups  o f
ACI rats of both sexes, Group I of 3 animals and Group II  of
Ll animals, vere given the aLkaloid in in the drinking-water'
at concentrat ions of 0.5 glkg and 0.1 g/kg' respectively
(Table 13). There vere 1.9 controls. A11 3 animals in group I
died within 72 days showing marked hepatocellular damage; no
tumours lrere seed. In Group II, L0 out of L1 rats survived
for more than 160 days. Eight of the 10 animal"s deveLoped
tumoura - liver cell adenomas (5) and haemangiosarcomas (5)
(tabLe L0). 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
severaL studies. Sch6entaL
retrorsine at a concentrat ion
lrater to 14 rats and isatidine

(isatidine) have been used in
et aL. (1954) administered

of 3 rng/litre in the drinking-
at concentrat ions of 5 ng/l i tre
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folLowed by 3 mg/litre to 22 tats untitr death. Twenty-five
rats lrere administered the alkaloid mixture from Senecio
jacobaea Lin at a concentration of 5OO ng/litre fo115fr6d-Tl
566-T!-/lltre in the drinking-water. Dosing regimens are shown
in Table 13. One group of 7 animals receiving isatidine
received supplementary 0.57( choline in the drinking-water and
another group of 5 animaLs received isatidine 2 mg as a single
ip adninistrat ion in 0.2 ml of tr icapriLyn, fol lowed by skin
application of alkal ids as 0.5% solut ion for 3 days/week.

The animaLs receiving mixed aLkaloids of the pLant showed
extensive Liver darnage followed by rnarked nodular hyperplasia;
no tumours developed. The nodules were earlier interpreted ag
hepatomas, but later only as an early stage in the progression
fron hyperpLasia to neoplasia.

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

In the isatidi.ne group, 10 out of the 22 rats developed
hepatomas. Tumours wete present in 3 out of 7 animaLs
receiving isatidine plus chol ine indicating that the latter
had no protective roLe. One out of the 5 animals receiving
the alkaloid ip and then through dernal appl.ication developed
a tumour, which was also interpreted as a hepatoma.

In another study (schoental & Bensted, L963), 95 weanling
rats lrere administered a single dose of retrorsine at 30 rng/kg
body weight, by stomaeh tube (Group II). one comparable group
of 50 weanling rats (Group I) received 400 r radiat ion in
animals surviving 100 days after retrorsine administration
(3U50). A third group (Group II I)  of 6 aninals received
400 r radiat ion alone. Another group of 10 weanLing rats
received the PA, 9 days after partiat hepatectony (Group IV)
(Table 13). The addit ional treatments were given to study
whether they wouLd act as co-carcinogens and induce neoplasia
in hepatocytes, vhich are known to show injurious effects for
long periods fol lowing PA treatment. In Croup I,  19 of the 50
animal.s receiving a single dose of the PA died before
radiation couLd be given. Of the 3L remaining anirnals that
received radiat ion after the PA, 25 survived 12 months. Among
these, 19 tumours of a wide variety nere seen (Table L3). Of
the 6 tumours in the f.iver, only 1 was maLignant, having
metastasized. l tost of the other tumours nere malignant,
including those of the breaat, one of which had aLso
metas tas ized.

Ln Group Tl, 29 out of 95 anirnals that had received one
dose of PA and no radiat ion survived for more than a year,
with a mean survivaL time of 23 months. Arrong these, 7
animals developed tumours of a wide variety (Table 13). Five
tumoura in the liver were benign. Most of the others were
malignant. Tlro tumoura, a cystic tumour of the breast and a
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carcinooa of the uterua, were preaent in one animal. Tumours
seen in Groups III and IV, which rtere found in aninals
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, i f  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 whote body radiation or
part ial  hepatectomy.

I l i rono et aL. (1979a) studied the carcinogenic propert ies
of senkirkine extracted from the dried nil.led buds of
Tussi lago farfara (coltsfoot) and synphytine extracted from
ilried niLled roots of Syna*rylum officinale (confrey). Both
Tussilago farfara tniffi) and _gyrphvt*
officinale (tt irono et a1., 1978) had earlier been demonstrated
to-Ha:frilFrcinogenic properties.

Sixty inbred ACL strain male rats ltere divided into 3
groups of 20 animals each and received repeated ip injections
of eenkirkine at 22 nglkg body weight or synphytine at 13
mg/kg body weight as Per schedule given in Table 13. A11
animals treated with senkirkine survived 290 days. Nine out
of 2O rats developed liver adenomas mostLy after 350 - 450
days from start of the study. Cirrhosis of l iver wag
frequently observed. Of the synphytine group' all animals
survived 330 days after the start of the study. Three animaLs
developed haemangioendothelial sarcoma and ole, liver
adenoma. The sarcomas rilere noted at least 518 days after the
s tar t  o f  the  s tudy .

Schoental & Cavanagh (L972) used trilo alkaloids,
retronecine and hydroxysenkirkine isolated from Crotalaria
Laburnifolia, whicli was' injected ip in single 

'dose@!

ffi-Id'dE-300 ng/kg body veight in 5 weanling Porton Wistar
rats (Table 13). one animal that had received the 300 rng/kg
dose developed astrocytoma of the brain after 14 1/2 nonths.
Retronecine hydrochl.oride was adminietered in doses ranging
fron 300 to 1000 ng/kg body weight by single subcutaneous
injection to 10 newboro rats. One male rat, which rtas found
to be parapl.egic 6.6 months after receiving a dose of
600 ng PA/kB, was also found to have ependymoblastoma of the
spinal cord. Among the l i t ter mates of this rat,  1 maLe that
had received a dose of 1000 ng/kg died. The remaining 6
females and 2 males were killed within 22 months of being
dosed. Of the femal"es, 5 had pituitary tumouts aod L had a
nafinary tumour (type not stated). Two males did not show.any
s ignif  icant abnornal i t ies.

One group of 5, 6-month-o1d female rats, born to dams that
had been fed on a diet containing 50 g dried and powdered
Itel iotropium ramosissimun/kg diet,  a tr ibal 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. One female rat was found to be paraplegic at 7
months of age. A tumour, possibLy of Schwann or satel l i te
celL origin, lvas found.

6 .4 .8 .2  P lan t  na ter ia ls

A number of plant materials have been tested for their
carcinogenicity by adninistering either a mixture of extracted
a lkaLo ids  (Cook e t  a1 . ,  1950;  Schoenta l  e t  a l . ,1954)  o t ,  more
often, the dried and ni l led plant rnixed with the diet.  The
only study in which the plant alone was fed lras that of
Canpbell  (1956), who produced tumours in chickens by feeding
dried and ni l led Senecio jacobaea plant. I t  is notable that
the plants tested are almost aLl those that have been reported
to be used as herbal medicines atdlor food, some of which,have
been reported to cause human toxicity.

Schoental et al. (L970) used mixed PAs (intermedine and
lycopsamine) extracted from seeds of Ansinckia interngdia,
known to cause l ivestock losses in. the@
sten_s from HPLiotroeiup 1upinun.L., known to be.used by women
in East Afr- ica as a herbat medicine, after chi ldbirth. The
dosing regimen aod mode of adrninistration are indicated in
Table 13. 'Of the 15 nale weanLing rats that had received a
single treatment with the Ansinckia PAs and survived for nore
thai f year, 3 qats showeda-3d-a-denorna, one adenocarcinoma of
the isLet celLs, and one adenoma of the exocrine pancreas,
respectively (fable 13). In addit ion, one of the animal.s also
deveLoped a pituitary adenoma.and papil lary tumour of . the

urinary bLadder. Eight aninals received the treatment with
HeLiotropiun supinim L. (Table 13). One out of the 2 weanling
rats fed on the pl-ant with the diet and one out of the 6
aninals, that received a single intragastr ic dose of the crude
alkaLoid fraction devel.oped islet cell adenoma of the
pancreas. The number of control animals, if any, used in the
s tudy  is  no t  s ta ted .

frarr is & Chen (1970) tested the carcinogenicity of !9ggg!9
longi lobus, which has been associated with cases of-Eman
f f i (s t i l lman e t  a l . ,  L977;  I lux tab le ,  1980;  Fox  e t  a1 . ,
1978), HarLan rats were divided into 4 groups (equal numbers
of both sexes) and fed diets containing dried and povdered
stems and Leaves of the plant in the proportion of 5 -

7.5 glkg. ' The number of aninals in each group and the feeding
regimen are shown in ,Table 13. Continuous feeding did not
pro.duce any tuaoura, presumably because of the comparatively
Low survival .rate of animals. , Significant results were
obtained when the animals nere fed contatsinated diet
alternating with normal diet (Group IV). Of the 100 aaimals
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fed on this reginen for 54 weeke, 47 survived for more than
200 days. Seventeen of these aninals developed malignant
trrmours in the livers - hepatoceltular carcinomas in 16 and an
angiosarcoma in I aninat after a mininnrn feeding period of 2L7
days. In Group II I ,  fed a contaminated diet fot I  yeat, 23
rats l ived for more than 200 days. Fout rats (3 nales and I
fenale) developed hepatocellular carcinomas and one, a
peritoneal mesothelioma, after a minirmrm feeding period of
more than 428 days. The tumour-bearing animals lrere
predoninantly male. The authors emphasized the relative
rari ty of l iver tumours in the strain of animals used.
Results demonstrated that S. longi lobus is carcinogenic for
r a t s .

For a study of Schoental & Cavanagh (L972), using dried
and powdered l lel iotropium ramosissimum, see section 6.4.8.1.

Hirono et at.  tested the carcinogenic effects of 3
widely-used herbs containing PAs. I l i rono et al.  (1973)

studied the possible carcinogenic effects of the young f lower
stalks of Petasites japonicus Maxim, which has long been used
in Japan 

-iilEffiE5?l 
remedy as welL as the PA,

petasitenine, isolated from it .  The f lover stalks of the
plant were dried, mil led, and fed to young ACI rats of both
sexes mixed with the basal diet in the proport ion 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 rnixed in the proportion of 4O glkg diet for
6 months foLLowed by 80 g/kg diet on alternate weeks. The
second group of L9 rats was fed a contaminated diet GA glkg)
continualLy. Three animals in Group I died of pneumonia.
Eleven out of the remainitg 24 rats in this group developed
liver tumours after 15 - 16 months of feeding. There were 2
hepatocel lular carcinomas, 6 l iver cel1 adenomas, and 3
haemangiosarcomas, of which 2 had netastasized. In Group I1.,
2 animals died from non-tumorous causes. of the remaining 1.7,
8 developed haemangiosarconas, 4 liver cell adenonas and t had
a hepatocelLular carcinona. The incidence of haemangiosarcoma
was stat ist ical ly higher in Group II .

In a siuri lar study on mice and hamsters (Fushini et al.
(1978), groups comprising 20 - 24 male and 20 - 2L female
6-week-oLd ddN, Swiss, ar.d C57BL|6 mice, and 13 male and 1.7
female hamsters, were fed a diet combining 4% young, dried,
and milled flower stalks of qglggiqgg'-iaponicus ltaxin for 480
days. A11 surviving animals were ki l led at the end of the
study. Lung adenomas and adenocarcinomas were found in 30/39
surviving male and female ddN rnice combined (conpared with
1/50 in the respective controls) in addit ion to other tumours
(Table 13). No signif icant dif ferences in tumour incidence
were observed between treated Swiss and C57BL|6 mice and
hamsters, and the corresponding controls. No data were given
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on the tumour incidence according to sexr in treated and

control aninals or on survivat in the controls.
In studies on rats (ltirono et 41. ' L976) ' the dried and

powdered flower buds of E-1134--gg.fa!q 
(coltsfoot) nere

nixed with the diet. rorfrfrffi?i strain rata ltere

divideal ioto 4 grouPs and fed diets containing 40 - 32O

T. farfaralkg for up to 600 days. The number of animals
e

in
in6lE-n group and the dosage and feeding reginen are given

Table 13. Two groups reeeiving a diet containing 80
320 glkg oo a conEinual basis deveLoped tumours in the liver
of t6e same types as aninals in the studies using Petasites
japonicus, e.g., haemangioendothel iomas, Liver cel ' l  adenomas,
iinliT$liocellular carcinomas (Table 13). A11 12 animals in
eroup i survived for more than 380 days after the start of the

study. Of these, 8 (5 nales, 3 fenales) deve-loped haemangio-
endolhel ial sarcoma of the l iver. In addit ion, 3 of the 8
rats developed sinultaneously hepatocellular adenomar hepato-

cellular carcinoma, or urinary bladder papil"Lo'na. In Group II
receiving coltsfoot at 80 gl1rg in the diet,  9 out of L0

animals that survived fot more than 420 days developed a

haemangioendothel ial s arcon€I.
Hirono et al.  (1973) fed Svnphvtum off icinaLe, siniLarly

dried and nilled, to the ACI JtiEin of inbred rats of both

sexes at different levels ranging fron 80 to 330 glke as
leaves or 5 - 40 glkg aa root, for 280 days or nore. Eight
groups of animals of 19 ' 48 aninals each ltere used on
different regimens of feeding. The feeding regimen, the
nunber of animals in each groupr and the duration of treatment
are given in Table 13. Sixty-five malee and 64 femaLes served
as controls. Tumours ltere induced in all groups receiving
leaves or roota. The most connon trrmour wae liver adenoma.
Haenangiosarconaa vere observed but infrequently (3 animels in
the whole study). No carcinonas of the liver ltere seen, but

there lras a wide variety of other tumours. It i8 noteltorthy
that, in Group VII,  14 of 15 animals fed the lowest doee of

10 g/kg for 275 days followed by 5 elke or basal diet
alternating every 3 weeks, developed tumoursr 2 of which were
malignant (haemangiosarcomas). In the control' groupr single
aninals each had papilloma of urinary bladder, caecal adenoma,
subcutaneous fibrosarcoma, mamnnry fibroadenoma, or retro-
peritoneal teratoma. The livers of aninels that did not have
itre tumours showed other features comonLy encountered in
aninals administered PAs, e.g., megatocytosis, l iver
cirrhosis, hyperplastic nodules, etc.r suggesting that they
were induced by the PAs contained in the plant. The authors
concluded that the carcinogenic activity of this plant was
weaker than that observed in animals fed Petasites
(coltsfoot).  l l i rono et al.  (1979b) have gumarized the above
studies on PAs found in edible plants in Japan.
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I labs (1982) and Habs et al.  (1982) tested a crude aLkaloid
extract from the plant Senecio numorensis sp. fuchsi i
containing fuchsisenecionin@ seneEiiiffiE
!10 e/tg). The extract was administerldlntragastr ical ly in 2
doses of 8 rng and 40 ng/kg body weight, reslect ively, to Z
groups of rats of both sexes, cornprising 40 animaLs each, 5
t imes a week for L04 weeks (Table 13). A Large, dose-related
nurnber of liver tumours was produced, originating in the Liver
ceLL and the sinusoidaL system, and predominantLy affect ing
the female animals. The tumour incidence nas higher in
Group II  (dose, 40 ng/kg) with 34 tumours compared nith 13 in
Group I.  In Group I (dose, 8 nrg/kg), 2 tumours were fouqd in
20 males compared with 11 tumours amoqg ZO female ratsr
Sini lar ly, in Group II ,  only 6 tumours were found in 20 males
compared wi"th 29 arnong 20 female rats. The tumours included
19 of trhepatocel luLar origintt ,  16 .of rrcholangigenic originr,
and L2 of rrhaemangiogenic origin!,  ( table 14t. Besidds the
l iver tumours, L2 maLes and 9 females in the treated,groups
and 4 males and 6 females in the control group deveLo-ped a
variety of extra-hepatic tumours. senecioni ie i i  known to be
hepatotoxic and capabLe of being converted in the _rat l iver
into c)rtotoxic metaboli tes. Fuchsisenecionine is a saturated
PA, not previously known to be cytotoxic. I t  is therefore
l ikely that senecionine was the hepatotoxic component and that
perhaps  the . two PAs ac ted  synerg is t i caL ly  w i th  each o ther ,
though there is no actual evidence for synergism. Ilowever,
this needs confirmation. Moreover, there appeared to have
been other unknown components in the mixture tested (Mattocks,
1 9 8 6  ) .

I l i rono et aL. (1993) studied the carcinogenicity of 2 more
pLants (Farf.ugium j?ponicum and Senecio cannabifoLius) of the
tr lbe senecloneae in the family Courpositae, the l-eaves and
stalks of which are used in Japan as human food. Fresh Leaves
and stalks of the pLants were dried, rni l led, and mixed with
the  basa l ,  d ie t .  Inbred  s t ra in  ACI  ra ts  o f  Lo th  sexes ,  w i th
preponderance of females, 1.5 months old, iTsrs divided into 6
groups. .They were fed diets containing various proport ions of
the  dr ied  p lan t  mater ia ls ,  'as  ind ica ted  in  Tab le  13 .  The
study was terninated at 480 days, except for one group, which
was studied for 560 days. Besides the groups shown in the
tabLes, 2 mofe groups of 30 and 28 animals of equal, numbers of
both sexes r47ere fed 8% and 47" of lenecio cannabifol ius,
respectiveLy. None of these animals sff i
days and al l  died of hepatotoxicity. A wide range of tumoura
was observed, mostly ln the l- iver, as shown in Table 13, the
most cofltrnon being haemangiosarcomas, which r^rere not
encountered in the controL group.

The carcinogenicity of Farfugium iaponicum is considered
to be due to senkirkine an@necio cannabi-
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folius containe senecicannabine, a nert macrocyclic PA' aene-

;T;TlTtio., and jacozine. It is probable that the carcino-

g""i"ity oi Senecio cannabifolius is due to these PAs (Ilirono,

e t  a l . ,  1 9 8 3 ) .
i .y"" eL al.  (1gs5) srudied the biological mechanisms by

wtrich 
-pes 

init iate carcinogenesis in rnaLe Fischer 344 rats.

i* io."tpi"e (single or- Jou"bl9 - inject ion of up to 80 vnol/kg

il;-;;6;tj 
".ta 

J"tt""ionine (singLe or double injection of up

tr iOO riof/ tgl were inactive as init iators of Y-GT-posit ive

noduLes in rats 
""po".a 

to 2-acetyLaminofluorene and part ial

trep"r.cto*y. larninistration of lasiocarpine or senecionine

iy' f ,  . fa"t part ial  hepatectouy resulted in the deveLopnent of

very few nodules. Lasiocarpine given in a single or double

aosl (up to 80 urnol/kg) delayed hepatic regeneration by at

least 8 weeks after partial hepatectoflyt and pre-treatment

with this pA reduced the init iat ing capacity of diethylnitro-

"".itt. 
and N-nittosomethylurea in rats subsequently selected

wittr Z-acetyTaminofluorene and Partial hePatecto,my'- Resistant

nodules seiected with lasiocarpine aLso had the typica1

resistant nodul-e phenotype (positive for Y-GT and epoxide

iyar"ir". l  and also raciea pi,- induced megalocytosis'  Lasio-

citpitte treatment also resulted in small regenerative, nodules

ih.t ,""" dist inct from resistant nodules, because they were

negative for Y:GT and epoxide hydrolase.

5.4.8.3 P-vrrol i?idine alFaloid netaboli tes and analogous

synth?tic comPounds

The subject has been reviewed by Mattocks (1986)'  The

pyrrol izidinl alkaloids are converted into pyrroLic esters in

t ie hepatocytes. These may then be hydrolysed into .pyrrol ' ic
alcohois, thi"h 

"t .  
more nater soLuble and Less active than

the esters. The esters may be widely distr ibuted throughout

the body. Some of these compounds and their analogues have

been tested for carcinogenicitY.

(a )  Pyr roL ic  es te rs

(i)  DehydromonocrotaLine (monocrotal ine pvrrole)

Mattocks & Cabral ( lg7g) tested dehydromonocrotal ine on

lhe skin of mice. In their first etudy on male BAtB/c mice'

they applied the compound on the back at 1- to 2-week

intervals. Thirty-three applications of 1 1nrol did not

produce. any skin tumours in 16 nice, but 2' developed 'Lung

adenomas; no tumours occurred in L4 control mice treated with

the solvent (acetone). In the second study (Mattocks &

Cabral, Lg82), 11 fenale LACA mice each received 47

applications of 2.5 wrol dehydromonocrotal ine; one animal
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developed a maLignant skin tumour. A second batch of 10 mice
nas given sirnilar treatment and subsequentLy received 61
twice-weekly appl icat ions of croton oi1 at the same site.
Ita!.f of these animals developed tumours. In the control group
of 10 nice, only L tumour rras seen. The results of these
studies indicate that dehydrononocrotaline requires the action
of a promoter to manifest carcinogenic potentiaL.

( i i )  Dehydroretrorsine

This supposed pyr.rolic metabotite of retrorsine lras
applied to the skin of maLe BALB/c nice at 1- to 2-week
intervals; 3.3 treatments of 0.5 or L ymol fai l_ed to produce
tumours in 15 nice that survived for up to 60 weeks (Mattocks
& Cabral,  L979>.

( i i i ) l-Methyl-2, 3-b i g tr ine thy Lacetoxyne thy lpyrro Le

Mattocks & Cabral (Ig7g, IgB2) nade 2 srudies on this
compound. In the second study, which vas nore significant, 22
female LACA nrice received 47 dernal applications of 0.5 pnol
each. ?his caused marked skin damage ,with ulceration and
scarring. llalignant skin tumours developed in 19 out of 21
surviving animals. Two hydrolysis products of this esrer,
pivalic acid and _ L-nethyl-2r3-bi-shydroxyrnethylpyrroLe, lrere
sini lar ly tested (Mattocks, 1986). Tumours 

- 
wlre produced,

though fewer.
The results of the above studies suggest that the intact

pyrrol ic ester is a carcinogen.

(b) Pyrrol ic alcohols

Studies have been conducted using dehydroretronecine
(retronecine pyrrole) and dehydroheliotr idine, which are
secondary metaboLites of monocrotal ine and hel iotr idine-based
PAs, respectively. Original ly they rrere regarded as (+)- sn6
(-)- forms, respectively, of dihydro-7-hydroxy-L-hydroxy-
nethyl-5H-pyrrol izine. Kadzierski & Buhler (1985, 19S6 )
sholred that the netaboLite from monocrotal_ine is racemic and
concluded that the product from al l  heLiotr idine and rerro-
necine esters is the same (t)- forn.

Johnson et al.  (1978) painred the skin on the back of 16
fenale Swiss mice with dehydroretronecine, each dose equal!. ing
2O mg/kg body weight or about 5 Unol per mouse, once a week
fot 4 weeks and then tlrice more after 6 months. Six mice
developed skin tumours. Subcutaneous inject ions of the same
dose yielded tumours in L3 out of 21 mice. Tnenty-eight out
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of 55 mice given both topical appl icat ions and sc inject ions
developed skin tr:nours.

lrlhen the same study ltas rePeated on 34 BALB/c mice, onLy

one skin tumour developed (Mattocks & CabraL, 1982). When 17

animals were given the same dose at more frequent intervals,

e.g., 65 weekl.y doses, no tumours developed.
Similar results were obtained in a study by Shumaker et

al.  (1976), already deseeribed in section 6.4.8.1, in which

39160 rate given repeated subcutaneous injections of dehydro-

retronecine developed rhabdomyosarcoinas at the site of
injection. The compound aPPears to be a direct-acting
carcinogen for rats and mice, though the susceptibi l i ty of
various strains of mice varies.

Peterson e t  a l .  (1983)  gave 9  ip  in jec t ions  (60

76.5 ng/kg body weight) of dehydrohel.iotritline to rats over a

32-week period. A Large variety of tumours was produced. It

was concluded that this metaboLite nay be responsible for the

carcinogenicity of i ts parent PA.

6.4.8.4 Molecular structure and carcinogenic activi ty

Mattocks ( 1986) has reviewed the Present posit ion

concerning the relationship between molecular atructure and

carcinogenic activi ty. Data avai lable at pf,esent are not

adequate for any str ict correlat ion to be establ" ished between
the molecular structure of PAs and the tyPes of tumoura
produced by them in the rat. Ilowever, the connon determinants
in the molecuLar structure of al l  carcinogenic PAs are that
they are macrocycLic or "opentt diesters, in which the amino-
alcohol moiety is retronecine, hel iotr idine, or otonecine.
These are al l  esters of unsaturated necines and are caPable of
being metabolized to pyrroLic estera in the mamnLian Liver.
Studies on pyrroLic esters, the toxic metaboLic product of

PAs, have yielded equivocal results. Monocrotal ine has been

sholrn to bind covalently to DNA, which is associated with the

carcinogenic activi ty of the pyrrol izidine alkaloids
(Robertson, L982). Dehydromonocrotaline, the prinary metabo-
Lite of monocrotal ine has been found to be an incomplete
dermal carcinogen (Itooson & Grasso, 1976; Mattocks & Cabral,
1982), whereai the synthetic compound l"-nethyl-2r3-bistr i-
methylacetoxymethylpyrrole, which is chenicalLy similar to
dehydtomonocrotaline, is clearLy carcinogenic (Uattocks &
Cabral,  L982). Dehydroretronecine (oun)'  a second metaboli te
of monocrotal ine an-d possibly other retronecine-based PAs, is
aLso carcinogenic for the skin and is coasidered a proximate
carcinogenic metabol, i te, since, unl ike monocrotal ine, i t  acts
at the site of appLication direct ly and not at remote sites.
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6.4.9 Antinitot ic act ivi tv

Literature on this phenomenon has been reviewed by Jago
( 1.969) , DIcLean ( 1970) , and ltarrocks ( 1986) . The most
characterist ic feature of the chronic hepatotoxicity of the
PAs ie the presence in the l iver of megalocytes (Bull  & Dick,
1959; l lc lean, 1.970), which are general ly enlarged hepatocytes
containing !.arge, hyperchromatic nuclei (section 6.4.1.5).
These appear to be the result of a combined action of pAs on
the hepatocytes, a st imulus to regenerate fol lowing
parenchymal cell injury, and the powerful antinitotie action
of ! l t"  pyrrole rnetaboli tes of the pAs (Mattocks; 19g6; Jago,
.L?69!.- This property has served as rhe basis for using a pA
(indicine-N-oxide) is a chemotherapeutic agent for 

:cancer
(Le tendre-e t  a l . ,  1981,  1984) .  pe ie rson (1 t65)  showed rhar
the number of mitoses foLLowing partial hepatectomy lras
reduced to 50% or less of normal valires by prior
administrat ion of hepatotoxic alkaloids, and that the effect
r{ras: doae dependent. The hepatocytes seemed to continue to
grow without dividing. The effect can be produced by a single
sublethaL dose of the atkaloids (Schoental & Magee, 1957) or
can be a cunulat ive effect of sna1l doses (Su11 & Dick,
1959). The lesion appears within a few weeks and may persist
for the l i fet ine of the animal (Uattocks, 1986). I t  l ras
characterist ical ly described in the l iver.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 (ltcl.ean, L970). It has not been observed in human
f. ivers (Tandon, H.D. et al. ,  1978; I"Iattocks, 1986), but i t  has
been observed that cuLtured human fetal liver ceLls becooe
enlarged when exposed to PAs (Armstrong et al., 1972)
indicating a susceptibi l i ty to the antimitot ic effect of pAs.
The Leeion is not specif ic for PAs but has been reported to be
produced by a number of toxins (ltcl,ean, 1970), including
semisynthetic derivatives of PAs but not non-hepatotoxic pAs,
such aa platyphyl ine (Jago, 1970). The ultrastructural
features of negalocytea are controversiaL. However, consistent
with other functional and metabotic features, the cel l .s show
morplological cheracters suggesting increased metaboLic
activity lrith increased exchange of naterial 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 et al.  (1976a) for screenir ig O2 res
for acute and chronic hepatotoxicity and pneunotoxicity.

Mattocks (1985) suggested a scheme for the ani initot ic
action of PAs in v1y11, consistent with observations of the
phenomenon in aiGTil The pA is irreversibly netaboLized by
the hepatic microsomes into a pyrrol ic ester, which can be
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hydrolysed to a pyrrol ic alcohol. The l .atter is the agent
t i iat inhibits nitosis. The more reactive prinary rnetaboli te
may also do this, by reacting vith t issue consti tuents to give
products identical to pyrrolic alcohols, inhibiting mitosis.
On the other hand, it can also produce acute injury to th'e

ce1ls, which st imrlates regeneration. Thus administrat ion of
the PA or the pyrrol ic ester can induce megaLocytosis to a
much greater extent than a secondary netabolite alone.

Antinitot ic act ivi ty does not seem to be direct ly related
to inhibition of DNA synthesis, since the latter recovers
within a week while rnitotic inhibition continues for up to a
period of 4 weeks (Peterson, 1965; Armstrong & Zuckerman,
1970). I" lattocks & Legg (1980) have shown that the LeveL of
DNA synthesis is reduced in cel ls that do not divide, but is
nor total ly inhibited. Samrel & Jago (1975) investigated the
posit ion in the cel l  cycLe of the antimitot ic act ion of
trasiocarpine and of i ts pyrrol ic metaboli te, dehydroheLio-
tr idine. Their studies indicated that the alkaloid acts
during the late S or early G2 phase of the ceLl cycle.

6.4.10 Imnunosuppression

Dehydrohel. iotr idine (DnH), a pyrrol ic metaboli te'  has a
significant iumunosuppreasant activity on the primary response
in young mice; when injected ip short ly before the antigenic
st imuLus (Percy & Pierce, 1971). The secondary response to
antigenic stirnuli; as measured by the reduction in the number
of 7S and 19S specif ic antibody-synthesizing cel l-s of the
spleen, nas suppressed when DIIII rdas administered at the time
of secondary st imulus',  but not when i t  was given 24 or 36 h
after the sntigenic st imulus. I t  was suggested that dehydro-
hel iotr idine selectively destroys or inactivates cel1s
involved in the init ial  stages of anEigen recognit ion and
processing.

6.4.11 Effects on mineral metabolism

Aberrations of mineral metabolism have been observed i-n
several species of arrimaLs. The most notable among them
relate to haemolysis and copper metabolism. Anaemia has been
reported to occur in rats fol lowing PA poisoning (Schoentat &
Magee,1959;  Schoenta l r  1963)  and the  k idney  and l i ver  show
haemosiderosis (I layashi & Lal ich, L967). Besides the
haemolysis, PAs have been found to exert a direct inhibitory
effect on haematopoiesis in the l ivers of new-born rats
(Sundaresaa, L942). Disturbances of iron metabolism and
haematopoiesis have also been demonstrated in rats fed Senecio
.iacobaei and supplementary copper (sr,rick et a1., 198228-d
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they have been found to develop raised copper levels in the
l iver and spleen, when fed on this plant (Swick et al. ,
1982b). Miranda et al.  (L979) reported elevated levels of
iron in the liver and spleen and of copper in the liver in
rats fed on tansy raglrort. Studies vith radioactive iron also
indicated a specific inhibitory effect of PAs on haemato-
poiesis. High copper levele in the l iver associated with
haemoglobinuria have been reported in sheep grazing on
he l io t rope (guL l  e t  a l . ,  1956) ,  s igns  o f  d isease c lose ly
resembling those of chronic copper poisoning. St. George-
Grambauer & Rac (L962) reported a similar outbreak of fatal
jaundice due to haemolytic crisis of chronic copper poisoning
in shbep that had grazed Echium plantagineum ovet 2 or more
seaaons. The pathological changes in the liver lrere
indistinguishable from those of l{eliotropium, and the livers
had a high copper content. Studies of Miranda et a1. (1981b)
indicate that dietary copper can enhance PA hepatotoxicity in
rats. I t  has been suggested that the hepatotoxic effects of
some PAs may interfere with the excretion of copper (Bul1 &
Dick, 1959; Barrington & GaLLagher, 1960). Sini lar effects
have been observed in pigs fed Senecio (I tarding et al. ,
L964). White et al . (1984) did iiftEserve any rise in
hepatic copper levels in sheep fed Senecio jacobaea.

6 . 4 . L 2 Methods for the asseaament of chronic totoxicit
Dneumotoxic v

Pyrrolizidine alkaloids produce acute as well as chronic
l iver damage. The acute effect is seen as extensive necrosis
(SchoentaL & Magee, 1957), while the chronic effect in rats is
manifested characterist ical ly by the presence of greatly
enlarged parenchynal ceLls (Schoental & llagee, L957; Bull &
Dick, 1959), which persist long after a single expoaure
(Schoental.  E l tagee, 1959). The latter effect of megalocytosis
nay nanifest without the liver ceLls going through the process
of necrosis (Schoental & Magee, 1959). This property has been
used by Jago (1970) to develop a method for the assessment of
the rel-at ive chronic hepatotoxicity of dif ferent alkaloids.
It has since been used by other investigators (Culvenor et
al. ,  1976e). I t  consists of the intraperitoneal administrat ion
of a single dose of between 0.025 and 3.2 umol of the
alkaLoid per kg body weight in 0.2 ml aqueous solution to
L4-dalrold suckling hooded l{istar rats of both aexes. The
litters are randomized among the mothers, one day before the
administration of the toxin, aad then weaned at 28 days.
Aninals are killed 4 weeks after the injection. The relative
acute toxicity is indicated by the dose 1evels 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 inject ion. With this method, i t  is not only possible to
evaluate the hepatotoxicity of a given alkaloid but also to
compere the hepatotoxic effects of different compounds in
relat ion to each other on a molar basis. Chronic effects on
the lungs can aLso be assessed by the same method. Culvenor
et al.  (L976a) found this method satisfactory for compounds of
medium to high hepatotoxicity but faiLed to detect toxici ty ia
certain compounds of known, 1ow hepatotoxicity.

6 .5  E f fec ts  on  Wi ld - l i fe

6 . 5  . L  D e e r

There is very f.ittLe infornation on the consumption of
PA-containing pLants by non-domesticated animals, birds, and
other wiLd-l i fe. In one instance, the deaths of white-tai led
deer in coastal marshes in Louisiana in 1967, was ascribed to
the consumption of Crotalaria and/or Heliotropiun species in a
period of feed scariTt-fl3@r et aL.i19-6fr-TEe aninals had
thin and lratery bLood, abnornaL bone marrow, and serious
atrophy of cardiac and mesenteric adipose t issue. In a
9-yearold doe, the liver I'ras dull and somewhat granular and
evinced megalocytosis of the hepatocytes. In aoother
4-year-old animal, the liver appeared normal but with
microscopic evidence of early megalocytosis, with considerabl.e
vacuolization in the centr i lobular hepatocytes. Plants of the
genera Crotalaria and p!!g!1gg!g were abundant and rhere
were some Senecio species. There were signs of ingestion of
the p!.ants TfTf,Ea....

Senecio jacobaea (tansy ragwort) has been fed experi-
mental ly to bLack-tai led deer (Odocoil .eus hemionus-
columbianus) in oregon to deternine the-ii-.usEE[tlbllity to
poisoning (Dean & trIinward, L974). The ragwort was given ad
l ibiturn together with dif ferent Levels of basaL rat ion (85Z,
alfalfa, LOlt barley, 57" mol-asses) to captive deer. The
ragrrort nas eaten, only when the basal ration was inadequate.
One group, not given any basal rat ion for 6 days, began eating
ragwort and consumed 5.4 kg dry weight per animal in 42 days.
This represetted 247. of the animal body weight. The aninals
did not show any toxic signs, and blood levels of SGOT and
bil i rubin were normal.

6 . 5 . 2  F i s h

The ef fec ts of S. jacobaea alkaloids on rainbow trout
f ingerl ings has been investigated (Hendricks

Duplicate groups of 80 f ingerl ings lrere fed

( SaLno airdneri )
e t  a l .  , 1981"
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for up to L2 months on diets containing 20 or 100 mg
alkaLoid/kg. The alkaloid conprised 9t7 jacobine, 3% jacazine,
2.52 senecionine, and,2.5it  seneciphyl l ine. The 100 ng/kg diet
resulted in severe growth depression and mortal i ty, which
began at 3 - 4 months. Both leveLs of PAs produced severe
hepatic lesions. The l ivers from these f ish were shriveLLed,
mott led yel low or whit ish in colour, noduLar, f ibrous, and
sometimes haemorrhagic. MicroscopicaLly, there ! ' ras negalo-
cytosis, severe f ibrosis, and bi le-duct prol i ferat ion.
Characterist ic veno-occlusive changes were seen in the
centr i lobular and hepatic veins, yhich, in the case of f ish
receiving the 100 rng/kg diet,  appeared after only 2 months on
t h e  d i e t .

6 . 5 . 3  I n s e c t s

There are no reports of the toxicity of PAs for insects,
but there is substantial Literature on the use of PAs by
certain insect farni l ies that have evoLved with the abi l i ty to
store the alkaloids as defensive chemicals and to convert them
into pheromones and other signal l ing chemicals (see recent
reviews by Brovrn (1984) and Boppr6 (1986), and an earl ier
complementary paper by Edgar (1982)). In some species, such
as moths of the fani ly Arct i idae, the Larvae feed on
PA-containing plants. In other famil ies, such as Nymphalid
butterf l ies of the sub-famil ies Danainae and Ithomiinae, the
Larvae of most species l ive on other plants, but the adult
males seek out PA-containing species and contr ive to ingest
alkaloids from wil t ing, 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 rnating. The alkaloid derivatives may be
pyrrol ic compounds reLated to dehydroretronecine.. or
derivatives of the esteri fying acids. In one Arct i id genus,
Creatonotus, the aLkaLoids have a rnorphogenetic or hormonal
effect, determining the size of the pheromone-disseminating
organ. Thus, for some insect speciesl PA-containing plairts
may be necessary for survival.
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7. EFFECTS ON MAN

The toxic effects of pyrrol izidine aLkaloids are
principal ly on the 1iver. The toxic disease, produced by
consuming PAs derived from certain Plantsr is cal led
veno-occlusive diseaee (voD), the pivotal and pathognomonic
lesion being the occlusion of the central and sublobular
hepatic veins in the l iver. The larger hepatic vein
tr ibutaries are characterist ical ly unaffected in contrast with
the f indings in Budd-Chiari  syndrorne (Bras, 1973).

7.L Clinical Features of veno-Occlusive Disease (vOD)

There are several good cl inical accounts of the disease,
rnostly in the earl ier reports from Jamaica, in chi ldren
(Je l l i f fe  e t  a ! . . ,  1954a,b) ,  and adu l ts  (s tuar t  &  Bras ,  1955) '
which have been surunarized by Stuart & Bras (1957). Maksudov
( 1952) has described the cl inicaL features anong chiLdren in
outbreaks in the USSR, where i t  was cal led toxic hepati t is
w i th  asc i tes ,  and Ismai lov  (1948a,b) ,  Mnushk in  (1949,  1952) '
and Zheltova (1952) have described them €rmong adults.
Srivastava et al.  (1978) also described the cl inical f indings
among children in a large outbreak. ChiLdren seem to be
part icularly vulnerable as is evident from the report of
sruart & Bras (1957) and that of Mohabbar er al.  ( l-976)
concerning a large outbreak, though the disease is rare before
the age of one or trilo years. Frequently, more than one menber
of the family becomes affected (Stuart & Bras, 1957; ! ' tohabbat
e t  a l . ,  1976 i  Tandon e t  a1 . ,  1976;  Arora  e t  a1 . ,  1981)  w i th in
days or weeks of each other.

The disease generalLy has an acute oneet, characterized by
rapidly developing and progressing synptoms of upper abdoninaL
discomfort,  dragging pain in r ight hypochondrium, ascites, and
sometimes oliguria and oedema of the feet. Nausea and vomit.ing
may be present. Jaundice and fever are rare. There is
generally groaa, t,endet, smooth hepatomegaly often accompanied
by massive pleural effusion, and sometimes sl ight splenomegaLy
and minimal ankle oedena. Liver function tests may show only
mild disturbance. The acute disease is associated with high
mortality and a subacute or chronic onset nay lead to
cirrhosis. Death often occurs after oesophageal. haeoorrhage.

Stuart & Bras (1957) surrmarized the cl inical data of 84
patients ranging in age from 6 months to 53 years. The
highest. incidence occurred betlreen the ages of L and 3 years
(392), and. 267" of patients belonged to the 3- to 6-year age
group. Thus, children up to 6 years accounted for 657. of
total cases. Although the VoD was relativeLy uncomnon at the
2 extremes of age, earLy infancy and adult l i fe, mortal i ty was
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highest in these groups., being 60Z and 542, respectively.
Ilepatomegaly and some degree of ascites ltere invariably
present in acute cases; in 48 out of 64 patientsr ascites rtas
acute enough to require paracentesis. In 38 patients,
hepatomegaly nas grossly severe, reaching more than half way
down to the umbilicus. Jaundice ltas relatively unconrmon.
Anong the l iver function testsr the most signif icant and

consistent changes were found in the serurrchol inesterase (t =

2 .67 ,  O.O2 >  P >  0 .01)  and serur ra lbumin  leve ls  ( t  =  2 .82 ,
0 .01  >  P) .  Mor ta l i t y  ra tes  assoc ia ted  w i th  s igns  o f
parenchynaT liver danage were 747" wi.th cLinical jaundice or
high leveLs of serurnbil,irubin, 622 witl:. dirninished serunF
cholinesterase, and 58"/" with considerable anorexia and
apathy. The mortal i ty rates among casea with acute, subacute,
or chronic disease rrere reported to be 277., I77., an.d 57%,
respectively. Death was urostLy due to hepatocel lular fai lure
QL7") h the acute phase and haemetemesis in the chronic phase
(75 l l ) .  More  recent  pub l i ca t ions  (Ly ford  e t  a1 . '  1976;  l l cGee
e t  a l .  ,  1 9 7 6 ;  T a n d o n ,  B . N .  e t  a l . ,  L 9 7 7 ;  D a t t a  e t  a l .  ,
1978arb) also describe the haemodynamic data of the hepatic
blood f low and the results of portovenographic studies that
suggest outf low tract obstruction in the l iver at the
post-sinusoidal level,  and irregulariEy and
obstruction/distort ion of the hepatic venous radicles,
respec t ive ly .

The cl inical course of the disease has been shom
schematical l"y by Stuart & Bras (1957) (Fig. 12). However, the
temporal relat ionships in the dif ferent phases of the disease
are not precise, and their account'  at best, represents a
t rend.

Comptete Clinical
recovery (48%) recovery (20"/.)

* Latentpetiodolyears

l/ \
A. Acute venoGlusive (13olo) B. subacute veno-mlusive c. chtonic veno-occlusive

disease (sudden ---_> oiieae ipersisienr "orm 
---+ diseGe

lepatomega$ina asciresl heriitomegaty) (cinhosis ol the liver)

r t\ /Y
F a p i d d e a t h ( 1 e % )  l \ / ;

(increasing jaundice cholcemia) | Ctinicat improvements 3
I
?

Complete recovery

I r i g . 1 2 .  C l i n i c a l  n a t u r a l  h i s t o r y  o f  v e n o - o c c l u s i v e  d i s e a s e  o f  t h e  1 i v e r .
B  and c  nay  be  presen!  w i th  no  c l in ica l  h is to ry  o f  p reced ing
i l l n e s s .  F r o m :  S t u a r t  &  B r a s  ( 1 9 5 7 ) .
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The onset of the disease may be sudden (acute) or
insidious (subacute or chronic). The acute disease nay
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 corrpletely, or mayr after or without
apparent clinical inprovement, go on to the chronic phase of
disease, nostly ending up in cirrhosis. Some patients r i t i . th
the acute disease may go on to the subacute phase, even after
cl inical recovery, or as postulated by the authors, after a
latent period of several years, progress to cirrhosis.

Braginski i  & Bobokhadzaev (1965) related an experience
concerning the evolut ion of this disease that was sini lar to
that observed in the USSR. About 50 - 60"/" of cases made a
fulL recovery and 35"1 made a partiaL recovery with continuing
hepatornegaLy. Abott 2% of cases deveLoped persistent ascites
vith tr loss of working capacitytt .  I t  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 dif ferent
stages have been described in detai l  (Terekhov, L939, L952;
Dolinskaya, 1-952; Bras et al-.  ,  L954; Bras & lr lat ler, 1955; Bras
&  H i l L ,  1 9 5 6 ;  S t u a r t  &  B r a s ,  1 9 5 7 i  S t i r L i n g  e t  a l . ,  L 9 6 2 ;
A ika t  e t  a l . ,  1978r '  Tandon,  B .N.  e€  a l . ,  1 -978;  Taodon,  I l .D .  e t
a l . ,  L978) .  The fo l low ing  descr ip t ion  o f  Bras  & t r ' l a tLer  (1955)
characterizes the morphological changes at dif ferent stages of
the disease described by most investigators.

Morphological features of the l iver at autopsy in L9
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
pat ien ts ,  t  had deve loped c i r rhos is ,  3  d ied  o f  acu te  d isease,
and 7 had various Levels of f ibrosis superimposed over acute
VOD. In the acute stages, there r,ras acute centr i lobuLar
congestion. The centr i l -obular and sublobular veins showed
different degrees of thickening of the wall  and occtusion of,
the lumen, nainly due to subint imal sweLling composed of loose
re t icu la r  t i ssues  and a  few ce1 ls  inc lud ing  endothe l ia l  ce1 ls ,
occasionaL histocytes, lymphocytes, and polymorphs, suggesting
an acute exudative process. In addit ion, there was a small
amount of f ibr in. Organization of this exudate gradually led
to col lagenization and thickening of the wall .  The centr i-
Lobular. congestion resulted in compression and even
disappearance of l iver ceLL cords. The ret icular framework of
the l iver lobule was frequently. preserved but was ruptured at
places. Clearly recognizabLe thrombi occurred sporadical l .y
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but were not coftmonly seen.
arter ies were normal .

The portal veins and hepatic

Stir l ing et al.  (1962) in their descript ion of the earLy
lesion of VOD of the l iver also emphasized that thrombosis of
the hepatic veins was not an important histogenetic factor in
the evolut ion of the lesion. In the later stages of the
disease, hepatic venous occlusion was chronicaLly establ ished.
Perivenous ret icular coLLapse and the resultant condensation
and reduplication of the ret icular framework resulted in
non-portal f ibtosis and later cirrhosis. Macroscopical ly, the
cirrhosis Looked l ike Laennects cirrhosis. The cirrhotic
process, which $ras non-portal to begin with, involved portaL
tracts r^rhich also became incorporated in the connective t issue
septa. The presence of oesophageaL varices lras a comnon
finding. Extra-hepatic col lateral vessel.s and congestive
splenomegaly \,sere frequently seen. I'lithin the liver, intra-
hepatic col lateral circulat ion was estabLished with the
coalescence of sinusoids. The larger hepatic veins and
inferior vena cava did not shoro any thrombi or other patho-
logical change. The subint imal 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
Laennecrs  c i r rhos is ,  bu t ,  in  the  in i t ia l  phases ,  i t  i s
non-porta1.

No cLear dose or temporal relat ionships between the l iver
and parenchymal and vascular changes in the liver lobules are
evident from the avai lable human case reports.

I t  i6 notable that megalocytosis, wtr ich is the hal l-nark
of chronic PA loxicity in experimental animals and a morpho-
logicaL manifestat ion of the antirnitot ic effect of PAs, has
not  been observed in .human sub jec ts  (Tandon,  H.D.  e t  a1 . ,
1 9 7 8 )  ( s e c t i o n  6 . 4 . 9 ) .

Tandon H.D. (personaL .communicatioa) has analysed al l
published and unpublished observations incLuding f.iver
biopsies and autopsies derived from 3 outbreaks of VOD of
which troo occurred in India (Tandon, B.N. et aL., L976, L9773
Tandon, R.K. et a1-.,  L976; Tandon, I l .D. et aI. ,  L977) and one
occurred in Afghanistan (Tandon, B.N. et aL., L978; Tandon,
H.D. et a1., 1978). He comnented on the frequency with nhich
the characterist ic veno-occlusion may not be seen in the
needle biopsy in the acute phase of the disease, though i t  is
invariabLy observed in the autopsy materiaL. Ilaemorrhages may
persist for irp to I  year after subsidence of acute s)rmptoms.
There is no significant inflamnation accompanying the veno-
occlusive changes. Cirrhosis r,eas reported to have developed
within 3 months in one patient, after an init ial  biopsy had
shown co f ibrosis (Stuart & Bras, L957).

Brooks et al (1970) nade an ultrastructural- study of the
liver in VOD in Jamaican children. Thev found extensive
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damage in the sinusoidal epitheliurn resulting in
entra-vasation of red cel ls in Dissers space and bettteen
hepatocytes. The closed structure of the vessels, the absence
of fenestrat ions, the existence of a basement membraner and
the presence of col lagen in the walL contr ibute to the
resistance to cel luLar debris and erythrocytes which track up
Dissers space and tend to narrort the Lumen of the sinusoid
where i t  enters the vein. Fibrin may be present in this
location and occasional ly 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 comonly observed (Bras & ui l l ,  1956; Stuart &
B r a s ,  1 9 5 7 ) .

7.3 l luman Case Reports of Veno-Occlusive Disease

Avail-abLe data on hunan cases are sumarized in Table 15t
with the countries they have been reported from in alpha-
betical order. The f irst 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 Albert j in
i; 1918 in a report made to the g6ffi6Ent of South Africa, as
quoted by Wilnot & Robertson (1920), who gave the f irst
account of this disease in scienti f ic l i terature from that
country. I t  is possible that i t  may have existed even
earl ier, as i ts occurrence in farm animaLs had been described
since the beginning of the century in veterinary l"iterature
(su tL  e t  a l . ,  1968) .  WiL lno t  &  Rober tson (1920)  recorded the
occurrence of tbread poisoningt in South Afr ica for a period
of about 10 years, during which 80 cases had been observed,
mostly result ing in death. The detai led account of cl inical
data and pathological f indings in 11 cases was consistent rnt i th
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 spp.

rsolated case @Es. are avai lable in the l i terature
(I lashem, 1939; Wurn, 1939) describing changes in chi ldrens'
Liver characterist ic of veno-occlusive disease; however, in
these studies, no mention was made of possible et iological
agents .

A pattern of disease described in the Soviet Literature as
dystrophy of the l iver, and later as toxic hepati t is with
ascites has been known in the Central Asian republics of the
USSR especial ly Uzbekistan and Tadjikistan for a Long t ine
(Terekhov, 1952). The local inhabitants calLed the disease,
characterized by rapidl"y f i l l ing ascitesr the Itcamel-be1lytt

syndrome and are reported to have Long distrusted a weed with
f ine seeds, knorrn local ly as ttKhannyktr,  as a source of the



- 1 8 4 -

9 €
O F

o
9 d
k v

A 6

o
F
0

0
o
H

6 A
A E

o o  o o
u . i  9 . d
) o  a o
o o  o o
6 r  O d

o o
, 6
o o
q d

o
d  o o
d  ! !
! h  )

! ! o
d  @  5 !
r o o t
o E d o

o
@
o

a ^ 9

€  ! F  . 3
t - @ 6  d

t r  E a i d  ! v
O  O 6 3 v  !

9 9 N  o  6 0
t r  C o E  .  a 6
q  6 1  0 d  !  !
l r a r v E O  @ 4

o
. i O

. t

> d
q  o o
F  t r I

O ^

\ !  o  - u
@ o g d c

o  o  o  o €
o  o  !  u . t +
. S  C  O !  i

.  O , d  !  A dd E  E
|  9 X . ^ t O

N  d  Q O !
o  E . i  E  s l. . d  d  o  A
d v  €  N  O  5

.51

itilfl

I
o

o

d

o

o

6

6

o

q l
! l ^
9'-l oa t d

" l 'd
f l t &
etE
h l 9
9 l v

o o
t d

o o

u q
r d  . d

d d
d d

H !
o o

N o o
6 k  g

l o 6
o o 6 0
s x o x

o  t o
E  o  9 0

t s  o . J  @
! ! o o t
o  d d  o. d t r d 6 @ O

d  o  I  o F  o  o
o . d  r  ! v !  5

g !  6  . d  i
. i  k o  x  d

h !  N  o  C  O  F
d E  d . i  |  6
q  d  k . c  a z l' d  o t r k  u
o t  . d d o  o
E . n d 6 o d  C

o
. d

! o
o t s  5g a  q
s o  E
c d  . d

s !  d
! 6  p
G A  t s

q 3  !

o o -"1
I  H  k  a l

st isI  i$,  ?ht
; l  r ^  o r  8 1 . ' l. ; l  x  > ,  5 l  * t : l

El . lE El  -  f lElt o l  5  d ;  t l  
- '

q r  o a  E  o r  
' ! l $ J

< t  €  v  . d  € t  o t c l

: l'  El *
o l
H I

oq

o
ts
o

o

q \
E o ^
o  l . i !
o F @ o

,  o E !
O v F

o

O E
t s o

d o
z a

o
J

! 6
. i  t  c o
o E o c
d  o !

J d  c  q €
r O F E
< o u 6

o
a

2 u
o
O E

Q 9
> d

o
O X
! o

o d
a . i

, q
o o

o o
@ !
< @

t s Hp  o o

5 5 6
o c o

o
o
q

o

o

R 5
i !
b q

; i €
i o

^ O

o O

h o
6 . q
o ' I {
t s E
d C

9 t
5 5

€ o

S O

C O
O P
@ l

r < 1

; o
d !

S O

6 q
o d

N

o
F
!

o

d



- 1 8 5 -

l d

! o  I
o o c ) !

o o

C v ^ t { e
6  6  0 0
E  . @  C o
5 d o  o r
t 4  d  d  > v

q

B ^  . c  S ^
a o  , 6 6

E O  O t €
@  o  q  o o
N a  d . c d

E v  6 6 v

o

o

H

B

d
o

6

o

> u !
o 9
! o
t  . /  ! o
o  I  E O
d  d  ^  o d

f u O  ' d  I
t . - \ H H X U. t  i l u  I  d  I  o  o o  d  o  d  o
o J - * E  P  !  € ! a F E O

d \  . . t  S S O O  I  E  O  O . a
s @ d  E E ! N r c . d 6 a d  E s
J N  x  6 ! o  $ 5  E . i (
d { o H d e . .  g o l  E . d { E
d  - .  

o . i J i  o  . d a E o  u . d  E  O
l o € d  o o g o o i E  ! 0 o !o  . i E  - - . d J  d !  ' c E g a

! o x  o o x 6 o o E k o !  E
H  o  O . - l l  o  O ! 6  >  E  O O  O O  o  5
o  d  I  o o  6  |  c 6  o  t - > o  o o G  o
F 9 z l & t S z l a i E o o d o a B 6

o
o q

! o
ts. d q

o
o o
t o
o o

@

o o

) oq a.l

a

N €

k d
t i l
A S

E{
it

o.;
h . ?

eIa . :
: 6 ' E  dJ E E  X
l r x  H
0 6 0  O

. : t  o
: l r O o
p l  i  o  i l  k

3J  , r r  A3
* l e l  

- o  o t  N  x
t 6 l  c l

r lE l  9 l
$l3l - El *
8lH €l

€
o
q

o

o

r

p  t c
F  o q

i i  s 9
d o

!  d q
O  r A

N H
d d
t o

$- n

€

I

o

o



- 1 8 6 -

M O Z E
. o .

E  ! d  n  ^  d d. d 3 E 6 . . . d O

i  ' i i  ' ^  d  :  - , i i S  .  f  E . r . l  S .  f
o d a  O H t s  O d A ^ . d . . ! €  - C  O F . i d @

!  d r d  d F  €  d N F €  d F  o  N d  d i
q  6  C  O  t r  6 F €  O  . i . r O i  OE ! d O U i  d ! d 6 . i ! d  ! F d . i u J

H  O v F  o e  H  O v d @  o v  ! Z  d v o  O v

o

I
d

o * ]  o
0 9  l z' x  g
U o  C l  . ^ C

4  0 6 > ! 0 0
I  t  o i  E

o  o  k . i l
. O  O  O  6 O

h v  @  O t . +

o

o

o

c l

.rl
gl

8l

6

0

d o
s 9
A o
) a

o
ts
o

o
o
o
h

o
o

!
o

o
q

N. - o
t o
o t  o' d  r . ' r  o
E . i  o  ! €

o o  o
N E A . d
d i  h  5 €

o q
t - . d  O
o o  o  og l o o  3 0 0

o  o  o - c  c  o  o  dr . l  ! . d k o  . r @ o
)  )  6 F  t s 6 o
o  I  O . r  E  d ! . d
a  E  d  q . /  >  o t

o
J'

o

@

o
!

E d
d E

E h
o o
o o

o ^
u €

!  c oq  o  @  o  O . r  +c  k  . 1  H  . i 9  O

n { , 8  . \ 3 - t . 3  Y
N O ts  d  } \v  o .o  f l

o l
. d l  N 6 €

E l  * 3
H I

q
o

s.E
C F

E3
d q

! F
q o

d l
- t l
r l
.11
! q t - ,
6 l c l
H t f l

o

h

c d
9 d
o d

J , !

d €
o o

! !

o o

o o

o
!
O d

9 d
U "  H

o r  h c
d  F . d

3  F A
* r  ' 1  6 q
H €  O d F
o c  o o o

g d a o o

o
!

E *
. i d

i i k
! o
E O
o

N

6

t o

o
o

o
k
o

o
x

o \g  o ^
o  t . d t
o h o o

,  o , c r
O v  k

o
o c
F O

. ! o
z ;

o
J

E 6. d  I  E !
o c o c

o  o s
X  C  E T
d o H c
< q 0 d

o
s

o
!

o c

z ^
o
9 C. d o

O !
> d

o x
! o
o c
f . r
t q
@ o

gr^ o
< 4

k !
!  o o
t r o o
o  3 d
o E o

!

o
o

o

d
ts



- L 8 7 -

6

O  U E
> a  6 . i

E  . i  o q
d  O  I  F  |  . - N . r  o  O
6  !  . d  Q  L  O . d o r l . -
F  6  ! i  O  O  C  E  !  O  O
. a t  ! S E U d O C E O
6 . A  c o o ( ! @ h o . d o o
o €  o o 6 E k . c o o d o
o :  0 d . c F o ! . c > o >

{
?  . 3  .
3 T ^  . S ^  t s ! ^
S F R  E b R  $ g d
t t 6  d ! 6  d l l o

iE3  'E  p5  3  f ; 5

!
o

E O

!  ! 9

. 6 ' o J
Q F ! F
J O ! O

< v A v

G a
! q o

€ u q 6
o  . d . d  6

' d l E o

N  t . d

g

I

. t E ,

E o

I
o l

d F

F F O 6
! d F o
c i  o  d
o 5 0 d

U E
o  c . r

. - ! i  r r  E
O  O  . .  N . d  Q  t d  O

E O O . r ! . d  O
o  o E  d  d  E  !  o  o  o
! . i l  F  O  d  O  6  E  d  !
5 o k  u F o . d o  t
o  o . d  E  ! 5  0  0  0
6 i o . i l o ! 3 > \ t  6

o

o
ts

o

o

o

!

u o  u
x 3  a q
\  6 0 I  O
u s d  c  !

E  O t  C
O . d d . d  O  d  O
N  E  ! . d  I  @

d A q t E . r o
I  d  a  g o

u  Q  O d  o
N  O  t r 3  r . d
d u + . i B q €

o
d

o

! o
! E
o . r

d o

-P *r

(,

u

o

€
o

.:l
r l o l. i B 9 l
E  r 6 l
o :  @ l' F . r x

!  a s
O ' i . d
c q  o

H

6
o
3

N

!

o
q 6

o

s . o
5 @
t d

o o

d l  |  6
o l  r  o

'r l  r  >.
F I

: l
r l  - rh3
5 l  i  E ! . d
o l  o  !
@ l  v 6  0

6.
o

o

o
o
o

o l
''l I

t3l
r: iI
t i

I
o

o

o
a
o
o

@

d  o l
3 . d l
. i  o l
o  o l

9 0 1

€
q
o

3

6 '
o o
A q

o
O F

l o

o

u
9 0
9 o

d

€ - t
o 6
5 . d

u o
g N

' I l  -
! l
; l

!

o

a

6
ts



- 1 8 8 -

! t s
o €
. 6
t r d
o v

O H
B A

d

o

O @
o r

( , a

> v

F

€ o

E  o N  c

o  0 6  0

q f ,
O  . -  O

o 6 0 E. i  o u  o
! o

, r o o
o €  E  3

o' n o
! >

O !  o  o
E  c " ' d  X t :' E  . 36 ; . 3  3 .3 ,
q '  3 * 'E 3 E 5 ? 3
u  o d  t r  o  h  k . d  o  o
t  C  A . i  k  O  t  H  d  o
o  O  r J  O ! . i  !  6  O . d
o > o i l o q  :  > > €

. i  O  O d

:  @ ,  o i 0
o o 0 0 !
p 6 6  0
,  d ' o t s €
o g t
s  o c Q

:  6 :  . l  q

: l

r I  3
o c  !
E '
t s O !

i 5  3

o
h E

6 . :  r
N O

9 . d  o
o d o  \

: i  o !  i l

. :  ! '5 E
E E E  6
o x p
!  @ ' - !  o. d  6 G  e

d
o
u

d

t up d
s h
g 'i:

o

!
o

o
g I'r

i t E
ifd
sd

51r
t
o
o

d

ts
o

o
k
d
0

o
o

E O
5 F

d
o 5

O O

o

o

!
o

o u
t r o. d +  E

€ . r  O
o o
E E H o
. o  o

F p . c o

:.: 3 "?,t  E a  do t o  c
5 d 9 d

!

o
o  O @

o f  I  c
o t  o. i l  n  E

. t l
a l
- l
i l  *
5 t  d
o l
o l

o

o

o
ts
o

o

o \
E  o ^
O  l . d tq t s a o
! . d  o . d

E 3 f -

o

A E
! q

d o
Z t

o

9 d
. i  I  E !
o d o d

Q  o !
i l  E  o €
d o F c
< o u 6

o
!

9 E

z c l
o

9 C. J O
t . J
O !
> d

o
o x
u o
o 9
9 c

@ o

9 - o
< s

k t s

E.33
o  3 6

o  c o

o

o

H



- 1 8 9 -

! i

J O
. d  >  a  > 3
E . - O  ! r . - O  -

t ^ 8 ^  > ^ d  C
a  o  i  o  o  r . d  o
O 6  O o  t s S 6 $
k 6 t s o  ! o E 6

. l r  O J  a A @ A
E v F { v  A v H v

l c
N . d ' d

5 t "
' t 3e

6 . d 5  d
i €  !  E

o o o o
A C E E

o o  o o  o 9  o o
U . r  !  . d  ! . d  P . F
) e  a q  J q  ) o
o o  o o  Q o  o o
d t  d d  d d  o d

o  t t
-  |  € d  E . r

o - { . i 6 l O O q l
J  i  x  !  q r  o  r . {  J

o r - O  d o O O O  6 t  @ E  a
d  o  !  5  |  l F q  Y . i  l l  a  u

d C  a a a l  O i X  \ ' r ' " E
u . d . i  o a  d o  9 p 9 > , ' i

J z O  F  u d o s  l -  r E d
. > - i d 9 p  q ! - ; l  g e a z l  - € 4 9@ 6 d E  . 1 6  6  O  r h  q E

J !  @ O  .  !  o F  E o  . !  t s + l
6 ; O €  d O O 6 + ' i C  $ 9 O A n
d  d ! o  o  d i  a . i d 3  d  d €  o . u o

^ o ^

o @ o o
t s d ! d
o v  6 v

J a !

c  o l t  o

og h
O H
> H ! O
o o H o
o ! o F
o q . c  t

O ^
F

t r F  o

E a 9 ^
r v O O
d  9 @' r  .  X 6
! J t i l
@  6 ; d v

6

o
o
H
ts

o

(
a @

r
x o
o i

o

O O
G d  E

o  . d  o . i l
c o  c a

' d ! . d H
t s  d  h a
!  o  ! 9
o  o  o q

. d  . t  . d . i
i  6  a t q
o  d  o o

t  i  E t

E  O C
E  C . d
o  . i E

q  - d O

o  o  o d . i
E  g  h a. d  o . i l  . c  o

d  O  O  A G
d  O  h . /  O
q . r  o  o  o

9 X k O
!  o !  l o. d  t . o  o  g
F  z l t s  o  6

' J t )

o l a
o t H
t s l d

3tE
i l o
o t E
lE I'd

k t s

8 3  8 3
. l J  t i H

!  q  ! q
6 d
C L  c !

. . ! d . d 6

E 9  E P
n  t  ; E
o q  o q
I  o  a o

o t s

t o

I  o t s
U O

O  o  H €
9 o  s E
9 n
i l d  :  t rsl

o

€
E ' r  @
I  N o

.?6.9
A H  d

F h ;

;
o

EI
;'l
* l
EI
hl

o
o
s

o

3l
o l

.9131
st ql
. ; t : l

o

6

h
o

o

I

o

6

!
a

F
6
o

o{

o

6

I
o

EI

!

o

d
F



g ^  d
o , o  d  6  F  I

. $ 6 6 n ' d
€  . 0 6  { O  d O  Eq 6  !  d  d
q l  , \  q d  

o ^  ! v  ! v  € ^
O  t s N  . d v  +  !  !  @
q  O F  d  @  r ^  d  o  d  o  o h
l i a o  i l .  6 0  , d  t d  d o
h o r  O r  t d  l r i  ! L  L : a
g € v  b  d  a v  @ r b  @ e  a v

, i i
. i €

F @ o  € o o
o  I  E  I  A  €  d  O . d
o E  o  t s . d  o  ! . c €q r H o . d o r l H

!  o  t s  o  O  €  N  k x
O  C : . d  C  , t  d . /  t s

!  t  o . d  r  k  o  d  o N

- 1 9 0 -

o
o . d
9 O

o
o 3
! l r
t !

d o

d a
O o d
! o o

T F
o  H t! k
5 . d  O
a  q E l
a :  v

o
o

s
q

o

o t
! o a l

s l'E
, : ' h
I  o E
o  6 a

q

q

o

o

o

O o
o d
9 ! r

N

E "O T E E
: I  ' i  ' d  . d g
H  H  H  q  t r ^. r  . r  . r d d
a  E  E  E o i d
# € 'q €'qE
. '1 ': ': frlgo  f ,  I  3 3 l eF A c  i - '< i

H= r * E*
E 3  ] o  o  : o
' c5  . - 9  -b= '  * . 5  = "
E'E ErE EEg l ,e  5 l
f r  i f ' d  g r ;  5 ' d  € ,
6 5  .  S f r  o  o  P  5 o  o o

=UH EE.E EiF. : .E8!.F
. -  i .  :O l o g

F EsH E:n sr fr
-  

" l  
+  

h  d  I  d  6  d

o r  -  . g l  =  o  R 3 g ,  9 9 ,  . . 9 ,
d E l
a l  H l

El - . l  I  n $ \ t
6 l o l d o

Et 3l

€
o

o

o o

, o
o o

o
a

o
ts
e
o
c

o \
E I  o ^
o  t . d €q x o o
p  0 t €

O v F

o c
F O
5 . t
! o
s o
2 A

o
J

9 6
. d t q s
o c o E
q o !

J a  E  6 €
F ! O t s E :
< 9 e d

o

a

9 E
= a

z &

o

o E' r c
O !
> d

o
O X
! o
9 !
9 q
o
, s
@ o

o o
@ H
< o

! !
!  o o
E 6 0

3 5 $
o c a

o

o
H



o
k
!

o
o

o

o

a

d

t
o

A

o l

- 1 9 1 -

!
O ^

ss
t r o

H

o d

d

o ^

o €
o o

€ v

o

o

o

o
o
o
ts
ts
o

0

!

o€
!
o

o
q

o

@  o l l
o 'i: .d

' a  o q

P  c i o
= . f  H

I
. i t r
s o
o h

@
h

6

d

o

E  h :
o  o o

. A  ! k
!  ( l  !  o

o  d . d l  o  u
o  a  F l t  o. i . d  o t d  x  d
9 q d l o d u
O . r  O t  6
t s  !  l l s l i d  o
a  E  9 l > l o  . d

o  H l i l o  x

3 : ="r, i l& 3

^ l

EI
o l
. 9 1  o I

0l i I
E I
El
gl *

o

o
!
o

o

o \
E  o ^
o  t . d €
o ! o o
!  . t  o . d
,  o E t
O v  t s

o

o c
h o
5 . d
P o
6 0
2 a

o

t d. i t  E s

o  0 p
i  c  q €
r o h c
< o e 6

I

o

o
!

9 €

2 d
o
q E

. d o

O !
> 6

U
9 . d
o ) 1

o !
9 q

o o

-o^ I
< @

F F

E33
I58
0  c o

!

o

o

H



- L 9 2 -

disease (Dubrovinski i ,  L952) ( i t  is notable that, in rhe
Afghan outbreak, wtr ich occurred close to the area in
Uzbekistan where the disease had been known, the toxic seeds
were known as rrCharmakrr among the LocaL population). The
ttcamel-bel lytr disease was associated with the use of bread
with a bit ter taste (presunably caused by the nixing and
grinding of toxic seeds with the wheat grains). Two waves of
outbreaks occurred, the f irst between 193L-35 (terekhov, 1939)
and the second between L945-46 (Dubrovinskii, L947; Ismailoy,
1948arb). In the f irst nave of outbreaks, approximately
1000 - 1500 subjects lrere estimated to have been affected with
an overal l  mortaLity rate of 13 - l5Z. The age of the
affected subjects ranged fron 3 to 50 years. In the second
wave of outbreaks, 60 - 7O7" of the popul.at ion in agricultural
areas nere estimated to have been affected (IsnaiLov,
1-948a,b). Domestic animals aLso suffered from the di-sease
(Dubrovinskii, L947). During the second wave of outbreaks,
the disease vas found to have been caused by contamination of
food crops with seeds of Heliot 1as
(Dubrovinskii, L947; Khanin, 194TI
confirrned by studies on a variety of experimental aninals
using the suspect seed (Khanin, 1948; Kampanzev, 1952).
Pathological features of the disease in chi ldren have been
described by Dolinskaya (1952) and in all age groups by
Terekhov (1939, L952). First an acute form of the disease was
recognized, fol lowed by hepatic cirrhosis, wtr ich was found to
result as a consequence of the init ial  disease (Isrnai lov,
1948a,b; Sawina, L952). The disease has since been largely
eradicated by the agricultural and public health measures
taken.

Selzer & Parker (1951), from South Afr ica, described l-2
cases, 10 of whon came from 3 fani l ies that had eaten bread
made of fLour of [ imperfectly vinnowed wheatrr.  Five cases who
were autopsied showed characterist ic occlusion of the centra!.
vein of the l iver Lobules.

Attention on veno-occlusive disease as an enti ty fol lowed
a spate of reports, mostly from Jamaica, on the occurrence of
this disease, mainly anong chi ldren (Bras et al.  ,  1954, 1961;
Je l l i f fe  e t  aL . ,  L954a,b ;  Bras  & Wat le r ,  1955;  Bras  & I t i11 ,
1,956; Stir l ing et a1-.,  L962) but also among adults (Stuart &
Bras, L955, 1957) .  The youngest patient reported iras a
3-month-oLd infant (Stein & Isaacson, L962), but the disease
nas stated even to have been observed in the newborn (Stein,
L957).,  Very often, severaL members of the faniLy r irere
affected by disease, which presented prinari ly as rapidly
f i l l ing ascites, within a matter of days, sometimes
accompanied by fever, and leading to hepatic fai lure. I t  was
considered an important cause of cirrhosis among children in
Jamaica  (Je l l i f fe  e t  a l . ,  L954a,b) .  On the  bas is  o f  ev idence
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of an almost identicaL disease occurring among grazing animals
(9i11, 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 contffiFry factoli-IEEfr
H i l1 ,  1956;  Bras  e t  a l . ,  l -957,  1961;  S tuar t  &  Bras ,  1957) .

t t iLl  (1960) gave a comprehensive account of current
knowledge up to that t ine of the world-wide distr ibution of
seneciosis in man and aninals in which mention is made of this
disease only in Egypt, the Federal Republic of Germany, South
Africa, and the West Indies. Pyrrol izidine alkaloids lrere
identi f ied as the active element in the toxic factor in the
pLant s .

I lowever, there are earl ier reports of this disease from
elsewhere. Bras (1973) cited a number of reports from Europe
from 1905 to L949, including reports by Wurn (1939) and Tei lum
(1949), of an enti ty in infants and chi ldren that was cal l-ed
Endophlebit is hepatica obl i terans. I le reported having studied
some t issue sections of l iver in Austr ian chi ldren aged 7
months - 1 year, who had died with cl inical and histological
patterns of VOD. Some of these conformed to the Budd-Chiari
syndrome whereas others were consistent vi th VOD. The case of
a 36-year-old rdom€tn reported by Tei lun (1949) doeg 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 port.al vein.

A conprehensive account of aLL avail-able published reports
of thip disease to date fron dif ferent parts of the world is
given in Table 15. A clear dist inct ion 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 geaeral ly
volunteered or avaiLable, and so a precise temporal relat ion:
ship is dif f icult  to establ ish. I lowever, this information is
available irt a reasonabLy accurate form in more recent reports
( S t i l l n a n  e t  a l . ,  L 9 7 7 i  D a t t a  e t  a l . . ,  1 9 7 8 a , b ;  F o x  e t  a ! . . ,
L978;  Kurnana e t  aL . ,  1985) .

cupta et al.  (1963) fron India described 2 cases who had
drunk some herbal infusions for the treatment of skin
disorders. The l iver biopsies confirmed changes typical of
acute VOD. Ilowever, the herb was not identified and Bo
analysis was made of the infusion. for aLkaloids.

The cases of 59 chi ldren in Egypt who had syaptoms of
rapidLy deveLoping abdominal distension. and hepatomegaly were
reported by Safouh & Shehata (1965). Their ages ranged
betweeD 1 and 12 years, 47 being beLow 4 years of age. A
dietary survey carried out on 17 patients indicated ingestion
of drinks nade by boiling some colrmon plant seeds, but these



- L 9 4 -

rrere not identi f ied. Wedge biopsies of l iver were performed
in 6 patients and 16 postmortem examinations were made. In
al l  the autopsy cases, there was thrombotic obLiterat ion of
the main hepatic veins and their ost ia. The central and sub-
lobular veins were not uniformly thickened as they rtere
frequently di lated or disrupted and some contained fresh
thrornbi. There was centr i lobuLar necrosis of the l iver
lobul.es. One patient developed decompensated cirrhosis in 3
years. The authors observed that the cl inical and pathological
features closely resembled those of VOD in Jamaica, but
thrombosis ! ' ras an unusual feature of the latter disease.

Al-I lasany & Mohamed (1970) described a short outbreak in
Iraq, occurring during a 3-month period, affect ing 9 chi l .dren,
aL1 except one being below 12 years of age, and belongiag to 3
Bedouin famil ies l iving outside Baghdad. One of the chi ldren
died. Autopsy of this case and biopsies on the others shoved
changes characterist ic of VOD. Poisoning through the wheat
f lour contaminated by seeds of some PA-containing plant was
suspected, but no anal-ysis of the food was carr ied out.

Three of the Largest outbreaks of the disease have been
reported from South Asia, two from the same site in central
I n d i a  ( T a n d o n ,  B . N .  e t  a l " . ,  L 9 7 6 ,  L 9 7 7 ;  T a n d o n ,  R . K .  e t  a 1 . ,
1976;  Kr ishnamachar i  e t  a1 . . ,  L977;  Tandon,  H.D.  e t  aL . ,  L977)
and one from North-West Afghanistan (Tandon & Tandon, L9751,
M o h a b b a t  e t  a 1 " . , 1 9 7 6 1 ,  T a n d o n ,  B . N .  e t  a 1 . ,  L 9 7 B ;  T a n d o n ,  H . D .
et a1,.,  1978). The f irst Indian outbreak raras reported by
Tandon,  B .N.  e t  a1 .  (1976)  and Tandon,  R.K.  e t  a l .  (1976)  and
T a n d o n ,  B . N .  e t  a I .  ( 1 9 7 7 )  a n d  T a n d o n ,  H . D .  e t  a l .  ( 1 9 7 7 ) .  I t
occurred in a group of 5 tr ibal vi l- lages in central India in
L972-73. The epidemiology of the outbreak was later described
by  Arora  e t  a l .  (1981) .  Out  o f  a  to ta l  popu la t ion  o f  2060 in
these vi l lages, 71 househoLds with 366 members were investi-
gdted. Among these, 39 cases had developed and L9 had died
before cornnencement of the investigations. The incidence rate
vras I.17" and the case fatal i ty rate was 507". A11 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 detai l  with
repeated l iver biopsies. One patient died L7 months after
onset and was autopsied. The cl inical onset r^7as character-
ist ic of disease. Haemodynamic and radiographic studies
suggested a combined post and perisinusoidal block. Liver
biopsy studies showed features characterist ic of acute
centr i lobular haemorrhagic necrosis with progressive f ibrosis,
hepatic veno-occlusion, and non-portal cirrhosis in one case
who survived 17 months after the acute onset. The etiologicat
factor of this outbreak was not establ ished, though dietary
contamination with pyrrol izidine 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 .  (L977)  and Tandon,  B .N.  e t  a l .  (L976,  1977) .  A  to taL
populat ion of 486 was affected, 67 cases were reported, of
whon 28 (462) had died. There was a strong fauri ly history
(Tandon, B.N. et al. ,  1976). In a later survey, 108 patients
were studied and the mortality rate rilas estimated to be 63"A
(Tandon, B.N. et aL., 1977). This t ine the et iologicaL factor
was identi f ied as the pLant Crotalaria nana Burm. which had
been growing in the f ieids ofTTIl*-1F:Tfiin rniliare), rheir
staple food crop. The seeds of this pTii-Effiffi-ixed with
the cereal grain during harvesting. The toxic seeds contained
pyrrol izidine aLkaloids that were identi f ied as a macrocycl ic
ester closely sirni lar to monocrotal ine. The total alkaloid
content lras estinated to be 5.3 g/kg of seed, expressed as
monocrotaline. The levels of contamination of the nillet with
seeds were reported to be 0 - 3.4 g/kg in the uoaffected and
0 - 19 g/kg in the affected households (Krishnamachari et a1.,
1977). A precise identi f icat ion couLd not be mader but the
same material,  independently studied by Siddiqui et al.
(1978arb), nere reported to contain 2 new alkaloids, crona-
burmine and crotananine. The seed contained an aLkaloid level
of 26 glkg. The levels of contamination of the mil let rrere up
to 20 glkg and the amount of alkaLoid ingested was estimated
to be up to 40 rrng per day.

The largest outbreak reported to date occurred in the
Gulran distr ict of Herat Province in northwest Afghanistan,
close to the border of the USSR. Tandon & Tandon (1975)
identi f ied the pLant as being causative factor of the disease,
which was surveyed and reported in detai l  by Mohabbat et aL.
(L976). The outbreak, was estimated to have affected a
populat ion of approximately 35 000 in 98 vi1Lages. Examina-
t ion of 72OO inhabitants of the affected vi l lages showed
evidence of disease i tr .  22.6%, which was more serious in L5Z.
Thus, i t  was estimated that approxinateLy 8000 subjects
suffered from the disease including 5000 who were seriously
affected. A11 age groups were affected, but 461[ of.  subjects
rdere below 14 years of age. I lowever, no sign of disease roas
found in chiLdren beLow 2 years of age. A detai led report
concerning the pathological materiaL obtained from 14 f- iver
biopsies and 8 autopsies r^ras nade by Tandon, B.N. et aL.
(1978)  and Tandon,  I I .D .  e t  aL .  (1978) .  The r ime in rerva l
between the onset of symptoms and the biopsy/autopsy lras not
indicated. Pathological f indings were characterist ic, ranging
from acute disease with characterist ic veno-occLusion 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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nith the seeds of Heliotropiun popovi i  H. Riedl subsp.
giLl ianun H. Riedl, wtr@profusely among the
wheat crop. The seeds contained pyrrol izidine alkaLoids at
concentrat ions reported by 2 laboratories to be 7.2 and 13.2 -

L4.9 e/ke, identi f ied as mainly as the N-oxide of hel iotr ine
(74%) (uattocks, personal conmrunication)r-and one or tno other
compounds sirni lar in character to l-asiocarpine. SampLes of
wheat from sevetal vi l lages contained an average of
40  seeds /kg ,  i .e .  ,  0 .037"  by  we igh t .  I t  was  es t imated tha t  an
adult consumed at least 700 g f lour/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 samplet of
the wheat fLour nere assayed and contained 0.186 - 0.5O7.
alkaloid. This analysis and the 0.727" restLt for alkaloid in
the H. popovi i  seed were from the same laboratory in Kabul
(R.N. Srivastava, personal conrnunication), and together, imply
13 - 367" seed in the wheat. I f  correctLy reported, the result
for the f lour confLicEs vri th the estimated proport ion of the
seed in the wheat and can scarcely have been representative.

Tandon & Tandon (1975)  s ta ted  in  the i r  repor t  o f  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 signif icant numbers, but oeither the
populat ion nor the physicians remembered that the disease had
occurred in the form of an outbreak.

There \ras no mention of VOD in the hepatic lesions
observed by Sobin et al-.  (1969) among the 121 specimens of
l iver obtained at medico-1-egal autopsies or by needle biopsies
at Kabul, though 6.67" of the 89 autopsy specimens showed
' racu te  pass ive  congest ion  w i th  necros is t t .  The ages  o f  these
subjects was not stated and the authors did not discuss the
cause of the l-esion.

Fol" lowing these outbreaks, a number of isolated cases have
been described fol lowing the use of herbal medicines. McGee
et al.  (L976) reported a case from the United Kingdom of a
26-year-o1-d $roman who had consumed herbal tea containing
pyrrol" izidine aLkaloids. The one sample examined contained
on1.y trace amounts of aLkaloids. Neither the plant nor the
atkaLoids were further characterized. The patient had been
taking very large quanti t ies of the tea for about 2 years and
it is possible that some of the earl ier batches may have been
more heavi ly contaminated. Mat6 or Paraguay tea (I lex
spec ies) ,  wh ich  she was dr ink ing ,  i s  s ta ted  1o  be  a  popf i i i
dr ink in .BrazLL and is not bel ieved to contain pyrrol izidine
a lkaLo ids .  I t  has  been s ta ted  (Huxtab le ,  L980)  tha t  poss ib ly
she ingesEed the pyrrol- izidine alkal-oids from some other
unidenti f ied source. The ct inical" course of the disease
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progressed rapidLy. Three biopsies carr ied out within one
month-and the autopsy showed characteristic changes including
centr izonal f ibrosis, but no cirrhosis. I t  is notable that
some involvement of muscular pu!.monary arteries was also seen.

Lyford et a1. (1976) reported the case of a 35-year-old
rtonan-from Ecuador, who had ingested herbaL tea prepared from
Crgtalaria juncea. She had consumed L - 2 lilre-s of this
infusion daiLy for 6 weeks, but no quali tat ive or quanti tat ive
analysis for pyrrol izidine atkaloids was made. She had had
arthralgiaa 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
conpletely as proved by a repeat biopsy carr ied out one year
1ater .

The occurrence of acute disease lras reported in 2 infants
in Arizona io the USA, aged 6 months and 2 months,
respectively, fol lowing ingestion of infusions of a herb,
Iocally called the GordoLobo yerba by the Mexican-American
populat ion and identi f ied ae Senecio longi lobus (Sti l lnan et
a1..,  L977; Fox er a1., 1978; nTff iF13F)Ithe pLant from
which this infusion had been prepared was found io contain
pyrroLizidine alkaLoids identi f ied as r iddeLline and N-oxides
of^ -retrorsine, seneciphyl l ine, and senecionine (t tExtab!.e,
1980), in a concentrat ion of 3 g free alkaloid and 10.5 g
I-oxides/kg (Sti l lnan et al. ,  L977). Ir  l ras esrimated thatl
during a period of 2 weeks, the 6-month-old infant received a
total dose of betrdeen 70 and 147 ng of combined alkaLoid and
N-oxide derivative. The l iver biopsy showed characterist ic
features of acute disease, which had progressed to extensive
central,  portal,  and sinusoidal f ibrosis (Sti lknan et al. ,
L977). The chiLd subsequentLy deveLoped cirrhosis over the
next 8-month period. The 2-oonth-old infant was administered
an infusion of the same herb for 4 days, after which he became
progress ive ly  more  iL l  and b tuporous  (Fox  e t  a1 . ,  197g) .  On
admission he was diagnosed as a case of Reyers syndrome, but
subs_equently developed jaundice and possibly ascites and
died. The sanple of herb contained a concentrat ion of
alkaLoids of 15 g/kg. I t  l ras estimated that the infant had
received a total of 66 mg of mixed alkaloids over the 4-day
period. At autopsy, extensive centr i lobular haeroorrhagic
necrosis of the f iver was seen, which is characterist ic of ihe
acute disease. I lolrever, no occlusive lesions of the central
vein of the LobuLes were described, and no obstructive lesions
ltere seen in the larger hepatic veins or inferior vena cava.
No mention was made of ascites. The basal ganglia showed
kernicterus.

Dat ta  e t  a1 .  (1978 arb)  repor ted  6  cases  tha t  occur red
betneen L974 and L971. A11 of the patients had taken herbal
medicines, identi f ied in L case as l lel iotropium eichwaldi i ,
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which contained N-oxides of hel iotr ine. Two patients took the
herb as an ext;ct of the whole plant, which contained an

alkaloid concentrat ion of 20 g/kE' for 20 and 50 days,
respective!.y, and developed symptoms after a t ine 1ag of 45
and 90 days, respectively. They were both estinated to have
consumed 200 mg of hel iotr ine per day, the total alkaloid
intake being 4 g and 10 g, respectively. They had taken the
herb for treatment of epi lepsy, and were admitted with acute
onset of symptoms of abdominal pain, ascites, jaundice,
hepatic encephalopathy, and gastrointestinal bLeeding, vhich
suggested fulrninant viral hepati t is. They died within 2 - 12
weeks of the onset of symptoms. On1-y a brief descript ion of
the main autopsy findings in the liver was given, which
indicated that there rtere changes characterist ic of acute

veno-occLusive disease of 1iver, including marked centr i-
Lobular haemorrhagic necrosis of the liver lobules, and
occlusive lesions of the central and subLobular veins. I t  is

interesting to note that both patients had also been on

Long-term anticenvu!.sant phenobarbitone therapy. The
remaining 4 patients had a chronic insidious onset of disease
suggesting cirrhosis of the f- iver in 3, and alcoholic l iver
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. Ihe patient
died from hepatic encephaLopathy. No detai led descript ion of
the autopsy findings was given, but it was stated that the
central and subl.obular veins of the Liver showed chronic
occlusive changes. The inferior vetra cava and large hepatic
veins were patent. There was non-portal cirrhosis. A notabLe
feature vas that the arsenic levels in the liver tissue were
high (500 vg/kct nornal, 1 ug/ke). There is no nention 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 nedicine for vi t i l igor and
one for diabetes meLl- i tus. The herb r i las identi f ied as
I{el iotropium eichwal"di i  in the case of one of the vit i l igo
patients, who had taken it for 10 days and in rvhon the onset
of symptoms occurred within 10 days. The herb was taken in
the form of seed with an alkaloid content of L2 glkg. The
daily intake sras estimated to be 500 mg of aLkaloid and the
total intake, 5 g. This patient was admitted with a cl inical
diagnosis of cirrhosis of the Liver. The l iver biopsy showed
changes characterist ic of acute VOD. Fol low-up data are not
known. The herb taken by the other 2 patients was not
identi f ied. The diabetic patient was being treated with oraL

hypoglycaemic drugs and r,ras also known t.o be an alcoholic.
The indigenous powder being taken by him contained a high
concentrat ion of arsenic (5 mg/kg). The results of haemo-
dynarnic studies suggested hepatic venous outflow tract



- 1 9 9 -

obstruction of the intra-hepatic post-sinusoidal type in the
smalLest hepatic veins. Liver biopsy showed characterist ic
centr i lobular haemorrhages. Central veins could not be
recognized. There were rniLd changes in the f. iver cel ls, but
no alcohoLic hyal ine nas seen. The Liver biopsy of the third
patient showed characterist ic features of acute disease with
veneocclusion.

Tno cases have been reported from China (I tou et a1.,
1980). Both were adults who were takbn i l1 after taking
rnedicinal infusions prepared from Gynura segetum of the family
Compositae (tr ibe, SLnecioneae). T6_e pd;i fng symproms and
the  cause o f  d isease,  as  we l l  as  the  pa tho log ica l  f ind ings ,
were characterist ic, 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 $tas not precisely identi f ied. Furthermore, the
to ta l  in take  o f  a lka lo id  was no t  ca lcu la ted .  I t  has  been
stated that this rras the f irst report of such a case, but that
i t  was possible that the disease might occur among adults more
frequently r^r i thout being reported.

Ghanem & Hershko (1981) reported 3 cases of Arabs, one
3-year-oLd chi ld and 2 adults, who were diagnosed as having
VoD of the l iver, on the basis of the cl inical f indings and
morphological features of 1-iver biopsies. One more patient
had occlusive lesions of both the sma1l and large hepatic vein
radicles. They were among 29 patients with cl inical features
of hepatic vein thrombosis (HVT) found on a retrospective
ana lys is  o f  da ta  f rom 9  major  hosp i ta ls  in  Is rae l .  Of  these
patients, 15 were Jews and 14 were Arabs. Notable features
were that al l  Jewish patients r^7ere adults, whereas the
rnajori ty of Arab patients were chi ldren below 10 years of age
and primary HVT was 2.4 tirnes more cornnon among the l.atter.
No analysis of the diet was made for PAs and their et iological
role was suspected only on a presumptive basis. A survey of
stored wheat grain in 9 vi l lages shorrred that 2 samples were
contaminated r^r i th seeds of lol fu, belonging to the Graminae
family, which r,rere found to contain 2 PAs ( lol ine and norlo-
l ine). However, these PAs are not known ro be hepatotoxic.
The authors argued that, even though in a classical case of
VOD there should not be thrornbosis of the larger hepatic vein
radicles, the dif ference in the anatomical appearance of VOD
and that of prinary HVT of the near-east type is not due to a
dif ferent et iol-ogicaL agent but rather to a dif ference in the
dose and rate of absorption of the ingested toxic compounds.

A further report of the disease from Hong Kong, by Kumana
et  a l .  (1985) ,  descr ibed i t  in  4  young Ch inese women wi th
psoriasis who took infusions of a herbal remedy, the toxic
componeot of which has since been identi f ied as Heliotrogig
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lasiocarpun (Culvenor et al. ,  1986). They developed synptorog
L9 - 45 days after start ing the herbal treatment, and were
examined 61 - 68 days after i ts ini t iat ion. The condit ion of
patient No. 2, who continued taking the herb for 16 days after
the onset of symptoms, deteriorated and she died of hepatic
fai lure and was autopsied. The l iver biopsies and autopsy
confirmed the presence of acute disease in aLl patients.
Patient No. 4 stopped taking the herb after 2L days, on
account of a new rash. l lhen assessed 77 days later, she had
rni ld hepatornegaly only. A detaiLed analysis of the al.kaloid
content l i tas carr ied out for each case. The pyrrol izidine
alkaloids were quanti f ied as i f  senecionine based. The herb
contained 0.42 g alkaloid/kg and 1.4 g N-oxide/kg. The dai ly
intakes of aLkaloid base and N-oxide aere estiDated to b;
L2 t l ,ng and L8 t 4 .g, r?spectively. The respective
cumrlat ive doses of alkaloid (base and l l-oxide) consumed by
patients Nos 1, 2, and 3, up to onset- of sJrmptoms, nere
ca lcu la ted  Co be  1350 mg over  45  days ,900 rng  over  30  days ,
and 570 over 19 days, respectiveLy. Patient No. 4 vho had
irrefutabLe histoLogicaL evidence of disease but did not
deveLop symptonatic disease, must have consumed 630 ng over 21
days. Patient No. 2, who died, was estimated to have taken a
total amount of L380 mg alkaloid over 46 days. The estimated
cumulative intake per kg body weight before the development of
symptoms fo r  pa t ien ts  Nos.  l ,  2 ,  3 ,  and 4  was 26 ,  !5 ,  12 ,  and
15 ng/kg, respectively. I t  should be noted that, in patient
No. 2, who died, the cunulat ive dose unti l  the onset of
synptoms riras the same as in patient No. 4, who was asynpto-
matic. Moreover, the total intake by patient No. 2, was 23
ng/kg, which was lower than the intake by patient No.1, who
survived. The authors compared the intake data of their
patients with those of the Arizona chiLdren reported by
s t i l l nan  e t  a l .  (L977> and Fox  er  aL .  (1978) .  The 6-month-o1d
baby, who survived but developed cirrhosis, and the
2-month-old baby, who died, are estimated by comparison to
have taken cumulative doses of L2 - 25 and 11 mg/k1t
respectively. The above data suggest marked variat ion in
susceptibiLity among individual subjects. I t  is also known
fron experimental animal studies that the young and new-born
animals are part icuLarly vulnerable (Jago, 1970).

A case reported from the USA is ascribed to the
consumption of comfrey (Sy*plZlgg sp.) powder, soLd as a
digestive aid (nidker er-;1;-T985). A 49-year-old wonan
presented with classical symptoms and signs of VOD. The
haemodynamic data showed a hepatic vein wedge pressure of
3 .07  kPa (23  rnmt tg )  w i th  a  s inuso ida l  p ressure  o f  2 .27  kpa
(17 mmHg). I lepatic venograms showed near obl i terat ion of che
smaller radicles of the hepatic veins during bal loon disten-
sion of one of the intra-hepatic venous tr ibutaries, and there
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vras 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 l- iver
biopsy showed marked centr i lobular necrosis and congestion
with di latat ion of the central veins and sinusoids' consistent
with hepatic venous outf low tract obstruction. According to
the cl inical history, the patient had been a heavy consumer of
food suppl-ements. Apart from several vi tamins and mineraLs,
she had been drinking 3 cups of camomile tea per week and for
6 months before admission had consumed I g/d'ay of a conrner-
ciaLly avai labl-e herbaL tea. For 4 months before admission,
she had taken 2 capsules of lcomfrey-pepsintt pi l ls with each
meal. The herbaL tea and the piLLs ruere analysed for PAs.
Pyrrol izidine alkaloids and their N-oxides were found, but the
compounds \,rere not precisely ident-ified. On the basis of the
snalysis of the PA content, the patient was estimated to have
consumed a  to ta l  o f  a t  leas t  85  mg o f  PA (HuxtabLe e t  a1 . ,
1986)  (14 .1  ug /kg  body  we igh t  per  day ,  R idker  e t  a l . ,
1985). The authors emphasized that the total PA consumption
was relat ively low. I t  l ras possibLe that the patient had
other sources of exposure and probably she had been consuming
PA-cont,aining supplements for Longer than the periods stated
by  her  in  the  c l in ica l  h is to ry .

The latest is the report of a 13 year old boy from the
U.K. who is stated to have developed symptoms of toxici ty
fol l-owing administrat ion of herbaL tea prepared from comfrey
leaf (Syurphytum off icinale) for treatment of inf larmnatory
bowel  d isease fo r  two or  th ree  years  (Weston  e t  a l - . . ,  1987) .
The exact quanti ty of leaves consumed and frequency of
administrat ion were not known. The l iver biopsy is stated to
have shown a t ' thrombotic varianti l  of veno-occLusive disease,
though the inferior vena cava and the rnajor hepatic veins were
patent on Doppler ultrasound and percutaneous phlebography.
He had earl ier been treated with predinisoLone and sulpha-
sal-azine. The case is unusual in so far as the thrombosis of
the central veins of the l" iver lobules, which is not a usuaL
feature of veno-occl.usive disease of the l iver.

7.4 VOD and Cirrhosis of the Liver

Je l l i f fe  e t  a l .  (1954b)  r , re re  the  f i rs t  to  d ra l t  a t ten t ion
to VOD being an importaot cause of cirrhosis among Jamaican
ch i ld ren .  Pr io r  to  th is ,  Hashem (1939) ,  wh i le  rev iewing  the
records  o f  a l l  cases  o f  c i r rhos is  admi t ted  to  a  ch i ld renrs
hosp i ta l  in  Egypt  s ince  1933,  descr ibed 3  cases  o f  a  spec ia l
type  o f  c i r rhos is  tha t  was  ra re  in  adu l ts .  The c l in ica l
features and pathoLogicaL f indings were similar to those in
cases of VOD. They speculated that the cause was some meta-
bol ic toxins of gastroiatestinal origin. Royes (1948)
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suggested that the cirrhosis in the Jamaican chiLdren was very
l ike the disease described from India and Egypt.

The cl inicaL and pathological features of l-00 cases of VOD
among Jamaican chi ldren lrere described by Bras et al.  (1954).
Sixty-f ive of the cases rrere below L2 years of age. None of
the 100 patients had cinhosis init ial ly, but 5 showed
occl-usive l-esions in hepatic veins and features of non-portaL
f ib ros is .  Four  o f  these 5  cases  la te r  deve loped c i r rhos is .
The authors concluded that VOD contr ibuted to a substantial
nunber of al l  cases of cirrhosis in this age group. Stuart &
Bras (1957) studied 84 patients with VOD including 64 acute,
6 subacute, and 1-4 chronic cases. Tr,renty-three patients r,rere
fol lowed up, some for up to 5 years. Autopsy performed on
2L126 cases showed cirrhosis in 11 eases. Notable features
lrere that 1 of the 6 cases of acute disease described in
detai l ,  deveLoped cirrhosis. Of the 2 cases with chronic
diseaser l  developed cirrhosis within 3 months of a 1-iver
biopsy for acute disease, at which t ime the l iver had shown
hepatic venous occlusive lesions but no f ibrosis. Autopsy
findings were described by Bras & Watler (L955) in L9 patients
aged 10 months - 45 years in dif ferent stages of the disease.
Nine patients had cirrhosis that nas non-portal to begin r,r i th
but f inal ly became indist inguishable from Laennecrs portaL
c i r rhos is .  Rhodes (1957)  s tud ied  the  par te rn  o f  l i ve r  d isease
among Jamaican chi ldren. A total of 193 f. iver biopsies was
studied derived from 39 chi ldren who had one biopsy and 59 who
had more than one at intervals of I  areek - 3 years. Of the 14
autops ies  on  cases  o f  VOD,  LZ had c i r rhos is .  A  no tab le
feature r i las that the disease could occur asymptonaticaLLy with
hepatomegaLy. The autopsy material from the University
Co l lege l losp i ta l ,  Jamaica  was ana lysed by  Bras  e t  a l .  ( l -961) .
Of  the  1560 au tops ies ,  28 .52  cases  concerned in fan ts  o f  less
than one year old, mostly from poor, predominantly black
famil ies. Cirrhosis was seeir in 77 autopsies. ApproximateLy
3O% of. these 77 cases \ irere diagnosed as post-VOD. The authors
postulated that they might have resulted from the ingestion of
CrotaLaria fulva or some other toxic substances.-T;-tE6-Ifow-up 

srudy of 61 parienrs who developed the
disease in an outbreak in the USSR in 1958, 28 developed
rrl lepatoLeinaL syndromett (Braginski & Bobokhadzaev, 1965). Two
of these cases, in whom the disease in the init ial  stages was
not part icularly severe, devel-oped cirrhosis within 4 years.

Tandon, H.D. (personal cormnunication) has analysed the
pathological data derived from the Afghan and Indian outbreaks
on the  bas is  o f  61  L iver  b iops ies  and 17  au tops ies ,  inc lud ing
repeat biopsy studies on 15 pat. ients who r,rere fol lowed-up for
1 month - 3 years after onset in the Lndian outbreaks. Three
of the L1. patients, fol l ,owed up for 16 months or Longer for
persist.ent cLinical evidence of disease, ended up with
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cirrhosis and 2 more had marked f ibrosis with equivocal

changes of cirrhosis in the biopsy. Notable features of the

study nere that the disease progressed to cirrhosis in

patients who were put on a normal diet,  free from alkaloids,

"f t".  
app"arance of symptoms of acute disease and did not

receive any subsequent exPosure. Impact of alcohol- iotake was

excluded. There was a poor correlat ion between the cl inical

and pathol-ogical severity of disease. Centr i lobular haemor-

rhages, which are a sign of acut-e disease, r i tere seen to
peri isi  for over one year in .patients-r some of- .whom were
lppr i t " t t v  

- r "1 f .  
A t  r ieed le  b ibpsy ,  charac ter is t i c  hepat ic

venous occlusions were not seen in nany patients in the acute

phase of the disease, though they were seen in al l  l ivers at

autopsy and most of them showed persistent centr i lobular

haenorrhages. Biopsy f indings in cirrhotic l ivers were often

not histolathoLogical- ly characterist ic for any specif ic- forrn

of cirrhosis. Featute! that might suggest the veno-occlusive

etiol-ogy of cirrhosis at biopsy included paraseptal di latet ion

of sir iusoids and persistent haemorrhages or haenosiderin in

the septa.
rn- studies by Aikat et al '  (1978) and Datta et al '

(1978arb), 6 casei of VoD were reported fol lowing ingestion of

herbal t .di" i t t"" containing PAs. Four of the patients had

symptoms of chronic disease and one of them developed

non-portal cirr l iosis.
i)ne of the 2 infants from Arizona, USA, who suffered from

VOD following the administration of PA-containing herbaL

medicine, devel-oped cirrhosis during the- 8-month period

fol lowin! the applarance of acute symptons (Sti l lnan et 'al '  '

L977;  Fox  e t  aL . ,  L978;  Huxtab le ,  1980) .  Hux tab le  (1980)

mentioned the death from cirrhosis of liver of a 62-year-old

$rortran, who had consumed the same herb as the 2 infants for 6

months prior to her death. llowever, there rras no confirmation

of  the  d iagnos is  o f  c i r rhos is .

7.5 Differences between VOD and
f f i ( rcc )

A type of cirrhosis of Liver, pecul iar to t t le people of

Indian 
-origin, 

Indian Childhood Cirrhosis (ICc) '  has been

ascr ibed to  PA tox ic  e t io logy  (Bras  e t  aL . ,  1954 i  Rhodes,

IgsD, owing to the observation of occlusive changes. in the

".otrrL 
aod sublobular veins of the liver., by some investi-

gators (Radhakrishoa Rao, 1935; Prabhu, 1-940; Jel l i f fe et a1',

tgSl1, Ranalingadwami & Nayak, 1969), though this is not a

characterist is feature of the disease. The Presence of

copper-posit ive granules in the hepatocytes (SalasPuro &

Sipponen, 1976) has added
Poftmann, 1981), because of

to such a conjecture (Tanner &

the reported aberrat ion of coPPer
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metabolisrn in experinental animaLs exposed to pAs (section
o.4.rr).  I lowever, ICC and VOD are cl inica!. ly and patho_
logicaLly dist inct. rcc, confined to infants and chi idren,
often affects sibl ings. Jaundice is a cortrnon sign and
hepatospl-enomegaLy is a conmon feature. The disease is almost
invariably fatal due to rapidly developing hepatocel- lular
fai lure. Liver parenchymal changes are characterized by
marked bal l-ooning degeneration of hepatocytes, prominent
depos i ts  o f  a lcoho l ic  hya l ine ,  severe  cho les tas is ,  and
aggress ive ,  per ice l lu la r -  f ib ros i j  (Nayak  e t  a1 .  ,  lg6g i r  aL l
features not characterist ic of VOD: Moreover, occl lsive
changes in the hepatic veins are very rare and \{ere not
obser_ved. by any member of the l iver diseases subcorunittee of
the  Ind ian  Counc i l  o f  Med ica l  Research  (1955) ,  

" to - r " j "  
a

c r i t i ca l  s tudy  o f  the  d isease.

7 .6  Chron ic  Lung D isease

I lea th  e t  a l .  (1975)  repor ted  the  case o f  a  l9 -year -oLd
African man who had died of congestive cardiac fai lure, and
who r^ras suspected of having ingested a herbal remedy
containing the seeds of Crotalaria I-aburnoides. Histopatho-
log icaL examinat ion  o f@charac te i i s t i c
vasc_ular changes of severe primary pulmonary hypertension.
Powdered seeds of the plant were fed in the 

- 
diei- to l , I israr

a lb ino  ra ts  fo r  60  days  ( ra l le  L t ) .  Charac ter is t i c  fea tures
oj pu1-monary hypertension incLuding hypertensive vascul-ar
changes in the lung, and r ight ventr iculai- hypertrophy of the
heart r^7ere produced in the animals showing- that t ie seeds
contained an agent capable of inducing pulmonary hypertension
in  ra ts .  Apar t  f rom th is  ind i rec t  ev idence,  

- the ie  
was no

proof of such a causal- relat ionship with the pulmonary
hyper tens ive  d isease in  the  pa t ien t .

A  br ie f  menr ion . is  made by  McGee e t  a1 .  (1976)  o f  f ind ing
changes rrsomewhat similar but rather more maturett ( than those
seen in the hepatic veins) involving some branches of the
pulmonary artery in the l-ower Lobe of the l-eft  l -ung, in a case
of  veno-occ lus ive  d isease o f  the  ! . i ver  caused by  inges t ion  o f
PA-containing herbal teas. The alkaloids l trere ttot further
charac ter ized .  The changes were  arso  s ta ted  to  be  s i rn i la r  to
those produced in experimental animals by pAs. Apart from
these 2 cases, there is no mention of 

- involvement 
of the

pulmonary arterial system in any of the case reports avai lable.
-  The poss ib i l i t y  thar  d ie t -med ia ted  agents  , ig t t  induce

pulmonary. hypertension in man has been discussed ai length by
Fishman (1974). A paral l .el  was drawn with t tre epiaenr' ic ot
pulmonary hypertension that occurred in Austr ia, t i re Federal
Republic of Germany, and Switzerland bet\^reen 1966 and 196g
(Kay e t  a1 . ,  197 lb ) ,  wh ich  r^7as  suspec ted  o f  be ing  caused by
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Aminorex, a compound that resembles epinephrine and
amphetamine in chenical structure. Although the et iologicaL
role of Aminorex could not be conclusively proved on
epidemioLogical or experimental grounds, there continues to be
6 suspicion that agents taken by mouth can evoke pulmonary
hypertension in rnan. Levine et al.  (1973) reported the cases
of 3 chi ldren aged 5 Llz - L3 years' and 11 months,
respectively, with portal hypertension, nho developed
progressive pulmonary hypettension resulting in cor pulmonale
and death. In al l  3 cases, there ntas evidence of
extra-hepatic portal vein obstruct. ion confirmed at autopsy,
and the s)rmptoms and signs of portal obstruction had appeared
in early chiLdhood. They developed symptoms of car.dio-
respiratory fai lure. Studies of pulmonary and cardiovascular
function including haemodynamic studies of pulmonary
circulat ion in 2 of the chi ldren suggested pulmonary vascular
obstructive disease. At autopsy, no primary parenchymal lung
disease was found. There were vascular changes of advanced
pulmonary hypertension (plexiform lesions), but no evidence of
thrombo-embolism was found. No factor tesponsible for
pulrnonary vasoconstr ict ion was identi f ied. In one case, the
Liver was stated to show coarse nodulari ty at autopsyr but the
microscopic examination showed only patchy areas of portal
f ibrosis and regeneration. In the other 2 cases, there were
only non-specif ic changes, with f ibrosis in one. I lortever'
centr i lobular congestion rras present in 2 cases. I t  is
possible that some metaboli tes of toxic agents, such as PAs'
which are metaboLized in the f. iver, rnight have blocked a
metaboLic pathnay that ordinarily exerts a pulmonary
antihypertensive effect, or that, by darnaging the l iver,
vasoactive substances, such as histamine, serotonin, and
catechoLamines, might escape metabolic pathways to reach the
Lungs and injure the pulmonary vessels. I{ortever' no such
agents were identi f ied.

Kay et al.  (L971b) made a p1-ea that, on the basis of the
experimental data avai labl-e, including the abi l i ty 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 hunan cases of
veno-occlusive dieease, careful enquir ies shouLd be made on
the possibi l i ty of patients presenting with unexplained
puLmonary hypertension having ingested a plant product. A
s imi la r  p lea  was made by  l lea th  e t  a l .  (L975) .

7.7 ?richodesma Poisoning

The disease rrOzhalanger encephali t is", which occurred in
the Samarkand region of Uzbekistan, USSR in the per: iod
1942-5L, is bel ieved to have been caused by contamination of
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food grain with the seeds of Trichodesna incanun (Shtenberg &
orLova, 1955; Ismailov et al . ,-TF6'F,-TfrEEGiEin 1.5 - 3.1,7"
aLkaloids, mainly tr ichodesmine and incanine (Yunusov &
Plekhanova,  L959) .  CL in icaL fea tures  o f  the  d isease have been
descr ibed by  Ismai lov  e t  aL .  (1970) .  Th is  ourbreak  d i f fe red
from the others described above in that the primary
sy.mptomatology lras extra-hepatic. Over 200 patients were
affected, not including chi ldren bel-ow the age of 10, or the
breast-fed infants of the affected mothers. Fol lowing
exposure, there was a latent period of about 10 days, then
vert igo and recurring headaches developed leading to nausea
and vomit ing. This was fol lowed by general ized malaise, which
progressed to  de l i r ium and loss  o f  consc iousness .  Phys ica l
signs included pathological ref lexes in 591l of the patients
and paresis of the extremit ies and the faciaL nerve. Death
was stated to have been caused mostl-y by respiratory
depress ion .  Of  the  200 pa t ien ts  a f fec ted ,  44  d ied .  Auropsy
findings were reJ-atively non-specif ic degenerative and
necrotic lesions scattered in several organs including the
central nervous system. No report of such a disease is
avai lable from outside the USSR.

7 .8  Re la t ionsh ip  Between Dose Leve l  and Tox ic  E f fec ts

In some recent human case reports, the PAs consumed have
ben identi f ied and estimates made of the daiLy and total-
intakes (TabLe 16). The relat ionship between these intake
Levels and the known toxicify of the alkaloids in rats has
been d iscussed by  Cu lvenor  (1983)  and Mat tocks  (1986) .

Discussion of the relat ionship between the dose level and
toxic effects in human cases i" complicated, because the
poisoning is generaLly due to a mixture of alkaloids found in
natural ly-occurring plant products, consumed as herbal
remedies or food, and dif ferent plant species. There are wide
differences in the acute toxicit ies of the al-kal,oids, which
are the best avai lable measure of comparative effects due to
long-term intake as wel1. Furthermoie, est imates of intake
can, at best, be approximate. When a large popul-at ion is
affected through the contamination of a food crop, as happened
in the Afghan and Indian outbreaks (section 7.3), no precise
estimates are possibl-e regarding the extent of contamination
in dif ferent households, the amount of the contaminated grain
consumed, the length of exposure result ing in the appearance
of  symptgms or  s igns  o f  tox ic i t y ,  o r  death ,  in  the  cases
studied. There may also be various other contr ibuting factors
tha t  a re  no t  apparent ,  e .g . ,  food or  cook ing  hab i ts ,  on
account of which no conclusive general, izat ions 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 a1-ways be rel iable (refer to the controversy
in  the  Afghan ou tbreak  in  sec t ion  7 .3 ) .  In  cases ,  such as  the
one repor ted  by  R idker  e t  a l .  (1985) ,  when the  to ta l  dose o f
PAs estimated to have been received by the Patient before the
disease developed, was onLy a fract ion of that of other
alkaloids causing episodes of hurnan toxicity (Table 16), i t  is
not certain whether that was the only toxic alkaloid agent
that the patient was exposed to, or whether there were other
contr ibuting factors, part icularly as the patient was stated
to be a heavy consumer of herbs, vi tamins, and natural food
suppl-ements.

Ln the known instances of human toxicity the principal
a ] . k a 1 o i d s i n v o 1 v e d a r e h e 1 i o t r i n e f r o ' @ , e c h i m -
idine and related alkaLoids fron !gg!y939, riddelline and
retrosine from Senecio longi lobus, and crotananine and crona-
burmine froor cr-oGGffible 16). Approxirnate acute
toxicity valneT-G6ffira-ts) for these at-kaloid mixtures
are  300,  500,  and 50  mg/kg ,  respec t ive ly .  For  the  mix tu re
from C. nana, for wtr ich there are no experimental data, the
acute-ffity nas assumed to be simiLar to that of mono-
crotal ine, 100 ng/kg. These relat ivi t ies need to be taken
into account in discussing dose-effect relat ionships for the
PAs as a group. This has been done by discussing f irst the
dose estimates for hel- iotr ine, since i t  ruas the main aLkaloid
in 1 epidemic and in 6 case reports (Table 16). Then in
discussing the other a1-kaLoids, reference is made to a
hel iotr ine-equivalent dose as well  as the actual dose. The
heliotr ine equival-ent is;

tD5g of heLiotr ine
actual  dose x

LD56 of alkaloid mixture concerned

The estimated dai ly intake in poisoning by hel iotr ine ranges
from 0.033 mg/kg body weight in the Afghan epidemic (uohabbat
et a1., L976), which after a period of about 180 days and a
totaL intake of about 6 nglkg caused fatal- i t ies, to 3.3 rng/kg,
wh ich  l -ed ,  in  2  cases  in  Ind ia  (Dat ta  e t  a l . ,  L978a,b) ,  to
death after 20 and 50 days and total intakes of 67 and 167
mg/kg, respectively. In between are 4 cases in l long Kong with
estimated dai ly 

' intakes 
ranging from 0.49 to 0.71 ng/kg

(Kumana e t  a1 . ,  1 -983,  1985;  Cu lvenor  e t  a l . ,  L986) .  Three
cases were non-fataL at total doses of LL - 27 rng/kg body
veight and one was fatal at a total,  dose of 23 ng/kg. These
hel- iotr ine cases imply that dai ly intakes are cumulative down
to 0.033 ng/ke and may be fair ly rapidly fatal above 0.5
ng/kg. Above a total dose of 6 - 15 rng/kg, VOD rnay become
evident and sometirnes fatal.

In the 2 cases due to r iddel l ine and retrorsine in Senecio
longi lobus (st i l lnan et al .  ,  1977; Fox et aL., L978; nuG6'I4
198-DF'A estimated daity intakes were 0.8 - 0.17 and 3 ng/kg
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body weight (equivalent to 3 and 1 mg hel iotr ine/kg, respect-
iveLy, and the total doses were I-2 - 25 ar.d L2 mg/kg (equiv-
a len t  to  72  -  L50 and 72  mg he l io t r ine /kg ,  respec t ive ly ) .
These leveLs are comparable with the highest reported intakes
of hel iotr ine and, in infants, led to the rapid developntent of
VOD and, in one case, death.

In the epidernic due to mixed crotananine and cronaburmine
in  Cro ta l -a r ia  nana (Tandon,  B .N.  e t  a t . ,  L976;  Tandon,  R.K.  e t
al.S76l-ETEiamachari et a1., Lg71), rhe estimated dai ly
intake of 0.66 mg/kg and the rotal intake of 40 mg/kg (equiv-
alent to 2 and l2O ng hel iotr ine/kg, respectively) also
corresponded to the highest intake of hel iotr ine.

In  the  case o f  Symphyturn  po ison ing  (R idker  e t  a l . ,  .1985) ,
the estimated dai lyff i l - f  echimidi-ne and relared aLkaloidi
was  0 .015 mg/kg  and the  to taL  dose 1 .7  ng lkg  (equ iva len t  to
0 .009 and 1 .0  mglkg  he l io t r ine ,  respec t ive l -y ) .  The dose
levels are tower in equivalent terms than the lowest est imates
in cases due to hel iotr ine by a factor of about 4 for dai l-y
intake and 6 for total- intake. The estimates $rere based on
quest ion ing  o f  the  pa t ien t  and assay  o f  the  mater ia l
concerned. I t  seems prudent to conclude that a dai ly intake
of pyrrol izidine alkaloid as l-ow as the equivalent of
0.01 mg/kg hel- iotr ine rnay lead to disease in humans.

There is substantial overlap beEvTeen intake rates and
total intakes for fatal and non-fatal poisoning. This
presumably ref lects the inf luences of a number of factots,
such as individual sensit ivi tyr aB€r nutr i t ional status, and
general health, but i t  i .s also due to the progressive nature
of pytrol izidine toxicity and the effects of t ime. In the
ep idemics ,  in  wh ich  some peop le  d ied ,  on ly  an  es t imated
average intake is avai lable and some who were al ive 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 administrat ion of PAs to rats,
1 .2  -  10 .9  t imes the  LD5g dose,  equ iva len t  to  36O -  327O ng
h e l i o t r i n e / k g  ( f a b l e  1 0 , - s e c t i o n  6 . 4 . 1 . 5 ) ,  i t  i s  e v i d e n t  t h a t
human beings are more susceptible to the acute and chronic
e f fec ts  o f  the  a lka lo ids  than ra ts ,  somet imes marked ly  so .

These cons idera t ions  o f  the  tox ic  e f fec ts  in  human be ings
of various intake levels could provide a basis for some
assessment of the l ikely hazard from other types of exposure
to PAs. For example, the consumption of comfrey root tea,
es t imated  by  Ro i t rnan (1981)  ro  conta in  8 .5  mg a l -ka ! -o id  per
cupr  a t  the  ra te  o f  3  cups  per  day ,  o r  the  inges t ion  o f
cornfrey leaf at the rate of one leaf per day, could lead to
a lka lo id  inges t ion  ra tes  o f  0 .40  and 0 .016 mg/kg .  These ra tes
are respectively, much greater than, and equal to, the lowest
da i l y  ra te  caus ing  veno-occ lus ive  d isease.  Lower  leve1s  o f
exposure arising from such sources as the consumption of milk
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from cows eating PA-containing plants or of honey derived from
such plants, seems unl ikely, in practice, to cause acute or
subacute l iver disease. I lowever, care should be exercised.
In an experimental si tuation in which covs erere fed Senecio
jacobaea, the milk was reported to contain up to OTBFnE
Eff i i f f i / t i t re. A 30-kg chi ld drinking 0.5 l i tre/day of this
rni lk could ingest 0.014 rng/kg alkaloid, equivalent to 0.028 rng
heliotr ine/kg (assuning an LD59 of 150 mg/kg for S. jacobaea
aLka lo id ) .  Th is  i s  above the  lowest  da i l y  ra te  lead ing  to
veno-occlusive disease and the lowest est imated total toxic
dose woutd be achieved in 36 days. This level of
conuaminacion of milk is undoubtedly extreme and there is no
knowledge of any contamination of comnercial milk supplies.
I loney derived from Echiun plantagineum has been reported to
conta in  up  to  1  mg a lka lo id /kg  (Cu lvenor  e t  a l . ,  1981) .  A
30-kg chi ld consuming 30 g/day of honey (a high eonsumption
rate) would ingest 0.001 rng alkal-oid/kg body weight. The
lowest  es t imated  to ta l  tox ic  dose (L .7  mg comfrey  a lka lo id /kg ,
very similar to Echium alkaloid) would be achieved in 1700
days. Although 

-F 
seems f- ikely that consurnption of

contaminated rniLk and honey would lead to acute or subacute
l iver disease, the possibi l i ty remains that they may
contr ibute to chronic l iver disease or l iver tumours.

The possibiLity of carcinogenic effects due to lonfterm
exposure to PA-containing p1-ants 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 ( labLe 13). Data from some of the
signif icant experimental studies lrere surmlarized by Culvenor
(f983) with approximate estimates of PA dosages administered
ro rats in terms of rng/kg body weight per day (Table 17). The
dose rates that r^rere carcinogenic for rats (table 17) ranged
frorn 2 to 6 mg/kg per day for an init ial  period atd 0.2 -

3 mg/kg per day for a remaining period of about L2 months,
except in one study in which a dose of L0 rng/kg per day $ras
used. I t .  can be seen that, in al l-  except tr^to instances of
human poisonings sumarized in Table 16, the estinated dai ly
rates of intake ranging fron 0.015 to 3.3 rng/kg body neight
per day are within cLose range of those known to induce
tumours 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 avai lable. In countr ies with a high
incidence of primary l iver cancer, i t  is possible that PAs nray
have an addit ive effect with those attr ibuted to af latoxin
(Newberne & Rogers, 1973) and hepati t is B virus. The total-
evidence now avai lable r^Tarrants Long-term studies of the
survivors of poisoning outbreaks, especial l-y where a
substantial number of peopl-e were affected, as in the
Afghanistan outbreak.
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7.9 Pyrrol iz. idine AlkaLoids as a Chernotherapeutic Agent
for Cancer

The PA, indicine N-oxide derived from Heliotropium
indicum, a widely used inligenous drug in Ayurvediffi{
has been found to have an anti tumour activi ty and has been
used in cl inicaL tr ial"s as a chemotherapeutic agent for
l - e u k a e m i a  ( L e t e n d r e  e t  a l . , 1 9 8 1 , 1 9 8 4 ;  C o o k  e t  a l . ,  1 9 8 3 )  a n d
soL id  tumours  (Kovach e t  a l . ,  L979a,b ;  N ichoLs  e t  a l . ,  1981;
Ohnnma e t  a1 . ,  t982;  Tay lo r  e t  a1 . ,  1983) .  Dos ing  scheduLes
typicaLly nere 5 consecutive intravenous doses of 0.15
3 g/m" body surface area (approximateLy 2.5 - 5 ng/kg body
weight) repeated at 4- or 6-week intervals (Kovach et a1.,
L979a;  Le tendre  e t  a l . ,  1981;  Ohnuma e t  aL . ,  L982) .  Hepat ic
toxicity, as judged by increased SGOP levels, was infrequent
and rni ld. l lowever, subsequent tr ials with this agent have
indicated more serious hepatotoxicity. Io a more recent
report by the same vorkers (Letendre et a1., 1.984), 5 out of
22 casee 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 rnethyl,-testosterone, 4 months prior to receiving indicine
N-oxide., Synptons of severe hepatocelLular faiLure appeared
in 3 patients after the init iaL course of treatment. This
occurred after 4 dai ly doses of 3 g/m2 surface area in one
patient and after 5 dai ly doses of 3.75 g/n2 surface area in
2 patients. Two other patients vho had received 3 g/-"
surface area daily for 5 days developed hepatocellul-ar failure
after the second course of treatment, one at 3.3 glm2 and
the  o ther  a t  3 .75  g /m2 sur face  area ,  da i l y ,  fo r  5  days .  In
each patient, the onset of hepatic disease was rapid and the
course was downhil l .  Livers of 4 of these patients examined
at post-mortem sholred severe centr i lobular vascular congestion
with necrosis of parenchymal cel ls, and, in one patient, a few
subLobular veins were found to be occluded.

Miser et aL. ( l-982) reported severe hepatotoxicity in 4 of
45 chi ldren treated with indicine N-oxide for refractorv
!.eukaemia or advanced sol id tumours. 

-Similarly, 
Cook et aL.

(1983) reported the case of a 5-year-oLd chi ld with acute
myeLoid Leukaemia who deveLoped severe hepatic failure within
3 days of start ing the treatment. Autopsy showed massive
hepatic necrosis.

However, i t  shouLd be noted that no hepatic fai lure was
reported' in more than Loo adults with soLid tumours, treated
with the same agent (Kovach et aL., L979arb; NichoLs et a1.,
L98L; Taylor et 61. ,  L983) .  No hepatotoxic effects r irere
reported by Ohnuma et al.  (1982) amoflg 37 patients who
received this drug for soLid tumours. The najor toxic effect
was myelosuppression (Kovach et a1., 1979b).
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7.10 Prevention of Poisoning in Man

At present, prevention of poisoning can be achieved only
by reducing or el iminating ingestion o,f the alkaloids. The
two effect ive procedures are control of PA-containing pl.ants
in agriculturaL areas and educational prograrmnes directed to
the  popu la t ions  a t  r i sk .

The control of pLant populat ions for this purpose has been
carried out onLy in Uzbekistan, USSR, fol lowing the epidemics
of human disease due to contamination of grain by seeds of
EeliotTopium lasiocarpur.n and Trichodesma ineanum. The
fol lowing measures were introduced and have been effect ive in
preventing further outbreaks :

1. A state standard \das set for the quali ty of seed grain,
wh ich  must  be  cer t i f ied  by  a  S ta te  Seed Inspec tora te .
Current standards prohibit  the sowing of wheat, rY€,
ba r l ey ,  o r  oa

lasiocarpum or

2.  A  s ta te  s tandard  was se t  fo r
for food. The f. i rnits for

ts  contaminated by seed of  Hel iotropium
Trichodesma incanum.

the  qua l i t y
I lel  ioEropium

of  g ra in  s to red
lasiocaroum and

Trichodesma incanum seeds are 0 .2% and zero ,  respec t ive ly .

3. Agricultural (agri techrr ical) measures to ensure minimum
contamination of crops and harvested grain, including
specif icat ion of the most suitable methods and t irning of
cu l t i va t ion ,  use  o f  c lean seed fo r  sowing ,  weed iag  o f
crops prior to maturing of the grain (towards the end of
May), and mechanical cleaning of grain.

4. Methods for monitoring 1-evels of contamination of f lour,
b read,  and s imi la r  p roduc ts .

5 .  Pub l ica t ion  o f  educat iona l  book le ts  descr ib ing  the
biological,  environmental,  and morphological character-
i s t i cs  o f  the  tox ic  weeds,  the i r  pa thways  o f  d is t r ibu t ion
and the causes of the toxicoses experienced.

6. Promotion of weed control by governmental authorit ies and
prov is ion  o f  leg is la t ion  to  en force  the  cont ro l  measures .

In other countr ies, the control of some PA-containing
weeds in crops is practised by cul-t . ivat ion and herbicide
treatment, in order to maximize yiel-d and the general qual i ty
of the gtain. In pastures, animal management and herbicide
treatments are used to increase pastures and reduce poisoning
of animals. Specif ic treatment methods dif fer according to
the plant species and the circumstances. General references
v,7ere not avai lable to the Task Grouo.
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In AustraLia, where Heliotropium europaeum and Echiurn
pLantagineum are widespreai l  weeds in vheat-growing areas but
where nornal agricultural practices prevent al l  but occasional
minor contamination, relevant tolerance standards for wheat
del ivered at storage si l-os are not specif ic. I lel iotropiun
ggggry seed is rarely seen and would form part of the

"unmil lable naterial-" the seed component of which caa be up to
1% of the volume of the wheat. Seed of Echium plantagineum is
occasional ly seen in del ivered grain at Levels of up to 10
seeds per  ha l f  l i t re ,  the  to le rance leve l  fo r  th is  seed
f rac t ion  be ing  50  seeds  per  ha l f  1 i t re .
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8. BIOLOGICAL CONTROL

BioLogical control methods have been investigated for
severaL .PA-containing pLant species, notabLy Senecio jacobaea,
He1 io t rop iumeuropaeum.Ech iurnp1antag ineu ' . -a iF ichodes 'a
lncanum. The effect iveness of such methods is variable and
fr?l- iesults may be conf ined to certain regions where
favourable condit ions exist.  For example, in control-
programnes against S. jacobaea in Austral ia, Canada, New
Zea land,  and the  USA,  us ing  3  insec t  spec ies ,  resu l ts  var ied
f rom v i r tua l l y  n i l  to  near ly  100% cont ro l  (Ju l ien  1982) .  The
effects of the introduction of the cinnabar moth (Tvria

iacobaea L . )  on  S.  jacobaea in  these count r ies  havea; ; ;
summarized as in Table L8.

Tab le  18 .  Resu l ts  o f  the  a t tempted cont ro l  o f  Senec io  jacobaea ( ragwor t )

with the cinflabar moth-

Country or region Re su l  t

Austral ia

Western Canada

Eastern  Canada

New Zealand

USA

Estab l i shment  p rec luded by  Predat ion '
paras i t i sm and d isease

Moth  popu la t ions  s tab i l i zed  be low tha t
required for cortrol

Establishment and subsequent notable
reductions in ragwort levels

Marginal establishnent, moth population
linited by predation and parasitism,
litt le inpact on ragwort

I{idespread establishnent, ragwort levels
sometimes reduced at localit ies near the
l in i ts  o f  i t s  d is t r ibu t ion

Several agents are being tested in Austral ia for the
control of 11. europaeum and one spec.ies, a f lee beetle
Longitarsus ;; i3- i ;F-has been reieased (Jul ien, L982;
De l fosse ,  1985) .  There  are  good prospec ts  in  th is  count ry  fo r
the biological control- of Echium plantagineum and 2 other
Echiuur spp., r^r i th 8 insect species approved for release; when
legaL res t r i c t ions  are  f . i f ted  (De l fosse  & Cu1Len,  1985a,b) .
Prel iminary studies have been made on the biological control
o f  Arns inck ia  and o ther  Senec io  spec ies  ( . .g . ,  Pantone e t  a l . ,
1e85)---

Given adequate funding,  PA-contain ing plants are a
su i t ab le  t a rge t  f o r  b i oLog i caL  conEro l .
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9. EVALUATION OF I{I'I.,fAN HEALTTI RISKS AND EFFECTS ON THE
ENVIRONMENT

9.1 lluman Exposure Conditions

9.t.L Reported sources of human exposure

The two main sources of exposure of human beings to toxic
PAs that have Led to najor outbreaks of poisoning with high
mortal- i t ies as well-  as to individual cases in several
count r ies  a re :  \

(a) the contamination of cereal grains, such as wheat and
rniLlet ,  rnri th the seed or other parts of pLant s
containing alkal-oids; and

(b) the consumption for medicinaL or dietary purposes of
herbs containing the aLkaloids, either as the pLant
i t se l f  o r  as  in fus ions .

Consumption of contaminated grain is more l ikely to occur in
regions where food is in short supply, and part icularly when
drought favours infestat ion of the grain crop by PA-containing
weeds. A quali tat ive f ield test for detecting the presence of
toxic pyrrol izidine alkaloids in plant materials, using sirnple
Labora tory  methods ,  i s  now ava i lab le  (sec t ion  2 .2 .2 .5 ) .

9 .1 .2  PLant  spec ies  invo l ,ved

Pl-ant species containing toxic PAs occur throughout the
world and are known in 47 genera in 6 plant farnilies. As many
as 6000 species are potential ly PA-containing. The most
important genera responsible for human and animal disease are
Senecio and other genera.of the tr ibe Senecioneae (fani ly
Edff i i tae), crotalaria (farniLy Leguminosae) and Heliotropiurn,
rri-cjqg<iesrna; Effier g.tr.ir of rhe farniiy -o naceae
( s e c t i o n s  3 . 1  a n d  3 . 2 ) .

ApproximateLy 150 dif ferent 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
invo lved in  ins tances  o f  human tox ic i ty  (sec t ion  3 .1 ) .  The
molecuLar structures of almost alL of these aLkaLoids are
knovm and the main outl ines of structure-toxicity relat ion-
sh ips  have been es tab l i shed-  (sec t ion  2 .1 ) .

The alkaloids may occur in aL1 pl.ant parts and are often
present as the N-oxide derivatives, which are al-so toxic when
ingested oral ly. 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  Senec io  r iddeLL i ) .  LeveLs  vary  w i th  s tage o f
growth, local i ty, and other circumstances. In some, but not
al l ,  species, the alkaloid is part ly decomposed during the
drying or storage of the plant. The deconposit ion is large1-y
enzymic and once the plant material is dry, the alkaloid is
f  a i r l -y  s tab le .

9.1.3 Modes and pathways of exposure

9.1 .3 .1  Contaminat ion  o f  g ra in  c rops

Large outbreaks of poisoning have occurred through
contamination of wheat crops in Afghanistan, India, and the
USSR. In part icular, 3 species of Boraginaceae (tt . t i . tr .pi"t
l -asiocarpum, H. popovi i ,  and @) are well  adapted to
vigorous growth under the cl- imatic condit ions in which wheat
is usuaLly gro$rn. Contamination can be effect ively cootroLled
in wheat produced using modern harvesting techniques and grain
seed that is inspected and control l-ed for r4reed seed contamin-
ation, but control of contamination is more dif f icult  where
these condit ions cannot be met. Contamination of staple food
grain is of part icular concern, since entire populat ions are
exposed, and, control may not be possible, i f  the peopLe are
not aware of the hazard that PA-containing needs present.

9  .L .3 .2  l le rba l  med ic ines

Herbal preparations containing PAs are used as tonics,
treatments, preventatives, and food supplements. Such usages
are so r.r idespread that they are nearly universaL. Many are
t rad i t iona l ,  wh iLe  o thers  re f lec t  a  re jec t ion  o f ,  o r  lack  o f
access  to ,  s tandard  hea l th  care  serv ices  (sec t ion  3 .3 .2 ) .

Veneocc lus ive  d isease was f i rs t  recogn ized as  a  c l in ica l
enti ty in Jamaica as a result of the medicinal use of
PA-containing herbs prepared from Crotalaria. CrotaLaria-
containing herbs have also been @le Er-human
poisonings in Barbados, Equador, and other locations in the
West Indies. Heliogggglgg herbs have been reported to cause
poisoning in tt-iffii!-and India. Symphytuur and Senecio-
containi ig herbs 

=nave 
l iven r ise to cZ-reports in t tre-.

Other reports of PA poisoning are knovm in which the herbs
used were not botanicaLl"y identi f ied. -PA-poisoning has been
associated with both home-prepared and comibrciaL!.y avai lable
herbs, the Latter including prescript ions by herbal iets
( W e s t o n  e t  a l . ,  1 9 8 7 ) .

Various other genera of PA-containing plants in the
farni l ies Boraginaceae, Compositae, and Leguminosae are also
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widely used as herbs. No case rePorts are avai labl-e for these
genera.

Reported cases of PA poisoning due to the use of the herbs
are geographical ly widespread, but few in number. However,

the scale on which PA-containing plants are used as herbs, the

typicalLy delayed effects of long-term exposurer and the

diff icuLties of diagnosis led the Task Group to conclude that
there is every indication of under-report ing of intoxications
from the use of such herbs. Symphytum root preParations, in
part icular, represent a hazarifr-ai?l-Ertain user groups are
routinely exposed to Levels of Symphytum alkaloids that are
higher than those at which intoxications have been reported.

The r isks associated rnri th the use of PA-containing herbs
are  accentua ted  by  the  d i f f i cuL t ies  o f  con t roLL ing  th is  use .

9 .1 .3 .3  PA-conta in ing  p lan ts  used as  food and beverages

Some PA-containing pl-ants are used for food or the making
of beverages in many countr ies, including developed countr ies.
The fol lowing species are knovrn to be used (though many other
plants are also probably used in this way): Caca!11lgErrb11!,
Symphytum species, Ligql-aria .d.entata, @,
GFio-6,rrche1lii, Ef"ei-l-e"is.- v u ! v r r E r t r r ,  r u q v v 9 e r u E r l o r  y ^ v r v L e r r

l .h t *
labr r rn i fo l ia -  c -  oumi la -  C.  rec ta .  and C.  re tusa .  Nol a b u r n i f o l i a ,  C .  p u m i l a ,  C .  r e c t a , re tusa .  No
Tnt-;'ETo-t- is ZEiTdS"[f on Effi t to wh i6GETT-f f erent
t y p e s  a r e  c o n s u m e d  ( s e c t i o n  3 . 3 . 3 ) .

9 .1 .3 .4  Other  foods  contaminated  by  PAs

SeveraL species of Boraginaceae are nectar and pol len
sources for bees. Echium pl-antagineum, in part icular, is a
widespread weed in sffi-E6GEffilffi substantial source of
honey containing a low level of alkaloid. Senecio species are

also visi ted by bees and yield alkaloid:Gn-taining honey,
though Senecio-derived honey is not knovtn to be produced in
quanti t t  Tor saLe. Thus, some regional and l-ocal popuLations
are exposed to a low-level intake through the presence of PAs
in honey, and survei l lance may be desirable in countr ies
produc ing  honey (sec t ion  3 .3 .4 ) .

Under experimental condit ions, PAs are transmitted from
the feed of dairy cotts and goats into the milk. Some
PA-containing species, such as Senecio jagobeee, S. lautus,
and Echium planiagineum, are weeffiaTft-T-asturffi-n some
counff i  by catt le under certain condit ions.
There are no published reports of alkaLoid in mil-k supplies
fo r  human consumpt ion  (sec t ion  3 .3 .5 ) .
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The Task Group was not aware of any reported cases of
pyrrol izidine toxicity that had been ascribed to either honey
or dairy products.

No infornation was avaiLable to the Task Group on the
possible presence of alkaloids or their metaboli tes 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
poss ib i l i t y  o f  a lka lo id  accumula t ing  in  s to rage s i tes .

9 .1 .4  Leve ls  o f  in take

Reliable estimates of ! .eveLs of intake of pAs, especialLy
in outbreaks of disease caused by the contamination oi cereal
crops with the seeds of toxic plants, are extremely dif f icult
to make. Sanpling of . the contaminated grain may not be
str ict ly representative, since the extent of the contamination
may vary in dif ferent si tes and households, as is evident from
the estinates of PA intake in the Indian and Afghan outbreaks
reported in section 7.3. Furthermore, no accurate record is
possible of the amount of contaninated food consumed over an
uncertain length of t i rne. No records of the levels of toxic
PA intake are avaiLable in the earl ier reports of human
toxicity. Where avai lable, est imates of intake in outbreaks
caused by the contamination of staple food sa6ps have been
made on the basis of random sampl. ing of the contaminated grain
in food stores, and rough estimates of dai ly consuarptiJn 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 rnajor epidenics of human
poisoning, though, in the two instances where estinates of
alkaloid intake are avai!.abLe, the intakes were lower than in
some exposures due to the use of herbaL medicines. The
estimated intakes are surmnarized in Tabl-e 16. In an outbreak
in India, mil let contaminated lr i th CrotaLaria nana seed had an
average alkaloid conrent of 0.5 g/k;-;aE;-;;irnated dai!.y
intake by the populat ion was 0.66 rng/kg body weight. In a
Larger outbreak in Afghanistan, due to the seeds of
He+otropium_pgpoyii in wheat, the leve1 of contamination rras
probably variable; representative sampLes of wheat contained
alkaloid at. O.O4 glkg. The estimared dai ly intake rras 0.033
rng/kg body weight. These intakes, sustained for periods of
approximately 2 and 6 rnonths, respectively, resuLted in
typical acute and subacute veno-occlusive disease.
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The highest intake rates have been associated r iTith the use
or misuse of medicioal herbs and have resulted in acute l iver
damage and death. Ln two occasionsr the consumPtion of t tel io-
tropium eichwaldii as a treatment for epilepsy led to aa
esiTmaEEd-inta[ of 3.3 ng/kg body weight dai ly for 20'or 50
days, and the use of extracts of Senecio longi lobus as
t"ai"it 

" 
for young children led to estii?Finta-lffiffi and

0.8 - L.7 rng/kg body weight. The highest intake led to
extensive l iver necrosis. However, i t  is possible that, in
the above case of poisoning by Heliotropiurn eichwaldi i ,  the
ioxicity was eniranced due io ;imffin of
phenobarbitone, which has a potentiat ing effect on the
microsomal enzymes in the l iver ceLls that convert the PAs to
toxic metaboli tes.

The use of Heliotropiun lasiocarpum as a component of a
herbal treatrnent@ somewhat lower daily
in take  ra tes  o f  O,49  -  0 .71  mg/kg  body  we igh t  in  4  pa t ien ts '
who, after periods of L9 - 46 days, developed veno-occLusive
disease. The patient with the longest intake period and a
total intake of 1.4 g alkaLoid or 23 mglkg body weight died.

The Lowest ingestion rate leading to a case of veno-
occlusive disease was also due to medicinal herbal treatment
or r  more  spec i f i ca lLy ,  to  the  use  o f  a  d iges t ive  a id
containiog a preparation of comfrey root. Cormnercial herb and
food supplement preparations containing comfrey leaf or root
are on sale in many countr ies. Limited assays of one comfrey-
pepsin preparation prepared from comfrey root indi-cated a PA
content of.  2.9 glkg. Another preparation made from cornfrey
leaf contained up to 0.27 g alkaloid/kg. The consumption of
these preparations led to an estimated dai ly intake of
0.015 mg/kg body weight. Veno-occl-usive disease was diagnosed
after a 4- to 6-month period.

The consumption of Syrnphytum off icinale (comfrey) and S. x
uplandicum (Ru;sian courffif food, infusi6i{
F-other preparations is widespread, though the ful l  extent
cannot be estimated. A high 1evel of consumption as salad
appears to be about 5 - 6 leaves per day and consumption as
comfrey tea probably reaches a sini lar level.  Liniced assays
indicate that the average alkaloid content of the leaf is
about 1 mg/leaf, the concentrat ion 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.

Overal l ,  the estimates of intake of PAs by human beings
(Table 16) indicate that ingestion rates above 0.015 ng/kg
body weight for the mixture of echimidine and related
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alkaLoids in comfrey nay lead to acute or subacute Liver
disease. I f  expressed in terms of equivalent doses of
he l io t r ine  (sec t ion  7 .8 ) ,  the  es t imated  to taL  doses  in  theknown outbreaks or cases of veno-occlusive disease r iog.- tro,
I  to 167 mg/kg body weight. There is r. i t t le real dif"ference
in^ the . ranges  o f  es t imated  to ta l  doses  in  non- fa ta l  cases  (1  _
120. rnglkg_-body weight) and those Leading to a..t t  

- i i -_ 
L67

mgl,"g). These f igures, when compared with the total LethaL
dose o f  severa l  pAs in  ra ts ,  i .e . ,  L .2  -  10 .9  t i rnes  the  LD<ndose (equivalent to 360 - 3i7o rng heliorri""lrJi-iiri i; ioiY
would seem to indicate that man is markedr.y irore sensit ive
than the rat to the toxic effects of pAs wiih regard to the
development of acute and chronic effects on the l iver. r t
should be noted that these estimates are based on l imited rav
data and a number of assumptions, and so are of uncertain
re l iab i l  i t y .

The dose eetimates 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 ofintoxication, though, at present; there is no evidence on
\rhlcn the degree of r isk in these circumstances can be
evaLuated. The information avai lable on dose_response
rel,-t ionships is very l i rnited, but the a;t" 

-""pp.i- t ' '  
t tr"

concLusion that even r.ow rates of intake of pAs ot. i  
-" 

period
of !i3e may present a healrh risk and ttr.t 

""po."r.- "troiii 
l"

rnininized wherever possib!.e.
There has not been any systematic monitoring of pAs in

cereal - grains, food products, and herbaL nedicines.
Analyt ical surveys of these materials are feasibLe, but i t
would be dif f icult  to design surveys that would give direct
estimates of the dietary intake of pAs.

9 .2  Acute  Ef fec ts  o f  Exposure

9.2 .L  Acute  l i ver  d isease

AlL cases of human intoxication in reported accounts have
l:: :- i"  

t l : ,  t" : : :-phase of the disease, ihe dorninanr symptom
oe-rng rapidly f i l l ing ascites. The disease can affect large
subpopulat ions 

1nd, in one study, up to 22.6% of thepopulat ion was affected.
Children appear to be the most vuLnerable group and

nortal i ty can be high at the extremes of age. the- Liver is
l l"  

principal- target organ. In the acute stage of the
disease, the l iver shows a characterist ic centr i lobular
haemorrhagic necrosis, which in man is accompanied by
occlusion of the hepatic veins. However, characterist ic
veno-occlusive lesions, seen in the centra!. veins of hepatic
lobules, rnay not always be evident in the needle biopsy
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examination of the l iver, but are

examination of the autoPsy material.
always aPParent o n

9.3  Chron ic  E f fec ts  o f  ExPosure

Cirrhosis of the t iver

There is evidence that the administrat ion of a singLe dose

of  PA to  exper imentaL an imals  o f ,  a  s ing le  ac : t t : .ep isode.o f
i l lness in man, fol- lowing brief consumption of PA-con?inxng
herbs or PA-contaminated food, may lead to progresslve cnronac

l iver disease result ing in cirrhosis. Cirrhosis may also be a

consequence of long-term l-ow-dose administrat ion of PAs to

""p.t i t  
rr t" l  aninaLJ and possibly aLso of long-term low intake

of PAs by human beings, though there is no proof of the

latter. airrhosis result ing from the toxic effects of PAs in

the advanced stage, m:ly not be dist inguishable from that

result ing from other causes (sections 6.4.1.5 and 7 '4) '  The

Task Group did not find any evidence suggesting that PAs. -",Te "
causative f;ctor of the specif ic disease, Indian chi ldhood

C i r r h o s i s  ( s e c t i o n  7 . 5 ) .

9.3.2 Mutagenicity and teratogenicity

Several PAs, PA-derivatives, and related compounds have

been shown to produce chromosome aberrations in plants and

severaL cel l  culture systems, mutagenic effects (.salmoneLla

iiAnetstt), sister chromatid exchanges, and other te-s-fffiiE

i"."tog"ttl-" and fetotoxic effecti in experimentaL animals
(sec t ions  6 .4 .5 r .  6 .4 .6 t  6 .4 .7 ) .  Chromosomal  aber ra t ions  have

been reported i i r  the blood cel ls of chi ldren suffering from

veno-ocClusive disease, beLieved to have been caused by

fuLvine. The Task Group was not artare 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  o f  the  l i ver

A reLatively large number of people have been exposed, in

the past, to PAs and have suffered acute and chronic toxic

effects. I lowever, no information is avai lable on the long-

term fol low;up of these populat ions' to ascertain whether this

type of .*pos.rt. could havl resulted in an increased incidence

ol 1in"t cancer or other tyPes of cancer. Because of this

lack of knowledge, i t  is not possibLe, at Present'  to make an

evaluation of the cancer r isk due to PAs. I{owever, various

PAs have been shown to be carcinogenic for experimental-

animaLs, which inpl ies that a potential cancer r isk for human

beings should be seriously considered.
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0f several pAs evaluated for carcinogenicity by IARC
(I976, 1983), rhere is ' rsuff icient or l i rni ied 

".r id"rr"L" 
for

the carcinogenicity in experimental animals (IARC, lg76) of
monocrotal ine, retrorsine, isat i .dine, lasiocarpine, peta_
sitenine, senkirkine, and of extracta of the pA-containing
plants Petasites j=aponi_cum, TussiLago farara, S)rmphytum
g$ j.sina t@s-, @_g"***I ", ilffii,,m-
Japonlcum, and Selsg.o cannabifol ius. These studFwere
carrled out marnly on rats, with few studies on mice or
hamsters  (sec t ion  6 .4 .9 ) .  The carc inogen ic i ty  da ta  ob ta ined
with other PAs are dif f icult  to evaiuate, iec.rr"e of the
l irnited number of treated animals and the lack of adecuate
numbers as controls. The main target organ is the 1iver,
where liver cel1 tumours and haemJngioenlotheliar, ..r"oo,""
were observed. In some instances, tumours in extra-hepatic
t i ssues  (1ung,  pancreas ,  in tes t ine) -were  aLso observed,  namely
with monocrotal ine, retrorsine, and lasiocarpine. Some pAs,
for example, retrorsine, have been shown to be carcinogenic
a f te r  a  s ing le  dose.  The pyr ro ! . i c  metabo l i tes  have a lso  been
shown to be carcinogenic for rats.

1t may be recal led that several of the pAs involved in
human poisoning include the above compounds. I t  is notabLe
that the dose rates that have been effect ive in inducing
tumours in rats, mostly equivalent to 0.2 - 3 rng/kg body
weight per day (table t7), are roughly similar in ,ag-ni irrde to
estirnated intake rates (0.49 - 3.3 rng/kg body weighi per day)
(Table 16) in several episodes of human toxicity.- Comparisbn
of the total- intakes result ing in human toxicity wi ih the
Eotal 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
suff icient t ime to develop cancer after only a briet exposure
at this Level or a longer exposure at a markedly lower ieveL.
A more  quant i ta t i ve  assessment  i s  no t  poss ib le  on  the  bas is  o f
the avai lable informationp and the Task Group stressed the
need for appropriate epiderniological studies.

9 . 3 . 4  E f f e c t s  o n  o t h e r  o r g a n s

Substantiated reports of pA-induced exEra-hepatic injury
in man are l i rnited to Trichodesma intoxication, in , fr i" t ,
symptoms and signs were prE?ililffi neuroLogical.. The range
of - organs affected by other pAs in experirnental and farrn
animals suggests that exposure of hurnan beings to other pAs
may also carry the potential for extra-hepatic injury.

There are extensive reports of experimentJl studies in
which PAs have been demonstrated to produce the characterist ic
vascular changes of primary pulmonary hypertension and
consequent r ight ventr icul"ar hypertrophy of the heart in rats
and non-human pr imates  (sec t ion  6 .4 .2 ) .  Suscept ib i l i t y  i s  age
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dependent, veanling rats being more vulnerable thao 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 avai lable, i t  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 al.so seen in cows and sheep, cannot be explained
solely as a consequence of l iver damage. Central oervous
system lesions have been demonstrated in sheep, pigs, and
ra ts .  D is t r ibu t ion  s tud ies  o f  the  rad io labe l l -ed  metabo l i te ,
3t l-dehydroretronecine, show increasing accumuLation of
radioactivi ty in the brain with t irne.

Trichodesma alkaloids, structura!.Ly reLated to rnono-
crotEff i-ra neurotoxic agents. Trichodesna toxicosis in
man has been report,ed only from ffiA-ffi together rnrith
several studies on experimental animaLs. Detai led reports on
the pathological f indings vrere not avaiLable to the Task
Group, but the infornation avaiLable indicated that the
central nervous system lras the primary target organ (sections
6  . 4 . 3  a n d  7  . 7 )  .

Stomach and intestinal lesions have been shown in PA-
exposed sheep, mice, cons, and rats. Distr ibution studies
with radiolabel. led pyrroLes showed a high retention of radio:
activi ty in the stomach, consistent with the acid-sensit ive
nature of the pyrroles. In rats, pymolic metaboli tes are
secreted in high concentrat ions in the bi1e.

Kidney changeb foLlowing to PA administration have been
shown in mice, pigs, horses, sheep, and monkeys. Pyrrol" izidine
metabol-ites have been found covalently bound to kidney DNA in
rats. Urinary excretion is a rnajor route of excretion of
netabolic products of PAs in rats.

There is no evidence of involvement of organs other than
the l iver and central nervous system ascribed primari ly to PA
toxicity in any of the published human case reports. I t  is
possible that under some circumstances, other major organ
systems may also be at r isk. As bioactivation of PAs has been
demonstrated onLy in the Liver, the r isk of damage shouLd be
expected to be lower in the organs.

9.4 Effects on the Environment

9 .4 . I  Agr icuL ture

In some countr ies, PA-containing weeds densely cover areas
of up to thousands of square ki lometres. Their adverse
effects include the covering of pastures, addit ionaL costs in
agricultural production, and the poisoning of farm anirnal"s.
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The toxicity of PAs for farm animals, incLuding sheep, catt le,
horses, pigs, goats, and poultry, which has been the
inspirat ion for much of the investigation of PA toxicity. In
AustraLia, for example, and Echiurn

Ls aniiEffiplantagineum cause the d
fs€-?ffi 6-7).

9.4 .2  l , l i l d - l i fe

By contrast, l i t tLe is known about the consumption of
PA-containing plants by wild-1ife, or of their individual
sensit ivi t ies. The death of deer in Louisiana has been
ascribed to eating Heliotropium or !@ig species, and an
experimental study has shown that the rainbow trout (Salmo
gairdneri) is sensit ive to Senecio jacobaea aLkaTo-ff i

There is no information on the effects of the alkaLoids on
field rodents or other seed-eating mamals. and birds that
rnight be expected to consume seeds of PA-containing plants and
to  su f fe r  tox ic  e f fec ts .

9 . 4 . 3  I n s e c t s

Many species of insects, such as some moths of the farni ly
Arct idae and butterfLies of the sub-farni l ies Danainae and
TTfrii-inae, have become dependent on PA-contaii-ing plants,
using the alkaLoids as defensive chemicals and derivatives of
them as pheromones and other signal l ing chemical.s. '  Thus,
compLete el imination of PA-containing p1-ants in a region might
l .ead to a marked reduction in the Loca1 populat ion of insects
o f  t h i s  t y p e  ( s e c t i o n  6 . 5 . 3 ) .

9 .4 .4  So i l  and water

There have not been any studies on the fate of PAs when
the plants in which they occur wil t  and age. I f  alkaloid is
leached into soi l  or water, i t  is probably readiLy degraded by
microorganisms since, as a base and ester, i t  is subject to
oxidative and hydrolyt ic reactions.

l lel iotropiun
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Ottrer tLtles available ln ttre ENVIRONI{EIUAL HEALU CRITER.IA
series (eontlnued):

Mlrex
CanphechLor
GuideLines for the Study of Genetlc Effeets in Human
Populatlons

47. Sunmary Report on the Evaluation of Short-tern Tests for
Carcinogens (Collaboratlve Study on In Vitro Tests)

48. Dlnethyl Sulfate
49. Acrylanide
50. Trlchloroethylene
51. Gulde to Short-tern Tests for Detectlng Mutagenic and

Carcinogenlc Chemicals
52. Toluene
53. Asbestos and Other Natural Mineral- Flbres
54. Annonia
55. Ethylene Oxide
56. Propylene Oxide
57. Principles of Toxicokinetlc Studies
58. Selenium
59. Prlnclples for EvaLuating Health Rlsks fron Chemicals

Durlng Infaney and Early Childhood: The Need for a Speclal
Approach

50. Prlnclples and Methods for the Assessment of Neurotoxicity
Associated Wlth Exposure to Chemlcals

61. Ghronium
62. L,2-Di.chloroethane
63. Organophosphorus Insecticides - A General IntroductLon
64, Carbamate Pestlcides - A General Introduction
55. Butanols - Four Isomers
66. Kelevan
57. Tetradifon
58. Hydrazine
69. Magnetic Fields
70. Principles for the Safety Assessment of Food Addltives and

Contaminants in Food
7L. Pentachlorophenol
72. Principles of Studies on Diseases of Suspected Chenical

Etiology and Their Prevention
73. Phosphine and SeLected Metal Phosphldes
74. Diaminotoluenes
75. Toluene Dilsocyanates
76, ltriocarbanate Pesticides - A General Introduction
77. Man-made Mineral Fibres
78. Dithiocarbanate Pesticldes - A General Introductlon
79. DlchLorvos


