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Toxicity of pyrrolizidine alkaloids to humans and ruminants
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Abstract 1,2-dehydro pyrrolizidine ester alkaloids
(PA) are toxic for human and livestock. The PAs
undergo a metabolic toxication process in the liver
which is the first target organ for PA poisoning.
World-wide many episodes of PA intoxications have
been reported involving humans as well as ruminants.
This intoxication is not only related to the amount
and duration of the exposure to PAs but also to
species, age and gender. Besides the metabolic
toxification, detoxication processes are also impor-
tant. The paper discusses the toxification and detox-
ication processes and gives an overview about PA
poisoning cases in humans and ruminants.

Keywords Metabolic toxification -
Detoxication - Poisoning in humans -
Poisoning in ruminants

Thirteen plant families are reported to contain
pyrrolizidine alkaloid (PA)-producing species. PAs
possessing a 1,2 double-bond in their base moiety
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(necine) are hepatotoxic, carcinogenic, genotoxic,
teratogenic and sometimes pneumotoxic (IPCS
1988). PAs have been estimated to be present in
about 3% of all flowering plants (Smith and Culvenor
1981). The toxicity of PA-containing plants from
many plant genera, mainly of the families Asteraceae,
Fabaceae and Boraginaceae, is well known (Bull
et al. 1968).

The fact that Senecio and other genera containing
toxic PAs are hazardous for livestock has been known
for a long time: In 1903/1904 Gilruth established that
tansy ragwort (Jacobaea vulgaris syn. Senecio jac-
obaea L.) produces chronic liver disease in livestock
(Gilruth 1903, 1904; Bull et al. 1968). This was
extended by investigations which showed that PAs
were responsible and that ingestion of all PA-pro-
ducing plants led to similar diseases (Bull et al.
1968). It is also well established that PAs are not only
hazardous for livestock but also for humans: in the
1920s a widespread liver disease in South Africa was
shown to be caused by the consumption of bread
contaminated with seeds from Senecio species (Will-
mott and Robertson 1920; Steyn 1933). About
60 years ago it was also established that in the
former USSR different endemic liver diseases also
resulted from the consumption of PA-contaminated
bread; the plant source for this PA contamination was
found to be Heliotropium lasiocarpum (Boragina-
ceae; Bourkser 1947; Milenkov and Kizhaikin 1952).
Many intoxications have been reported in Central
Asia, all derived from PA contaminated cereals:
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1975/1976 in Afghanistan 8,000 people were affected
by a contamination from Heliotropium popovii subsp.
gillianum, 3,000 of them were seriously poisoned and
many died (Tandon and Tandon 1975; Mohabbat
et al. 1976). Similarly 4,000 people were hospitalized
in Tajikistan by Heliotropium lasiocarpum contam-
ination of grain in 1992 (Chauvin et al. 1994; Mayer
and Liithy 1993).

In 1989 the International Program on Chemical
Safety (IPCS), a joint agency of WHO, FAO and
ILO, summarized then current knowledge with the
statement that “consumption of contaminated grain
or the use of PA-containing plants as herbal medi-
cine, beverages, or food by man, or grazing on
contaminated pastures by animals, may cause acute
or chronic disease” (IPCS 1989). In the last three
decades different episodes of human intoxications by
PA-containing medicinal plants have also been
reported (Roeder 1995, 2000) and, in these cases,
children in particular were effected due to their
higher susceptibility to PA intoxication (IPCS 1988,
1989).

Awareness that herbal medicinal preparations can
be hazardous for humans has lead to extensive
investigations on herbal teas or other extracts from
medicinal plants which are suspected to contain toxic
PAs (IPCS 1988). This awareness increased espe-
cially after it was shown that liver diseases in Jamaica
and the West Indies, that were reported in the 1950s,
were caused by so-called “bush-teas” containing PAs
(Bras et al. 1961; Brooks et al. 1970). Also in Africa
and parts of some other tropical or subtropical
countries the use of herbal preparations containing
PA-producing plants for the treatment of several
diseases is common and this can be considered as an
important reason for the liver diseases reported in
those areas (Druckrey 1965; Schoental 1972).

While PA poisoning is mainly a problem in
developing countries because there the use of tradi-
tional medicine is common, within the last 25 years,
especially in industrialized countries, the use of
herbal medicine has become more and more common
due to an increased interest of people in alternative
medicine, hand in hand with a greater influence of the
“green wave”.

In Western countries like the EU, UK and USA
many alternative medicine practitioners claimed that
traditional medicines show only benefits without
undesired side-effects. This has led to increasing fatal
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intoxications being reported caused by the use of
herbal products, e.g. comfrey, that contain toxic PAs.

Other potential sources of human exposure to PAs
have been observed: Milk, for example, has been
shown to contain PAs when milk-producing animals
consume PA-containing plant material (Schoental
1959; Dickinson et al. 1976; Dickinson 1980; John-
son et al. 1978; Goeger et al. 1982; Liithy et al. 1983;
Candrian et al. 1984; Molyneux and James 1990).
Human milk has also caused liver diseases in
neonates and infants (Roulet et al. 1988).

Honey was shown to be another source of PA
exposure; here it seems that the contamination may
be due to the plant pollen, which is rich in PAs, being
transferred by bees into the honey (Deinzer et al.
1977; Culvenor et al. 1981; Roeder 1995, 2000;
Edgar et al. 2002; Beales et al. 2004; Boppré et al.
2005; Betteridge et al. 2005). Eggs from poultry
exposed to PAs in PA-contaminated grain were also
shown to be a possible source of PA exposure for
humans (Edgar and Smith 1999).

Recently it was shown in Germany that salads can
sometimes be contaminated with PA-containing
plants (BfR 2007a). It was found that, especially in
supermarkets, ready-packed rucola salads and also
salad mixtures were contaminated by Senecio vulga-
ris, a typical weed of field-crops.

The use of medicinal plants or preparations of
them are controlled by regulations in a number of
countries: The IPCS confirmed in 1988 a possible
health risk by PA-containing medicinal plants (IPCS
1989). For Australia and New-Zealand the ANZFA/
FSANZ recommends that, on account of a PA-der-
ived veno-occlusive disease (VOD), a daily dosage
of 1 pg/kg bw toxic PA is tolerable (ANZFA 2001).
According to ANZFA/FSANZ, the -carcinogenic
potential of PA demonstrated in rodents was not
considered as established in humans. In contrast,
from the results of an investigation with the PA
ridelliine, which causes tumors in rodents, it was
concluded that, based on the identical metabolism in
human liver microsomes, this tumor-induction
should also occur equally in humans (Xia et al.
2003). The USA FDA required all PA-containing
Comfrey/Symphytum-preparations to be withdrawn
from the market; based on the available scientific
data, the FDA saw no possibility for a level of PAs
where a possible human risk could be excluded
(FDA 2001). In the EU the EFSA determined that
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uptake of toxic PA produces VOD and that the
carcinogenic potential of PAs is demonstrated in
rodents but not yet proven in humans. For food and
other sources of a PA-contamination and especially
for milk, with respect to its use in high amounts in
the food of neonates and children, more scientific
data are required (EFSA 2007). In Germany the
German Federal Department of Health established
regulations in 1992, that allows specified herbs and
preparations from them that may contain toxic PA,
provided that the total daily dose of PA is less than
1 pg, the duration of treatment is not longer than
6 weeks and that those products are not used during
pregnancy and breast-feeding; a use longer than
6 weeks reduces the daily dosage to 0.1 pg; these
regulations are also applied for homeopathic descrip-
tions up to D6 (Bundesanzeiger 1992). Austria has
banned all PA-containing products from the market
(Bundesgesetzblatt 1994). In The Netherlands it has
been decided that all herbal preparations and extracts
of PA-containing plants are limited to 1 pug of PAs/
kg or 1 pg of PAs/I in the final product and this limit
also applies to food (Staatsblaad 2001).

While several countries specify maximum levels
of PA-containing seeds in grain for human and
livestock consumption, most countries do not specify
a maximum level of PAs in either food or fodder. In
the EU the so-called “zero-tolerance principle” can
be applied; this principle is used in cases where no
safe or tolerable level can be determined based on
available, valid scientific data, or if insufficient
toxicological data are available. Due to their geno-
toxic and carcinogenic potential this principle can be
applied for PA in food and fodder (BfR 2007b).

As already mentioned the presence of toxic PAs in
herbal medicinal products and in food and fodder has
taken on increased importance in industrialised coun-
tries. For example, in Middle Europe common ground-
sel (Senecio vulgaris, L.) and tansy ragwort (Jacobaea
vulgaris syn. Senecio jacobaea, L.) are of particular
concern. Common groundsel, a common field-weed,
has been found as a contaminant in salads and tansy
ragwort has been discussed recently on account of its
extensive expansion into pastures and meadows which
has led to a great number of intoxications in livestock
(mainly horses), especially in Germany (http://www.
jacobskreuzkraut.de; http://www.izn.niedersachsen.
de/servlets/download?C=39412784&L.=20).

As well as the hazard for grazing animals (i.e.
direct toxicity), the possibility of contaminated hay
and silage and transfer of PAs into foods such as milk
and milk products is under investigation and consid-
ered to be a severe problem.

Toxicity of pyrrolizidine alkaloids
Metabolic toxification of PA

PAs produced by Senecio-species are ester alkaloids
derived mainly from the necines retronecine and
otonecine (Fig. 1). They are carcinogenic, mutagenic,
genotoxic, fetotoxic and teratogenic.

The relative toxicity of individual PAs is deter-
mined by their liver metabolites and also physical
properties such as lipophilicity, hydrophilicity and
pharmokinetics. PAs prior to metabolic activation
show a more or less low acute toxicity but in vivo
they undergo a metabolic toxication process in the
liver, which is, as a result, the first target organ for the
toxicity.

This toxication process is well investigated (Mat-
tocks 1968; Culvenor et al. 1969, 1971; Jago et al.
1970; Mattocks and White 1971a, b; Mattocks 1972;
IPCS 1989).

After oral uptake and absorption of the PA
(Fig. 2Ia, Ib), an hydroxyl-group is introduced adja-
cent to the nitrogen-atom in the necine (position 3 or
8) by the cytochrome P-450 monoxogenase enzyme
complex in the liver (Fig. 2I1a, IIb).
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Fig. 1 Structures of necines occurring in PA
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Fig. 2 Enzymatic hydroxylation and didehydropyrrolizidine products

These Hydroxy-PAs (OHPAs) are unstable and
undergo a rapid dehydration to the didehydropyrro-
lizidine alkaloids (DHPAIk; Fig. 2III). This dehy-
dration results in a second double-bond in the necine
followed by spontaneous rearrangement to an aro-
matic pyrrole-system III.

PAs occur mainly as their N-oxides in the plants
and these cannot be directly converted to the OHPA,
but on oral ingestion they are reduced by the gut
enzymes or the liver microsomes and NADH or
NADPH to the free bases and therefore they show
equal toxicity to that of the free bases (Mattocks and
White 1971a, b; Powis et al. 1979; Chou et al. 2003;
Wang et al. 2005a, b, c).

Otonecine-type PAs (Fig. 2Ib) are metabolised to
the OHPAs (Culvenor et al. 1971; Lin et al. 1998,
2000). These otonecine-PAs possess a methyl-func-
tion at the nitrogen and a quasi keto-function at
the bridge-carbon 8. After hydroxylation of the
N-methyl-group it is lost as formaldehyde leaving
an NH-function which undergoes condensation with
the C8 keto group to produce product IIb (Fig. 2)
which spontaneously dehydrate to the DHPAIk III.

The metabolites III are able to generate stabilized
carbonium ions (Fig. 3IV, VI) by loss of hydroxy
groups or ester functions as hydroxyl or acid anions.
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Fig. 3 DHPAIk and carbonium ion building

These carbonium ions can react rapidly with nucle-
ophiles (Fig. 3VII).

In the case of necine-diesters (as shown in Ia and
Ib, Fig. 2), typical of Senecio species, the formation
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of the reactive carbonium ions is facilitated because
the necic acid groups provide good leaving groups
that facilitate rapid formation of the carbonium ions
III in high yield. Where one of the hydroxy groups at
C7 or Clof the necine is not esterified formation of
the carbonium ions is not as spontaneously. In this
case the carbonium ions are most readily formed after
protonation of the hydroxyls and loss of H,O
(Culvenor et al. 1970).

In vivo the metabolites IV and VI react rapidly
with nucleophilic mercapto, hydroxyl and amino
groups on proteins and the amino groups of purine
and pyrimidine bases in nucleosides like DNA and
RNA. The resulting alkylated products show abnor-
mal functions and in the case of DNA, mutations are
possible. As this metabolic toxification takes place in
the liver it is obvious that this organ is the first target
for the intoxication leading to the veno-occlusive
disease (VOD) in which the veins of the liver are
narrowed (Bull et al. 1968; Prakash et al. 1999).
Typical macrocyclic diester PAs (like senecionine,
seneciphylline, retrorsine and senkirkine which are
PAs commonly found in Senecio-species) have been
shown to produce liver damage due to cross-linking
of DNA (Curtain and Edgar 1976; Hincks et al. 1991;
Kim et al. 1995, 1999; Pereira et al. 1998; Coulombe
et al. 1999; Yan et al., 2002; Fu et al., 2002, 2004;
Xia et al. 2006). In the case of PA-monoesters (e.g.
derived from the necine supinidine, which lacks a C7
hydroxyl (Fig. 1), cross-linking is not possible and
they show a lower toxic potential. It has also been
shown that the nucleophilic activity at C7 is higher
than at C9 resulting in the primary nucleophilic attack
at C7 followed by attack at C9 (Fig. 3; Mattocks
1986).

As shown in Fig. 3 the DHPAIks can also react with
SH groups found in more soluble, less critical compo-
nents like glutathione and cysteine (Fig. 3VIII). High
levels of glutathione and cysteine therefore reduce the
toxic potential of PAs (Cheeke and Gorman 1974;
Nigra and Huxtable 1992; Reed et al. 1992; Lin et al.
1998).

Furthermore, hydrolysis can take place where the
DHPAIks (Fig. 3) yield dehydronecines alcohols
(DHNecs; Fig. 3IX) which are more water-soluble
and less reactive like the DHPAIks but still display a
moderate level of alkylating activity (Peterson and
Jago 1980; Robertson 1982). This higher water-
solubility and lower reactivity can lead to escape

from the liver tissue and subsequent reaction in other
organs (Peterson et al. 1972; IPCS 1989; Prakash
et al. 1999). It has been shown that a single exposure
of DHPAIk can form macromolecular adducts that
release DHNecs over a longer period which leads to
on-going health problems (Peterson et al. 1972;
Prakash et al. 1999). DHNecs like dehydroretrone-
cine and dehydroheliotridine have also been shown to
produce rhabdomyosarcoma, skin, liver and lung
tumours (Allen et al. 1975; Shumaker et al. 1976;
Johnson et al. 1978; Mattocks and Cabral 1982;
Peterson and Culvenor 1983).

Toxicity and structural aspects

As mentioned before, the key didehydropyrrolizidine
metabolites (e.g. III) are also generated from pyrr-
olizidine alkaloids of the otonecine type (Fig. 21Ib).

These otonecine derivatives do not show a C8-N
bond but possess a keto function at C8 and a methyl
group at the nitrogen atom. It is surprising therefore
that these seco alkaloids are of identical toxicity to
alkaloids of type Ia (1,2-dehydro-retronecine and
heliotridine esters).

For energetic reasons, these seco compounds could
be expected to occur in a different necine conforma-
tion than type Ia compounds: the missing C8-N bond
should lead to a stable 8-membered macrocycle
which may be expected to hinder the metabolism via
an intermediate to IIb (Fig. 2).

Molecular modelling experiments support this
assumption and show the energy minimised structure
as depicted in Fig. 4 (energy minimisation: Chem 3D
ultra; V. 10.0; Cambridge Soft).

Ia Ib Q
LY

Fig. 4 Molecular modelling of PA from type Ia and Ib

@ Springer



142

Phytochem Rev (2011) 10:137-151

Interpretation of the X-ray structure analysis data
helps to explain the identical toxicity of pyrrolizidine
alkaloids of type Ia and Ib: In all nine otonecine-type
alkaloids measured to date a necine conformation
was found which is identical to those found in those
having the C8-N bond (type Ia).

Both the distances between C8 and N are similar
and equal values can be found for the plane angles
built between plane C1-C3-N-C8 and plane C7-C5-
N-C8 (~125°). This indicates that the seco 1,2-
dehydroesters do not exist in the optimal, energy
minimised form (Ib, Fig. 4) but are of an equal
conformation to those of type Ia, which finally
enables the metabolisation as shown in Fig. 2.

Furthermore, X-ray data show that the dedihydro
metabolites (III, Fig. 2) derived from 1,2-dehydrodi-
ester have a higher toxic potential compared with the
low or missing toxicity of the monoesters of retro-
necine or heliotridine (Fig. 1). A possible detoxifica-
tion mechanism is the hydrolysis of the ester bindings
by esterases and the subsequent building of dehydro-
necine (IX, Fig. 3) which—due to their higher water
solubility—can be easily excreted renally.

Disassociation to C7 as well as to C9 carbonium
ions (especially the speed and therefore the rate of
this cleavage) and the subsequent reaction with
nucleophiles are seen as a key step determining the
level of toxicity. The potential for alkylation and
adduct formation of PA esters is indicated by
analysing the X-ray data. Interpretation of the bond
lengths shown in Fig. 5 leads to the following results:

In pyrrolizidine alkaloids of type Ia and Ib (1,2-
dehydropyrrolizidine diesters) the C-O bonds A and
A’ occur in a normal range of 1.45 A; the following

I 4 \

Fig. 5 Bond characterisation of PA diesters
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C-O bonds B and B’ are considerably shortened,
whereas the keto functions C and C’ show a moderate
shortening. The C—C bonds D and D’ show—similar
to A and A’—normal values of about 1.54 A.

In contrast to these findings, the data for mono-
esters with retronecine or heliotridine give evidence
of a different situation: here, the A and A’ (C9 as well
as C7) bonds are elongated and the corresponding
keto bonds C or C' are of nearly ideal length (1.20 A
for keto-functions).

These results show that in 1,2-dehydro diesters the
ester functions are a conjugated system leading to the
conclusion that the bonds C9-O and C7-0O (=A and
A’) are the target breaking points within the mole-
cule, which makes possible a quick and easy carbo-
nium ion formation and further reaction with
nucleophiles as described before.

Contrary to that, in pyrrolizidine alkaloids of 1,2-
dehydro monoesters more stable ester bonds are
found (i.e. no conjugation) which leads to the fact
that the building of the didehydro metabolites is more
difficult and time-consuming. In this case, a hydro-
lysis by esterases can take place in higher amounts
what leads to the detoxication via the free necines and
necic acids, which explains the missing or generally
lower toxicity of 1,2-dehydro monoester (see below).

These findings show that X-ray structure analysis
data give evidence of the toxic potential of a single
pyrrolizidine alkaloid and that furthermore, by inter-
preting these data, the extent of this toxic potential
can be estimated.

Metabolic detoxication of PA

As well as the metabolic activation, detoxification of
PA also occurs in vivo: hydrolysis of the ester bonds
in PA from type Ia or Ib by esterases leads to necic
acids and to the free necines. Both are non-toxic
products and—on account of their higher water-
solubility—can be renally excreted. The rate of
hydrolysis is dependent on the level of steric hinder-
ance of the ester linkages (see before); and it has been
shown that the more highly branched, the necic acids
are the more resistance to hydrolysis (Bull et al. 1968;
Culvenor et al. 1976; Mattocks 1986). This means,
that macrocyclic diesters (Ia and Ib) with more
complex acid moieties are more hazardous on account
of their lower rate of hydrolytic detoxication.



Phytochem Rev (2011) 10:137-151

143

The N-oxides of PAs (the form occurring most
commonly in plant sources) are highly water soluble
and can therefore be excreted renally. Besides their
natural occurrence, N-oxidation of PAs also takes
place in the liver and can be seen as a detoxification
process (Fig. 2; Mattocks 1968; Jago et al. 1970;
Mattocks and White 1971b; Williams et al. 1989;
Miranda et al. 1991). However, it has been shown
that the N-oxides—besides excretion—can be con-
verted by dehydration or by acetylation followed by
elimination of acetic acid to the DHPAIk (Fig. 2III;
Mattocks 1986; Culvenor et al. 1970) and, as
previously mentioned, following oral ingestion they
are converted in the gut and liver to the free base
form.

Ruminants display another very effective detoxica-
tion process. Their rumens contain microorganisms
that, by hydrogenolysis, cleave the C9 ester linkage of
PAs torelease the necic acids and produce 1-methylene
pyrrolizidine metabolites, both of which are non-toxic
(Lanigan and Smith 1970; Lanigan 1971). In some
species (goats, sheep, cows) this rumen metabolism is
very efficient and these species are, as a consequence,
highly resistant to PA intoxication.

In conclusion it can be stated that the toxicity level
of different PAs in non-ruminants is dependent on
three aspects:

e The efficiency of metabolic activation to form the
key-intermediate III (Fig. 2).

e The efficiency of ester hydrolysis to form non-
toxic and water soluble necines and necic acids.

e The efficiency of N-oxidation and excretion via
urine.

For ruminants the activity of PA-destroying rumen
microbes makes them more resistant than monogas-
tric species to PA poisoning. These considerations
provide an explanation for the fact that the toxicity of
PAs is different in different species and individuals:
e.g. while horses are very sensitive to PA poisoning
sheep, goats and cattle are much more resistant and
tolerate much higher PA dosages. As has been shown
in many experiments, the metabolic pathway of the
PA intoxication and detoxication seems to be the
same in all animals and also in humans (IPCS 1988)
it can be assumed that relative rates of PA activation
and PA detoxication in the different species and in
different individuals determines the different suscep-
tibilities to PA poisoning.

PA toxicity in human

PA poisoning of humans can be characterised in three
dose-related levels: acute, sub-acute and chronic.
These levels can be progressive resulting ultimately
in irreversible chronic toxic effects (McLean 1970;
Peterson and Culvenor 1983; IPCS 1988; Huxtable
1989; Prakash et al. 1999; Fu et al. 2004; Stegelmeier
et al. 1999).

Acute poisoning is characterised by haemorrhagic
necrosis, hepatomegaly and ascites; death is caused
by liver failure due to necrosis and liver dysfunctions
(Peterson and Culvenor 1983; IPCS 1988; Huxtable
1989; Prakash et al. 1999).

Sub-acute levels are characterised by hepatomeg-
aly and recurrent ascites; endothelial proliferation
and medial hypertrophy leading to an occlusion of
hepatic veins, resulting in the so-called veno-occlu-
sive disease (VOD) which can be seen as a charac-
teristic histological sign for PA poisoning (Peterson
and Culvenor 1983; IPCS 1988; Huxtable 1989;
Prakash et al. 1999; Fu et al. 2004). The VOD causes
centrilobular congestion, necrosis, fibrosis and liver
cirrhosis, the end-stage of chronic PA intoxication.

As well as the liver VOD, other organs can be
affected by PAs. It has been shown that the pyrrolic
metabolites (DHPAIlks and DHNecs) can escape from
the liver into pulmonary arterioles where they can
produce damage similar to the VOD-changes in the
liver (Huxtable 1989). It has been shown that from 62
tested PAs all can produce (dose-dependent) lung
lesions (Culvenor et al. 1976) and it is speculated that
pulmonary damages can result from long-term and
low-level exposure to PAs (IPCS 1989; Huxtable
1989).

PA intoxication in humans is not only related to
the amount and the duration of the exposure but also
to age and gender: males react more sensitively than
females and foetuses and children (especially neo-
nates or infants) show the highest sensitivity for PA
poisoning (IPCS 1988): in 2003 it was shown that the
daily uptake of ~7 pg PA (from a herbal tea
containing comfrey) during pregnancy did not show
a toxic effect in the mother’s liver but damaged the
foetal liver in this way that the new born child died
after 2 days (Rasenack et al. 2003).

It has also been observed that cofactors can
exacerbate PA poisoning: liver damaging agents,
bacterial or viral infections but also medical drugs
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like barbiturates or metals like copper or mycotoxins
like aflatoxins can increase the severity and likeli-
hood of PA liver-damage (Yee et al. 2000; Newberne
and Rogers 1973; White et al. 1973; Tuchweber et al.
1974; Lin et al. 1974: Bull et al. 1968).

There are a large number of reports in the
literature about different liver diseases (mainly
VOD) possibly connected with PA poisoning. But
in most cases the connection cannot be proven
because the outbreak of the liver disease and a
possible ingestion of PA-containing material is often
separated by a long time period.

The following table therefore lists only those cases
where a source of PAs was identified and the liver
disease was therefore undoubtedly caused by PA
intoxication (Table 1).

PA toxicity in ruminants

The intoxications of cattle by PA poisoning is very
well established. Over more than a hundred years
numerous reports about intoxications of livestock can
be found in the literature and—as the reports in
literature show us—it is a problem world-wide (Bull
et al. 1968).

Not surprisingly, given the ubiquity of cytochrome
P450 enzymes involved in the activation of PAs and
the high chemical reactivity of the DHPAlks metab-
olites produced, more than 26 different animal
species (including spiders and insects) have been
shown to be adversely affected by toxic PAs. Within
this series some animal species are of major impor-
tance because their products are used as food which
can become contaminated by PAs and hazardous for
human. Besides contamination of honey produced by
bees visiting PA-plants (Deinzer et al. 1977; Culv-
enor et al. 1981; Roeder 1995; Edgar et al. 2002;
Beales et al. 2004; Betteridge et al. 2005), the transfer
of PAs into milk and into products such as cheese,
yoghurt, etc., which are consumed in high amounts
by humans, are of particular concern. Neonates and
small children especially show a high toxic risk
because milk is the main part of their food and
furthermore they show an extreme susceptibility to
PA intoxication.

Thus, the PA intoxications of cattle, sheep and
goats should be considered as a particularly severe
and problematic health risk. Farmers should be made
aware of this hazardous aspect and should be obliged

@ Springer

to control and manage their pastures and meadows to
ensure the absence of PA containing plant. As well as
direct ingestion of PA-containing plants in rangeland
and pasture, there is also the possibility of contam-
ination of fodder: reports can be found where the
intoxication was due to contaminated straw, hay or
silage. It has been shown that PAs are not destroyed
during production of straw and hay and that these
products retain toxicity over a very long period. In the
case of silage, however, a significant reduction of the
PA level is observed. It can be assumed that during the
fermentation process, some of the PAs are enzymat-
icaly decomposed. Our findings show that under
normal conditions a reduction of the PA content down
to 20% is possible during production of silage.

An important aspect in this context is that
ruminants show a low susceptibility for PA intoxica-
tion. This means that calves, sheep and goats need
very high doses of PA for an acute intoxication;
leading to the observation that the reports about
ruminant PA poisonings are mainly describing sub-
acute or chronic toxicity because the PA level
in contaminated fodder or the distribution of PA-con-
taining plants on pastures and meadows does not
often reach a level causing acute toxicity (Molyneux
et al. 1988).

This leads to the conclusion that ruminants rarely
show acute poisoning and generally progress from
sub-acute to chronic toxic effects. The first symptoms
observed seem to be loss of appetite, depression,
wandering, uncoordinated walking and diarrhea; a
disease pattern which over a long period and in
different countries has been observed and variously
named “Winton disease”, “Walking disease” or
“Pictou Cattle Disease” (Bull et al. 1968). The
behavioural symptoms have been attributed to poor
liver function affecting the brain and the behavior of
the animals.

Table 2 below gives a far from complete overview
of reports of PA intoxications in ruminants (not
feeding experiments) and indicates the range of plant
species responsible. PA poisoning is the most com-
mon plant-associated poisoning disease of domestic
livestock worldwide (Prakash et al. 1999).

Besides these field cases of PA poisoning, reports
exist of many feeding experiments in cattle, sheep
and goats (see Bull et al. 1968). The data produced
can give information on dosage levels leading to
intoxication, however, often the duration of the
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Sansado et al. (1995)

Sperl et al. (1995)
Vilar et al. (2000)

Lit.

Source of PA
Senecio vulgaris

Observed damage

VOD
VOD
VOD
VOD

Affected people
73 Years old man

Table 1 continued
Location and year
Spain, 1995
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Herbal tea with Adenostyles alliariae

18 Month old boy

Austria, 1995

Herbal tea containing Senecio vulgaris

23 Years old woman

Argentina; 1999

Rasenack et al. (2003)

Symphytum spp.

Foetus

Germany, 2002

feeding experiments is too short to give clear
evidence for absolute dosages and long-term
(chronic) toxicity. Reports are cited below where,
for a single experiment, toxic effects are connected
with a specific dosage of a PA or PA mixture from a
single plant species.

In 1975 sheep were individually fed with 100 g
dried Senecio jacobaea plant material for 20 weeks.
Mortality was observed after 11, 18 and 46 weeks
(Mortimer and White 1975). As S. jacobaea normally
contains about 0.5% PA it can be assumed that the
daily uptake was about 500 mg of alkaloid. Goeger
and coworkers fed 1.2-4.04 kg/kg bw of Senecio
jacobaea to goats. They found 1.2 kg/kg bw of tansy
ragwort produced chronic toxicity; that means the
animals could take up about 100% of their initial
body weight of this plant. It was shown that goats
were much more resistant to PA intoxication than
cattle (always 5-20% tansy ragwort of initial body
weight were tolerated; Goeger et al. 1982). A similar
experiment compared toxicity in sheep and goat:
Dried plant material of Heliotropium ovalifolium was
fed to the animals in a dosage of 10 and 5 g/kg bw
daily. All goats died after a total uptake of 1-5 kg
plant material while the sheep survived about 20 kg
plant material (Abu Damir et al. 1982). Also goats
were used and fed daily 10 g/kg bw of Crotalaria
saltiana up to a total dose of 0.5 kg plants. The
animals showed hepatocellular necrosis and fibrosis
(Mes et al. 1984). An interesting result gave a sheep-
feeding experiment where Echium plantagineum was
added to the diet in 4 periods each 12 weeks long; the
PA content in the diet was estimated between 0.03
and 0.1% and no effect on the liver function was
observed (Culvenor et al. 1984). Similar results were
found by feeding a total dose of 81.4 mg/kg bw to
calves and 105.6 mg/kg bw to sheep, respectively.
While the sheep showed no toxicity the calves
developed hepatopathy (Craig et al. 1986). The lethal
dose for S. riddellii in goats was found to be 400 g
plant material over a period of 20 days what means
15 mg/kg bw of total PA (Johnson et al. 1985). Low
toxic effects are found by feeding Senecio vernalis
over a period of +100 days with an application of
totally 12.1 kg (Hippchen et al. 1986). Senecio
jacobaea was given to calves in an amount of
1.3 kg/day (~3 mg/kg bw PA) what resulted in
megalocytosis of the animals after 182 days (Moly-
neux et al. 1988). Also to calves 45 mg/kg bw of PA
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Table 2 Overview of some

. L . Location and year
PA intoxications in Y

Affected animal

Source of PA

ruminants Albania

1995
Argentina
1994
Australia
1962
1968
1972
1985
1987
1987

1991

1997
Bhutan

1994

Brazil
1987

1987

1988

1993

2001

2005
Canada

1969
Mexico

1982
Russia

1979
Sudan

1981
Switzerland

1980
The Netherlands

2002
UK

1917
Uruguay

1978
USA

1962-1963

1989

Cattle

Cows

Sheep
Sheep
Heifers
Calves
Cattle
Sheep

Heifers
Cattle

Yaks

Cows, steers,
heifers, calves

Bovines
Bovines
Cows, heifers, steers
Sheep
Sheep
Heifers
Sheep
Calves
Calves
Cattle
Cattle
Cattle

Cattle

Heifers

Calves

Senecio subalpinus

Senecio selloi

Echium plantagineum
Crotalaria mucronata
Heliotropium europaeum
Heliotropium europaeum
Heliotropium amplexicaule

Echium plantagineum,
Heliotropium europaeum

Senecio lautus

Heliotropium europaeum

Senecio raphanifolius, S. biligulatus,

Ligularia spp.

Senecio brasiliensis, S. selloi, S. heterotrichius,
S. crisplatinus, S. leptilobus

Senecio brasiliensis, S. selloi
Senecio brasiliensis, S. selloi
Senecio tweediei

Crotalaria retusa

Senecio brasiliensis

Senecio jacobaea

Senecio sanguisorbe
Cynoglossum officinale
Crotalaria saltiana

Senecio alpinus

Senecio jacobaea

Senecio jacobaea

Senecio brasiliensis

Amsinckia intermedia, Senecio vulgaris

Cynoglossum officinale

@ Springer
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(from Senecio riddellii) were fed over 20 days what
led to the typical VOD with a mortality of 100%
(Molyneux et al. 1991). Another experiment with
calves showed that a single dose of 60 mg/kg bw PA
(from Cynoglossum officinale) killed the animals
within 48 h; where a dosage of 15 mg/kg bw daily for
21 days was tolerated; the animals were killed after
35 days and a hepatocellular necrosis was found
(Baker et al. 1991). Senecio oxyphyllus was used for
an experiment where a dosage from 0.5 to 4 g/kg bw
of plant material was fed to cattle; 1 g/lkg bw for
60 days of plant material was estimated to be the
toxic range (Driemeier and Barros 1992).

Based on these data it is not possible to establish a
concrete lethal dose of particular PAs for each
ruminant species, the dosages and especially the
duration of administration are too variable. On the
other hand these experiments give clear evidence for
the fact that indeed the susceptibility for PA intox-
ication is different in individual species: in case of
ruminants it is decreasing from cattle (which seem to
show the highest sensitivity) to goats and sheep
which are the most resistant animals discussed in
this overview presumably due in large part to their
different rumen microflora.
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