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1. Introduction (Problem statement)

It became apparent during the assessment of Symphytum officinale (monograph
EMEA/HMPC/572844/2009) that the risk assessment of pyrrolizidine alkaloids (PAs) poses considerable
difficulties, since several PAs being regarded as both hepatotoxic and carcinogenic. Considering that
PAs are natural constituents of a humber of plants used for medicinal purposes the HMPC decided to
prepare a first public statement on the use of herbal preparations containing PAs (EMA 2014).

Furthermore, it was increasingly reported that herbal teas including those used as medicines may
contain variable amounts of PAs, while the plants used as ingredients are not known to produce PAs
(BfR 2013). Based on information from several Member States, it was recognised that there might be a
problem of contamination due to PA-containing weeds, which has to be seen primarily as quality-
related topic. Several national regulatory authorities addressed the issue of PA contamination in herbal
medicinal products (HMPs) and HMPC prepared a second public statement on contamination of herbal
medicinal products/traditional herbal medicinal products with pyrrolizidine alkaloids
(EMA/HMPC/328782/2016) in order to provide transitional recommendations for risk management and
quality control and support harmonisation in these matters.

After a 3-years-period, the HMPC decided to reconsider both Public statements (see HMPC meeting
report January 2019 - EMA/HMPC/26549/2019) and published Calls for data before re-assessing and
concluding on recommendations with respect to the risks associated with the use of herbal medicinal
products containing PAs naturally or from contamination.

Revision 1 is based on a review of newly available data and the improved evaluation methods. The
specific contamination issue and subsequent recommendations for risk management and quality
control from EMA/HMPC/328782/2016 are now included (see sections 1.4; 3.3 and 4).

1.1. Occurrence of pyrrolizidine alkaloids (PAs)

Pyrrolizidine alkaloids are heterocyclic organic compounds derived from ornithine (Moreira et al.,
2018). They occur in nature in more than 6 000 plants (in excess of 300 plant species of up to 13
families, mainly in the families of Boraginaceae (all genera), Asteraceae (tribes Senecioneae and
Eupatorieae) and Fabaceae (genus Crotalaria)), representing about 3% of the world’s flowering plants
(Prakash et al., 1999; He et al., 2019; Louisse et al., 2019). They are very effective insect-feeding
deterrents and consequently have evolved independently on at least four occasions in a number of
different plant families (Edgar et al., 2015). More than 350 different PAs, excluding the N-Oxides, were
described up to now and it is assumed that about half of them are hepatotoxic (Fu et al., 2004; He et
al., 2019).

Both, composition and concentration of PAs may fluctuate and depend on various factors such as
species, age and part of the plant, variety (genotype/chemotype), season, location etc. (Hoogenboom
etal., 2011; Bodi et al., 2014). Thus, all known PAs of a PA-containing plant are not necessarily
present at the same time. The same species growing in different locations or in different seasons may
contain different alkaloids (Mattocks 1986; Flade et al., 2019). The toxins are commonly concentrated
in the seeds and the flowering parts of the plant, with decreasing amounts in the leaves, stems and
roots. Most plants produce mixtures of PAs in varying concentrations ranging from less than 0.001% to
5% (up to 19% based on dry weight) in certain plant seeds. Reported concentrations vary from trace
amounts up to 19% based on dry weight (EFSA 2011; Bodi et al., 2014).

1.2. Chemistry and types of PAs

Most PAs are esters of hydroxylated 1-methylpyrrolizidines. The basic components, called necines, are
derived from bicyclic amino alcohols that, in turn, are derived from the polyamines putrescine and
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spermidine via the cyclic pyrrolizidine-1-carbaldehyde. The acids with which the necines are esterified
are called necic acids (EFSA 2011; Schramm et al., 2019).

o}

i 0/U\R1 } Necic acid

} Necine

Figure 1: General structure of PAs (Roeder 2000)
e Necines

In PAs of the retronecine- and heliotridine type, the necine base is made of two five-membered rings,
inclined towards each other and sharing a common nitrogen at position 4. The necine can either be
saturated or possess a double bond in the 1,2-position (ring (b), Figure 2). In almost all cases, the
necine has a hydroxymethyl group at C-1 and usually a hydroxyl group at C-7 as well. Esterification
can take place in these positions. In addition, the necine may have one or two hydroxy groups at C-2
or C-6 resulting in the formation of stereoisomers (Roeder 2000; Schramm et al., 2019).

CH,OH CH,OH

N
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Figure 2: Structure of necines (retronecin type) (Roeder 2000)

Otonecine-type PAs do not contain genuine bicyclic five-membered ring systems. They may act as a
pyrrolizidine ring system due to transannular interactions of the keto group and the tertiary amine. The
PAs derived from these structures constitute a subgroup of the otonecine alkaloids (OPAs) (Schramm
et al., 2019). There are also several necine bases with unusual structures, e.g. 1-aminopyrrolizidine,
ehretinine, 7B-angeloyloxy-1-methylene-8a-pyrrolizidine and tussilagine. These structures seem to be
described only from few plants and may occur only in trace amounts (Schramm et al., 2019).
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Otonecine

Figure 3: Otonecine: the binding between the N atom and the CO group is widened to such an extent that the
indicated resonance structures result (Roeder 2000)

e Necic acids

Apart from acetic acid, the necic acids, possess 5 to 10 C atoms and differ from each other in their
structure. They include mono- and dicarboxylic acids with branched carbon chains. Substituents may
be hydroxy, methoxy, epoxy, carboxy, acetoxy or other alkoxy groups besides methoxy substituents.
Thus, numerous structural, stereo- and diastereoisomers may be derived. Double esterification may
lead to 11- to 14-membered ring systems (macrocyclic diesters). The most widely known PAs are 11-
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membered monocrotaline, 12-membered alkaloids senecionine and senkirkine, 13-membered
doronenine, and 14-membered parsonsine (Roeder 2000).

Based on the combination of necine bases and necic acids and their linkage patterns the PAs have been
classified into five groups: senecionine-like PAs (>100 structures; mainly found in Senecioneae and
Fabaceae); triangularine-type PAs (>50 structures; mainly present in Senecioneae and Boraginaceae);
lycopsamine-like PAs (mainly found in Boraginaceae, Apocynaceae and Eupatorieae); monocrotaline
type (>30 structures; predominantly found in Fabaceae) and phalaenopsine and ipanguline-type PAs
(found in Orchidaceae, Convolvulaceae and in few representatives of other tribes including the
Boraginaceae), In addition to these five groups, there are also very simple PAs consisting only of the
necine base and a small acid residue and finally some PAs show unusual linkage patterns distinct from
that of the five main groups, such as madurensine, laburnamine and tussilagine (EFSA 2011; Schramm
et al., 2019).

¢ Pyrrolizidine alkaloid N-Oxides (PANOs)

Excluding otonecine alkaloids, which cannot form N-oxides (most likely due to the interactions of the
keto group and the tertiary amine), together with the N-oxides of the other alkaloids more than 660
alkaloids are known (Roeder 2000; Schramm et al. 2019). Metabolised products (free bases) of N-
oxides are toxic.

Biosynthesis of PAs takes place in the roots where the alkaloids occur as N-oxides. The N-oxides are
very polar compounds, which are readily soluble in water and insoluble in most organic solvents. Unlike
typical tertiary alkaloids, they are not able to non-specifically permeate biological membranes in their
unprotonated form. Due to their properties, N-oxidated PAs can easily be translocated to the target
organ(s) within the plant. They are taken up via membrane transporter molecules and stored in the
vacuoles (Hartmann & Toppel 1987). N-oxides can easily be reduced to the corresponding tertiary
alkaloids, not only in the alimentary tract or in experimental conditions but also within the plants (e.g.
by enzymatic reactions).

Structural requirements for toxicity
The minimum structural requirements for toxicity of PAs are:
(1) A double bond in 1,2 position of a pyrrolizidine moiety

(2) A hydroxymethyl substituent (C-1 position) in the pyrrolizidine moiety, preferably with a second
hydroxyl group in the C-7 position

(3) Esterification of the primary hydroxymethyl group with a branched mono- or dicarboxylic acid
containing at least 5 C-atoms (necic acid)

(Teuscher & Lindequist 1994; Prakash et al., 1999; FSANZ 2001).

1.3. Human exposure to PAs via food

In Europe and most developed countries, levels of PA intake are mostly low. Beside the direct intake of
PAs via herbal medicinal products secondary contamination of food with PAs was observed: e.g. in
foods of animal origin (as milk, eggs, honey, pollen products), in grain, peas, carrots, in packed lettuce
boxes, teas, spices and liquors (Coulombe 2003; BfR 2007a, 2018 and 2019; Edgar et al., 2011;
Hoogenboom et al., 2011; Molyneux et al., 2011; Bodi et al., 2014; Mulder et al., 2015, 2016 and
2018; Chung & Lam 2017; EFSA 2017b; Chmit et al., 2019; European Commission 2020; Kaltner et
al., 2020). Depending on individual preferences in food selection, great variability of PA exposure in
humans is likely.
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Episodic and catastrophic, acute and chronic poisonings have been documented particularly in
developing countries. Thousands of people might be affected, as in India in 1972, Tajikistan in 1992 or
in Afghanistan in the 1970s and 1990s, 2000, 2007 and 2008 (Molyneux et al., 2011). Such problems
are typically triggered by environmental factors.

Globalisation of markets leads to situations where previously localised toxins are shipped around the
world in contaminated products. During the past years it appears that, because of the lack of natural
control factors, the expansion of certain invasive plants e.g. Senecio madagascariensis, Senecio
jacobaea or Senecio inaequidens creates serious problems for animals and - via animal products - for
humans, too (Molyneux et al., 2011; Tsutsumi 2011; Dormontt et al., 2014; CABI 2019).

Many different studies on the determination of PA contamination in different food groups have been
published. Most of them have been summarised by EFSA (EFSA 2016).

Until 2020 no limits for PAs in food existed within the EU, except for refined echium oil for which a PA
limit was given with 4 pg/kg (European Commission 2008). In 2020, maximum levels for PAs in
various food categories (e.g. tea, herbal teas, food supplements, and honey) were introduced in the
food sector (European Commission 2020). While limits for herbal infusions, such as from rooibos,
anise, lemon balm, chamomile, thyme, peppermint or lemon verbena are given with 400 ug/kg (with a
standard single serving of 2 g herbal tea, this would mean a maximum of 0.8 ug PA per serving), tea
(Camellia sinensis) and herbal infusions intended for the use in infants and young children are given
with a limit of 75 pg/kg.

Investigation of food supplements focused on supplements that explicitly contained material of PA-
producing plants or on supplements without labelling of ingredients derived from PA-containing plants.
In most of all investigated samples, PAs were detected; but the concentrations were highly variable.
The highest PA levels were found in herbal food supplements made from material from known PA-
producing plants. Supplements containing oil-based extracts of PA-producing plants were free of PAs,
indicating that the hydrophilic PAs will not be co-extracted in the lipophilic oil fraction, or are effectively
removed during oil refinement.

Furthermore, 60% of the (herbal) food supplements contained measurable amounts of PAs, even
though that no PA-containing plant was labelled. Relatively high mean concentrations were detected in
products (13 out of 15) containing St John’s wort (Hypericum perforatum) (Mulder et al., 2018).

1.4. Contamination of herbal medicinal products

Beside the long known PA content in some plants traditionally used as medicines such as from the
genera Symphytum, Borago, Petasites and Tussilago (CPMP 1992), an apparently rather wide-spread
contamination of herbal products including medicinal products from plants not containing PAs (and
therefore not usually tested for PAs) was later reported.

In Germany, the Federal Institute for Risk Assessment (BfR) conducted a research project
"Determination of Pyrrolizidine Alkaloids in Food and Feed". In the project, 221 different commercially
available herbal tea and tea samples as well as herbal drugs were analysed for their PA content. Some
of those herbal teas were herbal medicinal products. Total PA contents from 0 to 3430 pg/kg dry
matter were measured in the herbal tea and tea samples, including fennel tea, chamomile tea,
peppermint tea, nettle tea and lemon balm tea. Considerable variations in PA contents, also for the
same tea variety were found (BfR 2013).

Different publications exist, which report on detection of PAs in products used as medicine,
independent from the regulatory status in different regions of the world for such products (e.g. Letsyo
et al., 2017a; Letsyo et al., 2017b; Chmit et al., 2019; Steinhoff 2019; Suparmi et al., 2020). It has
been shown that PA-containing weeds contaminate plant-derived raw materials used for the production
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of food, food supplements and herbal medicinal products (HMPs). The herbal raw materials generally
appear to be contaminated by (very) low levels of PAs, but due to analytical methods (LC-MS/MS)
even trace amounts of PAs can now be detected and quantified (EFSA 2011; Steinhoff 2019).

2. Discussion

The relevant literature on toxic, unsaturated PAs and PA-containing preparations was searched
principally via PubMed. The cut-off date was June 2020. Information provided by Interested Parties
upon the Calls for data ending August 2019 was also assessed.

2.1. Assessment of PAs or PA-containing products

Some regulatory guidance documents concerning limits of intake of toxic, unsaturated PAs exist either
in the field of medicinal products or in the field of food/food supplements.

Medicines

In Germany in 1992, a graduated plan concerning medicinal products containing PAs with a necine
system unsaturated in 1,2 position came into force. The maximum daily dose of such PAs for internal
use is set at 1 pg for a duration of maximum 6 weeks per year and 0.1 pg without any limitation in the
duration. The maximal daily dose of PAs in case of cutaneous application is 100 pg for a duration of
maximum 6 weeks per year and 10 pg without any limitation in the duration of use (Bundesanzeiger
1992).

In Belgium medicinal products for internal use containing PAs are not allowed to be marketed (Albert
2000) and in Austria it has to be proven that the medicinal product which contains herbal preparations
from PA-containing plants has no PAs in the final product (Bundesgesetzblatt 1994). Several other
countries refer to the CPMP document “Herbal drugs with serious risks-Listing of herbs and herbal
derivatives withdrawn for safety reasons” (CPMP 1992).

In 2016, several EU regulatory authorities addressed the issue of PA contamination in HMPs. In May
2016, following a review of the available data, the EMA (HMPC) issued a Public statement to support
Member States considering a harmonised approach in implementing appropriate controls for their
markets. A contamination level of HMPs leading to a daily intake of maximum 1.0 ug PAs per day
during a transitional period of 3 years was considered acceptable from a public health point of view.
During this period, producers of HMPs should be required to take the necessary measures to reduce
the contamination to a level resulting in a daily intake not exceeding 0.35 ug PAs per day (EMA 2016).

In January 2019, the HMPC agreed to recommend an extended transitional period for a further 2 years
due to ongoing discussions and efforts for harmonisation. Manufacturers should continue to take
appropriate actions including implementation of enhanced GACP to ensure that the daily intake does
not exceed 1.0 ug PAs per day.

Food

Some regulatory data were also available for food, even though uniform regulations were missing in
this field as well (IPSC 1988; EFSA 2007; COT 2008; Mulder et al., 2010).

In 2011, EFSA published an opinion on toxic, unsaturated PAs in food (EFSA 2011) which focus mainly
on the occurrence of PAs in honey. EFSA pointed out that on the basis of the genotoxic and
carcinogenic properties of 1,2-unsaturated PAs, it was not appropriate to establish a Tolerable Daily
Intake (TDI) and decided to apply the Margin of Exposure (MOE) approach instead. A Benchmark Dose
(giving 10% response) (BMDL;o) for excess cancer risk of 70 pg/kg bw per day was calculated for
induction of liver haemangiosarcomas by lasiocarpine in male rats and used as the reference point for
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comparison with the estimated dietary exposure. Whilst the MOEs for adults (calculated on
consumption data) were seen to be of low concern (MOE of 10,000 or higher), it was concluded that
there is a risk for those juveniles who are high consumers of honey.

In 2017, EFSA published a renewed opinion concerning toxic unsaturated PAs (EFSA 2017b). This was
preceded by a revision of the “Use of benchmark dose approach in risk assessment” (EFSA 2017a). In
that, model averaging is recommended as the preferred method for calculating the BMD confidence
interval, while acknowledging that the respective tools are still under development and may not be
easily accessible to all. This BMD model averaging approach was applied on the data sets on the
incidence of liver haemangiosarcoma in male and female rats exposed to lasiocarpine (NTP 1978) and
riddelliine (NTP 2008). EFSA selected the BMDL;o of 237 ug/kg bw per day, derived for the incidence of
liver haemangiosarcoma in female rats exposed to riddelliine as reference point for the chronic risk

assessment of PAs (EFSA 2017b).

Table 1: Examples of proposed reference values for unsaturated PAs and their N-Oxides by food and/or medicine

authorities

Food and/or medicine authority

Reference values for unsaturated PAs and their N-
Oxides

Bundesgesundheitsamt (BGA) (1992)

BfArM (2016)

1 pg per day (maximum 6 weeks per year)
0.1 pg per day (no restriction) (for medicinal products only)

maximum 1 ug per day

European Food Safety Authority (EFSA)
(2011)

EFSA (2017b)

70 pg/kg per day

237 ug/kg per day

Food Standards Australia New Zealand
(FSANZ) (2001)

1 pug/kg bw per day (safe level, provisional)
(tolerable daily intake - based on avoidance of veno-occlusive
disease —; cancer risk considered not proven)

Rijksinstituut voor Volksgezondheid en
Milieu (RIVM) (Kempf et al., 2010)

Rijksinstituut voor Volksgezondheid en
Milieu (RIVM) (2015)

0.1 ug/kg bw per day (based on virtual safe dose of
0.43 ng/kg bw per day)

1 pg/kg of herbal teas and other food products and beverages
containing herbs or herbal extracts

Committee on Toxicity (COT) (2008)

0.1 pg/kg bw per day (non-cancer unlikely)
0.007 pg/kg bw per day (cancer unlikely)

2.2. Pharmacokinetics of PAs

Bio-activation occurs primarily in the liver by the action of several different mixed function oxidases to
dehydropyrrolizidine alkaloids (dehydro-PAs, pyrrolic esters). These dehydro-PAs possess an allylic
structure, which makes them increasingly reactive. Once formed, the pyrrolic esters can rapidly bind
with DNA, protein, amino acids and glutathione even in the presence of adequate amounts of GSH
(Stegelmeier et al., 1999; Kempf et al., 2010). It assumed that even chronic exposure to low dosages
of toxic PAs may lead to the accumulation of pyrrole-protein adducts and ultimately result in liver
damage (Ruan et al., 2014, Ma et al., 2018). Metabolism steps which either lead to activation or
detoxification are described in the literature. Although conjugation with GSH should be a step-in
detoxification, there is evidence that, among others, the 7-GSH-DHP conjugate may be a potential
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reactive metabolite of PAs leading to DNA adduct formation (Geburek et al., 2020). The non-toxic
metabolites are quickly excreted.

Liver Tissue —.

Q OR'
Formation of protein
Acmalmn and..'or DNA adducts -
N
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Alkaloid Intermediate Adduct
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Figure 4: Activation and biotransformation of pyrrolizidine alkaloids (Barceloux 2008)

N-Oxides cannot be directly converted into pyrroles. However, on oral ingestion they are reduced by
either the gut enzymes or the liver microsomes and NADP or NADPH to the free bases, which are toxic
(Wiedenfeld 2011).

Absorption

Different PAs are transferred across the ileum and jejunum, but not the stomach, as measured by
Swick et al. (1982) in rabbits.

Studies with different PAs were performed in rats (i.v., oral, cutaneous). Generally, it could be shown
that resorption rates per plasma concentrations were significant lower for PANOs than for PAs (Brauchli
et al., 1982; Wang et al., 2011; Yang et al., 2020) regardless of the way of administration.

Riddelliine was completely absorbed from the gavage dose within 30 minutes in all rats and mice
(Williams et al., 2002).

Also in Caco-2 monolayer model, PAs showed absorption with apparent permeability coefficient values
higher than those of corresponding N-oxides. Except for only few N-oxides all PAs and PANOs
investigated were absorbed via passive diffusion. While, for the few N-oxides, in addition to passive
diffusion as their primary transportation, efflux transporter-mediated active transportation was also
involved but to a less extent. Furthermore, a good correlation between lipophilicity and permeability of
retronecine-type PAs and their N-oxides with absorption via passive diffusion was observed (Yang et
al., 2020).

Diffusion and penetration of lycopsamine from an ointment containing Symphytum officinale extract
varied from 0.11% and 0.72% (within 24 hours) through a synthetic membrane and 0.04-0.22%
through human skin (Jedlinszki et al., 2017).

Metabolism to toxic metabolites

The metabolic pattern and DNA adduct profiles produced by human liver microsomes are similar to
those formed in rat liver in vitro and in vivo, indicating that the results of mechanistic studies with
experimental rodents are highly relevant to humans (Yan et al., 2008). One metabolite, identified as a
demethylation product, was the main metabolite when lasiocarpine was exposed to liver microsomes
from human, pig, rat, mouse, rabbit, and sheep even though human liver microsomes displayed some
distinctive features (indicating that humans may be more prone to lasiocarpine-induced acute toxicity
than many other species). Liver microsomes from resistant species (i.e., rabbits and sheep) produced
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lower levels of the reactive metabolites (Fashe et al., 2015). When the in vitro degradation rate of
frequently occurring PAs by liver enzymes present in S9 fractions from human, pig, cow, horse, rat,
rabbit, goat, and sheep liver were investigated, almost no metabolic degradation of any PA was
observed for susceptible species such as human, pig, horse, or cow. It was assumed that the observed
high biotransformation rate of non-susceptible species mainly represented a detoxification and the
potential of toxic metabolites that might be formed in low concentration is that high that they are able
to bind to proteins and possibly inhibit S9 enzymes effectively, so that the species-specific balance
between activation and inactivating pathways decides on the degree of toxicity (Kolrep et al., 2018).
The levels of secondary pyrrolic metabolites formed from senecionine in different liver microsomes
were found to be formed in the order: mouse>human>rat (Xia et al., 2020).

Conversion of PAs to reactive pyrrolic metabolites occurs by C- and N-oxidation catalysed by
cytochrome P450 monooxygenases (Prakash et al., 1999; Fu et al., 2004) while flavin-containing
monooxygenases and carboxylesterases are considered to be involved in detoxification pathways (Fu
et al., 2004). The most commonly identified isoforms catalysing bio-activations are isoforms of the
CYP3A subfamily (CYP3A4 and CYP3A5), but CYP2B and CYP2D isoforms also have this activity (Huan
et al., 1998; Prakash et al., 1999; Fu et al., 2004; Ruan et al., 2014; Fu 2017). The abundance of this
enzyme in liver varies over a 30-fold range between individuals, which suggests an inter-individual
variation in toxification of PAs. It was reported that the panel of CYPs capable of mediating metabolic
activation of retronecine-type PAs is more diverse than that for otonecine-type PAs, which might
contribute to the differences in hepatotoxic potency between these two types of toxic PAs (Ruan et al.,
2014). However, all of the dehydro-PAs contain an identical pyrrolic moiety regardless of the structures
of their parent PAs (Ma et al., 2018). Because of their extreme instability, the dehydro-PAs have not
yet been identified either in vivo or in vitro (FSANZ 2001; Edgar et al., 2011; Fashe et al., 2015; Xia et
al., 2020).

A rapid and extensive conversion of riddelliine to the N-oxide was shown, with the exception that
female rats produced lower serum concentrations of the N-oxide. All rodents produced small amounts
of retronecine. The elimination half times increased in the following order: riddelliine<retronecine<N-
oxide consistent with metabolism of parent compound. Internal exposures (AUCo.») increased in the
order: retronecine<riddelliine<N-oxide, with male rats as the exception (Williams et al., 2002).

Distribution

Heliotrine (i.p.) was present in the liver after 2 minutes (3.7% of total dose), the level peaking at

5 minutes (6.3%), and dropping to 2.2% at 1 hour and 0.5% at 2.5 hours. In adult rats, the level in
the liver at 5 hours was 0.07% of the total dose. Five minutes after i.p. dosing, 30-40% of the initial
dose remained in the peritoneal cavity, and the blood level of heliotrine was 60 mg/I, dropping to

3 mg/l at 1 hour. Blood levels of senecionine in rats (i.p.) were 0.38, 0.32, and 0.14 mg/l at 0.5, 1,

and 2 hours after injection, respectively (IPCS 1988).

Concerning distribution of radioactivity from a triturated PA analogue (i.v.); in rats, the highest
concentrations of radioactivity were seen in the liver, lungs, kidneys, and spleen (respectively, 3.9%,
0.19%, 0.18%, and 0.27% of the dose given). Radioactivity in the expired air was negligible. The
binding of radioactivity in the liver, and especially the lungs, was more persistent than in other organs
(Mattocks 1977). When tritium-labelled indicine N-oxide was given i.v. to mice or monkeys, at 2 hours
the highest concentrations of radioactivity were in the kidneys, liver, and intestines (El Dareer et al.,
1982).

Studying the distribution of the uniformly 4C-labelled senecionine in lactating mice, after 16 hours,
0.04% of the radioactivity had been recovered in the milk; the liver contained 1.92% (IPCS 1988).

Excretion
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The urinary excretion of monocrotaline in rats was 50-70% within the first day (IPCS 1988). Similar
results were reported by Mattocks (1977) and White (1977). Despite minor differences between
alkaloids, about 80% of ingested PAs were excreted unchanged in the urine and faeces in rats
(Stegelmeier et al., 2016). Indicine N-oxide given i.v. to mice, monkeys, or rabbits disappeared from
the serum with initial half-lives ranging from 3 to 20 minutes. Over 80% of tritium-labelled indicine N-
oxide given i.v. was excreted in the urine of mice or monkeys within 24 hours. Urinary excretion of
indicine N-oxide was also rapid in rabbits, but somewhat slower in human beings (Powis et al., 1979;
El Dareer et al., 1982).

Excretion of pyrroles continued for a little longer. In rats given retrorsine, the urine in the first

24 hours contained 10.6% unchanged alkaloid, 13.3% N-oxide, and 13.4% pyrrolic metabolites.
During the second day, only 0.1% alkaloid, 0.2% N-oxide, and 1.8% pyrroles were excreted. Biliary
excretion also occurred. About one-quarter of an j.v. dose of retrorsine in rats was excreted in the bile
as pyrrolic metabolites, and 4% as unchanged alkaloid; most of this excretion occurred during the first
hour after the injection (White 1977). The proportion of urinary excretion of unchanged base increases
with the hydrophilicity of the alkaloid, e.g. being 62% for heliotrine N-oxide, 30% for heliotrine, and
only 1-1.5% for lasiocarpine (IPCS 1988). After small doses of tritiated senecionine or seneciphylline
(0.3-3.3 mg/kg) given to rats, most radioactivity was eliminated in the urine and faeces within 4 days.

Giving uniformly %C-labelled senecionine in lactating mice, after 16 hours, 75% of the radioactivity
had been recovered in the urine and 14% in the faeces.

Newly weaned mice are more susceptible to retrorsine-induced hepatotoxicity than adult mice, along
with generation of more of the corresponding reactive metabolite, intensified liver GSH depletion, and
formation of more protein modifications. The observed higher susceptibility of newly weaned mice to
retrorsine liver injury resulted from greater internal exposure to retrorsine, due to slower elimination of
the parent compound (Yang et al., 2018).

To summarise, the available evidence suggests that ingested PAs are rapidly metabolised and that the
excretion of unchanged alkaloid and of most metabolites is rapid as well. Thus, within a few hours,
only a relatively small proportion of the dose remains in the body, much of it in the form of metabolites
bound to tissue constituents. It is unlikely that a significant amount of unchanged alkaloid will remain
in the body after the first day.

2.3. Mechanism of toxic action of PAs

PA exposure over longer periods of time is mainly known to damage the liver (due to the liver being
the main production site), lung or the blood vessels. Kidney, GI tract, pancreas and bone marrow are
damaged to a lesser extent. Venous occlusions in the liver and lung, megalocystosis, inhibition of cell
division (mitosis) and liver cirrhosis are all signs of PA toxicity. Genotoxic effects are seen as well
(Mattocks 1986; Fu et al., 2004).

PAs themselves are chemically non-reactive. As ester alkaloids, they may be partially saponified by
nonspecific hydrolases to the corresponding necines and necic acids both in the intestinal tract and
during transit to the liver. Like the parent alkaloids, the fission products are non-toxic and are excreted
via the renal system (Roeder 2000). Bio-activation (similar to aflatoxins) is necessary for toxic actions
of PAs (Coulombe 2003; Ma et al., 2018).

The cyclic diesters are thought to be the most toxic alkaloids and the noncyclic diesters are of
intermediate toxicity, whilst the monoesters are the least toxic (Stegelmeier et al., 2016, Moreira et
al., 2018). Saturated PAs are non-toxic according to the literature.
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The extent of toxicity depends on the structure and the resulting metabolic pathways and
detoxification rates. Furthermore, many other factors such as species, age, sex or biochemical,
physiologic and nutrition status might influence bio-activation (Stegelmeier et al., 2016).

The activated PA metabolites, are mono- or, more commonly, bifunctional biological alkylating agents,
which undergo facile release of their ester groups to form positively charged, dihydropyrrolizine
carbonium ions that rapidly react with negatively charged nucleophilic functional groups (SH, OH and
NH) on proteins, nucleotides and other substances they encounter, e.g. glutathione (GSH), to form
dihydropyrrolizine adducts. Highly reactive electrophilic pyrroles are short lived. They quickly bind with
and damage nearby hepatic molecules as the endothelial cells lining in the sinusoids of the liver, close
to where the pyrroles are produced (Edgar et al., 2011). A number of publications highlight different
aspects of the underlying biochemical and pathophysiological mechanisms of toxicity (e.g. Liu et al.,
2017; Luckert et al., 2018; Ebmeyer et al., 2019).

Some PAs or their metabolites are more stable. Therefore, they may circulate and transported to the
lungs where they cause similar effects in the arteries and alveolar capillaries. The ensuing thickening of
vessel walls in both the liver and lungs leads to their occlusion and consequently to restriction of blood
flow. The resulting conditions, hepatic veno-occlusive disease (VOD) (also known as sinusoidal
obstruction syndrome) and pulmonary arterial hypertension, lead to liver cirrhosis and right heart
congestive failure respectively (Edgar et al., 2011). Some pyrrole-tissue adducts may persist for
months and years as well. Adducts in tissues and dehydro-PA-induced neoplasms still have been
identified years after exposure. With time nucleic acids, proteins, and glycolipids containing dehydro-
PA-derived adducts are metabolized and repaired. Consequently dehydro-PA-derived adducts are
cleared at a low rate. As the adducted “pyrroles” are removed from cellular proteins or nucleic acids it
may be that they retain their electrophilicity and again react with cellular components (Stegelmeier et
al., 2016).

2.3.1. Single and repeat dose toxicity in animals

An in-depth description of the older literature concerning acute or chronic toxicity of PAs or their
metabolites is presented in some general documents, e.g. IPCS 1988, EFSA 2011. PAs are noted
mainly for the poisoning of livestock and large-scale outbreaks have been recorded from most parts of
the world (Hill et al., 1997; Edgar et al., 2011; Bodi et al., 2014).

The relative toxicity of PAs varies between mammalian species. The differences probably arise from
different toxicokinetics (bio-availability and bio-activation) and the stability and relative reactivity of
the resulting pyrroles (Coulombe 2003; Stegelmeier et al., 2016; Dalefield et al., 2016), but also from
other factors, such as differences in ruminal microflora, which might degrade PAs and decrease so the
amount entering hepatic portal circulation (Wiedenfeld & Edgar 2011). Nevertheless, the fundamental
metabolic and cytotoxic processes are common to all species (Molyneux et al., 2011). Pigs and poultry
are most susceptible, while horses, cattle and rats are less so and mice, sheep and goats are relatively
resistant to PA toxicity (Prakash et al., 1999; Stegelmeier et al., 2016). The toxicity of N-oxides is
similar of that of the parent alkaloid (IPCS 1988).

Acutely intoxicated animals show signs of liver failure, including anorexia, depression, icterus, visceral
oedema, and ascites and clinical pathological changes include massive elevations in activity of serum
enzymes (AST, SDH, ALK, and GGT) and increased amounts of serum bilirubin and bile acids. Gross
and histologic changes often includes pan lobular hepatocellular necrosis accompanied by haemorrhage
with minimal inflammation but also other findings such as increased sinusoidal platelet aggregation in
the damaged tissue regions (FSANZ 2001; Stegelmeier et al., 2016; Preliasco et al., 2017; Hessel-Pras
et al., 2020). There is conclusive evidence from studies on experimental animals that the effects of a
single exposure to PAs may progress relentlessly to advanced chronic liver disease and cirrhosis,
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following a long interval of apparent well-being, and without any other latent or provocative factor
(IPCS 1988). Results concerning the late onset of changes in the lung after a single exposure to
monocrotaline were described in animals (Huxtable 1990). Chronic poisoning may not be immediately
apparent, clinically, since animals may only develop transient elevations in serum enzyme activities
and mild elevations in serum bilirubin and bile acids. It was postulated that hepatocellular damage
might be progressive as damage continues with focal hepatocyte necrosis and subsequent
inflammation, fibrosis, and ultimately cirrhosis. With the resultant loss of hepatic function, animals
develop liver failure when they are unable to compensate when stressed with seasonal poor nutrition,
pregnancy, or lactation. Such failure may present as photosensitivity, icterus, or increased
susceptibility to other hepatic diseases (Stegelmeier et al., 2016).

In Big Blue transgenic rats receiving riddelliine for 12 weeks a humber of genes involved in liver injury
and abnormalities were altered. Significant changes were seen in genes, which are linked to cell death,
cellular growth and proliferation, oxidative stress and liver morphology. Liver endothelial cells were
more involved than liver parenchymal cells (Mei et al., 2007).

Heliotrine at doses of 50 mg/kg body weight or more, administered to rats during the second week of
gestation, has been shown to induce several abnormalities in the fetus. Doses of 200 mg/kg bw
resulted in intrauterine deaths or resorption of fetuses. Dehydroheliotridine, the metabolic pyrrole
derivative of heliotrine, was 2.5 times more effective on a molar basis than its parent PA in inducing
teratogenic effects. The ability of PAs to cross the placental barrier in the rat and to induce premature
delivery or death of litters has been demonstrated. The embryo in utero appears to be more resistant
to the toxic effects of PAs than the neonate (IPCS 1988). Prenatal PAs exposure in rats induced fetal
hepatic and pulmonary toxicities (observed only in fetuses) through the generation of pyrrole
metabolites and oxidative injury. Furthermore, fetal serum transaminase activities were reduced (Guo
etal., 2019).

Alkaloids/toxic metabolites have been shown to be secreted in the milk of lactating dairy cattle and
rats, and both male and female young have been shown to suffer toxic damage, even when suckled by
retrorsine-treated mothers, who apparently are not affected themselves. Such suckling animals may
also be in apparent good health while the livers show toxic effects (Schoental 1959). Furthermore, for
dehydroheliotridine and monocrotaline immunosuppressant activity could be shown in young mice and
rats (FAO/WHO 2011).

In experimental animals, protein-rich and sucrose-only diets have given some measure of protection
against the effects of the alkaloids, as has pre-treatment with thiols, antioxidants, or zinc chloride. On
the other hand, PAs have been shown to act synergistically with aflatoxin in causing cirrhosis and
hepatoma in primates and to up-regulate EtOH-induced hepatocytotoxicity by inducing the
inflammatory cytokines and enhancing the apoptotic effects of ethanol in vitro (Lin et al., 1974;
Neumann et al., 2017).

Toxic Actions of Dehydro-PA and DHP

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

¢ Dehydro-PA derivatives (DHP esters, pyrrolic esters)

When given orally to rats, DHP esters are destroyed almost immediately in the aqueous acid of the
stomach and show no toxic action. When given i.p., they cause severe local irritation and peritonitis;
s.c. injection leads to skin lesions. After i.v. injection of pyrroles into the tail veins of rats, toxic injuries
appear principally in the lungs. Depending on the dose, these include vascular lesions and pulmonary
oedema; a progressive alveolar proliferation similar to that produced by very much larger doses of the
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parent alkaloid. Injections of DHP esters or synthetic analogues into mesenteric veins of rats lead to
liver damage after smaller doses than the alkaloids themselves (IPCS 1988).

e DHP (pyrrolic alcohols)

These alcohols are much less reactive than the pyrrolic esters but far more persistent. They are seen
as secondary toxic metabolites but also as the ultimate and common toxic metabolites of all dehydro-
PAs, which are not acute toxicants but can cause extensive extrahepatic injury, involving almost all
rapidly developing tissues, especially in young animals. They have been shown to be immunotoxic,
cytotoxic, genotoxic, pneumotoxic and carcinogenic (FSANZ 2001; Edgar et al., 2011).

The effects of dehydroheliotridine on 14-day-old rats were studied. All rats given i.p. doses of

0.4 mmol/kg bw survived, but a dose of 0.6 mmol/kg killed most animals within 10 days. Toxic effects
were mainly found in rapidly developing tissues. In young rats, it caused fur loss, tooth defects, and
atrophy of hair follicles, gut mucosa, spleen, thymus, testis, and bone marrow. The lungs were not
affected. Pathological effects in the liver were confined to necrosis of isolated cells and antimitotic
action, which was manifested as a mild megalocytosis in rats surviving 4 weeks or more (IPCS 1988).

The persistent antimitotic action on the liver that leads to the formation of giant hepatocytes can be
produced both by pyrrolic esters (Hsu et al., 1973a, b), and by pyrrolic alcohols (Peterson et al., 1972,
IPCS 1988). Both kinds of metabolites can lead to similar alkylation products. The antimitotic action
must be accompanied or followed by a stimulus of cell division to be sufficient. Such a stimulus may be
provided by the acute necrotic effect of primary pyrrolic metabolites or by any other cause of acute
liver injury that leads to tissue regeneration. In very young animals, the stimulus can be the enhanced
rate of replication that already exists in them.

Dehydroheliotridine was found to be teratogenic when given i.p. to female hooded rats on gestation
day 14 (IPCS 1988).

2.3.2. Acute and chronic toxicity in humans

To date, over fifteen thousand acute human PA-poisoning cases have been documented (Yang et al.,
2020). In man, PA poisoning is usually manifested as acute VOD characterised by a dull dragging ache
in the right upper abdomen, rapidly filling ascites resulting in marked distension of the abdomen and
sometimes associated with oliguria, swelling feet and massive pleural effusion. There might be
vomiting of blood in advanced stages of the disease. Acute liver damage includes centrilobular
haemorrhagic necrosis and hepatomegaly with accompanying ascites. It can also manifest as subacute
disease with vague symptoms and persistent hepatomegaly, in which the small hepatic veins become
occluded by endothelial proliferation and medial hypertrophy leading to restricted blood flow, necrosis
of surrounding tissue, fibrosis, nodular regeneration and in many cases, cirrhosis (Prakash et al.,
1999). In some cases, a single episode of acute disease has been described to progress to cirrhosis
(even in a period as short as 3 months from the acute phase), in spite of the fact that the patient has
been removed from the source of toxic exposure and has been given symptomatic treatment (Stuart &
Bras 1957; Tandon et al., 1977). Tissue-bound DHP adducts are considered to be a source of ongoing
alkylation either by releasing 6,7-dihydropyrrolizine carbonium ions capable of forming new adducts
directly, or via the hydrolytic release of dihydropyrrolizine alcohols (Mattocks 1986). In literature it was
postulated that, following dietary exposure to PAs, in vivo alkylation continues until the reservoir of
labile tissue-bound adducts is eliminated, mainly as soluble conjugates (e.g. with GSH) in urine and
bile. This may take many months so that even a single dietary exposure to PAs continues to produce
silently progressing chronic diseases, which are unlikely to be attributed to PAs in food (Edgar et al.,
2011).
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Mortality to PAs can be high with death due to hepatic failure in the acute phase or due to
haematemesis resulting from ruptured oesophageal varices caused by cirrhosis. Less severely affected
cases may show clinical, or even apparently complete, recovery. It was reported that after acute
poisoning in man with significant acute toxicity, approx. 20% will die rapidly and 50% of patients will
recover completely. Of the survivors, about 20% appear to recover clinically but may go on to develop
cirrhosis and liver failure years later. Others may develop subacute liver pathological changes, which
will either eventually resolve or go on to cirrhosis and liver failure (FSANZ 2001). In several
publications, the mortality of VOD is given with approx. 50% (Stickel & Seitz 2000).
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(48%) (20%)
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A. Acute veno-occlusive
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and ascites)
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(increasing jaundice,
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Figure 5: Clinical natural history of VOD of the liver. B and C may be present with no clinical history of preceding
illness (Stuart & Bras 1957)

Furthermore, the possibility of the development of toxic pulmonary disease in man cannot be ruled
out. It is possible that the greater capacity of the liver to repair damage would lead to the situation
where at some low levels and rates of exposure to PAs, liver damage may be minimal while lung
damage continues to develop. In this scenario, sporadic small doses of PAs over an extended period,
expected from current levels of dietary exposure, may produce cancer and pulmonary hypertension
rather than liver damage (Edgar et al., 2011). There is a report of an outbreak of Trichodesma
poisoning in the former USSR in which the symptoms were mainly neurological (IPCS 1988).

In the 1970s and 1980s, studies from Hong Kong, the United Kingdom and the USA reported instances
of human disease that have been caused by the use of medicinal products containing PAs, resulting in

fatality or the development of cirrhosis (Ridker et al., 1985; IPCS 1988) and also more recent cases of
such PA poisoning via medicinal used herbs are reported (Gao et al., 2012).

Liver damaging agents, e.g. viruses, bacterial endotoxins, aflatoxins and environmental copper, can
act synergistically and increase liver damage and cancer caused by PAs (IPCS 1988; Yee et al., 2000).
Although all age groups might be affected by PA poisoning, children are particularly vulnerable to the
effects of PAs. One of the explanations therefore might be, that in neonates and fetuses, liver copper
levels are naturally high (Riordan & Richards 1980; Edgar et al., 2011) which could potentiate the
effects of PAs.

In 2011, the first identification of pyrrol-protein adducts in the blood of a patient who was diagnosed
as Hepatic Sinusoidal Obstruction Syndrome (HSOS) and confirmed to intake a PA-containing herb was
reported. Blood pyrrol-protein adducts in further patients were identified, each of whom consumed PA-
containing plants (intake of the herb ranging from 5 to 200 days via self-medication), but not in
healthy subjects (Ma et al., 2018). Furthermore, based on physiologically based kineticmodelling it was
hypothesised, that liver toxicity shows inter-species and inter-ethnic human differences with the
average Caucasian being more sensitive than the average Chinese, mainly due to more efficient
reactive metabolite formation. In addition, humans are reported being more susceptible to lasiocarpine
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and riddelliine-induced liver toxicity than rat (Fashe et al., 2015; Muluneh et al., 2018; Ning et al.,
2019b).

2.3.3. Genotoxicity and Carcinogenicity of PAs
Genotoxicity

Several PAs, PA derivatives, and related compounds have been shown to produce genotoxic effects
(mutations, sister chromatid exchanges, chromosomal aberrations) in plants and several cell culture
systems after metabolic activation (Kraus et al., 1985; Fu et al., 2004; Mei et al., 2010). Some PAs
induce micronuclei formation in erythrocytes in the bone marrow and fetal liver in mice (IPCS 1988).
Chromosomal aberrations have been demonstrated in rats and humans with VOD. In humans, this is
believed to have been caused by fulvine (Martin et al., 1972).

DNA-adduct formation may play a role in the genotoxicity of riddelliine. Riddelliine induced a higher
frequency of mutations in non-neoplastic endothelial cells (but not in parenchymal cells) in the cII
gene mutation assay in transgenic Big Blue rats. The predominant mutations observed were G:C to T:A
transversions, which are consistent with riddelliine-induced formation of DNA adducts involving G:C
base pairs (Mei et al., 2007).

e DHPs (pyrrolic alcohols)

Several DHPs were shown to have an inhibitory action in cultures of human KB cells, cultured rat liver
cells and to cause chromosome breaks and sister chromatid exchange. Cell death was preceded, first
by the swelling and disruption of organelles, including mitochondria, and then by the rupture of plasma
membranes with the release of cell components (IPCS 1988).

Carcinogenicity

In the early 1970, a series of PAs were found to induce tumours, mainly liver tumours, in rats and
other experimental rodents. To date, more than 20 purified plant PAs, PANOs, dehydro-PAs, and plant
extracts have been demonstrated to induce tumours in rodents (Fu 2017). The carcinogenic activity of
PAs appears to parallel their mutagenic behaviour, but not their hepatotoxicity. In rats, appropriately
low repeated doses of several alkaloids have been shown to induce tumours. In one study, a single
dose has been carcinogenic (Culvenor 1983). In the study of Schoental & Magee (1957), a single dose
of lasiocarpine provoked after approximately 13 months changes in the liver, which were described as
being very similar to those observed in the earlier stages of hepatic carcinogenesis due to several
pyrrolizidine alkaloids after multiple dosing.

It is notable that dose rates that have been effective in inducing tumours in rats are mostly equivalent
to 0.2-6 mg/kg bw per day for the initial period and 0.2-3 mg/kg bw per day for the 12-month period.
These dosages are roughly similar in magnitude to estimated intake rates (0.01-10 mg/kg bw per day)
in several episodes of human toxicity. Comparison of the total intakes resulting in human toxicity with
the total doses to death observed in the chronic toxicity studies on rats indicates that human beings
are more susceptible and suggests that human beings may survive for sufficient time to develop
cancer after only a brief exposure at this level or a longer exposure at a markedly lower level
(Culvenor 1983; IPCS 1988).

From a 2-year study on lasiocarpine (24 rats per sex in each treatment group) it was concluded that
under the conditions of this bioassay, lasiocarpine was carcinogenic in Fischer 344 rats producing
hepatocellular tumours and angiosarcomas of the liver in both sexes and hematopoietic tumours in
female animals (NTP 1978).

A 2-year study carried out as part of the National Toxicology Program showed that riddelliine induced
liver haemangiosarcomas in both male and female rats and male mice, hepatocellular adenomas and
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carcinomas in male and female rats, and lung alveolar adenomas in female mice. Riddelliine was
classified as “reasonably anticipated to be a human carcinogen” (NTP 2008).

The proposed mechanism for the induction of liver hemangiosarcoma suggests that the active
metabolite of riddelliine interacts with endothelial DNA, causing damage, including karyomegaly,
cytomegaly, and apoptosis, to endothelial cells of the liver. The enlarged endothelial cells obstruct the
blood vessels causing local hypoxia. Hepatic hypoxia was shown to induce VEGF (Vascular Endothelial
Growth Factor) production by hepatocytes. Increases in VEGF then induce increases in endothelial cell
replication. The increased replication enhances the probability that DNA damage, either spontaneous or
drug-induced, will escape repair and become fixed as mutations that eventually lead to
haemangiosarcomas. It was suggested that hypoxia also triggers replication in the endothelial cells.
(Nyska et al., 2002; Smith et al., 2004).

Endothelial Cell
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Figure 6: Proposed mechanism for the induction of liver hemangiosarcoma by riddelliine in rats (Nyska et al.,
2002)

Carcinogenesis related gene expression patterns resulting from the treatment of comfrey and
riddelliine are found to be very similar, even though the number of genes altered by comfrey was
much higher, possible due to the fact that comfrey is a complex mixture compared to the isolated
substance (Guo et al., 2007).

All potentially carcinogenic PAs studied for DNA adduct formation so far are reported to generate the
same 4 adducts in vivo and in vitro in cell systems. These 4 DNA adducts have been proposed to be
biological biomarkers of PA-induced liver tumour formation (Allemang et al., 2018).

No information is available on the long-term follow-up of the human population, to ascertain whether
the exposure to PAs could have resulted in an increased incidence of liver cancer or other types of
cancer. However, various PAs have been shown to be carcinogenic for experimental animals, which
imply that a potential cancer risk for human beings should be seriously considered.

The International Agency for Research on Cancer (IARC) evaluated several PAs for carcinogenicity in
1976 and 1983. It was concluded that there was in experimental animals "sufficient or limited
evidence" for the carcinogenicity of monocrotaline, retrorsine, isatidine, lasiocarpine, petasitenine,
senkirkine, and of extracts of the PA-containing plants Petasites japonicum, Tussilago farfara,
Symphytum officinale, Senecio longilobus, Senecio numorensis, Farfugium japonicum and Senecio
cannabifolius. The main target organ is the liver, where liver cell tumours and haemangioendothelial
sarcomas were observed. In some instances, tumours in extra-hepatic tissues (lung, pancreas,
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intestine) were also observed, namely with monocrotaline, retrorsine, and lasiocarpine. Some PAs, for
example, retrorsine, have been shown to be carcinogenic after a single dose. The pyrrolic metabolites
have also been shown to be carcinogenic for rats. However, IARC concluded that the compounds are
not classifiable as carcinogenic for humans. Due to the NTP data on riddelliine carcinogenicity, IARC
changed the classification into “possibly carcinogenic to humans”, while NTP itself concluded, that
riddelliine is “reasonably anticipated to be a human carcinogen” (IARC 2002, NTP 2008).

e DHP (pyrrolic alcohols)

Dehydroheliotridine was described as being carcinogenic. It could be shown that rats given 9 i.p.
injections of this compound over 23 weeks had a shorter life span and suffered a significantly higher
incidence of tumours than control rats (IPCS 1988).

Mechanistic studies with retrorsine, monocrotaline, clivorine, lasiocarpine, riddelliine N-oxide,
retrorsine N-oxide and monocrotaline N-oxide generated the same set of DHP derived DNA adducts
described as being responsible for liver tumour induction (Yan et al., 2008).

Further considerations on carcinogenicity risk in humans

For riddelliine, NTP concluded that the predominance of haemangiosarcoma was likely due to the
greater genotoxicity and toxicity in the endothelial cell than in the hepatocyte. (NTP 2008) and also for
other 1,2-unsaturated PAs, the carcinogenic potency is likely to be related to a combination of the
genotoxic potential and the toxicity (EFSA 2011). In the NTP-reports on both lasiocarpine and
riddelliine, a proliferative effect was observed also on hepatocytes, but this effect was not clearly dose-
related, and resulted in malignancy only in the high-dose groups, in a few individuals. In contrast, liver
haemangiosarcoma occurred at all dose levels in the rat lasiocarpine study. From a risk perspective,
liver haemangiosarcoma is therefore considered the key effect.

The relevance of PA-induced haemangiosarcoma in rodents requires careful consideration when
assessing human carcinogenic potential of PAs. The human intake of PAs through food and herbal
medicinal products has presumably been fairly constant over the last decades (or longer), yet the
incidence of liver haemangiosarcoma in humans is very low. Exact data on the occurrence of liver
haemangiosarcoma in the population is difficult to obtain, but all information points to the fact that this
is a very rare diagnosis.

Angiosarcoma is a malignant neoplasm of endothelial cells of blood vessels or lymphatic vessels and as
such included in the overarching term of soft tissue sarcomas, which in turn is a heterogeneous group
of neoplasms of mesenchymal origin that comprise more than 50 histology subtypes, many of them
very rare. Soft tissue sarcomas constitute less than 1% of all malignancies in adults. In the literature it
has recently been estimated that angiosarcoma accounts for approximately 2-3% of all soft tissue
sarcomas and primary hepatic angiosarcomas in turn accounts for <5% of all angiosarcomas (Zheng et
al., 2014). Hepatic angiosarcoma account for 0.1-2% of all primary hepatic malignancies, and
therefore it is considered to be the third most common primary hepatic malignancy (Kumar et al.,
2019).

In a review all available epidemiological information on the incidence of liver haemangiosarcoma based
on studies in Sweden, UK, USA and Norway were summarized. The conclusion was that the incidence
of liver haemangiosarcoma was approximately 0.5-2.5 cases per 10.000.000 individuals per year
(Zocchetti 2001). Furthermore, it has been estimated that about 20-25% of the cases are associated
with known etiologic factors such as vinyl chloride monomer exposure, use of Thorotrast
(thoriumdioxid) in angiography, exposure to inorganic arsenic and treatment with androgenic-anabolic
steroids (Falk et al., 1981; Rademaker et al., 2000; Zocchetti 2001). However, a much more common
association that is often overlooked is hepatic fibrosis and cirrhosis, which is reportedly present in 40%
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of biopsy specimens at the time of diagnosis (Pickhardt et al., 2015). In the majority of cases, the
aetiology however remains unknown (Wilson et al., 2019).

Another risk that cannot be excluded at present is that intake of PAs would result in other forms of
neoplasms in humans than in rodents. It is of course difficult to assess this risk, but the MOE
framework, used by EFSA and HMPC to arrive at an acceptable daily intake of PAs, has been devised to
accommodate such species differences.

Relative toxicity of different PAs

Investigation concerning toxicity suggest that structural differences of the various PAs have an
influence on the toxicity. Among the same type of PAs, variations in the number of ester substitutions,
lipophilicity, and steric hindrance of the necine acid groups could significantly affect the rate of
metabolic activation. It could be shown that retronecine-type PAs are much more susceptible than that
of otonecine-type PAs. It was also shown that pyrrole—protein adducts formed in-vitro by otonecine-
type PAs were significantly lower than those by retronecine-type PAs having similar necine acids.
Furthermore, among the nine retronecine-type PAs tested, the open-ring diester showed the highest
efficiency for pyrrole—protein adduct formation, followed by the 12-membered macrocyclic diester and
then by the 11-membered macrocyclic diester, while the monoester showed the lowest efficiencies
(Ruan et al., 2014).

It was seen worthwhile to find out whether it would be possible to identify potency factors for the
different 1,2-unsaturated PAs and their N-oxides, in order to evaluate the possible effects of combined
exposure. However, since the preferred data for comparing potency would be carcinogenicity, the
available data so far did not appear to be sufficient to distinguish between the potency of the PAs
tested (FAO/WHO 2016).

Different approaches were published, which take into account the different structures and/or the
different metabolism of the different PAs.

Merz & Schrenk proposed provisional potency factors for a series of 1,2-unsaturated PAs, based on
available data on i.p. and i.v. acute LDsg in rat and mouse, genotoxic potency in Drosophila
melanogaster, and in vitro cytotoxicity data in a model of chicken hepatocytes (Merz & Schrenk 2016).
Chen et al. proposed to derive relative potency factors (RPFs) for a series of PAs for which information
on tumour incidence following exposure in rats is available (Chen et al., 2017). However, EFSA
concluded in 2017 that, due to the limitations in the analysed data set and the provisional nature of
the semi-quantitative approach proposed by Merz & Schrenk, it is not adequate to use the derived
RPFs for the cumulative risk assessment of PAs in food. Similarly, the approach proposed by Chen et
al. has also important limitations and its use is not considered adequate for the risk assessment of PAs
(EFSA 2017b).

BMD analysis was used to calculate the critical effect dose for 15 PAs representing 6 structural classes
for micronuclei formation in HepaRG cells which express metabolising enzymes at levels similar to
primary human hepatocytes. When BMD confidence intervals were used to rank PAs, lasiocarpine was
the most potent PA and plotted distinctly from all other PAs examined (Allemang et al., 2018). When
comparing 37 PAs representing different chemical classes in different potency classes according to the
results of the concentration-dependent genotoxicity in the yH2AX in cell western assay in HepaRG
human liver cells, the group with the highest potency consists particularly of open diester PAs and
cyclic diester PAs (including riddelliine). The group of the least potent or non-active PAs includes the
monoester PAs, non-esterified necine bases, PANOs, and the unsaturated PA trachelanthamine
(Louisse et al., 2019). While lasiocarpine was 3.5-fold more active than riddelliine in the in vitro H2AX-
test, the predicted in vivo genotoxicity of riddelliine appeared to be 2.6-fold higher than that of
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lasiocarpine. This was explained by the differences in kinetics with a slower clearance of riddelliine
compared to lasiocarpine (Chen et al., 2019).

The relative potencies of a series of structurally diverse PAs were explored by measuring DNA adduct
formation in vitro in a rat sandwich culture hepatocyte (SCH) cell system. The adducts generated are
consistent with those identified in vivo as biomarkers of PA exposure and potential liver-tumour
formation and affirmed that PA toxicity varies considerably with chemical structure (Lester et al.,
2019).

In a comprehensive study incubating a set of PAs (22) belonging to different structural types with rat
or human liver microsomes together with GSH revealed differences in the degree of GSH conjugate
formation. Because of the probable toxic potency of the GSH-DHP conjugates, the formation could be
used to estimate the potency of PAs. The highest amounts of GSH conjugates were detected for the
open-chained diesters lasiocarpine and heliosupine as well as for the cyclic diesters seneciphylline and
jacobine. It is noted that with human liver microsomes all diesters formed GSH conjugates without
major structure-dependent differences (Geburek et al., 2020).

The development of models and the subsequent prediction of in vivo toxicity using such models
requires evaluation of the models and predictions made. The lack of in vivo carcinogenicity data for
other PAs then lasiocarpine and riddelliine may turn out a serious bottleneck for further development of
an alternative testing strategy for prediction of PA toxicity. Furthermore, especially considerations on
toxicokinetics/biokinetics issues will be needed to develop a robust understanding of relative potencies
for a realistic risk assessment of PA-mixtures (Allemang et al., 2018; Lester et al., 2019; Ning et al.,
2019a).

3. Conclusions and recommendations

3.1. Intake limits

Hepatotoxicity following the intake of toxic, unsaturated PAs is established. However, the dose-effect
relationship remains unclear and inter-individual differences in susceptibility are large. Furthermore,
hepatotoxicity caused by PAs may easily be misinterpreted as the result of other aetiologic factors,
such as alcohol abuse for example (Stickel & Seitz 2000).

However, there are no substantial, long-term follow-up data to assess whether exposure to toxic,
unsaturated PAs results in increased incidence of chronic liver disease or cancer in man. Toxic,
unsaturated PAs could also be possible carcinogens in man, since a number of them have been
demonstrated to induce cancer in experimental animals. In addition, in several instances of human
toxicity, the reported daily rates of intake of PAs were in close range of those known to induce tumours
in rats. Estimates of intakes causing toxic effects in human beings indicate that they are more sensitive
than rats and domestic animals. The lowest intake rate causing VOD in a human being was estimated
to be 0.015 mg/kg bw per day. It was a result of a self-medication with a comfrey preparation
(Symphytum officinale).

Low level, intermittent dietary exposure to toxic, unsaturated PAs can be expected, so that slowly
progressing chronic diseases such as cancer, cirrhosis and pulmonary hypertension are possible
outcomes from eating foods sometimes containing relatively low levels of PAs. Hepatotoxicity may not
always be the most prominent effect. P450 enzymes are also subject to induction by many (herbal)
medicinal products and their use could significantly enhance the toxicity of PAs in the diet. The
extended time period of progressive chronic disease development adds to the difficulty in identifying
dietary sources of PAs. It has to be considered that honey-containing products as mead, candy etc.
may also contain toxic, unsaturated PAs. Familial susceptibility to PAs toxicity can also be expected. It
should not be forgotten that anti-mutagenic compounds will also be ingested from food plants so that
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the impact of both mutagenic and anti-mutagenic compounds will be modulated by polymorphisms in
genes associated with nutrient or xenobiotic uptake, distribution and metabolism (Ferguson & Philpott
2008).

When using the data from the lasiocarpine study and using the TDsq approach the calculation leads to
acceptable intake of 0.39 ug/day. Thus, applying the factor of 50,000 and based on a body weight of
50 kg for adults, resulted a limit close to the one given in the first version of this Public statement
published in 2014 (0.35 pg/day). According to ICH M7 (EMA 2013) deduced BMDL4o has to be divided
by 10,000 to achieve the acceptable intake=0.0237 pg/kg body weight. When using the BMDL
approach and the data of the riddelliine study the calculation leads to acceptable intake of 1.0 pg/day
for adults (assuming a 50 kg personz2).

3.2. Recommendations on intake limits for PAs

In the evaluation of HMPs containing toxic, unsaturated PAs Member States should take steps to
ensure that the public are protected from exposure and the following thresholds should be applied.

Because of their known involvement in human poisoning and their possible carcinogenicity, exposure
to toxic, unsaturated PAs should be kept as low as practically achievable (IPCS 1988; EFSA 2007; BfR
2007b). According to the published literature, it is possible that the average dietary daily intake might
already be more than the amounts of toxic, unsaturated PAs which are seen to be safe.

Even though that the HMPC allows the Threshold of Toxicological Concern (TTC) concept for the risk
evaluation of herbal preparations containing identifiable genotoxic compounds this applies only to
preparations/compounds where an established safety assessment method cannot be applied by the
lack of data (EMA 2007; Buchholzer et al., 2014). The existing data on toxic, unsaturated PAs were
seen by different bodies sufficient to allow for a specific safety assessment (EFSA 2011).

Oral use

In conclusion of the re-evaluation of the carcinogenicity data, the dataset for riddelliine is considered
more suitable for limit calculations. Taking into account all other data summarised in the public
statement from studies with riddelliine and lasiocarpine in a weight of evidence approach, the small
differences in acceptable intakes calculated with TDsp and BMDL; are not considered to pose a safety
issue. Therefore, considering the insignificant difference in safety risk associated to the acceptable
intakes determined with TDsp and BMDL1o methods, the HMPC agreed that an acceptable intake
equivalent to 1.0 ug/day for an adult can be used as the limit for oral intake of PAs.

Sensitive groups

Children:

If children are included in the usage of certain products the daily amount of toxic, unsaturated PAs has
to be adjusted to the body weight of the age group: e.g. body weight of 20 kg would lead to an
acceptable daily intake of 0.5 pg toxic, unsaturated PAs per day.

Pregnant and breastfeeding women:

Sensitive groups such as pregnant and breastfeeding women are also covered by the limit calculated
above. If these limits are complied with, the chapter 4.6 of the SmPC of the products concerned should
be phrased according to the “Guideline on risk assessment of medicinal products on human
reproduction and lactation: from data to labelling” (EMEA/CHMP/203927/2005) (EMA 2008).

Cutaneous use

2 For ~18% (average) of the European population the body weight is given with less than 60 kg (EUROPEAN CoMMISSION 2006). This
number would increase to up to 30%, if only taking into account women. Therefore, the calculation is linked to a body weight of
50 kg. This is in accordance with ICH M7
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Until now, only rudimentary data concerning absorption of PAs through the skin exist. The study by
Brauchli et al. (1982) suggests that at least in rats, the dermal absorption could be 20-50 times less
than absorption via the intestinal route. The used test model (rat) is not sufficient for the risk
assessment in humans. For lycopsamine a diffusion of not more than 0.3% through human skin (in
vitro) was reported (Jedlinszki et al., 2017). The limitation of the study is that penetration was
analysed only in case of one PA.

It is to ensure that the amount of toxic, unsaturated PAs within the daily dose is <1.0 pg for adults.
The use is restricted to intact skin.

Higher contents of toxic, unsaturated PAs within the products would be possible if for the relevant
product (means the relevant matrix, because absorption might be greatly influenced by the excipients,
for instance essential oils as enhancers) low absorption rates (generated with modern analytical
techniques; in animal species comparable to human beings as regards skin characteristics or in vitro
human skin preparations) can be shown, not exceeding the daily intake of 1.0 pg toxic, unsaturated
PAs for adults.

Sensitive groups

Children:

If children are included in the usage of certain products the daily amount of toxic, unsaturated PAs has
to be adjusted to the body weight of the age group: e.g. body weight of 20 kg would lead to an
acceptable daily intake of 0.5 ug toxic, unsaturated PAs per day.

Pregnant and breastfeeding women:

Sensitive groups such as pregnant and breastfeeding women are also covered by the limit calculated
above. If these limits are complied with, the chapter 4.6 of the SmPC of the products concerned should
be phrased according to the “Guideline on risk assessment of medicinal products on human
reproduction and lactation: from data to labelling” (EMEA/CHMP/203927/2005).

PAs from active ingredients vs. PAs as contamination in HMPs

For contaminations of medicinal products (either contamination of the active ingredient or excipients)
with PAs the same limit of 1.0 pg per day for adults applies. For children and adolescents, the
maximum intake should be calculated according to the body weight.

For HMP with PA-containing herbal substances/preparations as active ingredient, the sum of PAs from
the active ingredient and possible contaminations with PAs should not exceed the given limits.

3.3. Quality measures to reduce contamination with PAs
Recommended strategy for risk management

The main approach for risk management of the PA contamination of HMPs should be according to the
concept of ALARA, i.e. as low as reasonably achievable. In principle, contamination of herbal
substances with PA-containing weeds should not occur at all due to existing requirements on
pharmaceutical product quality and compliance with GACP/GMP.

Quality aspects: control of PAs due to contamination in HMPs

With regard to actions to be undertaken by Member States arising from the concerns relating to the
quality of HMPs, two main aspects needs to be addressed:

1. Implementation of suitable testing procedures to ensure PA levels are controlled in line with limits
agreed.
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2. Implementation of measures to avoid or reduce PA contamination in HMPs.

4. Implementation of suitable testing procedures to control
PA levels

4.1. Analytical methods

Highly sensitive analytical methods are required to provide the level of quantification needed to control
PAs. There have been no official test methods available for PAs in HMPs. The HMPC has therefore
requested that the European Pharmacopoeia (Ph. Eur.) consider development of an appropriate
analytical method validation for PAs in HMPs as a matter of priority. An expert group was founded at
the European Directorate for the Quality of Medicines (EDQM) in September 2017 and in November
2020, the European Pharmacopoeia Commission adopted the new general chapter “Contaminant
pyrrolizidine alkaloids (2.8.26)” (Council of Europe 2021).

Table 2: PAs that should be at least quantified with the validated test method according to EDQM

1. Echimidine 11. Jacobine 21. Senecionine

2. Echimidine-N-oxide 12. Jacobine-N-oxide 22. Senecionine-N-oxide
3. Erucifoline 13. Lasiocarpine 23. Seneciphylline

4. Erucifoline-N-oxide 14. Lasiocarpine-N-oxide 24. Seneciphylline-N-oxide
5. Europine 15. Lycopsamine 25. Senecivernine

6. Europine-N-oxide 16. Lycopsamine-N-oxide 26. Senecivernine-N-oxide
7. Heliotrine 17. Monocrotaline 27. Senkirkine

8. Heliotrine-N-oxide 18. Monocrotaline-N-oxide 28. Trichodesmine

9. Intermedine 19. Retrorsine

10. Intermedine-N-oxide 20. Retrorsine-N-oxide

4.2. Specifications for herbal substances, herbal preparations, HMPs

The most appropriate stage for testing to take place should be considered; i.e. at the level of the
herbal substance, the herbal preparation or the herbal product. Regulatory specifications should be
created to reflect the controls introduced on PAs. In any event, the controls to be applied on PAs
should take account of the final posology of the HMPs.

An appropriate sampling plan should be developed depending whether the herbal substance (spot
contamination) or the herbal preparation/finished product (homogenous sample) is tested. Sampling
should be in accordance with Commission Regulation 401/2006/EC (European Commission 2006).

From data provided and supportive investigations, it can be concluded that essential oils with
pharmaceutical quality are to be seen as of low concern. Potential PA-contaminants in starting plant
material was not seen to be transferred into the corresponding essential oils due to on the one hand
the rather hydrophilic nature of PAs and on the other hand the two-step manufacturing process for
essential oils (initial process step is steam distillation or cold pressing, which is typically followed by a
refinement by rectification). Based on this, essential oils of pharmaceutical quality contained in HMPs
(either as active ingredient or as excipient) would not need to provide specifications concerning PA
content.
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4.3. Implementation of measures to avoid or reduce PA contamination in
HMPs

Due to worldwide cultivation/collection and season-dependent sourcing processes, a complete
elimination of PA contamination at all sourcing sites seems to be impossible. The findings of
widespread contamination by PAs in HMPs has confirmed that the situation with PA contamination is
serious and on an unprecedented scale. A detailed Code of Practice (CoP) has been developed by FAO
and WHO (Codex Alimentarius 2014). The CoP focuses on weed control and provides guidance on good
management practices to prevent and reduce PA contamination by control measures for the
management of PA-containing plants as well as measures for control of plant release and spread.

In addition, from 2013 onwards, the German HMPs industry has initiated measures, which were
intended to avoid and/or reduce PA contamination. Such measures consisted e.g. in causal research, in
analytical testing in order to minimise the content of PAs in HMPs and in the establishment of a CoP
that was elaborated together with herb growers (BAH 2016; Dittrich et al., 2016). The German CoP
provides a framework for the implementation of individual measures in pharmaceutical companies as
well as for the agricultural production steps. The main principle of the CoP is the identification of
potential risks for each process step along the entire process chain comprising e.g. cultivation,
harvesting, incoming goods inspection, drug processing up to the release of the final medicinal
product.

The results obtained by collection of data and annual evaluations, confirm the efficiency of the
performed measures according to the German CoP. Over the past few years, a clear reduction of the
total PA burden of HMPs can be seen that follows an asymptotic function (Steinhoff 2019). However,
the data provided by industry must be interpreted with caution due to various restrictions concerning
the collection of data and they do not allow the authorities to draw any regulatory relevant conclusions
(Wiesner et al., 2020).

The challenge to GACP is considerable as already small numbers of PA-containing weeds may lead to
contaminations exceeding the threshold recommended above. Available agricultural measures to
reduce PA weeds by way of selective herbicides, manual weeding/sorting, seed cleaning, inspection of
fields before harvesting etc., need to be put in place to achieve the reduction of PA contamination.

5. Abbreviations

BMD Benchmark dose

BMD10 Benchmark dose (giving 10% response)
BMDL10 Benchmark dose lower confidence limit

CoP Code of practice

CYP Cytochrome P450

DHP(s) Pyrrolic alcohols

GACP Good Agricultural and Collection Practice
GSH Glutathione

HMP(s) Herbal Medicinal Product(s)

IARC International Agency for Research on Cancer
LC-MS/MS Liquid chromatography tandem mass spectrometry
MOE Margin of exposure
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NADP/NADPH Nicotinamide adenine dinucleotide phosphate

NTP National Toxicology Program (USA)
PA(s) Pyrrolizidine alkaloid(s)

PANO(s) PA-N-oxide(s)

VOD Veno-occlusive disease

Public statement on the use of herbal medicinal products containing toxic, unsaturated pyrrolizidine alkaloids (PAs)
including recommendations regarding contamination of herbal medicinal products with PAs
EMA/HMPC/893108/2011 Page 26/36



6. References

Albert. Koninklijk besluit houdende verbod van de aflevering van geneesmiddelen op basis van
bepaalde planten (24/06/2000). Belgisch Staatsblad 2000, 25072

Allemang A, Mahony C, Lester C, Pfuhler S. Relative potency of fifteen pyrrolizidine alkaloids to induce
DNA damage as measured by micronucleus induction in HepaRG human liver cells. Food and Chemical
Toxicology 2018, 121:72-81

BAH 2016. Code of Practice to prevent and reduce pyrrolizidine alkaloid contaminations of medicinal
products of plant origin. 29/04/2016. Available at: https://www.journals.elsevier.com/journal-of-
applied-research-on-medicinal-and-aromatic-plants/news/code-of-practice-to-prevent-and-reduce-
pyrrolizidine-alkaloi. Accessed 06/2020

Barceloux DG. Medical Toxicology of Natural Substances-Foods, Fungi, Medicinal Herbs, Plants and
Venomous Animals. Wiley, New Jersey 2008

BfArM 2016. Bekanntmachung zur Priifung des Gehalts an Pyrrolizidinalkaloiden zur Sicherstellung der
Qualitat und Unbedenklichkeit von Arzneimitteln, die pflanzliche Stoffe bzw. pflanzliche Zubereitungen
oder homdopathische Zubereitungen aus pflanzlichen Ausgangsstoffen als Wirkstoffe enthalten
01/03/2016. Available at:
https://www.bfarm.de/DE/Arzneimittel/Arzneimittelzulassung/Zulassungsarten/BesondereTherapiericht
ungen/Allgemeines/ node.html. Assessed 06/2020

BfR 2007a. Salatmischung mit Pyrrolizidinalkaloid-haltigem Greiskraut verunreinigt. Opinion No.
028/2007 of 10/01/2007. Berlin (Germany): Bundesinstitut fiir Risikobewertung. Available at:
https://www.bfr.bund.de/cm/343/salatmischung mit pyrrolizidinalkaloid haltigem geiskraut verunrei
nigt.pdf. Accessed 06/2020

BfR 2007b. Nulltoleranzen in Lebens- und Futtermitteln-Positionspapier des BfR vom 12/03/2007.
Berlin (Germany): Bundesinstitut flr Risikobewertung. Available at:
https://mobil.bfr.bund.de/cm/343/nulltoleranzen in lebens und futtermitteln.pdf. Accessed 06/2020

BfR 2013. Pyrrolizidine alkaloids in herbal teas and teas. Opinion No. 018/2013 of 05/07/2013. Berlin
(Germany): Bundesinstitut fir Risikobewertung. Available at:
https://www.bfr.bund.de/cm/349/pyrrolizidine-alkaloids-in-herbal-teas-and-teas.pdf. Accessed
06/2020

BfR 2018. Updated risk evaluation of levels of 1,2-unsaturated pyrrolizidine alkaloids (PA) in foods.
Opinion No 020/2018 of 14/06/2018. Berlin (Germany): Bundesinstitut fiir Risikobewertung. Available
at: https://www.bfr.bund.de/cm/349/updated-risk-evaluation-of-levels-of-1-2-unsaturated-
pyrrolizidine-alkaloids-pa-in-foods.pdf. Accessed: 06/2020

BfR 2019. Pyrrolizidine alkaloid levels in dried and deep-frozen spices and herbs too high. BfR Opinion
No. 017/2019 of 13/05/2019. Berlin): Bundesinstitut fir Risikobewertung. Available at:
https://mobil.bfr.bund.de/cm/349/pyrrolizidine-alkaloid-levels-in-dried-and-deep-frozen-spices-and-
herbs-too-high.pdf. Accessed 06/2020

Bodi D, Ronczka S, Gottschalk C, Behr N, Skibba A, Wagner M et al. Determination of pyrrolizidine
alkaloids in tea, herbal drugs and honey. Food Additives & Contaminants: Part A 2014, 31(11):1886-
1895

Brauchli J, Lithy J, Zweifel U, Schlatter C. Pyrrolizidine alkaloids from Symphytum officinale L. and
their percutaneous absorption in rats. Experientia 1982, 38(9):1085-1087

Public statement on the use of herbal medicinal products containing toxic, unsaturated pyrrolizidine alkaloids (PAs)
including recommendations regarding contamination of herbal medicinal products with PAs
EMA/HMPC/893108/2011 Page 27/36


https://www.journals.elsevier.com/journal-of-applied-research-on-medicinal-and-aromatic-plants/news/code-of-practice-to-prevent-and-reduce-pyrrolizidine-alkaloi
https://www.journals.elsevier.com/journal-of-applied-research-on-medicinal-and-aromatic-plants/news/code-of-practice-to-prevent-and-reduce-pyrrolizidine-alkaloi
https://www.journals.elsevier.com/journal-of-applied-research-on-medicinal-and-aromatic-plants/news/code-of-practice-to-prevent-and-reduce-pyrrolizidine-alkaloi
https://www.bfarm.de/DE/Arzneimittel/Arzneimittelzulassung/Zulassungsarten/BesondereTherapierichtungen/Allgemeines/_node.html
https://www.bfarm.de/DE/Arzneimittel/Arzneimittelzulassung/Zulassungsarten/BesondereTherapierichtungen/Allgemeines/_node.html
https://www.bfr.bund.de/cm/343/salatmischung_mit_pyrrolizidinalkaloid_haltigem_geiskraut_verunreinigt.pdf
https://www.bfr.bund.de/cm/343/salatmischung_mit_pyrrolizidinalkaloid_haltigem_geiskraut_verunreinigt.pdf
https://mobil.bfr.bund.de/cm/343/nulltoleranzen_in_lebens_und_futtermitteln.pdf
https://www.bfr.bund.de/cm/349/pyrrolizidine-alkaloids-in-herbal-teas-and-teas.pdf
https://www.bfr.bund.de/cm/349/updated-risk-evaluation-of-levels-of-1-2-unsaturated-pyrrolizidine-alkaloids-pa-in-foods.pdf
https://www.bfr.bund.de/cm/349/updated-risk-evaluation-of-levels-of-1-2-unsaturated-pyrrolizidine-alkaloids-pa-in-foods.pdf
https://mobil.bfr.bund.de/cm/349/pyrrolizidine-alkaloid-levels-in-dried-and-deep-frozen-spices-and-herbs-too-high.pdf
https://mobil.bfr.bund.de/cm/349/pyrrolizidine-alkaloid-levels-in-dried-and-deep-frozen-spices-and-herbs-too-high.pdf

Buchholzer ML, Werner C, Knoess W. Current concepts on integrative safety assessment of active
substances of botanical, mineral or chemical origin in homeopathic medicinal products within the
European regulatory framework. Regulatory Toxicology and Pharmacology 2014, 68(2):193-200

Bundesgesetzblatt. Verordnung des Bundesministers fiir Gesundheit, Sport und Konsumentenschutz
vom 21. Juli 1994 betreffend Arzneimittel, die nicht in Verkehr gebracht werden dirfen. Wien 1994,
555/1994

Bundesgesundheitsamt. Bekanntmachung Uber die Zulassung und Registrierung von Arzneimitteln vom
05. Juni 1992 Abwehr von Arzneimitteln-Stufe II, hier: Arzneimittel, die Pyrrolizidin-Alkaloide mit
einem 1,2-ungeséttigtem Necin-Gerlst enthalten. BAnz 1992, 111:4805

CABI 2019. Invasive Species Compendium-Senecio jacobaea. Available at:
https://www.cabi.org/isc/datasheet/49558. Accessed 06/2020

Chen L, Mulder PPJ, Louisse J, Peijnenburg A, Wesseling S and Rietjens IMCM. Risk assessment for
pyrrolizidine alkaloids detected in (herbal) teas and plant food supplements. Regulatory Toxicology and
Pharmacology 2017, 86:292-302

Chen L, Peijnenburg A, de Haan L, Rietjens IMCM. Prediction of in vivo genotoxicity of lasiocarpine and
riddelliine in rat liver using a combined in vitro-physiologically based kinetic modelling-facilitated
reverse dosimetry approach. Archives of Toxicology 2019, 93(8):2385-2395

Chmit MS, Wahrig B, Beuerle T. Quantitative and qualitative analysis of pyrrolizidine alkaloids in
ligueurs, elixirs and herbal juices. Fitoterapia 2019, 136:104172

Chung SW, Lam AC. Investigation of pyrrolizidine alkaloids including their respective N-oxides in
selected food products available in Hong Kong by liquid chromatography electrospray ionisation mass
spectrometry. Food Additives & Contaminants: Part A - Chemistry, analysis, control, exposure & risk
assessment 2017, 34(7):1184-1192

Codex Alimentarius. FAO/WHO-Code of Practice for weed control to prevent and reduce pyrrolizidine
alkaloid contamination in food and feed. CAC/RCP 2014, 74-2014

COT 2008. COT Statement on Pyrrolizidine Alkaloids in Food. Committee on toxicity of chemicals in
food, consumer products and the environment. Available at:
https://cot.food.gov.uk/committee/committee-on-
toxicity/cotstatements/cotstatementsyrs/cotstatements2008/cotstatement200806. Accessed 06/2020

Coulombe RA. Pyrrolizidine alkaloids in foods. Advances in Food and Nutrition Research 2003, 45:61-
99

Council of Europe. European Pharmacopoeia Commission adopts new general chapter Contaminant
pyrrolizidine alkaloids (2.8.26). 05/01/2021. Available at: https://www.edgm.eu/en/news/european-
pharmacopoeia-commission-adopts-new-general-chapter-contaminant-pyrrolizidine. Accessed 06/
2021

CPMP 1992. “Herbal drugs with serious risks”-Listing of herbs and herbal derivatives withdrawn for
safety reasons. Available at: https://www.ema.europa.eu/en/documents/other/cpmp-list-herbal-drugs-
serious-risks en.pdf. Accessed: 06/2020

Culvenor CC. Estimated intakes of pyrrolizidine alkaloids by humans. A comparison with dose rates
causing tumors in rats. Journal of Toxicology and Environmental Health 1983, 11(4-6):625-635

Dalefield RR, Gosse MA, Mueller U. A 28-day oral toxicity study of echimidine and lasiocarpine in Wistar
rats. Regulatory Toxicology and Pharmacology 2016, 81:146-154

Public statement on the use of herbal medicinal products containing toxic, unsaturated pyrrolizidine alkaloids (PAs)
including recommendations regarding contamination of herbal medicinal products with PAs
EMA/HMPC/893108/2011 Page 28/36


https://www.cabi.org/isc/datasheet/49558
https://cot.food.gov.uk/committee/committee-on-toxicity/cotstatements/cotstatementsyrs/cotstatements2008/cotstatement200806
https://cot.food.gov.uk/committee/committee-on-toxicity/cotstatements/cotstatementsyrs/cotstatements2008/cotstatement200806
https://www.edqm.eu/en/news/european-pharmacopoeia-commission-adopts-new-general-chapter-contaminant-pyrrolizidine
https://www.edqm.eu/en/news/european-pharmacopoeia-commission-adopts-new-general-chapter-contaminant-pyrrolizidine
https://www.ema.europa.eu/en/documents/other/cpmp-list-herbal-drugs-serious-risks_en.pdf
https://www.ema.europa.eu/en/documents/other/cpmp-list-herbal-drugs-serious-risks_en.pdf

Dittrich H, Hosel K, Sievers H, Klier B, Waimer F, Heuberger H, et al. Code of Practice zur Vermeidung
und Verringerung von Kontaminationen pflanzlicher Arzneimittel mit Pyrrolizidinalkaloiden. Pharmind
2016, 78:836-845

Dormontt EE, Gardner MG, Breed MF, Rodger ]G, Prentis PJ, Lowe AJ. Genetic bottlenecks in time and
space: reconstructing invasions from contemporary and historical collections. PLoS One 2014,
9(9):€106874

Ebmeyer J, Behrend J, Lorenz M, Giinther G, Reif R, Hengstler JG, et al. Pyrrolizidine alkaloid-induced
alterations of prostanoid synthesis in human endothelial cells. Chemico-biological interactions 2019,
298:104-111

Edgar JA, Colegate SM, Boppré M. Molyneux RJ. Pyrrolizidine alkaloids in food: a spectrum of potential
health consequences. Food Additives & Contaminants-Part A 2011, 28(3):308-324

Edgar JA, Molyneux RJ, Colegate SM. Pyrrolizidine alkaloids: Potential Role in the Etiology of Cancers,
Pulmonary Hypertension, Congenital Anomalies, and Liver Disease. Chemical Research in Toxicology
2015, 28:4-20

EFSA 2007. Opinion of the Scientific Panel on contaminants in the food chain on a request from the
European Commission related to pyrrolizidine alkaloids as undesirable substances in animal feed
(Question N° EFSA-Q-2003-065). EFSA Journal 447:1-51

EFSA 2011. Scientific Opinion on Pyrrolizidine alkaloids in food and feed. EFSA Panel on Contaminants
in the Food Chain (CONTAM). EFSA Journal 9(11):2406, 134. Available at:
https://doi.org/10.2903/j.EFSA.2011.2406. Accessed 06/2020

EFSA 2016. Dietary exposure assessment to pyrrolizidine alkaloids in the European population. EFSA
Journal 14(8):4572, 50. Available at: https://doi.org/10.2903/j.EFSA.2016.4572. Accessed 06/2020

EFSA 2017a. Update: Guidance on the use of the benchmark dose approach in risk assessment. EFSA
Scientific Committee. EFSA Journal, 15(1):4658, 41. Available at:
https://doi.org/10.2903/j.EFSA.2017.4658. Accessed 06/2020

EFSA 2017b. Risks for human health related to the presence of pyrrolizidine alkaloids in honey, tea,
herbal infusions and food supplements. EFSA EFSA CONTAM Panel (Panel on Contaminants in the Food
Chain). EFSA Journal, 15(7):4908, 34. Available at: https://doi.org/10.2903/j.EFSA.2017.4908.
Accessed 06/2020

EMA 2007. Guideline on the assessment of genotoxic constituents of herbal substance/preparations.
EMEA/HMPC/107079/2007. Available at: https://www.ema.europa.eu/en/assessment-genotoxicity-
herbal-substancespreparations. Accessed 06/2020

EMA 2008. Guideline on risk assessment of medicinal products on human reproduction and lactation:
from data to labelling (EMEA/CHMP/203927/2005). Available at:

http://www.ema.europa.eu/docs/en GB/document library/Scientific guideline/2009/09/WC50000330
7.pdf. Accessed 06/2020

EMA 2013. ICH guideline M7(R1) on assessment and control of DNA reactive (mutagenic) impurities in
pharmaceuticals to limit potential carcinogenic risk. EMA/CHMP/ICH/83812/2013. Available at:
https://www.ema.europa.eu/en/ich-m7-assessment-control-dna-reactive-mutagenic-impurities-
pharmaceuticals-limit-potential. Accessed 06/2020

EMA 2014 Public statement on the use of herbal medicinal products containing toxic, unsaturated
pyrrolizidine alkaloids (PAs). EMA/HMPC/893108/2011. Available at:

Public statement on the use of herbal medicinal products containing toxic, unsaturated pyrrolizidine alkaloids (PAs)
including recommendations regarding contamination of herbal medicinal products with PAs
EMA/HMPC/893108/2011 Page 29/36


https://doi.org/10.2903/j.efsa.2011.2406
https://doi.org/10.2903/j.efsa.2016.4572
https://doi.org/10.2903/j.efsa.2017.4658
https://doi.org/10.2903/j.efsa.2017.4908
https://www.ema.europa.eu/en/assessment-genotoxicity-herbal-substancespreparations
https://www.ema.europa.eu/en/assessment-genotoxicity-herbal-substancespreparations
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003307.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003307.pdf
https://www.ema.europa.eu/en/ich-m7-assessment-control-dna-reactive-mutagenic-impurities-pharmaceuticals-limit-potential
https://www.ema.europa.eu/en/ich-m7-assessment-control-dna-reactive-mutagenic-impurities-pharmaceuticals-limit-potential

http://www.ema.europa.eu/docs/en GB/document library/Public statement/2014/12/WC500179559.
pdf. Accessed 06/2020

EMA 2016. Public statement on contamination of herbal medicinal products/traditional herbal medicinal
products with pyrrolizidine alkaloids. EMA/HMPC/328782/2016. Available at:
https://www.ema.europa.eu/documents/public-statement/public-statement-contamination-herbal-
medicinal-products/traditional-herbal-medicinal-products-pyrrolizidine-alkaloids en.pdf. Accessed
06/2020

El Dareer SM, Tillery KF, Lloyd HH, Hill DL. Disposition of indicine N-oxide in mice and monkeys.
Cancer Treatment Reports 1982, 66(1):183-186

European Commission 2006. Commission Regulation (EC) No 401/2006 of 23/02/2006 laying down the
methods of sampling and analysis for the official control of the levels of mycotoxins in foodstuffs.
Available at: http://data.europa.eu/eli/reg/2006/401/0j. Accessed 06/2020

European Commission 2008. Commission Decision of 27/06/2008 authorising the placing on the
market of refined echium oil as novel food ingredient under Regulation (EC) No 258/97 of the
European Parliament and of the Council (notified under document number C (2008) 3049)
(2008/558/EC). Available at: https://op.europa.eu/en/publication-detail/-/publication/4a3fb126-8048-
45ad-b173-672afd8041ad/language-en. Accessed 06/2020

European Commission Regulation (EU) 2020/2040 of 12/2020 amending Regulation (EC) No
1881/2006 as regards maximum levels of pyrrolizidine alkaloids in certain food stuff. Official Journal of
the European Union 2020, 63:0L420:1-5

Falk H, Herbert J, Crowley S, Ishak KG, Thomas LB, Popper, H, et al. Epidemiology of hepatic
angiosarcoma in the United States: 1964-1974. Environmental Health Perspectives 1981, 41:107-103

FAO/WHO (Food and Agriculture Organization/World Health Organization). Discussion paper on
pyrrolizidine alkaloids, Joint FAO/WHO food standards programme, CODEX Committee on
Contaminants in Foods, 5t Session, The Hague, The Netherlands, 21-25/03/2011. Available from
http://www.fao.org/input/download/report/758/REP11 CFe.pdf. Accessed 06/2020

FAO/WHO (Joint FAO/WHO Expert Committee on Food Additives). Evaluation of certain food additives
and contaminants. Evaluation of certain food additives and contaminants: eightieth report of the Joint
FAO/WHO Expert Committee on Food Additives 2016, WHO technical report series; no. 995. Available
at: https://apps.who.int/food-additives-contaminants-jecfa-database/chemical.aspx?chemID=6301.
Accessed 06/2020

Fashe MM, Juvonen RO, Petsalo A, Rasanen ], Pasanen M. Species-Specific Differences in the in vitro
Metabolism of Lasiocarpine. Chemical Research in Toxicology 2015, 28(10):2034-2044

Flade ], Beschow H, Wensch-Dorendorf M, Plescher A, Watjen W. Occurrence of Nine Pyrrolizidine
Alkaloids in Senecio vulgaris L. Depending on Developmental Stage and Season. Plants 2019, 8(3). pii:
E54. In press, doi 10.3390/plants8030054

FSANZ. Pyrrolizidine alkaloids in food. A toxicological review and risk assessment. Food Standards
Australia New Zealand 2001, Technical report Series No. 2. Available
at:https://www.foodstandards.gov.au/publications/documents/TR2.pdf. Accessed 06/2001

Fu PP. Pyrrolizidine Alkaloids: Metabolic Activation Pathways Leading to Liver Tumour Initiation.
Chemical Research in Toxicology 2017, 30:81-93

Fu PP, Xia Q, Lin G, Chou MW. Pyrrolizidine alkaloids—genotoxicity, metabolism enzymes, metabolic
activation, and mechanisms. Drug Metabolism Reviews 2004, 36(1):1-55

Public statement on the use of herbal medicinal products containing toxic, unsaturated pyrrolizidine alkaloids (PAs)
including recommendations regarding contamination of herbal medicinal products with PAs
EMA/HMPC/893108/2011 Page 30/36


http://www.ema.europa.eu/docs/en_GB/document_library/Public_statement/2014/12/WC500179559.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Public_statement/2014/12/WC500179559.pdf
https://www.ema.europa.eu/documents/public-statement/public-statement-contamination-herbal-medicinal-products/traditional-herbal-medicinal-products-pyrrolizidine-alkaloids_en.pdf
https://www.ema.europa.eu/documents/public-statement/public-statement-contamination-herbal-medicinal-products/traditional-herbal-medicinal-products-pyrrolizidine-alkaloids_en.pdf
http://data.europa.eu/eli/reg/2006/401/oj
https://op.europa.eu/en/publication-detail/-/publication/4a3fb126-8048-45ad-b173-672afd8041ad/language-en
https://op.europa.eu/en/publication-detail/-/publication/4a3fb126-8048-45ad-b173-672afd8041ad/language-en
http://www.fao.org/input/download/report/758/REP11_CFe.pdf
https://apps.who.int/food-additives-contaminants-jecfa-database/chemical.aspx?chemID=6301
https://www.foodstandards.gov.au/publications/documents/TR2.pdf

Gao H, Li N, Wang, J]Y, Zhang SC, Lin G. Definitive diagnosis of hepatic sinusoidal obstruction
syndrome induced by pyrrolizidine alkaloids. Journal of Digestive Diseases 2012, 13:33-39

Geburek I, Preiss-Weigert A, Lahrssen-Wiederholt M, Schrenk D, These A. In vitro metabolism of
pyrrolizidine alkaloids—Metabolic degradation and GSH conjugate formation of different structure types.
Food and Chemical Toxicology 2020, 135:110868

Guo L, Mei N, Dial S, Fuscoe J, Chen T. Comparison of gene expression profiles altered by comfrey and
riddelliine in rat liver. BMC Bioinformatics 2007, 8 (Suppl 7):S22

Guo Y, Xiao D, Yang X, Zheng J, Hu S, Wu P, et al. Prenatal exposure to pyrrolizidine alkaloids induced
hepatotoxicity and pulmonary injury in fetal rats. Reproductive Toxicology 2019, 85:34-41

Hartmann T, Toppel G. Senecionine N-oxid, the primary product of pyrrolizidine alkaloid biosynthesis in
root cultures of Senecio vulgaris. Phytochemistry 1987, 26(6):1639-1643

He X, Xia Q, Wu Q, Tolleson WH, Lin G, Fu PP. Primary and secondary pyrrolic metabolites of
pyrrolizidine alkaloids form DNA adducts in human A549 cells. Toxicology in vitro 2019, 54:286-294

Hessel-Pras S, Braeuning A, Guenther G, Adawy A, Enge AM, Ebmeyer J, et al. The pyrrolizidine
alkaloid senecionine induces CYP-dependent destruction of sinusoidal endothelial cells and cholestasis
in mice. Archives of Toxicology 2020, 94(1):219-229

Hill BD, Gaul KL, Noble JW. Poisoning of feedlot cattle by seeds of Heliotropium europaeum. Australian
Veterinary Journal 1997, 75(5):360-361

Hoogenboom LAP, Mulder PPJ, Zeilmaker MJ, van den Top HJ], Remmelink GJ, et al. Carry-over of
pyrrolizidine alkaloids from feed to milk in dairy cows. Food Additives and Contaminants 2011,
28(3):359-372

Hsu IC, Allen JR, Chesney CF. Identification and toxicological effects of dehydroretronecine, a
metabolite of monocrotaline. Proceedings of the Society for Experimental Biology and Medicine 1973a,
142(4):1133-1136

Hsu IC, Chesney CF, Allen JR. Chronic effects of monocrotaline pyrrole on hepatic mitosis and DNA
synthesis. Proceedings of the Society for Experimental Biology and Medicine 1973b, 144(3):834-838

Huan, JY, Miranda CL, Buhler DR, Cheeke PR. The roles of CYP3A and CYP2B isoforms in hepatic
bioactivation and detoxification of the pyrrolizidine alkaloid senecionine in sheep and hamsters.
Toxicology and applied Pharmacology 1998, 151:229-235

Huxtable RJ]. Activation and pulmonary toxicity of pyrrolizidine alkaloids. Pharmacology & Therapeutics
1990, 47(3):371-389

IARC. IARC (International Agency for Research on Cancer) Monographs on the evaluation of
carcinogenic risks to humans. Vol. 82: Some traditional herbal medicines, some mycotoxins,
naphthalene and styrene. IARC press, Lyon 2002

IPCS. International Programme on Chemical Safety (WHO). Pyrrolizidine Alkaloids. Environmental
Health Criteria 80. Geneva 1988. Available at:
http://www.inchem.org/documents/ehc/ehc/ehc080.htm. Accessed 06/2020

Jedlinszki N, Balazs B, Csanyi E, Csupor D. Penetration of lycopsamine from a comfrey ointment
through human epidermis. Regulatory Toxicology and Pharmacology 2017, 83:1-4

Kaltner F, Rychlik M, Gareis M, Gottschalk C. Occurrence and Risk Assessment of Pyrrolizidine Alkaloids
in Spices and Culinary Herbs from Various Geographical Origins. Toxins 2020, in press, doi
10.3390/toxins12030155

Public statement on the use of herbal medicinal products containing toxic, unsaturated pyrrolizidine alkaloids (PAs)
including recommendations regarding contamination of herbal medicinal products with PAs
EMA/HMPC/893108/2011 Page 31/36


http://www.inchem.org/documents/ehc/ehc/ehc080.htm

Kempf M, Reinhard A, Beuerle T. Pyrrolizidine alkaloids (PAs) in honey and pollen-legal regulation of
PA levels in food and animal feed required. Molecular Nutrition & Food Research 2010, 54:158-168

Kolrep F, Numata ], Kneuer C, Preiss-Weigert A, Lahrssen-Wiederholt M, Schrenk D, et al. In vitro
biotransformation of pyrrolizidine alkaloids in different species. Part I: Microsomal degradation.
Archives of Toxicology 2018, 92:1089-1097

Kraus C, Abel G, Schimmer O. Studies on the chromosome damaging effect of some pyrrolizidine
alkaloids in human lymphocytes in vitro. Planta Medica 1985, 51(2):89-91

Kumar A, Sharma B, Samant H (2019). Cancer, Liver Angiosarcoma. In: StatPearls (Internet).
Treasure Island (FL): StatPearls Publishing 2020. Available at:
https://www.ncbi.nlm.nih.gov/books/NBK538224/. Accessed 06/2020

Lester C, Troutman J, Obringer C, Wehmeyer K, Stoffolano P, Karb M, et al. Intrinsic Relative Potency
of a Series of Pyrrolizidine Alkaloids Characterised by Rate and Extent of Metabolism. Food and
Chemical Toxicology 2019, 131:110523

Letsyo E, Jerz G, Winterhalter P, Beuerle T. Toxic pyrrolizidine alkaloids in herbal medicines commonly
used in Ghana. Journal of Ethnopharmacology 2017a, 202:154-161

Letsyo E, Jerz G, Winterhalter P, Lindigkeit R, Beuerle T. Incidence of Pyrrolizidine Alkaloids in Herbal
Medicines from German Retail Markets: Risk Assessments and Implications to Consumers.
Phytotherapy Research 2017b, 31:1903-1909

Lin 13, Liu C, Svoboda DJ. Long term effects of aflatoxin B1 and viral hepatitis on marmoset liver. A
preliminary report. Laboratory Investigation 1974, 30(3):267-278

Liu W, Li X, Zhou B, Fang S, Ho W, Chen H, et al. Differential induction of apoptosis and autophagy by
pyrrolizidine alkaloid clivorine in human hepatoma Huh-7.5 cells and its toxic implication. PLoS One
2017, 12(6):e0179379

Louisse ], Rijkers D, Stoopen G, Holleboom WJ, Delagrange M, Molthof E, et al. Determination of
genotoxic potencies of pyrrolizidine alkaloids in HepaRG cells using the yH2AX assay. Food and
Chemical Toxicology 2019, 131:110532. In press, doi 10.1016/j.fct.2019.05.040

Luckert C, Braeuning A, Lampen A, Hessel-Pras S. PXR: Structure-specific activation by hepatotoxic
pyrrolizidine alkaloids. Chemico-biological interactions 2018, 288:38-48

Ma J, Xia Q, Fu PP, Ge Lin G. Pyrrole-protein adducts-A biomarker of pyrrolizidine alkaloid-induced
hepatotoxicity. Journal of Food and Drug Analysis 2018, 26:965-972

Martin PA, Thorburn MJ, Hutchinson S, Bras G, Miller CG. Preliminary findings of chromosomal studies
on rats and humans with veno-occlusive disease. British Journal of Experimental Pathology 1972,
53(4):374-380

Mattocks AR. Tissue distribution of radioactivity in rats given tritiated analogues of hepatotoxic
pyrrolizidine alkaloids. Xenobiotica 1977, 7(11):665-670

Mattocks AR Chemistry and toxicology of pyrrolizidine alkaloids. Academic press, London, New York
1986

Mei N, Guo L, Liu R, Fuscoe JC, Chen T. Gene expression changes induced by the tumorigenic
pyrrolizidine alkaloid riddelliine in liver of Big Blue rats. BMC Bioinformatics 2007, 8 (Suppl 7):S4

Mei N, Guo L, Fu PP, Fuscoe JC, Luan Y, Chen T. Metabolism, genotoxicity, and carcinogenicity of
comfrey. Journal of Toxicology and Environmental Health 2010, Part B, Critical Reviews 13 (7-8):509-
526

Public statement on the use of herbal medicinal products containing toxic, unsaturated pyrrolizidine alkaloids (PAs)
including recommendations regarding contamination of herbal medicinal products with PAs
EMA/HMPC/893108/2011 Page 32/36


https://www.ncbi.nlm.nih.gov/books/NBK538224/

Merz KH, Schrenk D. Interim relative potency factors for the toxicological risk assessment of
pyrrolizidine alkaloids in food and herbal medicine. Toxicology Letters 2016, 263:44-57

Molyneux RJ], Gardner DL, Colegate SM, Edgar JA (2011). Pyrrolizidine alkaloid toxicity in livestock: a
paradigm for human poisoning? Food Additives and Contaminants 2011, 28(3):293-307

Moreira R, Pereira DM, Valentdo P, Andrade PB. Pyrrolizidine Alkaloids: Chemistry, Pharmacology,
Toxicology and Food Safety. International journal of molecular sciences 2018, in press, doi
10.3390/ijms19061668

Mulder PP], Beumer B, Oosterink E, de Jong J. Dutch survey on pyrrolizidine alkaloids in animal forage
2010, Report No. 2009.518. Wageningen (The Netherlands): RIKILT. Available at:
https://research.wur.nl/en/publications/dutch-survey-pyrrolizidine-alkaloids-in-animal-forage.
Accessed 06/2020

Mulder PPJ], Lopez Sanchez P, These A, Preiss-Weigert A and Castellari M. Occurrence of Pyrrolizidine
Alkaloids in food. EFSA supporting publication 2015, EN-859. Available at:
https://EFSA.onlinelibrary.wiley.com/doi/abs/10.2903/sp.EFSA.2015.EN-859. Accessed 06/2020

Mulder PP], de Witte SL, Stoopen GM, van der Meulen J, van Wikselaar PG, Gruys E, et al. Transfer of
pyrrolizidine alkaloids from various herbs to eggs and meat in laying hens. Food Additives &
Contaminants-Part A 2016, 33(12):1826-1839

Mulder PP], Lopez P, Castelari M, Bodi D, Ronczka S, Preiss-Weigert A, et al. Occurrence of
pyrrolizidine alkaloids in animal- and plant-derived food: results of a survey across Europe. Food
Additives & Contaminants-Part A 2018, Chemistry, Analysis, Control, Exposure & Risk Assessment,
35(1): 118-133

Muluneh F, Hakkinen MR, El-Dairi R, Pasanen M, Juvonen RO. New glutathione conjugate of
pyrrolizidine alkaloids produced by human cytosolic enzyme-dependent reactions in vitro. Rapid
communications in mass spectrometry 2018, 32(16):1344-1352

Neumann MG, Cohen LB, Steenkamp V. Pyrrolizidine alkaloids enhance alcohol-induced
hepatocytotoxicity in vitro in normal human hepatocytes. European Review for Medical and
Pharmacological Sciences 2017, 21(1):53-68

Ning J, Chen L, Rietjens IMCM. Role of toxicokinetics and alternative testing strategies in pyrrolizidine
alkaloid toxicity and risk assessment; state-of-the-art and future perspectives. Food and Chemical
Toxicology 2019b, 131:110572

Ning J, Chen L, Strikwold M, Louisse ], Wesseling S, Rietjens IMCM. Use of an in vitro-in silico testing
strategy to predict inter-species and inter-ethnic human differences in liver toxicity of the pyrrolizidine
alkaloids lasiocarpine and riddelliine. Archives of Toxicology 2019b, 93(3):801-818

NTP 1978. Bioassay of lasiocarpine for possible carcinogenicity. Technical report series No. 39.
Available at: http://ntp.niehs.nih.gov/ntp/htdocs/It rpts/tr039.pdf. Accessed 06/2016

NTP 2008. Final Report on Carcinogens-Background Document for Riddelliine. Available at:
https://pubmed.ncbi.nlm.nih.gov/20737008/. Accessed 06/2016

Nyska A, Moomaw CR, Foley JF, Maronpot RR, Malarkey DE, Cummings CA, et al. The hepatic
endothelial carcinogen riddelliine induces endothelial apoptosis, mitosis, S phase, and p53 and
hepatocytic vascular endothelial growth factor expression after short-term exposure. Toxicology and
Applied Pharmacology 2002, 184(3):153-164

Public statement on the use of herbal medicinal products containing toxic, unsaturated pyrrolizidine alkaloids (PAs)
including recommendations regarding contamination of herbal medicinal products with PAs
EMA/HMPC/893108/2011 Page 33/36


https://research.wur.nl/en/publications/dutch-survey-pyrrolizidine-alkaloids-in-animal-forage.%20Accessed%2006/2020
https://research.wur.nl/en/publications/dutch-survey-pyrrolizidine-alkaloids-in-animal-forage.%20Accessed%2006/2020
https://efsa.onlinelibrary.wiley.com/doi/abs/10.2903/sp.efsa.2015.EN-859
http://ntp.niehs.nih.gov/ntp/htdocs/lt_rpts/tr039.pdf
https://pubmed.ncbi.nlm.nih.gov/20737008/

Peterson JE, Samuel A, Jago MV. Pathological effects of dehydroheliotridine, a metabolite of
heliotridine-based pyrrolizidine alkaloids, in the young rat. The Journal of Pathology 1972, 107(3):175-
189

Pickhardt PJ, Kitchin D, Lubner MG, Ganeshan DM, Bhalla S, Covey AM. Primary hepatic angiosarcoma:
multi-institutional comprehensive cancer centre review of multiphasic CT and MR imaging in 35
patients. European Radiology 2015, 25(2):315-322

Prakash AS, Pereira TN, Reilly PE, Seawright AA. Pyrrolizidine alkaloids in human diet. Mutation
Research 1999, 443(1-2):53-67

Preliasco M, Gardner D, Moraes J, Gonzalez AC, Uriarte G, Rivero R. Senecio grisebachii Baker:
Pyrrolizidine alkaloids and experimental poisoning in calves. Toxicon 2017, 133:68-73

Powis G, Ames MM, Kovach J]S. Metabolic conversion of indicine N-oxide to indicine in rabbits and
humans. Cancer Research 1979, 39:3564-3570

Rademaker J, Widjaja A, Galanski M. Hepatic angiosarcoma: imaging findings and differential
diagnosis. European Radiology 2000, 10:129-133

Ridker PM, Ohkuma S, McDermott WV, Trey C, Huxtable RJ]. Hepatic venoocclusive disease associated
with the consumption of pyrrolizidine-containing dietary supplements. Gastroenterology 1985,
88:1050-1054

Riordan JR, Richards V. Human fetal liver contains both zinc- and copper-rich forms of metallothionein.
The Journal of Biological Chemistry 1980, 255(11):5380-5383

RIVM 2015. Adequate limit value for pyrrolizidine alkaloids in herbal tea and herbal preparations.
Available at: https://www.rivm.nl/en/news/adequate-limit-value-for-pyrrolizidine-alkaloids-in-herbal-
tea-and-herbal-preparations. Accessed 06/2020

Roeder E. Medicinal plants in China containing pyrrolizidine alkaloids. Pharmazie 2000, 55(10):711-726

Ruan J, Yang M, Fu P, Ye Y, Lin G. Metabolic Activation of Pyrrolizidine Alkaloids: Insights into the
Structural and Enzymatic Basis. Chemical Research in Toxicology 2014, 27:1030-1039

Schoental R. Liver lesions in young rats suckled by mothers treated with the pyrrolizidine (Senecio)
alkaloids, lasiocarpine and retrorsine. The Journal of Pathology and Bacteriology 1959, 77(2):485-495

Schoental R, Magee PN. Chronic liver changes in rats after a single dose of lasiocarpine, a pyrrolizidine
(Senecio) alkaloid. Journal of Pathology and Bacteriology 1957, 74(2):305-319

Schramm S, Kéhler N, Rozhon W. Pyrrolizidine Alkaloids: Biosynthesis, Biological Activities and
Occurrence in Crop Plants. Molecules 2019, 24(3):498

Smith MV, Nyska A, Portier C. Application of a statistical dynamic model investigating the short-term
cellular kinetics induced by riddelliine, a hepatic endothelial carcinogen. Toxicological Sciences 2004,
80(2):258-267

Stegelmeier BL, Colegate SM, Brown AW. Dehydropyrrolizidine Alkaloid Toxicity, Cytotoxicity, and
Carcinogenicity. Toxins 2016, in press, doi 10.3390/toxins8120356

Stegelmeier BL, Edgar JA, Colegate SM, Gardner DR, Schoch Tk, et al. Pyrrolizidine alkaloid plants,
metabolism and toxicity. Journal of Natural Toxins 1999, 8(1):95-116

Steinhoff B. Pyrrolizidine alkaloid contamination in herbal medicinal products: Limits and occurrence.
Food and Chemical Toxicology 2019, 130:262-266

Stickel F, Seitz HK. The efficacy and safety of comfrey. Public Health Nutrition 2000, 3(4A):501-508

Public statement on the use of herbal medicinal products containing toxic, unsaturated pyrrolizidine alkaloids (PAs)
including recommendations regarding contamination of herbal medicinal products with PAs
EMA/HMPC/893108/2011 Page 34/36


https://www.rivm.nl/en/news/adequate-limit-value-for-pyrrolizidine-alkaloids-in-herbal-tea-and-herbal-preparations
https://www.rivm.nl/en/news/adequate-limit-value-for-pyrrolizidine-alkaloids-in-herbal-tea-and-herbal-preparations

Stuart KL, Bras G. Veno-occlusive disease of the liver. Quarterly Journal of Medicine 1957, Nr Series
XXVI 103:291-315

Suparmi S, Mulder PPJ, Rietjens IMCM. Detection of pyrrolizidine alkaloids in jamu available on the
Indonesian market and accompanying safety assessment for human consumption. Food and Chemical
Toxicology 2020, 138:111230

Swick RA, Cheeke PR, Patton NM, Buhler DR. Absorption and excretion of pyrrolizidine (Senecio)
alkaloids and their effects on mineral metabolism in rabbits. Journal of Animal Science 1982,
55(6):1417-1424

Tandon HD, Tandon BN, Tandon R, Nayak NC. A pathological study of the liver in an epidemic outbreak
of veno-occlusive disease. Indian Journal of Medical Research 1977, 65:679-684

Teuscher E, Lindequist U. Biogene Gifte. Biologie-Chemie-Pharmakologie. Gustav Fischer Verlag,
Stuttgart, Jena, New York, 1994

Tsutsumi M. Current and potential distribution of Senecio madagascariensis Poir. (fireweed), an
invasive alien plant in Japan. Grassland Science 2011, 57(3):150-157

Wang C, Li Y, Gao J, He Y, Xiong A, Yang L, et al. The comparative pharmacokinetics of two
pyrrolizidine alkaloids, senecionine and adonifoline, and their main metabolites in rats after
intravenous and oral administration by UPLC/ESIMS. Analytical and Bioanalytical Chemistry 2011,
401(1):275-287

White IN. Excretion of pyrrolic metabolites in the bile of rats given the pyrrolizidine alkaloid retrorsine
or the bis-N-ethylcarbamate of synthanecine A. Chemico-Biological Interactions 1977, 16:169-180

Wiedenfeld H. Plants containing pyrrolizidine alkaloids: toxicity and problems. Food additives and
Contaminants 2011, 28(3):282-292

Wiedenfeld H, Edgar J. Toxicity of pyrrolizidine alkaloids to humans and ruminants. Phytochemistry
Reviews 2011, 10:137-151

Wiesner ], Reh K, Knéss W. Regulatorische Aspekte zu PA-Kontaminationen in Arzneipflanzen
(Regulatory Aspects concerning PA contamination in medicinal plants). Journal fiir Kulturpflanzen
2020, 72(4):84-87

Williams L, Chou MW, Yan J, Young JF, Chan PC, Doerge DR. Toxicokinetics of riddelliine, a
carcinogenic pyrrolizidine alkaloid, and metabolites in rats and mice. Toxicology and Applied
Pharmacology 2002, 182:98-104

Wilson GC, Lluis N, Nalesnik MA, Nassar A, Serrano T, Ramos E, et al. Hepatic Angiosarcoma: A Multi-
institutional, International Experience with 44 Cases. Annals of Surgical Oncology 2019, 26(2):576-582

Xia Q, He X, Shi Q, Lin G, Fu PP. Quantitation of DNA reactive pyrrolic metabolites of senecionine - A
carcinogenic pyrrolizidine alkaloid by LC/MS/MS analysis. Journal of Food and Drug Analysis 2020,
28:167-174

Yan J, Xia Q, Chou MW, Fu PP. Metabolic activation of retronecine and retronecine N-oxid-formation of
DHP-derived DNA adducts. Toxicology and Industrial Health 2008, 24:181-188

Yang X, Li W, Li H, Wang X, Chen Y, Guo X, et al. A Difference in Internal Exposure Makes Newly
Weaned Mice More Susceptible to the Hepatotoxicity of Retrorsine Than Adult Mice. Chemical Research
in Toxicology 2018, 31(12):1348-1355

Public statement on the use of herbal medicinal products containing toxic, unsaturated pyrrolizidine alkaloids (PAs)
including recommendations regarding contamination of herbal medicinal products with PAs
EMA/HMPC/893108/2011 Page 35/36



Yang M, Ma J, Ruan J, Zhang C, Ye Y, Fu PP, et al. Absorption difference between hepatotoxic
pyrrolizidine alkaloids and their N-oxides — Mechanism and its potential toxic impact. Journal of
Ethnopharmacology 2020, 249:112421. In press, doi 10.1016/j.jep.2019.112421

Yee SB, Kinser S, Hill DA, Barton CC, Hotchkiss JA, Harkema JR, et al. Synergistic hepatotoxicity from
coexposure to bacterial endotoxin and the pyrrolizidine alkaloid monocrotaline. Toxicology and Applied
Pharmacology 2000, 166(3):173-185

Zheng YW, Zhang XW, Zhang JL, Zhen-zhen H, Wei-jiao D, Run-mei L, et al. Primary hepatic
angiosarcoma and potential treatment options. Journal of Gastroenterology and Hepatology 2014,
29:906-911

Zocchetti C. Angiosarcoma del fegato nell'uomo: considerazioni epidemiologiche. La Medicina del
Lavoro 2001, 92(1):39-53

Public statement on the use of herbal medicinal products containing toxic, unsaturated pyrrolizidine alkaloids (PAs)
including recommendations regarding contamination of herbal medicinal products with PAs
EMA/HMPC/893108/2011 Page 36/36



	1.  Introduction (Problem statement)
	1.1.  Occurrence of pyrrolizidine alkaloids (PAs)
	1.2.  Chemistry and types of PAs
	1.3.  Human exposure to PAs via food
	1.4.  Contamination of herbal medicinal products

	2.  Discussion
	2.1.  Assessment of PAs or PA-containing products
	2.2.  Pharmacokinetics of PAs
	2.3.  Mechanism of toxic action of PAs
	2.3.1.  Single and repeat dose toxicity in animals
	2.3.2.  Acute and chronic toxicity in humans
	2.3.3.  Genotoxicity and Carcinogenicity of PAs


	3.  Conclusions and recommendations
	3.1.  Intake limits
	3.2.  Recommendations on intake limits for PAs
	3.3.  Quality measures to reduce contamination with PAs

	4.  Implementation of suitable testing procedures to control PA levels
	4.1.  Analytical methods
	4.2.  Specifications for herbal substances, herbal preparations, HMPs
	4.3.  Implementation of measures to avoid or reduce PA contamination in HMPs

	5.  Abbreviations
	6.   References

