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PREFACE

The monograph contained in this volume was prepared following the eightieth meeting
of the Joint Food and Agriculture Organization of the United Nations (FAO)/World Health
Organization (WHO) Expert Committee on Food Additives (JECFA), which met at FAO
headquarters in Rome, Italy, from 16 to 25 June 2015. This monograph summarizes the data
on one contaminant group reviewed by the Committee. Monographs on seven food additive
groups and another contaminant group discussed at the meeting have been published in
WHO Food Additives Series 71 and a separate supplement in WHO Food Additive Series 71,
respectively.

The eightieth report of JECFA has been published by WHO as WHO Technical Report
No. 995. Reports and other documents resulting from previous meetings of JECFA are listed
in Annex 1. The participants in the meeting are listed in Annex 2 of the present publication.

JECFA serves as a scientific advisory body to FAO, WHO, their Member States and the
Codex Alimentarius Commission, primarily through the Codex Committee on Food Additives,
the Codex Committee on Contaminants in Food and the Codex Committee on Residues of
Veterinary Drugs in Foods, regarding the safety of food additives, residues of veterinary drugs,
naturally occurring toxicants and contaminants in food. Committees accomplish this task by
preparing reports of their meetings and publishing specifications or residue monographs
and dietary exposure and toxicological monographs, such as that contained in this volume,
on substances that they have considered.

The monograph contained in this volume is based on a working paper that was
prepared by JECFA experts. A special acknowledgement is given at the beginning of the
monograph to those who prepared this working paper.

Special acknowledgement is due to the Dutch National Institute for Public Health
and the Environment (RIVM) for the tremendous contribution in preparing this evaluation
following a systematic review approach. Grateful thanks are also extended to Patrick Mulder,
Wageningen Food Safety Research, Wageningen University & Research, the Netherlands,
for all his work preparing the structural formulae of the chemical compounds mentioned in
this monograph, to Coen Graven, Linda Razenberg, Wim Mennes and Jeanine Ridder of the
RIVM, and Rob de Vries, Systematic Review Center for Laboratory Animal Experimentation
(SYRCLE), Radboud University Medical Centre, the Netherlands, for their contribution to the
preparation of this monograph. Editorial assistance was provided by Susan Kaplan.

The designations employed and the presentation of the material in this publication
do not imply the expression of any opinion whatsoever on the part of the organizations
participating in WHO concerning the legal status of any country, territory, city or area or
its authorities, or concerning the delimitation of its frontiers or boundaries. The mention
of specific companies or of certain manufacturers’ products does not imply that they are
endorsed or recommended by the organizations in preference to others of a similar nature
that are not mentioned.

<



Any comments or new information on the biological or toxicological properties of
or dietary exposure to the compounds evaluated in this publication should be addressed to:
WHO Joint Secretary of the Joint FAO/WHO Expert Committee on Food Additives, Department
of Food Safety and Zoonoses, World Health Organization, 20 Avenue Appia, 1211 Geneva 27,
Switzerland.
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1. Explanation

1.1 Introduction

Pyrrolizidine alkaloids (PAs) are toxins produced by an estimated 6000 plant
species. More than 600 different PAs, mainly 1,2-unsaturated PAs, including
their associated nitrogen oxides (N-oxides) are known, and new PAs continue to



be identified in both new and previously studied plant species. The main plant
sources are the families Boraginaceae (all genera), Asteraceae (tribes Senecioneae
and Eupatorieae) and Fabaceae (genus Crotalaria). Different plant species in
these families produce characteristic mixtures of 1,2-unsaturated PAs and their
saturated analogues and varying amounts of their corresponding N-oxides. The
PAs present in these plants are esters of pyrrolizidine diols. The pyrrolizidine
moieties are referred to as necines, and the esterifying acids involved are necic
acids. These PAs can be classified as open-chain monoesters, open-chain diesters
and macrocyclic diesters.

The pyrrolizidine ring system consists of two fused, five-membered rings
with a nitrogen atom at the bridgehead. Pyrrolizidines and PAs' are, by definition,
fully saturated and have no double bonds. However, the term “saturated PA” is
sometimes used to emphasize the fact that there are no double bonds present. The
terms “1,2-unsaturated” or “1,2-dehydro” PAs indicate that the alkaloids being
referred to are modified PAs having a double bond between carbons 1 and 2. The
term “free base” means that the nitrogen lone pair electrons on the alkaloids are
not protonated by acids or oxidized to N-oxides. The N-oxide forms of PAs occur
naturally together with the PA parent molecules.

In this monograph, the term “PAs” used by itself refers to saturated and
1,2-unsaturated PAs and their associated N-oxides and the term “1,2-unsaturated
PAS” refers to all 1,2-unsaturated PAs and their associated N-oxides. An overview of
the structural formulae of all PAs mentioned in this monograph is provided in Fig. 1.

PAs have not been previously evaluated by the Joint FAO/WHO Expert
Committee on Food Additives (JECFA), but they have been evaluated by a World
Health Organization (WHO) Task Group on Environmental Health Criteria
for Pyrrolizidine Alkaloids (coordinated by the International Programme on
Chemical Safety (IPCS)) in 1988 and the International Agency for Research on
Cancer (IARC) in 1976, 1983, 1987 and 2002. IPCS concluded that, based on
animal data, a potential cancer risk for humans should be seriously considered;
however, as no information was found on the long-term follow-up of humans
exposed to PAs, it was not possible to make an evaluation of the cancer risk
of PAs for humans. IARC evaluated several PAs and classified lasiocarpine,
monocrotaline and riddelliine as Group 2B (possibly carcinogenic to humans)
and hydroxysenkirkine, isatidine, jacobine, retrorsine, seneciphylline, senkirkine
and symphytine as Group 3 (not classifiable as to their carcinogenicity to humans).

The Fifth Session of the Codex Committee on Contaminants in Foods
(CCCF) discussed PAs and concluded that significant new information had
become available since the evaluation by WHO-IPCS in 1988, warranting an

' The term “alkaloid” (alkali-like) refers to naturally occurring plant secondary chemicals with a basic
nitrogen atom.



Fig. 1
The structural formulae of all PAs mentioned in this monograph
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Supplement 2: Pyrrolizidine alkaloids
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Fig. 1 (continued)
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updated assessment by JECFA. CCCF therefore placed PAs on its priority list and
requested JECFA to:

perform a full risk assessment;

identify the most relevant PAs (in terms of both occurrence and
toxicity) for human health;

identify data gaps; and

consider PAsin feed, as PAs can transfer from feed to animal products.

1.2 Systematic review approach

A systematic review (SR) approach was used to gather data for the biochemical
and toxicological aspects of the evaluation. An SR is a literature review aimed
at identifying, selecting, evaluating, interpreting and synthesizing all available
studies relevant to a particular research question by means of prespecified and
standardized methods. The aim of an SR is to minimize bias and increase the
transparency, objectivity and reproducibility of assessments. It is performed
as sequential steps: literature search, selection based on title/abstract, full text



selection, data extraction from studies, quality assessment of studies, synthesizing
included data, presenting data and results, and interpreting results and drawing
conclusions. The process uses a predefined protocol with specified selection and
quality criteria. The method has been used in human health research, mainly
on narrow clinical and epidemiological questions, and is being implemented
increasingly for questions related to animal toxicity. It was tested in this JECFA
evaluation of PAs to determine its usefulness in a broad risk assessment.

The SR methodology was applied to find all relevant literature addressing
the topics as described in 1.1 Explanation. The methodology used followed the
guidance published by the European Food Safety Authority (EFSA, 2010) and
the National Toxicology Program (NTP) of the United States of America (USA)
(NTP, 2015). The steps taken in the current SR will be discussed briefly here and
the protocol can be found in Annex 4.

1.2.1 Objective

The main objective of the SR was to identify all relevant literature necessary for
performing a full human health risk assessment on PAs. In addition, literature on
PAs occurring in feed was identified, since PAs can be transferred from feed to
food via animals. Data gaps were also identified.

122 Research questions

To translate the objectives into research questions, several key elements were first
identified, in accordance with the EFSA and NTP guidance (EFSA, 2010; NTP,
2015). For the WHO part of the evaluation, the key elements — population (P),
exposure (E), comparator (C) and outcome (O) — were identified for the topics
biochemical aspects and toxicology separately. In addition, the key element P was
split into in vitro systems, animals and humans. This led to six research questions,
the so-called PEO questions (since the comparator (C) could not be defined),
and thereby six separate SRs, to obtain all relevant data on the biochemistry and
toxicology of PAs (Table 1). These PEO questions formed the starting point for
defining search terms to use in the SRs. The search terms were identified in close
collaboration with an information specialist, and were found by consulting the
Medical Subject Headings (MeSH) database of MEDLINE™ and (the keywords of)
known publications about PAs, including the discussion paper on PAs (prepared
for the CCCF5, 2011) and the IPCS report on PAs (1988). The search terms that
were identified are presented in the protocol (Annex 4).

For the FAO part of the evaluation, the same approach was tried to
cover all FAO topics. However, performing one or more SRs for this part was

' The search strategy was first developed for a MEDLINE® search and thereafter adjusted to be applicable
for other databases. Hence, the MeSH database was used for finding search terms.



Table 1
Defined research questions for SRs for biochemical, toxicological and epidemiological parts

Biochemical aspects

1. What are the biochemical aspects of pyrrolizidine alkaloids in in vitro systems?
P =in vitro systems
E = pyrrolizidine alkaloids
C=not defined
0 = biochemical aspects

2. What are the biochemical aspects of pyrrolizidine alkaloids in animals?
P = animals
E = pyrrolizidine alkaloids
C=not defined
0 = biochemical aspects

3. What are the biochemical aspects of pyrrolizidine alkaloids in humans?
P =humans
E = pyrrolizidine alkaloids
C=not defined
0 = biochemical aspects

Toxicology

4. What are the toxic effects of pyrrolizidine alkaloids in in vitro systems?
P =in vitro systems
E = pyrrolizidine alkaloids
C=not defined
0 = toxic effects

5. What are the toxic effects of pyrrolizidine alkaloids in animals?
P = animals
E = pyrrolizidine alkaloids
C=not defined
0 = toxic effects

6. What are the toxic effects of pyrrolizidine alkaloids in humans?
P =humans
E = pyrrolizidine alkaloids
C=not defined
0 = toxic effects

not feasible as the search could not be made specific and sensitive enough. The
search strategy used to obtain literature for the topics belonging to the FAO part
is described further below.

1.2.3 Search strategy systematic review

The search terms identified for research questions 1-6 were subsequently used
for the development of a search strategy. To this end, first the information sources



to be searched were identified. These sources can be divided into databases with
(peer-)reviewed scientific published literature and sources of grey literature.
The first group included MEDLINE (via OvidSP and via PubMed), SCOPUS,
Scisearch (via Web of Science), EMBASE, Toxcenter, CABA and FSTA. Grey
literature was found via several entries (see protocol in Annex 4), including
specific grey literature search systems, websites of institutes and toxicological
databases.

The search strategy for databases with (peer-)reviewed published
scientific literature was first developed for MEDLINE (via OvidSP) and then
adjusted for the other databases. The identified search terms for P, E and O were
combined together with the Boolean operator AND, whereas the identified
search terms within P, E and O were combined with OR. The search strategy
for MEDLINE, which was adapted for the other databases, can be found in the
protocol in Annex 4. All results of the search in databases with (peer-)reviewed
published scientific literature were captured in separate EndNote™ databases per
database consulted and per research question.!

The search strategy for sources of grey literature consisted of only
searching on the term “pyrrolizidine alkaloids” (or synonyms/other languages),
plant names and the individual PAs owing to practical limitations of the data
sources. The grey literature search was therefore not based on a specific research
question, and the results of the search were manually checked and assigned, if
applicable, to the relevant research question. Due to limited resources during
the process, the data sources were divided into databases and websites of high
priority and low priority based on expectations as to which data sources were
most likely to contain relevant literature. In the end, only the data sources with
high priority were searched, because searching a selection of the low priority data
sources with the term “pyrrolizidine alkaloids” (or synonyms/other languages)
did not yield additional relevant information. The data sources of high priority
were searched with the term “pyrrolizidine alkaloids” followed by nine PA names
(representing the four PA bases: angelylpetasinecine, echimidine, heliotrine,
intermedine, jacobine, monocrotaline, platynecine, retrorsine, senecionine) and
three plant names (Comfrey, Gynura, Senecio) as a test. When there were no hits
from any of these 12 names in a certain data source, this source was only searched
with the general term “pyrrolizidine alkaloids” All search results obtained via
the grey literature search strategy were gathered as pdfs, and recorded using a
predefined outline.

' In addition, references were found that could not automatically be assigned to one of the three
populations. Therefore, so-called rest-databases were created and these were manually checked for
relevant studies.
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124 Inclusion and exclusion of studies

Literature searches were conducted in early 2015. All references obtained from
the different databases were combined into an EndNote™ library corresponding
to each review question, from which the duplicates were removed. The resulting
EndNote™ libraries were then cleared of references published before 1988,
references in which monocrotaline was only used as a tool to induce a certain
condition, and of references in which crotaline is related to crotaline snakes rather
than to PAs. It was recognized that this is actually part of the study selection
process (see below); however, due to time constraints this approach was chosen
as the most effective way to remove these references. The chances of introducing
bias by following this approach are thought to be minimal.

The references in the cleaned EndNote™ libraries were then independently
assessed by two reviewers for relevance based on title/abstract screening (TIAB).
To facilitate this process, the web-based Early Review Organizing Software
(EROS v2.0) was used. When there was a persistent disagreement between the
two reviewers, a third reviewer decided whether a reference was to be included
or excluded. The inclusion/exclusion criteria for references are presented in Table
2. If there was doubt whether a reference was relevant according to these criteria,
it was included for full text retrieval, to allow further assessment. Besides these
criteria, labels were also added to enable classification of the studies assessed.
For example, when a reference in the database concerning toxicity in animals
contained information specifically on genotoxicity, a label “genotoxicity” was
added to this reference to facilitate identification of all studies on genotoxicity
in one database at a later stage. Also, when a reference captured in the database
that covered biochemical aspects in in vitro systems, properly speaking (or also)
belonged to the database on toxicity in animals, that reference was excluded for
that review question but the labels “toxicity” and “animals” were added to indicate
that the reference was to be included in the other database. When a reference was
not relevant for the WHO part of the evaluation but was relevant for the FAO
part, the label “FAO” was added.

After screening the titles/abstracts for their relevance, full texts were
retrieved for all included references for each review question. As working
through six research questions proved to be very labour-intensive and there was
insufficient time available to complete this process before the JECFA meeting,
stages of the SR subsequent to the title/abstract selection were not performed
according to the protocol, and full text selection was done using the critical
appraisal method regularly used in the preparation of JECFA monographs.
Further, as a double-check, the list of excluded references was rechecked to make
sure no relevant articles were excluded.



Table 2
Inclusion and exclusion criteria per review question

Biochemical aspects
1. What are the biochemical aspects of pyrrolizidine alkaloids (PAs) in in vitro systems?

Language
Inclusion: all languages
Exclusion: —

Publication date
Inclusion: from 1988 onwards
Exclusion: before 1988

Type of study
Inclusion: original research manuscripts, and review papers/reports, also including expert opinions
Exclusion: narrative reviews that only summarize current status of knowledge

Type of exposure

Inclusion: PAs (all exposure characteristics, e.g. dose, exposure routes, duration, formulation)

Exclusion: studies not dealing with PAs, or studies in which a PA is used to induce a certain condition without the intention to look at the
effects or the mode of action of the PA itself, or a study on crotaline in combination with venom

Type of population

Inclusion: studies in in vitro systems, including ex vivo

Exclusion: animal studies and all studies in humans, including e.g. case reports, epidemiological studies, clinical experience and
anecdotal observations

Outcome measures
Inclusion: biochemical aspects describing the kinetics, dynamics and transfer of PAs in the system
Exclusion: outcomes other than biochemical aspects

2. What are the biochemical aspects of PAs in animals?

Language
Inclusion: all languages
Exclusion: —

Publication date
Inclusion: from 1988 onwards
Exclusion: before 1988

Type of study
Inclusion: original research manuscripts, and review papers/reports, also including expert opinions
Exclusion: narrative reviews that only summarize current status of knowledge

Type of exposure

Inclusion: PAs (all exposure characteristics, e.g. dose, exposure routes, duration, formulation)

Exclusion: studies not dealing with PAs, or studies in which a PA is used to induce a certain condition without the intention to look at the
effects or the mode of action of the PA itself, or a study on crotaline in combination with venom

Type of population

Inclusion: animal studies

Exclusion: studies in in vitro systems, including ex vivo, and all studies in humans, including e.g. case reports, epidemiological studies,
clinical experience and anecdotal observations
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Outcome measures
Inclusion: biochemical aspects describing the kinetics, dynamics and transfer of PAs in the system
Exclusion: outcomes other than biochemical aspects

3. What are the biochemical aspects of PAs in humans?
Language
Inclusion: all languages
Exclusion: —

Publication date
Inclusion: from 1988 onwards
Exclusion: before 1988

Type of study
Inclusion: original research manuscripts, and review papers/reports, also including expert opinions
Exclusion: narrative reviews that only summarize current status of knowledge

Type of exposure

Inclusion: PAs (all exposure characteristics, e.g. dose, exposure routes, duration, formulation)

Exclusion: studies not dealing with PAs, or studies in which a PA is used to induce a certain condition without the intention to look at the
effects or the mode of action of the PA itself, or a study on crotaline in combination with venom

Type of population
Inclusion: all studies in humans, including e.g. case reports, epidemiological studies, clinical experience and anecdotal observations
Exclusion: studies in in vitro systems, including ex vivo and animal studies

Outcome measures
Inclusion: biochemical aspects describing the kinetics, dynamics and transfer of PAs in the system
Exclusion: outcomes other than biochemical aspects
Toxicology

4. What are the toxic effects of PAs in in vitro systems?
Language
Inclusion: all languages
Exclusion: —

Publication date
Inclusion: from 1988 onwards
Exclusion: before 1988

Type of study
Inclusion: original research manuscripts, and review papers/reports, also including expert opinions
Exclusion: narrative reviews that only summarize current status of knowledge

Type of exposure

Inclusion: PAs (all exposure characteristics, e.g. dose, exposure routes, duration, formulation)

Exclusion: studies not dealing with PAs, or studies in which a PA is used to induce a certain condition without the intention to look at the
effects or the mode of action of the PA itself, or a study on crotaline in combination with venom

Type of population

Inclusion: studies in in vitro systems, including ex vivo

Exclusion: animal studies and all studies in humans, including e.g. case reports, epidemiological studies, clinical experience and
anecdotal observations

Outcome measures
Inclusion: studies describing the toxic effects of PAs in in vitro systems, including ex vivo
Exclusion: outcomes other than toxicity; beneficial effects. Studies in cell systems based on Drosophila or plants




Table 2 (continued)

5. What are the toxic effects of PAs in animals?

Language
Inclusion: all languages
Exclusion: —

Publication date
Inclusion: from 1988 onwards
Exclusion: before 1988

Type of study
Inclusion: original research manuscripts, and review papers/reports, also including expert opinions
Exclusion: narrative reviews that only summarize current status of knowledge

Type of exposure

Inclusion: PAs (all exposure characteristics, e.g. dose, exposure routes, duration, formulation)

Exclusion: studies not dealing with PAs, or studies in which a PA is used to induce a certain condition without the intention to look at the
effects or the mode of action of that PA itself, or a study on crotaline in combination with venom

Type of population

Inclusion: animal studies

Exclusion: studies in in vitro systems, including ex vivo, and all studies in humans, including e.g. case reports, epidemiological studies,
clinical experience and anecdotal observations

Outcome measures
Inclusion: studies describing the toxic effects of PAs in animals
Exclusion: outcomes other than toxicity; beneficial effects. Studies in Drosophila

6. What are the toxic effects of PAs in humans?

Language
Inclusion: all languages
Exclusion: —

Publication date
Inclusion: from 1988 onwards
Exclusion: before 1988

Type of study
Inclusion: original research manuscripts, and review papers/reports, also including expert opinions
Exclusion: narrative reviews that only summarize current status of knowledge

Type of exposure

Inclusion: PAs (all exposure characteristics, e.g. dose, exposure routes, duration, formulation)

Exclusion: studies not dealing with PAs, or studies in which a PA is used to induce a certain condition without the intention to look at the
effects or the mode of action of the PA itself, or a study on crotaline in combination with venom

Type of population
Inclusion: all studies in humans, including e.g. case reports, epidemiological studies, clinical experience and anecdotal observations
Exclusion: studies in in vitro systems, including ex vivo, and animal studies

Outcome measures
Inclusion: studies describing the toxic effects of PAs in humans
Exclusion: outcomes other than toxicity; beneficial effects




Table 3
Overview of the number of studies retrieved in each step of the systematic review
Raw results Cleaned up, in EROS  TIAB inclusion TIAB exclusion
Biochemistry in vitro 2592 1087 12 975
Biochemistry animal 3704 1463 95 1368
Biochemistry human 1989 1067 20 1047
Biochemistry total 8285 3617 227 3390
Toxicity in vitro 3175 1312 222 1090
Toxicity animal 50Mm 2094 457 1637
Toxicity human 2619 1467 98 1369
Toxicity total 10805 4873 777 4096
Toxcenter 4408 1678 604 1075
Manual
Biochemistry rest 1186 - 43 1143
Toxicity rest 1453 - 58 1395
Overall total 26137 10168 1709 11099
Update of the literature search 1427 - 572 1370

EROS: Early Review Organizing Software, v2.0; TIAB: title/abstract screening.
2The number of references that were eventually included for full text retrieval and critical appraisal is shown in bold type.

The grey literature results were manually checked for relevance by two
independent reviewers. Few of the grey literature results were assessed to be
relevant for the monograph.

Table 3 gives an overview of the number of studies handled in each
step of the SR. More than 10 000 references were identified for title/abstract
screening and 1709 references were included for full text retrieval and critical
appraisal. Owing to the longer than anticipated time needed for finalization of
the monograph, an update of the literature was conducted in October/November
2016 via a quick literature search and manual assignment of possible relevant
references to the different sections of the monograph. This led to inclusion of
an additional 57 references for critical appraisal. Additionally, EFSA published
an update of the risk characterization for PAs in 2017, which is summarized in
section 9.

The Committee also revisited the evaluations reported by IPCS and
EFSA during the meeting to determine whether any of the studies included could
provide more information on the relative potency of PAs. Other studies were also



identified that were relevant to the assessment of PAs, but had not been included
in either of these evaluations.

1.2.5 Search strategy: exposure assessment and risk management strategies

The Committee reviewed studies relevant to exposure assessment and strategies
for risk management of PAs obtained through a search of peer-reviewed literature
in PubMed and Web of Science. The literature search on the occurrence of and
dietary exposure to PAs was run using three databases (Scopus, PubMed and
Ovid) and a cut-off date of 1988.
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2. Biological data

2.1 Biochemical aspects
2.1.1 Absorption, distribution and excretion
(a) Absorption

The IPCS evaluation (WHO-IPCS, 1988) concluded that absorption of PAs
occurs, although no specific absorption studies in humans were available. The
conclusion on absorption is based on studies investigating the tissue distribution
after oral exposure and the excreted amounts of PAs and their metabolites in
urine, faeces and bile of animals. In one study in rats, which used a crude mixture
of PAs (N-oxides) from comfrey (Symphytum officinale), it was shown that oral
absorption was about 20-50 times higher than dermal absorption. Furthermore,
in vitro studies showed that PAs can transfer across isolated ileum and jejunum,
but not the stomach.

The EFSA Panel on Contaminants in the Food Chain (CONTAM Panel)
reviewed PAs in 2011 (EFSA, 2011) and concluded that they are readily absorbed
following oral ingestion. Depending on the PA, peak plasma concentrations were
reached within 30-70 minutes.

(i) In vitro studies

Hessel et al. (2011) reported that active transport appears to play a role in the
uptake of PAs. Senecionine, but not its N-oxide, was transported from the
apical to the basolateral compartment in Caco-2 cells. In addition, oxidation of
senecionine as well as reduction of senecionine N-oxide was observed, indicating
metabolism by Caco-2 cells.

In an abstract, Yang M et al. (2013) reported that five retronecine-type PA
N-oxides (not further specified) appear to be less well absorbed in the intestinal
tract than their parent PAs. The transporters involved in the active uptake have
not been identified. Hessel et al. (2014) conducted an in vitro study to assess the
passage of the monoester heliotrine, the open-chained diester echimidine and
the cyclic diesters senecionine and senkirkine across small intestinal epithelium
using differentiated Caco-2 cells. As measured using liquid chromatography-
tandem mass spectrometry (LC-MS/MS), the P-glycoprotein (P-gp) (also called
ABCBI1) efflux transporter transports the noncyclic PAs to the lumen of the
intestine, but does not transport the cyclic PAs. The transfer rates from the apical
to the basolateral compartments (i.e. the absorption) for cells exposed to 0.25 uM
of each PA, were senecionine > senkirkine > heliotrine > echimidine; and, for
transfer from the basolateral to the apical compartment (i.e. the excretion), were
echimidine >> heliotrine > senecionine > senkirkine. Following pretreatment
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with cyclosporine A for one hour to inhibit the P-gp transporter, the efflux
ratio comparing the apparent permeability in each direction returned to one for
echimidine, heliotrine and senkirkine (senecionine was already at one and was
unchanged), indicating equal rates of efflux in each direction. Compared to wild-
type cells, Madin-Darby canine kidney II (MDCKII) cells stably transfected with
the P-gp transporter showed that the basolateral to apical transport of echimidine
was increased while the apical to basolateral passage was reduced. The basolateral
efflux was also reduced for heliotrine, while no changes were observed for
the cyclic PAs senecionine or senkirkine. The efflux ratios were substantially
enhanced for the noncyclic PAs but not for the cyclic PAs. Inhibition experiments
with cyclosporine A inhibited the increase in efflux ratio for the cyclic PAs. The
authors concluded that the P-gp efflux transporter returns the noncyclic PAs to
the lumen of the intestine, but does not affect the cyclic PAs.

(ii) In vivo studies

The studies mentioned below were included in the EFSA opinion and are described
here in more detail. In a study designed to compare the in vivo toxicokinetics of the
cyclic diesters senecionine and adonifoline in 8-week-old male Sprague-Dawley
rats (eight per group), Wang C et al. (2011) compared the plasma concentrations
of these PAs and their metabolites after intravenous and oral administration, as
measured through collection of blood by a jugular catheter. Senecionine and
adonifoline were intravenously administered at 1.5 and 4.0 mg/kg body weight
(bw), respectively. Senecionine was administered by gavage at target doses of 6,
12 and 24 mg/kg bw (later in the article indicated as 5.7, 11.5 and 22.9 mg/kg bw)
and adonifoline was administered by gavage at 16, 32 and 64 mg/kg bw. PAs and
metabolites were measured using ultra-performance liquid chromatography/
electrospray ionization-mass spectrometry. Following oral gavage, peak
concentrations in plasma were observed at 25 minutes for senecionine and 70
minutes for adonifoline, and the area under the curve (AUC) increased in a dose-
dependent manner. The absolute bioavailabilities of senecionine and adonifoline
after oral administration were 8.2 + 2.7% and 33.4 + 8.4%, respectively. When
calculationsincluded the N-oxides, the absolute bioavailabilitieswere 67.7 + 22.9%
for senecionine and 25.4 + 5.3% for adonifoline. The authors suggested that in
addition to formation in the liver, senecionine N-oxide may also be formed in
the intestine by the intestinal microflora. The authors also proposed that another
reason for the increased availability may be enterohepatic circulation. These
results indicate a large first-pass effect after oral administration for senecionine.
The metabolic conversion rate is higher for senecionine than for adonifoline.
Williams et al. (2002) examined the toxicokinetic properties of orally
gavaged 10 mg/kg bw riddelliine mixture (92% riddelliine, 5% retrorsine, 1.3%

22



seneciphylline) in 6-8-week-old Fisher rats (five per group for females and three
per group for males) and male and female B6C3F1 mice (six per group). PAs and
metabolites were measured using LC-MS. The concentration of PAs in the plasma
peaked within 30 minutes, indicating that they are rapidly absorbed in both
sexes and both species. AUCs were determined to be retronecine < riddelliine <
riddelliine N-oxide, except for the female rat, where the internal exposure was in
the order of retronecine < riddelliine N-oxide < riddelliine.

(b) Distribution

WHO-IPCS (1988) identified several studies investigating distribution of PAs,
and concluded that only a relatively small amount of absorbed PAs remains in
the body, much of this in the form of metabolites bound to tissue constituents.
WHO-IPCS also identified one study indicating transfer of PAs from feed to milk.

EFSA (2011) identified new studies with radiolabelled PAs showing
distribution to liver, red blood cells (RBCs), plasma and kidneys and also noted
that studies have documented transfer to milk, meat and eggs. In addition,
EFSA noted that binding of PAs to biological macromolecules was observed
both in vitro and in vivo. EFSA described two studies on distribution of PAs in
detail. One study had found that male rats showed a larger apparent volume of
distribution of riddelliine and greater internal exposure to riddelliine N-oxide and
dehydroretronecine metabolites (AUC) than females, which is consistent with
the higher sensitivity to riddelliine of male rats compared to female rats. Another
study in rats presented evidence for enterohepatic circulation of senecionine
N-oxide after administration of the parent PA.

(i) In vitro

Tu etal. (2013) examined the role of organic cation transporter (OCT1) in uptake
of monocrotaline and retrorsine. In MDCK cells transfected with human OCT1
(hOCT1), increasing retrorsine concentrations reduced uptake of 1-methyl-4-
phenylpyridinium (MPP+), a known hOCT1 substrate. Monocrotaline uptake
was also increased in hOCT]1 transfected cells and blocked by the addition
of tetraethylammonium bromide (TEA), 4-(4-(dimethylamino)stryyl)-N-
meththylpyridinium iodide (ASP+), (+)-tetrahydropalmatine (THP), or
quinidine, which were described as OCT inhibitors. Primary cultured rat
hepatocytes also showed decreased retrorsine uptake when exposed to the same
inhibitors.

In a similar study, Tu et al. (2014) examined the ability of retrorsine
to be transported by OCT1 and OCT3. In hOCT1 transfected MDCK cells,
increasing retrorsine concentrations reduced uptake of MPP+, but no effect was
seen in hOCT?3 transfected cells. Retrorsine uptake was also increased in hOCT1
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transfected cells and blocked by the addition of TEA, ASP+, THP or quinidine.
In primary cultured rat hepatocytes, retrorsine uptake was also decreased when
exposed to the same inhibitors. Further, the interaction of retrorsine with the
efflux transporters P-gp, breast cancer resistance protein (BCRP) and human
multidrug and toxin compound extrusion-1 (hMATE1) was investigated
in transfected MDCK or Lewis lung carcinoma (LLC) cells. The uptake of
retrorsine in P-gp transfected cells was increased compared to MDCK-mock
cells, and cyclosporine A inhibited the efflux of retrorsine. No significant uptake
was observed in BCRP and hMATE]1 transfected cells nor was this affected by
inhibitors of these transporters. The authors concluded that retrorsine was both
a substrate and an inhibitor of OCT1, which is involved in active uptake into
hepatocytes. OCT1 is also involved in the active uptake of monocrotaline. In
addition, retrorsine is a substrate of P-gp, although to a lesser extent, but not of
OCT3, MATE1 and BCRP.

Yang et al. (2011) investigated monocrotaline and its metabolites using
proton nuclear magnetic resonance spectroscopy ('"H-NMR). The authors
incubated human blood or components of human blood (RBCs, plasma and/
or human serum albumin (HSA)) with monocrotaline, dehydromonocrotaline,
dehydroretronecine and retronecine. After incubation with plasma,
monocrotaline was stable in plasma and weakly associated with plasma proteins;
dehydromonocrotaline rapidly hydrolysed to monocrotalic acid and monocrotalic
acid lactone; retronecine did not react with endogenous metabolites or proteins
in plasma; and dehydroretronecine disappeared immediately. As the same results
were obtained for dehydroretronecine after incubation with HSA, it was suggested
that dehydroretronecine readily binds to plasma proteins. In experiments in
which monocrotaline was incubated with RBCs for 0.5 hours, based on the
concentration remaining in the supernatant, 46% of the monocrotaline was
calculated to have been taken up into the RBCs. The percentage increased to
51.7% after 1.5 hours and remained at that level when measured at 2 hours.
Dehydromonocrotaline was also shown to be taken up into RBCs. Although the
pyrrole ring was not directly detectable, signals from the monocrotalic acid and
monocrotalic acid lactone breakdown products were. The calculated uptake of
dehydromonocrotaline was 48.9%. Retronecine was also able to enter the RBCs
without binding to the RBC proteins, whereas dehydroretronecine was either not
taken up in the RBCs or reacted rapidly with RBC proteins. The latter explanation
was considered more likely by the authors. In contrast to these results, when
monocrotaline or dehydromonocrotaline was incubated with whole blood,
which was subsequently fractionated, the alkaloid fractionated with the plasma
and not the RBCs.
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(i) Ex vivo/in situ

Studies involving the in situ perfusion of lung and liver with C-labelled
monocrotaline (99.3% pure) found that RBCs helped in the transport of the
PA from the liver to the lungs (Pan et al., 1991). Male Sprague-Dawley rats had
both lung and liver perfusions performed in tandem and separately with and
without the addition of RBCs (n = 5). When RBCs were added to the tandem
perfusions, the covalent binding of monocrotaline metabolites to the lung tissue
was significantly increased.

(iii) In vivo
To look at the tissue distribution, Estep et al. (1991) administered '*C-labelled
monocrotaline (60 mg/kg, 200 puCi/kg, n = 3) subcutaneously to male Sprague-
Dawley rats and collected tissues at 4 and 24 hours for determination of tissue
distribution and covalent binding. At 4 hours, the levels of monocrotaline
equivalents in tissue were 85, 74, 67, 36 and 8 nmol/g and the covalent binding
levels were 125, 132, 39, 64 and 44 pmol/mg of protein in the RBCs, liver, kidney,
lung and plasma, respectively. At 24 hours, levels of monocrotaline equivalents
in tissue were 49, 25, 9, 10 and 2 nmol/g and the covalent binding levels were not
determined, 74, 28, 55 and not determined pmol/mg of protein in the RBCs, liver,
kidney, lung and plasma, respectively. Plasma levels of radioactivity decreased
from 113 nmol/g of monocrotaline equivalents to 11 nmol/g while levels in the
RBCs decreased from 144 nmol/g to 81 nmol/g between 4 and 24 hours. The
authors concluded that the retention of monocrotaline or its metabolites in the
RBCs suggests that they may function as a carrier in the transport to other organs.
In a study comparing metabolism of monocrotaline and trichodesmine,
male Sprague-Dawley rats (4-6 rats per group; age and weight not reported) were
dosed intraperitoneally with 25 or 90 mg/kg bw monocrotaline or 25 mg/kg bw
trichodesmine (Huxtable et al., 1996). The authors considered the higher dose
of monocrotaline and the dose for trichodesmine to be equitoxic or equilethal.
Tissues were harvested 18 hours after intraperitoneal administration, and later
tested for pyrrole-bound metabolites using Ehrlich’s reagent for detection. At the
higher dose of monocrotaline, the greatest level of bound pyrrolic metabolites
was found in the liver, followed by the lung, but higher levels of pyrroles in all
tissues, except the brain, were found compared to tissues of rats treated with
trichodesmine. Pyrroles were found in the brains of rats (~3 nmol pyrrole/g
tissue) following intraperitoneal injection of 25 mg/kg bw trichodesmine and
significantly lower levels (0-2 nmol pyrrole/g tissue) were identified in rats
injected intraperitoneally with 25 or 90 mg/kg bw monocrotaline. From these
studies, based on differences in the PAs’ ionization constants and partition
coefficients, and the fact that trichodesmine underwent more extensive

25



metabolism than monocrotaline resulting in metabolites with a longer half-life,
these authors concluded that trichodesmine had greater access to the brain than
monocrotaline and hence has a greater neurotoxicity and lethality. Three reasons
for this difference were suggested: a greater release of dehydrotrichodesmine from
the liver, a longer half-life of dehydrotrichodesmine and a higher liposolubility of
trichodesmine/dehydrotrichodesmine.

Lamé et al. (1997) administered 5 mg/kg bw !C-labelled
dehydromonocrotaline intravenously to male Sprague-Dawley rats (n = 4)
and the animals were killed at 4 and 24 hours following the injection. Tissue
distribution of radioactivity was measured at 24 hours (n = 4). The measurements
("*C-labelled dehydromonocrotaline equivalents per gram tissue) in RBCs,
lung, kidney, heart, liver, plasma and muscle were 95.1, 23.7, 11.6, 10.2, 4.1, 1.5
and 1.0, respectively. Additionally, two groups of five rats were administered
5 mg/kg bw [*H]-labelled dehydromonocrotaline intravenously and killed at
4 and 24 hours after injection, respectively. RBCs were collected and globin
chains were also recovered. An additional group of four rats was administered
10 mg/kg bw and sacrificed 2 hours later; blood was collected and heme and
ghosts of RBCs were recovered from some samples. Washing the RBCs did not
reduce the associated [*H]-labelled dehydromonocrotaline equivalents. While
the amount of tritium in the RBCs remained constant between 4 and 24 hours,
the level in the plasma dropped 2.3-fold. In the fractionated parts, at 2 hours the
detection of [*H]-labelled dehydromonocrotaline equivalents for unwashed RBCs
was 288 nmol/g, for washed RBCs it was 328 nmol/g, plasma, 18.9 nmol/g, globin
chains 870 pmol/mg protein, ghosts 236 pmol/mg and heme 226 pmol/mg. The
authors concluded that this study showed that, like monocrotaline, radiolabelled
dehydromonocrotaline resulted in extensive radiolabelling of RBCs.

Dimande et al. (2007) administered a crude extract of Senecio inaequidens,
containing retrorsine, senecionine and two unidentified compounds also likely
to be PAs, at a dose of 0.049, 0.142, 0.196 or 0.245 mg/kg crude extract (equal to
0.012-0.06 mg/kg bw retrorsine) by gavage to one male Sprague-Dawley rat (8-9
weeks old; 115-140.5 g) per dose. PAs were found in the livers of all rats at 0.1-
214.8 ug/g retrorsine or retrorsine equivalents, which was inversely proportional
to the amount of extract administered. PAs were also detected in the kidneys
(54.5 ug/g retrorsine or equivalents) of the rat dosed with 0.142 mg/kg and in the
kidneys (31.2 pg/g retrorsine or equivalents) and the lungs (32.7 pg/g retrorsine
N-oxide) of the rat dosed with 0.245 mg/kg. One male Dorper sheep (8 months old;
41 kg) was given escalating doses of crude Senecio inaequidens extract by stomach
tube, starting with 49.5 mg/kg on the first day to 198 mg/kg on the fourth day.
The sheep was killed one day after the last dose and PAs were detectable in urine
(82 pug/g retrorsine or equivalents), the liver (53.10 pg/g retrorsine
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or equivalents), kidneys (29.4 pg/g retrorsine or equivalents), bile
(6 ug/g retrorsine N-oxide) and lungs (11.5 pg/g retrorsine) (Dimande et al., 2007).

Wang C et al. (2011) (design described in section 2.1.1 Absorption)
administered senecionine and adonifoline to rats at 1.5 and 4.0 mg/kg bw,
respectively. The volumes of distribution (Vd) for senecionine and adonifoline
were 11 and 4 L/kg, respectively, indicating distribution to the organs. The Vd
of the senecionine metabolites (except M5, which is a hydroxylation product of
senecionine N-oxide and its isomerides) was smaller than that of senecionine.
However, for adonifoline the Vd of the metabolites was larger than that of the
parent compound.

Schoch, Gardner & Stegelmeier (2000) dosed sows (group size of 3) with
3, 10 or 15 mg/kg bw of riddelliine for around 40 days. Pyrrolic metabolites were
detected in the liver and blood of the treated animals. The level of metabolite did
not correlate with the dose administered and the authors described significant
intra-sample variability in the same animal. In observational studies, PAs were
detected in the blood of horses (Seawright et al., 1991a) and yaks (Winter et al.,
1993) following suspected ingestions of PA-containing plants.

(c) Excretion

WHO-IPCS (1988) concluded that PAs are rapidly metabolized and that the
parent compound and metabolites are almost completely excreted within
24 hours. EFSA (2011) concluded that more than 80% of the subcutaneously or
intravenously administered radiolabelled PAs in mice and rats is excreted in the
urine and faeces within 24 hours.

(i) Ex vivo

In excretion studies in perfused rat liver, monocrotaline and its metabolites
were shown to be excreted into bile (Lamé et al., 1995; Yan & Huxtable, 1994,
1995a). Based on studies of four livers from male Sprague-Dawley rats perfused
with 40 pM ["*C]monocrotaline for 90 minutes and where bile was collected at
15-minute intervals, Lamé et al. (1995) reported that 20% of the radioactivity was
excreted into bile, peaking between 15 and 30 minutes. Metabolites recovered
included glutathione (GSH)-monocrotaline, Cys-Gly-DHP, and GSH-1-formyl-
7-hydroxy-6,7-dihydro-5H-pyrrolizidine (GSH-DHP), but the metabolites were
not quantified.

Yan & Huxtable (1994) perfused rat livers with buffer containing 500 uM
monocrotaline and collected bile every 10 minutes for 1 hour (n = 20). They
found that monocrotaline was removed from the perfusate at a constant rate of
2.6 umol/g liver per hour. Of the monocrotaline delivered, 45% remained in the
perfusion buffer and 0.4% was found in the bile. Metabolites were detected at
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the following percentages of the amount administered; dehydromonocrotaline at
1.6% and GS-DHP at 3.0% in bile, dehydroretronecine and GS-DHP at 2.0% in
perfusate and 1.0% liver bound, and the remaining 47.6% was unaccounted for.

Yan & Huxtable (1995a) perfused rat livers with buffer containing
125, 250, 500, 1000 or 1500 uM monocrotaline and collected bile every
10 minutes for 1 hour (n =4). Of the initially delivered monocrotaline, the amount
remaining in the perfusate ranged from 41.9% to 25.6%. From the administered
monocrotaline 0.4 to 0.6% was detectable in the bile, 2.4-4.6% was bound to
the Sepharose 6B resin from the perfusate, 1.3-4.9% was GS-DHP in the bile,
1.0-5.8% DHP in the perfusate and 1.0-3.1% was bound to the liver. From 49.1
to 55.6% of the monocrotaline was not accounted for, and was considered by
the authors to include monocrotaline N-oxide and metabolites with a broken
pyrrolizidine ring. The absolute amount of dehydromonocrotaline released into
the perfusate increased with increasing concentration, although the fraction
converted decreased. Similarly, the percentage metabolized to biliary pyrroles,
which were found to be almost exclusively GS-DHP, decreased with increasing
concentration.

(ii) In vivo

Williams et al. (2002) administered 10 mg/kg bw riddelliine (92% riddelliine,
5% retrorsine, 1.3% seneciphylline) by gavage to 6-8-week-old Fisher rats (five
per group for females and three per group for males) and B6C3F1 mice (six per
group). Blood was collected for time points up to 24 hours. PAs and metabolites
were measured using LC-MS. The elimination half-lives (t,) were determined to
be riddelliine < retronecine < N-oxide. The elimination half-life of riddelliine was
lower in mice (3.0-3.2 hours) than in rats (4.2 hours), but there was no significant
sex difference. The elimination half-life of riddelliine N-oxide was, however, lower
in rats (7.0 hours for males and 11.9 hours for females) than in mice (15.4 hours
for males and 28.9 hours for females), but with no significant sex differences. The
elimination half-life of retronecine was comparable between rats (6.7 hours for
females and 8.2 hours for males) and mice (6.9 hours for males and 8.1 hours for
females) with no significant sex differences. The authors observed that there was a
significant increase in the formation of N-oxides in male rats compared to female
rats. Because N-oxides were eliminated more slowly than the parent compound,
they suggested that non-excreted N-oxides could potentially be reduced back
to the parent compound and further metabolized to a more reactive metabolite
such as dehydroretronecine. This is consistent with their earlier report, which
found that administration of N-oxides to rats showed the same toxicity as the
parent compound or its dehydroretronecine metabolite (Fu et al., 2001). Thus the
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authors concluded that the observed species/sex differences in riddelliine toxicity
were not simply due to species/sex differences in toxicokinetics.

Wang C et al. (2011) published a study designed to compare the in vivo
pharmacokinetics of senecionine and adonifoline in 8-week-old male Sprague-
Dawley rats (eight per group). Following intravenous administration of doses of
1.5 and 4.0 mg/kg bw, respectively, both compounds showed a rapid decrease in
concentration versus time, which slowed after around 230-300 minutes before
dropping below the level of detection by 12 hours. Following oral gavage of 5.7,
11.5 and 22.9 mg/kg bw senecionine or 16, 32 and 64 mg/kg bw adonifoline, the
t, s for senecionine and adonifoline were short (<1 hour). Also, the metabolites of
these PAs had short half-lives (up to ~2 hours).

Estep et al. (1990) reported the results of a study on an unspecified
number of male Sprague-Dawley rats to identify products excreted following
subcutaneous injection with 60 mg/kg bw (10 pCi/kg bw) of 'C-labelled
monocrotaline or *C-labelled senecionine after they had undergone cannulation
of both ureters. Sixty per cent of the radioactivity of monocrotaline was excreted
in the urine within 5 hours, with unchanged monocrotaline accounting for
65% of this. The monographers suggest that this may indicate active secretion
into the urine. Following administration of *C-labelled senecionine, 5% of the
administered radioactivity was excreted unchanged in the urine with > 42% co-
eluting with a senecionine N-oxide and 40% as Ehrlich-negative polar metabolites.
The authors did not report what percentage of the radioactivity of senecionine
was excreted in the urine. With both compounds, the Ehrlich-positive metabolite
was identified as an N-acetylcysteine conjugate of (+)-6,7-dihydro-7-hydroxy-1-
hydroxymethyl-5H-pyrrolizine (NAC-DHP).

Estep, Lamé & Segall (1990) treated rats (male, n = 4, 225-275 g) with
60 mg/kg bw (10 uCi/kg bw) '“C-labelled senecionine administered intravenously
and collected bile, urine and blood for 7 hours. Of the administered radioactivity,
43% was detected in the urine and 44% in the bile. The amount of radioactivity
detected in the urine increased when bile was not collected, which the authors
interpreted as suggesting enterohepatic circulation. Most of the excreted PAs
were identified as senecionine N-oxide (52% in bile, 30% in urine). The parent
compound, senecionine, accounted for 18% of the radioactivity in the urine and
5% in the bile.

Afterintravenousadministration of*C-labelled monocrotaline (60 mg/kg,
10 pCi/kg), Estep et al. (1991) found rapid elimination of radioactivity with
approximately 83% of the total radioactivity excreted in the urine and 12% in
the bile at 7 hours. High-performance liquid chromatography (HPLC) analysis
indicated that 62% of the excreted alkaloid was unchanged monocrotaline, and
less than 4% was monocrotaline N-oxide.
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A study comparing urinary excretion following intraperitoneal injection
of 25 mg/kg bw retrorsine between male Sprague-Dawley rats (n = 7), Dunkin-
Hartley guinea-pigs (n = 7), Balb/c mice (n = 4), and golden Syrian hamsters
(n = 7) was done by Chu & Segall (1991). Urine was collected for 24 hours and
assayed for various metabolites. In the guinea-pig, as a percentage of given dose,
2.5%, 4.6%, 4.8% and 21.7% of pyrrole, isatinecic acid, retrorsine and N-oxides
were recovered, respectively, giving a total recovery of 24%. In the hamster, as
a percentage of given dose, 9.8%, 29.0%, 16.9% and 4.0% of pyrrole, isatinecic
acid, retrorsine and N-oxides were recovered, respectively, giving a total recovery
of 60%. In the mice, as a percentage of given dose, 8.0%, 21.5%, 6.3% and 2.9%
of pyrrole, isatinecic acid, retrorsine and N-oxides were recovered, respectively,
giving a total recovery of 39%. In the rats as a percentage of given dose, 10.3%,
31.0%, 13.6% and 10.8% of pyrrole, isatinecic acid, retrorsine and N-oxides was
recovered, respectively, giving a total recovery of 66%. The authors suggest that
there may also be other unknown metabolites that account for the low recovery
in mice and guinea-pigs. The Committee suggested that another explanation
could be that part of the dose is excreted via bile.

Chu, Lamé & Segall (1993) investigated the excretion of the urinary
metabolites of retrorsine and retrorsine N-oxide in male Sprague-Dawley
rats (n = 4-7) following intraperitoneal or oral (via stomach tube) dosing at
25 mg/kg bw. Urine was collected for 24 hours and analysed for the presence of
PAs and metabolites. After intraperitoneal administration of retrorsine, 31.0%
was recovered as isatinecic acid, 10.3% as total pyrroles, 13.6% as unchanged
retrorsine, 10.8% as total N-oxides and 0.39% as retronecine, given as percentage
of dose. After intraperitoneal administration of retrorsine N-oxide, as percentage
of dose, 6.2%, 1.8%, 1.1% and 47.5% of isatinecic acid, total pyrroles, retrorsine
and total N-oxides was recovered, respectively. After oral dosing, recoveries were
43.9%, 11.9%, 4.5% and 11.2% for isatinecic acid, total pyrroles, retrorsine and
total N-oxides, respectively. The authors suggested that the differences in excretion
after intraperitoneal and oral dosing with retrorsine N-oxide are probably related
to back-transformation of the N-oxide to the parent PA by gut flora.

In a study (described in section 2.1.1(b) Distribution) Lamé et al. (1997)
intravenously administered 5 mg/kg bw '“C-labelled dehydromonocrotaline
to male Sprague-Dawley rats (n = 4) and the animals were sacrificed at 4 and
24 hours following the injection. Of the administered radioactivity, 82 + 5% was
excreted in the urine and 3 + 1% in faeces in 24 hours. As described in more detail
in section 2.1.5 (Transfer from feed to food), three dairy cows (4-5 years old;
600-700 kg) with fistulated rumens were treated with ragwort (Senecio jacobeae)
through the fistula at doses of 0 for week 1, 50 g in week 2, 100 g in week 3, 200 g
in week 4, and 0 g in week 5 (Hoogenboom et al., 2011). The ragwort contained
mostly jacobine, jaconine, erucifoline, senecionine and seneciphylline and the
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corresponding N-oxides. The total daily dose was split into two equal doses per
day. Urine and faecal samples were taken twice weekly. Jacobine N-oxide and
jacoline were identified in the urine, and jacoline was identified in the faecal
samples.

A summary of the in vivo excretion data of (radiolabelled) PAs for which
this information is available can be found in Table 4.

(iii) Humans

Twenty human patients (age 1 month — 7 years) were admitted to a South
African hospital with veno-occlusive disease suspected to be due to PA toxicity
from reported or suspected exposures to herbal medicines (Steenkamp, Stewart
& Zuckerman, 2000). Using colorimetric methods, urine was analysed from
the four patients for whom urine samples were available from within 72 hours
of admission, and all were positive for PAs. None of the healthy controls or
those with other types of hepatic damage had alkaloid in the urine samples. No
information on the excretion via faeces is available.

2.1.2 Biotransformation
WHO-IPCS (1988) and EFSA (2011) summarized metabolism of 1,2-unsaturated

PAs. Metabolism of PAs occurs predominantly in the liver and three Phase I
metabolic pathways have been found:

the formation of necine bases and necic acids through cleavage of the
ester bonds by carboxylesterases on position C7 and C9,

N-oxygenation, and

oxidation leading to formation of reactive intermediates,
6,7-dihydropyrrolizine esters (pyrrolic esters).

Hepatic monooxygenases, cytochrome p450 enzymes (CYPs) and flavin-
containing monooxygenases (FMOs) are involved in metabolism routes 2 and 3
yielding the N-oxide and pyrrolic ester metabolites. After the formation of the
primary metabolites, they can be further conjugated by glutathione-S-transferase
(GST).

(a) In vitro

The studies on in vitro metabolism of PAs are summarized below.
The details are given in a separate table, available as supplementary
material online (Supplementary Table 1).
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(i) Phase | metabolism

Metabolism has been studied using liver microsomes from rats, other rodents,
sheep, cattle and other ruminants, and humans. In addition, purified metabolism
enzymes and ex vivo perfused livers, sometimes in closed systems with isolated
lungs, were used to investigate the in vitro metabolism of PAs.

Rat, guinea-pig and human liver microsomes, as well as recombinant
CYPs have been shown to metabolize PAs to 6,7-dihydro-7-hydroxy-1-
hydroxymethyl-5H-pyrrolizine (DHP) (Buhler et al.,, 1991; Chung & Buhler,
2004; Duringer, Buhler & Craig, 2004; Fashe et al., 2015a,b; He YQ et al., 2010a;
Huxtable et al., 1996; Lin et al., 2007; Reid et al., 1998a; Ruan et al., 2014a; Wang
YP et al., 2005a,b; Wang YP, Fu & Chou, 2005; Xia et al., 2003, 2004; Xia et al.,
2013; Yang et al., 2001a). Induction of CYPs in animals prior to microsome
isolation has been shown to increase DHP formation following incubation of
PAs with the induced microsomes (Buhler et al., 1991; Chung, Miranda & Buhler,
1995; Huan et al., 1998a; Miranda et al., 1992; Reid et al., 1998a; Wang YP et
al., 2005a; Wang YP, Fu & Chou, 2005; Xia et al., 2004, 2006; Yang et al., 2001).
Inhibition of CYPs, particularly the CYP3A-family enzymes, has been shown to
decrease formation of pyrrolic adducts and DHP formation (Chung & Buhler,
2004; Duringer, Buhler & Craig, 2004; Fashe et al., 2015a; Huan et al., 1998b; Lin
et al,, 2002, 2007; Liu XQ et al., 2001, 2002; Reid et al., 1998a; Wang J et al., 2009;
Wang YP et al., 2005a,b; Wang YP, Fu & Chou, 2005; Xia et al., 2003, 2004, 2006,
2013). CYPs have also been demonstrated to be involved in the formation of PA
N-oxides (Dueker et al., 1992; Wang YP et al., 2005b; Wang YP, Fu & Chou, 2005;
Williams et al., 1989a,b). In guinea-pigs, in vitro studies have indicated that the
CYP2B isoform plays an important role in the activation of PAs, as was observed
with senecionine (Chung, Miranda & Buhler, 1995).

Studies that looked at differences in metabolic activation between
different types of PAs using human recombinant CYPs showed that CYP3A4 and
3A5 were involved in the case of otonecine-type PAs (clivorine and senkirkine),
with the highest activity for 3A5. For retronecine-type PAs, CYP3A4 and 3A5
were also predominantly responsible for their metabolic activation except for
monocrotaline, for which CYP2A6 was the major activating enzyme. In addition,
CYP2A6 played a role in the metabolic activation of retrorsine, riddelliine,
senecionine and seneciphylline. Other CYPs investigated, including CYP1A1,
1A2, 2B6, 2C9, 2C19, 2D6 and 2E1, were involved to a much lesser extent (Ruan
et al., 2014a). Platyphylline also undergoes CYP3A4-mediated metabolism, and
to a lesser extent metabolism mediated via CYP2C19, 1A1, 1A2, 2D6 and 2B6,
in human liver microsomes to form the predominant unreactive metabolite
dehydroplatyphylline carboxylic acid, which can be readily excreted (Ruan et al.,
2014b).
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Inhibition of FMOs reduced formation of N-oxides from monocrotaline
when incubated with male rat or guinea-pig liver microsomes (Chung & Buhler,
2004; Wang ] et al., 2009), or with senecionine incubated with sheep or cow
liver microsomes (Duringer et al., 2004). With hamster or sheep microsomes,
inhibition of FMOs reduced formation of DHP and senecionine N-oxide from
senecionine (Huan et al., 1998a).

As demonstrated by incubation of riddelliine N-oxide, retrorsine N-oxide
and monocrotaline N-oxide with rat or human liver microsomes, N-oxides
can be transformed to DHP and parent PA. Inhibition of CYP3A reduced the
formation of DHP significantly but the reduction to the corresponding parent
was unaffected indicating that hepatic reductase activity is involved (Chou et al.,
2003a; Wang YP et al., 2005b).

Carboxylesterases have been implicated as one pathway in the hydrolysis
of the PAs clivorine, jacobine, senecionine and monocrotaline, as demonstrated
in microsomes from guinea-pig (Chung & Buhler, 1995; Dueker et al., 1992; Lin
et al., 2002, 2007), hamster and sheep (Huan et al., 1998a), and to a lesser extent
in rat microsomes (Lin et al., 2002, 2007). However, this hydrolysis reaction was
not observed with monocrotaline in rat microsomes (Dueker et al., 1992). The
structure of the ester functionality of different PAs also has an impact, since steric
hindrance impairs de-esterification of PAs with branched chain esters (EFSA,
2011; Mattocks, 1982).

Species differences in the rate of metabolic activation were observed with
lasiocarpine (Fashe etal., 2015a). Extensive metabolism was observed in all species
tested (mice, rats, pigs, sheep, humans) except for rabbits. Observed differences
between human microsomes and those of the other species include a relatively
high rate of reactive metabolite formation in human microsomes, as measured
by the formation of GSH conjugate (see also below) and dehydrogenation
metabolites, and a low rate of demethylation metabolite formation.

(i) Phase Il metabolism

Glucuronidation after incubation of senecionine, monocrotaline, isoline or
adonifoline with liver microsomes was seen in some species but not others in
the following order (from higher activity to lower): rabbits, humans, cattle,
pigs and sheep >> guinea-pigs and dogs > rats and mice (He YQ et al., 2010a).
Using human liver microsomes and recombinant uridine 5'-diphospho-
glucuronosyltransferases (UGTs), He YQ et al., 2010b showed activity from
UGT1A4 and to a small degree from UGT1A3.

In vitro studies on the role of GSH in PA metabolism have generally
found production of GSH-PA metabolites (Lin, Cui & Hawes, 1998). Reaction of
dehydromonocrotaline with GSH yielded 7-GS-DHP adducts and the relatively
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stable7,9-diGS-DHPadducts,and ahighly unstable mono-GS-DHPadduct, which
was tentatively assigned as 9-GS-DHP (Ma et al., 2015). The existence of 9-GS-
DHP was confirmed by Chen M, et al. (2016) who found it to be the predominant
GSH conjugate formed for retronecine-type PAs. Other GSH conjugates include
7-GS-DHP, 7R,9-diGS-DHP and 7 S,9-diGS-DHP. In acidic conditions, 9-GS-
DHP can be spontaneously converted to 7-GS-DHP and 7,9-diGS-DHP. The
formation of GSH conjugates is suggested to occur spontaneously without
being mediated by GSTs as incubation of dehydromonocrotaline with human
microsomal GSTs or cytosolic GSTs in the presence of GSH did not show
significant differences compared to vehicle incubations (Chen M, et al., 2016).
The production of the GSH-PA mono- or diGSH metabolites can compete with
production of other metabolites (Cui & Lin, 2000; Duringer et al., 2004; Fashe et
al., 2014; Fashe et al., 2015a; Lin, Cui & Hawes, 2000). For example, Huan et al.
(1998a) found a reduction in DHP formation but no effect on N-oxide formation
when senecionine was incubated with hamster or sheep liver microsomes.

The rate of GSH-jacobine production remained unchanged following the
addition of rat GST, while the addition of guinea-pig GST increased the rate of
GSH-jacobine production over the non-enzymatic rate (Dueker et al., 1994).

The GSH contents of human and bovine artery endothelial cells were
reduced following treatment with dehydromonocrotaline or dehydroretronecine
(Reid et al.,, 1998b). Clivorine-exposed human liver L-02 cells had reduced
cellular GSH and a reduced GSH/GSSG ratio (Ji, Chen & Wang, 2008; Ji et al.,
2009). Increasing the GSH concentration led to increased DHP-GSH formation
(Buhler et al., 1991; Reed et al., 1992).

Based on incubation of a number of PAs (monocrotaline, retrorsine,
seneciphylline, senecionine, senkirkine, heliotrine, lycopsamine, lasiocarpine,
clivorine, integerrimine, platyphylline and riddelliine) with human microsomes
in the presence or absence of GSH, Ruan et al. (2014a) concluded that formation
of pyrrole-GSH conjugates and pyrrole—protein adducts are competitive reaction
pathways. The GSH conjugate and pyrrole-protein conjugates are formed
simultaneously and competitively; the authors suggest that this means that the
protein conjugate forms even in the presence of adequate amounts of GSH.

Dehydro-PAs, as found for riddelliine and monocrotaline in rat and
human liver microsomes, were also found to be able to react with N-acetylcysteine
(NAC) to generate 7-NAC-DHP or with cysteine to form 7-cysteine-DHP
(7-Cys-DHP) (He X et al., 2016a,b). In addition, 7-Cys-DHP was also found to
be generated via metabolism of 7-GS-DHP, not catalysed by CYPs. As both 7-GS-
DHP and 7-Cys-DHP were formed in liver microsomes without addition of GSH
or cysteine, these secondary pyrrolic metabolites may also be formed in vivo (He
X et al., 2016b).
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(b) Ex vivo

Male Sprague-Dawley rats underwent lung and liver perfusions, each in isolation
and together in tandem, with C-labelled monocrotaline (99.3% pure) (n =
5). When liver perfusions were performed alone, 65-85% of the radiolabelled
monocrotaline was converted into polar metabolites that included monocrotalic
acid and monocrotaline N-oxide; unchanged monocrotaline was also identified.
In the lung perfusions, only 5% of the radiolabelled monocrotaline was converted
into metabolites (Pan et al., 1991). Monocrotaline perfusion decreased the GSH
concentration in isolated perfused rat liver (Nigra & Huxtable, 1992). Further,
rat livers depleted of GSH (by in vivo administration of choloroethanol, diethyl
maleate or buthionine sulfoximine), which were subsequently perfused with
monocrotaline, showed a decrease in GSH bound metabolites released into bile
and an increase in protein bound pyrroles (Yan & Huxtable, 1995b).

(©) Invivo

The in vivo studies investigating the metabolism of PAs in animals, which
included rats, mice, pigs, sheep, horses and cows, are summarized below. The
details are given in a separate table, available as supplementary material online
(Supplementary Table 2).

The predominant metabolites identified following exposure via a variety
of routes included DHP, PA N-oxides, GS-DHP, pyrroles (often identified without
determining what they are conjugated to), GSH conjugates and NAC-conjugates.
These metabolites have been found in many organs and in body fluids including
liver, blood (whole blood, serum and RBCs), lung, heart, kidney, urine, bile and
brain (Chen M et al., 2016; Chou et al., 2003a; Chu, Lamé & Segall et al., 1993;
Dimande et al., 2007; Estep et al., 1990; Estep et al., 1991; Estep, Lamé & Segall,
1990; Huxtable et al., 1996; Lamé et al., 1990; Maia et al., 2014; Mattocks & Jukes,
1992a,b; Panariti et al., 1997; Schoch, Gardner & Stegelmeier, 2000; Wang C et al.,
2011; Wang YP et al.,, 2005a,b; Williams et al., 2002; Xiong et al., 2009 a,b; Yan &
Huxtable, 1995a; Yan & Huxtable, 1996a,b; Yang YC et al., 2001a).

In a rat study (design described in section 2.1.1 Absorption), Williams et
al. (2002) found that riddelliine was rapidly converted to the N-oxide, although
female rats had lower serum concentrations. In a later study in rats, Wang C et al.
(2011) (design described in ection 2.1.1 Absorption) administered senecionine
intravenously at 1.5 mg/kg bw or orally via gavage at 5.7, 11.5 or 22.9 mg/kg
bw, or adonifoline intravenously at 4.0 mg/kg bw, or orally via gavage at 16,
32 or 64 mg/kg bw. The most common metabolite was the N-oxide for both
senecionine and adonifoline, but the metabolic rate of transformation from the
parent compound to the N-oxide was faster with senecionine than adonifoline
by either route. The authors concluded from the data that the metabolic rate of
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transforming senecionine to senecionine N-oxide was 35-fold higher than for
adonifoline transformation to adonifoline N-oxide after intravenous dosing
and 143-fold higher after oral dosing. Rapid conversions to the N-oxide were
observed in all groups except in female rats, and the metabolite, retronecine, was
identified in all groups.

(d) Overview biotransformation

A simplified overview of the biotransformation of four main characteristic
pyrrolizidine moieties, namely retronecine-type, otonecine-type, heliotridine-
type and platynecine-type, is presented in Fig. 2.

Metabolic activation of 1,2-unsaturated PAs starts with oxidation by
CYP450 enzymes in the liver to 6,7-dihydro-7-hydroxy-1-hydroxymethyl-
5H-pyrrolizine ester metabolites (DHP esters) and their hydrolysis products,
(%)-6,7-dihydro-7-hydroxy-1-hydroxymethyl-5H-pyrrolizine alcohols (DHPs,
dehydronecines) (Mattocks, 1986; WHO-IPCS, 1988). CYP450 enzymes in
the liver hydroxylate carbon atoms of 1,2-unsaturated PAs at positions 3 and 8
adjacent to the nitrogen to produce carbinolamines. Spontaneous dehydration of
the carbinolamines then converts the ring system to an aromatic “pyrrole” ring.
The DHP esters produced in this way readily release their esterifying acids and
form stabilized, positively charged (carbonium) ions at C7 and C9, which rapidly
react with electron-rich (nucleophilic) groups, such as amines, thiols, and also
hydroxyl compounds they encounter, to produce DHP adducts on DNA, proteins
and other nucleophilic molecules in the liver.

In the case of otonecine-type PAs, e.g. senkirkine, CYP450 hydroxylation
of the N-methyl group leads to its removal as formaldehyde, and enables
condensation of the 8-keto group with the NH group generated at position 4
to produce the corresponding DHP-ester metabolites leading to DHP adducts
(Culvenor et al., 1971; Lin et al., 1998; Xia et al., 2004).

DHP esters are also readily hydrolysed, releasing DHP (dehydronecines)
into the circulation. DHP is a less reactive alkylating agent than the precursor
DHP esters but is still capable of forming DHP adducts with nucleophilic
targets in the liver and also in many extrahepatic tissues (Mattocks, 1986). Some
DHP adducted to weaker nucleophilic groups can release DHP or transfer it to
stronger nucleophiles (Mattocks, 1986). Thus DHP linked to some circulating
proteins and to other substances, for example GSH, that escape from the liver
remain potentially active alkylating agents, prolonging toxicity and leading to
extrahepatic effects (He X et al., 2016a,b; Huxtable et al., 1990; Mattocks, 1986;
Prakash et al., 1999; Seawright, 1992, 1994; Xia et al., 2015; Zhao et al., 2014).
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Fig. 2

Simplified overview of the biotransformation of 1,2-unsaturated PAs in humans leading to
detoxification or activation
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Ingested 1,2-unsaturated PA N-oxides, present as contaminants in food,
are reduced to 1,2-unsaturated PAs in the digestive tract and to a lesser extent in
the liver, and they too contribute to the hepatic metabolic activation and toxicity
of the parent 1,2-unsaturated PAs (Mattocks, 1986). However, N-oxidation of
1,2-unsaturated PAs in the liver is a detoxification and results in excretion of the
highly water soluble N-oxides produced (Mattocks, 1986). If 1,2-unsaturated PA
N-oxides are injected intraperitoneally or intravenously they are largely excreted
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and are not particularly toxic compared with dietary exposure where the N-oxides
are reduced to, and display toxicity equal to, the corresponding 1,2-unsaturated
PA free bases (Mattocks, 1986). Un-adducted DHP is also highly water soluble
and, like the N-oxides, is also readily excreted.

Carboxylesterase hydrolysis is another detoxifying mechanism. It results
in hydrolysis of 1,2-unsaturated PAs to non-toxic necines and monocrotalic
acids (EFSA, 2011). The importance of this pathway is influenced by the level of
hepatic esterase activity, which is lower in the rat than in other species such as the
guinea-pig. The rat hepatic esterase activity is approximately equivalent to that of
humans (Jewell et al., 2007). Further, glucuronidation by UGT1A4, and to a small
degree by UGT1A3, has been identified as an additional detoxification route for
the retronecine-type PAs senecionine, monocrotaline, isoline and adonifoline
(He YQ et al,, 2010a,b).

Saturated PAs are not converted to DHP esters or DHP and are therefore
reportedly not genotoxic (EFSA, 2011; Mattocks, 1986; Ruan et al., 2014b).

(e) Ruminal microbial metabolism

Eight beef calves (135-185 kg) with rumen fistulas were exposed to PA-
contaminated feed containing 5% tansy ragwort, 45% alfalfa hay, 47.5% grass hay
and 2.5% molasses (Johnston et al., 1998). The ragwort was known to contain the
PAs jacobine and seneciphylline. Prior to being fed, 1.5 L of sheep whole rumen
fluid had been transferred into the calves via the fistula; the fluid was from sheep
that had been fed 5% tansy ragwort for up to 3 weeks. The aim of the study was
to determine if the transferred rumen fluid from the sheep would protect the
calves, as sheep are able to ingest tansy ragwort with no adverse effects. All of
the calves that received the transferred microbes exhibited degradation of the PA
toxin at a much faster rate than controls and no increases in gamma-glutamyl
transaminase (GGT) activity, except for one. The calf that showed no reaction
to the transferred microbes was treated a second time and did react, but liver
pathology showed damage. All control calves without protective sheep rumen
fluid treatment had liver damage, as expected. This indicates that the microbial
flora are able to metabolize the PAs to non-toxic metabolites.

Wachenheim, Blythe & Craig (1992) estimated the number of PA
transforming bacteria in the guts of two Dorset ewes, an alpine goat and
two shorthorn cows. The number of bacteria was estimated based on the
maximum dilution at which microbial activity occurred. The authors incubated
anaerobic cultures with 50 g of rumen from each animal and 0.3 ml of a 10 mg
Senecio jacobaea/ml solution. S. jacobaea was noted to contain jacobine and
seneciphylline. The authors found a biotransformation rate of the PAs from
the S. jacobaea, based on the measurement of PA disappearance from culture,
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to be 19.2 pug/ml per hour for the sheep, 25.6 ug/ml per hour for the goat, and
2.9 pg/ml per hour for the cows. The rates of PA disappearance were generally
related to the estimated total numbers of PA-degrading bacteria.

Craig et al. (1992) also looked at the in vitro digestion of a S. jacobaea
extract. Whole ruminal fluid (obtained from sheep pre-exposed to S. jacobaea
plant) showed faster degradation of PAs than fractionated ruminal fluid, although
the rate of PA depletion in the different supernatant fractions was not different. The
fractionation was such that different fractions contained different combinations
of microorganisms, and the authors concluded that some microorganisms in
the pellet, such as larger protozoa, may contribute to the metabolism, although
smaller protozoa or larger bacteria may not. In cultures with methanogenic
medium or McDougalls medium (which simulates sheep saliva in composition
and buffering capacity) up to 100 pug/ml of PAs was depleted in 24 hours, which
was not the case in sterile controls or with denitrifying medium. The authors
concluded that this indicates that fermentive organisms or methanogens are
responsible for the PA metabolism.

Hovermale & Craig (2002) looked at metabolites from in vitro microbial
digestions of a crude extract of S. jacobaea, identified as containing mostly jacobine
and seneciphylline, but also senecionine, integerrimine, jacozine, jacoline and
retrorsine (percentages of each PA were not determined). In addition the in vitro
digestion of the individual PAs heliotrine, lasiocarpine and monocrotaline was
investigated. Cultures used Pseudostreptococcus heliotrinreducens, which was
isolated from a sheep rumen, as well as an enriched mixed culture, designated
L4M2, also derived from a sheep rumen. P heliotrinreducens completely
metabolized heliotrine at a 100 pg/ml concentration in 16 hours, and L4M2
in 8 hours, and each produced the metabolite 7a-hydroxyl-1-methylene-8a-
pyrrolizidine. P. heliotrinreducens completely metabolized lasiocarpine at a 100
pg/ml concentration in 16 hours, and L4M2 in 5 hours, and each produced
the metabolites 7a-angelyl-1-methylene-8a-pyrrolizidine and 7a-tiglyl-1-
methylene-8a-pyrrolizidine. A mixture of PAs derived from S. jacobaea or
monocrotaline alone was not metabolized in 24 hours by P. heliotrinreducens.
However, L4M2 metabolized the mixture of PAs in 12 hours, as did the culture
with L4M2 and monocrotaline, and each produced 7p-hydroxyl-1-methylene-
8a-pyrrolizidine. The authors concluded that the data are consistent with the
prediction that P. heliotrinreducens is able to metabolize mono- and diester PAs
but not macrocyclic ones.

Aguiar & Wink (2005) examined digestion of alkaloids in bovine rumen
cultures. In a seven-day culture of 1 mM senecionine, using rumen inoculation
from a cow not exposed to alkaloids in liquid media anaerobic cultures, no
degradation was seen (monocrotaline was not tested). In a rumen simulation
technique, which uses a semicontinuous rumen fermentation system consisting
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of 4 to 6 vessels using 2 mM monocrotaline, 92.1% degradation was seen after
24 hours with no evidence of N-oxide formation (senecionine was not tested).

2.1.3 Effects on enzymes and other biochemical parameters

Several studies investigating the effects of PAs on enzymes involved in
metabolizing PAs have been reported.

(@) In vitro CYP inhibition

Dai, Zhang & Zheng (2010) studied inhibition of individual human CYP
isozymes in vitro by retrorsine or monocrotaline, based on the nicotinamide
adenine dinucleotide phosphate (NADPH) dependence of the inhibition and the
ability of substrates present during the incubation to block the inactivation of
the enzyme. In their assay, the addition of 100 uM monocrotaline or retrorsine
for 30 minutes showed that retrorsine, but not monocrotaline, mechanistically
inhibited CYP3A4, but not the other CYPs tested, i.e. CYP1A2, 2A6, 2B6, 2C9,
2C19, 2D6 and 2E1.

(b) In vivo CYP induction

Gordon, Coleman & Grisham (2000) found that a single intraperitoneal dose
of 30 mg/kg bw retrorsine in rats induced an increase in both the protein levels
of CYP1A1/2, 2B1/2 and 2E1 and the mRNA levels in microsomes of CYP1A1,
2B1/2 and 2E1, which were obtained from the livers of these rats.

Luckert et al. (2016) found that of the four PAs senecionine, heliotrine,
echimidine and senkirkine, only echimidine was able to activate the nuclear
receptor — pregnane X receptor (PXR). Protein and mRNA level analysis in
HEpG2 cells verified that echimidine can induce CYP3A4. To study whether only
open-chain diesters are able to activate PXR, five additional PAs were studied
(the PAs were not named, but were of the monoester, open-chain diester or cyclic
diester type). Only the open-chain diesters echimidine and lasiocarpine were
able to activate PXR.

(c) Effect on Phase Il enzymes

One of the metabolic fates of PAs is conjugation to GSH. As described in section
2.1.2 Biotransformation, several studies have indicated effects on GSH levels in
cell-based assays, perfused organs or in vivo studies following exposure to PAs.

Using cultured human pulmonary artery endothelial cells, Reid
et al. (1998b) detected a 40% decrease in GSH in cells exposed to 100 uM
dehydromonocrotaline and a 25% decrease in cells exposed to 100 uM
dehydroretrorsine after 15 minutes of exposure.
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Yan & Huxtable (1995¢) found a significant increase of in vitro GSH
synthesis rates in liver cytosol prepared from rats administered 65 mg/kg bw
intraperitoneal monocrotaline or 15 mg/kg bw trichodesmine 24 hours before
being sacrificed, compared to the rates in cytosols prepared from control rats.

Yan & Huxtable (1996a) also compared the activity of enzymes involved
in GSH metabolism in several organs of rats administered 65 mg/kg bw
monocrotaline by the intraperitoneal route for 24 hours. In the liver and lung, the
activity of glutamate cysteine ligase (previously called gamma-glutamylcysteine
synthetase), GSH synthase, gamma-glutamyl transpeptidase, dipeptidase and
microsomal GSH-S transferase were significantly increased compared to controls.
In the heart and kidney, gamma-glutamyl transpeptidase and cytosolic GSH-S
transferase were significantly increased.

(d) Effect on other enzymes

Thirteen different PAs (3'-acetylheliosupine, echihumiline, echihumiline-N-
oxide, echimidine, heliosupine, heliosupine-N-oxide, heliotrine, monocrotaline,
pycnanthine, retronecine, riddelliine, senecionine and seneciphylline, purity
>95%) were tested, using several concentrations for each PA, to determine if
they affected acetylcholine (ACh)-related enzymes and various neuroreceptors.
Brains from newly killed pigs were used to prepare receptor-rich membranes
and in vitro binding assays were performed. Included in the analyses were
ACh-converting enzymes, acetylcholinesterase, butyrylcholinesterase, choline
acetyl transferase, and al- and a2-adrenergic, nicotinergic, muscarinergic and
serotonergic receptors.

Only two compounds, echihumiline and pycnanthine, inhibited
butyrylcholinesterase activity (median inhibitory concentration (IC, ) values of
314.4and 462.6 uM respectively); the activity of acetylcholine esterase and choline
acetyl transferase were not affected by the PAs tested. All PAs except monocrotaline
had an affinity for the muscarinic acetylcholine receptor, with echihumiline
N-oxide being the most active (IC_ value = 8.7 uM) followed by senecionine (IC_
value = 43.0 uM), heliotrine (IC_ value = 52.2 uM) and seneciphylline (IC, value
= 52.5 uM). Only 3'-acetylheliosupine inhibited specific binding to the nicotinic
ACh receptor (IC value of 159.7 uM). All PAs tested, except heliotrine N-oxide,
retronecine and riddelliine, inhibited the specific binding to the serotonin
receptor with IC,  values between 23.2 and 609 uM. 3'-Acetylheliosupine and
heliosupine were the most active. 3'-Acetylheliosupine and heliosupine were also
the only PAs to inhibit specific binding to the al-adrenergic receptor with IC_|
values of 39.1 and 148.1 puM, respectively. 3'-Acetylheliosupine, echihumiline,
echihumiline-N-oxide, echimidine, heliosupine and seneciphylline inhibited the
specific binding to the a2-adrenergic receptor, with 3'-acetylheliosupine being
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the most active PA with an IC_ value of 2.9 uM followed by heliosupine with an
IC,, of 15.0 uM (Schmeller, El-Shazly & Wink, 1997).

Australine was tested in in vitro assays for various metabolic enzyme
activities using purified enzyme activity assays. Tropea et al. (1989) found that
australine inhibits amyloglucosidase (an alpha 1-4 and alpha 1-6 exoglycosidase),
but not beta glucosidase, alpha or beta mannosidases or alpha and beta
galactosidases. It also inhibited glucosidase I but not glucosidase II. In a cell
culture assay using influenza-infected MDCK cells, Tropea et al. (1989) reported
that a 2-hour incubation with 500 pg/mL australine resulted in alterations in the
oligosaccharide processing in isolated mature viruses.

(e) Unknown mechanism of action

In separate studies, Yan & Huxtable (1995d, 1996b) found changes in sulfur
metabolism in bile.

Yan & Huxtable (1995d) administered 0.5 mM monocrotaline in the
perfusion buffer of a rat liver perfusion study and found, in the first 60 minutes,
cumulative increases (30-fold) in conjugated and free GSH release, and 2.6-
and 2.3-fold increases in cysteine and cysteinylglycine, respectively, in the bile
collected.

Yan & Huxtable (1996b) administered retrorsine, 20.4 mg/kg
intraperitoneally, to male Sprague-Dawley rats and collected bile through a bile
duct cannulation for 1 hour at 2, 4, 7, 12, 16, 24 and 48 hours. GS-DHP was
present in the bile 2-3 hours after administration (0.24 mM) and then fell rapidly.
Within 6 to 8 hours, biliary GSH increased significantly from time 0 (3 mM)
and had risen by 12 hours to 24 mM, as did cysteine (from <1 mM at time 0 to
5 mM at 12 hours) and cysteinylglycine (1 mM at time 0 to 9 mM at 12 hours).
Both results suggest a compensatory change in sulfur metabolism by the liver
following exposure to PAs.

2.1.4 Physiologically based pharmacokinetic (PBPK) modelling

No information was available.

2.1.5 Transfer from feed to food

WHO-IPCS (1988) and EFSA (2011) concluded that PAs are able to transfer to
milk, meat and eggs, but generally in low amounts.

() Milk

Studies in rodents have demonstrated transfer of 0.02 to 0.04% of 1,2-unsaturated
PAs (retrorsine, senecionine, seneciphylline) into maternal milk (Eastman,
Dimenna & Segall, 1982; Luthy, Heim & Schlatter, 1983).
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Several studies examined the distribution of PAs and the transfer to
milk in cattle and other animals utilized for milk production. Three dairy cows
(4-5 years old; 600-700 kg) with fistulated rumens were treated with ragwort
through the fistula at daily doses of 0 g for week 1, 50 g (2 x 25 mg) in week 2,
100 g (2 x 50 mg) in week 3, 200 g (2 x 100 mg) in week 4, and 0 g in week 5
(Hoogenboom et al., 2011). The PAs in the ragwort consisted mostly of jacobine,
jaconine, erucifoline, senecionine and seneciphylline and the corresponding
N-oxides. The total daily dose was divided into two equal doses per day. Milk was
collected twice daily. Milk samples contained measurable levels of the following
PAs: jacoline, jacobine, jaconine and senkirkine. No N-oxides were identified
in the milk samples. Based on milk production and the total PA concentration,
the transfer of the daily doses to milk was 0.1% of the overall daily dose of PAs.
Although jacoline made up only 1% of the administered PAs, 4% of this PA and
its N-oxide present in the plant material was transferred into the milk as a free
base.

Similarly, Candrian et al. (1991) identified 0.16% of the total dose of
radiolabelled PA in the milk of a cow given a single oral dose of 1 mg/kg bw of
’H-labelled seneciphylline. At 18 hours after dosing, 100 ng/mL of seneciphylline
was identified in the blood. When the cow was sacrificed 21 days post-dosing,
radioactivity indicated that 0.06% of the original dose was in hepatic tissue.

Three merino sheep were treated with five capsules daily containing
6.5 mg of "*C-labelled PAs (seneciphylline 91%, senecionine 6%, rest unidentified)
for 5 days (Panariti, Xinxo & Leksani, 1997). The total dose was approximately
162.25 mg seneciphylline. At the end of the 5 days, levels in milk were 987 ng/mL
seneciphylline and blood levels reached a maximum of 518.2 ng/mL during the
last 2 days of treatment. Liver samples taken at the end of 10 days showed that
0.22% of the total dose administered was present in hepatic tissue.

Goats (Nubian, n = 3) received approximately 1% (500 g) of their
body weight in tops of tansy ragwort per day, via cannula (Deinzer et al,
1982). 1,2-Unsaturated PAs and their N-oxides were determined in milk after
conversion to retronecine. The authors estimated that this represented transfer of
approximately 0.1% of the ingested PAs.

Milk was collected from a lactating goat that had been fed a diet
supplemented with 0.5% of the seeds from Crotalaria spectabilis, a plant containing
monocrotaline. The milk was collected twice daily for 8 weeks and was used to
supplement the feed of rats (Medeiros, Gérniak & Guerra, 1999). Twenty male
Wistar rats (22 days old) received regular feed or the feed supplemented with
the goat milk until they were killed on day 83. Histopathology revealed mild to
moderate interstitial pneumonia with diffuse thickening of the alveolar septa in
the lungs and apoptosis of hepatocytes and vacuolar degeneration in the liver
suggesting that PAs were distributed to and excreted in the milk of the goat. The
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concentration of PAs in the milk, and whether the PAs remained as the parent
compound or were excreted as metabolites in the milk, was not determined. The
amount of monocrotaline and the amount or type of metabolites found in the
tissue and the blood of the rats were not reported.

(b) Avian eggs

Several studies looked at the distribution of PAs in avian eggs after administration
of PAs to the mother animals. EFSA summarized two studies by Erdksiiz et al.
(2003b, 2008).

Diaz, Almeida & Gardner (2014) and Gardner et al. (2014) reported
a study in which Crotolaria pallida seeds with 0, 0.54, 0.99 or 1.41 mg/kg of
usaramine and its N-oxide were administered in the feed (0, 1%, 2% or 3%
seeds containing 0.18% dry weight of usaramine and its N-oxide in the feed) for
5 weeks to 40 laying hens (10/group). By the end of the study, all treated hens
had significant decreases in body weight compared to the controls, and egg mass
production was reduced in the middle- and high-dose groups, but not the average
egg weight. The average number of eggs laid per hen was reduced in the high-dose
group. Usaramine was identified in egg; the maximum detected concentration
was 885 ng/g for the eggs collected at day 14 in the high-dose group, the lowest
concentration was 290 ng/g at day 7 in the low-dose group. Eggs collected 1 week
after the end of the experiment (day 42) still contained detectable concentrations
of usaramine (11.5, 9.5 and 43.5 ng/g for the low-, middle- and high-dose group,
respectively).

In a study by Mulder et al. (2016), laying hens were fed diets containing
0.5% of dried common ragwort, common groundsel, narrow-leaved ragwort or
viper’s bugloss, or 0.1% of common heliotrope for 14 days. They found that the
overall transfer rates from feed to eggs for the sum of PAs were between 0.02% and
0.23%, depending on the type of PAs in the feed. PAs were transferred mainly to
the yolk of the eggs. Steady-state levels of 12, 21, 216, 2 and 36 pug/kg, respectively,
were reached when the laying hens were exposed to concentrations of 5.5, 11.1,
53.1, 5.9 and 21.7 mg/kg in the feed, of common ragwort, common groundsel,
narrow-leaved ragwort, viper’s bugloss or common heliotrope, respectively.
PAs measured in the eggs were primarily present in their free base form, and
included mainly jacoline (38%), jacobine (17%), erucifoline (14%) and retrorsine
(11%) when hens were given common ragwort. In eggs from hens that received
common groundsel, the predominant PAs were retrorsine (58%), retrorsine
N-oxide (7%), seneciphylline (6%), and an unknown retronecine macrocyclic
ester (10%). When laying hens were fed narrow-leaved ragwort, the main PAs
found in the eggs were retrorsine (67%), usaramine (8%) and otosenine (7%), and
when fed viper’s bugloss echimidine (75%), an unknown retronecine monoester
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metabolite (9%) and an unknown retronecine diester (12%) were detected. After
exposure to common heliotrope via the diet, the highest levels in eggs were found
for europine (61%) and heliotrine (20%). When the PAs were withdrawn from
the feed, the PA level in the eggs gradually decreased but could still be detected
after 14 days in the group of laying hens exposed to the higher levels.

In another study, Erdkstiz et al. (2003b) fed groups of 10 laying hens 0,
0.5, 2 or 4% ground aerial parts of Senecio vernalis for 210 days. Plant alkaloid
content was 0.14%: 8.6% in the basic form and 91.4% in the N-oxide form. Specific
alkaloids were senecionine (66.7%), senecivernine (10.4%), seneciphylline
(8.5%), integerrimine (8.4%), retrorsine (3.0%), senkirkine (2.45%) and
hydroxysenkirkine (0.7%). No PAs were found in the eggs sampled. Cumulative
PA consumption for the groups was 0, 111, 291 and 468 mg/kg bw in the 0, 0.5, 2
and 4% groups, respectively.

Eroksiiz et al. (2008) fed Japanese quail (40 per group) either untreated
feed or feed treated with 390 mg/kg PA from Heliotropium dolodum, 450 mg/kg
PA from Heliotropium circinatum or 420 mg/kg PA from Senecio vernalis from
hatching to day 74. The major specific PAs in H. dolodum were: lasiocarpine
(44.0%), europine (26.0%) and heliosupine (18.5%); in H. circinatum: europine
(67.3%), heliotrine (16.3%) and lasiocarpine (8.1%); and in S. vernalis:
senecionine (66.7%), senecivernine (10.4%) and seneciphylline (8.5%). Total
alkaloid consumption for the animals fed H. dolodum, H. circinatum or S. vernalis
was 1120, 1388 and 1274 mg/kg bw in the males and 1606, 1856 and 1702 mg/kg
bw in the females, respectively. Alkaloids were present in the eggs, with europine
(8.66 ugl/g, 52 pg per egg) found in the eggs of animals treated with H. dolodum;
europine (19.05 pg/g, 15.12 pg per egg) and heliotrine (1.46 ug/g, 9.29 ug per egg)
in the eggs of animals treated with H. circinatum; and senecionine (3.21 pug/g,
22.27 ug per egg) in eggs of animals treated with S. vernalis. EFSA noted that not
all PAs were transferred from the feed to the eggs and calculated from this study
that transfer was 0.35% for the animals treated with H. dolodum, 1.08% for the
animals treated with H. circinatum, and 0.22% for the animals treated with S.
vernalis.

(c) Avian meat

In the study performed by Mulder et al. (2016), laying hens were slaughtered
shortly after the last exposure to PA concentrations in the feed of 5.5, 11.1, 53.1,
5.9 and 21.7 mg/kg bw originating from various PA-containing plants (see above).
The concentrations in the meat were slightly lower than the PA concentrations in
the eggs, while the PA concentrations in the livers and kidneys were somewhat
higher. After PA exposure was stopped, PA concentrations in meat and especially
kidneys and livers decreased.
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(d) Mammalian meat

In a radiotracer study, a dairy cow received a single oral dose of 1 mg/kg bw of
*H-labelled seneciphylline (Candrian et al., 1991). At slaughter, 0.06% of the dose
was found in the liver.

Crotalaria novae-hollandiae subsp. novae-hollandiae, Heliotropium
amplexicaule and Senecio brigalowensis were fed at approximately 15% of the
diet to weaned calves for 6 weeks to achieve a dose of 5.5, 15 and 2.5 mg/kg
bw per day, respectively (Fletcher et al., 2011a). Alkaloids present in C. novae-
hollandiae subsp. novae-hollandiae were identified as monocrotaline, pumiline
A, trichodesmine and crosemperine; in H. amplexicaule as mainly indicine
and as a minor component heliospathine (both mainly in N-oxide form); and
in S. brigalowensis as sceleratine (mainly as N-oxide), senkirkine, otosenine,
desacetyldorinine, florosenine and dorinine. After exposure to C. novae-
hollandiae subsp. novae-hollandiae, PAs were detected in blood at levels up to
150 pg/kg, plateauing around days 7-28 and decreasing thereafter. PAs were
also detected in muscle and liver tissue and followed the same trend tending to
plateau at maximum levels of 250 ug/kg and 2500 pg/kg, respectively. PA adducts
were detected in blood samples, with increasing levels up to days 14-21 after
which they decreased. In tissues, the following order was found for PA-adduct
levels: liver > kidney =~ heart > muscle. After exposure to H. amplexicaule, PA
levels in tissues were below or at the limit of quantification of 1 pg/kg. PA adducts
were detected in blood, muscle, liver, kidney and heart samples, and tended to
increase during the trial. In the tissues, PA-adduct levels were in the order liver
> kidney = heart ~ muscle. After exposure to S. brigalowensis, free PAs, all of
the otonecine type, were detected in blood and liver reaching a plateau after
2-3 weeks at levels up to 90 pg/kg and 400 pg/kg, respectively, and decreasing
to 30 pg/kg and 40 pg/kg, respectively, at the end of the trial. PA adducts were
detected in blood and tissue samples in increasing amounts up to 35 days, after
which the levels declined. The PA adducts were detected in the order liver >
kidney > heart ~ muscle.

22 Toxicological studies

Many studies have been performed using extracts or material from PA-containing
plants. Most of these studies did not specify the PA content, making it impossible
to relate the toxicity to a dose of a specific PA. Therefore the Committee decided
not to include studies on unspecified extracts or plant material in the evaluation.

As in vitro toxicity data would not be useful for deriving a point of
departure for risk assessment, mainly in vivo toxicity data were included in the
evaluation. Only in section 2.2.4 Genotoxicity, have in vitro studies been included.
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For reasons given in the paragraph on “inclusion of studies” in section 1, studies
in cell systems based on Drosophila or plants were excluded.

2.2.1 Acute toxicity

The acute toxicity of PAs was evaluated by IPCS in 1988 (IPCS, 1988) and EFSA
in 2011 (EFSA, 2011). Acute toxicity studies for which median lethal dose
(LD,,) values were described in these evaluations, as well as new publications
are summarized in Tables 5-8. For the previous evaluations (EFSA, 2011; IPCS,
1988), mainly studies in which PAs were administered by intraperitoneal or
intravenous injection were available. More recently, several acute toxicity studies
using oral administration have been performed (Table 5). Since toxicity studies
using intraperitoneal or intravenous administration are not very relevant for
the risk assessment of PAs in food, the Committee focused on the available oral
toxicity data.

EFSA (2011) noted, based on earlier studies with limited details, that
chronic liver lesions are induced by single doses of PAs, including lasiocarpine,
heliotropine, heliotrine, retrorsine, riddelliine, seneciphylline, senkirkine and
hydroxysenkirkine. The liver and lung were the main organs affected, with the
most common lesion being confluent haemorrhagic necrosis in the liver, followed
by lesions in the central and sublobular veins of the liver. IPCS (1988) noted that
the liver effects are similar whether caused by a single sublethal dose or multiple
small doses.

Oral LD, values are reported in mice for senecionine (57 mg/kg bw),
isoline (123 mg/kg bw), adonifoline (163 mg/kg bw) and monocrotaline (154 mg/
kg bw) and in rats for retrorsine (34-38 mg/kg bw), retrorsine N-oxide (48 mg/kg
bw), riddelliine (80 mg/kg bw), lasiocarpine (110 mg/kg bw), monocrotaline (75,
151, 501, 510 mg/kg bw), echimidine (518 mg/kg bw) and heliotrine (510 mg/kg
bw) (Table 5). These studies indicate that senecionine, retrorsine (and its N-oxide)
and riddelliine are among the more acutely toxic PAs, whereas echimidine and
heliotrine appear less toxic. IPCS (1988) and EFSA (2011) noted that the large
macrocyclic diesters, such as retrorsine and senecionine, having a higher potency
compared to the monoesters, such as heliotrine, correlated with the different
toxicokinetic profiles. However, since only one oral LD, value is available for
a monoester (heliotrine), this cannot be confirmed based on the available oral
acute toxicity data.

Heliotrine, monocrotaline, riddelliine and echimidine were tested in
oral acute toxicity studies with the same study design, according to OECD Test
Guideline 425 with some modifications (using male instead of female animals,
determination of survival at 72 instead of 24 hours, and an observation period
of 7 days instead of 14 days) (Dalefield, Gosse & Mueller, 2015; Dalefield et al.,
2012 a,b). As noted by the authors, the nature of the liver lesions was generally
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similar between the four PAs studied, except that the endothelial cells in the
central veins appeared normal in the study with echimidine. Also, in contrast
to heliotrine and monocrotaline, echimidine and riddelliine did not cause
pulmonary changes consistent with acute pulmonary hypertension. The results
observed also suggested that all four PAs inhibited gastric emptying. Based on the
calculated LD, values (and taking into account the skewed confidence limits),
the relative acute toxicities would be riddelliine > echimidine > monocrotaline
> heliotrine. However, when ranked based on histopathological no-observed-
adverse-effect levels (NOAELSs) the order would be riddelliine > monocrotaline
> echimidine = heliotrine. A firm conclusion on relative acute toxicity cannot
be drawn because of the small number of animals studied (Dalefield, Gosse &
Mueller, 2015).

The acute oral toxicity of monocrotaline has also been investigated in
goats, sheep and donkeys (Table 6). The animals died or were killed moribund at
the lowest-observed-adverse-effect levels (LOAELSs) reported in Table 6. For 31
PAs, LD, values were available after intraperitoneal administration. Based on the
intraperitoneal LD, values, heliosupine, lasiocarpine, retrorsine, senecionine,
seneciphylline and spectabiline were most toxic, whereas europine, heliotridine,
heliotrine N-oxide, indicine and intermedine were of lower toxicity (Table 7).
Acute toxicity of riddelliine administered by the intraperitoneal route has not
been reported. For PAs for which both oral and intraperitoneal LD, values were
available, the toxicity via the oral route tends to be lower, except for retrorsine
for which the toxicity via the two routes was comparable. Based on the LD,
values after intraperitoneal administration, male rats seem more susceptible
to the acute toxicity of basic PAs than females. EFSA (2011) indicated that the
relative hepatotoxicity of 62 PAs has been investigated by administering single
intraperitoneal doses (in the range of 0.025-3.2 mmol/kg bw) to male and
female rats (Culvenor et al., 1976 as cited by EFSA, 2011). The livers of surviving
rats were examined 4 weeks later. Most 1,2-unsaturated PAs caused death with
liver necrosis within 1 week, or liver megalocytosis observed at necropsy after
4 weeks. A number of heliotridine esters did not cause liver toxicity under the
conditions of the experiment. The 1,2-saturated PAs platyphylline (118 mg/kg
bw) and cynaustraline (67 mg/kg bw) caused rapid death after intraperitoneal
administration, without hepatotoxicity. LD, values were not derived in this
study (Culvenor et al.,, 1976, as cited by EFSA, 2011; Jago, 1970, as cited by EFSA,
2011). On a molar basis, diesters of heliotridine and retronecine were about four
times more toxic than retronecine esters. Crotonecine esters were less toxic than
retronecine esters (Culvenor et al., 1976, as cited by EFSA, 2011).

For 10 PAs, LD, values after intravenous injection were available. The
LD, values ranged between approximately 40 and 100 mg/kg bw except for
heliotrine (255-274 mg/kg bw) and retrorsine N-oxide (834 mg/kg bw). Oral
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LD, values were quite comparable with intravenous LD, values for PAs that
were tested by both routes, except for retrorsine N-oxide, which was much less
toxic when administered intravenously (Table 8). In rats and dogs, pulmonary
lesions were observed after a single intravenous or subcutaneous injection of
monocrotaline (Miller et al., 1978, as cited by EFSA, 2011; Valdivia et al., 1967a,b,
as cited by EFSA, 2011).

In previous evaluations (EFSA, 2011; IPCS, 1988), it was noted that the
route of administration did not have a great influence on the hepatotoxicity of
basic PAs. The relative toxicity of retrorsine N-oxide compared with that of the
basic alkaloid depended on the administration route. When given orally to rats,
retrorsine N-oxide was reported to be as toxic as its basic alkaloid; however,
when given intravenously or intraperitoneally, it was much less toxic. Heliotrine
N-oxide and lasiocarpine N-oxide were also less toxic than their basic alkaloids
when administered intraperitoneally (Table 7). This could be explained by the
conversion of N-oxides to their basic alkaloids in the gut, which needs to take
place before toxic pyrroles can be formed by hepatic microsomes.

2.22 Short-term studies of toxicity

The short-term toxicity of PAs in animals was evaluated by WHO-IPCS in 1988 and
EFSA in2011. Both WHO-IPCS and EFSA concluded that the most common toxic
effect of repeated exposure to 1,2-unsaturated PAs is hepatotoxicity, characterized
by megalocytosis' (enlarged hepatocytes containing hyperchromatic nuclei), and
centrilobular necrosis, fibrosis and bile duct hyperplasia. EFSA reported in 2011
that in all animal species and for all ingested plant species investigated by them,
lesions in the liver had been observed.

WHO-IPCS reported that almost simultaneously with or shortly after
haemorrhagic necrosis of the liver cells, various levels of change appear in
the central and sublobular veins of the liver lobules. These changes consist of
subintimal oedema or even necrosis, deposits of fibrin, thrombosis and occlusion
of the lumen, which later becomes organized. In humans, poisoning with
1,2-unsaturated PAs is characterized by acute hepatic veno-occlusive disease
(HVOD), as reported by EFSA in 2011. The acute disease is associated with high
mortality, and a subacute or chronic onset may lead to liver cirrhosis.

Both WHO-IPCS and EFSA reported that, besides hepatotoxicity,
pulmonary toxicity has been observed; the structural requirements for toxicity
in the lung are the same as those for toxicity in the liver and the toxicity is caused
by metabolites produced in the liver. Pulmonary toxicity manifests as pulmonary

' The terms “cytomegalocytosis” and “(hepato-)cytomegaly” that are used in particular in older studies are
considered to be synonymous with “hepatocellular hypertrophy’, which is the term that is presently more
commonly used in the literature.
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Table 8

Acute intravenous toxicity studies of pyrrolizidine alkaloids
Compound® Spedcies® LD, (mg/kg bw) Reference
Heliotrine Mouse 255 Mattocks (1986), cited by EFSA (2011)
Heliotrine Rat 274 Mattocks (1986), cited by EFSA (2011)
Integerrimine Mouse 78 Mattocks (1986), cited by EFSA (2011)
Jacobine Mouse 77 Mattocks (1986), cited by EFSA (2011)
Lasiocarpine Mouse 85 Mattocks (1986), cited by EFSA (2011)
Lasiocarpine Rat 88 Mattocks (1986), cited by EFSA (2011)
Lasiocarpine Hamster 67.5 Mattocks (1986), cited by EFSA (2011)
Retrorsine Mouse 59 Mattocks (1986), cited by EFSA (2011)
Retrorsine Rat 38 Mattocks (1986), cited by EFSA (2011)
Retrorsine N-oxide Mouse 834 Mattocks (1986), cited by EFSA (2011)
Riddelliine Mouse 105 Mattocks (1986), cited by EFSA (2011)
Senecionine Mouse 64 Mattocks (1986), cited by EFSA (2011)
Senecionine Hamster 61 Mattocks (1986), cited by EFSA (2011)
Seneciphylline Mouse 90 Mattocks (1986), cited by EFSA (2011)
Spartioidine Mouse 80 Mattocks (1986), cited by EFSA (2011)

2 Purity not specified.

b Sex not specified.

hypertension and can lead to cardiac right-ventricular hypertrophy. Acute lesions
include alveolar oedema and effects on the alveolar wall. Chronic lesions can
include extensive pleural effusion or necrotizing pulmonary arthritis.
Short-term toxicity studies in mouse, rat, chicken, quail, pig, sheep, cow
and horse that were identified during the SR are described below. Some studies
were appropriate for the derivation of a LOAEL or NOAEL. These studies are
summarized in Table 9. Other studies provided information that indicated the
hazardous properties of several PAs but were not found suitable for the derivation
of a NOAEL due to limitations of the study design and description. Hence, these
studies were considered to be supportive and are therefore described in less detail.

(a) Mouse

The toxicity of riddelliine was investigated in B6C3F, mice in a 2-week and a
13-week study (Chan et al., 1994; NTP, 1993) as part of a larger effort involving a
chronic 2-year study conducted by the US NTP (see section 2.2.3 for a description
of the 2-year study). In the 2-week study, groups of five male and five female mice
(6 weeks of age) were dosed with 0 (vehicle control), 0.33, 1.0, 3.3, 10 or 25 mg/
kg bw riddelliine (95% riddelliine, 5% retrorsine, 0.2% seneciphylline) in 0.1 M
phosphate buffer by gavage for 5 days a week plus 2 consecutive doses (in total 12
administrations in 16 days). Averaged over the week, corrected doses amounted

58



Pyrrolizidine alkaloids

Supplement 2

1ybIam J3NI| 3AI}e[31 paseanul
‘(ewapao ‘abeyuiowaey (B0}
buipnpui) bun| pue (Ajebawof ey

8LI0L'L'T
‘LL0'BT°0 ‘0 99M 3y} Jano

(¢661) siso3U J1yeday JejnqojLu) pabeiany 'sasop aAINIISUO
dnoib buppiom 4| N d1beyiowsey buipnpu) 1anl| om snjd yaam Jad X 1o} (xas N/PEEd
‘(v66l)RIURY  yTO  LLO ursabuelp edibojoyledoisiy - abeaey STI0OL'EE0L"EE0 D gy aadg)ol SIIMT  (%S6) ullIppIY ley
s)ybram Jan1| 3njosqe
Paseaidap ‘ulung|e paseanap
(9L07) 21PN [Ty wnids paseanut ‘uief Jybram (9LTI06T1°290°0 (xes (%L176) plaiyiy
13 35500 ‘Play3[eq Cl 8T Apoq pue ybram Apoq parnpay pas4 (W)8L'TI0ETL €900 g/u JadoL) 07 skep g7 audiesoise] ey
(9107) 213N () L5TI0ETL19070 (xas lexsim
1395509 ‘pau3jeq 14 e/u - pad4 (W) 9y'7407TL 09070 gu adoL) oz skep 8z (%5 56) uipiuLp3 'Y
(9%8°€ auoly
BWIPO ‘%4 AUIpIWIYPI
bunj ‘suoisa) £aupry ‘sreday d1uoiyd ‘061 uidnsolpy
10 3Jnoe ‘uonesdyljoid 1onp 3|iq pue ‘9687 dudiedoise|
s1sonau ‘Ajebawohiey ‘sisoyfr0ebaw 's\d |e10}
dneday [euozpiw pue [epioduad SYd (B30} 0€L10G9 (Auo 9%€1°0) Wwnsojop SSIMS
(1007) "[e 13 Znsy0i3 e/u 07 buipnpui suoisaj sanj ssoib ‘yer o pa34 1045°6L108'6°6'5°0T'0  6E'EL’0  sdjew) gL SHIM ¥T winidosoljo asnoW
(sfewnue
Pa13|s 1o}
gLi0]/ SYaM ¢ 10
(€661) YTLLOYT00 Ham Y} L3o pousad
dnoub bupyiom 4|\ fjebawoyfr01eday ‘syybram uebio 1310 pabesany yaam Jad X§ (xas f13nmaie (%26 And) 14€)99
‘(v661) ‘213 uey) 7't L', papaye ‘uieb Jybram Apog painpay abenen 104571001 ‘E€LEE0°0 g/u Jadgg) oy snjd) syaam el aull]|appiy SO
DudIRRY (mqby (mqby P oy  (Aep sad mq by/bw)asoq  (3a1p By dnoib Apms (Aund)  uondunsap
/bw)  /buw) /bw) 3soq 19d ‘0N Jo 3buadq punodwo) sapads
TIYON  13v01

spiojeyje aulpizijosiAd y3m saipns A}1D1X0) W3)-}40YS WO STIYON 40/pue STIYOT PRAUSP JO MIIAIAQ

6 °IqEL



<
=
-l
e
==
=
=
=
=
=
j=2]
=
wv
2
c
©
.
£
S
=
c
o
o]
-]
c
©
w
]
2
E
T
o
©
(=]
L
£
©
=
e
7]
[v]
—
(=]
c
L
=}
©
=
©
>
(]
>
2
R
©
wn

*3)qed|dde Jou ze/u ‘asesajsuesjoujwe uiue(e 1y

S)ybIaM Jan| paseanul (93m
‘s1s0)w 3)£>03eday Ul uordNpal yLioLL0 13d X6) sY9am
‘sabueyp |eijayropua ‘“AydossadAy ‘0 :Apn1s %33M-9 10} Y93m 3y} (K|uo sajew) 940 ‘sep (%26) N/¥EEd
(2007) ‘12 3 eYSAN e/u 0l pue uopjezijonien 33£)0)eday abenen 1310 pabesane 710 0°L ‘0 e/u [ dMIMIASUM § aull|Ppply 1’y
(S|ewyue
Pap3|as o}
sabueyd L'L10yT SYIIM §| 10
(€661) [ed1Bojojewaey ‘1an| ut sisayjuAs LLOYT0 LL00 "0 YoM 3y} LJo pousad
dnoib buppiom 41N YNQ@ 3seyd-s paseanul ‘Ajebawof ey 1910 pabesane “yaam Jad xg (xas 1300231 © (9%26) N/pE€Ed
‘(v661) ‘213 uey) 14 LL0 ‘uonjesa|e Je|n|[203eday Jo D04 abeaen  10j LU0 €€ '0’L ‘E€0°L00 g/u 1dgg) oy snjd)syeamel aull||appiy Yy
duaRey (mqby (mqby Dy amnoy  (Aepaiad mq by/bw)asoq  (3a1p by dnoib Apms (fund)  vondudsap
/bw)  /buw) /bu) 3soq 19d oy Jo y3buaq punodwo) sapads
TIYON  13v01
(panunuod) 6 3|qeL

60



t0 0,0.24,0.71, 2.4, 7.1 and 18 mg/kg bw. Animals were observed twice daily and
were weighed at the start of the experiment, weekly thereafter, and at necropsy.
Clinical observations were recorded daily. At termination, complete necropsies
were performed on the animals. Organs and tissues were weighed, examined for
gross lesions, and subjected to histopathological and microscopical examinations.

No deaths occurred during the study, and mean body weights and
mean body weight gains in the dose groups were similar to the controls. Slight
emaciation (one male at day 5 and one female at day 4) and hunching (same
female at day 3) were observed in the 10 mg/kg bw group but disappeared later.
No clinical signs were noted in the other dose groups. Statistically significant and
dose-related increases in absolute and relative mean liver weight were recorded
in males in the 10 and 25 mg/kg bw dose group and in females in the 3.3, 10
and 25 mg/kg bw dose group. In addition, the absolute mean liver weight was
significantly increased in females in the 0.33 and 1.0 mg/kg dose groups. Relative
thymus weight in females in the 25 mg/kg bw dose group was statistically
significantly increased compared to controls, and a positive trend was also
observed in the other dose groups. No treatment-related gross lesions were noted.
Microscopically, cytomegaly was reported in the livers of both males and females
in the highest dose group. However, the actual organ weights and histopathology
incidence data were not reported, as this investigation was intended as a dose-
finding study for the 13-week study.

In the 13-week study, male and female mice (6 weeks old, 20 animals
per sex per group) were administered the same dose levels of riddelliine (92%
riddelliine, 5% retrorsine, 1.4% seneciphylline) as in the 2-week study by gavage
5 times a week. Averaged over the week, corrected doses amounted to 0, 0.24,
0.71, 2.4, 7.1 and 18 mg/kg bw. Animals were observed twice daily, and body
weight and clinical observations were recorded weekly. Ten animals from each
dose group were autopsied at the end of the treatment period, while groups of
five animals were maintained without further treatment for a recovery period of
7 or 14 weeks. Postmortem examinations were the same as for the 2-week study,
with the addition of some extra tissues, e.g. forestomach and reproductive system
evaluations, and selected mice underwent clinical pathology evaluations.

Several deaths (3 males and 10 females) were reported, but none of
them were considered to be treatment-related. Mean body weights and mean
body weight gain were notably lower in both males and females in the 10 and
25 mg/kg bw groups compared to controls (body weights were 81 and 73% of
those of controls in males and 82 and 74% in females, respectively) at the end of
the base study, which did not recover in animals assigned to recovery periods.
As feed consumption was not monitored in this study it is unclear whether
these reductions were caused by reduced feed intake or represented toxicity of
riddelliine. No clinical signs were observed during the dosing or recovery period.
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Relative mean organ weights showed a dose-related increase compared to controls
for the brain (17% (males), 18% (females)'), lung (45% (males), 27% (females))
and spleen (51% (males), 99% (females)) in male and female mice, the right testis
(12%) in male mice, and the liver (7%) in female mice. At 10 and 25 mg/kg bw,
statistically significant decreases were noted for absolute heart and liver weight
in males (21% and 9%, respectively') and females (36% and 13%, respectively'),
absolute kidney weight in males (18%) and absolute brain and thymus weights in
females (5% and 25%, respectively), while an increase in absolute weight was seen
for lung in male mice (25%) and spleen in both male and female mice (31% and
63%, respectively). These differences were mainly observed in the two highest
dose groups. At the end of the recovery periods, absolute and relative organ
weights did not seem to have recovered towards normal.

Haematology evaluations revealed statistically significant increases in
RBC count, haematocrit and haemoglobin concentration in male mice in the
0.33, 10 and 25 mg/kg bw groups, in reticulocyte counts in female mice in the
10 and 25 mg/kg bw groups, in mean cell volume in males in the 10 and 25 mg/
kg bw groups and in females in the 25 mg/kg bw groups, and in mean platelet
volume in males in the 0.33 and 25 mg/kg bw group and in females in the 25 mg/
kg bw group. A statistically significant decrease in platelet counts was noted for
males in the 10 and 25 mg/kg group and in females in all dose groups except
1.0 mg/kg bw.

No gross necropsy findings related to riddelliine administration were
observed. Microscopically, centrilobular cytomegaly in the liver, characterized by
increased amounts of pale-staining, finely granular cytoplasm in the hepatocytes,
was found in high-dose males (10/10) and females (10/10) with a slightly greater
severity in the females (mild to moderate) than in the males (minimal to mild),
but was not observed at the next lowest dose of 10 mg/kg bw (0/10 males, 0/10
females). The centrilobular cytomegaly persisted throughout the recovery period
in females (4/5) but not in males. Further, minimal bile duct hyperplasia was
observed in high-dose females (3/5) at the end of the recovery periods. In addition,
mild hyperplasia of the stratified squamous epithelium of the forestomach was
noted in male and female mice from the 10 (8/10 and 2/10, respectively) and 25
(8/10 and 1/10) mg/kg bw groups, which regressed during the recovery periods.
This was probably due to a direct irritant effect of riddelliine given by gavage.
There were no biologically significant findings in males with respect to sperm
morphology. Vaginal cytology evaluations, however, showed a prolonged estrus
cycle length in females administered 25 mg/kg bw per day.

Based on histopathological changes, the study authors derived a NOAEL
of 3.3 mg/kg bw, i.e. 2.4 mg/kg bw per day (Chan et al., 1994; NTP, 1993).

' Percentages given for 25 mg/kg bw dose group.

62



In a short-term toxicity study, male Swiss mice (12 animals per group,
11-15 weeks old) were given feed with 0, 1, 3, 5 or 10% Heliotropium dolosum
seed (w/w) for 24 weeks (Eroksiiz et al., 2001). Feed intake was recorded every
7 days, or more often in case of death in a cage. Surviving mice were euthanized
after 24 weeks. From all animals, tissue samples of liver, lung, brain, kidney,
pancreas, small intestine, large intestine and heart were taken for analysis.

The H. dolosum seeds were analysed by gas chromatography-mass
spectrometry (GC-MS) and contained 0.13% total PAs; lasiocarpine (78.8%),
heliosupine (12.0%), echimidine (5.4%) and heliotrine (3.8%). The total PA
content in the final feed was therefore 0 ppm, 13 ppm, 39 ppm, 65 ppm and
130 ppm, respectively. This was equivalent to 0, 2.0, 5.9, 9.8 or 19.5 mg/kw bw
per day using the JECFA conversion table for mouse (JECFA, 2016). A dose-
dependent decrease in feed consumption was observed, which reached statistical
significance in the 5% dose group. In addition, a dose-dependent decrease in
survival times was noted, which reached statistical significance in the 5% and
10% groups. Mortality rates were 0% in the control group, 33.3% in the 1% group,
50% in the 3% group, 58.3% in the 5% group and 100% in the 10% group. In the
10% group, all animals died within 8 weeks.

Gross lesions, including dark red, congested and soft liver, atrophy and
granuloma, were seen in the livers of animals given feed with 3%, 5% and 10%
H. dolosum seeds. Histological changes in livers from all dose groups indicated
acute hepatitis in seven animals and chronic hepatitis in 39 animals. In mice
that survived less than 5 weeks on 10% or 5% seed levels, acute (sub)massive
acidophilic coagulation necrosis or randomly scattered multifocal hepatocellular
necrosis, moderate to severe sinusoidal dilatation, congestion and stasis, and mild
to moderate karyomegaly was found. In animals that died after 5 weeks, hepatic
megalocytosis, mainly located in periportal and midzonal regions, was detected;
this increased in severity and distribution with increasing seed concentrations
and survival time. Mice from the 10% group had necrotic megalocytes. Most
animals in the 1%, 3% and 5% groups also displayed mild to moderate periportal
mononuclear cell infiltration, hypertrophy, acidophilic degeneration in
parenchymal cells, mild fibrous thickening of the liver capsule, mild to moderate
bile duct hyperplasia and mild bile duct proliferation. In the kidneys of mice
given 3%, 5% and 10% H. dolosum seeds, megalocytosis and karyomegaly were
observed. Oedema in the lungs was seen in all dose groups. The authors reported
that samples of brain, pancreas, small and large intestine and heart were taken,
but no results for these organs were presented.

The authors concluded that dietary exposure to H. dolosum seeds caused
specific lesions characteristic of PA intoxication in mice, and that the seeds of H.
dolosum may pose a potential health hazard for domestic animals (Eroksiiz et
al., 2001). No NOAEL or LOAEL was reported by the authors. As adverse effects
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were already seen in the lowest dose group, no NOAEL could be determined. The
LOAEL was 2.0 mg/kg bw per day, the lowest dose tested, based on reduced feed
consumption, increased mortality, various histopathological changes in the liver
indicative of acute hepatitis and chronic hepatitis, and oedema in the lungs.

To investigate various model systems to study the hepatotoxic potential
of PAs with expected antitumour activity, several experiments were conducted in
mice and rats. Only those that used administration by the oral route are included
here (Moore et al., 1989). Adult male CDF1 mice (21-25 g, age not specified,
7-10 animals per group) were administered 0, 1000, 2000 or 3000 mg/kg bw per
day indicine, 0, 1200, 2000, 3000 or 4000 mg/kg bw per day indicine N-oxide or 0,
1000, 2000 or 4000 mg/kg bw per day retronecine N-oxide (purities not specified).
Administration was via stomach tube for 5 consecutive days per week for
4 weeks; control animals received the vehicle only (0.3% hydroxypropyl-cellulose).
Averaged over the week, adjusted doses amounted to 0, 714, 1429 or 2143 mg/kg
bw per day for indicine, 0, 857, 1429, 2143 or 2857 mg/kg bw per day for indicine
N-oxide, and 0, 857, 1429 or 2857 mg/kg bw per day for retronecine N-oxide.
Animals were observed daily and deaths were recorded. Animals surviving on
day 30 were killed and liver samples were taken for histology.

Mortality was observed in all but one dose group: for indicine mortality
rates were 2/10, 9/10 and 10/10 for increasing doses, respectively; for indicine
N-oxide 1/10, 0/10, 8/10 and 10/10 for increasing doses, respectively; and for
retronecine N-oxide 1/10, 5/7 and 7/7 for increasing doses, respectively. Survival
and incidence of histopathology findings were not reported for the vehicle
control groups. Centrilobular haemorrhagic necrosis was observed in mice
given indicine and indicine N-oxide at acutely lethal doses (nominal), and in
one surviving mouse given indicine. Other histopathological changes included
megalocytosis characterized by enlarged hepatocytes with varying degrees of
nuclear enlargement primarily occurring in the centrilobular zone, observed in
all dose groups, as well as eosinophilic cytoplasmic swelling. Retronecine N-oxide
administration led mainly to megalocytosis, and to cytoplasmic swelling at the
lowest dose, but not to centrilobular haemorrhagic necrosis (Moore et al., 1989).

(b) Rat

The toxicity of echimidine (purity 95.5%, impurities were other PAs, derived
from Echium vulgare) and lasiocarpine (purity 94.1%, derived from Heliotropium
europaeum) was studied in a 28-day feeding study in Wistar rats (strain not
further specified) (Dalefield, Gosse & Mueller, 2016). The study adhered to
good laboratory practice, but was not fully compliant with the corresponding
OECD testing guideline 407 (only four tissues and gross lesions were analysed
by histopathology, no determination of estrus cyclicity or neurofunctional
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observations). Animals (12 weeks of age, 10 animals per sex per group) were
exposed to target doses of 0, 0.6, 1.2 or 2.5 mg/kg bw per day echimidine or
lasiocarpine. Echimidine and lasiocarpine were added to the feed suspended in
food grade rice bran (RB) oil to a concentration no more than 5% of the weight
of the feed. RB oil was also added to the control diet at 5% (w/w). Doses were
selected based on the dose range-finding study for lasiocarpine in rats by the
US NTP (NTP, 1978). Fresh diets were prepared weekly with the amount of
PA adjusted based on predicted body weight and feed consumption. During
the experiment, rats were observed for clinical signs and feed consumption
daily, and measured for body weight and body weight gain twice weekly. The
following parameters were measured: absolute and relative weights of adrenals,
brain, epididymis, heart, kidneys, liver, prostate, spleen, testes, thymus, seminal
vesicles, uterus and ovaries, urinalysis including bilirubin ketones and sediment
analysis, histopathology (limited to heart, lungs, stomach, liver and gross lesions),
haematology and clinical chemistry.

For echimidine, the animals were estimated to have received a mean daily
exposure of 0, 0.60, 1.22 or 2.46 mg/kg bw (males) and 0, 0.61, 1.23 or 2.57 mg/kg
bw (females) (reported by the authors as adjusted doses based on measured feed
consumption). There were no effects on survival, body weight and body weight
gain, feed consumption, absolute or relative (to body- or to brain weight) organ
weights for brain, heart, spleen, liver, kidneys, adrenals, ovaries, epididymis or
testes. Furthermore, no clinical signs were observed.

There were no statistically significant differences in haematology
parameters between dose groups and controls, except for an increase in white
blood cell counts in the high-dose group as compared to the controls for both
sexes (males: high dose 17.4 + 2.05 x 10°/ml; control 12.8 + 2.25 x 10°/ml; females
high dose 12.2 + 1.73 x 10°/ml, control 9.1 + 2.11 x 10°/ml), and a corresponding,
statistically significant but clinically mild elevation in the absolute lymphocyte and
monocyte counts in the high-dose groups, both males and females. According to
the authors, the biological relevance of these variations in white blood cell counts
is probably negligible as in biological terms the elevations are considered very
mild. The values remained within normal ranges for the laboratory (8.8-17.4 x
10°/ml for males and 5.6-14.2 x 10°/ml for females), and there were no other
leucogram changes supportive of an active inflammatory process or treatment-
associated source of inflammation identified within the organs evaluated in the
histological report. The Committee concurs with this view.

Overall, there were no statistically significant changes in clinical chemistry
parameters. In one male and one female from the high-dose group, however,
high levels of blood urea and creatinine were measured. These findings were
associated with increased urinary protein levels and histological changes in the
kidneys, identified as marked, diffuse, bilateral chronic progressive nephropathy
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(CPN), in these two animals. The authors considered that these changes reflect
a background finding unrelated to administration of the test substance because
CPN is a common spontaneous finding in rats, signs of early CPN like pale or
mottled kidneys were also recorded in rats from other groups, and it occurred
with a low incidence in the highest dose group. The Committee agrees with this
opinion.

Based on the absence of treatment-related adverse effects, the authors
derived a NOAEL of 2.5 mg/kg bw per day, the highest dose of echimidine tested.
In the same study, rats were estimated to have received a mean daily exposure of
0, 0.63, 1.23 or 2.78 mg/kg bw lasiocarpine for males and 0, 0.67, 1.29 or 2.76 mg/
kg bw for females (reported by the authors) (Dalefield, Gosse & Mueller, 2016).
No clinical signs were reported nor were any effects observed on survival or feed
consumption. Both males and females in the high-dose group showed a reduced
body weight and body weight gain (final body weight: males control 520.6 + 38.9,
high dose 474.3 + 40.2 (91% of control); females control 302.0 + 27.3, high dose
283.9 + 24.3 (94% of control)). Body weight gains in males in the mid-dose group
were also slightly reduced (final body weights 95% of control). The decrease in
body weight gain was consistent throughout the study. There was no such effect
in females in the mid-dose and low-dose groups. Data on statistical significance
were not available. Since group mean feed consumption was unaffected by
ascending lasiocarpine dose, the decrease in body weight gain was not due to a
confounding effect of declining palatability.

Absolute heart and liver weights of females in the high-dose group were
statistically significantly reduced (by 11 and 12%, respectively). These organ
weights were also reduced in females in the mid-dose group, but statistical
significance was not reached. No differences were observed for absolute organ
weights in any other tissues in males or in females. There were no statistically
significant differences in relative organ weights.

No statistically significant differences in haematology parameters
between dose groups and controls were noted, except for a statistically significant
but clinically mild elevation in the mean total white blood cell counts relative
to the control group (12.7 + 1.94 x 10°/ml versus 9.1 + 2.11 x 10°/ml), and a
corresponding, statistically significant but clinically mild, elevation in the
neutrophil (2.0 £ 0.82 x 10°/ml versus 1.2 + 0.51 x 10°/ml) and lymphocyte (10.3
+ 1.57 x 10°/ml versus 7.6 + 2.26 x 10°/ml) counts in high-dose females. As for
echimidine, these changes were not considered to be clinically significant. No
biologically relevant effects on clinical chemistry parameters were observed.
Only slight but statistically significant increases in serum ALT levels (up to 1.5-
and 1.4-fold greater than control values in males and females, respectively) were
observed in animals of the high-dose group, but there were no corresponding
histopathological changes in the liver.
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A very slight but statistically significant decrease in albumin was seen
in females in the high-dose group (43 + 2.6 g/L) relative to the mean in the
controls (46 + 2.1 g/L). Potassium levels were statistically significantly increased
in males in the high-dose group (from 7.9 + 0.94 to 9.4 + 1.67). The study author
reported that potassium levels overall were very high for any mammalian species,
but there was no evidence of any increase with dose, or of a difference between
treated animals and controls. Quality control was normal, and in most cases the
high result initiated an automatic rerun by the analyser, producing a value the
same as or within 0.2 mmol/L of the original result. In the absence of any other
biochemical changes that could suggest a pathological cause for hyperkalaemia,
or any report of pre-mortem clinical signs attributable to hyperkalaemia, this
finding was considered to be artefactual by the authors.

The authors derived a NOAEL of 0.6 mg/kg bw per day, based on reduced
body weights in male rats receiving the high and mid-dose (Dalefield, Gosse
& Mueller, 2016'). The effects on body weight are, however, considered very
minimal (5% decrease). Therefore, the NOAEL was set at 1.2 mg/kg bw per day.

The toxicity of riddelliine was investigated in F344/N rats in a 2-week
and a 13-week study (Chan et al., 1994; NTP, 1993). These studies are part of
a larger effort involving a chronic 2-year study conducted by the US NTP (see
section 2.2.3 for a description of the 2-year study). In the 2-week study, groups of
five male and five female rats (6 weeks of age) were dosed with 0 (vehicle control),
0.33, 1.0, 3.3, 10 or 25 mg/kg bw riddelliine (95% riddelliine, 5% retrorsine, 0.2%
seneciphylline) in 0.1 M phosphate buffer by gavage for 5 days a week plus two
consecutive doses (in total 12 administrations in 16 days). Corrected doses
amounted to 0, 0.24,0.71, 2.4, 7.1 and 18 mg/kg bw. Animals were observed twice
daily and were weighed at the start of the experiment, weekly thereafter, and at
necropsy. Clinical observations were recorded daily. At termination, complete
necropsies were performed on the animals. Organs and tissues were weighed,
examined for gross lesions, and subjected to histopathological and microscopical
examinations.

In the 2-week study, four males from the 25 mg/kg bw dose group died
or were killed for humane reasons due to poor condition before the end of the
study (survival 20%) whereas survival was 100% for all other exposure and
vehicle control groups. Dose-related decreases in mean body weight and mean
body weight gains were observed in male rats from the 10 and 25 mg/kg bw
groups (90% and 68% of vehicle controls respectively), whereas, in females, body
weights up to the high dose of 25 mg/kg bw were similar to those of controls (96%

' Part of the information in this summary is based on the study reports (study director Cayzer) and is
not published in the article by Dalefield, Gosse & Mueller. This information was made available to the
monographers before the meeting.
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of vehicle controls). In both males and females a dose-related saliva response
was noted when riddelliine was administered at 3.3 mg/kg bw or higher. Clinical
signs were observed in male rats from the 25 mg/kg bw group starting at day
10, and included hunching, hypoactivity, ruffled fur, slight ataxia, moderate
dyspnoea and emaciation. In addition, one female from the highest dose group
showed a hunched posture and nasal discharge in week 2. Dose-related increases
were observed for absolute and relative lung and spleen weight in both male
and female rats; for relative liver weight in male rats that received 1.0 mg/kg or
higher doses and in females that received 1.0 or 3.3 mg/kg bw; for relative kidney
weights in males given 10 or 25 mg/kg bw and in females given 25 mg/kg bw.
Dose-related decreases were noted in absolute and relative ventricular weights in
males given 3.3 mg/kg bw or higher doses and in females given 10 or 25 mg/kg
bw, and in absolute heart weight in females.

Gross necropsy revealed hepatotoxicity, characterized by enlarged, firm,
mottled or reddened liver lesions, in rats receiving doses of 1.0 mg/kg bw and
higher in a dose-dependent manner with all rats affected at 10 and 25 mg/kg bw.
In addition, icterus and darkened and/or enlarged lymph nodes were observed in
many males and females from the highest dose group, a darkened thymus in both
males and females receiving doses of 1.0 mg/kg bw and higher, and oedema of
the pancreas in males in the highest dose group. Microscopically, at 1.0 mg/kg bw
and above, increased incidence of lesions in the liver (haemorrhagic centrilobular
hepatic necrosis, hepatocytic karyomegaly and cytological alterations) and lung
(focal haemorrhage and oedema) were observed. Diffuse cytological changes
of lesser severity, characterized primarily by cytoplasmic granularity and
eosinophilia, were seen in all males administered 1.0 mg/kg or above. At doses
of 3.3 mg/kg bw per day, increased incidences of lesions of the spleen (splenic
extramedullary haematopoiesis), and pancreas (pancreatic oedema) were
observed in male rats. Similar effects were observed in liver, lung and spleen, but
with lower severity, in female rats administered riddelliine at 3.3 mg/kg bw or
greater. The NOAEL was 0.33 mg/kg bw, i.e. 0.24 mg/kg bw per day, based on the
histopathological changes described above as observed in males given 1.0 mg/kg
bw, i.e. 0.71 mg/kg bw per day.

In the 13-week study, male and female rats (6 weeks old, 20 animals per
sex per group) were administered 0 (vehicle control), 0.1, 0.33, 1.0, 3.3 or 10 mg/
kg bw riddelliine (92% riddelliine, 5% retrorsine, 1.4% seneciphylline) by gavage
5 times a week. Averaged over the week, amortized doses amounted to 0, 0.071,
0.24, 0.71, 2.4 and 7.1 mg/kg bw. Animals were observed twice daily, and body
weight and clinical observations were recorded weekly. Ten animals from each
dose group were autopsied at the end of the treatment period, while groups of
five animals were maintained without further treatment for a recovery period
of 7 or 14 weeks. Postmortem examinations were the same as for the 2-week
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study with the addition of some extra tissues, e.g. pancreas and salivary gland, as
well as reproductive system evaluations, and selected rats had clinical pathology
evaluations.

Mortality was observed in the highest dose group, from which 19 of the
20 males died before the end of the 13-week base study, and 5 of 10 females died
during the recovery period. Dose-related decreases in mean body weight (up to
6% in males and 15% in females) and in mean body weight gain were noted, but,
after the recovery periods, body weights were only slightly lower than in controls.
Clinical signs were observed in both males and females in the highest dose group
and included jaundice, abnormal posture, ruftled fur, discoloured urine, urine-
stained fur, diarrhoea, emaciation and alopecia. Statistically significant increases
were observed for mean absolute and relative weights of lung and spleen in
males' (25% and 46%, respectively, for lung and 23% and 47%, respectively for
spleen) and females' (46% and 59%, respectively, for lung and 162% and 185%,
respectively for spleen), for relative weights of brain and right testis in males (14%
and 9%, respectively), and for absolute and relative weights of brain (3% and 12%,
respectively) and right kidney (37% and 50%, respectively) and relative weights
of heart (11%) and liver (2%) in females. A statistically significant decrease in
absolute and relative weight was noted for heart (20% and 8%, respectively) and
liver (23% and 9%, respectively) in male rats, and for thymus (24% and 17%,
respectively) and absolute left ventricle (6%) and relative right ventricle (22%)
in females. During the recovery periods, partial recovery of the organ weights in
females was observed.

Several haematology and clinical chemistry parameters were affected
during the study. Significant increases were noted for RBC count and haematocrit
(both males and females, up to 20%) and for haemoglobin concentration (females,
up to 18%) in the 1.0 and 10 mg/kg bw groups on day 14; they were similar to or
lower than control values on day 30, and were similar or elevated again compared
to controls at week 13 in the groups given 10 mg/kg bw. Also in other dose groups,
significant increases compared to control values were observed. Significantly
increased reticulocyte counts were observed in male rats from the highest dose
group at all three time points (up to 336%), in the males in the 3.3 mg/kg bw group
at week 13 (up to 86%), and in females at week 13 in all dose groups (up to 444%).
Mean RBC volume was increased in all treated males except in the 0.33 mg/kg
bw group. These findings were reported by the authors to indicate a sequence
of dehydration, anaemia and regenerative response. A significant reduction in
platelet counts was seen in males from the 10 mg/kg bw group at all time points
(up to 90%) and in females from the 10 mg/kg bw group at week 13 (up to 81%).

' Percentages given for the 3.3 mg/kg bw dose group for males due to high mortality at the highest dose,
and for the 10 mg/kg bw dose group for females.
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Leukocyte counts were significantly increased in males and females (up to 64%),
which was generally accompanied by an increase in lymphocytes in females given
high doses on day 14 and at week 13 (up to 62%), and in males from all dose
groups, except the 0.33 mg/kg bw group, at week 13 (up to 27%). The changes in
RBC parameters indicated regenerative anaemia. At 10 mg/kg bw the increased
reticulocyte count (males only) and extramedullary haematopoiesis in the spleen
(both sexes) had already occurred by day 14 and increased in magnitude through
week 13. The observation of increased spleen weight, erythrophagocytosis in
lymph nodes and intravascular macrophages further indicated possible RBC
damage and increased turnover. However, the lack of associated haemosiderosis
does not support a haemolytic process, and the cause of regenerative anaemia in
riddelliine-treated rats is unclear. Serum alkaline phosphatase (ALP) activity was
significantly increased at all time points in all high-dose males (up to 147%), and
on day 14 in males from the 1.0 mg/kg bw dose group (up to 28%), and at week
13 in males from the 0.33 and 3.3 mg/kg bw groups (up to 52%). In females, this
was observed in the 3.3 and 10 mg/kg bw dose groups at week 13 (up to 76%).
Increased activity of alanine aminotransferase (ALT) occurred in males (up to
319%) and females (up to 196%) from the highest dose group on days 14 and
30, and in females in the 1.0 and 3.3 mg/kg bw groups on day 30 (up to 60%)
and week 13 (up to 43%), respectively. Sorbitol dehydrogenase (SDH) activity
was increased in high-dose males and females on day 14, day 30 (males only)
and at week 13 (up to 247% in males, up to 260% in females), and in females
from the lower dose groups at week 13 (up to 53%). The increases in ALT and
SDH are consistent with the hepatotoxicity observed histopathologically, while
the increased ALP activity is consistent with the histologically observed biliary
hyperplasia.

A dose-related increase in unscheduled DNA synthesis (UDS) in
hepatocytes was observed following 5 or 30 days of riddelliine treatment. An
increase in S-phase DNA synthesis was observed at both time points in at least
one dose group in male and female rats. Although the data were not dose-
dependent and did not correspond well to the liver weight changes, the findings
may not be inconsistent in view of the reported antimitotic effect of PAs. Thus
riddelliine may be toxic to the hepatocytes, causing DNA damage and cell death,
but at the same time inducing DNA synthesis. Megalocytosis development might
be the result of the antimitotic effect of riddelliine.

Gross necropsy findings included ascites, icterus, firm and granular
livers, dark/red and enlarged lymph nodes, pancreatic oedema, mottled hearts,
darkened loops of small bowel, and firm, granular and enlarged spleens, and were
most frequently reported for the animals in the highest dose group that died before
the end of the study. Findings were in general similar in animals examined after
week 13 and after the recovery period, but were less frequently observed in the
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latter. Microscopically, the major findings were noted in the liver, in all animals in
the highest dose group, and these included: primarily haemorrhagic centrilobular
necrosis and karyocytomegaly and proliferative lesions of hepatocytes, and bile
duct hyperplasia. Females that were included in the recovery groups showed
the same effects, which persisted or progressed in severity, especially a marked
increase in bile duct proliferation in females (Table 10). Three females from the
highest dose group - one of which was assigned to the 14-day recovery group and
died during the recovery period - had hepatocellular adenomas (3/20, 6%), and
in two of the three cases, multiple adenomas.

Accumulations of macrophages were identified in the lung and kidney
of most animals in the highest dose groups, and in the lung, kidney and liver of
female rats after the recovery periods. As they were adherent to the underlying
endothelium, they may be indicative of riddelliine-induced endothelial
damage. Further lesions in the highest dose groups included mild to moderate
haematopoietic cell proliferation and lymphoid depletion in the spleen, bone
marrow hyperplasia, congestion, erythrophagocytosis and accumulation of
macrophages in lymph nodes, haemorrhagic lesion of the heart, pancreatic
oedema, kidney lesions, haemorrhage and oedema along the gastrointestinal
tract, and atrophy of the testis, epididymis, seminal vesicle, prostate gland,
preputial gland, ovary and thymus (Chan et al., 1994; NTP, 1993).

Although marginal effects on liver indicative of liver toxicity (increased
incidence of karyomegaly, increased S-phase synthesis) were already observed
at 0.33 mg/kg bw per day, the monographers considered the NOAEL was
0.33 mg/kg bw, i.e. 0.24 mg/kg bw per day, based on foci of hepatocellular
alteration, karyomegaly and increased S-phase DNA synthesis in liver cells, and
haematological changes observed at 1.0 mg/kg bw, i.e. 0.71 mg/kg bw per day.

In a repeated-dose liver micronucleus assay (see section 2.2.4 for details
on the assay), groups of five adult male Sprague-Dawley rats were initially
administered 0, 3.75, 7.5 or 15 mg monocrotaline (purity > 98%)/kg bw per day
for 28 days by oral gavage (Takashima et al., 2015). One animal in each of the
7.5 and 15 mg/kg bw per day dose groups was found dead on day 27. The assay
was therefore repeated with lower doses: 0, 0.5 and 1.5 mg/kg bw per day once
daily for 14 days or 0, 0.15, 0.5 or 1.5 mg/kg bw per day for 28 days. In addition,
groups of five adult rats and five juvenile rats (26 days old) were administered
monocrotaline at doses of 15, 30 or 60 mg/kg bw per day for 2 days. Vehicle
control groups were also included. Rats were weighed prior to administration on
days 1,4, 8, 11 and 15 for the 14-day experiment and on days 1, 4, 8, 11, 15, 18, 22,
25 and 29 for the 28-day experiment. Rats were weighed prior to administration
on days 1 and 2, and on days 4 and 6 for the 2-day experiment. Livers of rats
exposed for 14 or 28 days were examined histopathologically.
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Table 10

Incidence of liver lesions in F344/N rats after riddelliine exposure via gavage for 13 weeks®

Dose (mg/kg)
Vehicle control 0.1 033 1.0 3.3 10

Male

Survival

13 weeks 10/10 10/10 10/10 10/10 10/10 110
7-week recovery 5/5 5/5 5/5 5/5 5/5 0/5
14-week recovery 5/5 5/5 5/5 5/5 5/5 0/5
Body weight

13 weeks 361 347 339 332 308 195
7-week recovery 415 410 385 376 375 -
14-week recovery 413 428 439 414 398 -
Karyomegaly

13 weeks 0 0 10 10 10 19°
7-week recovery 0 0 5 5 5 -
14-week recovery 0 0 5 5 5 -
(ytomegaly

13 weeks 0 0 0 0 10 19°
7-week recovery 0 0 0 0 5 -
14-week recovery 0 0 0 0 5 -
Necrosis, hepatocyte

13 weeks 0 0 1 0 0 19
7-week recovery 0 0 1 0 1 -
14-week recovery 0 0 0 2 1 -
Bile duct hyperplasia

13 weeks 0 0 0 0 1 19°
7-week recovery 0 0 0 0 1 -
14-week recovery 0 0 0 0 1 -
Foci of cellular alteration

13 weeks 0 0 1 0 1 0
7-week recovery 0 0 0 3 2 =
14-week recovery 0 0 0 1 3 -
Female

Survival

13 weeks 10/10 10/10 10/10 10/10 10/10 10/10
7-week recovery 5/5 5/5 5/5 5/5 5/5 4/5
14-week recovery 5/5 5/5 5/5 5/5 5/5 1/5
Body weight

13 weeks 209 205 203 197 192 193
7-week recovery 232 235 232 230 208 225
14-week recovery 253 243 244 227 216 255
Karyomegaly

13 weeks 0 0 7 10 10 10
7-week recovery 0 0 5 5 5 8¢
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Dose (mg/kg)

Vehicle control 0.1 0.33 1.0 33 10
14-week recovery 0 0 5 5 5 2
(ytomegaly
13 weeks 0 0 0 0 1 10
7-week recovery 0 0 0 0 0 8¢
14-week recovery 0 0 0 0 0 2
Necrosis, hepatocyte
13 weeks 0 0 0 0 0 10
7-week recovery 0 0 0 0 0 8¢
14-week recovery 0 0 0 0 0 2
Bile duct hyperplasia
13 weeks 0 0 0 0 0 10
7-week recovery 0 0 0 0 1 8¢
14-week recovery 0 0 0 0 0 2
Foci of cellular alteration
13 weeks 0 0 0 0 1 2
7-week recovery 0 0 0 0 0 14
14-week recovery 0 0 0 0 0 0°
Nodular hyperplasia
13 weeks 0 0 0 0 0 1
7-week recovery 0 0 0 0 0 2¢
14-week recovery 0 0 0 0 0 2
Adenoma
13 weeks 0 0 0 0 0 2
7-week recovery 0 0 0 0 0 0¢
14-week recovery 0 0 0 0 0 1¢

?Incidence is the number of animals with lesions out of 10 animals (13-week study) or five animals (recovery period studies).
bn =20, including 19 early deaths and one euthanized animal at termination.

“No male survivors for recovery studies in the 10 mg/kg bw group.

=8, including four scheduled euthanization and four early deaths during 7-week recovery period.

¢n =2, including one scheduled euthanization and one early death during the 7-week to 14-week recovery period.

Source: NTP (1993).

Neither significant body weight changes nor mortality were observed in
the lower dose groups (0.15-1.5 mg/kg bw per day). However, one animal in the
7.5 mg/kg bw per day and one in the 15 mg/kg bw per day dose group died and
body weights of animals that received > 3.75 mg/kg bw per day in the 28-day
experiment were significantly lower than those of the vehicle control group (up to
23%). In rats exposed for 2 days, significantly lower body weights were observed
in the juvenile rats from the 30 and 60 mg/kg bw dose groups on day 6 (up to
13%). In adults, the mean body weight of animals treated with monocrotaline
at 60 mg/kg bw was significantly lower than that of the controls on days 4 and
6 (up to 9%). Hepatotoxic changes became evident at doses of 3.75 mg/kg bw

73



per day and above and included diffuse oedema in the connective tissue of the
central vein (graded minimal), congestion in the acinus (graded minimal to
mild), diffuse hepatocellular hypertrophy (graded minimal to moderate) and
centrilobular single-cell necrosis (graded minimal). At higher doses, diffuse
single-cell necrosis and diffuse fibrosis of Glisson’s sheath (both graded minimal)
were also observed. However, these effects did not always show dose-dependency
(Takashima et al., 2015). A dose-dependent increase in micronucleus formation
in hepatocytes was observed in the rats treated with monocrotaline for 14 or 28
days. This is further described in the genotoxicity section (2.2.4).

In a study to find biomarkers for drug-induced vascular injury, male
Crl:(CD)SD rats (6 animals per group) were administered, among other non-PA
compounds, monocrotaline (purity not specified) at doses of 0, 1, 10 or 30 mg/
kg bw per day for 4 days (Dalmas et al., 2011). Monocrotaline was given orally
via gavage in 0.9% sodium chloride (5 ml/kg bw). Rats were 12-14 weeks old
upon arrival and were acclimatized to local housing conditions for a minimum of
2 weeks prior to the initiation of dosing. Exact age at the start of dosing and
the exact acclimatizing period were not reported. Rats were observed at least
twice daily for clinical signs. Approximately 24 hours after the last dose, rats
were euthanized for necropsy. Histopathological analysis included the evaluation
of mesenteric vascular damage (necrosis, haemorrhage, fibrosis, hypertrophy
and perivascular inflammatory cell infiltrates). In addition, gene analysis was
performed to identify toxicologically relevant genes (not further discussed).
At 1 and 10 mg/kg per day, none of the rats showed histological evidence of
mesenteric vascular damage. One of the rats that received 30 mg/kg per day
showed mononuclear cell infiltrates (Dalmas et al., 2011).

In a study performed by Morris, O'Neill & Tanner (1994), the relationship
between copper and PA hepatotoxicity was investigated in the rat. Male Wistar
rats were exposed to retrorsine in two separate experiments.

In experiment 1, male Wistar rats (4 weeks old, 8 animals per group)
were exposed to 0 or 25 mg/kg bw retrorsine (purity not specified) by gavage once
a week for 15 weeks with or without the addition of copper (2 g/kg diet copper
sulfate, final content 513 mg/kg), that was also given to the control group. Body
weight and health of all animals were recorded twice weekly. Blood samples were
taken every 2-3 weeks for liver function tests, and, at 3 and 8 weeks, liver biopsies
were taken from half of the groups. Rats were euthanized after 15 weeks and liver
samples were taken for histology and measurement of copper content. No deaths
were reported in the control or copper-treated groups. Increased mortality was
found in the retrorsine (37.5%) and in the retrorsine + copper (62.5%) group. No
significant differences were noted for body weight.

In the copper group, plasma AST and ALT levels were significantly
increased compared to controls at all time points. In the retrorsine group, after
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12.5 weeks, plasma level of albumin was slightly but statistically significantly
decreased (88% of control), and plasma levels of AST and ALT were statistically
significantly increased (147% and 150% of control, respectively). Also, a
marked but not statistically significant increase was seen in bilirubin levels after
12.5 weeks. In the retrorsine + copper group, plasma AST and ALT levels
increased significantly up to 7.5 weeks (54% and 72%, respectively) where they
plateaued, and remained at this level during the rest of the study. In addition,
plasma albumin levels decreased over time down to 70% of control, and bilirubin
level increased sharply up to individual levels of more than 50 uM (control 0.2
0.5 uM).

Liver histology revealed mild focal hepatitis in the copper group. In the
retrorsine and retrorsine + copper groups, histological analysis showed signs of
inflammation with nuclear dysplasia, megalocytosis, bile duct proliferation and
haemosiderin.

In experiment 2, male Wistar rats (3 weeks old, 16 animals per group)
were divided into the same four groups as in experiment 1. This time, however,
the retrorsine was mixed with the diet, 25 mg/kg feed, for the first 4 weeks, and
then reduced to 15 mg/kg feed for the rest of the exposure period due to high
mortality in the retrorsine + copper group. According to the authors, this was
equivalent to 5 mg per day, assuming a rat of 100 g and a feed intake of 20 g per
day. Using the conversion factor of 0.1 for young rats from the JECFA conversion
table, retrorsine intake would be equivalent to 2.5 mg/kg bw per day for the first
4 weeks and 1.5 mg/kg bw per day for the rest of the experiment. Body weight and
health were checked twice a week. Blood samples were taken every 2-3 weeks.
Rats were euthanized after 9 weeks (four rats per group for the control, copper
and retrorsine groups), after 12 weeks (four rats per group for the control and
copper groups), and after 15 weeks (remaining rats), and the liver was taken for
histological analysis.

No mortality was noted among the rats in the control or copper group.
Increased mortality was seen in the retrorsine (12.5%) and retrorsine + copper
(81.3%) group. Body weights were significantly lower in the retrorsine and
retrorsine + copper groups (325 + 10 g and 313 * 5 g, respectively at the end of
the experiment) compared to controls (control: 421 + 12 g; copper: 410 + 12 g).

In the copper group, plasma levels of AST and ALT were increased (123%
and 113%, respectively) at week 14. In the retrorsine group, plasma AST levels
increased up to week 7 (312%) after which they decreased slightly but remained
significantly higher (205% at week 14) than in the control group. Plasma ALT
and bilirubin levels were also greatly increased (163% and 1789%, respectively,
at week 14) and plasma levels of albumin were decreased (31% at week 14)
compared to controls. In the retrorsine + copper group, plasma AST and ALT
levels were significantly increased relative to the control group at all time points,
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with the highest values at 7 weeks (385% and 272% of control, respectively). In
addition, bilirubin levels rapidly increased, with individual levels of more than
50 uM. Plasma albumin levels were significantly decreased at all time points (62%
of control at the end of the experiment).

Normal liver histology was observed in the control and copper group.
Cytomegaly, hepatocellular necrosis, inflammatory infiltrates and biliary
reduplication were observed in livers from retrorsine- and retrorsine + copper-
treated rats. Severity differed widely and no relationship with copper content
could be identified. Copper content in the liver remained unchanged in controls,
and was significantly increased in the copper-treated rats compared to controls
(by approximately a factor of 5-7). Also, in retrorsine-treated rats, the copper
content was increased by approximately the same factor as in the copper-treated
rats, and, in the retrorsine + copper-treated rats, large increases were noted
of up to a factor of 400. The authors concluded that retrorsine caused copper
accumulation in the liver and copper and retrorsine together led to more severe
hepatic dysfunction and higher mortality than retrorsine alone (Morris, O’Neill
& Tanner, 1994).

In a short-term toxicity study on pulmonary lesions caused by
monocrotaline, male Wistar rats (age not reported, six animals per group) were
administered 0 or 10 mg/kg bw per day monocrotaline (purity not specified)
intragastrically for 15 days (Marar & Davi, 1995). Many details were not reported
by the authors, including the statistical analysis performed and how the control
group was treated (untreated or vehicle treated). After the experimental period,
animals were euthanized and histopathology was performed on lung tissue.
Bronchoalveolar lavage fluid was used to measure lactate dehydrogenase (LDH),
glucose-6-phosphate dehydrogenase (G6DPH), ALP, acid phosphatase and
protein.

Lung histopathology showed interstitial oedema and haemorrhage in
the exposure group. Macrophage and mononuclear infiltration was seen in the
alveolar wall, and around bronchi and the blood vessels. The exposure group
showed significantly increased levels of LDH (119%), G6DPH (98%), ALP (65%),
acid phosphatase (231%) and protein (200%) compared to the control group. The
authors concluded that the results from the analysis of lung fluid correlated well
with the morphological changes in the lungs due to monocrotaline exposure
(Marar & Davi, 1995).

To develop a diagnostic test, male albino Wistar rats (Porton strain,
two animals per group, weighing 200-250 g) were treated with 0 or 20 mg/L
monocrotaline (purity not specified) in drinking water for 12 or 25 days and
thereafter euthanized, or for 25 days and then kept for a recovery period of
17 days (Mattocks & Jukes, 1992a). Measured parameters were not reported, but
liver and blood samples were taken.
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Total alkaloid dose was estimated based on measured water intake:
27 mg/kg for rats exposed for 12 days and 55 mg/kg for rats exposed for 25 days.
The authors estimated the administered dose to be equal to 0 or 2.25 mg/kg bw
per day. Rats euthanized after 12 days of alkaloid treatment appeared normal,
whereas rats treated for 25 days showed gross signs of lung damage (panting
breath, pleural effusions) and some showed liver damage. Blood samples showed
the presence of pyrrolic metabolites at all time points; they were also observed
in fresh and fixed livers after 25 days of exposure. Pyrrolic metabolites were
not observed in fresh rat liver after the recovery period of 17 days, but they
were seen in livers after fixation. Lung tissue was not found to contain pyrrolic
metabolites. The authors concluded that low-level exposure to monocrotaline
resulted in detectable pyrrolic metabolites in blood and liver, but that a longer
time was needed before they became detectable in liver tissue compared to blood
(Mattocks & Jukes, 1992a,b).

In a study to investigate Na+/K+ adenosine triphosphatase-dependent
activities of K+-return relaxation and 86Rb uptake in pulmonary arteries from
rats with pulmonary hypertension induced by monocrotaline, three experiments
were performed (Shubat, Bowers & Huxtable, 1990).

In the first experiment, male Sprague-Dawley rats (60-200 g, various
ages) were exposed to 0 or 20 mg/L monocrotaline (extracted from Crotalaria
spectabilis, purity not specified) via drinking water for 0, 4, 8, 12 or 20 days. This
dosage is equivalent to approximately 2-3 mg/kg bw per day according to the
JECFA conversion table. Rats of different ages received monocrotaline water
such that all rats weighed approximately 200 g at termination of the study. After
treatment, rats were euthanized and the pulmonary artery was removed. The force
of the artery was measured in four ring segments as a parameter for contraction
and relaxation. In addition, vessel diameters and wall thickness were determined.

The ratio of right ventricle weight to left ventricle plus septum was
significantly greater in rats exposed to monocrotaline for 20 days than in control
animals, indicating pulmonary hypertension. Monocrotaline treatment resulted
in significantly decreased norepinephrine or 5-hydroxytryptamine-induced
contraction and K+-return relaxation. Effects on the relaxation rate and force
were more pronounced and appeared earlier (after 4 days) than effects on the
contraction rate and force. The ratio of relaxation/contraction was unchanged.
Wall thickness was increased in animals exposed to monocrotaline for 12 or
20 days.

In the second experiment, male Sprague-Dawley rats (100 g, age not
specified) were given 0 or 20 mg/L monocrotaline (extracted from C. spectabilis,
purity not specified) via drinking water for 4-5 days. Control animals received
tap water. After treatment, rats were euthanized and the pulmonary artery of the
third and fourth lobes of the right lung was removed. Radiolabelled rubidium
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(RDb) uptake was measured in whole artery and in lumen. In the third experiment,
Sprague-Dawley rats (sex not specified, 100 g, age not specified) were pretreated
with 0 or 20 mg/L monocrotaline (extracted from C. spectabilis, purity not
specified) via drinking water for 5 days, after which they were euthanized and
the lungs were isolated. The transport of radiolabelled Rb was measured again,
together with effects on Na*K*-ATPase-dependent relaxation.

No effect on uptake at any of the Rb incubation time points was found
after 4 days of treatment with monocrotaline. However, after 5 days, the lungs
of rats in the treatment group retained more radiolabelled Rb than controls. In
addition, the uptake of radiolabelled Rb was significantly faster and reached
equilibrium sooner, with the maximum uptake being the same as for controls.

Overall, the authors concluded that monocrotaline-induced changes are
already occurring after 4-5 days, in both mechanical and biochemical properties
of pulmonary arteries, and that the Na*K*-pump is involved (Shubat, Bowers &
Huxtable, 1990).

In a study to determine the minimum monocrotaline concentrations in
drinking water and the duration of exposure necessary to produce pneumotoxicity,
four experiments were performed in rats (Shubat, Hubbard & Huxtable, 1989).

In one experiment, male Sprague-Dawley rats (100 g, age not specified,
four animals per group) were dosed with monocrotaline (purity not specified)
in drinking water at 0, 5, 10, 20, 40 or 60 mg/L for 0, 1, 2, 4, 6, 10 or 20 days.
All animals were euthanized at day 20. Animals given monocrotaline for fewer
than 20 days were given tap water until euthanasia. In a separate experiment,
rats (three animals per group) were given 20 mg/L monocrotaline via drinking
water for 0, 4 or 6 days and euthanized at 14, 21 or 28 days. In a third experiment,
juvenile rats (50 g, 3-4 animals per group) were first pretreated with 65 mg/kg
bw intraperitoneal phenobarbital and then maintained on 0.1% phenobarbital
via drinking water for 7 days to induce CYP enzyme activity before they (now
weighing 100 g) were exposed to 20 mg/L monocrotaline via drinking water for
0, 1, 2,4, 6,10 or 15 days. In all experiments, body weights were measured and
heart, lungs, thymus, kidneys and liver were removed and wet weights recorded.

Mortality was observed in animals exposed to 40 mg/L for 4 days (25%)
and for 6 days (50%), and in animals exposed to 60 mg/L for 4 days (25%; however,
two additional animals died during transport for necropsy). No deaths were
reported among animals exposed to these concentrations for a longer period.
Decreased body weight gain was observed in several exposure groups, but this
was not always statistically significant. Organ weights of kidney, liver and thymus
were generally unchanged; only for animals exposed to 40 mg/L for 20 days was a
significant increase in kidney weight observed. Right ventricle weight, expressed
as a fraction of left ventricular + septal weight, was significantly increased at
doses of 10 mg/L or higher and this was largely due to cellular hypertrophy.
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This was observed for rats exposed to 10 mg/L after 10 days of exposure, for
20 mg/L and 40 mg/L after 4 days, and for 60 mg/L after 1 day. Relative lung
weight was increased at doses of 10 mg/L or higher. For rats exposed to 10 mg/L
monocrotaline, statistically significant changes were seen after 10 days, for 20
or 40 mg/L after 6 days or longer, and for 60 mg/L after 2 days of exposure to
monocrotaline. In the 60 mg/L group, oedema was observed in the heart, lungs,
liver and kidneys, and in some animals fluid was found in the thoracic cavity.
Dose equivalents, expressed as total amount ingested, were calculated by the
authors, based on 180 mL/kg per day water consumption, for those combinations
of exposure and minimum time that produced right-ventricular hypertrophy:
10 mg/L for 10 days was calculated to be equivalent to 18.0 mg/kg bw (1.8 mg/
kg bw per day), 20 mg/L for 4 days to 14.4 mg/kg bw (3.6 mg/kg bw per day),
40 mg/L for 4 days to 28.8 mg/kg bw (7.2 mg/kg bw per day), and 60 mg/L for
1 day to 10.8 mg/kg bw. Animals that received 20 mg/L for 4 or 6 days, and were
euthanized at different time points, showed right-ventricular hypertrophy at all
time points. Lung weights were significantly increased in both exposure groups
when euthanized at 2 weeks, and in the 6-day exposure group when euthanized
at 3 weeks, but not when euthanized at 4 weeks.

Significantly increased right ventricle weight and lung weight were
observed in animals pretreated with phenobarbital and dosed with monocrotaline
for 4 days or longer compared to controls, but differences were generally not
statistically significant when compared to animals given monocrotaline alone.
Only lung weight was significantly increased compared to the controls when rats
were exposed to monocrotaline + phenobarbital for 4 days, while this was not the
case for rats exposed to monocrotaline alone.

In another experiment by the same authors, male Sprague-Dawley
rats (100-125 g, age not specified, 5-6 animals per group) were exposed to
monocrotaline in drinking water at 20 mg/L for 0, 1, 2, 4 or 6 days. Animals were
euthanized and cells were lavaged from the lungs. The protein concentration
of the lavage fluid was significantly increased (~182%) in animals exposed to
20 mg/L monocrotaline in drinking water for 6 days. No significant differences
were observed in percentage of lymphocytes, macrophages or polymorphonuclear
leukocytes present in the lung fluid of treated animals (Shubat, Hubbard &
Huxtable, 1989).

In an additional experiment, male Sprague-Dawley rats (age not specified,
number of animals per group unknown) were exposed to monocrotaline in
drinking water at 20 mg/L for 0, 1, 2, 4, 6, 10 or 20 days. One group of animals
was euthanized on the last day of exposure and the other groups on day 20. The
lungs were subjected to histological evaluation. Wall thickness of the pulmonary
arteries increased with longer duration of exposure from 23 to 48 pm in animals
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exposed for 0, 1 or 2 days and to 56 to 90 pm in animals exposed for 4 days or
more and evaluated at 20 days.

Overall, the authors concluded that the oral threshold dose equivalent
of monocrotaline to produce toxic effects is in the range 11-14 mg/kg bw. In
addition, they concluded that this study provided evidence that it is the cumulative
dose that determines the toxicity of monocrotaline as comparable toxic effects
were noted after 1 day of exposure to 60 mg/L (11 mg/kg bw) and after 10 days of
exposure to 10 mg/L (14 mg/kg bw) (Shubat, Hubbard & Huxtable, 1989).

In a short-term study with riddelliine, male F334/N rats (7 per group, 5-
7 weeks old) were exposed to 0 (vehicle control), 1.0 or 2.5 mg/kg bw riddelliine
(purity 92%, 5% retrorsine, 1.4% seneciphylline) dissolved in corn oil, by gavage,
for eight consecutive daily doses or for 6 weeks on weekdays, i.e. five times a
week (Nyska et al., 2002). In the latter case, the corrected daily doses amounted
to 0, 0.71 or 1.4 mg/kg bw per day. Animals were observed twice daily for clinical
signs, and body weights were recorded weekly. At termination, blood and liver
samples were collected and animals were subjected to necropsy.

There were no dose-related effects on body weight. Liver weight was
not affected after eight daily doses, but was significantly increased (~10%) after
6 weeks in rats from both dose groups. No effects were found on serum vascular
endothelial growth factor (VEGF) concentration either after 8 days or 6 weeks.

Following eight doses of 1.0 or 2.5 mg/kg per day, an increase in number
of cases and severity of apoptosis, cytomegaly and karyomegaly and S-phase
nuclei (statistically significant at the highest dose) was noted in nonparenchymal
(i.e. endothelial) and parenchymal cells. In addition, the number of hepatocellular
mitoses was greatly reduced compared to controls. p53 Protein was minimally
active in nonparenchymal cells. Mild to moderately increased expression of VEGF
protein was observed in hepatocytes. Lipid in the space of Disse was observed in
animals in the high-dose group.

Following 6 weeks of exposure to 1.0 and 2.5 mg/kg per weekday,
decreased apoptosis (statistically significant at the highest dose), increased S-phase
nuclei (statistically significant at the highest dose), and, sporadically, p53 nuclear
positivity were noted in nonparenchymal cells. In parenchymal cells, apoptosis
was also decreased (significantly at the highest dose), while S-phase nuclei were
decreased (significantly at the highest dose) in contrast to in nonparenchymal
cells. Reduced numbers of hepatocytes undergoing mitosis (none observed),
minimal to mild hepatocellular hypertrophy, lipid in the space of Disse and
centrilobular fatty vacuolization were also reported in nonparenchymal cells
after 30 doses of 1.0 or 2.5 mg/kg bw per day, while karyomegaly, cytomegaly,
endothelial cell swelling and hypertrophy were found in animals in the highest
dose group only. The number of S-phase nuclei was higher in younger rats than
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in older rats. Mild to moderately increased expression of VEGF protein was
observed in hepatocytes.

The authors concluded that riddelliine interacts with DNA in endothelial
cells. The LOAEL was 1 mg/kg bw per day based on hepatocyte vacuolization
and hypertrophy, endothelial changes (cell degeneration, lipid in space of Disse,
swelling, karyomegaly), reduction in hepatocyte mitosis and increased liver
weights (Nyska et al., 2002).

In a study to investigate the pathological changes in rats after dietary
exposure to Heliotropium circinatum, male rats (12-16 weeks old, strain not
specified, 16 animals per group) were fed 0, 1, 3, 5 or 10% dried and ground
parts of H. circinatum added to the feed for 20 weeks (Eroksiiz et al., 2003a). PA
content of H. circinatum was determined by GC-MS analysis. Body weight and
feed consumption were recorded weekly. At the end of the 20-week exposure
period, rats were euthanized and tissue samples of liver, lungs, kidneys, pancreas,
small and large intestine and heart were taken for histological analysis.

The total PA content of H. circinatum was 0.15% and the free base content
was 0.018%. Of the total PAs, 88% was present as N-oxide and 12% as free base.
PAs found in H. circinatum were identified in fraction A (free base) and fraction
B (free base + N-oxide), respectively, as europine (4.37% and 67.33%), heliotrine
(4.88% and 16.34%), lasiocarpine (75.35% and 8.12%), heleurine (2.56% and
4.18%), echinaine (2.56% and 1.56%), 7-angelylheliotrine (2.05% and 1.19%) and
an unknown PA (9.23% and 1.28%).

Feed intake and body weight were significantly and dose-relatedly
reduced in all exposure groups when compared to the control group. Rats in the
control group had an average cumulative feed intake over 20 weeks of 3189.0 g,
which was equal to an average of 22.8 g per animal per day over 20 weeks. Rats
receiving 1%, 3%, 5% and 10% H. circinatum had an average cumulative feed
intake over 20 weeks of 2896.6, 2831.2, 2863.0 and 2547.1 g per animal over
20 weeks, which was equal to an average of 20.7, 20.2, 20.5 and 18.2 g feed per
animal per day over 20 weeks, respectively. Total PA intakes calculated by the
Committee, based on feed intake and body weights were 0, 0.95, 2.0, 4.9 and
11.1 mg/kg bw per day, respectively.

Animals in the highest dose group were generally inactive and anorectic,
and exhibited gradual alopecia and hair loss. Animals in the 5% and 10% group
showed mildly fibrotic livers. Several mild to moderate histological changes
in the liver were seen in animals from all exposure groups (including hepatic
megalocytosis, focal liver necrosis, periportal fibrosis and bile duct proliferation).
Histological changes were also observed in the kidneys (including focal interstitial
nephritis), lungs (including thickening of pulmonary artery and arterioles), heart
(including oedema and fibrosis in the right ventricle) and spleen (including
haemosiderin deposits). The frequency of most histological changes increased
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with increasing dosage. The most common histological effects were hepatic
megalocytosis and periportal fibrosis and infiltration.

The authors concluded that H. circinatum has limited toxic potential as
it caused minimal to moderate histological changes and no mortality (Eroksiiz
et al., 2003a). The Committee, however, disagreed with the authors’ conclusion
because many organs were affected and the effects were already evident at total
PA doses as low as 0.95 mg/kg bw per day.

In a study to investigate hepatotoxicity of comfrey, inbred dark Aguti rats
(aged 3-3.5 months, sex not specified) were given a single dose of 200 mg/kg bw
PAs, or 50 or 100 mg/kg PAs extracted from locally collected Russian comfrey by
gavage 3 times a week for 3 weeks (Yeong et al., 1991). The presence of PAs was
confirmed by thin-layer chromatography (TLC) and mass spectrometry (MS),
but not further specified other than by retention times of the comfrey extract by
TLC. Exposure groups consisted of four animals per group; a control group for
each treatment consisting of two animals was also included. At the beginning of
the fourth week, the animals were euthanized and liver samples were taken for
histopathological analysis using light microscopy and electron microscopy. One rat
that received a single dose of 200 mg/kg bw was euthanized at the end of week 1.

Livers of exposed rats were firm in consistency and plum-coloured
with nodular surfaces. Severe sinusoidal congestion, extravasation of RBCs and
necrosis were observed in exposed rats. Most terminal hepatic venules were
narrowed. Electron microscopy revealed nuclear, mitochondrial and cytoplasmic
swelling. In addition, extensive loss of sinusoidal lining cells and disruption of
hepatocyte cellular margins was reported. Spillage of organelles and debris into
sinusoidal tracts was seen. RBCs were found in extravascular compartments. The
same changes were seen in all exposure groups, but necrosis, intimal narrowing
of terminal hepatic venules and vascular congestion were less pronounced in the
low-dose group than in the high-dose group.

The authors concluded that PAs from comfrey had been demonstrated
to produce veno-occlusive lesions in rat livers. Effects were observed at all doses
tested and showed a dose-related increase in severity (Yeong et al., 1991).

In a study to investigate low-dose hepatotoxicity, inbred dark Aguti rats
(male and female, age not specified) were fed PAs extracted from comfrey at doses
of 0 or 50 mg/kg bw (control group: two animals, exposure group: eight animals)
by gavage once a week for 6 weeks. Qualitative and quantitative composition of
the PAs extracted from comfrey were not further specified. The animals were
euthanized 1 week after the last dose and immediately dissected. Liver samples
were taken and prepared for examination using light microscopy and electron
microscopy.

The liver abnormalities in all animals were similar, with no differences
between sexes. There was a moderate to marked degree of sinusoidal dilatation
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and congestion. The remaining liver tissues showed several signs of hepatocyte
damage, including loss of definition of hepatocyte cellular and sinusoidal walls,
loss of microvilli, breakdown of the cell membrane, nuclear swelling, and variable
sized and shaped vacuoles. Bile canaliculi showed loss of microvilli with swelling
and clubbing of those remaining. The most striking change in the hepatocytes
was the formation of surface blebs.

The authors concluded that chronic low-dose comfrey-derived PA
toxicity leads to sinusoidal fibrosis, sloughing of endothelial cells and hepatocyte
membrane damage, most prominently seen in the sinusoidal borders (Yeong,
Wakefield & Ford, 1993).

(c) Chicken

In a 35-day feeding trial, commercial ISA Babcock Brown laying hens (32 weeks
old, 10 per group) were fed a commercial layer diet mixed with dried and ground
Crotalaria pallida seeds at 0% (vehicle control), 1%, 2% or 3% (w/w) over the
course of 5 weeks (Diaz, Almeida & Gardner, 2014). Feed intake and body weight
were monitored at weekly intervals. Blood samples were collected on day 0,
14 and 28. AST, ALT, LDH, GGT and creatine kinase were determined in the
blood samples. At the end of the experiment, six hens from each group were
euthanized and examined for gross lesions. Liver, lungs, heart, spleen, kidneys,
proventriculus, gizzard and pancreas were removed and weighed. Liver and lung
were histologically examined.

C. pallida seeds were found to contain usaramine (0.16%) and its
corresponding N-oxide (0.02%); the total PA content was about 0.18% (dry
weight basis). The authors estimated the usaramine dose received by the hens to
be 0, 0.54, 0.99 or 1.41 mg/kg per day, respectively, but did not report how this
estimate was calculated.

No mortality was reported in any of the treatment groups. At the end
of the 5-week period, body weight was significantly lower in all of the exposure
groups compared to the control group; 8.7% lower in the 1% group, 14.8%
lower in the 2% group and 21.1% lower in the 3% group. Feed intake and feed
conversion were also decreased in all dose groups compared to the control group,
while egg mass production was affected in the 2% and 3% groups (13% and 25%
less egg mass, respectively) and the number of eggs was significantly lower in the
3% group only. Average egg weight was not affected in any of the dose groups.
Statistically significant differences in relative organ weights compared to controls
were noted for the livers of animals from the 3% group (23% decrease) and for
lung weights in all dose groups (up to 33% increase).

No differences in creatine kinase or GGT activity were found between the
groups at any of the sampling points (0, 14 and 28 days). AST and LDH activities
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were up to 1.5-fold higher in the exposed groups compared to the control group
at day 28. ALT activity was up to 1.9-fold higher in the exposed groups than in
the control group at day 14.

No histological abnormalities were observed in hens from the control or
the 1% dose group. Livers from animals in the 2% and 3% dose groups showed
abnormal discoloration and were firmer than normal. In addition, distended
gallbladders were observed. Histological abnormalities were seen, including
hepatocyte necrosis, megalocytosis and bile duct proliferation, and in the 3%
group, hepatocyte anisokaryosis was also observed. No histological alterations
were noted in lung tissue.

The authors concluded that feeding laying hens > 2% C. pallida seeds
caused significant adverse effects on health, and dietary levels of 1% C. pallida
led to mild adverse effects (Diaz, Almeida & Gardner, 2014). As effects were
observed at all doses, the LOAEL in this study was 0.54 mg/kg bw.

In a dietary study with Senecio vernalis, Hyline W-77 laying hens (16
weeks old, 10 animals per group) were fed a diet containing 0, 0.5%, 2% or 4%
dried and ground aerial parts of S. vernalis for 30 weeks (Eroksiiz et al., 2003b).
Feed consumption was recorded weekly and body weight every 2 weeks. At the
end of the trial, animals were euthanized and blood was collected. Serum was
used for biochemical evaluations. At study termination, tissues were examined
grossly and major organs were weighed. Liver, spleen, heart, kidneys, pancreas,
small and large intestine were subjected to histological evaluation.

The plant material contained 0.14% of total alkaloids (8.57% free base;
91.43% N-oxide), identified in fraction A (free base) and fraction B (free base
+ N-oxide), respectively, as senecionine (27.95% and 66.65%), senecivernine
(10.15% and 10.37%), seneciphylline (5.19% and 8.51%), integerrimine (6.39%
and 8.44%), retrorsine (0.59% and 3.03%), senkirkine (37.38% and 2.35%) and
hydroxysenkirkine (12.41% and 0.65%). Based on these data, the diets had a
total alkaloid content of 0, 7, 28 or 56 mg/kg diet, respectively. Cumulative feed
intake and total egg production were significantly reduced in the 2% and 4% dose
groups compared to the control group. Statistically significantly reduced body
weight compared to control animals was observed in all dose groups. Relative
organ weights were significantly lower for spleen, lung and kidney in the 2% and
4% groups, and for liver in the 4% group.

Increased serum values of total bilirubin (4% group), AST (all exposure
groups) and gamma-GT (2% and 4% groups) were noted. In addition, decreased
serum values of total protein, albumin and ALP in the 2% and 4% groups were
reported.

Macroscopic and histological changes (including fibrosis, bile epithelial
hyperplasia and bile duct proliferation) were seen in liver, and the changes were
most pronounced in the 4% group, less at 2%, and were generally mild or absent in
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the 0.5% group. In addition, in spleens of animals in the 4% dose group, lymphoid
hyperplasia of white pulp and diffuse congestion of red pulp were observed. No
data were presented on the histological evaluation of the heart, kidneys, pancreas
and intestine.

The authors concluded that, at the 2% and 4% dietary levels, mild to
moderate histological and biochemical changes were observed together with a
significant reduction in feed intake and egg production (Eroksiiz et al., 2003b).

The effect of oral administration of sunn hemp (Crotalaria juncea),
which is closely related to showy crotalaria (Crotalaria spectabilis), on chicken
was investigated (Hess & Mosjidis, 2008). Sunn hemp seeds have been reported to
contain junceine, riddelliine, senecionine, seneciphylline and trichodesmine. In
feeding trials, male and female broilers (strain not reported, 0 days old at start, 80
animals per group) were given starter feed with sunn hemp seeds for 21 days. In
the first trial, animals were fed 0, 0.5 or 5% whole sunn hemp seeds. In the second
trial, animals were fed 0, 0.5 or 2% ground sunn hemp seeds to prevent self-
selection. Body weight, feed conversion efficiency and mortality were evaluated
at 7 and 21 days. Results were only reported for 21 days.

In trial 1, the broilers showed significant seed refusal. Body weights and
weight gains were significantly reduced (~6% and ~7%, respectively) in broilers
fed 5% sunn hemp, but not in broilers fed 0.5% sunn hemp. Feed consumption
was reduced (~5%) and feed conversion was poorer in the 5% group. No effects
on mortality were noted. In trial 2, no effects were found for hens fed 0.5%
sunn hemp. Body weights and weight gains were significantly reduced (~25%
and ~27%, respectively) in broilers fed 2% sunn hemp. Feed consumption was
reduced (~13%) and feed conversion was poorer in the 2% group. No effects on
mortality were seen.

The authors concluded that the sunn hemp would not have contained
enough of the toxins associated with showy crotalaria to be toxic. The Committee
does not agree with this conclusion, as the presence of toxins associated with
showy crotalaria was not investigated in sunn hemp seed. Further, in the low-
level inclusion trial, body weight and body weight gain were severely affected in
animals fed 2% sunn hemp. As no pathological investigations were performed,
toxicity may have remained unnoticed in these trials and therefore it cannot be
concluded that sunn hemp was not toxic to chicks through low-level inclusion in
the diet (Hess & Mosjidis, 2008).

In a study to compare the toxicity of a reduced, crude comfrey alkaloid
extract with that of the purified lycopsamine and intermedine, California
white chicks (Gallus gallus domesticus, 1 week old, five chicks per group) were
administered five doses of reduced crude comfrey extract, or the monoesters
lycopsamine or intermedine, i.e. 0 (vehicle control), 0.04, 0.13, 0.26, 0.52 or
1.04 mmol/kg bw per day PA free base, for 10 days (Brown et al., 2016). For
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lycopsamine and intermedine this amounted to doses of approximately 0, 12.0,
38.9,77.8,155.6 or 311.3 mg/kg bw per day. The daily dose was given in two halves
via gavage, one half in the morning and the other half in the afternoon. Chicks
were weighed three times per week and doses were recalculated before the next
treatment. Further, they were monitored at least twice daily during treatment and
for another seven days after treatment until termination and necropsy. Animals
that became moribund were euthanized and necropsied. Gross abnormalities were
reported and the entire brain, heart, spleen and right liver lobe, and samples of
the lung, kidney;, testicle, crop, proventriculus, ventriculus, small intestine, colon,
caecum and bursa of Fabricius were collected for histopathological analysis. In
addition, blood samples were taken and the left liver lobe was taken for pyrrole
adduct analysis.

The crude comfrey extract contained mainly lycopsamine, intermedine
and their acetylated derivatives. No differences in weight gain compared to
control animals were noted for chicks in the lycopsamine and intermedine dose
groups. Chicks that received the crude extract showed a dose-related decrease
in body weight gain, which was significantly lower than in controls at 0.52 and
1.04 mmol/kg bw per day (~43% and ~78%, respectively). Of these, all chicks in
the 1.04 mmol/kg bw group and one in the 0.52 mmol/kg bw group suffered from
ascites, and two from the 1.04 mmol/kg bw group had to be euthanized after 7
and 10 days, respectively.

The serum activities of sorbitol dehydrogenase (SDH) and bile acids
were significantly increased, compared to controls, in the two highest crude
extract dose groups, ~422% and ~439%, respectively, for SDH, and ~167%
and ~457%, respectively, for bile acids. Glucose levels were decreased in all the
highest dose groups for each of the three treatments, but this was only statistically
significant for the crude extract group. No differences were noted for total
protein, triglycerides, cholesterol, GGT, aspartate aminotransferase (AST), LDH
or creatine phosphokinase.

At necropsy, relative liver weight was significantly lower in the highest
dose group that received crude extract of comfrey. Histologically, centrilobular
necrosis was observed in the liver in the most severely affected animals, with small
foci or individual hepatocytes surrounded by haemorrhage and with pyknotic
nuclei in the less severely affected ones. The most severely affected chicks were
those in the crude extract group and the severity increased with dose. Angiectasis
was observed in animals from the lycopsamine group at the three highest doses,
and from the crude extract group at all but the lowest dose. Regeneration, mainly
present in portal areas, with bile duct proliferation was found in animals that
received 0.26 and 1.04 mmol/kg bw crude extract. Mild to severe capsular serositis
was observed in chicks from the two highest dose groups administered crude
comfrey extract. Mild to moderate periportal inflammation was reported in all
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exposed animals, including controls, with no differences between the groups. No
information was given about observations made in other organs.

Pyrroles were detected in the livers of chicks that received 0.13, 0.26, 0.52
and 1.04 mmol/kg bw crude extract or lycopsamine. In the intermedine group,
pyrroles were found in chicks dosed with 0.04, 0.52 and 1.04 mmol/kg bw, in
lower concentrations than in the other treatment groups. The concentration of
pyrroles tended to increase with increasing dose.

The authors concluded that, although all treatments resulted in evidence
for toxicity, the crude extract of comfrey was more toxic than an approximately
equivalent dose of the individual pure PAs (Brown et al., 2016).

(d) Quail

In a feeding study using three PA-containing plant species, male and female
Japanese quail (20 per sex per group, age 74 days) were fed a diet containing 30%
dried and ground plant material of Heliotropium dolosum (HD group), Senecio
vernalis (SV group) or Heliotropium circinatum (HC group) for 6 weeks (Eroksiiz
et al., 2008). The control group (C group) received 0% plant material.

The alkaloid content of the feed was calculated to be 390 mg/kg for the HD
group, 450 mg/kg for the SV group, and 420 mg/kg for the HC group. Major PAs
included europine (67.3%), heliotrine (16.3%) and lasiocarpine (8.1%) for the HC
plant material; senecionine (66.65%), senecivernine (10.37%) and seneciphylline
(8.51%) for the SV plant material; and lasiocarpine (43.97%), europine (25.95%)
and heliosupine (18.49%) for the HD plant material. Only for the HD group,
were the PA content and composition redetermined; for the other groups it was
assumed to be the same as in earlier studies (Eroksiiz, 2003a,b). H. dolosum
contained 0.13% of total alkaloids (53.85% N-oxide), identified in fraction A
(free base) and fraction B (free base + N-oxide), respectively, as europine (8.37%
and 25.95%), heliotrine (1.14% and 4.81%), lasiocarpine (76.31% and 43.97%),
echimidine (3.76% and 6.78%) and heliosupine (10.42% and 18.49%).

Feed consumption was determined on a weekly basis; the mean ratio
between males and females was calculated by individually feeding five quail of
each sex and group for 2 weeks and applied on the feed consumption values to
determine the feed consumption of the males and females separately. Biochemical
parameters, including direct bilirubin, total bilirubin, albumin, total protein,
AST, ALP and GGT, were determined at the end of the sixth week. All tissues
were grossly examined, and body weight and absolute and relative major organ
weights were determined. Liver, spleen, heart, kidneys, pancreas, and small and
large intestines were taken for further analysis.

Mean cumulative feed consumption in both males and females from
all test groups was significantly less than that of the controls (~27% for the HD
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group; ~13% for the HC group; ~13% for the SV group). The authors reported that
the cumulative alkaloid intake for the HD, HC and SV groups was 1120 mg/kg,
1388 mg/kg and 1274 mg/kg for males, respectively, and 1606 mg/kg, 1856 mg/kg
and 1702 mg/kg for females, respectively. The monographer calculated that this
would be equal to 26.7, 33.0 and 30.3 mg/kg per day for males and 38.2, 44.2 and
40.5 mg/kg per day for females.

No mortality or clinical signs were reported. Final body weight was
significantly decreased in all the test groups (~29% HD, ~20% HC, ~22% SV
for males; ~41% HD, ~22% HC, ~19% SV for females) compared to the control
group. Total egg production (in g) was also significantly reduced in all test groups.
With respect to organ weights, statistically significant decreases were noted for
absolute liver, heart and testes weights in males from all test groups.

In the HD group, a statistically significant increase in serum AST (~5%
and ~24%, respectively), GGT (~167% and ~139%, respectively) and total
bilirubin (~60% and ~283%, respectively) levels was noted for both males and
females, while a significant decrease was observed for ALP (~87%, females
only), serum total protein (~53% and ~74%, respectively) and albumin (~59%
and ~59%, respectively) levels. In the HC group, serum total bilirubin and GGT
levels were significantly increased in males (~52% and ~220%, respectively), and
serum total protein and albumin levels significantly decreased in both males
(~68% and ~47%, respectively) and females (~65% and ~47%, respectively). In
the SV group, a significant increase was observed for serum GGT levels in males
(~100%) and for serum AST levels in females (~26%). A significant decrease was
found for serum total protein levels in both males and females (~74% and ~78%,
respectively) and for serum ALP levels in females (~52%). It should be noted that
for both organ weights and biochemical parameters, data were presented for 10
males and females, respectively, instead of for all animals.

No remarkable gross changes were observed in quails from the test
groups. The severity and incidence of microscopic lesions were somewhat more
pronounced in females than in males and were most prominent in quails fed the
HD diet. The main histological change in the liver and bile ducts was periportal
or irregular oval cell proliferation (HD group: 9/20 (males), 12/20 (females); HC
group: 8/20 (males), 8/20 (females); SV group: 6/20 (males), 9/20 (females)),
and mild cytomegaly was seen. Further, in birds in the HD diet group, bile duct
hyperplasia and fibrosis in the liver together with bile pigment deposits were
reported. In addition, in the HD and HC diet groups, the proximal tubules in the
kidneys also showed mild cytomegaly.

The results of this study showed that exposure via the diet to the PA-
containing plants H. dolosum, H. circinatum and S. vernalis may lead to decreased
feed intake, decreased body weight and histopathological changes in the liver of
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Japanese quail with the most prominent effects caused by H. dolosum (Eroksiiz
et al., 2008).

(e) Pig

In a toxicity study on riddelliine, pigs (0, 3, 6, 12 or 52 weeks old, strain and
sex not specified, 12 animals per group) were exposed by gavage to 0, 5, 10 or
20 mg/kg bw per day purified riddelliine (final purity not specified) for 14 days
(Stegelmeier et al., 2004). All pigs were monitored daily for clinical signs and
weighed weekly when blood samples were taken. After dosing for 14 days, the
pigs were euthanized and tissues were collected for histological and chemical
analysis.

In all age groups, pigs dosed with riddelliine showed a statistically
significant reduction in weight gain or even lost weight. Weight changes were
correlated to dose for all age groups. Body weight changes normalized for body
size did not reveal age differences.

At the highest dose, animals suffered from severe hepatic disease
characterized by icterus, anorexia, scruffy-dry skin and reluctance to move. Pigs
that were 6 weeks old when exposure started also had extensive ascites and visceral
oedema with swollen livers displaying red lobular patterns and subcapsular
oedema. At doses of 5 and 10 mg/kg bw, similar effects were observed but were
less severe. Pigs that were 3 and 6 weeks old at the beginning of the experiment
showed the most severe effects and several of the animals in the high-dose groups
had to be euthanized early.

Serum levels of ALP, aspartate amino transferase, gamma-glutamyl
transferase and creatine kinase activities were elevated in all dosed animals. In
addition, pigs from the high-dose group had increased serum bilirubin and bile
acid concentrations. Animals that were 0, 3 or 6 weeks old when exposure started
showed reduced serum albumin and total protein levels, which were significantly
different from levels in animals that were older at the beginning of the study,
dosed with 10 or 20 mg/kg bw per day. Serum enzyme activities, bilirubin levels
and bile acid concentrations tended to be higher in pigs that were 6 weeks or
older at the beginning of the study than in younger animals.

Histopathology showed significant hepatocellular swelling, vacuolization
and necrosis with associated collapse of hepatic cords, haemorrhage and
inflammation in all pigs from all dose groups. Lesions were most severe in 3- and
6-week-old pigs, while inflammation was most prominent in 12- and 52-week-
old pigs. No extrahepatic lesions were found except in 6-week-old pigs from the
high-dose group, which showed vascular media oedema and fibrosis with mild
endothelial hyperplasia in small arteries. The livers from treated animals contained
pyrroles, but the amount detected was not consistent or correlated with dose.
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The authors concluded that riddelliine is toxic in pigs at doses comparable
to toxic doses in other species. Poisoning resulted in hepatic lesions and animals
that were 3 or 6 weeks old at the beginning of the study were more severely affected
than other age groups, suggesting that weanling pigs near 3-6 weeks of age are
most susceptible to PA poisoning (Stegelmeier et al., 2004). The monographer
noted that the results were mainly qualitatively described in the text and not
presented in tables and figures. Therefore, the results cannot be confirmed.

Inan experiment to reproduce acute poisoning with Crotalaria spectabilis,
16 pigs (nine females and seven males, 5-12 kg) were fed seeds of C. spectabilis
(Ubiali et al., 2011). Three pigs received 0.5 g/kg and three other pigs 1.25 g/
kg daily for 10 days. Two pigs were fed a daily dose of 2.5 g/kg for 5 and 8 days,
respectively. The other pigs received a single dose of 2.5 g/kg (n = 3), 5 g/kg (n
=4) or 9.5 g/kg (n = 1). Clinical examinations were performed and, at necropsy;,
fragments of the liver, lungs, central nervous system, kidneys, heart, lymph
nodes, tonsils and gastrointestinal tract were preserved for histological analysis.

Clinical signs were noted at earlier time points with increasing dose and
included anorexia, apathy, depression and tremors. Hepatocellular necrosis and
haemorrhage was observed in seven pigs, of which two received 2.5 g/kg per day,
and five single doses of 5 or 9.5 g/kg. No other alterations were reported for these
single-dose groups. In some pigs receiving daily doses of 0.5 g/kg and 1.25 g/kg
for 10 days, liver fibrosis, megalocytosis, bile duct hyperplasia and haemorrhage
were observed. No histological observations were noted for the pigs that received
a single dose of 2.5 g/kg seeds (Ubiali et al., 2011).

(f) Sheep

Ground seeds from Crotalaria retusa were used in two experiments in crossbred
Santa Inés hair sheep, approximately 9 months old (Anjos et al., 2010). The
ground seeds contained 6.84% of monocrotaline (5.62% as free base and 2.2% as
N-oxide).

In the first experiment, crossbred Santa Inés hair sheep (three animals per
group) were given 2 g/kg bw of ground seeds of C. retusa, mixed with concentrated
feed, equivalent to 1% of the sheep body weight, for a 70-day period (daily dose of
monocrotaline of 136.8 mg/kg bw), or 3 or 4 g/kg bw of ground seeds mixed with
water and administered by stomach tube as a single dose (monocrotaline dose
of 205.2 mg/kg bw and 273.6 mg/kg bw, respectively). In the second experiment,
crossbred Santa Inés hair sheep (three animals per group) received increasing
doses of ground C. retusa seeds mixed in the feed; first 2 g/kg bw per day for 20
days (monocrotaline exposure of 136.8 mg/kg bw per day), followed by 4 g/kg
bw per day for 7 days (monocrotaline exposure of 273.6 mg/kg bw per day) and
finally a single dose of 5 g/kg bw (monocrotaline exposure of 342 mg/kg bw). The
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C. retusa seeds were given mixed with concentrated feed in an amount equivalent
to 1% body weight, but the single dose was given via stomach tube. Three sheep
served as controls.

Blood samples were collected before the experiments and on days 20, 30,
45 and 75 after the start of the experiment. Serum activities of AST, GGT, and
total protein values were determined, but the authors did not report the results
of these determinations. All sheep were observed for 270 days. Sheep that died
were necropsied and the thoracic and abdominal organs and the central nervous
system were subjected to further analysis.

The authors reported that the sheep that were fed 2 g/kg bw seeds for
70 days did not show clinical signs. The authors did not report whether all the
monocrotaline-containing concentrated feed was consumed by each of the sheep.
Also, sheep that were administered increasing doses of ground seeds did not show
clinical signs. Sheep that received single doses of 3 g/kg bw seeds (except one
sheep) or 4 g/kg bw seeds did show clinical signs. These signs generally appeared
within the first week after administration, except for one sheep that received 4 g/
kg bw seeds that developed clinical signs after 68 days. Clinical signs included
restlessness, apathy, abdominal pain, anorexia, increased respiratory and cardiac
rates, mild yellowish ocular or oral mucosa, marked depression and recumbence.
All sheep died within a week after onset of the clinical signs.

Serum activities of AST and GGT and serum values of proteins were
within normal ranges for sheep fed 2 g/kg bw seeds and control animals. In sheep
that received 3 or 4 g/kg bw seeds, serum levels of AST and GGT were increased
and serum levels of total proteins were decreased, and returned to normal in the
surviving sheep administered 3 g/kg bw seeds. In two of the three sheep that
received increasing doses of ground seeds, no changes in GGT and AST activities
or in protein concentrations were seen. In the third animal, a transient increase
of AST was noted, which later returned to normal, but GGT activity and total
protein concentrations were unchanged.

At necropsy, two sheep that received 3 g/kg bw seeds and one sheep that
received 4 g/kg bw seeds displayed mild jaundice, ascites and haemorrhages of
the mucosa and/or serous membranes of abomasum, spleen, heart, small and
large intestines, diaphragm and larynx, enlarged liver with rounded edges and
increased lobular pattern. Microscopically, periacinar necrosis of the liver with
degenerated hepatocytes was observed. In the other two sheep that received 4 g/
kg bw seeds, the liver was firm with an increased lobular pattern and yellowish-
white and red colouring. The gallbladder was enlarged and oedematous, and the
abomasum showed oedema in the folds. In one animal, jaundice, a yellow/orange
liver, dark kidneys and dark brown urine was noted. Microscopically, these
animals had megalocytosis, degenerated and vacuolated hepatocytes, bile duct
proliferation and fibrosis. In one animal, hepatocytes were severely degenerated
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or necrotic, and degeneration or necrosis within the tubules of the kidneys was
reported. The other animal also showed vacuoles in the cerebellar peduncles and
medulla, and in the boundary between the white matter and grey matter of the
brainstem.

Based on these two experiments, the authors concluded that sheep
are susceptible to acute intoxication by monocrotaline, but can develop strong
resistance when exposed daily to non-toxic doses. Further, chronic poisoning
was observed after single toxic doses but not after repeated ingestion of non-
acutely toxic doses. It was noted that the resistance to the adverse effects that is
developed by sheep is not a general phenomenon in other species (Anjos et al.,
2010).

In a dosing trial to reproduce an outbreak of PA toxicosis, one male
Dorper sheep (8 months old) was exposed to incremental doses of the crude
extract of Senecio inaequidens for 4 days via oral gavage (Dimande et al., 2007).
The doses administered were 49.5 mg/kg bw on day 0 and day 1, 99.0 mg/kg bw
on day 2 and 198 mg/kg bw on day 3. Clinical examination was performed daily
and the sheep was observed twice a day for clinical signs. Blood and urine samples
were collected every day during the dosing period. The sheep was euthanized on
day 4 for necropsy and microscopic examination. In addition, liver, bile, kidney
and lung samples were collected to determine PA concentrations.

LC-MS/MS and GC-MS analyses revealed the presence of four different
PAs in S. inaequidens: retrorsine (major component, N-oxide:free base ratio
of 4.12:1), senecionine (N-oxide:free base ratio of 3.8:1), and two unidentified
compounds. The average total PA (free base plus N-oxide) concentration in plant
parts of S. inaequidens was 0.18%.

On day 1, ruminal motility was decreased, and feed refusal was observed
on day 4. The sheep was subsequently euthanized. Albumin concentrations
and albumin/globulin ratios were below the normal reference ranges before
and during the dosing trial. Total serum protein was below normal reference
values before the start of dosing and within normal reference ranges during the
dosing period. AST activity increased slightly on day 1 of the dosing trial and
glutamate dehydrogenase activity was elevated on day 3 and day 4. The remaining
analytes were within the reference ranges or did not differ much from the values
determined during the pre-dosing period.

At necropsy, the liver was swollen and pale-coloured, and had rounded
edges. Histopathology revealed swollen hepatocytes with vacuolization of the
cytoplasm, mild oedema in the portal area, and necrosis of single cells with mild
neutrophil infiltration. The spleen was congested with white pulp hyperplasia. A
mild infiltration by mononuclear cells and neutrophilic leukostasis was reported
in the lungs. In the small intestines, severe accumulation of mononuclear cells in
the (sub)mucosa and a dispersing distribution of coccidian parasites were found.
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Retrorsine and senecionine were detected in tissue and body fluids. No
PAs were found in the serum. The highest concentration of retrorsine was found
in urine on day 4, i.e. 82 pg/g, while the liver contained 53.10 pg/g, the kidneys
29.4 ug/g, the bile 6 pg/g and the lungs 11.5 ug/g retrorsine equivalents.

The authors concluded that sheep were not the optimal species to
reproduce PA poisoning in cattle as they were less susceptible (Dimande et al.,
2007).

(g) Cows

In a feeding trial in cattle, female Hereford calves (three animals per group) were
either exposed to Senecio riddellii (total PA content 2.46% of dry weight; 45 mg/
kg bw; free base to N-oxide ratio 1:9) by gavage, to 4.5 mg/kg bw pure riddelliine
(purity not specified; isolated from S. riddellii), to 40.5 mg/kg bw riddelliine
N-oxide (purity not specified), or to a mixture of riddelliine and riddelliine
N-oxide by infusion via blind rumen fistula (Molyneux et al., 1991). Doses were
given daily for 20 days. A control group was included. Calves were observed daily
for clinical signs and blood samples were collected twice weekly up to 78 days in
surviving calves. Calves that approached a moribund state or were determined
to be in a state of irreversible wasting were euthanized and necropsied. Tissues
from lung, liver, gallbladder, heart, kidney, pancreas and brain were taken and
examined microscopically.

Signs of depression, reduced feed intake and ataxia of the hind limbs
were noted in calves that received S. riddellii, riddelliine N-oxide or riddelliine
+ riddelliine N-oxide. In addition, signs of chronic seneciosis were found in S.
riddellii-treated calves, while calves exposed to riddelliine N-oxide or riddelliine
+ riddelliine N-oxide stood with the head slightly lowered and had a dull, staring
look. Calves exposed to 4.5 mg/kg bw riddelliine showed no clinical signs of
toxicosis.

In calves fed with S. riddellii, moribund condition was reached after
20 to 34 days. Body weights were decreased by 13% at necropsy. Serum GGT
and AST activity were increased 13- to 18-fold and 2- to 4-fold, respectively.
Calves receiving riddelliine at 4.5 mg/kg bw showed no changes in body weight,
body weight gain or serum enzyme activities. Calves exposed to 40.5 mg/kg bw
riddelliine N-oxide were in a moribund condition 41 to 50 days after the beginning
of the experiment. At termination, body weights were the same as on day 0, i.e. no
net body weight gain, and reduced compared to the control group. Serum GGT
and AST activities were increased 5- to 11-fold and 2- to 5-fold, respectively.
Calves fed a combination of riddelliine and its N-oxide were euthanized 41 to
66 days after the start of the study. Mean body weights were slightly decreased
compared to body weight at the start (2%) and were reduced compared to the
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control group. Serum GGT and AST activities were increased 5- to 17-fold and
2- to 3-fold, respectively.

Ascites, oedema, petechial haemorrhages, enlarged gall bladder
containing thick, dark bile, and enlarged liver, which was mottled and discoloured
or pale and showing fibrotic and congested sections were found in animals in all
groups except controls. The enlargement of the gallbladder was markedly less
in the riddelliine + riddelliine N-oxide group than in the other treated groups.
Animals in this group also had moderate oedema in the lungs, whereas this was
not found in the other groups. No data were presented on the other organs.

Microscopically, livers from the affected treatment groups showed
hepatocellular necrosis, collapse of lobules, portal oedema, anisokaryosis with
some cytomegaly, spongiosus of white matter in the basal nuclei or periventricular
region, and bile duct proliferation. Again, the riddelliine + riddelliine N-oxide
group was less severely affected.

The authors concluded that the N-oxide form of the alkaloid alone is
capable of inducing typical Senecio toxicosis in cattle and that the free base level
of the plant cannot be considered to be the sole factor in assessing the toxicity of
S. riddellii (Molyneux et al., 1991).

Skaanild and colleagues performed two limited feeding trials with Senecio
vernalis in cattle (Skaanild, Friis & Brimer, 2001). In the first trial, two RDM
heifers (aged 11-15 months) were fed 40 or 80 g dried plant material per day for
10 days. Daily doses were 0.34 mg/kg bw senecionine + 0.2 mg/kg bw senkirkine
and 0.68 mg/kg bw senecionine + 0.4 mg/kg bw senkirkine, respectively. Blood
samples were collected regularly until 14 days after the start of dosing. In the
second trial, three RDM heifers (aged 11-15 months) were fed 200, 400 or 1000 g
of fresh whole Senecio vernalis plants per day for 8 days. The fresh plant material
contained 25 pg/g senecionine and 25 pg/g senkirkine. The administration of
1000 g whole plant was estimated to give an oral daily dose of 0.13 mg/kg bw
senecionine + 0.13 mg/kg bw senkirkine. The cattle were observed for clinical
signs. Blood samples were taken regularly from 3 days before until 15 days after
the start of dosing. Enzyme activities of GGT, ALP and ALT were measured. Liver
samples were taken and analysed for PA content and underwent a pathological
examination.

In both studies, alkaloid concentrations in plasma were below the limit
of detection (LOD) of 0.01 pg/mL in all samples. No changes in serum activity
of GGT, ALT and ALP were noted in any of the animals. In addition, no clinical
signs were noted in the cattle, nor morphological changes in the livers.

The authors concluded that limited short-term intake of S. vernalis does
not seem to affect heifers and that this lack of effect may be due to fast liver
metabolism of PAs or the short dosing period (Skaanild, Friis & Brimer, 2001).

94



Five calves (8 months old, 140 kg) were orally fed with 0.38 g/kg per day
dry leaves of Senecio brasiliensis for 24 days (Torres & Coelho, 2008). Five liver
biopsies were taken, before the experiment and then every 15 days up to day 60.
Clinical examination was performed daily.

Clinical signs were noted at week 3 and consisted of anorexia, tenesmus,
and dry and hard faeces. One calf died on day 45. Postmortem examination
showed shrunken and fibrotic livers, ascites and oedema of the mesentery,
gastric wall, gallbladder wall and subcutaneous tissue. Microscopic findings
included progressive and irreversible liver damage as indicated by hepatocellular
ballooning, necrosis, apoptosis and megalocytosis and centrilobular, pericellular
and portal fibrosis was observed from day 30 onwards (Torres & Coelho, 2008).

(h) Horses and donkeys

In a feeding trial, donkeys (1-2 years old, sex not specified, one animal per
group) were exposed via feed to Crotalaria retusa milled seeds added to the diet
at levels of 0, 25, 50 or 100 mg/kg bw per day or to Crotalaria juncea milled seeds
at dietary levels of 0, 300, 600 or 1000 mg/kg bw per day for 365 days (Pessoa et
al., 2013). Animals were observed for clinical signs daily. Blood samples were
collected weekly and serum activities of AST, GGT and serum concentration of
total protein were measured. Donkeys that died naturally or were euthanized in
extremis were necropsied.

In a separate experiment, repeated high daily doses of 5000 mg/kg bw
for 48 days or 3000 mg/kg bw for 83 days of C. juncea milled seeds (n = 1) or
1000 mg/kg bw for 7 days of C. retusa milled seeds (n = 1), or single high doses
of 2500 or 5000 mg/kg bw C. retusa milled seeds (n = 1) were administered via
nasogastric tube. Serum activities of AST and GGT were determined at different
time points. In addition, liver biopsies were taken of one donkey given a single
dose of C. retusa milled seeds at a dose of 2500 mg/kg bw.

Analysis of the C. retusa seed showed that the 11-membered macrocyclic
diester monocrotaline was the major PA (>99% of total content) present at
5.99% weight/dry weight (w/dw). C. juncea seeds had a total alkaloid content
of 0.074% w/dw for the first experiment and of 0.078% w/dw for the second
experiment. Major PAs present included the 11-membered macrocyclic diesters
trichodesmine (0.016% and 0.022%, respectively) and junceine (0.008% and
0.01%, respectively), and the monoesters isohemijunceines (0.05% and 0.055%,
respectively).

In the first experiment, no clinical signs or lung lesions were observed
in any of the donkeys. Further, no changes in serum total protein and AST or
GGT activities were noted. The only change observed was mild megalocytosis
in the liver with occasional intranuclear vacuolization of the hepatocytes, which
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was found in all animals receiving C. retusa and donkeys receiving C. juncea at
dietary levels of 600 and 1000 mg/kg bw per day, but not at 300 mg/kg bw per day.

In the second experiment, with higher dietary levels of C. juncea, clinical
signs started at day 40 at the dose level of 5000 mg/kg bw per day seeds, and at day
70 at the dose level of 3000 mg/kg bw per day seeds, and included reluctance to
move, increased audibility of breathing sounds and heartbeats in the lung fields,
anorexia and severe dyspnoea with dilated nostrils. The affected animals were
euthanized at day 50 and day 90, respectively. No changes were observed in GGT
or AST serum activities. At necropsy, inspection and microscopic investigation
showed that the lungs were severely affected, presenting, among others, nodules
corresponding to interstitial proliferation of Clara cells and smooth muscle
cells surrounded by connective tissue, alveolar oedema and mild infiltration
of neutrophils within the alveoli. No liver lesions or changes in other organs
examined (not specified) were observed.

The donkey that received a single dose of 5000 mg/kg bw C. retusa milled
seeds displayed clinical signs 4 days after administration, while the donkey that
received 1000 mg/kg bw C. retusa seeds for 7 days showed clinical signs at the
end of the administration period. Clinical signs in both animals included apathy,
anorexia, jaundice, tachypnoea, tachycardia and positive jugular pulse. The
donkeys died 9 and 10 days after the beginning of the experiment, respectively.
The donkey that received a single dose of 2500 mg/kg bw seeds did not show any
clinical signs.

Serum activity of AST was elevated in the donkey that received milled C.
juncea seeds at a dose of 5000 mg/kg bw just before death, while in the donkey that
received repeated doses of 1000 mg/kg bw C. retusa milled seeds, GGT activity
was elevated before death and AST activity remained normal. In the donkey
that was given a single dose of 2500 mg/kg bw seeds, serum activity of GGT was
elevated on day 10 and returned to normal on day 20, and serum activity of AST
remained within normal ranges.

Necropsy of the animals that died revealed petechial haemorrhages and
suffusions in the gastrointestinal tract, urinary bladder mucosa, lungs, liver,
diaphragm, mesentery, endocardium, epicardium and heart valves. In addition,
bloody contents in the small intestine, and oedema of the mesentery, mucosa of
the caecum and colon, trachea and lungs, were reported. The stomach showed
multiple erosions on the mucosa. The liver showed increased lobular pattern,
and histologically, centrilobular necrosis was the main lesion. The donkey that
survived without clinical signs showed no significant lesions in the liver biopsies.

The authors concluded that the seeds of C. juncea were associated with
respiratory disease, whereas seeds of C. retusa caused exclusively liver lesions
(Pessoa et al., 2013).
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In a gavage study, 1-year-old horses (sex not specified, strain not specified,
2-3 animals per group) were exposed to Cynoglossum officinale at a total PA dose
of 0, 5 or 15 mg/kg bw per day via gavage for 15 days (Stegelmeier et al., 1996).
Serum, plasma, whole blood and liver biopsies were collected weekly. Horses
were euthanized following the onset of clinical illness. The remaining clinically
normal animals were euthanized 252 days post-exposure.

In the low-dose group, transient effects were found, including depression
and weight loss. These effects gradually resolved. In the high-dose group,
depression, anorexia and icterus were noted, indicating severe liver disease. Their
condition deteriorated until they were euthanized before week 5 of the study.

No statistically significant biochemical changes were noted in the
low-dose group; however, sporadic increases in bile acids, GGT and sorbitol
dehydrogenase were noted. Biochemical changes in the high-dose group
included a statistically significant increase in serum sorbitol dehydrogenase, bile
acids, ALP and bilirubin levels, and a significant decrease in blood urea nitrogen
concentrations. Two of the horses that received high doses had neutrophil
granulation, vacuolated monocytes and platelets, lymphopenia and eosinopenia.
Low thrombocyte counts prior to euthanasia were reported but this was not
statistically significantly different from controls.

Necropsy revealed caecal and colonic mucosal oedema, and soft red
and wet livers with lobular patterns in the horses exposed to 15 mg/kg bw per
day. In addition, two animals had caecal or ileal infarctions and one animal had
severe necrotizing dermatitis with crust formation on the nose, face and thorax.
No significant gross lesions were observed in the control animals or the animals
exposed to 5 mg/kg bw per day.

Histological analysis of animals in the low-dose group showed mild
hepatocellular necrosis, biliary hyperplasia and focal neutrophilic periportal
inflammation at day 28, which resolved, and hepatocellular apoptosis,
anisokaryosis and megalocytosis after week 30. Immunoreactive cells were
significantly increased compared to control animals on day 28. In the high-dose
group, extensive hepatocellular necrosis with mild periportal fibrosis and biliary
hyperplasia were observed at day 28, which are typical of acute PA toxicosis. In
addition, immunoreactive cells were increased compared to controls but the
difference was not statistically significant.

Pyrroles were detected in the liver of all horses that received high doses,
and in trace amounts in the liver from one horse treated with a low dose.

The authors concluded that acute PA toxicosis due to C. offinicale
exposure caused marked biochemical changes and histopathological
hepatocellular necrosis without megalocytosis. Chronic or low-dose intoxication
caused minimal biochemical changes with dramatic hepatocyte megalocytosis
(Stegelmeier et al., 1996).
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After an outbreak of Crotalaria retusa poisoning in horses, this was
experimentally reproduced in one adult horse and four adult donkeys (Nobre et
al., 2004). The horse received 100 g (0.4 g/kg) of C. retusa seeds daily for 52 days
and the donkeys received dried whole C. retusa mixed with grass at daily doses
of 2.5, 5 or 10 g/kg for 120, 90 and 30 days, respectively. One donkey received no
plant material and served as a control. The horse died after 52 days of dosing, and
the donkey that received 5 g/kg per day died after 48 days. The other two donkeys
were euthanized after 120 days. Biopsies were taken from liver, lung, heart, brain
and kidneys for histological examination. The monocrotaline content of the plant
material given to the donkeys was 0.5%.

After 15 days of dosing, the horse showed progressive anorexia, bilateral
nasal discharge, depression and incoordination. After 51 days, the horse was
agitated, walking in circles, restless and uncoordinated and eventually died
within 24 hours. All donkeys presented with anorexia, depression, alow head and
jaundice. The donkey that died 48 days after the start of the experiment showed
nervous signs, including incoordination and muscle tremors 24 hours before
death.

All animals suffered from loss of body condition and poor nutritional
status. At necropsy, the horse had fluid in the abdominal cavity, a hard liver with
dark red and white areas on the surface, dark red lungs, slightly congested kidneys
and the intestinal content was more fluid than normal. Observations reported for
the donkeys that were euthanized were similar to those in the horse.

Microscopically, the main alterations were in the liver, with severe
disorganization of the parenchymal cells, megalocytosis, severe vacuolization
of hepatocytes and periportal fibrosis. The lungs showed mild oedema and
congestion, and in the kidneys discrete multifocal vacuolization of tubular
cells and congestion was noted. The liver of the donkeys that received 2.5 and
10 g/kg showed periportal fibrosis, severe vacuolization in the hepatocytes —
mainly of the centrilobular region - necrosis, bile-retaining hepatocytes and
megalocytosis. Haemorrhages in the centrilobular region were also observed,
mainly in the animal that received 10 g/kg C. retusa. The donkey that died during
the experiment exhibited periportal fibrosis, megalocytosis, disorganization of
the parenchymal cells, necrotic hepatocytes, diffuse congestion and centrilobular
haemorrhages, as well as biliary retention and bile duct proliferation. Lesions
were also observed in the lungs of the donkeys that received 5 and 10 g/kg and in
the kidneys and brains of the one fed 5 g/kg. Clinical signs and pathology were
similar to what was observed in the poisoning cases (see section 2.3), except that
Alzheimer type II astrocytes were only found in the donkey that died (Nobre et
al,, 2004).
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2.23 Long-term studies of toxicity and carcinogenicity

Several old studies on carcinogenicity, that were not performed according to
OECD or similar guidelines, with various purified PAs such as lasiocarpine,
monocrotaline, retrorsine, retronecine, heliotrine, senecionine, symphytine,
clivorine, petasitenine and senkirkine and/or crude plant extracts containing
PAs have been performed, using various durations, dosing regimes and routes
of administration. Most of these studies were performed in rats. These studies
were previously evaluated by IPCS (1988), NTP (2008), Committee on Toxicity
of Chemicals in Food (2008), EFSA (2011) and Chen L et al. (2017). In summary,
these studies indicate that tumours were most commonly observed in the liver,
lung and blood vessels. In addition PA-related tumours were observed in various
other organs such as breast, kidneys, pancreas, urinary bladder, pituitary, bone,
peritoneal tissue and skin.

For the present evaluation, the Committee considered in detail the two
long-term toxicity and carcinogenicity studies on lasiocarpine and riddelliine,
which were evaluated by IPCS (IPCS, 1988) and/or EFSA (EFSA, 2011). These
are the studies performed by the United States National Cancer Institute (NCI)
on lasiocarpine (NCI, 1978) and by the United States NTP on riddelliine (NTP,
2003, also partly published in Chan PC et al., 2003). No new long-term studies
published subsequent to those two evaluations were identified by the Committee.

(a) Mouse
(i) Riddelliine

The carcinogenic potential of riddelliine was studied in B6C3F1 mice in a long-
term carcinogenicity bioassay (NTP, 2003). Groups of 50 male and 50 female
animals, 5-6 weeks of age, were administered riddelliine (purity 92%; major
impurities: retrorsine 5% and seneciphylline 1.4%) in sodium phosphate buffer
by gavage at doses of 0 or 3 mg/kg bw per day, 5 days per week, for 105 weeks.
Additional groups of 50 male mice received 0.1, 0.3 or 1 mg/kg bw per day,
5 days per week, for 105 weeks. A wide dose range was used in male mice to better
characterize the dose-response curve. This decision was made as there was a
limited amount of riddelliine available and females were chosen for investigating
the low-dose effects of riddelliine in rats. Dose levels are equivalent to 0, 0.071,
0.21, 0.71 or 2.1 mg/kg bw per day on a 7 days per week basis (multiplied by 5/7,
not corrected for purity). Animals were observed twice daily for clinical signs of
toxicity and body weights were recorded on day 0 and every 4 weeks during the
study. Animals found dead and surviving to the end of the study were necropsied
and underwent extensive histopathological examination.

Survival of males and females administered 3 mg/kg bw was significantly
less than that of the vehicle controls. Twenty out of 50 male mice (40%) and
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17 out of 50 female mice (34%) survived until study termination compared to
survival of 39/50 (78%) and 34/50 (68%) in males and females in the control
group, respectively; survival in the other male dose groups was not different from
controls. At 3 mg/kg bw per day, body weight gains were reduced in both females
and males (at the end of the study, mean body weights were 19% and 33% lower,
respectively) as compared to controls. In the 1 mg/kg bw per day dose group, on
average the body weight at termination was 6% less than in the controls. There
were no clinical findings attributable to riddelliine.

The results from the histopathological examination of the liver are
presented in Table 11. The incidences of single haemangiosarcoma (14/50) and
multiple haemangiosarcomas (17/50) of the liver in male mice in the 3 mg/kg bw
dose group were significantly higher than those in the vehicle controls (2/50 and
0/50, respectively) and exceeded the historical ranges in controls (20/659). Liver
haemangiosarcoma was the primary cause of death in 22/50 of the male mice
in the 3 mg/kg bw group and occurred with an overall rate of 62% compared to
an overall rate of 4% in the control groups (with poly-K correction for reduced
survival: 66.7 and 4.4%, respectively). The incidence was not elevated in the
other dose groups. Although most haemangiosarcomas occurred in the liver
of male mice, sporadic haemangiosarcomas also occurred in other tissues, but
the sporadic incidences of these haemangiosarcomas were similar to those in
the vehicle controls, were within the historical range in controls, or occurred
in only one animal in a dose group. Therefore, haemangiosarcomas in tissues
other than the liver were not considered to be related to dosing. Metastases
of the liver haemangiosarcomas were seen in the lung of five males from the
3 mg/kg bw dose group. One male each in the 1 and 3 mg/kg bw groups had
endothelial cell hyperplasia, which is considered to be a preneoplastic change.
Haemangiosarcoma in the liver was also noted in one female from the 3 mg/kg
dose group. Sporadic incidences of this lesion appear also in historical control
data (3/655), and therefore the single case in females was not considered to be
related to dosing. One female treated with 3 mg/kg bw had a cholangioma.

The incidences of hepatocellular neoplasms occurred with a negative
trend in males, and the incidence was significantly decreased in females in the
3 mg/kg bw group; the incidences in the 3 mg/kg bw male and female groups
were less than the historical ranges in controls (Table 11). The reduced incidences
of hepatocellular neoplasms were considered by the study authors to be possibly
due to early mortality and lower body weight in males and females given the high
dose, or the ability of PAs to inhibit division of hepatocytes.

Incidences of hepatocyte cytomegaly' and karyomegaly in males
administered 0.3 mg/kg bw or greater and females given 3 mg/kg bw were

' Synonymous with hepatocellularhypertrophy.
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Table 11
Incidences of neoplasms and non-neoplastic lesions of the liver in mice in the 2-year gavage
study of riddelliine

Vehicle control 0.1 mg/kg 0.3 mg/kg 1mg/kg 3 mg/kg
Male
Number examined microscopically 50 50 50 50 50
Survival to study termination 39/50 (78%) 41/50 (82%) 40/50 (80%) 38/50 (76%) 20/50 (40%)§
Relative body weight (% of controls)
Week 1-13 (mean) 100% 101% 101% 100% 98%
Week 14-53 (mean) 100% 100% 99% 97% 91%
Week 54-101 (mean) 100% 98% 97% 96% 88%
Neoplastic lesions
Haemangiosarcoma, multiple® 0 0 0 0 17**
Haemangiosarcoma (includes multiple)
Overall rate® 2/50 (4%) 1/50 (2%) 0/50 (0%) 2/50 (4%) 31/50 (62%)
Adjusted rate 4.4% 2.2% 0.0% 4.4% 66.7%
Terminal rate? 2/39 (5%) 1/41 (2%) 0/40 (0%) 2/38 (5%) 8/20 (40%)
Firstincidence (days) 729(T) 729(T) - 729(T) 550
Poly-3 test’ P<0.001 P=0.495 P=0227N P=0.694 P<0.001
Background incidence from HCD? 20/659 (3.1%)
range 2-4%
Hepatocellular adenoma, multiple 3 8 2 0 0
Hepatocellular adenoma (includes multiple) 16 18 14 5% 0**
Hepatocellular carcinoma, multiple 16 10 9 5** 0**

w
N
o
N
o
w

*

*

Hepatocellular carcinoma (includes multiple) 2
Hepatocellular adenoma or carcinoma

Overall rate® 36/50 (72%) 39/50 (78%) 33/50 (66%) 23/50 (46%) 3/50 (6%)
Adjusted rate 73.4% 80.0% 66.0% 49.2% 7.5%
Terminal rate? 26/39 (67%) 32/41 (78%) 24/40 (60%) 19/38 (50%) 2/20(10%)
First incidence (days) 475 542 567 566 590
Poly-3 test® P<0.001N P=0.299 P=0.281N P=0.011N P<0.001N
Background incidence from HCD" 304/659

(47.8%)

range 28-72%
Non-neoplastic lesions

Endothelial cell, hyperplasia 0 0 0 1(2.0) 1(2.0)
Hepatocyte, cytomegaly 4(1.5) 4(1.8) 16¥*(1.7) 33%*(1.7) 43%*(2.5)
Hepatocyte, karyomegaly 4(1.5) 4(1.8) 15%*(1.7) 33**(1.8) 43*%(2.5)
Bile duct, hyperplasia 2(2.0) 0 1(1.0) 3(1.7) 6(2.3)
Hepatocyte, centrilobular, necrosis 0 1(3.0) 3(33) 4(3.3) 10** (3.0)
Hepatocyte, necrosis, focal 18(1.3) 9%(1.3) 5%%(1.8) 6**(2.2) 21(2.6)
Haemorrhage, focal 0 2(2.5) 1(3.0) 6% (2.3) 21%%(2.8)
Syncytial alteration, focal 38(1.2) 30(1.2) 31(1.2) 27%(1.0) 0**
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Table 11 (continued)

Vehicle control 0.1 mg/kg 0.3 mg/kg 1mg/kg 3 mg/kg
Female
Number examined microscopically 49 - - - 50
Survival to study termination 34/50 (68%) - - - 17/50 (34%)***
Relative body weight (% of controls)
Week 1-13 (mean) 100% - - - 98%
Week 14-53 (mean) 100% - - - 82%
Week 54-101 (mean) 100% - - - 74%
Neoplastic lesions
Cholangioma 0 - - - 1/50 (2%)
Background incidence from HCD 0/655 (0%) - - - -
Haemangiosarcoma 0/49 (0%) - - - 1/50 2%)
Background incidence from HCD* 3/655 (0.5%)
range 0-4% - - - -
Hepatocellular adenoma, multiple 2 - - - 0
Hepatocellular adenoma (includes multiple) 9 - - - 0**
Hepatocellular carcinoma, multiple 1 - - - 0
Hepatocellular carcinoma (includes multiple) 8 - - - 0**
Hepatocellular adenoma or carcinoma
Overall rate® 16/49 (33%) - - - 0/50 (0%)
Adjusted rate 36.9% - - - 0.0%
Terminal rate? 11/34 (32%) - - - 0/17 (0%)
Firstincidence (days) 419 - - - -
Poly-3 testf - - - P<0.001N
Background incidence from HCD' 143/655

(21.8%)

range 12-40%
Non-neoplastic lesions

Hepatocyte, cytomegaly 0 - - - 49**(2.3)
Hepatocyte, karyomegaly 0 - - - 49%*(2.3)
Bile duct, hyperplasia 0 - - - 28**(1.9)
Infiltration cellular, mixed cell 29(1.4) - - - 41%*(1.8)

() Terminal sacrifice

* Significantly different (P<0.05) from the vehicle control group by the Poly-3 test; ** P<0.01;

*** Significantly decreased survival from the vehicle control group by life table pairwise comparison (P<0.001).

#Number of animals with lesions.

b Number of animals with neoplasms per number of animals with liver examined microscopically.

“Poly-3 estimated neoplasm incidence after adjustment for intercurrent mortality.

4 Observed incidence at terminal kill.

¢Not applicable; no neoplasms in animal group.

" Beneath the vehicle control incidence (males only) the P-value associated with the trend test is presented. Beneath the dosed group incidence, the P-values
corresponding to pairwise comparisons between the vehicle controls and that dosed group are presented. The Poly-3 test accounts for differential mortality in
animals that did not survive until the end of the study. A negative trend or a lower incidence in a dosed group is indicated by N.

9Background incidence of haemangiosarcoma in male mice from historical control data (HCD) for 11 2-year studies with controls (3 gavage, 4 feeding, 1 drinking water,
2 inhalation, 1 whole body exposure) fed an NTP-2000 diet: total 20/659 (mean 3.1% = 1.1% SD), range 2—4%. Note: these HCD data include tumour incidence
from the riddelliine study (NTP, 2003).

" Background incidence of hepatocellular adenoma or carcinoma in male mice from HCD for 11 2-year studies with controls (3 gavage, 4 feeding, 1 drinking water, 2
inhalation, 1 whole body exposure) fed an NTP-2000 diet: total 304/659 (mean 47.8% =+ 12.9% SD), range 28-72%. Note: these HCD data include tumour incidence
from the riddelliine study (NTP, 2003).

| Average severity grade of lesions in affected animals: 1= minimal, 2= mild, 3 = moderate, 4 = marked.
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J Background incidence of cholangioma in female mice from HCD for 11 2-year studies with controls (3 gavage, 4 feeding, 1 drinking water, 2 inhalation, T whole body
exposure) fed an NTP-2000 diet: total 0/655. Note: these HCD data include tumour incidence from the riddelliine study (NTP, 2003).

*Background incidence of haemangiosarcoma in female mice from HCD for 11 2-year studies with controls (3 gavage, 4 feeding, 1 drinking water, 2 inhalation, 1
whole body exposure) fed an NTP-2000 diet: total 3/655 (mean 0.5% + 1.2% SD), range 0—4%. Note: these HCD data include tumour incidence from the riddelliine
study (NTP, 2003).

'Background incidence of hepatocellular adenoma or carcinoma in female mice from HCD for 11 2-year studies with controls (3 gavage, 4 feeding, 1 drinking water, 2
inhalation, 1 whole body exposure) fed an NTP-2000 diet: total 143/655 (mean 22.8% =+ 9.6% SD), range 12-40%. Note: these HCD data include tumour incidence
from the riddelliine study (NTP 2003).

Source: NTP (2003).

significantly greater than those in the vehicle controls; the severities of these
lesions were also increased in the 3 mg/kg bw groups. Incidences of minimal
to mild bile duct hyperplasia were slightly increased in males that received
3 mg/kg bw and significantly increased in females given 3 mg/kg bw. In males
in the 3 mg/kg bw group, the incidence of centrilobular necrosis of hepatocytes
was significantly increased, and the incidence of focal hepatocyte coagulative
necrosis was slightly increased. Although there was no dose-related change in the
incidence of focal hepatocyte necrosis, the severity of the focal necrosis increased
with increasing dose. The necrosis was mostly present in livers that exhibited
other lesions, especially haemangiosarcomas. Incidences of focal haemorrhage,
which was usually concomitant with haemangiosarcoma, were significantly
increased in males administered 1 or 3 mg/kg bw. The incidence of mixed cell
cellular infiltration was significantly increased in females that received 3 mg/kg
bw. A dose-related decrease in the incidence of syncytial (multinucleated) cell
alteration was noted in the males in the 3 mg/kg bw group.

The results from the histopathological examination of the lungs are
presented in Table 12. Compared to those in the vehicle controls, the incidences
of alveolar/bronchiolar adenoma and adenoma or carcinoma (combined) were
significantly increased in females in the 3 mg/kg bw group, and the incidence of
alveolar/bronchiolar carcinoma in this group was increased, also compared to
historical control values. In contrast, in males, except in the 1 mg/kg bw group,
which had significantly decreased incidences of alveolar/bronchiolar carcinoma
and alveolar/bronchiolar adenoma or carcinoma (combined), the incidences
of alveolar/bronchiolar neoplasms in dosed males were similar to those in the
vehicle controls. In females in the 3 mg/kg bw group, the incidence and severity
of alveolar epithelial hyperplasia showed a slight non-statistically significant
increase (6/50 versus 1/50 in controls, P = 0.056), and a statistically significant
increase in histiocytic hyperplasia (9/50 versus 2/50 in controls, P = 0.0256).

The results from the histopathological examination of the kidney are
presented in Table 13. Common, age-related nephropathy was observed in all
males in all groups, in the females in the 3 mg/kg bw group and in 18/49 of the
animals in the female control group. The severity of this lesion was increased in
the males and females in the 3 mg/kg bw groups. Nephropathy was considered
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Table 12
Incidences of neoplasms and non-neoplastic lesions of the lung in mice in the 2-year gavage
study of riddelliine

Vehicle control 0.1 mg/kg 0.3 mg/kg 1mg/kg 3 mg/kg
Male
Number examined microscopically 50 50 50 50 50
Neaplastic lesions
Alveolar/bronchiolar adenoma, multiple® 4 1 1 3 0
Alveolar/bronchiolar adenoma (includes 12 10 1 8 12
multiple)
Alveolar/bronchiolar carcinoma, multiple 4 2 4 1
Alveolar/bronchiolar carcinoma (includes 7 8 6 1* 5
multiple)
Alveolar/bronchiolar adenoma or carcinoma
Overall rate® 18/50 (36%) 16/50 (32%) 15/50 (30%) 9/50 (18%) 17/50 (34%)
Adjusted rate 39.1% 34.7% 31.1% 19.7% 39.7%
Terminal rate? 15/39 (39%) 16/41(39%) 13/40 (33%) 7/38(18%) 8/20 (40%)
Firstincidence (days) 599 729(T) 567 689 559
Poly-3 test* P=0.424 P=0.413N P=0.276N P=0.033N P=0.564
Female
Number examined microscopically 50 - - - 50
Neaplastic lesions
Alveolar/bronchiolar adenoma’ 1 - - - 9**
Alveolar/bronchiolar carcinoma, multiple 1 - - - 1
Alveolar/bronchiolar carcinoma (includes 1 - - - 4
multiple)
Alveolar/bronchiolar adenoma or carcinoma?
Overall rate 2/50 (4%) - - - 13/50 (26%)
Adjusted rate 4.7% - - - 30.5%
Terminal rate 1/34 (3%) - - - 6/17 (35%)
Firstincidence (days) 419 - - - 587
Poly-3 test - - - P<0.001
Background incidence from HCD 53/654(8.1%) - - - -

range 0-12%
Non-neoplastic lesions

Alveolar epithelium, hyperplasia 1(1.00" - - - 6(1.5)
Respiratory system, lung, histiocytic 2 (4%) - - - 9(18%)*
hyperplasia

(T) Terminal sacrifice

* Significantly different (P<0.05) from the vehicle control group by the Poly-3 test; ** P<0.01.

Number of animals with lesions.

b Number of animals with neoplasms per number of animals with lung examined microscopically.

“Poly-3-estimated neoplasm incidence after adjustment for intercurrent mortality.

4 Observed incidence at terminal kill.

¢ Beneath the vehicle control incidence (males only) is the P-value associated with the trend test. Beneath the dosed group incidence are the P-values corresponding
to pairwise comparisons between the vehicle controls and that dosed group. The Poly-3 test accounts for differential mortality in animals that do not reach terminal
sacrifice. A lower incidence in a dosed group is indicated by N.

fBackground incidence of haemangiosarcoma in female mice from historical control data (HCD) for 11 2-year studies with controls (3 gavage, 4 feeding, 1 drinking
water, 2 inhalation, T whole body exposure) fed an NTP-2000 diet: total 37/654 (5.4% + 4.0%), range 0—12%. Note: these HCD data include tumour incidence from



the riddelliine study (NTP, 2003).

9 Background incidence of haemangiosarcoma in female mice from HCD for 11 2-year studies with controls (3 gavage, 4 feeding, 1 drinking water, 2 inhalation, 1
whole body exposure) fed an NTP-2000 diet: total 53/654 (7.6% + 4.7%), range 0—12%. Note: these HCD data include tumour incidence from the riddelliine study
(NTP, 2003).

" Average severity grade of lesions in affected animals: 1= minimal, 2 = mild, 3 = moderate, 4 = marked.

Source: NTP (2003).

Table 13

Incidences of non-neoplastic lesions of the kidney in mice in the 2-year gavage study of

riddelliine

Vehicle control 0.1 mg/kg 0.3 mg/kg 1mg/kg 3 mg/kg

Male
Number examined microscopically 49 49 50 50 50
Nephropathy? 46 (1.3)° 48(1.5) 48(1.8) 50(2.1) 50(2.8)
Glomerulus, glomerulosclerosis 0 1(1.0) 0 42%*(1.8) 41%*%(2.5)
Renal tubule, accumulation, hyaline droplet 0 2 1(3.0) 1(3.0) 3(3.0)
Renal tubule, karyomegaly 0 0(3.0) 0 0 12%%(1.4)
Renal tubule, dilatation 16(1.2) 17(1.1) 24(1.3) 29%* (1.5) 22(1.9)
Female
Number examined microscopically 49 - - - 50
Nephropathy 18(1.3) - - - 47** (3.4)
Glomerulus, glomerulosclerosis 0 - - - 40%* (2.7)
Renal tubule, accumulation, hyaline droplet 2 (2.5) - - - 14%* (2.6)
Renal tubule, pigmentation 2(2.0) - - - 27%%(2.8)
Renal tubule, karyomegaly 0 - - - 1(2.0)

** Significantly different (P<0.01) from the vehicle control group by the Poly-3 test

Number of animals with lesion.

b Average severity grade of lesions in affected animals: 1= minimal, 2 = mild, 3 = moderate, 4 = marked.
Source: NTP (2003).

the primary cause of death in one male and 19 females in the 3 mg/kg bw groups.
Morphologically, the lesions were similar to background nephropathy.

The incidences and severity of glomerulosclerosis in males that received
1 mg/kg bw and males and females that received 3 mg/kg bw were significantly
increased. Compared to those of the vehicle controls, the glomeruli from dosed
mice had increased amounts of collagen and carbohydrate-containing substances.
These findings are expected in sclerotic glomeruli. Immune complex-mediated
glomerulosclerosis was not the primary mechanism for the accumulation of
hyaline material within the glomeruli of the riddelliine-treated mice.

The incidences of renal tubule hyaline droplet accumulation and granular,
brown pigment were significantly increased in females in the 3 mg/kg bw group.
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Table 14
Incidences of chronic arterial inflammation in female mice in the 2-year gavage study of
riddelliine
Vehicle control 0.3 mg/kg
Small intestine (duodenum)? 47 46
Artery, inflammation, chronic® 0 13**(1.9)
Large intestine (caecum) 48 47
Artery, inflammation, chronic, focal 0 18**(1.7)
Kidney 49 50
Artery, inflammation, chronic 1(4.0) 16** (2.1)
Mesentery 23 29
Artery, inflammation, chronic, focal 1(3.0) 19%*(2.5)
Ovary 49 48
Artery, inflammation, chronic 0 26%* (2.6)
Spleen 49 50
Artery, inflammation, chronic, focal 0 6% (2.0)
Uterus 49 50
Artery, inflammation, chronic, focal 0 21%*(2.4)

* Significantly different (P<0.05) from the vehicle control group by the Poly-3 test; ** P<0.01

2 Number of animals with tissue examined microscopically.

b Number of animals with lesions.

¢ Average severity grade of lesions in affected animals: 1 = minimal, 2 = mild, 3 = moderate, 4 = marked.
Source: NTP (2003).

These increased incidences appeared to parallel the increased incidences and/or
severity of nephropathy. In contrast, the incidence of hyaline droplet accumulation
was only slightly increased in males in the 3 mg/kg bw group. The pigment was
Prussian blue-positive, indicating its haemosiderin nature.

The incidence of renal tubule karyomegaly was significantly increased in
males in the 3 mg/kg bw dose group, and the incidence of renal tubule dilatation
was significantly increased in males that received 1 mg/kg bw; mild karyomegaly
was observed in one female in the 3 mg/kg bw group.

The results from the histopathological examination of the arteries
are presented in Table 14. The incidence of chronic arteritis was significantly
increased in females given 3 mg/kg bw. The organs most frequently affected were
the small (duodenum) and large (caecum) intestines, kidney, mesentery, ovary,
spleen and uterus. In these females, this lesion was also observed sporadically in
the meninges of the brain, liver, lung (mediastinum), mesenteric lymph node,
pancreas, salivary gland, thymus, urinary bladder, and the subcutis and blood
vessels near the spinal ganglion. Sporadic cases of chronic arterial inflammation
were also observed in the duodenum, heart, kidney and spleen of dosed males.
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Table 15
Incidences of non-neoplastic lesions in mice in the 2-year gavage study of riddelliine
Vehicle control 0.1 mg/kg 0.3 mg/kg 1mg/kg 3 mg/kg

Male

Spleen® 49 49 50 50 49
Haematopoietic cell proliferation® 18 (2.3)¢ 16 (2.6) 19(2.6) 20(2.7) 33%%(2.8)
Skin (subcutaneous tissue) 50 50 50 50 49
Oedema 0 0 2(2.0) 5%(2.0) 25%%(2.0)
Female

Adrenal cortex 50 - - - 50
(ytoplasmic alteration, focal 1(1.0) - - - 25**(2.0)
Large intestine (caecum) 48 - - - 47
Oedema 0 - - - 5%(3.0)
Haemorrhage, focal 0 - - - 6% (2.3)
Epithelium, erosion, focal 0 - - - 6%(1.8)
Small intestine (duodenum) 47 - - - 46
Haemorrhage, focal 0 - - - 2(2.5)
Necrosis, focal 0 - - - 2(3.0)
Spleen 49 - - - 50
Haematopoietic cell proliferation 32(2.6) - - - 43%(3.1)
Skin (subcutaneous tissue) 50 - - - 50
Oedema 0 - - - 1(3.0)

* Significantly different (P<0.05) from the vehicle control group by the Poly-3 test; ** P<0.01

2 Number of animals with tissue examined microscopically.

b Number of animals with lesions.

< Average severity grade of lesions in affected animals: 1= minimal, 2 = mild, 3 = moderate, 4 = marked.
Source: NTP (2003).

The results from the histopathological examination of other organs are
presented in Table 15. The incidence and severity of focal cytoplasmic alteration
in the adrenal cortex was increased in females in the 3 mg/kg bw group.

Oedema, haemorrhage, mucosal erosion of the epithelium, and/
or necrosis in the caecum and duodenum, possibly secondary to the primary
submucosal vascular changes, were observed in females given 3 mg/kg bw. The
incidences and severities of haematopoietic cell proliferation of the spleen in
males increased with increasing dose and reached statistical significance in the
males and females in the 3 mg/kg bw group. This change was considered to be
secondary to the dose-related haemorrhage observed in the liver, caecum and
duodenum.

Chemical-related, generalized subcutaneous oedema of the skin was
noted in males that received doses of 0.3 mg/kg bw or higher, and the incidences
in the 1 and 3 mg/kg bw groups were significantly higher than in the vehicle
controls. Most mice that exhibited subcutaneous oedema also had malignant
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neoplasms, usually haemangiosarcoma. One female in the 3 mg/kg bw group
also had subcutaneous oedema.

In conclusion, there was a strongly increased incidence of liver
haemangiosarcomas in the males that received the high dose, but not the lower
doses. In females there was an increase of alveolar/bronchiolar neoplasms at
3 mg/kg bw (only one dose level studied). In both males and females the incidence
of hepatocellular adenomas and carcinomas was reduced, in males this was
also noted at 1 mg/kg bw. Based on the tumour findings in this study, the NTP
concluded that “there was clear evidence of carcinogenic activity of riddelliine
in male B6C3F1 mice based on increased incidences of hemangiosarcoma in the
liver” and “clear evidence of carcinogenic activity in female B6C3F1 mice based
on increased incidences of alveolar/bronchiolar neoplasms” The Committee
concurred with this conclusion. The Committee noted that non-carcinogenic
effects, including an increased incidence of hepatocyte karyomegaly and
cytomegaly, and an increased incidence of subcutaneous tissue oedema were
observed in males given doses of 0.3 mg/kg bw and higher. In females, enhanced
nephropathy and increased incidences of bile duct hyperplasia and arteritis
in various tissues were observed at 3 mg/kg bw (the only dose tested). For a
benchmark dose (BMD) analysis of the carcinogenicity data see section 9.2.

(b) Rat
(i) Riddelliine
A chronic dietary study of the carcinogenic potential of riddelliine was
conducted in F344/N rats (NTP, 2003). Groups of 50 male and female animals
were administered riddelliine (purity 92%; major impurities: retrorsine 5% and
seneciphylline 1.4%) in sodium phosphate buffer by gavage at doses of 0 or
1 mg/kg bw, 5 days per week, for 105 weeks. Additional groups of 50 female rats
received 0.01, 0.033, 0.1 or 0.33 mg/kg bw for 105 weeks. Because there was a
limited amount of riddelliine available, a wide dose range was used in female
rats to better characterize the dose-response curve. Female rats were considered
more suitable to investigate low-dose effects, as hepatocellular adenomas were
found in the subchronic studies. Dose levels are equivalent to 0, 0.007, 0.024,
0.071, 0.236 or 0.71 mg/kg bw per day on a 7 days per week basis (multiplied
by 5/7, not corrected for purity). Animals were observed twice daily for clinical
signs of toxicity, and body weights were recorded on day 0 and every 4 weeks
during the study. Animals found dead and those surviving to the end of the study
were necropsied and underwent extensive histopathological examination.

All but three males in the 1 mg/kg bw group died before week 70. Due
to the high mortality in this group, the male rat study was terminated at week 72.
All females in the 1 mg/kg bw per day group died before week 97 of the study;
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survival of all other dose groups of females was similar to that of the vehicle
control group. Haemangiosarcoma was considered the cause of death of 37
males and 32 females administered 1 mg/kg bw that died early or were sacrificed
moribund. The toxicity that led to regenerative hyperplasia was the primary cause
of death in one male and four female rats treated with 1 mg/kg bw.

Mean body weights of males and females in the 1 mg/kg bw group were
lower than those of the vehicle controls throughout most of the study. At the end
of the study the mean body weights in these groups were 21% (male) or 18%
(female) lower than in the controls. The body weights of the females in the other
dose groups were not affected. The only clinical finding related to riddelliine
administration was general debilitation, including thinness in males and females,
prior to death.

The results from the histopathological examination of the liver are
presented in Table 16. The incidences of haemangiosarcoma in males in the 1 mg/
kg bw group (43/50) and females (38/50) were significantly greater than those in
the vehicle controls (0/50); three females in the 0.33 mg/kg bw group also had
this neoplasm. No haemangiosarcomas (0/609 and 0/659, respectively) have been
noted in historical controls. The central portions of the large haemangiosarcomas
apparently underwent necrosis and inflammation as the neoplasms grew, leaving
a large, blood-filled cavity. The smaller neoplasms often consisted of irregular
masses of neoplastic cells without a central cavity. Invasion and destruction
of the hepatic parenchyma, frequently accompanied by prominent necrosis
and haemorrhage, were common. In the group that received 1 mg/kg bw,
approximately half of the hepatic haemangiosarcomas in males and one third of
those in females metastasized to the lung (male: 26/50; female: 17/50); metastases
also occurred in the mediastinal lymph node (male: 3/50; female: 2/50) and
mesentery (male: 4/50; female: 2/50), and in the pancreas (2/50) and spleen
(1/50) of males. Haemangiosarcoma in one female in the 0.33 mg/kg bw group
metastasized to the lung. The metastatic lesions were morphologically similar to
the primary neoplasms.

The incidences of hepatocellular adenoma in males in the 1 mg/kg bw
group (4/50) and females (7/50), and of hepatocellular adenoma or carcinoma
(combined) in females in the 1 mg/kg bw group (8/50) were significantly greater
than those in the vehicle controls (0/50, 1/50 and 1/50, respectively) and exceeded
the historical ranges in controls (5/659, 4/659 and 0/659, respectively).

The incidences of diffuse hepatocytic regenerative hyperplasia were
significantly increased in males in the group given 1 mg/kg bw and in females
given 0.33 and 1 mg/kg bw. The study authors considered that the toxicity that
led to regenerative hyperplasia was the primary cause of death in one male and
four female rats that received 1 mg/kg bw. These nodules are thought to represent
a regenerative response, probably secondary to hepatic damage caused by
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Table 16
Incidences of neoplasms and non-neoplastic lesions of the liver in rats in the 2-year gavage
study of riddelliine

Dose
0.01mg/  0.033mg/ 0.1mg/ 0.33 mg/

Vehicle control kg bw kg bw kg bw kg bw 1mg/kg bw
Male
Number examined microscopically 50 - - - - 50
Survival at study termination (early 49/50 (98%) - - - - 3/50 (6%)
termination at 72 weeks of exposure)
Relative body weight (% of control)
Weeks 1-13 (mean) 100% - - - - 98%
Weeks 14-53 (mean) 100% - - - - 93%
Weeks 54—69 (mean) 100% - - - - 84%
Neoplastic lesions
Haemangiosarcoma, multiple® 0 - - - - 24**
Haemangiosarcoma (includes multiple)®
Overall rate 0/50 (0%) - - - - 43/50 (86%)
Adjusted rate? 0.0% - - - - 92.5%
Terminal rate® 0/49 (0%) - - - - 1/3 (33%)
First incidence (days) f - - - - 307
Poly-3 tests - - - - - P<0.001
Background incidence from HCD" 0/609 (0%) - - - - -
Hepatocellular adenoma, multiple 0 - - - - 1
Hepatocellular adenoma (includes
multiple)
Overall rate 0/50 (0%) - - - - 4/50 (8%)
Adjusted rate? 0.0% - - - - 13.7%
Terminal rate® 0/49 (0%) - - - - 0/3 (0%)
Firstincidence (days) - - - - - 398
Poly-3 test? - - - - - P=0.033
Background incidence from HCD' 5/609 - - - - -

(0.8%)

range 0-3%
Non-neoplastic lesions
Hepatocyte, hyperplasia, regenerative 0 - - - - 49** (3.6)
Hepatocyte, cytomegaly 0 - - - - 32%%(2.3)
Necrosis, focal 0 - - - - 23*%(3.2)
Eosinophilic focus 3 - - - - 15%*
Mixed cell focus 3 - - - - 7*
Basophilic focus 32 - - - - 21
Haemorrhage 0 - - - - 4% (3.5)
Female
Number examined microscopically 50 50 50 50 50 50
Survival at study termination 33/50 (66%) 22/50 (44%)  28/50 (56%) 22/50 (44%) 29/50 (58%) 0/50 (0%)

Relative body weight (% of control)
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Supplement 2: Pyrrolizidine alkaloids

Dose
0.01mg/  0.033mg/ 0.1mg/ 0.33 mg/

Vehicle control kg bw kg bw kg bw kg bw 1mg/kg bw
Weeks 1-13 (mean) 100% 100% 101% 99% 99% 98%
Weeks 14-53 (mean) 100% 100% 100% 99% 99% 94%
Weeks 54—69 (mean) 100% 100% 100% 98% 97% 88%
Neaplastic lesions
Haemangiosarcoma, multiple 0 0 0 0 0 13**
Haemangiosarcoma (includes multiple)
Overall rate 0/50 (0%) 0/50 (0%) 0/50 (0%) 0/50 (0%) 3/50 (6%) 38/50 (76%)
Adjusted rate? 0.0% 0.0% 0.0% 0.0% 7.0% 89.7%
Terminal rate® 0/33 (0%) 0/22(0%)  0/28(0%)  0/22(0%)  1/29(3%)  0/0
Firstincidence (days) - - - - 524 350
Poly-3 test? P<0.001 = - - P<0.118 P<0.001
Background incidence from HCD' 0/659 (0%)
Hepatocellular adenoma, multiple 0 0 0 0 1 0
Hepatocellular adenoma (includes
multiple)
Overall rate 1/50 (2%) 0/50 (0%) 0/50 (0%) 0/50 (0%) 1/50 (2%) 7/50 (14%)
Adjusted rate? 23% 0.0% 0.0% 0.0% 2.4% 32.3%
Terminal rate® 1/33 (3%) 0/22(0%)  0/28(0%)  0/22(0%)  1/29(3%)  0/0
Firstincidence (days) 729(T) - - - 729(T) 426
Poly-3 test? P<0.00I P=0514N P=0506N P=0.510N P=0.756 P=10.002
Background incidence from HCD™ 4/659 - - - - -

(0.6%)

range 0-2%
Hepatocellular carcinoma 0 0 0 0 1 1
Hepatocellular adenoma or carcinoma
Overall rate 1/50 (2%) 0/50 (0%) 0/50 (0%) 0/50 (0%) 2/50(4%) 8/50 (16%)
Adjusted rate? 23% 0.0% 0.0% 0.0% 4.8% 36.1%
Terminal rate® 1/33 (3%) 0/22(0%)  0/28(0%)  0/22(0%)  2/29(7%)  0/0
Firstincidence (days) 729(T) - - - 729(T) 426
Poly-3 test? P<0.001 P=0514N  P=0506N P=0.510N P=0.493 P<0.001
Background incidence from HCD" 4/659 (0.6%)

range 0-2%
Non-neaplastic lesions
Hepatocyte, hyperplasia regenerative 0 0 0 0 8**(2.8) 50%* (3.6)
Hepatocyte, cytomegaly 0 0 7%*(1.1) 23*%(1.2) 32¥%(1.9) 29%%(2.3)
Necrosis, focal 4(1.8) 2(1.5) 3(23) 4(1.5) 4(1.8) 15%%(2.7)
Eosinophilic focus 1 2 6 4 12%* 13%*
Mixed cell focus 8 10 10 n 23** 5
Clear cell focus 9 8 9 13 22 2
Basophilic focus 45 46 44 Ly} 40 20*
Bile duct, hyperplasia 2(1.0) 1(1.0) 4(1.8) 4(1.5) 3(2.0) 10%*(1.7)
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Table 16 (continued)
Dose
0.01mg/  0.033mg/ 0.1mg/ 0.33 mg/
Vehicle control kg bw kg bw kg bw kg bw 1mg/kg bw
Haemorrhage 0 0 2(3.5) 0 1(4.0) 7%*(3.0)

(T) Terminal sacrifice

*Significantly different (P<0.05) from the vehicle control group by the Poly-3 test; ** P<0.01

“Number of animals with lesion.

®No comparable historical control incidence available because male rats were sacrificed at 72 weeks.

Number of animals with neoplasm per number of animals with liver examined microscopically.

¢ Poly-3-estimated neoplasm incidence after adjustment for intercurrent mortality.

¢ Observed incidence at terminal kill.

"Not applicable; no neoplasms in animal group.

9 Beneath the vehicle control group incidence (females only) is the P-value associated with the trend test. Beneath the dose group incidence are the P-values
corresponding to pairwise comparisons between the vehicle controls and that dose group. The Poly-3 test accounts for the differential mortality in animals that did
not reach terminal sacrifice. A lower incidence in a dose group is indicated by N.

"Background incidence of haemangiosarcoma in male rats from historical control data (HCD) for 10 2-year studies with controls (1 gavage, 4 feeding, 1drinking water,
3inhalation, 1 whole body exposure) fed an NTP-2000 diet: total 0/609. Note: these HCD data include tumour incidence from the riddelliine study (NTP, 2003).

' Background incidence of hepatocellular adenoma in male rats from HCD for 10 2-year studies with controls (1 gavage, 4 feeding, 1 drinking water, 3 inhalation, 1
whole body exposure) fed an NTP-2000 diet: total 5/609 (mean 0.8% =+ 1.2% SD), range 0—3%. Note: these HCD data include tumour incidence from the riddelliine
study (NTP, 2003).

I Average severity grade of lesions in affected animals: 1= minimal, 2 = mild, 3 = moderate, 4 = marked.

*Value of statistic cannot be computed.

'Background incidence of haemangiosarcoma in female rats from HCD for ten 2-year studies with controls (1 gavage, 4 feeding, 1 drinking water, 3 inhalation, 1 whole
body exposure) fed an NTP-2000 diet: total 0/659. Note: these HCD data include tumour incidence from the riddelliine study (NTP, 2003).

™ Background incidence of hepatocellular adenoma in female rats from HCD for ten 2-year studies with controls (1 gavage, 4 feeding, 1 drinking water, 3 inhalation, 1
whole body exposure) fed an NTP-2000 diet: total 4/659 (mean 0.7% = 1.0% SD), range 0—2%. Note: these HCD data include tumour incidence from the riddelliine
study (NTP, 2003).

" Background incidence of hepatocellular adenoma or carcinoma in female rats from HCD for 10 2-year studies with controls (1 gavage, 4 feeding, 1 drinking water, 3
inhalation, 1 whole body exposure) fed an NTP-2000 diet: total 4/659 (mean 0.7% = 1.0% SD), range 0—2%. Note: these HCD data include tumour incidence from
the riddelliine study (NTP, 2003).

Source: NTP (2003).

riddelliine exposure. In severely affected livers, most or all of the parenchyma
was involved. Proliferation of the bile ducts and of small oval basophilic cells that
resembled oval cells was occasionally seen, especially in the larger nodules.

Several other non-neoplastic lesions of the liver in males in the group
given 1 mg/kg bw and in females that received 0.033 mg/kg bw or greater had
incidences that were significantly greater than those in the vehicle controls.

Hepatocyte cytomegaly consisted of enlarged hepatocytes that had
increased amounts of eosinophilic cytoplasm and variably sized, enlarged nuclei
(karyomegaly); these cells were distributed randomly in the hepatic parenchyma
or within the areas of hepatic parenchyma between the nodules of regeneration.
Increased incidences and severities of focal necrosis were noted in both males
and females given 1 mg/kg bw and consisted of few to many irregular focal areas
of coagulative hepatocyte necrosis. The necrosis was mostly present in livers in
which haemangiosarcoma was also observed, suggesting it was secondary to the
presence of these neoplasms. However, a direct effect of riddelliine cannot be
excluded.
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The incidences of eosinophilic foci in males and females given 1 mg/
kg bw and females given 0.33 mg/kg bw; mixed cell foci in males given 1 mg/
kg bw and females given 0.33 mg/kg bw; and clear cell foci in females given
0.33 mg/kg bw were significantly increased. The incidences of basophilic foci
of the liver in males and females that received 1 mg/kg bw, and of mixed cell
foci and clear cell foci in females that received 1 mg/kg bw were decreased, and
the decrease in the incidence of basophilic foci in females given 1 mg/kg bw
was statistically significant. The low incidences of foci in the groups exposed to
1 mg/kg bw may have been related to the diffuse involvement of the liver with
regenerative hyperplasia and neoplasms as well as to the decreased survival in
those groups. The foci ranged from small to moderately large lesions composed
of hepatocytes arranged in normal hepatic cords that merged imperceptibly
with the surrounding normal hepatocytes. The foci usually caused little or no
compression of the surrounding tissue.

The incidences of bile duct hyperplasia in females given 1 mg/kg bw and
haemorrhage in males and females that received 1 mg/kg bw were also increased.

The incidences of mononuclear cell leukaemia are presented in Table 17.
Mononuclear cell leukaemia is one of the most common neoplasms found in
F344/N rats; there is a high variability in occurrence as indicated by the historical
control data (range 16-42%). The incidences of mononuclear cell leukaemia in
all dosed groups of rats, except the females in the 0.01 and 0.033 mg/kg bw dose
groups, were increased; these increases were statistically significant in both males
and females in the 1 mg/kg bw dose groups. The incidences of mononuclear cell
leukaemia in the female dose groups were within or less than the historical ranges.
Because the male rat study was terminated at week 72, the mononuclear cell
leukaemia incidence in these animals cannot be compared directly to the 2-year
historical control rate of 49.3% observed with the NTP-2000 diet. However, data
from recent NTP studies show that the observed mononuclear cell leukaemia
incidence in male vehicle control rats in the current study (4%) at 75 weeks of age
(72 weeks in study = 16.5 months), is similar to the rates observed in comparably
aged male control F344/N rats terminated at approximately 15 months (11/488;
2.2%). Moreover, although the overall rate of observed neoplasm incidence
in females exposed to 1 mg/kg bw was similar to that in the vehicle controls,
when survival differences are taken into account, the Poly-3 adjusted leukaemia
incidences in females and males at this dose level are significantly higher than
the respective incidences in controls. In addition, the overall trend in females
is highly significant. Therefore, the increased incidences of mononuclear cell
leukaemia in male and female rats were considered to be chemical-related. The
Committee agreed with this view.

The histopathological changes in thyroid gland (C-cells) are presented
in Table 18. The incidence of thyroid gland (C-cell) adenoma was significantly
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Table 17
Incidences of mononuclear cell leukaemia in rats in the 2-year gavage study of riddelliine
Dose
0.01mg/  0.033mg/ 0.1mg/kg 0.33 mg/
Vehicle control kg bw kg bw bw kg bw 1mg/kg bw
Male
Mononuclear cell leukaemia, all organs
Overall rate® 2/50 (4%) - - - - 9/50 (18%)
Adjusted rate® 4.0% - - - - 28.5%
Terminal rate 2/49 (4%) - - - - 0/3 (0%)
Firstincidence (days) 497 (T) - - - - 204
Poly-3 test! - - - - - P=0.004
Background incidence from HCD¢ 11/488(2.2%) - - - - -
Female
Mononuclear cell leukaemia, all organs
Overall rate 12/50 (24%) 8/50(16%)  13/50(26%) 18/50(36%) 18/50 (36%) 14/50(28%)
Adjusted rate 27.0% 18.9% 9.9% 40.3% 39.0% 51.6%
Terminal rate 8/33 (24%) 1/22 (5%) 7/28(25%)  6/22(27%)  6/29(21%) 0/0
Firstincidence (days) 393 513 532 451 463 352
Poly-3 test! P=0.009 P=0262N P=0475 P=0.132 P=0.158 P=0.033
Background incidence from HCD' 185/659 - - - - -
(28.1%)

(T) Terminal sacrifice

2 Number of animals with neoplasm per number of animals necropsied.

b Poly-3-estimated neoplasm incidence after adjustment for intercurrent mortality.

“Observed incidence at terminal kill.

4 Beneath the vehicle control group incidence (females only) the P-value associated with the trend test is presented. Beneath the dose group incidence, the P-values
corresponding to pairwise comparisons between the vehicle controls and that dose group are presented. The Poly-3 test accounts for the differential mortality in
animals that do not reach terminal sacrifice. A lower incidence in a dose group is indicated by N.

¢ Historical background incidence from studies with terminal kill after 15 months, as presented in the NTP (2003) report (mean + standard deviation): mean 2.2% +
6.3% SD range 0-33%.

fHistorical incidence for 2-year studies with female controls given the NTP-2000 diet (mean = standard deviation): 185/659 (29.1% =+ 8.4%), range 16%—42%.

Source: NTP (2003).

increased in females in the 0.33 mg/kg bw dose group. However, the incidence in
the vehicle controls (2%) was below the average incidence in historical controls
(12%, range 4-21%), and the incidence of adenomas in females that received
0.33 mg/kg bw (22%) was just outside the historical control range. No adenomas
were seen in females in the 1 mg/kg bw group; however, survival in this group
was reduced, and many deaths occurred fairly early in the study. Hyperplasia,
adenoma and carcinoma of the thyroid gland (C-cell) represent a morphological
and biological continuum in the F344/N rat, and there was no increase in the
incidence of carcinoma or hyperplasia in females in the 0.33 mg/kg bw group. The
only carcinoma observed in female rats was in an animal in the vehicle control
group, bringing the total incidence of C-cell neoplasms in that group to 3/49. In
addition, the incidence of hyperplasia was not significantly increased in any dose
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Table 18
Incidences of neoplasms and non-neoplastic lesions of the thyroid (C-cell) in rats in the
2-year gavage study of riddelliine

Dose
0.01mg/  0.033mg/ 0.1mg/ 0.33 mg/
Vehicle control kg bw kg bw kg bw kg bw 1mg/kg bw
Male
Number examined microscopically 50 - - - - 50
Neoplastic lesions
Thyroid gland
C-cell, adenoma? 3(6%) - - - - 3 (6%)
C-cell, carcinoma 1(2%) - - - - 0
Thyroid gland (C-cell), adenoma®
Overall rate 3/50 (6%) - - - - 3/50 (6%)
Adjusted rate? 6.0% - - - - 10.3%
Terminal rate® 3/49 (6%) - - - - 1/3 (33%)
First incidence (days) 497(T) - - B - 307
Poly-3 test’ - - - - - P=0.479
Thyroid gland (C-cell), adenoma or
carcinoma®
Overall rate 4/50 (8%) - - - - 3/50 (6%)
Adjusted rate 8.0% - - - - 10.3%
Terminal rate 4/49 (8%) - - - - 1/3 (33%)
Firstincidence (days) 497 (T) - - - - 307
Poly-3 test' - - - - - P=0.592
Non-neaplastic lesions
Thyroid gland®
C-cell, hyperplasia 4 (8%) - - - - 1(2%)
Female
Number examined microscopically 49 50 49 49 50 &
Neoplastic lesions
Thyroid gland
Bilateral, C-cell, adenoma 1(2%) 0 0 0 0 0
C-cell, adenoma 1(2%) 4 (8%) 4(8%) 6(12%) 11(22%) 0
C-cell, carcinoma 1(2%) 0 0 0 0 0
Thyroid gland (C-cell), adenoma®
Overall rate 2/49 (4%) 4/50 (8%) 4/49 (8%) 6/49 (12%)  11/50(22%)  0/50 (0%)
Adjusted rate 4.8% 9.9% 9.6% 14.7% 25.1% 0.0%
Terminal rate 2/32 (6%) 1/22 (5%) 2/28 (7%) 5/22(23%) 6/29(21%)  0/0
First incidence (days) 729(T) 613 647 682 570 —bh
Poly-3 testf P=0.169 P=0321 P=0.337 P=0.123 P=0.008 P=0.452N
Thyroid gland (C-cell), adenoma or
carcinoma’
Overall rate 3/49 (6%) 4/50(8%)  4/49(8%)  6/49(12%)  11/50 (22%) 0/50 (0%)
Adjusted rate 1.2% 9.9% 9.6% 14.7% 25.1% 0.0%
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Table 18 (continued)
Dose
0.01mg/  0.033mg/ 0.1mg/ 0.33 mg/
Vehicle control kg bw kg bw kg bw kg bw 1mg/kg bw
Terminal rate 3/32 (9%) 1/22 (5%) 2/28 (7%) 5/22(23%) 6/29(21%)  0/0
Firstincidence (days) 729(T) 613 647 682 570 b
Poly-3 test’ P=0212 P=0482  P=0500 P=0228 P=0023 P=0336N
Non-neoplastic lesions
Thyroid gland
C-cell, hyperplasia 22 (45%) 9 (18%) 24 (49%) 15 (31%) 20 (40%) 10(20%)

() Terminal sacrifice

2 Number of animals with lesion.

®No comparable historical control incidence available because male rats were sacrificed at 72 weeks.

Number of animals with neoplasm per number of animals with thyroid examined microscopically.

4 Poly-3-estimated neoplasm incidence after adjustment for intercurrent mortality.

¢ Observed incidence at terminal kill.

f Beneath the vehicle control group incidence (females only) is the P-value associated with the trend test. Beneath the dose group incidence are the P-values
corresponding to pairwise comparisons between the vehicle controls and that dose group. The Poly-3 test accounts for the differential mortality in animals that do
not reach terminal sacrifice. A lower incidence in a dose group is indicated by N.

9 Historical incidence for 2-year studies with controls given the NTP-2000 diet: adenomas: 12.3% (range: 4—21%); adenomas and carcinomas 15% (range: 6-26%).

" Not applicable; no neoplasms in animal group.

Source: NTP (2003).

group. Because there was no increase in the incidence of malignant neoplasms or
hyperplasia, and because the significantly increased incidence of adenoma was
due, in part, to the low incidence in the vehicle control group, the study authors
did not consider the increase to be related to riddelliine administration.

The histopathological changes in other organs are presented in Table 19.
The incidence of mammary gland fibroadenoma was significantly decreased in
females given 1 mg/kg bw per day (vehicle control: 28/50; 0.01 mg/kg bw: 21/50;
0.033 mg/kg bw: 26/50; 0.1 mg/kg bw: 24/50; 0.33 mg/kg bw: 23/50; 1 mg/kg
bw: 3/50). There is evidence that the incidence of mammary gland fibroadenoma
in female F344/N rats is strongly correlated with body weight (Haseman et al.,
1997), and females that received 1 mg/kg bw had reduced body weights. Thus
the decreased incidence of fibroadenoma is probably due to a combination of
reduced survival and reduced body weight, and possibly other factors.

The incidences of non-neoplastic lesions of the kidney, spleen, bone
marrow, lung, glandular stomach, and mediastinal and mesenteric lymph nodes
were increased in males and/or females in the 1 mg/kg bw groups. A primary
haemangiosarcoma was observed in the lung of a single female that received
1 mg/kg bw (not presented in the table).

Minimal to moderate renal tubule necrosis of the kidney consisted of
multiple scattered renal tubules lined by epithelial cells that had undergone
coagulative necrosis and were sometimes filled with protein and cell debris.
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Supplement 2: Pyrrolizidine alkaloids

Table 19
Incidences of non-neoplastic lesions in rats in the 2-year gavage study of riddelliine
Dose
0.01mg/  0.033mg/ 0.1mg/ 0.33 mg/
Vehicle control kg bw kg bw kg bw kg bw 1mg/kg bw
Male
Kidney 50° - - - - 50
Renal tubule, necrosis 0 - - - - 6%* (2.2)
Spleen 50 - - - - 49
Congestion 0 - - - - 24%%(2.7)
Haematopoietic cell proliferation 1(1.0) - - - - 23**%(2.8)
Bone marrow 50 - - - - 49
Hyperplasia 1(3.0) - - - - 36%*(3.0)
Lung 50 - - - - 50
Haemorrhage 1(1.0) - - - - 21%*(3.1)
Oedema 0 - - - - 5%(3.2)
Stomach, glandular 50 - - - - 50
Erosion 0 - - - - 10(2.5)
Ulcer 0 - - - - 6**(2.8)
Lymph node, mediastinal 50 - - - - 50
Haemorrhage 3(2.3) - - - - 20%* (3.6)
Pigmentation 10(1.4) - - - - 20%%(2.8)
Lymph node, mesenteric 50 - - - - 50
Haemorrhage 1(1.0) - - - - 8*%(2.3)
Female
Kidney 50 50 50 50 50 50
Renal tubule, necrosis 0 0 0 1(3.0) 1(2.0) 6**%(2.3)
Transitional epithelium hyperplasia 1(1.0) 1(3.0) 1(2.0) 1(1.0) 0 5%(1.4)
Spleen 50 50 50 50 50 50
Congestion 0 0 0 1(2.0) 3(23) 7%*(2.6)
Haematopoietic cell proliferation 24(1.8) 33*(1.5) 25(2.0) 26(2.0) 27(1.9) 34**(2.9)
Bone marrow 50 50 50 50 50 50
Hyperplasia 6(2.5) 3(27) 8(29) 7(2.9) 10(2.2) 32%%(2.6)
Lung 50 50 50 50 50 50
Haemorrhage 4(3.3) 7(2.6) 1(2.0) 3(3.0) 5(3.4) 19%% (2.5)
Stomach, glandular 50 50 50 49 49 50
Erosion 0 0 0 2(2.0) 1(1.0) 9%*(1.9)
Ulcer 0 0 0 2(25) 0 7%%(2.9)
Lymph node, mediastinal 50 50 50 50 50 50
Haemorrhage 5(2.2) 8(2.1) 9(2.4) 5(2.0) 7(2.0) 25**(3.0)
Pigmentation 23(1.9) 22(22) 32%(2.1) 15(2.0) 16 (2.0) 31%%(2.1)
Lymph node, mesenteric 50 50 50 47 49 49
Haemorrhage 1(1.0) 2(1.5) 3(27) 4(23) 0 6**(1.8)

* Significantly different (P<0.05) from the vehicle control group by the Poly-3 test; ** P<0.01
2 Number of animals with tissue examined microscopically.
b Number of animals with lesion.
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Table 19 (continued)

< Average severity grade of lesions in affected animals: 1= minimal, 2 = mild, 3 = moderate, 4 = marked.
Source: NTP (2003).

Hyperplasia of the transitional epithelium occurred in the kidney of females in
the 1 mg/kg bw group.

Congestion of the spleen in the males and females in the 1 mg/kg bw
dose groups was considered to be a terminal change related to early death. The
incidences of haematopoietic cell proliferation of the spleen were increased in
males and females that received 1 mg/kg bw. Bone marrow hyperplasia in males
and females in the 1 mg/kg bw groups was characterized by an increase in the
amount of haematopoietic tissue (both erythroid and myeloid). The changes
in the bone marrow and spleen are suggestive of increased haematopoiesis
secondary to chemical-related RBC and platelet sequestration as was seen in the
13-week NTP (1993) study of riddelliine.

Haemorrhage of the lung in males and females in the 1 mg/kg bw dose
groups was characterized by alveolar spaces filled with free RBCs, and oedema
in males given 1 mg/kg bw was determined by the presence of alveolar spaces
filled with homogeneous, eosinophilic, proteinaceous fluid. This change was
considered to be related to the presence of metastatic haemangiosarcomas in the
lung. Males and females administered 1 mg/kg bw had increased incidences of
focal or multifocal mucosal erosion and ulceration in the glandular stomach.

Haemorrhage in the mediastinal and mesenteric lymph nodes was
considered to represent a terminal change in male and female rats in the 1 mg/
kg bw dose groups that died early; mediastinal lymph node haemorrhage was
secondary to the metastatic haemangiosarcomas in the lung. Pigmentation in
the mediastinal lymph node was identified by the presence of brown granular
material, apparently haemosiderin, within the macrophages and was considered
secondary to the increased incidence of haemorrhage in this organ. However,
an association between haemorrhage and pigmentation was not seen in dosed
females or in control males and females.

The NTP concluded that “under the conditions of these studies, there
was clear evidence of carcinogenic activity of riddelliine in male and female
F344/N rats based on increased incidences of hemangiosarcoma in the liver”
They also considered the increased incidences of hepatocellular adenoma and
mononuclear cell leukaemia in male and female rats to be treatment-related.

The Committee endorsed these conclusions. It noted that non-
carcinogenic effects including increased incidences of hepatocyte cytomegaly
were observed in females at doses from 0.033 mg/kg bw per day upwards. Other
toxic effects in liver (regenerative hepatocellular hyperplasia, focal hepatocyte
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necrosis, eosinophilic, mixed cell and basophilic foci) were observed in females
at higher dose levels and in males at 3 mg/kg bw per day (the only dose tested)
(NTP, 2003). For a BMD analysis of the carcinogenicity data see section 9.2.

(i) Lasiocarpine

Groups of 24 male and 24 female Fischer F344 rats were administered lasiocarpine
(purity 97%) at 0, 7, 15 or 30 mg/kg diet, equivalent to 0, 350, 750 or 1500 pg/kg
bw per day for 104 weeks (National Cancer Institute (NCI), 1978). Feed and water
were available ad libitum. The animals were observed daily for signs of toxicity,
and those that were moribund were killed and necropsied. Animals were weighed
individually every other week for 12 weeks, and once every fourth week for the
remainder of the study. Palpation for masses was carried out at each weighing.
The pathological evaluation consisted of gross examination of major organs and
tissues from killed animals and from animals found dead. Lungs and bronchi,
spleen, liver, kidney, pituitary and testis, and gross lesions from all animals were
examined microscopically. In addition, tissues of the stomach, urinary bladder,
thyroid, uterus, ovary and brain were examined from the majority of the controls,
and from treated animals only if a lesion was found at necropsy. A few of the
tissues from animals that died early or from some animals in an advanced state of
autolysis were not examined.

Mean body weights of the male and female rats administered the high
dose were lower than those of the animals in the control groups throughout most
of the study, whereas weights of the male and female rats in the mid-dose groups
were lower only during the second year, and weights of animals in the low-dose
groups were unaffected (data are only presented in figures). No data on feed
consumption were recorded; hence it is unknown whether the reduction in body
weight was connected to reduced feed consumption. There was a positive dose-
related trend in mortality for both sexes. In male rats, 88% of the controls, 54% of
the low-dose group, 17% of the mid-dose group and none of the high-dose group
survived to termination of the study. In females, 92% of the controls, 42% of the
low-dose group, 4% of the mid-dose group and none of the high-dose group
survived to termination of the study.

In spite of the early deaths, all male rats (including controls), except one
animal in the low-dose and one in the high-dose group, developed tumours.
Among the females, 18 in the control, 23 in the low-dose, 22 in the mid-dose
and 9 in the high-dose group developed tumours. Time-adjusted analysis of
the incidence of tumours was only performed for the female rats, since for the
females in the high-dose group substantial early mortality could have prevented
development of late-appearing tumours;' while in virtually all males, tumours

' Data not presented in the tables.

119



were found at necropsy. As more than 50% of females administered the high
dose died before week 52 of the study, the statistical analysis of female rats was
performed using only those animals surviving more than 52 weeks: 24 in the
control group, 24 in the low-dose group, 23 in the mid-dose group and nine in
the high-dose group.

A variety of neoplastic lesions not related to dosing were observed in both
the control and treated rats. The incidences of these neoplasms were comparable
among the control and treated groups. The following neoplasms were randomly
distributed throughout the control and treated groups: squamous-cell carcinoma
of the skin, alveolar/bronchiolar adenomas of the lung and endometrial stromal
polyps of the uterus.

Incidences and statistics on treatment-related primary tumours are
presented in Table 20 (males) and Table 21 (females). In male rats, there was
a dose-related increase in the incidence of haemangiosarcoma of the liver;
furthermore, the incidences in the mid- and high-dose groups (11/24 and 13/24,
respectively), but not in the low-dose group (5/24), were significantly higher than
in the controls (0/24) and exceeded the historical ranges in controls (12/2320).
In females, the incidences in both the low- and mid-dose groups (8/24 and 7/24,
respectively), but not in the high-dose group (2/24), were significantly higher
than in the controls (0/24) and exceeded the historical ranges in controls (3/2370).
The study authors noted that the lower incidence in the females in the high-dose
group, compared with those in the low- and mid-dose groups could be related to
the increased mortality in the high-dose group. Metastatic angiosarcomas were
present in the lungs from a few of the rats in all treatment groups (males: three
in the low-dose, five in the mid-dose and seven in the high-dose groups; females:
three in the low-dose, four in the mid-dose and one in the high-dose groups), but
not in controls.

Females from the high-dose group showed a significant increase in
the combined incidence of hepatocellular carcinoma and adenoma of the liver
(7/24 versus 0/24 in controls, and exceeded the historical ranges in controls
(74/2356)). A positive trend for these tumours was also observed in male rats,
but incidences did not reach statistical significance. Hepatocellular carcinomas
were found in only two males and one female in the high-dose group. Nodular
hyperplasia was observed in animals in all treatment groups and of both sexes.
Thus, lasiocarpine was associated with proliferative lesions of hepatocytes as well
as with angiosarcomas arising from endothelial cells of the liver.

The combined incidence of lymphoma or leukaemia was significantly
increased in females in both the low- and mid-dose groups (9/24 and 11/24,
respectively) compared to controls (2/24) and exceeded the historical ranges
in controls (448/2370), but not in the high-dose group (1/24), perhaps because
of the early deaths of animals in this group. The combined incidences of these
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Supplement 2: Pyrrolizidine alkaloids

Table 20
Analyses of the incidence of primary tumours in male rats fed lasiocarpine in the diet®

7mg/kgfeed  15mg/kgfeed 30 mg/kg feed
(equivalentto  (equivalentto  (equivalent to

Control 350 ug/kg bw) 750 pg/kgbw) 1500 pg/kg bw)
Haematopoietic system
Lymphoma® 1/24 (4%) 2/24 (8%) 3/24 (13%) 1/24 (4%)
P-values* NS NS NS NS
Relative risk (control) - 2.000 3.000 1.000
Lower limit - 0.111 0.265 0.013
Upper limit - 112.815 150.246 75.218
Weeks to first observed tumour 103 88 80 59
Leukaemia® 3/24(13%) 1/24 (4%) 8/24(33%) 6/24(25%)
P-values* NS NS NS NS
Relative risk (control)® - 0.333 2.667 2.000
Lower limit - 0.007 0.739 0.490
Upper limit - 3.801 13.700 10.992
Weeks to first observed tumour 86 103 82 68
Lymphoma or leukaemia® 4/24 (17%) 3/24 (13%) 11/24 (46%) 7/24 (29%)
P-values NS NS P=0.030 NS
Relative risk (control)? - 0.750 2.750 1.750
Lower limit - 0.121 0.968 0.515
Upper limit - 3.951 991 7.075
Weeks to first observed tumour 86 88 80 59
Background incidence from HCD 699/2320(30.1% £ 10.55D) - - -
Liver
Hepatocellular carcinoma® 0/24 (0%) 0/24 (0%) 0/24 (0%) 2/24 (8%)
P-values NS NS NS NS
Relative risk (control)? - - - Infinite
Lower limit - - - 0.305
Upper limit - - - Infinite
Weeks to first observed tumour - - - 84
Hepatocellular carcinoma or adenoma, NOS®  0/24 (0%) 0/24 (0%) 3/24 (13%) 5/24 (21%)
P-values® P=0.003 NS NS P=0.025
Relative risk (control) - - Infinite Infinite
Lower limit - - 0.622 1.309
Upper limit - - Infinite Infinite
Weeks to first observed tumour - - 104 66
Background incidence from HCD 96/2320 (4.2% £3.9%SD) - - -
Angiosarcoma® 0/24 (0%) 5/24(21%) 11/24 (46%) 13/24 (54%)
P-values P <0.001 P=0.025 P <0.001 P <0.001
Relative risk (control)? - Infinite Infinite Infinite
Lower limit - 1.309 3478 4.223
Upper limit - Infinite Infinite Infinite
Weeks to first observed tumour - 87 74 64
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Table 20 (continued)
7 mg/kg feed 15mg/kgfeed 30 mg/kg feed
(equivalentto  (equivalentto  (equivalent to
Control 350 pg/kgbw) 750 pg/kgbw) 1500 pg/kg bw)
Background incidence from HCD 12/2320(0.5% £1.1%SD) - - -

HCD, historical control data; NS, not significant; NOS, not otherwise specified

“Treated groups received doses of 0 (control), 7 (low dose), 15 (mid-dose), or 30 (high dose) mg/kg feed.

b Number of tumour-bearing animals/number of animals necropsied (percentage).

Beneath the incidence of tumours in the control group is the probability level for the Cochran—Armitage test when P < 0.05; otherwise, NS is indicated. Beneath the
incidence of tumours in a treated group is the probability level for the Fisher exact test for the comparison of that treated group with the control group when P <
0.05; otherwise, NS is indicated.

4The 95% confidence interval of the relative risk between each treated group and the control group.

Table 21
Analyses of the incidence of primary tumours in female rats fed lasiocarpine in the diet®

7 mg/kg feed 15mg/kgfeed 30 mg/kg feed
(equivalentto  (equivalentto  (equivalent to

Control 350 pg/kgbw) 750 pg/kgbw) 1500 pg/kg bw)
Lung
Angiosarcoma® 0/24(0) 0/24(0) 2/24(8) 0/24(0)
P-values® NS NS NS NS
Relative risk (control)* - - Infinite -
Lower limit - - 0.305 -
Upper limit - - Infinite -
Weeks to first observed tumour - - 68 -
Haematopoietic system
Malignant lymphoma, NOS® 1/24 (4) 2/24(8) 3/24(13) 0/24(0)
P-values¢ NS NS NS NS
Relative risk (control)* - 2.000 3.000 0.000
Lower limit - 0.1M 0.265 0.000
Upper limit - 112.815 150.246 18.289
Weeks to first observed tumour 104 70 39 -
Leukaemia® 1/24 (4) 7/24(29) 8/24(33) 1/24(4)
P-values* NS P=0.024 P=0.013 NS
Relative risk (control)® - 7.000 8.000 1.000
Lower limit - 1.010 1212 0.013
Upper limit - 297.414 333.388 75.218
Weeks to first observed tumour 95 72 63 62
Lymphoma or leukaemia® 2/24(8) 9/24 (38) 11/24 (46) 1/24 (4)
P-values® NS P=0.018 P=0.004 NS
Relative risk (control)? - 4.500 5.500 0.500
Lower limit - 1.072 1395 0.009
Upper limit - 38.367 45.074 8.943
Weeks to first observed tumour 95 70 39 62
Background incidence from HCD 448/2370(18.9 £ 7.0 SD) - - -
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Supplement 2: Pyrrolizidine alkaloids

7mg/kgfeed  15mg/kgfeed 30 mg/kg feed
(equivalentto  (equivalentto  (equivalent to

Control 350 pg/kgbw) 750 pg/kgbw) 1500 pg/kg bw)
Liver
Hepatocellular carcinoma® 0/24 (0) 0/24(0) 0/24(0) 1/24(5)
P-values* NS NS NS NS
Relative risk (control)¢ - - - Infinite
Lower limit - - - 0.055
Upper limit - - - Infinite
Weeks to first observed tumour - - - 63
Hepatocellular carcinoma or adenoma, NOS®  0/24 (0) 5/24(21) 1/24 (4) 7/24(29)
P-values P=0.013 P=10.025 NS P=10.005
Relative risk (control)® - Infinite Infinite Infinite
Lower limit - 1.309 0.055 2.021
Upper limit - Infinite Infinite Infinite
Weeks to first observed tumour - 104 82 52
Background incidence from HCD 74/2356 (3.1% £3.2%SD) - - -
Angiosarcoma® 0/24(0) 8/24(33) 7/24(29) 2/24(8)
P-values NS P=0.002 P=0.005 NS
Relative risk (control)? - Infinite Infinite Infinite
Lower limit - 2382 2.021 0.305
Upper limit - Infinite Infinite Infinite
Weeks to first observed tumour - 84 68 56
Background incidence from HCD 3/2370(0.1% = 0.5% SD) - - -

HCD, historical control data; NS, not significant; NOS, not otherwise specified

2Treated groups received doses of 0 (matched control), 7 (low dose), 15 (mid-dose) or 30 (high dose) mg/kg feed.

b Number of tumour-bearing animals/number of animals necropsied (percentage).

“Beneath the incidence of tumours in the control group is the probability level for the Cochran—Armitage test when P < 0.05; otherwise, NS is indicated. Beneath the
incidence of tumours in a treated group is the probability level for the Fisher exact test for the comparison of that treated group with the control group when P <
0.05; otherwise, NS is indicated.

The 95% confidence interval of the relative risk between each treated group and the control group.

tumours in the males were significantly increased only in the males in the mid-
dose group (11/24 versus 4/24 in controls, and exceeded the historical ranges in
controls (699/2320)). This observation and the earlier appearance of leukaemias
and lymphomas in the males in the high-dose group may indicate that also in
males the development of these tumours might be enhanced by exposure to
lasiocarpine.

The high and middle doses of lasiocarpine used in this bioassay were
toxic, as shown by the decrease in body weights and in survival.

NCI (1978) concluded that “under the conditions of this bioassay,
lasiocarpine was carcinogenic in Fischer 344 rats producing hepatocellular
tumors and angiosarcomas of the liver in both sexes and hematopoietic tumours
in female animals” The study authors did not derive either a NOAEL or a BMD
(NCIL, 1978).
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The Committee noted that the animal groups were rather small (24/sex/
dose). The high rate of intercurrent death, especially at the high dose, may have
interfered with the development of relatively slow-growing tumours, resulting
in an underestimation of development of such tumours. It was also noted that
compared to current practice, the histological examination was rather limited
(no full examination of all tissues, from all animals from all dose groups; only
selected tissues). The Committee thus considered the study only as supportive.

224 Genotoxicity

IPCS (1988) and EFSA (2011) reviewed the genotoxicity of PAs. IPCS (1988)
concluded that several PAs, PA-derivatives and related compounds have been
shown to produce chromosome aberrations in plants and several cell culture
systems. Heliotrine and lasiocarpine showed chromosome damaging properties
in an in vivo micronucleus test. Genotoxicity of heliotrine, monocrotaline,
seneciphylline and senkirkine was shown in the sister-chromatid exchange
assay in V79 Chinese hamster cells, and several PAs showed induction of DNA
repair in rodent hepatocytes. For dehydroretronecine, senkirkine, tussilagine
and heliotrine it was shown that chromosomal aberrations occurred in human
cell lines. Limited information was available on chromosome damage by PAs in
humans. The most important study reviewed by IPCS described chromosome
damage in the blood cells of children with veno-occlusive disease, probably
caused by fulvine (IPCS, 1988).

EFSA (2011) concluded that the liver is the primary site for genotoxicity
of 1,2-unsaturated PAs. The 1,2-unsaturated PAs from different structural classes
(i.e. retronecine, heliotridine, and otonecine; diesters and monoesters) undergo
metabolic activation to reactive pyrrolic intermediates and form a common set
of DHP adducts at dG and dA sites in rat liver DNA. These findings suggest that
a genotoxic carcinogenic mechanism is applicable for all 1,2-unsaturated-PA
esters and their N-oxides, which can be metabolically converted into PAs. The
concomitant induction of mutations compatible with DHP adduct formation
in liver cells in transgenic rats, and the formation of haemangiosarcomas
and hepatomas in riddelliine (retronecine-type PA)-treated male and female
rats and mice, provide strong evidence for a genotoxic mechanism for
hepatocarcinogenicity. In contrast to 1,2-unsaturated PAs, 1,2-saturated PAs
do not undergo metabolic activation to reactive pyrrolic species responsible for
hepatotoxicity and genotoxicity (EFSA, 2011).

The most relevant in vitro and in vivo studies summarized in IPCS (1988)
and EFSA (2011; largely based on Chen, Mei & Fu, 2010) are included in Table
24 and Table 25. Studies in Drosophila were excluded (see also Table 2 in section
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1.2 of the Explanation), since this less commonly used test method has limited
validation.

(a) In vitro and in vivo genotoxicity studies

The genotoxicity of PAs and PA-containing preparations has been extensively
studied in a variety of in vitro and in vivo assays. The individual results of in vitro
and in vivo studies with PAs are shown in Table 22 and Table 23, respectively.

Detailed information about DNA adduct formation is described in the
next section (Covalent binding to nucleic acids and/or proteins).

(b) Covalent binding to nucleic acids and/or proteins

WHO-IPCS (1988) noted several studies showing that a number of PAs are
dose-dependent mutagens. These studies used Drosophila melanogaster and
Salmonella typhimurium TA100 as model systems; however, no data describing
covalent bonding of PAs to nucleic acids and/or proteins were discussed. In their
opinion of 2011, EFSA described the formation of defined DHP adducts at dG
and dA sites in the liver DNA in rats as part of the mode of action of PAs. Next to
nucleoside adduct formation, binding to DNA of DHP or the pyrrolic esters may
lead to DNA cross-linking and DNA-protein cross-linking. EFSA also mentioned
that the same set of DNA adducts are formed in human and rat microsomes, with
humans showing similar levels of adduct formation to the rat or two- to threefold
higher levels. In addition, the measurement of pyrrolic species covalently bound
to hepatic and serum proteins was mentioned as a potential biomarker for further
investigation.

(i) In vitro

Binding to DNA was found when monocrotaline pyrrole was incubated with
bovine pulmonary arterial endothelial cells that progressively increased with
increasing incubation time (Thomas et al., 1996).

DHP-DNA adducts (DHP-3'-dGMP and DHP-derived dinucleotides)
have been detected following incubation of monocrotaline with rat liver
microsomes and calf thymus DNA (Wang YP et al., 2005a). The same eight
DHP-derived DNA adducts were detected when rat liver microsomes and calf
thymus DNA were incubated with riddelliine (Xia et al., 2003), riddelliine
N-oxide, monocrotaline N-oxide and retrorsine N-oxide (Wang YP, Fu & Chu,
2005), clivorine (Xia et al., 2004), riddelliine (Yang et al., 2001a,b), heliotrine,
riddelliine, riddelliine N-oxide, retrorsine, retrorsine N-oxide, monocrotaline
(Xia et al., 2008), lasiocarpine (Xia et al., 2006) and riddelliine N-oxide (Chou et
al., 2003a). Also incubations with human liver microsomes showed formation of
the same eight DHP-derived DNA adducts (Wang YP, Fu & Chou, 2005; Xia et
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