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Abstract 

Pyrrolizidine alkaloids (PAs) are secondary plant metabolites, which can occur as 

contaminants in predominantly plant-based foods. Only 1,2-unsatured PAs are bioactivated by 

cytochrome P450 (CYP450) enzymes, especially CYP3A4, into DNA reactive metabolites, 

which are known to be genotoxic and hepatoxic in vivo. The PA toxicity is strongly influenced 

by the chemical structure as demonstrated by several in vitro studies. However, quantitative 

genotoxicity data are needed, particularly in primary human hepatocytes (PHH). The organic 

cation transporter 1 (OCT1) has been identified as a key player in cellular uptake of cyclic 

diester, although little is known about a structure-dependent transport of PAs.  

A major objective of the thesis was the investigation of the relationship between PA structure 

and the toxicity of PAs with different degree of esterification in human liver models (HepG2-

CYP3A4 and PHH). An in vitro genotoxicity battery, consistently demonstrated the DNA 

damage markers γH2AX and p53, as well as the alkaline comet assay, confirmed a structure-

toxicity relationship in HepG2-CYP3A4 cells. The data were subject to benchmark dose (BMD) 

modeling to derive the genotoxic potential of each PA. BMD modeling yielded values in the 

range of 0.1–10 µM for most cyclic and open diesters, with monoesters displaying lower 

genotoxic potency. Cyclic diesters such as retrorsine and seneciphylline showed the highest 

genotoxic potential. Furthermore, cyclic and open diesters showed comparable cytotoxic 

potentials with effective concentrations at 50% cell viability (EC50) between 10 and 70 µM, with 

lasiocarpine at the top followed by seneciphylline. Besides, heliotrine and monocrotaline 

exhibited marked cytotoxic and genotoxic potentials, which were not comparable to other 

congeners within their degrees of esterification. Among the PA monoesters, only heliotrine was 

cytotoxic with an EC50 above 400 µM. Furthermore, heliotrine and monocrotaline exhibited 

significantly higher or lower toxic potentials, respectively, compared to PA congeners with the 

same esterification degree. Notably, the similar ranking was confirmed in PHH, with 

lasiocarpine exhibiting the highest genotoxic potential and approximately 3-4 times higher EC50 

values for all PAs. 

The second objective of the thesis was to study the role of OCT1 in the transport of structurally 

different PAs, i. e. riddelliine (cyclic diester), lasiocarpine (open diester) and heliotrine 

(monoester), in metabolically competent human liver cell models (HepG2-CYP3A4 and PHH) 

and hamster fibroblasts. Using pharmacological inhibitors against OCT1, we observed that the 

OCT1-mediated uptake is crucial for PA-induced cytotoxicity and genotoxicity, which was 

independently on PA structure. Both cell models, HepG2-CYP3A4 and V79-CYP3A4 revealed 

strongly attenuated cytotoxicity upon OCT1 inhibition. Notable, the reduced OCT1 expression 

in V79-CYP3A4 cells correlated well with their reduced susceptibility to PA-induced 

cytotoxicity. PHH confirmed the results in combination with OCT1 inhibition. Furthermore, 
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OCT1 inhibition reduced γH2AX and p53 levels, indicating less genotoxic stress. Consistently, 

OCT1 inhibition suppressed the DDR activation, as indicated by decreased checkpoint kinase 

phosphorylation during PA exposure.  

Our findings strongly support the concept of grouping PAs into potency classes for risk 

assessment. Furthermore, the metabolic activation by CYP3A4 as well as OCT1 as uptake 

transporter play a major role for PA toxicity.  
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Zusammenfassung 

Pyrrolizidinalkaloide (PAs) sind sekundäre pflanzliche Metaboliten, die als Kontaminanten 

vorwiegend in pflanzlichen Lebensmitteln vor. Nur 1,2-ungesättigte PAs werden durch 

CYP450-Enzyme, insbesondere CYP3A4, zu DNA-reaktiven Metaboliten bioaktiviert, die in 

vivo als genotoxisch und hepatotoxisch bekannt sind. Die PA-Toxizität wird jedoch stark von 

ihrer chemischen Struktur beeinflusst, wie einige in vitro Studien gezeigt haben. Allerdings sind 

quantitative Genotoxizitätsdaten erforderlich, insbesondere in primären menschlichen 

Hepatozyten (PHH). Darüber hinaus gibt es Hinweise, dass OCT1 eine Schlüsselrolle bei der 

zellulären Aufnahme von zyklischen Diestern einnimmt.  

Ziel der Arbeit war die Untersuchung der Beziehung zwischen PA-Struktur und der Toxizität 

von PAs mit unterschiedlichem Veresterungsgrad in menschlichen Leberzellen (HepG2-

CYP3A4 und PHH). Eine in vitro Genotoxizitätsbatterie, die aus den DNA-Schadensmarker 

γH2AX und p53 sowie den alkalischen Comet Assay einbezog, demonstrierte eine klare 

Struktur-Toxizitäts-Beziehung in HepG2-Zellen mit CYP3A4-Überexpression. Die Daten 

wurden einer Benchmark-Dosis (BMD)-Modellierung unterzogen, um das genotoxische 

Potenzial jedes PA abzuleiten. Die BMD-Modellierung ergab Werte im Bereich von 0,1–10 µM 

für die meisten zyklischen und offenen Diester, wobei Monoester eine geringere genotoxische 

Potenz zeigten. Zyklische Diester wie Retrorsin und Seneciphyllin wiesen das stärkste 

genotoxische Potenzial auf. Darüber hinaus demonstrierten zyklische und offene Diester 

vergleichbare zytotoxische Potenziale mit effektiven Konzentrationen bei 50% Zellviabilität 

(EC50) zwischen 10 und 70 µM, wobei Lasiocarpin an der Spitze lag, gefolgt von 

Seneciphyllin. Unter den Monoestern war nur Heliotrin zytotoxisch, wobei der EC50 über 

400 µM betrug. Außerdem zeigten Heliotrin und Monocrotalin im Vergleich zu PA-Kongeneren 

mit demselben Veresterungsgrad ein deutlich höheres bzw. niedrigeres toxisches Potenzial 

auf. Interessanterweise wurde die gleiche Rangordnung in PHH bestätigt, wobei Lasiocarpin 

das höchste genotoxische Potenzial aufwies und 3 bis 4-fach höhere EC50-Werte aller PAs 

bestimmt wurden. 

Ein weiteres Ziel der Arbeit war die Untersuchung der Rolle des OCT1 im PA-Transport von 

struktur-abhängigen PAs, darunter Riddelliin (zyklischer Diester), Lasiocarpin (offener Diester) 

und Heliotrin (Monoester), in metabolisch kompetenten menschlichen Leberzellmodellen 

(HepG2-CYP3A4 und PHH) und Hamsterfibroblasten (V79-CYP3A4). Die Untersuchungen 

zeigten, dass die OCT1-vermittelte Aufnahme entscheidend für die PA-induzierte Zytotoxizität 

und Genotoxizität, unabhängig von der PA-Struktur, unter Verwendung pharmakologischer 

Inhibitoren gegen OCT1 ist. Beide Zellmodelle, HepG2-CYP3A4 und V79-CYP3A4, 

offenbarten stark abgeschwächte Zytotoxizität bei OCT1-Hemmung. Bemerkenswerterweise 

korrelierte die OCT1-Proteinexpression in V79-CYP3A4 mit ihrer reduzierten Anfälligkeit für 
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PA-induzierte Zytotoxizität überein. PHH bestätigten die Ergebnisse in Kombination mit OCT1-

Hemmung. Darüber hinaus reduzierte die OCT1-Hemmung die γH2AX- und p53-Spiegel, was 

auf weniger genotoxischen Stress hinweist. Übereinstimmend hierzu unterdrückte die OCT1-

Hemmung die DDR-Aktivierung, wie durch verringerte Checkpoint-Kinase-Phosphorylierung 

während der PA-Exposition angezeigt. 

Unsere Ergebnisse unterstützen stark das Konzept, PAs in Potenzklassen für die 

Risikobewertung einzuteilen. Darüber hinaus spielen die metabolische Aktivierung durch 

CYP3A4 sowie OCT1 als Aufnahmetransporter eine wichtige Rolle für die PA-Toxizität. 
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D  
DNA-PK DNA-dependent protein kinase 
DSB Double strand break 
D-THP D-Tetrahydropalmatine 
E  
EC50 Effective concentration at 50% cell viability 
EDI Estimated daily intake 
EFSA European Food Safety Authority 
EMA  European Medicines Agency 
F  
FA Fanconi Anaemia 
FMOs Flavin-containing monooxygenases 
G  
GG-NER global genomic-NER 
H  
HBGV Health-based guidance value 
HMPC Committee on Herbal Medicinal Products  
HR Homologous recombination 
HSOS Hepatic Sinusoidal Obstruction Syndrome 
I  
i.p. Intraperitoneal 
i.v. Intravenous 
IARC International Agency for Research on Cancer 
IARC International Agency for Research on Cancer 
iREP Interim relative potency 
J  
K  
L  



Abbreviations 

 

XII 

LD50 Lethal dose at 50 % of the test population died 
LOAEL Lowest observed adverse effect level 
LOD Limit of detection 
LPS Lipopolysaccharides 
M  
MCM Minichromosome maintenance 
MDCK Madin-Darby canine kidney 
Mdm2 Mouse double minute 2 
MDR1 multi-drug resistance protein 
MMEJ Microhomology-mediated end joining 
MMR Mismatch repair 
N  
NHEJ Non-homologous end-joining 
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1 Introduction 

PAs are a common group of phytotoxins produced as secondary metabolites in plants as 

defence against herbivores. Compared to other known phytotoxins, PAs are considered as the 

most widespread group (Fu et al. 2004). In the last centuries, PA outbreaks caused acute and 

sub-acute poisonings in animals by consumption of PA-forming plants and in humans by 

consumption of contaminated food such as herbal tea (Dusemund et al. 2017). Nowadays, 

acute PA intoxications occur rarely among humans, but commonly due to traditional herbal 

medicines or teas containing PA-plants (Colegate et al. 2015; Stegelmeier et al. 2016). Chronic 

PA intoxications have never been described in European countries, but they are more likely to 

occur due to long-term consumption of contaminated food and dietary supplements  

(Wiedenfeld 2011; Lis-Cieplak et al. 2024). Chronic PA toxicity studies in rodents report 

predominantly liver tumors, whereas extra-hepatic tumors of lung, pancreas and intestine are 

additionally observed (EFSA 2011). To date, only lasiocarpine, monocrotaline and riddelliine 

are classified as possible carcinogenic in humans (Group 2B) based on long-term 

carcinogenicity studies in in rats and mice (IARC 1983, 1987, 2002). Several lines of evidence 

demonstrate that 1,2-unsaturated PAs are both hepatotoxic and genotoxic. Notably, their 

genotoxic effects include DNA damage, chromosomal aberrations, sister chromatid exchanges 

and mutations. (Chen et al. 2010). PAs can be classified based on their structural features, i.e. 

the necine base or necine acids. It is commonly known that PAs with a higher degree of 

esterification are more toxic, whereby latest in vitro studies have shown exceptions. For 

instance, monocrotaline exhibited lower genotoxic effects compared to heliotrine (Louisse et 

al. 2019; Gao et al. 2020; Rutz et al. 2020). Moreover, a study discovered a link between PA 

exposure and liver cancer, particularly in Asia, by detecting pyrrole-protein adducts in 32% of 

hepatocellular carcinoma (HCC) patients and identifying a distinct PA-associated mutational 

signature. They confirmed through experimental models, including retrorsine-exposed mice 

and human liver cells, that PA exposure induces specific DNA damage and mutational patterns 

consistent with those observed in human liver cancer (He et al. 2021c). Given that liver cancer 

ranks as the 6th most common cancer globally and the 4th leading cause of cancer-related 

deaths, the chronic hepatotoxic and genotoxic effects of PAs warrant significant attention. HCC 

represents the most common form of liver cancer and is mainly induced by viral infections, 

followed by chronic alcohol consumption, diabetes, obesity or food carcinogens such as 

aflatoxins (IARC 2020; Llovet et al. 2021). The repeated oral exposure to PAs and insufficient 

detoxification mechanisms are particularly concerning due to their potential role in promoting 

the risk of HCC in humans (He et al. 2021c; Schrenk et al. 2022)  
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2 Theoretical backround 

2.1 Occurrence and distribution of PA-producing plants and PAs 

PA-producing plants are distributed globally and comprise about 3% of all flowering plants, with 

up to 13 known plant families (Wiedenfeld et al. 2008). More than 6,000 PA-producing plants 

exist, with plant families such as Asteraceae, Boraginaceae, and Fabaceae comprising the 

highest number of PA-producing species (Peloso et al. 2023). Only the families including 

Asteraceae (Compositae), Apocynaceae, Boraginaceae, Fabaceae (Leguminosae), 

Ranunculaceae and Scrophulariaceae produce 1,2-unsatured PAs, which are the toxicological 

point of interest (Mattocks 1986; Wiedenfeld et al. 2008). Exemplary pictures of PA-producing 

plants are shown in figure 2.1. Furthermore, PA monoesters and open-chained diesters are 

mainly found in Boraginaceae, whereby cyclic diesters are commonly produced in Senecio 

species of Asteraceae and Fabaceae (Hartmann and Witte 1995). Up to the 1990s, 

comprehensive investigations were carried out on the occurrence of different PAs in various 

plant species (Mattocks 1986). Exemplary PAs found in plant genera or subspecies are listed 

in table 2.1 (Mattocks 1986; Teschke et al. 2021; Tábuas et al. 2024). Nowadays, only a few 

plant species, such as Borago officinalis (borage) or Tussilago farfara (coltsfoot), are screened 

for the sum of PAs due to their use in food such as salad, herbal tea or oil-based supplements  

(Mulder et al. 2015; Avila et al. 2020). It is important to note that PAs are commonly found in 

plant genera, such as Crotalaria, Cynoglossum, Eupatorium, Heliotropium, Petasites, Senecio 

and Symphytum (Wiedenfeld 2011). 

PAs are present in various organs of PA-producing plants. The highest PA amount is found in 

the roots, which is due to the predominant biosynthesis of PAs in this organ (Tábuas et al. 

2024). As example, in many Senecio subspecies PA concentrations are up to 100-fold higher 

in roots as compared to aerial parts (Muetterlein and Arnold 1993). In addition, the PA content 

varies from species to species, as well as in response to environmental conditions and 

according to the geographical location (Peloso et al. 2023). A great variability in the PA amount 

and pattern can be triggered by abiotic or biotic stress such as root damage (Boppré 2011). 

Factors such as soil properties, nutrients, water quantity, herbivore infestations and climate 

changes also have an impact on the PA content (Schramm et al. 2019). Furthermore, a transfer 

of PAs in soil and surface water is promoted during raining events (Hama and Strobel 2021). 

It should be noted that plant species do not provide only a single PA, but contain a plethora of 

structurally diverse PAs (Hartmann and Witte 1995). Additionally, PAs exist in plants both as 

free base and the corresponding N-oxide (PANO) (Stegelmeier 2011). For example, S. 

jacobaea contains up to 30 PAs and PANOs, whereby E. plantagineum comprises only up to 

14 as sum of both (Weston et al. 2013; Hama and Strobel 2021).  
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PA-forming plants can be found as a weed or crop plant along rivers, in fields, meadows, or at 

different altitudes, regardless of the prevailing climatic or local conditions. For example, S. 

jacobea, commonly known as 'ragwort', grows along streets and forest edges, or in areas 

where natural vegetation has been disrupted by floods or fires. It is predominantly found in 

Asian and European countries (Günthardt et al. 2020; Hama and Strobel 2021). In contrast, 

H. indicum ("hatisur") is mainly found in gardens, roadsides and waste lands and is widespread 

in tropical parts of Asia and Africa (Sarkar et al. 2021). Consequently, PA-producing plants are 

globally distributed across diverse habitats, allowing for their accessibility to humans and 

animals (EFSA 2011). 

 

 

 

Figure 2.1: Examples of PA-producing plants. A: Heliotropium indicum1. B: Echium 
plantagineum 2, C: Senecio jacobea3 

 

 

 
1 By David E Mead- Own work, public domain, 
https://commons.wikimedia.org/wiki/File:Indian_heliotrope_(Heliotropium_indicum)_La%27ea_Buton_Island_2.jpg 
2 By Phil41 – Own work, public domain,  
https://commons.wikimedia.org/w/index.php?curid=9893486 
3 By Gary Houston Ghouston- Own work, public Domain,  
https://commons.wikimedia.org/wiki/File:20050716-008-ragwort.jpg 

B A 

C 
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Table 2.1: Examples of PAs synthesized in specific plant genera and their subspecies 

PAs (selected) Plant families Plant genera and their subspecies 

Echimidine Asteracea, Boraginaceae Eupatoriae, Echium, Symphytum 

Europine Boraginaceae Heliotropium, Trichodesma africana 

Heliotrine Boraginaceae Heliotropium  

Indicine Apocynaceae, 

Boraginaceae 

Parasonsia, Heliotropium 

Lasiocarpine Boraginaceae Heliotropium, Lappula intermedia, 

Symphytum 

Lycopsamine Asteraceae, Apocynaceae, 

Boraginaceae 

Parasonsia, Amsinckia, Anchusa officinalis, 

Borago officinalis, Heliotropium steudneri, 

Messerschmidia sibirica, Symphytum 

uplandicum, Eupatorium compositifolium, 

Lithospermum canescens 

Monocrotaline Boraginaceae, Fabaceae Lindelofia spectabilis, Crotalaria 

Retrorsine Asteraceae, Fabaceae Brachyglottis, Senecio, Tussilago farfara,  

Crotalaria 

Riddelliine Asteraceae, Fabaceae Senecio, Crotalaria juncea 

Senecionine Asteraceae, Fabaceae 

Ranunculaceae, 

Scrophulariaceae 

Brachyglottis, Emilia flammea, Erechtites 

heiracifolia, Petasites, Senecio, Crotalaria, 

Caltha, Castillega rhexifolia 

Seneciphylline Asteraceae, Fabaceae Adenostyles, Cineraria, Erechtites 

heiracifolia, Tussilago farfara, Senecio, 

Crotalaria juncea 
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2.2 Chemical structure of PAs  

PAs are composed of a 1-hydroxymethyl pyrrolizidine (necine base) and one or two esterified 

acids (necine acids) (Figure 2.2). At the chemical level, the necine base represents a 

pyrrolizidine backbone with a hydroxymethyl group at C1 and a hydroxyl group at C7. One or 

both hydroxyl groups can be esterified with mono or dicarboxylic acids to form PAs with 

different degrees of esterification. Based on the stereoselectivity and composition of both main 

compartments, a high structural diversity is present among PAs. To have a comprehensive 

overview and understanding of the structure of PAs, they are classified according to their 

necine base or the degree of esterification (Mattocks 1986; Wiedenfeld et al. 2008).  

 

Figure 2.2: Chemical structure and structural features of PAs. A: Hetereocyclic structure 
of PAs composed of a necin base and one or two esterified necin acids. B: Classification of 
PAs based on the necin base: (1) heliotridine-type, (2) otonecine-type, (3) retronecine-type and 
(4) platynecine-type PAs. C: Classification of PAs based on the degree of esterification: ME: 
monoesters, DE: open diesters. CE: cyclic diesters (modified by Mattocks 1986, Fu et al 2004). 

In terms of the necine base, PAs can be divided into four groups, known as retronecine-, 

heliotridine-, otonecine- and platynecine-type PAs (Figure 2.2B). Furthermore, the 

retronecine- , heliotridine and platynecine-type PAs occur mostly in an oxidized form in PA-

producing plants). Retronecine- and heliotridine-type PAs such as lycopsamine and heliotrine 

are enantiomers according to the carboxyl group at C7. Otonecine-type PAs including e.g. 

clivorine, contain a carbonyl group in the ring system. Only platynecine-type PAs like 

platyphylline do not possess a double bond at the C1-C2 position. It is noteworthy, that only 
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1,2-unsatured PAs are of interest due to their bioactivation via CYP450 enzymes into DNA and 

protein reactive agents (Mattocks 1986; Wiedenfeld et al. 2008). The chapter 2.3.3 describes 

the metabolization of 1,2-unsaturated PAs in more detail.  

On the other hand, PAs can be classified by their degree of esterification as monoesters, open-

chained diesters and cyclic diesters (Figure 2.2C), whereas the latter are formed by the double 

esterification with dicarboxylic acids such as riddellic acid or isatinecic acid (Mattocks 1986). 

In general, the esterification of necine bases takes place at the C7 and C9 hydroxy groups. 

Most of the monoesters show an esterified acid on C9, except 7-angelyl heliotridine/ 

retronecine or 7-senecioyl retronecine (Mattocks 1986). The term “necine acid” is used to 

distinguish between monocarboxylic acids and dicarboxylic acids, as well as between aromatic 

monocarboxylic acids (e.g. benzoic acid) and dicarboxylic acids with eleven and/or twelve 

members (Schramm et al. 2019). Necine acids differ in their carbon chain length, acidity, 

branching degrees or in their functional groups, resulting in a structural complexity among PAs 

(Wiedenfeld et al. 2008). In addition, some necine acids, such as angelic or trachelanthic acid, 

are commonly found in different PAs, and there are also PA-specific necine acids such as 

senecic acid. Angelic acid consists of an α,β-unsaturated carbonyl group, whereas the 

monocrotalic acid is saturated and loaded exclusively with hydroxyl groups (Mattocks 1986). 

Interestingly, monocrotalic acid does not contain an α,β-unsaturated carbonyl group, unlike 

senecic, seneciphyllic, riddelliic or isatenecic acid (Tábuas et al. 2024). A detailed overview of 

the structure of exemplary PAs is given in Table 2.2 and Figure 2.3. 

Table 2.2: Examples of PAs and their chemical composition (Tabuas et al 2024, Mattocks 1986) 

PAs Necine base Necine acids 

Clivorine Otonecine Clivonenic acid (dicarboxylic) 

Echimidine Retronecine C7-angelic acid; C9-echimidenic acid 

Europine Heliotridine C9-lasiocarpic acid 

Heliotrine Heliotridine C9-heliotric acid 

Indicine Retronecine C9-(▬)-trachelanthic acid 

Lasiocarpine Heliotridine C7-angelic acid; C9-lasiocarpic acid 

Lycopsamine Retronecine C9-(▬)-viridofloric acid 

Monocrotaline Retronecine Monocrotalic acid (dicarboxylic) 

Platyphylline Platynecine Senecic acid (dicarboxylic) 

Retrorsine Retronecine Isatinecic acid (dicarboxylic) 

Riddelliine Retronecine Riddellic acid (dicarboxylic) 

Senecionine Retronecine Senecic acid (dicarboxylic) 

Seneciphylline Retronecine Seneciphyllic acid (dicarboxylic) 
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Several studies have shown that the classification of 1,2-unsatured PAs based on the degree 

of esterification is the most meaningful, as it recognizes distinct differences in PA toxicokinetic 

and toxicity. For instance, in vitro and in vivo studies have demonstrated that cyclic esters and 

open diesters exhibit considerably higher toxicity than monoesters. Furthermore, PA 

individuals within an esterification group, such as monocrotaline or heliotrine, also differ in 

toxicokinetic and toxicity (Louisse et al. 2019; Gao et al. 2020; Rutz et al. 2020; To et al. 2024). 

In the following chapters, shared and individual PA characteristics in toxicokinetic and toxicity 

are given in detail. 

 

Figure 2.3: Chemical structures of selected PAs. PA cyclic diester (riddelliine, senecionine, 
seneciphylline, retrorsine, monocrotaline), PA open diester (lasiocarpine, echimidine) and PA 
monoester (heliotrine, lycopsamine, europine, indicine) are displayed. 
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2.3 Toxicokinetic aspects / ADME 

2.3.1 Absorption 

2.3.1.1 Dermal and oral bioavailability 

PA bioavailability is primarily determined by two distinct exposure routes: dermal and 

oral(Prakash et al. 1999; Stickel and Seitz 2000). PAs intake occurs primarily via the oral route, 

although dermal uptake of PAs is also possible due to herbal medicinal products derived from 

plant parts such as Crotalaria sessiliflora L. for topical applications (Roeder 2000; Jedlinszki 

et al. 2017). The dermal absorption of PAs is considered low, although the available data is 

sparse. As example, lycopsamine showed a dermal absorption between 0.11 - 0.72% within 

24 h through a synthetic membrane and 0.04 – 0.22% through human epidermis after 24 h 

exposure (Jedlinszki et al. 2017). In contrast, PAs are rapidly absorbed within the first hour 

(10-70 min) after oral administration, as shown by plasma peak concentrations (EFSA 2011; 

Yang et al. 2017). It is noteworthy that predominantly cyclic diesters were tested in vivo, yet 

they are showing different toxicokinetics among the esterification class (Williams et al. 2002; 

Wang et al. 2011; To et al. 2024). As example, the bioavailability of monocrotaline was over 3-

fold higher compared to retrorsine (83% vs 25%) in rats after oral administration for 12 h (To 

et al. 2024). Based on the numbers, it seems that monocrotaline is more readily absorbed and 

systematically available as compared to retrorsine. However, a lower bioavailability can result 

from a first-pass effect or reduced gastrointestinal absorption. Retrorsine showed almost three 

times higher pyrrole protein adduct formation in the red blood cell fraction as compared to 

monocrotaline, indicating that its lower bioavailability is likely due to faster and more extensive 

metabolic activation, which correlates with higher PA toxicity (To et al. 2024). 

Wang and colleagues found similar results with senecionine and adonifoline, two cyclic diester, 

in rats after oral administration. Adonifoline exhibited an absolute bioavailability four times 

greater than senecionine (33.4% vs. 8.2%), while the combined levels of senecionine and its 

N-oxides were 2.7 times higher than those of adonifoline and its N-oxides (Wang et al. 2011). 

The authors attributed this to a higher rate of senecionine N-oxide formation by intestinal 

microflora. This study is in line with a recently published rodent study (Long et al. 2021). Rats 

were orally treated with single doses of senecionine and senecionine N-oxide and blood 

samples were collected at specific time-points. Subsequently, oral bioavailabilites between 

5.43 - 10.31% and 37.85 - 42.51% were calculated depending on the dose for senecionine and 

senecionine N-oxide (Long et al. 2021). 

Li et al showed a bioavailability of 81.8% for retrorsine in mice after oral administration up to 

24 h, indicating that the bioavailability differs between rats and mice (Li et al. 2022; To et al. 

2024). However, the bioavailability of monocrotaline in rats (83%) is comparable to that in mice 

(88.3%), showing no inter-species differences in contrast to retrorsine (Chen et al. 2018; To et 



Theoretical backround - Toxicokinetic aspects / ADME 
 

9 

al. 2024). Over the years, only one study investigated the bioavailability of an open diester 

(lasiocarpine) and a monoester (heliotrine) in vivo, showing an absolute bioavailability of 0.5% 

for lasiocarpine and 23.3% for heliotrine in rats (Lin et al. 2023a).  

Moreover, PAs as free bases show a significantly greater intestinal absorption compared to 

their respective N-oxides, explaining the lower hepatotoxicity of N-oxides, as shown in plasma 

and blood measurements (Yang et al. 2020). Furthermore, free bases are more lipophilic based 

on calculated Log P octanol/water coefficients and show a significantly greater absorption in 

Caco-2 monolayer model compared to their respective N-oxides (Yang et al. 2020). Although 

the intestinal uptake of PAs is considered to be low, both PAs and their N-oxides are capable 

of inducing Hepatic Sinusoidal Obstruction Syndrome (HSOS) (Yang et al. 2017). Furthermore, 

there is evidence that rat intestinal microbiota reduces PANOs to their free bases, which affects 

the level of PA uptake through the intestine and transport to the liver (Yang et al. 2019). The 

biotransformation of several PANOs such as riddelliine N-oxide has been studied in vitro and 

in vivo, showing a NADPH-dependent conversion of N-oxides to free bases, which is mainly 

catalyzed by CYP1A2 and CYP2D6 enzymes (Yang et al. 2019).  

Several in vitro studies investigated the uptake of different PAs in cell models including human 

colon and liver cells to explain inter-species differences and find common characteristics, 

which will be briefly summarized in the following subchapter. 

2.3.1.2 Passive diffusion versus transporter-mediated absorption 

The transport across cellular membranes can occur via passive diffusion or transporter-

mediated uptake. Passive diffusion represents the major route by which molecules move 

across the intestinal barrier without the aid of transport proteins, driven by a concentration 

gradient without the use of energy (Sugano et al. 2010; Yang and Hinner 2015). According to 

Lipinski’s “Rule of 5”, the membrane permeability of a substance for passive diffusion can be 

predicted by polarity, size and lipophilicity (Lipinski et al. 2001). Consequently, a successful 

penetration through the cellular membrane via passive diffusion is possible if the molecule is 

small, nonpolar and lipophilic. The diffusion rate is influenced by the solute concentration 

gradient, osmosis, electrical potential difference and pressure across the cell membrane 

(Sahoo et al. 2014). It has recently been demonstrated that PAs as free bases such as 

senecionine, seneciphylline, retrorsine, riddelliine, lycopsamine can cross from apical to 

basolateral side in Caco-2 cells via passive diffusion. Furthermore, each PA showed different 

permeabilities and had a significantly greater permeability than their respective N-oxides in 

Caco-2 cells (Yang et al. 2020). It is possible that transporters may play a minor role in the 

uptake and release of PAs with a high permeability rate, as passive diffusion is the predominant 

mechanism (Kell and Oliver 2014). The mode of uptake is also influenced by the pH level. A 

study conducted with monocrotaline in genetically modified Madin-Darby canine kidney 
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(MDCK) cells expressing human OCT1 revealed that, in the protonated state, organic cation 

transporter 1 (OCT1) plays a more significant role in uptake (Tu et al. 2013). 

Transporters are proteins embedded in the cell membrane that facilitate the uptake and release 

of substances often against their concentration gradient. This process requires energy either 

directly from ATP hydrolysis (primary active transport) or from the electrochemical gradient of 

another molecule (secondary active transport) (Liu and Pan 2019). Around 10% of all human 

genes are related to transporters and are involved in drug absorption, distribution and 

excretion, highlighting their important role (Hediger et al. 2013). The two superfamilies of 

transporters that are of interest in this context are the solute carrier (SLC) and ATP-binding 

cassette (ABC) transporters. A large number of transporter subfamilies, such as SLC10A or 

SLC22A, belong to the SLC superfamily, which in total comprises over 300 transporter 

subtypes. Only seven subfamilies are known in the ABC family, which share up to 40 

transporter subtypes. In general, both SLC and ABC transporter can be found in the same 

tissue including intestine, liver, kidney and brain, and interact together with phase I or II 

metabolism (Liu and Pan 2019). The figure 2.4 illustrates the expression of SLC and ABC 

transporter in human hepatocytes. However, the transporter superfamilies can be 

distinguished in their mode of action.  

SLC transporters primarily mediate the influx of substrates into cells via facilitated transport or 

as secondary active transporter. For example, the SLC22A subfamily comprise organic cation 

transporters (OCTs), which allow the influx of cationic substrates such as active 

pharmaceutical ingredients (e.g. oxaliplatin), endogenous substrates (e. g. acetylcholine), 

nutrients (e. g. Vitamin B1) and the neurotoxin 1-methyl-4-phenyl-pyridinium (Koepsell 2013; 

Liu and Pan 2019; Zeng et al. 2023). The main members OCT1-OCT3 (SLC22A1-SLC22A3) 

share common substrates, which allow for the substitution of each transporter (Brosseau and 

Ramotar 2019). Nevertheless, the OCT expression is tissue- and species-dependent. For 

example, OCT1 is primarily found in hepatocytes and OCT2 is mainly located in renal tubular 

cells (Brosseau and Ramotar 2019; Morse et al. 2021). On the other hand, OCT3 expression 

is located in many tissues such as liver, intestine and heart (Roth et al. 2012). For instance, 

the highest OCT1 expression levels are found in humans and monkeys compared to rodents 

and dogs (Morse et al. 2021). In the past, some studies found evidence that cyclic diester 

including monocrotaline and retrorsine are taken up into genetically engineered MDCK cells 

with human OCT1 expression and in primary rat hepatocytes (Tu et al. 2013, 2014). 

Furthermore, it was shown that both OCT1 and Na+/taurocholate co-transporting polypeptide 

(SLC10A1, NTCP) are responsible for the uptake of retrorsine and senecionine in HepaRG 

cells (Enge et al. 2021, 2022). So far, it remains unclear whether the chemical structure of PAs 

has an impact on the OCT1-mediated uptake into human hepatocytes.  
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In contrast, ABC transporters use ATP to actively export substances out of cells. The ABC 

transporter ABCB1, also known as P-glycoprotein (P-gp) or multi-drug resistance protein 

(MDR1), is known for the efflux transport of hydrophobic substrates such as colchicines or 

aristolochic acid or drugs including doxorubicin or irinotecan (Liu and Pan 2019). P-gp is 

expressed in several tissues including capillary endothelial cells of testis and brain, in bile 

canalicular membrane of hepatocytes and intestine (Leschziner et al. 2007). Two studies 

confirmed the relevance of ABCB1 as efflux transporter for PAs with different degree of 

esterification (senecionine N-oxide, echimidine and heliotrine) in Caco-2 cells (Hessel et al. 

2014; Yang et al. 2020). Another study highlighted the role of ABCB1 as an efflux transporter 

for the cyclic diesters retrorsine and senecionine by demonstrating that cyclosporine A acts as 

a competitive inhibitor of the ABCB1 transporter in HepaRG cells, leading to significantly 

increased cell viability (Enge et al. 2021). 

 

Figure 2.4: Influx and efflux transporter located in basolateral and canalicular 
membrane of hepatocytes (modified by Liu and Pan 2019, created in https://BioRender.com) 

 

 

 



Theoretical backround - Toxicokinetic aspects / ADME 
 

12 

2.3.2 Distribution and Excretion: 

In the last decades, only a limited number of new findings on the distribution and excretion of 

PAs in animals were reported. To date, no studies have been conducted to investigate the 

distribution and excretion of structurally different PAs in a cell system. It was demonstrated in 

rodent studies that cyclic diesters such as monocrotaline, riddelliine and senecionine were 

detected in organs including the liver, lung, kidney, erythrocytes, plasma and brain (EFSA 2011; 

Silva et al. 2023). Furthermore, it has been observed that more than 80% of a given dose of 

PA is eliminated within 24 h via urine and bile in mice and rats (EFSA 2011).  

In terms of tissue distribution, two studies were conducted using monocrotaline in rats (Estep 

et al. 1990; Lamé et al. 1997). The results demonstrated that following a single subcutaneous 

or intravenous administration of 5 and 60 mg/kg 14C-labelled monocrotaline, monocrotaline 

equivalents were present in different tissues and covalently attached to proteins in various 

organs, including red blood cells, liver, lungs, kidney and plasma. In general, the level of 

radioactivity declined in most of the tissues and proteins following a 24-hour period, with the 

exception of erythrocytes. The authors suggested that erythrocytes may play a role as carrier 

of monocrotaline or its metabolites between organs (Estep et al. 1990; Lamé et al. 1997).  

It was demonstrated in vivo after oral PA administration that metabolites of monocrotaline, 

retrorsine, or riddelliine bind to erythrocytes and disrupt the oxygen-carrying capacity (Xiao et 

al. 2019; Song et al. 2020). Xia and colleagues concluded that in venous blood, low oxygen 

pressure allows monocrotaline pyrroles to bind on hemoglobin. In the lungs, higher oxygen 

pressure displaces these metabolites, releasing them into pulmonary capillaries. This targeted 

release leads to pulmonary artery damage, characterized by endothelial injury and smooth 

muscle layer thickening (Xiao et al. 2019). However, PA adducts were found predominantly in 

the liver rather than in lungs regardless of the PA individual such as riddelliine or retrorsine. 

Notably, only monocrotaline showed almost the same adduct level in both organs (Song et al. 

2020). 

To and colleagues determined the toxicokinetic parameters of three cyclic diesters 

(monocrotaline, retrorsine and clivorine) in rats following a single intravenous and oral 

administration of 20 mg/ kg bw of the respective PA. The half-lifes were found to be 

approximately 1 h, with no significant differences between the administration routes. 

Nevertheless, monocrotaline followed by clivorine and retrorsine exhibited the slowest 

elimination based on clearance (To et al. 2024). 

Wang et al. conducted a comparative study on the pharmacokinetics of two cyclic diesters, 

senecionine and adonifoline, in rats. After a single i.v. dose of 1.5 and 4.0 m g/ kg body weight 

(bw) of the respective PAs, an initial rapid decline in concentration was observed, which slowed 

down between 4-6 h. The plasma concentrations of senecionine and adonifoline fell below the 
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detection limits within 12 h. Following oral administration of 5.7-22.9 mg/ kg bw senecionine or 

16-64 mg/ kg bw adonifoline, half-lives of less than 1 h and their metabolites of approximately 

2 h were determined (Wang et al. 2011). Furthermore, the first evidence of an enterohepatic 

recirculation with senecionine N-oxide as the main metabolite in bile was demonstrated (Wang 

et al. 2011). An enterohepatic circulation was also observed in mice with retrorsine, which was 

responsible for the formation of HSOS in mice (Xiao et al. 2019).  

The distribution and excretion of unmetabolized PAs and their metabolites in the physiological 

body depend on their lipophilicity, affinity to erythrocytes and proteins in whole blood or cellular 

compartments such as F-actin (Deleve et al. 2003a, b, c; Widjaja et al. 2022). Furthermore, 

the distribution of PAs and their metabolites in human body could be affected by membrane 

associated influx and efflux transporter such as OCT1 or ABCB1 (Widjaja et al. 2022). It is 

known that monocrotaline has a higher affinity to red blood cells (RBC) than to plasma proteins, 

as shown via H-NMR in incubated human blood samples (Yang et al. 2011). Recent studies 

have indicated that pyrrole-protein adducts (PPA), which are PA metabolites covalently bound 

to proteins such as haemoglobin or albumin, can be found circulating in the body and therefore 

represent potential biomarkers (Ma et al. 2019). In general, PPA levels bound to erythrocytes 

are higher than those on plasma proteins for PAs including retrorsine, monocrotaline and 

clivorine (To et al. 2024). This can be explained by the longer life span of erythrocytes 

compared to plasma (115 days vs. T1/2 = 19 days) and by the nucleophilic sites of haemoglobin 

compared to albumin (Franco 2012; Mishra and Heath 2021). 
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2.3.3 Metabolism 

The metabolism of PAs and PANOs has been extensively studied in vitro, ex vivo and in vivo 

(JECFA 2020). Upon oral ingestion of PA-contaminated foods, PAs are rapidly absorbed 

through the small intestine and transported via portal vein blood into the liver (NTP 2003). The 

biotransformation of PAs takes place predominantly in the liver and include several phase I 

and II metabolic pathways. The involvement of phase I or phase II enzymes in the bioactivation 

of PAs is dependent of the necine-base type and steric hindrance of ester groups (He et al. 

2021d). The major metabolic pathways including hydrolysis (I), N-oxidation (II), N-

glucuronidation (III) and C-oxidation (IV) for PA bioactivation are demonstrated in Figure 2.5.  

Retronecine-, heliotridine- and otonecine type PAs undergo hydrolysis of the ester groups at 

the C7 and C9 position mainly by liver microsomal carboxylesterases to form their respective 

necine bases and necine acids (Fu et al. 2004). This pathway is regarded as a detoxification 

pathway, facilitating the rapid excretion of metabolites from the urine without the involvement 

of Phase II metabolism (Hosokawa et al. 1990). Another known detoxification pathway is the 

N-oxidation of the necine bases. This pathway is initiated by hepatic CYP450 

monooxygenases and flavin-containing monooxygenases (FMO), which are located in the 

endoplasmatic reticulum of the hepatocytes (Fu et al. 2004; Hodgson 2010). As example, 

senecionine or retrorsine are catalysed to the respective N-oxide by hepatic CYP2B and FMO 

in guinea pigs (Ramsdell and Buhler 1987; Miranda et al. 1991; Chung et al. 1995; Duringer 

et al. 2004). However, the N-oxidation of otonecine-type PAs is not feasible due to the 

methylated nitrogen in the pyrrole moiety (Fu et al. 2004). Furthermore, the N-oxidation of PAs 

by CYPs and FMOs is dependent on both species and organ. For instance, the N-oxidation of 

senecionine is induced by FMOs from rat liver microsomes and pig liver, lung and kidney 

microsomes, whereby rabbit lung FMOs are not capable for the formation of PANOs (Miranda 

et al. 1991). Although N-oxides are frequently regarded as a detoxification product, they can 

be transformed into the reduced form and further oxidized by intestinal and hepatic CYP 

enzymes, resulting in the formation of DNA-reactive metabolites that subsequently induce 

toxicity (Yang et al. 2017, 2019). The N-glucuronidation of PAs (senecionine and senecionine 

N-oxide) mediated by glucuronosyltransferases was identified as a third detoxification 

pathway, giving rise to a PA N-glucuronic acid (GluA) conjugate in (UGT)1A4-humanised mice 

and in presence of human liver microsomes (He et al. 2010; Chen et al. 2022b, 2023). 
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Figure 2.5: Metabolism of retronecine-, heliotridine- and otonecine-type PAs. Important 
metabolic pathways for detoxification and metabolic activation to DNA-reactive metabolites are 
shown (modified by He et al. 2021a; Xiao et al. 2022)  
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The last pathway, the so-called C-oxidation, is mediated by several CYPs, but not FMO, and 

includes the hydroxylation of only 1,2-unsatured PAs into DNA- or protein-reactive metabolites 

(Prakash et al. 1999; Fu et al. 2004). Ruan et al. showed that structural diverse PAs in presence 

of human recombinant CYPs are predominantly metabolized by CYP3A4, 3A5 and CYP2A6 

(Ruan et al. 2014b). Whereas retronecine-type PAs were predominantly activated by CYP3A4 

and 3A5, monocrotaline (retronecine-type) was shown to be predominantly converted by 

CYP2A6 and minor CYP2E1 (Ruan et al. 2014b). It is noteworthy that not only one, but several 

CYP enzymes are involved in PA bioactivation as shown in a genetically engineered TK6 cells 

(Li et al. 2020). The subfamilies CYP3A and CYP2B were mainly responsible for the 

bioactivation of PAs in rodents (Chung et al. 1995; Huan et al. 1998). The hepatic metabolism 

of PAs is also dependent on gender, species and age, whereby males and sensitive species 

including human, rat, horse show a higher biotransformation and lower degradation rate of 

PAs. Children are more vulnerable due to the proportionally higher intake of PA relative to their 

body weight. (Wiedenfeld et al. 2008; Kolrep et al. 2018). 

The PAs of the retronecine- and heliotridine-type PAs are hydroxylated at the C3 and C8 

positions by CYP enzymes, resulting in the formation of 3- or 8-hydroxynecine derivatives. 

These derivatives undergo spontaneous dehydrogenation, leading to the generation of (±)-6,7-

dihydro-7-hydroxy-1-hydroxymethyl-5H-pyrrolizine esters (DHP ester). Otonecine-type PAs 

undergo N-demethylation mediated by CYP enzymes, followed by ring closure and 

spontaneous dehydration to form DHP ester (Fu et al. 2004; Xia et al. 2004). Platynecine-type 

PAs do not contain a C1-C2 double bond position and undergo oxidation via CYP3A4 to form 

dehydro-platyphylline carboxylic acid, which is readily excreted via urine (Ruan et al. 2014a). 

DHP esters can subsequently release a carboxylate leaving group from C7 or C9 position to 

form intermediates with carbocations. These carbenium ions interact through an SN1 

mechanism at nucleophilic sites, which contain amino, thiol, or hydroxyl groups, located on 

nucleotides (e.g., DNA), proteins (e.g., ATP5B, glutathione), or amino acids, leading to the 

formation of respective adducts (Mattocks 1986; Prakash et al. 1999; Fu et al. 2004; Li et al. 

2015b). This pathway is considered as primary toxification pathway (Xu et al. 2019). Fu and 

colleagues provided evidence for the formation of DHP-dG-1, DHP-dG-2, DHP-dG-3, DHP-

dG-4, DHP-dA-1, DHP-dA-2, DHP-dA-3, and DHP-dA-4 adducts with dehydroretronecine in 

the presence of calf thymus DNA (Fu et al. 2010a). Similar findings were reported by Zhao and 

coworkers, who observed the same DHP-DNA adducts with riddelliine following rat liver 

microsomal metabolism in presence of calf thymus DNA (Zhao et al. 2012). However, only 

DHP-dG3/4 and DHP-dA3/4 adducts were formed in the livers of rats after oral treatment with 

daily doses up to 5.0 mg/ kg bw riddelliine or monocrotaline for three consecutive days (Fu et 

al. 2010a). The same set of DHP-dG and -dA adducts were measured in liver samples of rats 

from a NTP study, which were orally treated with doses up to 1.0 mg/ kg bw riddelliine for six 
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months. The same set of DHP-dG-3/4 and DHP-dA-3/4 adducts was detected in the livers of 

rats and mice treated with various PAs and PANOs, such as retrorsine, lasiocarpine, riddelliine, 

monocrotaline and riddelliine N-oxide, with each PA exhibiting distinct total adduct levels (Xia 

et al. 2013; Zhu et al. 2017). In addition, the DHP-dG-3/4 adduct levels were higher than DHP-

dA-3/4 levels, potentially due to differences in steric accessibility or adduct stability. Notably, 

the formation of DHP-derived DNA adducts correlated with the order of liver tumor potency 

(Yang et al. 2001; Fu et al. 2010a; Xia et al. 2013; Zhu et al. 2017). Subsequently, the DHP-

DNA adducts, characterised as DHP-dG-3/4 and DHP-dA-3/4, are proposed as potential 

biomarkers for PA and PANO exposure and as indicators of PA-induced liver tumor initiation 

(He et al. 2019). 

DHP esters can be further hydrolyzed into (±)-6,7-dihydro-7-hydroxy-1-hydroxymethyl-5H-

pyrrolizine (DHP), which are less reactive and unstable in water, but showing bifunctional 

alkylating activity too (Wiedenfeld et al. 2008). The DHP derived adducts are mainly protein 

adducts, also known as secondary metabolites. Over the past few years, a total of 11 distinct 

secondary pyrrolic metabolites such as 7- and 9-glutathione-DHP, 7-cysteine-DHP or 7-N-

acetylcysteine-DHP have been identified, which have the capacity to bind to DNA and form the 

same set of DHP-dG3/4 and DHP-dA3/4 adducts (Chen et al. 2016; Fu 2017; Xia et al. 2018; 

He et al. 2019, 2020a). It should be noted, that the total DHP-DNA adduct levels vary between 

the secondary metabolites, whereby 9-ethoxy-DHP and 7-cysteine-DHP showed the highest 

total DHP-DNA adduct levels (Xia et al. 2018). The covalent binding of glutathione, cysteine or 

N-acetylcysteine (NAC) on both C7 and C9 positions of pyrrolic metabolites resulted in 

undetectable total DHP-DNA adduct levels in HepG2 cells and significant low levels compared 

to other secondary metabolites in presence with calf thymus DNA (Xia et al. 2018). For 

instance, the dual binding of glutathione to pyrrolic metabolites is facilitated by enzymes such 

as glutathione S-transferase (GSTA1) or glutathione peroxidase (GPX1), thus enabling their 

detoxification and subsequent excretion through bile (Yan and Huxtable 1995; Yan et al. 2016). 

Besides DNA-adducts, PAs can also trigger genotoxic outcomes such as clastogenic effects 

or mutations (Chen et al. 2010).  
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2.4 Toxicity 

2.4.1 Acute and chronic toxicity 

The liver is the primary target of PA toxicity due to the bioactivation in situ. PA intoxication can 

be clinically categorized into three distinct types: acute, subacute and chronic intoxication. The 

type of poisoning can be triggered by the duration of PA exposure or the PA amount ingested 

and differ in their respective clinical symptoms or manifestations (He et al. 2021d).  

The ingestion of high PA amounts (mg PA/ kg food) in a short time interval is the primary cause 

of acute PA intoxication in humans (Dusemund et al. 2018). This is characterized by abdominal 

pain and swelling, hemorrhagic necrosis, hepatomegaly, sinusoidal endothelial hyperplasia, 

medial hypertrophy and ascites. Furthermore, liver necrosis and dysfunction are observed, 

which may result in liver failure or even death (Stegelmeier et al. 2016; He et al. 2021d). The 

most well-documented acute cases of PA intoxication in humans were observed in two 

children, who died within days due to PA levels ingested between 0.8-1.7 and 3 mg/ kg bw per 

day (WHO-IPCS 1988). One child developed a hepatic sinusoidal obstruction syndrome 

(HSOS), which is known as the most prevalent clinical manifestation for PA poisoning (EFSA 

2011). Studies on acute toxicity in rodents, using intraperitoneal or intravenous PA 

administration, reported letal doses at which 50% of animals died (LD50) ranging from 5 to 

1500 mg/ kg bw for retrorsine, the most potent PA in rats (Merz and Schrenk 2016). 

Nevertheless, acute PA intoxications are less common in the modern era, although occasional 

cases do exist due to highly contaminated food or the use of PA containing herbs as traditional 

Chinese medicines (Schrenk et al. 2022; Lu et al. 2024).  

The HSOS is classified as an intrinsic liver injury, whereby the risk of developing the syndrome 

is dependent on the PA dose, the frequency of intake and the cumulative dose (Moreira et al. 

2018; Teschke et al. 2021). HSOS outbreaks were observed around the world, predominantly 

in subtropical, tropical and eastern countries, due to the consumption of PA-containing herbs 

as traditional medicines or contaminated grains. So far, HSOS can only be linked to the 

consumption of high amounts of PAs (Teschke et al. 2021). Clinically, HSOS is described with 

hyperbilirubinaemia, hepatomegaly, and weight gain due to ascites (Helmy 2006). HSOS is 

characterized by the occlusion of small hepatic veins, primarily in zone 3 of the liver acinus, 

which can progress to liver failure in severe cases (Mohty et al. 2015; Valla and Cazals-Hatem 

2016; Teschke et al. 2021). The pathogenesis of HSOS, driven by pyrrolic-protein adducts, is 

well understood. Here, pyrrolic metabolites enter the Dissé space and the sinusoidal lumen, 

leading to the destruction of sinusoidal endothelial cells (Prakash et al. 1999; Dusemund et al. 

2018; Xu et al. 2019). Recent findings have indicated that PAs, which undergo enterohepatic 

circulation and interact with gut bacteria, contributed to the pathogenesis of HSOS in mice, as 

shown by significant lipopolysaccharides (LPS) levels in the liver (He et al. 2021d; Xiao et al. 
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2022). The PA treatment led to reduced goblet cell density and disrupted intestinal tight junction 

proteins, leading to increased intestinal permeability and significant elevated hepatic LPS 

levels (He et al. 2021b). LPS, also known as endotoxins, are produced by gram-negative 

bacteria in the gut. When the gut barrier is compromised, LPS can translocate into the 

bloodstream and reach the liver, triggering hepatocyte death and liver inflammation. LPS also 

act as a critical cofactor in the progression of liver diseases, contributing to 

hepatopathogenesis (Altin and Bygrave 1988; Rao 2009).  

Furthermore, pneumotoxicity caused by PAs is another event discovered in vivo. Animal 

studies showed that PAs are capable to cause pulmonary arterial hypertension (PAH), changes 

in vascular smooth muscle and endothelial-smooth muscle interactions in the lungs after 

intravenous or subcutaneous injections of single PA doses over the course of the subsequent 

two weeks (Huxtable 1990; Xiao et al. 2019). Song and coworkers observed acute liver and 

lung injuries within 48 h in rats after oral administration of single doses of PAs such as 

riddelliine, retrorsine and monocrotaline. Pyrrole-protein adducts were predominantly found in 

the liver rather than the lungs of the treated rats. The highest pyrrole-protein adduct level in 

the lung was observed with monocrotaline, which is well-known among 1,2-unsatured PAs for 

its pneumotoxicity (Song et al. 2020). Although animal studies have confirmed the 

pneumotoxicity of certain PAs, no observations in humans have been published to date. 

The chronic toxicity of PAs is a more significant concern in relation to human health in 

comparison to the acute toxicity, due to the fact that their genotoxic effects can accumulate 

over a period of time, if not adequately or incorrectly repaired, and result in irreversible liver 

damage or cancer. Conversely, chronic PA intoxication in humans has not been documented 

in literature so far, largely due to the absence of comprehensive epidemiological data (Schrenk 

et al. 2022). A recent study with mutational signature analyses in > 1,000 liver cancer genomes 

reported a correlation between PA exposure and liver cancer predominantly in Asian countries, 

raising significant concerns (He et al. 2021c). In animals, chronic intoxications are caused from 

repeated low PA uptake and associated with hepatic fibrosis, nodular regeneration and 

cirrhosis. In the most severe cases, liver failure, liver cancer or death are reported too (Merz 

and Schrenk 2016; Dusemund et al. 2018; Chen et al. 2023). A 2-year carcinogenicity study 

with orally administrated riddelliine in rats revealed a no-observed-adverse-effect-level 

(NOAEL) of 0.01 mg/ kg bw per day for hepatocyte cytomegaly as non-neoplastic effects (NTP 

2003; BfR 2020). Furthermore, 2-year carcinogenicity studies demonstrated that PAs including 

riddelliine and lasiocarpine can induce liver haemangiosarcoma, liver cell carcinoma or 

adenoma and pulmonary adenocarcinoma. (NTP 1987, 2003) 
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2.4.2 Hepatotoxicity and cytotoxicity 

The hepatotoxicity of PAs is a complex process involving multiple biochemical pathways. After 

metabolic activation of 1,2-unsatured PAs such as retrorsine, pyrrolic metabolites can initiate 

oxidative stress indirectly via reduced mitochondrial ATP synthesis or lipid peroxidation, 

apoptosis or bile acid metabolism dysfunction, which are all linked to PA-induced hepatoxicity 

(Waizenegger et al. 2018; Xu et al. 2019; He et al. 2021d).  

Lu and coworkers demonstrated that retrorsine lead to the formation of pyrrolic-ATP5B adducts 

in rat liver, hepatic sinusoidal endothelial cells and HepaRG cells (Lu et al. 2018). ATP5B is a 

key subunit of mitochondrial ATP synthase with the function of catalysing ATP synthesis. The 

interaction of ATP5B can result in reduced mitochondrial ATP synthesis (Deng et al. 2018). 

HepaRG cells showed significantly decreased ATP synthase activity and intracellular ATP 

levels followed by a decrease in mitochondrial membrane potential and respiration (Li et al. 

2015b; Lu et al. 2018). It is known that a reduced ATP synthase activity in mitochondria goes 

hand in hand with excessive reactive oxygen species (ROS) formation (Roy et al. 2008). 

Intracellular ROS are commonly located in mitochondria and the cellular redox balance is 

normally maintained by enzymes such as glutathione peroxidase and nonenzymatic 

antioxidants such as vitamin E. However, if the balance is disturbed for example by a depletion 

of glutathione, it can result in an overproduction of ROS, which bind to macromolecules such 

as DNA or proteins, causing cellular damage (Skoryk and Horila 2023). The development of 

HSOS can be considered a classic consequence of glutathione depletion. The rapid depletion 

of sinusoidal glutathione levels by DHP results in an increase of matrix metalloproteinase 

activity and therefore supporting the risk of HSOS (DeLeve et al. 2002; Deleve et al. 2003b, 

c). The occurrence of HSOS is characterised by the presence of necrotic lesions, which are 

indicative of uncontrolled cell death. These observations have been documented in HSOS 

patients (Tan and Zheng 2023). Necrosis, defined as an uncontrolled form of cell death that is 

energy-independent, can be triggered by severe damage or stress (D’Arcy 2019). 

Furthermore, it was shown that DNA-reactive metabolites such as trans-4-hydroxyl-2-hexenal 

through lipid peroxidation are formed and cause cellular damage in hepatocytes (Griffin and 

Segall 1987; Zhu et al. 2024). 

It is noteworthy that Lu and colleagues further investigated the distinction between apoptosis 

and necrosis and concluded that retrorsine primarily induces apoptosis (Lu et al. 2018). Their 

findings revealed no significant lactate dehydrogenase increase, but a significant increase in 

caspase-8, -9, and -3 activity and pronounced apoptotic cell numbers after 18 h retrorsine 

treatment in HepaRG cells. Moreover, recent studies have shown that certain PAs induce 

apoptosis in liver cells through either the intrinsic (mitochondrial) pathway, the extrinsic (death 

receptor) pathway, or both by measuring the expression of related genes via quantitative real-
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time polymerase chain reaction (qPCR) and whole genome microarray analysis in vitro and in 

vivo (Li et al. 2015b; Yang et al. 2017; Waizenegger et al. 2018; Ebmeyer et al. 2020; Glück et 

al. 2021; Zhu et al. 2024). For example, retrorsine was identified as a candidate that activates 

both pathways in primary rat hepatocytes, as confirmed by western blot and 

immunofluorescence microscopic analyses (Zhu et al. 2024). Furthermore, oxidative stress 

was reduced and both apoptosis and autophagy were normalized in retrorsine-treated primary 

rat hepatocytes with NAC as an antioxidant, indicating that oxidative damage is involved in PA-

induced hepatotoxicity (Zhu et al. 2024). Pan and colleagues screened the hepatotoxicity of 

nine PAs including lasiocarpine, retrorsine, monocrotaline and heliotrine as well as PANOs in 

zebrafish after single oral administration of individual 0.3 mmol/ kg PA for 6 h (Pan et al. 2023). 

Notably, zebrafish CYP3A65 and CYP2Y3 are orthologous to human CYP3A4 and CYP2A6/ 

CYP2E1. The rank order in hepatotoxicity (plasma alanine transaminase, hepatocellular 

vacuolation and fatty droplets accumulation) was structure-dependent, showing the strongest 

effects bv lasiocarpine and retrorsine equally, followed by monocrotaline, clivorine, heliotrine 

and PANOs. Furthermore, inflammation- and apoptosis-associated genes such as IL-6 or IL-8 

and p53 or bax were upregulated regulated measured by qPCR analysis (Pan et al. 2023). 

Additionally, pyrrolic metabolites of 1,2-unsatured PAs can interact with DNA, leading to the 

formation of DNA adducts, DNA-DNA crosslinks, and DNA-protein crosslinks, which contribute 

to their genotoxicity (Chen et al. 2010). Although hepatocytes possess efficient detoxification 

mechanisms, prolonged or excessive PA exposure can overwhelm these systems. This may 

result in DNA damage that remains unrepaired, is incorrectly repaired, or triggers apoptosis. 

Persistent DNA damage can also lead to mutations, increasing the risk of carcinogenesis (Fu 

et al. 2002; Fu 2017; He et al. 2021d). Evidence from animal studies has demonstrated that 

chronic low-dose PA exposure is associated with the development of hepatic fibrosis, nodular 

regeneration, and cirrhosis. In addition, megalocytosis, obliteration of central and sub-lobular 

veins, and bile duct proliferation have been reported as characteristic pathological changes 

resulting from repeated low-level PA exposure or a single sublethal dose (Dusemund et al. 

2018).  

Over the years, the cytotoxicity of different PAs was investigated in human or rat liver cells to 

study the structure-dependent toxicity. The relative cytotoxicity expressed as the effective 

concentration at 50% cell viability (EC50) of each PA was assessed. Surprisingly, EC50 values 

could not be determined after 24 h treatment with any tested PA in HepaRG cells, indicating a 

moderate sensitivity of HepaRG cells to PA-induced cytotoxicity (Waizenegger et al. 2018; 

Louisse et al. 2019; Glück et al. 2021). For example, HepaRG cells revealed a cell viability of 

53% after 24 h at the highest concentration (250 µM) of lasiocarpine (Glück et al. 2021). In 

comparison, Gao and coworkers observed a greater PA cytotoxicity in primary rat hepatocytes 

(Gao et al. 2020). Furthermore, they discovered that the duration of pre-incubation of rat 
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hepatocytes had a negative impact on CYP activity, with a time-dependent decrease in activity 

attenuated PA cytotoxicity. Thus, the PA cytotoxicity would have a greater impact on cell 

viability if the CYP activity would be stable in primary rat hepatocytes after cultivation (Gao et 

al. 2020). More importantly, all studies confirmed a structure-dependent toxicity, implicating 

cyclic and open diester are more cytotoxic compared to monoesters and goes in line with the 

classification based on acute toxicity studies in rodents (Merz and Schrenk 2016). Recently, it 

was shown that DHP-derived protein adducts in primary mouse hepatocytes correlated with 

the cytotoxicity caused by PAs such as senecionine, retrorsine and senecionine N-oxide, 

indicating DHP-protein adducts are associated with hepatotoxicity (Xiong et al. 2020). 

2.4.3 Genotoxicity and mutagenicity 

PAs have been widely studied for their genotoxic effects across various biological systems and 

are known to form DNA adducts in vivo (JECFA 2020). The formation of DNA adducts requires 

the metabolic activation of 1,2-unsatured PAs, such as by CYP3A4, to generate DNA-reactive 

metabolites including DHP ester and DHP. Pyrrolic metabolites are bifunctional nucleophiles, 

which are capable on binding to DNA and proteins to form DNA-DNA and DNA-protein cross-

links as well (Fu et al. 2004). Furthermore, PAs can lead to clastogenicity and gene mutations 

both in vitro and in vivo, contributing to genomic instability and the potential development of 

tumors in exposed organisms (Chen et al. 2010; EFSA 2011; Allemang et al. 2018; Rutz et al. 

2020). In the following, selected studies are described for the genotoxicity and mutagenicity of 

PAs. 

2.4.3.1 DNA damage 

The unscheduled DNA synthesis (UDS) assay was used to investigate the repair of primary 

DNA damage after PA incubation in different cell models. PAs such as senecionine, 

seneciphylline or retrorsine were tested positive in primary rat liver cells using the UDS assay 

(Griffin and Segall 1986). Rodent studies and cultured rat or mice hepatocytes treated with 

riddelliine as model PA also showed significant positive results, confirming the induction of 

DNA repair synthesis in the liver cells through the incorporation of labelled nucleosides in cells 

that are not undergoing scheduled (S-phase) DNA synthesis (Mirsalis 1987; Mirsalis et al. 

1993; NTP 2003).  

DHP-DNA adducts were characterized using riddelliine in in vitro and in vivo studies. A set of 

two enantiomers of DHP-7-deoxyguanosin-2N-yl adducts and DHP-modified dinucleotides 

were formed in vitro and in rat liver (Yang et al. 2001; Xia et al. 2003; Chou et al. 2003). Further 

studies with selected heliotridine-, retronecine- and otonecine-type PAs as well as PA-

containing herbs generated the same set of DHP-derived DNA adducts with rat and human 

liver microsomes with calf thymus DNA and in rodents (rats and mice), indicating a common 

mode of action by PAs (JECFA 2020). Rodent studies demonstrated that the DHP-derived DNA 
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adduct level correlated with tumorigenic potency after administration with doses in a range of 

0.01 – 1.0 mg/ kg bw and 1 – 3 mg/ kg bw riddelliine in rats and mice. Furthermore, the DHP-

DNA adduct levels were higher in endothelial cells than in parenchymal liver cells, consistent 

with the observed haemangiosarcoma formation (Yang et al. 2001; Xia et al. 2004). Fu and 

colleagues reported that in vivo, the formation of DHP-dG-3/4 and DHP-dA-3/4 adducts (Figure 

2.6) is more prevalent compared to the additional DHP-dG-1/2 and DHP-dA-1/2 adducts 

observed in the reaction of dehydroretronecine with calf thymus DNA. Similar outcomes were 

reported by Zhao et al. in rats following oral exposure to riddelliine. This variation between both 

test models is presumably attributable to the rapid repair of DHP-dG-1/2 and DHP-dA-1/2 

adducts in vivo (Fu et al. 2010b; Zhao et al. 2012).. Besides, the levels of DHP-dG and -dA 

adducts varied between PAs tested in rats after three consecutive days of treatment, with 

retrorsine followed by lasiocarpine, riddelliine, monocrotaline and riddelliine N-oxide, showing 

the highest levels (Xia et al. 2013). Lester and coworkers found similar results in rat sandwich-

culture hepatocytes, which were incubated over 6 and 24 h with different PAs. In the sum, the 

DHP-DNA adducts levels as well as the concentration versus time curve for the depletion of 

parent PA from extracellular media (AUC) for nine PAs were studied in rat hepatocytes. The 

highest DHP-DNA adducts per AUC were formed by lasiocarpine followed by echimidine, 

riddelliine and heliotrine after 24 h incubation in rat hepatocytes (Lester et al. 2019). The DHP-

dG3/4 and -dA3/4 adducts are seen as biomarker for PA exposure and being associated with 

development of liver tumors (Fu et al. 2010a; Xia et al. 2013). In a more recent study, Louisse 

and colleagues used a high-throughput western assay to examine the formation of γH2AX, a 

well-established DNA damage marker (Nikolova et al. 2014), in HepaRG liver cells in response 

to various PAs. The findings indicated that the PA genotoxicity was structure-dependent, with 

PAs such as monocrotaline or heliotrine showing either lower or higher toxicity compared to 

other PAs in the same esterification group. The highest γH2AX levels were observed with open 

and cyclic diester (Louisse et al. 2019). 

Furthermore, there is evidence that DHP-derived protein adducts can also give rise to DHP-

dG and -dA adducts, as shown in the reaction of pyrrolic metabolites with calf thymus DNA and 

in HepG2 cells (Xia et al. 2018). To date, 10 DHP-protein adducts were identified, which are 

DNA-reactive and form the same set of DHP-dG3/4 and -dA3/4 adducts, suggesting their role 

in PA-induced liver cancer initiation (He et al. 2016, 2017, 2020b; Fu 2017; Xia et al. 2018). 

Exemplary DHP-protein adducts are depicted in Figure 2.6. DHP was found to bind on amino 

acids and proteins such as cysteine (7-CYP-DHP), N-acetylcysteine (7-NAC-DHP) and 

glutathione (7-GS-DHP) (Fu 2017). In addition, the pyrrolic metabolite, 1-formyl-7-hydroxy-6,7-

dihydro-5H-pyrrolizine (1-CHO-DHP), was capable to react with cysteine to generate three 

DNA-reactive metabolites in vitro (He et al. 2020b). Moreover, there is evidence that the 

formation of different DHP glutathione conjugates is dependent on species and the individual 
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PA, which was demonstrated with glutathione using human and rat liver microsomes (Geburek 

et al. 2020). For example, senkirkine induced a greater amount of mono- and di-glutathione-

coupled DHP conjugates with rat liver microsomes, whereas senecionine generated more 

glutathione conjugates with human liver microsomes. In contrast, lasiocarpine formed similar 

levels of glutathione DHP conjugates in both liver microsomes (Geburek et al. 2020). 
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Figure 2.6: Structures of DHP-DNA adducts and secondary reactive metabolites. Shown 
are the main DHP-DNA adducts including DHP-dG3/4 and -dA3/4 as well as exemplary 
secondary metabolites such as 7-CYS-, 9-GSH-, 7-NAC- and 1-CHO-DHP formed by 1,2-
unsatured PAs in vivo (modified by Fu 2017, Chen et al 2016).  

Pyrrolic metabolites possess multiple reactive sites within their necine backbone, specifically 

at the C5, C7 and C9 position of the necine base. These sites facilitate binding to two distinct 

sites of DNA or protein to form respective DNA-DNA or DNA-protein crosslinks (Kim et al. 1995, 

1999; Coulombe et al. 1999). Studies using cells or isolated nuclei showed that pyrrolic PAs 

like dehydrosenecionine induced DNA-protein crosslinks, making up to 50% of total cellular 

DNA crosslinks. Furthermore, the crosslinking potency of PAs in vitro is comparable with the 

toxicity in animals (Petry et al. 1984; Kim et al. 1995; Coulombe et al. 1999). On the other 

hand, DNA-DNA crosslinking was investigated with monocrotaline in rats via intraperitoneal 

administration and in vitro. Both DNA-DNA and DNA-protein crosslinks were formed in vivo 

(Pereira et al. 1998). Furthermore, Coulombe and colleagues demonstrated that all tested PAs 

are capable to induce DNA crosslinks, with the degree of induction varying considerably. The 

order of DNA crosslinking activity is decreasing as follows: seneciphylline, riddelliine, and 

retrorsine (Coulombe et al. 1999). 
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2.4.3.2 Chromosomal damage 

DNA strand breaks caused by PAs can lead to chromosomal damage and the formation of 

micronuclei. Micronuclei are small, extranuclear structures formed when lagging chromosomes 

or chromosome fragments fail to integrate into the primary nucleus during mitosis or meiosis. 

These fragments are encapsulated by a nuclear envelope and persist into interphase. 

Micronuclei often arise from errors in chromosome segregation, such as defective kinetochore-

microtubule attachments or chromatin bridges, and are associated with genomic instability, 

chromothripsis, and tumor progression (Krupina et al. 2021). Several lines of evidence showed 

that certain PAs, predominantly cyclic di-ester, were clastogenic in vivo and in vitro (Chen et 

al. 2010; Allemang et al. 2018; Rutz et al. 2020; Hadi et al. 2021). The studies revealed 

chromosomal damage including micronuclei, sister chromatid exchanges and chromosomal 

aberrations in vivo or in vitro.  

Isatidine, monocrotaline and retrorsine induced micronuclei in cultured rat hepatocytes. 

Furthermore, rodent studies confirmed the evidence of polychromatic erythrocytes (PCE) in 

mouse bone marrow and fetal liver as well as micronucleated PCE in adult and fetal tissues 

after PA and PA mixture administration (Sanderson and Clark 1993; Chan et al. 1994; Mueller-

Tegethoff et al. 1995, 1997). Recent studies showed the induction of micronuclei caused by 

various PAs in HepaRG, HepG2 with CYP3A4 overexpression or wild type HepG2 with 

rifampicin pretreatment (Allemang et al. 2018; Rutz et al. 2020; Hadi et al. 2021). Notably, 

rifampicin is used for CYP3A4 mRNA upregulation in wild type HepG2 cells, that usually display 

low CYP3A4 expression (Berger et al. 2016). In two studies, various PAs including monoesters, 

open diesters and cyclic diesters were chosen to study the structure-dependent genotoxicity 

in a dose-dependent manner for 24 h in HepaRG and HepG2-CYP3A4 (Allemang et al. 2018; 

Rutz et al. 2020). The cells were incubated for 72 h in fresh medium and micronuclei were 

counted at the end. Both studies showed that cyclic diesters and open diesters exhibited the 

most pronounced genotoxic potential, except monocrotaline, followed by monoester. 

Monocrotaline was similar genotoxic compared to monoesters such as europine and indicine, 

whereby heliotrine caused a likewise rate of micronuclei compared to open and cyclic diester. 

The results of both studies indicated that the highest rate of micronuclei was induced by 

lasiocarpine followed by various cyclic esters, including senecionine, seneciphylline, retrorsine 

and riddelliine (Allemang et al. 2018; Rutz et al. 2020). Similar findings were found by another 

study, showing micronuclei formation caused by various PAs in HepG2 cells pretreated with 

rifampicin. Lasiocarpine followed by riddelliine, echimidine and retrorsine showed the highest 

rate of micronuclei formation, whereby monoester including europine and lycopsamine 

exhibited the lowest genotoxic potency (Hadi et al. 2021). 

In addition, several PAs such as riddelliine, lasiocarpine or monocrotaline caused 

chromosomal aberrations in mammalian cells like Chinese hamster ovary (CHO) or V79 cells 



Theoretical backround - Toxicity 
 

26 

together with S9 mix (Takanashi et al. 1980; NTP 2003). Muller and coworkers found 

chromosomal aberrations caused by monocrotaline, retrorsine and isatidine in V79 cells and 

primary hepatocytes only in presence of S9 mix (Mueller et al. 1992). According to the 

literature, only integerrimine as a cyclic diester was tested for chromosomal aberrations in vivo. 

Mice of both sexes revealed interchromosomal exchanges in a dose-dependent manner with 

the highest frequency of chromosomal aberrations 12 h after treatment (Gimmler-Luz et al. 

1990). Chromosomal aberrations were also found in blood cells of children, which suffered 

from HVOD (Martin et al. 1972). 

Besides, PAs were tested positive for sister chromatid exchange in CHO and V79 cells after 

S9 activation (Bruggeman and Van Der Hoeven 1985; NTP 2003). Sister chromatid exchanges 

were also found in chick embryo hepatocytes and varied in the amount among the tested PAs. 

The highest mutant frequencies were measured with seneciphylline followed by senkirkine, 

heliotrine and monocrotaline (Bruggeman and Van Der Hoeven 1985). 

2.4.3.3 Gene Mutations 

The formation of mutations depends on the failure of DNA repair mechanisms or the absence 

of cell death (Carusillo and Mussolino 2020). Mutagenicity assays with PAs such as retrorsine, 

heliotrine or lasiocarpine in bacteria, especially Salmonella typhimurium, yielded inadequate 

results. For example, retrorsine was tested positive in presence of S9 mix, showing both 

basepair substitutions and frameshift mutations in strains TA1535 and TA1537 with S. 

typhimurium (Wehner et al. 1979). Riddelliine showed positive mutagenic responses in S. 

typhimurium strains TA98, TA100, TA1535 and TA1537 after S9 activation too (White et al 

1984). Furthermore, heliotrine and lasiocarpine were positive in TA100 with metabolic 

activation via S9-mix too (Yamanaka et al 1979). However, other studies observed no or weak 

mutagenicity of PAs such as retrorsine, riddelliine seneciphylline in S. typhimurium strains. Due 

to the controversial results in S. typhimurium, it was considered that the test system was not 

suitable for the assessment of PA mutagenicity. (Clark 1976; Rubiolo et al. 1992; NTP 2003). 

Recently, a study confirmed the negative results of PAs in the ames fluctuation assay with and 

without rat liver S9 fraction. Rutz et al investigated the mutagenicity of eleven PAs such as 

lasiocarpine, retrorsine or heliotrine in S. typhimurium TA98 and TA100 strains. It was observed 

that all PAs were negative up to a concentration that resulted in more than a 50% reduction in 

bacterial viability, as assessed by resazurin reduction. Moreover, the inclusion of rat liver S9-

mix did not influence the results of the fluctuation assay. Therefore, the reactive metabolites of 

PA could exert bactericidal activity by attacking the outer bacterial wall or membrane (Rutz et 

al. 2020).  

On the other side, several PAs such as heliotrine, seneciphylline, retrorsine or monocrotaline 

were tested positive as mutagens in the wing spot assay or sex-linked recessive lethal test of 
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Drosophila melanogaster (Clark 1959; Candrian et al. 1984; Frei et al. 1992). Frei et al. 

investigated the structure-dependent mutagenicity of 15 PAs like heliotrine, indicine, 

monocrotaline and indicine N-oxide in the wing spot of D. melanogaster. The most potent PAs 

were senkirkine followed by monocrotaline, seneciphylline and senecionine. The only negative 

tested PA was the monoester supinine. Furthermore, the author observed structure-dependent 

differences among the tested PAs, with cyclic and open diesters identified as the most potent 

groups (Frei et al. 1992).  

Furthermore, riddelliine was tested for its mutagenicity via transgenic mutation assay in rat 

liver. Rats were gavaged with 0.1, 0.3 and 1.0 mg riddelliine per kg bw five days a week for 12 

weeks. The author found liver tumors at middle and high doses as well as significant dose-

dependent mutant frequencies in endothelial, but not parenchymal cells. Riddelliine induced 

G:C to T:A transversions and tandem base substitutions, such as GG to TT and GG to AT (Mei 

et al. 2004b, a). Moreover, the administration of riddelliine in mice has been demonstrated to 

induce mutations in the k-ras proto-oncogene as well as p53 tumour suppressor gene in the 

context of liver hemangiosarcomas. The study revealed that 58% of riddelliine-induced tumors 

showed a k-ras codon 12 G to T mutation and 75% unspecified p53 mutations (Hong et al. 

2003). 

 

2.4.4 Tumorigenicity 

In the last centuries, several rodent carcinogenicity studies with PAs such as heliotrine, 

monocrotaline, lasiocarpine or riddelliine were carried out, consistently showing liver tumor 

formation in rats. However, most of the studies were non-standard assays, lacking dose-

response data due to testing only a single dose, though they still produced positive results (Fu 

2017; Dusemund et al. 2018; Hartwig et al. 2020). The National Cancer Institute (NCI) and 

U.S. National Toxicology Program (NTP) conducted two-year carcinogenicity assays in rodents 

(mice and/ or rat) to investigate the carcinogenicity of lasiocarpine and riddelliine. The results 

indicated that both PAs were rodent carcinogens (NCI 1978; NTP 2003). Shumaker et al 

showed the induction of liver cell carcinomas and pulmonary adenocarcinomas in rats exposed 

to monocrotaline (Shumaker et al. 1976). Furthermore, the set of four DHP-DNA adducts is 

suggested as marker for PA-induced liver tumor development (Xia et al. 2013). The IARC has 

classified three PAs, namely riddelliine, lasiocarpine and monocrotaline, as 2B possibly 

carcinogenic for humans (IARC 1976, 1983, 1987, 2002).  

Lasiocarpine was evaluated in rats, both sexes, through the administration of daily dietary 

doses at 7, 15 and 30 ppm for a duration of 104 weeks. The high-dose group experienced 

significantly lower body weights throughout most of the study, while the mid-dose group had 

reduced body weights only in the second year. In addition, a dose-related increase in mortality 
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in both sexes was seen. None of the high-dose animals survived to the end of the study. For 

females, more deaths occurred at higher doses. In male rats, a significant dose-related 

increase in angiosarcoma of the liver was observed. In comparison, the incidences of 

angiosarcoma were significant in the low- and mid-dose groups, but not in the high-dose group 

of females, likely due to early mortality. For both sexes, angiosarcomas were found 

predominantly in the liver, with some metastasis the lungs. Furthermore, there was a positive 

dose-related trend in the combined incidence of hepatocellular carcinoma and adenoma in 

both sexes, especially in the high-dose groups. Finally, a significant induction of leukaemia or 

lymphoma was observed in the low- and mid-dose groups of female rats. In summary, the 

study with lasiocarpine provided evidence of carcinogenicity, predominantly in the liver, with 

findings of both dose-dependent tumor development and a significant gender impact (NCI 

1978). 

Riddelliine was tested in rats and mice, both sexes, using oral administration with doses 

ranging from 0.1 to 1 mg/ kg bw for rats and 0.1 to 3 mg/ kg bw in mice five days per week for 

a total of 105 weeks. The body weights of the rats and mice in the high-dose groups were 

significantly reduced compared to controls. The administration of 1 mg/ kg bw to male rats 

resulted in a high mortality rate, which led to an early termination of this part of the study. The 

majority of rats succumbed before reaching week 70. Furthermore, significant inductions of 

non-neoplastic lesions were found in the liver and kidneys for both rats and mice, with liver 

hyperplasia and cytomegaly being common. Both species revealed a distinct tumor 

development linked with riddelliine exposure. As example, a high rate of liver 

hemangiosarcoma was found, with 86% of male and 76% of female rats in the high-dose 

groups developing these tumors, indicating the liver as primary target organ. The development 

of liver tumors was investigated through the analysis of DNA adducts in the liver tissues. 

Furthermore, a significant increase in mononuclear cell leukemia in male and female rats was 

observed, implying systemic carcinogenic effects. Besides, female mice showed a notable 

increase in alveolar/ bronchiolar neoplasm predominantly in high-dose groups. In summary, 

riddelliine induced liver tumors in rats and both liver and lung tumors in mice (NTP 2003). 

The European Food Safety Authority (EFSA) reviewed both studies and applied the 

Benchmark dose (BMD) model averaging approach on the data sets regarding the incidence 

of liver hemangiosarcoma in both sexes. A benchmark dose lower confidence interval (BMDL) 

of 73 µg kg bw per day was determined based on liver tumors from the 2-year carcinogenicity 

study with lasiocarpine. On the other side, a BMDL of 237 µg/ kg bw per day based on the 

formation of liver haemangiosarcoma as the most sensitive neoplastic endpoint was assessed 

for retrorsine (EFSA 2011, 2017a, b). The BMD10 confidence intervals of both PAs were 

compared and used to evaluate the reference point for chronic risk assessment. Riddelliine 

was favoured over lasiocarpine because of the adequate number of animals tested per dose 



Theoretical backround - Toxicity 
 

29 

group, ensuring more reliable data. Additionally, the narrower BMD10 confidence interval for 

riddelliine indicated less uncertainty in the modelling compared to lasiocarpine (EFSA 2017b). 

 

2.4.5 Reproductive and developmental toxicity  

Several rodent studies were conducted in the 20th century to investigate the capability of PAs 

to induce embryotoxicity and teratogenicity since it was shown that senecionine was capable 

crossing the placenta in pregnant rats, resulting in litters born prematurely as well as offspring 

deaths (Sundareson 1942; Mattocks 1986). The LD50 in fetuses in utero was up to three times 

higher than in adult rats, indicating lower metabolic activity. In addition, embryos from PA-

treated rats showed only minor liver damage after birth (Sundareson 1942). The metabolism 

of retrorsine to pyrrolic esters in both maternal and fetal liver microsomes revealed higher 

activity in maternal liver. Furthermore, the formation of pyrrolic-protein adducts was greater in 

maternal than fetal liver of rats from both sexes (Li et al. 2018). Besides, the PA-induced toxicity 

in fetal and maternal livers was different among the tested PAs. Only lasiocarpine equally 

damaged both maternal and fetal liver, leading to liver necrosis or haemorrhage (Mattocks 

1986). Recently, Guo and coworkers investigated the effects of prenatal exposure to retrorsine 

and monocrotaline on fetal rats. Pregnant rats were administrated via gavage with 20 mg/ kg 

bw of either retrorsine or monocrotaline once daily from gestational day 9 to 20 and fetuses 

were collected after day 20 for analysis. The study resulted in both maternal and fetal growth 

retardation, congestion, vacuolization or hemorrhage as well as oxidative stress expressed in 

a decrease of GSH/GSSG ratio in both liver and lungs of fetuses. Fetal rats could be more 

impacted by PA-induced toxicity than maternal rats likely due to the accumulation and missing 

elimination of DHP-derived protein adducts (Guo et al. 2019). Green and Christie found dose-

related fetal abnormalities including retardation of development, musculo-skeletal defects in 

ribs, hyperplasia of the jaw and cleft palate, in rats during their second week of pregnany after 

single i. p. injections of heliotrine. Furthermore, heliotrine showed teratogenic effects such as 

morphological abnormalities in adult abdomen of Drosophila larvae too (Mattocks 1986). The 

findings of Lin and colleagues in zebrafish larvae indicated that echimidine has a deleterious 

impact on the development and functionality of the cardiac system. It would represent the first 

case of an open diester to report organ toxicity outside of the liver (Lin et al. 2023b).  

In conclusion, the figure 2.7 demonstrate a comprehensive overview of the toxicological 

endpoints induced by 1,2-unsaturated PAs in both animal models and in vitro models.  
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Figure 2.7: Impact of 1,2-unsatured PAs on different organs based on in vivo and in vitro 
findings (created in https://BioRender.com) 
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2.5 Health risks of PAs and legal framework 

2.5.1 PA uptake through the consumption of contaminated food 

PA intoxications occurred worldwide in both animals and humans. Compared to humans, 

animals were poisoned mainly by the consumption of PA plants on the field. Conversely, the 

consumption of plant-based foods such as herbal teas or wheat contaminated with PA is 

associated with reported cases of PA intoxication in humans (Wiedenfeld and Edgar 2011; 

Tamariz et al. 2018). It is well-known that a PA transfer into animal-derived products including 

milk or eggs occurs; however, the quantities involved are negligible. For example, the PA levels 

in milk and eggs were found to be 0.17 µg/ kg and 0.12 µg/ kg, respectively, while the average 

level in herbal tea was 454 µg/ kg (Mulder et al. 2018). The contamination of plant-based food 

with PAs takes place through several pathways. These include the unconscious harvesting of 

PA plants next to crops on the field, the carry-over from PA contaminated food and the 

horizontal transfer of PAs from PA producing plants to non-PA plants via their roots (Teschke 

et al. 2021). 

In recent years, many studies have been carried out to determine the PA content in plant-based 

foods. In summary, the major food products contaminated with excessive levels of PA include 

herbal teas, honey, food supplements and spices (Lu et al. 2024). A study was conducted to 

screen herbal teas of diverse varieties from six European countries for the presence of PAs. 

The analysis revealed that 92% of the samples tested positive, with a maximum value of 

4805 µg/ L and an average value of 454 µg/ L. Rooibos, followed by peppermint, black tea, 

and green tea, exhibited the highest concentration of PAs (Mulder et al. 2018). The analysis of 

vegetable and spice samples from the Netherlands revealed that artichokes exhibited the 

highest contamination levels of PAs, followed by fennel and dandelion with average levels 

between 793 and 2385 µg/ kg PAs. Oregano, rosemary and mint exhibited levels between 151 

and 235 µg/ kg (EFSA 2017b). Compared to the results of the Bundesinstitut für 

Risikobewertung (BfR) study, PA levels in spices were found to reach up to 5000 µg/ kg, with 

approximately 78% of the samples containing no more than 100 µg/ kg of PAs (BfR 2016). The 

concentration of PAs in honey varies depending on the country of origin. The mean PA levels 

in local honey from northern Germany and Ghana were found to be 73 µg/ kg and 283 µg/ kg, 

respectively, with maximum values of 3313 µg/ kg PA and 2639 µg/ kg (Letsyo et al. 2017; 

Gottschalk et al. 2020). The PA levels in local honey from Ghana are comparable to those 

observed in bee pollen. The average PA content was 382 µg/ kg, with a maximum of 

3356 µg/kg (De Jesus Inacio et al. 2020). The interest in bee pollen products e.g. as dietary 

supplement increased in the last years (Lu et al. 2024). 

Furthermore, there is evidence that PA transfer into streams, ground water, soil or in non-PA-

producing plants like maize is possible (Günthardt et al. 2020; Kisielius et al. 2020; Letsyo et 
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al. 2024). PA amounts of up to 70 ng/ L in stream water and up to 230 ng/ L in seepage water 

from groundwater wells were measured in Denmark due to the contamination of the invasive 

butterbur (Kisielius et al. 2020). Moreover, it was demonstrated that during rain events, the PA 

concentration in ragwort areas increased significantly in both soil and surface water (Hama 

and Strobel 2021). The PA uptake into non-producing PA plants through contaminated soil has 

been demonstrated in maize, although only trace amounts were detectable. It is hypothesised 

that an increased concentration of copper in soil may damage roots of both PA plants and food 

crops, enhancing the uptake of PA in non-PA-producing plants (Letsyo et al. 2021).  

2.5.2 Chronic PA intake and human health risk  

Especially the chronic PA toxicity is of interest due to its hepatotoxic and genotoxic potentials 

in vivo, leading to irreversible organ damage or cancer (EFSA 2011). For substances that are 

both genotoxic and carcinogenic, the margin of exposure (MoE) approach is used for risk 

characterisation. The MoE represents a dimensionless ratio between an appropriate 

toxicological reference point and the estimated daily intake (EDI) in a human population 

(Hartwig et al. 2020; Schrenk et al. 2022). The reference point can be derived from 

epidemiological studies or rodent carcinogenicity studies using the benchmark dose (BMD) 

approach. The BMD approach requires a benchmark response (BMR) comparable to the 

tumour incidence in a carcinogenicity study. In addition, the BMR includes a percentage 

(typically 10%) of the incidence above backround tumour rates (US EPA 1995). In general, a 

lower incidence rate of e.g. 5% is associated with a greater degree of uncertainty (Barlow et 

al. 2006). However, the BMR should be chosen according to the data set, typically 5% for 

continuous data (5%) and 10% for quantitative data due to the change in mean response and 

extra risk (EFSA 2017a). Moreover, in consideration of statistical uncertainty, the 95% 

confidence interval (CI) was employed to assess the lower boundary for the BMD value 

(BMDL). No human health concern is expected if the MoE value is above 10,000 (Lachenmeier 

and Rehm 2015).  

In 2017, the CONTAM panel of the EFSA published a new BMDL10 of 237 µg/ kg bw per day 

based on the formation of liver haemangiosarcoma as the most sensitive neoplastic endpoint 

(see chapter 2.4.4). This reference point was estimated based on the data from the riddelliine 

carcinogenicity study, which is more reliable compared to the 2-year carcinogenicity study with 

lasiocarpine (EFSA 2017b). It was estimated that the chronic PA exposure resulting from the 

consumption of herbal and rooibos tea was slightly above 10,000 for high consumers (EFSA 

2017b). Chen and colleagues evaluated MoE values for 21 types of teas and found evidence 

of concern for the daily consumption of tephroseris, borage and lemon balm as tea during a 

lifetime (Chen et al. 2022a). Due to data gaps only model scenarios for herbs and spices were 

performed to investigate the human health risk. The model scenarios showed that even a low 
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consumption of herbs or spices such as oregano or thyme could lead to a potential PA 

exposure and health concern in adults or children (Kaltner et al. 2020). According to model 

scenarios from the BfR, MoE values below 10,000 are achieved for regular consumer and high 

consumer (adults) by the consumption of 3,000 µg and 1000 µg 1,2-unsatured PA per kg 

contamined spices, respectively (BfR 2020).  

It should be noted that one or more PAs are found in food, but the MoE approach is performed 

on the BMDL10 value of riddelliine. Several lines of evidence observed a structure-dependent 

toxicity of PAs in vitro, showing a greater toxic potential for PAs with a higher degree of 

esterification. Furthermore, some PAs like heliotrine or monocrotaline are not equally toxic 

within the same esterification group (Allemang et al. 2018; Louisse et al. 2019; Gao et al. 2020; 

Rutz et al. 2020). Accordingly, the MoE approach may result in an over- or underestimation of 

the risks, depending on the PAs found in food (Schrenk et al. 2022). Merz and Schrenk 

proposed interim relative potency (iREP) factors to evaluate PAs based on their chemical 

structure. The iREP factors describe the toxic potential of each PA, whereby additional 

literature data were used to compare the PAs. The data include acute toxicity in rodents, in 

vitro cytotoxicity and genotoxicity in drosophila of each PA. The data allowed the derivation of 

iREP factors of 1.0, 0.3, 0.1 and 0.01, whereby a lower factor is associated with a decreased 

toxic potential. The researchers concluded that cyclic di-esters, followed by open di-esters, are 

the most toxic PAs compared to mono-esters. Furthermore, PAs with a 7S configuration are 

more toxic than those with a 7R configuration (Merz and Schrenk 2016). However, the BfR 

declined the congener-specific approach due to insufficient data and upheld the 

recommendation that all 1,2-unsaturated PAs should be classified as equally toxic (BfR 2020).  

2.5.3 PA regulations and recommendations  

In addition to chronic PA toxicity, acute intoxication manifests as non-neoplastic damage such 

as liver necrosis, if high PA amounts are orally ingested and metabolized within a short time 

(Dusemund et al. 2017). The BfR established a health-based guidance value (HBGV) of 0.1 µg 

PA/ kg bw per day derived from a NOAEL of 10 µg/ kg bw per day from a 2-year rat 

carcinogenicity study with riddelliine, which showed non-neoplastic damage, and applied an 

extrapolation factor of 100 based on interspecies (10) and intraspecies (10) differences. The 

HBGV is used as a reference point for assessing the risk of non-carcinogenic damage (BfR 

2020). In comparison, this reference point is 8000-fold lower (0.8-1.7 mg/ kg bw per day) 

compared to the lowest known acute dose associated with adverse liver effects in children 

after 4-14 days PA-contaminated tea exposure. Furthermore, the HBGV is 150-fold lower 

compared to the lowest known dose associated with long-term toxicity (6 months) in humans 

(15 µg/ PA/ kg bw per day) (WHO-IPCS 1988; EFSA 2011).  
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In the past, the BfR and the Committee on Toxicity of Chemicals in Food, Consumer Products 

and the Environment (COT) recommended a maximum daily intake of 0.007 µg/ kg bw per day 

for PAs based on the BMDL10 of 73 µg kg bw per day based on liver tumors from the two-year 

carcinogenicity study with lasiocarpine. The maximum daily intake of 0.007 µg/ kg bw per day 

is derived by allowing a MoE of 10,000 (EFSA 2011; Lu et al. 2024). The European Medicines 

Agency (EMA) Committee on Herbal Medicinal Products (HMPC) referenced the EFSA risk 

assessment and agreed that an oral intake, including for contamination in medicinal products, 

of 1.0 µg/ day for an adult is not a cause for concern based on the acceptable intake of 

0.0237 µg/ kg bw for a 50 kg person based on the two-year carcinogenicity study with 

riddelliine (EMA 2021). Furthermore, the regulation (EC) No. 2023/ 915 provides maximum 

limits of the sum of 21 PAs/ PANOs and 14 co-eluated isomers in food such as oregano or 

herbal teas (EC Regulation 2023/ 915). 

Moreover, it is recommended that manufacturers in the European Union pursue continuous 

optimisation of their cultivation, harvesting and cleaning methods with the objective of reducing 

the content of 1,2-unsaturated PAs in food as far as is technically feasible (ALARA principle – 

as low as reasonably achievable) (BfR 2020). 

2.6 DNA damage and its cellular response 

Cells are constantly exposed to DNA damage from both endogenous and exogenous sources 

(Marechal and Zou 2013). While endogenous damage arises from normal cellular processes, 

such as metabolic by-products or spontaneous chemical reactions, exogenous sources 

comprise ultraviolet (UV) and ionizing radiation, environmental chemicals or dietary 

carcinogens. Spontaneous errors during DNA replication and repair as well as chemical 

instability of DNA including depurination, deamination and hydrolysis are examples for 

endogenous DNA damage. Exogenous sources such as UV radiation can cause thymine 

dimers, while ionizing radiation can induce double-strand breaks and complex DNA lesions 

(Giglia-Mari et al. 2011; Yousefzadeh et al. 2021). 

It is estimated that each cell experiences up to 10,000 single-strand breaks (SSB) and 

spontaneous base losses in its DNA daily. When accounting for all types of spontaneous 

damage, the total number can reach up to 100,000 lesions per cell each day (Lindahl 1993; 

Sander et al. 2004). On the other side, UV-A and -B exposure can cause up to 100,000 lesions 

in a cell per hour (Ward 1988).  

To manage with this constant threat, cells have developed a sophisticated DDR system. The 

DDR is of crucial importance for the preservation of genomic integrity in the face of constant 

DNA damage from both internal and external sources (Smith et al. 2020). Failure to properly 

repair DNA damage can lead to mutations, genomic instability, and cancer (Roos et al. 2016).  
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2.6.1 DNA damage response 

In response to genotoxic stress, cells have developed complex mechanisms that subsequently 

determine whether the cell will survive or undergo cell death. The cellular response is 

controlled and orchestrated by the DDR signaling pathway. The DDR is activated in presence 

of DNA strand breaks or replication stress, such as stalled replication forks, and allows removal 

of lesions to be completed before replication or cell division (Roos and Kaina 2013; Blackford 

and Jackson 2017). The DDR signaling pathway involves protein kinases and mediator 

proteins, which facilitate phosphorylation events within the DDR network. In mammalian cells, 

the kinases ataxia-telangiectasia mutated (ATM), ATM- and Rad3-related (ATR) and DNA-

dependent protein kinase (DNA-PK) are pivotal components of the DDR. These serine/ 

threonine kinases belong to the phosphatidylinositol-3-kinase-like kinase (PI3K) family and are 

essential for maintaining genomic stability (Jackson and Bartek 2009; Maréchal and Zou 

2013). While ATR is primarily activated in response to stalled DNA replication forks, ATM and 

DNA-PK are both recruited to DSBs (Figure 2.8). However, there is ample evidence for 

crosstalk between all three PI3K kinases with each other through DNA end resection or post-

translational modifications on shared proteins such as Histone H2AX, which is essential for 

maintaining genomic stability (Maréchal and Zou 2013). The apical phosphokinases are 

activated via autophosphorylation, except ATR, and phosphorylate numerous downstream-

targets like checkpoint kinases (CHKs), H2AX or the tumorsurpressor protein p53 (Blackford 

and Jackson 2017). There is evidence that certain PAs like lasiocarpine lead to an activation 

of both CHK1 and CHK2 as well as p53 signaling pathways in liver cells or TK6 cells (Ebmeyer 

et al. 2020; Li et al. 2021). The DDR either halts the cell cycle to allow for repair or triggers 

apoptosis if the DNA damage is irreparable, depending on the severity, to prevent potential 

mutations. The phosphorylation on both CHKs and p53 is essential for initiating signal 

cascades that result in cell cycle arrest (Roos et al. 2016). Abdelfatah and coworker showed 

that cyclic and open diester lead to the up- and downregulation of several genes involved in 

cell phase arrest through G1/S and G2/M transition in liver cells (Abdelfatah et al. 2022). 

Furthermore, p53 plays a crucial role as transcription factor by initiating the transcription of 

genes involved in DNA repair, cell cycle arrest and apoptosis, hence being referred to as 

“guardian of the genome” (Silva et al. 2020; Chen et al. 2020).  
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Figure 2.8: The DNA damage response. ATR, ATM and DNA-PK recruitment to DNA 
strand breaks and their respective activation pathway (modified by Blackford and Jackson 
2017, Saldivar et al 2017, created in https://BioRender.com) 
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In presence of replications stress and single-stranded DNA (ssDNA) regions, the ATR signaling 

pathway is activated. In the first step, the leading strand polymerase is blocked and the 

minichromosome maintenance (MCM) helicase continues unwinding DNA ahead of the 

replication fork. This process results in substantial stretches of ssDNA, which are rapidly 

coated by replication protein A (RPA) (Byun et al. 2005; Nickoloff et al. 2022). In general, RPA 

is coated at ssDNA through nucleolytic processing due to damaged DNA or by helicase-

polymerase uncoupling at stalled replication forks (Zou and Elledge 2003; Byun et al. 2005). 

Next, ATR is recruited by its partner, the ATR-interacting protein (ATRIP), on the RPA-coated 

ssDNA. The RAD9-RAD1-HUS1 (9-1-1) is structurally similar to the proliferating cell nuclear 

antigen (PCNA) and is loaded by the RAD17-replication factor C subunits 2-5 (RFC2-5 or 

RAD17) clamp loader at the single-stranded and double-stranded DNA junction close to the 

ssDNA (Bermudez et al. 2003; Ellison and Stillman 2003; Zou et al. 2003; Zou and Elledge 

2003). Both complexes form sliding clamps at or near sites of DNA damage (Abraham 2001). 

The 9-1-1-complex interact with the RAD9-HUS1-RAD1-interacting nuclear orphan (RHINO) 

and the MRN complex to recruit the ATR activator topoisomerase II binding protein (TOPBP1). 

The TOPBP1 binds to the ATR-ATRIP complex and lead to ATR activation (Cotta-Ramusino et 

al. 2011; Lindsey-Boltz et al. 2015). Besides, the Ewing tumor-associated antigen 1 (ETAA1) 

can bind to RPA and activate ATR in a parallel pathway (Bass et al. 2016; Haahr et al. 2016; 

Lee et al. 2016). It is known, that both TOPBP1 and ETAA1 induce a conformational change 

in ATR, enhancing its kinase activity against its substrates (Mordes et al. 2008). In the 

meanwhile, RPA is phosphorylated by the ATR-ATRIP complex, which is essential for recruiting 

downstream targets to the stalled replication fork and minimize ssDNA generation (Kang et al. 

2023). Activated ATR can autophosphorylate itself on Thr1989 for enhanced activity and 

phosphorylates downstream targets including CHK1 at Ser345. The activation of CHK1 is only 

in presence of claspin possible (Kumagai and Dunphy 2000). Furthermore, ATR and CHK1 are 

capable both to phosphorylate p53 at Ser15 and Ser20, leading to p53 accumulation. The 

activation of both, CHK1 and p53, is necessary to regulate cell cycle progression and DNA 

repair (Blackford and Jackson 2017). Besides, the histone H2AX is phosphorylated (γH2AX) 

at Ser139 by ATR as well, which is a known DNA damage marker at SSB and DSB (Shiloh and 

Ziv 2013). 

When two SSBs occur close to each other or when the DNA replication machinery encounters 

a SSB or certain other lesions, DSBs are formed. In response to DSBs, both ATM and DNA-

PK become activated, but each apical phosphokinase is recruited on site by different sensor 

proteins. While the MRE11/RAD50/NBS1 (MRN) complex is needed for ATM recruitment, the 

heterodimer KU70/80 is necessary for DNA-PK assembly (Blackford and Jackson 2017). The 

latter is further described in the chapter “DNA repair pathways”, as NHEJ plays a major role 

following DNA-PK activation. In general, ATM relies as a Dimer in undamaged cells. After MRN 
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recruitment at DSB sites, ATM undergoes autophosphorylation at serine residues (Ser 367, 

1893 and 1981) to activate itself and its substrates (Kozlov et al. 2011). Common downstream 

targets including CHK2 (Thr68), p53 (Ser15/ 20) and H2AX (Ser139) are phosphorylated after 

ATM activation, which in turn affect cell cycle progression at G1/S and G2/M cell cycle 

checkpoint and DNA repair (Shiloh and Ziv 2013). Phosphorylated CHK2 leads to its 

dimerization and autophosphorylation, which is required for full activation (Zannini et al. 2014). 

Besides ATR, ATM and DNA-PK lead to a RPA32 phosphorylation at specific residues in 

response to replication stress (Liu et al. 2012). ATM phosphorylates RPA32 at serine residues 

4, 8, and 12, while DNA-PK targets the same sites with an additional phosphorylation at serine 

21. Notably, it is suggested that the phosphorylation at serine 4 and 8 is mainly mediated by 

DNA-PK. In contrast, ATR specifically phosphorylates serine 33 at RPA32 (Liu et al. 2012; 

Maréchal and Zou 2015). RPA32 phosphorylation can have an impact on the stabilization of 

replication forks, facilitates the recruitment of repair proteins and suppresses DNA replication, 

ensuring proper cell cycle arrest and repair processes (Feng et al. 2009; Liu et al. 2012; Kang 

et al. 2023). Furthermore, H2AX phosphorylation belongs to the most prominent DDR-

associated histone modification in response to DNA damage (Giglia-Mari et al. 2011). The 

ubiquitination of γH2AX by E3 ubiquitin ligases including RNF8 and RNF168 promotes the 

DSB repair. RNF8 ubiquitinates proteins at the damage site directly to γH2AX, creating a 

platform for RNF168 to dock. RNF168 amplifies the signal by ubiquitinating histone H2A at 

lysines 13 and 15 (H2AK13/K15). This process allows the recruitment of DNA repair proteins 

such as 53BP1 and BRCA1 to the site and is necessary for chromatin remodeling (Giglia-Mari 

et al. 2011; Sekiguchi and Matsushita 2022). On the other hand, the deubiquitination is 

essential for resolving the DDR and restoring chromatin to its original state. Specifically, USP3 

and USP49 are responsible for the deubiquitination of γH2AX, ensuring proper regulation of 

the repair process and preventing prolonged signaling (Sharma et al. 2014; Sekiguchi and 

Matsushita 2022). 

2.6.2 Cell cycle regulation and arrest  

The eukaryotic cell cycle is comprised of four phases: G1 (first gap phase), S (DNA synthesis), 

G2 (second gap phase) and M (mitosis) (Figure 2.9). Checkpoints regulate the progression 

between these phases, ensuring the correct sequence of events and halting the cycle if issues 

such as DNA damage or spindle defects arise, allowing time for resolution (Huang and Zhou 

2020). The cell cycle can be halted at the G1/S transition, during the S-phase, or at the G2/M 

transition, depending on the type of DNA damage and the cell cycle stage when the lesion is 

detected (Figure 2.9). Key proteins, such as cyclins and cyclin-dependent kinases (CDKs), 

promote cell cycle progression, while inhibitors like p21 can halt progression in response to 

DNA damage (Zhou and Elledge 2000).  



Theoretical backround - DNA damage and its cellular response 
 

39 

 

Figure 2.9: Cell cycle regulation after phosphorylation of p53, CHK1 and CHK2 (modified 
by Smith et al. 2020; Gorecki et al. 2021; Vlatkovic et al. 2022, created in 
https://BioRender.com) 

The TP53 gene encodes the tumor suppressor protein p53, which is a key regulator of the cell 

cycle. In response to DNA damage, p53 is phosphorylated by apical phosphokinases or 

checkpoint kinases at e.g. Ser15 or Ser20, leading to a dissociation of mouse double minute 2 

(MDM2) and p53 accumulation (Chen et al. 2020). In general, low levels of p53 are present in 

non-transformed cells due to the E3 ubiquitin ligase MDM2. The transcription of MDM2 is 

activated by p53, which in turn block the transcriptional activity of p53 and mediate its 

degradation via the 26S proteasome through ubiquitination (Jung et al. 2020). The negative 

feedback loop of both proteins is interrupted if p53 is phosphorylated at specific residues. 

Stabilized p53 binds to specific p53-response elements of the cyclin-dependent kinase inhibitor 

1A (CDKN1A) promotor region, leading to its transcriptional activation of p21/WAF1. 

Subsequently, p21 can bind to cyclin-dependent kinases (CDK) 2 and 4, inhibiting their activity 

and preventing their association with cyclins E and D, respectively. This inhibition leads to cell 

cycle arrest at the G1 phase(Harper et al. 1995; Roos and Kaina 2013; Huang and Zhou 2020). 

The G1 cell cycle arrest prevents the phosphorylation of the retinoblastoma protein (Rb), 

allowing it to bind to the transcription factor E2F1, thereby repressing the expression of genes 

required for DNA replication and cell-cycle progression. Furthermore, p21 also interact with the 

proliferating cell nuclear antigen (PCNA), assisting to block DNA replication and reinforce the 
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cell cycle arrest (Luo et al. 1995; Huang and Zhou 2020). Besides, p53 further controls the cell 

cycle at the G2/M phase, preventing cell proliferation. Other p53 target genes like 14-3-3σ and 

the cell division cycle 25 (cdc25) are linked with a p53-induced G2/M arrest in response of 

DNA damage (Hermeking et al. 1997; Badie et al. 2000). In cases of sustained damage, 

stabilized p53 induces the transcription of pro-apoptotic genes like PUMA and BAX, resulting 

in apoptosis (Bieging et al. 2014). 

Activated CHK1 and CHK2 can phosphorylate and inactivate cdc25A and cdc25C 

phosphatases, preventing them from removing the inhibitory phosphorylation on CDK1 (Lewis 

et al. 2017; Rundle et al. 2017). The phosphorylation of cdc25A leads to its degradation during 

the S phase, while phosphorylation of cdc25C causes it to associate with 14-3-3 signaling 

proteins, resulting in its sequestration in the cytoplasm (Saldivar et al. 2017). The inhibition of 

CDK1 stops entry into mitosis, whereas inhibiting CDK2 prevents entry into and progression 

through the S-phase. Furthermore, both checkpoint kinases phosphorylate p53 at specific 

sites, leading to its accumulation and activation of the p53-p21 axis (Smith et al. 2020).  

2.6.3 DNA repair pathways 

DNA repair is crucial for genomic stability since deficiencies can lead to diseases like 

xeroderma pigmentosum (XP), Cockayne syndrome (CS), ataxia-telangiectasia (A-T) or 

Seckel syndrome. These conditions are linked to distinct risks: XP (caused by mutations in 

XPA-XPG) is associated with an increased risk of skin cancer, while Li-Fraumeni syndrome 

(p53 mutations) predisposes to breast and brain tumors. Defects in homologous recombination 

(BRCA1/2 mutations) elevate breast cancer risk, and A-T (ATM mutation) is linked to 

lymphoma. In contrast, neurodegenerative disorders are primarily associated with CS, Seckel 

syndrome (ATR mutation), and A-T (Jackson and Bartek 2009; Coon and Benarroch 2018). In 

mammalian cells, several repair pathways are crucial for addressing different types of DNA 

damage. For example, the base excision repair (BER) is responsible for removing oxidative 

base modifications, while the mismatch repair (MMR) identifies and correct base-base 

mismatches that arise from errors during DNA replication (Jiricny 2006; Modrich 2006; Wilson 

and Bohr 2007). The nucleotide excision repair (NER) responds to bulky or UV-induced 

adducts, while the non-homologous end-joining (NHEJ) and homologous recombination (HR) 

are activated in the presence of DSBs (Schärer 2013; Kowalczykowski 2015; Seol et al. 2018). 

Each DNA repair pathway relies on specific proteins for the recognition, removal, and repair of 

DNA lesions. A comprehensive overview of the various DNA repair pathways and their 

associated proteins is provided in table 2.3. 

In the context of the NER, two distinct sub-pathways have been characterised for the detection 

of DNA damage. The global genome NER (GG-NER) is triggered by helix-distorting DNA 

damage, such as UV-induced cyclobutane pyrimidine dimers (CPDs) and (6-4) photoproducts, 



Theoretical backround - DNA damage and its cellular response 
 

41 

and is active throughout the entire genome. On the other hand, the transcription-coupled NER 

(TC-NER) is triggered only to RNA polymerase II stalling at lesions on the transcribed strand. 

Furthermore, each sub-pathway differs in their recognition proteins: The GG-NER is initiated 

by XPC and RAD23B, whereas the TC-NER involves CSA and CSB (Mullenders 2015; Nastasi 

et al. 2020). After the recognition of the DNA lesion, both pathways recruit the transcription 

factor IIH complex (TFIIH), including helicases XPB and XPD, to open the DNA duplex, 

followed by exonucleases and XP proteins for damage removal (Coon and Benarroch 2018). 

The helicase XPB is responsible for the recruiting of TFIIH, while XPD is necessary for the 

damage verification. The damaged DNA segment is removed as a 22-30 base oligonucleotide 

by XPF-ERCC1 and XPG. The correct incision of the oligonucleotide requires the organization 

of the proteins XPA, XPG and RPA. At the end, the DNA resynthesis and ligation is carried out 

by proliferating cell nuclear antigen (PCNA), replication factor (RFC) and DNA polymerases δ/ 

ɛ to fill the gap, whereby the nick is sealed by either the XRCC1–ligase 3 or flap endonuclease 

1–ligase 1 complex (Schärer 2013).  

The NER operates throughout the cell cycle, whereas the NHEJ or HR is limited to cell division 

phases. The NHEJ is the predominant pathway for DSBs during the G1 phase in both post-

mitotic and cycling cells, though it is known to be error-prone (Zha et al. 2011). The error-prone 

nature of microhomology-mediated end joining (MMEJ) arises when the classical non-

homologous end joining (NHEJ) pathway fails, prompting the activation of an alternative repair 

mechanism mediated by DNA polymerase θ. The polymerase θ plays a crucial role in MMEJ, 

an alternative pathway for repairing DSBs (Beagan and McVey 2016). It promotes MMEJ by 

aligning short microhomologous sequences at the ends of processed DNA, filling in gaps, and 

displacing DNA strands during the repair process. Unlike most other polymerases, Pol θ can 

synthesize DNA from single-stranded templates and 3' overhangs, making it particularly suited 

for MMEJ (Beagan and McVey 2016). MMEJ can result in the induction of mutations and 

cancer progression (Van Schendel et al. 2015). The NHEJ starts with the recognition and 

binding to the broken DNA ends by the KU70/80 protein complex without needing a repair 

template. The recruitment of DNA-PK to KU70/80 allows the aligning of DSB ends for repair. It 

was shown that the autophosphorylation at both Ser2056 and Thr2609 are necessary for DNA-

PK activation. Next, the endonuclease Artemis is recruited by DNA-PK to process the DNA 

ends, making them suitable for ligation (Blackford and Jackson 2017). Finally, the XRCC4-

Ligase IV complex, along with XLF, joins the DNA ends together for completing the repair 

(Giglia-Mari et al. 2011; Coon and Benarroch 2018). On the other hand, the HR is restricted to 

the S and G2 phases since homologous sister chromatids are needed. HR also helps to restart 

stalled replication forks and fix interstrand DNA crosslinks, which involves the Fanconi 

Anaemia (FA) protein complex (Jackson and Bartek 2009). The MRN complex initially 

recognizes and binds to DSBs, facilitating the recruitment of ATM. Afterwards, ATM 
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phosphorylates several substrates including CtIP, BRCA1 and H2AX, which lead to the 

recruitment of additional repair proteins (Coon and Benarroch 2018). The MRN complex, along 

with CtIP and BRCA1, initiates DNA end resection, creating a ssDNA overhang (Smith et al. 

2020). RPA binds to ssDNA, preventing secondary structure formation. RAD51 is then loaded 

onto the ssDNA, displacing RPA with the help of BRCA2 and other mediators, forming a 

nucleoprotein filament that invades the homologous DNA sequence. At the end, DNA synthesis 

and ligation complete the repair (Giglia-Mari et al. 2011). A key factor in selecting the DSB 

repair pathway is the initiation of 5′-3′ resection of DNA ends to form ssDNA segments, followed 

by a coating with the recombinase RAD51 (Kowalczykowski 2015). Furthermore, BRCA1 

interacts with DNA-PKs during the S phase to block its autophosphorylation, facilitating DNA 

end resection and HR factor loading (Davis et al. 2014). 

Table 2.3: Overview of exemplary DNA repair mechanism (modified by Jackson and Bartek 
2009, Nastasi et al 2020) 

Repair 

mechanism 

Causes / Type of DNA 

damage 
Key proteins 

MMR DNA mismatches and 
insertion/deletion loops arising 
from DNA replication 

Sensors MSH2-MSH6 and MSH2-MSH3 
plus MLH1-PMS2, MLH1-PMS1, PLH1-
MLH3, EXO1, polymerases δ and ε, 
PCNA, RFC, RPA, ligase I 

BER Abnormal DNA bases, simple 
base adducts 

DNA glycosylases as sensor, AP 
endonuclease, polymerase (β, δ, ε) 
FEN1, DNA ligase I or ligase III, XRCC1 

NER Lesions that disrupt the DNA 
double-helix, such as bulky 
base adducts and UV photo-
products 

Sensors elongating RNA polymerase, 
XPC-HR23B and DDB1/2, plus XPA, 
XPE, XPF/ERCC1, XPG, CSA, CSB, 
TFIIH (containing helicases XPB and 
XPD), DNA polymerases and associated 
factors, RPA, ligase I 

Trans-lesion 
bypass 

Base damage blocking 
replication fork progression 

“Error-prone” DNA polymerases, 
including polymerases (η, ι, κ), REV3 
and REV1; plus associated factors 

NHEJ Radiation- or chemically-
induced DSBs plus V(D)J and 
CSR intermediates 

Sensors Ku70/80 and DNA-PKs plus 
XRCC4, XLF/ Cernunnos and ligase IV  
Can also employ the MRE11-RAD50-
NBS1 complex, Artemis nuclease, PNK, 
Aprataxin and polymerases (μ and λ) 

HR DSBs, stalled replication forks, 
inter-strand DNA cross-links 
and sites of meiotic 
recombination and abortive 
Topoisomerase II action 

RAD51, RAD51-related proteins 
(XRCC2, XRCC3, RAD51B, RAD51C, 
RAD51D, DMC1), RAD52, RAD54, 
BRCA2, RPA, 
FEN1, DNA polymerase and associated 
factors. Promoted by MRN, CtIP, BRCA1, 
and the ATM signalling pathway 

MMEJ DSB, UV or chemotherapy, 
ROS 

PARP1, CtIP, Mre11 complex, BLM/ 
EXO1, MHs, RPA, XPF/ ERCC1 
nuclease, polymerase θ and ligation by 
Ligases I/III 
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3 Objectives 

Currently, PAs in food are assessed using the MoE approach, which is based on the BMDL10 

value of riddelliine. However, several lines of evidence indicate that PAs exhibit structure-

dependent toxicity, with a greater toxic potential for PAs with a higher degree of esterification. 

Moreover, PAs within the same esterification group, such as heliotrine and monocrotaline, can 

differ in toxicity, leading to potential over- or underestimation of risks depending on the specific 

PAs found in food. To refine PA risk assessment, Merz and Schrenk reviewed existing 

literature on PA toxicity and proposed iREP factors, classifying PAs based on their chemical 

structure and toxic potential. These factors, ranging from 1.0 to 0.01, account for acute toxicity 

in rodents, in vitro cytotoxicity, and genotoxicity in Drosophila, suggesting that cyclic di-esters 

are the most toxic, followed by open di-esters and then mono-esters. Additionally, PAs with a 

7S configuration show higher toxicity than those with a 7R configuration. Despite these 

insights, the BfR rejected a congener-specific approach due to insufficient data, maintaining 

the classification of all 1,2-unsaturated PAs as equally toxic. 

Although the literature provides valuable insights into PA toxicity, current data on PA effects in 

liver cells are limited. Further studies are required to comprehensively evaluate structure-

dependent PA toxicity and improve risk assessment strategies. This project aims to address 

these gaps by providing a refined toxicity assessment of structurally diverse PAs, supporting 

the development of a more precise risk evaluation framework. Through systematic potency 

ranking and a detailed investigation of PA transport mechanisms, this research offers valuable 

data that can contribute to a reworked PA risk assessment strategy. 

Publication I: It is commonly known that a higher PA toxicity is related to a higher degree of 

esterification. Previous studies have indicated that individual PA congeners within esterification 

groups, including monoesters, open diesters, and cyclic diesters, display distinct cytotoxic and 

genotoxic effects. This highlights the importance of distinguishing these congeners from others 

within the same group, as they cannot be regarded as equivalent (Louisse et al. 2019; Gao et 

al. 2020; Rutz et al. 2020). This study employs human HepG2 cells with CYP3A4 

overexpression and PHH to assess PA-induced genotoxicity and cytotoxicity. The following 

research questions are addressed: 

• What is the cytotoxic potential of structurally distinct PAs in HepG2-CYP3A4 cells and 

PHH, and how do their toxic effects correlate with their chemical structures? 

• Can genotoxicity markers, such as γH2AX and p53, be used to establish a potency ranking 

for PAs based on structure-dependent effects? 

• How do BMD approaches support the classification of PAs into potency classes for risk 

assessment? 
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• Can the observed cytotoxic and genotoxic effects be confirmed in PHH, considering their 

full metabolic competence compared to HepG2-CYP3A4 cells? 

Publication II: The hepatotoxic potential of PAs is influenced not only by metabolic activation 

but also by their intracellular accumulation via transporters such as OCT1. It remains to be 

clarified whether OCT1 transport is relevant for PAs, irrespective of their esterification group. 

This study examines the impact of the OCT1-mediated uptake of selected PAs, representing 

one congener from each esterification group, on PA toxicity in wildtype HepG2 and V79, 

CYP3A4- overexpression HepG2 and V79 cells as well as PHH. The following research 

questions are explored: 

• How does OCT1 influence the cellular uptake of structurally different PAs in human liver 

cell and hamster lung fibroblasts? 

• Can pharmacological inhibition of OCT1 prevent PA-induced cytotoxicity and genotoxicity 

in liver cell models? 

• Does the inhibition of OCT1 affect the activation of the DDR, as indicated by reduced 

phosphorylation of checkpoint kinases? 

In summary, this project aims to elucidate the structure-dependent toxicity of PAs and the role 

of OCT1-mediated transport in modulating their hepatotoxic effects. The findings will contribute 

to a more refined risk assessment framework for PAs and help establish mechanistic insights 

into their toxicological profiles. 
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4 Cumulative Part: Publications 

4.1 Publication I 

The publication I describes the investigation of the cytotoxic and genotoxic potential of 11 

pyrrolizidine alkaloids using the Alamar blue assay and an in vitro genotoxicity battery in 

HepG2-CYP3A4 cells and PHH. The in vitro test battery includes assays to assess the DNA 

damage, including the alkaline comet assay as well as the determination of DNA damage 

markers γH2AX and p53. The aim was to rank the potency of different PAs based on their 

genotoxic and cytotoxic effects. 

 

Reference: Haas, M., Wirachowski, K., Thibol, L., Küpper, J.-H., Schrenk, D., Fahrer, J., 

Potency ranking of pyrrolizidine alkaloids in metabolically competent human liver cancer cells 

and primary human hepatocytes using a genotoxicity test battery. Arch Toxicol 97, 1413–1428 

(2023).  

The publication, along with the supplementary data, is free available in the journal “Archives 

of Toxicology”. The following link provides full access to the article and the data. 

DOI: 10.1007/s00204-023-03482-8 

 

Contributions to this publication: 

I contributed in the investigation, methodology and formal analysis as well as the writing of the 

original draft and its editing. Furthermore, I performed cytotoxicity and genotoxicity 

experiments of nine out of eleven PAs in HepG2-CYP3A4 cells and all PAs in cryoconserved 

human hepatocytes. Ms. Wirachowski investigated the genotoxic and cytotoxic potential of two 

PAs, echimidine and heliotrine, as part of her master’s thesis. Additionally, I conducted and 

managed the cell culture and treatment, experiments including western-blot analysis, alkaline 

comet-assay, confocal immunofluorescence microscopic analysis and resazurin reduction 

assay. I was primarily responsible for comet analysis, with Ms. Thibol assisting in evaluation. 

Furthermore, I determined the relative cytotoxicity, the genotoxicity by BMD modelling and 

statistical analysis with the data. The HepG2-CYP3A4 cells were generated by Küpper’s group 

at the Department of Environment and Nature Science in Brandenburg University of 

Technology Cottbus-Senftenberg. Cryopreserved PHH pooled from five Caucasian donors 

were purchased from Thermo Fisher Scientific. 
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4.2 Publication II  

The publication II describes the investigation of OCT1 as an uptake transporter of structurally 

different PAs tested in human liver and hamster lung fibroblast cells. The primary endpoints 

examined include genotoxicity and cytotoxicity. The aim of the work was to elucidate the 

mechanism by which OCT1 influences the cellular uptake of structurally diverse PAs and to 

assess the subsequent toxicological effects with the use of pharmacological inhibitors against 

OCT1. This study offers insights into the significance of OCT1 in PA toxicity and suggests that 

targeted pharmacological inhibition of OCT1 may play a crucial role in mitigating PA toxicity. 

 

Reference: Haas, M., Ackermann, G., Küpper, J.-H., Schrenk, D., Fahrer, J., OCT1-

dependent uptake of structurally diverse pyrrolizidine alkaloids in human liver cells is crucial 

for their genotoxic and cytotoxic effects. Arch Toxicol 97, 3259–3271 (2023).  

The publication, along with the supplementary data, is free available in the journal “Archives 

of Toxicology”. The following link provides full access to the article and the data. 

DOI: 10.1007/s00204-023-03591-4 

 

Contributions to this publication: 

I contributed in the investigation, methodology and formal analysis as well as the writing of the 

original draft and its editing. Furthermore, I performed cytotoxicity and genotoxicity 

experiments in HepG2 and V79 wild-type, HepG2- and V79-CYP3A4 cells as well in 

cryoconserved human hepatocytes. I conducted and managed the cell culture and treatment, 

experiments including western-blot analysis and resazurin reduction assay. Furthermore, I 

determined the relative cytotoxicity and statistical analysis with the data. Mr. Ackermann 

performed immunofluorescence staining of CYP3A4 via confocal microscopy in HepG2 and 

HepG2-CYP3A4 cells to examine the CYP3A4 status. The HepG2-CYP3A4 cells were 

generated by Küpper’s group at the Department of Environment and Nature Science in 

Brandenburg University of Technology Cottbus-Senftenberg. The V79-CYP3A4 cells were 

generated by Ebmeyer and colleagues (Ebmeyer et al. 2019). Cryopreserved PHH pooled 

from five Caucasian donors were purchased from Thermo Fisher Scientific.  
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5 Discussion 

5.1 Study design 

5.1.1 Selected PAs for the studies 

Over 660 PAs and their N-oxides are identified, whereby only 35 PAs are in point of interest. 

This goes back to their frequent contamination in food including herbal infusions, tea, food 

supplements, pollen and honey (Rizzo et al. 2023). The 35 PAs are composed of 21 PAs/ 

PANOs and their 14 co-eluting isomers, which are regulated in food with maximum levels (EC 

Regulation 2023/ 915). Notably, the 21 regulated PAs and PANOs accounted for 89% of the 

total PA content in herbal infusions and 87% in food supplements, whereby the 14 co-eluting 

isomers contributed significantly to the PA content in honey (36%) and tea (48%) (Rizzo et al. 

2023). In recent years, in vitro studies using human liver cell models have particularly focused 

on the structure-dependent toxicity of monoesters, open diesters and cyclic esters, which are 

included among the 35 PAs (Allemang et al. 2018; Lester et al. 2019; Gao et al. 2020; Rutz et 

al. 2020). Notably, the human health risk is evaluated for the total PA content in food based on 

the BMDL value of riddelliine, which is considered critical, as studies show that the toxicity of 

individual PAs may be underestimated (e.g. heliotrine) or overestimated (e.g. monocrotaline). 

Merz and Schrenk proposed the implementation of iREP factors to account for the individual 

toxicity of PAs in risk assessment. However, this approach has not been applied in risk 

assessment due to insufficient data on toxicity and toxicokinetics (Merz and Schrenk 2016; 

Schrenk et al. 2022). The 11 PAs that were examined in the first study, in which the structure-

dependent toxicity was investigated, are included under the 35 regulated PAs. Furthermore, 

these 11 PAs were recently the subject of research in pRH and should be investigated in 

human liver cells as comparison (Gao et al. 2020; Rutz et al. 2020). The results should 

complement existing studies to support the adoption of iREP factors in risk assessment. 

Additionally, data on PA toxicity in PHH were collected for the first time, reflecting the results 

in HepG2-CYP3A4 and highlighting the assessment of PAs based on individual toxicity.  

Previous publications mentioned that PAs including retrorsine, senecionine and monocrotaline 

are transported by influx transporter including OCT1 and Na+/taurocholate Co-transporting 

polypeptide into liver cells to exert hepatotoxicity (Tu et al. 2013, 2014; Enge et al. 2021, 2022). 

However, the impact of OCT1 on the PA transport of monoester, open diester and cyclic diester 

was not elucidated in human liver cells. In the publication II, three different PAs including 

riddelliine, lasiocarpine and heliotrine were selected to study the role of OCT1 as influx 

transporter for a cyclic diester, open diester and monoester, respectively. The selection for the 

PAs was based on the results from the publication I as well as from previous publications. 

Riddelliine is described as a moderate cytotoxic and genotoxic PA congener, whereas 

lasiocarpine showed predominantly a higher toxicity in liver cells. Furthermore, heliotrine 
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showed surprisingly higher cytotoxic and genotoxic effects compared to other monoester 

(Allemang et al. 2018; Lester et al. 2019; Louisse et al. 2019; Gao et al. 2020; Rutz et al. 2020; 

Haas et al. 2023b). By studying the role of OCT1 on the PA transport of riddelliine, lasiocarpine 

and heliotrine, we wanted to find the differences in their PA toxicity. Furthermore, studies 

indicate that certain PAs, such as lasiocarpine, activate both CHK1 and CHK2 proteins, as well 

as the p53 signaling pathway, in liver or TK6 cells (Ebmeyer et al. 2019; Li et al. 2020). The 

phosphorylation of checkpoint kinases, CHK1 or CHK2, as downstream targets of the apical 

phosphokinases ATR and ATM indicate a specific DNA damage caused by PAs. The 

identification of the DNA damage type could help to differentiate between the PAs and their 

toxicity. So far, the DDR mechanism is still unknown for PAs. Thus, the impact of the OCT1 

transport on the PA-induced DDR was investigated for all three PAs in HepG2-CYP3A4 cells.  

 

5.1.2 Selected PA concentrations for the studies and their relevance  

In the conducted in vitro studies, concentrations ranging from 0.01 to 500 µM were used, 

depending on the PA and the endpoint to be investigated. The dose ranges of the PAs were 

tested and adjusted in the in vitro cell systems based on the literature (Louisse et al. 2019; 

Gao et al. 2020; Rutz et al. 2020). The cytotoxicity was determined with maximum 

concentrations up to 500 µM, as higher solvent content would have led to negative effects on 

cell viability. It should be noted, that PA concentrations up to 500 µM were predicated on the 

absence of prior knowledge regarding the cytotoxic potential of PAs in HepG2-CYP3A4 and 

PHH, thereby requiring investigation. Previous studies have demonstrated that the cytotoxic 

effects of PAs are structure-dependent, with diesters exhibiting higher toxicity compared to 

monoesters in pRH and HepaRG cells. However, the cytotoxic effects were relatively low in 

HepaRG cells and moderate in pRH, which justified testing PA concentrations up to 500 µM in 

HepG2-CYP3A4 and PHH (Louisse et al. 2019; Gao et al. 2020; Enge et al. 2021). The 

genotoxicity was determined with PA concentrations, which show minimal to no cytotoxic 

effects in the cell lines including HepG2-CYP3A4, PHH and V79-CYP3A4 studied. Generally, 

the cytotoxicity and genotoxicity of the PAs were ascertained in immortalized and genetically 

modified cell lines (HepG2-CYP3A4 and V79-CYP3A4), wildtype V79 cells as well as in PHH. 

If a dose-response relationship was evident from the data, the results were converted into 

relative values. Based on cell viability, EC50 values were determined after 24 h and 72 h of PA 

exposure. The genotoxicity data served as the basis for BMD modelling to determine the 

relative genotoxic potential of the PAs after 24 h incubation (Haas et al. 2023b, a).  

Based on the EC50 and BMD values, a potential risk to human health can be assessed 

considering PA exposure data. Since the genotoxicity of the studied PAs occurred below 

cytotoxic effects, only the BMDL values are considered. The PAs, retrorsine and lasiocarpine, 
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exhibited the strongest genotoxic potential with BMDL values of 0.01 µM (γH2AX, HepG2-

CYP3A4) and 0.06 µM (γH2AX, PHH). Both BMDL values should be compared with the HBGV 

of 0.1 µg PA/ kg bw per day as reference point for non-neoplastic damage (BfR 2020). For the 

comparison, the HBGV has to be calculated for adults (70 kg) and normalized to the liver blood 

volume (approximately 750 mL) (Schwegler and R. Lucius 2021). The liver blood volume is 

more appropriate than the whole-body blood volume because PAs are rapidly absorbed in the 

intestine and transported directly to the liver. Additionally, the bioactivation and primary mode 

of action of 1,2-unsaturated PAs occur predominantly in the liver (EFSA 2011; Yang et al. 

2017). An adapted HBGV of 0.027 µM and 0.023 µM was calculated based on the above-

mentioned parameters for retrorsine and lasiocarpine, respectively. The comparison of the 

estimated BMDL values and the adapted HBGV shows that first genotoxic effects are achieved 

below the adapted HBGV for non-neoplastic damage with retrorsine, but not with lasiocarpine. 

According to this example, the risk of non-neoplastic damage cannot be generalized for all PAs 

based on the NOAEL for riddelliine from the two-year carcinogenicity study; otherwise, the 

genotoxic potential of PAs may be over- or underestimated. However, the hypothesis is 

considered as very conservative, since the hypothetical model assumes complete transport of 

the PAs after oral intake and distribution to the liver, an on-site complete toxification, and 

without taking safety factors into account. According to calculated scenarios from the BfR, the 

human PA exposure can exceed the HBGV depending on the food source. For example, the 

regular intake of plant-based food supplements or high intake of contaminated tea can result 

in PA intake above 0.1 µg PA/ kg bw per day. Furthermore, MoE values below 10,000 can be 

reached based on the BMDL value of 73 µg/ kg bw per day for lasiocarpine (BfR 2016).  

 

5.1.3 Selected liver cell models and their attributes  

5.1.3.1 HepG2 and HepG2-CYP3A4 

HepG2 cells are a cell line derived from the liver tissue of a 15-year-old white male with 

hepablastoma in the 1980s (Aden et al. 1979). As many other immortalized cell lines, they are 

commonly used for cancer research, toxicity or metabolism studies, along with other liver cell 

lines such as Huh7, Hep3B or HepaRG (Arzumanian et al. 2021). However, the cytological 

and molecular features vary among each category of liver cancer and its respective subtype. 

This goes back to key mutations in genes such as CTNNB1, in gene promoter like TERT or 

tumor suppressor genes as TP53. HepG2 cells are commonly mutated in the CTNNB1 gene, 

which allow an accumulation of beta-catenin due to the loss of original function. This result in 

cell proliferation and survival (Zeng et al. 2007; Di Masi et al. 2010; Arzumanian et al. 2021). 

On the other hand, the TP53 gene is unaffected HepG2 compared to other immortalized liver 

cell lines such as Hep3B. Notably, HepG2 cells lack various phase I and II enzymes, making 
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them unsuitable for direct testing with 1,2-unsatured PAs (Westerink and Schoonen 2007; Di 

Masi et al. 2010; Gerets et al. 2012). However, the HepG2 cells can be genetically modified 

by infection with lentiviral expression vectors, consisting of human CYP3A4 cDNA. The clones 

with stable CYP3A4 expression are selected with blasticidin to form recombinant cell clones. 

The working group of Küpper generated a HepG2 cell line with CYP3A4 overexpression, which 

is comparably to the CYP3A4 activity in human hepatocytes, as shown by real-time PCR and 

immunofluorescence (Herzog et al. 2015). The clones have to be cultivated in medium 

supplemented with blasticidin to maintain stable CYP3A4 expression (Herzog et al. 2015). The 

HepG2-CYP3A4 cells were used previously by Rutz and colleagues and were suitable for 

studying the PA toxicity. Furthermore, the CYP3A4 isoenzyme is one of the major CYP450 

enzymes responsible for PA bioactivation (Ruan et al. 2014a; Rutz et al. 2020). The CYP3A4 

protein expression was exclusively demonstrated in the CYP3A4-transfected HepG2 and V79 

cell lines via western blot analysis, thereby confirming the metabolic activation of all tested PA 

(Haas et al. 2023a). However, the expression of transporter is limited in HepG2 cell line 

compared to human liver tissue. It was shown that HepG2 show significant lower OCT1 

expression than PHH (Hilgendorf et al. 2007). However, we could demonstrate OCT1 

expression via western blot analysis and compared it with V79-CYP3A4 cells, which showed 

almost no OCT1 expression. The OCT1 expression correlated with the PA cytotoxicity, 

showing less cytotoxicity effects caused by PAs than in HepG2-CYP3A4 cells (Haas et al. 

2023a).  

5.1.3.2 Primary human hepatocytes (pooled) 

PHH are considered the gold standard in toxicological and pharmacological research for 

assessing the ADME (absorption, distribution, metabolism, and excretion) profiles and 

hepatotoxic effects of various substances. They possess complete metabolic capabilities, 

express a wide array of influx and efflux transporters, and do not exhibit mutations in key tumor 

suppressor genes or proto-oncogenes (Fraczek et al. 2013; Ruoß et al. 2020). The CYP3A4 

activity in 2D cultured PHH is comparable with the activity in healthy male subjects (Berger et 

al. 2016). In comparison to other species such as rats or dogs, the expression of CYP450 

enzymes or transporters differs. For example, the CYP3A4 enzyme predominantly expressed 

in humans followed by rats and mice, whereby the latter did not express any CYP3A4 

comparable enzyme (Hammer et al. 2021). Furthermore, the OCT1 expression in PHH is 

lesser than in monkeys but significantly greater than in rats followed by mice and dogs (Morse 

et al. 2021).  

For our studies, we used primary human hepatocytes, which were pooled from five Caucasian 

donors and successfully cryoconserved with DMSO (supplier: Thermo Fisher Scientific). The 

use of cryopreserved primary hepatocytes indeed eliminates the need for fresh liver tissues, 
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which is a big advantage. Furthermore, pooled primary hepatocytes can average out individual 

differences, leading to more consistent and reliable experimental results (Hengstler et al. 

2000). It should be noted, that the metabolic capacity, viability and functionality of human 

hepatocytes can be affected based on factors such as donor age, gender, pathological status 

and drug intake (Gómez-Lechón et al. 2004; Konstandi and Johnson 2023). Additionally, the 

hepatocytes (periportal versus perivenous) can show different functions or vary in their 

metabolic capability depending on the liver lobule (Jungermann 1986). The donor information 

of the acquired pooled cryopreserved human hepatocytes from Thermo Fisher Scientifc (Lot 

No. HPP2434269) is online available and is listed in table 5.1. The majority of donors were 

female, with an average age of 56 years, ranging from 29 to 69 years. Furthermore, three 

donors were regular consumers of alcohol and/or tobacco, while only one donor had a 

documented history of alcohol consumption until the date of death. The three donors died due 

to drug intoxication, intracerebral haemorrhage and anoxia. In addition, two donors were found 

to have metastatic tumours and hepatic cellular carcinoma, and the circumstances surrounding 

their deaths are not known. Additionally, the supplier stated no positive PCR detection for 

Hepatitis B/C, HIV1&2, HTLV 1&2, CMV or SARS-CoV-2. Given that the donors had a mean 

age of 56, a history of drug use, or cancer-related diseases, their metabolic capacity may be 

reduced compared to that of healthy donors.  

Table 5.1: Donor information of pooled cryoconserved human hepatocytes from Thermo 
Fisher Scientic (Lot No. HPP2434269).  

Age Sex Tobacco 

history 

Alcohol 

history 

Drug history Cause of 

death 

Other 

62 F No No Unknown N/A 
Metastatic 

tumor 

69 F No No Unknown N/A HCC 

59 F 

Yes/ 1 

ppd, quit 

30 yrs pre-

death 

Yes/ 1 

drink daily 
Unknown 

Drug 

intoxication 
N/A 

61 F No No No ICH N/A 

29 M 

½ pack/ 

week, quit 

18 yrs pre-

death 

6-8 beers 

bi-weekly, 

quit 5 yrs 

pre-death 

Hydrocodone 

(prescribed) 

& THC 

occasionally 

Anoxia N/A 

 

The cultivation of primary cell lines has to be carefully managed and checked before if they 

are suitable for research. For example, it was previously shown with pRH that a rapid loss in 

CYP activity was measured over the time after cultivation (Gao et al. 2020). Additionally, 

primary hepatocytes can dedifferentiate over time, which is why long-timed experiments should 

be avoided if they are cultured without supplements to extend their functionality. For example, 
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an increased expression of structural proteins such as actin or tubulin is followed due to the 

time-dependent decrease of hepatocyte nuclear factors. Thus, PHH do not proliferate 

compared to immortalized cell lines (Jungermann and Katz 1982; Rowe et al. 2010). 

 

5.2 Consolidated study insights 

The present dissertation comprises two publications that address various aspects of the 

toxicity of PAs in human liver cell models. Both publications provide valuable insights into the 

structure-dependent cytotoxic and genotoxic effects of 11 PAs, emphasizing the role of OCT1 

as an important influx transporter for mono-ester, open di-ester and cyclic di-ester and 

highlighting their need for refined risk assessment strategies. The figures 5.1-5.2 demonstrate 

the findings from both publications. 

 

5.2.1 Publication I 

The publication I describes the cytotoxic and genotoxic effects of 11 structurally different PAs 

in HepG2-CYP3A4 cells and PHH. The findings indicated that both cyclic and open diesters 

exhibit significant cytotoxicity as early as 24 h post-exposure, which further intensifies over 

72 h in HepG2-CYP3A4 cells. Based on their cytotoxic potential, it was not possible to 

determine whether cyclic or open diesters were inherently more cytotoxic. However, among 

the PAs studied, the open diester, lasiocarpine, exhibited the highest cytotoxicity, followed by 

cyclic diesters such as seneciphylline and senecionine in HepG2-CYP3A4 cells. The increase 

in cytotoxicity over time could be attributed to the greater sensitivity of proliferating cells or the 

cumulative damage sustained by the cells. It should be noted, that monocrotaline as cyclic 

diester demonstrated no cytotoxicity at 24 h, and exhibited only minimal cytotoxic effects at 

72 h with an EC50 of 445.7 µM. On the other hand, monoesters, apart from heliotrine, showed 

no substantial cytotoxic effects at 24 h but displayed low toxicity at 72 h. The cytotoxicity of 

heliotrine intensified 7.7-fold greater at 72 h, which is comparable to the increase in the 

cytotoxicity of the diester. However, with regard to the other monoesters, only an EC50 value 

of 189.9 µM could be determined for europine, but not for indicine or lycopsamine. 

The PAs exhibited significantly greater cytotoxic effects in HepG2-CYP3A4 cells compared to 

HepaRG cells, in which the level of toxicity was insufficient to allow for EC50 calculation. The 

HepaRG cells were treated up to 250 µM (Glück et al. 2021) and 400 µM (Louisse et al. 2019) 

of PA and the cytotoxicity was determined after 24 h of PA exposure. In comparison to our 

results, lasiocarpine demonstrated the highest cytotoxic potential with an EC50 of 12 µM at 

24 h, whereas HepaRG cells exhibited only a moderate response even at 250 µM (Louisse et 

al. 2019; Glück et al. 2021). However, a structure-dependent toxicity pattern was observed in 

HepaRG cells, with cyclic and open diesters exhibiting the highest cytotoxicity, followed by 
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monoesters. Notably, monocrotaline demonstrated no cytotoxic effect after 24 h in HepaRG 

cells, aligning with our findings in HepG2-CYP3A4 cells. Furthermore, heliotrine exhibited 

greater cytotoxicity than other monoesters, a trend that was also observed in HepG2-CYP3A4 

cells.  

To further assess the cytotoxic effects of these PAs in a more physiologically relevant system, 

we examined their impact in PHH, which are widely recognized as the benchmark in pharmaco-

toxicokinetic in vitro studies of the human liver. Therefore, we assessed the cytotoxicity of six 

structurally distinct PAs in PHH following 24 h of exposure. Overall, the cytotoxic ranking of 

PAs in PHH closely mirrored that in HepG2-CYP3A4 cells, showing a structure-dependent 

toxicity, but with a 3- to 4-fold lower potency. Lasiocarpine exhibited the highest cytotoxic 

potential, while lycopsamine demonstrated the lowest cytotoxic effects. Interestingly, the PA 

cytotoxicity was more pronounced in PHH than in HepaRG cells, even though PHH are non-

proliferative (Louisse et al. 2019; Glück et al. 2021). Gao and colleagues investigated the 

cytotoxicity effects of ten PAs in pRH with PA concentrations up to 300 µM after 24 h and 48 h 

exposure (Gao et al. 2020). Furthermore, they compared the cytotoxicity outcomes after 3 and 

24 h of seeding to assess differences in the bioactivation of the PAs as well as the CYP3A 

activity in pRH. Overall, pRH exhibited lower cytotoxicity levels than PHH, likely due to the 

absence of cell proliferation, differences in transporter expression and metabolic capacity 

(Hilgendorf et al. 2007; Gao et al. 2020; Hammer et al. 2021; Morse et al. 2021). The study 

found that lasiocarpine induced the highest cytotoxicity following 24 h of seeding, whereas 

senecionine exhibited greater cytotoxicity after 3 h. Furthermore, CYP3A activity, assessed via 

the 7-Benzoxyresorufin-O-Dealkylase (BROD) assay, was monitored up to 72 hours post-

seeding and showed a reduction in BROD activity to below 60% within the first 6 hours (Gao 

et al. 2020).  

The PA genotoxicity was assessed using an in vitro test battery, which included the analysis 

of the DNA damage markers γH2AX and p53 via western blot or immunofluorescence staining, 

as well as DNA strand break analysis using alkaline comet assay in HepG2-CYP3A4 and PHH. 

It should be noted, that the genotoxicity was determined with PA concentrations, which show 

minimal to no cytotoxic effects in the liver cell lines. Overall, the BMDL values derived from 

γH2AX, p53, and DNA strand break data indicate a structure-dependent genotoxicity of the 

PAs. In this context, cyclic and open diesters generally exhibited higher genotoxic potentials 

than monoesters in HepG2-CYP3A4 cells. Moreover, monocrotaline displayed a low genotoxic 

potential, which was comparable to that of monoesters such as europine and indicine. In 

contrast, heliotrine demonstrated moderate genotoxicity, exceeding that of monocrotaline and 

aligning with our cytotoxicity data. The highest genotoxic potential was observed by retrorsine 

with a BMDL value of 0.01 µM followed by seneciphylline based on the γH2AX data.  
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Louisse and colleagues investigated the genotoxicity of 37 PAs and PANOs including cyclic 

diester, open diester and monoester in HepaRG cells by determining the induction of the DNA 

damage marker γH2AX using the in cell western assay (Louisse et al. 2019). A similar trend 

was observed in HepaRG cells, wherein cyclic and open diesters exhibited the highest 

genotoxic potentials, followed by monoesters. However, the BMDL values were significantly 

higher in HepG2-CYP3A4 cells, possibly due to differences in proliferation rates and other 

factors that influence the cellular sensitivity. Senecionine followed by seneciphylline and 

lasiocarpine showed the strongest genotoxic potentials with BMDL values between 3.4 and 

4.2 µM. Furthermore, heliotorine exhibited a higher genotoxic potential than monocrotaline in 

HepaRG cells, aligning with our results in HepG2-CYP3A4 cells. Furthermore, studies in 

HepG2-CYP3A4 and HepaRG cells assessing micronucleus induction revealed that 

monocrotaline demonstrates a generally lower genotoxic potential among cyclic diesters and 

compared to heliotrine, which aligns well with our findings (Allemang et al. 2018; Rutz et al. 

2020). As described in chapter 2.3.2 and 2.4.1, monocrotaline is mainly metabolized in rat liver 

S9 fractions, with minimal lung metabolism and shows higher lung-to-liver pyrrole protein 

adduct ratios, indicating a primary lung toxicity, which is confirmed by findings in mice and rats 

(Song et al. 2020; He et al. 2021a).  

The p53 marker proved to be a sensitive genotoxicity indicator, allowing for precise potency 

classification using BMD modelling. Interestingly, monoesters exhibited a higher BMDL range 

with p53 as an endpoint compared to γH2AX, suggesting a possible variance in genotoxic 

mechanisms between monoesters and diesters. As previously described, the activation of p53 

is in response to DNA damage and is necessary to allow for DNA repair, cell cycle arrest and 

apoptosis if the DNA damage is too high (see chapter 2.6.2). On one hand, these differences 

may be attributed to the delayed activation of p53 as part of the DNA damage response or to 

the lower extent of DNA damage caused by monoesters compared to diesters, suggesting 

reduced cellular stress. The results align with findings from two studies that demonstrated the 

upregulation of the p53 pathway by structurally different PAs in HepG2-CYP3A4 cells and in a 

28-day feeding study in rats using transcriptome analysis (Ebmeyer et al. 2020; Abdelfatah et 

al. 2022). 

Additionally, DNA strand break analysis using the alkaline comet assay confirmed the 

structure-dependent genotoxicity of PAs, with results aligning well with those from γH2AX and 

p53 assessments. The sensitivity of the comet assay allowed for the detection of genotoxic 

effects even for weak toxic PAs including monocrotaline and lycopsamine with BMDL values 

of 39.9 and 62.1 µM, respectively. The BMDL value of monocrotaline is by a factor of 36.6 and 

6.4 higher compared to the BMDL values of riddelliine and heliotrine, respectively, whereby 

the BMDL values of europine and monocrotaline were almost similar. This assay effectively 

detects single-strand breaks (SSBs), double-strand breaks (DSBs), and alkali-labile sites, such 
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as apurinic/apyrimidinic sites. Moreover, it serves as a supplementary method to detect DNA 

damage, especially when other genotoxicity assays for endpoints including mutations (e. g. 

AMES) or clastogenic effects (e. g. micronuclei) yield inconclusive results. Due to its reliability, 

it is widely used into regulatory genotoxicity testing of pharmaceuticals under ICH S2 (R1) 

(EMA 2012; Frötschl 2015). It should be noted that DNA strand breaks can result in 

chromosomal damage and micronuclei formation (see chapter 2.4.3.2). In previous studies, 

the formation of micronuclei was investigated in HepG2-CYP3A4, HepG2 cells with rifampicin 

pretreatment, and HepaRG cells (Allemang et al. 2018; Louisse et al. 2019; Rutz et al. 2020; 

Hadi et al. 2021). The results support a similar ranking of PAs, consistent with our findings that 

cyclic and open diesters exhibit the highest genotoxic potential. It should be noted that 

retrorsine exhibited a comparable potency to that of seneciphylline, which was not reported in 

previous studies. The studies reported that retrorsine was dissolved in a 1:1 mixture of DMSO 

and acetonitrile, DMSO or water, whereas our stock solution was prepared in ethanol. While 

this suggests that the chemical stability or solubility of retrorsine was not adversely affected in 

ethanol, further investigation is needed to determine whether solvent choice influenced the 

observed genotoxic potency. To date, the chemical stability and solubility of PAs have received 

limited attention in the literature. Considering these factors is essential for ensuring the 

accuracy and reliability of genotoxicity assessments. 

Given that HepG2-CYP3A4 cells are engineered to express only CYP3A4, further validation in 

PHH was necessary to account for a full spectrum of metabolic enzymes. Our study confirmed 

that lasiocarpine and retrorsine were the most potent genotoxic PAs in PHH, with BMDL values 

of 0.06 and 0.4 µM, respectively. Notably, the genotoxicity levels of the tested PAs in PHH 

were comparable to those in HepG2-CYP3A4 cells but were significantly higher for 

monocrotaline and lasiocarpine, likely due to additional metabolic activation via CYP2A6 and 

CYP3A5 in PHH (Gerets et al. 2012; Berger et al. 2016; Hammer et al. 2021). Furthermore, 

the transporter expression such as OCT1 is generally higher compared to HepG2 cells, which 

allow a faster bioactivation and intoxication in PHH (Hilgendorf et al. 2007; Gerets et al. 2012). 

In addition, a previous study demonstrated that lasiocarpine followed by echimidine, riddelliine, 

and heliotrine induced the highest levels of DHP-DNA adducts in rat sandwich-culture 

hepatocytes, which is in line with the results in PHH (Lester et al. 2019). These observations 

reinforce the relevance of PHH in detecting structure-dependent genotoxicity effects that might 

not be as pronounced in engineered cell models. 

The application of the BMD modelling was critical for categorizing PAs into different potency 

classes, enabling risk assessment. Our results established a consistent ranking of PAs based 

on genotoxic potency, with retrorsine being the most potent and lycopsamine the least. 

Monocrotaline displayed lower BMD values compared to riddelliine, a finding corroborated by 

previous studies in HepaRG and HepG2-CYP3A4 cells (Allemang et al. 2018; Louisse et al. 
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2019; Rutz et al. 2020). The incorporation of BMD confidence intervals (BMDL and BMDU) 

provided a comprehensive approach for comparing PA toxicities across different cellular 

models. Our integrated approach to PA potency ranking used data from multiple genotoxicity 

endpoints, demonstrating consistency between HepG2-CYP3A4 cells and PHH. It remains 

unclear why PAs such as heliotrine or monocrotaline differ in their potency. The discrepancies 

in PA toxicity may result from metabolic activation, as a previous study using genetically 

modified TK6 cells have demonstrated that specific PAs, such as riddelliine and lasiocarpine, 

undergo bioactivation by CYP3A7 and CYP3A5 too, respectively. (Li et al. 2020). Several lines 

of evidence showed that PAs differ in their induction of DNA damage measured by the DHP-

DNA adduct levels or in their potential of chromosomal damage such as micronuclei or 

chromosomal aberrations (see chapter 2.4.3). Thus, certain PAs preferentially induce DSBs 

and/or SSBs due to their high reactivity, leading to increased cell death when the level of DNA 

damage exceeds a critical threshold. It can be suggested that the reactivity of certain PAs, 

such as lasiocarpine or echimidine, is influenced by the structure of their necine acids, which 

contain reactive groups such as α,β-unsaturated carbonyl groups. Nevertheless, our findings 

underscore the importance of chemical structure for the toxic properties of PAs and support 

the concept of grouping PAs into potency classes, initially proposed by Merz and Schrenk in 

2016. However, our findings indicate discrepancies for monocrotaline and echimidine, which 

do not align with the iREP classifications. Specifically, monocrotaline should be reclassified to 

potency class 0.1 and echimidine to class 1.0 based on our findings in HepG2-CYP3A4 and 

PHH. The study's findings support efforts to develop standardized methods for assessing PA 

toxicity and highlight the importance of including PHH in preclinical toxicology studies. Future 

studies should focus on refining iREP factors using broader datasets and harmonizing BMD 

modeling methodologies for improved regulatory acceptance in PA risk assessment.  
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Figure 5.1: Ranking of PAs by toxic potency and liver cell models by sensitivity to PAs.  
CE: Cyclic diester; DE: open diester; ME: monoester (created in https://BioRender.com) 

 

5.2.2 Publication II 

The publication II underscores the pivotal role of OCT1 in mediating the uptake of structurally 

diverse PAs including riddelliine (cyclic diester), lasiocarpine (open diester) and heliotrine 

(monoester) into human liver cells (HepG2-CYP3A4 and PHH), with significant implications for 

their cytotoxic and genotoxic effects. It is widely known that the role of OCT1 in drug transport, 

along with its genetic variability, has been associated with variations in drug response and 

toxicity (Koepsell 2020). Our findings highlighted the critical interplay between OCT1 and 

CYP3A4 in determining PA toxicity. While wild-type HepG2 cells exhibited no cytotoxic effects 

in the presence of lasiocarpine, HepG2-CYP3A4 cells showed clear dose-dependent 

cytotoxicity for all tested PAs, as previously reported in Publication I, underscoring the pivotal 

role of CYP3A4 in PA bioactivation. Furthermore, our analysis revealed comparable CYP3A4 

protein levels in both HepG2-CYP3A4 and V79-CYP3A4 cell models, while HepG2-CYP3A4 

cells exhibited higher OCT1 protein expression. This elevated OCT1 expression correlated 

with increased sensitivity to all tested PAs, strengthen the functional interplay between OCT1 

and CYP3A4 in PA toxicity. 

In order to investigate the role of OCT1 in PA toxicity, two pharmaceutical inhibitors, D-THP 

and quinidine, were selected. D-THP serves as a specific OCT1 inhibitor, whereas quinidine 

acts as a broad-spectrum OCT inhibitor. It is notable that both compounds are substrates of 
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phase I enzymes, which potentially leads to competition for CYP enzymes. While quinidine is 

a known substrate of CYP3A4, D-THP exhibits inhibitory effects on CYP2D6 and CYP1A2. 

(Nielsen et al. 1999; Li et al. 2015a). These inhibitors effectively reduced PA-induced 

cytotoxicity in HepG2-CYP3A4 and V79-CYP3A4 cells, regardless of PA structure, while 

exhibiting no cytotoxic effects themselves. Furthermore, D-THP exhibited greater efficacy than 

quinidine in inhibiting OCT1 and significantly enhanced cell viability.  

This aligns with findings from Tu and colleagues, which demonstrated that OCT1 mediates the 

hepatic uptake of monocrotaline or retrorsine and contributes to their hepatotoxicity in wildtype 

and genetically modified MDCK cells as well as pRH (Tu et al. 2013, 2014). The investigation 

revealed a correlation between increased PA toxicity and the presence of CYP3A4, with OCT1 

expression further amplifying this effect in MDCK cells. Interestingly, quinidine demonstrated 

a greater efficacy than D-THP in inhibiting OCT1 and enhanced cell viability in presence of 

retrorsine in pRH. However, both inhibitors showed the same efficiency in inhibiting OCT1 and 

improved cell viability in presence of monocrotaline in pRH. Consequently, it can be 

hypothesised that both PAs were not transported in the same manner into pRH. It should be 

noted that the OCT1 protein expression in liver tissues of rats are significantly lower compared 

to those of humans (Wang et al. 2015).  

Furthermore, the role of OCT1 in PA toxicity was studied with PAs including retrorsine and 

senecionine in combination with different pharmacological influx and efflux inhibitors in 

HepaRG cells (Enge et al. 2021). Quinidine and tetraethylammonium bromide were employed 

as OCT1 inhibitors and demonstrated comparable inhibitory effects on OCT1, resulting in 

increased cell viability in the presence of retrorsine but not senecionine. Notably, the inhibitory 

effect of quinidine was significantly stronger than that of tetraethylammonium bromide in the 

presence of senecionine. These differences may be attributed to variations in the inhibitory 

potency of the compounds, with quinidine exhibiting greater efficiency as an OCT1 inhibitor 

compared to tetraethylammonium bromide.  

OCT1 has been identified as a critical influx transporter for PA cytotoxicity in various cell lines; 

however, its role in PHH remained unclear. In this study, we demonstrated that lasiocarpine is 

an OCT1 substrate, and competitive inhibition of OCT1 significantly improved cell viability with 

D-THP, but not with quinidine. As previously noted, quinidine is a substrate for CYP3A4 and 

may undergo metabolism in PHH, potentially reducing its inhibitory effect on OCT1. Despite 

this limitation, the involvement of OCT1 in PA-induced cytotoxicity was confirmed in PHH. 

Furthermore, we further explored the impact of OCT1 in PA genotoxicity by analyzing the DNA 

damage markers γH2AX and p53 in HepG2-CYP3A4 cells. OCT1 inhibition significantly 

reduced PA-induced γH2AX formation and p53 accumulation for all PAs, indicating that OCT1-

mediated uptake is essential for PA-triggered genotoxicity. Besides, we examined the 
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activation of the PA triggered DDR by assessing the phosphorylation of CHK1 and CHK2. 

These kinases are activated by apical phosphor kinases ATM and ATR and play a critical role 

in cellular responses to genotoxic stress. It should be noted that the tested PAs (riddelliine, 

lasiocarpine and heliotrine) significantly increased CHK1 and CHK2 phosphorylation in 

HepG2-CYP3A4 cells, while OCT1 inhibition reduced their activation. Based on the results, 

the inhibitory effect of D-THP was generally greater compared to quinidine. Our findings align 

with previous transcriptomic studies from a 28-day feeding rat study and in PA-exposed 

HepG2-CYP3A4 cells (Ebmeyer et al. 2020; Abdelfatah et al. 2022). The studies showed an 

activation of DDR signaling pathways such as p53 and ATM with structurally different PAs. 

Furthermore, the phosphorylation of CHK1 and CHK2 was previously observed in genetically 

engineered TK6 cells following treatment with lasiocarpine and riddelliine at concentrations 

comparable to those used in our study, supporting the consistency of our findings. 

The therapeutic potential of OCT1 inhibitors in mitigating PA toxicity is an area of growing 

interest. For instance, Li and colleagues demonstrated that OCT1 inhibitors like D-THP 

significantly reduced the hepatotoxicity of nitidine chloride, a quaternary ammonium alkaloid, 

by limiting its cellular uptake (Li et al. 2014). This aligns with the current study's findings, 

suggesting that OCT1 inhibitors could serve as a protective strategy against PA-induced liver 

damage. 

In conclusion, this work establishes OCT1 as a critical determinant of PA-induced 

hepatotoxicity, linking its transport activity to both cytotoxic and genotoxic outcomes. By 

elucidating the mechanisms underlying PA uptake and toxicity, the study provides a foundation 

for developing targeted interventions to protect against PA-related liver damage. Further 

research into the genetic variability of OCT1 and its role in interindividual differences in PA 

toxicity could enhance our understanding of its clinical implications. 
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Figure 5.2: Holistic overview of the PA transport and mode of action in the hepatocytes. 
The PAs including heliotrine, lasiocarpine and riddelliine are transported by OCT1 and/ or 
OCT3 in hepatocytes. The pharmacological inhibition of OCT1 by D-tetrahydropalmatine (D-
THP) and quinidine, which act as an OCT1 and pan-OCT inhibitor, respectively, prevents the 
OCT-dependent transport of xenobiotics into hepatocytes through competitive inhibition. In the 
presence of CYP450 enzymes, PA metabolites (DHP ester and DHP) are formed and react 
with DNA and/or proteins to form adducts in the nucleus. The resulting DNA damage (SSB 
and/ or DSB) leads to an increase in the DNA damage markers γH2AX and p53, as well as 
phosphorylated CHK1 and CHK2 levels (created in https://BioRender.com).  
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6 Conclusion and future perspectives 

The subsequent PA research was conducted as a follow-up project to investigate the structure-

dependent toxicity of 11 PAs as well as the impact of OCT1 in the transport of structurally 

different PAs in human cell models including HepG2-CYP3A4 and PHH. Both aspects were 

elucidated to find the discrepancies between PA individuals within and between degree of 

esterification. 

The first study provides a comprehensive evaluation of the cytotoxic and genotoxic effects of 

structurally diverse PAs including five cyclic diester, two open diester and four monoester using 

a combination of HepG2-CYP3A4 cells and PHH, which show similar levels of CYP3A4 

enzyme activity. This study clearly demonstrated the structure-dependent toxicity of PAs using 

an in vitro genotoxicity battery that combined three distinct genotoxic endpoints with 

cytotoxicity assessments. The findings emphasize that cyclic and open diesters exhibit 

significantly higher cytotoxic and genotoxic potency compared to monoesters, supporting the 

hypothesis that PA toxicity is intrinsically linked to their chemical structure. The cytotoxicity 

ranking of PAs revealed that lasiocarpine, followed by seneciphylline, senecionine and 

retrorsine exhibited the highest cytotoxic potential, while lycopsamine and monocrotaline 

showed the weakest cytotoxic effects in HepG2-CYP3A4 cells. A similar cytotoxicity ranking 

was observed in PHH, although the overall potency was notably lower. Notably, retrorsine, 

seneciphylline, and lasiocarpine demonstrated the highest genotoxic potency in HepG2-

CYP3A4 cells, whereas in PHH, the strongest genotoxic effects were observed with 

lasiocarpine, retrorsine, and riddelliine. Monocrotaline and lycopsamine exhibited the lowest 

genotoxic effects in both cell models. The potency ranking of PAs based on genotoxicity 

endpoints was broadly consistent across both HepG2-CYP3A4 cells and PHH, underscoring 

the reliability of these models for toxicological assessment. In addition, the results of our study 

indicated the presence of genotoxic effects in PHH, even in the absence of overt cytotoxic 

effects. The study also provides additional support for the use of relative potency factors in PA 

risk assessment. Given that PAs are still regulated as a sum parameter regardless of their 

individual potency, the results of this study highlight the necessity of implementing a structure-

based risk assessment approach. However, a definitive explanation for the observed variations 

in toxicity among congeners, both within and across different degrees of esterification, remains 

elusive. To address these uncertainties, further analyses are warranted, such as evaluating 

mutagenicity using the phosphatidylinositol glycan class A (PIG-A) gene mutation assay or 

investigating DNA adduct formation with and without recovery time. These findings highlight 

the necessity of assessing PAs individually for risk evaluation, given the significant variability 

in toxicity across congeners with different esterification patterns. 
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The second study revealed insights into the role of OCT1 in the uptake and toxicity of 

structurally different PAs including riddelliine, lasiocarpine and heliotrine in HepG2-CYP3A4, 

PHH and V79-CYP3A4. In general, the results showed that OCT1 is a key determinant for PA-

induced cytotoxicity and genotoxicity. Both cyclic and open-chain diesters, as well as 

monoester, are substrates for OCT1, highlighting the broad relevance of this transporter in PA 

toxicity. The use of pharmacological OCT1 inhibitors, D-THP and quinidine, revealed a 

significant reduction in PA-triggered cytotoxicity in HepG2-CYP3A4 and V79-CYP3A4 cells, 

indicating that OCT1-mediated transport plays a crucial role in PA cyototoxicity. In PHH, 

lasiocarpine treatment led to a significant decrease in cell viability, which was largely restored 

with D-THP co-administration, confirming the protective role of OCT1 inhibition in reducing PA-

induced cytotoxicity. Furthermore, the inhibition of OCT1 resulted in a marked decrease in 

DNA damage markers, such as γH2AX and p53, as well as reduced phosphorylation of the 

checkpoint kinases CHK1 and CHK2, which are key mediators of the DDR. This finding 

indicates that OCT1-dependent uptake is a required mechanism for the genotoxic effects of 

PAs. Another important aspect that requires further exploration is the potential therapeutic 

application of OCT1 inhibitors as protective agents against PA-induced liver toxicity. Given that 

pharmacological inhibition of OCT1 significantly reduced both cytotoxic and genotoxic effects, 

future studies could investigate whether OCT1 inhibitors could be developed into preventive 

treatments for individuals at risk of PA exposure. However, potential side effects and 

interactions of such inhibitors with other essential physiological transport functions must be 

carefully evaluated. Advanced cell models, such as three-dimensional liver organoids or organ-

on-a-chip systems, could provide more physiologically relevant insights into PA transport and 

metabolism. These models may help bridge the gap between in vitro and in vivo studies, 

offering a more accurate representation of human liver physiology and PA toxicity. 

Overall, the studies underscore the critical role of the chemical structure and OCT1-mediated 

transport in PA toxicity, highlighting the need for structure-based risk assessment approaches. 

Future research should focus on elucidating the intracellular signal mechanisms underlying 

toxicity variations among PA congeners and exploring the therapeutic potential of OCT1 

inhibitors to mitigate PA-induced toxicity.  

In the context of intracellular signaling mechanisms, preliminary experiments utilizing heliotrine 

in HepG2-CYP3A4 cells provided valuable insights into the PA triggered DDR. The heliotrine 

triggered DDR was investigated by measuring the downstream targets of ATM, ATR and DNA-

PK via western-blot analysis in a time-dependent manner (Figure 6.1, A) as well as with or 

without the co-administration of pharmaceutical inhibitors against the ATM or ATR (Figure 6.1, 

B). A key finding was that heliotrine induced significant phosphorylation of checkpoint kinases 

CHK1 and CHK2 as well as RPA in presence of evaluated γH2AX and p53 levels in HepG2-

CYP3A4 cells in a time-dependent manner, reaching its maximum after 8 h (Figure 6.1, A). 
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The activation of the ATM-CHK2- and ATR-CHK1-axis aligns with previous transcriptomic 

studies or western-blot results, indicating a robust cellular response to PA-induced DNA 

damage (Ebmeyer et al. 2019; Li et al. 2020).  

A B 

  

Figure 6.1:Representative western blots of γH2AX, p53, pCHK1, pCHK2 and RPA2 as 
downstream targets of the apical DDR kinases ATR, ATM as well as DNA-PK after 1-24 h 
incubation with or without 1-2 µM of each ATM, ATR as well as both inhibitors. Etoposide 
served as a positive control (+, PK) and solvent as a negative control (-, 0 µM). HSP90, 
CHK1/ 2 and RPA (29 kDa) served as loading controls. 

To further explore the roles of different DDR signaling pathways, pharmacological inhibitors 

against the apical DDR kinases ATM and ATR were used in co-administration (Figure 6.2, B). 

Notably, the inhibitors did not affect CHK1/ 2 and RPA32 protein levels, either alone or in 

combination with PAs, but did suppress the phosphorylation of their downstream targets in 

response to the respective apical phosphokinase. However, elevated γH2AX and p53 levels 

were observed due to ATR activity, indicating increased cellular stress. The inhibition of ATM 

and ATR significantly reduced PA-induced phosphorylation of CHK1 (Ser345) and CHK2 

(Thr68), respectively, as well as γH2AX formation and p53 accumulation, highlighting the 

central role of these kinases in the cellular response to PA-induced DNA damage. For instance, 

ATR inhibition led to higher pCHK2 levels, suggesting more pronounced DSBs. This aligns 

with previous studies demonstrating DSB formation in ATR-deficient cells and following ATR 

inhibition in Caco-2 cells exposed to genotoxic agents (Chanoux et al. 2009; Mimmler et al. 

2016). Furthermore, the dual inhibition of ATM and ATR led to no significant increase of pRPA 

(Thr21), pCHK1 and pCHK2, indicating no influence of DNA-PK in the heliotrine triggered DDR. 
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Notably, the inhibition of either ATR or ATM resulted in elevated activation of the remaining 

kinase, accompanied by elevated levels of its downstream targets. 

The role of ATR and ATM in the PA-induced DDR has to be investigated on PA structure. The 

analysis of downstream targets of ATR and ATM. By examining the PA affected cell cycle 

regulation in presence of pharmacological inhibitors against ATR and ATM could identify which 

protective role the apical phosphokinases in the PA-induced DDR provide. Abdelfatah and 

colleagues showed that PAs including riddelliine, monocrotaline, lasiocarpine, echimidine and 

lycopsamine caused S-phase and G2/M-phase arrest in HepG2-CYP3A4 cells, suggesting a 

replication fork blockage by bulky lesions and the involvement of p21 in cell cycle regulation. 

The increase in both S phase and G2/M phase was more pronounced with increasing PA 

concentrations (Abdelfatah et al. 2022). Besides, the PA-induced cytotoxicity can be 

investigated in the presence of ATR- and ATM-specific inhibitors to explore their roles in the 

PA-induced DDR and replication stress. ATR inhibition has been shown to increase DSB due 

to replication fork collapse, as ATR plays a critical role in stabilizing stalled replication forks 

and preventing their collapse into DSB (Saldivar et al. 2017). Conversely, ATM inhibition can 

result in the accumulation of DNA damage and genomic instability by disrupting the recognition 

and repair of DSB, as ATM is a critical mediator of DSB signaling and repair through pathways 

such as homologous recombination (Hickson et al. 2004; Shiloh and Ziv 2013). In addition, 

further research is necessary to determine the role of apical phosphokinases in the PA-induced 

DDR in relation to the PA structure. This investigation will facilitate the understanding of 

discrepancies in the PA structure-dependent toxicity. To evaluate the levels of bulky DNA 

lesions induced by structurally distinct pyrrolizidine alkaloids (PAs), a modified comet assay 

incorporating replication inhibitors such as hydroxyurea, araC, or aphidicolin could be utilized 

(Collins et al. 2023). Additionally, a neutral comet assay can be employed to specifically detect 

DSB providing a comprehensive assessment of DNA damage. Moreover, the role of ATR and 

ATM in the PA induced DDR can be verified through the analysis their individual protein levels 

using western blot. Additionally, siRNA-mediated knockdown or plasmid-based silencing in 

HepG2-CYP3A4 cells, as well as experiments in ATR- and ATM-deficient cell lines, can further 

confirm the involvement of ATR and ATM in the PA-induced DDR. Besides, 

phosphoproteomics could also be employed to map downstream targets and repair proteins, 

providing a comprehensive view of the DDR pathways activated by PAs.  
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