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CHAPTER ONE

1 INTRODUCTION

1.1 Background to the study

Recently, pyrrolizidine alkaloids (PAs) have been receiving massive attention globally due to
their widespread occurrence in several plant species which are relevant for human and animal
consumption, their toxicological effects and pharmacological properties [1]. PAs are naturally
present in plants as ester alkaloids and are considered among the most hepatotoxic substances
that affect humans, livestock and wildlife. In humans, most PAs can cause recurring episodes of
hepatotoxicity. For example, numerous case reports worldwide have been reported on human
consumption of PA-containing products causing hepatotoxicity [1, 2]. PAs require metabolic
activation in the liver to induce hepatic toxicity through essential hepatic abundant metabolic
enzymes, mainly of the cytochrome P450 (CYP 450) family [3]. There are hundreds of different
PAs and their derivatives which are known. To-date new PAs continue to be identified in both

new and previously studied plant species.

Generally, PAs are found as cross-contaminants in various human consumption products such
as spices, honey, wheat, botanicals and botanical preparation products including herbal teas,
herbal medicines and herbal food supplements which are widely marketed all over the world.
Notably, the human consumption of these botanical products is increasingly high and various
reported cases of adverse effects upon consumption of botanicals and botanical preparation

products are also on the rise globally [4].

To date, there are no human epidemiological data regarding the carcinogenicity of PAs to
humans, yet several PAs have been classified as possibly carcinogenic to humans (group 2B)
(IARC, 1976) based on various experimental animal studies. Due to the fact that there is a
further increase in the production, manufacturing and consumption of these botanical and
botanical preparation products, there is concern that contamination of PAs to humans may

become more rampant and serious. Although in most cases their levels are insufficient to cause
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acute poisoning, they are frequently consumed in quantities that exceed the maximum daily
intake suggested by various regulatory authorities [5-10], which can be a contributory factor to
hepatotoxicity. Thus, it is important for human risk assessment to further the investigation of

PAs to combat these toxic effects associated with PAs.

PAs occurs in thousands of plant species, mainly in Asteraceae, Boraginaceae, Orchidaceae, and
Fabaceae families [11-13]. PAs are esters of four necine bases including retronecine-type,
heliotridine-type, otonecine-type and platynecine-type. Retronecine-type, heliotridine-type and
otonecine-type PAs contain unsaturated necine bases and are toxic, while platynecine-type PAs
possess a saturated necine base and are considered to be none or less toxic [14-19]. PAs can be
classified as monoesters (for example europine, lycopsamine), cyclic-diesters (for example
riddelliine, retrorsine) and open-diesters (for example lasiocarpine, echimidine) based on their
esterification at the necic acid moiety. The esters of the unsaturated PAs necine base which
have 1, 2-double bond are considered to be toxic [20, 21]. They require metabolic activation in
the liver hepatocytes by CYP 450 enzymes (mainly of the CYP 450-3A4 isoenzyme) to form
reactive pyrrolic-metabolites, which can bind to cellular proteins to form pyrrole-protein
adducts and cause cytotoxicity [22-24]. These reactive metabolites can also bind to cellular DNA
to form pyrrole-DNA adducts and induce genotoxicity [25-27] or conjugate with the reduced
form of glutathione to form pyrrole-GSH conjugates which are then excreted via urinary or
biliary way [14, 28] or may contribute further to genotoxicity. Certain active metabolites of the
unsaturated PAs (1, 2-Dehydro-PAs) are postulated to be the main cause for the toxic effects.
For example, in recent in-vitro studies, the genotoxicity of a larger number of PAs has been
reported [29, 30]. They cause chromosomal damage detected as micronucleus formation and

DNA strand breaks detected as enhanced yH2Ax level [30].

PAs-specific (geno-) toxicity has been demonstrated showing considerable structure
dependence among the PAs. Due to the strong indication of chemical-structure relationship and
toxic potency then, the concept of relative toxic potency (REP) factors was proposed, where PA
variants have been divided into four different sub-groups based on their toxic potencies and
structural features. However, at the moment there is limited data on the relative toxic potencies
of individual PA variants due to poor comparability between studies on various endpoints used.
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In addition, due to the genotoxicity and carcinogenicity effects exhibited in the chronic animal
studies, there is a perception of no safe PAs threshold concentrations. For example, at first it
was suggested to minimize or avoid the exposure of PAs [31, 32]. Later, the “"Margin of
exposure (MoE) " approach was used, where a reference dose of benchmark dose lower
confidence limit 10% (BMDL10; 10% increase in the tumor incidence in the animal experiments)
combined with an MoE >10,000 (low level of concern) was used in order to come up with a
tolerable daily intake of toxic PAs [33-35]. Currently, the risk assessments are mainly based on
the rat bioassay carcinogenicity associated with riddelliine, which is assumed to be the most
potent PA-variant. Hence, the assumption was made that the toxic potency of all other PAs is
equal and shares the same mechanism of toxicity as that of riddelliine. Since, recent in vitro and
animal experimental studies have demonstrated that the toxic potencies of PAs may be likely
differing by orders of magnitude. Normally, PAs are classified based on their chemical structure
and it has become evident that the ester type is relevant for their (geno-) toxicity [30, 36].
Therefore, over- or underestimating the risks of the individual PAs in botanical or botanical
preparation products could possibly mislead which could easily contribute to their excessive
intake or restrict their intake. Hence, a suitable evaluation of individual PAs potency and
threshold concentrations could assists the human risk assessment and contribute immensely to

guarantee the safety of marketed PA-containing food and herbal products.

1.2 Genomic damage and Carcinogenicity

Genomic damage is one of the major driving forces of carcinogenesis mainly due to deleterious
effects to the cellular genetic material in the cells. Genomic damage can be induced by a variety
of physical and chemical agents such as xenobiotics and endogenous reactive oxygen species
(ROS) that accumulate in cells due to natural metabolic processes [37]. Genotoxicants also
referred to as genotoxic substances or genotoxins, are agents that have the capability of
inducing DNA or chromosomal damage [38]. Broadly, genotoxins can be classified as clastogens
or aneugens. Clastogens are chemicals or substances that can cause breaks in chromosomes,
leading to sections of the chromosomes being deleted, added, or rearranged. Aneugens are

chemicals or substances that affect the mitotic spindle apparatus or mitotic machinery, causing
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a daughter cell to have an abnormal number of chromosomes. In contrary to clastogens,
aneugens do not damage the physical structure of the chromosome, but represent a deletion or
insertion of an additional copy of a whole chromosome with an intact centromere [39]. One of
the sources of DNA damage is exogenous substances such as xenobiotics and phytotoxins;
which can induce DNA replication stress or generate free radicals, induce DNA structural
changes such as single strand (SSB) or double strand breaks (DSB) in DNA through base
modification, helix-distorting bulky lesions, or can induce cross-link of DNA strands [40]. In
totality, genomic damage can be induced in a cell via DNA adduct formation, DNA cross-links,

DNA strand breaks, DNA oxidation and replicative errors [41].

1.2.1 Mitosis and Mitotic defects

In human life, it is important for human cells to divide in order to create new functional cells to
replace those that have been damaged. Normally, to undergo this, cells progress through a cell
cycle where DNA and cellular components replicate, mature, and finally they divide via a

process commonly referred to as mitosis and cytokinesis.

In general, mitosis is a division of the cellular genetic material in a cell into two equal parts while
cytokinesis is a division of the cytoplasm of a cell into two roughly equal parts. Mitosis is a
dynamic and fundamental process to human life. It is carried out precisely in cells to protect
against any errors which can lead to imbalances in chromosomal copy number or
rearrangements, or loss of whole/fragments chromosomes. When such errors occur in human
cells then tissue homeostasis and development can be disrupted easily leading to diseases such

as cancer [42].

Henceforth, it is vital to analyze mitotic defects in cells in order to understand how some
xenobiotics or phytotoxins may affect cell division in cells, and hence contribute to genomic
damage leading to carcinogenesis. Also, analysis of mitotic defects is critical in providing detail
insight as to how certain mitotic disruption can affect the precision of the cell division and how
specific cellular structures, molecules, and enzymatic activities contribute to the accuracy of cell

division.
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Figure 1: Schematic illustration of the normal cell division cycle (mitosis) (A). Representative images of mitosis process in HepG2
cells (B), while (C) is the representative images of mitosis process in HeLa H2B-GFP cells. The schematic illustration was own
created using BioRender.com and ChemDraw version 20.1.

Several categories of mitotic defects have been reported. We can have spindle formation
defects such as multipolar or chromosomal distribution, and separation defects such as non-

congression, chromatin bridges, and lagging chromosomes/chromatids [42].
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Figure 2: Examples of the common mitotic disturbances. Schematic illustration of the mitotic disturbance (A) and their
representative images in HepG2 cells (B) and HelLa H2B-GFP cells (C). Non-congression chromosome(s) represent a failure of one
or more than one chromosome to align in the metaphase-phase during metaphase. Multipolar metaphase represents a display
of more than two spindle poles during metaphase. Multipolar Ana-/telophase more than two spindle poles in a cell and
chromosome may be segregating in more than two groups during anaphase or chromosome have segregated in more than two
groups during telophase. Chromatin Bridge represents a DNA stretched between the two groups of segregating chromosomes in
an anaphase or telophase cell. Lagging chromosome is represented as one or more chromosomes position in proximity of the
spindle equator (in the middle of the cell) instead of within the main mass of segregating or segregated chromosomes in
anaphase or telophase, respectively. The schematic illustration was own created using BioRender.com and ChemDraw version
20.1.

1.2.2 Oxidative stress and Reactive oxygen species

Oxidative stress can cause serious cell damage in humans through formation of reactive species
(RS) of various types formed in vivo. These reactive species are very short-lived in cells and they
have powerful oxidizing effects capable of damaging DNA in cells leading to serious diseases
such as cancer [43]. Reactive oxygen species (ROS) are one of the most common reactive
species in cells and they include superoxide radicals (O, 7), hydroxyl radicals (.OH), and hydrogen
peroxide (H,0,). Normally, ROS are important for several human physiological processes, but
due to their high reactive oxidizing nature, pathophysiological elevated levels of ROS are

capable of damaging DNA and proteins within cells [44-46].

Generally, ROS are produced either as normal by-products of aerobic metabolism or upon

xenobiotic stress [44] or can be generated at different cell organelles. The main sites of ROS
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production are mitochondria, the endoplasmic reticulum (ER), plasma membrane and cytosol;
where mitochondria generate almost 90% of the total ROS in the cells hence, making
mitochondria the primary source in the cells [47, 48]. The mitochondrion is a membrane-bound
cell organelle and generates most of the chemical energy (ATP) needed to power the cell's

biochemical reactions.

The mitochondrial membrane potential is a crucial marker for mitochondrial health and it is the
main driving force for the generation of ATP by the mitochondria. It consists of a proton
gradient generated by the mitochondrial respiratory chain complexes which is the main source
of ROS formation in mitochondria. This makes the mitochondria a primary source for oxidative
stress through ROS formation leading to genomic damage induction [47, 49, 50]. For example,
various studies have shown ROS play a key role in the development of carcinogenesis via

damaging DNA and also acting as tumor promoter [43, 51, 52].

Under normal situation, all living cells have a powerful endogenous anti-oxidative system. There
are enzymatic and non-enzymatic anti-oxidative defense mechanisms to combat the effects of
oxidative stress. The three major classes of anti-oxidant enzymes are superoxide dismutase,
catalases and glutathione peroxidases, while non-enzymatic anti-oxidative defense consists of
endogenous molecules such as glutathione (GSH) [53]. Also, many synthetic compounds such as
N-acetyl cysteine (NAC) and many natural food compounds such as anthocyanins, vitamins and
flavonoids show anti-oxidative properties [54]. The anti-oxidant defense system controls the
levels of ROS formed as a result of normal metabolism or pathological conditions hence
preventing the damage that might occur due to ROS [55, 56]. Normally, in living organism, there
is a balance between the rate of ROS formation and elimination. This balance is commonly
referred to as oxidative balance which is important to prevent the living cells from being
affected by free radicals; therefore, when the production of ROS in cells exceeds its deactivation
with endogenous anti-oxidative system then the oxidative stress manifest in cells leading to

genomic damage or cell death [44, 57].



1.2.3 Thiols and importance of thiol as anti-oxidants

In human biological system, thiol plays a vital biological role in the coordination of anti-oxidant
defense system in cells due to its strong reducing effects when reacting with ROS. Thiols are a
member of the organic compounds commonly referred to as biological mercaptans. They
contain sulfhydryl group (-SH) which consist of sulfur atom and hydrogen atom attached to a
carbon atom [58-60]. Thiols are highly reactive, where the —SH group can readily be oxidized or
reduced in the presence of a catalyst. In case of oxidation in the living cells due to ROS; then,
the thiol will have the capacity to receive excess electrons and form a disulphide bond. This
makes the anti-oxidant ability of thiol-disulphide homeostasis very important in detoxification
and as well as enzymatic reactions [61-63]. Thiol has been shown in various studies to play an
important role in the pathogenesis and prevention of oxidative stress-mediated diseases
including cancers. For example, studies have shown that interference of thiol/disulphide
homeostasis may act as part in the pathogenesis of various cancers including gastric,
endometrial, cervical, breast, prostate and lung [64-67]. In addition, it has been exhibited that
higher oxidative stress level may cause advanced disease such as cancer to become widespread
and aggressive [67]. Therefore, based on these facts, it is thought that intervention that can
improve thiol status or capacity may highly contribute to the prevention of oxidative stress-

related genomic damage diseases such as carcinogenicity.

1.2.4 Glutathione and importance of GSH in anti-oxidant system

Glutathione (GSH) is a tripeptide of low molecular weight intracellular thiol-containing
compound. It is made up of three amino acids such as cysteine, glycine, and glutamate. Its main
function in human cells is to act as a regulator of intracellular redox homeostasis. GSH is mainly
synthesized in the liver and can also be found in all cells within the human body [68]. In human
cells, it occurs mainly in the cytosol where it plays an important role in the detoxification of

xenobiotics and as well as in the anti-oxidant defense system.
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Figure 3: Chemical structure of glutathione (GSH; created using ChemDraw version 20.1)

Usually, there are two forms of GSH in the living human cells: the reduced form glutathione
(GSH) and oxidized form glutathione (GSSG). Normally, the presence of GSH inside human cells
is primarily in the reduced form which is stored mainly in the nucleus, endoplasmic reticulum,
and mitochondria within a cell [69-71]. The reduced form GSH accounts for approximately 90-
95% of the total GSH inside a cell. The remainder is present in oxidised form (glutathione
disulphide, GSSG). And it is the thiol moiety which is inside the side chain of cysteine included in
the tripeptide of GSH that plays the main role in anti-oxidant defence, xenobiotic metabolism,

and regulation of the cell cycle and gene expression [72-80].

Typically, the thiol group (-SH) of glutathione reduces the number of free radicals such as ROS,
via binding to unpaired electrons of free radicals which have been formed due to oxidative
stress [69-71]. For example, when a cell is under stress; the thiol content changes by being
consumed in reactions that protect the cell by removing the harmful compounds, and then it is
replaced through either enzymatic reduction of disulphide or by de novo synthesis. Hence, these
changes in thiol content and metabolism in a cell can interfere with defense signalling pathways
[81]. Therefore, the intracellular GSH status appears to be a sensitive indicator of the overall
health of a cell and its ability to resist toxic challenges. GSH is also important for mitochondrial

functioning and the maintenance of mitochondrial DNA [82].

Consequently, GSH can be oxidized by electrophilic substances such as reactive oxygen (ROS) or
electrophilic metabolites of the xenobiotics to glutathione disulfide (GSSG). Normally, various
toxic substance metabolites bind with GSH covalently in order to form readily excreted
mercapturic acid conjugates which are then excreted from the cells through glutathione-S-
conjugate transporter [69]; this is considered as one of the most vital detoxification pathways.

Therefore, in the case when GSH is exhausted or deficient the reactive toxic metabolites cannot



be eliminated by this pathway. Hence, the reactive metabolites will bind covalently to
macromolecular components such as DNA and proteins leading to cytotoxicity or genomic

damage[83, 84].

In addition, GSH is not only a direct ROS scavenger but also an anti-oxidant that has a key role in
the regulation of the intracellular redox status via the glutathione system. Generally, the
glutathione system acts as the first line of cellular defense mechanism against ROS. This GSH
system consists of glutathione peroxidase (GPx), glutathione reductase (GSR), and glutathione
(GSH). Usually, GSH retains its antioxidant ability in its reduced form while GPx catalyzes the
reduction of hydrogen peroxide (H,0,) to water using GSH as a co-substrate. Thereafter, the
GSSG is then reduced to GSH by GSR using NADPH. This cycle between two states of GSH
prevents ROS and toxic xenobiotic metabolism. Therefore, the ratio of GSH/GSSG can be
considered as a sign of the redox state and relative oxidative stress level in a living organism. So,
when a living organism is capable to regenerate GSH through the synthesis of GSH or through
reduction of GSSG then this means that the cells in a living organism are successful to

counteract and withstand oxidative stress [44, 69, 85].

1.3 Genotoxicity and importance of Genotoxicity testing

In the field of toxicology, genotoxicity is defined as a harmful effect in cells genetic material such
as DNA, which can result in affecting the cell’s integrity and function. . The primary effects of
genotoxins in living organisms including humans can be mutation, teratogenic or cancer. The
genotoxic substance mainly induces cell damage to the genetic material in the human living cells

through interaction with the DNA sequence or structure.

Consequently, genotoxicity testing is an important toxicological end point which can assess
sufficiently through the safety assessment process of natural toxins and their metabolites.
Mostly it is applied widely at an early screening phase of botanical and botanical preparation
products such as herbal medicines and supplements, drugs, food additive, pesticides, and
chemical development in order to signal the presence and possibly the levels of potentially
carcinogenic or mutagenic effects. It is of these reasons genotoxicity test analysis plays a crucial
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role as the major contributor in the testing for carcinogenic potential and identification of
natural toxins which are important for regulatory purposes in the human consumption products
and industrial applications. Henceforth, genotoxicity testing has become a main requirement for
all new xenobiotics or chemicals due to a major public concern on carcinogenicity associated

with these xenobiotics or chemicals and their metabolites [86-88].

In general, genotoxicity testing consists of a wider spectrum of endpoints which includes DNA
damage, and it is based on in vitro and in vivo approaches. These approaches identify damages
of DNA, gene, and chromosomes in order to entail possible human carcinogens and mutagens.
The in vitro tests are suitable for assessing primary genotoxicity and there are various
genotoxicity test endpoints to examine the genotoxic effects, examples of these test are the

micronucleus test, the comet assay, and the analysis of chromosome aberrations.

1.3.1 Micronucleus test

The micronucleus (MN) test is one of the most popular and frequent technique used in
genotoxicity testing due to easy and fast scoring of the genomic marker known as micronucleus.
The micronucleus was discovered towards the end of 19th century when Howell and Jolly found
small inclusions in the blood obtained from cats and rats. These small inclusions were then
referred to as "Howell-jolly bodies” and were then further observed in the erythrocytes of
peripheral blood from severely anemic human patients [89, 90]. These micronuclei are mainly
formed during anaphase from either a whole chromosomes or chromosomal/chromatid
fragments that failed to be incorporated in the daughter nuclei due to not attaching correctly

with the mitotic spindle during the chromosomal segregation [91, 92].

In addition to misattachment of tubulin, also the defects in kinetochore proteins or in
kinetochore assembly, late replication, epigenetic modification of histones, nucleoplasmic
bridge formation and gene amplification can also play an important role in the formation of
micronuclei [93]. Eventually, the dislocated whole chromosomes or chromosomal fragments are
then covered with a nuclear membrane and are morphologically similar to the nucleus except

that are in smaller sizes when stained with a standard nuclear staining [94].
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In summary, a micronucleus is an extra-nuclear structure that contains chromosomal fragments
and/or whole chromosomes surrounded by nuclear membrane. These chromosomal
whole/fragments remnants forming micronuclei can be induced by natural toxins and their
reactive metabolites through DNA damage, DNA cross-link, mitotic defects, chromosomal
aberrations and oxidative stress. The micronucleus (MN) test can be applied in in vitro and in
vivo approaches and in both approaches the tests are rapid and highly reliable. They have the

capability to identify a wide range of DNA damage at the chromosomal level [95].

Moreover, the MN assay is also considered the only method among the genotoxicity tests to

detect aneuploidy induced by xenobiotics or genotoxins [96]. Furthermore, the development of

12




the cytokinesis-block technique with the application of the cytokinesis inhibitor cytochalasin B in
the micronucleus test has led to a comprehensive system for measuring DNA damage, cytostasis
and cytotoxicity. This technique (CBMN) has limited micronucleus scoring to cells that have
divided once since test substances were added. In this technique, DNA damage events are
scored specifically in once-divided binucleated (BN) cells and include (a) micronuclei (MNi), a
biomarker of chromosome breakage and/or whole chromosome loss, (b) nucleoplasmic bridges
(NPBs), a biomarker of DNA misrepair and/or telomere end-fusions, and (c) nuclear buds

(NBUDs), a biomarker of elimination of amplified DNA and/or DNA repair complexes [97].

1.3.2 Comet assay

The comet assay is also one of the most commonly used techniques in genotoxicity testing to
detect DNA damage at individual cell levels. It is also commonly referred to as single cell gel
electrophoresis (SCGE) or micro-gel electrophoresis (MGE). It was first developed by Ostling and
Johansson in 1984 and was then later revised by Singh et al. in 1988 [98, 99]. Its principle is
based on damaged DNA which migrates more rapidly than the intact DNA during

electrophoresis through an agarose gel matrix.

Normally, in this assay the single-cell suspension is covered in agarose on a glass slide and then
lysed in high salt and detergent in order to eliminate soluble cell components, membranes, and
histones. This result in DNA to be left as nucleoids, consisting of supercoiled DNA loops bound
to a matrix. Thereafter, during electrophoresis in the presence of an electric current normally at
high PH, DNA breaks relax the supercoiling and relaxed loops of DNA extend in the agarose gel
forming a "‘comet tail’, which can easily be observed by fluorescence microscopy when stained
with a suitable dye. The scoring of the comet tails is time efficient as it is evaluated by using

automatized image-analysis software.

The DNA break frequency is then determined by the intensity of ‘comet tail’ formed. Due to
time efficient, simplicity, sensitivity, versatility, and affordability, the comet assay is increasingly
used for genotoxicity testing studies [100-102]. Its application has contributed immensely in
understanding the mechanism of genotoxicity of xenobiotics and their active metabolites and in

performing risk assessment [103-105].
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Control Hydrogen peroxide

Comet tail Comet tail

Figure 5: Representative Images of agarose embedded cells under fluorescence microscope. An example for a cell with intact
nuclear DNA (a) and an example for a cell with DNA damage (b). The comet assay is based on the migration of small DNA
fragments (single or double strand breaks) in an electric field. The cells with a damaged DNA, more DNA can migrate than from
cells with intact nuclear DNA. The ‘Head’ part indicates the intact DNA, while the ‘Comet tail’ indicates the DNA in tail which is
damaged. DNA damage is then quantified with specialized software and expressed as percent of DNA in tail.

Consequently, understanding of the DNA migration process and comet formation can clearly
suggest the type of the DNA lesions detection under different electrophoresis conditions [106].
For example, under alkaline conditions of a standard comet assay protocol, a wide spectrum of
DNA lesions can be detected such as single or double strands break as well as alkali-labile sites.
In addition, comet assay can also entail the damage DNA bases, DNA crosslinks or direct DNA
strands breaks [107]. Therefore, several modifications of the comet assay can be designed and
employed to reveal a particular type of DNA lesions, extending the range of comet assay utility.
For example, modified versions of the standard comet assay protocol can detect oxidized DNA

bases and may be used to reveal sites of DNA base loss, and DNA interstrand crosslinks.

14



cyclophosphamide

intrastrand interstrand
cross-link cross-link
DNA strandbreaking DNA strandbreaking
mutagen: H,0, mutagen: H,0,

\ \

mutagen-induced DNA tail reduction of mutagen-induced
migration DNA tail migration

Figure 6: Detection of DNA cross-links by a modified version of standard comet assay. Cross-linked DNA results in bigger
fragments after treatment with DNA strand breaking mutagen. The bigger DNA fragments move slower in the electrical field
thus, resulting into smaller comets after DNA-staining. The schematic illustration and chemical structure were self-created using
BioRender.com and ChemDraw version 20.1.

1.4 Hepatic metabolism and membrane transporters in liver toxicity

Liver is the major target organ for xenobiotics and toxins due to its unique role in drug
metabolism, bio activation and detoxification [108]. The elucidation of metabolic and transport
pathways through which xenobiotic are processed in the liver can contribute a better
understanding of liver hepatotoxicity mechanisms. Therefore, a detailed assessment of drug

metabolism and transport represents an important approach for better understanding of the
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toxicological profile of specific xenobiotics and their metabolites which can also aid in managing

risks associated with their potential to cause liver toxicity in humans.

1.4.1 Hepatic drug metabolism in liver

Liver accounts for more than 70% of drug metabolism [109, 110]. It is known that approximately
80% of the blood enters the liver via the portal vein and the remaining 20% enters the liver via
the hepatic artery. The major cells and basic functional unit in the liver are hepatocytes [111].
These hepatocytes are the parenchymal liver cells and occupy almost 80% of the total liver
volume and 60% of the total number of liver cells [112]. The non-parenchymal liver cells such as
endothelial cells and other liver cells accounts for only 6.5% of the liver volume. Liver sinusoidal
endothelial cells form a continuous lining of the liver sinusoids which separates hepatocytes and
other hepatic cells such as hepatic stellate cells, from sinusoidal blood. Hepatic endothelial cells
of liver sinusoids (HSEC) differ in many structural and functional aspects from other endothelial
cells of the body. HSEC do not have regular basement membrane, and are often embraced by
the cytoplasmic processes hepatic stellate cells. HSEC represent an important filtration barrier
between macromolecules and blood cells present in the sinusoidal lumen and hepatocytes that
prevents their direct contact, and also determines the exchange of various substances. HSEC

also actively participate in the immunological functions of the liver [112].
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Figure 7: Schematic illustration of the liver. Hepatic sinusoids are composed of sinusoidal endothelial cells (SEC). Hepatic
sinusoidal endothelial cells (HSEC) have a critical role in maintaining immune homeostasis within the liver and in mediating the
immune response during acute and chronic liver injury. Blood circulates within the sinusoids in the liver. The Space of Disse is a
location in the liver between hepatocytes (HC) and a sinusoid. It contains the blood plasma. Microvilli of hepatocytes extend
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into this space, allowing proteins and other plasma components from the sinusoids to be absorbed by the hepatocytes. Kupffer
cells (KC) are resident liver macrophages and play a critical role in maintaining liver functions; are located to the hepatic sinusoid
and are in proximity to other cells in the sinusoid, including sinusoidal endothelial cells (SEC), natural killer and natural killer T
cells. Hepatic stellate cells (SC) are located in the space of Disse between the hepatic sinusoidal endothelial cells and

hepatocytes; and they play vital roles in liver physiology and fibrogenesis. The schematic figure is self-created using
BioRender.com.

In general, drug metabolism in the liver involves breakdown and safe elimination of a parent
drug through detoxification pathways. However, under certain conditions these reactions may
result in the generation and build-up of harmful reactive metabolites which are more toxic that
the parent drug. Normally, drug metabolism involves two phases: Phase | metabolism which
mainly involves bio activation or toxification of xenobiotics reactions and Phase Il metabolism
mainly involves on detoxification of xenobiotics reactions. During phase | reactions, usually the
parent drugs undergo biotransformation through addition of functional hydroxyl, carboxyl,
amino, or thiol groups which are necessary for the next phase of detoxification, and which

makes the compound more hydrophilic.
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Figure 8: Diagrammatic representation of phase | and phase Il xenobiotic metabolizing enzymes and risk of developing cancer.
The diagram is self-created using BioRender.com.
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The main metabolic enzymes associated with Phase | reactions belong to the cytochrome P450
superfamily, which contributes immensely to the metabolism of a wide range of xenobiotics and
endogenous compounds. Phase Il metabolism reactions mainly involve conjugation with small
endogenous substances, which can further increase hydrophilicity enabling metabolites to be
exported into sinusoidal circulation for renal clearance, or into bile. Here, the major enzymes
involved include uridine diphosphate glucuronyltransferase (UGT), N-acetyltransferases (NATs),
glutathione-S-transferase (GST) and sulfotransferases (SULTs), which conjugate glucuronic acid,

acetate, glutathione (GSH) and sulfate, respectively [113].

These Phase Il enzymes can also catalyze the formation of reactive metabolites [114-116]. For
example, it has been reported that carboxylic acid- containing drugs, which have been
associated with drug toxicity, can undergo phase Il reaction via glucuronidation by UGTs. This
results in the formation of reactive acyl glucuronides that may covalently bind to endogenous
macromolecules such as DNA and proteins, thus contributing to toxicity [117-120]. Reactive
metabolites can irreversibly bind to and modify many cellular components including DNA, RNA
and proteins. For example, reactive metabolites can bind to hepatic proteins to forms adducts,
which can result in an immune response [116]. Also, reactive metabolites can lead to depletion

of GSH, which may result in an oxidative stress.

i. Cytochrome P450 enzymes
Cytochrome P450 (CYP 450) enzymes are a group of heme monooxygenases which are
membrane —bound predominately inside the hepatocytes and are known for their crucial role in
metabolism or biotransformation of xenobiotics [121, 122]. In humans, CYP 450 enzymes are
found and are highly concentrated in the liver cells (hepatocytes) mainly localized in the
endoplasmic reticulum (ER) and the inner membranes of mitochondria. However, it has also
been reported that CYP 450 can also be sited in the outer nuclear membrane, different Golgi

compartments, peroxisomes and the plasma membrane [123-128].

Several human CYP 450 isoenzymes have been identified in the liver [129]. Among CYP 450
isoenzymes, the subfamily CYP3A is the major and the main one responsible for the metabolism

of about 60% of currently known therapeutic drugs [130-135]. For example, the CYP3A
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subfamily in humans includes CYP3A4, CYP3A5 and CYP3A7 [132], where the CYP3A4 is the most
abundant among the isoenzymes in the human liver (~40%) and metabolizes more than half
(>50%) of the currently available therapeutic drugs [131, 136]. CYP3A5 isoenzyme accounts for
5-50% of total CYP3A abundance [137, 138] and is present in appreciable amounts in about 25%
of the human adult population [139]. CYP3A7 is the primary fetal isoform and is rarely detected
in human adults [140-147].

Notably, the expression levels of these CYP 450 isoenzymes have also been reported to be
varying widely between individuals [148]. CYP 450s have necessary and important roles in the
human body. In addition to bioactivating intermediates or metabolites, several studies have
reported that hepatic CYP 450 mediated metabolism of xenobiotic can also generate ROS in the
liver. This can increase oxidative stress and contribute to disease development such as
carcinogenesis [149]. This so because it is known that ROS can modify DNA, which can create
mutations and errors in replication [150], and ROS is also known to play a major role in cancer
development [151]. Henceforth, CYP 450s can play a predominant role in the metabolism of
carcinogens that can mitigate cancer development. Thus, inhibitors or inducers of CYP 450
enzymes may potentially be informative in understanding the mechanism of PAs induced

genomic damage.

ii. Carboxylesterases enzymes
Carboxylesterases (CES) are a multigene family of enzymes and exist as multiple isomers in
humans. These enzymes are members of the serine hydrolase superfamily, in which a serine
residue is capable of hydrolysis of ester, amide, or thioester bonds of numerous endogenous
and exogenous substrates including phytotoxins and their metabolites [152-154]. In humans,

CES are extensively distributed in various tissues, mainly in the liver and small intestine [155].

Recently, genomic analysis clearly defined five distinct mammalian CES subfamilies based on

genetic sequence and genomic structure [152, 156], but CES1 and CES2 subfamily proteins are
the most extensively studied [157]. These two forms are dominant in humans and their mRNA
expression is highest in the liver [158]. Deficiency or abnormal amount of CES1 and/or CES2 is

directly linked to human diseases such as cancer [159, 160]. Also, some studies have reported
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that CES are up-regulated in many cancerous tissues such as pancreatic cancer [155], colorectal
cancer [161], lung cancer [162] and neuroblastoma [163]. Human Hepatoma HepG2 cells have
also been reported to express CES1 and CES2, but mainly CES2 in high concentrations [164].
They are known to be highly expressed and localized in endoplasmic reticulum (ER) [165]. Thus,
this suggests an important role of CES in detoxification of xenobiotics and their metabolites

[152] and could serve as a key determinant for toxicity of ester compounds such as PAs [155].

Therefore, the application of selective inhibitors of this class of enzymes may have importance
in modulating the metabolism, distribution and toxicity of agents that are subjected to enzyme
hydrolysis [166]. Based on these facts, CES enzyme inhibition or induction may play a role in
elucidating the mechanism of how the carcinogens or xenobiotics are being detoxified in the
human body. Since PAs are ester alkaloids and might be detoxified by this group of CES
enzymes, it would be relevant to investigate the involvement of CES in PA-induced genomic

damage.

1.4.2 Hepatic membrane transporters in liver

Membrane transporters have a significant role in facilitating or preventing movements of
xenobiotics and their metabolites [167]. In the liver, before cellular metabolism can occur,
xenobiotics or drugs must first enter the hepatocytes where highly lipophilic xenobiotics can
easily cross the sinusoidal membrane by a simple process known as passive diffusion. However,
in the case of polar or ionized organic xenobiotics the passive diffusion process is not sufficient,
hence hepatic transporters are required for the uptake into hepatocytes [168-170]. Hepatic
transporters are membrane proteins that primarily facilitate nutrient and endogenous substrate
transport into the cell via uptake transporters, or protect the cell by pumping out toxic
chemicals via canalicular transporters. These transporters can also recognize and transport
drugs that are structurally similar to their endogenous transporter substrates [170]. Hepatic
membrane transporters (HMTs) are mainly distributed in parenchymal liver cells commonly
referred to as hepatocytes. These transporters have an important effect in the liver on drug

exposure and efficacy and they also play a key role in hepatotoxicity [171, 172].
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Consequently, in the liver, hepatic membrane transporters were identified on both the
sinusoidal and canalicular membrane which have been shown to have either uptake or
excretion function. The function of hepatic transport systems can be affected by interspecies
differences and inter-individual variability such as polymorphism. Also, some drugs and disease
can affect transporters by causing redistribution of hepatic transporters from the cell surface to
the intracellular compartments, leading to changes of hepatic transporter expression and
functions. Several studies have reported association of hepatic drug transporters with the liver
toxicity due to drugs and active metabolites. Based on their function, these hepatic membrane
transporters can be classified into influx and efflux transporters. Usually, the xenobiotic
concentration in the liver is determined by the hepatic uptake and biliary excretion, which can
further determine the chemical activation and clearance [173]. Therefore, actions of these
transporters are one of the main determinants of toxicological effects of xenobiotics whose

target is in the liver [174, 175].

i.  Hepatic Influx transporters
Hepatic influx transporters are also commonly referred to as uptake transporters which are
mainly expressed in the basolateral or sinusoidal membrane of hepatocytes [171, 176, 177].
Their main function is to allow movement of specific molecules from blood stream in the body
into hepatic cytosol of hepatocytes. Several hepatic influx transporters proteins have been
identified which include polyspecific organic cationic transporters (OCTs) such as OCT subtype
1/2/3, organic anionic transporters (OATs) such as OAT subtype 2/7, organic anion transporting
polypeptides (OATPs) such as OATP subtype 1B1, 1B3, and 2B1, and the sodium-dependent

taurocholate co-transporting protein (NTCP).

The OATPs and OATSs are mainly responsible for organic anion drug transport and the OCTs are
specific transporters for organic cations. The NTCP recognizes drugs with similar structure to
bile acid or drugs that bind to taurocholate [170]. Among these influx transporters, OATPs and
OCTs mediate the uptake of a wide range of xenobiotics in the liver. For example, in humans
OATP1B1/1B3 and OCT1/2/3 have been associated with transport of many xenobiotics [178-
185]. Therefore, the influx hepatic transporters are believed to play a major role in
hepatotoxicity through regulation of transport across both cellular and tissue membranes.
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Figure 9: Membrane transporters (influx and efflux) expressed in hepatocytes. The diagrammatic representation was own
created using BioRender.com.

ii.  Hepatic Efflux transporters
The hepatic efflux transporters are also referred to as excretion transporters which are mainly
located in the basolateral and canalicular membrane of hepatocytes. Their main function is to
mediate excretion of xenobiotics and their metabolites that have been formed in the
hepatocytes from hepatic cytosol to bloodstream in the sinusoids or bile in the bile canaliculi.
On the basolateral membrane of hepatocytes, there are multidrug resistance-associated
proteins (MRPs) including MRP 1, MRP3, MRP4, MRP5 and MRP6 [186-188] whose primary

function is pumping drugs back into the blood circulation from the hepatocytes.

On the canalicular membrane, the transporters include P-glycoprotein (P-gp; also known as
multidrug resistance protein 1, MDR 1), multidrug resistance-associated protein 2 (MRP2),
multidrug resistance protein 3 (MDR3), breast cancer resistance protein (BCRP), multidrug and
toxic compound extrusion subfamily 1 (MATE1) and the bile salt export pump (BSEP; mainly
mediates the biliary excretion of substrates) [189]. Therefore, inhibition of the efflux
transporters can play a key role in hepatotoxicity in the liver due to longer exposure of the
xenobiotics or its reactive metabolites formed in the hepatocytes.
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CHAPTER TWO

2 THEORETICAL FRAMEWORK ON PYRROLIZIDINE ALKALOIDS

2.1 Sources, occurrences and evolution

Pyrrolizidine alkaloids (PAs) are natural phytotoxins which can be found in more than 6000 plant
species and almost 3% of the flowering plants worldwide. The main plant families are
Asteraceae (mainly the tribes Eupatorieae and Senecioneae), Boraginaceae (most of the
genera), Fabaceae (mainly the genus Crotalaria), and Orchidaceae (around ten genera). More
than 95% of the PA-containing species which so far are being investigated belong to these four
main families [12, 13, 19, 190-197]. Their main aim is to protect the plants against herbivores
and also to protect plants effectively as insect-feeding deterrents [19, 197, 198]. However,
these PAs can instigate harm to humans, livestocks and wildlife. In humans, they are usually
found as cross-contaminants in human consumption products such as honey, spices, wheat,
milk, meat, and botanicals and botanical preparation products such as herbal teas, herbal

medicines and dietary supplements [10, 15, 199-206].

Notably, different plant species in these families produce characteristic mixtures of PAs of
different chemical features and in varying amounts [207]. That is to say, both, composition and
concentration of PAs may fluctuate and usually depend on various factors such as species, age
and part of plant, variety such as genotype or chemotype, season, location and other related
factors [197, 208, 209]. Therefore, not all known PAs of PA-containing plants are necessarily
present at the same time. The same plant species growing in different locations or in different
seasons may contain different PAs [20, 210]. These toxins are mainly concentrated in the seeds
and the flowering parts of the plant, with decreasing amounts in the leaves, stems and roots [9,
209]. For example, most plants species produce mixtures of PAs in varying concentrations

ranging from less than 0.001% to 5% in certain plant seeds [9].

In addition, some of these plants families containing PAs are used by humans as ground cover,

soil improvers (Fabaceae), ornamental plants, and for animal feed. Also, for example
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Boraginaceae family of plants is well appreciated for the quality of their honey [9]. Among these
plants, the most commonly reported plants associated with food poisoning (excluding use of
herbal teas and herbal medicines) in humans are Heliotropium in the family Boraginaceae, and
Crotalaria in the family Fabaceae. For example, these occurred as weeds in cereal or legume
crops where the seeds were mixed accidentally with the main crop harvest. Hence, the toxins
survived the milling, and subsequent processes. This situation can also be aggravated by
drought and other conditions that are advantageous to weed growth at the expense of the crop

itself [9].

PAs poisoning in animals has been reported and was attributed to Heliotropium, Trichodesma,
Senecio, and Crotalaria species. In general, the grazing animals can avoid PA-bearing plants but
they may have no choice in the situation of drought or when searching for food on over-grazed
or otherwise depleted pastures. Also, if the weedy crops are used for the production of hay or
silage the animals can no longer exercise discrimination when feeding because the toxins
survive storage processes and are completely intermixed with the fodder. Hence, due to these

facts the mortality of grazing animals has also been reported [9].

2.2 Structural features and classification
Several hundred PAs have been isolated from plants and their chemical structures have been
well characterized [20]. PAs are ester alkaloids composed of a necic acid and necine base

moieties [Figure 10].
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Figure 10: General schematic structure of pyrrolizidine alkaloids (ChemDraw version 20.1).
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The necine base comprise of two saturated five-membered rings with a nitrogen atom between
them, where sometimes displays a double bond in the 1, 2 position, which has been reported
frequently as the main association with enhanced toxicity [211]. The necic acid moiety which is

the esterified acids consists of one or two carboxylic ester arms at C-7 and/or C-9 positions.

PAs rarely occur in the free form as pyrrolizidine base but instead they are mostly found in the
plants in form of tertiary bases or pyrrolizidine alkaloids N-oxides [212, 213]. The esters formed
in these PAs consist of necine base containing amino alcohols and one or more necic acids,
which are the main responsible for their structural diversity [212]. Based on these chemical
structure necine base and esterification moieties, PAs can be classified diversely. According to
the necine base, PAs can be categorized into four main groups such as retronecine, heliotridine,

otonecine and platynecine [Figure 11] [214].

CHs
Retronecine PA - type Heliotridine PA - type Otonecine PA - type Platynecine PA - type

Figure 11: Structural classification of the selected pyrrolizidine alkaloids based on necine bases (ChemDraw version 20.1).

Retronecine-, heliotridine-, and otonecine-types have unsaturated bases at 1, 2 positions, while
the platynecine-type is saturated [215, 216]. From a chemical structural point of view,
otonecine-type is the most distinct among all types, because at position 8 (C-8) the carbon is
oxidized and displays a monocyclic ring, thus it differentiates itself from the other groups, which

displayed a bicyclic ring [217-219].

In addition, retronecine and heliotridine are diastereomers, which shows a distinct orientation
at position 7 (C-7) [220, 221]. The platynecine-type PAs does not contain a double bond in the
necine base at position C1-C2. Thus, it has been widely been reported that the toxic PAs are

esters of unsaturated necines having a 1, 2 double bond [222, 223]. The retronecine-type,
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heliotridine-type, and otonecine-type PAs contain a C1-C2 double in their necine bases and are

considered toxic, while the platynecine-type PAs with saturated necine base have been

reported and considered to be non-toxic [222, 223].

Nevertheless, the PAs can also be classified according to the esterification at the necic acid

moiety such as monoesters and diesters. The diesters can be sub-grouped further into cyclic-

diesters and open-chain diesters [224, 225]. It has become evident that the ester type is

relevant for their (geno-) toxicity [18, 196].

Table 1: Structural classification of the selected pyrrolizidine alkaloids based on necine base and esterification of

the necic acid moieties. Chemical structure were created using Chem Draw software (version 2004).
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Naturally, hundreds of PAs and their N-oxides have been described up to now and it is assumed
that about half of them are hepatotoxic [11, 15, 195, 226]. Because of their abundance and
toxicities, including hepatotoxicity and carcinogenicity, the retronecine- and heliotridine-derived

PAs have received the most attention [21].

The term “saturated PA” is sometimes used to emphasize the fact that there are no double
bonds present. The terms "1, 2-unsaturated”” or "1, 2-dehydro’” PAs indicate that the alkaloids
being referred to are modified PAs having a double bond between carbon 1 and 2. The term
“free base”” means that the nitrogen lone pair electrons on the alkaloids are not protonated by
acids or oxidized to N-oxides. The N-oxide forms of PAs occur naturally together with the parent
PA molecules. In this thesis, the term “PAs’" used by itself refers to saturated and 1, 2-
unsaturated PAs and their associated N-oxides. An overview of chemical structural formulae of

PAs mention in this thesis is provided in [Table 1].

2.3 Metabolic activation and toxicity

For many decades, the hepatic metabolism of PAs has been extensively studied, both in vitro
and in vivo. PAs are generally considered pro-toxins, requiring metabolic activation primarily in
the liver. They undergo biotransformation to introduce reactive or polar groups, enabling the
formation of polar metabolites for excretion from the body. While the liver is the major organ

for PA metabolism, studies have also identified metabolism in other tissues, such as the lungs
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[227]. Upon ingestion, PAs are absorbed in the gut and transported to the liver, where hepatic
enzymes and macromolecules act on them to facilitate their bioactivation and subsequent

excretion.

Basically, there are three principal pathways for PA metabolism, including hydrolysis of PAs to
release necine bases and necic acids, N-oxidation to form PA N-oxides, and oxidation of PAs to
produce reactive pyrrolic ester metabolites (DHPA) [Figure 12]. When PAs are absorbed into
tissues like the liver, some of them undergo hydrolysis at the C7-C9 ester bond into necine base
and necic acid intermediate moieties. This hydrolysis is facilitated by non-specific esterase
enzymes, mainly hepatic cytosolic carboxylesterases (CES). The resulting free necine base and
necic acid intermediate moieties are not toxic and undergo further phase |l metabolism
conjugation to facilitate their excretion via the kidneys and urine [20, 228-233]. This metabolic
pathway is a crucial detoxification route. For instance, studies have shown that rats are highly
susceptible to the toxicity of PAs, partially if not totally, due to the lack of esterase activity in
their livers. In contrast, guinea pigs possess marked resistance to the toxic effects of PAs

because of their particularly high liver esterase activity [234].

In addition, retronecine- and heliotridine-type PAs, at their necine bases, can undergo a N-
oxidation process to form PA N-oxides, while otonecine-type PAs cannot form PA N-oxides
because the nitrogen in their necine base is methylated, hindering the formation of PA N-
oxides. The metabolism of PAs to their corresponding N-oxides is primarily catalyzed by the
presence of both cytochrome P450 and flavin-containing monooxygenase enzymes [235-237].
Normally, PA N-oxides are considered detoxification products because these metabolites can be
further conjugated for excretion [238, 239]. Hence, the process of PAs' metabolism to their
corresponding N-oxides has been widely assumed as a detoxification pathway, implying that PA

N-oxides are non-toxic or are much less toxic than their parent PAs [229].

However, PA N-oxides can be metabolically converted back to their parent PAs, producing
carcinogenic effects if the parent PAs are carcinogenic [240-243]. For instance, studies in rats
have shown that retrorsine N-oxide and riddelliine N-oxide are toxic, inducing hepatic

carcinogenesis and tumorigenesis, respectively [244, 245]. Additionally, Yang et al. (2017) [246]

28



demonstrated PA N-oxide-induced hepatotoxicity in mice, similar to its corresponding PAs but
with much lower potency. The authors discovered that the toxic mechanism of senecionine N-
oxide-induced hepatotoxicity in rats is via its biotransformation to the corresponding PAs
followed by the metabolic activation to form pyrrole-protein adducts. Moreover, it was
suggested that the low lipophilicity of PA N-oxides resulted in a lower extent of absorption
through the cells, making them less toxic than their parent PAs. Thus, the differences in
absorption and metabolism between PAs and PA-N-oxides were also attributed to their

significant differences in hepatotoxicity potency.

Consequently, pyrrolic ester metabolites (DHPA) are produced through the hydroxylation of the
necine base of retronecine- and heliotridine-type PAs at the C3 and C8 positions, forming 3- or
8-hydroxynecine derivatives followed by spontaneous dehydration. For otonecine-type PAs,
pyrrolic ester metabolites are generated through oxidative N-demethylation of the necine base
followed by ring closure and dehydration [247]. These processes to form pyrrolic ester
metabolites are mainly catalyzed by cytochromes P-450, specifically CYP3A and CPY2B isoforms.
For example, many animal studies have reported that hepatic CYP450, especially CYP3A and
CYP2B isoforms, catalyze the metabolic activation of toxic PAs. While there is limited data
indicating that human hepatic CYP3A4 isoenzymes mediate the metabolic activation of PAs,
despite CYP3A4 being the major abundant CYP450 enzyme in the human liver [235, 248-251].
The pyrrolic ester PA metabolites are highly reactive and believed to be the primary metabolites
responsible for causing human hepatotoxicity [232, 252]. These primary pyrrolic ester (DHPA)
metabolites are extremely reactive, with very short half-lives, especially in aqueous
environments [229, 253], making these DHPA metabolites challenging to identify in in vivo and
in vitro metabolic studies. Therefore, after formation in human hepatocytes, the DHPA ester
metabolites can rapidly bind to one or two molecules of GSH to form GSH-conjugates,
facilitating their excretion via the urinary or biliary pathways [14, 28]. However, He et al. (2017)
[254] demonstrated that PA-derived GSH-conjugate adducts can bind to cellular DNA,

suggesting they might still have some toxic potential.
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Figure 12: Proposed hepatic metabolic activation of PAs to form primary toxic pyrrolic esters that interact with glutathione
(GSH) or DNA or Proteins to form conjugates or adducts (the figure was prepared using ChemDraw version 20.1).
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Additionally, when GSH is exhausted in the detoxification of the DHPA pyrrolic ester
metabolites, the DHPA ester metabolites will rapidly bind to nucleophilic functional groups such
as sulfhydryl (-SH), amino (-NH), and hydroxyl (-OH) on DNA and proteins in the liver. This
process produces mixtures of C7 and C9 mono- and di-DHP adducts, and also forms crosslinks
between -SH, -OH, and -NH groups on different molecules or on the same macromolecules [14,
20, 217, 229, 230, 235-237, 241, 255-260]. It is for these reasons that the metabolic formation
of pyrrolic ester (DHPA) metabolites has been considered the primary metabolic activation for

the genotoxicity and carcinogenicity of PAs.

In addition, these primary DHPA metabolites can undergo further hydrolysis of pyrrolic esters
with the aid of cytosolic carboxylesterases (CES) and be converted to a dehydronecine (DHP)
metabolite. This metabolite is also toxic but to a lesser extent compared to the DHPA
metabolite, and it has a longer lifespan in the human body. The formation of a DHP metabolite
is considered a secondary toxic metabolite, and it has been reported to exhibit antimitotic,
mutagenic, and carcinogenic effects [247, 261]. Although DHP is less reactive than the precursor
DHPA esters, it is still capable of forming DHP adducts with nucleophilic targets in the liver and
many extrahepatic tissues [20]. Some of the DHP adducts, linked to weaker nucleophilic groups,
can also be released into the circulation or transferred to stronger nucleophiles [20]. Therefore,
the DHP, which is associated with some circulating proteins and other substances such as GSH
escaping from the liver, remains potentially active, thereby prolonging toxicity and leading to

extrahepatic effects [20, 262-268].

Limited information is available on the metabolism of saturated PAs; however, it is stipulated
that the absence of the 1, 2-double bonds in the PAs means that they cannot be converted to
DHPA esters or to DHP. Also, based on in vitro studies, it has been demonstrated that abdominal
microorganisms are capable of metabolizing PAs, although the metabolites have not yet been

clearly characterized [269-272].
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2.4 Human exposure and poisoning

Human PA-poisoning cases have been reported and documented in several countries
worldwide, including Germany, Britain, Switzerland, China, Hong Kong, India, South Africa and
the United States of America [23]. Due to numerous case studies reported on PAs; Health and
Safety guidelines have been developed by many countries including Germany and international
organizations, such as the world Health organization (WHO). However, the cases of PAs-induced

poisoning reports are still on a rise.

The human case reports of PA-poisonings, including death cases due PA-containing herbal
medicines and herbal teas have been reported to induce liver toxicity. Though, the amount of
PA that resulted in the liver toxicity or disease in these reports is generally not well
characterized. For example, the earliest case report of PAs to induce liver disease in form of
HSOS was reported in 1920 in South Africa; which was mainly due to ingestion of bread made

from wheat that was contaminated with Senecio seeds [273].

The epidemic of hepatic veno-occlusive disease (HVOD) and other liver disorders have also been
reported in parts of Central Asia, Afghanistan and India [9]. In the United States of America, two
cases of poisoning were reported in infants following ingestion of infusion of herb known as
Gordolobo Yerba by the Mexican American population and it is identified as Senecio longilobus
[203, 274, 275]. One of the cases was a female 6-month infant (6 kg/body weight) diagnosed
with hepatic veno-occlusive disease, which presented with portal hypertension and extensive
hepatic fibrosis for over 2 months. Later in time, it was discovered that the PAs were present in
plants that were used in the preparation of infusion taken by the infant and were to a large
extent identified as riddelliine and the N-oxides of retrorsine, seneciphylline and senecionine.
These PAs were largely present in the herb at a concentration of 3 g/Kg free alkaloid and 10
g/Kg N-oxides. Henceforth, it was estimated that the female infant received a total dose of
between 70 and 147 mg of PAs for a period of 2 weeks, which corresponds to an intake of 0.8 to

1.7 mg/Kg [207].

In South Africa, a 3.5-month old female infant was admitted in hospital due to diarrhea,

vomiting and ascites after have been administered for short-time period treatment with a
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traditional herbal remedy, which is commonly referred to as Muti. During admission, the infant
developed peritoneal inflammation and septicemia and after 3 months of hospital admission
the infant died. When the postmortem was done, liver histology confirmed the diagnosis of
HVOD. Later, the extracts of the traditional remedy were analyzed using colorimetry and GC-
MS. In GC-MS analysis, PAs mainly retrorsine, seneciphylline and platyphylline were identified in
the herbal remedy. Meanwhile, in the colorimetric assay indicated a yield of 1 mg/g and 1.2

mg/g [276].

Using the cell culture studies, the same traditional herbal remedy Muti indicated a dose-related
toxicity with necrosis at high concentrations in human hepatoma cell lines. In comparable to
that, a study was also carried out in two hospitals within South Africa, where twenty (20)
children suffering from HVOD were identified and thought to be caused by administration of
traditional herbal remedies known as Muti [277]. The age range of these children were 1 month
to 7 years, where the mean age at admission in the hospitals was 2 years and 3 months while
the female to male ratio was 1:1. The main clinical presentation was ascites of various
magnitude and hepatomegaly. The histological findings in all of the biopsy specimens were
relevant to veno-occlusive liver disease, where the majority manifest with centrilobular
congestion with sinusoidal distension and dilatation. There was a high morbidity and mortality
especially in the young infants. Previous consumption of Muti was confirmed or suspected in 15
out of the 20 patients and four of the cases on admission urine specimen were available. A
simple colorimetric screening test was done on urine samples using a modified method of
Birecka et al., [278] for the detection of PAs in plants and all the samples confirmed the

presence of PAs [207, 277].

In P.R. China, a 54-year-old female was admitted in a hospital in the city of Shanghai,
complaining of abdominal distension and loss of appetite for over 4 months. Physical
examination was done and revealed jaundice and ascites, while liver biopsy showed histological
features indication a diagnosis of hepatic sinusoidal obstruction syndrome (HSOS). The female
patient was treated with diuretics and fully recovered 3 months after discharge from the
hospital [205]. Later it was noted that, before admission to the hospital, the female had
consumed one to two cups of home-made herbal wine (Tusangi) daily for about 3 months in
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order to treat for traumatic injuries. This cultivated herb from the home of the patient was then
identified as Gynura Segetum. Using HPLC-UV-MS analysis, the two hepatotoxic PAs
seneciphylline and senecionine were identified in Gynura Segetum and its herbal wine. The
concentrations of senecionine and seneciphylline were 1.13 and 0.83 pg/ml, respectively. An LC-
MS-based analytical approach was also used to precisely determine serum PA-protein adducts.
Hence, the same peak was depicted in the chemically derivative serum sample that was
obtained from both the female patient with HSOS and rats administered with Gynura Segetum.
In fact, the animals study showed a good correlation of liver injury with the ingestion of Gynura
Segetum. The female patient had continuously ingested the home-made herbal wine for about
3 months, which was estimated to approximately 50-100 ml per day. Then, based on the
guantitative analysis of PA content in the wine, PA dose was estimated to be approximately 98-
196 pg per day (or 0.0016-0.0033 mg/Kg of body weight per day). Henceforth, the protein
adduct derived from reactive metabolites of PAs has been suggested to play a key role in PA-
induced liver toxicity. Hepatic tissue-bound PA metabolites, especially the pyrrole—protein

adduct, appeared to be a reasonable biomarker of PA-induced HSOS [205, 207].

In Germany, a 63-year-old female was admitted in hospital in the city of Munich with vomiting
and abdominal pain, which started 3 hours after consumption of approximately 10 leaves (100g)
of self-collected Petasites and Tussilago plants [279]. These plants belong to family of
Asteraceae and the tribe Senecioneae, they are natively found in Europe and parts of western
and central Asia. These plants have been reported to contain cyclic diesters hepatotoxic PAs
including Senkirkine and Senecionine [280-284]. A liver biopsy was performed to a female
patient at day 14 and found liver tissues with features of HYOD manifesting with intraluminal
fibrin clots in the sinusoids. Three months later, a liver biopsy exhibited further progression of
veno-occlusive disease of the liver [207, 279]. These human case reports and many other
documented reports need to be put into consideration in order to provide reliable information
to be used as the basis for human health risk characterization and health-based guidance

values.
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2.5 Toxicological studies

PAs, especially the 1, 2-unsaturated types have been found to exhibit acute toxicity, chronic
toxicity, and genotoxicity. In acute poisoning with these 1, 2-unsaturated PAs, massive hepatic
toxicity with hemorrhagic necrosis is observed. Chronic poisoning mainly occurs in liver, lungs,
and blood vessels, and causes cell enlargement (megalocytosis), veno-occlusion in liver and
lungs, fatty degeneration, nuclei enlargement with increasing nuclear chromatin, loss of
metabolic function, inhibition of mitosis, proliferation of biliary tract epithelium, liver cirrhosis,

nodular hyperplasia, and adenomas or carcinomas [20].

In the cases of chronic or severe poisoning with PAs, the outbreak has resulted in a high
mortality rate. The acute or short-term toxicity through consumption of food or herbal products
containing high amount of PAs was commonly associated with hepatic sinusoidal obstruction
syndrome (HSOS), which is also referred to as hepatic veno-occlusive disease (HVOD). This
(HVOD) disease is mainly characterized by ascites and hepatomegaly, progressing to cirrhosis,

which can even lead to mortality due to hepatic failure [200, 285-288].

2.5.1 Acute toxicity

In the acute toxicity studies, the median lethal dose (LDsp), which entails half (50%) of lethality
of PA in animal experiments, was investigated in animal models resulting in liver and lungs as
the main organs affected. For instances, at an acute level, lasiocarpine, riddelliine and retrorsine
were reported to induced liver damage inform of necrosis and megalocytosis and other

biochemical changes in the organelles such as endoplasmic reticulum (ER) [289-295].

Lasiocarpine, riddelliine, retrorsine, seneciphylline and senecionine, are among the acute toxic
PA with lethality LDsq less than 100 mg/kg body weight. For example, senecionine oral LDso was
reported in mice at 57 mg/kg body weight while the oral LDsq for retrorsine, echimidine and
heliotrine were determined in rats, where the oral LDsq for retrorsine was at 34-38 mg/Kg body
weight, echimidine at 518 mg/Kg bodyweight, and for heliotrine at 510 mg/Kg body weight
[289, 296-298]. The LDsq values of PAs in animal experiments after intraperitoneal (i.p) or
intravenous (i.v) administration of PAs are also reported. Echimidine showed acute toxicity with

lethality of LDso between 200 to 350 mg/Kg of bodyweight [9, 291]. Meanwhile, lycopsamine
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with the lethality of LDsy 1500 mg/Kg of body weight and europine with lethality of LDsg >1000
mg/Kg of body weight [9, 291, 299].

Nonetheless, the 1, 2-saturated PAs such as platyphylline and cynaustraline were also
investigated in rats, where for platyphylline at LDso 118 mg/kg of body weight and cynaustraline
at LDsp 67 mg/Kg of body weight was reported after intraperitoneal administration and at these
LDsp values caused rapid deaths without hepatotoxicity [300]. In another two experimental rats
animal studies, it was reported that platyphylline at LDsq of 252 mg/Kg body weight and
cynaustraline at LDsq of 260 mg/Kg of body weight [9, 294]. Based on the LDsg animal studies, it
was deduced that diesters PAs of heliotridine and retronecine were about four times more toxic
than the respective monoesters PAs, and heliotridine esters were more toxic than retronecine

esters [301].

2.5.2 Sub-acute toxicity

A number of individual 1, 2-unsaturated PAs were investigated in mice and rats. Examples of
PAs conducted were lasiocarpine, echimidine, retrorsine, retrorsine N-oxide, riddelliine,
riddelliine N-oxide, and monocrotaline. Hepatotoxicity was depicted as the most common toxic
effect of repeated doses of these 1, 2-unsaturated PAs. Pulmonary toxicity has also been
observed with monocrotaline; here the metabolites produced by hepatocytes caused the
toxicity in the lung [302]. However, the initial target appeared to the endothelial cells in the

blood vessels [295, 303].

Riddelliine was studied for 13-week in rats, which was administered by gavage. The no observed
adverse effect level (NOAEL) was 0.24 mg/Kg of body weight per day however, histopathological
changes in the liver were observed at a dose 0.71 mg/Kg of body weight per day [304, 305].

Another study was conducted in rats which tested lasiocarpine and echimidine for 28-days
[296]. The study reported no toxic effects at the highest tested dose of echimidine (2.5 mg/Kg of
body weight per day), which was similar to lowest observed adverse effect level (LOAEL) for
lasiocarpine at 2.8 mg/Kg of body weight per day and the NOAEL was 1.2 mg/Kg per day. This

indicates that echimidine might be less toxic than lasiocarpine.

36



2.5.3 Chronic toxicity

The long-term exposure of 1, 2-unsaturated PAs to the animal studies has been considered to
result in carcinogenicity as a critical end-point. Also, long-term PAs exposure studies in
experimental animal toxicity have reported megalocytosis in the liver. For example, studies
were conducted in rats administered with PAs such as lasiocarpine, riddelliine, retrorsine, and
senecionine, and on crude plant extracts containing PAs, for long-term exposure and the end-
results depicted in rats were tumors in multiple tissues mainly liver, lungs and blood vessels [9,

306].

European Food Safety Authority (EFSA) and International Programme on Chemical Safety (IPCS)
evaluated lasiocarpine and riddelliine for long-term carcinogenicity studies, in which it was
observed that lasiocarpine was carcinogenic in Fischer 344 rats producing hepatocellular
tumors and angiosarcomas of the liver in both sexes and hematopoietic tumors in female
animals. For riddelliine, it was clearly observed that it induced carcinogenicity in male
B6C3Fmice based on an increased incidence of hemangiosarcoma in the liver and clear evidence
of carcinogenic activity in female B6C3F mice based on increased incidences of

alveolar/bronchiolar neoplasms [9, 307].

Based on detailed experimental animals studies on 1, 2-unsaturated PAs for lasiocarpine and
riddelliine, the International Agency for Research on Cancer IACRC [5, 308-310] classified
lasiocarpine and riddelliine as being possibly carcinogenic to humans (group 2B) [5, 309, 310].
For echimidine, retrorsine, seneciphylline, europine and lycopsamine not much data is available
to-date in experimental animals and hence, IARC attributed them to the category that has
limited evidence for the carcinogenicity to experimental animals (not classifiable as to its

carcinogenicity to humans, group 3) [309, 310].

2.6 Hepatotoxicity, Genotoxicity and Carcinogenicity

PA-induced hepatotoxicity is considered to be caused due to the formation of pyrrole —protein
adducts in the liver resulting in the damage with the normal functions of specifics proteins in
the liver. For example, the pyrrole-protein adducts of 1, 2-unsaturated PAs have been
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demonstrated in the liver of mice and in vitro studies using rat liver microsomes and the

recombinant human CYP 450s [36, 311].

Consequently, most of purified PAs have been indicated in various animal experiments to
induce carcinogenesis, not only in the liver but also in other organs such as lung, kidney,
pancreas, or even in the brain [281, 312-318]. Both the in vivo and in vitro studies have
demonstrated a variety of genotoxic effects such as formation of micronuclei, DNA-DNA cross-
linking, DNA-protein cross-linking, sister chromatid exchanges, chromosomal aberrations,

mutations, or teratogenicity.

2.6.1 Formation of DNA adducts

DNA adducts of riddelliine were found in the liver of female F344 rats and B6C3F1 mice after
feeding [257, 319, 320]. It is presumed that riddelliine-induced liver tumor could be mediated
by dehydronecine-DNA adducts based on magnificent correlation between the level of the
dehydronecine-derived DNA adducts and tumorigenic potencies [257]. It was also reported that
the DNA-adducts, which possibly lead to hemangiosarcoma, were mainly generated in the liver
significantly in the endothelial cells more than in the parenchymal cells (hepatocytes) [319]. In
addition, Wang et al (2005) supported that these dehydronecine-derived DNA adducts might be
responsible for PA-induced liver tumorgenicity and genotoxicity, where formation of the DNA
adducts by oral gavages of retrorsine with a daily dose of 1.0 mg/Kg b.w for three consecutive
days to F344 female rats or monocrotaline with a single orally dose of 10 mg/Kg b.w were
determined [215, 321]. Dehydronecine-DNA adducts were also determined in the liver of the
rats after oral gavage with lasiocarpine, retrorsine, riddelliine, monocrotaline, clivorine, and
heliotrine. The di-ester PAs formed higher levels of DNA-adducts than the mono-esters PAs,
hence it was indicated that the DNA-adducts could be potential biomarkers of PA-induced
carcinogenicity [25]. Yang et al (2002) also reported PA-derived DNA adducts found in the blood

of both female and male F344 rats after a single dose of riddelliine through gavage [322].

2.6.2 Formation of unscheduled DNA synthesis
The unscheduled DNA synthesis (UDS) test measures the DNA repair synthesis after excision and

removal of a stretch of DNA containing the region of damage induced by chemical or physical
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agents. Therefore, this assay measures the repair of primary DNA damage like DNA adducts.
Several studies have been done to measure primary DNA damage induced by PAs. For example,
Mirsalis et al [323, 324] found that riddelliine induced significant elevation in unscheduled DNA
synthesis (UDS) in rat liver [323, 324]. In hepatocytes from cultured male and female rats and
mice, UDS was also depicted after riddelliine was administered by gavage for 5 or 30 days [304,
305, 325]. The UDS test was also used in primary cultures of rat hepatocytes treated with PAs
including retrorsine, seneciphylline, senecionine, and 19-hydrodroxyl- senecionine, or PA-
metabolites such as alkenals. All these PAs or PA-metabolites demonstrated positive dose-
related response measured by auto-radiographic detection. Similar UDS response by PAs and
alkenal PA-metabolites was reported and suggested that trans-4-OH-2-hexenal is a toxic
metabolite of the PAs [326]. In addition, UDS was also found and reported in hepatocytes from
different species caused by lasiocarpine, senecionine, seneciphylline, and monocrotaline [327,

328].

2.6.3 Formation of DNA cross-links and DNA-protein cross-links

Different PA variants and their pyrrolic derivatives have been found to form DNA-DNA cross-
links and DNA-protein cross-links [256, 329-331]. In an in vivo study, after adult male Sprague-
Dawley rats were injected intraperitoneally with monocrotaline, DNA-DNA interstrand cross-
linking and DNA-protein cross-linking were depicted and there was no evidence of DNA single-

strand break [332].

Consequently, using in vitro studies, Hincks et al (1991) [255] demonstrated the formation of
DNA cross-link associated with PA-variants in the cultured mammalian Mardin-Darby bovine
kidney (MDBK) epithelial cell line incubated for 2 hours with eight PA-variants in concentrations
ranging from 50 to 500 uM in the presence of S9. All the PAs tested including retrorsine,
riddelliine, seneciphylline, senecionine, monocrotaline and lasiocarpine, induced DNA cross-
links with dissimilar potency which consisted of proteinase sensitive cross-links and DNA
interstrand cross-links. None of the tested PAs induced detectable amounts of DNA single
strand breaks [255, 332]. A comparable study of DNA cross-link in MDBK cells was also reported

by Kim et al. (1999) [331]; the PAs tested were dehydrosenecionine, dehydromonocrotaline,
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dehydroriddelliine, dehydroretronecine and indicine N-oxide. All induced DNA cross-link

formation with at different magnitude [256, 331].

The DNA-protein cross-linking potency of the PA- has also been found to correlate well with the
known potency differences in animal toxicity [256]. Hence, it was proposed that DNA-protein
cross-linking activity is probably involved in PA-induced liver disease leading to carcinogenicity.
Since some of these PA have been reported to be carcinogenic, thus formation of DNA-DNA

cross-linking or DNA-protein cross-linking may lead to cancer formation [256, 258].

In addition, the PAs or their reactive metabolites have also been proved to induce DNA or
protein cross-linking in human breast carcinoma cells, as well as DNA-DNA cross-linking in E.coli,
M13, and pBR322 plasmid [331, 333-336]. In spite the fact that DNA strand breaks could not be
exhibited using alkaline elution assay, some studies using comet assay have reported isatidine
and monocrotaline to have an effect on human hepatoma (HepG2) cells and human
glioblastoma (GL-15) cells, respectively [337, 338]. Louisse et al (2019) [30] also identified

several PA to induce DNA strand break in HepaRG human liver cells using the yH2AX assay.

2.6.4 Chromosomal and chromatid alterations

The PA-induced chromosomal damage has been widely investigated. The results demonstrate
that PAs can induce clastogenic effects after being appropriately metabolically activated
producing micronuclei in hepatocytes, bone marrow erythrocytes, and peripheral blood cells. In
vivo, the clastogenic damage in form of micronuclei formation was evaluated in the bone
marrow of the adult mice and their fetal liver after exposure to heliotrine and monocrotaline
[339]. In the in vitro studies, retrorsine, monocrotaline, and isatidine exhibited induction of

micronuclei formation in primary rat hepatocytes [340].

Using HepaRG cell line, Allemang et al. (2018) [29] found dose-dependent micronuclei
formation with several PAs including lasiocarpine, retrorsine, riddelliine, echimidine,
seneciphylline, lycopsamine, and europine, and their corresponding N-oxides. Takanashi et al.
[341], investigated PAs in V79 Chinese hamster cells, and found that lasiocarpine and senkirkine
can induce chromatid gaps, while heliotrine and petasitenine caused inter-chromosomal

exchanges.
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In addition, sister chromatid exchange (SCE) induced by seneciphylline, senkirkine, heliotrine,
and monocrotaline, was also demonstrated in V79 cells when co-cultured with primary chick
embryo hepatocytes [9]. Most of these PAs induced chromosomal aberrations have been
reported in human cell lines. There is limited information available for chromosomal damage by
PAs in humans. However, the most important study which was reviewed by International
Programme on Chemical Safety (IPCS) described chromosomal damage in the blood cells of
children with veno-occlusive disease, which was highly suggested to be caused by a PA known

as fulvine from seeds of Crotalaria fulva [342].

2.6.5 Mutagenicity

Frequently, mutagenicity is followed by carcinogenicity. In the in vivo studies using liver and the
cll gene of transgenic big blue rats, Mei et al. (2004) [343, 344] reported riddelliine can
transverse mutational pattern mainly a G:C to T:A. Using standard or modified Ames test with
pre-incubation, the PAs including lasiocarpine, retrorsine, seneciphylline, senkirkine and
monocrotaline were found to be mutagenic or weakly mutagenic to the strain TA100 of
Salmonella typhimurium in the presence of S9 metabolic activation system [345, 346]. For
retrorsine, the mutagenic activity was also observed in the strains of TA1535 and 1537 [347].
Several studies have shown that a number of PAs are dose-dependent mutagens. These studies

used Drosophila melanogaster and Salmonella typhimurium TA100 as the main model systems.

2.7 Role of kinetics as toxicity determinant in PAs toxicity

Toxicokinetics represents the details of the absorption, distribution, metabolism and excretion
(ADME) characteristics of chemicals or toxins. These ADME characteristic properties influence
the bioavailability, the detoxification and bioactivation, and thus define the toxicity of chemicals
or toxins. This also contributes to the 1, 2-unsaturated PAs due to the fact that they require
bioactivation to a dehydro-PAs to become toxic, while the conversion to their PA-N-oxides and
hydrolysis to non-toxic necines and necic acid moieties is mainly considered to result in their

detoxification [1, 348, 349]. Therefore, kinetics is considered as a key factor for PA toxicity.
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The differences in ADME characteristics of PAs may largely alter the relative potency of PAs.
Kinetics is of importance for the toxicity of 1, 2-unsaturated PAs because these PAs require bio
activation to dehydroPAs to become toxic. Although the metabolic pathway for bio activation of
PAs is similar, there appear to be distinct differences in kinetics between PAs resulting in
significant variation in metabolic clearance and bioavailability. Therefore, this implies that

metabolism and thus kinetics are crucial determinants in PA-induced toxicity.

ADME differences for PA have become evident during absorption in the gastrointestinal tract
(GIT). A number of studies have pointed differences in the absorption of the PAs across the
intestinal barrier. For example, the intestinal uptake of PA-N-oxide was reported to be less
efficient than that of the corresponding parent PAs [350]. A study using Caco-2 monolayer cells
have shown that the permeability coefficient values of tested PA-N-oxides was low to moderate
compared to those of tested corresponding parent PAs [351]. Despite the fact that the
absorption of PAs may proceed through passive diffusion, there may also be a role for active
transport depending on the type of PA. For example, the organic transporters 1 (OCT1) has been
shown to play a role in active transport of some PAs into the liver hepatocytes [352]. The
substrates of OCT1 are known to be mainly organic cations, while some bases, non-charged
compounds and anions are also transported [353]. For example, retrorsine and monocrotaline
have been shown to be high affinity substrates of OCT 1 [352, 354]; where at low pH,
monocrotaline is protonated to its corresponding cation. In fact, the transport by OCT1
appeared to be more dominant while the passive diffusion was relatively negligible [352].
Meanwhile, at higher pH values in the intestinal compartment, a significant part of

monocrotaline would be neutral and transported via passive diffusion [355, 356].

In addition, a study in rat hepatocytes has shown that at pH 7.4 the OCT1 mediated transport
and passive diffusion may contribute equally to the intestinal absorption of monocrotaline
[352]. So far in extensive studies on PA distribution differences have not been described. Yet,
the differences in, for example, lipophilicity might cause variations in tissue distribution and
protein binding, which can influence the unbound concentration of a PA available in the target
tissue to induce toxicity. For example, the diester-types are known to be more lipophilic than
their corresponding PA-N-oxides [350]. Lipophilicity being one of the characteristic properties
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for potentially resulting in PAs variation distribution, it can also play a key role in the level of
protein binding hence affecting the results of the excretion of PAs via glomerular filtration in the

kidney [351].

In addition to absorption, distribution and excretion, the metabolic properties could also play an
important role in mediating the toxicity of PA through, for example, differences in bio activation
and/or metabolic clearance. Usually, the bio activation of PAs to reactive pyrrolic ester
metabolites occurs in the liver, while for PA-N-oxides reduction to their corresponding parent
PA is by intestinal microbiota and in the liver as an initial important step for the bio activation
pathway [20]. However, the contribution from the GIT microbiota to this PA-N-oxide reduction
may be higher than that of the liver [20, 357]. Notably, the efficiency of the reduction by the GIT
microbiota may vary with the PA-N-oxide of interest [289, 357-361].

Regarding the parent PAs, some in vitro studies using either liver microsomal incubations or rat
hepatocyte sandwich cultures have demonstrated a significant variation in metabolic clearance
between the tested PAs [362-364]. Based on kinetic data from in vitro liver microsomal
incubations, metabolic clearance of lasiocarpine was depicted to be about 10-fold more
effective than that of riddelliine and 43-fold more effective than that of monocrotaline [364].
These outcomes were in line with the data from Lester et al (2019) [363], who demonstrated
the metabolic clearance of PAs in rat hepatocyte sandwich cultures and reported the in vitro
metabolic clearance of the same three PAs in a decreasing manner (lasiocarpine > riddelliine >
monocrotaline) [363]. Consequently, kinetics seems to play an important role in the PA or PA-N-
oxide toxicity. However, only for a few of the 1, 2-unsaturated PAs and their N-oxides kinetic
data are available, which are required for consideration for the human risk assessment
especially in defining the relative potency of individual PAs. Regardless of whatever different
testing strategies are applied, it is important to consider that the relative toxicity of PA will

depend on both toxicokinetics and toxicodynamics.
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2.8 Role of biochemical aspects on pyrrolizidine alkaloids

The 1, 2-unsaturated PAs have been investigated and reported to be rapidly and extensively
absorbed. In in vitro studies, Hessel at al. (2014) [365] showed the role of active transport in the
small intestine, which favors absorption of cyclic-diester PAs such as senecionine and senkirkine,
and excretion of the open-diester PA echimidine, and of the monoester PA, heliotrine [365]. In
addition, one of the in vitro studies noted a role of the P-glycoprotein (MDR1) in the efflux of
diester PAs. The PA N-oxides when ingested are mainly reduced to PA free bases in the digestive
tract, and to a lesser extent in the liver, and thus contribute to PA toxicity [20]. After absorption,

PAs are distributed to the liver, red blood cells (RBCs), plasma, brain, lung and kidneys.

In addition, some evidence has suggested that uptake into the red blood cells (RBCs) could
facilitate movement of monocrotaline to the other organs such as the lung [8].The elimination
of cyclic diesters such as riddelliine, retrorsine, monocrotaline, dehydromonocrotaline,
senecionine, adonifoline, and retrorsine N-oxide was investigated in rats, mice, guinea pigs and
hamsters. Of these PAs, monocrotaline was mainly excreted unchanged, while the other PAs
were excreted mainly as metabolites. Generally, the main predominant route of excretion was
in urine and there was significant evidence for enterohepatic recirculation, perhaps involving

back-transformation of the N-oxides in the parent basic PA compounds [8].

In humans, specific information on PAs absorption, distribution and elimination is not available.
However, the reports of human poisoning have demonstrated that PAs are absorbed and
excreted in urine. With regard to the metabolism of PAs, the in vitro studies have demonstrated
that the metabolic routes are common among animal species and humans. The in vitro studies
have also indicated that PAs can undergo glucuronidation at the nitrogen atom; however, the
significance of this pathway in vivo has not been well established. The ester bonds in PAs are
cleaved via catalysis with carboxylesterases leading to formation of non-toxic necines and necic
acids. The significance of this pathway is determined by the level of hepatic esterase activity,
which is lower in the rat than in other species such as guinea-pig. The rat hepatic esterase

activity is more or less equivalent to that of humans [366].
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Consequently, the structure of the ester component of different PAs also has an influence, since
steric hindrance impairs or reduces de-esterification of PAs with branched or bulky chain esters
[269]. The N-oxygenation of PAs is mainly catalyzed by cytochrome P450s and flavin-containing
monooxygenases. In general, this is considered a detoxification route since the N-oxides are
more water soluble; hence making them more readily excreted [215, 237, 242, 321, 367, 368].
However, the N-oxidation can easily be reversed by the action of hepatic reductases; hence it
does not prevent the formation of reactive metabolites [269]. Cytochrome P450s and among
them mainly the CYP3A4 and CYP3AS isoenzymes, are the major enzymes involved in the
formation of DHPA esters from most of the 1, 2-unsaturated PAs, with the exception of
monocrotaline, for which CYP 2A6 isoenzyme has been reported to be the major activating
enzyme. It has been shown in in vitro studies that PA-reactive metabolite formation is relatively
high in humans compared to other species, which is measured by the formation of GSH
conjugate and dehydrogenation metabolites, and a low rate of demethylation metabolite

formation.

2.8.1 Effects of metabolic enzymes on pyrrolizidine alkaloids

Several studies investigating the effects of enzymes involved in metabolizing PAs have been
reported. In in vitro CYP 450 inhibition, Dai, Zhang and Zheng et al. [369] studied inhibition of
individual human CYP 450 isoenzymes in vitro by retrorsine or monocrotaline, based on the
dependence inhibition of the nicotinamide adenine dinucleotide phosphate (NADPH), and the
ability of the substrate present during the incubation to block the in activation of the
isoenzymes. The results in their assay on the addition of 100 uM monocrotaline or retrorsine
showed that in the mechanistic manner retrorsine, but not monocrotaline, inhibited CYP 3A4,
but not the other CYP 450 isoenzymes tested such as CYP 1A2, 2A6, 2B6, 2C9, 2C19, 2D6 and
2E1. Contrary to that, the in vivo CYP 450 induction study conducted by Gordon, Coleman &
Grisham et al. [370] established that a single intraperitoneal dose of 30 mg/Kg b.w retrorsine in
rats induced an increase in both the protein levels of CYP1A1/2, 2B1/2 and 2E1 and the mRNA
levels in microsomes of CYP1A1, 2B1/2 and 2E1, which were obtained from the livers of these

rats.
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In addition to that, Luckert et al. [371] found that of the four tested PAs echimidine,
senecionine, senkirkine, and heliotrine, only echimidine was able to activate the nuclear
receptor —pregnane X receptor (PXR). Meanwhile, the analysis of protein and mRNA level in
HepG2 cells supported that echimidine can induce CYP 3A4. Moreover, five additional PAs of
different ester types monoester, open-chain diester or cyclic diester, were studied in order to
investigate whether if only the open-chain diesters are able to activate PXR. Only the open-
chain diesters’ echimidine and lasiocarpine were able to activate PXR. The induction of the
model PXR target gene CYP3A4 by PAs was also confirmed at the mRNA, protein and enzyme
activity level [372].

2.8.2 Effect of glutathione (GSH) on pyrrolizidine alkaloids

Studies have demonstrated effects on GSH levels in cell-based assays, perfused organs or in vivo
studies following exposure to PAs. Using cultured human pulmonary artery endothelial cells,
Reid et al. [373] found a 40% reduction in GSH level in cells exposed to 100 uM
dehydromonocrotaline and a 25% reduction in GSH level in cells exposed to 100 uM
dehydroretrorsine after 15 minutes of exposure. Yan and Huxtable et al. [374] found a
significant increase of in vitro GSH synthesis rates in liver cytosol prepared from rats
administered with 65 mg/kg b.w intraperitoneal monocrotaline or 15 mg/kg b.w trichodesmine

24 hours before being sacrificed, compared to the rates in cytosols prepared from control rats.

In addition to that, the enzyme activity involved in GSH metabolism was also compared in
several organs of rats administered with 65 mg/kg b.w monocrotaline via the intraperitoneal
route for 24 hours. In the liver and lung, the activity of glutamate cysteine ligase (previously
called gamma-glutamylcysteine synthetase), GSH synthase, gamma-glutamyl transpeptidase,
dipeptidase and microsomal GSH-S-transferase were significantly increased compared to
controls. In the heart and kidney, gamma-glutamyl transpeptidase and cytosolic GSH-S-

transferase were significantly increased [375].
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2.9 Other Toxicities associated with Pyrrolizidine alkaloids

2.9.1 Reproductive and development toxicity

Developmental studies in rats exposed with various PAs have exhibited maternal toxicity,
especially at the lower concentrations than those resulting in fetal toxicity [376, 377]. The fetal
toxicity effects primarily manifest as abnormalities in fetal development, increased intrauterine
death, and behavioral changes in the adulthood. A study was conducted due to maternal
toxicity, making it difficult to determine whether the effects on the fetus are secondary to
maternal toxicity. The study indicated that exposure of pups to monocrotaline via lactation
resulted in lung and kidney toxicity, whereas severe toxicity and mortality were detected in the
offspring exposed to the same dose of monocrotaline during gestation and lactation [378].
However, some of the in vivo studies using rats indicated that, based on body weight, the fetus
might actually be less sensitive to PA toxicity than the mother [379, 380]. This could be due to

the fetal liver being less able to metabolize PAs to form the reactive pyrrole metabolites [336].

2.9.2 Immune toxicity

Some studies have reported possible PA-associated immunotoxic effects. The studies were
conducted in rats and mice, using monocrotaline and integerrimine N-oxide. In the studies of
monocrotaline in rats, at exposure doses below the one that caused noticeable toxicity (7.0
mg/Kg b.w), Hueza et al. (2009) [381] found effects on macrophage function at lower doses (1.0
and 5.0 mg/kg b.w), whereas Benassi et al. (2011) [382] did not.

In addition, rats exposed to 2.07, 4.14, or 6.21 mg/kg b.w integerrimine N-oxide, obtained by
ethanolic extraction from Senecio brasiliensis leaves and administered by oral gavage for 28
days, showed reduced weight gain compared to controls but did not exhibit immunotoxicity
[383]. In mice exposed to monocrotaline, changes in body weight and immune organ weight
were seen at doses higher than 75 mg/kg b.w and, for some measures, above 50 mg/kg b.w
when also treated with an immune inducing agent. Both humoral and cell-mediated immune
responses were diminished in some assays at or below the exposures causing general toxicity

[384, 385].

47



Immunosuppression has also been described in a study where dehydroheliotridine has been
shown to selectively destroy or inactivate cells involved in the initial stages of antigen

recognition and processing [8].

2.9.3 Neurotoxicity

Limited data is available on human studies on neuro toxic effects associated with pyrrolizidine
alkaloids. Yet it has been noted that central nervous system poisoning can be an effect of
pyrrolizidine alkaloids intoxication in animals such as cattle, sheep, horses, pigs and including
mice, rabbits and dogs [8, 9]. Coll et al. (2011) [386], administered a single intraperitoneal dose
of 0 or 60 mg/Kg b.w monocrotaline to male Wister rats and after 44 days the rats were
euthanized and examined for their blood-brain barrier permeability. Prior to sacrifice, samples
of cerebrospinal fluid were obtained for protein and glucose determination. Blood samples
were also collected for determination of alanine transaminase (ALT), aspartate transferase
(AST), alkaline phosphatase (ALP) activity and albumin concentration. The administration of
trypan blue via intracardial perfusion and Evans blue via intravenous injection were used to
determine brain permeability at necropsy. The results showed that the protein and glucose
content in the cerebrospinal fluid in treated rats was significantly increased compared to the
control rats, while the serum ALT, AST and ALP activities in treated rats were significantly
decreased compared to the control rats. The albumin concentration and the portal pressure
were significantly increased in the treated rats compared to the control rats. In addition, trypan
blue was identified in the hippocampi of the treated rats whereas no staining was observed in
the controls. Evans blue dye was also identified in an increased concentration within the brains
of treated rats compared to those of the controls. Hence, the study suggested that the altered
blood—brain barrier permeability accompanied by alteration in the cerebrospinal fluid content is

associated with monocrotaline toxicity [386].

2.9.4 Skin toxicity

PAs are also known to be secondary photosensitization agents leading to induction of skin
cancer. Several studies on the photo-genotoxicity associated with PAs have been demonstrated
in transformed epidermal human cells. Wang CC et al. (2014) [387], have tested several PAs for
photo-toxicity or photo-genotoxicity using human HaCaT keratinocytes. The human HaCaT
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keratinocytes, which are transformed epidermal human cells, were exposed to monocrotaline,
riddelliine, lycopsamine, heliotrine, dehydromonocrotaline, dehydroriddelliine or
dehydroretronecine, at concentration 250-500 uM for duration of 1 hour, followed by
ultraviolet A (UVA) irradiation treatment and incubation for 24 hours before being assayed. The
cells were exposed to 1, 2 or 4 J/cm? of ultraviolet A (UVA) irradiation and reduction of cell
viability at 250 or 500 uM was measured using an MTS assay or induction of LDH release. The
relative photo-toxicity was observed at 500 uM of dehydromonocrotaline, dehydroretronecine
> dehydroriddelliine >>> monocrotaline, riddelliine, control. UVA irradiation of HaCaT cells
treated with dehydromonocrotaline, dehydroriddelliine, and dehydroretronecine resulted in
increased release of lactate dehydrogenase and enhanced photo-cytotoxicity proportional to
the UVA doses. UVA-induced photochemical DNA damage also increased proportionally with
dehydromonocrotaline and dehydroriddelliine. UVA treatment potentiated the formation of 8-
hydroxy-2'-deoxyguanosine DNA adducts induced by dehydromonocrotaline in HaCaT skin

keratinocytes.

Additionally, using electron spin resonance (ESR) trapping, it was found that the UVA irradiation
of dehydromonocrotaline and dehydroriddelliine generates reactive oxygen species (ROS),
including hydroxyl radical, singlet oxygen, and superoxide, and electron transfer reactions,
indicating that cytotoxicity and genotoxicity of these compounds could be mediated by ROS.
DNA cleavage was observed only for dehydromonocrotaline and dehydroriddelliine in an assay
for DNA single strand breaks, although the authors deduced the additional presence of DNA
cross-linking formation. HaCaT cells treated with 250 uM dehydromonocrotaline had increased
levels of 8-OHdG DNA adducts, which were further increased with exposure to 4 J/ecm? UVA

irradiation.

Comparable to that, Zhao et al.(2011) [388], also demonstrated in in vitro studies PAs and PAs
metabolites to initiate processes which may lead to skin cancer and/or PA-induced secondary
photosensitization. The PAs and the PAs metabolites used were lasiocarpine, riddelliine,
monocrotaline, heliotrine, retronecine, senkirkine, dehydromonocrotaline, dehydroheliotrine,
dehydrolasiocarpine, dehydroretrorsine, dehydrosenecionine, dehydroseneciphylline,
dehydroretronecine, monocrotaline N-oxide, riddelliine N-oxide, heliotrine N-oxide, retronecine
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N-oxide, 7-glutathionyl-6,7-dihydro- 1-hydroxmethyl-5H-pyrrolizine (7-GSH-DHP) and 7-
(deoxyguanosin-N2-yl) dehydrosupinidine (DHP-dG-1) at a 0.1mM concentration. The study
indicated that only the dehydro-PAs and 7-GSH-DHP at 0-70 J/cm2 of UVA in the presence of a
lipid, induced a significantly increased production of methyl linoleate hydroperoxide, which was
increased in a UVA dose-responsive manner. When irradiation was performed in presence of
superoxide dismutase (SOD) the level of lipid peroxidation was significantly decreased.
Superoxide dismutase (SOD) is known for scavenging oxygen radicals or inhibiting lipid
peroxidation. The results suggest that singlet oxygen is a photo-induced product. The formation
of both singlet oxygen and superoxide anion radicals during photoirradiation was confirmed

using electron spin resonance (ESR) spin trapping.

Consequently, based on these studies, the results indicate that UVA photoirradiation of
dehydro-PAs generates reactive oxygen species (ROS) that mediate the initiation of lipid
peroxidation. UVA irradiation of the parent basic PAs and other PA metabolites, including PA N-
oxides, under similar experimental conditions did not produce lipid peroxidation. These studies
clearly suggest that dehydro-PAs are the active metabolites responsible for skin cancer

formation and PA-induced secondary photosensitization [388].

2.10 Regulatory measures on PAs and PA-containing products

Due to limited data, the International Agency for Research on Cancer (IARC) has classified only
lasiocarpine, riddelline, and monocrotaline as category 2B, indicating that they are possibly
carcinogenic to humans. Other PAs were not classifiable due to a lack of supporting data [5].
However, in 2016, BfArM implemented a risk assessment that classified contamination with PA-
producing plants into three risk categories: Category A - very low or no concern (amount of PAs
in 90% of the measured samples below 0.1 pg/day or none more than 0.35 pg/day); Category B
- low concern (amount of PAs in 90% of the measured samples below 0.35 pg/day or none more
than 1.0 pg/day); Category C - relevant concern (no data available or classification to categories
A and B is not possible) [221]. Moreover, it was later clarified that an upper limit of 1 pg/day

was valid for the subsequent three-year transition period. Afterward, a limitation of 0.35 pg/day
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proposed by the Committee on Herbal Medicinal Products (HPMC) should be applied [221]. The
World Health Organization - International Programme on Chemical Safety (WHO-IPCS) affirmed
that human PA poisoning might lead to acute HVOD [389]. For example, literature data on
Symphytum plant poisoning for over 6 months estimated a PA dose of 0.01 mg heliotrine/kg b.w
per day, which may lead to liver disease in humans [389, 390]. It was then stipulated that even
low doses of PAs taken for an extended period could possibly induce health risks in humans.
Moreover, the facts on the genotoxic effects observed in chronic animal studies were difficult to
evaluate for human cancer risk. Therefore, WHO-IPCS suggested that exposure to PAs should be

avoided or minimized [32, 389].

Consequently, the German Federal Institute for Risk Assessment (BfR) emphasized that
exposure to 1,2-unsaturated PAs from various foods should always be kept as low as possible,
complying with the 'As Low As Reasonably Achievable (ALARA)' principle, and not exceed an
intake of 0.007 ug/kg b.w per day [221]. This aligns with the value provided by the Committee
on Toxicity of Chemicals in Food, Consumer Products and The Environment (COT) in 2008, which
was based on a benchmark dose lower confidence limit for a 10% extra cancer risk (BMDL;) of
73 ug/kg b.w per day. This BMDL;, value was established from a long-term (2 years) animal
carcinogenicity study of lasiocarpine in male rats (NTP, 1978) with the application of a margin of

exposure (MOE) of 10,000 [391].

The European Food Safety Authority (EFSA) panel on Contaminants in the Food Chain (CONTAM)
went further and concluded that 1, 2-unsaturated PAs might act as genotoxic carcinogens in
humans. Nonetheless, as it was impossible to estimate a tolerable daily intake (TDI) from food
other than honey, the CONTAM Panel also ruled to implement the Margin of Exposure (MOE)
approach, as recommended by COT [34]. In 2017, following the availability of more data on PAs
in various food supplements, EFSA established a Benchmark Dose Lower Confidence Limit for a
10% extra cancer risk (BMDL10) of 237 pg/kg b.w per day for the induction of liver
haemangiosarcomas in female rats exposed to riddelliine. This became the new reference point

of departure (PoD) for assessing the cancer risk associated with PAs [7].
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To minimize the risk caused by PA-containing herbal medicinal products, the BfArM specified
that exposure to medicinal products containing 1, 2-unsaturated PAs should not exceed 100
ug/day with external application and 1 pg/day if used internally. However, if the application
period exceeds six weeks, these limits should be reduced to 10 pg and 0.1 ug per day,
respectively [221]. Additionally, the package insert for orally used products must contain the
warning notice 'do not use during pregnancy or lactation' [8, 9, 392-394]. Furthermore, in the
public statement EMA/HMPC/893108/2011, the Committee on Herbal Medicinal Products
(HMPC) extrapolated a short-term (maximum 14 days) acceptable daily intake of 1, 2-
unsaturated PAs at 0.35 pg/day. This value was derived from a final product for a 50 kg person,
with a permitted daily intake of 0.007 ug/kg body weight per day, as stated by COT and EFSA [6,
34, 391].

In summary, the current risk assessment for PAs, utilizing the MOE approach as performed by
COT, has been adopted by EFSA and HMPC. The regulatory limits established are generally
based on the most potent PA variants, such as lasiocarpine or riddelliine. While the MOE
approach is suitable for assessing genotoxic and carcinogenic substances, it is deemed
inappropriate for estimating a tolerable daily intake (TDI). Instead, the Threshold of Toxicology
Concern (TTC) concept has been proposed. This concept, based on lifelong exposure and an

acceptable lifetime cancer risk of 107, establishes the limits for PAs.

In the TTC concept, a TDI threshold of 1.5 pg/day is considered acceptable for compounds with
toxicological concern but lacking available data on carcinogenicity. In cases where compounds
exhibit a structural alert for genotoxicity, the threshold should be reduced to 0.15 pg/day.
Unfortunately, this TTC concept cannot be applied to PAs, given their known genotoxic,

mutagenic properties and available data on carcinogenicity.

To date, few regulatory guidance approaches have imposed limits on PA intake, either for PA-
containing medicinal products or food supplements. These limits have often been estimated
solely based on the most potent variants, such as lasiocarpine or riddelliine. However, it is
recommended that appropriate and reasonable limit values be established, taking into account

the more available data on the toxic potencies of individual PA variants.
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2.11 Selected PA variants

2.11.1 Lasiocarpine (Las)
(Reference substance: lasiocarpine; CAS No.: 303-34-4; M.W.: 411.50 g/mol)

Lasiocarpine is isolated from plant material. It is an open-chain diester PA belonging to the
heliotridine-PA type, mainly distributed in plant species of Boraginaceae and Asteraceae. Known
to cause hepatotoxicity, genotoxicity, and carcinogenicity [395], it has been classified as Class 2B
due to its carcinogenicity [5]. In HepaRG cells, lasiocarpine at a concentration of 0.59 uM has
been shown to significantly induce micronuclei compared to the solvent control [29].
Additionally, dehydronecine-derived DNA adducts involved in the metabolism of lasiocarpine to
exert its genotoxicity were demonstrated in rat livers and liver microsomes after oral gavage

[25, 396].

2.11.2 Echimidine (ED)
(Reference substance: Echimidine; CAS No.: 520-68-3; M.W.: 397.47 g/mol)

Echimidine is isolated from plant material. It is an open-chain diester PA belonging to the
retronecine-PA type, mainly distributed in plant species of Boraginaceae and in the Asteraceae
family. In transcriptomic analyses using CYP3A4-overexpressing HepG2 clone 9 cells, only the

highest concentration of echimidine exhibited a significant expression of DNA damage [397].

2.11.3 Riddelliine (Rid)
(Reference substance: Riddelliine; CAS No.: 23246-96-0; M.W.: 349.38 g/mol)

Riddelliine is isolated from plant material and is a cyclic-diester PA belonging to the retronecine-
PA type. It occurs mainly in plants of the genera Crotalaria and Senecio [398]. In vitro studies
have shown that riddelliine induces chromosome aberrations (CA) in mouse bone marrow cells,
and these aberrations have also been reported in blood cells of children suffering from veno-
occlusive disease [9]. Additionally, riddelliine has been reported to produce sister chromatid

exchange (SCE) in vitro in V79 cells [9].
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2.11.4 Retrorsine (RT)
(Reference substance: Retrorsine; CAS No.: 480-54-6; M.W.: 351.40 g/mol)

Retrorsine is isolated from plant material and is a cyclic di-ester PA belonging to the
retronecine-PA type. It occurs mainly in plants of the Senecio genus [232, 395]. In HepaRG cells,
a chromosomal aberration was indicated at 9.5 uM [29]. Additionally, retrorsine could induce
DNA cross-linking at doses ranging from 50-500 uM in cultured bovine kidney epithelial cells
when co-incubated for 2 h with an NADPH-generating system and rat liver S9 fraction [255,

399].

2.11.5 Seneciphylline (Sc)
(Reference substance: Seneciphylline; CAS No.: 480-81-9; M.W.: 333.39 g/mol)

Seneciphylline is isolated from plant material of the genus Senecio in the family Compositae
[232, 395]. It is a cyclic-diester PA of the retronecine-PA type and has been shown to induce
chromosomal damage, as evidenced by the sister chromatid exchange assay in V79 Chinese

hamster cells co-cultured with chick embryo hepatocytes [400].

2.11.6 Lycopsamine (Ly)
(Reference substance: Lycopsamine; CAS No.: 10285-07-1; M.W.: 299.37 g/mol)

Lycopsamine is isolated from plant material mainly belonging to the Boraginaceae family [232,
395]. It is a monoester PA of the retronecine-PA type. Despite limited available data related to
the toxicity of lycopsamine due to its low toxic potency, it has been reported to induce

cytotoxicity in rat primary hepatocytes [401].

2.11.7 Europine (Ep)
(Reference substance: Europine; CAS No.: 570-19-4; M.W.: 365.86 g/mol)

Europine is a monoester PA of the heliotridine-PA type and is isolated from plant material,
mainly belonging to the Boraginaceae family [232, 395]. Due to its low toxic potency, there is

not much available data related to the toxicity of europine.
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CHAPTER THREE

3 AIMS AND OBIJECTIVES

Lately, the genotoxicity of pyrrolizidine alkaloids (PAs) has been a focal point of extensive
research worldwide due to their occurrence in several plant species relevant for human
consumption. Hundreds of compounds belonging to PAs have been identified. Given that high
doses of PAs can lead to liver damage, and some have been shown to be genotoxic or
carcinogenic, there is a legitimate reason for concern. PAs undergo hepatic metabolism, after
which they can induce hepatotoxicity, genotoxicity, and carcinogenicity. However, many aspects
of the mechanisms underlying PAs' genotoxicity and carcinogenicity remain unclear and warrant

thorough investigation.

The main aim of this study was to investigate the mechanism of genotoxicity induced by
selected PAs of different ester type in in vitro systems. The human hepatoma HepG2 cells were
chosen as main model. Also using HepG2, a co-culture consisting of the metabolically active

HepG2 cells and non-metabolically active human cervical HeLa H2B-GFP cells, was employed.

First the genotoxicity of the seven (7) selected PAs of different ester type had to be investigated
in vitro in HepG2 cells and the dose-response relationship of each PAs was important to provide

insight on PA potency and possible threshold.

To elucidate the link between PAs of different ester type and DNA damage, stimulation of ROS
production upon treatment of the HepG2 cells had to be analyzed and the source of ROS
production (mainly mitochondria) had to be identified. Intracellular glutathione (GSH) plays an
important role in the detoxification of xenobiotics or toxins in cells. Thus, the role of GSH in PA-

induced genotoxicity and quantification of intracellular GSH depletion had to be assessed.

In vivo, hepatic sinusoidal epithelial cells (HSECs) are the primary target for PA-induced toxicity
and carcinogenicity, but PA need to be activated before reaching these (HSECs) cells. HSECs are
not thought to be metabolically active due to lack of metabolic enzymes (CYP 450 enzymes).

Thus, the question as to whether and how PAs are taken up by hepatocytes and the metabolites
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being excreted from hepatocytes, and then might reach the target cells (HSECs) had to be
elucidated. For this, a model consisting of the human metabolically active HepG2 cells and the
human non-metabolically active cervical epithelial HeLa H2B-GFP cells were used to detect
genomic damage achievable in the HeLa H2B-GFP cells of the co-culture upon treatment with
three (3) representative PAs of different ester type. Since metabolic enzymes and membrane
transporters could play a role in PA-inducing genotoxicity this was to be investigated using

chemical inhibitors in vitro in HepG2 cells as well as in the co-culture model.

To further the clarification of the mechanism of PA-induced genotoxicity, effects on the mitotic
process in HepG2 cells as well as in the HeLa H2B-GFP cells of the co-culture represent another
endpoint to be investigated after treatment with the three (3) representative PAs of different
ester type. Finally, it was an open question whether additive, synergistic or antagonistic effects
could be exerted by combination of PA regarding their genotoxicity and this had to be

investigated in HepG2 cells as well as co-culture model.
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CHAPTER FOUR

4 MATERIALS AND METHODS

4.1 Cell lines and co-culture model conditions

HepG2: human hepatoma cell lines (ATCCHB-8065) that exhibited epithelial-like morphology
were cultured at 37 °C with 5% (v/v) CO; in Minimum essential medium eagle (MEM)
supplemented with 10% (v/v) fetal bovine serum, 1% (v/v) L-glutamine, 1% (v/v) antibiotics (50
U/mL penicillin and 50 mg/mL streptomycin) and 1% (v/v) nonessential amino acids. The cells
had doubling time of forty hours thus, were sub-cultured twice per week and were tested

regularly for mycoplasmas with Hoechst 33342 staining.

HelLa-H2B-GFP: human immortalized cervical epithelial cell lines derived from the cervical

adenocarcinoma of a female patient. These cells were stably transfected with the green
fluorescence protein (GFP) at the histone 2B position hence, expresses the green fluorescence
and were obtained from Noriaki Shimizu, Graduate School of Integrated Sciences for Life,
Hiroshima University, Japan through working group of Prof. Dr. Hintzsche [402-404]. The cells
were cultured in a monolayer at 37 °C with 5% (v/v) CO, in high glucose-Dulbecco minimum
essential medium eagle (High-glucose DMEM) medium without phenol red but supplemented
with 10% (v/v) fetal bovine serum, 1% (v/v) L-glutamine, 1% (v/v) sodium pyruvate solution, 1%
(v/v) HEPES sodium salt solution and 1% (v/v) antibiotics (50 U/mL penicillin and 50 mg/mL
streptomycin). The cells had doubling time of twenty hours thus, were sub-cultured thrice per

week and were tested regularly for mycoplasmas with Hoechst 33342 staining.

Co-culture system: The co-culture was set up such that overgrowth of the faster proliferating

Hela H2B-GFP cells over HepG2 cells was prevented within the duration of the experiment. The
applied conditions for co-culture were that HepG2 cells and HelLa H2B-GFP cells were both
seeded together in a six-well plate at 40,000 HelLa H2B-GFP cells and 150,000 HepG2 cells per
well with 3 mL of HepG2 culture medium, and then incubated at 37°C with 5% (v/v) CO,

overnight, to allow the cells to settle and attach to the plate. Notably, the two cell lines were
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cultured separately with their own suitable medium but during experimental protocol the cell

lines were brought into contact and cultured in a HepG2 cells medium.

4.2 Chemical and Reagents

PAs (europine (CAS# 570-19-4; assay 100%), lycopsamine (CAS# 10285-07-1; assay = 99%),
retrorsine (CAS# 480-54-6; assay > 98%), riddelliine (CAS# 23246-96-0; assay > 98%),
seneciphylline (CAS# 480-81-9; assay = 99%), echimidine (CAS# 520-68-3; assay = 93%) and
lasiocarpine (CAS# 303-34-4; assay 100%)) were obtained from PhytolLab (Vestenbergsgreuth,

Bayern, Germany).

Cyclophosphamide (CAS# 6055-19-2; assay 297%) was from Alfa Aesar (Karlsruhe, Germany).
Gel Green and Gel Red Nucleic Acid stain were obtained from Biotium (Darmstadt, Germany).
Fluorescein diacetate (FDA; CAS# 596-09-8) was from Invitrogen (Germany).
Dimethylsulfoximide (DMSO; 2 99.8%), bisbenzimide H33258 (CAS# 23491-45-4; assay > 98%),
diazabicyclo-octane (DABCO), ketoconazole (CAS# 65277-42-1; assay = 98%), rifampicin (CAS#
13292-46-1; assay = 97%), quinidine (CAS# 56-54-2; assay = 97%), verapamil (CAS# 152-11-4;
assay = 99%), nelfinavir (CAS# 159989-65-8; assay = 98%), benzbromarone (CAS# 3562-84-3;
assay = 95%), cytochalasin B (CAS# 14930-96-2), loperamide (CAS# 34552-83-5; assay > 99%), N-
acetyl-L-cysteine (NAC; CASH# 616-91-1; assay 299%), ethidium bromide (CAS# 1239-45-8; assay
>95%) and sodium fluorescein (CAS# 518-47-8; assay 295%) were from Sigma-Aldrich

(Steinheim, Germany).

Calcein-acetoxymethyl ester (Calcein-AM; CAS# 148504-34-1; assay 295%) was from Cayman
Chemical Company (Germany). Cell culture media and reagents were all from Sigma-Aldrich

(Steinheim, Germany), except fetal bovine serum, which was from Biochrom (Berlin, Germany).

58



4.3 Methodology

4.3.1 Mycoplasma test

Rationale and Theory: Mycoplasma tests were routinely conducted at intervals of every 4 to 6
weeks to prevent contamination in the cultured cells. Mycoplasmas are the smallest free-living
organisms and are commonly considered to be the simplest form of bacteria, lacking a cell wall

and distinct shape.

Cell preparation and fixation: For this purpose, the cells were trypsinized, harvested, and part of
the cell suspension was subjected to cytospin (centrifugation) using the Cytospin3 centrifuge
Thermo Shandon machine at program load 8, at 1000 Rpm for 5 minutes, to fix the cells on the
microscopic slides (76x26x1 mm; Marienfeld GmbH & Co.KG). Subsequently, the slides were

fixed in ice-cold methanol for at least 2 hours.

Staining: The fixed cells (moist spot) on the microscopic slides were stained with a drop of
bisbenzimide (5ug/ml in PBS) and covered with a 21 x 26 mm coverslip for three minutes at
room temperature. Subsequently, the coverslip was removed by washing using one time PBS,
and the stained cell spot on the microscopic slide was then mounted with DABCO and covered

again with a 21 x 26 mm coverslip.

Evaluation: Immediately, the slides were evaluated or checked for mycoplasma at 200- and also
at 400-fold magnification of Eclipse 55i fluorescence microscope using ultraviolet (UV) filter

(Nikon GmbH, Japan). At least three (3) slides were evaluated per cell type.

4.3.2 Fluorescent dye exclusion/activation vitality test

Rationale for the Test: This test was implemented to prevent the cytotoxic effects of chemical
inhibitors and inducers used in our cell model. The concentrations of chemical inhibitors, such
as ketoconazole, loperamide, quinidine, verapamil, and benzbromarone, as well as inducers like
rifampicin, were determined based on published effective concentrations. Additionally, a dye
exclusion/activation fluorescent vitality test was employed to confirm the effective

concentration of a substance without inducing cytotoxic effects.
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Theory of the test: The main principle of the test uses combination of two different dyes such as
fluorescein diacetate (FDA) and GelRed. The rationale of the combination of the dyes is to
determine the plasma membrane integrity and cellular enzymatic activity. FDA is a fluorogenic
substrate, which can be hydrolyzed intracellularly by cellular esterase activity and leads to
accumulation of green fluorescent fluorescein [405]. GelRed is a fluorescent nucleic acid stain,
which is sensitive, stable and environmentally safe dye designed for staining DNA. Its chemical
structure was designed in a way that it is incapable of crossing cell membranes. However, it
enters into cells which do not have an intact plasma membrane and binds to the DNA to exhibit

a bright red fluorescent color [406-408].

Performance protocol: Based on this principle, 35 pul of cell suspension pre-treated with chemical
inhibitors or inducers in HepG2 cells for 24 hours was mixed with 15 pl of staining solution (2ul
Gel Red stock solution and 12l fluorescein diacetate (FDA; 5mg/ml in acetone) in 2 ml PBS).
Thereafter, 15 pl of this mixture was applied on the microscopic slide (76x26x1 mm; Marienfeld

GmbH & Co.KG) and covered with a cover slip (21x26 mm).

Evaluation: A total of 200 cells (red and green stained) were counted at 200-fold magnification
with an Eclipse 55i fluorescence microscope which was equipped with fluorescein
isothiocyanate (FITC) filter (Nikon GmbH, Japan). The proportion in percentage of green cells

(vital) to red cells (dead) was evaluated.

4.3.3 Cytokinesis-blocking micronucleus test

Theory and Rationale: The cytokinesis-block micronucleus (CBMN) assay is performed to
measure genomic damage via detection of micronuclei formation in the cytoplasm of the
interphase cells. Micronuclei are formed during mitosis from chromatin fragments or
misalignment of the whole chromatids that are unable to migrate to the poles during the
anaphase stage of cell division. This test detects the activity of clastogenic and aneugenic
substances in cells that have undergone cell division during or after exposure to the test
substance. The micronucleus test guideline [91] allows the use of protocols with and without

the actin polymerization inhibitor cytochalasin B. Cytochalasin B allows for the identification and

60



selective analysis of micronucleus frequency in cells that have completed one cycle of mitosis,
because such cells are binucleated. Therefore, cytokinesis-block micronucleus (CBMN) assay
test guideline allows the use of protocols with cytokinesis block provided that there is evidence
that the cell population analyzed has undergone mitosis [91, 409].Therefore, by adding the
cytokinesis inhibitor cytochalasin B, micronucleus scoring can be limited to cells that have

divided once since test substances were added.

Cell preparation and treatments: In the standard assay, 150 000 cells of HepG2 per 3 mL
medium were seeded in a 6 well-plate and incubated at 37°C with 5% (v/v) CO, overnight. After
24 hours to allow cells to settle, the medium was discarded, fresh medium added, followed by
treatment of cells with test substances or with solvent controls (final concentration in cell
culture: 1% sterile water or DMSQO) for 28 hours. Lasiocarpine, riddelliine, and retrorsine were
dissolved in DMSO and the remaining PA was dissolved in water. Cyclophosphamide (CPA) was
used as a positive control. After treatment, the medium was discarded, cells were washed twice
with phosphate-buffered saline (1x PBS) and fresh medium was added. Then, cells were
exposed and incubated for 42-48 hours with the cytokinesis inhibitor cytochalasin B (3ug/ml).
Next, cells were harvested by discarding the medium, washing with 1x PBS and then
trypsinizing. Afterwards, cells in each sample were counted using a hemocytometer under light

microscope and then centrifuged for 5 minutes x 1000 Rpm.

Cytospin and Fixation: Thereafter, cells were resuspended in a calculated volume to obtain a
suitable cell density following cytospin centrifugation. During cytospin, the cells were fixed on
the microscopic slides (76x26x1 mm; Marienfeld GmbH & Co.KG) by centrifugation using
Cytospin3 centrifuge Thermo Shandon machine at programme load 8 at 1000 Rpm for 5
minutes. For each test substance treatment at least 3 slides were prepared. Then, the slides

were fixed in ice-cold methanol for at least 2 hours.

61



whole chromosome or acentric
chromosome fragment(s)

Vi gt N\

= ®
. -------------- P> SCSCSCDC SC --omm--nn = =7 | eeeeen.. > e >
PA treatments Cytochalasin B
(28 hours) “ Q “ “ (42-48 hours)
metaphase anaphase (telophase)

Figure 13: Schematic diagram on cytokinesis-blocking micronucleus test in HepG2 cells.

Gel Green Staining: Later the fixed cells on the slides were stained with 10uL Gel Green Nucleic
Acid solution (1:100 dilutions in bi-distilled water) for 6-7 minutes in the dark, washed with one
time PBS and then mounted with diazabicyclo-octane (DABCO) and covered with 18 mmx18mm

cover slips.

Evaluation: slides were coded and 1000 binucleated cells were evaluated at 400-fold
magnification of Eclipse 55i fluorescence microscope using a fluorescein isothiocyanate (FITC)
filter (Nikon GmbH, Japan). The number of mononucleated, binucleated, trinucleated,
multinucleated, apoptotic and mitotic cells were recorded. Moreover, the number of
micronuclei formation in 1000 binucleated cells was counted. The cytokinesis block proliferation
was determined in 1000 cells that were counted for mononucleated cells (MN), binucleated
cells (BN), trinucleated cells (TriN) and Tetra nucleated cells (TetraN) by using the equation as

follows:

(1 x MN) + (2 x BN) + (3 X TriN) + (4 X TetraN)

CBPI = -
MN 4+ BN + TriN + TetraN

For each experiment, 2 slides were analyzed. The average was calculated from 3 independent
experiments. Often, the number of micronucleated cells per 1000 binucleated cells is chosen for
presentation of the results because the cell is considered as the unit of damage. Here, we chose
the number of micronuclei per 1000 cells for presentation to enable comparison with Allemang

et al. (2018), who measured micronuclei using flow cytometry, which dissolves cellular
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membranes, and then counts nuclei and micronuclei, not using the cell as the unit of damage,

but providing a number for micronuclei per 1000 cells.

4.3.3.1 Confluency culturing of HepG2 cells

Studies have shown that the metabolic capacity (and expression of cytochrome P450s) in HepG2
cells is increased with prolonged (2 weeks) cultivation time without sub culturing, where the
cells reach a pre-differentiated state [410]. For this, the cells were cultured for 2 weeks in a 6
well plate without sub culturing. Medium was replaced twice per week. Then, the cells were
treated with a positive control (CPA) and lasiocarpine (Las) at different concentrations for 28
hours. Thereafter, cells were trypsinized, harvested again at a dilution 1:24 and allowed to settle
for 24 hours before exposure with 3ug/ml of cytochalasin B for 42 to 48 hours. Afterwards the
cells were handled as described above for exponentially growing HepG2 cells followed by

standard protocol of CBMN assay.

4.3.3.2 Rifampicin pretreatment of HepG2 cells

Several in vitro studies have shown rifampicin (anti-bacterial drug) to be a potent inducer of CYP
P450 expression and activity [411-415]. Based on this, cells were pretreated with 20uM
rifampicin for 72 hours for induction of cytochrome P450 expression and activity, and after
every 24 hours replacing medium with fresh medium containing fresh rifampicin. After that,
cells were washed with PBS and the usual standard CBMN assay protocol was followed. The
concentration of 20 uM rifampicin was based on Badolo, L., et al. (2015) [411] and Forsch, K., et
al. (2018) [414] and also on our cytotoxicity vitality test results which are not shown here;
indicating that 20 uM rifampicin treatment for 72 hours was tolerable. In addition, the interval
of rifampicin pre-treatment in cells was also optimized, and the HepG2 cells were pretreated
with rifampicin at 24 hours, 48 hours and 72 hours as pre-treatment. This was conducted using
lasiocarpine 3.2 uM treatment (28 hours) after 20 uM rifampicin pre-treatment; the severity of
the genotoxic effect was then assessed and analyzed using the cytokinesis-blocking
micronucleus (CBMN) cytome assay. The 72 hours treatment with rifampicin (20 uM) showed
the highest micronuclei formation, and thus, this interval was taken as a suitable pre-treatment

duration for our further studies.
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4.3.3.3 Inhibition of metabolic enzymes in HepG2 cells

Inhibition of enzymes that are involved in PA metabolism was performed with published
effective concentrations of the carboxylesterase 2 inhibitor loperamide (2.5 uM, applied 15 min
before and during lasiocarpine treatment) [414], the cytochrome P450 3A4 inhibitor
ketoconazole (1 uM; pretreatment for 24 hours [416-419]), and the cytochrome P450 1A2
inhibitor furafylline (1 uM; pretreatment for 24 hours [419-422]). Also, the effective inhibitor
concentrations were confirmed using a fluorescent dye exclusion/activation vitality test as
described earlier. After that, cells were washed with PBS and the usual standard CBMN assay

protocol was followed.

4.3.3.4 Depletion of glutathione (GSH) in HepG2 cells

Glutathione is well known for detoxification of toxins. However, the role of glutathione in the
toxicity associated with PAs is still unclear. L-Buthionine sulfoximine (BSO) is a specific and
irreversible inhibitor of y-glutamyl-cysteine synthetase; an enzyme involves in inhibiting
glutathione synthesis and it has been shown in various experimental systems to deplete
intracellular glutathione stores [423-425]. Based on this, 150,000 HepG2 cells were seeded in a
6-well plate with 3 mL medium and incubated at 37°C with 5% (v/v) for 24 hours; to allow cells
to settle and adhere. Then, medium was discarded and fresh medium added containing BSO (at
final concentration 400uM) for 24 hours. The BSO concentration was based on the vitality test
results (not shown here); which showed no cytotoxic effect in 150, 000 HepG2 cells treatment
with BSO for 24 hour. After 24 hours of pre-treatment with BSO, the medium was discarded,
cells washed twice with PBS. Then, fresh medium was added with lasiocarpine (at final
concentration 3.2 uM in 3 mL medium) in the cells earlier pretreated with or without 400 uM
BSO, and incubated at 37°C with 5% (v/v) for 28 hours. Here, the lasiocarpine concentration of
3.2 uM was used based on our initial micronucleus test results which showed this to be the
minimum lasiocarpine concentration inducing significant micronucleus formation. Next,
medium was discarded and fresh medium added containing cytochalasin B (at final
concentration 3 pug/ml) for 44 hours. Thereafter, the cells were harvested and the standard

micronucleus test protocol and evaluation followed as described earlier.
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4.3.3.5 Inhibition of CYP 450 activity and GSH depletion in HepG2 cells

Here, the rationale was to come up with the most sensitive protocol to test the genotoxic
potencies of the selected PAs of different ester type in HepG2 cells. Hence, the combination
effects of inhibition of CYP 450 and the depletion of GSH in HepG2 cells was tested under the
same experimental conditions. Therefore, HepG2 cells were pretreated with 20 uM rifampicin
for 72 hours and 400 uM BSO for 24 hours (at the last 24hours of rifampicin). Then the cells
were treated with lasiocarpine 3.2 uM (Las3.2) for 28 hours. Thereafter, the cells were
incubated with 3 pg/ml of cytochalasin B for 42 to 48 hours, followed by the standard CBMN

assay protocol as described earlier.

4.3.3.6 Inhibition of membrane transporters in HepG2 cells

Transmembrane transporters may enhance or decrease PA mediated effects. Thus,
representative transporters were inhibited with published effective concentrations of known
inhibitors. The organic cationic transporter 1 (OCT1) influx transporter inhibitor quinidine (25
UM [175]), the organic anionic transporter protein 1B1 (OATP1B1) influx transporter inhibitor
nelfinavir (2.5 uM; [175]), the multidrug resistance protein 1 (MDR1) inhibitor verapamil (50
uM; [175, 426-428]), and the multidrug resistance—associated protein 2 (MRP2) inhibitor
benzbromarone (10 uM; [429, 430]) were applied as a pretreatment for 24 hours, after which a

standard CBMN assay protocol with lasiocarpine treatment for 28 hours followed.

4.3.3.7 Combination of lasiocarpine and riddelline in HepG2 cells

Combination of 2 or more PAs is an important question in determining additive or synergistic
effects. This depends on whether the same mechanism of action and target molecule is shared
or more than one is affected. Lasiocarpine and riddelliine are PAs of different chemical
structures. Lasiocarpine is an open diester or heliotridine PA-type, while riddelliine is a cyclic
ester or retrenocine PA-type. HepG2 cells (150,000 cells/3mls) in a 6 well-plate were treated
with a mixture of lasiocarpine and riddelliine and incubated at 37°C with 5% (v/v) CO, for 28
hours. Then, the cells were exposed and incubated with 3 pg/ml of cytochalasin B for 42 to
48hours. Afterwards, the standard micronucleus test protocol as described earlier was used to

assess the genotoxic effects of PAs combinations.
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Low and high concentrations of lasiocarpine and riddelliine were mixed, i.e., 1 uM lasiocarpine
was combined with 10 uM riddelliine, and 10 uM lasiocarpine was combined with 100 uM
riddelliine. These concentrations were obtained from preliminary test conducted in our
laboratory by the author of this thesis, according to the low and high toxicity and genotoxicity of

these PAs.

4.3.4 Standard alkaline comet assay

Theory and Rationale: The alkaline comet assay was implemented to determine if PAs of
different ester types could induce DNA strand breaks. The comet assay was performed following
the protocol by Tice et al. (2000) [431]. This technique is advantageous because it is simple and
rapid to perform, offering sensitivity in detecting various forms of DNA damage at the individual
cell level. The standard alkaline version of the comet assay is primarily used to detect DNA
single-strand breaks, double-strand breaks, and the alkali-labile sites. The amount of migrated
DNA in the tail region of the comet indicates the extent of DNA damage in the cell [432]. In our
study, the concentrations of selected PAs that induced micronucleus formation in the CBMN
assay were used to detect DNA strand breaks at both equimolar concentrations and high
concentrations. At equimolar concentrations, all selected PAs of different ester types were at 10
UM, and the highest concentrations used to detect DNA strand breaks were 10 uM lasiocarpine,

100 uM riddelliine and retrorsine, and 320 uM echimidine, europine, and lycopsamine.

Cell preparation and treatment: 250,000 HepG2 cells were seeded in 12-well plate with 2 mL
medium and incubated at 37°C with 5% (v/v) CO, overnight; in order to allow the cells to settle
and adhere to the bottom of the well-plate. Next, cells were treated with PAs of different ester
type such as lasiocarpine, echimidine, riddelliine, retrorsine, europine and lycopsamine at
equimolar and high concentrations for 28 hours. Then, the cells were harvested by washing with
PBS, trypsinized and then centrifuged. Before the standard comet assay was carried out, the dye
exclusion/activation fluorescent vitality test as described earlier was conducted in order to
distinguish the cytotoxicity and genotoxicity associated with the PAs in test. The percentage of

vital cells was >91% in all treatments using PAs.
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Embedding and lysis of cells: thereafter, 20 pl of cell suspension was mixed/embedded with 180
ul of 0.5% low melting point agarose at 37°C. The embedding is required in order to immobilize
the cellular DNA which helps in the formation of comet during electrophoresis [433].Then, 45 ul
of the cell-agarose mixture was placed on a fully frosted (pre-coated with 1.5% high-melting
point agarose) microscopic slides and covered with a cover slip (21x26 mm) for at least 5
minutes to polymerize and solidify the mixture. Thereafter, the cover slips were gently removed
and subsequently kept in a lysis solution for at least 1 to 2 hours in a dark at 4°C in order to lyse
the cells such as cell and nuclear membranes and to permit DNA unfolding [433, 434]. The lysis
solution consisted of 89% lysis buffer (2.5 M NaCl, 100 mM Na,EDTA and 10 mM Tris adjusted to
pH 10) mixed with 1% Triton X-100 and 10% dimethyl sulfoxide (DMSO) protected from light.

Electrophoresis: before running electrophoresis, the slides were washed gently with VE water
and were then placed in the electrophoresis chamber that was filled with cold electrophoresis
buffer solution (5 M NaOH and 0.2 M Na,EDTA solution, pH 13) at 4°C for 20 minutes in the
dark; in order to allow DNA unwinding and expression of alkali labile sites [435]. Then, the
electrophoresis was run where the electric current was applied for 20 minutes at 25 V and 300
mA, which was adjusted with the electrophoresis buffer solution. Thereafter, the slides were
neutralized with a cold 1xPBS in a cuvette for 5 minutes and then fixed in a cold methanol (-20

°C) for 5 min. Later, the slides were left to dry under a fume hood for 10-20 minutes.

GelRed® staining and Evaluation: 20 pl of GelRed nucleic acid gel stain (1:100)/diazabicyclo-
octane (1:4) solution was added to each slide and one hundred randomly selected cell images at
the middle of the slide (50 per replicate slide) were analyzed with a fluorescence microscope
(Labophot-2; Nikon GmbH, Japan) at 200-fold magnification using a computer-aided image
analysis software (Komet version 6, ANDOR" Technology). At least three (3) independent
experiments were carried out and the percentage of DNA in the tail was used to quantify the

DNA damage.
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4.3.5 Modified alkaline comet assay for DNA crosslink detection

Theory and Rationale: Crosslinks are an extremely toxic form of DNA damage that cells
experience upon exposure to xenobiotics and their metabolites [436]. For example, interstrand
crosslinks prevent the separation of the DNA strands, affecting the ability of vital processes such
as replication or transcription of DNA to proceed [437, 438]. Crosslinking agents cause a
reduction in mutagen-induced DNA migration after subsequent treatment with a strand break-
inducing mutagen [439]. Based on these principles, the modified alkaline version of the
standard comet assay was applied to assess and quantify the potency of PAs of different ester
types in inducing DNA crosslinks using 100 uM hydrogen peroxide as a DNA strand-breaking

mutagen in HepG2 cells.

Cells preparation and treatments: In this assay, 250,000-300,000 HepG?2 cells were seeded in a
12 well-plate and incubated at 37°C with 5% (v/v) CO, overnight. Then, cells were treated with
PAs of different ester type, as well as with the crosslink positive control cyclophosphamide
(CPA) for 24 hours. Thereafter, cells were washed with 1x PBS once and fresh medium added,
followed by 100 uM hydrogen peroxide (H,0,) for 30 minutes to induce DNA strand breaks.
Later, the cells were harvested by washing with PBS, trypsinized and then centrifuged. Before
the DNA crosslinking comet assay was carried out, the dye exclusion/activation fluorescent
vitality test as described earlier was conducted in order to distinguish the cytotoxicity and
genotoxicity associated with the PAs in test. The percentage of vital cells was >88% in all

treatments using PAs.

Embedding and lysis of cells, electrophoresis, GelRed staining and evaluation of the slides were

performed as describe earlier for the standard alkaline comet assay.

4.3.6 Microscopic quantification of intracellular reactive oxygen species using
Dihydroethidium — Assay

Theory and Rationale: In general, intracellular reactive oxygen species (ROS) are formed either

due to the involvement of oxygen in cellular metabolic processes or upon cellular stress induced

by xenobiotics and their reactive metabolites. Due to their highly reactive nature, ROS can
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damage proteins, lipids, and DNA. Therefore, when the production of ROS exceeds its
deactivation, it leads to oxidative stress [44, 57, 440, 441]. With the help of the red fluorescent
dye dihydroethidium, the ROS formation of a cell can be detected microscopically. The
Dihydroethidium (DHE) assay measures ROS directly in live cells. This assay uses DHE as a
fluorescent probe for the detection of ROS generation and is specific for the superoxide radical
(0,7°) and hydrogen peroxide (H,0,) [442]. In this assay, ROS generation is represented as total

DHE fluorescence.
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Figure 14: Schematic representation principle of dihydroethidium (DHE) fluorescent probe for detection of ROS generation. In
presence of ROS, DHE is oxidized to form 2-hydroxyethidium (2-OH-E+) which will fluoresce (red-orange) under TRITC filter of
fluorescence microscope. The figure and chemical structures in it was prepared using ChemDraw version 20.1.

The principal mechanism of the DHE assay is based on the oxidation of dihydroethidium by
superoxide to form 2-hydroxyethidium (2-OH-E+) at excitation wavelengths of 500-530 nm and
emission wavelengths of 590-620 nm, or by nonspecific oxidation by other sources of ROS to
form ethidium ion (E+) at excitation wavelength 480 nm and emission wavelength 576 nm.
Based on these facts, the cell-permeable fluorescent dye dihydroethidium (DHE) was used to
detect intracellular ROS associated with PAs of different ester types at equimolar

concentrations.

Experimental protocol: 300,000 HepG2 cells were seeded on 24 mm autoclaved cover slipsin a
6-well plate with 3 mL medium and incubated at 37°C with 5% (v/v) CO, overnight; in order to
allow the cells to settle and adhere to the 24 mm cover slip. Next, cells were treated with the

equimolar concentrations of PAs of different ester type such as 10 uM lasiocarpine, 10 uM
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echimidine, 10 uM riddelliine, 10 uM retrorsine, 10 uM europine and 10 uM lycopsamine for 75
minutes. Then, in the last 15 minutes, 10 uM of DHE (final concentration in the culture per well)
was added to the cells and incubated in dark at 37°C with 5% (v/v) CO, for 15 minutes.
Antimycin A was used a positive control at a final concentration 50 uM; which induces loss of
mitochondrial membrane potential via inhibition of complex Ill of the electron transfer chain in
the mitochondria. Thereafter, the cells were washed thrice with cold 1x PBS, and then the cover

slips were inverted on to the microscopic slides (76x26x1 mm; Marienfeld GmbH & Co.KG).

Evaluation: cells in the microscopic slides were observed under Eclipse 55i microscope (Nikon
GmbH, Dusseldorf, Germany) and images were taken randomly using a Fluoro Pro MP 5000
camera (Intas Science Imaging Instruments GmbH, G6ttingen, Germany) at a 200-fold
magnification with Tetramethyl Rhodamine Iso-Thiocyanate (TRITC) filter. All the images of the
DHE staining were taken using the same exposure time. The quantification of DHE intensity was

evaluated in 250 cells per treatment with ImageJ software (http://rsb.info.nih.gov/ij/). At least

three (3) independent experiments were carried out.

4.3.7 Effect of N-acetylcysteine on PA-induced reactive oxygen species using
Dihydroethidium — Assay
Theory and Rationale: N-acetyl-L-cysteine (NAC) is a synthetic precursor of intracellular cysteine,
which is crucial in cellular glutathione synthesis [443]. It is also considered one of the main
sources of sulfhydryl groups that act directly as free radical scavengers [443, 444]. Hence, its
anti-ROS activity arises from its free radical scavenging properties, either directly through the
redox potential of thiols or secondarily by increasing glutathione levels in cells [445]. Based on
these facts, N-acetyl-L-cysteine (NAC) was used to confirm whether PAs induce ROS in HepG2

cells.

Here, the experimental protocol and evaluation of the DHE assay were performed as described
earlier, with the addition of 5 mM NAC for a total of 2 hours. Specifically, after 1 hour of
treatment with 5 mM NAC, equimolar concentrations of PAs of different ester types, such as 10

UM lasiocarpine, 10 uM riddelliine, and 10 uM europine, were added and incubated for an
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additional 75 minutes. The choice of a final concentration of 5 mM N-acetyl cysteine (NAC) was
based on vitality test results (not shown here), which demonstrated no cytotoxic effects in

HepG2 cells after 24 hours of incubation.

4.3.8 Mitochondrial Membrane Potential using Tetramethylrhodamine-Ethyl-Ester — Assay
Theory and Rationale: Mitochondrial membrane potential is a crucial marker for mitochondrial
health. It is the main driving force for the generation of ATP by the mitochondria and consists of
a proton gradient generated by the mitochondrial respiratory chain complexes. Mitochondria
generate roughly 90% of the total ROS in the cell and the mitochondrial electron transport chain
is the central source of ROS formation. Thus, this makes mitochondria as a primary source for

ROS formation causing oxidative stress leading to genomic damage induction [446].

One of the most common fluorescent dyes used to quantifying changes in mitochondrial
membrane potential in live cells by labelling the active mitochondria is known as
tetramethylrhodamine ethyl ester (TMRE). TMRE is a lipophilic permeable cationic red-orange
dye and due to its positively-charged it readily accumulates in active mitochondria due to their

relative negative charge.
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Figure 15: Schematic representation of the principle of tetramethylrhodamine ethyl ester (TMRE) fluorescent staining for
quantification of the mitochondrial membrane potential. TMRE quantifies changes in mitochondrial membrane potential of live
cells. TMRE is a cell permeable, positively charged dye that accumulates in active mitochondria (red-orange fluorescence) due to
their relative negative charge. Inactive or depolarized mitochondria have decreased membrane potential and thus fail to retain
the TMRE dye and as a result show low fluorescence signal. The figure was prepared by own using ChemDraw version 20.1.

Depolarized or inactive mitochondria have decreased membrane potential due to blockade of
the electron transfer function leading to net positive charge. Hence, the depolarized
mitochondria fail to sequester TMRE due to positively charged membrane where TMRE dye
does not bind [465]. Therefore, here TMRE staining was used to demonstrate and clarify the

source of the ROS-induced PAs of different ester type in HepG2 cells.

Experimental Protocol: Here, 300,000 HepG2 cells were seeded on a 24 mm autoclaved
coverslip in a 6-well plate with 3 mL of medium and incubated at 37°C with 5% (v/v) CO2
overnight to allow the cells to settle and adhere to the 24 mm autoclaved coverslip. Next, the
cells were treated with equimolar concentrations of PAs of different ester types, such as
lasiocarpine 10 uM, riddelliine 10 uM, and europine 10 uM for 75 minutes. In the last 15
minutes, 30 nM of TMRE (final concentration in the culture per well) was added to the cells and

incubated in the dark at 37°C with 5% (v/v) CO, for 15 minutes. Antimycin A was used as a
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positive control at a final concentration of 50 uM, which induces loss of mitochondrial
membrane potential via inhibition of complex Il of the electron transfer chain in the
mitochondria. Thereafter, the cells were washed thrice with cold one-time PBS, and then the

coverslips were inverted onto the microscopic slides (76x26x1 mm; Marienfeld GmbH & Co.KG).

Evaluation: Later, cells were observed under the Eclipse 55i microscope (Nikon GmbH,
Disseldorf, Germany), and images were randomly taken using a Fluoro Pro MP 5000 camera
(Intas Science Imaging Instruments GmbH, Gottingen, Germany) at a 200-fold magnification
with TRITC filter. All the images of the TMRE staining were captured using the same exposure
time. The quantification of DHE fluorescence intensity was evaluated in 250 cells per treatment

with Imagel software (http://rsb.info.nih.gov/ij/). Three (3) independent experiments were

carried out.

4.3.9 Co-culture model system for mechanistic studies

4.3.9.1 Establishment of co-culture model system

Theory and Rationale: A co-culture model was applied in which non-metabolic active HelLa H2B-
GFP cells were brought into contact with HepG2 human liver cells. This design was intended to
mimic the hepatic environment with the metabolic active hepatocytes and the target cells for
PA activity, HSECs, which lack functional cytochrome P450 enzymes required for metabolizing
PAs. As a first step, a suitable cell ratio had to be obtained in order to prevent the over growth
of Hela H2B-GFP cells over HepG2 cells. It is known that the doubling time for HeLa H2B-GFP

cells is 24 hours while that of metabolic active HepG2 cells is approximately 48 hours.

Performance protocol: HepG2 cells and HeLa H2B-GFP cells were seeded together in a 6-well
plate at different cell ratio numbers and incubated for 24, 48 and 72 hours. Then, at time 0, 24,
48 and 72 hours the co-culture cells were harvested, put on the glass slides by cytospin

centrifugation and fixed in cold methanol (-20°C) for at least 2 hours.

Evaluation: Slides were stained with bisbenzimide H33342 (blue dye under UV filter) which

stains the nuclei of all cells. The cell ratio was evaluated by counting cells in UV (all nuclei) and
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FITC (GFP-labelled Hela cells) filter at 200-fold magnification of Eclipse 55i fluorescence

microscope (Nikon GmbH, Japan).

4.3.9.2 Cytokinesis-block micronucleus (CBMN) assay with Co-cultured cells

Rationale: The study of genomic damage was performed in the co-culture consisting of Hela
H2B-GFP cells and HepG2 cells. Additionally, the genomic damage was also assessed in a culture
of only HepG2 and a culture of only HeLa H2B-GFP cells. The rationale here was to investigate if
PAs induce genomic damage in non-metabolic active HeLa H2B-GFP cells after metabolic

activation by HepG2 cells.

Experimental Protocol: The CBMN assay was carried out as described in section 4.3.3 of this
thesis. However, here, 190, 000 of only HeLa H2B-GFP cells per 3 mL, 150, 000 of only HepG2
cells per 3 mL and for the co-culture 40,000 HeLa H2B-GFP and 150,000 HepG2 cells per 3 mL
were seeded in a 6 well-plate. Later, cells were treated with solvent control (DMSO), 10 uM
lasiocarpine, 100 uM riddelliine or 320 uM europine for 28 hours. Then, the medium was
discarded, cells washed twice with PBS, followed by adding fresh medium with 3 pg/mL
cytochalasin B for 20 hours in HeLa H2B-GFP cells and in the co-culture. In the well with only
HepG2 cells the 3 pg/mL cytochalasin B exposure was for 44 hours. Thereafter, the cells were
harvested and the standard CBMN assay as described earlier was continued. Notably, slides with
co-culture cells and HelLa H2B-GFP cells were mounted only with DABCO to evaluate
micronucleus formation in HeLa H2B-GFP cells, while slides with only HepG2 cells were stained

with 10 uL Gel Green Nucleic Acid solution.

Evaluation: the slides were evaluated as described earlier, and three (3) independent

experiments were conducted.

4.3.9.3 Inhibition of CYP 450-3A4 activity

In humans, understanding the role of CYP 450 enzymes is crucial for addressing issues such as
achieving bioavailability and avoiding toxicity of xenobiotics and their metabolites [447, 448] .
Therefore, the application of the chemical inhibitor ketoconazole for CYP 450-3A4 inhibition
may influence the metabolism and toxicity of PAs that could be metabolized or bioactivated

[166]. The impact of ketoconazole on PA-induced genomic damage was investigated in the co-
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culture model using the CBMN assay, as described earlier. Based on the published effective
concentration of ketoconazole, 1 UM was applied as a pretreatment for 24 hours [416-419]. The

PAs tested in this study were 10 uM lasiocarpine, 100 uM riddelliine, and 320 uM europine.

Cells were pre-treated with 1 uM ketoconazole for 24 hours. Subsequently, the medium was
discarded, and cells were washed with PBS. Fresh medium containing PAs was then added to
the cells with or without ketoconazole pre-treatment for 28 hours. Cytochalasin B exposure (at
a final concentration of 3 ug/mL) lasted for 20 hours, aligning with the doubling time of 24 hours
for HeLa H2B-GFP cells in which micronucleus formation was determined. Following this, cells
were harvested, and the standard protocol for the CBMN assay and evaluation was carried out

as described earlier. Three (3) independent experiments were conducted.

4.3.9.4 Inhibition of efflux membrane transporters

Here, using the co-culture model, the chemical inhibitors of the multidrug resistance protein 1
(MDR1), verapamil (50 uM; [175, 426-428]), and of the multidrug resistance—associated protein
2 (MRP2), benzbromarone (10 uM; [429, 430]), were applied as a pretreatment for 24 hours.
Next, the medium was discarded, cells were washed with PBS, and fresh medium containing PAs
was added to the cells with or without chemical inhibitor pretreatment for 28 hours. Then,
cytochalasin B (at a final concentration of 3 pg/ml) exposure was for 20 hours because the
micronucleus formation was determined in HeLa H2B-GFP cells, which have a doubling time of
24 hours. Later, cells were harvested, and the usual standard protocol for the CBMN assay and
evaluation was carried out as described earlier. Three (3) independent experiments were

conducted.

4.3.9.5 Combination of lasiocarpine and riddelliine

Here, the co-culture model was treated with combination of low, medium and high
concentrations of lasiocarpine and riddelliine for 28 hours. The low concentrations were 3.2 uM
lasiocarpine and 10 uM riddelliine; medium concentrations were 5 uM lasiocarpine and 50 uM
riddelliine; and high concentrations were 10 uM lasiocarpine and 100 uM riddelliine. After
replacing the medium, cytochalasin B (at a final concentration of 3 ug/mL) was added for 20

hours. Subsequently, the standard protocol for cytokinesis-blocking micronucleus (CBMN) assay
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and evaluation was carried out, as described earlier in sections 4.3.3 and 4.3.9.2. Three (3)

independent experiments were conducted.

4.3.9.6 Mitosis and Mitotic disturbance figure analysis

Genomic integrity relies on the co-ordination between DNA replication and chromosome
segregation. Mitotic disturbances could potentially lead to imbalances in chromosomes copy
number, chromosomal rearrangements, or loss of chromosomal fragments. These mitotic errors
can easily disrupt normal tissue homeostasis and contribute to carcinogenesis [42]. As a first
step, the characterization of the distribution of normal mitotic stages within cells in question

was conducted.

Table 2: Characterization of mitotic stages (according to Baudoin et al., 2018)

Interphase DNA is decondensed and the nuclear appears homogenous.

Prophase Chromosomes start to be identifiable and are still confined within a well delineated
nuclear perimeter due to the presence of the nuclear envelope (Figure 16b).

sy EH  Lack defined border around the chromosomes, indicative of complete nuclear
envelope breakdown.

Chromosomes can be recognized as having a more advanced stage of condensation,
whereby they appear as distinct rod-like elements.

Chromosomes not yet fully aligned.

Chromosomes are oriented in a ring with chromosome arms extending outward away
from the center of the ring.

Chromosomes begin taking on the shape of metaphase plate with more chromosomes
at the center of the mitotic spindle.

Metaphase Chromosomes exhibited at the spindle equator (Figure 16c), forming metaphase plate.

Anaphase The sister chromatids separated and appear as two masses of chromosomes
positioned on the two sides of the spindle equator (Figure 16d and e).

Telophase Chromosomes completed their movement to the spindle poles and a nuclear envelope
starts to re-form around each of the two chromosome sets, while the chromosomes
start to decondensed (Figure 16d and e).
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The characterization of mitotic cells was described as in Baudoin et al, (2018) [42] and

summarized in Table 2. Typical sample images of the normal mitotic cell stages in HeLa H2B-GFP

cells and HepG2 cells were taken during this study; and are shown in Figure 16.
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Figure 16: Representative images of HepG2 cells (orange-brown) and HeLa H2B-GFP cells (green) of the co-culture. Typical
images of apoptotic cells (Images a) and mitotic cells at different stages such as prophase (Images b), metaphase (Images c),
anaphase and telophase (Images d and e) are shown. The HepG2 cells (orange-brown) were stained with Gel Green while Hela
H2B-GFP cells (green) were mounted with DABCO; and all cells were viewed under a fluorescence microscope.
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The analysis regarding numbers of cells in each of the mitotic stages as well as an assessment of
disturbed arrangements in each of the stages was performed using cultures with only HepG2
cells, only HelLa H2B-GFP cells, and analyzing the HeLa H2B-GFP cells of the co-culture similar to
the procedure described for micronucleus experiments. The seeded cells in a 6-well plate were
incubated at 37°C with 5% (v/v) CO2 for 20 hours. Then, cells were treated with lasiocarpine (10
M), riddelliine (100 uM), europine (160 uM), vincristine 10 ng/ml (positive control for mitotic
disturbance), and solvent controls, for 28 hours. Thereafter, cells were harvested and the
microscopic slides prepared as described for micronucleus analysis but without using

cytochalasin B.

The mitotic index (MI) was assessed by counting the number of mitoses at different stages such
as prophase, metaphase, anaphase and telophase, in 1000 nuclei cells including apoptotic cells.

The mitotic indexes in percentage (%) were calculated based on the following formulas:

Nm

Mitotic Index (%) = Nt X 100; v e e €quation 1
Nprophase )

Prophase Index (%) = N Nm %X 100; v e e - @QUAtion 2
Nmetaphase )

Metaphase Index (%) = T Nm %X 100; v e e - @qUation 3
Nanaphase )

Anaphase Index (%) = T Nm %X 100; v ee e e €QUaAtion 4
Ntelophase ]

Telophase Index (%) = N X 100; v e e e @quUation 5

Where; Np,,= total number of cells in mitotic division; Ni= total number of cells; Ny oonase= Number of cells in prophase; Nietaphase=
number of cells in metaphase; Njjaphase= NUMber of cells in anaphase; Niejophase= NUMber of cells in telophase.

Normal mitotic figures were classified according to the definitions given by Baudoin et al.,

(2018) [42]. Disturbance mitoses were defined as mitoses deviating from the typical appearance
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of normal mitoses and were assessed in 300 mitotic cells per slide. We classified the mitotic

disturbance into the following categories:

i.  Prophase disturbances

ii. Metaphase; no-spindle formation, non-congression, multipolar (tripolar and more than
tripolar) and elongated chromosome/chromatid

iii.  Anaphase; chromatin bridges, lagging chromosome(s), combination of chromatin bridges
and lagging chromosome(s), and multipolar (tripolar and more than tripolar).

iv.  Telophase; chromatin bridges, separate chromosome(s), and multipolar (tripolar and
more than tripolar).

v.  Other abnormal mitotic disturbance figures; atypical mitosis with a morphological

appearance which was not reconcilable one of the above mentioned classes.

' Hela H2B-GFP cells

HepG2 cells

Elongated
Chromosomes or
Chromatids

Figure 17: Representative images of metaphase disturbances of HepG2 cells (orange-brown) and of HeLa H2B-GFP cells (green)
in the co-culture. The typical metaphase disturbances includes, non-congression (Images a), no-spindle formation (Images b),
multipolar at metaphase (Images c), and elongated chromosomes or chromatids (Images d). HepG2 cells were stained with Gel
Green, while HelLa H2B-GFP cells cultured alone or in co-culture were mounted with DABCO; all cells were viewed under

fluorescence microscopy.
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Typical sample images of metaphase disturbances in HepG2 cells cultured alone and that of
Hela H2B-GFP cells of the co-culture and HelLa H2B-GFP cells cultured alone were taken as

shown in Figure 17.
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Figure 18: Representative images of HepG2 cells with anaphase-telophase disturbances. The anaphase-telophase disturbances
include chromatin bridge (Images a), lagging chromosome (s) and chromatin bridge (Image b), and multipolar at anaphase or
telophase (Images c). HepG2 cells were stained with Gel green and viewed under fluorescence microscopy.
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Additionally, the typical sample images of anaphase-telophase disturbances in HeLa H2B-GFP
cells of the co-culture and HelLa H2B-GFP cells cultured alone were taken as shown in Figure 19;

and the Images from HepG2 cells are from a culture of only this cell type (Figure 18).

Multipolar

Figure 19: Representative images of HeLa H2B-GFP cells of the co-culture with HepG2 cells with anaphase-telophase
disturbances. The anaphase-telophase disturbances include chromatin bridge (Images a), lagging chromosome(s) and chromatin
bridge (Images b), and multipolar at anaphase or telophase (Images c). Co-culture cells were mounted with DABCO and viewed
under fluorescence microscopy.

4.3.10 Analysis of metabolic enzymes and membrane transporter activities in HepG2 cells

4.3.10.1 Cytochrome P450 activity using GC/MS and UHPLC-MS/MS

Rationale and Theory: The metabolic activity of HepG2 cells after treatment with the chemical
inhibitor ketoconazole (1 uM) and the chemical enzyme expression inducer rifampicin (20 uM)
was analyzed using gas chromatography—mass spectrometry (GC/MS) and ultra-performance
liquid chromatography-mass spectrometry (UHLC-MS/MS) at the Department of Food

Chemistry, University of Wuerzburg, Germany, in collaboration with the author of this thesis.
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The cells were treated and prepared by the author of this thesis, and GC/MS and UHPLC-MS/MS
analyses were performed by the working group in the Department of Food Chemistry, following
the procedure described in Kleider et al. (2022) [449]. Conclusions about the metabolic activity

of HepG2 cells were drawn based on the metabolism of 17B-estradiol (E2) and estrone (E1).

Cell preparation and treatments: After pre-treatment of HepG2 cells with ketoconazole (1 uM;
24 hours) or rifampicin (20 uM; 72 hours), the cells were treated with 100 nM 17B-estradiol (E2)
or 100 nM estrone (E1) for 28 hours. Following the 28-hour E1 or E2 treatment, the supernatant
medium was collected. Subsequently, samples (E1 and E2) from the medium at time zero
without HepG2 cells, samples from the medium incubated for 28 hours without HepG2 cells,
and samples from the supernatant medium incubated for 28 hours using HepG2 cells pre-
treated with ketoconazole or rifampicin were collected into 1.5 mL Eppendorf tubes, snap-

frozen in liquid nitrogen, and then stored at -80-C.

Transportation of samples: The frozen samples were then transported on dry ice to the

Department of Food Chemistry for analysis using GC/MS and UHPLC MS/MS.

4.3.10.2 Carboxylesterase enzyme activity using Calcein-acetoxymethyl ester

Rationale and Theory: Intracellular carboxylesterase (CES) inhibition with loperamide (1 uM; 24
hours pre-treatment) in HepG2 cells was analyzed microscopically with calcein-acetoxymethyl
ester (calcein-AM). Calcein-AM is a non-fluorescent and highly lipid soluble dye that rapidly
diffuses through the plasma membrane into the cells. In the cytosol, this dye is metabolized by
intracellular esterases by cleaving the ester bonds forming hydrophilic and green fluorescent
calcein that cannot easily diffuse out of the cells. Hence, the green calcein formed is a
fluorescent indicator with absorption and emission maximum wavelength of 494 nm and 517
nm, respectively, making this dye suitable for conventional fluorescence applications [450-452].
Thus, the accumulation of green fluorescent calcein can be used as indicator of intracellular

carboxylesterase activity [450, 453-455].
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Figure 20: Calcein-acetoxymethyl ester (Calcein-AM) metabolized by esterases to form fluorescent green calcein in the cytosol
of a cell. The diagram illustration was made using ChemDraw 20.1 software.

Microscopic analysis: CES inhibition with loperamide (1 uM) in HepG2 cells was analyzed using
calcein-AM (100 nM) fluorescent dye under an Eclipse 55i fluorescence microscope using a
fluorescein isothiocyanate (FITC) filter (Nikon GmbH, Japan) at 200-fold magnification. The
green calcein fluorescence intensity in 250 cells was quantified using ImagelJ software

(http://rsbweb.nih.gov/ij) in cells with or without the CES inhibitor loperamide. Three (3)

independent experimental analyses were conducted.

4.3.10.3 Influx membrane transporter activity using fluorescent dye-based transporter
assays
Rationale and Theory: The chemical inhibitors nelfinavir (2.5 uM) for OATP1B1 influx transporter
activity and the chemical inhibitor quinidine (25 uM) for OCT1 influx transporter activity were
used in a fluorescent dye-based transporter assay. The activity of these two influx transporters
was examined by measuring the intracellular accumulation of reference fluorescent dye
substrates, namely sodium fluorescein (NaFLuo) for OATP1B1 influx transporter [175, 456-458]
and ethidium bromide for OCT1 influx transporter [175, 459, 460]. Sodium fluorescein is a
water-soluble fluorescent xanthene dye, for which several studies have demonstrated its use as
a probe substrate for hepatic drug transport mediated through the OATP1B1 influx transporter
[457, 461]. Ethidium bromide (EtBr) is a dark red, crystalline powder. In an aqueous solution, it

has the capability to enter the cells and intercalate between the base pairs of DNA; upon
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exposure to ultraviolet (UV) light, it fluoresces with a red-orange color. EtBr has been reported

to be a suitable probe substrate for OCT1-mediated influx transporters [175, 459, 460, 462].

Microscopic analysis: for OATP1B1 influx transporter activity, HepG2 cells were incubated at
37°C with 20 uM EtBr for 30 minutes, in absence or presence of 2.5 uM nelfinavir (NFR) as
OATP1B1 inhibitor [175, 456-458]; for OCT1 influx transporter activity, HepG2 cells were
incubated with 5 uM NaFLuo for 1 hour, in absence or presence of 25 uM quinidine (Q), as OCT1
inhibitor [175, 459, 460]. Next, cells were washed thrice with PBS and then intracellular
accumulation of fluorescent dye substrates was determined by taking images under an Eclipse
55i fluorescence microscope using a fluorescein isothiocyanate (FITC) filter (Nikon GmbH, Japan)
at 200-fold magnification. Fluorescence intensity in 250 cells was quantified using Image)

software (http://rsbweb.nih.gov/ij). The used excitation and emission wavelength for sodium

fluorescein was 460 nm and 515 nm, respectively; while for ethidium bromide it was 360 nm

and 590 nm in PBS, respectively. Three (3) independent experimental analyses were conducted.

4.3.10.4 Efflux membrane transporter activity using fluorescent dye-based transporter
assays
Rational and Theory: The activities of MDR1- efflux transporter and that of MRP2- efflux
transporter in human hepatoma HepG2 cells were analyzed through measuring intracellular
accumulation or retention of a fluorescent probe substrate. Calcein-AM fluorescent dye was
used as a probe substrate for MDR1- efflux transporter while calcein was used for MRP2- efflux
transporter. Calcein-AM is a non-fluorescent, highly lipid soluble dye that can easily diffuse
through the plasma membrane into the cells; and is well known as a probe substrate of MDR1-
efflux transporter [452]. Once in the cytosol, calcein-AM dye is metabolized by intracellular
esterases enzymes forming hydrophilic and green fluorescent calcein that cannot diffuse out of
the cells passively. The free calcein formed in the hepatic cells can be easily effluxed out by
MRP1 or MRP2, but not MDR1 [463, 464]. Thus, the only route for the free calcein (fluorescent)
to be cleared out from the hepatic cells is via MRP1 or MRP2- mediated efflux transporters
[452]. For example, studies have shown that calcein-AM (but not free calcein) serves as an
excellent activator substrate for MDR1-ATPase in isolated cell membranes (Ka<1 uM).
Additionally, it has been demonstrated that free calcein is not a substrate for export by MDR1 in
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MDR1-expressing tumor cells [465]. Therefore, in principle, if calcein-AM is co-incubated with
chemical inhibitor(s) of efflux-mediated transporters, calcein will increasingly be retained in the
cells and thus the green fluorescence of the cells will increase. Therefore, the activity of the
efflux-mediated transporters and their interaction with chemical inhibitors can easily be

guantified by measuring the increase in the intracellular free calcein green fluorescence [466].
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Figure 21: Calcein-acetoxymethyl ester (Calcein-AM) is a P-gp (MDR1) substrate and can be effluxed from the cell by MDR1 (a).
Calcein is not effluxed by P-gp (MDR1) but can be effluxed by MRP2 (a). In the presence of a P-gp (MDR1) chemical inhibitor
(verapamil), the efflux of Calcein-AM is reduced and more fluorescent Calcein is produced (b). In presence of MRP2 chemical
inhibitor (benzbromarone), calcein efflux is reduced and is retained longer in the cytosol with green fluorescence (c). These
diagram illustrations were made using ChemDraw 20.1 software.

Microscopic analysis: for MDR 1 (P-glycoprotein) efflux transporter activity, HepG2 cells were
incubated with 100 nM calcein-AM for 15 minutes at 37°C in the absence or presence of 50 uM
verapamil, used here asa MDR 1-mediated efflux transporter inhibitor [175, 426-428]; for
MRP2-mediated efflux transporter activity, HepG2 cells were first loaded with 100 nM calcein-
AM for 15 minutes at 37°C, then washed with one time PBS and re-incubated in calcein-AM
free-medium for 120 minutes at 37°C in the absence or presence of 10 uM benzbromarone,
used here as a MRP2 efflux transporter inhibitor [429, 430]. Thereafter, cells were washed
thrice with PBS and images of the cells were taken under an Eclipse 55i fluorescence microscope
using a fluorescein isothiocyanate (FITC) filter (Nikon GmbH, Japan) at 200-fold magnification.
Intracellular retention of fluorescent dye intensity was quantified in 250 cells for each treatment

using Imagel software (http://rsbweb.nih.gov/ij). The used excitation and emission wavelength

for calcein-AM was at 485 nm and 515 nm, respectively. Three (3) independent experimental

analyses were conducted.
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4.3.10.5 Cross-reactivity of chemical inhibitor effects between metabolic enzymes and
membrane transporters
The rationale was to analyze whether the used chemical inhibitors of metabolic enzymes had an
effect on the studied membrane transporters. Because, based on a literature search, for
example rifampicin (20 uM) was used as an inducer of cytochrome P450-3A4 [411, 467-478] in
this study, however, it has also been reported to have an effect on inhibition of OATP1B1 (Ki=10
uM)-influx transporter [479] and induction on MDR1 and MRP2- efflux transporters [411, 468,
477, 480]; ketoconazole (1 uM) used as an inhibitor of cytochrome P450-3A4 [417, 479, 481-
491], has also been reported to inhibit MDR1- efflux transporter with ICso >6 uM [479, 492],
OATP1B1- influx transporter with ICso=1.8 uM [479], and OCT1/2- influx transporters with ICso=
0.13 uM and 0.89 uM, respectively [479]; for furafylline (1 uM) used as an inhibitor of
cytochrome P450-1A2 [419, 422, 481, 488-491] no report was found regarding membrane
transporters effects; loperamide (2.5 uM) used as an inhibitor of CES enzyme [414, 493-496]
has been reported to inhibit MDR1- efflux transporter at a concentration of 20 uM [497]. Based
on these literature reports, the author of this thesis performed an analysis to determine the
effect on influx- and efflux-mediated transporters activities. The chemical inhibitors investigated
here were rifampicin (20 uM), ketoconazole (1 uM), loperamide (2.5 uM), and furafylline (1
uM). These chemical inhibitors were analyzed using standard fluorescent dye-based transporter

assays as described earlier in section 4.3.10.3 and 4.3.10.4.

4.3.10.6 Depletion of intracellular glutathione using monochlorobimane dye

Rationale and Theory: In humans, glutathione (GSH) is present in all cells as the most abundant
non-protein thiol that defends against oxidative stress. The biosynthesis of GSH takes place in
the cytosol of all cells of the body; with the highest amount of GSH produced in liver cells. Part
of the main determinants of GSH synthesis is the availability of the sulphur amino acid
precursor, cysteine, and the activity of the rate-limiting enzyme, glutamate cysteine ligase (GCL)
[68, 498]. The substance L-buthionine-sulfoximine inhibits glutamate-cysteine ligase, an enzyme
that participates in GSH synthesis [423, 425]. Intracellular GSH in cells can be measured with
monochlorobimane (MCBI) dye; MCBI readily enters the cells to form a fluorescent GSH-

monochlorobimane (GSH-MCBI) adduct. The free, unbound probe shows very little
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fluorescence, but when bound to reduced GSH in a reaction catalysed by glutathione-S-
transferase (GST), its forms a highly and strongly fluorescent adduct [498, 499]. Here, L-
buthionine sulfoximine (BSO; at final concentration 400 uM) was used for GSH depletion in
HepG2 cells and GSH was determined by addition of MCBI using a plate reader at excitation and

emission wavelengths of 380 nm and 490 nm, respectively.

Cell preparation, Treatments and Evaluation: 150,000 HepG2 cells were seeded in a 12-well
plate with 2 mL medium and incubated at 37°C with 5% (v/v) CO, for 24 hours. Then, medium
was removed and cells were washed once with PBS and fresh 2 mL medium was added
containing BSO at concentrations 0 uM, 200 uM, 400 uM and 800 uM, and incubated at 37-C
with 5% (v/v) CO, for 24 hours. Next, the medium was discarded and fresh medium added with
monochlorobimane (MCBI; final concentration at 100 uM) for 30 minutes in dark at 37°C with
5% (v/v) CO, incubation. Thereafter, cells were washed thrice with cold PBS and 1 mL of fresh
PBS was added in the dark. The plate was then kept in the dark wrapped with aluminum foil and
immediately the fluorescence intensity of the GSH-MCBI complex was determined using a plate
reader (Ex/Em; 385 nm/490 nm). The amount of GSH in the cells correlates linearly with the
fluorescence intensity, as the dye forms adducts with intracellular glutathione. Three (3)
replicates were used per sample concentrations and three (3) independent experimental

analyses were conducted.

4.3.11 Statistical analysis

All data are expressed as mean * standard deviation (SD) from at least three (3) independent
experiments. The independent sample T-test (Student’s T-test) was performed to check the
significance compared to the control and one-way ANOVA analysis was used in comparison
experiments with standard and inhibition/induction treatments. Graphs were created using
GraphPad Prism version 10.0.1 (GraphPad Software, Inc, USA). Results were considered

significant with p value < 0.05.
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CHAPTER FIVE

5 RESULTS

5.1 Variation of micronucleus assay protocol in HepG2 cells

First, variations of the standard micronucleus protocol were attempted to increase the
sensitivity of HepG2 cells to PA-induced genotoxicity. These modified protocols were tested
using lasiocarpine as a model PA. The HepG2 cells were pre-differentiated for 2 weeks through
culture in confluency and were then treated with lasiocarpine using the usual standard protocol.
This protocol involved subculturing, thereby enabling cell proliferation and micronucleus
formation even in confluent pre-cultured cells. The results were then compared with those
obtained using the standard protocol (refer to Figure 22a). The findings showed that confluent
pre-cultured cells exhibited increased sensitivity to the induction of micronuclei and cytotoxicity

by lasiocarpine.

As a second option, the HepG2 cells were pre-treated with rifampicin for 72 hours to increase
the expression and activity of cytochrome P450 enzymes (Figure 22b). Then they were treated
with lasiocarpine with the usual standard protocol. Compared to the standard protocol,
rifampicin-pretreated cells were significantly more sensitive for the induction of micronuclei by
lasiocarpine. There was no significant increase in cytotoxicity. The induction of CYP450 activity
by rifampicin was analyzed based on the known metabolism of 17B-estradiol (E2) and estrone
(E1) by CYP450 enzymes. This metabolism results in the formation of two major metabolites, 2-
methoxy estrone (2-MeO-E1) and 16a-hydroxyl estrone (16a-HO-E1). As shown in Figure 23, a
72-hour pre-treatment with rifampicin significantly favoured the formation of estrone (E1) from
17B-estradiol (E2). Additionally, it led to a 3-fold increase in the formation of the major phase |
metabolite 16a-hydroxyl estrone (16a-HO-E1), which, although not statistically significant | due
to interexperimental variation, demonstrated a clear increasing trend. Moreover, rifampicin
significantly increased the formation of the phase Il metabolite estrone-3-glucuronide (E1-G) by
2-fold. Notably, there was a significant decrease in the levels of phase || metabolites, namely

estradiol-3-sulfate (E2-3-S) and estrone sulfate (E1-S). Overall, rifampicin appeared to induce
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CYP450 activity, as evidenced by the non-significant but clear increase in 16a-hydroxyl estrone

(160-HO-E1).
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Figure 22: Micronucleus induction (columns) and proliferation index (CBPI, line) in pre-differentiated HepG2 cells (a);
rifampicin-pre-treated HepG2 cells (b); L-buthionine sulfoximine (BSO) pre-treated HepG2 cells (c); and combination of
rifampicin and BSO pre-treated HepG2 cells compared with the standard protocol (d). *p<0.05 compared to Co (solvent control)
and Ap<0.05 compared with the respective undifferentiated/standard protocol cells. MNi= micronuclei; BNCs= binucleated cell;
CBPI= cytokinesis-block proliferation index (cytotoxicity); CPA = cyclophosphamide (positive control); Las = lasiocarpine.

As a third option, HepG2 cells were pre-treated with 400 uM BSO for 24 hours to deplete GSH
(Figure 22c). Subsequently, lasiocarpine treatment followed using the standard protocol. In
comparison to the standard protocol, the BSO-pretreated cells exhibited significantly higher
sensitivity to the induction of micronucleus formation by lasiocarpine. There was no difference

in the proliferation index (CBPI), indicating no cytotoxicity.
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Figure 23: Percentage of levels of E2 and its metabolites (each related to the control 100 nM E2 set at 100%) detectable in the
incubation media of cells pretreated with rifampicin for 72 hours and incubated with 100 nM E2 for 28 hours. Levels in the
media of the control 100 nM E2 are in nmol/ml: 5.2 + 1.6 (E2), 43.3 + 8.4 (E1), 0.8 + 0.5 (2-MeO-E1), 0.6 + 0.08 (16a-HO-E1), 4.8
+0.6 (E2-3-S),34.1+3.5(E1-S), and 0.3 + 0.07 (E1-G). Statistical differences of levels in media with rifampicin treatment
compared to the media of the control were determined using paired t-test and P values are given. Asterisks indicate a significant
difference to the control. E2 refers to 17B-estradiol; E1 refers to estrone; 2-MeO-E1 refers to 2-methoxy estrone; 16a-HO-E1
refers to 16a- hydroxyl estrone; E2-3-S refers to Estradiol-3-sulfate; E1-S refers to Estrone sulfate; E1-G refers to estrone-3-
glucoronide. Analysis performed by collaboration partners in the Department of Food Chemistry.

To confirm the depletion of GSH in HepG2 cells by BSO (400 uM), the analysis of BSO (400 uM)
with MCBI showed a significant decrease in MCBI fluorescence intensity (Figure 24). This
reduction indicates a significant decrease in cellular GSH content by BSO. The vitality test results
(not shown here) did not reveal any significant cytotoxicity compared to the solvent control for
BSO up to 400 uM. However, at a concentration of 800 uM, the cells exhibited cytotoxicity. This
suggests that the concentration of 400 uM BSO is suitable for the study, and with a 24-hour

pretreatment, it confirms a significant depletion in cellular GSH content in HepG2 cells.
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Figure 24: Effect of L-buthionine sulphoximine (BSO) in glutathione (GSH) depletion using monochlorobimane (mBCl) staining
detection on different BSO doses for 24hours. BSO 200, 400, 800 = buthionine sulphoximine 200puM, 400uM, 800puM
respectively. Where *p<0.05 compared with control (DMSO).

To optimize the protocol further, a fourth option was designed under same experimental
conditions. HepG2 cells pre-treated with a combination of rifampicin and BSO were more
sensitive for induction of micronucleus formation by lasiocarpine with no significant differences
in proliferation index (Figure 22d) compared to solvent control. However, some floating cells
(dead cells) were observed after lasiocarpine treatment; which indicates cytotoxicity. To
compare the protocol options which were conducted again under the same experimental
condition, the highest significant induction of micronuclei by lasiocarpine was observed in the
rifampicin-pretreated HepG2 cells, compared to BSO-pretreated HepG2 cells and the

combination of rifampicin and BSO pretreated HepG2 cells (Figure 22d).

From these protocol variants, which all increased the sensitivity of HepG2 cells for the PA
lasiocarpine, the more practical one was a 72-hour pretreatment with rifampicin for induction

of cytochrome P450 activity. This protocol was then chosen for testing selected PAs.
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5.2 Dose response relationships for selected PAs in rifampicin-pretreated HepG2 cells
After a pretreatment with rifampicin the selected PAs of different ester-type were added at
different concentrations, and then a cytochalasin B treatment was performed in order to yield
binucleated cells. The selected PAs were the monoesters europine (Ep) and lycopsamine (Ly),
the cyclic-diesters retrorsine (RT), riddelliine (Rid) and seneciphylline (Sc), and the open-diesters

echimidine (ED) and lasiocarpine (Las) (Figure 25a-g).

Each of the tested PA yielded a significant induction of micronuclei. At least for one
concentration, a significant induction was found in the absence of a significant reduction of cell
proliferation. In each case, there was at least one lower concentration of PA at which no
significant micronucleus induction was detected. The induction yielded a similar maximal
increase for all PA in the range of 1.64-2.0 fold. Specifically, the increases were 1.99x for
europine, 1.64x for lycopsamine, 1.99x for retrorsine, 2.0x for riddelliine, 1.8x for seneciphylline,
1.94x for echimidine and 1.97x for lasiocarpine. The lowest concentration at which significant
induction of micronuclei was found was 3.2 uM for lasiocarpine and riddelliine, 32 uM for
retrorsine and echimidine, and 100 uM for seneciphylline, europine and lycopsamine. The
apoptotic and mitotic cells numbers, compared to the solvent control (Appendix I) were not
critically altered in all the PA experiments with HepG2 cells, except for europine at 1000 uM,
where a slight increase in apoptosis was detected, including observation of floating cells (dead

cells) after europine 1000 uM treatment.
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Figure 25: Micronucleus induction (columns) and proliferation index (CBPI; line) in rifampicin-pre-treated HepG2 cells with the
indicated pyrrolizidine alkaloids. *p<0.05 compared to Co (solvent control). MNi= micronucleus; BNCs= binucleated cells; CBPI=
cytokinesis-block proliferation index.
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The lowest micronucleus inducing concentrations found in this thesis were compared with
published literature concerning micronuclei and yH2Ax (Table 3); which reveals a lower
sensitivity of HepG2 used here compared to HepaRG for micronuclei, but similar sensitivity if

compared with HepaRG yH2Ax.

Table 3: Comparison of the lowest significant pyrrolizidine alkaloid concentration with published literature.

Study (endpoint, cell line)

=

chmigne 2 e ea

| |
Senccphyline | 100 Notwested a5

Lycopsamine 100 74.07 303
The study in this dissertation was based on micronucleus induction in human hepatoma cells HepG2 pretreated with rifampicin
for 72 hours. Louisse et al. (2019) results were based on yH2Ax assay in HepaRG cells while Allemang et al. (2018) was based on

micronucleus induction in HepaRG human liver cells. The concentrations of the present study and of Allemang et al. (2018) are
based on lowest tested significant concentration, those of Louisse et al. (2019) are based on BMCs, (50% increase over

background level). * received a different rank in the potency order when shape of dose response was also considered (see
discussion). Concentrations of the compounds are in micromolar (LM).

5.3 Inhibitors of metabolic enzymes in HepG2 cells

For mechanistic investigation of PA induced genomic damage based on metabolic enzymes
inhibition, lasiocarpine was chosen again as a model PA and HepG2 cells were used, applied
with standard protocol. Carboxylesterase 2 enzyme (CES 2) is involved in the detoxification of
PA. The CES 2 inhibitor loperamide yielded an increased formation of lasiocarpine-induced
micronuclei in HepG2 cells (Figure 26a), revealing a possible role of CES-mediated detoxification
in the genotoxicity of lasiocarpine. There was no significant difference in cytotoxicity, as

indicated by the proliferation index (CBPI).
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Figure 26: Micronucleus frequency (columns) and proliferation index (CBPI; line) in HepG2 cells pre-treated with inhibitors of

metabolic enzymes, carboxylesterase-inhibitor loperamide (a), cytochrome P450 3A4 inhibitor ketoconazole (b) and
cytochrome P450 1A2 inhibitor furafylline (c) compared with the standard protocol. *p<0.05 compared with Co (solvent
control), Ap<0.05 compared with the respective dose without inhibitor pre-treatment. MNi= micronucleus; BNCs= binucleated
cells; CBPI= Cytokinesis-block proliferation index; CPA = cyclophosphamide (positive control); Las = lasiocarpine; (n=3).

Regarding analysis of CES inhibition with calcein-AM, there was significant decrease in calcein

green flourescence intensity in presence of loperamide (Figure 27a-b); which indicates less

formation of calcein in the cytosol due to CES inhibition by loperamide. There was no

cytotoxicity effect induced by loperamide (2.5 uM) in HepG2 cells, based on the vitality test

(results not shown here) conducted by the author of this dissertation.
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Figure 27a: Representative Images of HepG2 cells on the analysis of CES enzyme inhibition by loperamide (2.5 uM) using
calcein-AM (100 nM) dye.
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Figure 27b: Analysis of CES2 inhibition by loperamide using calcein-AM (100 nM) flourescence dye in HepG2 cells. Loperamide
(2.5 uM) significantly reduce the calcein green flourescence intensity; indicating less calcein-AM is metabolized to calcein by CES
enzyme in the cell cytosol. Images were taken under FITC filter of fluorescence microscope.

97



Cytochrome P450 enzyme activity is required for PA-induced effects. Ketoconazole is a
cytochrome P450 inhibitor with a preference for cytochrome P450-3A4 isoenzyme.

Ketoconazole prevented lasiocarpine-induced micronucleus formation completely (Figure 26b).

The inhibition of the activity of the CYP450-3A4 isoenzyme by ketoconazole in HepG2 cells was
also analyzed based on the metabolism of 17B-estradiol (E2) and estrone (E1) by CYP450
enzymes. Usually, mediated by the CYP450-3A4 isoenzyme, the two main metabolites, 2-
methoxy estrone (2-MeO-E1) and 16a-hydroxyl estrone (16a-HO-E1), are formed. However, in
the presence of ketoconazole, the formation of 2-methoxy estrone (2-MeO-E1) and 16a-
hydroxyl estrone (16a-HO-E1) was significantly decreased (Figure 28), indicating an inhibition of

the CYP450-3A4 isoenzyme by ketoconazole.
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Figure 28: Percentage of levels of E2 and its metabolites (each related to the control 100 nM E2 set at 100%) detectable in the
incubation media of cells pretreated with ketoconazole for 3days and incubated with 100 nM E2 for 28 hours. Levels in the
media of the control 100 nM E2 are in nmol/ml: 4.0 + 0.5 (E2), 69.6 + 15.0 (E1), 0.8 + 0.1 (2-MeO-E1), 0.7 + 0.2 (16a-HO-E1), 1.7
+ 0.2 (E2-3-S), and 10.6 + 2.5 (E1-S). E1-G levels were below limit of quantification (<LOQ). Statistical difference of levels in
media with ketoconazole treatment compared to the media of the control was determined using paired T-test and P values are
given. Asterisks indicate a significant difference to the control.
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Furafylline is a cytochrome P450 inhibitor with a preference for cytochrome P450-1A2
isoenzyme. Furafylline reduced lasiocarpine-induced micronucleus formation, but did not
abolish it completely (Figure 26c). No significant differences in proliferation index (CBPI)

occurred in ketoconazole or furafylline pre-treated cells, indicating the absence of cytotoxicity.

5.4 Inhibitors of membrane transporters in HepG2 cells

To further the mechanistic investigations, influx and efflux membrane transporters were studied
using chemical inhibitors.Quinidine (Q) and nelfinavir (NFR) are OCT1 and OATP1B1 influx
transporter inhibitors, respectively, which reduced micronucleus induction by lasiocarpine (only
quinidine significantly), but not completely, pointing to a relevance of OCT1 for PA uptake in

HepG2 cells (Figure 29a-b).
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Figure 29: Micronucleus frequency (columns) and proliferation index (CBPI; line) in HepG2 cells pre-treated with inhibitors of
transmembrane transporters, OCT1 influx transporter inhibitor quinidine (a),OATP1B1 influx transporter inhibitor nelfinavir (b),
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MDR1 efflux transporter inhibitor verapamil (c), MRP2 efflux transporter benzbromarone (d), compared with the standard
protocol. *p<0.05 compared with Co (solvent control), Ap<0.05 compared with the respective dose without inhibitor pre-
treatment. MNi= micronucleus; BNCs= binucleated cells; CBPI= Cytokinesis-block proliferation index; CPA = cyclophosphamide
(positive control); Las = lasiocarpine.

Verapamil (V) and benzbromarone (Bz) are MDR1 and MRP2 efflux transporter inhibitors,
respectively, and they caused a slighly increased micronucleus induction by lasiocarpine

(significant only for benzbromarone) in HepG2 cells (Figure 29c-d).

The influx- or efflux- membrane transporter activities in HepG2 cells were analysed by using
suitable reference probe substrate dyes and by measuring accumulation or retention of the dye
in the cells. Accumulation of ethidium bromide (EtBr; OCT1 substrate) and that of sodium
fluorescein (NaFLuo; OATP1B1 substrate) were significantly reduced in presence of quinidine
(25 uM) and nelfinavir (2.5 uM), respectively (Figure 31a-b); indicating the inhibition of OCT1-
influx mediated transporter in cells by quinidine and OATP1B1-influx mediated transporter in
cells by nelfinavir. The illustrated images of the accumulation of ethidium bromide (EtBr; OCT1

substrate) and sodium fluorescein (NaFLuo: OATP1B1 substrate) are shown in Figure 30.
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Figure 30: Representative Images of Uptake and Accumulation of Probe Substrate Dyes in HepG2 Cells. Images (a): Analysis of
OCT1 influx-mediated transporter inhibition by quinidine (25 uM) based on the uptake of the probe substrate dye ethidium
bromide (20 uM). Images (b): Analysis of OATP1B1 influx-mediated transporter inhibition by nelfinavir (2.5 uM) using the probe
substrate dye sodium fluorescein (5 uM).
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Figure 31: Uptake and Accumulation of the probe substrate dyes. Graph (a): analysis of OCT1-influx mediated transporter based
on the uptake of probe substrate dye ethidium bromide (EtBr; for OCT1); chemical inhibitor quinidine (Q; 25 uM) for OCT1-influx
mediated transporter. Graph (b): analysis of OATP1B1 -influx mediated transporters based on uptake of probe substrate dye
sodium fluorescein (NaFLuo; for OATP1B1); chemical inhibitor nelfinavir (NFR; 2.5 uM) for OATP1B1-influx mediated
transporter. Co= solvent control; NFR 2.5= nelfinavir 2.5 uM; Q 25= quinidine 25 pM.

Moreover, the increase in calcein green fluorescence was significantly higher in the presence of
verapamil, indicating more retention and hydrolysis of calcein-AM to calcein in the cytosol due
to the inhibition of MDR1-efflux transporter activity (Figure 33b). In cells treated with
benzbromarone, a significant increase in calcein green fluorescence was observed,
demonstrating the effectiveness of benzbromarone in inhibiting MRP2-efflux transporter activity
(Figure 33a). Typical images illustrating the retention or accumulation of calcein in the presence

or absence of benzbromarone or verapamil are shown in Figure 32.

102



Without verapamil 50 uM With verapamil 50 pM With verapamil 50 uM

. .
& P
. o
N\
- .

Without verapamil 50 uM With yerapamil 50 uMm % Witherapamil 50'/uM

’
®
Without benzbromarone 10 uM ’.'With benzbromarone 10 uM

Without benzbromarone 10 uM

Figure 32: Representative Images on the analysis of MDR1-or MRP2 -efflux mediated transporters based on retention or
accumulation of probe substrate dye calcein-AM (MDR1) or calcein (MRP2) in HepG2 cells; chemical inhibitor verapamil (50 uM)
for inhibition of MDR1-efflux mediated transporter (Images a) and benzbromarone (10 uM) for the inhibition of MRP2-efflux

mediated transporter (Images b).
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Figure 33: Accumulation and retention of the probe substrate dyes. Graph (a): analysis of MDR1-efflux mediated transporter
based on the accumulation of the probe substrate dye calcein-AM (MDR1); chemical inhibitor verapamil (V; 50 uM) for inhibiting
MDR1-efflux mediated transporter. Graph (b): analysis of MRP2-efflux mediated transporter based on the retention of the
probe substrate dye calcein (for MRP2); chemical inhibitor benzbromarone (Bz; 10 uM) for inhibiting MRP2-efflux mediated
transporter. Co = solvent control; Bz 10 = benzbromarone 10 uM, and V 50 = verapamil 50 uM.

The influence of chemical inhibitors (ketoconazole, furafylline, loperamide) and inducer
(rifampicin) used in this dissertation were further analyzed regarding their effect on influx
(OATP1B1 and OCT1) - and efflux (MDR1 and MRP2) - transporters in HepG2 cells. All these
chemical inhibitors and inducer did not significantly interfere or have a significant effect on the

influx or efflux- membrane transporters (results shown in Appendix II).

5.5 DNA cross-link comet assay

The cross-link comet assay was performed in HepG2 cells, and typical images are shown in
(Figure 34). The percentage of vital cells was more than eighty-eight percent (>88%) in all PA-
treatments (Figure 35a-b), demonstrating the absence of cytotoxicity of the PA under the

applied conditions.

The concentration of 10 uM yielded a significant reduction in the migration of the H,0,-induced
DNA damage (tail DNA in %) in the case of lasiocarpine, echimidine, riddelliine, and retrorsine,

while lycopsamine and europine did not reduce the tail DNA significantly (Figure 35a); the open-
diester lasiocarpine produced the strongest reduction in the tail DNA percentage. The equimolar

concentration was chosen to enable comparison between the PA, but higher concentrations
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were also tested. These high PA-concentrations were based on those that induce micronucleus
formation. The high concentrations of the PAs lasiocarpine, echimidine, riddelliine, retrorsine,
and europine significantly reduced the migration of tail DNA to the almost the same level

despite the different ester-types (Figure 35b).

.

Figure 34: Representative photographs of HepG2 cells in the modified (crosslink) comet assay. Undamaged (intact DNA) HepG2
cells treated with solvent control without 100 uM H,0, (a); Damaged DNA in HepG2 cells treated with 100 uM H,0, for 30 mins
(b); Reduced DNA damaged in HepG2 cells treated with lasiocarpine 10 uM for 24 hours with 100 uM H,0, for 30 mins (c).
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Figure 35: Reduction of hydrogen peroxide (H,0,; 100uM; 30 min; Co) induced DNA damage (Tail DNA %) in the crosslink comet
assay by pre-treatment with the indicated PAs and cyclophosphamide (CPA; positive control for crosslinking activity).
Lasiocarpine (Las), echimidine (ED), riddelliine (Rid), retrorsine (RT), lycopsamine (Ly), europine (Ep) were applied for 24 hours
before H,0, treatment. *p<0.05 compared to Co (solvent control). Equimolar PA-concentrations (a) and higher PA-

concentrations (b) were used. The results are displayed as mean + standard deviation from at least four (4) independent
experiments.
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5.6 Alkaline comet assay

To further assess the genomic damage associated with selected PAs of different ester-types in
HepG2 cells, the alkaline comet assay was applied. Lasiocarpine, echimidine, riddelliine,

retrorsine, lycopsamine and europine were used at equimolar and also at high concentrations
were applied for 4 hours (4h) and 24 hours (24h). The higher concentrations here were chosen

based on micronucleus induction in HepG2 cells observed in this dissertation.

There was no significant change in the percentage of viable cells after PA-treatment, both with
equimolar and high PA-concentrations at different exposure (4h and 24h) duration. The

percentage viable cells in all groups were more than 89.7% (Figure 37a-d).

Figure 36: Representative photographs of HepG2 cells in the alkaline comet assay. Undamaged (intact DNA) HepG2 cells treated
with solvent control (a); Damaged DNA in HepG2 cells treated with 50 uM H,0, as a positive control for 30 mins (b).

After 4h treatment with PA-equimolar concentrations in HepG2 cells (Figure 37a), a significant
increase in DNA strand breaks compared to the solvent control was observed with retrorsine
and the monoester europine. However, the tail intensity was still far below that of the positive
control hydrogen peroxide (H,0, 50 uM; 30 mins treatment). No DNA strand breaks (Tail DNA
%) were observed after treatment with lasiocarpine, riddelliine, retrorsine, echimidine,

lycopsamine and europine at high concentration for 4h duration (Figure 37b) nor was there an
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effect in equimolar or high concentrations after 24h treatment (Figure 37c-d). The results as an

overall picture seem to indicate the absence of the effects of PA in the alkaline comet assay.
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Figure 37: Percentage mean DNA strand breaks (column) and vital cells (line) in HepG2 cells treated with PAs of different ester
type at equimolar (a, c) and high concentrations (b, d) for 4 hours (a, b) and 24 hours (c, d) duration. Quantification of comet
assay are presented as mean tail DNA and vitals cells in percentage (%) + STDev from 3 independent experiments; n=3. *p<0.05
against Co (solvent control); H,0, 50= hydrogen peroxide 50 M for 30 minutes treatment; Las 10= lasiocarpine 10 pM (open-
diester PA); ED 10= echimidine 10 uM (open-diester PA); Rid 10=riddelliine 10 uM (cyclic-diester PA); RT 10= retrorsine 10 uM
(cyclic-diester PA); Ep 10= europine 10 uM (monoester PA); Ly 10= lycopsamine 10 uM (monoester PA).

5.7 Oxidative stress measurement

Oxidative stress induction by PAs was investigated in the HepG2 cells. The intracellular ROS
production was analysed using the ROS-sensitive dye dihydroethidium (DHE), which detects
superoxide formation. The production of ROS was quantified with Image) software and

represented as mean DHE fluorescence intensity. The equimolar concentration of 10 uM of
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lasiocarpine (open-diester PA), riddelliine (cyclic-diester PA) and europine (monoester)
significantly induced ROS production with the highest ROS generation observed after
lasiocarpine treatment followed by riddelliine and then europine (Figure 39). No significant
increase of ROS production was found with lycopsamine (10 uM; monoester PA) even at higher

concentration (320 uM). The representative images can be seen in Figure 38.

Figure 38: Representative images of DHE stained HepG2 cells treated with their respective test substances. Reactive oxygen
species (ROS) formation was visualized by staining HepG2 cells with dihydroethidium (DHE; 10 uM) dye for 15 minutes. The
images were later quantified with Image) software and represented as mean grey value. Co= solvent control; AMA 50 =
antimycin A 50 uM (positive control); Las 10= lasiocarpine 10 uM (open-diester PA); Rid 10= riddelliine 10 uM (cyclic-diester PA);
Ep 10= europine 10 uM (monoester PA).
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Figure 39: Microscopic detection of intracellular ROS formation using DHE dye in HepG2 cells treated for a total of 75 minutes
with PAs of different ester type and 15 minutes with 10 uM DHE. Quantification of DHE fluorescence intensity by measuring the
mean grey value of DHE signal from 250 cells using image J software. Data are presented as mean fold change compared to
control  standard deviation (SD) of 4 independent experiment; n=4. *p<0.05 against Co (solvent control); AMA 50= antimycin A
50 uM (positive control); Las 10= lasiocarpine 10 uM (open-diester PA); Rid 10= riddelliine 10 uM (cyclic-diester PA); Ep 10=
europine 10 uM (monoester PA); Ly 10= lycopsamine 10 uM (monoester PA).
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For confirmation of generation of ROS by PAs in the HepG2 cells, 5 mM of the thiol radical
scavenger antioxidant N-acetyl cysteine was combined with lasiocarpine, riddelliine, or
europine, and the effect was then assessed by using DHE assay. This analysis yielded a
significant decrease in oxidative stress (ROS) after combining N-acetyl cysteine (5 mM) with

lasiocarpine, riddelliine, and europine [Figure 41]; typical images are illustrated in Figure 40.

o
Y

NAC + Co NAC + AMA 50 NAC+ Las 10 NAC +Rid 10 NAC +Ep 10
NAC + Co NAC + AMA 50 NAC + Las 10

Figure 40: Typical images on the effect of N-acetyl cysteine (NAC; 5 mM) on PA-induced reactive oxygen species (ROS) in HepG2

cells. Images (a): cells were treated with PAs without NAC (5 mM). Images (b): cells were treated with PAs in presence of NAC (5

mM). Co= solvent control; AMA 50 = antimycin A 50 uM (positive control); Las 10= lasiocarpine 10 uM (open-diester PA); Rid 10=
riddelliine 10 uM (cyclic-diester PA); Ep 10= europine 10 uM (monoester PA).

NAC +Rid 10 NAC +Ep 10
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Figure 41: Microscopic detection of intracellular oxidative stress inhibition. HepG2 cells were treated with PAs of different ester
type with or without addition of N-acetyl-L-cysteine (NAC), as ROS scavenger. NAC (5 mM) treatment was for a total of 2 hours;
PAs treatment was for a total of 75 minutes; and 10 uM DHE was applied for 15 minutes. Quantification of DHE fluorescence
intensity was performed by measuring the mean grey value of DHE signal from 250 cells using image J software. Data are
presented as mean fold change compared to control + standard deviation (SD) of 4 independent experiment; n=4. *p<0.05
against Co (solvent control); AMA 50= antimycin A 50 uM (positive control); Las 10= lasiocarpine 10 uM (open-diester PA); Rid
10=riddelliine 10 uM (cyclic-diester PA); Ep 10= europine 10 uM (monoester PA).

To investigate whether mitochondria may be a target for PA, TMRE fluorescence staining was
performed. The results showed that the equimolar concentrations of lasiocarpine, riddelliine
and europine, induced a loss of mitochondrial membrane potential in HepG2 cells [Figure 43].
When HepG2 cells were incubated with the open-diester PA lasiocarpine (10 uM), cyclic-diester
PA riddelliine (10 uM), monoester PA europine (10 uM) and positive control antimycin A (50
uM) for 24 hours, the red TMRE fluorescence intensity decreased significantly, which entails the
damage of mitochondrial leading to mitochondrial depolarization. The typical images of
decreased TMRE red fluorescence in HepG2 cells due to lasiocarpine, riddelliine, europine PAs

and the positive control antimycin A are well illustrated in Figure 42.
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Figure 42: Representative Images of tetramethylrhodamine ethyl ester (TMRE) stained HepG2 cells after treatment with the
indicated test substance. Co= solvent control; AMA 50 = antimycin A 50 uM (positive control); Las 10= lasiocarpine 10 uM (open-
diester PA); Rid 10= riddelliine 10 uM (cyclic-diester PA); Ep 10= europine 10 uM (monoester PA).
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Figure 43: TMRE fluorescence to measure the change in mitochondrial membrane potential in HepG2 cells treated with PAs of
different ester type for a total of 75 minute; and 30 nM TMRE dye for 15 minutes. Quantification of TMRE fluorescence intensity
by measuring the mean grey value of TMRE signal from 250 cells using image J software. Data are presented as mean fold
change compared to control + STDev of 3 independent experiment; n=3. *p<0.05 against Co (solvent control); AMA 50=
antimycin A 25 uM or 50 uM (positive control); Las 10= lasiocarpine 10 uM (open-diester PA); Rid 10= riddelliine 10 uM (cyclic-
diester PA); Ep 10= europine 10 uM (monoester PA).
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5.8 Establishment of a Co-Culture System

The co-culture set up in terms of cell ratio and culture conditions was established. Seeding of
40,000 of HelLa H2B-GFP cells and 150,000 of HepG2 cells in HepG2 culture medium yielded a
suitable cell ratio between the two cell lines; which corresponds to 32% Hela H2B-GFP cells and
68% HepG2 cells at the time of harvest after the experiment (Figure 44). At this cell ratio there
was no significant over growth of HelLa H2B-GFP over HepG2 cells. The cell ratio was evaluated
with bisbenzimide H33342 staining (all nuclei) and the cells were evaluated (counted) with the
use of UV (bisbenzimide H33342, all nuclei) and the FITC filter (HeLaH2B-GPF green

fluorescence) using fluorescence microscope; sample images are shown in Figure 44.

E 32.24% Hela H2B-GFP
= 67.76% HepG2

Figure 44: Representative image of the co-culture cell ratio at the time of cell harvest achieved by seeding 40,000 of HeLa H2B-
GFP cells (green) and 150,000 of HepG2 cells (blue). Images were taken at x 200-fold magnification and are shown as an overlay
of UV excitation and FITC filter. Cells were stained with bisbenzimide (Hoechst 33342) dye (blue) and viewed under an Eclipse
55i florescence microscope.

5.9 Induction of micronuclei by selected PAs in co-culture system

Sample images of micronuclei in HeLa H2B-GFP cells, as used in the co-culture, and of HepG2
cells are shown in Figure 45. The quantification of PA-induced micronucleus formation is
presented in Figure 46. There was a significant induction of micronucleus formation in Hela
H2B-GFP cells in the co-culture treated with PAs compared to the solvent control. However, in
the culture of only HeLa H2B-GFP cells, there was no micronucleus formation associated with
treatment with PAs, while micronucleus induction was observed with PAs in cultures of only

HepG2 cells.

Regarding the proliferation index (CBPI; secondary line graph), there was a decrease in the

proliferation index in the co-culture treated with PAs compared to the solvent control of only
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Hela H2B-GFP or the solvent control of the co-culture (HeLa H2B-GFP + HepG2). However, a
significant decrease in the proliferation index was found only with lasiocarpine and riddelliine,
but not with europine when compared to the solvent control of only HeLa H2B-GFP.
Additionally, in the co-culture treated with lasiocarpine (not riddelliine or europine), a
significant decrease in the proliferation index was also observed when compared with the
solvent control of the co-culture model. This indicates cytotoxicity induced by lasiocarpine and

riddelliine but not europine.

Figure 45: Representative images of HepG2 cells (a, b, and c) and HelLa H2B-GFP cells in co-culture (d, e, and f). The images
represent typical micronucleated binucleated cells: a binucleated cell with one micronucleus (a, d, f); a binucleated cell with two
micronuclei (b, e); and a binucleated cell with three micronuclei (c). The HepG2 cells were stained with Gel Green, while the
Hela cells in co-culture were mounted only with DABCO without staining.
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Figure 46: Micronucleus induction (columns) and proliferation index (CBPI; line) in HeLa H2B-GFP only cells, co-culture system
and HepG2 only cells after treatment with the indicated pyrrolizidine alkaloids. *p<0.05 compared to solvent control in Hela
H2B-GFP only cultured cells (DMSO; HeLa H2B-GFP). #p<0.05 compared to solvent control in co-culture system (DMSO;
combination of HepG2+Hela H2B-GFP). AP<0.05 compared to solvent control in HepG2 cells (DMSO; HepG2). Las 10=
lasiocarpine 10 uM (open-diester PA); Rid 100= riddelliine 100 uM (cyclic-diester PA); Ep 320= europine 320 uM (monoester PA);
DMSO= dimethyl sulfoxide (solvent control); MNi= micronucleus; BNCs= binucleated cells; CBPI= cytokinesis-block proliferation
index; n=3.

5.10 Inhibition of metabolism in the co-culture system

To elucidate the mechanism of genomic damage induced by PAs, a mechanistic investigation
was further conducted in the co-culture model using ketoconazole to inhibit the cytochrome
P450-3A4 isoenzyme. As shown in Figure 47, ketoconazole significantly reduced micronucleus
formation induced by lasiocarpine, riddelliine, and europine. However, ketoconazole did not
significantly change the proliferation index (CBPI; line graph) of PAs, indicating no cytotoxicity

effect.
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Figure 47: Micronucleus frequency (columns) and proliferation index (CBPI; line) in the co-culture model consisting of HeLa H2B-
GFP and HepG2 cells. Cells were pre-treated with ketoconazole for 24 hours, then treated with PAs for 28 hours and compared
with the standard protocol without ketoconazole pre-treatment. *p<0.05 compared with solvent control (DMSO), Vp<0.05
compared with the respective dose without inhibitor pre-treatment. MNi= micronucleus; BNCs= binucleated cells; CBPI=
Cytokinesis-block proliferation index; CPA 500 = cyclophosphamide 500 uM (positive control); Las 10= lasiocarpine 10 uM; Rid
100= riddelliine 100 uM; Ep 320= europine 320 uM.

5.11 Inhibitors of efflux- transporters in the co-culture system

The relevance of efflux- membrane transporters for PA-mediated genotoxicity was further
investigated in the co-culture system with chemical inhibitors. In co-culture system, impairing
the efflux of metabolites from HepG2 cells should reduce their amount available for uptake into
Hela H2B-GFP cells. Therefore, efflux chemical inhibitors were applied in the co-culture system
and the micronucleus formation was determined. Both, the inhibitor of MDR1 efflux
transporter, verapamil, and the inhibitor of MRP2 efflux transporter, benzbromarone, as well as

their combination, significantly reduced lasiocarpine, riddelliine and europine induced
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micronucleus formation in HeLa H2B-GFP cells within the co-culture with HepG2 cells [Figure
48]. No significant difference in proliferation index (CBPI, line graph) among the groups and

when compared to the solvent control was observed, indicating the absence of cytotoxicity.
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Figure 48: Micronucleus frequency (columns) and proliferation index (CBPI; line) in the co-culture model consisting of HeLa H2B-
GFP and HepG2 cells. MDR1 efflux transporter inhibitor verapamil, MRP2 efflux transporter inhibitor benzbromarone and the
combination of verapamil and benzbromarone was applied for 24 hours. Then, cells were treated with PAs of different ester
type for 28 hours and compared with their standard protocol without inhibitor pre-treatment. *p<0.05 compared with solvent
control (DMSO), Ap<0.05 compared with the respective dose without inhibitor pre-treatment. MNi= micronucleus; BNCs=
binucleated cells; CBPI= Cytokinesis-block proliferation index; Las 10= lasiocarpine 10 uM; Rid 100= riddelliine 100 uM; Ep 160=
europine 160 pM.

5.12 Analysis of mitotic figures

The microscopic examination of mitotic figures after PA-treatment of the co-culture, HepG2 and
Hela H2B-GFP cells was performed and expressed as mitotic index as shown in Figure 50. The
typical images of the microscopic examination of mitotic figures in co-culture, HepG2 and Hela

H2B-GFP cells are illustrated in Figure 49.
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Figure 49: Representative images of mitotic stages and apoptotic cells in HepG2 cells (a, b, ¢, d, e, and f) and in HeLa H2B-GFP
cells of the co-culture system (g, h, i, j, kand I). The cells in co-culture and HeLa H2B-GFP only cultured cells were mounted with
DABCO without staining while HepG2 only cultured cells were stained with Gel green then mounted with DABCO. The classified
mitotic stages are Prophase (a and g); metaphase (b and h); early anaphase (c and i); late anaphase (d and j); and telophase (e
and k); and apoptotic cells (f and |).
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Figure 50: Mitotic index in HeLa H2B-GFP in co-culture and in HepG2 only cells. Results are presented as mean + standard
deviation (SD) of three replicates within the same experiment and *p<0.05 compared to PBS as solvent control; #p<0.05
compared to DMSO as solvent control; Vp<0.05 significant decrease effect against DMSO as solvent control. PBS= solvent
control used for vincristine; DMSO= solvent control used for PAs; Vin 10 ng/ml= vincristine 10 ng/ml; Las 10 uM= lasiocarpine 10
UM; Rid 100 uM= riddelliine 100 pM; Ep 160 uM= europine 160 uM.
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Lasiocarpine (10 uM) significantly increased the mitotic index when compared to the solvent
control in co-culture and HepG2 only cultured cells but did not alter the mitotic index in Hela
H2B-GFP cells if cultured alone. Riddelliine (100 uM) did not cause significant alterations in the
mitotic index. Europine (160 uM) significantly decreased the mitotic index in the co-culture and

HepG2 only cultured cells but caused no change in HeLa H2B-GFP only cultured cells.

Concisely, there was no difference in the total mitotic index in HeLa H2B-GFP only cultured cells
treated with PAs. These results indicate that PAs require metabolic activation to affect the
mitotic processes as disturbances were observed in HeLa H2B-GFP cells of co-culture and in
HepG2 cells cultured alone, but not in HeLa H2B-GFP cells cultured alone. In addition, the
mitotic index at the different stages prophase, metaphase, anaphase and telophase, and
apoptotic cells were also examined microscopically in 1000 nuclei cells and the results are

presented in Appendix IV.

The most common chromosomal abnormalities associated with PAs were no-congression, no-
spindle formation, bridges, lagging chromosomes and multipolar metaphase, as shown in Figure
52. The only clear difference in chromosomal abnormalities (mitotic abnormalities) between
lasiocarpine, riddelliine and europine, was that the monoester europine induced less ana-
/telophase bridges than the two diesters (lasiocarpine and riddelliine).Typical representations of

these chromosomal abnormalities during mitosis are illustrated in Figure 51.

Figure 51: Representative images of mitotic disturbances in HeLa H2B-GFP cells (a, b, c, d, e, and f) and HepG2 cells (g, h, |, j, k,
and l). The cells in co-culture and HelLa H2B-GFP only cells were mounted with DABCO without staining while HepG2 cells were
stained with Gel green then mounted with DABCO. The classified metaphase disturbances are no-spindle formation (a and g);
elongated chromosomes/chromatids (b and h); non-congression (c and i); and multipolar metaphase (d and j); while anaphase-
telophase are the lagging chromosome(s)/chromatid(s) (e and k) and bridges (f and I).
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Figure 52: Categories of mitotic disturbances induced by PAs in 300 mitotic cells; HeLa H2B-GFP analysed after co-culture or
cultured alone, and HepG2 cells cultured alone. Total mitotic disturbance, graph a; non-congression at metaphase, graph b;
combination of no-spindle formation and elongated chromosomes at metaphase, graph c; multipolar effect at metaphase,
anaphase and telophase, graph d; lagging chromosome(s)/chromatid(s) at anaphase and telophase, graph e; bridges at
anaphase and telophase, graph f. Results are presented as mean + standard deviation (SD) in three (3) replicates of the same
experiment and *p<0.05 against PBS solvent control; #p<0.05 against DMSO solvent control. PBS= solvent control used for
vincristine; DMSO= solvent control used for PAs; Vin 10 ng/ml= vincristine 10 ng/ml; Las 10 uM= lasiocarpine 10 uM; Rid 100
uM= riddelliine 100 uM; Ep 160 pM= europine 160 uM.
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5.13 Combination of lasiocarpine and riddelliine in HepG2 cells and in the co-culture
system
The influence of the combination of lasiocarpine and riddelliine was assessed to determine
either synergism or additive effects in HepG2 cells and also in the co-culture system under
standard conditions using the CBMN assay. This may indicate whether the same mechanism of
action and target biomolecule is shared or whether more than one is affected. Typical
appearances of micronuclei (MNi), nuclear buds (NUB), and nuclear bridges (NPB) in
binucleated, mitotic, and apoptotic cells in HepG2 only cultured cells and in HeLa H2B-GFP cells

of the co-culture model are shown in Figure 53.

Figure 53: Representative images of HepG2 cells (a, b, ¢, and d) and HelLa H2B-GFP cells of co-culture model system (e, f, g, and
h). The images represent a typical micronuclei formation (MNi; a, and e), mitosis (Mit; b, and f), nuclear bridge (NPB; c, and g),
and apoptosis (Apo; d, and h) in HepG2 cells and HelLa H2B-GFP cells of co-culture model system. The HepG2 cells were stained
with gel green while the Hela cells in co-culture model system were mounted with DABCO only without staining.

In HepG2 only cultured cells, no significant difference in micronucleus induction was observed
between the combination of lasiocarpine and riddelliine at low and high concentrations
compared to the individual PAs (Figure 54). However, when compared to the solvent control,
both low and high combinations significantly induced micronuclei in HepG2 only cultured cells.
The proliferation index (CBPI; secondary line graph in Figure 54), which determines cytotoxicity,
was lower (though not significant) in the combination of high concentrations compared to the
solvent control and also when compared to the individual PAs. Representative images of
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micronuclei (MNi), nuclear buds (NUB), and nuclear bridges (NPB) in binucleated, mitotic, and

apoptotic cells in HepG2 only cultured cells are illustrated in Figure 53a-d.
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Figure 54: Micronucleus induction (columns) and proliferation index (CBPI; line) in HepG2 cells treated with a combination of
lasiocarpine and riddelliine (low and high concentrations). *p<0.05 against Co (solvent control); Las 1= lasiocarpine 1 pM; Rid
10=riddelliine 10 uM; Las 1+Rid 10= combination of lasiocarpine 1 uM and riddelliine 10 uM (combination of low concentration
PAs); Las 10= lasiocarpine 10 uM; Rid 100= riddelliine 100 uM; Las 10+Rid 100= combination of lasiocarpine 10 uM and
riddelliine 100 uM (combination of high concentration PAs); #MNi= number of micronucleus; BNCs= binucleated cells; CBPI=
cytokinesis-block proliferation index. Results are displayed as mean * standard deviation (SD) from n=3.

Consequently, the combination of lasiocarpine and riddelliine was also assessed in the co-
culture system, where the micronuclei were evaluated in HeLa H2B-GFP cells. Typical images of
micronuclei, mitosis, nuclear buds, nuclear bridge, and apoptosis in HeLa H2B-GFP cells of co-

culture system are illustrated in Figure 53e-h.
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Figure 55: Micronucleus induction (columns) and proliferation index (CBPI; line) in co-culture model system treated with
combination of lasiocarpine and riddelliine (low, medium or high concentrations). *p<0.05 against 0.05 against Co (solvent
control); Las 3.2= lasiocarpine 3.2 uM; Rid 10uM-= riddelliine 10 uM; Las 3.2+Rid 10= combination of lasiocarpine 3.2 uM and
riddelliine 10 uM (combination of low concentration PAs); Las 5= lasiocarpine 5 uM; Rid 50= riddelliine 50 uM, Las 5+Rid 50=
combination of lasiocarpine 5 uM and riddelliine 50 uM (combination of medium concentration PAs); Las 10= lasiocarpine 10
uM; Rid 100= riddelliine 100 pM; Las 10= lasiocarpine 10 uM; Las 10+Rid 100= combination of lasiocarpine 10 uM and riddelliine
100 pM (combination of high concentration PAs); #MNi= number of micronucleus; BNCs= binucleated cells; CBPI= cytokinesis-
block proliferation index. Results are displayed as mean +* standard deviation (SD) from n=3.

The PAs lasiocarpine and riddelliine were combined at low, medium and high concentrations. All
treatments induced micronuclei significantly compared to the solvent control as shown in
Figure 55. Also, a significant increase in micronuclei was found after treatment with the
combination of the low concentrations compared to the individual PAs. Using the combination
of the high concentrations there was an increase (not significant) in micronuclei compared to
the individual PAs. The proliferation index (CBPI; secondary line graph in Figure 55) showed
significant cytotoxicity in all combination concentrations when compared to the solvent control

as well as the individual PA.
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CHAPTER SIX

6 DISCUSSION

6.1 Invitro genotoxicity potency of selected PAs in HepG2 cells

The risk assessment with regard to PAs has assumed that all PAs, despite of their different
chemical characteristics, have equal potency as riddelliine, which has been considered to be one
of the most potent PAs in rats [196]. Using the human liver cell line HepG2, we attempted to
optimize the standard micronucleus protocol, using a differentiation-reseeding variant, which
had been described for HepaRG cells in the literature [500], but was used for the first time for
HepG2 cells in this dissertation. This yielded more sensitivity of the system than the regular
micronucleus test. We also tried to further improve the method by application of BSO for
depletion of glutathione, a method which had been found useful for the testing of the
mycotoxin patulin-induced genotoxicity [501]. Chen et al. (2009) [502] also used the same
method to demonstrate that intracellular GSH plays a critical role in regulating the cytotoxicity
induced by PAs monocrotaline and senecionine in human normal liver L-02 cells. In the same
cell line, Ji et al. (2008) [503] also demonstrated the importance of intracellular GSH in PA

clovirine-induced toxicity.

Therefore, in this study, BSO worked well when applied alone in the cells. However, in
combination with confluent cultured cells, cell viability was reduced. Our study also indicated
the influence of intracellular GSH in lasiocarpine-induced genotoxicity. Another option was pre-
treatment with rifampicin to induce cytochrome P450 [416-419]. This yielded very similar
results to the pre-differentiation protocol but only required a three-day pretreatment instead of

the two-week pretreatment needed for possible cell differentiation.

Rifampicin has been shown to induce CYP 450-3A4 expression via the pregnane X receptor (PXR)
[504-506]. Rifampicin binds to PXR in the cell cytoplasm, then enters the nucleus, forming a
heterodimer with the retinoic acid receptor. This heterodimer is believed to bind to the

promoter of the target gene and activate transcription [507]. Similarly, Kobayashi et al. (2019)
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[508] used the same method to demonstrate plant extract inhibition of CYP 450-3A4 in
rifampicin-pretreated HepG2 cells. They further showed rifampicin inducing CYP 450-3A4
expression in HepG2 cells. However, in our study a combination of CYP 450 induction by

rifampicin with glutathione depletion by BSO resulted in reduced cell viability.

Thus, the preferred protocol for the dose-response experiments with the selected PA was
pretreatment with rifampicin. We further confirmed if the rifampicin pretreatment in HepG2
cells induced CYP 450 activity. This was investigated based on the metabolism of 17B-estradiol
(E2) and estrone (E1). Rifampicin clearly led to increased CYP 450-3A4-mediated metabolism of
17B-estradiol (E2) and estrone (E1), resulting in a 3-fold increase in hydroxylation represented
by the formation of the major 16a-hydroxyestrone metabolite. The formation of this metabolite

is known to be mainly catalyzed by the CYP 450-3A4 isoenzyme [509].

Consequently, using rifampicin-pretreated HepG2 cells, the selected PAs europine, lycopsamine,
retrorsine, riddelliine, seneciphylline, echimidine and lasiocarpine all induced micronuclei to a
significant extent. The induction yielded a similar maximal increase for all PA in the range of
1.64-2.0 folds. While the monoesters europine and lycopsamine induced a 1.99x and 1.64x fold
increase, the cyclic diesters retrorsine, riddelliine and seneciphylline induced a 1.99x, 2.0x and
1.8x fold increase and the open diesters echimidine and lasiocarpine induced a 1.94x and 1.97x
fold increase. According to the lowest concentrations at which significant induction of

micronuclei was found, the potency ranking in our investigation was:

Lasiocarpine /riddelliine > retrorsine /echimidine > seneciphylline /europine /lycopsamine
Allemang et al. (2018) [510] had found (with seneciphylline not tested):

Lasiocarpine > riddelliine > retrorsine/echimidine > europine > lycopsamine

Louisse et al. (2019) [196] had reported:

Lasiocarpine /riddelliine/retrorsine/seneciphylline > echimidine > europine > lycopsamine

Thus, our findings were in excellent agreement with Allemang et al. (2018) and good (but not

complete) agreement with Louisse et al. (2019). It has to be remembered that only Allemang et
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al. (2018) [510] used the same endpoint, micronuclei, while Louisse et al. (2019) [196] measured
yH2Ax-induction, which may be expected to deviate slightly. While micronuclei are formed
during mitosis from misaligned chromatids/chromosomes or from chromosomal fragments,

yH2AX staining reveals sites of DNA (double strand break) repair activity [91, 196].

The shape of the dose-response curves was in agreement with a presumed threshold, i.e.
concentrations could be identified which did not induce a detectable significant effect. At higher
doses, a saturation of the maximally observed micronucleus frequency was observed, and
toxicity occured, which was measured as reduction of the proliferation index CBPI. However, all

tested PA induced micronuclei also at non-toxic concentrations.

In addition, one of our colleagues in the working group (Lea Schott) tested the three PAs
seneciphylline, europine and lasiocarpine in the liver cell line Huh6. This cell line had not been
used much for genotoxicity assessement of metabolically activated compounds, but Knasmdller
et al. [511, 512] had demonstrated their good metabolic capacity in the micronucleus test. Here,
the tested PAs induced a significant elevation of genomic damage. Thus, both human liver cell
lines, HepG2 and Huh6, were suitable for the detection of genotoxicity of PA in the in vitro
cytokinesis block micronucleus test. This is relevant because other recent publications regarding
PA genotoxicity used the rather expensive HepaRG cell system [196, 510]. Using HepG2 or Huh6

cells enables an extension of research in this area to more labs.

Based on our CBMN assay results we went further to quantify the mechanistic potency of these
PAs of different chemical classes using a modified comet assay. PAs have been reported to
induce DNA cross-linking in vivo and in vitro studies [510, 513-518] and DNA cross-links are a
severe form of DNA damage in cells [436]. We used equimolar (equal) concentrations and also
higher concentrations of these PAs. Lasiocarpine (open diester PA-type) was the most effective
of these PAs causing DNA damage via DNA cross-linking followed by retrorsine (cyclic diester

PA-type) and then europine (monoester PA-type) with the least DNA crosslink formation.

Therefore, to induce genomic damage via DNA crosslink by PAs is based on their chemical
structure with the open diesters being the most potent followed by cyclic diesters and then

monoesters. This ester moiety is relevant in the formation of the toxic pyrrolic moiety [232,
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252] which causes DNA crosslinks leading to genomic damage. The difference in their chemical
structure (ester moiety) may thus play an important role in causing genomic damage. Previous
research studies have also investigated the toxicity of different PAs and shown that the
monoester intermedine (Im) was less toxic and had a lower carcinogenic risk [519]. However,
Wang et al. (2021) [520] using different mammalian cell lines found that the monoester
intermedine was toxic at concentrations (167, 250 and 334 uM). These concentrations were
higher than the concentrations used in other experiments [29]. Interestingly, at these higher
monoester concentrations we also observed micronucleus induction by europine and

lycopsamine at concentrations (100uM, 320 uM and 1000 uM) but no DNA cross-linking activity.

6.2 PA-induced oxidative stress in HepG2 cells

To elucidate the mechanism of PA-induced genotoxicity, our study went further to investigate
the involvement of PA in causing oxidative stress in the human liver cell line HepG2 cells. It was
relevant to study this because oxidative stress reflects an imbalance between reactive oxygen
species (ROS) and the ability of the biological cellular system to detoxify the reactive
intermediates or to repair the damage caused by oxidative stress [521]. These reactive species
(ROS) can affect biomolecules in the cells such as DNA, leading to genotoxicity [522]. PAs have
been reported to induce oxidative stress with liver being the most sensitive organ [523-525].
Liang et al. (2009) [526] have shown otonecine PA-type clivorine-induced oxidative stress in an
in vitro studies using normal human liver L-02 cells. Liu et al. (2010) [525] used an in vivo study,
reported a retronecine-PA type isoline-induced oxidative stress injury in various mouse tissues.
According to the finding of this study, lasiocarpine, riddelliine and europine, but not
lycopsamine caused significant elevation of oxidative stress via formation of ROS in HepG2 cells.
The strongest magnitude of oxidative stress induction was observed in diesters PA (lasiocarpine

and riddelliine), followed by the monoesters europine and lycopsamine.

To confirm if really these tested PAs induced oxidative stress via ROS formation, N-acetyl-L-
cysteine (NAC; 5 mM) was applied. NAC is a synthetic precursor of intracellular cysteine which is

important in the cellular glutathione synthesis [443]. It is also considered as one of the main
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sources of sulfhydryl groups which act directly as a free radical scavenger [443, 444]. Hence, its
anti-ROS activity is from free radical scavenging properties either directly via the redox potential
of thiols or secondarily via increasing glutathione levels in cells [445]. Due to these facts, NAC is
used to confirm the involvement of ROS in drug or chemical —induced ROS leading to cell
damage, and inhibit ROS [527].Therefore, in this study, using NAC (5 mM) in presence of PAs
significantly reduced the oxidative stress. Hence, it can be clearly deduced that lasiocarpine,

riddelliine and europine caused oxidative stress in HepG2 cells.

There are many different organelles in the cell that can generate ROS however; the main sites
are mitochondria, the endoplasmic reticulum (ER), plasma membrane and cytosol. The
mitochondria are a major source of ROS, especially when damaged. Superoxide (O,) is formed
at complexes | and Il of the electron transport chain, where fully reduced prosthetic groups can
donate electrons directly to molecular oxygen (O;) [528]. It is well known that mitochondria
generate a huge percentage (approximately 90%) of the total ROS in the human cell and the
mitochondrial electron transport chain is the central source of ROS formation. Mitochondria are
vital cellular organelles for energy generation in a cell [529] and they serve as a primary target
for oxidative stress via ROS formation in human cells leading to induction of genomic damage
[446, 527]. Their primary role in energy metabolism, as well as their high abundance in
hepatocytes, makes them an important target for drug-induced hepatotoxicity. For example,
mitochondrial toxicity associated with acute toxicity of PAs has been shown for the PAs clivorine
and senecionine [530], retrorsine [531], lasiocarpine [532] and dehydromonocrotaline [533].
This study therefore may serve as an important basis for understanding the mechanism of PA-
inducing genotoxicity and also developing further detoxification approaches for PAs and PA-

containing products.

Mitochondrial membrane potential is an early marker event of mitochondria damage leading to
ROS generation because, mitochondrial membrane potential is mainly required for ATP
production [529]. The results with mitochondrial membrane potential (MMP) decrease will
cause ATP depletion along with changes in the pH of mitochondrial intermembrane space and
matrix. Hence, fluorescent dyes such as TMRE accumulate in healthy mitochondria depend on
the pH. Our present results showed significant impact of PAs on the mitochondrial membrane
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potential. This is also supported by several studies. For example, based on in vivo and in vitro
studies, Wang et al. (2020) [529] have shown PA-seneciphylline disrupting mitochondrial
homeostasis through mitochondrial membrane potential loss and induction of mitochondrial
depolarization leading to hepatotoxicity in mice (70 mg/kg, orally), and also in primary mouse
and human hepatocytes (5-50 uM). Wang et al. (2021) [520] found that the monoester
intermedine caused generation of ROS in HepD cells with significant decrease in mitochondrial
membrane potential. Therefore, our current research results uncovered that PAs-lasiocarpine,
riddelliine and europine significantly induced the deprivation of mitochondrial membrane

potential which may be the cause of the oxidative stress induced by these PAs.

Notably, our results did indicate that the monoester europine induced less ROS formation than
the diesters’ lasiocarpine and riddelliine, but all three PAs induced almost the same extent of
mitochondrial membrane potential damage. Possibly, the diester PAs may be depleting
glutathione (GSH) more than the monoester europine hence, resulting in more ROS-mediated
damage in cells treated with diester PAs. Basically, intracellular GSH is an important molecule
which not only maintains cellular redox homeostasis by scavenging cellular ROS but also
neutralizes (detoxifies) certain reactive PA-metabolites (dehydro-PAs) generated by metabolic
activation of PAs [534-536]. For this reason, GSH is believed to play a crucial role in drug
metabolism-induced liver injury [537]. Previous studies have shown that PAs could cause
significant GSH depletion in cells in vitro and in animals, and the toxicities caused by PAs could
be ameliorated by restoration of cellular GSH [534, 538]. Also, in our present study, we have
illustrated that lasiocarpine-induced micronucleus formation was significantly elevated in GSH
depleted HepG2 cells. These results were in good correlation with the findings where the
reduced GSH level led to an increased formation of the pyrrole-protein adducts leading to PA-
induced genomic damage [536]. In addition, our findings also revealed an increased cellular ROS
level in HepG2 cells, with a remarkable decrease in ROS in the presence of the anti-oxidant N-
acetylcysteine (NAC) in HepG2 cells with PA treatment. These results were consistent with the
anti-oxidant role of GSH, because its depletion has been considered as a major reason for
induction of cellular ROS and aggravated oxidative stress. Our findings were also in agreement

with studies where PAs were demonstrated to significantly decrease cellular GSH in murine
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sinusoidal endothelial cells (SECs) [534], HepG2 [538], and human L-02 cell [523], and produce
concentration-dependent formation of toxicity-related protein adducts in livers of mice and

rats [349, 539].

Several studies have highlighted the significance of glutathione (GSH) in mitigating pyrrolizidine
alkaloid (PA)-induced toxicity. For instance, He et al. (2020) [202] demonstrated that both GSH
and cysteine significantly reduce PA-induced hepatotoxicity in rat primary hepatocytes.
Additionally, other studies have reported a reduction in PA-induced cytotoxicity in the presence
of GSH or GSH precursors [523, 540]. Dos Santos et al. (2009) [541] further illustrated the
depletion of endogenous glutathione by dehydromonocrotaline in isolated rat liver

mitochondria.

In this study, we observed a more pronounced DNA crosslinking effect and ROS induction in
diester PAs (lasiocarpine and riddelliine) compared to the monoesters europine and
lycopsamine. The bioactivation of PAs appears to be correlated with the presence of an
unsaturated C1-C2 double bond in the necine base, branched-chain acids, and C-7 and C-9 ester
substituents [252, 292, 542]. Pyrrolic PAs react with cellular nucleophiles at either or both ester
linkages. The highly electrophilic nature of these diester PAs (lasiocarpine and riddelliine)
pyrroles ensures their ready reaction with nucleophilic tissue constituents such as DNA [332,

543] and proteins [544].

Diester PAs have two electrophilic sites (at C7 and C9 positions), with C7 being more
electrophilic in nature than C9, unlike monoester PAs, which have only one electrophilic site (at
C9 position). Thus, with such bifunctional electrophilic pyrroles, lasiocarpine and riddelliine can
alkylate DNA and subsequently form stronger inter- or intrastrand DNA-DNA crosslinks [255,
545], in contrast to monoester PAs (europine and lycopsamine), which exhibit little to no

crosslink effects.

Additionally, our findings revealed potent ROS induction with diester PAs (lasiocarpine and
riddelliine) but comparatively weak ROS induction with monoester PAs (europine and
lycopsamine). Excessive ROS production in a cell is known to induce crosslinking of cellular

macromolecules, including DNA and proteins, leading to genomic damage [546-548]. Therefore,
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our results support the idea that lasiocarpine and riddelliine induce robust DNA crosslinks due
to high ROS levels, while europine and lycopsamine exhibit weaker DNA crosslink effects

attributed to lower ROS generation.

Moreover, other potential sources of ROS in the liver during xenobiotic toxicity include CYP450s
and various oxidases in both hepatocytes and Kupffer cells [549]. PAs are well-known to be
metabolically activated by cytochrome P450 enzymes, inducing toxicity. Cytochrome P450
enzymes are primarily membrane-associated proteins abundantly located in the inner
membrane of mitochondria and in the endoplasmic reticulum of human cells. One of the
primary functions of cytochrome P450 enzymes in humans is the metabolism, bioactivation, and
detoxification of xenobiotics. It has been reported that cytochrome P450-mediated metabolism
of xenobiotics in the human liver can also generate ROS, leading to an increase in oxidative
stress. Therefore, in addition to the bioactivated intermediates or metabolites, cytochrome
P450-mediated metabolism activity on xenobiotics may also increase oxidative stress in human

liver cells, contributing to liver toxicity [149, 550-552].

The damage to mitochondrial membrane potential could be of the same magnitude in all three
PAs because all of them require cytochrome P450, mainly located in the inner membrane of

mitochondria, leading to the generation of ROS. However, the amount of GSH depletion by the
diester PAs (lasiocarpine and riddelliine) and the monoester PA (europine) may differ, resulting

in different levels of ROS.

According to published reports, the metabolic activation of monoesters in human liver
microsomes was different from that of diesters and did not result in glutathione (GSH)
conjugates and DNA adducts formation. For example, Geburek et al. (2020) [553] found higher
amounts of metabolites formed with diester PAs than with monoesters europine and
lycopsamine, including the levels of DNA-reactive intermediates and DNA adduct formation.
Additionally, GSH conjugates were only detectable with diester PAs, with lasiocarpine causing
the highest amount. Therefore, this provides another explanation as to why ROS generation at
equimolar concentrations of monoesters europine and lycopsamine was much lower than that

of diester PAs lasiocarpine and riddelliine in HepG2 cells.
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In addition, differences in toxicokinetics among PAs of different ester types can be pointed out.
The high lipophilicity of diester PAs favors their general bioactivation, thus leading to the
induction of ROS generation in HepG2 cells. However, at the molecular level, the mechanism of
these PA-induced ROS production still remains unknown. We speculate that the mechanism
could be similar to that of isoline-induced oxidative damage in mouse cells. In that study, the
cyclic diester retronecine—PA isoline significantly decreased the activities of total antioxidant
capacity, glutathione-S-transferase (GST), glutathione peroxidase (GPx), and catalase (CAT),
while significantly increasing the lipid peroxidation (LPO) level in the liver of isoline-treated mice

[525].

Another interesting observation reported by Mingatto et al. (2007) [554], which can also be
alluded to our findings on PAs inducing oxidative stress. It was demonstrated that exposure of
isolated rat liver mitochondria to dehydromonocrotaline, not monocrotaline, caused a
concentration-dependent loss of membrane potential and ATP depletion in mitochondria.
Additionally, there was a concentration-dependent inhibition of complex | NADH oxidase
activity between 100 uM and 250 uM (ICsg 62.06 uM) through a non-competitive type of
inhibition (K;=8.1 uM). The same concentration that inhibited complex | activity also resulted in
significant oxidation of GSH. This was suggested that the alkylating effect of the PA metabolite
dehydromonocrotaline binds to thiol groups of molecules like GSH and proteins, causing
oxidation of these molecules. Considering that the activity of complex | has been reported to be
regulated by thiol groups [555, 556], and that the reversible oxidation of complex | cysteine
thiols causes its inhibition [557], it is noteworthy that complex | presents several cysteine
residues [558], whose modification could influence its conformation and function. Therefore,
this mechanism could also be speculated in our tested PAs as another mechanism of PA
inducing oxidative stress through the generation of ROS, though it warrants further

investigations.

Altogether, we can summarize that the PAs tested here, the open-diester lasiocarpine, cyclic-
diester riddelliine and monoester europine, induced intracellular oxidative stress and generated

excessive ROS, which may have resulted in DNA crosslinking and micronucleus formation.
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6.3 Influence of membrane transporters in PA-induced genotoxicity

It is yet unknown how these PAs enter or leave hepatocytes. The role of hepatic transporters is
just beginning to be appreciated as a key determinant of PA-induced toxicity. These hepatic
transporters are relevant for PA toxicokinetics, mediating the import or export of PAs and their
metabolites from hepatocytes—a crucial step for PAs to exert their toxic potential [559]. Data
are limited, partly due to the many structural differences among PAs. However, influx and efflux
transporters have recently been discovered as key contributors to PA toxicity [352, 354, 365]. In
general, it was assumed that PAs pass through the intestinal and hepatic membranes only by
facilitated biological diffusion, as this is the primary mechanism for many xenobiotics [350, 560].
In addition to passive diffusion, membrane transporters play a significant role in facilitating or
preventing xenobiotic movements [167]. Altering the influx or efflux process by applying
chemical transporter inhibitors may reduce the intake or elimination of PAs, thus decreasing PA-

mediated toxicity or increasing PA-mediated toxicity, respectively.

In vivo, sinusoidal liver epithelial cells are a crucial target for PA-induced toxicity and
carcinogenicity. However, PAs need to be activated before reaching these cells because
sinusoidal cells are not thought to be metabolically active [15, 19, 561-566]. Thus, the question
of whether and how PAs are taken up by hepatocytes, and how their metabolites are excreted

by them, becomes important in elucidating the carcinogenic mechanism further.

Hepatic membrane transporters are classified as influx (uptake into the cell) and efflux (out of
the cell) transporters typically located either at the basolateral or apical membrane in polarized
cells such as liver cells [567]. Hence, this present study focused on assessing the general mode
of action of PA transport in the human hepatoma cell line HepG2 using the PA lasiocarpine as a
model substance. Two hepatic uptake and two efflux transporters were targeted with inhibitors
to identify their role in the uptake or efflux of PA lasiocarpine in the HepG2 cell line. For this
purpose, lasiocarpine-induced micronuclei were assessed using the standard micronucleus

assay.

While the organic cationic transporter 1 (OCT1) is mainly expressed in the basolateral

membrane of hepatocytes, initiating uptake from the blood [568-572], organic anionic
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transporter protein 1B1 (OATP1B1) is mainly expressed on the sinusoidal membrane of human
hepatocytes [573-576]. These two influx transporters have been reported to be expressed in
HepG2 cells [175, 577], and they are highly sensitive to inhibitors [175]. Quinidine is an
antiarrhythmic agent and a known OCT1 inhibitor [175]. Nelfinavir is an antiretroviral drug
known to have an inhibitory effect on OATP1B1 transporter in HepG2 cells [175]. Both influx
inhibitors, quinidine and nelfinavir, reduced lasiocarpine-induced micronucleus formation, but
only quinidine to a significant extent. This means that lasiocarpine was taken up into the cells by
OATP1B1 and OCT1 influx transporters, with OCT1 being the predominant one of the two. This
correlates with other experimental endpoints such as cytotoxicity, where inhibition of the OCT1
influx transporter led to a reduced uptake of retrorsine and senecionine into HepaRG cells

[559].

Also, in earlier research, a role of OCT1, for monocrotaline mediated liver cell cytotoxicity was
demonstrated [578]. In addition to that, Tu et al. (2013 and 2014) [352, 354] reported the
uptake of the PAs monocrotaline and retrorsine through the basolateral transporter OCT1-influx
mediated transporter in MDCK/hOCT1-overexpressing cells and cultured primary rat
hepatocytes. In both studies, the OCT1 inhibitor quinidine reduced the uptake of monocrotaline
and retrorsine and reduced the cytotoxic effects in primary rat hepatocytes. All these facts
emphasize the relevance of OCT1 influx- transporter for PA. However, Yang et al. (2020) [350]
showed that passive diffusion is a major way of PA intestinal uptake, while efflux transporter-
mediated active transport was also involved but to a limited extent. Therefore, we also analyzed
the inhibition of these influx transporters using suitable fluorescent dye probe substrates,
sodium fluorescein as a reference probe substrate for the OATP1B1 influx transporter, and
ethidium bromide as a reference probe substrate for the OCT1 influx transporter. Subsequently,
in agreement with our previous results, the OATP1B1 and OCT1 influx transporters were
significantly inhibited by their respective reference inhibitors in HepG2 cells, as indicated by a

significant decrease in the accumulation of the fluorescent probe substrates in the cells.

Regarding efflux transporters, Louisa, M., et al. (2016) [175] reported that hepatoma cells such
as HepG2 significantly express MDR1 [175] and MRP2 [579] transporters. Verapamil, a calcium
channel blocker, is a specific first-generation MDR1 efflux transporter inhibitor [427, 428].

133



Benzbromarone, an anti-gout agent, has been shown to inhibit the efflux transporter MRP2
[430, 580-582], also in HepG2 cells [429]. Both efflux transporter inhibitors slightly increased
lasiocarpine-induced micronucleus induction in HepG2 cells, with the increase being significant
only for benzbromarone. This implies that lasiocarpine could be a substrate of MDR1 and also a
substrate of MRP2 efflux-mediated transporters. This is in agreement with studies conducted to
investigate the involvement of MDR1 efflux-mediated transporters for PAs. For example, Yang
et al. (2020) [350], using the inhibitor verapamil, have shown the involvement of MDR1
transporter in the efflux of PAs in a Caco-2 monolayer model. Meanwhile, Hessel et al. (2014)
[365] demonstrated the efflux of the PA echimidine by the MDR1 transporter using inhibition

with cyclosporine A.

Furthermore, the chemical inhibition of the efflux transporters was also analyzed using suitable
reference fluorescent dyes to confirm if the efflux transporters were indeed inhibited by the
respective inhibitors used. Consistent with our analysis results using the calcein-AM fluorescent
dye, the MDR1 and MRP2 efflux transporters were significantly inhibited by their respective

inhibitors in HepG2 cells, as indicated by a significant increase in green calcein fluorescence.

Overall, it seems that transporters, possibly in addition to passive diffusion, mediate cellular PA
uptake and elimination. However, we cannot exclude the possibility that other transporters or

pumps, not investigated here, are also involved in transporting PAs.

6.4 Influence of metabolic enzymes in PA-induced genomic damage

The human hepatoma cell line HepG2 has been demonstrated as a valuable substitute for
primary liver cells in studying metabolism-related cellular effects [583]. Chemical inhibitors have
also been widely employed in in vitro models to elucidate the metabolism of xenobiotics [416,
418, 419, 422]. This allowed us to investigate the effect of chemical inhibitors of metabolism on
PA-induced genotoxicity. Some of the treatments with chemical inhibitors were expected to

decrease micronucleus frequency, while others were anticipated to increase it.
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Loperamide is an anti- diarrhoeal drug and in vitro studies have shown it to be a selective
competitive carboxylesterase subfamily 2 (CES2) enzyme inhibitor [157, 494, 584].
Carboxylesterases (CES) are a family of enzymes found in organisms ranging from bacteria to
mammals. They are mainly involved in the hydrolysis of ester, amide, or thioester bonds. A
recent genomic analysis clearly defined five distinct mammalian CES subfamilies based on
genetic sequence and genomic structure [152], but CES1 and CES2 subfamily proteins are the
most extensively studied [157] due to their dominance in humans and the fact that their mRNA
expression is highest in the liver [158]. This suggests an important role of these enzymes in
detoxification of xenobiotics [152]. A recent study by Forsch et al. (2018) [414] demonstrated
that loperamide inhibited CES enzyme in HepG2 cells at a concentration of 2.5 uM leading to a
significant decrease in metabolic activity. In our present study, lasiocarpine-induced
micronucleus formation was significantly increased in presence of loperamide. This suggests
that the detoxification of lasiocarpine was hindered by the inhibition of the CES2 enzyme by

loperamide.

The relevance of CES enzymes regarding PAs was also reported in some previous studies,
showing that the differences in esterase activity were responsible for the differences in
metabolism of otonecine-PA clivorine in normal human hepatocyte L-02 cells [585, 586]. In
addition, Wang et al. (2021) [520] found that the monoester intermedine produced different
toxic responses in different mammalian cells, which could be a result of the different esterase
activities. We also conducted an analysis to assess the inhibition of CES2 by loperamide in
HepG2 cells using the calcein-AM fluorescent dye. Our findings were consistent with the
observed inhibition of CES by loperamide, as evidenced microscopically by an increase in calcein

green fluorescence in the cells.

Additionally, we investigated the relevance of CYP450 enzymes in PA-induced genotoxicity in
HepG2 cells. Cytochrome P450 (CYP450) enzymes are principal catalysts involved in the
metabolism of xenobiotics [447, 448]. In humans, they are mainly expressed in the liver and are
potential targets in pathways that generate undesirable amounts of metabolites of endogenous
chemicals, as well as products of some carcinogenic xenobiotics. Understanding the roles of
CYP450 in humans has been crucial for elucidating mechanisms of action and addressing issues
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such as achieving bioavailability, preventing drug—drug interactions, and avoiding toxicity [447,
448]. PAs are known to require metabolic activation by cytochrome P450 oxidase enzymes, such

as CYP3A4, CYP1A2, and CYP2B6 isoenzymes [587].

As a first step, our study focused on the involvement of CYP 450 in the metabolism of
lasiocarpine. One in vitro approach to determine the extent of CYP450 metabolism is the use of
selective chemical inhibitors for specific CYP450 isoforms. In the pharmaceutical industry,
chemical inhibitors are widely employed to assess the contribution of particular CYP 450
isoforms to metabolism in liver microsomes [588]. In our present study, the chemical inhibitors
were applied at concentrations known to be most effective in inhibiting the intended CYP450

isoenzyme with maximum selectivity, based on published literature.

We tested ketoconazole and furafylline as selective CYP 450 isoenzyme inhibitors. Ketoconazole,
an anti-fungal drug, is extensively used as a potent and specific inhibitor of the human CYP 450-
3A4 isoenzyme [417, 482]. At a 1 uM concentration, it has been commonly used in human
hepatocytes to inhibit the CYP 450-3A4 isoenzyme [416, 418, 419]. Furafylline has been
developed as a potential replacement for theophylline in the treatment of asthma [421]. Recent
in vitro studies have shown that CYP 450-1A2 activity could be blocked completely with 1 uM
furafylline [419, 422]. In our present findings, both ketoconazole and furafylline led to a strong
or almost complete reduction of lasiocarpine-induced micronucleus formation, with furafylline
being less effective than ketoconazole. While both isoenzymes contributed to lasiocarpine-

induced genotoxicity, CYP 450-3A4 seems to play a larger role than the CYP 450-1A2 isoenzyme.

The relevance of CYP 450-3A4-mediated metabolic activation of lasiocarpine for its genotoxicity
was also recently emphasized by Ebmeyer et al. (2019) [589], who found that lasiocarpine
exhibited genotoxicity only in metabolically incompetent V79 hamster cells genetically
engineered to harbor human CYP 450-3A4. Our findings are also in line with other previous
studies that reported CYP 450-3A isoenzymes in rodents leading to the activation of PA [230,
232, 590]. In addition, Mingatto et al. (2007) [554] also showed that the reactive metabolite
dehydromonocrotaline, not the parent monocrotaline, caused a loss of mitochondrial

membrane potential in isolated rat liver mitochondria.
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6.5 Analysis of cytochrome P450 activity

In collaboration with the department of Food Chemistry at the University of Wuerzburg,
Germany (working group of Prof. Dr. Leane Lehmann), the inhibition and induction of CYP 450-
3A4 activity by ketoconazole (1 uM) and rifampicin (20 uM) were analyzed in HepG2 cells using
GC/MS and UHLPC/MS. The method was based on the metabolism of 17B-estradiol (E2) and

estrone (E1) and is published by our collaborators [449].

In the human liver, 17B-estradiol (E2) and estrone (E1) undergo oxidative metabolism, primarily
through hydroxylation and keto formation catalyzed by CYP 450 enzymes. These enzymes
mediate the metabolism of 17B-estradiol (E2) through two major pathways, predominantly
forming the 2- and 16a-hydroxylation estrogens [509, 591-594]. The liver expresses high levels
of multiple CYP isoforms such as CYP 450-3A4 and CYP450-1A2 [593, 595, 596]. Normally,
cytochrome P450-3A family enzymes are the most abundant CYP isoforms present in the human
liver, and it is estimated that the CYP 450-3A4 isoenzyme accounts for approximately 30% of the
total CYP content in the liver [136, 597, 598]. Studies have shown that CYP 450-3A4 has high
catalytic activity for the formation of hydroxylated metabolites of E2 and E1 and is involved in

the formation of 2- and 16a-hydroxylation of estrone metabolites [509, 593, 594, 599-601].

Based on these findings and the outlined approach, ketoconazole (1 uM) inhibited the CYP 450-
3A4 isoenzyme, while rifampicin (20 uM) induced the same isoenzyme. The significant inhibition
of CYP 450-3A4 by ketoconazole resulted in a notable reduction in the formation of 2-

methoxylestrone (2-MeO-E1) and 16a—hydroxylestrone (16a-OH-E1) metabolites.

Ketoconazole is also a potent inhibitor of the UDP-glucuronosyltransferase (UGT) enzyme, a
crucial phase Il metabolic enzyme responsible for the formation of glucuronide metabolites.
This UGT enzyme is primarily found in the liver [602] and has a broad spectrum of substrates,
including estradiol, drugs, environmental pollutants, and carcinogenic chemicals [603, 604].
Studies using human hepatocytes have demonstrated that ketoconazole can reduce glucuronide

formation [605].

Glucuronidation is a vital conjugation pathway that predominantly contributes to phase Il
biotransformation. It facilitates the elimination of lipophilic xenobiotics or endobiotic
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substances, including estrogen, by converting them into more water-soluble compounds. This
allows for their elimination through urine or bile. For instance, ketoconazole has been shown to
inhibit the glucuronidation of the anti-retroviral drug zidovudine and the short-acting anxiolytic
lorazepam by inhibiting the UGT enzyme [606-609]. Satoh et al. (2004) [610] also demonstrated
that ketoconazole inhibits the glucuronidation of estradiol using human liver microsomes. In our
analysis of the inhibition of CYP 450-3A4 activity by ketoconazole in HepG2 cells, we observed a
significant reduction in estrone glucuronide formation, reaching the lower limit of quantification
(<LOQ). This suggests that ketoconazole significantly hinders the phase Il metabolism
glucuronidation process, likely through the inhibition of UDP-glucuronosyltransferase (UGT)

enzymes.

Sulfation is another phase Il metabolic step for detoxification, reducing the biological activity of
certain steroids, including estrogens or xenobiotics, by increasing water solubility. This enables
their excretion from the body via urine and/or bile [611]. The sulfation conjugation of the phase
Il metabolism process is primarily catalyzed by sulfotransferase (SULT) enzymes [612-615]. For
instance, it has been reported that the sulfotransferase isoform 1E1 (SULT1E1) enzyme exhibits
the highest affinity for estrogens among known sulfotransferases and is the primary enzyme
responsible for the sulfation of 17B-estradiol and estrone [616]. In our analytical results,
ketoconazole reduced phase Il sulfation metabolites such as estrone sulfate (E1-S; significantly
reduced) and estradiol-3-sulfate (E2-3-S; not significantly reduced). This suggests the possibility
of ketoconazole favouring the inhibition of sulfation via E1-S metabolite formation rather than
E2-3-S metabolites. This observation indicates that ketoconazole may also inhibit the sulfation
process through the inhibition of the sulfotransferase enzyme. However, this warrants further
investigation as we are the first to report this observation in our analytical results, and no

information is available to date in the literature.

With regard to CYP 450 induction by rifampicin, our results significantly favored the formation
of estrone (E1) from 17B-estradiol (E2). Rifampicin also increased the formation of the phase |
metabolite 16a-hydroxylestrone (16a-HO-E1) by 3-fold, but not the 2-methoxylestrone (2-MeO-
E1) metabolites. The 3-fold increase in 16a-HO-E1 metabolites was not deemed significant,
possibly due to interexperimental variations. Based on our results, it appears that rifampicin
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favors the hydroxylation formation of phase | metabolites rather than methylation. This may
explain the increase in 16a-HO-E1 rather than the 2-MeO-E1 metabolites. This observation
aligns with studies by Yamazaki et al. (1998) [509], where the authors demonstrated that the
CYP 450-3A4 isoenzyme predominantly favors the formation of 16a-hydroxylation metabolites
of estrone and estradiol in human liver microsomes. Badawi et al. (2001) [594] also reported
that 16a-hydroxylation of estrone metabolites is most favored by CYP 450 enzymes using

complementary DNA expressed CYP isoforms.

Rifampicin has been shown to induce phase || metabolism glucuronidation of estradiol,
naphthol, propofol, and morphine by inducing UGT enzymes in cultured primary human
hepatocytes [617]. According to our findings, rifampicin significantly increases the formation of
the phase Il metabolite estrone-3-glucuronide (E1-G) by 2-fold, indicating the induction of UGT
enzymes by rifampicin. Additionally, we observed a significant decrease in phase Il metabolites
estradiol-3-sulfate (E2-3-S) and estrone sulfate (E1-S), consistent with a study reported by
Kodama et al. in 2011 [616]. This study showed that rifampicin suppresses the transcription of
the estrogen sulfotransferase (EST/SULT1E1) gene in human primary hepatocytes and
hepatocellular carcinoma cell lines HepG2 and Huh7, via an interaction with nuclear factor 4a
(HNF4a), thereby lowering the sulfation of estrone. Therefore, the 3-fold increase in 16a -OH-E1
and a significant increase in E1-G confirm that rifampicin indeed induces CYP 450 enzymes. The
induction of CYP 450 activity is further supported by published reports demonstrating rifampicin
as a potent PXR activator and CYP 450-3A inducer [618].

The inhibition of the CYP 450-1A2 isoenzyme by furafylline was not analyzed, but it would be
worthwhile to explore in future studies. In this dissertation, we assumed, based on the
published literature, that 1 uM furafylline is sufficient to inhibit the expression and activity of

the CYP 450-1A2 isoenzyme.

Therefore, our analytical study confirms that ketoconazole is an inhibitor of CYP 450-3A4
isoenzyme activity and also inhibits the sulfation and glucuronidation processes of phase Il
metabolism. We also agree with the literature that rifampicin is an inducer of CYP 450-3A4

isoenzyme activity, as well as the glucuronidation process of phase Il metabolism, but a
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|
suppressor of the sulfation process. Hence, the use of these chemicals was relevant in our

present study to achieve our objectives.

6.6 PAs-induced genomic damage in Co-Culture System

Numerous studies have highlighted the liver as the principal site of PA toxicity, drawing
significant attention to research on liver diseases induced by PAs. The human liver, a crucial
organ for the metabolism, bioactivation, and detoxification of exogenous substances, is
consistently recognized as the primary target for the toxicity of such substances [619]. At an
acute level, human exposure to high concentrations of PAs has been considered one of the
primary causes of hepatic sinusoidal obstruction syndrome (HSQOS). For example, Yang et al.
(2017) [246] reported PAs inducing HSOS in humans. Earlier, HSOS was referred to as hepatic
veno-occlusive disease, a rare hepatic vascular disease associated with a high mortality rate
[620]. At an early stage, HSOS is characterized by primary hepatic sinusoidal endothelial cells
(HSECs) damage, which can later lead to hepatotoxicity and carcinogenicity. However, the
mechanism is not yet fully understood because HSECs in the liver lack or express extremely low
levels of CYP 450 enzymes [246, 536, 621], which are required to metabolically activate PAs. To
date, there is no direct evidence supporting the toxicity of reactive PA metabolites in hepatic
sinusoidal endothelial cells (HSECs), and there is no effective therapy for PAs-induced HSOS
[620], due to a lack of information regarding the understanding of the toxic mechanism

associated with PAs-induced HSOS.

Currently, most research studies on PA-induced HSEC damage mainly depend on animal models
of PA-induced HSOS [622-625]. The laborious process of isolating HSECs with high purity,
especially from animal models that have developed hepatic sinusoidal damage, has limited their
use in the toxicity and mechanistic studies of PA-induced HSEC damage. In the field of
toxicology, in vitro culture models offer many advantages over animal models for investigating
toxicity. However, until now, only limited in vitro studies have been conducted on HSECs. One of

the main hindrances that obstructs in vitro studies is the extremely low or lack of CYP 450

140



expression in human HSECs, preventing the bioactivation of PAs to the reactive pyrrolic

metabolites (Dehydro PAs) that can induce toxicity [623].

Another problem that hindered the in vitro study on PA-induced HSECs damage is that the
reactive pyrrolic intermediates (Dehydro-PAs) derived from different PAs are all known to be
highly unstable and the direct in vitro testing of dehydro-PAs is challenging and complicated
[626]. To solve these problems our present study came up with a novel co-culture system which
mimics the hepatic environment. Therefore, as a first step, a co-culture system was established
in which HelLa H2B-GFP (green fluorescent labelled human cervical cancer cells) were brought
into close vicinity to potential target cells of the liver represented by the human liver cell line
HepG2. HepG2 are a hepatocarcinoma cell line of good metabolically activity, while HeLa H2B-
GFP are not metabolically active. In this system, micronucleus induction was evaluated in the
target HelLa H2B-GFP cells. In addition, under same conditions each cell line was cultured alone
as well and micronucleus induction was assessed in parallel to the co-culture. In the co-culture,
PAs were metabolically activated by CYP 450 enzymes in HepG2 cells to generate reactive
pyrrolic metabolites, which then reacted with the co-cultured Hela H2B-GFP cells leading to
micronucleus formation. Three representative PAs of different ester type, which were chosen
from our selected PAs, the open diester-PA lasiocarpine, the cyclic diester-PA riddelliine and the
monoester-PA europine, induced micronucleus formation significantly in HeLa H2B-GFP cells in
the co-cultured system and in separately cultured HepG2 cells, but did not cause micronucleus
induction in a culture of only HeLa H2B-GFP cells. This observation confirmed that HeLa H2B-
GFP cells were not able to bioactivate PAs and thus no micronucleus formation occurred.
Therefore, we can deduce that the PAs were bioactivated in HepG2 cells and the metabolites
were taken up by the HeLa H2B-GFP cells of the co-culture system, inducing genomic damage.
Considering the situation in the human liver, we can hypothesize that PAs are first metabolically

activated in the hepatocytes, then move out and are taken-up by their primary target HSECs.

In addition, we used the open diester-lasiocarpine, the cyclic diester-riddelliine, and the
monoester-europine in the co-culture system. Our results revealed that the open-diester PA
lasiocarpine exhibited the strongest micronucleus induction at the lowest concentration (10
KUM). At this concentration, lasiocarpine also displayed significant cytotoxicity, as indicated by
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the proliferation index (CBPI). Following this, cyclic-diester riddelliine induced micronucleus
formation at a concentration of 100 uM, and the monoester PA europine induced micronucleus
formation at a concentration of 320 uM. In other words, micronucleus induction was nearly
equivalent for the three PAs but at different concentrations: lasiocarpine (10 uM), riddelliine
(100 uM), and europine (320 uM). Additionally, the proliferation index (CBPI) was significantly
reduced at the tested concentrations of lasiocarpine (10 uM) and riddelliine (100 uM), but not
in the case of europine (320 uM). This clearly indicates that the diesters, lasiocarpine, and
riddelliine, were indeed more potent in inducing genomic damage than the monoester
europine. This observation is consistent with our results observed in rifampicin-pretreated
HepG2 cells [627] and aligns with previous studies using HepaRG or HepG2 cells to investigate

the relative potency of different ester-type PAs [2, 29].

To sum up, in the present study, we mimicked the hepatic microenvironment and successfully
developed a novel co-culture system that utilized two types of cell lines: the metabolically active
human hepatoma cell line HepG2 and the non-metabolically active human cervical epithelial cell
line HeLa H2B-GFP. This system was designed to study PAs-induced genomic damage in the non-
metabolically active target HeLa H2B-GFP cells within the co-culture system, similar to
presumed situations of damage to HSEC. Our objective was to investigate whether PA-

metabolites could move out of hepatocytes and induce damage in neighboring target cells.

This co-culture system can also be applied for in vitro screening studies of other potential
phytotoxins that require metabolic activation before affecting non-metabolically active cells.
Previous in vitro studies have demonstrated PA-induced damage to HSECs. For instance, Lu et al.
(2019) [536] developed a two-layer transwell co-culture model and reported that PA retrorsine,
monocrotaline, and clivorine induced hepatic sinusoidal damage. However, their model involved
human HepaRG cells and HSECs, while in our case; we used human HepG2 and HelLa H2B-GFP
cells. In their case, it might be more direct to explain PA-induced HSEC damage; however, it's
worth noting that their use of human liver HepaRG cells, supplied in a predifferentiated state

with enhanced expression of metabolic enzymes, is rather expensive [628, 629].
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Furthermore, the same authors extended their studies by developing a CYP 450-3A4-transduced
human hepatic sinusoidal endothelial cell model, demonstrating that PA retrorsine induced
hepatotoxicity via reduced cell viability, depletion of GSH, and increased formation of pyrrole-
protein adducts [621]. However, in both of their studies, the authors did not demonstrate how
membrane transporters might be involved or how the PAs are taken up once metabolized by
hepatocytes. Additionally, the relevance of showing PA metabolism in HSECs by transducing
them with CYP 450, considering that HSECs lack these enzymes in reality, could be debated. In
our co-culture system, we aimed to address questions regarding the mechanism of PA-induced
genomic damage, focusing not only on metabolic activation but also on the role of membrane

transporters.

It is also worth noting that the concentrations of the three PAs used here, lasiocarpine (10 uM),
riddelliine (100 uM) and europine (160 uM), are orders of magnitude higher than the average
human exposure. However, metabolic activation may be more efficient in vivo and
accumulation of mutagenic adducts in the liver may occur. The elucidation of mechanisms of

action is therefore relevant for human risk assessment.

6.7 Influence of inhibition of metabolic enzymes and efflux transporters in PA-

induced genotoxicity in the Co-Culture System
Up to this point, our studies have indicated that liver cells are the primary cells responsible for
the bioactivation of PAs. Reactive metabolites formed in the liver can move out and cause
toxicity in adjacent liver cells. There is also a possibility that these reactive PA metabolites
formed in hepatocytes may induce extrahepatic toxicities in various organs throughout the
human body. For instance, Liu et al. (2010) [525] found that the retronecine-diester PA isoline
had different effects on the total oxidant and antioxidant capacity in various organs such as the
liver, lung, brain, and heart. The liver recorded the highest oxidative injury among these organs.
Additionally, other reports have indicated that diester PAs, such as monocrotaline and
trichodesmine, can induce neurotoxicity [630, 631], with monocrotaline being a potent
pneumotoxic [632] and trichodesmine a potent neurotoxic compound [631]. Therefore,
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exploring potential toxicity induced by PAs in extrahepatic organs is another aspect that needs

consideration.

The role of hepatic membrane transporters is only at the beginning stages of being recognized
as a key determinant of PA-induced toxicity. Therefore, the possibility that PAs inflict harm on
humans warrants further consideration and research, especially regarding human metabolism
and transport, and how PAs are taken into or out of hepatocytes. Subsequently, the open
diester lasiocarpine, the cyclic diester riddelliine, and the monoester europine were
investigated. The potent cytochrome P450-3A4 inhibitor ketoconazole [416-419] significantly
reduced micronucleus induction of the three representative PAs in HeLa H2B-GFP cells in the co-
culture, possibly due to the inhibition of metabolism via the CYP 450-3A4 isoenzyme in the
HepG2 cells. This aligns with our earlier observations in this dissertation on the effect of
lasiocarpine-induced genotoxicity in ketoconazole-pretreated HepG2 cells, where we observed a
significant increase in genomic damage. Similarly, in parallel with our findings, although not
focused on investigating genotoxicity, Lu et al. [633] established in a two-layer transwell co-
culture model that PAs were metabolized by human HepaRG hepatocytes, and the produced
metabolites reacted with HSECs. The three investigated PAs, retrorsine, monocrotaline, and

clivorine, induced concentration-dependent cytotoxicity in HSEC.

Therefore, we next employed chemical membrane transporter inhibitors, and considering the
co-culture system context, it was reasonable to use inhibitors for efflux transporters to reduce
the outward transport of potential PA metabolites from HepG2 cells. Inhibiting influx
transporters in this co-culture system could impair PAs from entering HepG2 cells, making it
challenging to distinguish from the inhibition of metabolite influx into HeLa H2B-GFP cells or

inhibition of metabolic enzymes in HepG2 cells.

Both efflux membrane transporter inhibitors decreased micronucleus formation induced by
lasiocarpine, riddelliine, and europine in HeLa H2B-GFP cells in the co-culture system. These
findings in the co-culture system regarding efflux membrane transporters were consistent with
our earlier results in HepG2 cells, where we tested only one PA, lasiocarpine. In the co-culture

system, we tested three PAs of different ester types (lasiocarpine, riddelliine, and europine).
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The findings were also in agreement with Hessel et al. (2014) [365], who reported clear apical
elimination of the PA echimidine mediated by the MDR1-efflux transporter in Madin-Darby
Canine Kidney cells overexpressing human MDR1 (MDCK/hMDR1).

Based on our findings, we can deduce that PAs were primarily bioactivated by the CYP 450-3A4
isoenzyme in HepG2 hepatocytes. The reactive PA metabolites formed were then effluxed out
of hepatocytes via MDR1 and MRP2 efflux transporters, causing genomic damage in the Hela
H2B-GFP cells of the co-culture system. Therefore, it is conceivable that PAs are first
metabolically activated in hepatocytes and then move out to their primary target, HSECs. The
latter have been reported to have a lower basal GSH level and are significantly more susceptible
to reactive PA metabolites after severe GSH depletion, leading to pyrrole-protein adduct

formation, causing HSOS and hepatotoxicity [538].

Although we found the CYP 450-3A4 isoenzyme to play a key role in PA metabolism, it is
important to acknowledge that other CYP 450 isoforms might also contribute to the overall
metabolism of PAs. Additionally, while we investigated the MDR1 and MRP2 efflux transporters,
it is crucial to remember that other efflux transporters or pumps, not examined in our study,

might also contribute to PA-induced toxicity.

6.8 PAs-induced mitotic disturbance in HepG2 only cultured cells and in Co-Culture
System
In the course of micronucleus evaluation, disturbances in mitotic figures were detected and
subsequently investigated in separate experiments within the co-culture system, a culture of
only HepG2 cells, and a culture of only HeLa H2B-GFP cells. All three pyrrolizidine alkaloids (PAs)
of different ester types—the open diester PA lasiocarpine, the cyclic diester PA riddelliine, and
the monoester PA europine—induced various mitotic disturbances. These included non-
congression of chromosomes to the metaphase plate, missing metaphase alignment typical of
disturbed spindle formation, lagging chromosomes left at the metaphase plate location after
the separation of daughter chromosomes, and multipolar metaphases. A prominent mechanism

for mitotic disturbance is the inhibition of spindle formation or disassembly of chromosomes. It
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could be hypothesized that PAs react with the tubulin molecule, which possesses many
accessible cysteine residues [634, 635]. However, substances disturbing the spindle usually lead
to an arrest in the metaphase of mitosis, as indicated by an elevated mitotic index, as seen with
the positive control and spindle formation inhibitor vincristine. This was observed only to a

small extent for lasiocarpine but not for riddelliine or europine.

Consequently, alternative mechanisms for mitotic disturbance may have to be identified. For
example, recently in a transcriptomics approach it was shown that five PAs (lasiocarpine,
riddelliine, lycopsamine, echimidine, and monocrotaline) interfered with cell cycle regulation
and DNA damage repair. Additionally, the authors using microscopic methods reported the
mitotic disturbances in form of chromosome congression defects, which is in agreement with
our findings in this study [397]. The only distinct difference between the three PAs used in our
study was that the monoester europine induced less ana-/telophase bridge formation than the
diesters’ lasiocarpine and riddelliine at concentrations which caused a similar number of
micronuclei. Several mechanisms for the formation of chromatin bridges have been suggested.
One of them is that chromatin bridges between sister chromatids may reveal the presence of
crosslinks in between the DNA strands. Therefore, due to the presence of a strong mechanical
traction during anaphase, covalently bound chromatids can give rise to such anaphase
chromatin bridges [636, 637]. Earlier in this dissertation, we found that diester PAs induced DNA
crosslinks but the monoester europine did not [193]. Thus, this entails the mechanism of mitotic

disturbance may be different for monoester and diester PAs.

Moreover, another study investigating the fate of anaphase bridges in cultured oral squamous
cell carcinoma cells in real-time revealed that chromosomes in bridges most of the time resolve
by breaking into multiple fragments and frequently, these fragments give rise to micronuclei
(MN) at the end of mitosis [638]. However, since the induced micronucleus frequency was
similar for the three PAs under the same applied conditions; bridge formation may only
contribute a small number of micronuclei to the overall frequency. Further support for a
difference in mode of action between monoester and open or cyclic diester PAs comes from a
study in which effective metabolic degradation by human liver microsomes was observed for
diesters, but not for monoesters [639] and a published report in which the cyclic diester
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riddelliine was described as a more potent DNA-cross linker than heliosupine, which is an open

diester [255].

Therefore, with regard to the mode of action, in addition to the reactive intermediates forming
DNA adducts, which then lead to mutations, we have described that mitotic disturbances are
induced to a large extent. Thus, mitotic disturbances may lead to or contribute to the

micronucleus formation caused by PAs.

6.9 In vitro genotoxic effects of combinations of PAs in HepG2 Cells and in the Co-
Culture System
It is usually a combination or mixture of PAs that is found as contaminants in foods such as
herbal teas and honey, food supplements, and herbal medicines. PA exposures in combinations
or in mixtures are one of the additional aspects that need further consideration in the overall
risk assessment process. For instance, in a recent study on two common sources of PA
exposure, which are honey and tea, it was found that a total of 8-19 PAs (in honey) and 17-28
PAs (in tea) were identified, of which the identified PAs in these products require regulatory
monitoring due to their known toxicity nature in humans [7]. The risk assessment of mixtures or
combinations of phytotoxins is a complex challenge, and there are several suggestions, the most
recent coming from the Organization for Economic Co-operation and Development (OECD) and
European Food Safety Authority (EFSA) on the assessment of risk from combined exposures to

multiple chemicals [640, 641].

The general approach for combined exposure to multiple chemicals is based on either the
whole-mixture approach or the component-based approach, depending on the knowledge of
the combinations or mixtures. The whole-mixture approach considers the mixture as an
individual existence, in contrast to the component-based approach, which considers the
exposure and the effect data of the individual mixture components. Therefore, when the
individual components of the combination or mixture share a similar mechanism of action, a
default component-based approach of dose-addition is applied, where the individual
components are assumed to act as if they were dilutions of one another [642]. However, much
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of the work in this area was focused on the exposure to intentional combinations or mixtures,
such as formulated products, or on unintentional exposures to environmental contaminants,
such as pesticides and polychlorinated biphenyls, and is commonly conducted retrospectively

[643-645].

Thousands of PAs of different chemical features are known to be present in nature [34], and
therefore, depending on the plant species from which they are attained, there are many
different combinations or mixtures of PAs that could potentially occur. Given the various
chemical structure classes of PAs and the resulting difference in their potencies, the combined
exposures would include PAs of varying potency. PAs share a common mechanism of action,
that is, DNA reactivity of activated PA metabolites leading to DNA adducts. These adducts, if not

repaired, can lead to gene mutation and clastogenicity.

Earlier in this present study, we demonstrated that the human hepatoma cell line HepG2 and
the co-culture system of HepG2 and Hela cells are well-suited for genotoxicity studies of PAs,
including their mechanisms. Therefore, we used both models to explore whether PA
combinations would also follow the general assumption of dose-effect additivity or whether
synergistic effect or antagonistic effect should be anticipated in an assessment of their
combined exposure. Of late such effects have been immensely examined in the field of
toxicology [646]. The main concern is whether some chemicals or their active metabolites can
enhance the effect of other metabolites, so that they jointly exert a larger effect than predicted.
This phenomenon is commonly referred to as synergy [647]. Concentration or dose addition is
another common reference model that assumes compounds or chemicals, when administered
simultaneously, do not interfere with each other at the site of action [648]. The third
phenomenon is an antagonistic effect, which refers to the biological response to exposure to
multiple substances that is less than would be expected if the known effects of the individual

substances were added together.

Therefore, combination of two or more PAs is an important question in determining additive or
synergistic, or antagonistic effects. We examined the genotoxicity of PA combinations by

measuring the formation of micronuclei, in HepG2 cells as well as in the co-culture system. We
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designed the combination of PAs using an equipotent concentrations rather than equimolar
concentrations approach, with low, medium and high concentrations of the PAs lasiocarpine
and riddelliine. This concept of using equipotent concentrations will minimize the bias that
highly potent PA component of the combination would introduce if equimolar amounts of PA
were tested. Hence, we considered the use of equipotent approach a well-suited for the
purpose of understanding dose addition, synergy or antagonistic effect in respect with our
genotoxicity endpoint. Simply, this implies that exposure to PAs was equalized by potency so
that a low concentration of the PA lasiocarpine would be expected to give a micronucleus
response of similar magnitude and this was also done for a medium and high concentration of

each PA.

There were no differences in micronucleus formation between the PA combinations compared
to the individual PAs. However, cytotoxicity, indicated by the proliferation index (CBPI), was
elevated in the PA combinations, significantly in the co-culture system and to a non-significant
extent in HepG2. Compared to HepG2 cells, this could be due to a lower basal GSH level in Hela
H2B-GFP cells of the co-culture, which makes these cells more susceptible to the reactive PA

metabolites.

Basically, the micronucleus data presented here indicate that the combination of PAs exhibits a
dose-addition effect, where the total response can be calculated by adding up the potencies of
individual PAs present in a combination. This aligns with the idea that individual PAs act via the
same mode of action, probably involving identical DNA adduct formations. Additionally, our
combination PA results are consistent with those of Allemang et al. (2022) [649], who recently
demonstrated a dose-addition-type genotoxic effect of PA combinations using micronucleus
formation in HepaRG human liver cells. Recently, Louisse et al., 2022 [650], using the yH2AX
assay in HepaRG cells, evaluated a combination of three PAs with a similar equipotent approach.
Like our combination outcomes, their results also showed that PA combinations comply with
the principle of additive effects. In conclusion, in this present study using HepG2 cells and the
co-culture system, we have shown through an in vitro genotoxicity testing approach that

combinations of PAs showed an additive effect. Thus, this study therefore provides support that
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the assumption of dose-addition can be applied in the characterization of the genotoxicity risk

of PAs present in a mixture.

6.10 Metabolism-dependence of PA-induced genotoxicity

It is considered that the toxicity is not exerted by PA itself but rather by the reactive
intermediates formed during hepatic metabolism. The hepatic metabolism of PA is initiated with
an oxidation, which is a phase | metabolism catalyzed by cytochrome P450 enzymes. In our
observation of reduced lasiocarpine-induced genotoxicity by ketoconazole, it clearly showed
that CYP450-3A4 mediates the metabolism of lasiocarpine, forming the reactive intermediates
and, hence, inducing genotoxicity. Therefore, the relevance of CYP450-3A4 was distinctly shown
to play an important role in lasiocarpine-induced toxicity, as well as in other PAs tested in the
co-culture system. This result is in line with previous studies that reported that CYP450-3A
enzymes in rodents lead to the activation of PA, leading to the induction of toxicity [230, 232,

651].

Earlier, a few other studies also showed the activation of other PAs by the human CYP450-3A4
isoenzyme. Miranda et al. (1991) [235] and Xia et al. (2003) [652] demonstrated the formation
of electrophilic reactive pyrrolic intermediates of PAs after incubation with human liver
microsomes, which were later inhibited in the presence of the CYP450-3A4 inhibitor
triacetyloleandomycin. Ruan et al. (2014) [36] demonstrated CYP450-3A4—mediated pyrrole-
glutathione adduct formation for lasiocarpine and other PAs in experiments with supersomes,

while Dai et al. (2010) [369] presented similar findings for the PA monocrotaline and retrorsine.

Tu et al. (2014) [351] conducted a cytotoxicity assessment of the PA retrorsine in mock and
human CYP450-3A4-expression clone of MDCK cells, indicating that cells without CYP450-3A4
expression were protected from severe toxicity. This indicates the prerequisite for the CYP450-
3A4 isoenzyme in the bioactivation of PA retrorsine. However, in their study, the authors did not
analyze the molecular mechanisms of toxicity. Thus, in our present study with human hepatoma
HepG2 cells and the co-culture system, we substantiate the results of Tu et al. [354] for PAs and

provide further insights into CYP450-3A4-dependent molecular mechanisms by showing
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genotoxicity as a mechanism of CYP450-dependent toxicity. For example, in our experiments,
we showed that lasiocarpine-induced genotoxicity was significantly reduced when CYP450-3A4
was inhibited by ketoconazole in human hepatoma HepG2 cells, as well as in other PAs tested in
the co-culture system. We also demonstrated the mitotic disturbance induced by PAs in the co-
culture system; a system consisting of metabolically active HepG2 cells and non-metabolically
active human cervical HelLa H2B-GFP cells. In only HeLa-H2B GFP cell cultures, PAs did not
induce mitotic disturbance, but in the HepG2 cells cultured alone and in co-culture, PAs
significantly induced mitotic disturbances. This clearly indicated the relevance of CYP450 in the

induction of PA-mediated genotoxicity.

These results are supported by Ebmeyer et al. 2019 [254] in vitro studies; however, in their
experiments, the authors used a different endpoint to demonstrate DNA double-strand breaks
induced by lasiocarpine through the detection of phosphorylation of histone H2AX. Allemang et
al. (2018) [29] demonstrated the genotoxic potential of different PAs using micronucleus
induction in an in vitro metabolically competent cell line, HepaRG. The authors observed
significant induction of micronuclei by lasiocarpine, echimidine, riddelliine, retrorsine,
seneciphylline, europine, and lycopsamine (along with some more tested PAs) at different
concentrations, which were in the same order of magnitude as the PA concentrations that
induced micronuclei in our experiments using HepG2 cells. However, due to the use of HepaRG
cells, which are well-known for their metabolic competency, the authors could not distinguish
between metabolism-dependent and metabolism-independent effects. For example, Miiller et
al. (1992) [653] showed metabolism dependence of the clastogenic potential through the
analysis of chromosomal aberrations in the Chinese hamster cell line V79 cells after treatment
with the PA retrorsine, monocrotaline, and isatidine without and with Aroclor-induced rat S9
mix or primary rat hepatocytes. Our results link the metabolism-dependent genotoxicity of the
selected PAs to a specific human enzyme. Remarkably, using lasiocarpine as a model PA, we
demonstrated human CYP 450-3A4-, CYP 450-1A2-, and detoxifying enzyme CES2-dependent
micronucleus induction. Additionally, we showed CYP 450-3A4 dependent micronucleus
induction, also in rifampicin pre-treated HepG2 cells. Another piece of evidence supporting the

metabolism dependence of PA in our study was the use of a co-culture system. PAs induced
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micronucleus formation in HeLa H2B-GFP cells when co-cultured with HepG2 cells but not in

Hela H2B-GFP cells cultured alone.

Another notable observation in our study was the decrease in the CBPI value, particularly at the
highest concentration of each selected PA with different ester types in rifampicin-pretreated
HepG2 cells. This observation indicates a CYP-450-3A4-dependent impairment of proliferation,
where a decrease in the CBPI signifies an increased proportion of mononuclear cells and,
consequently, fewer cells undergoing mitosis. This discovery aligns with the anti-mitotic
potential described for lasiocarpine, heliotrine, and monocrotaline in rat liver [654, 655]. These
findings were further substantiated using the PA metabolite dehydroretronecine in cultured

hepatocytes [656].

PAs treatment in vivo has also been shown to induce micronucleus formation [657, 658]. Some
of these PAs, such as lasiocarpine, have been demonstrated to exhibit the formation of DNA
adducts after activation by rat liver microsomes [396]. However, Fowler et al. (2012) [659]
reported that p53-deficient rodent cell lines, such as the Chinese hamster cell line V79, are
prone to giving misleading positive results in the micronucleus assay. This means that even for
substances that do not exhibit DNA reactivity or genotoxicity in vivo, they can manifest with

positive results.

Subsequently, there is strong substantiation that the positive response in our experiments is not
due to residual (misleading positive) effects. However, it has to be pointed out that our in vitro
model is an artificial system designed to assess the CYP 450- and CES-dependent toxicity of PA
lasiocarpine. Therefore, some of the other detoxifying enzymes, such as glutathione S-
transferase or GSH, may be suppressed or not functional in the system. The metabolism of PAs
is known to consist of activating as well as detoxifying reactions, and the vulnerability towards
PA-induced toxicity is assumed to be based on the relative activity of these two reaction types
[660]. Hence, this balance may differ in the liver of one individual to another as well as

compared to the used experimental model [254].

In summary, our results demonstrated that the CYP 450-3A4 isoenzyme is a crucial enzyme for

PA metabolism. Human CYP 450-3A4 is capable of toxifying PAs of different ester types, such as
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lasiocarpine, riddelliine, and europine, confirming the results from the literature. We also
demonstrated the relevance of carboxylesterase (CES) enzyme as a key player in the
detoxification of PA lasiocarpine. Hence, we concluded that it is important for human risk

assessment to consider PA metabolism as one of the main mechanisms inducing toxicity.

6.11 Structure-dependent Relationship of Selected PAs

Many different PAs are produced by thousands of plant species [16]. Some of these PAs are
genotoxic and may pose a cancer risk in humans [15, 16, 223, 661]. For a long time, there have
been attempts to predict the potential toxicity of xenobiotics and their metabolites based on
their chemical structural characteristics [662-664]. The general structures of PAs include necine
base and necine acids. So far, the necine base has been mostly discussed, where the double
bond between the C1 and C2 positions in the unsaturated necine base is known to undergo
metabolic activation, hence exerting their toxicity. Due to this, the platynecine PA-type

containing a saturated necine base has been considered irrelevant to safety assessment.

However, based on the ester-type in the PA-necic acid moiety, Culvenor et al. (1976) [301]
conducted an in vivo study and reported that the di-ester PAs of heliotridine- and retronecine-
types were more toxic than the respective monoester PAs. For example, heliotridine necine-
based PA variants were about 2- to 4-fold more toxic than retronecine-based variants [301].
Field et al. (2015) [665] have demonstrated an in-vitro study suggesting that the necine base,
ester type configuration, and saturation contributed to cytotoxicity, with the heliotridine-PA

type being associated with higher cytotoxicity.

Consequently, in our present study, the diesters were generally more potent in inducing
genomic damage than the monoesters. Lasiocarpine, an open-diester heliotridine-type,
exhibited distinctly higher potency than the cyclic-diester retronecine-type and the open-diester
retronecine-type (echimidine) in rifampicin-pretreated HepG2 cells. Thus, both open- and cyclic-
diester PAs in our studies showed higher potency than monoester PAs of heliotridine or

retronecine-type. This difference was clearly depicted at equimolar concentrations, where the
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monoester PAs induced oxidative stress, DNA cross-linking effects, and micronucleus formation

to a lower extent than the diester PAs.

Our potency order differences were also parallel to previous reports by Wang et al. (2021)
[666], who used a cell proliferation assay in human hepatocytes (HepD). They reported that the
toxicity of the monoester intermedine was much lower than that of the diester PAs. Similarly,
Gao et al. (2020) [667] reported much lower cytotoxicity-related ECsg values in primary rat
hepatocytes for the diester PAs, such as lasiocarpine, echimidine, senecionine, and retrorsine,
compared to the monoester PAs europine and lycopsamine. Therefore, the chemical structure
characteristics, both the ester-type at the necic acid moiety and structural features in the necine

base moiety, seemed to play a vital role in the toxicity associated with the PAs.

It is known that esters are important functional groups in drug delivery systems as they function
as prodrugs and decrease the polarity in a compound, thereby increasing lipophilicity. This
increase in lipophilicity enhances absorption in tissues, and the release of the compound
depends on the hydrolysis rate of the ester group [668-670]. Basically, the ester functional
group enhances the bioavailability of xenobiotics because it can easily form hydrogen bonds
through its oxygen atoms to the hydrogen atoms of water molecules, making a compound
hydrophilic. Therefore, di-ester PAs seem to be more absorbed than monoesters, enabling
diester PAs to reach the liver faster for bioactivation, leading to genotoxicity. Meanwhile, cyclic-
di esters might be more unstable than open-side chain diesters due to the enhanced ring strain
facilitating hydrolysis, making the open-chain di-ester (lasiocarpine) higher in potency than the

cyclic-di esters (riddelliine, retrorsine, seneciphylline).

Geburek et al. (2020) [553] demonstrated indirect evidence for the formation of reactive PA
metabolites, mainly by the diester PAs, including lasiocarpine, echimidine, and retrorsine,
followed by the monoester PAs, including europine and lycopsamine. For example, the open-
chained and cyclic diester PAs formed more GSH conjugates, while the monoester PAs only
formed a limited number of GSH metabolites, such as mono-DHP-GSH. Additionally, the authors
reported another major difference between the monoester and diester PAs in terms of the

proportion of the unknown fraction of metabolites formed; diesters accounted for up to 70%,
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while monoester PAs accounted for only 17%. This could suggest that monoesters, in contrast to

diesters, form fewer reactive metabolites that bind to tissue constituents to a lesser extent.

Therefore, the good correlation of the amount of the highest number of lasiocarpine
metabolites observed by Geburek et al. (2020) [553] to its toxicity description may also indicate
the potency of open-diester PA lasiocarpine. Henceforth, we can also postulate that the lower
extent of binding between monoester PAs and biomolecules, as well as their lower lipophilicity
due to their lower polarity in their chemical structure, could account for their lower

genotoxicity, as observed in our results.
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7 CONCLUSION

In this dissertation, we have demonstrated the suitability of the widely available human
hepatoma cell line HepG2 for assessing PAs-induced genotoxicity. The selected PAs studied here
induced micronuclei in a dose-dependent manner at micromolar dose ranges, supporting
previous published data obtained with other cell lines. Additionally, the shape of the dose-
response curve was in agreement with the idea of the existence of a threshold. Existing

published potency rankings for these selected PAs could be largely or completely confirmed.

The role of metabolic enzymes in the metabolic activation of PAs is critical for their mechanisms
of inducing genotoxicity, and transmembrane transporters contribute to their genotoxic effects,
in addition to the passive diffusion of PA transmembrane transport mechanisms. Moreover, the
use of a co-culture of metabolically active human hepatoma HepG2 cells with non-metabolically
active human cervical epithelial HeLa H2B-GFP cells helped to further support the role of
metabolic activation of PAs. This shows that metabolites can reach another, metabolically
inactive cell type in the vicinity of the metabolically active cells, and that efflux transporters

enable or support the movement of metabolites.

Regarding the mode of action, in addition to the reactive intermediates forming DNA adducts,
which then lead to mutations, we describe that mitotic disturbances are induced to a large
extent. Mitotic disturbances may lead to or contribute to the micronucleus formation caused by
PAs. We also demonstrated that reactive oxygen species (ROS) and DNA cross-links may

contribute to the genomic damage induced by PAs, especially for the diester PAs.

Furthermore, the co-culture system, used for the first time in our laboratory, can be suggested
as a screening platform for assessing other newly identified PAs or phytotoxins that require
metabolically activating enzymes. It can mimic the hepatic environment to some extent,
signifying the requirement of metabolic activation in the hepatocytes and the induction of
damage to other cells or even organs in the human body. This is particularly relevant in the case

of PAs, which induce hepatic sinusoidal endothelial damage.
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Additionally, this present study has shown that a combination of PAs resulted in an additive
effect. Thus, this provides support for considering the assumption of dose addition in the

characterization of the genotoxicity risk of PAs present in natural mixtures.
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8 SUMMARY

Cancer is one of the leading causes of death worldwide. Toxic contaminants in human food or
medicinal products, such as substances like pyrrolizidine alkaloids (PAs), have been thought to
contribute to cancer incidence. PAs are found in many plant species as secondary metabolites,
and they may affect humans through contaminated food sources, herbal medicines, and dietary
supplements. Hundreds of compounds belonging to PAs have been identified, differing in their
chemical structures, either in their necine base moiety or esterification at their necic acid
moiety. PAs undergo hepatic metabolism, and after this process, they can induce hepatotoxicity,
genotoxicity, and carcinogenicity. However, the mechanism of inducing genotoxicity and

carcinogenicity is still unclear and warrants further investigation.

Therefore, the present study aims to investigate the mechanism of genotoxicity induced by
selected PAs with different chemical structures in in vitro systems. Primarily, human hepatoma
HepG2 cells were utilized, and in co-culture, metabolically active HepG2 cells were combined

with non-metabolically active human cervical HeLa H2B-GFP cells.

First, the genotoxicity of the PAs europine, lycopsamine, retrorsine, riddelliine, seneciphylline,
echimidine, and lasiocarpine was investigated in the cytokinesis-block micronucleus (CBMN)
assay. All seven selected PAs caused the formation of micronuclei in a dose-dependent manner,
with the maximal increase of micronucleus formation ranging from 1.64 to 2.0 fold. The lowest
concentrations at which significant induction of micronuclei was found were 3.2 uM for
lasiocarpine and riddelliine, 32 uM for retrorsine and echimidine, and 100 uM for
seneciphylline, europine, and lycopsamine. These results confirmed previously published

potency rankings in the micronucleus assay.

The same PAs, with the exception of seneciphylline, were also investigated in a crosslink-
modified comet assay, and reduced tail formation after hydrogen peroxide treatment was found
in all diester-type PAs. Meanwhile, an equimolar concentration of the monoesters europine and
lycopsamine did not significantly reduce DNA migration. Thus, the crosslinking activity was

related to the ester type.
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Next, the role of metabolic enzymes and membrane transporters in PA-induced genotoxicity
was assessed. Ketoconazole (CYP 450-3A4 inhibitor) prevented lasiocarpine-induced
micronucleus formation completely, while furafylline (CYP 450-1A2 inhibitor) reduced
lasiocarpine-induced micronucleus formation, but did not abolish it completely. This implies

that the CYP 450 enzymes play an important role in PA-induced genotoxicity.

Carboxylesterase 2 enzyme (CES 2) is commonly known to be involved in the detoxification of
xenobiotics. Loperamide (CES 2 inhibitor) yielded an increased formation of lasiocarpine-
induced micronuclei, revealing a possible role of CES-mediated detoxification in the genotoxicity
of lasiocarpine. Also, intracellular glutathione (GSH) plays an important role in the detoxification
of xenobiotics or toxins in the cells. Cells which had been pretreated with L-buthionine
sulfoximine (BSO) to reduce GSH content were significantly more sensitive for the induction of
micronucleus formation by lasiocarpine revealing the importance of GSH in PA-induced

genotoxicity.

Quinidine (Q) and nelfinavir (NFR) are OCT1 and OATP1B1 influx transporter inhibitors,
respectively, which reduced micronucleus induction by lasiocarpine (only quinidine
significantly), but not completely, pointing to a relevance of OCT1 for PA uptake in HepG2 cells.
Verapamil (V) and benzbromarone (Bz) are MDR1 and MRP2 efflux transporter inhibitors,
respectively, and they caused a slightly increased micronucleus induction by lasiocarpine
(significant only for benzbromarone) thus, revealing the role of efflux transporters in PA-

induced genotoxicity.

The mechanistic approach to PA-induced genotoxicity was further studied based on oxidative
stress via the formation of reactive oxygen species (ROS) in HepG2 cells. Overproduction of ROS
can cross-link cellular macromolecules such as DNA, leading to genomic damage. An equimolar
concentration of 10 uM of lasiocarpine (open-diester PA), riddelliine (cyclic-diester PA), and
europine (monoester) significantly induced ROS production, with the highest ROS generation
observed after lasiocarpine treatment, followed by riddelliine and then europine. No significant
increase in ROS production was found with lycopsamine (10 uM; monoester PA), even at a

higher concentration (320 uM). The generation of ROS by these PAs was further analyzed for
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confirmation by using 5 mM of the thiol radical scavenger antioxidant N-acetyl cysteine (NAC)
combined with lasiocarpine, riddelliine, or europine. This analysis yielded a significant decrease
in ROS after combining NAC with lasiocarpine, riddelliine, and europine. In addition,
lasiocarpine, riddelliine, and europine induced a loss of mitochondrial membrane potential,

pointing to mitochondria as the source of ROS generation.

In vivo, hepatic sinusoidal epithelial cells (HSECs) are known to be damaged first by PAs after
hepatic metabolisation, but HSECs themselves do not express the required metabolic enzymes
for activation of PAs. To mimic this situation, HepG2 cells were used to metabolically activate PA
in a co-culture with HeLa H2B-GFP cells as non-metabolically active neighbours. Due to the
green fluorescent GFP label the Hela cells could be identified easily based in the co-culture. The
PAs europine, riddelliine and lasiocarpine induced micronucleus formation in HepG2 cells, and
in HelLa H2B-GFP cells co-cultured with HepG2 cells, but not in HeLa H2B-GFP cells cultured
alone. Metabolic inhibition of CYP 450 enzymes with ketoconazole abrogated micronucleus
formation induced by the same PAs tested in the co-culture. The efflux transporter inhibitors
verapamil and benzbromarone reduced the micronucleus formation in the co-culture.
Furthermore, mitotic disturbances as an additional genotoxic mechanism of action were
observed in HepG2 cells and in HeLa H2B-GFP cells co-cultured with HepG2 cells, but not in Hela
H2B-GFP cells cultured alone. Overall, we were able to show that PAs were activated by HepG2
cells and the metabolites induced genomic damage in co-cultured non-metabolically active

green Hela cells.

Finally, in HepG2 cells as well as the co-culture, combinations of PAs lasiocarpine and riddelliine
favoured an additive effect rather than synergism. Thus, this study therefore provides support
that the assumption of dose-addition can be applied in the characterization of the genotoxicity

risk of PAs present in a mixture.
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9 ZUSAMMENFASSUNG

Krebs ist eine der haufigsten Todesursachen weltweit. Toxische Verunreinigungen in
Lebensmitteln oder pflanzlichen Arzneimitteln, wie Pyrrolizidinalkaloide (PAs), kbnnen zur
Krebsinzidenz beitragen. PAs kommen in vielen Pflanzenarten als Sekundarmetabolite vor.
Menschen kdonnen diese lber kontaminierte Nahrungsquellen, pflanzliche Arzneimittel und
Nahrungsergdanzungsmittel aufnehmen. Eine Vielzahl von Verbindungen, die zu
pyrrolizidinalkaloidhaltigen Substanzen (PAs) gehoren, wurden identifiziert. Diese unterscheiden
sich in ihrer chemischen Struktur entweder durch ihre Necinbaseneinheit oder ihre Veresterung
an der Necicsaureeinheit. Nach metabolischer Aktivierung in der Leber kénnen PAs
Hepatotoxizitat, Genotoxizitdt und Karzinogenitat induzieren. Jedoch ist der

Genotoxizitdatsmechanismus nicht vollstandig aufgeklart und erfordert weitere Untersuchungen.

Das Ziel dieser Studie liegt in der Untersuchung des Mechanismus der Genotoxizitat, die in vitro
durch bestimmte PAs mit unterschiedlicher chemischer Struktur induziert wird. Hierbei wurden
primar humane Hepatom-HepG2-Zellen verwendet sowie in Co-Kultur metabolisch aktive

HepG2-Zellen und nicht-metabolisch aktive humane zervikale HeLa H2B-GFP-Zellen.

Zunachst wurde die Genotoxizitat der PAs Europin, Lycopsamin, Retrorsin, Riddelliin,
Seneciphyllin, Echimidin und Lasiocarpin im Zytokinese-Block-Mikronukleus-Assay (CBMN)
untersucht. Die sieben (7) ausgewahlten PAs flihrten dosisabhangig zur Bildung von
Mikrokernen. Der maximale Anstieg der Mikronukleusbildung lag fiir alle PAs im Bereich des
1,64- bis 2,0-fachen des Ausgangswertes. Die niedrigsten Konzentrationen, bei denen eine
signifikante Induktion von Mikrokernen gefunden wurde, waren 3,2 uM fir Lasiocarpin und
Riddelliin, 32 uM fiir Retrorsin und Echimidin sowie 100 uM fir Seneciphyllin, Europin und
Lycopsamin. Diese Ergebnisse bestatigen zuvor veroffentlichte Potenz-Rankings im

Mikronukleus-Assay.

Die Genotoxizitat der gleichen PAs, mit Ausnahme von Seneciphyllin, wurde zusatzlich mittels
eines Crosslink-modifizierten Comet-Assay untersucht. Es wurde eine reduzierte Schweifbildung
nach der Behandlung mit Wasserstoffperoxid in allen PAs des Diestertyps gefunden, wahrend

eine dquimolare Konzentration der Monoester Europin und Lycopsamin die DNA-Migration
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nicht signifikant reduzierte. Dies deutet darauf hin, dass die Vernetzungsaktivitat von PAs auf

der Ester-Einheit beruht.

Als nachstes wurde die Rolle von Stoffwechselenzymen und Membrantransportern in der PA-
induzierten Genotoxizitat untersucht. Ketoconazol (CYP 450-3A4-Inhibitor) verhinderte die
Lasiocarpin-induzierte Mikronukleusbildung vollstandig, wahrend Furafyllin (CYP 450-1A2-
Inhibitor) die Lasiocarpin-induzierte Mikronukleusbildung reduzierte, aber nicht vollstandig
beseitigte. Dies deutet darauf hin, dass CYP 450-Enzyme eine wichtige Rolle bei der PA-

induzierten Genotoxizitat spielen.

Es ist allgemein bekannt, dass das Enzym Carboxylesterase 2 (CES-2) an der Entgiftung von
Xenobiotika beteiligt ist. Loperamid (CES-2-Inhibitor) fliihrte zu einer erhéhten Bildung von
Lasiocarpin-induzierten Mikrokernen, was auf eine mogliche Rolle der CES-vermittelten
Entgiftung bei der Genotoxizitat von Lasiocarpin hindeutet. Auch intrazelluldres Glutathion
(GSH) spielt eine wichtige Rolle bei der Entgiftung von Xenobiotika oder Toxinen. Zellen, die mit
L-Buthioninsulfoximin (BSO) vorbehandelt worden waren, um den GSH-Gehalt zu reduzieren,
waren signifikant empfindlicher fir die Induktion der Mikronukleusbildung durch Lasiocarpin,

was die Bedeutung von GSH fir die PA-induzierte Genotoxizitat zeigt.

Chinidin (Q) und Nelfinavir (NFR) sind OCT1- bzw. OATP1B1-Influx-Transporter-Inhibitoren, die
die Mikronukleus-Induktion durch Lasiocarpin reduzierten (nur Chinidin signifikant), aber nicht
vollstandig, was auf eine Relevanz von OCT1 fir die PA-Aufnahme in HepG2-Zellen
hindeutet.Verapamil (V) und Benzbromaron (Bz) sind MDR1- bzw. MRP2-Efflux-Transporter-
Inhibitoren und verursachten eine leicht erhohte Mikronukleus-Induktion durch Lasiocarpin
(signifikant nur fir Benzbromaron), was die Rolle von Efflux-Transportern bei der PA-induzierten

Genotoxizitat aufzeigt.

Der Mechanismus der PA-induzierten Genotoxizitat wurde auf der Grundlage von oxidativem
Stress durch die Bildung von reaktiven Sauerstoffspezies (ROS) in HepG2-Zellen weiter
untersucht. Eine Uberproduktion von ROS kann zelluldre Makromolekiile wie DNA vernetzen,
was zu genomischen Schaden fiihrt. Eine dquimolare Konzentration von 10 uM von Lasiocarpin

(Open-Diester PA), Riddelliin (Cyclic-Diester PA) und Europin (Monoester) induzierte signifikant
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die ROS-Produktion, wobei die hochste ROS-Erzeugung nach Lasiocarpin-Behandlung
beobachtet wurde, gefolgt von Riddelliin und Europin. Mit Lycopsamin (10 uM; Monoester PA)
wurde auch bei héherer Konzentration (320 uM) keine signifikante Steigerung der ROS-

Produktion gefunden.

Um die Beteiligung von ROS am Mechanismus der Genotoxizitat einzelner PAs genauer zu
betrachten und die bisherigen Ergebnisse zu bestatigen, wurden weitere Untersuchungen in
Anwesenheit des Sauerstoffradikalfangers N-Acetylcysteine (NAC) in Kombination mit
Lasiocarpin, Riddelliin oder Europin durchgefiihrt. Diese Analyse ergab eine signifikante
Abnahme der ROS-Produktion nach der Kombination von NAC mit Lasiocarpin, Riddelliin und
Europin. Dariber hinaus induzierten Lasiocarpin, Riddelliin und Europin Veranderungen im
mitochondrialen Membranpotenzial. Dies deutet darauf hin, dass ROS vermehrt in den

Mitochondrien der Zellen gebildet werden.

Aus in vivo Daten ist bekannt, dass hepatische sinusoidale Epithelzellen (HSECs) die Zelltypen
innerhalb der Leber sind, die nach der metabolischen Aktivierung von PAs zuerst geschadigt
werden. Jedoch exprimieren HSECs nicht die erforderlichen Stoffwechselenzyme fiir die
Aktivierung von PAs. Um diese Situation nachzuahmen, wurden HepG2-Zellen verwendet, um
PAs in einer Kokultur mit HeLa H2B-GFP-Zellen als nicht-metabolisch aktive Nachbarn
metabolisch zu aktivieren. Durch die griin fluoreszierende GFP-Markierung konnten die Hela-
Zellen in der Co-Kultur leicht identifiziert werden. Die PAs Europine, Riddelliin und Lasiocarpin
induzierten die Bildung von Mikrokernen in HepG2-Zellen und in HeLa H2B-GFP-Zellen, die mit
HepG2-Zellen kokultiviert wurden, jedoch nicht in HeLa H2B-GFP-Zellen, die allein kultiviert
wurden. Die metabolische Hemmung von CYP 450-Enzymen mit Ketoconazol hob die
Mikronukleusbildung, welche durch die zuvor getesteten PAs induziert wurde, auf. Die Efflux-
Transporter-Inhibitoren Verapamil und Benzbromaron reduzierten die Mikronukleusbildung in
der Kokultur. Dartiber hinaus wurden mitotische Stérungen als zusatzlicher genotoxischer
Wirkmechanismus in der Co-Kultur aus HepG2-Zellen und in HeLa H2B-GFP-Zellen beobachtet,
jedoch nicht in HeLa H2B-GFP-Zellen, die allein kultiviert wurden. Zusammengefasst deuten

diese Ergebnisse darauf hin, dass PAs durch HepG2-Zellen bioaktiviert werden kénnen und aus
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PAs gebildete Metabolite genomische Schaden in kokultivierten, nicht-metabolisch aktiven

Hela-Zellen induzierten.

AbschlieBend zeigen Kombinationen der PAs Lasiocarpin und Riddelliin sowohl in HepG2-Zellen
als auch in der Co-Kultur eher einen additiven Effekt als einen Synergismus. Diese Studie liefert
daher Unterstitzung fir die Annahme, dass die Dosisaddition zur Charakterisierung des

genotoxischen Risikos von in einem Gemisch vorhandenen PAs angewendet werden kann.
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13. APPENDIX

I). Tables on Dose Response of selected PAs in Rifampicin-pretreated HepG2

cells

Figure 19a: Europine (Ep)

GROUPS Total MNi +SD #MNi £SD CBPI £ SD Apo cells+SD  Mitcells£SD  Other cells = SD
Co adlze 33+3.88 1.858+0.10 9+4.13 12 +3.38 11+4.19
Ep1l 29+10.96 31+11.31 1.882+0.05 5+2.47 16+8.13 12+4.24
Ep 3.2 36+4.24 40+6.36 1.802+0.10 10+1.41 14+ 460 14+2.47
Ep 10 42+9.26 44 +10.32 1.814+0.05 9+4.387 15+4.11 16+2.10
Ep 32 45 +£10.87 48 +12.42 1.801+ 0.05 8+5.31 11+3.84 17+2.14
Ep 100 62 £9.42% 71+11.33% 1.822 £0.07 14+6.75 15+3.03 21+6.79
Ep 320 67 +£9.49* 76 + 14.34* 1.704 + 0.04* 14+6.75 16+ 2.97 15+4.42
Ep 1000 55 +7.65* 71+ 12.80* 1.422 +0.08* 28 +11.15% 6+5.11 11+5.87

Note: Europine (Ep; monoester PA) in rifampicin-pretreated HepG2 cells *p<0.05 compared to Co (solvent control). Concentrations of europine
are in micromolar (uM). Total MNi= number of cells containing micronucleus in a 1000 binucleated cells; #MNi= number of micronucleus in 1000
binucleated cells; CBPI= cytokinesis-block proliferation index; Apo cells= number of apoptotic cells in 1000 cells; Mit cells= number of mitotic
cells in 1000 cells; and other cells= represent abnormal cells in terms of their shapes, nuclear buds and/or nuclear bridges. Results are displayed
as mean * standard deviation (SD) from n=5.

Figure 19b: Lycopsamine (Ly)

GROUPS Total MNi £SD #MNi £SD CBPI £SD Apo cells=SD  Mitcells£SD  Othercells = SD
Co 33+4.77 35 L5130 1.877 £0.10 8+3.01 13+2.81 11+4.03
ly1l 28+ 4.60 30+5.30 1.935+0.07 7+1.41 17+3.54 12+0.35
Ly 3.2 33+4.24 34+3.89 1.864 +0.03 10+ 2.12 15+5.30 13+£4.95
Ly 10 37+2.25 41+361 1.828 +£0.08 7+3.19 12 +4.57 12+2.99
Ly 32 38 L5 76 44 + 6.50 1.818 £0.10 10+ 5.52 10+3.84 13-t 3.09
Ly 100 40 +3.82* 46 +4.57* 1.871+0.07 10+ 4.17 13+3.75 15+ 3.57
Ly 320 5372 7% 58 + 8.59* 1.832+0.09 11+3.62 14 +7.97 14+2.40
Ly 1000 54 +4.66* 60 £5.10* 1.655+ 0.02* 20+ 9.06* 17+7.34 14+ 4.09

Note: Lycopsamine (Ly; monoester PA) in rifampicin-pretreated HepG2 cells *p<0.05 compared to Co (solvent control). Concentrations of
lycopsamine are in micromolar (uM). Total MNi= number of cells containing micronucleus in a 1000 binucleated cells; #MNi= number of
micronucleus in 1000 binucleated cells; CBPI= cytokinesis-block proliferation index; Apo cells= number of apoptotic cells in 1000 cells; Mit cells=
number of mitotic cells in 1000 cells; and other cells= represent abnormal cells in terms of their shapes, nuclear buds and/or nuclear bridges.
Results are displayed as mean + standard deviation (SD) from n=5.
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Figure 19c: Retrorsine (RT)

GROUPS Total MNi +SD #MNi £SD CBPI £SD Apo cells+SD  Mitcells+=SD  Other cells + SD
Co 27 £3.06 31+5.30 1.911+0.04 2+0.58 10£1.61 12 +3.51
RT 1 32+4.19 35+4.75 1.808 + 0.05 4+1.00 8+3.77 13+3.79
RT 3.2 37+8.22 41 +8.55 1.842 +0.02 4+1.32 9+2.18 8+0.87
RT 10 44 +9.00* 51+12.62 1.811+0.05 5+1.00 7+£2.29 12+1.61
RT 32 52 +1.89* 60+ 3.69* 1.842 +0.04 8 +2.84* 6+1.44 12+ 3.55
RT 100 54+ 12.87* 62+ 16.69* 1.825+0.02% 6+1.32% 10+ 4.37 13+4.16

Note: Retrorsine (RT; cyclic-diester PA) in rifampicin-pretreated HepG2 cells *p<0.05 compared to Co (solvent control). Concentrations of
retrorsine are in micromolar (uM). Total MNi= mean number of cells containing micronucleus in a 1000 binucleated cells; #MNi= mean number
of micronucleus in 1000 binucleated cells; CBPI= cytokinesis-block proliferation index; Apo cells= mean number of apoptotic cells in 1000 cells;
Mit cells= mean number of mitotic cells in 1000 cells; and Other cells= represent abnormal cells in terms of their shapes, nuclear buds and/or
nuclear bridges. Results are displayed as mean * standard deviation (SD) from n=3.

Figure 19d: Riddelliine (Rid)

GROUPS Total MNi £SD #MNi £SD CBPI £5SD Apo cells=SD Mitcells£SD  Othercells £ SD
Co 27+3.06 31+5.30 1.911+0.04 2+0.58 10+1.61 12+3.51
Rid 1 29+3.97 32+6.35 1.868 £ 0.03 4 +£0.58*% 10+ 2.08 7+2.65
Rid 3.2 35+4.27 40+1.80* 1.832 £ 0.05 3+2.02 10+2.47 6+ 1.04
Rid 10 38 +0.76* 45+3.82% 1.851+0.03 4 +£0.50* 10+ 3.04 8+2.00
Rid 32 2= akilG 60+16.63* 1.840£0.03 5+1.26* 9+5.13 7 153
Rid 100 55+ 7.05* 61+6.11* 1.807 +0.03* 5+1.76* 9+0.29 8+4.54

Note: Riddelliine (Rid; cyclic-diester PA) in rifampicin-pretreated HepG2 cells *p<0.05 compared to Co (solvent control). Concentrations of
riddelliine are in micromolar (uM). Total MNi= number of cells containing micronucleus in a 1000 binucleated cells; #MNi= number of
micronucleus in 1000 binucleated cells; CBPI= cytokinesis-block proliferation index; Apo cells= number of apoptotic cells in 1000 cells; Mit cells=
number of mitotic cells in 1000 cells; and other cells= represent abnormal cells in terms of their shapes, nuclear buds and/or nuclear bridges.
Results are displayed as mean + standard deviation (SD) from n=3.

Figure 19e: Seneciphylline (Sc)

GROUPS Total MNi £5D #MNi £SD CBPI1£SD Apocells=SD Mitcells=SD  Other cells £ SD
Co 26+ 6.38 28+7.42 1.854 + 0.05 3+202 8+4.36 11+4.19
Sc1l 29+0.76 3247115 1.810+0.07 54173 10+ 3.04 11+7.37
Sc3.2 35+£4.36 41+6.83 1.802 £ 0.05 5+2.50 10+ 5.07 9+1.53
Sc 10 34+2.52 38+3.82 1.820£0.05 4+2.29 9+1.61 15+3.18
Sc32 35+4.36 38+4.00 1.801+ 0.05 8+5.01 12+4.01 8+3.51
Sc 100 47 +£6.01* 53+6.33* 1.764 £ 0.07 8+4.37 11+ 2.57 16+ 4.19

Note: Seneciphylline (Sc; cyclic-diester PA) in rifampicin-pretreated HepG2 cells *p<0.05 compared to Co (solvent control). Concentrations of
seneciphylline are in micromolar (uLM). Total MNi= number of cells containing micronucleus in a 1000 binucleated cells; #MNi= number of

micronucleus in 1000 binucleated cells; CBPI= cytokinesis-block proliferation index; Apo cells= number of apoptotic cells in 1000 cells; Mit cells=

number of mitotic cells in 1000 cells; and other cells= represent abnormal cells in terms of their shapes, nuclear buds and/or nuclear bridges.

Results are displayed as mean + standard deviation (SD) from n=3.
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Figure 19f: Echimidine (ED)

GROUPS Total MNi £SD #MNi £SD CBPI£SD Apo cells=SD  Mitcells+SD  Othercells £ SD
Co 27+4.60 28+5.26 1.849+0.05 3+1.64 9+3.44 1143.21
ED1 30+4.92 34+4.28 1.785+0.04 6+1.52% 11+2.31 13+5.56
ED 3.2 33+3.15 36+4.01 1.809+0.05 7+2.15% 9+2.93 14+5.18
ED 10 44+15.70 49+19.36 1.7944+0.03 7+£1.29* 10+£5.61 15+4.65
ED 32 41+3.44% 46+7.50* 1.765+0.09 9+2.72*% 10+4.19 13+45.23
ED 100 44+7.82* 47+8.60* 1.802+0.04 12+3.95* 10+2.38 13+4.59
ED 320 51+3.18* 59+5.66* 1.752+0.04 10+1.53* 10+0.71 15+1.77

Note: Echimidine (ED; open chain-diester PA) in rifampicin-pretreated HepG2 cells *p<0.05 compared to Co (solvent control). Concentrations of
echimidine are in micromolar (uM). Total MNi= number of cells containing micronucleus in a 1000 binucleated cells; #MNi= number of
micronucleus in 1000 binucleated cells; CBPI= cytokinesis-block proliferation index; Apo cells= number of apoptotic cells in 1000 cells; Mit cells=
number of mitotic cells in 1000 cells; and other cells= represent abnormal cells in terms of their shapes, nuclear buds and/or nuclear bridges.

Results are displayed as mean + standard deviation (SD) from n=5.

Figure 19g: Lasiocarpine (Las)

GROUPS Total MNi £SD #MNi £ SD CBPI £SD Apo cells=SD Mitcells£SD Othercells £ SD
Co 27+4.09 29+3.51 1.944+0.07 2+1.3 17+£7.55 10+£3.28
Las 0.1 30+1.73 33+0.76 1.872+0.07 2+0.8 12+1.61 94+3.21
Las 0.32 33+3.00 37+3.97 1.870+0.09 3+15 10+5.35 11+1.04
Las 1 35+4.65 38+5.06 1.836+0.08 3+0.0 16+5.80 10+2.60
Las 3.2 51+4.93* 56+5.41* 1.814+0.09 4+1.5 15+5.11 9+3.51
Las 10 52+9.29* 59+9.73* 1.784+0.00* 6+1.0* 13+4.93 6+2.52

Note: Lasiocarpine (Las; open chain-diester PA) in rifampicin-pretreated HepG2 cells *p<0.05 compared to Co (solvent control). Concentrations
of lasiocarpine are in micromolar (uM). Total MNi= number of cells containing micronucleus in a 1000 binucleated cells; #MNi= number of
micronucleus in 1000 binucleated cells; CBPI= cytokinesis-block proliferation index; Apo cells= number of apoptotic cells in 1000 cells; Mit cells=
number of mitotic cells in 1000 cells; and other cells= represent abnormal cells in terms of their shapes, nuclear buds and/or nuclear bridges.

Results are displayed as mean + standard deviation (SD) from n=3.
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IT). Cross-reactivity analysis of chemical inhibitors on Influx-mediated

transporters
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Figure 56: Cross-reactivity analysis of chemical inhibitors on membrane transporters based on accumulation and/or retention of
the probe substrate dyes. Graph (a): analysis of OCT1-influx mediated transporter based on the uptake of probe substrate dye
ethidium bromide (EtBr; for OCT1).. Graph (b): analysis of OATP1B1 -influx mediated transporters based on uptake of probe
substrate dye sodium fluorescein (NaFLuo; for OATP1B1).Graph (c): analysis of MDR1 -efflux mediated transporter based on
accumulation of probe substrate dye calcein-AM (MDR1). Graph (d): analysis of MRP2 -efflux mediated transporter based on

retention of probe substrate dye calcein (for MRP2). Co= solvent control; Kz 1= ketoconazole 1 uM; Rif 20: rifampicin 20 uM; F1:
furafylline 1 uM; and Lp 2.5= loperamide 2.5 uM.
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I1I). Tables on PAs of different ester type in HeLa H2B-GFP only cultured cells,

co-culture system, and HepG2 only cultured cells

Figure 46a: Lasiocarpine (Las)

GROUPS Total MNi £SD #MNi £SD CBPI £SD Apo cells£SD  Mitcells£SD Others cells £ SD
Co (Hela) 23+5.70 24+ 6.50 1.919+0.04 65 +38.84 62 +29.28 10+5.49
Co (HepG2+Hela) 24+3.72 26+3.79 1.868+0.03 37+7.96 88 +11.75 10+4.87
Co (HepG2) 28+4.25 31+6.00 2.020+ 0.05 5+153 21+1.80 47+ 26.25
Las 10 (Hela) 24+3.17 26+ 3.83 1.895+ 0.05 76 +£54.52 66 +21.00 10+ 4.80
Las 10 (HepG2+Hela) 56+ 5.92*%# 64 +7.56%# 1.809+ 0.03*# 44 +452 87+5.34 11+5.85
Las 10 (HepG2) 60+ 6.25A 73 +£11.30A 1.909+0.17 7+4.44 24+8.13 44+24.03

Note: Lasiocarpine (Las; open chain-diester PA) in HeLa H2B-GFP only cultured cells (HeLa), co-culture system (HeLa+HepG2) and HepG2 only
cultured cells (HepG2). *p<0.05 compared to solvent control in HeLa H2B-GFP only cultured cells (DMSO; HeLa H2B-GFP). #p<0.05 compared to
solvent control in co-culture system (DMSO; combination of HepG2+HelLa H2B-GFP). AP<0.05 compared to solvent control in HepG2 cells
(DMSO; HepG2). Co= solvent control; Las= lasiocarpine 10 uM. Results are displayed as mean + standard deviation (SD) from n=3.

Figure 46b: Riddelliine (Rid)

GROUPS Total MNi £SD #MNi £SD CBPI £SD Apo cells=SD Mitcells£SD Othercells £ SD
Co (Hela) 26+ 4.57 29+ 4.82 1.949+ 0.02 50+ 11.17 90+ 23.46 12 +6.54
Co (HepG2+Hela) 24+ 6.24 27+6.25 1.883+0.07 27+15.23 74+ 17.76 7+1.89
Co (HepG2) 26+5.51 20+ 6.64 2.033+0.04 5+3.12 95+52.76 22+8.58
Rid 100 (HelLa) 30+ 3.06 33+4.16 1.949+0.01 56 +£19.40 64+ 7.97 13+6.08
Rid 100 (HeLa+HepG2) 45+5.11%% 55+ 11.13*%# 1.879 + 0.04* 30+8.25 24+ 4.19% 7+3.25
Rid 100 (HepG2) 56 = 10.56A 67 £13.07A 1.995+0.02 7+£1.32 26+ 5.86 33+ 15.60

Note: Riddelliine (Rid; cyclic-diester PA) in HeLa H2B-GFP only cultured cells (HelLa), co-culture system (HeLa+HepG2) and HepG2 only cultured
cells (HepG2). *p<0.05 compared to solvent control in HeLa H2B-GFP only cultured cells (DMSO; HeLa H2B-GFP). #p<0.05 compared to solvent
control in co-culture system (DMSO; combination of HepG2+HelLa H2B-GFP). AP<0.05 compared to solvent control in HepG2 cells (DMSO;
HepG2). Co= solvent control; Rid 100= riddelliine 100 uM. Results are displayed as mean + standard deviation (SD) from n=3.

Figure 46c¢: Europine (Ep)

GROUPS Total MNi £SD #MNi £SD CBPI £ SD Apo cells £SD  Mitcells £SD Others cells £ SD
Co (Hela) 23+1.04 25+1.61 1.936+0.03 45+5.11 84+ 17.50 11+8.95
Co (HepG2+Hela) 19+ 2.27 23+558 1.874+£0.08 35+11.47 65+23.15 10+ 0.29
Co (HepG2) 28+ 4.04 30+4.91 2.009 + 0.04 4+293 26+4.16 23+2.36
Ep 320 (Hela) 32+6.61 35+8.55 1.905+0.06 36+3.55 79+7.42 8+3.88
Ep 320 (HepG2+Hela) 61+ 2.02*%# 73 £ 5.48%# 1.816+0.08 33+13.86 78 +2.90 11+3.77
Ep 320 (HepG2) 76+9.18A 89=11.72A 1.923 +0.05A 9+3.50 17 £1.89A 24+9.30

Note: Europine (Ep; monoester PA) in HeLa H2B-GFP only cultured cells (HeLa), co-culture system (HeLa+HepG2) and HepG2 only cultured cells
(HepG2). *p<0.05 compared to solvent control in HeLa H2B-GFP only cultured cells (DMSO; HeLa H2B-GFP). #p<0.05 compared to solvent
control in co-culture system (DMSO; combination of HepG2+HelLa H2B-GFP). AP<0.05 compared to solvent control in HepG2 cells (DMSO;
HepG2). Co= solvent control; Ep 320= europine 320 uM. Results are displayed as mean + standard deviation (SD) from n=3.
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1V). Mitotic Stages Indexes
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Figure 57: Mitotic stages index in HeLa H2B-GFP cells in co-culture, HepG2 only cultured cells, and HeLa H2B-GFP only cultured
cells. Graph (a); represent prophase. Graph (b); represent metaphase index. Graph (c); represent anaphase index. Graph (d);
represent telophase index. Each mitotic stage index is represented in percentage (%) against a total number of mitotic cells
counted in a 1000 nuclei cells. Results are presented as mean  standard deviation (SD) of three replicates within the same
experiment and *p<0.05 compared to PBS as solvent control; #p<0.05 compared to DMSO as solvent control; Vp<0.05
significant decrease effect against DMSO as solvent control. PBS= solvent control used for vincristine; DMSO= solvent control
used for PAs; Vin 10 ng/ml= vincristine 10 ng/ml; Las 10 uM= lasiocarpine 10 uM; Rid 100 uM-= riddelliine 100 uM; Ep 160 uM=
europine 160 pM.
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