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Abstract

Lindholm, P. 2005. Cytotoxic Compounds of Plant Origin — Biological and Chemical
Diversity. (Cytotoxiska foreningar fran vaxter — biologisk och kemisk diversitet). Acta
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The development of resistance by tumour cells to chemotherapeutic agents is a major problem
in cancer treatments. One way to counter this is to find compounds with cytotoxic
mechanisms other than those of drugs in clinical use today. The biological and chemical
diversity encountered in Nature provide opportunities to discover completely new chemical
classes of compounds. Some of these may represent previously unknown anticancer agents,
and in some cases, novel, potentially relevant cytotoxic mechanisms.

The selection of plants for the cytotoxic investigation in this project was designed to cover
large parts of the angiosperm system, providing a broad representation of species. Extracts of
the plants were subjected to a polypeptide fractionation protocol, followed by bioassay-guided
isolation, yielding series of fractions with increasing purity and cytotoxicity. The cytotoxicity
assay included tumour cells from patients and a cell-line panel including ten different cell
lines representing several types of resistant and non-resistant tumours. This screening strategy
allowed fractions and compounds acting with novel mechanisms to be detected at an early
stage.

The compounds isolated represent substantial chemical diversity and originate from diverse
parts of the phylogenetic spectrum examined. They include the highly potent cytotoxic
alkaloid, thiobinupharidine, the structure of which was determined by NMR techniques.
Furthermore, two types of compound were shown to have previously unreported cytoxic
activity: cyclotides (small macrocyclic polypeptides, in this case from violets) and
polypeptides, possibly of thionine type, of loranthaceaeous mistletoes (collected in Panama).
The well known cardiac glycosides from the foxglove, Digitalis, were identified as being
responsible for the anti-tumour activity of this species.

In conclusion, the results obtained in this project show that selection based on phylogenetic
information, together with a robust and reliable method to detect cytotoxicity, can be a useful
approach for exploring the plant kingdom for cytotoxic substances.
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Introduction

Cytotoxicity

When a compound is described as being toxic we mean it is “poisonous”.
However, everything is toxic in excessive doses, as expressed by the maxim
Dosis sola facit venenum (Dosage alone makes the poison), attributed to
Paracelcus (1493-1541). Analogously, cytotoxicity means toxicity to the
cells. But in the search for cytotoxic compounds with potential as anticancer
drugs, not all compounds that exhibit cytotoxicity are of interest. The doses
and concentrations required are highly relevant, as is the need for the
compounds to meet key clinical criteria. The demonstrated cytotoxicity
should preferably be of a level, and mediated through a mechanism, that
allows healthy cells to survive, but not tumour cells. The primary goal for
cytotoxic drugs, or cytostatic agents, is to prevent the growth of cancer cells.
This is usually achieved by targeting mechanisms that directly affect DNA
replication or transcription, or by disturbing functions of the cell that are
important in mitosis. Since cytotoxic compounds affect all cells, there are
inevitably side effects, but the healthy cells can usually cope with them or
repair the resulting damage more easily than tumour cells. However,
tumorous cells often develop resistance to cytotoxic compounds. Thus,
selectivity and resistance are major issues in attempts to identify such
compounds, both of which are discussed below.

Cancer and chemotherapy

Cancer is a term describing conditions characterized by uncontrolled cellular
proliferation and differentiation (Ponder 2001). These are very common
diseases (41400 new cases were reported in Sweden in 2003) and their
incidence is increasing at an average annual rate of 1.2%. Furthermore, the
prevalence, the number of persons resident in Sweden with a diagnosed
cancer, is increasing by as much as 3% per year. The main factors
responsible for this trend are the increasing average age of the population
(which accounts for about half of this increasing incidence) and
improvements in diagnostic methods. There has also been an increase in the
age-adjusted incidence, and improvements in treatment strategies, which
have resulted in prolonged survival of patients with chronic cancer disease,



demonstrating the growing needs for additional means of therapy, and both
palliative and curative treatments. The strategies available today, however
sophisticated, are only able to treat (with curative intention) 60% of the cases
— while 40% of these diagnosed with cancer will eventually die of their
disease (Verweij and Jonge 2000; Talbéck et al. 2003; Socialstyrelsen 2004).

The development of cancer, carcinogenesis, is a multistage process. The
initiating agent, the carcinogen, is any substance or agent that increases the
incidence of tumours, e.g. a virus, an exogenous chemical compound, or
ionizing radiation. These carcinogens may be excreted (chemicals),
deactivated (chemicals or radiation), or inhibited (viruses) after entering the
body. There is a high risk that any carcinogen that is not neutralised by one
of these mechanisms will activate a normal cell and eventually induce a
genetic mutation. The first step, known as the initiating step, is when a
carcinogen interacts with DNA, thereby modifying a gene, causing strands to
break or, more often, reacting with a nucleotide and thus forming an adduct.
If the genome happens to be replicated before the damage is enzymatically
repaired, a DNA polymerase may replicate the injured sequence and
permanently fix an inheritable error in the genome. In most cases this will
not affect the cell, but if the modification occurs in a coding sequence, or
some other essential element, e.g. a transcription promoter region, the cell
may grow or develop abnormally.

The initiated cell is further stimulated to proliferate by promoters and may
eventually develop into a benign tumour, or preneoplastic lesion. This
happens through the promotion or selective clonal expansion step,
characterised by the development of defects in terminal differentiation and
growth control. The benign tumour may then further develop, via the con-
version or progression step, into a malign tumour, undergoing more changes
that increase the probability that it will become neoplastic. Each of these
steps can be activated by onco genes (e.g. ras and myc) or deactivated by
suppressor genes (e.g. Rb and p53).

A malign tumour, which is less regulated than a benign tumour, may
convert over time into a primary tumour, thus becoming a “clinical cancer”.
The primary tumour cells can subsequently pass through a progression of
steps leading to a heterogenic tumour, which can begin to form metastases.
These are cancer cells that invade surrounding tissues, transported via the
blood or lymphatic system, and attach to target organs, then invade, and
grow, eventually forming a metastatic colony within the target organ. The
stepwise process of carcinogenesis requires multiple genetic changes, and
often mutations.

Chemotherapy has been used in cancer treatment for more than 50 years,
sometimes in combination with or parallel to surgery and radiotherapy, and
has proven to be one of the most efficient strategies for treating cancer.
Chemotherapy is most often directed towards proliferating cells, and chemo-
therapeutic agents may be administered by injection directly into the
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bloodstream or absorbed into the blood after oral dosing. In contrast to
surgery and radiotherapy, chemotherapy is a form of systemic therapy as the
dose is distributed throughout the body. This means that undesired side
effects may occur, but also that chemotherapy is the only conventional
method that has the potential to treat every malignant cell of a metastatic
cancer. This is a great advantage due to the technical difficulties involved in
locating metastatic cells.

The first modern chemotherapeutic agents were products of programs
designed to prepare for chemical warfare during the First World War.
Studies of the toxic effects of exposure to mustard gas led to the observation
that alkylating agents can cause marrow and lymphoid hypoplasia. This led
in 1943 to the first documented treatment of a patient with lymphoma, but
the results were not published until 1946 (Gilman 1963).

There are 76 registered chemotherapeutic substances in clinical use for
cancer treatment in Sweden today (S.-E. Hillver, MPA, personal
communication; FASS 2005). According to a recent SBU (the Swedish
Council on Technology Assessment in Health Care) report (Glimelius et al.
2001) these chemotherapeutic drugs can be classified into seven main groups
based on their mechanisms of action: (1) alkylators and alkylator-like agents;
(2) antimetabolites; (3) DNA interacting agents; (4) membrane perturbers;
(5) topoisomerase (topo) inhibitors; (6) microtubuli interacting agents; and
(7) amino acid depletors. Examples of drugs from these groups are shown in
Table 1.

Table 1. Classification of chemotherapeutic agents.

Mechanism of action Drug example(s)

Alkylation melphalan

Antimetabolism methotrexate

DNA interaction bleomycin

Membrane perturbation miltefosin

Topoisomerase (topo) inhibition doxorubicin, podophyllotoxin
Microtubuli interaction vincristine, paclitaxel

Amino acid depletion asparaginase

Mechanisms of action and cellular resistance

The resistance of tumour cells to chemotherapeutic agents is a major
problem in the clinical treatment of cancer. Tumours occasionally develop
mechanisms of cellular resistance to the cytotoxic activity of certain chemo-
therapeutic agents, a syndrome known as multidrug resistance, MDR (Ford
1995). Tumours can develop this resistance to several drugs after a single
drug has been administrated due to changes in the genome and/or the
stimulated expression of specific key proteins (such as absorbing proteins,
detoxifying enzymes, or target proteins) a phenomenon known as acquired
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resistance. A tumour that initially responded to chemotherapeutics, will then
eventually progress in spite of continued treatment (Hellman and Vokes
1996; Lehnert 1996). The development of MDR has been clinically
observed as a response to several chemotherapeutic agents such as the
Vinca-alkaloids, anthracyclines, antibiotics, and epipodophyllotoxins (Beck
et al. 1987; Danks ef al. 1987).

Tumour cell resistance mechanisms are largely related to the primary
targets of drug action described earlier, such as interference with
transcription, DNA synthesis and mitosis, blockage or equilibrium
disturbance of polymerisation and depolymerisation of microtubules, DNA
strand breaks, and binding to plasma membranes. Figure 1 summarizes the
key enzymes or proteins that are targets of, or act on, different anticancer
agents. Their inhibition or altered expression has been traditionally regarded
as being related to cellular and molecular drug mechanisms. However, novel
concepts, related to cell cycle or cell death proteins, also need to be
considered in attempts to describe and understand a drug's anticancer
mechanism (Hellman and Vokes 1996; Beck and Dalton 1997).

Several processes are presumed to be involved in the development of
resistance, such as alterations in drug accumulation; changes in sub-cellular
drug distribution, leading to altered drug concentrations at the target sites;
differences in DNA repair capabilities; and changes in cellular metabolic
systems that facilitate detoxification of the agent (Bellamy et al. 1991).
MDR in tumour cell lines has been linked in some cases to over-expression
of P-glycoproteins (P-gp) or MDR-associated proteins (MRP). Both P-gp
and MRP are members of the ATP-binding (adenosine triphosphate-binding)
cassette superfamily, also known as the ABC-superfamily, of membrane
transport proteins. Increased expression of these membrane transport
proteins decreases drug accumulation in the cell, alters the sub-cellular drug
distribution, or both (Gollapudi et al. 1997). One way to overcome
resistance problems resulting from the over-expression of P-gp or MRP is to
develop chemosensitizers for MDR cells, called MDR-modulators.
Inhibition of P-gp activity (Ford 1995), or inhibition of substances with se-
lective or enhanced activity in MRP over-expressed cells are other
possible strategies. One such substance, probenicid, reverses MDR in certain
cell lines, albeit not in P-gp over-expressed cell lines (Gollapudi ef al. 1997).

Clinical resistance may be caused by numerous additional factors, which
differ between tumour cells as well as between patients. Apart from
resistance at the cellular level, clinical resistance can also be caused by the
degradation of anti-tumour drugs, resulting in the doses applied being
insufficient to kill the targeted cells (Larsson and Nygren 1993).
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Figure 1. Cellular mechanisms of drug resistance. Targets or actions of different
anticancer agents. Redrawn after Beck and Dalton (1997).

Solid tumours such as non-small cell lung cancer (NSCLC), renal
carcinoma, and gastrointestinal carcinoma are among several other types of
tumour that have an initial drug resistance (Glimelius et al. 2001).

Others types of tumour, such as small cell lung cancer (SCLC), ovarian
cancer, and leukaemia, may respond initially to applied drugs, but then
develop clinical resistance later. In such cases resistance often develops not
only to the drugs initially used, but also to drugs that the patient has never
previously been exposed to. This phenomenon, known as cross-resistance, is
analogous to patterns observed in many cases of allergy (Mirski et al. 1987,
Bellamy et al. 1991; Botling et al. 1994), which appears to be due to
different allergens having sufficient functional resemblance to induce similar
responses.

The actual mechanisms of action are still unclear for many drugs used in
cancer treatment. These drugs can, nonetheless, be roughly classified by
testing them on a cell-line panel representing several types of resistant or
non-resistant tumours. The activity profile, i.e. the distribution of activity
efficiency across cell lines of each compound or drug can be compared with
that of substances with known anticancer mechanisms. In this way it is
possible to suggest a classification of each compound according to its mode
of action (Boyd and Paull 1995; Dhar et al. 1996). A profile with little or no
correlation to any of the previously studied substances that have well-
defined mechanisms is tentatively thought to represent a new mechanism
(Dhar et al. 1996; 1998).
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Anticancer drugs and natural products

From the above discussion on MDR and mechanisms of action of anti-cancer
drugs, it is evident that a wide array of selective and potent compounds is
needed to match the growing problems associated with cancer.

Natural products play an important role in chemotherapy (Pezzuto 1997;
Cragg 1998; Lee 1999; 2004; Schwartsmann 2000). They offer a valuable
source of compounds with a wide variety of biological activities and
chemical structures, and provide important prototypes for the development
of novel drugs (Cassady et al. 1981; Cragg 1998; Verpoorte 1998;
Vuorela et al. 2004). This is also true for anticancer agents, most of which
have been derived from natural sources; directly as pure, native compounds,
or as semisynthetic analogues, or as models for synthetic compounds. Some
anticancer drugs of natural origin in clinical use in Sweden (FASS 2005) are
listed in Table 2. Chemical structures of selected drugs representing several
different mechanisms and compound classes, are given in Figure 2.

Anticancer drugs of natural origin, and their semisynthetic analogues,
exert their effects (on the cancer cell) with distinct, definable mechanisms.
For example, the topoisomerase inhibitors, of which podophyllotoxin, topo-
tecan, and etoposide are examples, interfere with transcription, DNA
synthesis, and mitosis by blocking the enzymes DNA topoisomerase I and II.
In contrast, the Vinca-alkaloids and taxanes, e.g. vincristine and paclitaxel,
block the polymerisation and depolymerisation, respectively, of microtubuli,
thereby interfering with key steps in cell division, such as organisation of the
mitotic spindle and thus the mitotic arrangement of the chromosomes.

Camptothecin promotes DNA-strand breaks, thus disturbing DNA
replication, whereas anthracyclines, including doxorubicin and daunorubicin,
likely have multiple sites of action that include intercalation into DNA,
inhibition of DNA topoisomerase II, production of free radicals, and binding
to plasma membranes (e.g. Beck and Dalton 1997; Glimelius et al. 2001).

The biodiversity and chemodiversity encountered in nature also provide
opportunities to discover completely new chemical classes of compounds
(Cassady et al. 1981), some of which may represent previously unknown
anticancer agents, and consequently, novel and potentially relevant
mechanisms (Schwartsmann 2000).
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Table 2. Examples of anticancer substances of natural origin, and selected
drugs in which the compounds are used; their origin, therapeutic use, first
scientific report, developmental status, and a brief description of their

mechanism of action, when known (cited references and Farnsworth 1988).

Substance
& drug name

Origin

Therapeutic use

Publication

Mechanism of action

Camptothecin Alkaloid first found in Used clinically in China 1966 (Wall et al. Enhances binding of
Camptotheca acuminata against gastrointestinal 1966) topoisomerase I to DNA,
tumours thus promoting DNA
strand breaks
Daunorubicin Streptomyces peuceticus Antineoplatsic agent 1964 (Arcamone et Inhibition of replication
Cerubidin® and S. coeruleorubidus against AIDS-related al. 1964) and transcription
DaunoXome® Kaposis disease
Docetaxel From the needles of Taxus Antineoplastic agent for 1989 (Mangatal et Binding to tubulin
Taxotere® baccata treatment of ovarian, al. 1989) subunits and stabilization
breast and bronchial Launched 1995 of microtubuli
carcinomas (South Africa)
Doxorubicin Streptomyces peuceticus, Antineoplastic agent in 1969 (Arcamone et Unclear. Inhibition of
Adriamycin® mutant strain therapies against skin al. 1969) DNA, RNA, and protein
Caelyx® carcinoma, Hodgkin’s synthesis
disease and testicular
cancer
Etoposide Semisynthetic podophyllo- Antineoplastic agent 1971 (Keller-Juslén DNA topoisomerase 11
Eposin® toxin derivative from against SCLC, leukaemia, etal. 1971) inhibitor
Ei C Podophyllum sp. non-Hodgkin lymphoma,
Exitop® Hodgkin’s disease and
Vepesid® testicular cancer
Irinotecan Semisynthetic, synthesised Antineoplastic agent 1987 (Kunimoto et DNA topoisomerase I
Campto® from camptothecin against colorectal al. 1987) Launched inhibitor
carcinoma 1994 (Japan)
Krisantaspas L-asparaginase from ALL 1963 (Tower et al. Inhibition of malign,
Erwinase® Erwinia chrysanthemi 1963) asparagine dependent
cells
Paclitaxel The stem bark of Taxus Antineoplastic agent 1971 (Wani et al. Binding to tubulin
Taxol® brevifolia and against breast carcino- 1971) Launched subunits and stabilization
T. cuspidata (Taxaceae) mas and metastasing 1993 (US, Canada, of microtubuli
Possibly also in the fungus NSCLC Sweden)
Taxomyces andaeanae
Peplomycin Semisynthetic from Antineoplastic agent 1977 (Tanaka 1977) Unclear. Inhibition of
Bleomycin® Streptomyces verticullus used in combination DNA synthesis and
therapies against cell division
melanoma, Hodgkin’s
disease and testicular
cancer
Teniposide Closely related to Antineoplastic agent, 1970 (Stéhelin 1970) DNA topoisomerase 11
Vumon® Etoposide used in combination inhibitor
therapies
Topotecan Analogue of camptothecin Antineoplastic agent 1989 (Kingsbury et DNA topoisomerase I
Hycamtin® with improved aqueous against ovarian carci- al. 1991) inhibitor
solubility noma Launched 1996 (US)
Vinblastine Alkaloid from Vinca rosea Antineoplastic agent 1959 (Neuss et al. Antimitotic. Inhibition
Velbe® (Apocynaceae) used in treatment of 1959; Neuss et al. of cell division
Hodgkin's disease and 1962; Neuss et al.
choriocarcinoma 1964)
Vincristine Alkaloid from Vinca rosea Antineoplastic agent 1958 (Farnsworth Antimitotic
Oncovin® (Apocynaceae) used in therapies for 1988)
Vincristine® leukaemia, SCLC and
malign lymphoma
Vinorelbine Semisynthetic, synthesised Antineoplastic agent 1979 (Mangeney et Antimitotic. Inhibition
Navelbine® from vinblastine used in treatment of al. 1979) Launched of tubulin polymerisation

NSCLC and breast cancer

1989
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Figure 2. Chemical structures of some of the compounds listed in Table 1. Podo-
phyllotoxin, the precursor for etoposide, is itself also a DNA topoisomerase II
inhibitor; paclitaxel is a tubulin interferent; camptothecin is an inducer of DNA
strand breaks; doxorubicin is an inhibitor of the synthesis of DNA, RNA and
protein; and vincristine is an antimitotic compound.
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Anticancer drug discovery and development

The United States National Cancer Institute, the NCI, was established in
1937 to “provide for, foster and aid in coordinating research related to
cancer,” (Cragg 1998). In 1955 the institute initiated a large-scale screening
program for national drug development in the United States. Initially,
transplantable L1210 and P388 mouse leukaemias were used as tumour
models for screening (DeVita 1997). Several drugs with activity against
leukaemia and lymphomas were soon identified and developed.

Solid tumour models were introduced in 1975, but the primary screening
model used was still the murine leukaemia P388. Only compounds with
observed activity in the P388 model were passed on for testing with the solid
tumour panel. However, increasing numbers of compounds with anti-
lymphoma and leukaemia activity were found to have little or no activity
against solid tumours, or to be analogues of drugs already in use.

Since 1985, a cell-line panel screening strategy has been used instead in
the NCI’s Developmental Therapeutic Program (Boyd and Paull 1995). The
panel utilized for this purpose, consisting of more than 60 cell lines, is
designed to represent the most important forms of human cancers, with the
aim of identifying novel chemotherapeutic agents. To represent the major
classes of solid tumours in an appropriate fashion, the NCI further developed
the cell-line panel for use in mechanism-based screening (Chabner 1990).
The cell lines are organized into sub-panels representing seven major types
of cancers: leukaemia, melanoma, and cancers of the lung, colon, kidney,
ovary, and central nervous system (Monks et al. 1991). The experimental
design and management of the acquired data also allows in vitro responses to
be classified in relation to different types of known mechanisms. The new
screening panel has a central role in the NCI’s anticancer drug development
program.

In screening for cytotoxic activity, the most commonly determined
parameter is the ICsy value. For a cytotoxic substance this describes the
concentration at which the substance reduces the survival of cells by 50%
via its cytotoxic activity, as estimated from dose-response curves. For each
substance tested against all ten cell lines in the cytotoxicity assays in the
work underlying this thesis, the overall mean log;, ICsy was determined,
defined as the mean of the logl0 values for all ten cell lines in the panel.
Subsequently, the mean log;o ICso was subtracted from the log;o value of
each cell line to yield a variable defined as delta.
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Figure 3. Activity profile for doxorubicin.

A mean graph, i.e. an activity profile, consisting of the averaged delta values
for each drug across the cell-line panel could then be constructed to visualize
differences in the cytotoxicity patterns of the drugs (Paull et al. 1989). Thus,
positive and negative values indicate cell lines that are more sensitive and
less sensitive, respectively, than average for a particular drug. Figure 3
shows an example of an activity profile for doxorubicin.

Using the COMPARE algorithm (Paull et al. 1989), different compounds
can be tested and rank-ordered for their similarity to a mean-graph profile,
based on their delta values. Tested compounds may be found to have lower
toxicity, or different pharmaceutical properties or anti-tumour spectra. To
calculate comparable activity profiles, log;o ICs, values for each tested cell
line is compared to the cell lines’ average log;o ICsy values for all tested
substances, and the difference between them is expressed as the delta value.

COMPARE software, in addition to calculating an activity profile serving
as a fingerprint for agents tested in the cell-line panel, analyses each such
profile, comparing it with other profiles obtained from known drugs (Paull et
al. 1989; Sikic 1991; Weinstein et al. 1992; Boyd and Paull 1995).

Different cytotoxic mechanisms result in different activity profiles, i.e.
different characteristic patterns of responses amongst the cell lines; in
reverse, different activity profiles can reflect differences in cytotoxic
mechanisms.

Selected activity profiles are discussed in this thesis and are presented in
Figures 7, 10, and 12 under Results.

Dhar et al. (1996) have shown that a cell-line panel with a selection of
only 10 different cell lines, representing a smaller number of defined types
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of cytotoxic drug resistance, could be used in an initial evaluation and
preliminary mechanistic classification of anticancer agents. Using this cell-
line panel, the responses to 37 drugs (some with known and others with
unknown mechanisms) were measured. The drugs tested included eight
topoisomerase Il inhibitors, eight anti-metabolites, eight alkylating agents,
eight tubulin-active agents, as well as five compounds with other known or
unknown mechanisms, including one topoisomerase I inhibitor. Attempts to
classify these drugs in four categories, each representing a different
mechanism (topoisomerase II inhibitors, alkylators, tubulin-active agents,
and anti-metabolites) gave highly reproducible results (Dhar ef al. 1996),
validating the strategy of using a limited number of cell lines for preliminary
prediction of drugs’ anticancer mechanisms. The method is well suited for
providing important initial information, not only on the mechanistic action of
novel anticancer drugs, but also on their susceptibility to defined
mechanisms of resistance at the molecular level.

In another study by Dhar et al. (1998), primary cultures of cells from
patients with chronic lymphocytic leukaemia (CLL) and ovarian carcinoma
were compared with renal carcinoma (ACHN) and lymphocytic tumour
(CCRF-CEM) cell lines in terms of their responses to a set of test compounds.
The results, presented as areas under the tumour-cell survival-concentration
curve (AUC), showed that some compounds were cytotoxic to both the cell
lines and primary cultures, while others were non-cytotoxic to either the cell
lines or primary cultures. Thus, primary cultures of human tumour cells may
be useful models for anticancer drug screening, at least in moderate-scale
programs, and may have advantages as indicators of cytotoxity in vivo
compared with cell lines.

These screening approaches form the strategy followed in the studies this
thesis is based upon: testing a cell-line panel with a limited number of
human tumour cells, complemented with the use of primary cultures of cells
from patients, and comparing the activity profiles of the tested compounds
(Papers I, III and IV).

Polypeptides and natural products

Polypeptides have long been known to have important biological
functions (Lam et al. 1998; Pinson et al. 2000; Pearce et al. 2001). Several
current drugs have been developed based on knowledge of these poly-
peptides. The majority of such polypeptides, such as hormones and toxins,
have thus far been isolated from humans and other animals, while relatively
few have come from plants. However, many studies indicate that plants
comprise an important and largely unexplored source of novel polypeptides,
and even polypeptide classes, as illustrated in Table 3. In many cases the
function(s) of these polypeptides in the plants is still unknown. Yet, some
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known biological activities, such as use of polypeptides as signal
substances, e.g. the systemins, and their occasional expression in large
quantities (up to 0.1%,,), suggest that many of these polypeptides may be
involved in plant defences. Some plant peptides with cytotoxic activity have
been isolated, such as the thionins isolated from several species of orders
such as the Poales and Santalales (Li et al. 2002; Johansson et al. 2003); the
astins, cyclic pentapeptides isolated from Aster tataricus (Asteraceae)
(Morita et al. 1996b); yunnanins, cyclic polypeptides isolated from Stellaria
yunnanensis (Caryophyllaceae) (Morita et al. 1996a); and the glycoprotein
ARS?2 from Chlorella vulgaris (Oocystaceae) (Noda et al. 1996).

Table 3. Some known polypeptides of plant origin.

Compound Size* Origin Biological activity Described Reference example
Astin 5 Aster tataricus Cytotoxic 1995 (Morita et al. 1996b)
Yunnanins 6-7  Stellaria yunnanensis Cytotoxic 1994 (Morita et al. 1996a)
Cycloleonurinin 12 Leonurus artemisia Unknown 1991 (Kinoshita ez al. 1991)
Peptide PII 14 Panax ginseng Insulinomimetic 1980 (Ando et al. 1980)
ARS2 15 Chlorella vulgaris Cytotoxic 1995 (Noda et al. 1996)
Systemin 18  Lycopersicon esculentum Plant hormone 1991 (Pearce et al. 1991)
Violapeptid-I 28  Viola tricolor Haemolytic 1993 (Schopke et al. 1993)
Kalata B1 29  Oldenlandia affinis Uterus contractive 1995 (Saether et al. 1995)
CMTI-I 29 Cucurbita maxima Trypsin inhibitor 1987 (Polanowski et al. 1987)
Varv peptide A-H 29 Viola spp. Cytotoxic 1998 (Claeson et al. 1998,
Goransson et al. 1999)
Circulins A & B 30-31 Chassalia parvifolia HIV-inhibitor 1994 (Gustafson et al. 1994)
Cyclopsychotride A 31 Psychotria longipes Neurotensin antagonist 1994 (Witherup et al. 1994)
Hypogin 40  Arachis hypogaea Antifungal 2001 (Ye and Ng 2001)
Palicourein 37  Palicourea condensata HIV-inhibitor 2001 (Bokesch et al. 2001)
Dodecandrin +32  Phytolacca dodecandra  Ribosome inactivating 1984 (Ready et al. 1984)

Thionins

45-48 e.g. Poaceae, Viscaceae

Antifungal, cytotoxic etc. 1948

(Winterfel and Bijl 1948;
Samuelsson 1973;
Bohlmann and Apel
1991)

*number of amino acid residues

Phylogeny and evolutionary space

The vast chemical diversity displayed in nature is the result of eons of
evolution and continuous changes in biosynthesis driven by adaptive
selection. In contrast to many outdated theories, recent phylogenetic studies
of molecular sequence data indicate that animals, fungi, and higher plants
diverged from a common ancestor only a few hundred million years ago
(see, for instance, Figure 4; from Sogin 1991).
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Figure 4. Phylogenetic tree of the living organisms on earth, indicating the three
major domains: eubacteria, archebacteria, and eukaryotes, from Sogin 1991.

This long-lasting and shared history is presumably one of the reasons that so
many common enzymatic pathways are now found among these morpho-
logically diverse groups of organisms. Consequently, it seems reasonable to
suppose that many of the substances for which biosynthetic pathways and
mechanisms have been developed in plants during the course of evolution,
may also have biological activities in animals — including man.

That such couplings occur are obvious, and easily demonstrated e.g. by
plant derived substances affecting the ubiquitous GABA receptors in
animals. Similarity is even so profound that plant models have been
suggested for studies of human pathogenesis (Guttman 2004). However, the
massive amounts of information available require analytical tools to help
abstract patterns that we can interpret. Both nucleotide sequence data, with
thousands of aligned nucleotides for phylogenetic analysis, and the multi-
dimensional space of a principal component analysis of e.g. chemometric or
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microarray data, contain such complexity that they need to be simplified
before conclusions can be drawn and hypotheses formulated.

Analogously to the way chemometrics has been used to explore structural
and functional relationships amongst chemical compounds, the concept of
phylogenetics has been used in systematic and evolutionary biology to
navigate evolutionary space. Initially building on Darwinian foundations,
explicit diagrams indicating relationships and sequences of development
were introduced by Haeckel (1866). Through the work by Hennig
(e.g. 1966) and others the modern concept of phylogenetics subsequently
developed, which has contributed greatly in the last 20 years to our
understanding of evolutionary processes.

Phylogenetic hypotheses, suggestions of evolutionary relationships, are
often expressed in the form of a tree-diagram, and are normally conceived by
analyses of sets of data.

Such diagrams for phylogenetic reconstruction were generally based on
morphological information initially, but nowadays the most important types
of data are nucleotide sequences. Whatever sort of information is used, there
are several fundamentally different ways to perform the analyses and
approach the same ultimate goal — a well supported, evolutionary hypothesis.
Once obtained, this hypothesis can be used for several different purposes.

Formulating new evolutionary hypotheses are beyond the scope of this
study, but the comprehensive work by the Angiosperm Phylogeny Group
(APG 1998; 2003) has been used as a phylogenetic framework for both
selecting study objects and interpreting the obtained results.

Phylogenetics is now an integral component of systematic analyses,
including taxonomic studies. Taxonomy is the science of naming and
classifying diverse organisms, in this case plants. Phylogeny describes the
connections between, and evolutionary history of, sets of organisms, in a
biological group.
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Aims of the study

The main aims of the studies underlying this thesis were to find and identify
naturally occurring compounds that exhibit cytotoxic activity towards
tumour cells. This was done as follows. The first step was a priori selection,
based on literature surveys, of plants for the cytotoxic investigation, aiming
to cover a wide taxonomic range of species. Extracts of these plants were
subjected to a protocol designed to identify and retain fractions with poly-
peptides. Compounds in these plants with anticancer potential, i.e.
pronounced cytotoxic activity, were then identified and purified by screening
all obtained fractions using two successive cytotoxicity assays that can
compare different types of anti-tumour activity. Further selectivity
assessments and verification procedures were then applied to the selected
fractions, using tumour cells from patients in order to detect compounds
acting with new mechanisms. This involved evaluating the identified
compounds’ cytotoxicity using cell lines representing four different
resistance mechanisms, and comparing the resulting activity profiles with
activity profile databases compiled in-house, and analysis (by several
different approaches) of structure-activity relationships of pure, isolated, and
structurally related compounds.

The rationale for the overall project design was based on two general
assumptions, as presented on the following page.
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Cancer is a growing problem and this is further complicated by the MDR
syndrome, which many tumours develop sooner or later during chemo-
therapy. One way to partly overcome the MDR problem is to challenge
tumours with additional compounds with novel structures acting through
new mechanisms. Theoretically, such compounds can be synthesised by
organic chemists, but the number of possible compounds is estimated to
exceed 10° purely in the limited, so-called ‘drug-like space’ (Bohacek et al.
1996). In Nature, on the other hand, compounds with diverse biological
activities have been developed, tested and selected over hundreds of millions
of years. These compounds have not been produced by chance; instead
compounds with activities that do not have adaptive benefit (or less benefit
than other alternatives) have been eliminated by intense evolutionary
pressures. The understanding that evolution and biosynthesis are intimately
connected was clearly expressed at an early stage by Helen DeSilver Abbott
Michael in the late 19" century:

“The evolution of chemical constituents follows parallel lines with the
evolutionary course of plant forms, the one being intimately connected with
the other...”

(Abbott in Tarbell and Tarbell 1982)

Hence, to obtain naturally occurring chemical substances of wide chemical
diversity, they should be sought from diverse biological systems. The
biological diversity exploited here was defined in a phylogenetic framework.

Second, to select suitable objects for study with the aim of providing new
tools to combat MDR, early opportunities to obtain hints of novel or
uncommon modes of action are important. However, detailed mechanistic
investigations are laborious, and the most important aspect was to identify
compounds acting via different mechanisms from those of drugs already in
use. This can be done by comparing activity profiles from a cell-line panel
representing a set of different drug-tolerant types. Thus, such comparisons
were included early in the selection process to facilitate the detection of
substances with new modes of action as quickly as possible.

Considering the chemical complexity of Nature, and the time frame for the
project, two restrictions on the scope of the investigation were imposed: the
biological diversity was, limited to angiosperms (after study I), and the
chemical diversity was limited to polypeptides that could be covered in a
single fractionation protocol, albeit a protocol that was modified and
developed during the course of the study to improve its efficiency and
performance.
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Materials and Methods

For more detailed descriptions of the materials and procedures used in the
specific studies, please see the Material and methods sections in the
respective papers and manuscripts.

Selection

The initial set of plants examined in Paper I were selected to represent wide
biological diversity, the extent of which can be seen in Figure 5. In addition,
known and thoroughly studied medicinal plants were selected when possible.
From Figure 5, it can be seen that 25 of the 45 orders of flowering plants
currently recognized by the Angiosperm Phylogeny Group (APG, 1999;
2003), and two additional families, yet without ordinal classification, were
represented.’

The coverage thus obtained can be considered in proportion to the
numbers of cytotoxic compounds of plant origin that have been reported
during the last 20 years. In Figure 5, the numbers of such compounds found
in these studies, and those previously reported (compiled from reviews and
extensive database searches) are listed beside the APG phylogeny. From this
comparison, it is clear that the screening in Paper I made a substantial
contribution to the compounds covered by cytotoxic studies to date.

Figure 5 also presents a compilation of the numbers of extracts tested thus
far in the extensive screening performed by the NCI and its Developmental
Therapeutics Program (DTP) (Backlund ef al., in prep.). These screenings
have provided information from more than 70 000 plant samples to date.

Figure 5. (Next page) APG?2 classification of orders and families of flowering plants
(APG, 2003), with appended information on the sampling in Papers I-V of this
thesis, published data on explicit cytotoxicity testing of compounds from extensive
searches of journals and electronic databases including PubMed, and sampling in
the NCI cytotoxicity screening effort. Highly conservative estimates of number of
families, fam (for orders), genera, gen, and species, sp., are given for the systematic
entities here considered, data mainly from Mabberley (1998).

! Nomenclatural note on the mistletoe Viscum heyneanum analysed in study I. This
species is usually considered to be conspecific with Viscum orientale, but Danser (1941)
examined the type material for both species and re-established Viscum heyneanum.
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Pap. |-V PubMed NCI fam gen. sp.

Amborellaceae 0 0 0 - 1: 1
Nymphaeaceae 1 0 12 - 6: 60
Austrobaileyales 1 0 33 4 6: 95
Chloranthaceae 0 0 66 - 4: 56
Canellales 0 0 82 2 10: 76
Piperales 0 1 462 5 29: 2375
Laurales 0 12 2168 7 90: 2879
Magnoliales 1 53 3362 6 157 : 2695
Acorales 0 0 0 1 1: 2
Petrosaviaceae 0 0 0 - 1: 2
Ali I 0 2 249 14 156: 3361
Asparagales 2 6 287 25 935: 20718
Dioscoreales 0 2 84 3 30: 797
Liliales 1 1 143 10 276: 1787
Pandanales 0 0 138 5 30: 1191
——— Dasypogonaceae 0 0 0 - 1: 2
~ }—— Arecales 0 0 776 1 198 : 2650
——— Poales 2 0 391 18  890: 17058
Commelinales 0 0 100 5 70: 743
_E Zingiberales 0 3 672 8 92: 2031
Ceratophyllales 0 0 0 - 1: 2
Balanophoraceae 0 0 4 - 18: 44
Medusandraceae 0 0 0 - 1: 2
Ranunculales 4 18 290 10 203: 3525
Sabiaceae 0 0 112 - 3: 48
Proteal 0 1 239 3 77: 1359
Buxaceae 0 0 14 - 5: 60
Trochodendraceae 0 0 0 - 1: 1
Gunnerales 0 0 32 2 2: 42
Aextoxicaceae 0 0 0 - 1: 1
Berberidopsidaceae 0 0 0 - 1: 2
Dilleniaceae 0 0 296 - 12: 300
Caryophyllales 4 3 645 29 596 : 9763
Santalall 8 1 819 6 153: 2126
Vitaceae 0 1 330 - 13: 80
Saxifragales 2 0 241 14 131: 2479
Cr I 0 0 93 3 9: 41
Geraniales 1 0 18 6 19: 753
Myrtales 1 3 3951 14 438: 10736
Celastrales 0 0 681 4 97: 1317
Huaceae 0 0 22 - 2: 3
Zygophyllaceae 0 0 34 - 27: 250
Malpighiales 9 20 10933 37 680: 15326
Oxalidales 0 0 949 6 64: 1863
Fabales 3 29 6353 4 680: 17359
Rosales 5 12 3612 9 283: 6415
Cucurbitales 1 0 263 7 133: 1703
Fagales 3 3 651 8 29: 1415
Brassicales 6 7 372 16 422: 3251
Malvales 0 18 3352 11 208: 2422
Sapindales 3 44 7002 11 474: 5183
Cornales 0 2 174 7 50 : 554
Boraginaceae 1 2 529 - 154: 2500
Icacinaceae 0 0 424 - 60: 320
Bruniaceae 0 0 0 - 11: 69
Ericales 2 6 4298 26 383: 10002
Garryales 0 0 7 3 3: 17
Gentianales 17 28 7714 5 1285: 17053
Lamiales 15 15 3231 21 1215: 20537
Solanales 2 0 877 5 151: 4275
Aquifoliales 0 0 171 5 7: 441
Sphenostemonaceae 0 0 24 - 1: 7
Asterales 5 20 1630 13 1442: 23710
Apiales 1 8 1033 10  491: 4178
Escalloniaceae 0 0 122 - 1: 39
Columelliaceae 0 0 2 2 2: 6
Dipsacales 3 0 126 7 48 : 1027
SUM 104 337 70703 440 13070: 231185



Plant material

Primary collections of plant material were obtained from the area around
Uppsala and the Uppsala Botanical Garden. Voucher specimens are kept at
the Division of Pharmacognosy to be deposited at the Uppsala University
herbarium (UPS). Plant material for the mistletoe study (Paper IV) was
collected in Panama.

A comprehensive list of all plant material used in the studies that this
thesis is based upon is given in appendix A.

Polypeptide isolation

As described in Paper I the primary plant-extract fractions were produced
according to a previously developed fractionation protocol for isolating
polypeptides from plant material (Claeson et al. 1998). The dried and
powdered plants were extracted with dichloromethane (CH,Cl,) and ethanol
(EtOH). The extract from the EtOH extraction was filtered through
polyamide to remove tannins. Compounds of molecular weights greater than
700 Da were isolated by size exclusion chromatography using a fast protein
liquid chromatograph (FPLC; Pharmacia Biotech, Uppsala, Sweden).
Finally, salt and polysaccharides from the fractions were removed using a
solid phase extraction (SPE) column with reversed phase (RP) material.

The primary extracts thus obtained, the “p fractions” were further
fractionated to varying extents, as described in Papers II-V.

In the investigations described in Paper II the original fractionation
protocol was modified to retrieve fractions with high cytotoxic activity. Fig-
ure 6 shows an overview of both fractionation protocols in parallel tracks. In
the modified protocol the dried, ground plant material was pre-extracted with
CH,Cl, and then extracted with 25% AcN and 0.1% TFA instead of 50%
EtOH. Both protocols involved the use of polyamide filtration to remove
tannins, after which a strong cation exchanger was used in the modified
protocol to extract cationic analytes, followed by fractionation on a semi-
preparative High Performance Liquid Chromatography (HPLC) system
(Shimadzu, Kyoto, Japan) equipped with an SPD-M10Avp photodiode array
detector and a 250 x 10 (i.d.) mm column from Hichrom Ltd, UK (Cis,
5 um).

The fractionation protocol used in study IV had further modifications,
since a comparison of extraction methods for basic thionins identified a more
efficient extraction procedure for these compounds (Larsson 2004). In this
protocol the plant material was extracted with 0.2 M acetic acid followed by
freeze-drying. Filtration through polyamide was done to remove tannins, and
thereafter HPLC was performed using an RP column.
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Figure 6. Initial fractionation and modified protocols for isolating polypeptide
fraction p and fraction p’, respectively, from plants, redrawn from Claeson et al.
1998 giving fraction p'. The original protocol was subsequently modified in studies
II and IV.
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Cytotoxicity screening
Design

The original fractionation protocol (Figure 6) was applied to a final set of
more than 100 plant extracts. In collaboration with Medivir AB, 98 of these
fractionated plant extracts were initially screened for anti-viral and cytotoxic
activity including their ability to inhibit the growth of MT4 and HEL cells,
i.e. human T-cells and embryonic lung cells, respectively. A second species
of one genus, Digitalis, was added as an internal control, resulting in 100
fractionated plant extracts after the first selection. Of these 29 were selected
for further study, including some extracts apparently lacking cytotoxicity for
use as controls.

The screening procedure is described in detail in Paper I. Using DIAS
(the Dynatech immuno assay system), fractionated plant extracts were tested
against tumour cells from patients — including peripheral blood mononuclear
cells (PBMC), ovarian cancer cells (OVCA), chronic lymphatic leukaemia cells
(CLL) — and against the renal adenocarcinoma cell line ACHN and the T-cell
leukaemia cell line CCRF-CEM.

Characteristics of the cell lines are detailed below. This study was
approved by the local ethics committee at the Uppsala University hospital,
approval number Dnr 21/93 —930125.

After pre-screening fractionated plant extracts showing cytotoxicity,
indicated as AUC<10,000, towards more than one type of cell, were
selected. This corresponds to less than 50% survival. The selection of
fractions was biased in favour of fractions that were selectively active
against solid tumours, because drugs with high activity against such tumours
are rare (Larsson et al. 1994; Nygren ef al. 1994). Furthermore, clinical data
have shown that haematological tumours are generally more easily treated
than solid tumours (Csoka et al. 1994). Ratios of AUC values obtained for
the different tumour cells (e.g. AUCy /AUCqoyca, AUCpu/AUCq,, and
AUC/AUC,y) that deviate significantly from one indicate selectivity,
and the magnitude of the deviation indicates the degree of selectivity.

Criteria for selection:

AUC<10,000

Solid tumour selectivity AUC ratio>1: AUC/AUCyyca
Tumour selectivity AUC ratio>1: AUCppuc/ AUC
Tumour cell line selectivity AUC ratio>1: AUC i /AUC s\
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Preparation of microtiter plates

For the screening, experimental 96-well microtiter plates (Nunc, Roskilde,
Denmark) were prepared with 20 pl per well of plant extract solution (in
10% EtOH) at 10x final concentration, dispensed by a programmable
pipetting robot (Propette, Perkin Elmer, Norwalk, CT), after which the plates
were transferred to, and stored in, a freezer at -70°C for a maximum of
10 weeks. The final concentrations used in the first-line screening with
DIAS were 2.00, 20.0, and 200 pg per ml, each solution and concentration
being tested in duplicate. In the second-line screening using the Fluorometric
Microculture Cytotoxicity Assay (FMCA), the final concentrations were
0.630, 2.00, 6.32, 20.0, 63.3, and 200 pg/ml, each solution and concentration
being tested in triplicate. Test concentrations were selected to provide evenly
distributed and comparable dose-response curves.

In both the DIAS and FMCA assays, the plates were prepared using six
wells with phosphate buffered saline (PBS) as controls, and three wells with
10% EtOH (as solvent controls), and triton 1% as positive controls.

Cytotoxicity assays
Reagents and medium

Alamar Blue (Alamar, Sacramento, CA), a fluorometric (and spectro-
photometric) redox indicator, was obtained as a stock solution and stored in
the dark at 4°C. Prior to addition to the assay the indicator was diluted ten-
fold with PBS in accordance with the manufacturer’s instructions.
Fluorescein diacetate (FDA, Sigma) was dissolved in dimethyl-sulfoxide
(DMSO) to a concentration of 10 mg/ml, and kept in the dark as a frozen
stock solution. The cell-growth medium RPMI-1640 (Sigma) was
supplemented with 10% heat-inactivated fetal calf serum (FCS, Sigma),
2 mM glutamine, 100 pg/ml streptomycin, and 100 U/ml penicillin.

Primary cultures of human tumour cells

Cell samples were obtained by routine sampling of peripheral blood or bone
marrow (CLL), or by a surgical procedure (OVCA). Leukaemic cells were
isolated from the bone marrow or peripheral blood by density gradient
centrifugation in 1.077 g/ml Ficoll-Paque (Amersham Pharmacia-Biotech,
Uppsala, Sweden), following the procedure described by Larsson et al.
(1992). Tissues from OVCA samples were minced into small pieces, and
tumour cells were isolated by collagenase dispersion followed by Percoll
Paque (Amersham Pharmacia-Biotech) density gradient centrifugation
(Csoka et al. 1994). The purified tumour cells were resuspended in fetal
bovine serum (FBS) containing 10% DMSO (Sigma), and stored in liquid
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nitrogen after freezing for 24 h at -70°C. Cryopreservation by this method
has been shown to have no effects on sensitivity (Larsson et al. 1992).
Frozen cell suspensions to be used in the assay were rapidly thawed and then
washed twice in room-tempered complete RPMI medium before testing.

Human tumour cell lines

The selection and handling of cells in the cell-line panel followed previously
described methods (Dhar et al. 1996).

The cell-line panel consisted of four sensitive parental cell lines
(CCRF-CEM, NCI-H69, RPMI 8226/S and U937/GTB), five drug-resistant
sublines (CEM/VMI1, H69AR, 8226/D0X40, 8226/LR-5 and U937/VCR), and
one cell line with primary resistance (ACHN).

CCRF-CEM 1is a T-cell leukaemia cell line and its subline CEM/VMI,
selected for teniposide resistance, has a topoisomerase Il-associated
resistance mechanism (atypical MDR phenotype). NCI-H69 is a small cell
lung cancer derived cell line and its subline H69AR, selected for doxorubicin
(DOX) resistance, has an MRP-associated resistance mechanism. RPMI 8226/
is a myeloma cell line and its resistant subline RPMI 8226/D0x40, selected
for DOX resistance, has a P-glycoprotein 170-associated resistance
mechanism and RPMI 8226/LR-5, selected for melphalan (Mel) resistance,
has a glutathione (GSH)-associated resistance mechanism. U937/GTB
originates from histiocytic lymphoma and the resistant subline U937/VCR,
selected for vincristine (VCR) resistance, shows a tubulin-associated MDR
mechanism. ACHN is a renal adenocarcinoma with primary MDR (Dhar et al.
1996). A summary of the cell lines and their properties is presented in
Table 4.

Table 4. Human tumour cell-line panel selected by Dhar et al. (1996), representing
a defined set of drug resistance types.

Cell lines

parental : resistant Origin Selecting agent Resistance type
RPMI 8226/ : RPMI 8226/D0OX 40 myeloma doxorubicin P-gp associated
RPMI 8226/S : RPMI 8226/LR-5 myeloma melphalan ~ GSH associated
CCRF-CEM : CEM/VM-1 T-cell leukaemia teniposide ~ Topo II associated
NCI-H69 : HO69AR SCLC doxorubicin MRP associated
U937-GTB : U937-VCR histiocytic lymphoma  vincristine  tubulin associated
ACHN renal adenocarcinoma  vincristine  primary MDR

scLC = small cell lung cancer, P-gp = P-glycoprotein (classical MDR), GSH = glutathione, Topo II = topoisomerase 1T
(atypical MDR), MRP = MDR associated protein, MDR = multidrug resistance. ACHN exhibits primary resistance and
hence has no parental cell line.
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DIAS

DIAS (Dynatech Laboratories, UK) is a fully automated screening system
(Dhar et al. 1997) based on measurements of fluorescence generated from
the reduction of Alamar Blue by cells with retained metabolic activity. In
each 96-well plate six wells containing cells (but without test compound)
served as controls and six wells containing only culture medium as blanks.
After loading, plates were incubated for 72 hrs at 37°C in a humidified
atmosphere containing 5% CO,. At the end of the incubation period, the
plates were transferred manually to the DIAS equipment for washing,
Alamar Blue dispensation, incubation (6 hrs), and reading. Absorbance of
Alamar blue was measured at 570 nm, using 630 nm as a reference wave-
length. The microtiter plates were then transferred by hand to a scanning
fluorometer (Fluoroscan II, Labsystems Oy, Helsinki, Finland) for
fluorescence measurements at excitation and emission wavelengths of
544 nm and 590 nm, respectively. DIAS results were quantified by
calculating the cell survival index (SI), defined as the fluorescence or
absorbance in experimental wells, as a percentage of the corresponding
measurement in control wells, after subtraction of control (blank) values.
The data are presented in Paper I as AUC values, calculated by the
trapezoidal method.

FMCA

The FMCA approach is based on measurements of fluorescence generated
from the hydrolysis of FDA to fluorescein by cells with intact plasma
membranes. The procedure followed protocols described by Larsson et al.
(1992).

The substances were dissolved in EtOH/DMSO (less than 1% after
further dilution with PBS and cell growth medium) and dispensed in
microtiter plates. The cells were subsequently dispensed on the plates and
then incubated at 37°C in a 5% CO, atmosphere for 72 hours without
changing medium. After the incubation period the cells were washed with
phosphate-buffered saline (PBS), and FDA dissolved in a physiological
buffer was added to each well. The plates were incubated for 40 minutes and
the generated fluorescence was measured in the Fluoroscan (485/528 nm).

The reproducibility and clinical correlations of results obtained by the
FMCA method have been described previously (Larsson and Nygren 1990;
Larsson et al. 1990; 1992).
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Quality control and quantification of results

The criteria defining a successful analysis included a fluorescence signal in
the control wells of more than five or ten times the mean blank value (for
primary human tumour cells and cell lines, respectively), and a mean
coefficient of wvariation (CV) in the control wells of less than 30%
(Dhar et al. 1996).

Cytotoxic activities of fractionated plant extracts are presented as ICs
values in Table 5. The ICsy value was defined as the concentration giving a
SI of 50%, where SI is the fluorescence in experimental wells, as a
percentage of that in control wells, after subtraction of blank values.

Calculations of cytotoxic activity

Two viability probes with fundamentally different mechanisms were used
for the cytotoxicity measurements. In the first line screening, using the fully
automated DIAS (Dhar et al. 1998), Alamar Blue was used as a fluorometric
redox indicator of metabolic activity. Another option — measuring optical
density (the reduced form of Alamar Blue is red) — was rejected because it is
less sensitive. For the second line screening, the FMCA cytotoxicity assay
was used with the reagent FDA, after washing with PBS, providing a
measure of the proportion of cells that retained esterase activity, and thus the
proportion with intact plasma membranes, in each well (Dhar ef al. 1996).
These two methods have been demonstrated to produce reproducible and
comparable results (J. Gullbo, unpublished data).

The cytotoxicity criteria for defining the fractionated plant extracts as
active or non-active was based on AUC calculations. Extracts were selected
that satisfied two requirements: (a) being sufficiently active (i.e. yielding
<50% of the survival rates obtained with non-toxic controls), or,
operationally, having AUC values <10,000 in more than one cell line, and
(b) yielding AUC,/AUCpyca, AUCq/AUC ciy, 0 AUChpu/ AUC,, ratios
greater than one, indicating selectivity for solid tumours, tumour cell lines or
malignant tissues, respectively.

Data analysis

The fluorescence obtained in the assays described above is proportional to
the numbers of living cells in the respective wells and cell survival is
presented as SI, which is defined as the fluorescence of test wells in
percentage of control levels, after subtraction of blank values. The
ICsy values (the concentration giving a SI of 50% from the dose-response
curves) and the areas under the dose-response curve (AUC) were calculated.
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Isolation of cytotoxic compounds

Bioassay-guided isolation of Nuphar luteum (Paper II)

Leaves from Nuphar luteum Sibth. & Sm. (Nymphaeaceae), were first
included in parts of the screening study described in Paper 1. The
fractionated plant extract (isolated by the fractionation protocol described
earlier) from Nuphar luteum was tested for cytotoxicity, but the obtained
results indicated an unexpected potency, prompting additional tests.

The active component was separated and isolated by the original
fractionation protocol described earlier, in parallel with a modified
fractionation protocol involving the use of other solvents and ion exchange
chromatography instead of size exclusion chromatography (see Figure 6).

The column was eluted with a linear gradient from 10% AcN with
0.1% TFA to 60% AcN with 0.1% TFA over 60 minutes. Fractions were
collected and dried under a stream of N,. The dried fractions were dissolved
in 10% of EtOH for cytotoxicity testing with the cell line U937GTB using
FMCA. The choice of U937GTB was based on initial data from the screening
procedure (DIAS and FMCA), and its suitability, as a sensitive, well-
characterised, single cell suspension with good in vitro proliferation
parameters (making it easy to work with) that was included in my
cytotoxicity studies.

For Nuphar luteum the modified protocol resulted in a primary fraction p’
with even higher cytotoxicity than the p fraction obtained with the initial
protocol. This primary fraction was further separated by HPLC, giving a new
set of fractions that were subjected to further bioassay-guided rounds of
HPLC, resulting in successively increasing purification and finally isolation
of the active compound(s).

The lipophilic CH,Cl, extract from the first step in the fractionation
protocol was further separated, in the modified protocol, by accelerating
gradient chromatography (AGC) using a solid phase of silica and solvent
systems consisting of petroleum ether, CH,Cl,, and methanol (MeOH), as
follows. The CH,Cl, extract was dried and re-dissolved in the smallest
possible amount of CH,Cl,, ground in silica and transferred to a column that
was successively eluted with 50 ml-portions of: 100% petroleum ether;
12.5:87.5 petroleum ether:CH,Cl,; 3:97 petroleum ether:CH,Cly;
1:99 petroleum ether:CH,Cl,; 100% CH,Cl,; then CH,Cl,:MeOH in the pro-
portions 99:1; 98:2, 97:3, 95:5, 90:10, 85:15, 80:20, 70:30, 50:50, 20:80,
10:90, and finally 100% MeOH.The AGC method is described in more detail
in El-Seedi et al. (2003).
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The fractions from the AGC were collected after inspection of silica-thin
layer chromatography (TLC) where components with similar mobilities from
different fractions were pooled. The pooled CH,Cl, fractions were tested, as
were the p' fractions, for cytotoxic activity using the cell line U937GTB in the
FMCA cytotoxicity test.

The structure of the active component was elucidated by infrared (IR)
analyses, mass spectrometry (MS), one dimensional (1D) and extensive two
dimensional (2D)-NMR analyses.

Isolation of cyclotides (Paper III)

Polypeptides from Viola arvensis Murr. (Violaceae)® were extracted for the
initial screening according to the original fractionation protocol illustrated
above in Figure 6. The macrocyclic polypeptides varv A and varv F of the
cyclotide family were isolated using reversed-phase chromatography after
adsorption chromatography on Sephadex LH-20 (Goransson et al. 1999).
Cycloviolacin 02, described by Craik and co-workers (1999), was isolated
from a butanol-soluble fraction of Viola odorata L. with a combination of
high-performance cation exchange and reversed-phase chromatography, and
identified using nanospray MS. Purified cyclotides were dissolved in 10%
EtOH for the cytotoxicity assay.

% Nomenclatural note on Viola arvensis. The species Viola arvensis Murr. has been formally
included in Viola tricolor L., which hence is the proper scientific name (IPNI with IK 2005).
Throughout this thesis, however, the invalid name Viola arvensis will be retained for
consistency with the cited studies.
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Isolation of cytotoxic compounds of mistletoes (Paper IV)

A series of Panamanian mistletoes was extracted following a highly
simplified protocol. In previous studies (Larsson 2004) it has been
demonstrated that several isolation steps could be omitted in the extraction
of thionins to increase efficiency while retaining quality. In this study, seven
mistletoes, four from the family Loranthaceae (Oryctanthus alveolatus Kuijt,
Phthirusa retroflexa Kuijt, Loranthus retroflexus Ruiz & Pav., and
Psittacanthus pusillus Kuijt) and three from the family Viscaceae
(Phoradendron acinacifolium Mart. Ex Eichl., Phoradendron guascanum
Trel., and Phoradendron rubrum Nutt.) were investigated.’

Following the simplified procedure, the plant material was dried,
pulverized, and extracted with 0.2 M acetic acid (HAc) in the proportions
1:25 (w:v), followed by freeze-drying. A 0.5 g portion of the dried extract
was reconstituted in 10 ml of 0.2 M HAc. The extract was filtered through a
column packed with polyamide to remove tannins. The solution was
concentrated to 2 mg/ml and fractionated on a HPLC system with a
C18-column (4.0 x 125 mm, 5 pm, Bischoff Chromatography, Leonberg,
Germany) and eluted with a linear gradient from 15% AcN with 0.1% TFA
to 50% AcN with 0.1% TFA over 40 minutes.

? Nomenclatural note on the species and genera of mistletoes studied in paper IV.

There are several unresolved nomenclatural issues related to the validity of numerous
mistletoe names. Of the taxa included in the studies this thesis is based upon, such issues
relate specifically to the following names used in Paper IV and the thesis summary.
Phoradendron guascanum Trel. — This species has been reduced under Dendrophthora
obliqua (Presl) Wiens by Kuijt and Kellogg (1996), based on the observation of unilocular
anthers. However, this change has not yet been accepted, e.g. in Index Kewensis, where the
species Phoradendron guascanum is retained. We have followed the original classification
and retained this taxon in the genus Phoradendron.

Phoradendron quadrangulare Krug & Urb. — This species has been reduced in Index
Kewensis under Phoradendron rubrum, but without defining author for the latter species. The
situation becomes complex as there are several entries for Phoradendron rubrum under
different authors, one of which has subsequently been included in the genus Viscum as Viscum
rubrum, a suggestion that has not gained wider acceptance. Other entries have also been
reduced to different species of Phoradendron, but without the possibility to establish a link
between Phoradendron quadrangulare and either of the Phoradendron rubrum we have
retained the former name.

Phthirusa pyrifolia Eichl. and Phthirusa retroflexa (Ruiz & Pav.) Kuijt — both of these species
have been re-assigned to the genus Loranthus according to Index Kewensis. However, this
suggestion has not gained wider acceptance, and as the circumscription of the genus
Loranthus has been under debate since the late nineteenth century, we have followed the
widely accepted view that the genus Loranthus consists of only one species, Loranthus
europaeus Jacq. (see, for instance, Mabberley, 1998). The generic placement in Phthirusa has
thus been retained. It has also been suggested that Phthirusa retroflexa, should be under
Phthirusa stelis, together with a number of other species (see the series of papers by Kuijt,
1978, 1980; and Kuijt and Kellogg, 1996). However, these suggestions have not been
endorsed by Index Kewensis, and hence their status is unclear. Consequently we also retain
the name Phthirusa retroflexa here.
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Fractions showing UV spectra typical of small peptides were collected and
their mass/charge ratios were determined using an electrospray ion trap mass
spectrometer. The fractions thus obtained were tested for cytotoxic activity
with FMCA using the chemo-sensitive lymphoma cell line U937GTB.

Isolation of digitoxin (Paper V)

Digitalis purpurea Ehrl. (Plantaginaceae)’ was fractionated for the initial
screening according to the original fractionation protocol described above.
The plant extract thus obtained, fraction p, was dissolved in a mobile phase
of aqueous 25% AcN and 0.1% TFA, and further fractionated on a semi-
preparative HPLC system (Shimadzu, Kyoto, Japan) equipped with an
SPD-M10Avp photodiode array detector and a 250 x 10 (i.d.) mm Dynamax
column (C;s, 5 um, pore size 300 A). The column was eluted with a linear
gradient from 25% AcN with 0.1% TFA to 75% AcN with 0.1% TFA over
30 minutes. Fractions were collected and tested for cytotoxicity in the cell-
line panel. The most potent fraction was further purified by HPLC to yield a
homogenous component, which was unambiguously identified as the cardiac
glycoside digitoxin by spectroscopic methods. The 'H nuclear magnetic
resonance (NMR) spectra (recorded at 600 MHz) and electrospray mass
spectra were in agreement with those of an authentic sample of digitoxin
(Sigma).

* On the familial classification of Digitalis. Digitalis was previously placed in the family
Scrophulariaceae, however, recent phylogenetic studies imply that the proper placement
should be in the Plantaginaceae (e.g. Olmstead and Reeves 1995; Reeves and Olmstead 1998;
Olmstead et al. 2001).
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Results

Results of the initial screening (Paper I)

Initial selection

Plants for this study were selected pro primo to reflect biodiversity in a
phylogenetic sense, and pro secundo to include, as far as possible, well
studied medicinal plants. This resulted in a set of 98 plant extracts, which
were extracted and fractionated according to the methods described above.
The p fractions from these extracts were initially screened and the extracts
that indicated cytotoxic properties were selected along with some non-active
extracts as controls. Together with the fraction p from Digitalis purpurea,
which was added afterwards as a control, this resulted in 30 extracts, which
passed on to the second screening. Data and details are presented in Paper 1.

Pre-screening: Cytotoxic activity in primary human tumour cells

Using two primary human tumour samples, and tumour cell line systems for
second-line screening, the 30 fractionated plant extracts (29 from the first-
line screening and one from Digitalis purpurea) at three concentrations were
screened for cytotoxic activities, followed by selection based on the
cytotoxicity criterion (i.e. AUC<10,000 in more than one cell line) and in
vitro selectivity determined as at least one of the three AUC-ratios
(discussed above) being greater than one. Ten of these 30 extracts were
selected for further characterisation in the human tumour cell-line panel.

Cytotoxic activity characterisation — human tumour cell lines

Using the FMCA, dose-response curves of each of the 10 finally selected
extracts were analysed at six concentrations using all 10 cell lines in the
panel. Overall cytotoxic activity varied between extracts; and for each
extract, activity varied between cell lines (Table 5).
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Table 5. Cytotoxicity screening ICsy values (uM) of human tumour cell lines,
detected using FMCA. Species indicated by asterisks (*) were identified as prime
targets. An ICsy value of 200.0 indicates no effect on the cell line even at the highest
test concentration.

RPMI RPMI 8226/ RPMI 8226/ CCRF- CEM/ NCI- H69AR U937- U937- ACHN

Species Family 8226/  DOX40 LR5  cgm VM-l H69 GTB  VCR

Asperula tinctoria Rubiaceae 200.0 89.0 200.0  200.0  200.0 200.0 187.0 200.0 200.0 200.0
Colchicum autumnale *  Colchicaceae 15.8 39.8 13.0 15.4 164 103.0 822 13.6 149 200.0
Digitalis lanata *  Plantaginaceae 4.0 54 52 33 43 1.1 1.9 60 120 1.6
Digitalis purpurea *  Plantaginaceae 1.1 1.5 1.1 0.1 1.4 1.4 0.6 1.0 1.2 1.4
Gentiana punctata Gentinaceae 200.0 188.0 200.0  200.0  200.0 200.0 137.3 200.0 200.0 200.0
Helleborus cyclophyllus *  Ranunculaceae 442 63.2 43.8 35.7 199 384 298 371 485 179
Menyanthes trifoliata *  Menyanthaceae 41.2 96.9 43.8 46.7 424 122.0 1323 362 334 694
Pteridium aqulinum Pteridaceae 117.7 103.0 47.0 138.6 123.0 99.0 262 151.0 160.2 167.0
Silene rubrum Caryophyllaceae 100.0 51.0 46.8 70.0 111.8 200.0 200.0 312 41.5 1545
Viola arvensis *  Violaceae 14.9 16.3 13.0 413 375 439 422 388 450 224
Viola patrinii *  Violaceae 13.7 13.6 10.1 17.6 46.6 188 532 184 188 192

The ICsy values obtained from four or more of the cell lines were below
50 pg/ml for the fractionated extracts of seven plants: Colchicum autumnale
L. (Colchicaceae), Digitalis lanata Ehrh., Digitalis purpurea L.
(Plantaginaceae), Helleborus cyclophyllus Boiss. (Ranunculaceae),
Menyanthes trifoliata L. (Menyanthaceae), Viola arvensis Murr., and Viola
patrinii Ging. (Violaceae).

Activity profiles were then compared with entries in the database. Five of
the extracts showed very low correlations with the standard drugs, while the
Menyanthes trifoliata extract showed moderate but unspecific correlation
with several drugs, and the Colchicum autumnale extract showed high (0.94)
correlation with vincristine, representing the tubulin-interacting agents. From
these seven extracts, four were selected for further investigations: the two
Viola extracts (as described in Paper III) and the two Digitalis extracts
(Paper V).

Cytotoxic compounds in Nuphar luteum (Paper II)

Identification of cytotoxic compounds in Nuphar luteum

The cytotoxicity of the Nuphar luteum fraction p’ obtained using the
modified fractionation protocol, was found to have an ICs, value of less than
0.05 pg/ml, the lowest concentration tested, compared to an 1Csy value of
148.8 nug/ml for fraction p, obtained by the original protocol (unpublished
data). The active substance in fraction p’ from Nuphar luteum was isolated
by bioassay-guided fractionation.
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Figure 7. Activity profile, mean graph, of fraction p' from Nuphar luteum.

Comparison of the activities of fraction p’ with those of other substances in
the database yielded the activity profile shown in Figure 7. This activity
profile shows insignificant correlations to the profiles of all of the drugs and
compounds included in the available databases, implying that one or more
components in it has/have a novel mechanism of action.

The procedure applied in the bioassay-guided fractionation is described
schematically in Figure 8. After isolation, NMR structural elucidation and
high performance mass spectrometric analysis, the cytotoxic active
substance was identified as the Nuphar alkaloid immonium
thiobinupharidine (Figure 9). No ICs, value for the pure compound in the
lymphoma cell line U937GTB could be determined, due to the miniscule
amounts required, but conservative estimates indicate that it is well below
1 nM.
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Figure 8. Procedure followed during the bioassay-guided isolation of
cytotoxic compounds from Nuphar luteum.
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Figure 9. Structure of immonium thiobinupharadine.

In the fractions obtained from Nuphar luteum, the CH,Cl, extract from the
first step of de-fatting also exhibited pronounced cytotoxic activity. For
further testing, fractionation by AGC was employed. Table 6 shows the
cytotoxicity in ICsy values for these AGC fractions.

Table 6. Cytotoxicity of AGC fractions tested against cell line U937GTB.

Fractions from AGC Designation ICs ng/ml
1-21 a -
22 b 294
23-24 c 509
25-30 d 259
31-35 e 115
36-41 f 270
42-51 g 119
52-59 h 19
60-70 i 99
71-88 ] 30
89-115 k 101

According to the NMR spectra and MS data, the most active fractions
(designated h) contained fatty acids. The '"H NMR spectra show an intense
peak at 8 1.29 ppm, indicating a long intermediary methylene chain, while
the multiplicity signal pattern at & 0.93 ppm compatible with terminal methyl
group; a combination which is typical of fatty compound. The presence of
polyunsaturated fatty chains, indicated by cross peaks at & 2.80 ppm,
together with the peak at o 5.25 ppm, confirm the partial
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structure [CH=CH-CH,-(CH=CH-CH), | with n>1, while peaks at 6 2.38 and
1.69 ppm are assigned for CH,COOH and CH,-CH,COOH groups,
respectively. These data are consistent with the °C NMR spectrum, which
showed the COOH group at 5 180.5 ppm, and double bonds at  130.3 and
130.0 ppm, with the methyl group and methylene chain from & 14.4 to
34.3 ppm.

The mixture of fatty acids was methylated using methanol in the presence
of p-toluene sulphonic acid as a catalyst. After sample preparation the
mixture was subjected to gas chromatography-MS analysis. The major com-
pounds were found to be palmitic acid (69%), myristic acid and steric acid
from their from the retention times, molecular ion peaks, fragmentation
patterns and comparison with authentic samples (Table 7).

Based on IR analyses, high resolution-MS, 1D- and extensive 2D-NMR
analyses in addition to comparison with literature data of closely related
structures (LaLonde ef al. 1973; LaLonde et al. 1975; Lal.onde and Wong
1975), it was finally concluded that the novel structure, reported for the first
time as a naturally occurring compound, was immonium thiobinupharidine
in the axial form.

Table 7. Fragmentation and elucidation data for the cytotoxic fraction h from the
CH,Cl, extract of Nuphar luteum.

Name Structure Molecular formula Fragmentation
(Molecular weight)

Palmetic acid methyl ester ~ CH;3(CH,);4COOCHj; Cy7H;340, (270) 239,227,213, 199, 185, 171, 157, 143,
129

Myrestic acid methyl ester ~ CH;(CH,);,COOCHj; Ci5H;300, (242) 211, 199, 185, 171, 157, 143, 129,

Steric acid methyl ester CH3(CH,)sCOOCH; Ci9H330; (298) 267,255,241,227,213,199, 185, 171,
157, 143,129, 115, 101

Linoleic acid methyl ester amy Ci9H340; (294) 294,263, 220, 150, 123

a-Linoleic acid methyl ester amy Ci9H3,0, (292) 261, 236,223,207, 191, 173, 163, 149,
135, 121

Cytotoxic compounds in Viola (Paper III)

Identification of cytotoxic compounds in Viola

The active substance from the cytotoxic-fractionated plant extract of Viola
arvensis was shown to be the cyclotide varv A, isolated according to the
fractionation protocol and HPLC procedures, described by Claeson and
co-workers (Claeson et al. 1998). In tumour cells from patients (CLL and
ovcA) the ICs, values for varv A ranged from 1.2 to 1.3 pM (data from
Paper III). The mean ICs; value for the cell lines was 4.4 uM (Table 8). The
cytotoxicity activity profile for varv A is shown below in Figure 10.
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Figure 10. Activity profile, mean graph, of varv A from Viola arvensis.

Structure-activity relationship

Because of the pronounced anti-tumour activity shown by the fractionated
plant extract of Viola arvensis, three purified cyclotides previously isolated
from species of Viola were tested for cytotoxic activity towards both the
cell-line panel and patient samples (Paper III). For each of these peptides,
the fraction from which it was later isolated also showed cytotoxic activity.
The cyclotides varv A, varv F, and cycloviolacin O2, isolated from the two
violets Viola arvensis and Viola odorata, exhibited strong cytotoxic
activities at low concentrations. Of these, cycloviolacin O2 proved to be the
most potent, with ICsy values of 0.10-0.26 uM (Table 8). This is the first
time that cytotoxicity of these three cyclotides has been reported. Figure 11
shows the amino-acid sequences and three disulfide bonds of these
cyclotides.

Table 8. Cytotoxic activity as ICsy values (in uM) of the cyclotides for a panel of 10
human tumour cell lines

Cell line varv A varv F cycloviolacin O2
RPMI 8226/s 3.24 5.90 0.12
RPMI 8226/LR-5 3.19 6.31 0.12
RPMI 8226/D0X40 2.73 3.14 0.12
CCRF-CEM 3.56 7.13 0.11
CEM/VM-1 4.97 7.15 0.14
NCI-H69 4.88 7.49 0.12
H69AR 4.89 7.12 0.26
U937GTB 6.36 7.07 0.26
U937VCR 4.84 7.45 0.20
ACHN 4.19 2.63 0.22
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Figure 11. Alignment of amino-acid sequences showing the cyclic structure of the
cyclotides varv A, varv F and cycloviolacin O2, from inside out. Lines through the
centre represent the three disulfide bonds. Asterisks (*) indicate amino acid changes
with probability values for random occurrence in fewer than 1 in 1000 substitutions,
according to the PAM250 (Dayhoff et al.1978) and BLOSUMG62 (Gonnet et al.
1992) substitution matrices. Figure from Paper I11.

Cytotoxic compounds in mistletoes (Paper 1V)

In the initial screening presented in Paper I one mistletoe, Viscum
heyneanum of the family Viscaceae, was included. Results from tests on HEL
and MT4 cells showed surprisingly low activity, considering the previously
indicated cytotoxicity of mistletoes (Samuelsson 1966; Samuelsson 1969;
Samuelsson ef al. 1981) and their century-long use in cancer therapy. In
study IV further investigations on the in vitro activity of mistletoes were
carried further and expanded into testing extracts from seven Panamanian
mistletoe species. Four out of seven mistletoe species tested showed cytotox-
icity in the first FMCA screening, namely Phthirusa pyrifolia and Phthirusa
retroflexa from Loranthaceae, and Phoradendron acinacifolium and
Phoradendron quadrangulare from Viscaceae. The 1Csy values ranged from
1.2 mg/ml to 1.8 mg/ml, corresponding to concentrations of approximately
0.25 mM to 0.38 mM, based on an approximate thionin mass of 4.8 kDa
(Table 9).
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Table 9. Cytotoxic activity towards the lymphoma cell line U937GTB in ICsy values
(uM) of the HAc extracts from different mistletoes.

Species Family 1Cs
Oryctanthus alveolatus Loranthaceae >2000
Phthirusa pyrifolia Loranthaceae 1186
Phthirusa retroflexa Loranthaceae 1644
Psittacanthus pusillus Loranthaceae >2000
Phoradendron acinacifolium Viscaceae 1577
Phoradendron guascanum Viscaceae >2000
Phoradendron quadrangulare Viscaceae 1785

The extract was fractionated by HPLC, and the resulting fractions were
scanned by a photodiode array detector for characteristic peptidoid spectra.
MALDI-TOF mass spectral analysis was used to check that peptides were
present, by seeking characteristic mass/charge ratios of peptide fragments.
Both the ultraviolet (UV) spectra and mass analyses indicated that
Phoradendron quadrangulare contains thionins. However, no typical thionin
UV peaks or characteristic fragments were detected in the Phoradendron
acinacifolium analyses. The loranthaceous mistletoes yielded peaks of lower
intensity, indicating that thionins were only present in low concentrations, if
at all. Extracts from both Phthirusa pyrifolia, and Phthirusa retroflexa
showed spectra indicating the presence of thionins, but no confirmatory
masses were detected. Instead, lower than expected masses were detected,
indicating the presence of polypeptide. The spectra and masses obtained are
all shown in Paper IV,

Cytotoxic compounds in Digitalis (Paper V)

Identification of cytotoxic compounds in Digitalis

The active cytotoxic substance from Digitalis purpurea indicated in I, was
isolated by means of a bioassay-guided fractionation. The substance proved
to be the clinically well-known cardiac glycoside digitoxin. In tumour cells
from patients (OVCA, breast carcinoma and CLL) the ICs, range was 55 to
150 nM (data from Paper V). Over all the cell lines, the mean 1Cs, value for
digitoxin was 37 nM.

Structure-activity relationships

To further investigate structure-activity relationships, on a small scale, we
performed cytotoxicity tests with digitoxin, the saponin digitonin, the
aglycone digitoxigenin, and four other cardiac glycosides. All compounds
were tested against different human tumour cells, both from cell lines and
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primary cultures of human tumour cells from patients (Paper V). The
chemical structures and activity profiles of these compounds are presented in
Figure 12. Of these seven compounds, proscillaridin A proved to be the most
potent, with ICsy values ranging from 6.4 to 76 nM, then in order of
decreasing potency: digitoxin, ouabain, digoxin, lanatoside C, digitoxigenin,
and digitonin. The ICs, values of cardiac glycosides and digitonin for the
human tumour cell-line panel are shown in Table 10. Digitoxin and digoxin
were selectively toxic to haematological tumour cells, while proscillaridin A
was equally toxic to solid and haematological tumour cells.

Table 10. ICsy values (nM) of cardiac glycosides and digitonin for the
tumour cell-line panel.

Cell line Digitoxin Digitoxigenin  Digoxin  Lanatoside C Ouabain Proscillaridin A Digitonin

RPMI 8226/S 34 242 84 220 73 13 34
RPMI 8226/D0X40 59 395 172 339 148 20 1070
RPMI 8226/LR-5 25 201 64 150 57 15 1310
CCRF-CEM 25 283 49 127 57 <6.4* 2650
CEM/VM-1 40 441 63 190 74 9 4430
NCI-H69 12 635 56 137 70 66 2600
H69AR 31 200 41 154 45 10 4730
U937GTB 32 251 68 142 66 6.4 1880
U937VCR 36 344 74 133 63 6.4 1100
ACHN 76 658 125 602 126 76 7000

* The estimated 1Csy value was below the tested concentrations; hence the lowest tested
concentration is given.
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Figure 12. Chemical structures and activity profiles of the cardenolides.
Abbreviations: dx (digitoxose), glu (glucose), adx (acetyldigitoxose), xyl (xylose),
gal (galactose). The 10 cell lines referred to in the activity profiles are, from the top:
CCRF-CEM, CEM/VM-1, ACHN, NCI-H69, H69AR, RPMI 8226/S, RPMI 8226/D0ox40, RPMI
8226/LR-5, U937GTB and U937VCR.
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Discussion

Screening and phylogeny (Paper I)

The screening efforts described in Paper I were designed to identify
natural products with the highest potency, greatest chemical diversity, and
most promising, distinct anticancer mechanisms possible from a manageable
selection of plants. The rationale of the project was based on the assumption
that if knowledge of plant phylogeny and relevant systematic information
can be used to make a well-founded selection of study objects at the
beginning of such a program, the speed at which the structural diversity
found in Nature can be explored and exploited should be significantly
enhanced.

The results from Paper I suggest that compounds with cytotoxic activities
are distributed in most parts of the plant kingdom, thus the selected set of
plants should include representatives of a wide range of families. Further-
more, natural products from plants have enormous molecular diversity, and
numerous strategies have been developed to access and explore this wealth
of different structures, and the mechanisms of action related to them. It
seems intuitively likely that wide systematic diversity will be reflected in a
great diversity of chemical compounds, since each plant species has the
capacity, developed over millions of years of evolution, to generate a unique
set of chemicals. This capability is retained in the plant genome in the form
of genes encoding a large array of biosynthetic enzymes. Phylogeny can thus
be used as a tool, both to find new substances, and to help us to decide where
to search.

The combination of a well planned and performed phylogenetic selection
together with a relevant bioassay method with well-defined criteria
contributed to the distinct results in all papers presented in this thesis. The
screening in Paper I led to a set of plants with cytotoxic substances, from
which the cyclotides varv A, varv F, cycloviolacin O2, and digitoxin, a heart
drug in clinical use, could be isolated and investigated, together with
structurally related substances, as described in Papers III and V. In Paper 11
unexpected positive results from Paper I were further investigated.
Unexpected, but negative results from Paper I were futher investigated in
Paper IV.
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The strategy of using a robust selection method and selection criterion (cyto-
toxicity, as determined by appropriate assays) provides a way to
address, on a smaller scale, similar questions to those investigated in the
NCI's DTP. The NCI attempts to identify interesting compounds by using
huge scale screening programs (testing more than 70000 extracts of angio-
sperms against a 60-cell-line panel looking for anti-tumour substances),
while a selection of approximately of 1/4000 this size was screened in the
studies underlying this thesis. Nevertheless, the low correlations of the
activity profiles of the selected substances with those of standard chemo-
therapeutic drugs, support the hypothesis that the cytotoxicity displayed by
several of these compounds may act by novel, unknown mechanisms.

Nuphar luteum — cytotoxicity of a Nuphar alkaloid
(Paper II)

In summary, Paper Il demonstrated that an alkaloid isolated from Nuphar
luteum, representing what is thought to be one of the earlieast lineages of
angiosperms to diverge, has cytotoxic activity. This observation, in
combination with the activity of paclitaxel in Taxaceae, further corroborates
the finding that cytotoxic substances do not only occur in advanced
angiosperm families such as Apocynaceae. Consequently, we should use
available phylogenetic information to ensure adequate coverage of biological
diversity in the whole group of organisms under investigation.

The alkaloid was retrieved by bioassay-guided isolation and shown to
have high cytotoxic activity with an apparently unique activity profile. The
structure was elucidated by IR, MS, 1D- and extensive 2D-NMR analyses,
together with comparison with literature data for closely related structures,
and it was identified as immonium thiobinupharidine in the axial form
(Figure 9). This substance has not been previously reported, although the
bisimmonium ion has been obtained as an intermediate during the synthesis
of hydroxyneothiobinupharidine by Wong and LaLonde, (1975).

This is the first report of the bioassay-guided isolation of a cytotoxic
Nuphar alkaloid. The observed activity is remarkably high both towards the
primary resistant renal adenocarcinoma ACHN and the doxorubicin-selected
myeloma 8226/D0x40, with ICs, values below 1 nM. This is particularly
noteworthy considering the generally resistant nature of these cell lines
(which also show generally higher resistance than the other lines in the cell-
line panel). Thus, the fraction p’ obtained from Nuphar luteum had a unique
activity profile (Figure 7), which is presumably similar to that of the pure
compound, although this has not been tested due to the miniscule amounts of
the substance isolated.
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The lipophilic extract from the Nuphar luteum contained a mixture of fatty
acids and showed cytotoxic activity, but not as potent as the Nuphar
alkaloid. They were structural elucidated and the major component was
determined to be palmetic acid.

Cyclotides in Viola — cytotoxic macrocyclic
polypeptides (Paper III)

The circulins (see Table 3) were initially found in a random-screening
program targeting anti-HIV activity (Gustafson et al. 1994; Derua et al.
1996; Daly et al. 1999). Cyclopsychotride A, which inhibits neurotensin
binding to cell membranes (Witherup et al. 1994), was isolated from
Psychotria longipes. Kalata B1, which has uterotonic effects (Gran 1973;
Saether ef al. 1995; Gran et al. 2000), was found in Oldenlandia affinis DC.
Cytotoxicity and haemolytic activity have been shown by both kalata BI,
and the previously mentioned circulins A and B, and cyclopsychotride (Tam
et al. 1999). Cycloviolins A-D, which have anti-HIV activity, have been
isolated from Leonia cymosa (Hallock et al. 2000).

Turning to polypeptides from violets, the haemolytic activity of viola-
peptid I led to its discovery (Schopke et al. 1993), and subsequently to the
isolation of varv A-H from Viola arvensis (Claeson et al. 1998; Goransson
et al. 1999). In Paper III, we present evidence for yet another activity of
these cyclic polypeptides, namely cytotoxic activity against human tumour
cells. More recently, vitri A has been isolated from Viola tricolor, and shown
to have cytotoxic activity (Svangard et al. 2004), as have a series of other
Viola-cyclotides.

The cyclotides isolated from Viola show pronounced anti-tumour activity
(Table 8), leading to total cell death at low concentrations in both primary
cultures and cell lines. The activity profile in Figure 10 shows that the
differences between the sensitive and resistant cell lines are very large. The
low wvariability in ICsy values and, thus, activity profiles amongst the
different cell lines indicates that the compounds may have an unspecific
mechanism of action, such as pore formation (for details of general pore
formation theory see Craik et al. 2001; Svangérd et al. 2003). The cyclotides
show a dose-dependent cytotoxicity, and the dose-response curves exhibit a
sharp profile, similar to dose-response curves for the cytotoxic human
neutrophil defensin HP-1, which has been shown to disrupt cell membranes
by forming pores (Kagan et al. 1990; Bateman et al. 1992; Ganz and Lehrer
1999; Heller et al. 2000).

More recent studies have confirmed the cytotoxic activity of the
cyclotides and the general traits reported in Paper I (Goransson et al. 2004;
Svangérd et al. 2004). The unique family of cyclotides, macrocyclic proteins
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with unusual stability and potency, are highly interesting from a medical
perspective. Three disulfide bonds stabilize the wunique head-to-tail
cyclicized backbone of these substances, and cysteine residues form the
cystine knot motif, forming a very stable yet versatile scaffold, as discussed
in Paper III. Protease digestion of these polypeptides is only possible after
reduction of the disulfide bonds to eliminate the stability provided by the
cystine knot (Craik et al. 1999).

In plants nothing is known about the function of the cyclotides. However,
these rather complex molecules do presumably have some biological
functions in plants, since evolutionary pressures tend to prevent the
production of substances that do not increase reproductive fitness. In
addition to these evolutionary considerations, observed biological activities
and affinities for plant polypeptides to animal receptors suggest that the
cyclotides may have important functions in plant defences.

Craik et al. (2001), and Epand and Vogel (1999) suggest that the cyto-
toxic, haemolytic, and antimicrobial effects of cyclotides are due to their
similarities to other antimicrobial peptides. For instance, they have structural
similarity to the defensins, a family of polypeptides hypothesized to disrupt
cell membranes by forming membrane pores (Kagan et al. 1990; Ganz and
Lehrer 1999; Yang et al. 2000). Because of their positive charge, the
cyclotides may interact with negatively charged groups of membranes, thus
causing disruptions that affect membrane permeability (Hancock 2001). This
could be the mechanism responsible for the cytotoxic effects of the
cyclotides.

Mistletoes (Paper IV)

The mistletoes contain peptides with similar activities to the cyclotides, and
they have been used in traditional medicine since throughout recorded
history, initially for their antimicrobial properties, in wound healing, and
recently more often in cancer treatment. Extracts from mistletoes have
shown cytotoxic activities in a series of studies (Samuelsson 1966;
Samuelsson 1969; Samuelsson et al. 1981; Li et al. 2002; Johansson et al.
2003).

The material screened in Paper I included Viscum heyneanum (see
nomenclatural notes on page 36), a mistletoe from the family Viscaceae,
sometimes included in the Santalaceae sensu latissimo. Although results of
previous reports have indicated the presence of compounds with cytotoxic
activities in mistletoes, no significant cytotoxic activity was found in our
initial screening; only 5% inhibition of MT4 cells being observed at the
highest tested concentration.

Using the in vitro FMCA method for cytotoxicity testing, and a
fractionation protocol designed for isolating thionins, this study was
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performed to further test the previously shown cytotoxicity of mistletoes
towards the tested cell lines. The samples studied were selected to compare
species from the Viscaceae and Loranthaceae that have not previously been
investigated. In this study, fractionated extracts were tested in much the
same way as in the NCI’s DTP screening program. The results of this more
detailed study indicate that cytotoxic compounds are present in the
mistletoes, contrary to the indications obtained in the initial screening (Paper
I). This apparent discrepancy will be further investigated in future studies.

Paper IV presents the first report of small cytotoxic polypeptides, as well
as possible thionins, in the family Loranthaceae. The masses of compounds
detected in the cytotoxic fractions from Phthirusa pyrifolia and Phthirusa
retroflexa as determined with MALDI-TOF indicate the presence of small
peptides of 3-5 kDa. Previously published reports of cytotoxic peptides in
the Loranthaceae have detected larger, medium-sized, peptides with molecu-
lar weights of 14-19 kDa (Mary ef al. 1994; Fernandez ef al. 1998).

Digitoxin in Digitalis (Paper V)

This study confirmed a new activity for an already well known molecule.
The observed cytotoxicity of digitoxin prompted further investigation of the
structure-activity relationships of other structurally related compounds. The
results revealed pronounced differences in cytotoxicity between the cardiac
glycosides, in terms of potency, selectivity, and cytotoxicity mechanisms
from those of commonly used anticancer drugs. The cytotoxicity of Digitalis
has been known for a long time, but epidemiological studies have shown that
digitoxin has anti-tumour effects even in the low concentrations that can be
used therapeutically (Stenkvist 1999; Haux et al. 2001).

Activity profile analysis, using COMPARE software, showed that the
profiles of the cardiac glycosides and digitonin were very weakly correlated
(with Pearson’s correlation coefficients of just 0.30-0.70; Pearson 1900) to
those of substances with known cytotoxicity mechanisms (Paper V). These
findings suggest that the mechanism involved in the cardiac glycosides’
activity, has not been previously characterised, and thus indicate further
possible therapeutic applications for the cardiac glycosides that are in
clinical use today. Other studies support the hypothesis that the cardiac
glycosides have anti-tumour activity and the mechanism involved has been
suggested to be based on oestrogen-like effects, or the inhibition of
proliferation and induction of apoptosis in various cell lines (by digitoxin)
(Cove and Barker 1979; Falconer et al. 1983), or effects on intracellular Ca**
levels (Yeh et al. 2001).
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Summary, Conclusions, and Future Prospects

In the studies presented here an attempt was made to select a set of plants
based on systematic information and the connections between evolution,
biological diversity and chemical diversity. In this work, naturally occurring
compounds with cytotoxic activity towards tumour cells were sought,
detected and evaluated. Using fractionation by a primary protocol, then
bioassay-guided isolation (cytotoxicity assays using human tumour cell lines
and primary cultures of human tumour cells), several compounds with
pronounced cytotoxicity were isolated. These compounds, representing
substantial chemical diversity and originating from diverse parts of the
phylogenic spectrum examined, showed promising cytotoxic activity.
Furthermore, their activity appeared to be based on novel mechanisms
(according to activity profile comparisions). They included a cytotoxically
potent Nuphar alkaloid, cytototoxic cyclotides, cytotoxic polypeptides from
Loranthaceae, and cardiac glycosides with anti-tumour activity. The
approach appears to be valid and useful, since there is an urgent need for
new cytostatic substances, preferably with novel mechanisms of action that
can act on tumour cells that are resistant to currently used drugs.

As mentioned in the aims presented on page 23, the selection of plants for
the cytotoxic investigation was designed to cover large parts of the
angiosperm system, providing broad representation of plants across a wide
range of species. Extracts were subjected to polypeptide fractionation
protocols. Screening was performed with tumour cells from patients and cell
lines, selecting for anti-tumour activity and selectivity to detect compounds
acting with novel cytotoxic mechanisms. This resulted in the detection and
identification of following cytotoxic compounds: a Nuphar alkaloid, three
cyclotides, polypeptides from Loranthaceae and Viscaceae, and cardiac gly-
cosides from Digitalis.

In conclusion, the results show that selection based on phylogenetic
information, together with a robust and reliable method to detect cyto-
toxicity, can be a helpful approach for exploring the plant kingdom for cyto-
toxic substances. These findings show that the effiency of the screening
procedures applied in searches for active compounds can be improved by
using a systematic biodiversity-based search with two levels of explicit
selection (first of objects for study, then at the different testing steps). Nature
can then be more effectively explored for new substances with promising
pharmacological properties.
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Future prospects

The results presented in this thesis confirm the value of exploring the vast
biological and chemical diversity available for cytotoxic compounds of plant
origin, and for new potential leads in the development of novel drugs for
cancer treatment

To conclude this thesis, I propose that future studies should be undertaken
to further investigate:

representative species from some of the orders and major families
that were not covered in this thesis. Particular attention could then
be paid to the systematic entities that have not yet been investigated
by the NCI;

the cytotoxic compounds in Nuphar luteum, and related species,
testing cytotoxicity in the cell-line panel and examining their
mechanisms of action and selectivity;

mechanisms of action and selectivity of the cyclotides (work that is
already in progress at the Division of Pharmacognosy, Uppsala
University);

mechanisms of action and selectivity of the polypeptides in the
mistletoes, and the sources encoding polypeptide (DNA
sequences) to assess the thionin and polypeptide contents of these
plants (also work in progress at the Division);

the fractionation and isolation methods, considering the unexpected
occurrence of cardiac glycosides and alkaloids in a fraction
designed to retrieve polypeptides;

the clinical potential of the compounds described here, by testing
their activity on other types of tumour and normal blood cells that
have not been affected by tumours as well as, eventually, in vivo
studies. The in vitro studies are admittedly far from the clinical
response, but they can be used for identifying cytotoxic activity and
preliminary mechanistic classifications. The data thus obtained
need to be confirmed, for instance by testing the compounds on
primary cultures of human tumour cells, followed by
appropriate animal studies;

connections between the mechanisms of action and the chemical
structures in the chemical space spanned by the identified
substances (also work in progress at the Division).
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Swedish Summary

Cytotoxiska foreningar frén véxter — biologisk och
kemisk diversitet

Tumorer utvecklar ofta resistens mot de verkningmekanismer dagens
lakemedel mot cancer, cytostatika, anvédnder sig av. Det dr darfor viktigt att
hitta nya cytotoxiska foreningar som hdmmar tumortillvéxt for att kunna
utveckla ny cytostatika med andra verkningmekanismer.

Naturen uppvisar en otrolig kemisk mangfald och kan erbjuda nya
foreningar med potential som lakemedel eller farmakologiska verktyg.

Genom att gora ett systematiskt urval kan man littare leta efter dessa
cytotoxiska foreningar. Véxter dr en enhetlig och tydligt avgransad grupp dér
man har studerat deras evolutionédra utveckling. Med ett tydligt schema fran
borjan kan man fé en béttre utgdngspunkt och anvinda vixternas systematik
for att hitta ny kemi. I det hér arbetet har ett urval gjorts for att ticka in stora
delar av de blommande véxterna, angiospermerna, genom att systematiskt
undersoka olika vixtgrupper.

Over 100 olika viixter har fraktionerats enligt ett fraktioneringsprotokoll
framtaget for att isolera polypeptider. Av dessa fraktionerade véxtextrakt
valdes 29 ut baserat pa cyototoxiska data. Dessa, plus en kontroll, fick
genomga en screening i tvé steg. Forsta steget var en cytotoxisk testning med
en forsoksmodell som kallas DIAS (Dynatech Immuno Assay System) och
som utfors pa blodceller fran friska blodgivare — PBMC, blod- eller
benmargsceller fran patienter med kronisk lymfatisk leukemi — CLL, och
bortopererat material fran ovarialcancerpatienter — OVCA) samt pa tva
cellinjer (solid njurtumorcellinje — ACHN och T-cellsleukemicellinje —
CCRF-CEM). Genom att vilja vixtextrakt som uppfyllde vissa kriterier
avseende tillrdcklig cytotoxicitet aterstod 10 for vidare testning. Dessa fick
genomgéd en liknande cytotoxicitetstestning kallad FMCA (Fluorometric
Microculture Cytotoxicity Assay) som baseras pa en cellinjepanel bestaende
av tio olika cellinjer representerande flera olika verkningsmekanismer. Sju
av dessa tio vaxtextrakt visade dven i den andra forsoksmodellen intressanta
cytotoxiska resultat. De var extrakt frén: Colchicum autumnale (tidlosa),
Digitalis  lanata  (grekisk fingerborgsblomma), Digitalis purpurea
(fingerborgsblomma), Helleborus cyclophyllus (en julros utan svenskt
namn), Menyantes trifoliata (vattenklover), Viola arvensis (&kerviol) och
Viola patrinii (saknar svenskt namn).
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Genom att titta ndrmare pa nagra av dessa kunde de cytotoxiskt aktiva
substanserna isoleras och identifieras till digitoxin frdn Digifalis lanata och
Digitalis purpurea samt polypeptiden, en cyklotid varv A frdn Viola
arvensis. Dessa substanser studerades tillsammans med strukturellt
nérstdende substanser och uppvisade mycket goda effekter av tidigare delvis
okdneslagula ndckrosen, Nuphar Iluteum, uppvisade 1 den fOrsta
undersokningen sd ovéntade resultat att den studerades separat.
Cytotoxicitetsstyrd isolering av de aktiva fOreningarna i Nuphar luteum
resulterade i identifieringen av flera potentiellt intressanta foreningar, bland
annat den mycket cytotoxiska alkaloiden immonium-thiobinupharidine.

Sju extrakt frdn mistlar frdn familjerna Viscaceae och Loranthaceae,
insamlade i Panama, testades for cytotoxicitet med FMCA. Fyra extrakt
visade viss aktivitet pa en kinslig lymfomcellinje (U937GTB) och renades
ytterligare med HPLC. Resultatet indikerar att aktiviteten beror pd sma
peptider, tioniner. Tioniner har tidigare visat cytotoxicitet frén flera mistlar
frén familjen Viscaceae, men det hér &r forsta rapporten av polypeptider med
tioninliknande egenskaper i familjen Loranthaceae.

Som slutsats kan sdgas att genom utnyttjande av kunskap om den
biologiska diversiteten tillsammans med robusta och paélitliga testmetoder,
har inom projektet en serie potenta cytotoxiska substanser med sinsemellan
olika typer av biologisk aktivitet/mekanism péatraffats i fyra vitt skilda
grupper av vaxter.
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Appendix A

List of all species included in Papers I-V arranged alphabetically,
familial and ordinal assignments for angiosperms according to APG2

(2003).

Species Family Order
Acalypha diversifolia Euphorbiaceae Malpighiales
Achillea millefolium Asteraceae Asterales
Actaea alba Ranunculaceae Ranunculales
Allium sativum Alliaceae Asparagales
Alluaudia humbertii Didiereaceae Caryophyllales
Alnus glutinosa Betulaceae Fagales

Aloe lateritia Alliaceae Asparagales
Andrographis paniculata Acanthaceae Lamiales
Anemone canadensis Ranunculaceae Ranunculales
Anthriscus silvestris Apiaceae Apiales
Aphelandra flava Acanthaceae Lamiales
Arctostaphylus uva-ursi Ericaceae Ericales
Arnica mollis Asteraceae Asterales
Asclepias tuberosa Apocynaceae Gentianales
Asperula tinctoria Rubiaceae Gentianales
Betula verrucosa Betulaceae Fagales
Boswellia frereana Burseraceae Sapindales
Brassica rapa Brassicaceae Brassicales
Bunias orientalis Brassicaceae Brassicales
Caesalpinia benthamianum Fabaceae Fabales
Carica papaya Caricaceae Brassicales
Chassalia kolly Rubiaceae Gentianales
Cinchona pubescens Rubiaceae Gentianales
Coffea arabica Rubiaceae Gentianales
Colchicum autumnale Colchicaceae Liliales
Commiphora guidotii Burseraceae Sapindales
Commiphora myrrha Burseraceae Sapindales
Convolvulus arvensis Convolvulaceae Solanales
Corylus avellana Betulaceae Fagales
Crambe maritima Brassicaceae Brassicales
Cytisis scoparius Fabaceae Fabales
Digitalis lanata Plantaginaceae Lamiales
Digitalis purpurea Plantaginaceae Lamiales
Elymus repens Poaceae Poales

Erica carnea Ericaceae Ericales
Euphorbia hirta Euphorbiaceae Malpighiales
Fumaria officinalis Papaveraceae Ranunculales
Galium album Rubiaceae Gentianales
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Galium aparine

Galium boreale

Galium odoratum
Galium saxatile

Galium verum
Gentiana punctata
Geranium silvaticum
Ginkgo biloba
Helleborus cyclophyllus
Hylocereus sp.
Ipomoea quamoclit
Isatis tinctoria

Justitia adhatoda
Justitia betonica
Lamium album
Laportea aestuans
Leonurus cardiaca
Linum austriacum
Lonicera chrysanta (2 extracts)
Lycopus virginica
Magnolia kobus
Matricaria inodora
Menyanthes trifoliata
Mitriostigma axillare
Momordica charantia
Nuphar luteum
Nymphoides peltata
Oenothera sp.
Oldenlandia corymbosa
Oryctanthus alveolatus
Paeonia potanini
Phoradendron acinacifolium
Phoradendron guascanum
Phoradendron quadrangulare
Phthirusa pyrifolia
Phthirusa retroflexa
Picea abies

Plantago major

Poa pratensis
Polypodium vulgare
Populus tremula
Pteridium aqulinum
Psittacanthus pusillus
Reseda luteola
Rhamnus sp.

Rheum X hybridum
Rubia tinctorum

Rubus idaeus
Saintpaulia ionantha
Schisandra chinensis
Sedum rosea

Silene rubrum

Sorbus aucuparia
Stachys byzantina
Strobilanthes sp.
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Rubiaceae
Rubiaceae
Rubiaceae
Rubiaceae
Rubiaceae
Gentianaceae
Geraniaceae
Ginkgoaceae
Ranunculaceae
Cactaceae
Convolvulaceae
Brassicaceae
Acanthaceae
Acanthaceae
Lamiaceae
Urticaceae
Lamiaceae
Linaceae
Caprifoliaceae
Lamiaceae
Magnoliaceae
Asteraceae
Menyanthaceae
Rubiaceae
Cucurbitaceae
Nymphaeaceae
Menyanthaceae
Onagraceae
Rubiaceae
Loranthaceae
Paeoniaceae
Viscaceae
Viscaceae
Viscaceae
Loranthaceae
Loranthaceae
Pinaceae
Plantaginaceae
Poaceae
Polypodiaceae
Salicaceae
Pteridaceae
Loranthaceae
Resedaceae
Rhamnaceae
Polygonaceae
Rubiaceae
Rosaceae
Gesneriaceae
Schisandraceae
Crassulaceae
Caryophyllaceae
Rosaceae
Lamiaceae
Acanthaceae

Gentianales
Gentianales
Gentianales
Gentianales
Gentianales
Gentianales
Geraniales
GINKGOPHYTA
Ranunculales
Caryophyllales
Solanales
Brassicales
Lamiales
Lamiales
Lamiales
Rosales
Lamiales
Malpighiales
Dipsacales
Lamiales
Magnoliales
Asterales
Asterales
Gentianales
Cucurbitales
Angiosperm root
Asterales
Myrtales
Gentianales
Santalales
Saxifragales
Santalales
Santalales
Santalales
Santalales
Santalales
PINOPHYTA
Lamiales
Poales
PTERIDOPHYTA
Malpighiales
PTERIDOPHYTA
Santalales
Brassicales
Rosales
Caryophyllales
Gentianales
Rosales
Lamiales
Austrobaileyales
Saxifragales
Caryophyllales
Rosales
Lamiales
Lamiales



Symphytum asperum
Syringa vulgaris
Tabernaemontana dichotoma
Teucrium lucidum
Trifolium pratense
Urtica dioica
Valeriana officinalis
Vinca minor

Viola arvensis

Viola cornuta

Viola odorata

Viola patrinii

Viola tricolor
Viscum heyneanum

Boraginaceae
Oleaceae
Apocynaceae
Lamiaceae
Fabaceae
Urticaceae
Valerianaceae
Apocynaceae
Violaceae
Violaceae
Violaceae
Violaceae
Violaceae
Viscaceae

FEuasterids 1
Lamiales
Gentianales
Lamiales
Fabales
Rosales
Dipsacales
Gentianales
Malpighiales
Malpighiales
Malpighiales
Malpighiales
Malpighiales
Santalales
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