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ABSTRACT

This paper reports on the major contributions and results of
the 2nd International Workshop of Pyrrolizidine Alkaloids held
in September 2020 in Kaiserslautern, Germany. Pyrrolizidine
alkaloids are among the most relevant plant toxins contami-
nating food, feed, and medicinal products of plant origin.
Hundreds of PA congeners with widespread occurrence are
known, and thousands of plants are assumed to contain PAs.
Due to certain PAs’ pronounced liver toxicity and carcinoge-
nicity, their occurrence in food, feed, and phytomedicines
has raised serious human health concerns. This is particularly
true for herbal teas, certain food supplements, honey, and
certain phytomedicinal drugs. Due to the limited availability
of animal data, broader use of in vitro data appears warranted
to improve the risk assessment of a large number of relevant,
1,2-unsaturated PAs. This is true, for example, for the deriva-
tion of both toxicokinetic and toxicodynamic data. These ef-
forts aim to understand better the modes of action, uptake,
metabolism, elimination, toxicity, and genotoxicity of PAs to
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enable a detailed dose-response analysis and ultimately quan-
tify differing toxic potencies between relevant PAs. Accord-
ingly, risk-limiting measures comprising production, market-

ing, and regulation of food, feed, and medicinal products are
discussed.

Introduction

In September 2020, the 2nd International Workshop on Pyrrolizi-
dine Alkaloids (PAs) was held online entitled “Novel insights into
pyrrolizidine alkaloid toxicity and implications for risk assessment:
Occurrence, genotoxicity, toxicokinetics, risk assessment”. This
report aims to give an overview of the broad spectrum of contri-
butions of the workshop covering diverse aspects of basic science,
its application, and related requlatory action concerning PAs in
food, including food supplements, feed, and herbal medicinal
products. The conclusions represent the common views of the
contributors. If original data are presented, they are in the process
of publication or will be published in this special issue or else-
where.

The findings of relatively high levels of PAs in certain food items
and herbal medicinal products [1-3] have triggered considerable
interest in more detailed data on occurrence, levels, exposure,
toxicity, and mode of action of PAs. Previous efforts to assess the
risk for humans [4-6] indicated that the current exposure might
be of concern, at least for certain consumers. Efforts to mitigate
PA levels in such products focused on avoiding contaminations of
plant preparations with PA plants [7-9].

Acute intoxications with PAs may occur under conditions of er-
roneous use of PA plants resembling plants traditionally used for
herbal infusions [10,11]. Intoxications are frequently seen in
domestic animals [12]. Both in humans and animals, the chronic
toxicity of PAs is of particular interest since hepatotoxic and
genotoxic events may accumulate over time and result in irrever-
sible damage such as chronic liver failure or cancer (see below).

Asteraceae, Boraginaceae, and Fabaceae are the major plant
families comprising large numbers of PA-synthesizing species.
Overall, more than 600 different PAs (congeners) have been
found in nature with their major structural constituents, a necine
base (pyrrolizidine ring), and 1 or more necic acid(s) bound to the
necine base via ester bridges (> Fig. 1). The PAs can be subdivided
into monoesters, open diesters, and cyclic diesters. All toxicologi-
cally relevant PAs bear a double bond in the 1,2-position of the
necine base and require further metabolic oxidation of the pyrro-
lizidine ring to be activated to the reactive, toxic pyrrolic metabo-
lites.

A hallmark of acute and sub-acute PA toxicity is the damage
seen to liver sinusoidal endothelial cells and hepatocytes seen,
for example, in laboratory and domestic animals [13]. In humans
and animals, necrosis of sinusoidal endothelial cells leads to veno-
occlusive disease and liver failure, while pulmonary venous endo-
thelial cells may also be affected [14]. Upon chronic treatment of
rodents with PAs, liver cell carcinoma, and haemangio-endothelial
sarcoma, and in some instances, extra-hepatic tumors of the lung,
pancreas, and intestine may occur [5].

The reactive dehydro-pyrrolizidine (DHP) esters and/or free
DHP (pyrrolic metabolites)-form covalent adducts with proteins

and nucleic acids (reviewed in [1]). Several PAs were shown to be
genotoxic in bacteria, insects, and mammalian cells in culture.
Similarly, pyrrolic metabolites are most probably also responsible
for non-neoplastic damage of target cells and tissues. Their for-
mation depends on oxidative enzymes, most notably cyto-
chromes P450. Although these pyrrolic metabolites are most
active in parenchymal hepatocytes, it is assumed that (secondary)
metabolites still being reactive may be released from the hepato-
cytes and could thus affect other cell types. Oxygenation at the
heterocyclic nitrogen occurring in plants and liver microsomes
leads to PA N-oxides. These are not metabolized directly into
pyrrolic metabolites but can be reduced to the parent PA and acti-
vated as described above [15]. Thus, the toxic potency of PA-de-
rived N-oxides may be lower than that of the parent PA. However,
the difference is likely to depend on the actual conditions, such as
the redox state of the chemical milieu or to reductase activities in
intestinal bacteria and tissues of the host.

The current risk assessment of PAs is limited by the relatively
small number of congeners tested in animal studies upon chronic
exposure. One study in rats analyzing the tumorigenicity of lasio-
carpine has been used initially to derive a point of departure for
chronic risk assessment of PAs [5]. Because of several methodo-
logical drawbacks, EFSA later selected a long-term study with rid-
delliine [1,16] as the more adequate basis.

Based on a limited amount of data, Merz and Schrenk [17] pub-
lished interim relative potency (iREP) factors to describe the toxic
and genotoxic potency of 1,2-unsaturated PAs. Briefly, this ap-
proach is based on fundamental structural considerations togeth-
er with acute toxicity data from rodents, cytotoxicity data in
mammalian cell culture, and genotoxicity data in Drosophila.
However, the use of in vitro data on toxicity and genotoxicity of
PAs has been hampered by a lack of data on their toxicokinetics
in intact organisms. In addition, more work is needed on the exact
mode of action (MoA) of highly toxic and carcinogenic 1,2-unsat-
urated congeners. Furthermore, PA-derived N-oxides may need
special considerations [18] since the intestinal microflora can sub-
stantially convert N-oxides into the more toxic parent PAs after
oral exposure, while N-oxides can also be reduced by tissues and
cells of the host [19].

PA Levels in Food: Current Situation
and Perspectives

Except for a very small number of species (most notably: borage
[Borago officinalis]), plants known to produce PAs are not inten-
tionally consumed. Until the early 2000s, little was known about
the actual presence of PAs in food products, except for their oc-
currence in honey and pollen products. Since honeybees also for-
age on PA-containing plants, it was recognized early that residues
could be transferred to honey and pollen products [20]. However,
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» Fig. 1 Major types of 1,2-unsaturated pyrrolizidine alkaloids,
members of the heliotrine type (heliotrine), and the retronecine-
type (echimidine and senecionine).

over the past decade, it has become evident that many food cate-
gories can contain PAs. These PAs are, in most cases, introduced in
the food chain due to contamination with PA-containing weeds,
often during primary production.

The availability of highly selective and sensitive techniques,
such as liquid chromatography coupled to tandem mass spec-
trometry (LC-MS/MS) and LC coupled to high-resolution MS (LC-
HRMS), has had a great impact on the possibilities to monitor
food products for low levels of toxic substances, including PAs.
Limits of quantification for PAs typically are in the low or sub pg/
kg level. The application of LC-MS/MS in a routine laboratory envi-
ronment revealed the ubiquitous presence of PA residues in im-
ported honey [21,22]. At first, a comprehensive analysis of food
samples was somewhat hampered due to the low number of PAs
commercially available as analytical standards, but this has im-
proved significantly. Currently, routine methods typically contain
30 or more analytes. Following the reports on honey, the wide-
spread presence of PAs has been reported in many different types
of herbal teas (as well as in tea made from Camellia sinensis), in
herbal food supplements, and somewhat more recently, in culi-
nary herbs and spices and leafy salads (> Table 1).

Besides the PA-producing plant borage, PA levels exceeding
10 mg/kg have been found in culinary herbs, particularly oregano.
The contamination is often due to co-harvested Heliotropium spp.
In herbal teas and supplements, the typical contamination level is
somewhat lower, with concentrations occasionally exceeding
1 mg/kg. The causative plants are more diverse, but Senecio and
Boraginaceae spp are the most common. In retail honey, PA levels
are typically well below 100 pg/kg and predominantly originate
from Boraginaceae spp. Products derived from animal origin
(dairy products, eggs, meat) appear of lesser concern, primarily
because the transfer rate of PAs is relatively low due to extensive
metabolism in the animals [27, 28].

In recent years, there has been a downward trend in the ob-
served PA levels for honey, herbal teas, and herbal food supple-
ments (> Table 1). This is likely the result of an array of measures,
such as more rigorous quality controls, more widespread imple-
mentation of good agricultural practices, and instruction of the
local producers. Such a decrease is not (yet) seen for pollen sup-
plements and culinary herbs and spices. For the latter 2 commod-
ities, this may be because the alerts of PA contamination are still

relatively recent, and it may take some years before mitigation
measures show their effects.

Taken all together, the reports on PA levels in food products
have greatly increased public and regulatory awareness and have
revealed the magnitude of the problem. Between 2012 and 2020,
76 notifications and alerts were posted on the EU RASFF portal,
with 54 in the last 2 years. In the European Union, it has very re-
cently resulted in a comprehensive legislative framework on PAs
[34]. The new regulation specifies maximum levels for a set of
35 PAs in herbal and flavored teas, herbal food supplements, pol-
len-based supplements, borage, and culinary herbs and spices.
The regulation will come into force on July 1, 2022, with a transi-
tional period of 18 months for products placed on the market be-
fore that date. It is anticipated that the new regulatory framework
will help to reduce further PA-contamination of food products
consistent with the ALARA principle. The European Pharmacopeia
[35] routine method foresees the analysis of 28 1,2-unsaturated
PAs in herbal medicinal products.

ADME Characteristics as Key Determinants
in PA Toxicity

Metabolism is well known to influence the toxicity of PAs since
bioactivation is required for dehydro-PAs to become toxic.
Although the metabolic pathway for bioactivation of the different
PAs is similar, there are marked differences in metabolic clearance
between different PAs, resulting in substantial differences in tox-
icity [36-38]. Other studies reported differences in the uptake of
PAs across the intestinal barrier influencing relative differences in
in vivo toxicity [39-41]. For example, the intestinal uptake of PA
N-oxides was reported to be less efficient than that of the corre-
sponding PAs, contributing to the lower in vivo toxicity of the PA
N-oxides [39]. Furthermore, using a Caco-2 in vitro model, some
PAs and PA N-oxides were shown to be taken up mainly via passive
diffusion. In contrast, for others, active transporters appeared to
be also involved [39]. Retronecine-type PAs, including monocro-
taline and retrorsine, were shown to be high-affinity substrates
of the organic cation transporter OCT1, indicating that OCT1
-mediated transport may contribute to their liver disposition and
toxicity [40,41]. Thus, differences in PAs” ADME (absorption, dis-
tribution, metabolism, and excretion) characteristics exist that
may substantially influence PA toxicity. This implies that when
studying relative differences in PA toxicity using in vitro bioassays,
potential differences in kinetics have to be taken into account be-
fore defining relative potency (REP) values for in vivo risk assess-
ment of combined exposure. One way to consider these differ-
ences in ADME characteristics is so-called physiologically-based
kinetic (PBK) modeling. PBK modeling can be applied to convert
in vitro data on PA toxicity to the in vivo situation, taking differ-
ences in ADME characteristics into account by PBK modeling-fa-
cilitated reverse dosimetry (> Fig. 2) [37,42].

Proofs of principle for quantitative in vitro to in vivo extrapola-
tion (QIVIVE) by PBK modeling-facilitated reverse dosimetry have
been reported for liver toxicity and genotoxicity of some selected
PAs [36, 37]. PBK modeling-facilitated reverse dosimetry was used
to convert cytotoxicity data obtained for lasiocarpine and riddel-
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> Table 1 European studies and surveys on the detection of pyrrolizidine alkaloid residues in food products.

Product Product No of PAs N LC Mean Median P95 Max Source
group analyzed (ug/kg) (ng/kg) (ug/kg) (ng/kg)
Salads (Mixed) rocket salad® 35 39 77% 45 <LOQ 334 584 NL survey, 20194
Rocket salad? 21 (35)b 17 76% 9791 <L0Q W 166384 [23]
Spinach? 21 (35) 30 50% 2.4 0.1 - 9.7
Culinary Various herbs 35 50 36% 617 19 - 10259 NL survey, 20194
herbs Lovage 21 (35) 2 18% 1710 1073 6256 6256 [23,24]
Mugwort 21 (35) 13 15% 54 22 - 462
Oregano/marjoram 21 (35) 95 9% 4465 1484 18772 95234
Parsley 21 (35) 41 54% 222 <LOQ 1231 10893
Rosemary 21 (35) 21 90% 3.2 <LOQ 6.8 122
Thyme 21 (35) 21 48% 514 0.2 382 9565
Various herbs 21 (35) 24 79% 72 <LOQ 237 -
Mixed herbs 21(35) 68 24% 648 86 3818 3818
Basil 44 25 68% 11 <LOQ 68 142 [25]
Chives 44 10 70% 56 <LOQ - 540
Dill 44 17 65% 52 <LOQ - 681
Majoram 44 31 3% 58 24 152 524
Oregano 44 24 13% 3199 163 17021 24621
Parsley 44 32 34% 189 14 694 3297
Rosemary 44 11 64% 1.4 <LOQ - 13
Savory 44 29 21% 150 7.0 799 1109
Thyme 44 29 38% 49 4.3 191 254
Culinary Caraway 44 20 65% 0.6 <LOQ 2.4 8.5 [25]
spices Cumin 44 11 0% 641 348 - 4307
Curry 44 7 0% 20 2.8 - 89
Ginger 44 16 31% 3.9 0.5 - 18
Pepper 44 38 90% 0.1 <LOQ 0.7 1.8
Herbal Chamomile 17 31 13% 421 256 2556 3429 [26]
texs Fennel 17 30 43% 48 14 528 904
Peppermint 17 29 14% 127 68 620 766
Mixed herbal 17 42 12% 137 25 771 1470
Black tea 28 33 6% 572 119 3620 4062 [27,28]
Green tea 28 26 15% 423 25 1472 3917
Chamomile 28 35 14% 274 125 1192 1394
Peppermint 28 30 7% 496 196 2990 4401
Rooibos 28 22 5% 599 244 1672 4805
Mixed herbal 28 20 5% 439 180 1800 1929
Green tea 30 38 16% 140 2.7 236 4246 [29]
Black tea 30 39 13% 43 2.3 257 887
Herbal tea, 30 768 11% 129 21 902 1936
rooibos tea
continued
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> Table 1 Continued

Product Product No of PAs N LC
group analyzed
Black tea 21(35) 111 45%
Green tea 21 (35) 98 64%
Chamomile 21 (35) 84 32%
Fennel tea 21(35) 101 57%
Peppermint 21 (35) 122 53%
Rooibos 21 (35) 175 1%
Mixed herbal 21 (35) 229 27%
Tea for children 21(35) 28 43%
Herbal Various 28 107 37%
::g:t': st. Johns wort 35 48 10%
Various 21 (35) 61  44%
Various 44 50 62%
Pollen Pollen 17 119 40%
:Tl'njsr?tlse_ Pollen-based 28 29 -
Pollen-based 28 41 -
Pollen 18 32 69%
Pollen 21 (35) 18 6%
Beehive products 30 23 26%
Honey Retail honey 8 1324 10%
Retail honey 9 8-19 1966 -
Retail honey 28 129 -
Retail honey 21 (35) 244 56%
Retail honey " 30 116 9%
Retail honey ! 30 374 33%
Dairy Milk 35 182 94%
products

Mean Median P95 Max Source
(ug/kg) (ng/kg) (ug/kg) (ng/kg)

12 1 65 = [23]
8.0 <LOQ 37 -

29 8.7 120 -

6.6 <LOQ 22 -

34 <LOQ 105 -

107 38 494 -
97 15 410 -
37 0.3 92 -
318 11.4 - 8488 [27,28]
969 274 4576 5221 NL survey, 20184

39 0.3 = 125 [23]

6.1 <L0Q = 105 [30]
(1846)f (192)f = 37,855 [5]
243 4.8 = = [27.28]
235 = 967 (P90) - [6]
100 <L0Q = 1185 [31]
721 125 = 5083 [23]
4.4 0.9 26 43 [32]

16 10 57 169 [5]

14-15 0-8 18-55 = [6]

11 2.1 40 = 33]
3.0 <L0Q 18 = [23]
6.6 1.0 19 182 32]

1.1 0.14 4.3 61
<0.01 <L0Q 0.06 017  [27,28]

aResults for dried material; ® 21 PAs were quantified, including 14 co-eluting isomers; ¢ Not reported or not calculated (< 20 samples); ¢ Unpublished data;
¢ Excluding 6 samples of known PA-producing plants; f Positive samples only; 9 Summary data for monofloral, polyfloral, and “unspecified” type honeys;
" Imported honeys; ' Locally produced honeys; N = Number of samples, LC = left-censored (percentage of samples < LOQ), P95 = Concentration at the 95*

percentile

liine in hepatocytes in vitro to predict in vivo acute liver toxicity of
these PAs in rats and humans [36,37]. While the difference in
toxicity observed in the in vitro studies with rat hepatocytes was
1.7 fold, with riddelliine being more toxic than lasiocarpine, the
difference in the predicted in vivo toxicity was substantially higher,
amounting to 2.7-7-fold [36]. The relatively higher in vivo than in
vitro toxicity of riddelliine compared to lasiocarpine was ascribed
by Chen et al. [36] to the slower metabolic clearance of riddelliine.
In another study, substantial differences in in vitro clearance of a
series of PAs in incubations with a rat sandwich culture hepato-
cyte cell system were reported [38]. The relative differences in
the hepatic in vitro clearance varied with the PA concentration
tested in this study. An observation that can be taken into account

in PBK modeling by including the kinetic parameters Vmax and
Km for the respective clearance in the model code. In a QIVIVE
study on the monocrotaline-induced liver toxicity in rats pre-
dicted by a PBK modeling-facilitated reverse dosimetry, the role
of the OCT1 transporter was taken into account, providing a proof
of principle on how to deal with differences in PA absorption [43].

Given that in vivo data are available for only a limited number of
the 1,2-unsaturated PAs and PA N-oxides considered relevant for
food and feed, ways to adequately translate in vitro toxicity data to
the in vivo situation, taking differences in kinetics into account,
are urgently required. This also holds true for the PA N-oxides,
which appear to be the form in which the PAs may occur, some-
times exclusively, in many botanicals and botanical preparations
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» Fig. 2 The principle of PBK modeling-facilitated reverse dosimetry to take kinetics into account when translating in vitro concentration-response
curves for toxicity to in vivo dose-response curves in quantitative in vitro to in vivo extrapolation (QIVIVE).

[44]. The in vivo toxicity of PA N-oxides depends on their reduction
to PAs by intestinal microbiota and to a lesser extent in liver and
intestinal tissue. The intestinal microbiota appears to play the
most important role in this reduction [18, 19]. A first proof of prin-
ciple to include metabolism by the intestinal microbiota in PBK
models has been provided [45], and similar studies are currently
performed for PA N-oxides. In these studies, kinetic parameters
to describe the intestinal metabolism of the compounds of inter-
est in the PBK model are obtained using anaerobic fecal incuba-
tions. Initial PBK studies on riddelliine N-oxide as the model com-
pound revealed that the plasma-concentration time curve would
show lower maximal plasma concentrations for the parent PA rid-
delliine (Cmax) and a longer time to reach these values (Tmax)
than what is observed upon oral dosing of riddelliine itself. This
result is in line with what has been reported in rats using PA or
PA N-oxide containing Gynura alkaloid extracts [39].

Itis concluded that ADME characteristics are key determinants
in PA toxicity and that definition of REP values should take differ-
ences in these kinetics between the PAs and also their PA N-oxides
into account.

Identification and Quantification
of PA Metabolites: Consequences for
Risk Assessment

Since more than 6000 plants over 300 plant species of up to
13 families can produce PAs, hundreds of different individual
structures occur naturally. For exposure assessment, it is impor-
tant to know to what extent the applied targeted methods, which
have a limited analytical scope compared to the high number of
naturally occurring PAs, cover the total PA content. In addition,
the knowledge of detailed PA profiles to which consumers are ex-
posed could be of interest if a differentiated toxicological assess-

100 +

90 -

80 -

70 A

60 4

50 A

40

30 A

20 A

10 A

analytically covered PA content [%]

cyn. hel. ech. sym. sen eup.

> Fig. 3 Percentage of the mean total PA content in plants covered
by the analytical scope (21 PA + 14 isomers) proposed to determine
maximum PA levels in food. The mean total PA content was deter-
mined in a representative set of individual plant samples of Cyno-
glossum officinale [n = 80], Heliotropium europaeum [n = 1], Echium
vulgare [n = 80], Symphytum spp. [n =27], Senecio vernalis [n = 80],
and Eupatorium cannabinum [n = 80] [46].

ment of the individual PAs would be established. Using mass spec-
trometry, individual PAs of all relevant necine base structures like
the 1,2-unsaturated retronecine, heliotridine, and supinidine
types and the 1,2-saturated platynecine and trachelanthamidine
type in plants were identified and quantified, whether these indi-
vidual PAs were known or unknown [46]. Based on these results,
typical profiles in PA-producing plants were characterized. It was
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> Fig.4 Mean PA-content in approximately 1400 (herbal) teas
sample subdivided according to ester-type and N-oxidation [47].

shown that a) around 90% of PAs in plants are present as N-oxides
and b) the 1,2-unsaturated retronecine and heliotridine necine
base PAs play a dominant role while saturated forms only present
minor alkaloids. Further, it was shown that only a few marker alka-
loids account for the majority of the total PA content.

The proposed analytical scope for determining maximum lev-
els (21 PAs + 14 of their isomers) covered the substantial contrib-
utors to the total PA content, including the relevant marker PAs
(> Fig. 3). Consequently, the results of food analysis were used to
obtain knowledge of PA profiles to which consumers are exposed.
As shown in » Fig. 4, the N-oxide forms of monoesters and cyclic
diesters account for the highest proportion of PA exposure [47].
Subsequently, hepatic PA metabolism was investigated using rat
and human liver microsomal preparations [48,49]. If the results
were focused on metabolic transformation of the parent PA, there
was a trend toward higher transformation rates in rat liver micro-
somes compared to humans, where especially for monoesters, no
metabolic degradation was found. The detection of glutathione-
DHP conjugates, metabolites considered as an indirect measure
of toxicity, revealed a high congruence between both species. In
terms of PA structures, the highest levels were detected for 1,2 un-
saturated retronecine or heliotridine diesters with angelic acid at
C7 regardless of whether the diesters are open or cyclic [48]. For
6 selected PAs, a comprehensive metabolite profile study was per-
formed, and between 5 metabolites for europine and up to 48
metabolites for lasiocarpine were detected [49]. For each metab-
olite, potential structures were proposed based on high-resolu-
tion mass spectrometry fragmentation patterns. According to
these structure proposals, the metabolites were grouped, basi-

cally into i) reactive metabolites bioactivated in the necine base
moiety (dehydrogenated pyrrolic compounds, including gluta-
thione-DHP conjugates, or pyrrole-like metabolites carbon-oxy-
genated in the necine base) or ii) other metabolites (N-oxides
and compounds that are modified in the necic acid moiety by,
for example, hydroxylation, epoxidation or dealkylation). While
the formation of reactive metabolites is considered toxification,
the other transformation steps are considered pathways leading
to detoxification. While almost none of these bioactivated metab-
olites were detected in incubations of monoesters, all diesters in-
vestigated were metabolized to such products, with lasiocarpine
forming the highest number and amount of such reactive metab-
olites [49].

Pathways Leading to DNA Adduct Formation
and Potential Liver Tumor Initiation

Recently a set of ()-6,7-dihydro-7-hydroxy-1-hydroxymethyl-5H-
pyrrolizine (DHP)-DNA adducts, designated as DHP-dG-3,
DHP-dG-4, DHP-dA-3, and DHP-dA-4, was identified that lead to
PA-induced liver tumor initiation [50,51]. This genotoxic mecha-
nism is involved in the metabolism of a series of hepatocarcino-
genic PAs and PA N-oxides in rats in vivo [52]. There is a correlation
between the order of liver tumor potency and the level of DHP-
derived DNA adduct formation [51,52], and these DHP-DNA ad-
ducts can be potential biomarkers of PA and PA N-oxide exposure
and liver tumor initiation [52].

Previously, dehydro-PAs and DHP were the only metabolites
that have been shown to bind to cellular DNA to form DHP-DNA
adducts and cause liver tumor initiation [50,52]. Other metabo-
lites may exist that can cause the same set of DHP-DNA adducts.
In 2015, it was found that 7-glutathione-DHP (7-GS-DHP)
(» Fig. 5a), a secondary pyrrolic metabolite, is DNA-reactive and
forms these DHP-DNA adducts [52]. It was also observed that
both 7-cysteine-DHP (7-CYS-DHP) and 7-N-acetylcystyeine-DHP
(7-NAC-DHP) are DNA-reactive [52]. Similarly, in 2019, it was re-
ported that 1-formyl-7-hydroxy-6,7-dihydro-5H-pyrrolizine (1-
CHO-DHP), 9-valine-DHP, and 7-methoxy-DHP are DNA-reactive
in HepG2 cells [53,54]. Incubation of 1-CHO-DHP with HepG2
cells with cysteine formed 3 DNA-reactive metabolites—cysteinyl-
[2'-5-7]-1-CHO-DHP (P2), cysteinyl-[3'-N-7]-1-CHO-DHP (P3),
and 1-cysteinylimino-DHP (P5) (> Fig.5a) [55]. Thus, there are
currently 10 identified secondary pyrrolic metabolites that are
DNA-reactive (> Fig. 5a) and capable of binding to cellular DNA
to produce DHP-dG-3, DHP-dG-4, DHP-dA-3, and DHP-dA-4,
which can potentially lead to PA-induced liver tumor initiation
(> Fig.5b).

There may be many yet-to-be-identified DNA-reactive second-
ary pyrrolic metabolites. Metabolism of secondary pyrrolic metab-
olites may lead to liver tumor initiation mediated by DHP-DNA ad-
duct formation. DNA-reactive pyrrolic metabolites are unique in
that they are all bifunctional alkylating agents, capable of binding
to nucleophilic sites (-SH, -NH, and OH groups) on the surround-
ing amino acids, proteins, and DNA, etc. Products resulting from
these reactions are also highly reactive, possessing bifunctional al-
kylating activity undergoing reactions with nearby biochemicals
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> Fig. 5 (a) DNA-reactive pyrrolic metabolites and (b) proposed genotoxic mechanism mediated by multiple secondary pyrrolic metabolites that

lead to DHP-DNA adduct formation and PA-induced liver tumor initiation.

to yield products that also exhibit this bifunctional alkylating char-
acteristic. Specifically, the 5 DNA-reactive secondary pyrrolic
metabolites-DHP, 7-GS-DHP, 7-CYS-DHP, 7-NAC-DHP, and 1-
CHO-DHP-have been found to be highly abundant and are com-
monly formed from the metabolism of PAs and PA N-oxides in vi-
tro. Thus, their activities require further investigation to under-
stand their potential role in liver cancer development.

In conclusion, a series of DNA-reactive secondary pyrrolic me-
tabolites was identified that construct multiple activation path-
ways potentially leading to liver tumor initiation; each pathway
generates the same set of 4 DHP-DNA adducts (> Fig.5b). The
findings suggest that DNA-reactive secondary pyrrolic metabo-
lites may play a vital role in initiating PA-induced liver tumors.

Application of Cutting-Edge Research Tools
to PA Risk Assessment

Since the liver is the main target organ for PA toxicity, in vitro in-
vestigations have been conducted and used to parameterize PBK
models to predict liver concentrations following oral exposures.
The preliminary results of the impact of intestinal absorption and
metabolism on potency rankings of PAs were presented at the PA-
eSymposium, September 2020.

Specifically, a series of PAs and their respective N-oxides were
examined for their ability to undergo pre-systemic metabolism
and intestinal absorption following oral ingestion. These data
were used to parameterize a human PBK model (based on PK-Sim:
http://www.open-systems-pharmacology.org), and simulations
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performed to derive PA concentration-time profiles and area
under the curve (AUC) values in liver tissue. PBK-derived liver
AUC values were multiplied by PA-specific DNA adduct formation
scaling factors previously determined using in vitro rat sandwich
cultured hepatocytes to estimate the in vivo DNA adduct forma-
tion in human liver tissue [38]. There, the measured DNA adduct
formation relative to the AUC of parent PA in extracellular media
(adducts/AUC) provided a measure of the intrinsic hepatic po-
tency of each PA, thus providing an estimate of expected liver
DNA adduct formation and relative potency for PA risk assess-
ment. Importantly, DNA adduct formation was observed to be
linear concerning the AUC of parent PA in extracellular media at
in vitro PA dose concentrations ranging from 10 to 100 uM. There-
fore, these values can serve as in vitro to in vivo scaling factors
combined with PBK-derived liver AUC predictions to estimate the
DNA adduct formation expected to occur under low concentra-
tions, thus measuring relative potency. This pragmatic approach
addresses the challenge of considerably lower physiologic con-
centrations of PAs and/or low potency PAs for which measure-
ment of DNA adducts would be beyond the limits of analytical de-
tection. Albeit this linear extrapolation is a conservative assump-
tion, given the likely DNA repair processes that play a role at low
concentrations when in vitro derived potency values (adducts/
AUC) are multiplied by the PBK model-predicted liver AUCs, po-
tency rankings that take account of both kinetic and dynamic as-
pects can be inferred.

Using this PBK modeling approach, preliminary potency differ-
ences spanning 3 orders of magnitude were observed following
an oral dose of the free base, with diesters riddelliine, lasiocarpine,
and monocrotaline seen as more potent than monoesters helio-
trine, europine, and indicine (> Fig. 6a). Following an oral dose
of the N-oxide, the rank order of relative potency was similar to
free base oral dosing except for the potency ranking of heliotrine
N-oxide being slightly higher than monocrotaline N-oxide. When
comparing oral doses of the free base and N-oxides, the N-oxides
were predicted to be 10-fold (diesters) and 2-fold (monoesters)
less potent than their respective free base (> Fig. 6b).

In these preliminary PBK model predictions (> Fig. 6a), the po-
tency of riddelliine was shown to be greater than that of lasiocar-
pine. Although initially surprising, this is perhaps best explained
by the rate and extent of PA metabolism. In previous investiga-
tions [38] with plated rat liver cells, lasiocarpine exhibited a rapid
depletion rate and correspondingly lower AUC than the slower
depletion rate and consequently greater AUC for riddelliine. Simi-
larly, the PBK model predictions reveal a greater liver AUC for rid-
delliine than other PAs (data not shown), which likely explains the
observed higher overall potency. Similar findings were reported
by Chen et al. [56], who also used a PBK modeling approach to
predict in vivo genotoxicity of lasiocarpine and riddelliine.

Although these rankings should be viewed only as preliminary
findings from a provisional PBK model, the potency differences
are starting to be informed by in vitro toxicokinetics data (Trout-
man, manuscript in preparation). Consistent with the trends re-
ported by Yang et al. [39], Caco-2 permeability measurements
show that N-oxides and monoesters exhibit low permeability. In
contrast, representative diesters lasiocarpine, riddelliine, and
monocrotaline have moderate gut permeability. Moreover, while
N-oxides are not readily absorbed, they are converted to the free
base by gut microbiota. We have observed the formation rate to
follow a similar trend with diesters > monoesters. Lastly, the major
site for PA metabolism appears to be the liver, with substantial
losses detected in incubations with liver microsomes and negli-
gible losses observed in incubations with intestinal microsomes.

In conclusion, in vitro kinetic data reveal that metabolism in the
liver and by intestinal microbiota are the 2 major determinants of
the metabolic transformation of PA and their N-oxides, respec-
tively. Together with uptake from the gastrointestinal tract, these
are key contributors to PA kinetics and thus impact potency.
Altogether, the data suggest that the provisional potency factors
also proposed by Merz and Schrenk for PA N-oxides appear to be
rather conservative.
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Dose-Response Curves in Alkylation-Induced
Genotoxicity and Their Implications for PAs

PAs undergo metabolic activation catalyzed by CYP450 monooxy-
genases, resulting in DNA adducts and DNA-protein crosslinks
[57]. An important issue is the relative genotoxic potency of these
structurally diverse compounds and their dose-response curve. In
this context, it is worth having a closer look at N-nitroso com-
pounds (NOC). NOC are an important group of heat-induced
genotoxic food contaminants that also arise endogenously in the
human gastrointestinal tract [58]. NOC are harmful Sy1-alkylating
agents that lead to various DNA adducts, such as N-methylated
purine bases and 0%-Methylguanine (0°-MeG). 0%-MeG is a cyto-
toxic and highly mutagenic lesion causally linked to colorectal car-
cinogenesis [59]. This DNA adduct is specifically repaired by 0°-
methylguanine DNA-methyltransferase (MGMT) in a 1-step reac-
tion, leading to the restoration of guanine in DNA and MGMT deg-
radation [60]. The dose-response relationship of NOC-induced
DNA alkylation and colorectal cancer (CRC) formation was studied
extensively in recent years. Furthermore, it was analyzed how rel-
evant DNA repair pathways affect the dose-response curve using
genetic models in vivo. These findings demonstrated for the first
time that DNA repair competent wild-type (WT) mice show a non-
linear dose-response in NOC-induced CRC formation. In contrast,
mice deficient for MGMT displayed a linear dose-response in CRC
formation [61]. Intriguingly, the NOC-induced levels of the DNA
damage marker y-H2AX detected in colorectal tissue correlated
very well with the observed dose-response in CRC formation
[61]. Furthermore, mass spectrometry-based analysis revealed a
nonlinear formation of 0%-MeG adducts in colorectal tissue of
NOC-treated WT mice, which is in line with the later tumor forma-
tion [62]. In contrast, MGMT knockout mice showed a linear NOC-
triggered 0®-MeG formation, highlighting the pivotal role of
MGMT-mediated repair [62]. These data were instrumental in de-
termining genotoxic and carcinogenic points of departure in WT
mice using the hockey-stick dose-response modeling [63] which
were absent in MGMT-deficient mice [61,62].

In recent years, several studies investigated the concentration-
response curve of PA-triggered genotoxicity using cell culture
models. The obtained data for micronuclei or y-H2AX formation
were then subjected to benchmark concentration (BMC) model-
ing. A very recent study in CYP3A4-expressing HepG2 cells found
hypo-linearity in micronuclei induction for the cyclic diesters sen-
ecionine and retrorsine. In contrast, the open diester lasiocarpine
displayed linear concentration-dependent micronuclei formation
[64]. The BMC for a 100% increase of micronuclei over control
(BMCq) was found to be 0.04 uM for lasiocarpine, while it was
higher for senecionine and retrorsine (0.1 uM and 1.3 pM, respec-
tively) [64]. Another work in HepaRG cells showed a rather hypo-
linear concentration-response curve for both lasiocarpine and ret-
rorsine. However, it confirmed the higher potency of lasiocarpine
compared to retrorsine with a BMC; of 1 uM versus 10 uM [65].
Preliminary studies lend support for a linear concentration-re-
sponse curve in lasiocarpine-triggered y-H2AX formation using
HepG2-CYP3A cells. Further concentration-response studies
considering the lower concentration range and further endpoints

(e.g., DNA strand break induction) are warranted. Furthermore, it
is tempting to speculate that DNA repair pathways, as reported in
the case of DNA alkylation damage, may affect the concentration-
response curve in PA-induced genotoxicity.

Structure-Dependent Genotoxic Potencies
of Selected PAs in Primary Hepatocytes
and Liver Cell Lines

In 2016, Merz and Schrenk [17] derived iREP factors for 15 PA con-
geners and 3 N-oxides. The provisional assignment of factors to
PAs was based on their combined genotoxic potency in Drosophi-
la, cytotoxic potency in vitro, and acute toxicity in adult rodents.
The analysis revealed a structure-toxicity relationship influenced
by the type of esterification (monoester, open diester, cyclic
diester), and to some extent, by the stereochemistry of the car-
bon atom C7 (7S or 7R).

Chronic liver damage and liver tumor formation have to be
considered as critical endpoints. It is supposed that such exposure
may eventually lead to these endpoints in a time- and dose-de-
pendent manner. However, sub-chronic or chronic animal experi-
ments with a relevant number of congeners to explore the dose-
response relationships are not feasible because of the “reduce-re-
fine-replace” (3R)-principles [66].

Thus, relevant in vitro models remain a major source of addi-
tional information. These should comprise models for genotoxic-
ity, metabolism, and toxicokinetics. Such data may be used to
model internal exposure and the resulting risk, as well as struc-
ture-potency and mode-of-action studies.

Allemang et al. [65] treated human HepaRG cells for 24 h with
various congeners and measured micronuclei using flow cytome-
try. Fifteen congeners (comprising 3 N-oxides) belonging to
6 different sub-classes were tested. The concentration-response
curves were used for BMC calculations using a doubling of micro-
nuclei over the background as a benchmarking effect. A structure-
dependent diverse pattern of genotoxic potencies was obtained
with lower bound concentrations spanning about 1 uM to almost
300 pM, with all 3 N-oxides being much less potent.

Lester et al. [38] incubated rat hepatocytes in sandwich culture
over 6 and 24 h with various concentrations of 9 different PAs.
They determined the levels of DHP-DNA adducts at adenine and
guanine and the metabolic rate in culture (AUC). The ratio ad-
ducts/AUC was considered a biomarker of hepatocyte exposure
to DNA binding metabolites and used as a parameter for the in-
trinsic potency of each congener varying between 0.08 and 1.0,
with lasiocarpine being the most potent congener. Furthermore,
monocrotaline was one of the congeners with the highest AUC,
lasiocarpine with the smallest.

Louisse et al. [67] used the yH2AX level (50% increase) in a
western assay in HepaRG human liver cells to determine the con-
centration-dependent genotoxicity of 37 PAs, 36 of them repre-
senting different chemical sub-groups of the 1,2-unsaturated
PAs. Several open diesters and cyclic diesters (except monocrota-
line) were found among the most potent genotoxicants. The least
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cally, according to decreasing iREP factors.

potent or non-active PA group included the monoester PAs, non-
esterified necine bases, and PA N-oxides.

Gao et al. [68] incubated rat hepatocytes in primary culture
with various concentrations of 11 PAs over 24 and 48 h and deter-
mined the cytotoxicity. They found that the duration of pre-incu-
bation had a marked influence on CYP activity, and the time-de-
pendent decline in activity attenuated PA cytotoxicity.

Rutz et al. [64] incubated human HepG2 cells over-expressing
CYP3A4 with various concentrations of 11 PAs and determined
the cytotoxicity after 24 and 48 h and micronucleus counts after
72 h. They found that the cytotoxic potencies of monocrotaline
and europine were lower than expected from (limited) in vivo
data. Lasiocarpine and most cyclic diesters were among the most
potent congeners. In the micronucleus assay, monocrotaline and
europine were also much less potent than expected, consistent
with previous findings in HepaRG cells [65]. All PAs tested were
positive in the micronucleus test in human HepG2-CYP3A4 cells.
The genotoxic potencies were in somewhat better agreement
with cytotoxicity data in HepG2-CYP3A4 cells than in rat primary
hepatocytes.

The iREP factors for monocrotaline (1.0) and europine (0.3)
overestimated the genotoxic and cytotoxic potencies of these
congeners in human (and rat) cells in vitro. BMC analysis of micro-
nuclei counts in the low concentration range revealed that 2 po-
tent PAs, retrorsine and senecionine, exerted hypolinear concen-
tration-response characteristics indicating a “practical threshold

concentration”. However, an almost linear concentration-re-
sponse curve was obtained for lasiocarpine.

Thus most suggested iREP factors could be confirmed in vitro
within 1 order of magnitude (> Fig.7). For 2 congeners (i.e.,
monocrotaline and europine), more pronounced deviations were
found (i.e., the in vitro potencies were substantially lower than ex-
pected from [limited] in vivo data). These differences are likely due
to toxicokinetic factors not reflected sufficiently in the in vitro
testing approach used so far. Concerning sensitivity towards PAs,
no principal differences between rat and human cells were ob-
vious (i.e., the rat cell types tested were not consistently more or
less sensitive towards PAs than the human cell types tested). In vi-
tro genotoxicity data indicate the possibility of a hypolinear dose-
response relationship, even for some highly potent congeners.

Bioassay-Directed Analysis Approach
for the Identification of Relevant PAs

There are concerns about possible adverse health effects related
to low chronic exposure of humans to PAs. These concerns are
mainly related to the reported carcinogenicity of PAs in laboratory
animals, which involves a genotoxic mode of action. Several hun-
dred PAs have been identified, of which the European Commission
considers 35 as relevant for monitoring food and feed [69]. From a
health perspective, monitoring programs should include those
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PAs present in relevant food and feed matrices at substantial
levels and that exhibit a relatively high toxic potential. Recently,
the genotoxic potencies of a large number of PAs, representing
diverse chemical subclasses and most of these belonging to the
set of 35 PAs, have been determined in the human HepaRG liver
cell line using the yH2AX assay [67]. That work revealed differ-
ences in potencies spanning several orders of magnitude. In a sub-
sequent case study, the yH2AX assay was used in an effect-di-
rected analysis approach to assess whether such an approach al-
lows identifying so far less known but potent PAs [Peijnenburg et
al., in preparation]. In this latter proof-of-principle study, an ex-
tract of Heliotropium europaeum (also known as European helio-
trope or European turn-sole) was prepared and, after chemical
reduction of the PA N-oxides, analyzed for the presence of the
35 “standard” PAs using LC-MS/MS as well as for genotoxic activity
using the yH2AX/HepaRG assay. Europine, heliotrine, and lasiocar-
pine were found to be the most abundant PAs in the test extract.
In the next step, using the methodology set-up in the EU project
Euromix [70], it was shown that a ternary mixture of these 3 main
PAs exhibit additive concentration effects in the yH2AX assay.
Based on this outcome, dose-additivity was also assumed for
other PAs.

Next, the yH2AX activity of the extract was compared with the
yH2AX activity of an artificial mixture of the quantified known
PAs. The yH2AX signal of the plant extracts appeared to be higher
than the signal of the artificial mixtures, suggesting that unknown
(potent) PAs or additional constituents with genotoxic activity are
present in the extracts. The extract of H. europaeum was fraction-
ated using a diode array HPLC system, and the activities of the in-
dividual 10 fractions were determined in the yH2AX assay. The
fractions were also analyzed for the 35 PAs and the necine base

content using LC-MS/MS, the latter upon alkaline hydrolysis of
the fractions. Five out of 10 fractions showed induction of yH2AX,
and for 3 of the fractions, the yH2AX signal was likely due to the
presence of europine, heliotrine, and lasiocarpine, respectively
(> Fig. 8). The activity of the 2 other fractions could not be ex-
plained based on the quantified known PAs, although necine base
analysis indicated the presence of PA-like compounds in these
fractions. LC-Orbitrap-MS and Compound Discoverer software
(Thermo Fisher Scientific) were applied to the 2 fractions, pointing
to the open diesters 5'-acetyllasiocarpine and 7-angeloylhelio-
trine as candidate PAs responsible for the non-explained geno-
toxic activity.

Thus, in summary, these results demonstrate that bioassay-di-
rected analysis is a useful approach to identify so far lesser-known
but potent PAs that would be of interest to be included in moni-
toring programs.

Updated Relative Potency ranking of PAs
and PA N-oxides Tested in the HepaRG
Micronucleus Assay

It has previously been demonstrated that the relative potencies of
PAs as determined by rank ordering their genotoxicity potential
differ according to their structural class [64,65,67,71]. PAs were
generally ranked similarly across the methods/cell systems used.
However, some small differences were observed (e.g., heliotrine
was more potent in the micronucleus [MN] assay than in the
yH2AX assay) [65,67]. Compared to their respective parent PAs,
there are much fewer data reported regarding the potency of PA
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N-oxides, and the data that have been reported are often nega-
tive. While it has been proposed to apply the same relative po-
tency of the parent PA to the corresponding PA N-oxide [17], pre-
vious work demonstrated that in the MN assay, the PA N-oxides
are substantially less potent than their respective parent PA by a
factor of at least 100-fold [65], but this does not consider poten-
tial conversion back to the parent PA in vivo (e.g., by gut bacteria).

Another class of PAs with comparatively less genotoxicity data
reported in the literature are the 7-acetyl derivatives. These com-
pounds would fall within the 7R open diester PA class, with a pro-
visional iREP factor of 0.1. For PAs such as the 7R monoesters in-
termedine and lycopsamine (iREP factor of 0.01), the 7-acetyl de-
rivatives of these compounds would therefore be anticipated to
be 10-fold more potent than their respective parent PA. Indeed,
this is what has been reported in both the Drosophila “wing spot
test” and the HepaRG yH2AX assay [67,71]. Similar to the PA N-
oxides, the 7-acetyl PA N-oxides would be assigned the same rela-
tive potency factor as their respective parent PA. Here, an ex-
panded dataset is presented using the HepaRG MN assay to ex-
plore further the relative potency rankings of additional PA N-ox-
ides and 7-acetyl derivatives.

For this purpose, 13 additional PAs, detailed in Supplementary
Table 1S, along with the abbreviations used herein, CAS registra-
tion numbers, and the solvent used were purchased from Phyto-
Lab GmbH & Co. KG. (Vestenbergsgreuth, Germany) and exam-
ined. The HepaRG cells were cultured, treated, and assessed for
MN using the same methods described in Allemang et al. [65].
The same data analysis was also performed for the newly gener-
ated data.

The resulting BMC lower and upper critical effect doses (BMCL,
BMCU) of the MN response values for the 13 additional PAs are
summarized in » Fig. 9, thereby extending the dataset presented
in Allemang et al. [65] to a total of 27 PAs evaluated (monocrota-
line N-oxide is not shown due to the high margin of uncertainty in
the BMC confidence interval). Although a slight but statistically
significant increase in MN was observed for europine N-oxide,
the increase did not exceed 2-fold over the control. BMC analysis
resulted in a very broad confidence interval (Supplementary Table
2S and Supplementary Fig. 1S). Indeed, the calculated BMC for
europine N-oxide was 2574 uM, well exceeding the actual concen-
tration tested in the MN assay (Supplementary Table 1S). Sene-
cionine and trichodesmine plotted with most other PAs of high
potency, as expected given their iREP factor of 1.0. The two 7-ace-
tyl PA derivatives showed a higher genotoxic potency than their
corresponding parent compounds, as expected for PAs with a 7R
open diester class (iREP factor 0.1) and consistent with data re-
ported in the Drosophila “wing spot test” [71]. The higher geno-
toxicity of the acetylated PAs relative to their monoester counter-
parts may be attributed to the higher rate of metabolic conversion
to the reactive pyrrolic intermediate, which may reflect their in-
creased lipophilicity or lower base strength [72]. They also were
more potent than europine, which has a higher iREP factor of
0.3. Intermedine ranked as expected, and all additional N-oxides
examined here were found to be less potent than the respective
parent PA, consistent with observations reported in Allemang et
al. in 2018 [65]. While all N-oxides evaluated in the original 2018
dataset were separated from their parent PA by at least a factor of
100, several PA N-oxides examined here were more comparable to
their parent in terms of potency. Most notably, intermedine and
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intermedine N-oxide were within a factor of 10 for reasons not
known. However, the overall trend did not change in that all
11 N-oxides were considerably less potent than the respective
parent PA.

One group of PAs with little reported genotoxicity data are the
7-acetyl PA N-oxides. It was found that 7-acetyllycopsamine N-ox-
ide was slightly, but distinctly (in that the confidence intervals did
not overlap), more potent than the non-acetylated version. 7-ace-
tylintermedine N-oxide, however, was found to have a more com-
parable potency compared to its’ non-acetylated version.

Health Risks of 1,2-Unsaturated PAs in Foods-
Updated Risk Assessment of the BfR

More than 1 decade ago, 1,2-unsaturated PAs were detected in
different food commodities, with honey and herbal tea being the
first food groups under suspicion [5, 21,25, 73]. Recently, the Ger-
man Federal Institute for Risk Assessment (BfR) updated its as-
sessment on health risks associated with the occurrence of 1,2-
unsaturated PAs in foods [30]. The primary reason for the update
was new occurrence data, covering most of the relevant food
groups from the German market from 2015 to mid-2019. In addi-
tion, in BfR’s attempt to refine the risk assessment of 1,2-unsatu-
rated PAs, the current literature on the toxicity of 1,2-unsaturated
PAs was reviewed and carefully discussed. In particular, the grow-
ing knowledge on metabolism, genotoxicity, and (cyto)toxicity of
individual congeners has recently triggered a discussion on struc-
ture-dependent differences between individual representatives
from the sub-groups of PAs concerning their toxic potency. iREP
factors were recently proposed to refine the estimation of the
health risk [17]. However, the BfR considered the data insufficient
for a congener-specific approach and based its risk assessment on
approaches classifying all 1,2-unsaturated PAs as equally potent.
However, a comprehensive assessment of health risks resulting
from exposure to1,2-unsaturated PAs has to reflect on and con-
sider all relevant uncertainties. Concerning the currently pro-
posed potency factors, these are partially based on single (in vitro)
endpoints and thus do not fully account for all toxicodynamic and
toxicokinetic factors (e.g., the role of the gut microbiota in PA N-
oxide reduction, gastrointestinal uptake via transport proteins,
toxification via cytochrome P450 enzymes, and detoxifying me-
tabolism) that may influence the carcinogenic potency in real life.
Thus, the BfR decided not to implement relative potency factors
in its updated risk assessment yet [30].

In the assessment, only food samples were considered for
which analytical data of 21 specific PAs plus the potentially co-
eluting natural isomers were available-this is in agreement with
the recommendations in the new EU regulation (EU 2020/2040)
setting maximum levels for PAs in certain foodstuffs [34]. The
highest levels were in herbal tea, rooibos tea, herbs and spices,
flower pollen, and rocket. However, the occurrence levels of 1,2-
unsaturated PAs in the current data set were lower in most food
groups [30] than the levels in food samples from 2011 to 2015
considered in BfR’s previous assessment [36]. This finding sug-
gests that risk management measures have been successfully ap-
plied during recent years. In addition, these findings demonstrate

the technical feasibility of reducing PA levels in food. As a direct
consequence, also human exposure has declined [30]. For risk
characterization, the margin of exposure (MOE) approach-which
in principle describes the ratio between an appropriate toxicolog-
ical reference point and the estimated human exposure-was ap-
plied, as it is commonly done in the European Union for sub-
stances that are both genotoxic and carcinogenic [74]. The forma-
tion of hepatic haemangiosarcomas has been considered the
most sensitive neoplastic endpoint, and a reference point of
237 pg/kg body weight per day, as derived by EFSA in 2017 [1],
was used for MOE calculations. The estimated chronic overall ex-
posure calculated for all considered food groups generally re-
sulted in MOE values above 10,000, indicating a low concern from
a public health point of view. However, it has to be noted that for
high consumers, the MOE values were only slightly above 10000.
Furthermore, due to data gaps regarding consumption and/or oc-
currence of 1,2-unsaturated PAs, some food groups could not yet
be included in the overall assessment. For example, herbs and
spices could not be integrated into the overall assessment due to
data gaps regarding the consumption levels. However, calculated
model scenarios suggest that, even with generally low consump-
tion, some herbs and spices may contribute considerably to hu-
man exposure [30].

Overall, the current risk assessment results revealed a positive
trend towards lower PA levels in many food groups, resulting in
exposure levels generally associated with MOE values above
10000. Nevertheless, with a view on food groups with relatively
high PA levels and according to the ALARA principle, the BfR still
recommends further actions to reduce the overall exposure to
1,2-unsaturated PAs [30].

Regulatory Perspectives of PA Contamination
in Medicinal Products

The toxicity of plants containing certain PAs has been known for a
long time; severe acute cases of poisoning have been described
repeatedly in humans since the beginning of the last century
[75]. In addition, genotoxicity and carcinogenicity data from in vi-
tro and in vivo (animal) studies are also available for some of the
1,2-unsaturated PAs [56, 76, 77]. Both the toxicity data, but above
all the carcinogenicity data, led to the initiation of a graduated
plan procedure by the German Federal Health Agency (BGA) more
than 30 years ago [78], which regulated the marketability of me-
dicinal products with PA-containing plants.

With the adoption of Directive 2004/24/EU, the Committee for
Herbal Medicinal Products (HMPC) was established at the Euro-
pean Medicines Agency (EMA). The tasks of the HMPC include,
among others, the preparation of monographs summarizing the
data on efficacy and safety of herbal substances or herbal prepa-
rations after critical evaluation. They thus reflect the current state
of knowledge. When questions arise (e.g., on toxicologically rele-
vant constituents of herbal substances or preparations), the
HMPC prepares supporting documents as so-called “public state-
ments” (PS), as was necessary, for example, in the preparation of
the monograph on Symphytum officinalis for the evaluation of the
toxicity of PAs.
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The PS on PAs of the HMPC in the version valid at the workshop
[8] defines a daily intake limit of 0.007 ug PA/kg bw. Based on a
body weight of 50 kg (derived from the Guidelines of the ICH and
the EMA), this leads to a permitted intake of 0.35ug/day for
adults. The assessment is primarily based on 2 carcinogenicity
studies on lasiocarpine [79] and riddelliine [80]. In both studies,
oral administration of the 2 PAs in rats resulted in haemangiosar-
comas, considered the most sensitive neoplastic endpoint. The
evaluation to derive the cutoff value for the risk of carcinogenicity
was mainly based on the lasiocarpine study.

According to international guidelines (e.g., ICH M7) [81], both
the calculation using the TDsy approach (Carcinogenic Potency
Database [CPDBY]) or the definition of a benchmark dose (BMDL;)
can be chosen for defining an acceptable intake. According to
both calculation methods, the limit values, which could be deter-
mined based on the lasiocarpine study, are comparable in this re-
spect. Therefore, also for reasons of harmonization, the HMPC
used in 2014 the derivation of the acceptable intakes via the
BMDL¢-based value of 0.007 ug/kg bw/day (a value derived by
the EFSA [5]), although, as substantiated by the EMA [82] in prin-
ciple, the TDso approach should be used currently for medicinal
products.

In July 2013, the BfR in Germany published analytical results on
the occurrence of PAs in food teas (including some medicinal teas)
[83]. This contamination problem was therefore already ad-
dressed in the HMPC PS [8] adopted in 2014. The Federal Institute
for Drugs and Medical Devices (BfArM) published a notice on
March 1, 2016, introducing a maximum limit of 1.0 ug PA daily
for all herbal medicinal products as a transitional measure [84]-a
limit that was almost simultaneously also declared by other na-
tional competent authorities (NCAs) [85]. Accompanying these
national measures, a PS on the contamination of herbal medicinal
products with PAs was published by the HMPC [82]. In this, it was
clarified that the transitional period mentioned by the BfArM is
not expected to last longer than 3 years, after which the limit val-
ue should be set at 0.35 pg/day following the recommendations
of the HMPC. In January 2019, the HMPC extended the transition
period for the provisional limit by another 2 years [86] to carry out
a final evaluation in the context of the new publications on PAs
such as by EFSA [1] and the preparation of the Ph. Eur. general
method during this time.

In the final PS [87], which now combines the two PSs of the
HMPC on PAs, the questions of the limit value are discussed based
on the assessment modalities. However, several open questions
are also addressed, such as kinetics and the derivation of potency
factors for the individual PAs, which could lead to a revision of the
PS and, thus, possibly of the limit value in the future.

Experiences with the Code of Practice
Designed for PA Management

The discussion on potential contamination of medicinal plants
with PA-containing weeds led to immediate measures in the culti-
vation of plants and the manufacture and quality control of the
respective preparations and medicinal products. To minimize
their PA content, a Code of Practice [9] was established that pro-

vides a framework for the implementation of individual measures
along the entire process chain covering, for example, selection of
seeds, cultivation, harvesting, incoming goods inspection, and
processing steps up to the release of the final medicinal product.
Its main principle is to identify potential risks for each process step
and their probability of occurrence and proposed measures to be
undertaken, followed by an assessment of these measures con-
cerning feasibility, time horizon, and efficiency.

Evaluation of the annual manufacturers’ data collection from
analytical testing between 2013 and 2020 showed an overall re-
duction of PA levels. It confirmed the efficacy of the measures rec-
ommended by the Code of Practice. For the most important
herbal drugs and extracts, the following developments concern-
ing the regulatory limits for the final product of 0.35 or 1.0 ug PA
per day set by others [8,82] can be seen nowadays:
= The proportion of samples with a PA content of more than

1.0 ug/day for herbal drugs is relatively stable with 41% in

2020. For herbal extracts, this proportion is much lower than

for herbal drugs and also stable with 14% in 2020.
= For herbal drugs, the proportion of samples keeping the limits

of 0.35 pg/day and 1.0 ug/day, respectively, is also stable now.

The proportion of samples keeping the limit of 1.0 ug/day was

at 59% (i.e., considerably higher than the 41% of samples

keeping the limit of 0.35 pg/day). For herbal extracts, the re-
spective proportions of samples are also considered stable
now.

However, the results also show that despite all measures to mini-
mize the PA content, a general limit of 0.35 pg PA per day as set in
2014 [8] is not considered appropriate by the manufacturers since
it cannot be kept by more than 50% of the most important herbal
drugs.

The HMPC Public Statement of November 24, 2014 [8], which
recommended a maximum daily intake of 0.35 pg PA per day, was
updated in July 2020 and published after final adoption [87]. It re-
fers to the EFSA risk assessment [1] and states that a daily intake
of 1.0 ug PA per day for adults applies, also for contaminations of
medicinal products. Thus, it confirms the limit set by the HMPC in
May 2016 [82] as a transitional limit for 3 years and later extended
to 5 years. It was finalized in July 2021 [87].

For the determination of PA today, LC-MS/MS technologies are
used. The new Ph.Eur. general chapter 2.8.26. Contaminant PAs
[35] describes an analytical procedure suitable for the determina-
tion of 28 target PAs. The chapter permits the use of any proce-
dure consisting of chromatography coupled with MS/MS or high-
resolution MS if specific validation requirements are met.

The application of the Code of Practice, particularly the mea-
sures of manufacturers to reduce the contamination in collabora-
tion with herb growers, has revealed positive results confirmed by
the industry’s database evaluation over the past years. Nonethe-
less, contamination of plant material with PA still poses a big chal-
lenge for growers and manufacturers.

Summary and Conclusions

Except for a few edible plants, PAs are in most cases introduced in
the food chain due to contamination with PA-containing weeds.

112 Schrenk D et al. Novel Insights into... Planta Med 2022; 88: 98-117 | © 2021. Thieme. All rights reserved.

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



Thanks to highly selective and sensitive techniques and the en-
hanced availability of analytical standards, the possibility of mon-
itoring food products for PAs has greatly improved. Besides the
PA-producing plant borage, PA levels exceeding 10 mg/kg have
been found in culinary herbs, particularly oregano. In herbal teas
and supplements, the typical contamination level is somewhat
lower, with concentrations occasionally exceeding 1 mg/kg and
retail honey typically falling well below 100 pg/kg. In recent years,
there has been a downward trend in the observed PA levels for
honey, herbal teas, and herbal food supplements, but not for pol-
len supplements and culinary herbs and spices. A new EU legisla-
tion specifying maximum total PA levels in herbal and flavored
teas, herbal food supplements, pollen-based supplements, bor-
age, and culinary herbs and spices will help to reduce PA-contam-
ination of food further. For herbal medicinal products, European
legislation foresees a maximum daily intake of 1.0 ug PAs per day
from such products.

Differences in ADME characteristics of PAs may substantially
influence PA toxicity, and these can be taken into account for the
risk assessment by PBK modeling. It allows converting in vitro con-
centration-response data on PA toxicity to the in vivo situation,
taking differences in ADME characteristics into account.

Analysis of all naturally occurring PAs with a 1,2-unsaturated
necine base structure showed that only a few marker alkaloids ac-
count for most of the total PA content in many plants. Thus, the
proposed analytical scope for determining maximum levels com-
prises 21 PAs + 14 of their isomers. Studies on microsomal metab-
olism of PAs revealed higher transformation rates in rat liver mi-
crosomes compared to humans. Metabolites can be classified into
reactive pyrrolic metabolites, including their conjugation prod-
ucts with GSH and other metabolites (N-oxides, hydroxylation, ep-
oxidation, or dealkylation products). The pattern of metabolites
can provide a better insight into the mode of action and toxic po-
tency of individual PA congeners.

The ratio of DNA adducts to AUC (adducts/AUC) of the PA pro-
vides a measure of the intrinsic hepatic potency of each PA, re-
flecting hepatocyte exposure to DNA reactive metabolites. DNA
adduct formation was observed to be linear with AUCs at PA con-
centrations ranging from 10 to 100 uM. Extrapolation to lower
physiologically relevant concentrations (AUCs, respectively) com-
bined with intrinsic potency values allows an overall potency rank-
ing. Using this approach and taking into account toxicokinetics,
potency differences spanning 3-orders of magnitude were ob-
served with a preliminary PBK modeling approach. A similar rank
order of potencies was observed with N-oxides, which were pre-
dicted to be 2-10-fold-less potent than their respective free base.
Permeability studies in Caco-2 cells show that N-oxides and
monoesters exhibit low permeability, whereas representative die-
sters have moderate gut permeability. Such properties may con-
tribute to the observed differences between some iREPs and in vi-
tro relative potency factors. However, N-oxides can be converted
to the free base by gut microbiota and subsequently metabolized
mainly in the liver, an important consideration in determining
their relative potency.

The genotoxic mechanism of PAs is mediated by a set of
DHP-DNA adducts (i.e., DHP-dG-3, DHP-dG-4, DHP-dA-3, and
DHP-dA-4). DNA-reactive pyrrolic metabolites are unique in that

they are all bifunctional alkylating agents capable of binding to
nucleophilic sites (-SH, -NH, and OH groups). In addition to pri-
mary pyrrolic metabolites, 10 secondary pyrrolic metabolites, in-
cluding 7-glutathione-DHP (7-GS-DHP), 7-cysteine-DHP, and 7-N-
acetylcystyeine-DHP (7-NAC-DHP), have been identified. They are
also DNA-reactive and capable of binding to cellular DNA to pro-
duce DHP-dG-3, DHP-dG-4, DHP-dA-3, and DHP-dA-4. Some sec-
ondary pyrrolic metabolites are commonly formed from the me-
tabolism of PAs and PA N-oxides in vitro and may play an impor-
tant role in PA-induced tumorigenicity.

Under circumstances of deficient DNA repair, linear dose-re-
sponses of DNA adduct and colorectal cancer formation are found
(e.g., in mice treated with genotoxic NOC). In contrast, nonlinear
dose-responses are found in wild-type mice. The levels of the DNA
damage marker y-H2AX correlated very well with the observed
dose-responses in cancer formation. Concentration-dependent
micronuclei induction in CYP3A4-expressing HepG2 cells also
showed hypo-linearity with senecionine and retrorsine but not
with lasiocarpine. The BMC for a 100% increase of micronuclei
over control were found to be 0.04 uM for lasiocarpine, 0.1 uM
for senecionine, and 1.3 uM for retrorsine. Preliminary studies in-
dicate a linear concentration-response curve in lasiocarpine-trig-
gered yH2AX formation. It is tempting to speculate that repair
mechanisms may influence the shape of the concentration-re-
sponse curve in PA-induced genotoxicity.

The assignment of iREP factors to PAs is currently based on
their combined genotoxic potency in Drosophila, cytotoxic po-
tency in vitro, and acute toxicity in adult rodents. There is a need
to refine further iREP factors based on in vitro studies, focusing on
liver toxicity and carcinogenicity. In rat hepatocytes in primary
culture and human HepG2 cells over-expressing CYP3A4, the cy-
totoxic and genotoxic (HepG2 only) potencies of monocrotaline
and europine were lower than expected from iREP factors. In con-
trast, the factors for monocrotaline (1.0) and europine (0.3) over-
estimated the potencies. A benchmark concentration analysis of
micronuclei counts in the low concentration range revealed that
retrorsine and senecionine but not lasiocarpine exerted hypolin-
ear concentration-response characteristics indicating a practical
threshold concentration for genotoxicity.

A large number of PAs has been analyzed in HepaRG cells using
the yH2AX assay. That work revealed differences in potencies
spanning several orders of magnitude. In addition, the yH2AX as-
say was used to assess the presence of potent PAs in a mixture. An
extract of H. europaeum, with europine, heliotrine, and lasiocar-
pine as the major PAs, was also analyzed for genotoxicity. A ter-
nary mixture consisting of equipotent concentrations of these
3 main PAs exhibited additive concentration effects in the yH2AX
assay. The yH2AX signal of the plant extracts appeared to be high-
er than the signal of an artificial preparation of the quantified
known PAs, suggesting that unknown (potent) PAs were present
in the extract. The latter was fractionated, and the genotoxic
activities of the individual 10 fractions were determined in the
yH2AX assay. In some fractions, the activity could not be ex-
plained based on the levels of PAs. These results demonstrate that
bioassay-directed analysis can be a useful approach to identify
lesser-known but potent PAs and other genotoxic constituents.
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When additional PA N-oxides and 7-acetyl derivatives were an-
alyzed in the HepaRG micronucleus assay, europine N-oxide ex-
hibited a very low potency while senecionine and trichodesmine
were among the highly potent congeners attributed with an iREP
factor of 1. Two 7-acetyl PA derivatives tested showed a higher
genotoxic potency than their corresponding parent compounds,
as expected for PAs with a 7R open diester class (iREP factor 0.1)
and consistent with data reported in the Drosophila “wing spot
test”. Most N-oxides examined were less potent by a factor of at
least 100 than the respective parent PA. Several PA N-oxides, most
notably intermedine N-oxide, were more comparable (i.e., within
a factor of 10 to their parent in terms of potency). Among the
7-acetyl PA N-oxides, 7-acetyllycopsamine N-oxide was slightly
more potent than the non-acetylated counterpart, while 7-acetyl-
intermedine N-oxide had a genotoxic potency similar to its’ non-
acetylated version.

Recently, the BfR updated its assessment on health risks asso-
ciated with the occurrence of 1,2-unsaturated PAs in foods based
on new exposure data. In its risk assessment, all 1,2-unsaturated
PAs were classified as equally potent since the available data re-
garding relative potency factors were not considered sufficient
by the BfR for a congener-specific approach from a regulatory per-
spective. In the assessment, the highest levels were observed in
herbal tea, rooibos tea, herbs and spices, flower pollen, and rock-
et. However, the occurrence levels of 1,2-unsaturated PAs were
lower in most food groups than from 2011 to 2015. The esti-
mated chronic overall exposure resulted in MOE values above
10,000, indicating a low concern, although, for high consumers,
the MOE values were only slightly above 10,000. Furthermore,
due to data gaps regarding consumption and/or occurrence of
PAs in some herbs and spices, these could not yet be included in
the overall assessment. However, model scenarios suggest that
these may contribute considerably to human exposure. Thus, it is
still recommended to further take actions to reduce the overall
exposure to 1,2-unsaturated PAs.

Concerns about the toxicity and carcinogenicity of certain PAs
led to the initiation of a graduated plan procedure by the former
BGA and medicinal products with PA-containing plants more than
30 years ago. In 2014, the HMPC published a public statement on
PAs at the EMA. It defined a daily intake limit of 0.007 ug PA/kg bw
based on a rat carcinogenicity study with lasiocarpine. Then, sev-
eral National Competent Authorities in Europe introduced a max-
imum limit of 1.0 ug PA daily for all herbal medicinal products as a
transitional measure in 2016. In 2019, the HMPC extended the
transition period by another 2 years. In an updated draft PS (pub-
lished on July 8, 2020), the limit value is discussed based on the
assessment modalities and set at 1.0 ug/day for adults. Further-
more, the question of kinetics and the derivation of potency fac-
tors for the individual PAs, which could lead to a revision of the
public statement and thus possibly of the limit value in the future,
are discussed.

The potential contamination of medicinal plants with PA-con-
taining weeds led to immediate measures in the cultivation of
plants and manufacture and quality control. A consortium of
manufacturers established a Code of Practice, which provides a
framework for implementing individual measures along the entire
production process. Its main principle is identifying potential risks

for each process step together with their probability of occurrence
and proposed measures to be undertaken. Evaluation of data from
analytical testing between 2013 and 2020 showed an overall re-
duction of PA levels and confirmed the efficacy of the Code of
Practice. The results of the database evaluation indicate that de-
spite all measures to minimize the PA content, a general limit of
0.35 g PA per day is not considered appropriate by the manufac-
turers since it cannot be kept by more than 50% of the most im-
portant herbal drugs.

In conclusion, the workshop revealed a clearer picture of levels
and exposure to PAs related to the consumption/intake of food,
feed, and phytomedicines. Further development of analytical
methods and a common approach to the list of PAs to be deter-
mined on a routine basis has been brought forward. At the same
time, the picture of human exposure via herbal teas, honey, and
phytomedicines has become much clearer. However, sources of
PA exposure via spices, condiments, and food supplements war-
rant further investigation. There is also a clear need for more con-
sideration of the in vitro data relevant to the in vivo situation to
generate a broader basis for the risk assessment of PAs. This is last
but not least due to the ever-increasing restrictions for animal ex-
periments combined with a large number of PAs of relevance. It
became obvious that not only refinement of the current methods
on toxic effects and the underlying modes of action but also the
modeling of toxicokinetics based on in vitro data is mandatory.

Furthermore, the findings demonstrate that the assumption
that all 1,2-unsaturated PAs assayed by routine control were
equally potent and as toxic as the most potent congeners is scien-
tifically incorrect. However, more work is needed to provide a ba-
sis for a broader acceptance of relative potency factors in PA risk
assessment, taking individual PAs’ kinetic properties into account.
It became obvious that the assumption that N-oxides, the pre-
dominant form in many plants, being as potent as the parent PAs
is a conservative approach and may over-estimate the risk. Finally,
attempts were discussed to limit the exposure of consumers and
patients via mitigation measures and the setting of maximum val-
ues. This process is ongoing and needs more scientific input to en-
sure that PA contaminations in food, feed, and phytomedicines
can be limited to a safe level causing no harm to consumers and
patients.
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