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ABSTRACT

The toxicity of plants containing certain pyrrolizidine alkaloids

has long been recognized in grazing animals and humans.

Genotoxicity and carcinogenicity data from in vitro and in vivo

(animal) studies were published over the last few decades for

some of the 1,2-unsaturated pyrrolizidine alkaloids, leading to

regulatory action on herbal medicinal products with pyrrolizi-

dine alkaloid-containing plants more than 30 years ago. In re-

cent years, it has become evident that in addition to herbal

medicinal products containing pyrrolizidine alkaloid-contain-

ing plants, these products may also contain pyrrolizidine alka-

loids without actually including pyrrolizidine alkaloid-contain-

ing plants. This is explained by contamination by accessory

herbs (weeds). The national competent authorities of the

European member states and the European Medicines

Agency, in this case, the Committee on Herbal Medicinal

Products, reacted to these findings by setting limits for all

herbal medicinal products. This review article will briefly dis-

cuss the data leading to the establishment of thresholds and

the regulatory developments and consequences, as well as

the current discussions and research in this area.

Regulatory Perspectives of Pyrrolizidine Alkaloid Contamination
in Herbal Medicinal Products

Reviews

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.

Article published online: 2021-06-24
Introduction
The long-established toxicity of plants containing certain PAs in
grazing animals and humans [1], together with genotoxicity and
carcinogenicity data from in vitro and in vivo (animal) studies for
some of the 1,2-unsaturated PAs from recent decades [2], led to
the first regulatory actions for HMPs containing PA-containing
plants more than 30 years ago [3].

According to current knowledge, more than 350 different PAs
occurring in more than 6000 plants worldwide as mixtures of PAs
in different concentrations have been described. They are mostly
present in plants as N-oxides [4]. PAs consist of a necine base, and
aliphatic mono- or dicarboxylic acids (necic acid). Several PA types
can be distinguished based on the chemical structure of the
necine base. Furthermore, PAs can occur as mono- or diesters
depending on whether 1 or 2 hydroxy groups are esterified [5];
double esterification can lead to macrocyclic diesters [6].
118 Wiesner J. Regula
Not all PAs are seen to be toxic. The minimum structural re-
quirements for toxicity of PAs are:
1. A double bond in 1,2 position of a pyrrolizidine moiety;
2. A hydroxymethyl substituent (C-1 position) in the pyrrolizidine

moiety, preferably with a second hydroxyl group in the C-7 po-
sition;

3. Esterification of the primary hydroxymethyl group with a
branched mono- or dicarboxylic acid containing at least 5 C-
atoms (necic acid) [7].
Metabolism/Structural Differences
of 1,2 Unsaturated PAs

PAs themselves are not chemically reactive but must rather be
regarded as pro-toxins. Bioactivation is necessary for their toxic
effects [8]. This occurs mainly in the liver by cytochrome P450
monooxygenases (especially CYP3A and CYP2B) [9]. The toxic
tory Perspectives of… Planta Med 2022; 88: 118–124 | © 2021. Thieme. All rights reserved.



ABBREVIATIONS

BMD benchmark dose

BMDL10 benchmark dose lower confidence limit

CYP cytochrome P450

DHP(s) pyrrolic alcohols

EMA European Medicines Agency

GSH glutathione

HMPC Committee on Herbal Medicinal Products

HMPs herbal medicinal products (including also

traditional herbal medicinal products)

HSOS hepatic sinusoidal obstruction syndrome

MOE margin of exposure

MS member states of the EU

NCA national competent authority

PA(s) pyrrolizidine alkaloid(s)

SmPC summary of product characteristics

TD50 dose giving a 50% tumor incidence

VOD veno-occlusive disease
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products are dehydropyrrolizidine alkaloids (dehydro-PAs), which
are chemically and biologically highly reactive but also short-lived
[10], and the less reactive (±)-6,7-dihydro-7-hydroxy-1-hydroxy-
methyl-5H-pyrrolizine (DHP) formed by further hydrolysis.

While the short-lived dehydro-PAs mainly damage structures
near the site of origin through covalent binding to nucleophilic
functional groups in the liver, DHPs are far more persistent and
are associated with both extrahepatic damage and tissue adducts
that sometimes persist for months or years. Therefore, DHPs are
considered the ultimate toxic metabolites [10–12].

The toxicity of PAs is influenced in principle by their structure.
In that regard, the structure, the steric hindrance around the
necine acid residue, and the lipophilicity influence the formation
of adducts [8]. In general, monoesters are considered the least
toxic, followed by noncyclic diesters, while cyclic diesters are con-
sidered to be the most toxic [7, 13].

However, the structure and thus the resulting metabolic path-
ways and detoxification rates influence the toxicity of PAs but so
do many other factors such as species, age, gender or biochemi-
cal, physiological, and nutritional status [12]. Since the abundance
of CYP enzymes in the human liver varies significantly between in-
dividuals, this also could contribute to inter-individual variation in
the toxicity of PAs [14].
Toxicity Data and Regulatory Measures
in the Field of HMPs

The toxicity of PA-containing plants to grazing animals has been
known for a long time, with the first report of livestock poisoning
by PAs dating back to 1787 [1]. From then until today, there have
been reports of poisoning in animals from all over the world, for
example in Afghanistan, Australia, and Hawaii but also in Europe.
While under normal conditions, plants containing PA are probably
avoided by grazing animals due to their poor palatability, they are
Wiesner J. Regulatory Perspectives of… Planta Med 2022; 88: 118–124 |© 2021. Thieme. All ri
sometimes eaten (e.g., during drought, but also in hay, silage, or
pellets or as seeds in cereals) [15]. Cases of poisoning have been
described in many animal species, including cattle, sheep, chick-
ens, ducks, pigs, and horses [1, 9,16]. Acutely intoxicated animals
show signs of liver failure including neurological signs such as
depression and opisthotonos. Gross and histologic changes are
mainly described with panlobular hepatocellular necrosis accom-
panied by hemorrhage with minimal inflammation [12,17]. Stud-
ies in laboratory animals have concluded that even a single dose
of PA can lead to advanced chronic liver disease and cirrhosis [18].

Strong species-specific toxicity linked to a species-specific acti-
vating and inactivating metabolic pathway has been reported
from studies in farm and laboratory animals. Rats, mice, pigs,
horses, and cows are considered very sensitive to PA intoxication,
while sheep, goats, and rabbits are described as less sensitive [19–
21].
Acute/Chronic Toxicity in Humans
First reports about acute poisonings in humans date from the be-
ginning of the last century, and in more recent times cases are still
reported from time to time [8]. Most reports about larger out-
breaks (thousands of people affected) result from developing
countries while single cases are also reported from developed
countries [1, 8].

Knowledge about PA intake via food increased during recent
decades. This applied mainly to grain but also foods of animal ori-
gin (such as milk, eggs, honey) or other material, for instance,
packed lettuce boxes [1]. Some PA-containing herbs are used as
a spice or for medicinal purposes, such as Borago officinalis or Sym-
phytum officinale. It has been postulated that after dietary expo-
sure to PAs, in vivo alkylation continues until the reservoir of labile
tissue-bound adducts is eliminated. This occurs mainly via soluble
conjugates (e.g., with GSH) in urine and bile. This can take many
months so that even a single exposure to PAs continues to cause
silent progressive chronic disease, which is then unlikely to be
caused by PAs in the diet [10].

PA poisoning is usually manifested as acute VOD characterized
by a dull dragging ache in the right upper abdomen and rapidly
filling ascites, and sometimes also is associated with oliguria,
swelling feet, and massive pleural effusion [22]. It includes centri-
lobular hemorrhagic necrosis and hepatomegaly with accompa-
nying ascites [22]. The mortality rate of VOD is approx. 50% [23].
In some cases, it has been described that a single episode of acute
disease can progress to cirrhosis in a relatively short time despite
treatment [24,25]. In this context, tissue-bound DHP adducts are
considered to be the source of ongoing alkylation [26].

Less severe cases may show clinical or even apparent recovery
before cirrhosis and liver failure may develop years later. Others
may develop subacute pathological changes in the liver that
either regress or lead to cirrhosis and liver failure [11]. Liver-dam-
aging agents (e.g., viruses, bacterial endotoxins, aflatoxins, and
environmental copper) can exacerbate the liver damage and can-
cers caused by PAs [18,27]. Moreover, although all age groups
can be affected by PA poisoning, children are particularly vulner-
able to the effects of PAs [10].
119ghts reserved.
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In addition, it is also considered possible for toxic lung disease
to develop. It has been postulated that sporadic small doses of PAs
over a prolonged period are more likely to cause cancer and pul-
monary hypertension than liver damage [10]. Meanwhile, pyrrole
protein adducts have been detected in the blood of patients diag-
nosed with HSOS and documented to have ingested PA-contain-
ing herbs [8].
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Genotoxicity and Carcinogenicity of PAs

Genotoxicity

The potential genotoxicity of PAs (or rather their active metabo-
lites) has been recognized for many years. The genotoxic effects
described for several PAs include mutations, sister chromatid
exchanges, and chromosomal aberrations, respectively [28–30].
Furthermore, for some PAs, induction of micronuclei formation
in erythrocytes in the bone marrow and fetal liver in mice has
been shown [18]. Chromosomal aberrations have also been dem-
onstrated in rats and humans with VOD [31]. It was discussed, at
least for riddelliine, that DNA-adduct formation may play a role in
the genotoxicity [32].

From the available experimental data, it is evident that, in
general, both PA metabolites (dehydro-PA and DHP) can lead to
similar alkylation products. For the antimitotic effect that then
follows, a simultaneous or temporally subsequent stimulus for cell
division must be present. Such a stimulus may be provided by the
acute necrotic action of the primary dehydro-PA metabolite or by
any other cause of acute liver injury leading to tissue regenera-
tion. In very young animals, the stimulus may be the increased
replication rate already present in them [18].

Carcinogenicity

The first studies on the carcinogenicity of individual PAs were con-
ducted in the 1950s. Since then–especially in the 1970s–several
additional studies have been carried out that have substantiated
the link to the carcinogenic properties of PAs. In experimental
rodents, PAs were found to induce mainly liver tumors [2]. Until
now, more than 20 purified PAs, PA-metabolites, or plant extracts
containing PAs have been demonstrated to induce tumors in ro-
dents [9]. It should be noted that the carcinogenic activity of PAs
appears to parallel their mutagenic behavior [33] but not their
hepatotoxicity. Therefore, it is necessary to distinguish in the (reg-
ulatory) references exactly which of the endpoints are referenced
by the measures/statements. It is mostly only referred to as “tox-
icity”, although current studies and regulations in Europe mainly
refer to the carcinogenic effects, as these can be triggered already
with much lower exposures to PAs. In rats, appropriately low,
repeated doses of several alkaloids have been shown to induce
tumors but even a single dose has been shown to be carcinogenic.
For example, a single dose of lasiocarpine [34] induced changes in
the liver after approximately 13 months that were observed in a
similar form in the earlier stages of liver carcinogenesis by various
PAs after multiple doses.

It should be noted that by comparing total intake levels (hu-
man toxicity and total doses in long-term studies in rats), it could
be inferred that humans are more sensitive; this suggests that hu-
120 Wiesner J. Regula
mans may survive sufficiently long to develop cancer after only a
brief exposure at this amount or a longer exposure at a much
lower amount [2,18].

Later, 2 carcinogenicity studies were performed that are close
to the current requirements for such studies and are currently the
basis for deriving limits. In a 2-year feeding study of lasiocarpine
(24 rats per sex in each treatment group), lasiocarpine was shown
to be carcinogenic under the conditions of this bioassay in Fischer
344 rats, producing hepatocellular tumors and angiosarcomas of
the liver in both sexes and hematopoietic tumors in females [35].
In this study, 3 dose groups and female and male animals were
used, although the group size was quite small (24/sex). No animal
of the highest dose groups (1.5mg/kg b.w./day) survived.
Regarding the endpoint of dose-depending hemangiosarcoma of
the liver (male animals), a BMDL10 of 73 µg/kg b.w./day was de-
rived [4].

In another 2-year study, riddelliine was shown to induce liver
hemangiosarcomas, hepatocellular adenomas, and carcinomas in
both male and female rats and lung alveolar adenomas in female
mice [36]. In this gavage study (50 animals/sex each), 5 dose
groups in females and 1 dose group in males were used (highest
dose group only = 1mg/kg/day; averaged 0.714mg/kg/day).
High mortality occurred in the highest dose group (only 3 male
animals survived, while no female animals survived). Although
BMDL10 values ranging from 0.180 to 0.299mg/kg b.w. per day
(female animals) could be calculated, for the calculation of the
BMDL10 of 70 µg/kg b.w. per day, the male rat data of the lasiocar-
pine study was selected as the reference point for the MOE calcu-
lation [4].
Pharmaceutical Regulation Concerning
PA-containing Plants

As early as the late 1980s, based on the findings at that time on
the toxicity and carcinogenicity of PAs, the German Federal Health
Agency (BGA) initiated a graduated plan procedure on PA-con-
taining plants used for medicinal purposes.

According to the German Medicinal Act, a graduated plan is
aimed at preventing direct or indirect hazards to human and ani-
mal health from medicinal products. In this context, the obliga-
tions of the competent higher federal authority (formerly BGA,
today BfArM or PEI) are to record and evaluate risks occurring dur-
ing the administration of medicinal products and to coordinate
the measures to be adopted. In most cases, it starts with adverse
effects being reported to the NCAs from reports and/or other in-
formation (e.g., expert opinions, studies). This triggers an ex-
change of information between the NCA(s) and concerned phar-
maceutical entrepreneur(s) (level I). If based on this information, a
direct or indirect risk to human health is suspected (and the phar-
maceutical entrepreneur has not himself taken the necessary risk
reduction measures), advice on the necessary risk reduction mea-
sures is required (level II). On that, the pharmaceutical entrepre-
neur(s) will be heard. Either the suspicion can be refuted by the
submission of documents, which leads to a discontinuation of
the graduated plan, or, if the suspicion cannot be refuted, risk-
minimizing measures are ordered. These can be either the inclu-
tory Perspectives of… Planta Med 2022; 88: 118–124 | © 2021. Thieme. All rights reserved.
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sion of appropriate warnings, contraindications, and side effects
in the product information and SmPC or measures such as a with-
drawal from the market [37].

In 1992, a graduated plan procedure concerning PAs was final-
ized by setting in force the graduated plan concerning medicinal
products containing PAs with a necine system unsaturated in
1,2 position. The maximum daily dose of such PAs for internal
use was set at 1 µg for a maximum duration of 6 weeks per year
and 0.1 µg without any limitation in the duration. The maximal
daily dose of PAs in the case of cutaneous application is 100 µg
for a maximum duration of 6 weeks per year and 10 µg without
any limitation in the duration of use [3].

With the adoption of Directive 2004/24/EU, the Committee on
Herbal Medicinal Products (HMPC) was established at the Euro-
pean Medicines Agency (EMA). The tasks of the HMPC include
the preparation of monographs that summarize the data on the
efficacy and safety of herbal substances or herbal preparations
after critical evaluation. They thus reflect the current state of
knowledge. In the case of questions (e.g., on toxicologically
relevant 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.

In 2014, a “Public statement on the use of herbal medicinal
products containing toxic, unsaturated pyrrolizidine alkaloids
(PAs)” (EMA/HMPC/893108/2011) was published [38]. The avail-
able data on PAs were assessed, and a limit for the acceptable
daily intake of 0.35 µg/day was defined for adults.

When evaluating the studies on lasiocarpine and riddelliine,
the HMPC reached the same conclusions as EFSA (2011) regarding
the suitability of the studies to derive limits. The published daily
limit of 0.35 µg/day was derived by transferring the calculation of
the lasiocarpine BMDL10 of EFSA [4] to the approach of the ICH M7
Guideline (EMA/CHMP/ICH/83812/2013). According to this
Guideline, for pharmaceutical products, the calculation of the ac-
ceptable lifelong intake of genotoxic carcinogens can be per-
formed either by using the TD50- or BMDL10-based approach.
Since both approaches lead to almost identical limits for lasiocar-
pine (TD50 = 0.39 µg/day; BMDL10 = 0.35 µg/day), the use of the
BMDL10 approach was considered acceptable.

Already in 2013, the first reports on contamination of HMPs
with PA-containing herbs were reported. Based on this, the NCA
(e.g., in Germany) asked the industry to collect data. From the
data provided and the investigations initiated thereafter, it could
be assumed that the content of PAs was due to contamination
with so-called accessory herbs, such as the Heliotropium or Senecio
species, which enter the respective batches during harvesting.
Since under certain circumstances, the content of PAs can result
from contamination with very few plants, a timely solution to the
contamination problem was not possible with agricultural mea-
sures alone, but in particular, made increased control necessary
[39]. Consequently, after intensive discussions both with the in-
dustry associations but also at the European level, BfArM was the
first European NCA to publish a notice on March 1, 2016, intro-
ducing a maximum limit of 1.0 µg PA daily for all HMPs as a transi-
tional measure [40]. Later, it was clarified by BfArM, that the tran-
Wiesner J. Regulatory Perspectives of… Planta Med 2022; 88: 118–124 |© 2021. Thieme. All ri
sitional period is not expected to last longer than 3 years and that
thereafter the limit value would be in accordance with the existing
HMPC assessment of 0.35 µg/day [41].

However, other European NCAs have also addressed the issue
of PA contamination in HMPs. A short time later, in May 2016, the
HMPC published another PS with transitional recommendations
for risk management and quality control [41]. A contamination
level of HMPs that would lead to a maximum daily intake of
1.0 µg of PAs per day during a transitional period of 3 years (which
was then extended for another 2 years to allow for a time a final
evaluation in the context of the new publications on PAs) was
again considered acceptable from a public health perspective.
During this period, manufacturers of HMPs would be required to
take the necessary measures to reduce contamination to a level
leading to a daily intake of no more than 0.35 µg PAs per day [41,
42].

The revision of the PS of the HMPC is currently ongoing to re-
vise the transitional recommendations.
Further Developments
In the years after the publication of the 2 PS of the HMPC (2014
and 2016), many discussions, publications, investigations, and
regulations took place. Several issues have been raised that are
relevant to the safety assessment of PAs, and these are mentioned
here as examples.

The detection and determination of PA levels due to contami-
nation by accessory herbs require highly sensitive methods in the
field of trace analysis. Up to now, there have been no official test
methods for this purpose, even though the first studies on this
subject took place very early on nationally, see BfR (2014) [43].
The HMPC has therefore requested that the European Pharmaco-
poeia (Ph. Eur.) consider the development of an appropriate ana-
lytical method validation for PAs in HMPs as a matter of priority.
An expert group was founded at the European Directorate for
the Quality of Medicines (EDQM) in September 2017, and at its
168th session in November 2020, the European Pharmacopoeia
Commission adopted the new general chapter “Contaminant pyr-
rolizidine alkaloids (2.8.26)” [44]. This also specifies the PAs that
must be quantified as a minimum (▶ Table 1).

In 2017, EFSA updated its opinion on toxic unsaturated PAs
[45] due to the revision of the Guideline “Use of benchmark dose
approach in risk assessment” [46]. This recommended model
averaging as the preferred method for calculating the BMD confi-
dence interval while acknowledging that the relevant tools are still
under development and may not be readily available to all. Using
the modified evaluation method, the evaluation of the data sets
on lasiocarpine [35] and riddelliine [36] showed that better evalu-
ation intervals were now obtained for riddelliine, despite the still
relatively high uncertainty related to the insufficient information
on the dose-response relationship of the study, as only the highest
tested dose induced a statistically significant increase in tumor in-
cidence. However, the study design as such is seen to be particu-
larly suitable for the performance of BMD modeling. In addition,
using model averaging, a partial overlap of the BMD10 upper and
lower confidence intervals calculated was observed for both stud-
ies. This was more evident when a benchmark response falling
121ghts reserved.



▶ Table 1 PAs that must be quantified as a minimum based on the
requirements of Ph.Eur [44].

1. Echimidine

2. Echimidine-N-oxide

3. Erucifoline

4. Erucifoline-N-oxide

5. Europine

6. Europine-N-oxide

7. Heliotrine

8. Heliotrine-N-oxide

9. Intermedine

10. Intermedine-N-oxide

11. Jacobine

12. Jacobine-N-oxide

13. Lasiocarpine

14. Lasiocarpine-N-oxide

15. Lycopsamine

16. Lycopsamine-N-oxide

17. Monocrotaline

18. Monocrotaline-N-oxide

19. Retrorsine

20. Retrorsine-N-oxide

21. Senecionine

22. Senecionine-N-oxide

23. Seneciphylline

24. Seneciphylline-N-oxide

25. Senecivernine

26. Senecivernine-N-oxide

27. Senkirkine

28. Trichodesmine
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within the tested dose ranges for both substances was selected,
such as 30%. So, the results were interpreted to imply that the
2 substances may have similar carcinogenic potency. As a result,
EFSA selected the BMDL10 of 237 µg/kg b.w. per day, derived for
the incidence of hepatic hemangiosarcoma in female rats ex-
posed to riddelliine, as the RP for the chronic risk assessment of
PAs [45]. This BMDL10 is approximately 3 times the previous
BMDL10 derived from the lasiocarpine study.

It has also been discussed for many years whether, due to the
presumed different toxicities, different limits for individual PAs
should be defined instead of the limit based on 1 compound.
Variations in the number of ester substitutions, lipophilicity, and
steric hindrance of the necine acid groups can significantly affect
the rate of metabolic activation and thus toxicity [47]. For in-
stance, among 9 retronecine-type PAs tested, the open-ring
diester showed the highest efficiency for pyrrole-protein adduct
122 Wiesner J. Regula
formation, followed by the 12-membered macrocyclic diester
and then by the 11-membered macrocyclic diester, while the
monoester showed the lowest efficiencies [47].

Based on considerations of structure, kinetic considerations, in
vitro studies, or some in vivo tests in different animal species on
different PAs or a combination of them, concepts of potency fac-
tors were presented or their possibilities were considered to eval-
uate the possible effects of combined exposure (e.g. [48–53]).

However, it has also been repeatedly pointed out that data on
carcinogenicity would be preferentially needed for the compari-
son of potency and that the data available to date would not be
sufficient to adequately define the different potencies [45,54].
However, the importance of toxicogenetics/biokinetics data has
also been noted to develop a robust understanding (especially
also because carcinogenicity data for all PAs should be considered
highly unlikely) of the relative potencies for a realistic risk assess-
ment of PA mixtures [50,53,55].

Furthermore, the inter-individual differences and the impor-
tance of other etiologic factors, such as alcohol abuse, for exam-
ple, were discussed, and the importance of such questions in the
context of data evaluation was discussed [23].

Other points of discussion include the transferability of data
from carcinogenicity studies to humans. Liver hemangiosarcoma
was derived from animal studies as a key effect. However, the in-
cidence of liver hemangiosarcoma in humans is reported to be
very low. This is also because PA intake from food/herbal medi-
cines should actually have remained constant over the last
decades. This naturally leads to considerations of whether PA in-
take in humans would lead to different forms of neoplasms than
in rodents [41].

If one assumes a low, intermittent dietary exposure to toxic un-
saturated PAs, slow progressive chronic diseases such as cancer,
cirrhosis, and pulmonary hypertension could be possible conse-
quences, without hepatotoxicity being in the foreground or with-
out a direct link to the intake being possible due to the long peri-
ods involved. Other factors, such as a family predisposition to the
toxicity of PAs or also the diet (e.g., the intake of other potentially
liver-damaging compounds or also so-called antimutagenic com-
pounds from food plants) must also be taken into account and
make a conclusive assessment more difficult [56].
Conclusion
Because of the known involvement of PAs in human poisoning and
their potential carcinogenicity, exposure to toxic unsaturated PAs
should be kept as low as practically possible [18,57].

This must also be taken into account in the risk-benefit assess-
ment of medicinal products, especially if the PA input is caused by
accessory herbs (i.e., contamination). When the problem became
known, in addition to regulatory measures by the NCA or the
HMPC, attempts were also made by the industry to reduce the
PA input through such contamination.

In this context, a data collection on the batches of medicinal
plants/extracts used was initiated first, but in addition, the Ger-
man HMP industry also initiated measures to avoid and/or reduce
PA contamination. For example, in addition to root cause research
projects, a Code of Practice (CoP) has been developed together
tory Perspectives of… Planta Med 2022; 88: 118–124 | © 2021. Thieme. All rights reserved.
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with herb growers to identify potential risks for each process step
along the entire process chain (e.g., cultivation, harvesting, in-
coming goods inspection, drug processing up to the release of
the finished drug product) [58,59].

From the previous studies, it became clear that complete elim-
ination of PA contamination seems to be impossible, especially
when it is realized that already very small amounts of PA-contain-
ing plants, such as 1 Senecio plant per hectare in a crop of
St. Johnʼs wort (Hyperici herba), would be sufficient to exceed the
threshold recommended by the HMPC. However, previous mea-
sures have already achieved a significant reduction in the total PA
load of HMPs [60].

At the same time, maximum levels for PAs in various food
categories (e.g., tea, herbal teas, food supplements, and honey)
are being introduced in the food sector [61].

In the coming years, the main task will be to expand the knowl-
edge of the different toxicity/carcinogenicity of the individual PAs
or PA groups, so that, for example, a differentiated view will be
possible through the regulatory-approved definition of relative
potency factors. This will involve avoiding overestimation or
underestimation of risk. For this purpose, since a general testing
of all (or at least several) PAs in classical carcinogenicity studies
must also be excluded for animal welfare reasons, discussion on
the correct endpoints of the in vitro/in vivo tests to be used, in-
cluding kinetic considerations, will be necessary. This requires
close cooperation between research (universities, industry) and
regulatory authorities to ensure the development and subsequent
acceptance of such models.
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