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ABSTRACT

ARTICLE HISTORY

Pyrrolizidine alkaloids (PAs) are secondary metabolites of plant families such as Asteraceae or
Boraginaceae and are suspected to be genotoxic carcinogens. Recent investigations revealed
their frequent occurrence in honey and particularly in tea. To obtain a comprehensive overview
of the PA content in animal- and plant-derived food from the European market, and to provide a
basis for future risk analysis, a total of 1105 samples were collected in 2014 and 2015. These
comprised milk and milk products, eggs, meat and meat products, (herbal) teas, and (herbal) food
supplements collected in supermarkets, retail shops, and via the internet. PAs were detected in a
large proportion of plant-derived foods: 91% of the (herbal) teas and 60% of the food supplements contained at least one individual PA. All types of (herbal) teas investigated were found to
contain PAs, with a mean concentration of 460 µg kg−1 dry tea (corresponding to 6.13 µg L−1 in
[herbal] tea infusion). The highest mean concentrations were found in rooibos tea (599 µg kg−1
dry tea, 7.99 µg L−1 tea infusion) and the lowest in camomile tea (274 µg kg−1 dry tea, 3.65 µg L−1
tea infusion). Occurrence of PAs in food supplements was found to be highly variable, but in
comparable ranges as for (herbal) tea. The highest concentrations were present in supplements
containing plant material from known PA-producing plants. In contrast, only 2% of the animalderived products, in particular 6% of milk samples and 1% of egg samples, contained PAs.
Determined levels in milk were relatively low, ranged between 0.05 and 0.17 µg L−1 and only
trace amounts of 0.10–0.12 µg kg−1 were found in eggs. No PAs were detected in the other
animal-derived products.
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Introduction
Pyrrolizidine alkaloids (PAs) are secondary plant
metabolites that are mostly found in the botanical
families of Asteraceae, Boraginaceae, and Fabaceae.
Genera of each of these plant families such as
Senecio, Eupatorium, Heliotropium, and Crotalaria
have been reported as toxic to livestock and humans
(Mohabbat et al. 1976; Tandon et al. 1976; Harper
et al. 1985; Hill et al. 1997; Prakash et al. 1999;
Shimshoni et al. 2015b; Kakar et al. 2010).
PAs consist of two fused five-membered rings
with a nitrogen atom at the bridgehead (Figure 1).
This chemical structure moiety represents a classical
tertiary amine and is called necine base. Depending
on the mode of esterification of the two available
hydroxyl groups of the necine base with so-called
necic acids, a variety of ester derivatives are formed.
Consequently, PAs occur as mono- or diesters, and
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the diesters can be open chained or macrocyclic PAs
(Figure 1). In plants, PAs will form N-oxide derivatives, but the ratio of the free base and the respective
N-oxide form can vary considerably. No N-oxides
are formed by the otonecines, as they consist of an
azacyclooctene ring system that is methylated at the
N-atom (Figure 1(e)). According to their taxonomic
occurrence, PAs are often grouped into subclasses of
senecionine, lycopsamine, heliotrine and monocrotaline types. The senecionine-type PAs are generic
for species of the Asteraceae tribe Senecioneae but
are also found in Crotalaria species. The lycopsamine type occurs predominantly in the
Boraginaceae, but also in the tribe Eupatorieae
(Asteraceae). The heliotrine type is specifically produced by Heliotropium species (Boraginaceae) and
the monocrotaline type by Crotalaria species
(Fabaceae).
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Figure 1. PAs consist of a necine base that can have an: (a) retronecine, (b) retronecine N-oxide, (c) heliotridine, (d) heliotrine
N-oxide, or (e) otonecine structure. Each necine base is coupled with a necic acid to form four major groups of PAs: (f) a 12-ring
macrocyclic diester (e.g. senecionine), (g) an open-chained monoester (e.g. lycopsamine), (h) an open-chained diester (e.g.
lasiocarpine), or (i) an 11-ring membered macrocyclic diester (e.g. monocrotaline). Senkirkine, the most prominent representative
of the otonecine type, is not shown in this figure, but is generally grouped with the 12-ring macrocyclic diester PAs.

Acute poisoning with PAs in humans is associated
with liver damage, whereas a subacute or chronic
onset may lead to liver cirrhosis and pulmonary
arterial hypertension (EFSA 2011). Experiments
with rodents for investigation of chronic toxicity of
PAs caused liver cell carcinoma and haemangioendothelial sarcoma and the International Agency for
Research on Cancer (IARC) concluded that there
was, depending on the PA congener, limited or
sufficient evidence for the carcinogenicity of several
PAs in experimental animals (IARC 2002; NTP
2008). Consequently, high concentrations of PAs in
food and feed are undesired.
For animal-derived food, no large-scale investigations have been published; but PAs have been
detected during carryover studies in milk (Dickinson
et al. 1976; Hoogenboom et al. 2011) and eggs (Edgar
and Smith 2000; Diaz et al. 2014; Mulder et al. 2016b).
Previous carryover studies with ragwort in cows
revealed a dose-related appearance of PA in milk
and the overall carryover of PAs was estimated to be
~0.1%, but for specific compounds up to 4%
(Dickinson et al. 1976; Hoogenboom et al. 2011). As
bees also forage on plants containing these alkaloids,
consequently, these compounds have been frequently
detected in honey (Beales et al. 2004; Boppre et al.
2005; Kempf et al. 2010; Dübecke et al. 2011; EFSA
2011, Griffin et al. 2015, Bodi et al. 2014).

Recent studies revealed also that tea can be highly
contaminated: total PA concentrations up to 5647 μg
kg−1 have been detected in samples from the German
retail market (Bodi et al. 2014), as well as in other
countries (Griffin et al. 2015, Mathon et al. 2014,
Shimsoni et al. 2015b). Comparable amounts were also
detected in German-licensed herbal medicinal teas
(Schulz et al. 2015). Based on the determined amounts,
a first risk assessment was conducted by the Federal
Institute for Risk Assessment, identifying a risk for
those consumers, particularly children, who frequently
drink large quantities of tea or herbal infusions (BfR
2013). The outcome of risk assessment and the fact that
tea of all types can contain substantial amounts of PAs
are relevant issues of food safety and emphasise the need
for representative occurrence data of PAs in food. The
EFSA funded a project among three partner institutes to
conduct a study with the objective to analyse food
products from different geographic regions in Europe
(Mulder et al. 2015). In total, 1105 samples were investigated with emphasis on animal-derived products, such
as milk, eggs, and meat products and on plant-derived
products, such as (herbal) teas and food supplements.
Analyses were performed using validated LC-MS/MS
methods, which enabled detection at the lowest achievable levels, whereas the method scope focused on the
PAs for which analytical standards were available (28
different commercial standards).
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Materials and methods
Solvents, standards and reagents

Formic acid (analytical grade), sulphuric acid (98%,
analytical grade), ammonia solution (32%, analytical
grade), and methanol (LC-MS grade) were obtained
from Merck (Darmstadt, Germany). Ammonium formate (LC-MS grade) was from Fluka (Seelze,
Germany). Analytical PA standards were sourced
from different suppliers: retrorsine (Re) from SigmaAldrich (Seelze, Germany); lasiocarpine (Lc), lasiocarpine N-oxide (LcNO), and heliotrine N-oxide (HeNO)
from Cfm Oskar Tropitzsch (Marktredwitz,
Germany); heliotrine (He) and trichodesmine (Td)
from Latoxan (Valence, France); monocrotaline (Mc),
senecionine (Sn), and seneciphylline (Sp) from Roth
(Karlsruhe, Germany); and echimidine (Em), echimidine N-oxide (EmNO), erucifoline (Er), erucifoline
N-oxide (ErNO), europine (Eu), europine N-oxide
(EuNO), intermedine (Im), intermedine N-oxide
(ImNO), jacobine (Jb), jacobine N-oxide (JbNO),
lycopsamine (Ly), lycopsamine N-oxide (LyNO),
monocrotaline N-oxide (McNO), retrorsine N-oxide
(ReNO), senecionine N-oxide (SvNO), seneciphylline
N-oxide (SpNO), senecivernine (Sv), senecivernine
N-oxide (SvNO), and senkirkine (Sk) from Phytolab
(Vestenbergsgreuth, Germany).
Animal-derived products were additionally analysed for indicine N-oxide (IdNO) and otosenine
(Ot), obtained from Phytolab (Vestenbergsgreuth,
Germany); florosenine (Fs) and jacoline (Jl), obtained
from PRISNA (Leiden, the Netherlands); integerrimine (Ir) and integerrimine N-oxide (IrNO), kindly
provided by Dr Trigo from the University of Campinas
(Unicamp), São Paulo, Brazil; riddelliine (Rd) and
riddelliine N-oxide (RdNO), kindly provided by
NCTR (Jefferson, AR, USA); and trichodesmine
N-oxide (TdNO), which was obtained by N-oxidation
of trichodesmine. Epi-jacobine (epi-Jb), a synthetic
non-natural isomer of jacobine (Mercachem,
Nijmegen, the Netherlands), was used as internal standard in the analysis of animal-derived products.
Sample collection

Samples were collected in supermarkets, shops, and
other retail outlets between January 2014 and April
2015 in six different countries (Germany, the
Netherlands, Spain, France, Italy, and Greece). A

limited number of (herbal) food supplements (15%)
were purchased online. The sampling was conducted
taking as guidance the methods of sampling for
official
control
laboratories
described
in
Commission Regulation (EC) No 401/2006. For
each product, three items with the same expiration
date and lot number were collected. After arrival at
the laboratory, an aggregate sample of ~1 kg from
the animal-derived products was prepared by combining equal amounts of the three collected items
from which three subsamples of approximately
50 mL or 50 g were subsequently taken, uniquely
coded, and stored at −20°C until analysis.
For the (herbal) teas and food supplements, a
slightly different procedure was followed. One package of tea (bags) generally had a weight of 30–60 g.
Three packages of same date and lot number were
combined and homogenised to form a final aggregate of at least 100 g. For food supplements, the
sampling procedure was based on the supposition
that these food supplements are marketed in retail
packages containing usually 30–120 capsules per
retail package. Depending on the lot size, a single
or two packages were taken. In each case, all capsules
were combined and homogenised to form a final
aggregate sample. From the aggregate sample three
subsamples of 10–30 g were taken, uniquely coded,
and stored at room temperature until analysis.
Sample preparation
Animal-derived food products
A detailed description of the sample preparation can
be found elsewhere (Mulder et al. 2015, 2016b).
Briefly, aliquots of 3 mL milk, 3 mL whole egg, 3 g
cheese, 3 g yoghurt, 3 g meat, or 3 g liver were
extracted with 30 mL of 0.2% aqueous formic acid
solution and 15 mL hexane. Before extraction, 30 μL
of epi-jacobine IS solution (1000 μg L−1 in methanol)
was added to the samples. The hexane layer and
proteinaceous middle layer were discarded after centrifugation (15 min at 2600 g). Concentrated ammonia (25%) was added to adjust the pH of the
remaining solution to 9–10. Five mL (liver), 10 mL
(egg, meat), or 15 mL (milk, yoghurt, cheese) of the
aqueous extract was used for further clean-up by
SPE over a StrataX 200 mg, 6 cc cartridge
(Phenomenex, Torrance, CA, USA). The cartridges
were conditioned with 6 mL methanol, followed by
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6 mL ammonia solution (0.1%). The cartridges were
loaded with the sample extract, washed with 6 mL
ammonia solution (0.1%), and dried under vacuum
(using a vacuum manifold) for 5–10 min. PAs were
eluted from the cartridges with 6 mL of methanol.
The eluates were dried under a nitrogen stream in a
warmed water bath (50°C; TurboVap, Zymark,
Uppsala, Sweden) and reconstituted in 500 µL of
methanol/water (10/90, v/v). The reconstituted sample extracts were filtered using 0.45 µm PTFE 500 µL
filtervials (UniPrep, Whatman, Maidstone, UK).
Samples were quantified against a 7-point calibration curve of PA standards in the corresponding
blank material: 0–5 μg kg−1 in milk and yoghurt,
0–10 μg kg−1 in egg and meat. Cheese and liver
samples were quantified by means of standard addition (10 μg kg−1) to the sample.
(Herbal) teas and supplements
A detailed description of the sample preparation
has already been published (Bodi et al. 2014;
Mulder et al. 2015). Briefly, for homogenisation all
samples were mixed with dry ice (at a mass ratio of
2:1) and ground to a particle size of 500 µm using
an ultra-centrifugal mill (ZM 200; Retsch, Haan,
Germany).
The extraction procedure for ready-to-drink products was based on the protocol described in ISO
3103 (ISO 1980). A 2 g amount of the homogenised
tea was transferred to a tea infusion bag (t-sac,
Hannover, Germany). The tea bag was positioned in
a glass beaker of 250 mL, and 150 mL of boiling water
was poured onto the tea bag. The infusion was
steeped for 5 min and the tea bag was removed.
After cooling down, the infusion was filtered through
a fluted filter paper. An aliquot of 50 mL was used for
further clean-up by SPE as described below.
The extraction procedure for dry supplements
was performed as follows: a 2 g amount of sample
was extracted with 20 mL of 0.05 M sulphuric acid
solution by sonication (15 min). The supernatant
was decanted after centrifugation. Extraction was
repeated and the combined supernatants were
brought to pH 6–7 with 2.5 M ammonia solution
and passed through a fluted filter paper; 10 mL of
the filtered extract was used for SPE clean-up.
The SPE clean-up of tea infusions and herbal
extracts was carried out with reversed-phase C18
SPE cartridges (Discovery DSC-C18 500 mg/6 mL;
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Supelco, Bellefonte, PA, USA), which were conditioned with 5 mL methanol and 5 mL water. Then,
the cartridges were loaded with 50 mL of the (herbal) tea infusion, or with 10 mL of the filtered herbal
extract, washed with 5 mL of water and dried under
vacuum (using a vacuum manifold) for 5–10 min.
PAs were eluted from the cartridges in two steps
with 5 mL each of methanol or 2.5% (1.4 M) ammonia in methanol in the case of black and green tea
samples. The combined eluates were dried under a
nitrogen stream in a warmed water bath (50°C;
TurboVap) and reconstituted in 1 mL of methanol/
water (5/95, v/v). The reconstituted samples were
filtered through a 0.2 μm membrane filter before
LC-MS/MS analysis.
Samples were quantified using an 8-point calibration curve of PA standards in corresponding extracts
prepared from blank material: 0.03–4.00 μg L−1 in tea
infusions and 8–1200 μg kg−1 in herbal supplements.

Oily plant-derived food supplements
For oily food supplements, an amount of 5.0 g was
extracted with 15 mL of 0.05 M sulphuric acid in
methanol by overhead shaking (15 min). The supernatant was decanted after centrifugation. Extraction
was repeated and an aliquot of 25 mL of combined
supernatants was used for further clean-up by SPE.
The SPE clean-up was carried out using cation
exchange SPE cartridges (Bond Elut Plexa PCX,
500 mg/6 mL), which were conditioned with 5 mL
of methanol and 5 mL of 0.05 M sulphuric acid in
methanol. Then, the cartridge was loaded with
25 mL of the sample extract, washed with 8 mL of
methanol, and dried under vacuum (using a vacuum
manifold) for 5–10 min. PAs were eluted from the
cartridge in two steps with 5 mL each of methanol
containing 2.5% ammonia. The combined eluates
were dried under a nitrogen stream in a heated
water bath (50°C; TurboVap) and the drying residue
was reconstituted in 1 mL of methanol/water (5/95,
v/v). The reconstituted samples were filtered
through a 0.2 μm membrane filter before LC-MS/
MS analysis.
For quantification, extracts of blank samples were
prepared according to the sample preparation procedure. The blank extracts were used to prepare 7point PA calibration curves, corresponding to 1.2–60
μg kg−1 in oil-based food supplements.
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LOD, LOQ, recovery, and precision data

LC-MS/MS analysis (animal-derived food)

Animal-derived food
The lowest calibration point with acceptable precision was taken as LOQ. Individual LOD values were
estimated on the basis of the signal-to-noise (S/N)
ratio of the lowest point of the calibration curve in
blank matrix. For the LOD, a S/N of 6 was taken for
both transitions. LODs varied, in the ranges of
0.03–0.05 μg L−1 for milk and yoghurt samples;
0.05–0.15 μg kg−1 for whole egg, cheese, and
chicken and pork meat samples; and 0.1–0.25 μg
kg−1 for beef meat and liver samples. LOQ values
typically were 2–5× higher than the LODs. Except
for riddelliine N-oxide, recovery rates of the individual PAs were acceptable to good in milk (74–
107%), egg (56–103%), and meat (63–91%).
Recovery for riddelliine N-oxide was 30–45% in
these matrices, possibly due to a lower stability of
this compound under the alkaline conditions used
during SPE clean-up. Individual LODs, LOQs, and
recovery rates are given as Supplementary Tables S1
and S2, respectively.

PAs analysis in the animal-derived food products
was performed on a LC-MS/MS system consisting
of a Waters Acquity UPLC coupled to a Xevo TQ-S
tandem mass spectrometer (Waters, Milford, MA,
USA). PAs were analysed in positive ESI mode
(ESI+). Two MRM transitions were measured per
analyte (Table 1).
Chromatographic separation was achieved on a
150 × 2.1 mm, 1.7 µm particle size, UPLC BEH
C18 analytical column (Waters). Eluent A was prepared from 100% water containing 6.5 mM ammonium hydroxide and eluent B from 100% acetonitrile
containing 1.2 mM ammonium hydroxide. A gradient elution was performed as follows: 0–1 min 100%
A/0% B, 12.0 min 50% A/50% B, 12.2–15 min 100%
A/0% B. A flow rate of 400 µL min−1 was applied
and 5 µL were injected. The column temperature
was maintained at 50°C.

Plant-derived food
LOD and LOQ values were established according to
the standard method DIN 32,645 (DIN, 2008). For
this purpose, three replicates of five calibration levels
that cover the lower calibration range were prepared
and analysed. Individual LODs, LOQs, and recovery
rates are given as Supplementary Tables S3 to S6. For
tea and dry food supplements, the obtained LODs
ranged between 0.3 and 2.3 μg kg−1. The subgroup of
bee products yielded lower LODs (0.2–0.6 μg kg−1),
while for oily supplements higher LODs (0.9–3.8 μg
kg−1) were obtained.
Recovery rates were determined by repeated analysis of fortified blank material at concentrations of
20, 150, or 200 μg kg−1. Mean recovery rates ranged
from 72% to 122% with a RSD of 1–20% in fennel,
mixed herbal, and rooibos teas. Slightly lower
recovery rates ranging from 45% to 98% with a
RSD of 1–14% were determined in camomile and
black teas.
Performance criteria obtained during in-house validation were confirmed during a collaborative validation
study conducted for the analysis of PAs in herbal tea
(BfR 2015).

LC-MS/MS analysis (plant-derived food)

Analysis of PAs in ESI+ mode was performed on a LCMS/MS system consisting of an UHPLC (Ultimate
3000; Thermo Scientific, San Jose, CA, USA) coupled
to a Triple Stage Quadrupole mass spectrometer (TSQ
Vantage; Thermo Scientific). Two MRM transitions
were measured per analyte (Table 2).
Chromatographic separation was achieved on a
150 × 2.1 mm, 1.9 µm particle size, C18 Hypersil
Gold column fitted with a guard column (Thermo
Scientific, Germany). Eluent A was prepared from
100% water containing 0.1% formic acid and 5 mM
ammonium formate and eluent B from 95% methanol and 5% water containing 0.1% formic acid and
5 mM ammonium formate. A gradient elution was
performed as follows: 0–0.5 min 95% A/5% B,
7.0 min 50% A/50% B, 7.5 min 20% A/80% B, 7.6–
9.0 min 0% A/100% B, 9.1–15 min 95% A/5% B. A
flow rate of 300 µL min−1 was applied and 10 µL
were injected.
Results and discussion
Occurrence data for pas in animal-derived food

In total 746 animal-derived products were investigated for the presence of 35 individual PAs. The
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Table 1. Mass spectrometric conditions (positive ESI) used for the analysis of PAs in animal-derived food products.
Compound
Echimidine
Echimidine N-oxide
Erucifoline
Erucifoline N-oxide
Europine
Europine N-oxide
Florosenine
Heliotrine
Heliotrine N-oxide
Indicine N-oxide
Integerrimine
Integerrimine N-oxide
Jacobine
epi-Jacobine (IS)
Jacobine N-oxide
Jacoline
Lasiocarpine
Lasiocarpine N-oxide
Lycopsamine/intermedine/indicinea
Lycopsamine N-oxide/intermedine N-oxideb
Monocrotaline
Monocrotaline N-oxide
Otosenine
Retrorsine
Retrorsine N-oxide
Riddelliine
Riddelliine N-oxide
Senecionine
Senecionine N-oxide
Seneciphylline
Seneciphylline N-oxide
Senecivernine
Senecivernine N-oxide
Senkirkine
Trichodesmine
Trichodesmine N-oxide
a

Abbreviation
Em
EmNO
Er
ErNO
Eu
EuNO
Fs
He
HeNO
IdNO
Ir
IrNO
Jb
eJb
JbNO
Jl
Lc
LcNO
Ly/Im/Id
LyNO/ImNO
Mc
McNO
Ot
Re
ReNO
Rd
RdNO
Sn
SnNO
Sp
SpNO
Sv
SvNO
Sk
Td
TdNO

Precursor ion (m/z)
398.2
414.2
350.2
366.2
330.2
346.2
424.2
314.2
330.2
316.2
336.2
352.2
352.2
352.2
368.2
370.2
412.2
428.2
300.2
316.2
326.2
342.2
382.2
352.2
368.2
350.2
366.2
336.2
352.2
334.2
350.2
336.2
352.2
366.2
354.2
370.2

Fragment ions 1; 2 (m/z)
120.0; 220.0
254.0; 352.0
94.0; 138.0
94.0; 118.0
94.0; 138.0
172.0; 256.0
122.0; 168.0
138.0; 156.0
111.0; 172.0
94.0; 172.0
94.0; 120.0
94.0; 136.0
94.0; 155.0
94.0; 155.0
119.0; 296.0
94.0; 138.0
120.0; 220.0
138.0; 254.0
94.0; 156.0
94.0; 172.0
94.0; 121.0
94.0; 137.0
122.0; 168.0
94.0; 138.0
94.0; 118.0
94.0; 138.0
94.0; 118.0
94.0; 120.0
94.0; 136.0
94.0; 138.0
94.0; 118.0
94.0; 120.0
94.0; 136.0
122.0; 168.0
120.0; 222.0
137.0; 238.0

Collision energy
(eV)
25; 20
30; 25
40; 30
40; 30
35; 25
30; 25
35; 30
30; 25
35; 25
40; 30
40; 30
40; 30
40; 30
40; 30
30; 25
40; 30
30; 20
30; 30
35; 30
40; 30
35; 30
40; 30
30; 25
40; 30
40; 30
40; 30
40; 30
40; 30
40; 30
40; 30
40; 30
40; 30
40; 30
30; 25
35; 30
40; 30

Retention time
(min)
9.59
7.01
7.03
4.37
6.45
4.55
7.83
8.02
5.69
4.55
9.12
6.37
7.34
8.21
5.02
5.63
10.75
7.64
6.07
4.48
5.88
3.84
5.11
7.97
5.55
7.39
5.02
9.32
6.50
8.59
5.89
9.49
6.55
6.79
8.13
5.55

Lycopsamine (Ly), intermedine (Im) and indicine (Id) coelute under the chromatographic conditions used.
Lycopsamine N-oxide (LyNO) and intermedine N-oxide (ImNO) coelute under the chromatographic conditions used.

b

splitting of samples into milk and milk products,
eggs, and meat as well as the ratio of conventional
and organic samples is shown in Table 3. PAs were
detected above the LOD in a small number of milk
and egg samples, but no positive findings were
recorded for yoghurt, cheese, infant formula, meat,
or liver samples.
In 10 out of 169 cow milk samples and in one out
of 13 goat milk samples, the presence of one or two
PAs could be confirmed. The determined concentrations in the milk samples were near the LOQ of the
method and ranged between 0.05 and 0.16 µg L−1. A
slight tendency was observed that PAs were more
often found in samples from organic production (5/
44; 11%) than from regular production (6/132;
4.3%), but the number of samples is too small to
draw conclusions on this point. Concerning the
individual detected PAs, six different compounds
were found, representing the macrocyclic PAs (jacoline, retrorsine) and otonecine-type (senkirkine,

otosenine) representative of Senecio as well as a
monoester (lycopsamine/intermedine) and an
open-chained diester PA (echimidine), suggesting
that plant material of Boraginaceae spp. was the
cause of contamination. But contrary to the putative
causative plants, where a ratio between free base and
N-oxide form is always observed, only PAs in the
free-base form were found and no N-oxides were
detected. This is in accordance with the PA transfer
study conducted by Hoogenboom et al. (2011), who
attributed this to the role of the rumen in digesting
the plant material, whereby the N-oxides are
degraded or converted to free bases. Interestingly,
in this transfer study it was reported that for three of
the PAs detected in this survey (jacoline, senkirkine,
and otosenine) the carryover rate was relatively high
(Hoogenboom et al. 2011). The relatively high incidence of PAs present in milk (around 6%) may
appear surprising, but a similar rate of 5–10% positive samples has been found in two follow-up
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Table 2. Mass spectrometric conditions (positive ESI) used for the analysis of PAs in tea infusion and supplements.
Compound
Echimidine
Echimidine N-oxide
Erucifoline
Erucifoline N-oxide
Europine
Europine N-oxide
Heliotrine
Heliotrine N-oxide
Intermedine/indicinea
Intermedine N-oxide/indicine N-oxideb
Jacobine
Jacobine N-oxide
Lasiocarpine
Lasiocarpine N-oxide
Lycopsamine
Lycopsamine N-oxide
Monocrotaline
Monocrotaline N-oxide
Retrorsine
Retrorsine N-oxide
Senecionine
Senecionine N-oxide
Seneciphylline
Seneciphylline N-oxide
Senecivernine
Senecivernine N-oxide
Senkirkine
Trichodesmine
a

Abbreviation
Em
EmNO
Er
ErNO
Eu
EuNO
He
HeNO
Im/Id
ImNO/IdNO
Jb
JbNO
Lc
LcNO
Ly
LyNO
Mc
McNO
Re
ReNO
Sn
SnNO
Sp
SpNO
Sv
SvNO
Sk
Td

Precursor ion (m/z)
398.2
414.2
350.2
366.1
330.1
346.1
314.2
330.2
300.1
316.1
352.1
368.1
412.2
428.2
300.1
316.1
326.2
342.1
352.2
368.2
336.2
352.2
334.2
350.2
336.2
352.1
366.2
354.2

Fragment ions 1; 2 (m/z)
120.3; 220.3
254.1; 352.1
120.3; 138.1
136.1; 120.1
138.1; 156.2
111.2; 172.1
138.3; 156.3
138.2; 172.1
138.3; 156.3
111.2; 138.1
120.1; 155.2
120.1; 296.1
120.2; 336.3
136.1; 254.1
138.3; 156.3
111.2; 138.1
120.3; 237.3
118.3; 137.4
120.3; 138.3
136.2; 118.2
120.2; 138.2
118.1; 136.3
120.3; 138.4
118.2; 136.3
120.1; 138.1
118.1; 120.1
150.3; 168.2
120.3; 222.3

Collision energy
(eV)
23; 17
32; 27
32; 30
30; 33
20; 28
41; 31
19; 28
22; 27
18; 28
37; 26
36; 29
32; 23
30; 17
29; 27
18; 28
37; 26
35; 25
37; 29
27; 29
30; 40
27; 29
28; 27
26; 28
36; 32
27; 27
30; 36
24; 28
35; 28

Retention time
(min)
8.10
8.09
4.87
5.29
5.35
5.75
6.84
7.15
5.55
6.04
5.38
5.63
9.05
9.31
5.66
6.15
4.87
5.12
6.43
6.52
7.44
7.54
6.67
6.89
7.36
7.63
8.28
6.49

Intermedine (Im) and indicine (Id) coelute under the chromatographic conditions used.
Intermedine N-oxide (ImNO) and indicine N-oxide (IdNO) coelute under the chromatographic conditions used.

b

surveys on milk, sampled in Germany and in the
Netherlands (unpublished data). Milk is a commodity that is processed in large-scale facilities; while this
ensures effective dilution if any contaminated milk
from a dairy farm is included, it also results in an
increased rate of (low-level) contaminated milk
being offered in retail outlets.
Contamination of eggs with PAs was found in
only two out of 205 analysed samples (1%) and
determined levels were very low (0.10–0.12 µg
kg−1). The individual PAs found were similar to
those found in milk, and again only the free-base
form was detected. Transfer of PAs to eggs has
recently been reported (Diaz et al. 2014; Mulder
et al. 2016b). Usaramine, an isomer of retrorsine,
and the major PA contaminant in the feed administered by Diaz et al. (2014), was found in dried
eggs in levels up to 900 µg kg−1. In the study of
Mulder et al. (2016b), transfer rates of a large
number of PAs were calculated based on the levels
detected in the contaminated feeds and in whole
eggs. The highest transfer rate (1.2%) was calculated for jacoline, followed by sceleratine (0.98%).
Moderate transfer rates, in the order of 0.2–0.5%,

were found for retrorsine, usaramine, otosenine,
rinderine, and heliosupine. The finding in this survey, that contamination of eggs with PAs is relatively rare, may indicate that chicken feed is not
often contaminated with PA-containing plant
material; but it should also be recognised that a
mechanism of large-scale ‘dilution’ as for milk is
not likely for eggs. Contaminated eggs produced by
a given farm will end up in a limited number of
shops. While this reduces the chance of encountering positive eggs, it could mean that contaminated
eggs contain higher levels of PAs.
None of the analysed bovine, porcine, or poultry
meat and liver samples contained measurable amounts
of PAs. Mulder et al. (2016b), in their transfer study of
laying hens, also analysed muscle and liver tissue of the
exposed hens, revealing the presence of PA residues in
these tissues. Depending on the plant material administered, PA concentrations in muscle tissue were
2–5× lower and in liver tissue 1.5–3× higher than in
egg, while the PA profiles were similar in the matrices.
The same situation may apply as discussed above for
eggs: little ‘dilution’ of positives, but low likeliness of
encountering one.
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Table 3. Overview of samples analysed and results obtained for PA in animal- and plant-derived food products.

Animal-derived food products
Milk and milk products
Cow milk
Goat milk
Fermented milk products (yoghurt etc.)
Cheese
Infant formula milk powder
Fresh Eggs
Meat and meat products
Beef meat
Pork meat
Poultry meat
Beef liver
Pork liver
Chicken liver
Plant-derived food products
(Herbal) teas b
Black tea
Green tea
Rooibos tea
Camomile tea
Peppermint tea
Mixed herbal tea c
Food supplements (FS)
FS containing bee pollen
FS containing propolis or royal jelly
FS containing valerian
FS containing St John’s wort
FS based on other single plants not known to
produce PAs
FS based on plant mixtures not known to produce
PAs
FS based on plants known to produce PAs (herbal
teas) b
FS based on plants known to produce PAs (dry
products)
FS based on plants known to produce PAs (oilbased)

Total samples
analysed
746
268
169
13
27
34
25
205
273
80
79
83
11
10
10
359
168
33
26
22
35
30
22
191
12
17
18
15
60

Organic
products
120
52
31
5
3
2
3
30
38
14
10
12
1
0
1
59
33
4
4
7
7
6
5
26
1
4
2
1
10

% Of samples >
LOD
2
4
6
7
0
0
0
1
0
0
0
0
0
0
0
74
91
94
86
85
95
93
95
60
100
47
28
87
60

Mean
(µg/kg or
µg/L) a

Max
(µg/kg or
µg/L)

–
–
–
–
–
–
–
–
–
–
–
–
–
–

0.17
0.17
0.11
< LOD
< LOD
< LOD
0.12
< LOD
< LOD
< LOD
< LOD
< LOD
< LOD
< LOD

454
572
423
599
274
496
399
19,141
576
7.6
32
924
113

4805
4062
3917
4805
1394
4401
1929
2,410,275
1911
48
444
6176
1926

Median
(µg/kg or
µg/L) a
–
–
–
–
–
–
–
–
–
–
–
–
–
–
183
119
25
244
125
196
148
7.6
330
0
0
722
5.1

18

1

78

713

8488

73

12

4

100

6438

31,101

1626

18

1

78

196,534

2,410,275

39

21

2

0

–

< LOD

–

a

Due to the small number of positives, close to the LOD, no mean and median concentrations have been calculated for the animal derived food products.
Concentrations are expressed on dry product basis.
c
Including two samples of fennel tea.
b

Occurrence data for pas in plant-derived food
(Herbal) tea
In total 168 (herbal) tea infusions were investigated
for the presence of 28 individual PAs. Tea infusions
were prepared according to an established protocol
(ISO 1980). In order to compare results in tea infusions to PA amounts reported by other studies in dry
tea in µg kg−1, all results have been multiplied by a
factor of 75 to obtain the concentration in the dry
product. To verify the validity of this approach, a
selection of 38 tea samples collected in the survey,
comprising the different types of tea and covering a
wide concentration range (30–4400 µg kg−1), were
analysed with both methods. For the individual PAs
a reasonable correlation between the methods was
obtained (Figure 2). Overall, the efficiency of

extraction of PAs by steeping 5 min in boiling
water was ~85% compared with extraction by agitation with aqueous sulphuric acid for15 min at room
temperature. The extraction efficiency for individual
samples, however, varied from 40 to 250%.
Nevertheless, extraction of PAs from dry tea by
boiling water appears to be more efficient than that
of a set of tropane alkaloids from tea using the same
extraction conditions (Mulder et al. 2016a). In that
study, a similar variation in results was observed, but
the overall extraction efficiency using boiling water
was only ~50%.
Results for the tea samples (Table 3) revealed the
presence of PAs in all types of tea and most samples
(91%) contained one or more PAs, indicating that
contamination of teas with PA-producing plants is
very common. Detected amounts differed among the
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Figure 2. Mean concentration of PAs extracted from dry tea when preparing tea infusion with near-boiling water (light grey) and
with aqueous sulphuric acid at room temperature (dark grey). A set of 38 samples differing in PA composition and concentration
was analysed. Between brackets, the number of samples containing the PA.

various types of tea and the highest contamination –
with regard to maximum, mean and median concentration – was observed in rooibos tea, while green
tea showed the lowest median concentration and
camomile tea the lowest maximum and mean concentration (Table 3). In this study, the PA concentrations in the tea infusion, calculated as the sum of
28 PAs, revealed slightly higher results but in comparable ranges compared with previous studies
where only 17 PAs were investigated (Bodi et al.
2014).
Overall, the highest concentrations were detected
for N-oxides of macrocyclic diesters senecionine and
retrorsine and their respective free bases, which
belong to the senecionine type. Further, the monoester N-oxides of lycopsamine- and heliotrine-type
PAs were also present in high concentrations, while
the monocrotaline type was nearly absent. There was
a strong co-occurrence of PA N-oxides and their
respective free bases, while in most cases the
N-oxide form was present in a higher concentration.
In total, N-oxide PAs accounted for 64% of the PA
content and PA free bases for 36%. Those ratios are
in line with the general observation that PA
N-oxides predominate over PA free bases in PAproducing plants (Molyneux et al. 1979; Johnson
et al. 1985; Boppre et al. 2005; Kempf et al. 2008;
Dübecke et al. 2011; These et al. 2013). Comparing
the results of this study (sum of 28 PAs) with those
obtained for 17 PAs (Bodi et al. 2014) for the newly
included reference standards, it can be deduced that
N-oxides of europine, echimidine, lycopsamine, and

intermedine are the most relevant for assessment of
the PA content in tea (Figure 3).
Comparing the detected PA pattern of various types
of tea, for rooibos tea a quite distinct pattern was
detected (Figure 3(c)): the mean concentrations of
individual PAs were much higher than in any other
type of tea, and the PA profile contained almost exclusively senecionine-type PAs. Almost all samples contained retrorsine, senecionine, senecivernine, and their
N-oxides, as well as low levels of senkirkine. The contribution is dominated by senecionine N-oxide, as this
single PA contributes almost 50% to the mean PA
content. Together, the senecionine-type PAs were
responsible for 98% of the PA content in rooibos tea.
The type of PAs found in rooibos tea strongly point to
contamination with Senecio spp. Rooibos tea is typically produced in South Africa, which is known for the
presence of many toxic Senecio species (Stewart and
Steenkamp 2001). Recently, Senecio angustifolia was
identified as a likely source of contamination of rooibos tea (Van Wyk et al. 2017).
In green and black tea, the PAs that occurred
most frequently belong to the senecionine and
lycopsamine types, while the heliotrine type was
almost absent (Figure 3(a,b)). The PA profile was
dominated by retrorsine, senecionine and intermedine and their respective N-oxides, together contributing >95% of the total PA content. The difference
between black and green was that black tea contained much higher contents of the respective
N-oxide form. Senecionine and retrorsine are produced in high concentrations in the Senecio species,
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Figure 3. Mean concentrations of individual PAs in: (a) black tea (n = 33), (b) green tea (n = 26), (c) rooibos tea (n = 22), (d)
camomile tea (n = 35), (e) peppermint tea (n = 35), and (f) mixed herbs (n = 22), The PAs are grouped into four categories:
senecionine type (light grey), lycopsamine type (dark grey), heliotrine type (white), and monocrotaline type (black). Between
brackets, the number of samples containing the PA.

while intermedine is a typical representative for species belonging to the Boraginaceae family including
the genera of Anchusa, Borago, Symphytum, and
Echium, but also in Eupatorium species (family of
Asteraceae) (Hartmann and Witte 1995; El-Shazly
and Wink 2014).
Peppermint tea was predominantly contaminated
with senecionine-type PAs with minor contributions

of heliotrine-type PAs (Figure 3(d)). In contrast to
rooibos tea, where seneciphylline and its N-oxide
were minor compounds, these PAs – together with
senecionine N-oxide – were the major compounds
present in peppermint tea. The PA pattern in peppermint tea bears a strong resemblance to that of
Senecio vulgaris, a common weed of arable areas in
the moderate climate zone (de Nijs et al. 2014).
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The PA pattern in camomile tea is complex, showing contributions of senecionine-, lycopsamine-, and
heliotrine-type PAs (Figure 3(e)) and suggesting production areas from different geographical regions.
In Figure 3(f) the distribution of PAs in mixed
herbal teas is shown. In this sample group, PAs of
senecionine and heliotrine types were found at the
highest concentration, while PAs of the lycopsamine
type occurred in less abundance. Senecionine- and
heliotrine-type PAs accounted for >90% of the PA
content in mixed herbal teas; senecionine, europine,
and heliotrine N-oxides are the three main PAs
found in this type of tea, together accounting for
almost 40% of the PA content. This PA pattern
indicates that species of Senecio and Heliotropium
are the most relevant contaminating species during
production of mixed herbal teas. However, the mean
concentrations of individual PAs were relatively low
compared with other types of teas.
The results were evaluated to assess whether there
might be a correlation between the PA content and the
form of production, as ~20% of the purchased teas
were derived from organic production and products
were available either as loose tea or as tea bags. Results
of mean PA contents for organic and non-organic teas
indicate that teas from organic production tended to
contain lower PA concentrations (Figure 4(a)).
Further, sorting the results according to the type of
packing revealed a tendency towards lower PA contents in loose teas compared with teas in bags, especially for non-organic tea. When a comparison
between traditional and organic production per tea
type is made, it is evident that, for most tea types,
organically produced tea contained lower amounts of
PAs than traditionally produced tea (Figure 4(b)). The
only exception was camomile tea, where organic tea
contained twice the PA amount compared with regular
tea. Similarly, for most tea types mean PA levels were
significantly lower in loose tea than in tea bags, except
for peppermint and mixed herbal tea (Figure 4(c)). The
results indicate that, notwithstanding the diversity of
contamination found, the way of production (organic
versus traditional, loose versus tea bags) may be important with respect to the level of PA contamination in
the final product.
Food supplements
A total of 191 food supplements were investigated that
had been offered at the market in the form of tablets

Figure 4. PA mean concentrations (µg kg−1) in relation to: (a)
the type of production (traditional, organic) and type of packing (tea bag, loose); (b and c) the type of tea. Between brackets, the number of samples of a specific category.

(containing dry ingredients), dragées (containing dry
or oily ingredients), granulates (e.g. bee pollen), extract
solutions, or as herbal teas. The latter were intended to
be prepared as infusions and were, therefore, analysed
according to the tea protocol. A special focus was given
to supplements containing PA-producing plants, from
which dried parts or extracts are used as (homeopathic) preparations in traditional medicine. In this
study supplements containing Borago, Echium,
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Eupatorium, Lithospermum, Symphytum, Petasites,
and Tussilago were collected and investigated.
Supplements containing Senecio could not be found
in retail shops or on the internet. An overview is given
in Table 3.
Including the bee products, a total of 140 herbal
food supplements were investigated that should not,
according to their labels, contain any ingredients of
known PA-producing plants. Should PAs be
detected, these findings should be considered as
contamination. Many of the herbal supplements
contained material of a single plant species, but
others could be mixtures of up to 10 or more different plant species. In 63% of these 140 samples PAs
were detected with a mean concentration of 326 µg
kg−1 and a median value of 8.9 µg kg−1. The large
difference between mean and median concentrations
indicates that only a few samples contained comparatively high PA concentrations, while most of
the samples exhibited a low or negligible PA content.
Indeed, only 13 supplements (9%) contained
>1000 µg kg−1 PAs, while for the (herbal) tea this
was the case for 21 samples (13%). Generally, in the
positive samples all types of PAs could be detected,
but the PA profile was often dominated by echimidine, lycopsamine, intermedine, and their N-oxide
forms (Figure 5).
Supplements of bee products containing bee pollen (n = 12) as well as products containing propolis
and royal jelly (n=17) were investigated for their PA
content. The PA content of pollen products is shown
in Figure 5(a). In 11 of the 12 pollen products, PAs
were detected with a mean concentration of 576 µg
kg−1, while for the propolis and royal jelly products,
a comparatively low mean amount of 7.6 µg kg−1
was found. Typically, lycopsamine-type PAs in combination with smaller amounts of senecionine-type
PAs were present in the products, with echimidine
and its N-oxide as major contributors. This PA
profile is consistent with the average PA composition reported for honey samples in earlier studies
(Dübecke et al. 2011; EFSA 2011). It is, however,
interesting to note that the bee products contained a
higher proportion of PAs in their N-oxide form than
honey products, especially compared with the retail
honeys where PA N-oxides are almost absent.
Within the herbal supplements an interesting subgroup is those containing St John’s wort (Hypericum
perforatum) products, of which 15 samples were

129

collected. In all but two samples, PAs were detected
with a relatively high mean concentration of 924 µg
kg−1 and median concentration of 722 µg kg−1. The
detected PAs exclusively belonged to the lycopsamine-type PAs, with echimidine and its N-oxide
present in the highest concentration (Figure 5(b)),
indicating a contamination with plant material likely
from species of the Boraginaceae family. The results
for St John’s wort supplements were in striking
contrast to supplements containing valerian
(Valeriana officinalis). Of the 18 samples included
in this study, only five contained measurable
amounts of PAs and the mean content for this
group was only 32 µg kg−1 (Table 3).
The other supplements containing a single plant
species (n = 60) or a mixture of species (n = 18) are
shown in Figure 5(c and d), respectively. The mixed
herbal samples on average contained higher amounts
of PAs than the single species supplements, 713 and
190 µg kg−1, respectively (Table 3). The same was
found for the median and maximum values. The
percentage of samples containing PAs was also
higher for the mixed herbal samples (78%) than for
the single species samples (60%). The lycopsaminetype PAs dominated in both groups of samples, with
smaller contributions of senecionine- and monocrotaline-type PAs. Lycopsamine, together with its
N-oxide, were the most important PAs, followed by
intermedine and its N-oxide. The results indicate
that composite herbal supplements are more likely
to be contaminated with PA-containing plant material than products containing one major plant ingredient. Nevertheless, the general PA pattern is similar,
an indication perhaps that the number of relevant
Boraginaceae and/or Eupatorium species responsible
for the contamination of this broad group of products is limited.
Supplements based on material from PA-producing
plants yielded PA concentrations ranging from < LOD
up to 2,410,275 µg kg−1 (see Table 3). Interestingly, the
levels in the 12 supplements to be prepared as herbal
teas (6438 µg kg−1) were on average lower than the 18
supplements in the form of tablets or capsules
(196,534 µg kg−1). On the other hand, the median
concentration was higher for the herbal tea samples
(1626 µg kg−1) than for the dry supplements (39 µg
kg−1). All herbal tea samples from PA-producing
plants contained PAs >100 µg kg−1, but for the dry
supplements the picture was more diverse. Two herbal
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Figure 5. Mean concentrations of individual PAs in: (a) bee pollen supplements (n = 12), (b) St John’s wort supplements (n = 15), (c)
supplements made from a single plant (n = 60), (d) supplements made from a mixture of plants (n = 18), (e) herbal teas made from
PA-containing plants (n = 12), and (f) supplements based on PA-plant material (n = 18). The PAs are grouped into four categories:
senecionine type (light grey), lycopsamine type (dark grey), heliotrine type (white), and monocrotaline type (black). Between
brackets, the number of samples containing the PA.

supplements containing Eupatorium spp. plant material contained PAs in a proportion of the dry mass of
0.24% and 0.11%, respectively. These values are well
within the range of PA concentrations of producing
plants reported in the literature (Molyneux et al. 1979;
Stegelmeier 2011; These et al. 2013). However, 10 out
of the 18 dry supplements contained PAs in concentrations between < LOD and 50 µg kg−1. Most of the
investigated supplements with PA-producing plants

belonged to the Boraginaceae family or were species
from Eupatorium; consequently, samples mainly contained PAs of the lycopsamine type (see Figure 5 (e and
f)). This is reflected in the results: predominantly the
monoesters lycopsamine, intermedine, and their
respective N-oxides were detected. Plants belonging
to the genus Petasites and Tussilago from the
Asteraceae family produce senecionine-type PAs – in
particular senkirkine, which is an otonecine-type PA
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with regard to the necine base. Substantial concentrations of senkirkine were detected in the five investigated Tussilago samples (mean PA content: 4674 µg
kg−1), but in contrast the five Petasites samples contained only traces of PAs (mean: 7.2 µg kg−1).
No PAs were detected in oil-based products
(Table 3). Most of the oil-based supplements were
produced from seeds from PA-producing plants
such as Borago (n = 19) and Echium (n = 2) species
and furthermore one from St John’s wort, soya, and
primrose. As all other supplements that contained
PA-producing plants exhibited high PA concentrations, it can be concluded that due to their hydrophilic structure PAs are only co-extracted to a minor
content in the lipophilic oil fraction of the plants or
seeds or effectively removed during the subsequent
oil refinement process (Cramer et al. 2014).
Conclusions
This study comprehensively investigated the occurrence of PAs in animal-derived food as well as (herbal) teas and (herbal) food supplements from six
European countries. The results revealed that in
animal products, PAs were only detectable in trace
amounts and only in a few cases. Contamination of
milk, eggs, and meat products with significant levels
of PAs seems to be rare in the European Union. This
is likely due to a combination of the situation that
animal feed is rarely highly contaminated and the
fact that metabolic processes in the animals lead to
an efficient reduction of the ingested PAs.
In contrast, 60% of the (herbal) food supplements
and 92% of (herbal) teas contained measurable
amounts of PAs. The mean concentration was 460 µg
kg−1 dry tea (corresponding to 6.13 µg L−1 in [herbal]
tea infusion). Based on the available toxicological data,
in 2011 a margin of exposure (MOE) of 1:10.000 was
estimated by EFSA for a daily exposure of 7 ng PAs
kg−1 body weight. Although the calculation was based
on a worst-case scenario approach, it is evident from
the collected data that the daily consumption of one
cup of tea in 40% of cases could result in a MOE lower
than 1:10.000. Considering the fact that almost all types
of tea contained high PA amounts, this presents a
relevant food safety issue. Within various types of tea,
different PA profiles can be detected; but generally,
PAs of the senecionine type dominated – in particular
senecionine, seneciphylline, senecivernine, retrorsine,
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and the corresponding N-oxides, which together
accounted for 76% of total PA content.
Investigation of food supplements focused on
supplements that explicitly contained material of
PA-producing plants, on supplements with no
labelling concerning ingredients being PA producers, and on bee products. In 60% of all investigated samples, PAs were detected; but the
concentrations were highly variable. As expected,
the highest PA levels were found in herbal food
supplements made from plant material of known
PA producers in concentrations up to 2,410,275 µg
kg−1 (0.24%). Supplements containing oil-based
extracts of PA-producing plants, on the other
hand, were free of PAs, indicating that the hydrophilic PAs will not be co-extracted in the lipophilic
oil fraction, or are effectively removed during oil
refinement. Investigated bee products showed
highest PA concentrations for pollen products,
while propolis and royal jelly products contained
only traces of PAs.
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