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Abstract Pyrrolizidine alkaloids (PAs) are a large class of
natural compounds amongst which the esterified 1,2-unsat-
urated necine base is toxic for humans and livestock. In the
present study, a method was developed and validated for the
screening and quantification of nine PAs and one PA N-
oxide in teas (Camellia sinensis (L.) O. Kuntze) and herbal
teas (camomile, fennel, linden, mint, rooibos, verbena).
Samples were analysed by HPLC on a RP-column, packed
with sub-2 μm core-shell particles, and quantified using
tandem mass spectrometry operating in the positive
electrospray ionisation mode. These PAs and some of their
isomers were detected in a majority of the analysed bever-
ages (50/70 samples). In 24 samples, PA concentrations
were above the limit of quantification and the sum of the
nine targeted PAs was between 0.021 and 0.954 μg per cup
of tea. Thus, in some cases, total concentrations exceed the
maximum daily intake recommended by the German Federal
Institute for Risk Assessment and the UK’s Committee On
Toxicity (i.e. 0.007 μg kg−1 bw).

Keywords Pyrrolizidine alkaloids . Hepatotoxicity . Herbal
teas . HPLC-MS/MS . Food safety . Quality control

Introduction

Pyrrolizidine alkaloids (PAs) are secondary metabolites natu-
rally occurring in botanicals worldwide. Over 6,000 plant
species are known to contain PAs, largely distributed in certain
genera of the Asteraceae (Senecio and Eupatorium),
Boraginaceae (Heliotropium, Echium and Symphytum) and
Fabaceae (Crotalaria) [1]. PAs are a large class of heterocyclic
compounds formed as esters of a necine base (1-
hydroxymethylpyrrolizidine) with mono and dibasic acids
(see Fig. 1). The necine bases may have different structures,
which divide PAs into several types: crotanecine, heliotridine,
otonecine, platynecine, retronecine and supinidine [2, 3].
Platynecine-type PAs are non-toxic and saturated [4]. The
other types, which are 1,2-unsaturated PAs, are potentially
carcinogenic, mutagenic and hepatotoxic compounds when
they have at least one hydroxymethyl esterifying a necine acid
[3, 5]. Consumption of PA-contaminated food or beverages
may cause acute or chronic disease by inducing hepatic sinu-
soidal obstruction syndrome [6, 7]. Numerous cases of PA
intoxications have been reported either for humans or live-
stock, and in several cases outcomes were lethal [8–15]. Based
on different cases of intoxications and toxicological studies,
several risk assessment agencies have proposed various limits
for daily PA intake, the most restrictive being established by
the Austrian agency, which do not authorize any PAs in final
products. In Switzerland, as well as in Germany, the maximum
daily PAvalue recommended in phytopharmaceuticals is 1 μg
per person [16]. Furthermore, the German Federal Institute for
Risk Assessment (BfR, Bundesinstitut für Risikobewertung)
reduced the maximum value to 0.1 μg per day if the period of
use exceeds 6 weeks [5]. In 2005, the Dutch National Institute
for Public Health and Environment calculated a virtually daily
safe dose of up to 0.00043 μg kg−1 body weight (bw) of
riddelliine as harmless [1]. In 2008, the UK’s Committee On
Toxicity (COT) of Chemicals in Food Consumer Products and
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the Environment indicated that PA doses of up to
0.007 μg kg−1 bw were unlikely to be of concern for cancer
risk [17]. In 2013, the BfR, in its opinion on PAs in herbal teas
and teas, conformed to the line of the COT assessment [5].

There are numerous studies dealing with the occurrence of
PAs and PA N-oxides (PANO) in honey and pollen as well as
in culinary herbs, traditional Chinese medicines and herbal
teas [18–22], as well as a large body which have recently been
completed [23–29] as recommended by the European Food
Safety Agency (EFSA) [30].

The present study reports on the development and vali-
dation of a high-performance liquid chromatography
(HPLC) coupled with tandem mass spectrometry (MS/MS)
to routinely quantify nine PAs and one PANO (see Fig. 1) in

various kinds of teas. The objective of this work was to
determine the PA concentrations in the beverages and com-
pare daily exposures with current recommendations. For
this, 70 samples of teas, herbal teas and instant teas were
purchased from the Swiss market and analysed with the
developed method.

Materials and method

Standards, reagents and samples

Echimidine, lycopsamine, monocrotaline, senecionine N-ox-
ide and seneciphylline were purchased from PhytoLab
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Fig. 1 Structures, names and
CAS numbers of the targeted PAs,
PANO and necine base
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(Vestenbergsgreuth, Germany); heliotrine and lasiocarpine
from Amber (Orléans, France); senecionine and senkirkine
from Carl Roth GmbH & Co. KG (Karlsruhe, Germany); and
retrorsine as well as zinc powder were obtained from Sigma-
Aldrich (Buchs, Switzerland).

Stock solutions were prepared by dissolving accurately
weighted amounts of each PA in methanol. These stock solu-
tions were further mixed and diluted to generate calibration
curves ranging from 0.5 to 100 μg L−1.

Ethyl acetate was purchased fromBiosolve (Valkenswaard,
The Netherlands) and ammonium formate from Agilent Tech-
nologies (Plan-les-Ouates, Switzerland). All other solvents
were purchased from Merck (Darmstadt, Germany). Water
was purified with a Milli-Q system from Millipore
(Molsheim, France).

All samples of teas, herbal teas and instant teas were
obtained in Swiss supermarkets or tea shops and were stored
at room temperature (RT).

Sample preparation

Boiled water (200 mL) was poured over a teabag (or 2.0 g of
loose sample). After 10 min of brewing under slight agitation
at RT, the solid material was removed. An aliquot (1.5 mL)
was basified with a 6 M ammonia solution (30 μL) and a
standard mixture (15 μL) was added for calibration or quality
controls. After vortex mixing, aliquot (1 mL) was loaded on
an EXtrelut NT1 column (Merck) and equilibrated for 10 min.
Alkaloids were then extracted three times with 2 mL of ethyl
acetate. The combined organic solutions were evaporated
under nitrogen and solubilised in 100 μL of a mixture of
5 mM ammonium formate-methanol (1:1, V/V) (Fig. 2).

For PANO analysis, an additional reduction step was nec-
essary before purification using the EXtrelut NT1 column.
Zinc powder (100 mg) was added in the infusion aliquot
(1.5 mL). After 30 min in an ultrasonic bath at RT, samples
were basified and purified by solid-supported liquid-liquid
extraction (SLE) as described above (Fig. 2).

Plant extracts

To compare the PA extraction in boiling water (tea preparation)
and in acidic water, powdered plant material (200 mg) was
extracted in 0.05MH2SO4 (10 mL) for 30min in an ultrasonic
bath (Branson, Danbury, CT). Basification and purification
steps were identical to the procedure described above.

HPLC-MS/MS parameters

HPLC analysis was performed with a 1290 Infinity instrument
from Agilent Technologies. For the separation, a Kinetex
pentafluorophenyl (PFP) column (50×2.1 mm, 1.7 μm) was
used (Phenomenex, Torrance, CA). The column temperature

was maintained at 40 °C and the flow rate was set at
250 μL min−1. The solvent gradient started with 10 % meth-
anol with 5 mM ammonium formate buffer at pH 4, for 1 min;
was then increased linearly to 97 % over 8.5 min; remained
constant for 5 min; and was then decreased over 0.1 min back
to 10 % (Fig. 3). Column re-equilibration time was set at
3 min. The injection volume was 2 μL. In addition, four other
HPLC columns were evaluated, namely a Phenomenex
Synergi Polar RP (50×2 mm, 2.5 μm), a Phenomenex
Kinetex C18 (100×2.1 mm, 2.6 μm), a Phenomenex Kinetex
Phenyl-hexyl (50×2.1 mm, 1.7 μm) and an Agilent Zorbax
Eclipse Plus C18 (50×2.1 mm, 1.8 μm).

Identification and quantification were performed in the
positive electrospray ionisation (ESI) mode with a jet stream
source coupled to a 6460 triple quadrupole MS from Agilent
Technologies. MS acquisition was based on a conventional
selected reaction monitoring (SRM) mode by targeting each
PA at two specific mass transitions: one for the quantification
and one for the confirmation. Source parameters were set as
follows: gas temperature at 300 °C, gas flow at 11 L min−1,
nebulizer 35 psi, sheath gas heater at 400 °C, sheath gas flow
at 12 Lmin−1, capillary at 3,500 Vand V charging set at 0. The
dwell times were fixed at 10 ms for each mass transition and
the cell accelerator voltage was set at 4 V. Mass transitions,
fragmentor voltages and collision energies are detailed in
Table 1 for each targeted compound. MassHunter version
B.06.00 software from Agilent was used for data processing.

High-resolution mass spectrometry

LC separation was performed on an UltiMate 3000 UHPLC
from Dionex (Olten, Switzerland) with the same LC parame-
ters as those described above.

Herbal tea (2 g or a tea bag) 
200 mL of boiling water
10 min of shaking at RT
Aliquot of 1.5 mL + 15

100 mg of Zn powder
30 min in ultrasonic bath at RT

4OH 6M
1 mL of basified extract 
10 min equilibration time
Elution with 3×2 mL of ethyl acetate

Kinetex PFP column (50×2.1 )
Eluent: HCOONH4-Methanol (10 to 97%)
SRM in positive ionisation mode

Analysis
LC-MS/MS

Evaporation under N2
Recovery in 0.1 mL HCOONH4-Methanol 
(1:1,V/V)

Concentration

Reduction
N-oxides

Brewing teas

Purification
EXtrelut®

Fig. 2 Workflow of sample analysis, including the optional step for the
PANO reduction
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Identification of compounds was performed on a Q
Exactive Plus Hybrid Quadrupole-Orbitrap MS from Thermo
Scientific (Ecublens, Switzerland) with targeted selected ion
monitoring (t-SIM) combined with a data dependent MS2

(DD-MS2) acquisition mode. ESI source was used in positive
ionisationmode and automatic parameters were set as follows:
spray voltage at 3,500 V, capillary temperature at 253 °C,
sheath gas at 46.25 units, auxiliary gas at 2.13 units, max.
spray current at 100, probe heater temperature at 406.25 °C, S-
lens RF level at 50, in-source collision induced dissociation at
0 eVand default charge state at 1. During t-SIM, exact mass of
the 10 compounds was incorporated in a list of inclusion
(Table 1). Isolation windows were set at 2.0 m/z and retention
times at ± 0.4 min. Resolution was tuned at 70,000, the

microscan level was fixed at 1, automatic gain control
(AGC) at 5e4, maximum ion time at 100 ms, and loop and
MSX counts both at 2. The DD-MS2 parameters were set as
follows: microscans at 1, resolution at 35,000, AGC target at
2e4, maximum ion time at 100ms, loop count at 3,MSX count
at 1, topN at 3, isolation window at 2.0 m/z, normalized
collision energy at 35 V, underfill ratio at 0 % and intensity
threshold at 0.0. Data treatment was generated by the Xcalibur
3.0 software from Thermo Scientific.

Isomer separation

Isomeric compounds were separated on a porous graphite
carbon (PGC) column (100×2.1 mm, 3 μm, Hypercarb,
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Fig. 3 HPLC-ESI-SRM
chromatogram of the nine PAs
and the PANO at 50 μg L−1, and
the corresponding HPLC gradient

Table 1 List of the nine PAs and the PANO investigated with their exact mass and HPLC-ESI-SRM detection parameters, LOQ and calibration range

Compound Formula Mass (amu) Fraga

(V)
Precursor
(m/z)

Targetb

(m/z)
CEc

(V)
Qualifierd

(m/z)
CE
(V)

tR
(min)

LOQe

(ng/mL)
Calibration range
(ng/mL)

Echimidine C20H31NO7 397.2101 119 398.2 120.0 28 83.1 28 6.96 1.0 1.0–100

Heliotrine C16H27NO5 313.1889 114 314.2 138.1 20 94.1 44 6.14 1.0 1.0–100

Lasiocarpine C21H33NO7 411.2257 119 412.2 120.0 32 220.1 20 7.68 1.0 0.5–100

Lycopsamine C15H25NO5 299.1733 119 300.2 138.1 20 94.1 28 4.78 5.0 0.5–100

Monocrotaline C16H23NO6 325.1525 131 326.2 120.0 44 94.1 60 4.05 1.0 1.0–100

Retrorsine C18H25NO6 351.1682 131 352.2 120.0 32 94.1 44 5.34 5.0 0.5–100

Senecionine C18H25NO5 335.1733 141 336.2 120.0 32 94.1 40 6.43 1.0 0.5–100

Senecionine N-oxide C18H25NO6 351.1682 141 352.2 94.1 60 120.0 40 5.61 Not quantified

Seneciphylline C18H23NO5 333.1576 131 334.2 120.0 28 94.1 40 5.98 1.0 0.5–100

Senkirkine C19H27NO6 365.1838 141 366.2 122.0 36 168.1 32 6.80 1.0 1.0–100

a Fragmentor voltage controls the acceleration of the ions from the source into the rest of the mass spectrometer
b Product ion used for quantification
c Collision energy: amount of collision induced dissociation occurring in the triple quadrupole collision cell
d Product ion used for confirmation
e Limit of quantification determined for a confidence interval <40 %
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Thermo Scientific), with a HPLC 1290 Infinity instrument
from Agilent Technologies. The column temperature was
maintained at 60 °C and the flow rate was set at
250 μL min−1. The solvent gradient started with 30 % meth-
anol with 0.1 % of formic acid, for 1 min; was then increased
linearly to 97 % over 8.5 min; and then remained constant for
8.5 min. Column re-equilibration time was 3 min and the
injection volume was 2 μL.

Compounds were targeted in SRM mode on a 6460 triple
quadrupole MS from Agilent with the sameMS parameters as
those described in the section “HPLC-MS/MS parameters”.

Validation

To validate the method, four validation standards (VS) (1, 5,
25 and 75 μg L−1) were replicated four times and repeated
in three independent series. The spiked concentrations were
correlated within the range of calibration (0.5 to
100 μg L−1). PA mixtures were spiked in crude extract
before the basification step. For this, a linden infusion (de-
void of PAs) was chosen to be representative of all
infusions.

Results and discussion

An HPLC-MS/MS method was developed to screen nine PAs
and one PANO in green, black, rooibos and various herbal
teas, as well as three instant tea preparations. For the quanti-
fication of these PAs, the beverage preparations were carried
out according to the instructions labelled on packages to
mimic home-made brewing. Thus, boiling water (200 mL)
was poured on 1 teabag or 2 g of loose sample. For the three
instant teas, granules (10 or 12.5 g) were dissolved in boiling
water as indicated by the manufacturers.

After basification of an aliquot (1 mL) of the infusions,
non-ionised compounds were extracted with SLE on chemi-
cally inert EXtrelut NT1 columns [31] as described in Fig. 2.
This sample preparation was not adapted for the non-ionisable
senecionine N-oxide, and an additional reduction step with
zinc powder was necessary before purification by SLE to
extract the corresponding PA (i.e. senecionine). Quantification
of senecionine N-oxide was thus not possible directly.

Compound identification

Compounds were characterised by four identification param-
eters, namely retention time, two mass transitions and their
mass transition ratio. The acceptance limits were set at ± 2 %
for the retention time window and ± 30 % for the relative
mass ratio. These criteria were established with matrix-
matched calibration standards (Table 1). During the

development of the method, special attention was paid to
the chromatographic resolution to selectively screen and
quantify each PA. Indeed, fragments of the 10 analysed
compounds were often similar or identical, in particular in
the case of senecionine N-oxide and retrorsine which have
the same mass transitions. Thus, a baseline separation was
necessary and five HPLC columns were tested. Only the
Kinetex PFP column permitted full separation of the critical
pair of isobars. Two eluent temperatures (40 and 50 °C) and
three flow rates (250, 400 and 1,000 μL min−1), using the
same gradient profile with the times geometrically scaled,
were investigated [32]. The best resolution, especially for
the two isobaric compounds, was obtained at 40 °C with a
flow rate at 250 μL min−1 (Fig. 3).

High mass resolution analyses

Several times, only three identification criteria were fulfilled,
namely retention time and two mass transitions, but their ratio
was not within the tolerance of ± 30 %. The 20 problematic
samples were thus further analysed by high-resolution mass
spectrometry (HRMS) to differentiate possible co-eluting iso-
baric compounds and compare their MS data. The t-SIM DD-
MS2 mode described by Kumar et al., permitted not only
measurement of the exact masses of molecular ions but also
their fragments produced at 35 eV [33].

Figure 4 shows HRMS results of a spiked sample (A) and
two infusions containing unknown compounds co-eluting
with echimidine (B and C). In each sample, the same molec-
ular ion was detected with an exact mass of 398.2170 Th
within 1 mu, corresponding to the molecular formula of
echimidine, as well as a fragment at 120.0810 Th within
1 mu. In sample C, the relative abundance of the fragments
produced is different to that of the echimidine standard (A)
and sample B. These spectral data suggest that the co-eluting
compounds are isomers of echimidine. For the latter, nine PA
isomers are described [34]. As reported by Bieri et al. for
tropane alkaloids, in the case of an esterified moiety with
isomeric C5 acids (tiglic, senecioic and angelic), the same
fragmentation pattern may occur but with different intensity
ratios between the product ions [35].

To specifically separate the putative echimidine isomers,
a PGC column was used with 0.1 % formic acid and
methanol. Three isomers were detected (retention times
4.64, 5.10 and 6.60 min) (Fig. 5). Proportions of these three
isomers were different in samples B and C. It is noteworthy
to mention that two peaks were systematically detected in
the echimidine solutions (calibration and stock solutions).
However, we could not determine if the isomer was ubiqui-
tous or not in the standard powder, which was certified with
a purity > 96 %. During method development, none of the
five other HPLC columns permitted separation of these
echimidine isomers.
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To avoid isomer problems and the need of expensive
reference standards, Cramer et al. hydrolysed the 1,2-unsatu-
rated PAs and PANOs, which allows quantification of the
necine base [25]. Nevertheless, this approach has the disad-
vantage of requiring an approximate conversion factor to
express the sum of PAs in milligrams per kilogram from the
molar necine base concentration and the loss of structural
information of the individual PA present in the sample, which
may indicate botanical origins. The purpose of the present
study was to investigate the PA profiles and their concentra-
tions in beverages. Thus, the PA isomers were systematically
quantified using the corresponding PA standard and are
expressed in their PA equivalent.

Validation

Based on protocol V5 of the SFSTP’s (Société Française des
Sciences et Techniques Pharmaceutiques) proposal, the vali-
dation design consisted of three independent series of one
blank and six matrix-matched calibration points, replicated
twice, and four VS replicated four times [36]. Response func-
tions of all PAs were linear, within the selected range (0.5 to
100 μg L−1). Back-calculated concentrations of the VS were
estimated by linear regression using different mathematical
transformations (e.g. weighted factors: 1/X and 1/X2, square-
root transformation and log transformation) without correction
factor. Accuracy profiles were built to visualise the most
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appropriate regression for each PA. For the nine PAs, confi-
dence intervals were between 7 and 40 %, and trueness were
between 91 and 114% for the four VS (1, 5, 25 and 75 μg L−1)
(see Electronic Supplementary Material (ESM) Table 4). For
lycopsamine and retrorsine, the limit of quantification (LOQ)
was 0.1 μg per cup of 200 mL, and 0.02 μg per cup of tea for
the seven remaining compounds. LOQs were calculated as the
lowest concentrations at which, confidence intervals are <40%
while, LODs correspond to a signal to noise ratio of at least
three for both mass transitions (i.e. target and qualifier).

PA concentrations in beverages

A majority of the samples contained PAs. At least one PAwas
detected in 50 of the 70 teas analysed (see ESM Table 5).

Amongst these samples, several PAs were detected in 31
beverages, and concentrations were higher than LOQs in 24
herbal teas as shown in Table 2. The sum of PAs ranged from
0.021 to 0.954 μg per cup of beverages (Table 2). Referring to
the evaluation of the COT (0.007 μg per kg bw), the sum of
PAs was higher than the recommended maximum dose of
0.42 μg per cup in 10 tea samples [17].

Considering all samples, the measured amounts correspond
to a Margin of Exposure (MOE) lying between 200,000 and
4,400 for a 60 kg bw person consuming one cup of infusion
daily. This MOE is used for carcinogenic and genotoxic
substances and corresponds to the ratio between the dose
response curve for the adverse effect of lasiocarpine (i.e.
benchmark dose lower confidence limit for a 10 % excess
cancer risk (BMDL10) of 70 μg per kg bw per day) and the
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level of exposure (sum of PAs in μg per cup) [37]. According
to EFSA, a MOE of 10,000 or higher poses little health risk
which is the case for samples 1–14 amongst the 24 (Table 2).

Botanical composition of 70 samples

Seventy samples were analysed and classified in nine groups
according to their composition. Fifty-five teas were composed
of a single plant only: camomile, fennel, linden, mint, rooibos,
verbena and black and green teas. Conversely, 15 preparations
were mixtures of three to eight plants. No PAwas quantified in
fennel (n=5), black (n=10) and green (n=6) teas. In linden
(n=6) and plant mixtures (n=15), some samples contained
low concentrations of PAs with a maximum of 0.05 and
0.03 μg per 200 mL, respectively. For verbena, only one
sample was analysed and overall PA concentration was

0.11 μg per cup. In the majority of camomile (n=10) and
mint (n=8) samples, PAs were quantified and mean concen-
trations were 0.38 and 0.20 μg per cup of tea, respectively. All
samples of rooibos (n=9) contained PAs, with a mean con-
centration of 0.29 μg per cup of beverage (Table 3).

In rooibos, we can assume that small amounts of PAs are
naturally occurring as they were systematically detected in the
nine samples. To the best of our knowledge, rooibos is con-
sidered as devoid of PAs and this is the first report dealing
with their presence in this species. In the other botanicals
(linden, mint, camomile), PAs were not always detected. As
far as we know, these species were not reported as containing
PAs.

Possible explanations for the presence of PAs in herbal teas
could be due to cross-contaminations with botanicals contain-
ing PAs during harvesting, storage and/or transport.

Table 2 Concentrations in μg per cup (200 mL) of the nine PAs in the 24 quantifiable herbal teas. Beverages are classified by increasing quantities of
PAs (right column)

Sample
types

Lycopsamine Retrorsine Seneciphylline Heliotrine Senecionine Senkirkine Echimidine Lasiocarpine Sum of the
9 PAs

MOE a

1 Mix <LOQ n.d. n.d. 0.021 n.d. n.d. n.d. <LOQ 0.021 202,528

2 Mix n.d. n.d. n.d. 0.032 <LOQ n.d. n.d. <LOQ 0.032 131,250

3 Rooibos n.d. <LOQ n.d. n.d. 0.047 n.d. n.d. n.d. 0.047 88,841

4 Linden n.d. n.d. 0.026 n.d. 0.027 n.d. n.d. n.d. 0.054 78,173

5 Mint n.d. <LOQ 0.037 n.d. 0.023 n.d. n.d. n.d. 0.061 69,376

6 Rooibos n.d. <LOQ n.d. n.d. 0.081 n.d. n.d. n.d. 0.081 51,652

7 Rooibos n.d. <LOQ <LOQ n.d. 0.093 n.d. n.d. n.d. 0.093 45,148

8 Verbena 0.106 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.106 39,577

9 Rooibos n.d. <LOQ n.d. n.d. 0.120 n.d. n.d. n.d. 0.120 35,069

10 Rooibos <LOQ <LOQ n.d. n.d. 0.125 n.d. n.d. n.d. 0.125 33,679

11 Rooibos n.d. <LOQ n.d. n.d. 0.148 n.d. n.d. n.d. 0.148 28,286

12 Mint n.d. <LOQ 0.122 0.024 0.074 n.d. n.d. n.d. 0.220 19,089

13 Camomile 0.148 <LOQ 0.044 n.d. 0.061 n.d. 0.040 n.d. 0.292 14,361

14 Mint n.d. 0.110 0.177 <LOQ 0.091 n.d. n.d. <LOQ 0.378 11,103

15 Camomile 0.153 <LOQ 0.084 n.d. 0.086 n.d. 0.098 n.d. 0.420 10,000

16 Camomile 0.180 <LOQ 0.037 n.d. 0.044 n.d. 0.214 n.d. 0.474 8,862

17 Camomile 0.111 <LOQ 0.114 n.d. 0.216 n.d. 0.054 n.d. 0.495 8,484

18 Rooibos <LOQ 0.194 <LOQ n.d. 0.346 n.d. n.d. n.d. 0.540 7,773

19 Camomile 0.258 <LOQ 0.114 n.d. 0.187 n.d. 0.038 n.d. 0.597 7,039

20 Rooibos <LOQ 0.192 0.026 n.d. 0.464 0.030 n.d. n.d. 0.712 5,900

21 Camomile 0.301 <LOQ 0.036 n.d. <LOQ n.d. 0.411 n.d. 0.747 5,620

22 Rooibos n.d. 0.155 <LOQ n.d. 0.616 n.d. n.d. n.d. 0.771 5,450

23 Camomile 0.367 <LOQ 0.085 n.d. 0.118 n.d. 0.217 n.d. 0.788 5,333

24 Mint n.d. 0.189 0.413 n.d. 0.352 n.d. n.d. n.d. 0.954 4,403

LOQ 0.100 0.100 0.020 0.020 0.020 0.020 0.020 0.020 0.340

Double underlined values are expressed as the sum of isomers quantified using the corresponding PA

n.d. not detected, LOQ limit of quantification
aMargin of Exposure for an adult (60 kg) based upon the ratio of the BMDL10 value for lasiocarpine (70 μg/kg bw per day) and an exposure value of one
cup of infusion
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Additionally, we noticed that PA concentrations in teabag
samples were statistically higher than those in loose teas
(Mann-Whitney U test: α 5 %, P value 1.51 %) [38].

Plant extraction

To compare our results, expressed in micrograms of PAs per
cup of tea, with those published elsewhere and expressed in
milligrams per kilogram of botanicals, powdered plant mate-
rials were also extracted with 0.05 M sulphuric acid as report-
ed by Dubecke et al. [39]. Since our results showed that PA
concentrations were not different between boiling water and
conventional acidic extractions, PA concentrations have been
converted from micrograms per cup to milligrams per kilo-
gram (Table 5, in supplementary data) and results are in line
with those published by the BfR [5]. This also means that an
aqueous extraction (tea preparation) is as efficient as the
standard acidic extraction procedure usually used for PA
quantification in botanicals.

Conclusion

The consumption of PAs at daily doses higher than the sug-
gested limits recommended by the Austrian, Swiss, German
and British risk assessment agencies can be a problem of
public health. In the present study, detection of PAs in various
herbal teas is probably due to cross-contaminations with bo-
tanicals containing high levels of PAs (e.g. Senecio,
Heliotropium sp.). Indeed, such species may contain PAs in
the milligram per kilogram range, and thus, have the potential
to taint products at the μg/kg level even with a bulk contam-
ination as low as 0.1 %. In comparison, current industry
practices are based upon the recommendations of the Europe-
an Herbal Infusions Association which tolerates 2 % of for-
eign plants [40].

PA concentrations in herbal teas are not negligible and can
induce hepatotoxicity for tea drinkers, particularly for long-
term consumption. Supplementary evaluations of the toxicity
of the most frequently encountered 1,2-unsaturated PAs might

be necessary to define an accurate tolerable daily intake for
humans and more particularly for pregnant women, toddlers
and children. As several of these potent hepatotoxic alkaloids
are considered as genotoxic and carcinogenic, the margin of
exposure approach is preferable for the risk assessment of
such substances. Yet, it is noteworthy that there is no epide-
miological data suggesting a link of PAs exposure and cancer
in humans to date.

Results of this survey showed that if considering a long-
term daily consumption of two cups of tea of the most highly
contaminated herbal tea sample (worst case scenario with
product loyalty) the margin of exposure is significantly below
10,000 (i.e. 2,200 for a typical 60-kg bw person), whichmarks
the reference level of improbable health impairment.

Overall, to secure an acceptable margin of exposure that
poses little health risk, further efforts should be made to
minimize PA contents in teas and herbal teas.
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