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a  b  s  t  r  a  c  t

A  risk  assessment  of  basil-based  pesto  sauces  containing  methyleugenol  and  related  alkenylbenzenes
was  performed  based  on  their  levels  detected  in a series  of pesto  sauces  available  on the  Dutch  market.
The  estimated  daily  intake  (EDI)  values  of alkenylbenzenes  as a  result  of consumption  of  the  different
pesto  sauces  amounted  to 1.2–44.3  �g/kg  bw  for  individual  alkenylbenzenes,  14.3–43.5  �g/kg  bw  when
adding  up  the alkenylbenzene  levels  assuming  equal  potency,  and  17.3–62.9  �g/kg  bw  when  expressed  in
methyleugenol  equivalents  using  alkenylbenzenes  defined  toxic  equivalency  factors  (TEF).  The  margin
of exposure  approach  (MOE),  used  to evaluate  the potential  risks,  resulted  in  MOE  values  that  were
generally  lower  than  10000  indicating  a priority  for risk  management  when  assuming  daily  consumption.
asil-based pesto
ombined risk assessment
oxic equivalency factors (TEFs)

The  levels  of methyleugenol  detected  in  the  pesto  sauces  would  allow  consumption  of  1.1–29.8,  7.5–208,
15.1–416.5,  and 32.4–892.5  g  of pesto  sauce  on  a daily  basis,  once  a week,  once  every  two  weeks,  and
once  a  month,  respectively,  to achieve  MOE  values  above  the  10000  limit  indicating  low  priority  for  risk
management.  It is  concluded  that consumption  of pesto  sauces  would  only  be of  concern  if consumed  on
a  daily  basis  over  longer  periods  of  time.

© 2016  The  Authors.  Published  by Elsevier  Ireland  Ltd.  This  is an open  access  article  under  the CC
. Introduction

The genus ocimum, collectively called basil, belongs to the Lami-
ceae family (the mint family), a family that contains 236 genera
34] and 7534 species [19]. The plants are aromatic and culti-
ated for culinary purposes. Basil adds a distinctive flavor to many
oods, and is consumed fresh, dried, as essential oil, or processed.
n its processed form, basil, especially Ocimum basilicum cv. Gen-
vese gigante cultivar, is employed in the production of pesto,
 typical Italian sauce. The worldwide consumption of pesto has
ncreased due to recent interest in Mediterranean cuisine, which
s considered to be healthy and valuable. The complex matrix of

Abbreviations: EDI, estimated daily intake; BMDL10, lower confidence limit of
he  benchmark dose resulting in a 10% extra cancer incidence; EFSA, European Food
afety Authority; ESCO, scientific cooperation projects between EFSA and its coun-
erparts in the Member States; MOE, margin of exposure; UPLC, Ultra Performance
iquid Chromatography; TEF, toxic equivalency factor; TEQ, toxic equivalency.
∗ Corresponding author at: Division of Toxicology, Wageningen University, Stip-
eneng 4, 6708 WE,  Wageningen, The Netherlands.

E-mail addresses: amer.almalahmeh@wur.nl, amer.almalahmeh@gmail.com
A.J. Al-Malahmeh).

ttp://dx.doi.org/10.1016/j.toxrep.2016.11.002
214-7500/© 2016 The Authors. Published by Elsevier Ireland Ltd. This is an open access
c-nd/4.0/).
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

pesto (e.g. cheese, extra-virgin olive oil, pine nuts and/or walnuts,
and garlic) significantly affects its taste and flavor [36]. Previ-
ously, the aromatic composition of basil was  determined from
different areas of north western Italy and showed methyleugenol
(1,2-dimethoxy-4-prop-2-en-1-yl-benzene) and eugenol as main
components [26], while estragole was  shown to be present in pesto
sauces made of basil cultivars different from the Genovese gigante
cultivar [41,23]. In 1999, the Committee of Experts on Flavoring
Substances of the Council of Europe concluded that methyleugenol
is a naturally-occurring genotoxic carcinogenic compound with a
DNA-binding potency similar to that of safrole [7]. In 2001, the
Scientific Committee on Food (SCF) of the European Union con-
cluded that methyleugenol, and its structural analogues estragole
and safrole (Fig. 1) are genotoxic and carcinogenic and that reduc-
tions in exposure and restrictions in use levels are indicated
[37–39]. Rodent studies performed at high dose levels provided
sufficient evidence of the hepatocarcinogenicity of methyleugenol,
estragole and safrole, displaying similar characteristics regard-

ing mode of action and tumor formation [47,27–30,32,48,20]. EC
Regulation 1334/2008, which became effective in January 2011,
prohibits the addition of methyleugenol, estragole and safrole to
foods and restricts their concentration in compound foods of dairy
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Fig. 1. Structural formula of methyleugenol and its structural analogues.

roducts, meat preparations and meat products (including poul-
ry and game), fish preparations and fish products, ready to eat
avouries, non-alcoholic beverages, processed fruit and vegeta-
les, and soups and sauces including pesto. For soups and sauces

ncluding pesto that have been prepared with flavorings or food
ngredients with flavoring properties maximum allowed limits of
0 mg/kg for methyleugenol and 25 mg/kg for safrole have been
efined while a limit for estragole has not been presented [17].
owever, if the only food ingredients with flavoring properties

hat have been added are only the fresh, dried or frozen herbs,
he maximum limit for methyleugenol does not apply. This implies
hat pesto sauce made with basil is permitted in food preparations,
egardless of its genotoxic carcinogenic compounds content.

A major issue in the safety assessment of alkenylbenzene-
ontaining food items is how to provide guidance on the potential
isks for human health resulting from the exposure to low levels
f these genotoxic and carcinogenic compounds [9]. The Euro-
ean Food Safety Authority (EFSA) recommended the Margin of
xposure (MOE) approach [9] to evaluate the priority for risk
anagement actions for compounds that are both genotoxic and

arcinogenic and present in a botanical or botanical preparation
f interest [10,11]. The MOE  compares the exposure levels caus-

ng malignant tumors in experimental animals with dietary intake
stimates in humans (EDI), taking into account differences in con-
umption patterns. The Scientific Committee of the European Food
afety Authority recommends the use of the benchmark dose (the
MDL10; the lower confidence limit of the benchmark dose result-

ng in a 10% extra cancer incidence) to obtain the MOE [9]. The
enchmark dose is a standardized reference point derived from
he animal data by mathematical modelling within the observed
ange of experimental data [11]. Pesto eaters could be exposed to
ome of the highest levels of methyleugenol, because fresh pesto
s prepared from a large quantity of fresh basil, reflected by basil
mounts in pesto sauce products on the market that amounted on
verage to 36% (an average from different products in the mar-
et). It has been estimated that the theoretical dietary exposure
o methyleugenol could reach ∼250 �g/kg bw per meal for adults
nd 500 �g/kg bw per meal for children, based on the assumptions
hat the percentage of methyleugenol in the essential oil is gener-
lly >40%, the amount of essential oil in O. basilicum cv. Genovese
igante corresponds 0.5% and that one portion of pesto contains
10 g of basil [26]. The French food control administration analysed
ethyleugenol in a limited number of well-defined food products

nd reported that the methyleugenol concentration for one sam-
le of pesto sauce was 6.02 �g/g and for one sample of pasta with
esto was 1.53 �g/g [42]. Ávila et al. reported methyleugenol con-
entrations in a pesto sample amounting to 48 �g/g [5], and Siano
t al. reported methyleugenol concentrations of 0.01–0.52 �g/g and
stragole concentrations that amounted to 0.05–19.30 �g/g [41]. It
ppears that the current values reported on levels of the alkenyl-
enzenes in sauces of pesto are limited with values that vary orders
f magnitude. The aim of the present study was to make a more
etailed analysis of the presence of methyleugenol and possible
ther alkenylbenzenes in basil-containing sauce of pesto and per-

orm an associated risk assessment based on the MOE  approach,
aking into consideration the possible combined exposure to dif-
erent alkenylbenzenes. Given that the alkenylbenzenes are known
o act by a similar mode of action, at a similar target organ caus-
ogy Reports 4 (2017) 1–8

ing the same adverse effect, being liver carcinogenicity caused by a
genotoxic mode of action, combined exposure can be evaluated by
dose addition. This implies that the response to the mixture can be
predicted by summing the doses of the components if needed after
adjusting for the differences in potencies. Dose addition is consid-
ered most appropriate for mixtures with components that affect
the same endpoint by the same mode of action [13–15]. Dose addi-
tion is the underlying assumption of the toxic equivalency factor
(TEF) approach [4].

2. Materials and methods

2.1. Pesto sauce samples and chemicals

Basil containing pesto sauce samples were purchased from local
Dutch markets. Table 1 presents an overview of the collected sam-
ples and their major characteristics as indicated on the label of each
product. Methyleugenol, myristicin, estragole and apiol (purity,
>97%), methanol (HPLC gradient) and acetonitrile (LC/MS gradi-
ent) were supplied by Sigma Aldrich (Steinheim, Germany). Nano
pure water was obtained from a Barnstead Nanopure Type I ultra-
pure water system. Dimethyl sulfoxide (DMSO) was obtained from
Acros organics (Geel, Belgium). Acetonitrile (ACN) (LC/MS grade)
was purchased from Biosolve BV (Valkenswaard, The Netherlands).
Trifluoroacetic acid TFA was obtained from Merck (Darmstadt,
Germany).

2.2. Methanol extracts

All basil-containing pesto sauces were extracted using methanol
based on the method described by Ávila et al. [5], with minor mod-
ifications. In short, 5 g of each sauce sample were sonicated in an
ultrasonic bath for 10 min  and macerated for 12 h at 50 ◦C with
80 ml  of methanol in a closed glass vessel. Finally, an aliquot of the
extract solution was centrifuged at 13000g for 5 min, and stored
at −20 ◦C until Ultra Performance Liquid Chromatography (UPLC)
analysis. Samples were extracted and then analyzed on UPLC in
triplicate. The accuracy of the developed method was assessed by
means of a recovery study and standard deviations of the replicates.
For recovery, pure standards of commercially available alkenylben-
zenes were added in two  different quantities (final concentration
of 5 and 10 �M)  to 5 g of two pesto sauce samples (sample 16
and 21) which covers the whole range of analysis in a final vol-
ume  of methanol of 80 ml.  Samples were prepared and analyzed
as described above to quantify the alkenylbenzene levels enabling
determination of the recovery. The extraction capacity linearity
was demonstrated to applying a range of weight of sample to final
volume of the solution ratio of 1.5% up to 10%.

2.3. UPLC analysis

For quantification of alkenylbenzenes in the extracts, 3.5 �l of
each sample was subjected to UPLC analysis. The UPLC system con-
sisted of a Waters (Waters, Milford, MA)  Acquity solvent manager,
sample manager, and photodiode array detector. Chromatographic
separation was  achieved using an ACQUITY UPLC BEH C18 1.7 �m
column, 2.1 × 50 mm.  The column was thermostated at 35 ◦C and
the sample manager was set at 10 ◦C. An isocratic gradient was
made for the separation using a mixture of acetonitrile (ACN) and
ultrapure water containing 0.1% (v/v) trifluoroacetic acid (TFA). The
mobile phase consisted of 40% acetonitrile for 4 min, which was
the time needed to separate alkenylbenzenes of interest. During

the whole run, the flow rate was  0.6 ml/min. Under these condi-
tions, the retention times for methyleugenol, estragole, myristicin,
and apiol were 1.5, 2.2, 2.4, and 2.8 min, respectively. Identifica-
tion of the alkenylbenzenes was achieved by comparing the UV
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Table  1
Basil-containing pesto sauce samples used in the present study and their major characteristics. Information provided was derived from the product labels unless stated
otherwise.

Sample no. Description Ingredients

1 Pesto, Italian basil sauce, 85 g Cold-pressed olive oil, fresh basil, fresh garlic, pine nuts, sea salt
2  Genovese pesto, biological, totally vegetarian,

cheese free, gluten free, 130 g
Extra virgin olive oil 36%, Genovese basil in extra virgin olive oil 27.6%, salt, cashew nuts,
walnuts, pine kernels, apple fibre, garlic, acidity

3  Combined with dried tomatoes and a hint of spice
routes, biological, 135 g

Sunflower oil, breadcrumbs, cashew, basil, honey, garlic, olive oil, dried tomatoes (22.5%),
vinegar, sea salt, natural flavour, pepper, thyme, paprika powder, cumin, chili pepper

4  Traditional terrasa pesto, bio, organic, 180 g Extra virgin olive oil, fresh basil (35%),  pecorino sheep cheese (6%), pine kernels (5%), garlic
(3%), sea salt

5  Genovese pesto, costa ligure, 135 g Sunflower oil, fresh basil 73%, salt, cashew, pine nuts, parmesan cheese, garlic, wine vinegar,
starch, acidity regulators of critic acid, lactic acid

6  Green pesto, 190 g Sunflower oil, basil 36%, cashew nut, whey powder, cheese, salt, potato, sugar, acid regulator,
dried garlic

7  Italian Genovese pesto, 90 g Sunflower oil, basil 35%, glucose, potato flake, cashew nut, milk, salt, rennet, preservatives
8  Excellent Genovese pesto, 135 g Extra virgin olive oil, sunflower oil, fresh basil 69%, pine nut 13%, parmesan.
9  Tartufo pesto, costa ligure, 135 g Sunflower oil, basil 42%, salt, cashew, pine nuts, parmesan cheese, garlic, wine vinegar, starch,

acidity regulators of critic acid, lactic acid, 1% truffle
10  Limon pesto, 135 g Oiled sunflower, fresh basil 59%, salt, cashew, pine nuts, parmesan cheese, garlic, wine

vinegar, starch, acidity regulators of critic acid, lactic acid, 1.5 citron
11  Genovese pesto, 185 g Sunflower oil (34%), basil 29%, potatoes, corn syrup, cashew nuts, grana padano cheese (4.5%),

pecorino cheese (4.5%), salt, extra virgin olive oil, pine nuts (1%), natural flavours, garlic,
concentrated lemon juice

12  Italian arugula pesto, 190 g Sunflower oil, arugula 30%, basil 8%,  pecorino romano cheese, sea salt, garlic, vegetable fibres,
pine nuts, extra virgin olive oil, acidity regulator: lactic acid

13  Biological green pesto, 135g Sunflower oil, fresh basil 79%, salt 1%, pine nuts, garlic, white wine vinegar, acid regulator
(lactic acid, citric acid)

14 The real Italian seasoning, green pesto, 190 g Basil 42%, sunflower oil, cashew nut 6.5%, water, parmigiano reggiano cheese 2.5%, salt, garlic,
yogurt powder, olive oil 0.5%, pine 0.5%, acidity regulator: lactic acid, natural basil flavor,
natural white pepper flavor, whey protein, antioxidant: E300

15  Green pesto, classic basil pesto, garlic and
parmesan cheese, 125 g

Basil 42%, sunflower oil 32.2%, cashew nuts, parmesan 4% (milk, salt, rennet), salt, pecorino
cheese 2%, garlic 1.5%, glucose syrup, milk protein, acidity regulator: lactic acid, extra virgin
olive oil, pine 0.5%, natural flavor

16  Green pesto, with more basil, 185 g Basil 46%, sunflower oil, Italian cheese 7% (grana padano, pecorino romano), cashews, salt,
extra  virgin olive oil with virgin olive oil 2%, glucose syrup, sugar, potato flakes, flavor, garlic
0.5%, pine nut 0.5%, lactic acid

17  Green vegan pesto with extra virgin oil, bio,
organic, 180 g

Extra virgin oil, basil 30%, walnuts, cashew nuts, pine kernels, sea salt

18  Italian green pesto, 90g Basil 39%, 27% sunflower oil, water, lactose, 4% cashews, 4% parmigiano reggiano, 2.8% olive
oil, 2% pine nuts, salt, spices extract, 1% pecorino cheese, garlic, acid: E270, natural flavoring

19  Fresh green pesto, in-house made (supermarket),
100 g

Sunflower oil,  basil 23.7%,  9.5% cheese powder, walnuts, parsley, salt, vinegar, garlic 2%, 1.9%,
pine nuts, sugar water, white pepper, food acids: lactic acid and citric acid, thickening agent,
E415 and E415, preservative E202

20  Artisan and full of flavor green pesto, 100 g Sunflower oil, basil 30%, 8.5% grana padano cheese, cashews, olive oil, salt, pecorino cheese,
fructose, pine, bamboo fiber, garlic, antioxidant E300

21  Creamy green pesto with basil, cheese and pine
nuts, 125 g

Vegetable oil (27% olive, rapeseed), basil 22%, 11% cheese powder, 7% pine nuts, parsley, 2.5%
garlic puree, white wine vinegar, salt, sugar, vinegar, natural flavoring, preservative (E200,
E210), black pepper, thickening agent (guar gum, xanthan gum)

22  Creamy red pesto with tomato, cheese and pine
nuts, 125 g

Vegetable oil (13% olive, rapeseed), 16 tomatoes, basil 14%, 12% cheese powder, 8% pine nuts,
parsley, 3% garlic puree, white wine vinegar, salt, sugar, vinegar, natural flavoring, preservative
(E200, E210), thickener (guar gum, xanthan gum), 1.5% sundried tomatoes, red peppers

23  Pesto with Sicilian pistachio nuts, 130 g Olive oil, Genovese basil 22%, pistachio nut (18%), cashew nuts, sea salt
24  Pesto with lemon zest, 135g Olive oil, fresh basil 59%, cashew nuts, salt, cheese mix (2%), limon rinds (1.5%), fructose, pine

nuts, wine vinegar, garlic, natural lemon flavoring, acidity regulator citric acid, lactic acid
25  Pesto with basil & truffle, 130g Olive oil, Genovese basil 22%, cashew nuts, sea salt, pine nuts, white truffle
26  Rosso pesto with sun dried tomato and basil, 130g Olive oil, sun dried tomato 25%, Genovese basil 25%, cashew nuts, sea salt, pine nuts, acidity

regulator citric acid, lactic acid
27  Freshly made pesto, from Italian food products

shop
Private recipe

28  Freshly made pesto, from cheese shop Private recipe
29  Pesto spread, 90g Sunflower oil, 15% pine nuts, low-fat cream cheese, basil 9%,  spinach, white wine vinegar, 2.5

pecorino, garlic, salt, emulsifier (E472), bovine gelatin, preservative (E202, E224)
30  Special basil pesto, 100g Sunflower oil, pine nut 15%, 12% old cheese, basil 11%, 10% spinach, white wine vinegar, dried

garlic, sea salt, preservative (E202, E224)
31  Bio basil pesto,100g Basil 32%, sunflower oil, cheese, olive oil 55, 4% pine nuts, vinegar, garlic, lemon juice, sea salt,
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old values emphasizes the variation of source and content of botanical under stud

pectrum and retention time of the peak to the UV spectrum and
etention time of the peaks of commercially available reference
ompounds. Quantification was done by comparing the area of the

lkenylbenzene peak to that of the calibration curve of the refer-
nce compounds determined using UPLC with photodiode array
etection (UPLC/PDA) at a wavelength 201 for methyleugenol and
stragole, and a wavelength 210 for myristicin and apiol.
t blossom sugar

 basil.

2.4. Determination of estimated daily intake (EDI) of
alkenylbenzenes resulting from the use of pesto sauce
The estimate daily intake (EDI) of alkenylbenzenes resulting
from the use of pesto sauce was determined based on the alkenyl-
benzene content in the pesto sauce as determined in the present
study (see results) and a body weight of 70 kg, the default value
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Table 2
Level of methyleugenol detected in the pesto sauce samples, EDI for methyleugenol
upon consumption of these pesto samples, and the resulting MOE.

Sample no. Methyleugenol concentration in the
pesto sample Average ± SD (�g/g)

EDI (�g/kg bw
per day)

MOE

1 17.9 ± 2.4 7.1 2154
2  11.4 ± 1.5 5.9 2593
3  11.1 ± 1.5 4.4 3474
4  35.6 ± 4.8 14.5 1053
5  32.3 ± 4.3 6.3 2421
6  41.2 ± 5.5 16.4 936
7  29.6 ± 4 12.1 1266
8  27.6 ± 3.7 5.0 3066
9  25.3 ± 3.4 8.6 1778
10  38.1 ± 5.1 9.2 1659
11  20.5 ± 2.7 10.1 1515
12  3.8 ± 0.5 6.8 2255
13  34.1 ± 4.6 6.2 2481
14  60.5 ± 8.1 20.6 744
15  21.8 ± 2.9 7.4 2063
16  39.0 ± 5.2 12.1 1263
17  12.4 ± 1.7 5.9 2591
18  35.8 ± 4.8 13.1 1167
19  56.4 ± 7.5 34.0 450
20  15.2 ± 2.0 7.2 2114
21  22.9 ± 3.1 6.4 2404
22  15.1 ± 2.0 14.9 1029
23  8.4 ± 1.1 15.4 993
24  33.0 ± 4.4 5.5 2805
25  9.8 ± 1.3 8.0 1915
26  5.6 ± 0.7 3.2 4781
27  14.3 ± 1.9 5.7 2696
28  13.4 ± 1.8 5.3 2877
29  3.6 ± 0.5 5.7 2678
30  3.8 ± 0.5 4.9 3100
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individual alkenylbenzenes varied between 6.4–34.0 �g/kg bw per
31  99.3 ± 13.3 44.3 345

or adult body weight proposed by EFSA [12]. Daily consumption
f pesto sauce was based on the reported use of about 10 g basil
or a meal [26], and on the basil content of the samples as men-
ioned on the label (Table 1). If there was no information on the
asil content in the pesto sauce on the label the average content
f basil in pesto sauce of 36.0 ± 19.6% (n = 27) (Table 1) was  used.
irstly, the EDI was calculated for individual compounds for all of
he samples. And since several alkenylbenzenes were found in some
f the pesto samples, and the different alkenylbenzenes show sim-

larity in structure, target organ, type of adverse effects and mode
f action through formation of a DNA reactive 1′-sulfoxymetabolite
ontributing to formation of liver tumors, a combined exposure
ssessment and subsequent risk assessment were also performed
or those samples. To this end two approaches were used; sum-

ing up the EDIs of the alkenylbenzenes assuming equal potency,
nd a so-called toxic equivalency (TEQ) approach calculating the
stimated daily intake (EDI) values of the alkenylbenzenes using
heir toxic equivalency factor (TEF) relative to methyleugenol.

ethyleugenol was taken as the reference compound (TEF = 1.0),
xpressing the concentrations of the other alkenylbenzenes in
ethyleugenol equivalents. TEF values for the different alkenyl-

enzenes for the TEQ approach need to be defined, which was done
y calculating an average of three endpoints. The first one was
he slope of the dose-response curve for DNA-adduct formation
n female CD-1 mice liver upon exposure to different alkenylben-
enes [32]. The second one, was the in vivo level of formation of the
epatocarcinogenic 1′-sulfoxymetabolites of the different alkenyl-
enzenes predicted using human physiologically based kinetic
PBK) models at a dose level of 0.01 mg/kg bw [2,1,31,3]. And finally,
he BMDL10 values derived from in vivo tumor data for safrole,

stragole, and methyleugenol [27], or by read-across from safrole
or myristicin and apiol [2,1] (Table 4). The TEF values for the dif-
erent alkenylbenzenes defined by the three approaches relative to
ogy Reports 4 (2017) 1–8

methyleugenol were subsequently averaged to define the final TEF
values. Using these TEF values the EDI of alkenylbenzenes in the
pesto sauces expressed in (�g methyleugenol equivalents/kg bw
per day) was  calculated using the formula:

EDI
(
�g equivalents)/(kg bw day

)
=

∑
(EDI × TEF)i

2.5. Calculation of the margin of exposure

Risk assessment of consumption of the pesto sauce samples was
performed using the Margin of Exposure (MOE) approach [9]. For
the individual alkenylbenzene approach, the BMDL10 values of each
compound were used [2,1,46] and then compared with the EDIs
of the alkenylbenzenes resulting from the use of pesto sauce. For
the equal potency assumption approach, the BMDL10 value of the
predominating alkenylbenzene in the samples was used and com-
pared to the sum of the EDIs. And finally, for the TEQ approach, the
BMDL10 of the reference compound methyleugenol was  compared
to the EDI expressed in methyleugenol equivalents.

3. Results

3.1. Determination of methyleugenol content in the
basil-containing pesto sauce samples, EDI, and resulting MOEs

Table 2 presents the levels of methyleugenol detected in
the various pesto sauces. The results obtained revealed that
methyleugenol was detected in all the samples analyzed. The level
of methyleugenol in the different samples varied about 28-fold
ranging between 3.6 and 99.3 �g/g pesto sauce. Estimated daily
intakes (EDIs) of methyleugenol from basil containing pesto sauce
were calculated using the methyleugenol content in the samples,
a daily consumption of pesto calculated based on the reported use
of about 10 g basil for a meal [26], and the basil content of the sam-
ples as mentioned on the label (Table 1) or the assumption that the
basil content in pesto sauce was on average 36.0 ± 19.6% (n = 27)
(Table 1) in case this% of basil in the pesto sauce was not mentioned
on the label, and an adult body weight of 70 kg. The EDI values thus
obtained for methyleugenol vary in the range of 3.2–44.3 �g/kg bw
per day. The MOE  values were calculated using the BMDL10 value
reported in the literature for methyleugenol of 15.3 mg/kg bw per
day [46] (Table 2). The MOE  values obtained vary from 345 to 4781
and were all lower than 10000, the value suggested by EFSA to judge
if there is a priority for risk management [9].

3.2. Determination of other alkenylbenzenes in the pesto sauce
samples, EDI for the combined exposure, and resulting MOEs

In four samples (16, 18, 19, and 21) other alkenylbenzenes
were detected in addition to methyleugenol, including estragole,
myristicin, and/or apiol (Table 3). The levels of methyleugenol,
detected in these samples, were already presented in Table 2.
Estragole that is known to be present in some basil cultivars in
addition to methyleugenol, was detected in two  samples (16,18),
with one of these samples indeed containing another cultivar than
the Genovese cultivar as mentioned on the label (Table 1). The
estragole level varied 10-fold between the two samples in which
it was detected. Myristicin and apiol were detected in two sam-
ples of green pesto (Table 3), which may  be due to the fact that
these samples contain other herbs in addition to basil (e.g. pars-
ley) (Table 1). For samples 16, 18, 19 and 21 the EDI  for the
day for methyleugenol, 1.2–10.6 �g/kg bw per day for estragole,
8.6–9.6 �g/kg bw per day for myristicin, and 2.2 �g/kg bw per day
for apiol the latter being detected in only one sample (Table 3).
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Table  3
Level of alkenylbenzenes methyleugenol, estragole, myristicin, and apiol in the four pesto sauce samples that contained other alkenylbenzenes in addition to methyleugenol
and  EDI values for the individual alkenylbenzenes, as well as combined EDI values calculated either by assuming equal potency, or in methyleugenol equivalents using the
TEF  values presented in Table 4.

Sample no. Alkenylbenzenes level in the pesto sample
average ± SD (�g/g)

EDI (�g/kg bw per day)

individual combined exposure

methyleugenol estragole myristicin apiol methyleugenol estragole myristicin apiol assuming equal
potency

based on TEF
methyleugenol
equivalents

16 39.0 ± 5.2 34.1 ± 2.8 12.1 10.6 22.7 50.3
18  35.8 ± 4.8 3.2 ± 1.5 13.1 1.2 14.3 17.3
19  56.4 ± 7.5 15.8 ± 0.01 34 9.6 43.5 62.9
21  22.9 ± 3.1 13.2 ± 1.2 3.4 ± 0.2 6.4 8.6 2.2 17.2 34.8

Table 4
Data used for estimation of the TEF values for the different alkenylbenzenes as derived from data reported for (i) the dose-dependent level of DNA adduct formation in the liver
of  alkenylbenzene exposed female CD-1 mice [32], (ii) the formation of the proximate carcinogenic 1′-sulfoxy metabolites in liver in �mol/kg bw as predicted by available
PBK  models at a dose level of 0.01 mg/kg bw [2,1,31,3], and (iii) BMDL10 values reported in the literature [2,1,46]. The TEF values were calculated relative to methyleugenol
as  the reference compound, expressing the concentrations of the other alkenylbenzenes in methyleugenol equivalents.

Compound Formation of DNA adduct in
107 nucleotides versus dose in
mg/kg bw

Formation of the
proximate carcinogenic
1′-sulfoxy metabolite

In vivo tumor data Average TEF value ± SD

slope of the curve TEF formation level
(�mol/kg bw) at
0.01 mg/kg bw dose

TEF BMDL10 (mg/kg
bw per day)

TEF

Safrole 1.68 1.05 3.28E-05 1.08 1.9 8,05 3.39 ± 4.04
myristicin 0.39 0.24 2.44E-05 0.8 1.9 8,05 3.03 ± 4.36
apiol  0.11 0.07 1.62E-05 0.53 5.7 2,68 1.09 ± 1.40
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estragole 2.48 1.55 1.41E-04 

methyleugenol 1.60 1.00 3.05E-05 

Since several alkenylbenzenes were found in some pesto
amples, and because these alkenylbenzenes are known to dis-
lay similarity in structure, target organ, type of adverse effects
nd mode of action through formation of a DNA reactive 1′-
ulfoxymetabolite contributing to formation of liver tumors, a
ombined exposure and risk assessment was also performed. To
his end the combined exposure was estimated in two  ways, assum-
ng either equal potency or using a so-called toxic equivalency
TEQ) approach. When assuming equal potency of the different
lkenylbenzenes the combined EDI can be calculated by adding up
he EDIs of the different alkenylbenzenes. Table 3 presents the com-
ined EDI values obtained for the four pesto sauce samples in which
ore than one alkenylbenzene were detected. The values obtained

aried from 14.3 to 43.5 mg/kg bw per day with methyleugenol
eing the major alkenylbenzene making up 53.3–91.6% of these val-
es except for sample 22 where methyleugenol makes up 37.2% of
he alkenylbenzenes and myristicin appeared to be the major one at
0.0%. In a second approach the combined exposure was calculated

n methyleugenol equivalents taking the relative potency of the
ifferent alkenylbenzenes into account. For this TEQ approach the
equired toxic equivalency factor (TEF) relative to methyleugenol
ere estimated as summarized in Table 4. TEF values for the dif-

erent alkenylbenzenes were defined by calculating the average of
he relative potency as available for three end points, including (i)
he slope of the dose-response curve for DNA-adduct formation in
emale CD-1 mice liver upon exposure to different alkenylbenzenes
32], (ii) the in vivo level of formation of the hepatocarcinogenic
′-sulfoxymetabolites of the different alkenylbenzenes predicted
sing human physiologically based kinetic models at a dose level

f 0.01 mg/kg bw [2,1,31,3], and (iii) the BMDL10 values derived
rom in vivo tumor data for safrole, estragole, and methyleugenol
27]), or by read-across from safrole for myristicin and apiol [2,1].

ethyleugenol was taken as the reference compound (TEF = 1.0),
4.62 3.3 4,64 3.60 ± 1.78
1.00 15.3 1,00 1.00

expressing the concentrations of the other alkenylbenzenes in
methyleugenol equivalents (Table 4).

Using these TEF values and the toxic equivalency approach (TEQ)
the combined EDI values obtained vary in the range of 17.3–62.9 �g
methyleugenol equivalents/kg bw per day (Table 3).

Using the EDI values thus obtained MOE  values were calcu-
lated. To this end different BMDL10 values were used for different
approaches to obtain the MOE  values. The BMDL10 values for the
individual alkenylbenzenes were taken from literature [2,1,46] and
were used to caluclate MOE  values for intakes of each individual
alkenylbenzene (Table 5). MOE  values thus obtained were all below
10000. Assuming equal potency, the BMDL10 of methyleugenol of
15.3 mg/kg bw per day [46], being a dominant alkenylbenzenes in
the samples was compared with the combined EDI. The MOE values
thus obtained varies between 351 and 1071 (Table 5). For the TEQ
approach, the BMDL10 of methyleugenol of 15.3 mg/kg bw per day
[46] was compared to the EDI expressed in methyleugenol equiv-
alents to calculate the MOE. When using the TEQ approach, MOE
values ranged from 243 to 883.

From the data thus obtained it is clear that the estimated daily
consumption of the pesto sauces at 10 g basil per meal per day
(based on wet  weight) would result in MOE  values that indicate a
priority for risk management for all pesto sauces. It is of interest to
evaluate what level of methyleugenol, amount of pesto sauce con-
sumed and/or what exposure frequency would result in an MOE
of 10000. To evaluate how these parameters could be modified to
result in MOE  values that would be of low priority for risk manage-
ment, Fig. 2 shows the relation between the level of methyleugenol
detected in a pesto sauce sample and the amount of pesto sauce

consumed that would result in MOE  values of 10000 at a certain
frequency of intake. For these calculations, it was assumed that
Haber’s rule would apply so the daily dose would be linearly depen-
dent on the frequency of intake. The results presented indicate that
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Table 5
The MOE  values obtained for samples containing several alkenylbezenes. MOE  values were calculated for each individual alkenylbenzenes, and based on combined exposure
estimates either assuming equal potency, or based on a TEQ approach.

Sample no. MOE individual alkenylbenzenes MOE  based on equal potency and BMDL10 of
the highest level alkenylbenzene in the sample

MOE  based on TEF

methyleugenol estragole myristicin apiol

16 1263 3209 674 304
18  1166 355 1071 883
19  450 199 

21  1028 221 2582 
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wo  weekly (-.-.-.) or monthly (. . ..) consumption. Combinations of methyleugenol
evels and pesto sauce intake that result in values below the respective curves result
n  MOE values above 10000 and would be of low priority for risk management.

aily intake of for example 30 g pesto sauce would be of low prior-
ty for risk management at a methyleugenol level of 3.6 �g/g, while

eekly intake of 30 g would be of low concern at a methyleugenol
alue of 25.0 �g/g. The curves can also be used to derive that for
he pesto sauce samples of the present study with methyleugenol
evels that vary from 99.3 to 3.6 �g/g pesto sauce, the consumption
f 1.1–29.8, 7.5–208, 15.1–416.5, and 32.4–892.5 g of pesto sauce
n a daily basis, once a week, once every two weeks, and once a
onth, respectively, could be considered of low concern.

. Discussion

The aim of the present study was to make a more detailed
nalysis of the presence of methyleugenol and possible other
lkenylbenzenes in basil-containing sauce of pesto and perform an
ssociated risk assessment based on the MOE  approach, taking into
onsideration the combined exposure to different alkenylbenzenes.

It is important to consider the variance in aromatic composi-
ion of basil at different growth stages from different areas. The

ethyleugenol content of the volatile oil from commercial sam-
les of sweet basil, and in the leaf, flower and stem for the same
ultivar of sweet basil were in the range of 0–2.4% [21,44,40].
t was also reported that the content of methyleugenol in the
ssential oil of basil plants decreases from 100% to 10% as plant
eight and maturity increase [26]. Different studies revealed dif-

erent levels of estragole and methyleugenol in basil for different
enotypes and as a function of region and harvesting. The con-
entrations in fresh basil amount 10.2–2029 �g/g for estragole and
.07–560 �g/g for methyleugenol [5,41,22]. For pesto sauce, studies
howed different concentrations of estragole that varied between

.05 and 19.3 �g/g, and of methyleugenol at values that varied
etween 0.01 and 52 �g/g [5,41]. The levels of methyleugenol
etermined in the pesto sauces of the present study amounted
o 3.6–99.3 �g/g pesto sauce, and of estragole, being present in
351 243
892 353

only two out of the 32 pesto sauce samples analyzed, to 3.2 and
34.1 �g/g pesto sauces. Based on these levels and taking the basil
content (%) as indicated on the label of the pesto sauces into
account, the level of methyleugenol in basil used to prepare the
pesto sauce was estimated to vary between 22.4–310.3 �g/g. The
determination of the levels of alkenylbenzenes in basil-containing
sauce of pesto revealed that all the samples analyzed contained
methyleugenol. In addition to methyleugenol, two  of the samples
contained estragole, while two  other samples contained myristicin,
and one sample contained both myristicin and apiol in addition to
methyleugenol. Based on chemical analysis the EDI values could
be determined assuming a body weight of 70 kg and intake of
10 g of basil (based on wet weight) per meal [26], provided by
an amount of pesto sauce that could be calculated taking into
account the basil content (%) in the pesto sauce as indicated on
the label (Table 1). For samples containing only methyleugenol,
the EDI values ranged from 3.2–44.3 �g/kg bw per day. These EDI
values resulted in MOE  values of 345–4781. Since several alkenyl-
benzenes were found in four of the pesto samples, and these
alkenylbenzenes show high similarity in structure, target organ,
type of adverse effects and mode of action through formation of
a DNA reactive 1′-sulfoxymetabolite contributing to formation of
liver tumors, for these four samples a combined exposure assess-
ment and subsequent risk assessment were performed. EDI  values
based on individual compounds amounted to 1.2–34.0 �g/kg bw
per day. These EDI values resulted in MOE  values of 199–3209 for
the individual levels of estragole, myristicin and apiole, indicat-
ing that these alkenylbenzenes add to the possible health risks.
Assuming equal potency of the alkenylbenzenes, combined EDI
values obtained ranged from 14.3–43.5 �g/kg bw per day result-
ing in MOE  values ranging from 351 to 1071. Estimation of the
TEF values used in this study was based on in vitro and in vivo
data. It is of interest to note that in an ideal situation TEF val-
ues would be derived from in vivo data. However in practice in
vitro endpoints are also frequently used, for example in the case
of TEF values derived for dioxins [45] and, more recently, in the
case of interim TEF values defined for pyrrolizidine alkaloids [25].
Using a TEF concept combined EDI values ranged from 17.5–59.7 �g
methyleugenol equivalents/kg bw leading to MOE  values ranging
from 243 to 883. MOE  values resulting from this combined exposure
assessment were 1.5–5-fold lower than the MOE  values obtained
when considering the presence of only methyleugenol in these four
samples, and are all below 10000. Combined risk assessment based
on equal potency did not vary much from results obtained using
the TEQ approach. This can be ascribed to the minor variation in
potencies of the different alkenylbenzenes detected in the pesto
samples.

It is of interest to note that these MOE  values refer to regular
daily consumption of pesto which may  be an overestimation of real-
istic human consumption. Levels of methyleugenol in pesto sauce

samples and consumption frequency of pesto sauce directly impact
the EDI and the resulting MOE  values. The levels of methyleugenol
detected in the pesto sauces of the present study vary between 99.3
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nd 3.6 �g/g and would allow consumption of 1.1–29.8, 7.5–208,
5.1–416.5, and 32.4–892.5 g of pesto sauce on a daily basis, once

 week, once every two weeks, and once a month, respectively, to
chieve MOE  values above the 10000 safety limit for low priority for
isk management. It is concluded that consumption of pesto sauces
ould only be of concern if consumed on a daily basis over longer

eriods of time. The results of the present paper reveal that pesto
onsumption does not always represent a cancer risk and provide
nsight into when this might be the case and under which level and
requency of consumption pesto consumption would not raise a
oncern.
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