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Abstract: Several alternative approaches applicable for the analysis of furanocoumarins, toxic components
occurring in some fruits and vegetables representing both Apiaceae and Rutaceae families, were tested in our
study. Limits of detection (LODs) for angelicin, psoralen, bergapten, xanthotoxin, trioxsalen, isopimpinellin,
sphondin, pimpinellin and isobergapten obtained by GC/IMS (SIM) were in the range 0.01-0.08pg g~!. Slightly
higher LODs (0.02-0.20 ug g~') were achieved by LC/MS-MS. The latter is the only alternative for analysis of
bergamottin (LOD = 0.01pg g~!) in citrus fruits because this furanocoumarin is unstable under GC conditions.
Regardless of the determination step used, the repeatability of the measurements (expressed as RSD) did not
exceed 10%. As shown in our study the levels of furanocoumarins in celery, celeriac, parsnip, carrot, lemon and
other foods obtained at a retail market varied over a wide range; the highest contents were determined in parsnip,

while the levels of these toxins in carrots and citrus pulps were relatively low.
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INTRODUCTION

Furanocoumarins are toxic secondary metabolites that
occur in various plant species including food crops.
As shown in studies concerned with their biological
effects, these compounds may demonstrate antifungal
activities! and are phototoxic.>?> In the presence of
long-wave UV light, furanocoumarins yield products
that are able to interact with DNA, forming mono-
and di-adducts. These mutagenic and carcinogenic
effects were also demonstrated in animal studies.? It
should be noted that the current toxicological database
is far from complete. Therefore, in the meantime,
dietary furanocoumarins should be considered as
potentially harmful to consumer health. Additionally,
more studies are needed to clarify the health concerns
related to these phytochemicals in diet.

The highest levels of furanocoumarins in food crops*
are typically present in plants representing the Apiaceae
family; maximum contents (expressed as a sum of
the most abundant representatives) reported in the
literature were celery 45ugg~!,” parsnip 145ugg=!,°
and parsley 112 pugg~!.7 The results were quantified on
a fresh-weight basis. The content of furanocoumarins
in citrus fruits (Rutaceae family) is rather lower, e.g.
the concentration of bergamottin in grapefruit juices
was only about 6ugg !.8 The presence of various
furanocoumarins was also proved in many other
plants, such as Fabaceae, Pittosporaceae, Solanaceae,
Amaranthaceae, Rosaceae, Cyperaceae and Moraceae,’

and fruit of some of these, e.g. figs, representing the
last family, is also used for human consumption.

The distribution of furanocoumarins within a plant
is uneven. While higher contents are typically found
in leaves and other green parts, the concentrations
in fruits and roots are often markedly lower. It
should be noted that the levels of these plant toxins
may significantly increase under stress conditions,
such as attack by fungi'® and unfavourable storage
conditions resulting in damage of crop tissues.!!
Another factor to be considered when estimating the
dietary intake of potential consumers is the stability of
furonacoumarins while being processed under either
domestic or industrial conditions. As shown in one
of older studies,'? no breakdown of furanocoumarins
occurred during cooking. There is no other detailed
information on this issue available in the literature.

At present, more than 50 furanocoumarins are
known. Considering their chemical structure, two
main subgroups can be recognised. The first involves
linear furanocoumarins (e.g. psoralen, bergapten,
xanthotoxin, trioxsalen, isopimpinellin, bergamottin);
the second is represented by angular furanocoumarins
(e.g. angelicin, pimpinellin, sphondin, isobergapten).!

In most published studies, isolation of furanocou-
marins from plant matrices was carried out either
by polar (e.g. water,” methanol'>1%) or semi-polar
(ethyl acetate®!®) solvents. Several extraction tech-
niques were reported, utilising, for example, Soxhlet
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apparatus®!® and homogenisation with solvent using
various types of grinders.>”-8 Supercritical fluid extrac-
tion (SFE) using supercritical carbon dioxide was also
described as an isolation alternative in one paper.* In
some studies, crude aqueous homogenate was puri-
fied by liquid—liquid extraction (toluene® and/or ethyl
acetate” 7 were used for partitioning) or, alternatively,
by solid-phase extraction (SPE). Cartridges such as
Sep-Pak silica,*!3 extract clean SPE’ and/or Sep-
Pak Ci5,!>'%17 have been used for this purpose.
High-performance liquid chromatography (HPLC)
with UV detection was the most frequently employed
method*6-81415.17.18 £4r the final analysis of the com-
monly analysed furanocoumarins. Limits of detection
(LODs) of such procedures were typically higher than
20ugkg™! (fr.wt) for the particular analytes. Lig-
uid chromatography coupled to mass spectrometry
(LC/MS) has usually been the technique of choice
in recent studies,!®?° and its application also enables
identification of some minor furanocoumarins. For
instance, the presence of 5-methoxy-3-(3-methyl-2,3-
dihydroxybutyl)-psoralen and 5,8-dimethoxy-3-(3-
methyl-2,3-dihydroxybutyl)-psoralen in herbal
extracts?! was confirmed using LC/MS. Nowadays,
gas chromatography coupled to mass selective detec-
tor (GC/MSD) is the most common approach for
separation and quantification of thermally stable
furanocoumarins’*131%22 in plant extracts.

The aim of the present study was to critically assess
performance characteristics of existing modern chro-
matographic techniques conceivable for analysis of
furanocoumarins in various products. Optimised pro-
cedures were used for the examination of samples of
selected vegetables and some other food commodities
obtained from a retail market. In the second part of
the study, the influence of storage conditions on fura-
nocoumarin levels (related to studies'!"17-22) in several
celery cultivars was investigated.

EXPERIMENTAL

Chemicals

Angelicin, psoralen, bergapten, xanthotoxin, berg-
amottin and trioxsalen were purchased from Sigma-—
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Aldrich, Steinheim, Germany; isopimpinellin was
obtained from INDOFINE Chemical Company
(Hillsborough, NJ, USA). The purity of all standards
was 98% or greater. Ethyl acetate, purchased from
Scharlau (Barcelona, Spain), was used for extraction of
furanocoumarins from vegetables. Methanol, obtained
from Merck (Darmstadt, Germany), was used for
extraction of furanocoumarins from citrus fruits.

Materials

Samples collected within the monitoring study

Vegetables represented by parsnip (Pastinaca sativa),
celery (Apium graveolens var. Dulce), celeriac (celery
root, Apium graveolens var. Rapaceum), parsley (Pez-
roselinum sativum), carrot (Daucus carota), citrus fruits,
e.g. grapefruit (Citrus paradisi), lime (Citrus arantifo-
lia), orange (Citrus aurantium), lemon (Citrus limon)
and products made from them were purchased from a
Czech retail market within the years 2003-2004.

Samples used for the experiments

Celery and celeriac cultivars used for the following
experiments were obtained from the collaborating
farms and the summary of the samples is shown in
Table 1.

Analysis of samples

Extraction

Vegerables. All sample homogenates were prepared
from washed vegetables using a Foss Tecator 2094
homogeniser (Hoganids, Sweden). Forty millilitres of
ethyl acetate were added to 10g of homogenate
and the suspension was shaken (HS250 basic IKA
Labortechnik, Staufen, Germany) for 30 min at the
laboratory temperature, the solvent was then decanted.
After filtration, extracts obtained by two repeated
extractions were combined into a 100 mL volumetric
flask and the volume was made up with ethyl
acetate.

Dried vegetable (seasoning, soup). Six millilitres of water
was added to 2 g of sample to reconstitute the original
texture. After 1h of conditioning, 40 mL of ethyl

Table 1. Summary of the samples investigated and the storage conditions applied in this study (the representative sample for analysis was
prepared by homogenisation of five washed roots and/or 20 haulms representing the median size of the particular cultivar batch)

Year of Part of Storage Storage Experiment
farming  Vegetable Cultivar vegetable conditions period number
2002 Celeriac Maxim, Radiant, Root Household cellar 26 weeks 1
Diamond, Neon (5-13°C)
Maxim Root infected by fungi Household cellar Identified within 2
(Penicillium sp.) (6-13°C) week 16-26
Radiant Root cut into 8 parts Household cellar 6 weeks 3
(6-13°C)
2003 Celeriac Albin, Kompakt, Root, haulm 4°C 12 weeks (4 weeks 4
Maxim for haulm)
Haulm 40°C 4 days
Celery Malachit, Avalon, Haulm 4°C 4 weeks 5
Jemny 40°C 4 days
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acetate were added to the mixture and extracted
in the same way as described above for vegetables.
Ten millilitres of extract was evaporated to dryness
and the residue was redissolved in 1mL of ethyl
acetate.

Citrus fruits. Pulp: Sixty millilitres of methanol was
added to 10g of pulp homogenate (homogenisator
ETA 0010, Hlinkso, Czech Republic) and suspension
was mixed using a Turrax (IKA Werke, Staufen,
Germany) for 10 min. This mixture was shaken for
30min (laboratory shaker HS250 basic ICA). The
extracts were filtered into a 100 mL volumetric flask
and the volume was made up with methanol.

Peel: Forty millilitres of methanol was added to
10g of homogenate (Homogenizer Foss Tecator
2094) and the suspension was shaken for 30 min
(laboratory shaker HS250 basic ICA), the supernatant
was decanted. After filtration, extracts obtained by two
repeated extractions were combined into a 100 mL
volumetric flask and the volume was made up with
methanol.

Fruit tea (dried mixture): Forty millilitres of methanol
was added to 2g of fruit tea sample and shaken
for 30 min at the laboratory temperature (laboratory
shaker HS250 basic ICA). The solvent was decanted,
the extraction was repeated, the combined extracts
were filtered into a 100mL volumetric flask and
the volume was made up with methanol. Ten
millilitres of extract were evaporated to dryness
and the residue was re-dissolved in 1mL of
methanol.

Citrus juice: Forty millilitres of ethyl acetate was
added to 10 g of juice and the suspension was shaken
for 30 min (laboratory shaker HS250 basic ICA). The
supernatant was decanted. The extracts obtained by
two repeated extractions were filtered into a 100 mL
volumetric flask and the volume was made up with
ethyl acetate. Ten millilitres of extract were evaporated
to dryness and the residue was re-dissolved in 1 mL of
methanol.

Table 2. MS detector setting in LC/MS-MS and GC/MS analyses

Chromatographic separation

Both GC and HPLC techniques were used for
separation of the sample components. In addition
to a mass selective detector, UV detection was
also employed for identification/quantification of the
sample components.

High-performance liquid chromatography. HPLC sepa-
ration was carried out using HP 1100 liquid chro-
matograph (Agilent Technologies, Palo Alto, CA,
USA). A LiChroCART column 250 x 4 mm, LiChro-
spher 100 RP-18, 5 mmm particles, (Merck) equipped
with pre-column LiChroCART column 4 x 4 mm,
LiChrospher 100 RP-18, 5 um particles, (Merck). The
column temperature was kept at 40 °C and the mobile
phase flow rate was set at 1 mL min~!. The following
gradient was used: 0—8 min methanol/water (52:48,
v/v); 8—18 min linear increase up to 100% methanol;
18-25min 100% methanol. Prior to the injection
of 20uL of the extract, crude extracts were filtered
through a 0.45 um syringe filter (Millipore, Yonezawa,
Japan).

UV detection: Furanocoumarins were detected by
an HP 1100 DAD detector (Agilent Technologies,
Palo Alto, CA, USA) at 248 nm. Quantification was
obtained by comparing the peak areas of the target
analytes with the abundances of these compounds in
corresponding standards used for the calibration curve
preparation.

MS detection: MS/MS measurements were carried
out using LLCQ Deca instrument equipped with
an ion trap (ITD) analyser (Finnigan, San Jose,
CA, USA). Positive atmospheric pressure chemical
ionisation (+APCI) was applied in all performed
experiments. The following experimental conditions
were used during infusion of 50ugmL~' of each
standard into the source (at the flow rate of
3uL min~1): capillary temperature 170 °C, vaporiser
temperature 300°C, flow rates of sheath gas and
auxiliary gas 1.5 and 3 L min~!, respectively, source
voltage and current 6kV and 7mA, respectively.
Specific conditions applied for the detection of

Specification and conditions set for individual analytes

Bergapten,

Method of xanthotoxin

identification or (isobergapten, Angelicin, Isopimpinellin

quantification Parameter sphondin) psoralen (pimpinellin) Trioxsalen Bergamottin

LC/MS-MS Capillary voltage (V) 22 19 8 46
Activation amplitude (%) 37 35 38 35
Activation Q 0.34 0.25 0.35 0.35 0.35
Activation time (ms) 33 35 35 30
Molecular ion (M), m/z 217.3 187.3 247.2 229.3 338.9
Product ions (M), m/z 202.3 187.32 232.2 142.3,201.1,173.2, 157.8 203.2

GC/MS (SIM)  El ionisation (eV) 70 70 70 -
Quantification ion, m/z 216 246 228 -
Qualification ions, m/z 178, 201, 145 158,130, 102 231, 188 199, 128, 185 -

2 Due to low intensity of fragment ions, molecular ion was used for quantification.
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furanocoumarins are shown in Table 2. The mass
analyser was programmed to perform a full scan
in the m/z range of 50-500 in a positive mode
for each analyte. Quantification was obtained by
comparing the peak areas of the furanocoumarins with
the corresponding calibration curve prepared for the
standards.

GC/MS. An HP 6890 (Agilent Technologies) capil-
lary gas chromatograph in conjunction with a 5973
mass selective detector (MSD) of the same producer
was used. Furanocoumarins were separated on cap-
illary column DB-5MS (60m x 0.25mm x 0.25 um)
(J&W Scientific, Folsom, CA, USA). The oven tem-
perature was held at 75 °C for 2 min, then increased at
the rate of 20°C min~! to 250°C; held for 3 min
and again increased at the rate of 30°C min~’
to 280°C and held for 5min. One microlitres of
sample was introduced onto the GC column in
splitless mode. The injectior temperature was kept
constant at 250°C, and a splitless period of 2 min
was used. MSD using an electron impact (EI) type
of ionisation was operated in selected ion monitoring
(SIM) mode. Quantification was achieved by compar-
ing the peak areas of the target analytes with the
abundances of these compounds in corresponding
standards used for the calibration curve preparation.
Table 2 lists ions used for the quantification and con-
firmation purposes when running GC/MS in the SIM
mode.

RESULTS AND DISCUSSION

As summarised in the Introduction, a wide range of
analytical procedures was utilised in studies concerned
with the occurrence of furanocoumarins in various
crops. Rather surprisingly, quality assurance/quality
control (QA/QC) issues were not discussed in any of
them. In the following paragraphs, two of the most
commonly used procedures (HPLC and GC) and
both their advantages and limitations are discussed on
the basis of the data generated within the validation
process.

Analysis of furanocoumarins in vegetables and citrus fruits

Determination of furanocoumarins in vegetables
(Apiaceae)

Regarding the extraction of furanocoumarins, sev-
eral solvents largely differing in their polarity and
other physico-chemical properties were used in the
published studies. Since certified reference material
(CRM) is currently not commercially available, the
reliability of results cannot be easily assessed. To opti-
mise the extraction step for the highest recovery of
furanocoumarins, three solvents varying in polarities
(water, ethyl acetate and dichlormethane) and one
solvent mixture (acetonitril/water, 1:1), were tested
in our experiments. As shown in Fig. 1, extraction
with ethyl acetate was found to be the most efficient
and, therefore, this solvent was used in all subsequent
experiments.

Optimisation of identification and quantification

In the first step, HPLC separation of the available
furanocoumarin standards was optimised. Using the
reversed phase (RP) C18 silica separation column with
the gradient of water and methanol as a mobile phase,
angelicin, psoralen, bergapten, xanthotoxin, trioxsalen
and isopimpinellin were easily separated. LODs
ranged from 0.05 to 0.2pgg~! when employing a UV
detector. However, when analysing extracts prepared
from vegetables representing the Apiaceae family,
interference from co-isolated matrix components with
the peaks of major furanocoumarins was encountered.
To improve the performance characteristics of the
analytical method (the selectivity of analyte detection
as well as the accuracy of the generated data) and to
avoid the need to employ a purification step, a mass
spectrometry detector (ion trap analyser) was used
instead. The optimal ionisation of target analytes,
hence the highest signal-to-noise (S/N) ratio was
obtained by using positive APCI. Negative APCI
and electrospray ionisation (ESI) were also tested
within this study, but these ionisation techniques
were much less sensitive. The analysis of the real-life
parsnip sample is illustrated in Fig. 2 as an example.
Considering the literature data!?> and comparing
the spectral information and the relative retention

70
Angelicin
60 Psoralen
50 O Xanthotoxin ,.&
B Bergapten

Parsnip

Celery

Figure 1. Efficiency of furanocoumarins extraction achieved using various solvents/solvent mixtures, quantification carried out by GC/MS (average
values, n = 3); A = H,O; B = ethyl acetate; C = CH»Cly; D = acetonitrile/H20 (1:1, v/v).
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Figure 2. LC/MS (+APCI) analysis of furanocoumarins in extract from parsnip (aliquot contained in injected sample corresponded to 2 mg of the
original matrix), content of individual analytes was 2.2 ugg~" for psoralen, 1.8 ugg~" for angelicin, 1.5ugg=" for isopimpinellin, 0.2 ugg=" for
pimpinellin, 7.1 ugg~" for xanthotoxin, 0.7 ugg~" for sphondin, 4.5ugg~" for bergapten and 2.0ugg~" for isobergapten; pimpinellin sphondin and

isobergapten were identified only tentatively.
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Figure 3. GC/MS analysis of furanocoumarins in extract from parsnip (aliquot contained in injected sample corresponded to 0.1 mg of the original
matrix), content of individual analytes was 0.9ugg~" for psoralen, 6.2 ugg~" for angelicin, 2.0ugg~" for isopimpinellin, 0.3 ugg~" for pimpinellin,
7.1ugg™" for xanthotoxin, 0.7 ugg~" for sphondin, 2.5ugg~" for bergapten and 4.5 ugg~" for isobergapten; pimpinellin sphondin and

isobergapten were identified only tentatively.

times, pimpinellin, sphondin and isobergapten were
tentatively identified in our study. LODs for all
analytes using MS detection were in the range
0.02-0.2pgg™!.

As a conceivable alternative, GC/MS procedure was
optimised for the determination of angelicin, psoralen,
bergapten, xanthotoxin, sphondin, isobergapten, tri-
oxsalen, pimpinellin and isopimpinellin (see Fig. 3).
In addition to identification by comparison of the mea-
sured data with the commercially available analytical
standards, such as pimpinellin, sphondin and isober-
gapten, the target compounds were also identified from
an NIST library search, while MSD was operated in
the full scan mode. LODs for all analytes (MSD oper-
ated in SIM mode) were in the range 0.01-0.08 ug g™*
Limits of quantification (LOQs) were calculated as
three times the levels of LODs.

Regarding the quantification of the analytes, the
levels of furanocoumarins determined by either the
GC/MS or LC/MS-MS method were comparable

2156

for the same parsnip and celeriac samples. The
concentrations determined by the HPLC/UV method
were rather higher for some of the target analytes
(psoralen and angelicin). This was probably due to
co-elution of some UV-absorbing matrix co-extracts.
Since lower LODs were obtained, GC/MS method
was preferred for identification and quantification of
furanocoumarins in vegetables. The overview of the
performance characteristic is summarised in Table 3.

Determination of furanocoumarins in citrus fruits
and products containing bergamottin

To identify the optimal solvent for isolation of berg-
amottin (the major furanocoumarin in citrus fruits),
the extraction efficiency of acetonitrile, methanol
and/or ethyl acetate extraction was compared. As
documented in Fig. 4, methanol was the most suit-
able solvent in this case; moreover, this solvent is
compatible with the LC separation system. Con-
trary to vegetables representing the Apiaceae family

F Sci Food Agric 87:2152-2163 (2007)
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Table 3. Performance characteristics of the LC/UV, LC/MS-MS and GC/MS methods employed for the determination of furanocoumarins

Characteristic of method Furanocoumarin
Matrix
Method Parameter (spiking level) Angelicin Psoralen Xanthotoxin Bergapten Isopimpinellin Trioxsalen Bergamottin
LC/UV  LOD (ugg™") Vegetables 0.07 0.06 0.06 0.20 0.05 0.05 ND
(Apiaceae)
LC/MS LOD (ugg™" Vegetables, citrus 0.23 0.04 0.04 0.07 0.02 0.02 0.01
fruit
Recovery (%) Citrus pulp 110 101 101 94 92 92 97
(h=23) (Tugg™)
Citrus peel 111 111 101 104 102 100 a
(1ngg™
RSD (%) of Citrus pulp 7 2 3 4 4 3 8
method (tugg™"
(h=28) Citrus peel 7 4 6 4 2 2 a
(1ugg™)
GC/MS LOD (ugg™") Vegetables 0.02 0.08 0.038 0.04 0.02 0.01 ND
(Apiaceae)
Recovery (%) Celeriac 3ugg™) 93 102 102 97 96 95 ND
(h=23) Parsnip (10ugg™") 93 93 97 92 94 95 ND
RSD (%) of Celeriac ND 5 5 5 8 ND ND
method (0.1-16ugg~")P°
(h=28) Parsnip 4 7 7 4 4 ND ND
(1-10ugg="P

aRecovery not tested, the original content of bergamottin was 72ugg=".

b Natural level.
ND, not detected.

40

Peel

O Ethylacetate O Acetonitrile
Methanol

1.5

ugg

0.5

Pulp

O Ethylacetate O Acetonitrile
Methanol

Figure 4. Comparison of extraction efficiencies for furanocoumarins
in peel and pulp using various solvents (average values, n = 3).

where GC/MS method was the preferred alternative,
LC/MS is the only applicable procedure for analy-
sis of furanocoumarins in citrus fruit (see Fig. 5). As
shown in our preliminary experiments,?> degradation

F Sci Food Agric 87:2152—-2163 (2007)
DOI: 10.1002/jsfa

of bergamottin occurs under GC conditions even
when a programmable temperature vaporisation injec-
tor (PTV, sample introduced into cold injector with
temperature gradient 500°C min~! starting at 40 °C)
is used instead of hot splitless injector. The perfor-
mance characteristics of the procedure optimised for
citrus fruit and several other matrices are summarised
in Table 3.

Levels of furanocoumarins in vegetables and
fruits

Levels of furanocoumarins in vegetables

To generate the data needed for estimation of
furanocoumarins dietary intake, average levels of
these natural toxins were determined in samples
collected at retail market. As shown in Table 4, the
furanocoumarin levels determined were within the
range reported for various crops and products in the
literature.? It should be noted that the average levels
of the relatively more toxic linear furanocoumarins
(represented by xanthotoxin, bergapten and psoralen)
in celeriac root and parsnip were comparable.
In addition, angular furanocoumarins (angelicin,
sphondin and isobergapten) were contained in parsnip
in relatively high amounts as well. According to results
obtained in animal experiments,? these compounds
demonstrate relatively lower toxicity. One should
be aware that considering the wvalues of ‘total’
furanocoumarins for the dietary risk assessment
might be rather misleading, the content of individual
compounds should always be specified.
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Figure 5. LC/MS analysis of furanocoumarins in extract from lime pulp (aliquot contained in injected sample corresponded to 2 mg of the original
matrix); content of individual analytes was 0.8 ugg~" for isopimpinellin, 0.3ugg~" for bergapten and 5.8 ugg~" for bergamottin.

Table 4. Average levels of furanocoumarins in food products obtained at a Czech market (ugg~"), compared with the results from another study

Vegetable

Parsnip
(Pastinaca sativa)

Celeriac root
(Apium graveolens)

Parsley
(Petroselinum sativum)

Our study Published Our study Published Our study Published
Furanocoumarin (n = 50) data’ (h = 50) data’ (n = 50) data’
Linear
Psoralen <LOD-6.6 0.1-10.5 <LOD-5.8 0.1-10.5 <LOD-0.1 0.1-0.5
Xanthotoxin 1.1-28.0 0.8-48.0 1.2-9.7 0.4-22.0 0.1-0.3 0.3-1.4
Bergapten 0.9-9.0 0.9-7.0 1.5-5.9 0.7-31.5 0.2-1.7 1.0-9.0
Isopimpinellin 0.7-8.3 1.4-12.6 1.1-10.7 1.4-12.6 0.1-0.3 2.3
Trioxsalen <LOD NR <LOD NR <LOD NR
Angular
Angelicin 0.4-27.8 1.8-20.8 <LOD NR <LOD NR
Sphondin? 0.2-4.9 NR <LOD NR <LOD NR
Isobergapten? 1.0-16.3 NR <LOD NR <LOD NR
Pimpinellin® <LOD-0.7 NR <LOD NR <LOD NR
Furanocoumarin content
Total 5-89 1-140 4-38 1.1-50 0.3-2.4 1.3
Average 26.2 NR 17.3 NR 1.4 NR
Median 17.6 NR 16.4 NR 1.4 NR
RSD (%) 77 NR 56 NR 111 NR
Percentile 0.1 8.5 NR 7.4 NR 0.5 NR
Percentile 0.9 56.8 NR 30.8 NR 2.2 NR

n = number of examined samples.

NR = not reported in the published study.

2 tentative identification

1 Seborg et al., 1996.

Values in bold type are sum of all analysed furanocoumarins.

To identify potential differences in furanocoumarin
levels, various celeriac root cultivars were analysed in
the next part of our study. As shown in Fig. 6, their
profiles were very similar, while bergapten was the
dominating furanocoumarin occurring in celeriac root.
Rather surprisingly, psoralen was not detected in both
cultivars Maxim and Neon, although this compound
was unambiguously found in the other two cultivars.

Levels of furanocoumarins in vegetable products from a
Czech market

In addition to fresh vegetables, several other products
available at the market containing Apiaceae vegetables
were examined for the presence of furanocoumarins.
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Table 5 shows the content of furanocoumarins (aver-
age value obtained by analyses of the representative
sample prepared from five individual packages) in
seasoning, soup, salad and frozen vegetable mixture.
Relatively low levels of furanocoumarins were detected
in frozen vegetable mixtures (containing celeriac root,
carrot, parsnip or parsley), these relatively high con-
centrations (50 ug g~! and greater) were found in fresh
mixtures made of cut vegetables.

Levels of furanocoumarins in fruits containing
bergamottin

Citrus fruits represent another dietary source of
furanocoumarins. As shown in Table 6, the highest
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Figure 6. Comparison of furanocoumarin levels in harvested celeriac
roots (different cultivars compared).

content of these natural toxins is contained in lemons
and limes. As regards distribution of furanocoumarins
within the fruit, peels contain largest levels of
furanocoumarin (up to 50% of the total content).
Although, typically, peels of citrus fruits are removed
before consumption or industrial production of
fruit juices, this waste material is commonly used
for the isolation of essential oils. This product is
widely applied in flavouring of various foodstuffs
and, consequently, co-isolated furanocoumarins are
transferred into the respective product. For example,
high contents of bergamottin were found in some
flavoured teas (Table 6). The additional experiments
concerned with leaching of furanocoumarins into
the infusion during the tee preparation showed that
approximately 65% of their original content was
transferred from 2g of tea leaves into 100 mL of
boiling water within 5min. The total amount of
furanocoumarins in the suspension (leached tea leaves
+ infusion) did not change in this experiment, which
documents their thermal stability.

The dynamics of furanocoumarin levels in stored
and processed celery and celeriac

In general, various physiological processes take place
in food crops after harvesting,!! both biodegradation
and/or biosynthesis of secondary metabolites may
occur. Since the Apiaceae crops are often consumed
after several weeks or months after harvesting, the
influence of storage conditions on furanocoumarin
levels in selected samples was investigated.

Celeriac root

In this part of study, the levels of furanocoumarins
were monitored during 26-week storage period in
four varieties of celeriac root. As shown in Fig. 7,
all celeriac root cultivars stored in a home cellar
(experiment 1 in Table 1) showed a gradual increase
of toxins, occurring within 10 weeks of storage. The
peak concentration for all varieties was achieved in
week 10. At that time, the levels of furanocoumarins
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Figure 7. Changes of furanocoumarin levels during storage of
celeriac root in household cellar (sum of furanocoumarins; ugg=";
results expressed on a fresh weight basis, levels in dry matter did not
differ significantly).

in the Maxim cultivar were 16 times higher (the
dominating representative being xanthotoxin) as
compared to those determined right after harvesting.
In the following period, a successive decrease of
furanocoumarin levels took place and after 26 weeks of
storage, their concentrations approached the original
levels. It should be noted that, regardless the cultivar,
while only small variations in furanocoumarin content
were found for celeriac directly after the harvest
(RSD = 7%, based on analysis of 10 individual roots),
the differences of the concentrations were much higher
at the end of the storage period (RSD = 53%).

Only slightly higher levels of furanocoumarins
were found in celeriac root cultivars after storage in
refrigerator (4 °C) for the period of 12 weeks (Fig. 8;
and for experimental conditions see experiment 4 in
Table 1).

As documented in several other studies,>!'!7 the
increase/decrease of toxic secondary metabolites in
food crops occurs as a consequence of the damage of
plant tissues. As can be seen from Fig. 9, rapid increase
of furanocoumarins was observed in cut crops when
compared to the intact celeriac roots (for experimental
conditions see experiment 3 in Table 1). In contrast
to celeriac, the changes in sliced parsnip!! were less
pronounced under the same conditions.

Celeriac haulm and celery

Although the differences in furanocoumarin levels
after 4 week of celeriac roots storage at 4 °C were low
(see Fig. 8), enormous increase of their concentration
was found in celery and celeriac haulm after 4 weeks
of storage in refrigerator (Fig. 10; for experimental
conditions see experiments 4 and 5 in Table 1). An
great increase in psoralen, as high as two orders
of magnitude (originally 4ugg~! d.w. as compared
to 470pgg! d.w. after being stored), occurred in
cultivar Maxim after 2weeks of storing at these
conditions. The increasing trend in concentrations
of other furanocoumarins was also observed, although
this trend was less intense (the levels of isopimpinellin
and bergapten were only five times higher after
1 week of storage). Similar trends were reported by

2159



R Peroutka ez al.

“UOIEONIUSP] SAEIUS) ¢

rAA0) ao> aor> ao> aon> ao> 900 800 800 ao> (m/m *9/9) 1ied pinbr INEICe
66°0 ao1> ao1> ao1> ao> aor> €20 157A0) 820 G0'0 (M/m %gg) uolod pllog  Oels|ed Pas||UeIS pessed0.d
(96Gz As|sted ‘oGz diussed
€0 ao1> ao1> ao1> ao> aor> €00 €00 €00 700 ‘9%G¢ OBUSIED ‘%GZ 10LED) eoinf e|qeiebe aine
/60 ao> c0'0 ao> G0'0 ao> 0c0 GG'0 0L0 900 dnos Joj Buluosess e
€92 ao1> 0L0 R A0 AN0 ao1> 120 890 850 /90 dnos Joj Buluosess 0JaUWOoosy
Lg'¢ ao1> 710 700 6¢'0 ao1> or'0 160 c¢s’o (RA0] dnos Jo} Buluosess eMABIpOd Buluosess
lc'ec ao> aoi> aoi> aoi> aoi> aoi> lc'ec ao1> aon> Buuosesg winey Asjssed
71'6E ao> ao> ao> ao> ao> 98¢ VAR 70"+ 120 Buiuosesg winey Asisied
8059 ao1> ao1> ao1> 0922 ao1> v’y 0c'S 8G'9¢ gc't Bujuosesg  ainixiw 8|qeIeban a|geieben Mg
(9%0¢2 Aeissed ‘901
4" aoi> g0 200 0L0 aoi> g0 0g'0 /€0 800 OBLIBIED ‘%0 | J04IBD) ‘USZOI  BINIXIW Bjqelebon
(%0€ diussed ‘%0z
L€0 ao> ao1> ao1> ao> ao1> 200 0L'0 L0 €00 OBLSISO ‘%0 | 10.4BD) ‘USZ0I dnos o|qejebap
(%0¢g diusred ‘%0z
G9'vS ao1> ao1> ao1> aon> 100 VX4 07,1 06'GH B6e L) OBLBIOD ‘%0€ 104BD) ‘sl ainxiw dnog ss|qelebon
G.'G ao1> 8¢t /¥'0 SL't L0'0 R740] 650 89'| [AN¢} (%52 Aossed ‘940G 1041e0) ysa. pefes ysel4 N2 JO 8INXIN
wng  puleuidwld  pusidefiaqos| gulpuoyds  uplebuy  uspesxou]  uleuidwidos| usideBlag  UIXOJoyuex US[EIOoSd (uonisodwoo) aweu 10npo.d
uonduossq [eloJsuwon) 10 adA|

seyoleq JuslayIp aAl Jo sisAjeue Aq peureiqo (jeuerew [euiblio jo | _b6 61) Jusiuoo abelene ‘Jexiew Yyoez) & 1e paulelqo s1onpoid sjgeieban Ul supiewnoooueind G aqeL

F Sci Food Agric 87:2152-2163 (2007)

2160

DOI: 10.1002/jsfa



Analysis of furanocoumarins in vegetables and citrus fruits

Table 6. Furanocoumarins in fruits and fruit products (average, n = 5) obtained at a Czech market, average content (ugg~"')

Product Description? Psoralen Xanthotoxin Bergapten Isopimpinellin Bergamottin Sum
Fresh fruit and juices
Lemon Pulp (80%) <LOD <LOD <LOD <LOD 0.25 0.3
Peel (20%) <LOD <LOD 2.57 0.14 72.27 75.0
Grapefruit Pulp (76%) <LOD <LOD <LOD <LOD 2.96 3.0
Peel (24%) <LOD <LOD 1.92 <LOD 10.18 121
Lime Pulp (83%) <LOD <LOD 0.35 0.98 6.02 7.4
Peel (17%) 0.12 0.38 12.91 4.49 33.40 51.3
Mandarin Pulp (82%) <LOD <LOD <LOD <LOD 0.05 0.1
Peel (18%) <LOD <LOD <LOD <LOD 0.52 0.5
Orange Pulp (75%) <LOD <LOD <LOD <LOD 0.05 0.1
Peel (25%) <LOD <LOD <LOD <LOD 0.52 0.5
Grapefruit juice 100% natural <LLOD <LOD 0.001 0.002 0.098 0.1
Orange juice 100% natural <LOD <LOD <LOD <LOD <LOD <LOD
Rio Bio Activ juice 100% natural <LOD <LOD <LOD 0.330 0.290 0.6
Teas
Pickwick lemon tea Lemon peel <LOD <LOD <LOD <LOD 5.4 5.4
Pickwick Earl Grey tea Flavour <LOD <LOD <LOD <LOD 0.1 0.1
Fruit tea Orange peel <LOD <LOD <LOD <LOD <LOD <LOD
Fruit tea Lemon peel <LLOD <LOD <LOD 0.1 3.4 3.5
Fruit tea Grapefruit peel <LOD <LOD 0.1 <LOD 3.1 3.2
Tea Earl Grey (Pink teahouse) 0.1 <LOD 0.6 0.1 16.9 17.6
Tea Earl Grey (Teekanne) 0.1 0.2 0.4 <LOD 44.7 45.4
Green Tea Grapefruit peel <LOD <LOD <LOD <LOD 0.2 0.2
Green tea Lemon peel 0.1 0.1 0.1 0.3 2.6 3.3
2 Average proportion from the total weight (%).
80 = 600
| Albin B whole celeriac root
I\K/IZTJF:M 500 cut celeriac root
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Figure 8. Changes of furanocoumarin levels in celeriac roots during
storage at 4 °C (sum of furanocoumarins; ugg=").

Chaudhary:!” levels of furanocoumarins increased
four times after 44 days of storage at 4°C.

In addition to the storage experiments discussed
above, homogenised samples of whole haulm were
also analysed. Furanocoumarin levels in homogenates
varied only slightly during storage at 4 °C as compared
to the content of furanocoumarins determined in the
haulm.

Dry celery and celeriac haulm are often used in sea-
soning mixtures. In our study, a slight decrease (e.g.
118ugg! d.w., originally 152ugg™" d.w. in Maxim
cultivar, or 63 ugg~! d.w., originally 144 ugg=! d.w. in
Malachit cultivar) of furanocoumarin concentrations
was found (for experimental conditions see experi-
ments 4 and 5 in Table 1). Similar experiments were
not described in any of the published studies.
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Figure 9. Changes of furanocoumarin levels in whole and cut celeriac
root (cultivar Radiant) during storage at 4-8°C in a cellar (total
content, ugg™").
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Figure 10. Changes of furanocoumarins in celery and celeriac
haulms during storage at 4 °C (total content, ugg~" dry weight).
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Figure 11. Distribution of furanocoumarins in celeriac root infected by fungi. A = infected tissue, B = areas adjacent to rotten tissue, C = healthy

tissue (visually inspected), D = healthy (uninfected) celeriac root.

Distribution of furanocoumarins in damaged
celeriac root of Maxim cultivar

The influence of damage caused by fungal infection
on the content of furanocoumarins in celeriac roots
was investigated (for experimental conditions see
experiment 2 in Table 1). Levels of furanocoumarins
in parts infected by fungi and areas adjacent to the
affected parts of celeriac root rapidly increased to
levels as high as 200 and 180ugg~!, respectively.
Higher levels of furanocoumarins (76 pgg~!) were also
found in healthy areas (the remaining three quarters
of the damaged root, visually inspected) as compared
to healthy celeriac roots with average levels of only
48ugg~! (Fig. 11). The results are comparable with
those reported in the literature,!! where levels of
furanocoumarins were 10 times higher in affected
celery as compared to healthy celery.

CONCLUSIONS
As demonstrated in this study, both GC/MS and
LC/MS methods enable accurate identification and
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quantification of major furanocoumarins occurring in
Apiaceae and Rutaceae food crops. With the exception
of citrus fruit, the GC/MS method is the method
of choice to examine the furanocoumarin content
in plant matrices, because the crude ethyl acetate
extract can be analysed directly, while an exchange
of solvent is needed prior to LC/MS analysis. In
addition, identification is enabled when using GC
in comparison to the mass spectra obtained with
the NIST library. This is especially important for
the minor furanocoumarins, for which commercial
standards are not available yet.

The average levels of furanocoumarins determined
in fresh celeriac roots (17mgkg ') and parsnips
(26 mgkg™!) collected at a Czech market were
comparable to those reported in other similar studies;
nevertheless, a large variability in toxins levels was
shown (1-50 and 1-140 mgkg ™, respectively).

Storage conditions were found to play an important
role in the nature of the change in furanocoumarins
(for both total content and the pattern of respective
compounds) during the storage time. In this respect,
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temperature is the key factor. In general, storing the
root vegetable below 4°C prevents and increase in
furanocoumarin levels, which may occur when the
crop is kept at higher temperatures. In contrast to the
root parts, a rapid increase of furanocoumarins was
observed in haulms (even when refrigerated).

In order to reduce/minimise the dietary intake
of furanocoumarins and avoid any health risk
associated with the intake of these natural toxins,
the consumption of injured vegetables should be
totally avoided. Care should be also taken to store
vegetables properly, i.e. at rather low temperatures.
Significant reduction of the furanocoumarin content
can be achieved by peeling the vegetable carefully.
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