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Abstract

High-performance liquid chromatography analysis of crude chloroform and methanol extracts as well as methanol preparations subjected to
enzymatic hydrolysis indicated two-fold higher accumulation of umbelliferone in transformed Ammi majus L. callus grown on medium exposed
to ADR-4® (energy stimulator plate) in comparison to the control cultures. Elicitation with ADR-4® induced also two times higher accumulation
of bergapten. Three different techniques: Soxhlet extraction, ultrasonication and accelerated solvent extraction (ASE) applied for the extraction of
coumarins, furanocoumarins and corresponding glycosides from transformed callus of A. majus elicited by ADR-4® plates were compared. ASE

is shown to be the most efficient extraction method.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Ammi majus L. (Apiaceae) is one of the natural sources of
linear coumarins and furanocoumarins [1]. Due to the photosen-
sitizing activity of these compounds, the fruit of A. majus has
been used in the Mediterranean region in the treatment of leuco-
derma, psoriasis and vitiligo [2]. The majority of the photosen-
sibilising remedies used now in dermatology [e.g. Meladinine®
(Promedica, France), Psoraderm 5 (Expanscience Laborato-
ries, France), Oxsoralen® (Gerot Pharmazeutica, Austria) and
Geralen® (Gerot Pharmaceutica, Austria)] are produced on the
basis of natural sources of A. majus. Great interest in the ther-
apeutic use of coumarins has led to a series of studies dealing
with their production in in vitro cultures of different Apiaceae
plants [1,2].
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Until now, a wide variety of elicitors have been employed
in order to enhance the production of coumarins and fura-
nocoumarins in in vitro cultures of plants from Apiaceae fam-
ily [1,3-7]. Preliminary work in which ADR-4® plates mod-
ifying the intermolecular structure of water molecules were
used as an elicitor indicate induction of coumarins and fura-
nocoumarins production in A. majus culture [8]. ADR-4® is a
special type of magnetizer, which consists of magnets generat-
ing specific gradients of magnetic field and a dielectric ceramics
[http://www.adr.com.pl/].

Several methods for determination of coumarins and fura-
nocoumarins in plant extracts have been reported previously.
The most common techniques base on normal and reverse
phase high performance liquid chromatography [9-12], capil-
lary electrochromatography [13,14], capillary electrophoresis
[15], gas chromatography combined with mass spectrometry
[16] and one or two dimensional thin layer chromatography
[11,17].

The goal of the presented research was to study elicitation
of pharmacologically important secondary metabolites in trans-
formed A. majus callus cultures grown on medium exposed
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to ADR-4® plates. The additional objective was to compare
the effectiveness of three methods of coumarins and fura-
nocoumarins extraction from dried A. majus callus culture.

2. Materials and methods
2.1. Chemicals

Standards of umbelliferone, bergapten, psolaren and xanthotoxin were pur-
chased from Carl Roth (Karlsruhe, Germany). One mg of each compound was
dissolved in methanol (5 ml).

Petrol ether and chloroform (POCh, Gliwice, Poland) were of analytical-
reagent grade. All other reagents [methanol (MeOH), ethanol (ETOH), tetrahy-
drofuran (THF)] were of chromatographic grade (Merck, Darmstadt, Germany).
Bidistilled or deionised water provided by Milli-Q water purification system was
used (Millipore, Warsaw, Poland).

2.2. Invitro cultures of A. majus

Callus culture was induced from 4-week-old hairy root culture obtained after
transformation of A. majus plantlets by Agrobacterium rhizogenes strain A4
[16]. The efficient growth of transformed callus was obtained on Murashige and
Skoog medium (MS) [18] containing 2.5 mg/l a-naphthaleneacetic acid (NAA),
1.0 mg/1 6-benzylaminopurine (BAP), 3% sucrose and solidified with 0.75%
agar, pH 5.8 (adjusted prior to autoclaving). The callus cultures were grown at a
temperature of 20-22 °C under white fluorescent light with a 16 h photoperiod
(White cool fluorescent light, Philips, TLD 58W/840, 20 wmol m~2 s~!) for 4
weeks.

2.3. Induction of secondary metabolites production using ADR-4°®
plates

Immediately after autoclaving culture vessels containing still liquid MS
media were exposed to the influence of ADR-4® plates [19] for 15 min by being
whirled round over the magnetizer. Control cultures were grown on MS medium
not treated with ADR-4® after autoclaving.

Both control callus as well as callus growing on MS medium exposed to
ADR-4® plates were grown in phytotron at a temperature of 20-22 °C under
white fluorescent light with a 16 h photoperiod (20 pmol m~2 s~ 1) for 4 weeks.
Then callus was collected, dried at 50°C and extractions of the secondary
metabolites were performed.

2.4. Analytical methods

2.4.1. Extraction techniques

2.4.1.1. Soxhlet extraction. Three grams of dried and powdered in a mortar cal-
lus samples were placed in a 500 ml Soxhlet glass thimble. The extraction was
carried out using in turn petroleum ether (at the solvent boiling point 50-60 °C,
for 10h), chloroform (at the solvent boiling point 65-75 °C, for 12-16h) and
methanol (at the solvent boiling point 80-90 °C, for 12—18 h). Extracts obtained
with each solvent were collected separately. Chloroform extracts contained free
forms of coumarins and furanocoumarins but in methanol preparations glyco-
sidic forms of these compounds were present. Crude chloroform and methanol
extracts were evaporated in 50 °C and the residue was dissolved in 5 ml MeOH.

2.4.1.2. Ultrasonication extraction. The ultrasonication extraction was carried
out on a Misonix incorporated XL-2020 Sonificator® Ultrasonic Liquid Pro-
cessor (frequency 20kHz, power output 150 W). The temperature inside the
extraction solutions was kept below 5 °C by the use of an outer ice jacket. In
pulsed mode, ultrasonic vibrations are being transmitted to the solution at a rate
of 10 pulses for 5 s followed by a 5 s pause, for 30 min. Extraction of a 500 mg
sample (dried and powdered in a mortar) was carried out either with EtOH or
MeOH (total volume of 50 ml). After sonication ethanol and methanol extracts
were centrifuged at 13,000 rpm (13,793 x g) and supernatant was evaporated at
50 °C and redissolved to obtain an equivalent of 3 g DW (dry weight) diluted in
5 ml MeOH.

2.4.1.3. Accelerated solvent extraction (ASE). ASE also known as pressurized
solvent extraction was carried out using an ASE 200 Accelerated Solvent Extrac-
tor (Dionex, Sunnyvale, CA, USA). One gram of dried callus was mixed with
approximately 12 g of quartz sand and transferred to the 11 ml stainless steel
extraction cell. Cellulose filters were placed at the outlet of the extraction cell
to prevent blocking up of the frit. Extraction was performed using chloroform
followed by methanol. Extraction conditions were as follows: an extraction cell
filled with solvent was heated-up to 100 °C for 5 min, the static extraction was
performed for a period of 5min under the pressure of 7 MPa; then 33% of the
extraction cell volume was transferred to the collective vial. The static cycle was
repeated three times. Finally, the extract was purged from the cell using nitrogen
(1808, 1 MPa). Chloroform and methanol extracts of 22 ml volume each were
collected in separate vials. Chloroform and methanol extracts were evaporated
and redissolved to obtain an equivalent of 3 g DW in 5 ml MeOH.

2.4.2. Enzymatic hydrolysis of coumarin and furanocoumarin glycosides

In order to obtain free forms of coumarins and furanocoumarins in methanol
extract after Soxlet and ASE extraction 150 w1 of methanol preparation extracted
concentrated earlier to S5ml was exposed to enzymatic hydrolysis by PB-
glucosidase (Fluka) according to the procedure described by Nguyen et al.
[20]. Reaction mixture contained 150 wl of methanol extract and 0.5 mg of
B-glucosidase dissolved in 150 ul of 0.1 M acetate buffer (pH 5). Reaction
mixture was incubated at 37 °C for 24 h. Hydrolysis was stopped by adding
96% ethanol (1:1 v/v). Then, samples were evaporated at 50 °C and dissolved in
150 w1 methanol (equivalent of 3 g DW per 5 ml).

2.4.3. Determination of coumarins and furanocoumarins—HPLC

A LaChrom (Merck—Hitachi, Darmstadt, Germany) chromatographic sys-
tem, consisting of a L-7100 quaternary low pressure gradient pump, a L-7350
column thermostat equipped with a L-7350 cooling module, a L-7450A UV-vis
DAD detector, and a RH-7725i injection valve with a sampling loop volume of
20 ul was used. A Lichrospher® RP-18e 5 wm (250 mm x 4.0 mm i.d.) (Merck,
Darmstadt, Germany) column was employed.

ANlHPLC analyses were carried out at constant column temperature of 30 °C.
The mobile phase flow rate was 1.5 ml/min. Separation and determination of
the analyzed compounds was performed according to the previously published
procedure [9].

3. Results and discussion

3.1. Comparison of methods for the extraction of
coumarins and furanocoumarins from A. majus callus

In order to compare the efficiency of different extraction tech-
niques the same batch of A. majus callus culture was used. In
this study a two-stage extraction procedure when using ASE
and Soxhlet apparatus was applied. This involved chloroform
extraction in order to obtain free forms of coumarins and fura-
nocoumarins followed by methanol extraction of their glyco-
sides. Furanocoumarins are reported to be stored as glycosides
within plant tissue [21]. Each extraction technique was opti-
mised to achieve the highest yield (not published).

Because it was not possible to carry out chloroform extrac-
tion in sonificator due to rapid solvent evaporation, either
MeOH or EtOH was used. This method yielded relatively small
amounts of secondary metabolites from A. majus callus cul-
ture. In extracts obtained as a result of sonication only 50% of
bergapten extracted by Soxhlet and only 25% of this compound
gained with the use of ASE was determined. In addition, after
application of sonication we were not able to detect umbellifer-
one, which in turn was present in extracts obtained using Soxhlet
and ASE. Based on these findings, the later work was focused
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Table 1

Comparison of the efficiency of coumarin and furanocoumarin extraction from transformed callus of A. majus

Metabolites Coumarin and furanocoumarin content in transformed callus (pg/g DW)

Soxhlet extraction ASE extraction

A A+B A A+B
Umbelliferone n.d. 0.5+ 0.1 10.0 £ 0.5 250 £ 1.1
Bergapten 13.34+0.7 233+ 1.0 384 £1.2 51.7 £ 1.8

n.d.: not detected. (A) content of free umbelliferone or bergapten in chloroform extract; (B) content of umbelliferone or bergapten in hydrolysed MeOH extract.

Experiment was performed in three replicates.

on comparison of coumarin and furanocoumarin recovery using
Soxhlet extraction and ASE.

The highest yield of extraction was obtained with ASE. The
total amount of secondary metabolites (free forms and glyco-
sides) determined in ASE extracts is 2 times higher for bergapten
and 50 times higher for umbelliferone than in respective Soxhlet
extracts (Table 1). The explanation for this phenomenon could
be the fact that umbelliferone is a more hydrophilic compound
than bergapten (due to the presence of a hydroxy group) and it
is partially insoluble in hydrophobic solvents used in Soxhlet
extraction procedure (petroleum ether and chloroform). At the
same time bergapten is more hydrophobic (carrying a methoxyl
residue) and more soluble in these solvents under the same con-
ditions. Having applied ASE we took an advantage of more
efficient extraction conditions (temperature above solvent boil-
ing point and elevated pressure) than those in Soxhlet extraction,
which allowed us to obtain higher amounts of umbelliferone and
bergapten regardless of the differences in their hydrophobicity.
Also shorter extraction time decreases probability of degrada-
tion of these light-sensitive compounds. Waksmundzka-Hajnos
et al. [22] compared different extraction methods applied for
furanocoumarins extraction for Pastinaca sativa fruits and also
found ASE to be the most efficient for bergapten isolation. The
optimisation of ASE allowed the efficient extraction of analytes
from A. majus callus and therefore this technique was used in fur-
ther experiments. It was verified experimentally that the increase
in number of static extraction cycles as well as application of
higher extraction temperature (over 100°C) and pressure ele-
vation (above 7 MPa) did not improve the recovery of analyzed
compounds (results not shown). ASE can be recommend as a
useful and fully automated technique for isolation of analytes
from plant tissues. This method enables better solvent penetra-
tion throughout the plant material. Another advantage of ASE

in phytochemistry is better solubility of analytes in higher tem-
perature as well as greater selectivity of the process carried out
by successive extractions using solvents of different physico-
chemical properties [23,24]. Moreover, the repeatability of this
extraction procedure is very high—the relative standard devia-
tion of the results obtained for four independent experiment was
less than 10% for the entire analytical procedure.

3.2. Effect of ADR-4® elicitation on growth of transformed
callus

Growth rates of control and elicited callus were significantly
different. Transformed callus exhibited 20% higher increase in
dry weight (DW) and fresh weight (FW) (Table 2) when grown
on medium exposed to ADR-4® than when cultured on control
medium (not treated with ADR-4®). The influence of magnetic
field on growth of plant in vitro cultures was earlier shown by
Pittman [25] and Germana et al. [26]. In this case stimulation
of callus growth from Citrus clementina anthers and pollen was
observed after exposure to magnetic field at specific intensities.
Muraji et al. [27] proved that alternating magnetic field at 10 Hz
increased growth rate of primary roots in Zea mays seedlings.
Also studies concerning effects of alternating magnetic fields on
growth of Raphanus sativus were conducted [28,29]. Yaycili and
Alikamanoglu [30] showed the positive effect of magnetic field
on plant fresh weight, length, number of leaves and chlorophyll
content in node explants of Paulownia tomentosa and P. fortunei.

3.3. Effect of ADR-4® elicitation on coumarin and
furanocoumarin accumulation

A significant influence of ADR-4® elicitation on coumarin
and furanocoumarin accumulation in transformed callus of A.

Table 2
Comparison of the effect of ADR-4® plate elicitation on coumarin and furanocoumarin accumulation in A. majus transformed callus after ASE extraction
Type of culture Dry mass?® (g) Fresh weight” (g) Umbelliferone® Productivity of Bergapten® Productivity of
(ng/g DW) umbelliferone (ng/g DW) bergapten
(png/g DW/30 days) (ng/g DW/30 days)
Transformed callus 1.83 £+ 0.05 129 £ 1.1 250 £+ 1.1 45775 £ 1.5 517+ 1.8 93.7 £ 2.7
Transformed callus + ADR-4® 2.2 +£0.03 152+ 19 459 £ 15 101 £ 3.0 91.7 £23 201.7 £59

2 Dry mass (DM) of transformed callus from five culture vessels grown for 30 days on MS medium supplemented with 2.5 mg/l NAA, 1.0 mg/l BA, 3% sucrose

and 0.75% agar; experiment was performed in three replicates.

b Fresh weight (FW) of transformed callus from five culture vessels grown for 30 days on MS medium supplemented with 2.5 mg/l NAA, 1.0 mg/l BA, 3% sucrose

and 0.75% agar; experiment was performed in three replicates.

¢ Content of free umbelliferone or bergapten in chloroform extract and content of umbelliferone or bergapten in hydrolysed MeOH extract.
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majus was observed (Table 2). Among different A. majus cul-
ture types examined (elicited as well as non-elicited callus and
hairy root cultures) [7,16], transformed callus grown on ADR-
4®_exposed MS medium exhibited the highest umbelliferone
content. Application of elicitors such as: BION® or autoclaved
lysate of cell suspension of bacteria—Enterobacter sakazaki in
hairy root cultures of A. majus in previous work allowed to obtain
a maximal yield of this compound of 23 pg/g DW [7]. The use
of ADR-4® for stimulation of secondary metabolites produc-
tion resulted in an increase of umbelliferone production up to
45.9 pg/g DW in transformed callus (Table 2). The productivity
of this compound rose as well and amounted to about 101 pg/30
days.

A significant influence of ADR-4® plate treatment on
bergapten accumulation in callus was also noted (Table 2).
Bergapten—a very important furanocoumarin is common in in
vitro cultures of plants from Rutaceae family but it is present at
relatively low levels [2,31]. From the point of view of applica-
tion in dermathology this compound showed higher tolerability,
with less side effects than xanthotoxin [32]. It was shown that
callus and hairy root cultures of A. majus obtained after transfor-
mation with A. rhizogenes strain A4 did not contain bergapten
[16]. Elicitation of the production of this compound was noted
after application of autoclaved lysate of cell suspension of E.
sakazaki as elicitor. However, the level of this furanocoumarin
reached only 3 pg/g DW [7]. In transformed callus the level of
bergapten was 17 fold higher, about 51.7 ng/g DW (Table 2).
In addition, the use of ADR-4® plates stimulated accumulation
of this furanocoumarin in transformed callus and increased its
productivity about two times in comparison with callus grown
on medium not treated with ADR-4®,

Numerous effects of magnetic as well as electromagnetic
fields on growth and development of plants have been reported
so far, including increased regeneration capability [30], delayed
senescence, alterations in antioxidant enzyme levels [33] and
stimulation of phosphoinositide breakdown [34]. Our results
indicate that medium exposed to ADR-4®—a device which
changes parameters of the surrounding electromagnetic field,
can also significantly influence secondary metabolite produc-
tion in callus of A. majus.

Medium modification by ADR-4® consists in action of spe-
cially formed magnetic field with ceramic dielectric on which
these magnetic elements are fixed. Ceramic dielectric shows a
strong, characteristic, low-frequency absorption of electric com-
ponent of electromagnetic wave in the frequency range from
10Hz to 10kHz at a room temperature. The lower the frequency
the stronger the absorption of this material. As a result, a con-
siderable decrease in the electric field strength is visible when
the ADR-4® plate is inserted between the alternating current
(ac) field source and the object studied, i.e. the medium. Fig. 1
shows an example of electric field distribution without ADR-4®
(A) and with the plate inserted between the field source and the
measuring probe of an ESM-100 Maschek fieldmeter (B). The
measurements were performed at the ac frequency of 10 and
100 Hz.

However, the exact interaction of ADR-4® plate with the
medium as well as the mode of action of so-formed modifications

E-Field 3D [V/m]

E-Field 3D [V/m]

—
(B) 0,06 m/unit G 6

Fig. 1. Intensity of electric field in the area where MS medium for A. majus
was prepared; the area without the presence of ADR-4® (A) and with ADR-4®
placed in the C6 region (B).

of the latter on callus culture of A. majus are not known. We
suppose that the elicitation effect might be due to ability of the
device to change properties of water, which mediates some of
the interactions between enzymes and substrates [35]. Water is
an integral component of all living organisms. It does not only
simply serve as an inert diluent but also takes part in biochemical
reactions on the molecular level. Water molecules form clusters
which compose a hydrogen-bounded network. It appears that
water clustering can be affected by electric and magnetic fields
which act by changing hydrogen bond strength. As a result,
physical properties of water are altered [36,37].

Ithas also been proven that water treated either with magnetic
or electromagnetic fields i.a. enhances efflux of calcium through
biomembranes, changes colloid stability and influences the
structure of model lysosomes. Many of the proposed hypotheses
on influence of electromagnetic fields as well as magnetically
conditioned water on organisms consider interaction with the
cell membrane as the putative mechanism of changing cell sig-
nal transduction pathways [33,38]. As the observed properties
of water persist minutes or hours after conditioning (probably
due to the perturbation of the gas/liquid interface), the effect has
been termed ‘magnetic memory of water’ [38]. In our experi-
ments agar solidified medium exposed to ADR-4® retained its
properties for weeks. It is widely accepted that in the gel state
agar molecules form a three-dimensional network comprising of
double helices and containing liquid water [39]. Such structur-
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ing results in the reduction of water diffusion and stabilization of
its presence, which could be the reason for a prolonged ‘condi-
tioned state’ of the medium. Although the exact mechanism for
‘storage of information’ in water is not known our results suggest
that agar solidification of ADR-4®-treated medium ‘preserves’
the effect exerted on water.

4. Conclusions

The economic importance of furanocoumarins, chemical syn-
thesis of which is very expensive, has stimulated an interest in
establishing conditions for production of these commonly in in
vitro plant cultures. The present work indicates that biosynthe-
sis of bergapten and umbelliferone in A. majus tissue can be
induced by ADR-4® plates. These results allow to presume that
the ADR-4® induces natural defence mechanisms in organisms
towards a better balanced state. Most probably ADR-4® through
its influence on water in callus culture of A. majus stimulates the
plant’s defence system that results in an increase of coumarin
and furanocoumarin production. Moreover, it was shown that
medium conditioning affects primary metabolism of A. majus
callus by improving culture growth. In addition the presented
results indicate that ASE is the most efficient method for extrac-
tion of coumarins and furanocoumarins.
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