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Abstract The present study evaluates the effects of var-
ious cytokinins on Scutellaria alpina shoot proliferation
and production of polyphenolic metabolites (baicalin,
wogonoside, luteolin, luteolin 7-O-glucoside, verbas-
coside). The shoots were induced from shoot tips on MS
medium supplemented with IAA (indole-3-acetic acid,
0.57 uM) and various concentrations of 6-benzylaminop-
urine (BAP), kinetin, zeatin (1, 2, 4, 8 uM) or tidiazuron
(TDZ) (0.2, 0.5, 1 uM). Among the cytokinins tested, BAP
was the most effective for shoot induction, and the highest
number of shoots (25 per explant) was achieved with 2 and
4 uM BAP. Maximum biomass production was also
achieved on these media. Significantly higher baicalin,
wogonoside and verbascoside contents were recorded in
treatments containing cytokinins combined with 0.57 pM
TAA, when compared to cytokinin-free medium. TDZ at a
concentration of 0.5 uM was the most effective for
polyphenol production. However, supplementation with
cytokinins often results in the reduction of luteolin and its
7-O-glucoside production in the shoot culture of S. alpina.
ABTS [2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid)] and ferric reducing antioxidant power assays were
used to identify the antioxidant potential of methanolic
extracts from shoots cultured in the presence of different
types and concentrations of cytokinins. In both tests, the
shoots from medium supplemented with 0.5 pM TDZ
demonstrated the strongest antioxidant activity. The results
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indicate that higher polyphenolic content correlated with
greater reducing power and antiradical efficiency.
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Scutellaria alpina

Introduction

The genus Scutellaria (Lamiaceae) comprises about 300
species, which are distributed in Europe, the United States and
East Asia. Many of the plants belonging to the Scutellaria
genus have been used for centuries in traditional Chinese
medicine for the treatment of hyperlipidemia, arteriosclerosis,
allergy, antibacterial and inflammatory diseases (Shang et al.
2010). The pharmacological properties of the plants are
mainly due to the presence of flavonoids such as baicalein,
baicalin, wogonin and wogonoside (Shang et al. 2010). Bai-
calein is known to have a neuroprotective effect against MPTP
(1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine) neurotoxi-
city (Cheng et al. 2008). The flavone protects rat brain mito-
chondria against chronic cerebral hyperfusion-induced
oxidative damage (He et al. 2009). Its glucoside, baicalin, is a
potent anti-inflammatory and antitumor agent (Chang et al.
2002; Woo et al. 2006; Shang et al. 2010). Animal experi-
mentation has shown that baicalin can ameliorate the intesti-
nal cytotoxicity caused by the antitumor agent Cpt-11
(Takasuna et al. 1995). It inhibits HIV-1 infection and repli-
cation by inhibiting HIV-1 reverse transcriptase (Kitamura
etal. 1998). Wogonoside inhibits lipopolysaccharide-induced
angiogenesis (Chen et al. 2009). It demonstrates strong
activity against lipid peroxidation and an inhibitory effect on
histamine and IgE production (Lim 2003).
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Besides flavonoids, the phenylethanoid glycosides, ver-
bascoside and martynoside have been isolated from some
species of Scutellaria (Shang et al. 2010). Verbascoside has
been found to have a wide spectrum of biological proper-
ties, demonstrating antibacterial (Shoyama et al. 1986),
antiviral (Kernan et al. 1998), antioxidant (Gao et al. 1999)
and cytotoxic activities (Pettit et al. 1990).

Due to the pharmacological importance of the secondary
metabolites of Scutellaria, interest has grown in the use of
biotechnological methods to increase production. Plant
tissue culture offers a valuable alternative method for plant
micropropagation and the production of biologically active
substances under controlled conditions, regardless of sea-
son. In recent years, various strategies have been developed
which could increase the accumulation of biomass and
biosynthesis of secondary metabolites in plant cell and
organ cultures (Cole et al. 2007). Attempts to produce
phytochemicals of Scutellaria species through tissue cul-
ture have been reported earlier for S. baicalensis, S.
columnae, S. lateriflora and S. racemosa (Seo et al. 1993;
Nishikawa and Ishimura 1997; Stojakowska and Kisiel
1998; Cole et al. 2008). Previous studies describe the
successful establishment of shoot regenerating calli and
whole plants of S. altissima and these have been found to
produce important secondary metabolites (Grzegorczyk-
Karolak et al. 2013, 2015). Following on from these
studies, the present study focuses on shoot cultures of S.
alpina, a perennial herb distributed throughout the moun-
tain regions of central and southern Europe. The species is
characterized by the presence of both valuable flavonoids
and high levels of verbascoside (Nishikawa et al. 1999),
making it particularly suitable for the present study. This
paper reports the effect of different cytokinines (BAP,
zeatin, kinetin, TDZ) on the growth of shoot cultures of S.
alpina, their capacity to produce flavonoids (baicalin,
wogonoside, luteolin, luteolin 7-glucoside) and verbas-
coside, and their antioxidant activity.

Materials and methods
Establishment of in vitro culture

Scutellaria alpina seeds provided by the Botanical Garden
of the Institute of Ecology and Botany in Vacratot (Hun-
gary) were used to initiate in vitro culture. The seeds were
washed in running tap water, surface sterilized using
sodium hypochlorite (1 %) for 10 min and then rinsed
three times in sterile distilled water. They were placed on
MS (Murashige and Skoog 1962) agar (0.7 %) medium
supplemented with kinetin 0.02 mg1~' and gibberellic
acid 1 mg 1" for germination. The shoot culture was ini-
tiated from shoot tips of 3-week-old aseptically germinated
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seedlings. The explants were grown on MS agar medium
supplemented with 0.57 puM 3-inoliloacetic acid (IAA) and
2 uM 6-benzylaminopurine (BAP), and were subcultured
every 5 weeks (Grzegorczyk-Karolak et al. 2013). All
cultures were kept at 26 £ 2 °C under a 16 h photoperiod
provided by cool white fluorescent lamps (approximately
40 pmol m > s™ ).

Shoot proliferation and biomass production

The shoot tips (0.5 cm) of in vitro growing shoots of S.
alpina were used as starting material in the experiments.
The explants were incubated in tubes containing 25 ml of
MS agar medium supplemented with 0.57 uM TAA and
various types and concentrations of cytokinin (1, 2, 4,
8 UM BAP, zeatin or kinetin and 0.2, 0.5 or 1 uM TDZ).
Shoot tips grown on MS medium without cytokinin, only
with 0.57 uM TAA, were used as a control. After 5 weeks,
shoot fresh and dry weights [g/tube], the average number of
shoots formed per explant (shoot multiplication rate), the
length of the main shoots [cm] and shoot morphology in
terms of hyperhydricity were recorded. Experiments were
repeated three times, and each series consisted of 10-20
explants.

Preparation of extracts

This extraction was performed as described previously
(Grzegorczyk-Karolak et al. 2015). Briefly, lyophilized
plant material (250 mg for phytochemical analysis and
500 mg for antioxidant assay) was pulverized and pre-ex-
tracted with chloroform overnight to remove chlorophyll.
After filtration, the remaining plant material was extracted
three times with 30 ml 70 % methanol for 15 min using an
ultrasonic bath. The extracts were combined and evapo-
rated under reduced pressure.

Determination of secondary metabolites

Ultra-high performance liquid chromatography (UPLC)
was used for quantitative evaluation of the verbascoside,
baicalin, wogonoside, luteolin and luteolin-7-O-glucoside
content of shoots propagated on media with different types
and concentrations of cytokinins. Chromatographic analy-
sis was performed as described earlier for Scutellaria
altissima (Grzegorczyk-Karolak et al. 2013) using an
Agilent Technologies 1290 Infinity UPLC apparatus
equipped with a diode array detector on a Zorbax Eclipse
Plus C18 column (100 x 3 mm; 1.8 um Agilent Tech-
nologies). The mobile phase consisted of 0.1 % formic acid
in acetonitrile (v/v) (solvent A) and 0.1 % formic acid in
water (v/v) (solvent B). A gradient program was applied as
follows: 0—15 min 20-30 % solvent A, 15.1-17 min 99 %
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solvent A at flow 0.3 ml min~'. The detection wavelength
was set at 320 nm. In the analyzed samples, baicalin,
wogonoside, luteolin, 7-O-glucoside of luteolin and ver-
bascoside were identified by comparing their retention
times (8.6, 13.6, 12.4, 4.1, 3.6 min., respectively), UV
adsorption profiles and MS data with corresponding stan-
dard compounds. Liquid chromatography—mass spectrom-
etry (LC-MS/MS) data of the compounds has been
previously published (Grzegorczyk-Karolak et al. 2013,
2015).

Calibration curves were used to quantify the com-
pounds. Linear standard curves were obtained by plotting
standard concentration (baicalin: 220-1100 pg ml~!,
wogonoside: 3201600 pg ml~, luteolin: 220-1000 pg ml ™",
luteolin-7-glucoside: 200-1000 pg ml~' and verbascoside:
2001000 pg ml™") as a function of peak area. The mean
recovery values for the two fortification levels of the
individual components were as follows: baicalin—112.8
and 100.63 %, wogonoside—95.11 and 99.44 %, lute-
olin—105.4 and 89.45 %, its glucoside—100.42 and
94.29 %, verbascoside—95.48 and 93.07 %. The contents
of the compounds in the tested plant materials were
expressed as mg g~ ' of dry weight (wt).

Antioxidant assays

The antioxidant potential of methanolic extracts from S.
alpina shoot cultures was evaluated using ABTS [2,2'-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)] cation
radical and ferric reducing antioxidant power (FRAP)
assays.

FRAP assay

The FRAP assay was performed according to Pulido et al.
(2000). Briefly, 3 ml of freshly prepared FRAP reagent was
mixed with 300 pl redistilled water and 100 pl of the
methanol extract. The FRAP reagent was prepared by
adding 2.5 ml 10 mM TPTZ (2,4,6-tris(2-pyridyl)-s-tri-
azine) solution in 40 mM HCI, 2.5 ml of 20 mM aqueous
FeCl;x6H,0 solution and 45 ml of 0.3 M acetate buffer at
pH 3.6. The reaction mixture was incubated at 37 °C for
15 min. The absorbance was measured after 15 min at
595 nm relative to a blank (a sample containing methanol
instead extract). The antioxidant activity was determined
against a standard of known FRAP value: ferrous sulphate
calculated from a calibration curve of 0-2000 puM.

ABTS radical scavenging assay
The antioxidant activity was also determined using the

ABTS radical cation decolourisation test according to Re
et al. (1999). An ABTS stock solution was prepared by

mixing 7 mM ABTS (Sigma Aldrich) with 2.45 mM
potassium persulfate (Sigma Aldrich). This mixture was
kept in the dark at room temperature for 12-16 h before
use. ABTS solution was diluted with methanol until an
absorbance of 0.7 & 0.05 was obtained at 734 nm for the
negative control, which was prepared by mixing 2 ml
ABTS solution with 2 ml of methanol. The assays were
performed by adding 2 ml of extracts (at concentrations of
2.0, 20.0, 100.0, 200.0, 500.0 and 1000.0 pg ml~") to 2 ml
of ABTS solution. The absorbance was measured after
10 min at 734 nm. The results were expressed as ECsq: the
concentration of sample at which 50 % of maximum
scavenging activity was recorded.

Statistical analysis

The results were expressed as the means + (standard error)
SE of three repeated independent experiments. The sig-
nificance of the differences between the mean culture
growth values was calculated using the Kruskal-Wallis test
(» < 0.05) test with Statistica 10.0 software (Statsoft
Poland). Correlation analysis was also performed in order
to determine relationships among variables.

Results

Effect of cytokinins on shoot multiplication
and biomass production

The shoot tips of S. alpina were cultured on MS agar
solidified medium supplemented with TAA (0.57 uM) and
a cytokinin: either BAP, kinetin, zeatin or TDZ. BAP,
kinetin and zeatin were added to the medium at the con-
centrations of 1, 2, 4 or 8 uM. However, as the biological
activity of TDZ is known to be generally higher than that of
adenin-type cytokinins (Guo et al. 2011), it was used at
lower concentrations in the present study (0.2, 0.5 and
1 uM). Since the shoot tip explants did not grow on the
hormone-free medium, shoots grown on MS medium
supplemented with auxin (0.57 uM IAA) were used as
control samples. The effect of cytokinins on axillary shoot
proliferation of S. alpina and biomass, in terms of fresh and
dry weight, were recorded after 5 weeks of culture. The
results are presented in Figs. 1 and 2.

For all types and concentrations of cytokinins, the mean
number of axillary shoots per S. alpina explant was higher, in
most cases significantly, than those of the control MS med-
ium supplemented only with 0.57 uM TAA (Fig. 1). The
most effective cytokinin was BAP, with the highest mean
number of axillary shoots (25.0 per explant) being induced
by BAP at 2 uM, and the number of shoots not being sig-
nificantly different (at p < 0.05) compared with BAP at
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4 uM (23.5 per explant). However, increasing the BAP
concentration to 8 M or decreasing it to 1 pM resulted in a
significant reduction in the number of shoots to 17.2 and 18.5
per explant, respectively. Most of the shoots grown in the
presence of BAP demonstrated normal morphology and had
well developed leaves; a maximum 9 % of proliferating
shoots were hyperhydrated with a reduced number of leaves
when the highest BAP concentration (8 uM) was used. In the
presence of other cytokinins, the multiplication rate of S.
alpina shoots was significantly lower and ranged from 6.4 to
8.2 for TDZ, from 3.0 to 6.8 for kinetin and from 5.3 to 6.9 for
zeatin (Fig. 1). The quantitative response of the different
cytokinins on shoot length is presented in Fig. 1. Shoot
length was the greatest on the control medium (8.05 cm),
followed by 1-4 uM zeatin supplementation (5.4-5.5 cm).
The shortest shoots (1.8—-1.9 cm) were obtained on medium
supplemented with higher concentrations of BAP (4-8 pM).

The addition of cytokinin to the auxin-containing med-
ium (0.57 uM TAA) also significantly increased the mean
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dry and fresh weights of cultures, except in the presence of
1 and 2 pM kinetin (Fig. 2). In these cases, no significant
differences were observed in the number of shoots pro-
duced per explant when compared to those on the control
medium (Fig. 1). The highest biomass (dry and fresh
weight per culture vessel) was achieved for S. alpina shoots
cultured in the presence of 4 UM BAP: a 78-fold increase
in fresh weight (0.678 g per tube from an initial inoculum
of 0.0087 g per tube) and a 74-fold increase in dry weight
(0.063 g per tube from an initial inoculum of 0.00085 g per
tube) were observed after 5 weeks of culture on the med-
ium. Similar results were obtained in the shoot culture
treated with 2 uM BAP (Fig. 2).

Effect of cytokinins on polyphenolic compound
production

Verbascoside, baicalin, wogonoside, luteolin and luteolin
7-O-glucoside were identified in all S. alpina shoot extracts
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by a comparison of their retention times, UV spectra and
mass spectra with those of standard compounds (Grze-
gorczyk-Karolak et al. 2013). However, the level of the
polyphenolic compounds was quantitatively modified by
the type and concentration of cytokinin present in the
culture medium (MS with 0.57 uM IAA) (Fig. 3).

The predominant metabolite was baicalin. Its content in
S. alpina shoot biomass ranged from 4.53 to
18.79 mg g~' dry weight (wt) (Fig. 3b). The maximum
amount of the metabolite was found in the extract from
the biomass of shoots growing on the medium containing
0.5 uM TDZ. Baicalin content fell to around 75 % of the
amount when lower (0.2 uM) and higher (1 pM) con-
centrations of TDZ were used (Fig. 3b). The levels of
baicalin in shoots grown on the media containing TDZ
were 3—4 times higher than those seen in the control
medium, i.e. MS supplemented only with auxin. Also, the
addition of other cytokinins (BAP, kinetin, zeatin) to a
medium supplemented with 0.57 uM TAA stimulated the
accumulation of baicalin in proliferating shoots, espe-
cially when they were added at higher concentrations (4
or 8 uM). For example, baicalin production by shoots
grown on media containing 0.57 uM IAA and 8 UM BAP
or zeatin was approximately 12.5 mg g~ dry wt, while
that of shoots grown at an equimolar concentration of
kinetin was 15.5 mg g~' dry wt (Fig. 3b). The levels
were about 20-30 % less than in the shoots grown in the
presence of 0.5 pM TDZ.

A similar tendency was noted with respect to wogono-
side, although the flavone was found in S. alpina shoot
cultures in lower amounts than baicalin. The greatest
wogonoside content (7.04 mg g~ dry wt) was observed in
the presence of 0.5 uM TDZ, this value being about 1.5
times more than on media containing 0.2 or 1.0 uM of the
cytokinin and up to 9 times more compared to the control
medium (0.78 mg g~' dry wt) (Fig. 3c). High levels of
wogonoside (above 4 mg g~ dry wt) were also found in
the shoots grown on media supplemented with 8§ puM BAP,
8 UM zeatin or 4 pM Kkinetin (Fig. 3c).

TDZ was also more effective than the other cytokinins
tested (BAP, zaeatin, kinetin) for verbascoside production.
Its quantity was highest in the shoots multiplied on media
containing 0.5 or I pM TDZ combined with 0.57 uM TAA
(9.76 mg g~' dry wt and 9.36 mg g~ dry wt, respec-
tively). The levels were about 40 % higher than that found
on the control medium (MS without cytokinin). However,
supplementation with zeatin (2 and 4 uM), kinetin (1 uM)
and BAP (1 and 8 uM) resulted in lower verbascoside
production compared to treatment with auxin only
(0.57 uM TAA). The lowest content of the phenylethanoid
(3.75 mg g~ ' dry wt) was reached on MS medium sup-
plemented with 1 pM kinetin (Fig. 3a).

The quantity of luteolin was reduced below that
observed in the control shoots following treatment with
cytokinin (Fig. 3d). Only cultures treated with 2 uM BAP
displayed amounts of luteolin similar to those of the control
(about 3.5 mg g~ ' dry wt). These cultures also revealed
significantly higher luteolin 7-glucoside levels than con-
trols (1.68 vs 1.39 mg g~ ' dry wt). In the other hormonal
variants, the luteolin 7-glucoside levels were either lower
or identical to those recorded in the control (Fig. 3d). It
should also be noted that although the different types and
concentrations of cytokinins have varying degrees of
influence on the production of luteolin and its glucoside,
the ratios between these compounds tend to be similar in
the S. alpina shoots, ranging from approximately 1.9 to
2.3:1. Exceptionally, treatment with 1 pM TDZ resulted in
a luteolin content only 50 % more than that of its glucoside
(Fig. 3d).

Antioxidant activity

The ABTS and FRAP in vitro assays were used to evaluate
the antioxidant activity of methanolic extracts from S.
alpina shoot cultures multiplied on MS medium supple-
mented with BAP, kinetin, zeatin or TDZ. Extract of shoots
from MS medium containing 0.57 uM TAA, without
cytokinin, was used as control. The ABTS test was used to
characterize antiradical scavenging properties, while the
FRAP assay was employed to measure the capacity of the
extracts to reduce ferric ions (Fe3+ to Fe”). The results are
presented in Fig. 4.

Similarly to secondary metabolites, an exogenous sup-
ply of a cytokinin was found to significantly affect the
antioxidant properties of analyzed shoot cultures (Fig. 4).
The ABTS assay revealed the free radical scavenging
activity of shoot cultures, expressed as ECs, to range from
28.27 to 118.56 pug ml~', while the FRAP test of the same
extracts found reducing power to range from 775.62
Fe(Il) g~ " extract dry wt to 265.73 Fe(I) g~ extract dry
wt. For both assays, the highest activity was found in
shoots grown with 0.5 pM TDZ, which was also charac-
terized by the highest level of secondary metabolites ana-
lyzed. The ECs, values indicated that the weakest free
radical scavenging properties were found for plant material
cultured on medium supplemented only with auxin (con-
trol), and shoots kept in the presence of auxin combined
with 2 and 4 uM zeatin (Fig. 4). The extracts which
exhibited the weakest effects on reducing ferric ions were
those from shoots grown on medium supplemented with
2 UM zeatin and those treated with 1 pM Kkinetin.

The analysis of correlation coefficient values revealed
a strong relationship between the antioxidant activity of
shoot cultures treated with different cytokinins and the
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Fig. 3 The effect of various cytokinins and their concentrations on
polyphenolic compound a verbascoside, b baicalin, ¢ wogonoside,
d luteolin and luteolin-7-glucoside) production in S. alpina shoots
after 5 weeks of culture on MS medium with IAA (0.57 uM). The

total polyphenolic compound content, calculated as the
sum of verbascoside, baicalin, wogonoside, luteolin,
luteolin 7-glucoside, (r = 0.97 and —0.93 for FRAP and
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results are expressed as means of three replicates = SE. The means
with the same letter for the same parameter do not differ significantly
according to the Kruskal-Wallis test (p < 0.05)

ABTS assays, respectively). Some correlations were also
found with the content of some individual compounds
(Table 1).
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Fig. 4 Antioxidant activities of S. alpina shoot extracts determined
by the ABTS radical scavenging and reducing power (FRAP) assays.
The results are expressed as mean £ SE. The means with the same
letter for the same test do not differ significantly according to the

Table 1 Comparison of correlation coefficient (r) between different
parameters (biomass, proliferation rate, antioxidant assays) and
metabolite (verbascoside, baicalin, wogonoside, luteolin-7-glucoside,

Kruskal-Wallis test (p < 0.05). Single asterisk ECsq the concentra-
tion of sample (ugml™') showing 50 % of maximal radical
scavenging activity. Double asterisk Ferric reducing antioxidant
power expressed in pM Fe(I) g~' dw

luteolin, total polyphenolic) contents in S. alpina shoot cultures
grown on MS media with IAA (0.57 ptM) and different type and
concentrations of cytokinins

Shoot Fresh wt Dry wt ABTS FRAP (uM Fe(II)
proliferation (g tube ™ ") (g tube ™ ") ECso (ng ml™!) gf' dry wt)
Verbascoside —0.02 0.04 0.02 —-0.74 0.84
Baicalin 0.17 0.23 0.22 —0.93 0.95
Wogonoside 0.15 0.23 0.21 —0.86 0.94
Luteolin-7-glucoside 0.10 0.10 0.10 —0.56 0.54
Luteolin —0.04 —0.07 —0.06 —0.29 0.22
Total polyphenols® 0.13 0.19 0.17 —0.93 0.97

Bold values indicate strong or very strong correlation

 Total polyphenolic compound content calculated as the sum of verbascoside, baicalin, wogonoside, luteolin and luteolin 7-glucoside

Discussion

The current study is the first to evaluate the role of different
types of cytokinin, i.e. BAP, kinetin, zeatin and TDZ, in
combination with 0.57 uM TAA on S. alpina shoot culture:
its growth, shoot proliferation, secondary metabolite pro-
duction and antioxidant activity. Almost all cytokinins
increased shoot multiplication, apart from kinetin at con-
centrations of 1 and 2 uM. Among these, 2 and 4 pM BAP
were the most effective treatments, producing 23-25 shoots
per explant within 5 weeks of culture. BAP has been
reported to be more efficient at inducing shoot proliferation
than other cytokinins in many other plants, including some
Scutellaria species. Joshee et al. (2007) found the maxi-
mum number of shoots from shoot tips of S. integrifolia (23
per explant) to be obtained on MS medium supplemented
with 2.2 uM BAP, while for S. discolor the best results
were obtained in the presence of 4.4 pM BAP (Sinha et al.
1999). Also, the increase in fresh and dry biomass of S.

alpina shoots grown for 5 weeks on media containing BAP
was largest, although the shoots were shorter than those
grown in the presence of other tested cytokinins, especially
kinetin and zeatin, and those cultured on control medium
(MS without cytokinin). These findings suggest that shoot
biomass could be affected more by proliferation rate than
the growth of individual shoots.

The results of the present study confirm that changes in
the type and concentration of cytokinin applied can dras-
tically affect product accumulation. For example, cytoki-
nins have been reported to increase production of alkaloids
in cell cultures of Catharanthus roseus (Decendit et al.
1992), lignans in Phyllanthus amarus shoots (Nitnaware
et al. 2011) and anthocyanins in Oxalis linearis callus
(Meyer and van Staden 1995). Conversely, they have also
been observed to inhibit secoiridoid production in Black-
stonia perfoliata shoots (Sabovljevic et al. 2006) and rutin
in the callus and adventitious root culture of Morus alba
(Lee et al. 2011). The findings of the present study
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demonstrate that total polyphenolic content (calculated as
the sum of verbascoside, baicalin, wogonoside, luteolin and
luteolin 7-glucoside) in S. alpina shoot cultures varied from
13.37 to 39.49 mg g~ ' dry wt, which was found to be
much higher under optimal cytokinin conditions than in
cytokinin-free controls (17.15 mg g~ dry wt). This dif-
ference is a result of the positive effect of suitable con-
centrations of cytokinins on the accumulation of baicalin,
wogonoside and verbascoside. A different tendency was
observed regarding luteolin and luteolin 7-O-glucoside:
luteolin concentration was significantly lower in S. alpina
shoots grown in the presence of cytokinins, except 2 pM
BAP, than those grown on control medium.

Although BAP was more effective in improving S.
alpina shoot proliferation and biomass production than
TDZ, TDZ was more effective than BAP, kinetin and
zeatin in inducing baicalin, wogonoside and verbascoside
production. These findings indicate that polyphenolic
compound production in S. alpina shoot culture is not
associated with biomass accumulation, as confirmed by a
correlation coefficient (r) lower than 0.23 between the
concentrations of analyzed compounds and the fresh and
dry weights of S. alpina shoot cultures treated with the
cytokinins (Table 1). Biomass-independent production of
total phenolic content was also recently reported by Ali
et al. (2013) in callus cultures of Artemisia absinthium.

The highest amounts of baicalin, wogonoside and ver-
bascoside were observed in the S. alpina shoots grown in the
presence of 0.5 pM TDZ. Under these conditions, baicalin
content (18.8 mg g~ dry wt) was 8.5 times higher than that
observed in the aerial parts of field-grown plants of S. alpina
(Zgoérka 2006). The present study represents the first
description of the wogonoside content of S. alpina. Com-
paring these findings and those of Islam et al. (2011) with
other closely related and pharmacological important
Scutellaria species, the following observations can be made.
The accumulation of wogonoside in S. alpina shoots grown
on MS medium supplemented with 0.5 pM TDZ can be seen
to be greater than that found in the leaves, stems and roots of
S. racemosa (0-2.05 mg g~ dry wt) and S. tomentosa
(0-5.68 mg g~ dry wt), as well as the stems of S.
baicalensis (5.6 mg g~ dry wt). However, these levels are
lower than those observed in the roots of S. baicalensis,
which were found to contain 12 mgg~' dry wt of
wogonoside. Although the roots of S. baicalensis also con-
tained the highest level of verbascoside of the Scutellaria
plants, (2.35 mg g~ " dry wt) (Islam et al. 2011), this value
was significantly lower than that previously observed by
Nishikawa et al. (1999) in the roots of S. alpina, which
produced about 2.8 % dry weight of verbascoside. This level
was three times higher than that obtained in our shoot culture
of S. alpina grown under optimized cytokinin conditions: i.e.
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on MS medium in the presence of TDZ (0.5 or 1 puM) (about
9.5 mg g~ dry wt).

The stimulatory effect of TDZ on axillary shoot prolif-
eration and adventitious shoot induction is well documented.
However, the effect of TDZ on the biosynthesis of secondary
metabolites has rarely been investigated and it is not clear
how TDZ increases the production of flavones (baicalin and
wogonoside) or phenylethanoid glycoside (verbascoside) in
S. alpina shoot culture. According to Ramawet and Merrilion
(1999), the plant growth regulators do not react with the
intermediate compounds of the biosynthetic pathway, but
appear to change cytoplasmatic conditions for product for-
mation. Sakakibara (2006) speculate that cytokinin signifi-
cantly suppresses the transport of macronutrients such as
nitrate, ammonium, sulfate and phosphate, while nitrate
regulates the expression of genes involved in the phenyl-
propanoid and flavonoid pathways. Previous studies report
that while TDZ is believed to be the cytokinin responsible for
elevated production of hypericin in Hypericum perforatum
shoot culture (Liu et al. 2007), it is also responsible for
reducing the levels of hypericin and pseudohypericin in H.
maculatum and H. sampsonii shoots (Coste et al. 2011; Liu
et al. 2007). In our study, TDZ decreased luteolin and lute-
olin 7-glucoside levels in shoot culture of S. alpina in a
similar way to other cytokinins, such as kinetin, zeatin and
BAP (with the exception of 2 uM BAP). The similarity
between the biochemical pathways of luteolin and its glu-
coside in shoot cultures treated with cytokinins was con-
firmed by the high positive correlation between their ratio
obtained (0.88). The high positive correlations between
baicalin, wogonoside and to an extent, verbascoside
biosynthesis, and the weak correlation between these
polyphenols and the biosynthesis of luteolin and its glu-
coside suggest that accumulation of these phytochemicals in
the presence of cytokinins can occur via different pathways.

The present study is the first to evaluate the antioxidant
potential of S. alpina. The antioxidant activity of S. alpina,
as assessed by the ABTS and FRAP tests, was found to
have a strong correlation with total polyphenolic levels in
shoot extracts. Such a relationship is not surprising and has
been previously published for many other phenolic-rich
species of the Lamiaceae family such as Salvia officinalis
(Grzegorczyk-Karolak et al. 2007), Lycopus lucidus
(élusarczyk et al. 2009) or Dracocephalum moldavica
(Weremczuk-Jezyna et al. 2013).

Conclusion
The present study demonstrates that S. alpina can be suc-

cessfully propagated in vitro using shoot tip explants. Of
the cytokinins tested, BAP was the most effective for shoot
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proliferation and biomass production. The type of cytoki-
nin and its concentration was also found to significantly
influence the accumulation of bioactive metabolites S.
alpina shoot cultures and their antioxidant activity. These
findings indicate that shoots regenerated from shoot tips on
MS medium containing auxin (0.57 uM IAA) and 0.5 uM
TDZ can be a rich source of baicalin, wogonoside and
verbascoside, compounds with many therapeutic proper-
ties. Further research is needed to evaluate whether pro-
duction of the metabolites in S. alpina shoots depends on
the type and concentration of auxin combined with TDZ,
and how this can be the case.
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ativecommons.org/licenses/by/4.0/), which permits unrestricted use,
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