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1. Introduction

Botanicals are among the most important sources of natural antioxidants and
other valuable phytochemicals which may find applications as novel food additives
or bioactive ingredients for functional foods and nutraceuticals. In addition, more
than 25% of the pharmaceutical drugs prescribed worldwide are derived from the
plant sources (Schmidt et al., 2008). Moreover, ‘naturalness’ has become one of the
most important factors for the consumer’s preferences in choosing various products
for human consumption. Therefore, the interest in a more systematic and
comprehensive characterisation of less studied plant species has been systematically
increasing. Such studies are necessary for developing new natural preparations
which might impart double benefits to foods, i.e. by not only enhancing their health
benefits but also by providing antioxidant and antimicrobial protection; in the latter
case, they may be considered as promising alternatives for such currently widely
used synthetic food additives as butylated hydroxytoluene (BHT), butylated
hydroxyanisole (BHA), benzoates and others which are prominently becoming more
and more refused by the consumers due to safety concerns.

Numerous studies have demonstrated that dietary antioxidants may protect
human cells from the negative effects of excessive free radicals which are linked to
the development of many chronic diseases; if present in foods, such constituents
may retard lipid oxidation and rancidity. Oxidation of lipids in foods reduces the
sensory quality and nutritional value of the food products (Kristinova, Mozuraityte,
Storrg, and Rustad, 2009), while in living organisms under conditions of excess of
reactive oxygen species (ROS), they may damage cell membranes, accelerate their
ageing, and induce the development of a number of diseases. Therefore, the
application of natural antioxidants in foods is considered as a promising means for
increasing their shelf-life, reducing waste and nutritional losses (Tsuda, Osawa,
Ohshima, and Kawakishi, 1994). All the above-mentioned factors as well as the
presence of a vast number of poorly investigated plant species foster search and
valorisation of new sources of valuable and applicable natural substances, including
dietary antioxidants.

Lamiaceae family herbs are among the most popular aromatic, medicinal and
spicy plants, many of which have been extensively studied and reported to
accumulate high amounts of essential oils, strong phenolic antioxidants and other
valuable constituents. Some species of ‘sage’ (the common name used for many
genus Salvia plants) have also been widely used in cosmetics, perfumery, soft drinks
and various foods. S. officinalis and S. sclarea are the most thoroughly studied
Salvia species, whereas the information about many other Salvia species is rather
scarce. To fill this gap, 10 different Salvia spp. plants, namely S. amplexicaulis, S.
austriaca, S. forsskaolii, S. glutinosa, S. nemorosa, S. officinalis, S. pratensis, S.
sclarea, S. stepposa and S. verticillata have been selected.

In order to obtain valuable compounds from 10 different Salvia spp. plants,
various extraction techniques and different polarity solvents were used. Scholarly
practice has proven that only by consecutively employing different techniques can
the best results be actually achieved. In this study, the antioxidant properties as well
as the composition of phenolic and volatile compounds were also evaluated for the
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valorisation of Salvia spp. as new raw materials for the isolation of functional
ingredients for human nutrition.

The Aim of the Research

The aim of this work was to investigate phytochemical composition of volatile
and polyphenolic compounds and antioxidant potential of various plant species of
the genus Salvia using different extraction methods and different polarity solvents
for their processing and to assess theoretically the potential of their wider
application in the preparation of functional ingredients with health benefits.

The following objectives were outlined in order to achieve this aim:

1. To evaluate the applicability and effectiveness of various extraction
methods and solvents for the separation of different polarity soluble fractions from
10 Salvia spp. plants and to assess their yields.

2. To evaluate the antioxidant potential of soluble fractions isolated from 10
Salvia spp. plants by various methods using radical scavenging and other antioxidant
capacity measurement assays.

3. To determine the content of total phenolics in soluble fractions isolated from
10 Salvia spp. plants by employing various methods and to evaluate their
composition by using the chromatographic and mass spectrometric methods.

4. To determine the variations of the main compounds identified in Salvia spp.
plants and to evaluate the species in terms of their possible uses for the recovery of
valuable natural compounds.

5. To determine the composition of tocopherols in lipophilic CO, extracts of
Salvia spp.

6. To determine the composition of volatile compounds in volatile fractions of
different Salvia spp. plants isolated by employing simultaneous solvent extraction-
distillation and supercritical fluid extraction methods.

7. On the basis of the obtained experimental results, to theoretically evaluate
the prospects of application of Salvia extracts in the preparation of functional
ingredients with health benefits.

Scientific Novelty

The following scientific novelty was achieved by fulfilling the above outlined tasks:

1. Systematic studies on the variations of antioxidant properties and total
phenolic compounds in various extracts isolated from different Salvia spp. plants
were performed for the first time.

2. The phytochemical composition of the majority of plants of Salvia spp.
selected in our study has not been reported previously. Only the common sage
(Salvia officinalis) has been studied to some extent; although it is used in our study
mainly for comparison purposes, comprehensive evaluation of its fractions isolated
by using green high pressure extraction and fractionation technologies has not been
reported previously.
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3. We applied comprehensive and complex approach in the fractionation of
Salvia spp. (separation into lipophilic and other fractions by different polarity green
solvents, determination of the phytochemical concentration in the extracts and in the
whole plant material). This approach has never been applied previously to any of the
Salvia plants selected for our research; it has even never been applied to the more
frequently studied S. officinalis and S. sclarea. Moreover, this concept has been
rather scarcely applied to other plants as well.

4.Some  phytochemicals (ethyl gallate, 3',4',5,7-tetraxydroxy-3-
methoxyflavone, hyperoside and isorhamnetin-glucoside) are reported in Salvia spp.
plants for the first time.

5. The composition of the volatile compounds of the majority of the Salvia
spp. plants selected in our study has never been reported previously. Only Salvia
officinalis has been studied, which is predominantly used in our study for
comparison purposes only.

Practical Significance

It was established that ethanolic extracts of S. officinalis, S. sclarea, S.
amplexicaulis, S. verticillata, S. nemorosa, S. forsskaolii and S. pratensis are rich in
bioactive compounds; these results are practically important for further valorisation
of the use of plant extracts as a source of natural antioxidants in the food industry as
they may serve for food enrichment with bioactive compounds. The
chromatographic data of S. amplexicaulis, S. austriaca, S. forsskaolii, S. glutinosa,
S. nemorosa, S. officinalis, S. pratensis, S. sclarea, S. stepposa and S. verticillata
extracts obtained by using different extraction methods provide important
information on the variations in their phytochemical composition. This information
is useful for the industry in terms of the selection of the proper Salvia spp. and
extraction solvent thus ensuring the highest recovery of bioactive compounds.

Structure and Outline of the Dissertation

The dissertation is written in English. It consists of a list of abbreviations, an
introduction, a review of the most relevant scholarly literature, a section on the
employed materials and methods, a chapter covering the results and discussion,
conclusions, literature references (in total, 231 references were used), and a list of
the author’s publications on the theme of this dissertation. The final work contains
98 pages including 9 tables and 18 figures.

Publication of the Research Results

The results of the research have been presented in 3 publications delivered in
journals covered in the list of Clarivate Analytics (formerly, Thompson Reuters)
Web of Science database and reported at 5 international conferences.

Key Points Presented for the Defence:

1. Application of consecutive extraction with supercritical CO, and pressurised
liquid extraction with higher polarity solvents enables to obtain from Salvia spp.
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plant material whose valuable fractions possess strong antioxidant capacity and high
concentrations of bioactive compounds.

2. Some underinvestigated Salvia spp. plants, namely, S. amplexicaulis, S.
verticillata, S. nemorosa, S. forsskaolii and S. pratensis, may represent promising
material for the recovery of valuable natural compounds.

3. The composition of volatile constituents of Salvia spp. plants isolated by
simultaneous solvent extraction-distillation and supercritical fluid extraction
methods is significantly different.
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2. Literature Review

2.1. Antioxidants in Plants
2.1.1. Classification of Antioxidants

During the recent years, the most widely used definition of antioxidants was
proposed by Halliwell and Gutteridge (1995): “any substance that, when present at
low concentrations compared with that of an oxidizable substrate, significantly
delays or inhibits oxidation of that substrate.” The most common strategy is to
classify antioxidants into primary and secondary ones and to describe the origin of
antioxidants as natural or synthetic. Primary antioxidants are free radical scavengers
that inhibit or delay oxidation, while secondary ones function as metal chelators,
converting hydroperoxydes to non-radical species, deactivating singlet oxygen,
absorbing ultraviolet radiation, or acting as oxygen scavengers (Pukalskas, 2008).
Synthetic Antioxidants

The best known synthetic antioxidants are butylated hydroxyanisole (BHA),
butylated hydroxytoluene (BHT), butylhydroquinone (TBHQ) and gallic acid esters
(propyl, octyl, dodecyl) (Mikalauskas, 2006). All of them have been widely used as
antioxidants in foods. Synthetic antioxidant TBHQ is the most effective antioxidant
used by the food industry (Yanishlieva and Marinova, 2001). Synthetic antioxidants
are efficient, easily available, and relatively cheap, but, on the other hand, they may
have negative side effects which are related to their toxicity. Thus the importance of
searching for and exploiting natural antioxidants, especially those of plant origin,
has greatly increased in recent years. Besides, there is also a growing interest in
natural additives as potential antioxidants.

Natural Antioxidants

The majority of natural antioxidants are phenolic compounds, and they can be
classified into the lipophilic group (mainly tocopherols) and the hydrophilic group
(phenolic acids and flavonoids) (Maestri, Nepote, Lamarque, and Zygadlo, 2006).

Tocopherols and tocotrienols are collectively known as tocols, each of which
contains four main isomers (a, B, y, 6). Tocopherols and tocotrienols consist of a
polar chromanol ring and a hydrophobic side chain, phytyl in tocopherols and
isoprenyl with three double bonds in tocotrienols (Ryynénen, Lampi, Salo-
Vaananen, Ollilainen, and Piironen, 2004) (Fig. 2.1.). Tocopherols and tocotrienols
are amphipathic and lipid-soluble compounds. a-Tocopherol is the major vitamin E
form which is present in green plant tissues, whereas y-tocopherol and tocotrienols
tend to accumulate at higher levels in seeds (Munné-Bosch and Falk, 2004).

R

HO CHy  CHy  CHg
R" OWC%

cHy s o R'=CHs, R"=CH,
Tocopherols B R= CHy, R" = H

7. R=H,R"=CH,
5 R=H R =H

R
HO CH3  CH3  CHy

Tocotrienols
Fig. 2.1. Chemical structures of tocopherols and tocotrienols
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Flavonoids are one of the major subgroups of phenolic compounds derived
from higher plants, and are subdivided into anthocyanins, flavanols, flavanones,
flavones, flavonols, and isoflavones (Yao et al., 2004) (Fig. 2.2.). The common
characteristic of flavonoids is the basic 15 carbon atoms flavan structure (Ce—Cs—Cs)
where atoms are arranged in 3 rings labelled A, B, and C. Individual compounds
within the class differ in the substitution pattern of the A and B rings (Wojdyto,
Oszmianski, and Czemerys, 2007).

Flavonoids are a major coloring component of flowering plants and they are
found in all plant foods. Approximately 90% of flavonoids in various plants occur as
glycosides. Flavonoids in food are responsible for its taste, colour, protection of

enzymes and vitamins, and prevention of fat oxidation (Yao et al., 2004).
Ry

Flavones Flavanones

R O R, Isoflavones
1
& HO o]
OH
HO 0 O O OH o O
O | OH ©
Naringenin, Hesperidin, O |
OH O Eriodictyol, Fustin HO
Apigenin
Luteolin
Chrysin

0 - -
Genistein

Daidzein

. / Glycitein
A
"

Flavonols |R,
Flavanols . oH
oH Anthocyanins O
0

OH R, Ho R2
9 ¢
oH
0 R, @ oH
0+
S

HO
O OH Ho O RZ OH o
uercetin
COT . # o S/Iyricetin
atecnin OH
Epicatechin Cyanidin, Palargonidi, Malvidin Kaempferol

Fig. 2.2. Structures of flavonoids and related compounds isolated from various plants

Phenolic acids are another very important subgroup of phenolic compounds
broadly distributed throughout the plant kingdom. In plants, phenolic acids occur as
substituted benzoic and cinnamic acid derivatives which usually exist as glycosides,
or esters of organic acids (Fig. 2.3.). Ferulic acid and other cinnamic acids
(derivatives of p-coumaric and caffeic acids) have been found to show a good
antioxidant activity (Andreasen, Kroon, Williamson, and Garcia-Conesa, 2011,
Emmons, Peterson, and Paul, 1999). The group of the CH=CH-COOH in
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hydroxycinnamic acids is considered to be key for the significantly higher
antioxidative efficiency than the COOH group in hydroxybenzoic acids (White and
Xing, 1997).

Benzoic acid derivatives Cinnamic acid derivatives
OH OH
R, R, R, R,

COOH H C=(I_I|— COCH

Compound Ry R, Compound Ry R,

p-Hydroxybenzoic H H p-Coumarinic H H

acid acid

Syringic acid OCH; OCH; Sinapic acid OCH; OCH;,

Vanillic acid H OCH; Ferulic acid H OCH;

Dihydroxybenzoic acid  OH H Caffeic acid OH H

Gallic acid OH OH

Fig. 2.3. Structures of the naturally occurring phenolic acids in plants

2.1.2. Sources of Phenolic Antioxidants

There is currently great worldwide interest in discovering new safe
antioxidants from natural sources which could minimise the oxidative damage to
living cells and to prevent oxidative deterioration of foods. It should be mentioned
that the major sources of naturally occurring antioxidants are fruits and berries,
vegetables, cereals, coffee, black and green tea, herbs and spices.

Fruits and berries contain high levels of phytochemicals with the phenolic
structure (flavonoids, phenolic acids, stilbenes, and tannins) that can act as
antioxidants and perform health-promoting activities (He and Liu, 2006; Leahy,
Speroni and Starr, 2002; Yan, Murphy, Hammond, Vinson and Neto, 2002). The
main subgroups of flavonoids in fruits and berries are anthocyanins, flavonols, and
flavanols (catechins). Flavonoids usually accumulate in the leaves and bark of
plants, because their synthesis is stimulated by light (Price, Breen, Valladao and
Watson, 1995). The phenolic acids which are present in fruits and berries are
hydroxylated derivatives of benzoic and cinnamic acids (Paredes-Lopez, Cervantes-
Ceja, Vigna-Pérez and Hernandez-Pérez, 2010). Stilbenes are small naturally
occurring phenolic compounds also found in plants; berries are a good source of
them as well. Pterostilbene, resveratrol, and piceatannol are compounds of stibenes
which are found in bilberry, cowberry, blueberry, and lingonberry (Rimando, Kalt,
Magee, Dewey and Ballington, 2004; Lyons et al., 2003; Wang, Catana, Yang,
Roderick and van Breemen, 2002). Antioxidants (including phenolic compounds) in
fruits and berries have anti-inflammatory, anti-carcinogenic and anti-atherosclerotic
effects as a result of their antioxidant activity (Pan, Lai and Ho, 2010).
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Among vegetables, broccoli (Zhang and Hamauzu, 2004), garlic (Bhatt and
Patel, 2013), mushroom (Smolskaité, Venskutonis and Talou, 2015), white cabbage
and cauliflower (Gazzani, Papetti, Massolini and Daglia, 1998), beans, beet and corn
(Kahkonen et al., 1999) have been reported to show high antioxidant activity. Other
vegetables, such as spinach, Brussels sprout, kale, onion, cauliflower, alfalfa
sprouts, beets, red bell pepper, corn, cucumber and eggplant are also rich sources of
antioxidants (Prior and Cao, 2000). High levels of quercetin have been found in
kale, tomato, onion and certain varieties of lettuce whereas high levels of kempferol
were observed in in kale, broccoli and endive (Justesen, Knuthsen and Leth, 1998).
A daily diet rich in vegetables can thus reduce the risk of heart disease and stroke,
lower the risk of eye and digestive problems, prevent some types of cancer, and
exert a positive effect upon blood sugar levels.

Cereals are also a good source of phytochemicals. Cereals contain a significant
amount of phenolic acids such as caffeic, ferulic, p-hydroxybenzoic, p-coumarinic,
vanillic and syringic acids (White and Xing, 1997). Cereal grains are also a good
source of catechins. The highest amount of catechins is found in buckwheat seeds,
rye, wheat and oats (Holasova et al., 2002; Peterson, Emmons and Hibbs, 2001).

Tea and coffee are the most commonly consumed beverages in the world.
Coffee polyphenols, such as chlorogenic acids, are a very important source of
natural antioxidants (Clifford, 2000; Svilaas et al., 2004) in our daily life, and high
consumption of antioxidants from coffee can contribute to the reduction of risks of
morbidity and mortality. In black and green tea, the major antioxidants are catechins
(Huang and Frankel, 1997). (-)-Epigallocatechin 3-gallate, (-)-epigallocatechin, (-)-
epicatechin 3-gallate, (-)-epicatechin, (+)-gallocatechin and (+)-catechin were also
identified as an important source, and their antioxidant activity has been investigated
(Atoui, Mansouri, Boskou and Kefalas, 2005).

Aromatic herbs and spices are one of the most important targets in the research
of natural antioxidants from the point of view of safety. Herbs and spices are
potential sources of invaluable antioxidants. Their antioxidant activity has been
attributed to the presence of essential oils and polar phenolic compounds, particulary
phenolic acids, such as gallic, caffeic, vanillic, ferulic, p-hydroxybenzoic, p-
coumarinic and rosmarinic acids (Demo, Petrakis, Kefalas and Boskou, 1998).
Aromatic herbs and spices represent one of the simplest way to increase the phenolic
content and the antioxidant capacity of the daily diet, with possible health benefits
(Ninfali, Mea, Giorgini, Rocchi and Bacchiocca, 2005).

Based on scholarly literature, the family Lamiaceae (Labiatae) is one of the
largest and most important distinctive families of flowering plants, with about 220
genera and almost 4000 species, which are widespread throughout the world
(Naghibi, Mosaddegh, Mohammadi Motamed and Ghorbani, 2005). The family
Lamiaceae has been attracting the attention of researchers due to its high content of
polyphenolic compounds, and a large number of them are well known for their
antioxidant properties (Ozgen et al., 2006; Tepe, Sokmen, Akpulat and Sokmen,
2006). Among the herbs of the Lamiaceae family, rosemary has been more
extensively studied, and its extracts are the first ever marketed natural antioxidants
(Yanishlieva and Marinova, 2001). Sage, peppermint, basil, oregano, lemon balm,
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marjoram and thyme, which belong to the same family, have been gaining interest as
potential antioxidants. Apart from herbs and spices of the Lamiaceae family, there
are many others which represent rich sources of polyphenols. The phenolic
antioxidants of some widely investigated plants are summarised in Table 2.1.

Table 2.1. Antioxidants isolated from various herbs and spices

Family/ Common name/
Botanical name

Major phenolic antioxidants

References

Lamiaceae

Lemon balm
(Melissa officinalis)

Basil
(Ocymum basilicum)

Marjoram
(Origanum majorana)

Oregano
(Origanum vulgare)

Rosemary
(Rosmarinus officinalis)

Sage
(Salvia officinalis)

Thyme

(Thymus vulgaris)
Apiacee

Parsley

(Apium petroselinum)
Coriander
(Coriandrum sativum)
Cumin

(Cuminum cyminum)
Zingiberaceae
Turmeric

(Curcuma longa)
Ginger

(Zingiber officinale)

Caffeic, rosmarinic, and m-coumaric acids,
eriodictyol-glucoside, naringin, hesperidin,
naringenin, hesperetin.

Rosmarinic, caffeic, vanillic, coumarinic,
syringic, and ferulic acids.

Rosmarinic, caffeic, gallic, p-coumaric, and
ferulic acids, rutin, apigenin, eriodyctiol.

Rosmarinic, caffeic, and protocatechuic acids,

apigenin, eriodictyol, dihydroguercetin,
dihydrokaempferol.

Rosmarinic and carnosic acids, carnosol,
rosmanol, rosmadial.

Rosmarinic and carnosic acids, rosmanol,
rosmadial, carnosol, methyl carnosate.

Rosmarinic acid, eriodictyol, taxifolin,
luteolin glucuronide.
Apigenin, luteolin, apigenin glycosides.

Vanilic, p-coumaric, and ferulic acids,
quercetin, kaempferol, acacetin flavanoids.

Vanilic and p-coumaric acids, quercetin.

Curcumins

Gingerol, shogaol, paradols.

Dastmalchi et al., 2008.

Lee and Scagel, 2009;
Jayasingne, Gotoh, Aoki
and Wada, 2003.
Zgorka and Gtowniak,
2001.

Embuscado, 2015.

Yanishlieva and Marinova,
2001;

Kontogianni et al.,2013.
Cuvelier, Berset and
Richard, 1994;
Kontogianni et al., 2013;
Miura, Kikuzaki and
Nakatani, 2001.

Dapkevicius et al.,2002.

Justesen and Knuthsen,
2001.

Nambiar, Daniel and Guin,
2010.

Bettaieb et al., 2010.

Aggarwal and Sung, 20009.

Prasad and Tyagi, 2015.

2.1.3. Assessment of Antioxidant Activity in Vitro

For the assessment of antioxidant properties and radical scavenging of various

foods, numerous in vitro methods have been developed (Moon and Shibamoto,
2009; Niki, 2010). The selection of methods for the evaluation of the antioxidant
potential should be based on recommendation of well-known experts in the relevant
area, namely Huang, Ou and Prior (2005). They recommend that for comprehensive
in vitro evaluation, TPC, ORAC and one method based on single electron transfer
(DPPH, ABTS or FRAP) should be applied.
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The total phenolic content (TPC) is one of the oldest methods designed to
determine the total content of phenolics by using Folin-Ciocalteu’s reagent
(Singleton and Rossi, 1965). This colorimetric method is based on
oxidation/reduction reactions between phenolic compounds and Folin-Ciocalteu’s
reagent forming a blue colour complex that can be quantified by visible light
spectrophotometry.

The main disadvantage of this method is that various substances, especially
aromatic amines, ascorbic acid, sugars, sulphur dioxide and other nonphenolic
organic substances readily react with the Folin-Ciocalteu’s reagent and can distort
the results. However, the TPC method is precise, sensitive and simple and has been
widely used for studying phenolic antioxidants (Roginsky and Lissi, 2005; Singleton
and Rossi, 1965). Numerous studies on antioxidants present in plants have been
conducted by using the TPC assay including vegetables, fruits, seeds, cereals, and
herbs (Kamath, Arunkumar, Avinash and Samshuddin, 2015).

The oxygen radical absorbance capacity (ORAC) is a very popular method of
measuring antioxidant capacities in plasma, serum or other biological samples in
vitro (Prior et al., 2003). This method is based upon inhibition of the peroxyl-
radical-induced oxidation of fluorescein in the presence of an antioxidant. The
source of the peroxyl radical is the thermal decomposition of azo-compounds, such
as 2,2'-azobis(2-amidinopropane) dihydrochloride (AAPH). The fluorescence decay
kinetic curve is obtained by measuring the fluorescence intensity at the conditions
(pH=7, 37°C) which are the most relevant to human biology. This method is
standardised (it allows for data comparison across laboratories) and integrates both
the degree and the time of the antioxidant reaction. However, normally, it requires
the use of expensive equipment showing pH-sensitivity as well as long times to
quantify the results (Zulueta, Esteve and Frigola, 2009). The ORAC method has
been proposed as a standard method for the evaluation of the food antioxidant
capacity (Prior, Wu and Schaich, 2005).

2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay has become very popular in the
natural antioxidant research. One of the main reasons of this phenomenon is the fact
that this method is sensitive and fairly simple. DPPH assay is based on the theory
that a hydrogen donor is an antioxidant. Fig. 2.4. shows the mechanism developing
between DPPH" and the antioxidant (RH). The antioxidant effect is proportional to
the disappearance of DPPH’ in samples (Moon and Shibamoto, 2009). Different
methods of monitoring the amount of DPPH" have been reported: electron spin
resonance spectroscopy (ESR)/plant powders (Calliste, Trouillas, Allais, Simon and
Duroux, 2001), UV spectrophotometry/polyphenols (Chaillou and Nazareno, 2006),
and nuclear magnetic resonance NMR/catechins (Sawai and Sakata, 1998). DPPH’
shows a very strong absorption maximum at A=517 nm (the colour is purple). The
colour turns from purple to yellow followed by the formation of DPPH upon
absorption of hydrogen from an antioxidant. Thus the antioxidant effect can be quite
easily evaluated by following the decrease of UV absorption at A=517 nm (Moon
and Shibamoto, 2009). This method is easy, simple and rapid; hence, it is a very
popular choice for the screening of antioxidants. However, it is difficult to test
compounds (i.e. carotenoids) that have spectra overlapping DPPH'" at A=515 nm
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(Prior, Wu and Schaich, 2005). DPPH assay has been applied to the investigation of
the antioxidant activities of herbs and spices (Kuli§i¢, Dragovi¢-Uzelac and Milos,
2006; Mata et al., 2007), cereals (Choi et al., 2007; Wang, Zhao, Zhao and Jiang,
2007), tea and leaves (Saito et al., 2007; Su, Duan, Jiang, Duan and Chen, 2007;
Amarowicz, Pegg, Rahimi-Moghaddam, Barl and Weil, 2004), fruits and vegetables
(Abdille, Singh, Jayaprakasha and Jena, 2005; Kanatt, Chander, Radhakrishna and
Sharma, 2005; Miller, Rigelhof, Marquart, Prakash and Kanter, 2000).

RH
(Ant|OX|dant)

)

2,2-Diphenyl-l-picrylhydrazyl 2,2-Diphenyl-1- plcrylhydrazyl
free radical (DPPH) (DPPH)

Fig. 2.4. Reaction between DPPH’ and antioxidant forming DPPH (adapted from Moon and
Shibamoto, 2009)

2,2'-azinobis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) assay has been
widely used to evaluate the antioxidant activities of various components in foods
and beverages due to its applicability in lipid and aqueous phases (MacDonald-
Wicks, Wood and Garg, 2006). The ABTS decolourisation assay is based on the
production of a radical cation by the reacting ABTS (it has blue-green chromophore
absorption) with potassium persulfate solution (K,S,0g) prior to the addition of
antioxidants as shown in Fig. 2.5. (Re et al., 1999). The antioxidant activity of
various natural products (i.e. phenolic compounds or carotenoids) is determined by
the decolourisation of the ABTS by measuring the reduction of the radical cation as
the percentage inhibition of absorbance at A=734 nm (Biglari, AlKarkhi and Easa,
2008). This method is inexpensive, easy to use, quick and stable in relation to pH,
hence, it can be used to study the pH effect on antioxidant activity. However, the
extra step is required to generate a free radical from ABTS salt; what is more, this
method is not standardised, thus it is hard to compare values across laboratories
(Zulueta, Esteve and Frigola, 2009).

Potassium persulfate

O ; O

_________

Shgon
CHZCH;, CH;CHa : CHzCHa 2CHs

ABTS ! ABTS™

Antioxidant
(i.e. Trolox) Free Radical Quenching

Fig. 2.5. Formation of the stable ABTS radical from ABTS with potassium persulfate
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The ferric reducing antioxidant power (FRAP) assay is a recently developed
direct test of the “total antioxidant power’. FRAP assay in based on the ferric ion
Fe**-TPTZ complex reduction to the ferrous Fe** form by an antioxidant under
acidic (pH=3.6) conditions (Fig. 2.6.). Fe?*-TPTZ is denoted by an intensive blue
colour that can be monitored spectrophotometrically at A=593 nm (Moon and
Shibamoto, 2009). FRAP assay is fast, simple and sensitive, and its results are
highly reproducible. FRAP assay is based on the hypothesis that redox proceeds so
rapidly that the reactions are complete within 4 or 6 minutes. However, this is not
always the case in practice. Some polyphenols react more slowly and require longer
reaction times for detection (approx. 30 minutes). Besides, FRAP cannot detect
species that act by radical quenching (e.g. H transfer), particularly, the SH group
containing antioxidants (i.e. thiols, such as proteins or glutathione) (Phipps, Sharaf
and Butterweck, 2007). As well as other assays, FRAP assay has been used in many
studies dealing with fruits and vegetables (Szeto, Tomlinson and Benzie, 2002),
essential oils (Chizzola, Michitsch and Franz, 2008) and cereals (Venneria et al.,

2008).
p q Antioxidant p Q
= \/ >—Q N \ /

=N N =N

vy ol
YIRS, b 9

Fe*-TPTZ Fe*-TPTZ

Fig. 2.6. Formation of the (Fe*"-TPTZ) complex from the (Fe**-TPTZ) complex by an
antioxidant

QUENCHER procedure. Although solvent extraction is the most frequently
used technique for the isolation of plant antioxidant compounds, some
antioxidatively active constituents may be strongly bound to other components in
the plant matrix and cannot be extracted by various solvents. Yet, they can be
released in the human intestinal tract during digestion. Several years ago, the
QUENCHER (QUick, Easy, New, CHEap and Reproducible) method was
developed which determines the antioxidant activity of the whole plant material
(Serpen, Capuano, Fogliano and Gékmen, 2007). The values obtained by employing
the QUENCHER method for insoluble food components demonstrated significant
antioxidant capacity values which in some cases were remarkably higher than those
determined by the traditional extraction procedures. Thus free functional groups on
the surface of insoluble particles may also quench with the radicals (Gokmen,
Serpen and Fogliano, 2009). The QUENCHER procedure has been applied for the
evaluation of antioxidant activities of insoluble matter in different foods including
nuts, vegetables, fruits, cereals and cereal-based products (Serpen, Gokmen and
Fogliano, 2012).
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2.2. Essential Oils in Plants
2.2.1. Biosynthetic Pathways of Essential Oils

There are two main groups of metabolites in nature: primary and secondary.
Primary metabolites are compounds such as proteins, carbohydrates, lipids, and
nucleic acids which are found in all living organisms. Secondary metabolites are
found only in some species and are classified into terpenes, shikimates, polyketides,
and alkaloids (Zuzarte and Salgueiro, 2015). Although terpenes are the most
abundant in essential oils, certain plant species contain high quantities of shikimates,
namely phenylpropanoids, which provide indispensable and significant odour and
flavour to the plants.

Terpenes are a large and diverse class of naturally occurring organic
compounds derived from the branched five-carbon isoprene (Cs) units; therefore,
they have the general formula (CsHg),. They can be classified by the homologous
chains of isoprene units “‘n’ in their structure: monoterpenes (CioH1s), Sesquiterpenes
(CisHyg), diterpenes (CyoHs,), sesterpenes (CasHago), troterpenes  (CsoHas),
tetraterpenes (C4Hss) and polyterpenes (CsHg), (Wu et al., 2012).

Terpenes in aromatic plants are usually synthesised via the mevalonate
pathway and the non-mevalonate or deoxyxylulose phosphate pathway (Fig. 2.7.)
(Eisenreich, Bacher, Arigoni and Rohdich, 2004).
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Fig. 2.7. Biosynthetic pathways of terpenoids and phenylpropanoids (Zuzarte and Salgueiro,
2015)

The biosynthesis of terpenes involves two main universal precursors:
isopentenyl pyrophosphate (IPP) and dimethylallyl diphosphate (DMAPP). In the
mevalonate pathway, IPP is formed through mevalonic acid which results from the
condensation process of acetyl coenzyme A moieties. In the non-mevalonate or
deoxyxylulose phosphate pathway, methylerythritol-4-phosphate (MEP) and 1-
deoxyxylulose-5-phosphate (DOXP) are involved resulting from the condensation
process of glyceraldehyde phosphate and pyruvate (Zuzarte and Salgueiro, 2015).
The action of prenyltransferases then generates geranyl diphosphate (GPP), farsenyl
diphosphate (FPP), and geranyl geranyl diphosphate (GGPP) which are the main
precursors of monoterpenes (CioHyg), Ssesquiterpenes (CyisHai), and diterpenes
(CxHsp), respectively. Monoterpenes and sesquiterpenes are the main compounds
found in essential oils. Although phenylpropanoids are hot common constituents of
plant essential oils, certain plant species contain abundant proportions of such
compounds (Sangwan, Faroogi, Shabih and Sangwan, 2001). Phenylpropanoids
always contain one or more C¢—C; units, the Cg being a benzene ring. Many of the
phenylpropanoids found in essential oils are phenols or phenol ethers such as
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eugenol, methyl eugenol, myristicin, methyl cinnamate, chavicol, dillapiole,
anethole, estragole, etc. Phenylpropanoids are synthesised via the shikimic acid
pathway (Fig. 2.7.) (Dixon et al., 2002). In the shikimic acid pathway, shikimic acid
is synthesised from phosphoenolpyruvate and erythrose 4-phosphate. The
elimination of one shikimic acid alcohol ring and the reaction with phosphoenol
pyruvate vyields chorismic acid. Chorismic acid forms the skeleton of
phenylpropionic acid. Amination and reduction of the ketone function produces
phenylalanine while the reduction and elimination leads to cinnamic acid. Therefore,
the main precursors of the biosynthesis of phenylpropanoids are cinnamic and p-
hydroxycinnamic acids originating from phenylalanine and tyrosine, respectively
(Zuzarte and Salgueiro, 2015).

2.2.2. Sources of Essential Oils

The worldwide demand of EOs has recently increased. Presently, EOs are
being produced from more than 2000 species of various plants. However, only about
100 species of plants have economic significance in the world of EOs. Plant EOs are
usually produced commercially from several botanical sources, many of which are
members of the mint family Lamiaceae, Apiaceae and Rutaceae (Devi, Chakrabarty,
Ghosh and Bhowmick, 2015).

EOs are aromatic oily liquids obtained from different parts of a plant, for
instance, buds, flowers, seeds, twigs, leaves, bark, herbs, fruits, fruits rinds, roots
and wood. EOs are usually accumulated in secretary cells, channels, cavities, and
epidermic cells (Burt, 2004). The Lamiaceae herb family constitutes one of the
richest EO bearing plant family (Pandey, Singh and Tripathi, 2014). The EO is
generally composed of complex mixtures of monoterpenes and sesquiterpenes. The
most abundant components of many sage species EOs are 1,8-cineole (6.0-14.0%),
B-thujone (2.0-10.0%) and a-thujone (4.0-5.0%). 1,8-Cineole (43.6%) and camphor
(12.3%) are the major constituents of EOs from rosemary, menthol (35.0-45.0%)
and menthone (10.0-30.0%) from peppermint, thymol (45-75%) from garden
thyme, carvacrol (37.7%) and p-cymene (25.9%) from savory, linalyl acetate
(50.3%) and linalool (35.5%) from lavender, methyl chavicol and 1,8-cineole from
sweet basil (Ramasubramania Raja, 2012; Benchaar et al., 2008; Koul, Walia and
Dhaliwal, 2008; Burt, 2004; Chao, Young and Oberg, 2000). Although toxic
components have been described as having presence in some Lamiaceae plants, the
importance of many Lamiaceae family members to the EO industries and the
culinary world has been explored for more than 70 years (Manosroi, Dhumtanom
and Manosroi, 2006; Martins et al., 1999). For instance, EOs recovered from the
family of Lamiaceae species have been used against different diseases, such as
bronchitis and intestinal disorder.

Angelica, coriander, dill and cumin belonging to the family of Apiaceae are
also a good source of EOs. The most abundant components of angelica are a-pinene
(24.7%) and limonene (12.9%). Coriander contains a high amount of linalool (up to
72.0%), while dill is the best source of limonene (50.9%), dillapiole (36.6%) and
carvone (20.3%). Cumin EO also contains numerous chemical compounds, and the
major ones among them are p-mentha-1,4-dien-7-al (34.3%) and cuminaldehyde
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(23.8%) (Chao, Young and Oberg, 2000). The health benefits of cumin EO include
its ability to aid digestion, improve immunity and treat insomnia, asthma and
bronchitis.

EOs of the genus Citrus belonging to the family Rutaceaea develop another
large sector of the world production of essential oils. Citrus EOs contain 85-99%
volatile and 1-15% non-volatile components. Monoterpenoids make up 97% of the
citrus EOs composition with aldehydes, alcohols, and esters being the lowest
percentage components ranging from 1.8% to 2.2% (Fisher and Phillips, 2008). The
major chemical component of citrus EOs is monoterpene limonene, ranging from 32
to 98%. Sweet orange usually contains 68-98% of limonene, tangerine reaches 85—
93%, grapefruit contains 88-95%, lemon features 45-76% and bergamot contains
32-45%, respectively (Svoboda and Greenaway, 2003). Although linalool and citral
are thought to be the most potent aroma compounds in citrus fruits, yet they do not
exceed 3% (Blanco Tirado, Stashenko, Combariza and Martinez, 1995).

Apart from the aromatic plants of Lamiaceae, Apiaceae and Rutaceae families
there are many others which contain a high content of EOs (Table 2.2).

Table 2.2. Other aromatic plants and their main components of EOs

Family/ EO Main components References
Cupressaceae
Cypress a -Pinene (40.9%), 8-3-carene (15.2%). Chao, Young and Oberg, 2000.
Juniper a -Pinene (33.7%), sabinene (27.6%). Benchaar et al., 2008.
Lauraceae
Cinnamon (E)-Cinnamaldehyde (77.1%), eugenol (7.2%). Benchaar et al., 2008.
Myrtaceae
Clove Eugenol (83.63%), B -caryophyllene Murbach Teles Andrade, Barbosa,
(12.39%). Probst and Fernandes Junior, 2014.
Eucalyptus Citronellal (72.8%), citronellol (14.5%). Benchaar et al., 2008.
) A . A .
Nutmeg (Slaé) glozr;e (27.1%), o -pinene (26.0%) B-pinene Chao, Young and Oberg,2000.
Tea tree Terpiqene-4-ol (40.1%), y-terpinene (23.0%), Benchaar et al., 2008.
a-terpinene (10.4%).
Pinaceae
Cedar Widreno (27.75%), o -cedrol (22.14%), a- Murbach Teles Andrade, Barbosa,
cedrenus (19.84%). Probst and Fernandes Junior, 2014.
Sabinene (19.4%), limonene (17.5%), -
Pepper caryophyllene (1 4.7%) Chao, Young and Oberg, 2000.
1 () 0
Pine gi_rlm):rllzn(elggd/‘: )@’ 8-3-carene (21.6%), - Chao, Young and Oberg, 2000.
Rosaceae
Citronellol and nerol (52.4%), nonadecane and
Rose nonadecene (15.9%), geraniol and neral Chao, Young and Oberg, 2000.

(11.4%).
Zingiberaceae
a-Terpinyl acetate (44.8%), 1,8-cineole
(33.7%).
B-Bisabolene (22.1%), a-curcumene (14.5%),
camphene (14.1%).

Cardamon Chao, Young and Oberg,2000.

Ginger Benchaar et al., 2008.
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2.2.3. Uses of Essential Oils

The interest in EOs and their application has been amplified during the recent
years by the increasingly negative consumer perception of synthetic preservatives.
Moreover, ‘naturalness’ has become one of the most important factors pertaining to
the consumer’s preferences in choosing various products for human consumption.
Essential oils (EOs) are considered to be secondary volatile metabolites which are
characterised by a strong odour and are formed by aromatic plants (Bakkali,
Averbeck, Averbeck and Idaomar, 2008). Flavor and fragrance industries consume
approximately 90% of the global production of EOs, which are mostly used in the
cosmetics, perfumery, medicine, soft drinks and various foods (Adams, 2007). In
addition, more than 25% of the pharmaceutical drugs prescribed worldwide are
derived from the plant sources (Ahmadi and Mirza, 1999).

The genus Salvia (sage) is one of the largest and most important aromatic
genera of the Lamiaceae family. Salvia species are widespread plants in many
countries. Clary sage (S. sclarea) is usually cultivated for its aromatic properties and
the widely used essential oil (Lawrence, 1979); meadow sage (S. pratensis) is
usually used in cosmetics and perfumery and possesses some medicinal properties.
Some species of S. glutinosa were tested in enzyme-dependent and enzyme-
independent systems of lipid peroxidation and found to be effective (Zupkd et al.,
2001). However, reports on the antioxidant properties of these plants are very scarce
(Tepe, Sokmen, Akpulat and Sokmen, 2006). Lavender is an important source of the
thoroughly studied EO which has long been used in the production of perfume and
in aromatherapy as a pleasant fragrance or as an antimicrobial agent. Basil, thyme
and rosemary are also aromatic herbs whose EOs can be used as aroma additives in
food, pharmaceuticals, and cosmetics (Javanmardi, Khalighi, Kashi, Bais and
Vivanco, 2002). Traditionally, EOs of basil and rosemary have been used for the
treatment of headaches, coughs, constipation, worms, and kidney malfunction. The
EO of thyme also possesses antioxidative, antiseptic and antimicrobial properties
(Baranauskiené, Venskutonis, Viskelis and Dambrauskiené, 2003). It is usually
derived from leaves of Mentha piperita L. Peppermint oil is extensively used in
medicine, especially in phytotherapy for the external treatment of various human
diseases e.g. various pain conditions including headache syndromes or mild bacterial
or fungal infections of the skin (Schuhmacher, Reichling and Schnitzler, 2003).
Recently, strong in vitro evidence was obtained that the EO of peppermint can act as
an antibacterial agent against gram-positive and gram-negative bacteria along with
antifungal properties (Ali et al., 2015).

The EOs of angelica, coriander, dill and cumin are also denoted by application.
The EO of angelica is used for treatment of anemia, hypertension, asthma, and
cardiovascular diseases. These effects are thought to be due to a number of
components of the EO, particularly ligustilide. Ligustilide, butyl phthalide and
butylene phthalide are the major components of the angelica EO (Chen et al., 2004).
Dill EO is used in the food industry for flavouring and seasoning. The seed EO of
dill is extensively used in perfumery and to aromatise soaps as well as a substitute
for caraway oil (Lawless, 1995). The EOs of coriander and cumin are extensively
used as flavoring agents in all types of food products including alcoholic beverages,
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candy, pickles, meat sauces and seasonings (Allahghadri et al., 2010; Burdock and
Carabin, 2009). Coriander and cumin EO is reported to possess antimicrobial
properties against selected pathogenic and saprophytic microorganisms (Burdock
and Carabin, 2009).

The genus Citrus of the family Rutaceae includes more than 17 species
distributed throughout the tropical and temperate regions. Although their fruits are
mainly used for dessert, they are still renowned for the economic value of their EOs
due to their aromatic compounds (Minh Tu, Thanh, Une, Ukeda and Sawamura,
2002). Many authors have reported antimicrobial, antifungal, antioxidant and
radical-scavenging properties of Citrus EOs and, in some cases, referred to direct
food related application as well (Sokovi¢ and Griensven, 2006; Madsen and
Bertelsen, 1995). For instance, the EO of orange is used to add the orange aroma to
such products such ice creams, cakes, carbonated drinks and air-fresheners.
Recently, other applications of limonene, major component of orange EO, as a green
solvent for extraction of fats and oils from olive seeds in combination with
microwave energy have found their use in practice (Virot, Tomao, Ginies, Visinoni
and Chemat, 2008). The EOs of tangerine and bergamot are mainly used as
antiseptics, antispasmodics and sedative diuretics. The antiseptic qualities of
tangerine, bergamot and other Citrus fruits have been actually recognised since
antiquity (Ali et al., 2015).

2.3. Techniques for the Extraction of Bioactive Compounds

The extraction of bioactive compounds from various plant materials is the first
step in the utilisation of phytochemicals in the food, fragrance and drug industries.
Usually, fresh, frozen or dried plant material can be used as a source of plant
material for the isolation of various bioactive compounds. Before the extraction
process, plant material is usually treated by freeze-drying, air-drying or oven-drying.
These procedures allow higher diffusion of extracts inside the extracted samples.
Sejali and Anuar (2011) indicated that higher amounts of phenolics are extracted
from air-dried plant material than from oven-dried material. Dried plant materials
are ground or milled so that to obtain a certain particle size, whereas liquid samples
are treated by centrifugation, filtration and purification (Khoddami, Wilkes and
Roberts, 2013). Higher extraction yields of bioactive compounds are achieved by
milling the sample into smaller particle sizes, thereby improving the extraction
process (Gido, Pereira, Fonseca, Pintado and Malcata, 2009).

Complete extraction of bioactive compounds is the next step after sample
preparation. Different extraction technigues such as solid-phase microextraction,
microwave-assisted extraction or solid-phase extraction can be used; however,
solvent extraction is the most commonly used procedure of the preparation of
extracts from plant materials due to their ease of use and the wide applicability. The
range of the extracted compounds depends on the conditions and solvents of the
extraction process. For instance, lipophilic compounds are better extracted with non-
polar solvents, such as hexane and dichlormetane, while for the extraction of
hydrophilic compounds, methanol, ethyl acetate and acetone could be used. It should
also be noted that essential oils are also a good source of bioactive compounds. An
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essential oil is a volatile mixture of organic compounds obtained from various plant
materials by physical means including the method of steam distillation or
simultaneous steam distillation-extraction (SDE) most commonly used for the
production of essential oils (Al-Reza, Rahman, Parvin, Rahman and Rahman, 2011).
However, nowadays, there is growing interest in natural bioactive compounds
obtained by using ‘green’ processes. The application of high pressure extraction
techniques such as supercritical fluid extraction (SFE) and pressurised liquid
extraction (PLE) by using environmentally and food-friendly solvents (e.g. carbon
dioxide, ethanol and water) also provide additional benefits in processing botanicals
for isolating valuable functional ingredients.

Pressurised Liquid Extraction

Pressurised liquid extraction (PLE), also known as accelerated solvent
extraction (ASE) (Fig. 2.8.), is a relatively new technology applied for the extraction
of phytochemicals by using solvents at temperatures above their boiling points
(usually between 50°C and 200°C, and at pressures between 10 and 15 MPa). When
100% water is used as a solvent, and it is heated up to 200°C, PLE is generally
called subcritical water extraction (SWE) (Pronyk and Mazza, 2009). Thus PLE and
SWE methods are developed at elevated temperature and pressure conditions
operating above the normal boiling point of the relevant liquids. The high
temperature of the extraction process increases the diffusion rate, the solubility and
the mass transfer of analyte, and decreases the viscosity and the surface tension of
the solvent thus allowing better penetration into the matrix. The high pressure forces
the solvent into the matrix pores and hence should facilitate the extraction of
analytes (Kaufmann and Christen, 2002). PLE and SWE have been developed as
novel methods thus serving as an alternative to the current extraction methods, such
as Soxhlet, maceration or percolation and offering advantages with respect to
solvent consumption, time, yields and the reproducibility of the extraction.

A main drawback of PLE is its requirement of special instrumentation in order
to get relatively high pressure together with high temperature. Furthermore, there is
no available data on the solubility of compounds in the solvent at the temperature
and pressure employed in PLE (Raut et al., 2015). Another main drawback of PLE
for all the classes of analytes is that wet samples always require the drying step prior
to analysis. Sodium sulfate usually serves this purpose, but the amount of the drying
agent that can be used is often limited by the volume of the extraction cell (Schantz,
2006). However, PLE has been successfully and extensively applied to the
extraction of bioactive compounds from rye and wheat bran (Povilaitis, Sulniiité,
Venskutonis and Kraujaliene, 2015), herbs and spices (Hossain, Barry-Ryan,
Martin-Diana and Brunton, 2011), fruit and vegetables (Japelt and Jakobsen, 2016).
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Fig. 2.8. Scheme of the accelerated solvent extraction (ASE) system (Richter, Jones,
Ezzell and Porter, 1996)

Supercritical Fluid Extraction

Supercritical fluid extraction (SFE) has become one of the most popular
‘green’ extraction techniques (Fig. 2.9.) using supercritical fluid (SF) as the
extracting solvent above its critical pressure and temperature. The most commonly
used extracting agent is carbon dioxide due to its low toxicity, low cost and
favourable critical parameters (P.=74.8 atm and T,=31.1°C) (Herrero, Cifuentes and
Ibafiez, 2006). A review of recent literature reveals that SFE-CO, is a highly
attractive method for the extraction of essential oils and other nonpolar thermo labile
compounds such as tocols, terpenoids, carotenoids, fatty acids and triglycerides from
various plant materials (Lang and Wai, 2001). The extraction efficiency of polar
compounds with CO, can be improved by the addition of small quantities of polar
organic solvents used as modifiers. The modifiers increase the solubility of analytes
preventing them from adsorption on the active sites of the sample matrix. Ethanol is
the most commonly preferred modifier because it is comparatively cheap and has the
‘GRAS’ (Generally Recognised As Safe, according to the classification of American
Food and Drug Administration) status. SFE is always performed in the absence of
both air and light; processes of degradation and oxidation are significantly reduced
in comparison with other extraction techniques (Dai and Mumper, 2010). However,
the main drawback of SFE is that the requirement for a high pressure increases the
cost compared to the conventional liquid extraction. Moreover, solvents which are
usually used to extract compounds are non-polar, so they can dissolve only non-
polar compounds. One disadvantage of using a modifier (mostly ethanol) is that it
can cause poor selectivity, i.e. a higher amount of impurities containing, such as
waxy material and chlorophylls, may be extracted with the desired compounds
(Lang and Wai, 2001). Another main drawback of SFE is that the equipment needs
the clean-up step prior the extraction, which takes several hours (Luque de
Castro and Jiménez-Carmona, 2000).
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Procedure
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film around the solid particle
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Streaming of solvent into the
pores of the solid particle
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comnonents
A 4
Diffusion of the solute to the
surface of the solid particle
A 4
Mass transfer from the surface
to the fluid bulk phase

Fig. 2.9. Scheme of the supercritical fluid extraction (SFE) system: 1 — CO, tank; 2 — valve;
3 — cooler; 4 —high pressure pump; 5 — pressure gauge; 6 — controller of temperature and
flow rate; 7 — heating jacket; 8 — extraction vessel; 9 —temperature gauge; 10 — extract
containing vial; 11 — flow meter (Kemziiraité, Venskutonis, Baranauskiené and Navikiené,
2014)

Simultaneous Distillation-Extraction

Among the several techniques which have been developed to isolate volatile
compounds from various plant materials, simultaneous distillation-extraction (SDE)
introduced in 1964 by Likens and Nickerson is one of the most widely employed
methods (Fig. 2.10.). The Likens-Nickerson method has been successfully applied
for the extraction of aroma compounds (Blanch, Reglero and Herraiz, 1996),
essential oils (Eikani, Golmohammad, Rowshanzamir and Mirza, 2005; Stashenko,
Jaramillo and Martinez, 2004) and other volatile products (Bartak, Frnkova and Cap,
2000) from different matrices. Simultaneous distillation-extraction in the Likens-
Nickerson apparatus (L-N) is usually considered to be superior to the classical
methods, such as distillation or solvent extraction, because this technique combines
steam distillation together with continuous extraction with a low-boiling solvent
(petroleum ether or diethyl ether) (Chaintreau, 2001). Moreover, this one-step
extraction technique requires low volume of the extracting solvent (thereby
minimising the cost), allows rapidly concentrating the volatiles and carrying out the
analysis without the sample clean-up step. The required time, the fact that organic
solvents are used, the artefacts generation as well as the possibility of thermal
degradation of compounds are the most prominent disadvantages of the SDE
approach. Moreover, the loss of valuable water-soluble volatile compounds is also a
major drawback (Teixeira, Mendes, Alves and Santos, 2007).
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Fig. 2.10. Likens-Nickerson simultaneous distillation-extraction apparatus

2.4. Botanical Characterisation, Phytochemistry and Health Benefits of the
Genus Salvia

2.4.1. Botanical Description

Botanicals are among the most valuable sources of bioactive compounds
which could be used for the development and commercialisation of high added value
functional ingredients, such as dietary antioxidants. However, considering the
abundance of plant species, many of them inevitably remain under-investigated, and
this fact encourages the search of new sources and the evaluation of new natural
substances including dietary antioxidants. Therefore, the interest in a more
systematic and comprehensive characterisation of less extensively studied plant
species has been regularly increasing.

The genus Salvia (sage) is one of the most important and largest medicinal and
aromatic genera of the Lamiaceae or mint family with about 900 species which is
widespread throughout the world: in North America (20 species), Central (300
species) and South America (220 species), in Asia (90 species), throughout Europe,
especially around the Mediterranean (250 species), and is also represented by a few
examples in South Africa (30 species) (Whittlesey, 2014). The genus name, Salvia,
is variously attributed to derivation from the Latin salvus, meaning “safe”, or salveo,
meaning “to heal”, or salvo, meaning “to save”.

Salvia is a perennial plant native to the Mediterranean region, especially in the
region of the Adriatic Sea. In Europe, Salvia was introduced into cultivation during
the 19" century. It is hard to describe Salvia as an industrial crop because its
worldwide production is less than 25,000 kg per year (Kintzios, 2000). The plants in
the genus Salvia are aromatic, with soft, greyish green leaves. Their flower colours
vary depending on the species; they may be purple, pink, blue, or white. Sage
usually blooms from May to July. This plant prefers full sun and well-drained soils.
Sage grows up fairly rapidly to a height of 60-90 cm. The exclusivity of Salvia is
that the corolla tube of the petals is two-lipped, the lower and the upper lip being
significantly different from each other. Moreover, the arrangement of the two
stamens is also a key identifier of the genus Salvia (Whittlesey, 2014).

Since ancient times, the Salvia species has been used as medicinal, aromatic
and spicy plants, and many of them have been widely studied and reported to
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accumulate high amounts of essential oils, strong phenolic antioxidants as well as
other valuable constituents. Some species of the genus Salvia are also denoted by
economic importance because they have been used as flavouring agents in cosmetics
and perfumery. For example, clary sage (S. sclarea) and common sage (S.
officinalis) are commercially cultivated, and their essential oils are widely used as a
flavouring. Meadow sage (S. pratensis) is used in cosmetics and has some medicinal
properties (Wu et al., 2012). Salvia has also been traditionally used in the food, drug
and fragrance industry (Capecka, Mareczek and Leja, 2005); they were reported as
biosynthesising various useful natural constituents, including terpenoids and
flavonoids (Topgu and Ulubelen, 2007) and other phenolic compounds (Lu and Foo,
2002). Although culinary and medicinal uses of several Salvia spp. plants, e.g. S.
fruticosa (Greek sage or Greek oregano), S. officinalis (garden or common sage) and
S. pomifera (fruit or apple sage) can be traced back to the Ancient Greece, there is
still remarkable interest concerning more detailed knowledge regarding their
phytochemicals (Kintzios, 2000).

2.4.2. Bioactive Compounds in Selected Salvia spp. Plants

The flowering plant family of Lamiaceae is very important since it is a highly
diverse and rich source of bioactive compounds which can be divided into essential
and non-essential compounds (polyphenols) (Gryszczynska et al., 2015). Usually,
these compounds occur in nature, are part of the food chain, and can be shown to
exert an effect on human health (Biesalski et al., 2009). This chapter focuses on the
characterisation of bioactive compounds of 10 different Salvia spp. plants, namely S.
amplexicaulis, S. austriaca, S. forsskaolii, S. glutinosa, S. nemorosa, S. officinalis, S.
pratensis, S. sclarea, S. stepposa and S. verticillata (Fig. 2.11.). S. officinalis and S.
sclarea are the most thoroughly studied Salvia spp. plants, whereas information on

%

S. officinalis ~ S. pratensis S. sclarea ' S. verticillata

Fig. 2.11. Examples of plants used in the present study”

Volatile Compounds

The chemical composition of S. officinalis (Delamare, Moschen-Pistorello,
Artico, Atti-Serafini and Echeverrigaray, 2007; Raal, Orav and Arak, 2007;
Mirjalili, Salehi, Sonboli and Vala, 2006; Santos-Gomes and Fernandes-Ferreira,
2003; Perry et al., 1999; Chalchat, Michet and Pasquier, 1998) and S. sclarea
(Kuzma et al., 2009; Dzami¢ et al., 2008; Schmiderer, Grassi, Novak, Weber and

“Copyright of photographs belongs to Vilnius University Botanical Garden.
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Franz, 2008; Carrubba, la Torre, Piccaglia and Marotti, 2002; Pitarokili, Couladis,
Petsikos-Panayotarou and Tzakou, 2002) essential oils (EOs) has been widely
studied. The essential oil composition of S. officinalis was found to be the richest in
oxygenated monoterpenes, with its range varying from 59.43 to 70.68% (Said-Al
Ahl, Hussein, Gendy and Tkachenko, 2015). The main constituents identified in S.
officinalis were cis-thujone (17.4%), a-humulene (13.3%), 1,8-cineole (12.7%), S-
caryophyllene (8.5%) and borneol (8.3%) (Lima et al., 2004). These findings are
also in agreement with the previously reported data by Marino, Bersani and Comi
(2001), except for manool. Previously, manool was reported in relatively large
percentage in S. officinalis originating from Cuba (15%) (Pino, Estarrén and
Fuentes, 1997).

The chemical composition of S. sclarea EO has also been reported. It was
discovered that S. sclarea EO accumulates a high amount of linalool (24.5%), linalyl
acetate (20.9%), geranyl acetate (6.3%), (E)-pB-ocimene (5.7%), and caryophyllene
oxide (5.3%) (Fraternale et al., 2005). A different distribution of the main
constituents in EOs isolated from different anatomical parts of S. sclarea was
determined by Faraka$, Holla, Tekel, Mellen and Stefania (2005): linalool (18.9%),
sclareol (15.7%), and linalyl acetate (13.7%) were the most abundant in the EO
distilled from inflorescences, whereas gemacrene D (28.8%), bicyclogermacrene
(12.5%), spathulenol (10.1%) and p-caryophyllene (6.2%) were the main
constituents in the EO of the leaf. These differences may stem from genetic and
environmental factors as well as post-harvest and storage conditions.

The reports on many other Salvia spp. plants are relatively scarce. For
instance, only one scholarly article is available on the EO composition of S.
pratensis: Anackov et al. (2009) reported that the main constituents identified in the
S. pratensis EO were E-caryophyllene (26.4%), Z-f-farnesene (6.0%), S-cubebene
(5.6%), epi-bicyclo sesquiphellandrene (5.6%) and germacrene B (3.4%). The EO
composition of S. verticillata was found to be the richest in B-pinene (21.4%) and
1,8-cineole (16.1%) (Askun, Baser, Tumen and Kurkcuoglu, 2010). Veli¢kovic et al.
(2012) reported the EO composition of S. austracia and S. amplexicaulis from
Serbia; different main constituents were identified. Spathulenol (17.1%) was the
main compound in S. austriaca, whereas germacrene D (21.0%) was dominant in S.
amplexicaulis. The chemical composition of S. glutinosa originating from the
Southeast Region of Serbia has been also studied by Velickovic, Ristic, and
Velickovic (2003). The main constituents identified in S. glutinosa were
caryophyllene oxide (28.9% in leaf), humulene epoxide II (13.8% in leaf), B-
caryophyllene (9.0% in flower) and a-humulene (5.9% in flower). The volatiles
present in S. nemorosa were also investigated by Chizzola (2012). It was found that
the leaf of S. nemorosa in terms of EO accumulates a high amount of pg-
caryophyllene (14-41%), germacrene D (14-38%) and caryophyllene oxide (5—
20%). To the best of our knowledge, there have been no publications covering the
composition of volatiles in S. forsskaolii and S. stepposa.

Phenolic Compounds

Plants produce different phenolic compounds through the mevalonate,

shikimate and phenyl propanoid pathways. Numerous chemical studies have
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revealed that Salvia spp. plants are an outstandingly rich source of phenolic
compounds, with an excess of 160 phenolic compounds identified, some of which
are unique to the genus (Lu and Foo, 2002). S. officinalis is the most widely studied
sage species. Rosmarinic acid and phenolic diterpenes (e.g. carnosic, rosmarinic and
caffeic acids) were reported in it as the main components possessing strong
antioxidant, radical-scavenging and antibacterial activities capacity (Farhat,
Chaouch-Hamada, Sotomayor, Landoulsi and Jordan, 2014; Upadhyay and Mishra,
2014; Cvetkovikj et al., 2013; Walch, Tinzoh, Zimmermann, Stuhlinger and
Lachenmeier, 2011; Zimmermann, Walch, Tinzoh, Stlhlinger, and Lachenmeier,
2011). However, reports on many other Salvia spp. plants selected for our study are
rather scarce. The main polyphenol carboxylic acids (rosmarinic, caffeic p-coumaric
and chlorogenic) and flavonoids (luteolin, luteolin-7-glucoside, apigenol and
apigenin 7-glucoside) were determined in S. austriaca, S. glutinosa, S. nemorosa, S.
officinalis, S. pratensis, and S. verticillata collected from spontaneous and cultivated
populations; S. officinalis, S. verticillata and S. glutinosa exhibited the highest
content of these compounds (Coisin et al., 2012). Bandoniene, Murkovic and
Venskutonis (2005) reported rosmarinic acid as the main radical scavenger in polar
extracts isolated from the leaves of S. officinalis, S. glutinosa and S. sclarea; the
highest content of rosmarinic acid was found in S. glutinosa and S. sclarea.
However, the previously published results on Salvia spp. are difficult to compare
due to different extraction or sample preparation procedures. To the best of our
knowledge, so far, there have been no publications on the phytochemical
composition of S. amplexicaulis, S. forsskaolii and S. stepposa.

2.4.3. Application of Salvia in Medicine and Food

The positive benefits of Salvia (sage) to health are reputed throughout the
times of Ancient Rome and the Middle Ages. Old English provebs such as “He that
would live for aye [ever], must eat sage in May” or “Why should a man die whilst
sage grows in his garden?” epitomise the impact of the sage on the society at the
time. Apart from general scientific curiosity, the understanding of the chemistry of
Salvia plants is very important for several commercial industries because these
plants are broadly used in cosmetics, aromatherapy, medicine and food preparations
mainly as aromatic ingredients.

Sage is one of the most appreciated herbs for its rich EO and its plethora of
biologically active compounds extensively used in folk medicine. Sage has been
traditionally used for the treatment of digestive issues, bronchitis, cough, asthma,
depression, mouth and throat inflammations, angina, excessive sweating, skin
diseases, and many other diseases and health issues. Some of these diseases have
been recently extensively reviewed by Miroddi et al. (2014). The EQOs of Salvia are
used in the treatment of a wide range of diseases including the nervous system, heart
and blood circulation, the digestive system, the respiratory system, metabolic and
endocrine diseases (Baricevic and Bartol, 2000). Moreover, the EO of sage has been
shown to possess antispasmodic, antiseptic, and astringent properties. Sage is also
one of the most important sources of natural antioxidants which play a very
important role in protecting the body against the oxidative stress and free radical
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induced damages causing various ailments such as heart diseases, brain dysfunction,
diabetes or weakened immune system (Yadav and Mukundan, 2011).

In a study conducted on the antioxidant activity of many plant extracts
including sage (S. officinalis), it was found that terpenoids, flavonoids and other
phenolic compounds are mainly responsible for the antioxidant and free radical
scavenging effects of this plant (Bandoniené, Venskutonis, Gruzdiené and
Murkovic, 2002). Various phenolic compounds, such as rosmarinic, carnosol,
carnosic acids, rosmadial, and methyl carnosate, can stimulate endogenous
antioxidant defense systems or scavenge reactive species (Sa et al., 2009). Sage is
also used extensively in the food industry as flavoring agents and spices, especially
in meat, soups and sauces of baked fish and salad. Numerous studies have
demonstrated that plant antioxidants may play a role of natural additives preventing
the oxidation of food components, particularly unsaturated fats, and health beneficial
compounds acting in various ways, e.g. as scavengers of the excessive reactive
oxygen species which may damage biologically important molecules (Lobo, Patil,
Phatak and Chandra, 2010; Pham-Huy, He and Pham-Huy, 2008).
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3. Materials and Methods

3.1. Research Objects

Dried Salvia spp. plant materials were obtained from Kaunas Botanical Garden
of Vytautas Magnus University (Kaunas, Lithuania). The plants were collected in
2013 at the beginning of plant flowering. 10 different Salvia spp. plants, namely S.
amplexicaulis, S. austriaca, S. forsskaolii, S. glutinosa, S. nemorosa, S. officinalis, S.
pratensis, S. sclarea, S. stepposa and S. verticillata have been selected for further
analysis. S. officinalis and S. sclarea are the most thoroughly studied Salvia spp.
plants, whereas information about other Salvia spp. plants selected for this study is
rather scarce.

3.1.1. Reagents

Ethanol (96%) was purchased from Stumbras MV Group Production (Kaunas,
Lithuania); diatomaceous earth was acquired from Dionex (Sunnyvale, CA, USA);
methanol was sourced from Chempur (Pickary Slaskie, Poland); Trolox, ABTS,
DPPH, AAPH, Folin-Ciocalteu’s reagent (2 M), gallic acid, microcrystalline
cellulose (20 pm), acetonitrile, dichloromethane, formic acid, methanol, caffeic,
carnosic and rosmarinic acids, carnosol, diosmetin, ethyl gallate, rhamnetin, rutin
hydrate (95%) and quercetin 3-glucuronide were acquired from Sigma-Aldrich (St.
Louis, MO, USA); acid-free fluorescein was obtained from Fluka Analytical
(Steinheim, Switzerland); carbon dioxide (99.9%) was sourced from Gaschema
(Jonava, Lithuania); apigenin-7-O-p-D-glucuronide and luteolin-7-O-B-D-
glucuronide were produced by HWI Analytik GmbH (Ruelzheim, Germany);
3',4',5,7-tetraxydroxy-3-methoxyflavone was acquired from Extrasynthese (Genay,
France); apigenin, hyperoside and luteolin were sourced from Carl Roth GmbH
(Karlsruhe, Germany); DL-a-tocopherol (99.9%), rac-p-tocopherol (90+%), v-
tocopherol (99%) and d-tocopherol (95.5%) were bought from Supelco Analytical
(Bellefonte, PA, USA); diethyl ether (ACS, >99.9%) and Na,SO; (>99.0%,
anhydrous) were purchased from Lach Ner (Neratovice, Czech Republic); pentane
(for residue analysis, >99.0%) was acquired from Sigma-Aldrich (Steinheim,
Germany).
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3.2. Sample Preparation and Extraction

Dried plants were ground in an ultra centrifugal mill ZM 200 (Retsch, Haan,
Germany) by using a 0.5 mm hole size sieve. SFE-CO, was performed with 99.9%
CO; in the Helix system (Applied Separation, PA, USA) from 10 g of ground plant
placed in a 50 cm® cylindrical extractor of 14 mm inner diameter and 320 mm
length. The conditions for extraction were set as follows: time: 60 minutes, pressure:
45 MPa, temperature: 60°C, flow rate of CO,: 2 L/min. A static time of 10 minutes
was included in the total extraction time. These parameters were selected based on
previous reports demonstrating high extract yields (Kemziraité, Venskutonis,
Baranauskiené and Navikiené, 2014; Al-Asheh, Allawzi, Al-Otoom, Allaboun and
Al-Zoubi, 2012). The CO, extracts were collected in glass vials, weighed,
transferred into opaque bottles and kept refrigerated until further handling.

After SFE-CO,, 5 g of plant material residue was mixed with diatomaceous
earth (3:1) in a 10 mL stainless-steel cell and further extracted in a Dionex
accelerated solvent extractor ASE 350 (Dionex, Sunnyvale, CA, USA) at 140°C
temperature and 10.3 MPa pressure for 30 min. Diatomaceous earth was used both
as dehydrating or/and dispersing agent during the extraction. The extraction was
performed sequentially by using the solvents of increasing polarity, ethanol (96%)
and water. Ethanol was removed in a Rotavapor R-210 instrument (Buchi, Flawil,
Switzerland), whereas the water extracts were freeze-dried. The extracts isolated
with CO,, ethanol and water are further referred by the abbreviations composed of
the first letters of the plant species and first letter of the solvent, C, E, and W,
respectively: S. amplexicaulis Lam. (SAm-C, E, W), S. austriaca L. (SAu-C, E, W),
S. forsskaolii L. (SF-C, E, W), S. glutinosa L. (SG-C, E, W), S. nemorosa L.(SN-C,
E, W), S. officinalis L. (SO-C, E, W), S. pratensis L. (SP-C, E, W), S. sclarea L.
(SSc-C, E, W), S. stepposa Des-Shost. (SSt-C, E, W), S. verticillata L. (SV-C, E,
W).

3.2.1. Isolation of Volatiles by Simultaneous Distillation-Extraction

Volatile compounds were isolated in a Likens-Nickerson simultaneous
distillation-solvent extraction apparatus (further referred to as L-N) from 10 g of
dried herb placed in a 500 mL round-bottomed flask with ~250 mL distilled water
during 2.5 h. Distilled volatile compounds were extracted with 20 mL of the
pentane:ether (1:1) mixture. The L-N extracts were dried over Na,SO,, concentrated
under a stream of nitrogen to 2 mL and kept in sealed vials at —18°C temperature
until GC-FID and GC-MS analysis.

3.3. Evaluation of Antioxidant Activity

Salvia extracts, the initial material and residues remaining after extractions
were analysed by using the total phenolic content (TPC), the trolox equivalent
antioxidant capacity (TEAC in ABTS reaction) and the oxygen radical absorbance
capacity (ORAC) assays by applying conventional and QUENCHER analysis
procedures to the extracts and solids, respectively.
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3.3.1. Total Phenolic Content (TPC)

For TPC, 10 pL of appropriate dilutions of methanolic extract or gallic acid
solutions (for calibration) were oxidised with 190 pL Folin-Ciocalteu’s reagent
solution in deionised water (1:13) (Singleton and Rossi, 1965). The reagents were
mixed, allowed to stand for 3 minutes and then neutralised with 100 uL of 7%
Na,CO;. The absorbance was measured at 765 nm in a FLUOstar Omega Reader
(BMG Labtech, Offenburg, Germany). The TPC was calculated by using the gallic
acid calibration curve and expressed in mg gallic acid equivalents per g of dry
weight plant material (DWP) and extract (DWE), mg GAE/g DWP or DWE.

3.3.2. ABTS™ Scavenging Assay

TEAC assay was used to determine RSC of ABTS™ as described by Re et al.
(1999). The working solution of ABTS™ was produced by reacting 7 mM ABTS
stock solution with 2.45 mM potassium persulphate; the two stock solutions were
mixed in equal quantities and stored for 14-16 h. It was further diluted with
phosphate buffer solution (PBS) in order to obtain the absorbance of 0.80+0.03 at
734 nm. Samples or trolox solutions (3 uL) were reacted with 300 pL of the ABTS™
solution for 30 minutes, and the absorbance was read at 734 nm in a FLUOstar
Omega reader. A series of trolox solutions (7503000 pmol L™) were used for
calibration. The percentage of the scavenged ABTS™ was calculated by the formula
[(ADScontro—ADSsampie)/ (AbScontror) X100 where  AbSconror  and — AbSsampe  are  the
absorbance values of the control mixture with methanol and the analysed sample,
respectively. The TEAC values were calculated from the calibration curve and
expressed in pmol trolox equivalents (TE), umol TE/g DWP and DWE.

3.3.3. ORAC Assay

The advantage of ORAC assay is that it uses a biologically relevant radical
source (Prior et al., 2003). The reaction was carried out in 75 mM phosphate buffer
(pH=7.4); a stock solution of fluorescein was prepared according to Prior et al.
(2003), the samples were prepared by dissolving the extracts in methanol. The
prepared samples or trolox (25 pL) and fluorescein (120 pL; 14 umol L™) solutions
were placed in the 96 well black opaque microplates with a transparent flat-bottom.
The microplates were sealed and incubated for 15 minutes at 37°C. After incubation,
the AAPH solution as a peroxyl radical generator (25 uL; 240 mM) was added
manually with a multichannel pipette. The microplate was immediately placed in a
FLUOstar Omega fluorescent reader. The plate with the samples was shaken prior
to each reading. Fluorescence measurements (excitation wavelength 485 nm;
emission wavelength 510 nm) were read every 66 s, in total, 90 cycles were
performed. The raw data was analysed by using software Mars (BMG Labtech
GmbH, Offenburg, Germany). Methanol solutions of trolox were used for
calibration (6250 pmol L™). Antioxidant curves (fluorescence versus time) were
normalised, and the area under the fluorescence decay curve (AUC) was calculated
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i=120
as AUC =1+ Z—' where f, is the initial fluorescence at 0 min and f; is the
i=1 ‘o
fluorescence at time i. The final ORAC values were calculated by using a regression
equation between the trolox concentration and the net area under the curve (AUC).
The antioxidant activity was expressed in umol TE/g DWP and DWE.
The ORAC assay was adapted to measure lipophilic CO, extracts when using
7% randomly methylated B-cyclodextrin (RMCD) solution in acetone:water (50:50
v/v) to solubilise the antioxidants in oils (Tikekar, Ludescher and Karwe, 2008). For
L-ORAC assay, 1 mg of CO, extract was dissolved in 1 mL of 7% RMCD solution.
The 7% RMCD solution was used as a blank in measurements which were
performed as described above.

3.3.4. Assessment of Antioxidant Capacity by QUENCHER Assay

Measurements of the total antioxidant capacity by using modified ABTS™,
ORAC and TPC methods were applied directly to the solid ground plant material of
Salvia spp. plants as described by Pastoriza, Delgado-Andrade, Haro and Rufian-
Henares (2011). In principle, all the assays were carried out in the same way as
described for Salvia extracts. In ABTS™ scavenging assay, 0.01 g of the powdered
sample was weighed in a test tube and diluted with 40 puL of PBS. The reaction was
initiated by adding 2 mL of ABTS™ reagent. The mixture was vortexed for 27 min,
centrifuged at 4800 rpm for 3 min, and 300 uL of an optically clear supernatant was
transferred to the microplate. In ORAC assay, 0.01 g of the powdered sample was
transferred to a test tube and diluted with 40 uL of methanol. The reaction was
started by adding 2 mL of fluorescein. The mixture was vortexed for 15 min at
37°C, and then centrifuged at 4800 rpm for 3 min. Then, 150 pL of prepared
solution was transferred to the microplate, kept at 37°C for 15 min, and 25 pL of
AAPH solution was added. For TPC, 0.01 g of the sample was transferred to a test
tube with 40 pL of ethanol and 1.4 mL of Folin-Ciocalteu’s reagent solution (1:13).
As the next step, the mixture was neutralised with 0.6 mL of 7% Na,COs, vortexed
for 77 min and centrifuged at 4800 rpm for 3 min; the absorbance of the supernatant
was measured at 765 nm. In all the methods, when the samples exerted excessively
high antioxidant activity, they were diluted with microcrystalline cellulose as an
inert material. The mixtures of samples of microcrystalline cellulose and the reagent
were used as controls in all measurements. Trolox solutions were used to prepare the
calibration curve by using microcrystalline cellulose as well. The results are
expressed in pmol TE/g DWP.

3.4. Chromatographic Analysis

3.4.1. Determination of Tocopherols by High Performance Liquid
Chromatography (HPLC)

Tocopherols were analysed by HPLC in the saponified sample according to the
methodology developed by Gruszka and Kruk (2007) with a slight modification.
Perkin Elmer Series 200 HPLC system was equipped with a C30 reverse-phase
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column (particle size 5 pm, 250x4.6 mm) (Waters, Milford, MA, USA) by applying
the isocratic elution with acetonitrile: methanol: dichloromethane (72/22/6, viviv) at
30°C. The injection volume was 20 pL whereas the flow rate was 1 mL/min.
Tocopherols were detected by using a fluorescence detector at 290 nm excitation
and 330 nm emission; the analytes eluted in 20 min: at 12.2, 10.6, 10.2, 8.9 min for
a, B, vy, and & -tocopherols, respectively. They were identified by comparing
retention times to the pure standards, which ware prepared in a mobile phase at 0-10
pg/mL concentrations for drawing the calibration curves for quantification. The
analyses were performed in triplicate.

3.4.2. An On-Line HPLC-DPPH"-Scavenging Assay

The on-line method was applied by using a Waters HPLC system with a
Waters 1525 binary pump (Milford, MA, USA), a Rheodyne 7125 manual injector
(Rheodyne, Rohnert Park, CA, USA) with a 20 L injection loop and a Discovery
HS C18 250%0.46 cm (5 um) analytical column (Supelco Analytical, Bellefonte, PA,
USA). The linear binary gradient was formed at a constant flow rate of 0.8 mL/min
while using solvent A (0.1%, v/v, formic acid solution in ultra pure water) and
solvent B (methanol) with the following gradient program: 0-30 min 10% B, 30-50
min 40% B, 50-55 min 100% B, 55-56 min 10% B, 56—-60 min 10% B. The applied
gradient enabled to achieve good resolution and a good peak shape. The compounds
eluted from the column were detected with a Waters 996 photodiode array detector
in the range from 210 to 450 nm. After the UV detection, the freshly prepared
5x10° M DPPH" solution in methanol was added to the main eluent at a flow rate of
0.6 mL/min by using an Agilent 1100 series quaternary pump (Agilent
Technologies, Inc., Santa Clara, CA, USA). The mixture was introduced into a 15
mx0.25 mm i.d. reaction coil made of PEEK (polyetheretherketone) tubing
(Interchim, Frankfurt, Germany). The decrease of absorbance after the reaction of
radical scavengers with DPPH" was detected photometrically as a negative peak at
515 nm with a variable-wavelength Shimadzu SPD-20A UV detector (Shimadzu
Corporation, Kyoto, Japan). For the identification of phenolic compounds, the
HPLC system was coupled to a quadrupole mass detector Micromass ZQ (Waters)
operating in the ESI negative ionisation mode at the following parameters: scanning
range 100-1000 m/z; capillary voltage 3 kV; source temperature 120°C; cone
voltage 30 V; cone gas flow 80 L/h; desolvation temperature 350°C; desolvation gas
flow 400 L/h. The flow rate was set at 0.8 mL/min, the injection volume of 1%
extract solutions was 20 pL, and the gradient was as described previously.

3.4.3. ldentification of Phenolic Compounds by Using UPLC-Q/TOF

An Acquity UPLC system with a binary solvent delivery system, an
autosampler with a 10 uLL sample loop, a photodiode array (PDA) detector, a column
manager, and a data station running the Compass acquisition and data software
(Waters, Milford, MA, USA) combined with a Bruker maXis UHR-TOF mass
spectrometer (Bruker Daltonics, Bremen, Germany) were used. An Acquity BEH
C18 column (1.7 pm, 100 mmx2.1 mm, i.d.) (Waters, Milford, MA, USA) was used
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for the separation of compounds at 40°C. The mobile phase was initially composed
of 100% eluent A (0.1%, v/v, formic acid solution in ultra pure water) and 0% B
(acetonitrile) while maintaining these conditions for 1 min. Afterwards, a linear
gradient was shifted from 0 to 40% of eluent B in 5 min, and, later on, to 100% B
during the following 3 min. It was kept under these conditions during the following
1 min. After the analysis, the initial conditions were re-introduced over 1 min and
preserved for 1 min. Before each new run, the column was equilibrated for
additional 2 min. The flow rate was 0.4 mL/min, and the effluents were monitored at
254 nm. The effluents from the PDA detector were introduced directly into the
UHR-Q/TOF mass spectrometer equipped with an ESI source. Instrument control
and data acquisition were achieved by using the Compass 1.3 (HyStar 3.2 SR2)
software. MS experiments were performed in the negative ionisation mode, the
capillary voltage was maintained at +4500 V with the end plate offset at =500 V.
Nitrogen was used as the drying and nebulising gases at a flow rate of 10.0 L/min
and a pressure of 2.0 bar, respectively. Mass spectra were recorded within the range
from 100 to 1200 m/z, at a rate of 2.5 Hz. Peak identification was carried out by
comparing the retention times with those of the corresponding peaks in
chromatograms of standards or by the obtained accurate masses.

3.4.4. Quantitative Analysis of Phenolic Compounds by Using UPLC-TQ-S

Quantitative UPLC-MS analysis was performed by using a Waters Acquity
UPLC™ H-Class from Waters (Milford, MA) equipped with a Xevo TQ-S tandem
quadrupole mass spectrometer (Waters, Milford, MA) operating in the negative
electrospray ionisation (ESI) mode; the capillary voltage was set at 2 kV, the cone
voltage was 20 V, whereas the source offset was 50 V. The desolvation temperature
was 350°C, the desolvation gas flow measured 800 L/h, the cone gas flow was set at
150 L/h, and the nebuliser pressure was set at 0.7 MPa. The recorded mass range
was from 100 to 1000 m/z. Chromatographic separations were performed by using
the above described column and gradient. MassLynx 4.1 software was used for the
instrument control and data collection. All the samples were run in triplicates.
Quantitative analysis was performed by using TargetLynx (Waters, Milford, MA)
software. The concentration of phytochemicals was measured both in the dry weight
of extracts (DWE) and in the dry weight of the whole plant material (DWP). In the
latter case, the amount of the compounds isolated with CO,, ethanol and water was
summed up by taking into account the extract yields.

3.4.5. Method Validation

The validation of the analytical method for quantification of Salvia spp. plant
extracts included the limit of detection (LOD) and the limit of quantification (LOQ)
according to Shrivastava and Gupta (2011). For a linear calibration curve, it is
assumed that the instrument response y is linearly related to standard concentration x
for a limited range of concentration. It can be expressed in a model such as y=a+bx.
Thus the LOD and LOQ can be expressed as LOD=3xS,/b; LOQ=10xS,/b, where S,
is the standard deviation of the response and b is the slope of the calibration curve.
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3.4.6. Gas Chromatographic (GC) Analysis

L-N and CO, extracts (the latter was diluted in pentane at the concentration of
10 mg/mL) were analysed with a PerkinElmer Clarus500 gas chromatograph
(Shelton, USA) equipped with a flame ionisation detector (FID) and an Elite-5 (5%
diphenyl, 95% dimethylpolysiloxane) fused silica capillary column, 30 m length,
0.25 mmi.d., 0.25 pm film thickness (PerkinElmer, Shelton, USA). The carrier gas
was helium at the inlet pressure of 15 psi at 50°C, which was equivalent to a 1.3
mL/min volumetric flow; the detector temperature was 300°C, the oven temperature
was programmed from 50°C (2 min) to 280°C (10 min) at the rate of 5°C/min. A
split/splitless injector was used at 260°C in a split mode at a ratio of 1:10; the
injection volume was 1 uL. The obtained quantitative data was calculated according
to the methodology developed by Cachet et al. (2016) using the formula

A.
m, = RRF”®m,,, —— , where m; is the mass of compound i to be quantified,
MD

expressed in mg in kg of plant dry weight (DWP); RR is the predicted relative

response factor of compound i, myp is the mass of decane (internal standard, ISTD),
A; and Ayp represent the peak area of the analyte and the ISTD, respectively. The
concentrations of the compounds are calculated for the DWP. The mean values were
calculated from duplicate extractions and triplicate injections; standard deviations
(SD) did not exceed 5% in any of the conducted measurements.

Pred
I:i

3.4.7. Gas Chromatography-Mass Spectrometry (GC-MS)

The composition of L-N and CO, extracts was analysed on a GCxGC-TOFMS
LECO Pegasus 4D system consisting of an Agilent 7890A GC system, a GERSTEL
Multipurpose Sampler MPS (Gerstel GmbH, Mulheim an der Ruhr, Germany), a
high-speed TOFMS detector (LECO, St. Joseph, MI, USA) and a four jet cryogenic
modulator (Zoex, Houston, TX) by comparing the 1D first dimension linear
temperature programmed retention index with the peak’s identities provided by the
mass spectral similarity search. The column set consisted of a primary column BPX-
530 m, 0.25 mm i.d., 0.25 pm film thickness) (SGE Analytical Science, Australia)
connected in series to a secondary column, BPX-50 (1.8 m, 0.10 mm i.d., 0.1 pum
film thickness). The primary oven programming was 2 min at 50°C then ramped to
280°C at a rate of 5°C/min (holding for 10 min); the secondary oven programming
was 2 min hold at 65°C then ramped to 295°C at a rate of 5°C/min. The transfer line
temperature was 250°C. The GC injector port was maintained at 280°C with the
desorption time of 5 min. The TOFMS acquisition rate was 10 spectra/s, the mass
range used for identification was 35-550 m/z units. The detector voltage was set at
1550 V with the ion source temperature of 250 °C. The data from the GCxGC-
TOFMS system was collected with ChromaTOF software v.4.22 (LECO) after a
solvent peak delay of 500 s; the split ratio was set at 1:20; for peak detection and
spectral identification against NIST, MainLib, Replib and Adams mass spectra
libraries, signal-to-noise threshold was set as 50, and the minimum accepted
similarity was selected as 750.
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The components were identified by comparison of their Kovats retention
indices (KI) relative to C-—Cso n—alkanes obtained on the nonpolar Elite-5 column
with those provided in scholarly literature (Adams, 2007) and by comparing their
mass spectra with the data provided by the NIST, Mainlib, Replib and Adams mass
spectral libraries and by comparing the mass spectra with the corresponding data of
the components of the reference oils.

3.5. Statistical Data Evaluation

All the extractions and analyses were carried out in triplicate, and the obtained
results are expressed as the meantstandard deviation (SD). Significant differences
among the means were determined by one-way ANOVA by using the statistical
package Statgraphics Plus 5.1. Fisher’s least significant difference (LSD) was used
to determine the significant difference among the treatments at p<0.05. Correlation
coefficients were calculated between each of the variables. The statistical difference
was established at P<0.05.
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4. Results and Discussion

4.1. Comprehensive Evaluation of Antioxidant Potential of 10 Salvia spp. Plants
by Using High Pressure Methods for the Isolation of Lipophilic and
Hydrophilic Plant Fractions

4.1.1. Antioxidant Capacity of Salvia spp. Plant Extracts

There are many assays for the assessment of antioxidant properties; the
majority of them are based on single electron or hydrogen atom transfer reactions. It
was concluded that ORAC, TPC measured with Folin-Ciocalteu’s reagent and one
of the electron/hydrogen transfer assays should be recommended for the
representative evaluation of the antioxidant properties of foods (Huang, Ou and
Prior, 2005). Following this recommendation, all these methods were applied for
Salvia spp. extracts and powdered materials in our study. The antioxidant potential
was expressed in g of extract (DWE) but also recalculated for 1 g DWP. Both values
are informative as it is beneficial in practice not only to show the activity of the
extracts obtained by different solvents but also to reveal the potential of the whole
plant material. For instance, the extracts may be strong antioxidants even though
their yields may be very low; on the contrary, less antioxidatively active yet high-
yielding extracts would isolate a larger part of antioxidants from the whole plant
matrix.

It may be observed that not only extract yields but also L-ORAC values in
SFE-CO, were highly dependent on the plant species; the extract yields ranged from
1.840.1% (S. stepposa) to 5.2+0.2% (S. sclarea); the L-ORAC values varied from
570£23 to 6015+11 pumol TE/g DWE and from 29.8+1.2 to 224.4+0.4 umol TE/g
DWP, respectively. The highest and the lowest L-ORAC values were demonstrated
by S. officinalis and S. sclarea, respectively.

Pressurised ethanol was a highly effective solvent in terms of extraction of
antioxidatively active constituents (Table 4.1.). The values of radical scavenging
capacity (RSC) in ABTS™ assay of Salvia spp. ethanolic extracts were from 68445
to 1742+2 umol TE/g DWE and from 201+2 to 515+1 umol TE/g DWP. Particularly
high amounts of radical scavengers were isolated with ethanol from S. verticillata
and S. sclarea, up to 1742+2 and 1634+22 umol TE/g DWE, respectively. ABTS™
scavenging capacity of S. officinalis and S. verbenaca extracts isolated with
methanol was reported previously (Farhat, Landoulsi, Chaouch-Hamada, Sotomayor
and Jordan, 2013; Farhat, Jordan, Chaouech-Hamada, Landoulsi and Sotomayor,
2009): the TEAC values in these studies depending on the collection site of S.
officinalis and S. verbenaca were 309.22-346.61 and 120.11-287.81 uM TE/mg
extract, respectively. Considering that the molar mass of Trolox is 250.29 g/mol, it
means that 1 g of plant extract demonstrates the ABTS™ scavenging capacity
equivalent of 77.4-86.8 g TE/g (S. officinalis) and 30.1-72.8 g TE/g (S. verbenaca)
extracts, which is many times higher compared to our results as well as to other
previously reported data for various botanicals.
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Antioxidant properties of extracts were also evaluated by using the ORAC
assay which is based on quenching peroxyl free radicals, the major oxidative
products produced during lipid peroxidation in biological systems (Prior, Wu and
Schaich, 2005). It may be observed that the variations in ORAC values measured for
the Salvia extracts isolated with different solvents were not so remarkable if
compared with the ABTS™ assay. The highest scavenging capacity was
demonstrated by ethanolic extracts of Salvia spp. (up to 4735+114 umol TE/g DWE
and 1208+29 umol TE/g DWP) followed by water extracts (up to 1339+83 umol
TE/g DWE and up to 48530 TE/g DWP). It should be noted that the previously
reported data on ORAC values of Salvia spp. plants is inadequately scarce. Porres-
Martinez, Gonzalez-Burgos, Accame and Gomez-Serranillos (2013) reported that
the essential oil of S. lavandulifolia Vahl. exhibited the highest ORAC values,
0.36+£0.10-0.76+0.01 pmol TE/mg. The differences in the antioxidant potential
between the analysed samples in their work, at least in part, were linked to the
presence of 1,8-cineole in the oils.

The TPC values of ethanolic extracts were in the range of 0.48+0.03-
43.65+0.67 mg GAE/g DWP; the ethanol extracts possessed the highest TPC, up to
43.65+0.67 mg GAE/g DWP, followed by the water extracts, up to 7.17+0.07 mg
GAE/g DWP. Thus ethanol was the most effective solvent in extracting phenolic
compounds from various Salvia spp. plant material. These values are in agreement
with the previously reported data. For instance, Shan, Cai, Sun and Corke (2005)
determined 5.32 g GAE/100 g DWP in S. officinalis leaves and branches, while
Cosio, Buratti, Mannino and Benedetti (2006) found remarkably higher TPC values
in the same species ranging from 23.2 to 26 mg GAE/g DWP, whereas Erdogan,
Karik, Hiisnii and Baser (2014) reported TPC in Salvia spp. plants in the range from
4.88 to 16.55 mg GAE/g DWP. The effects of various factors on the formation of
secondary metabolites in plants may explain the TPC differences in the assayed
Salvia samples (Shan, Cai, Sun and Corke, 2005).
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Table 4.1. The yields and antioxidant characteristics of various Salvia spp. plant extracts consecutively extracted by using SFE-CO,,

ethanol and water

ABTS™, umol TE/g

ORAC, umol TE/g

TPC, mg GAE/g

Samples Yield % w/w
DWE DWP DWE DWP DWE DWP
SAm-E 25.5+0.1¢ 117747 300+2° 4735+114° 1208+29° 97.41+0.79° 24.85+0.20°
SAM-W 32.4+0.1° 79.52+0.52¢ 25.77+0.18° 676+27% 219+9° 5.92+0.14° 1.92+0.05°
SAu-E 29.4+0.1° 684+5° 201+2° 2009+196° 591+58° 72.57+0.97° 21.35+0.02°
SAU-W 40.7+0.1° 85.04+1.43° 34.62+0.58¢ 482+33° 196+13.4° 4.23+0.40° 1.72+0.16°
SF-E 30.4+0.1° 1135+9° 345+3° 4508+126° 1370+38f 116+1° 35.19+0.17"
SF-W 36.2+0.1¢ 32843 119+1 1339+83° 485+30° 19.80+0.19' 7.1740.07)
SG-E 26.1+0.1° 1072+10.2¢ 279+3¢ 1758+118° 457+31° 106+1°¢ 27.72+0.27°
SG-W 31.0+0.1° 246+2" 76.26+0.64° 897+33° 278+10¢ 16.86+0.16" 5.23+0.05'
SN-E 30.7+0.2¢ 1005+2° 308+1" 2392+151° 733+46° 109+1f 33.33+0.17¢
SN-W 43.740.1" 150+0f 65.57+0.13" 718+14¢ 313+6° 7.60£0.25° 3.32+0.11°
SO-E 36.240.1" 108010 391+4" 2535+180° 917+66° 121+2" 43.65+0.67'
SO-W 37.7+0.1° 225+19 84.98+0.29" 1143+69f 431+26f 13.15+0.19° 4.96+0.07"
SP-E 25.0+0.1° 973+11° 243+3° 1783+85° 446+21° 85.84+0.63° 21.46+0.16°
SP-W 42.5+0.29 38.85+1.71° 16.52+0.73 279+23° 118+10° 1.12+0.07° 0.48+0.03°
SSc-E 18.1+0.1% 1634422 296+4° 3820+193° 692+35° 106+1° 19.26+0.10°%
SSc-W 30.2+0.2% 153+1f 46.15+0.42° 867+16° 262+5¢ 7.59+0.13f 2.29+0.04°
SSt-E 19.6+0.2° 1392+14° 273+3° 2480+145° 487+28° 103+2¢ 20.28+0.40°
SSt-W 30.2+0.2% 51.82+1.38° 15.63+0.42° 279+30° 84.13+9.03" 2.13+0.09° 0.64+0.03"
SV-E 29.6+0.2° 174242 51541 4121+301¢ 1218+89° 106+1° 31.35+0.44
SV-W 40.4+0.1° 69.64+1.38° 28.16+0.56° 626+34° 253+14¢ 2.85+0.16° 1.15+0.06°

Values represented as meantstandard deviation (n=3); a-j

different Salvia spp. plants

: the mean values followed by different letters are significantly different (p<0.05) between one type of solvent and



4.1.2. Direct Evaluation of Antioxidant Capacity by QUENCHER Method

Some antioxidatively active constituents may be strongly bound to other
components in the plant matrix and are thus hard to extract by solvents. They may
be released in the human intestinal tract in the process of digestion. Recently, the
QUENCHER method was developed with the capacity to determine the antioxidant
activity of the whole plant material (Serpen, Capuano, Fogliano and Gékmen, 2007).
The values obtained by the QUENCHER method for insoluble food components
demonstrated the existence of significant antioxidant capacity values which in some
cases were remarkably higher than those determined by the traditional extraction
procedures. It is thus suggested that free functional groups on the surface of
insoluble particles may also quench with the radicals.

Antioxidant capacity values were determined by the QUENCHER method in
raw dried plant materials, the residues were calculated after SFE-CO, and the final
residue was measured after PLE (Table 4.2.). In terms of the changes of all the
measured values after SFE-CO,, Salvia spp. plants may be divided into three groups:
antioxidant capacity indicators significantly increased (1), significantly decreased
(2) or remained almost unchanged (3). For this purpose, statistical data evaluation
was applied. Fisher’s least significant differences test was used to determine
significant differences among the samples at the 5% probability level (P<0.05). For
instance, ABTS™ scavenging capacity decreased after SFE-CO, of SAm, SP, SSc
and SV by 27, 36, 30, and 52%, respectively. Several factors may be considered as
an explanation of these changes. The decrease of antioxidant capacity values may be
simply explained by the partial removal of active lipophilic compounds during SFE-
CO,. For instance, the ORAC value of SAm-C (1914£13 pumol TE/g) was the
second highest value among all Salvia spp. plants, while after SFE-CO, it
remarkably decreased comparing to the raw material. The increase of the measured
values in the SFE-CO, residues may be explained by the structural changes of the
plant material after subjecting it to a very high pressure at an elevated temperature.
Such changes may increase the availability of polar antioxidatively active groups in
the matrix. For instance, the ORAC value of the SO-C extract was the highest;
however, for the SFE-CO, residue of S. officinalis, it was almost two times higher
compared to the initial plant material. S. officinalis accumulates high amounts of
essential oil, which is extracted by SFE-CO,; this Salvia spp. plant also contains
high concentrations of polyphenolic antioxidants, such as rosmarinic acid, which are
not extracted by SFE-CO,. It may be suggested that after treatment at high
pressure/elevated temperature, antioxidatively active groups in S. officinalis become
more available for scavenging peroxyl radicals in the ORAC assay. Also, some
chemical changes during high pressure/elevated temperature treatment may be
considered.

PLE with high polarity solvents exhibited remarkably reduced antioxidant
capacity values in all Salvia spp. plants (Table 4.2). It may be easily explained by
the removal of strong polar antioxidants (e.g., rosmarinic acid) from the plant
material. TEAC values measured in ABTS™ assay after PLE decreased on average
by 6-22 times; for instance (in umol TE/g DWP), in S. verticillata, the values
decreased from 879+7 to 38.47+0.13; in S. sclarea, the values changed from 575+3
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to 32.73x0.17; in S. pratensis, the values fell from 510+8 to 33.75+2.27; in S.
amplexicaulis, the values decreased from 444+12 to 32.99+0.23. The residual TPC
values after all the high pressure extraction procedures were in the range of
1.14+0.02-5.10+0.13 mg GAE/g, while in the initial material they were in the range
of 20.21+1.34-72.84+1.73 mg GAE/qg. It shows that 2-step high pressure extraction
(PLE) effectively isolates antioxidatively active constituents from the herbal
material. It was suggested that the extraction type and other treatments may release
various compounds from the complex product matrix containing proteins and other
constituents which may demonstrate antioxidant activity in vivo (Pastoriza, Delgado-
Andrade, Haro and Rufian-Henares, 2011). To the best of our knowledge, no
evaluation of various Salvia spp. plant material by using the QUENCHER method at
various extraction processing steps has been reported previously.
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Table 4.2. Antioxidant activity and total phenols content of various Salvia spp. plant material obtained by the QUENCHER

procedure
ABTS™, umol TE/g DWP ORAC, pumol TE/g DWP TPC, mg GAE/g DWP
Samples Raw sng-tf:roz After PLE Raw SI;?Ef-térOz After PLE Raw sng-tf:roz After PLE
SAm 444+12%% 326+1%Y 32.99+0.23**  102045°7 324+17% 48.47+0.33°*  5531+2.32°7  36.94+0.83"Y  2.40+0.16™
SAuU 334+3% 370+10°%  36.77+0.66"*  605+11°Y 965+14%%  47.77+#3.30%*  20.21+#1.34*%  5251+157"  2.73+0.15%
SF 4142245 556597 32.68+0.17%¢  1173+79% 1559+16%Y  42.80+3.34°  66.68+2.47%  67.77+0.88"Y  2.75+0.09°*
SG 333+1% 440+10°%  37.15+0.77°%% 517+3% 8404227 52.14+0.30°  25.48+0.40°Y  46.11+0.55%7  4.41+0.23%
SN 374+18"Y 480+7" 32.82+0.06**  854+16%Y 1443+34%%  33.1242.42%  4526+2.16™  36.16+0.48"Y  1.96+0.10%
SO 335+25%Y 331+9% 51.56+1.16"*  817+40%Y 1565+5%%  41.22+1.39°%*  53.87+1.93%7  49.44+0.84%Y  5.10+0.13"
SP 510+8°%* 326+1%Y 33.7542.27%%  418+28% 851+13"* 33.9741.06*¢  33.48+1.24%  47.25+0.78%%  1.60+0.14°*
SSc 575+3" 40248 32.73+0.17%*  1050+38%Y  1486+37°"¢  36.90+0.26™%  42.80+2.19%7  37.95+0.64%Y  1.14+0.02**
SSt 331427 483+15"  32.61+0.39%  1535#47%  15204320Y  37.4240.19®*  63.15+1.10" = 26.22+0.75%Y  1.74+0.06"*
Y 879+79% 419+12%Y  38.47+0.13%* 1552+3% 1535+13Y  43.7442.00%%  72.84+1.73"*  62.94+0.95%  3.46+0.09"™

a—h: the mean values followed by different letters are significantly different (P<0.05) between the types of Salvia spp. plants. X, y, z: the mean values followed
by a different letter are significantly different (P<0.05) between the types of extraction.
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4.1.3. Total Yield, Overall Antioxidant Potential and Correlation Between
Different VValues

The total yields and the overall antioxidant potential of Salvia spp. plants
expressed as a sum of TPC, TEAC and ORAC values of all the extracts obtained
with different solvents are presented in Fig. 4.1. The extraction yields of Salvia spp.
plants obtained by consecutive application of SFE-CO, and PLE with different
polarity solvents, namely, ethanol and water, are also shown in Fig. 4.1(a). The
yields obtained with water were 1.04-1.70 times higher comparing to the yields
isolated with ethanol. In general, the total yield of extracts was higher from S.
officinalis (77.6%) and S. nemorosa (76.8%) than from the other Salvia spp. plants
(51.6-72.9%), most likely, due to a higher content of polar substances in S.
officinalis and S. nemorosa. It is obvious that S. forsskaolii and S. officinalis possess
higher TPC; the values varied from 42.36 to 48.61 mg GAE/g DWP, respectively.
The variations in TPC between other Salvia spp. plant samples ranged from 20.93 to
36.65 mg GAE/g DWP (Fig. 4.1(b)).

S. forsskaolii and S. officinalis possess high overall RSC in ABTS™ scavenging
assay: their TEAC values were 463.71 and 475.70 uMTE/g DWP, respectively (Fig.
4.1(c)). However, the highest TEAC value for this assay was found for S.
verticillata, specifically, 543.01 uM TE/g DWP. It may be observed that the overall
TEAC calculated by summing the values obtained in ABTS™ scavenging assay of
ethanol and water extracts differ from the TEAC values determined by the
QUENCHER procedure; however, these differences are not so remarkable. For
instance, for S. verticillata, the TEAC in QUENCHER assay was 1.62 times higher
than the overall TEAC in the extract assay, whereas for S. forsskaolii and S.
officinalis, on the contrary, the overall TEAC of the extracts was higher than the
TEAC measured by the QUENCHER method.

The highest overall ORAC value was found for S. forsskaolii (1872 umol TE/g
DWP) followed by S. officinalis (1573 pmol TE/g DWP) and S. verticillata (1493
umol TE/g DWP) (Fig. 4.1(d)). In this assay, the overall antioxidant capacity values
were of the same order as in the QUENCHER assay. The ORAC values were
previously reported only for S. lavandulifolia Vahl. (Porres-Martinez, Gonzalez-
Burgos, Accame and Gomez-Serranillos, 2013), while such data for other Salvia
spp. plants has not been found in any available scholarly literature sources.

Comprehensive evaluation of antioxidant activity indicators by using three
assays applied to 10 Salvia spp. plants and by using three different solvents resulted
in obtaining numerous content values. Therefore, it was interesting to assess if there
are correlations between different assay methods. For instance, multiple studies
employing traditional and QUENCHER procedures demonstrated strong positive
correlations between TPC values and RSC of ABTS™ and ORAC. Correlation
coefficients for different antioxidant assays are summarised in Fig. 4.2. It may be
observed that there are strong correlations between different antioxidant activity
assays of Salvia spp. plant extracts (0.830-0.938) and the ground plant material in
the QUENCHER assay (0.812-0.852) when the values are expressed in DWP. When
antioxidant capacity values are expressed in g of DWE, the correlations are also
strong. For instance, the correlation coefficient for TPC-ABTS™ is 0.942, for TPC-
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ORAC, it reaches 0.847 and for ABTS™-ORAC, it stands at 0.884. These findings
reveal the complexity of the composition of antioxidatively active constituents of
different Salvia spp. plants. Comprehensive studies of individual constituents as well
as their antioxidative properties are required for obtaining more exhaustive
information on the properties of different Salvia spp. extracts.
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Fig. 4.1. The total yield (a) and the overall antioxidant activity of Salvia spp. plants
expressed as a sum of the total phenolic content (TPC, b); ABTS™ scavenging capacity (c);
oxygen radical absorbance capacity ORAC (d)
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Fig. 4.2. Correlation coefficients between different antioxidant measurement assays of
different Salvia spp. plants; on the right — as determined by the QUENCHER procedure in
solid material; on the left — as determined by the traditional procedure in extracts
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4.2. Phytochemical Composition of Fractions Isolated from 10 Salvia spp.
Plants by Supercritical Carbon Dioxide and Pressurised Liquid Extraction
Methods

4.2.1. Determination of Tocopherols

Botanicals biosynthesise various classes of organic compounds which may be
isolated by using different polarity solvents; therefore, the yields of extracts as well
as their composition highly depend on the solvent and the applied procedure. The
application of high pressure extraction and fractionation technique, such as
supercritical fluid extraction with carbon dioxide (SFE-CO,) and pressurised liquid
extraction (PLE) by using environmentally- and food-friendly solvents may provide
additional benefits while processing botanicals with the intention of isolating
valuable functional ingredients. To the best of our knowledge, such a concept has
not been previously applied to Salvia spp. plants; on the other hand, comprehensive
studies of plant biorefining into fine phytochemicals have been recently initiated,
and their benefits have already been demonstrated for raspberry pomace
(Kryzeviciuté, Kraujalis and Venskutonis, 2016) and chokeberry pomace
(Grunovaité, Pukalskiené, Pukalskas and VVenskutonis, 2016).

Tocopherols exerting vitamin E activity in living organisms are strong
lipophilic antioxidants and therefore they can be effectively isolated by the nonpolar
SFE-CO,. HPLC separation of tocopherols is achieved by using reversed phase
which is based on the structure of the side chain and the number of methyl
substituents (Gruszka and Kruk, 2007). The dependence of the peak area and various
tocopherol concentrations demonstrated excellent linear relationships (R®=0.99-
1.00) for tocopherol isomers. It may be observed (Table 4.3) that the total yield of
tocopherol isomers in the researched Salvia spp. plants varied from 2,360 to 10,071
ug/g DWE and from 52.64 to 221 pg/g DWP. a-Tocopherol was the dominating
vitamin E isomer in 10 different Salvia species (Table 4.3); its concentration in the
extracts and plant material were from 2242 to 8473 pg/g in the dry weight of
extracts (DWE) and from 50.01 to 179 ug/g in the dry weight of the whole plant
material (DWP), respectively. The concentrations of y- and &-tocopherols were
remarkably lower, whereas the  isomer was not detected in any of the extracts. It
should be noted that a-tocopherol is the most biologically active isomer. Thus the
total amount of the extracted tocopherols from dry plant material ranged from 52.64
ug/g DWP (S. amplexicaulis) to 221 pg/g DWP (S. nemorosa). The antioxidant
potential of CO, extracts isolated from S. officinalis at different parameters were
tested previously in rapeseed oil (Dauksas, Venskutonis, Povilaityté and Sivik,
2001), and tocopherols may play an important role in increasing the oxidative
stability of food lipids. To the best of our knowledge the content of tocopherols in
different Salvia spp. plants has not been reported previously.
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Table 4.3. The yield of tocopherol isomers isolated from Salvia spp. plants obtained by SFE-CO,. The results are expressed as
pg/g DWE and pg/g DWP

Samples a-tocopherol y-tocopherol 8-tocopherol Total tocopherols
DWE DWP DWE DWP DWE DWP DWE DWP
SAM-C 2242+17° 50.01+0.37° 118+17 2.63+0.02% nd nd 2360 52.64
SAu-C 4538+63° 128+2¢ 429+4° 12.19+0.12¢ 318+7° 9.03+0.20° 5285 149
SF-C 847357 172+19 599+43° 12.17+0.87¢ 419+2° 8.50+0.04° 9491 193
SG-C 2436+22° 56.28+0.52° 262+12° 6.04+0.28" 87.630.91° 2.02+0.02% 2786 64.34
SN-C 6095+109" 148+3° 2403+60° 58.15+1.46° 616221° 14.91+0.51¢ 9114 221
SO-C 3914+45° 146+2° 246+3° 9.17+0.13° nd nd 4160 155
SP-C 4074411 78.23+0.22° 161437 3.09+0.07° nd nd 4235 81.32
SSc-C 3429+58¢ 179+3" 476+7.3° 24.85+0.38 nd nd 3905 204
SSt-C 3169+6° 58.31+0.12° 321+3° 5.90+0.05" nd nd 3490 64.21
SV-C 8367+65' 155+1° 1110+15° 20.53+0.27° 594+9¢ 10.99+0.17° 10071 187

Values represented as meanzstandard deviation (n=3); a—i: the mean values followed by different letters are significantly different (P<0.05); nd: not detected; p-
tocopherol was not detected in any of the samples.
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4.2.2. ldentification of Salvia Phytochemicals by Using UPLC-Q/TOF

Usually, botanical extracts are extremely complex mixtures of various classes
of compounds which may be present across an outstandingly wide concentration
range. In addition, the antioxidant capacity as well as other bioactivities of plant
constituents may also differ significantly depending on their chemical structures and
isomerisation  (Kintzios, 2000). Therefore, for a more comprehensive
characterisation of the chemical composition of extracts isolated from 10 Salvia spp.
plants and the whole plant material, three methods were applied, namely, UPLC-
Q/TOF for compound identification, UPLC-TQ-S for their quantification, and on-
line HPLC-UV-DPPH" for the rapid monitoring of the most antioxidatively active
compounds in the complex mixtures.

In total, 15 compounds were positively identified by using commercial
standards, while some other compounds were identified tentatively based on the
obtained fragments and on the grounds of comparison with data sourced from
scholarly literature (Table 4.4). Representative chromatograms and chemical
structures of the identified compounds in Salvia spp. plant extracts are shown in Fig.
4.3 and Fig. 4.4, respectively.

Compound 2 gave an m/z value of 197.0454, which fits molecular formula
CoH100s, while its fragmentation gave the peaks of m/z 135 [M-H-H,O-CO,]", and
123 [M-H-C3HsO,]". m/z 179 [M-H-H,O] can be observed at low intensity. This
compound was identified as hydroxyphenylpropanoic acid (danshensu) which is the
hydrated form of caffeic acid (Liu et al., 2007). Danhensu was previously reported
in aqueous infusions of S. officinalis (Zimmermann, Walch, Tinzoh, Stiihlinger and
Lachenmeier, 2011). Compound 6 gave an m/z of 197.0456 fitting molecular
formula CgHy00s, and it was identified as ethyl gallate by using commercial
standard. Compound 16 gave an m/z of 137.0242 thus fitting molecular formula
C7HgOs3; its fragmentation ion of m/z 137.0242 yielded a prominent peak at m/z 93
due to the loss of CO, from the respective precursor ions. This pattern of
fragmentation was characteristic for hydroxybenzoic acid derivatives as well as for
other phenolic acids. Hence this compound was identified as hydroxybenzoic acid,
which was reported previously in Lamiaceae family plants (Hossain, Rai, Brunton,
Martin-Diana and Barry-Ryan, 2010) and in S. officinalis origin honey (Gasic¢ et al.,
2015). Hydroxycinnamic acids such as caffeic (3) and rosmarinic (14) acids were
positively identified on the grounds of their chromatographic retention time and
mass spectra in comparison with commercial standards. Rosmarinic acid exhibited
two main derivatives, namely, caffeic acid (m/z 179) and the 2-hydroxy derivative
of hydrocaffeic acid (m/z = 197). A similar pattern of rosmarinic acid fragmentation
was reported previously (Herrero, Plaza, Cifuentes and Ibafiez, 2010) in analysing
the extracts of Lamiaceae spices. Compound 19 gave an m/z of 373.0926 thus fitting
molecular formula CyoHi0s. This structure was tentatively assigned to methyl
rosmarinate. In general, our identification data is in agreement with the previously
published results which reported that the majority of phenolic acids in Salvia spp.
plants are exclusively caffeic acid derivatives predominantly occurring in the
dimeric form as rosmarinic acid or monomeric caffeic acid (Lu and Foo, 2002).
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Caffeic and rosmarinic acids are phenolic compounds found in various plants
including such commonly used Lamiaceae herbs as basil, oregano, lemon balm,
rosemary, sage and others (Lee, 2010). Rosmarinic acid is one of the best-known
natural antioxidants present in various botanicals; for instance, its antioxidant
capacity was shown to be more that 3-fold higher than that of trolox; it also inhibits
xanthine oxidase and can be expected to scavenge the surplus free radicals in the
body. In addition, rosmarinic acid reduces Mo (VI) to Mo (V) and therefore may
prevent the production of free radicals caused by the polyvalent metal catalysts of
oxidation (Petersen and Simmonds, 2003). Caffeic and rosmarinic acids have been
extensively reported in S. officinalis (Hossain, Rai, Brunton, Martin-Diana and
Barry-Ryan, 2010; Lu and Foo, 1999, 2001, 2002; Zimmermann, Walch, Tinzoh,
Stiihlinger and Lachenmeier, 2011).

Compound 10 showed an m/z value of 461.0727 (fitting molecular formula
CxHi1501,) and fragment m/z 285 corresponding to the aglycone, luteolin. Fragment
loss indicates glucuronic acid, and, therefore this compound was identified as
flavone luteolin glucuronide. The identity was also confirmed by commercial
standard. Luteolin 7-O-glucuronide was previously reported in Salvia spp.
(Cvetkovikj et al., 2013; Lu and Foo, 2001; Zimmermann, Walch, Tinzoh,
Stlihlinger and Lachenmeier, 2011). Compound 13 demonstrated an m/z value of
445.0778 (fitting molecular formula CyH;s01) and fragment m/z 269
corresponding to apigenin. Based on this data and by comparing it with the standard,
this compound was identified as apigenin-7-O-B-D-glucuronide, which was also
reported previously in Salvia spp. (Cvetkovikj et al., 2013) and S. officinalis tea
infusions (Walch, Tinzoh, Zimmermann, Stiihlinger and Lachenmeier, 2011).
Compound 20 had an m/z value of 285.0406 (fitting molecular formula C;5H100s).
This compound was confirmed by comparing it with the commercial standard and
identified as luteolin. Compound 21 gave an m/z value of 315.0503 fitting molecular
formula CysH1,O;. Based on this data and by comparing it with the commercial
standard, this compound was identified as 3',4',5,7-tetraxydroxy-3-methoxyflavone.
Compound 22 had an m/z value of 269.0453 (fitting molecular formula C;5H1,0s).
Based on this data and by comparing it with the commercial standard, this
compound was identified as apigenin. Compound 23 gave an m/z value of 299.0560
fitting molecular formula Ci;H1,0s. The fragmentation of m/z 299.0560 gave
prominent peaks at m/z 285 corresponding to luteolin. Based on this data and by
comparing it with the commercial standard, this compound was identified as luteolin
derivative diosmetin, which was reported in S. candidissima (Topgu, Tan, Ulubelen,
Sun & Watson, 1995). Compound 27 had an m/z value of 283.0611 (fitting
molecular formula C1H;,0s). This structure was tentatively assigned to genkwanin.

The exact molecular mass of compound 5 was 609.1462, while the main
fragment was observed at 301 [M-H-C1,H,000] in the negative ion spectrum. The
suggested molecular formula C,7H300 46 fits rutin, which was confirmed by using the
reference compound. In addition, compound 7 showed a precursor ion at m/z
593.1513 (Cy7H30015), and its MS/MS spectrum presented a product ion at m/z 285,
which may be attributed to the elimination of rutinoside residue. Therefore, this peak
was identified as kaempferol-O-rutinoside. Compound 8 had an m/z value of
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463.0876 (fitting molecular formula C,;H»0012). This compound was confirmed by
comparing it with the commercial standard and identified as hyperoside. Compound
11 had an m/z value of 477.1036 (fitting molecular formula Cx»H,,0;,) and a
fragment m/z 315. It was tentatively identified as isorhamnetin-glucoside
(Carazzone, Mascherpa, Gazzani and Papetti, 2013). Compound 12 gave an m/z
value of 477.0674 fitting molecular formula Cy;His043. This compound had a
fragment m/z of 301 corresponding to quercetin. Based on this data and by
comparing it with the commercial standard, this compound was identified as
quercetin 3-glucuronide (miquelianin), which was identified previously in S.
blepharophylla (Bisio, Romussi, Ciarallo and De Tommasi, 1997). Compound 26
gave an m/z value of 315.0503 thus fitting molecular formula CyH,0;. Based on
this data and by comparing it with the commercial standard, this compound was
identified as rhamnetin. Compound 25 had an m/z value of 331.0822 thus fitting
molecular formula C;7H:s0;. Based on this data, it was identified as 5,7,2'-
trihydroxy-5',6'-dimethoxyisoflavone. This compound was identified previously in
S. plebeian by R. Brown (Ma et al., 2014). Compounds 28 and 29 gave m/z values
of 329.1759 and 331.1919 fitting molecular formulas CyH»04 and CyoH,s04,
respectively. Based on this data and by comparing them with the commercial
standard, these compounds were identified as phenolic terpenes carnosol and
carnosic acid.

Some compounds present in sage extracts gave major fragment ions following
a loss of CO; as seen in all the phenolic acids. Compound 30 gave an m/z value of
345.2075 thus fitting molecular formula CyH30O4. This compound was identified as
methyl carnosate. It produced two major fragments: m/z 301 due to the loss of CO,
with the further loss of the methyl group producing m/z 286 ions. This
fragmentation pattern was in agreement with that reported by Herrero, Plaza,
Cifuentes and Ibafiez (2010) in analysing the phenolic antioxidant compounds of
rosemary extracts. Carnosol, carnosic acid and methyl carnosate were reported
previously in S. officinalis (Cvetkovikj et al., 2013; Farhat, Chaouch-Hamada,
Sotomayor, Landoulsi and Jordan, 2014; Upadhyay and Mishra, 2014; Walch,
Tinzoh, Zimmermann, Stihlinger and Lachenmeier, 2011; Zimmermann, Walch,
Tinzoh, Stlhlinger and Lachenmeier, 2011). Compound 18 with an m/z value of
493.1136 fitting molecular formula CyHx»01 was tentatively identified as
salvianolic acid A which was previously reported in S. miltiorrhiza roots by Li et al.
(2015).

To the best of our knowledge ethyl gallate, 3'4'5,7-tetraxydroxy-3-
methoxyflavone, hyperoside and isorhamnetin-glucoside have not been reported
previously in Salvia spp. extracts. Table 4.5 shows the content of ethyl gallate and
3',4',5,7-tetrahydroxy-3-methoxyflavone isolated from Salvia spp. by different
solvents. Hyperoside was identified in ethanolic extracts of S. amplexicaulis and S.
glutinosa, and isorhamnetin-glucoside was traced in ethanolic extracts of S.
glutinosa.

Finally, the extracts were screened by the HPLC-UV-DPPH' on-line method in
order to track which constituents possess antioxidant capacity. Combined UV
(positive signals) and DPPH’ quenching (negative signals) chromatograms of
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selected Salvia spp. extracts are presented in Fig. 4.5. Danshensu (2), caffeic acid
(3), luteolin-7-O-B-D-glucuronide (10), quercetin 3-glucuronide (12), rosmarinic
acid (14), hydroxybenzoic acid (16), methyl rosmarinate (19), luteolin (20) and
carnosic acid (29) were determined to be the most active radical scavengers among
the investigated extracts.
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Table 4.4. Identification data of Salvia spp. compounds by UPLC-Q/TOF
Peak Molecular RT on m/z,
No. Compound formula UPLC [M-H]" MS fragments
1. Unknown CyH150s 2.4 253.0925 133, 135, 161, 181
2 Danshensu® CyH100s 2.9 197.0454 109, 123, 135, 151, 179
3 Caffeic acid® CoHsO4 3.8 179.0349 nd
4, Unknown CigH2509 3.9 387.1658 135, 163, 179, 207, 311
5. Rutin® C27H30016 4.3 609.1462 301
6 Ethyl gallate® CyH100s 4.4 197.0456 124, 125, 167
7 Kaempferol-O-rutinoside® C27H30015 4.4 593.1513 285
8. Hyperoside® C21H20012 4.5 463.0876 301
9. Unknown C21H20011 45 447.0926 285
10. Luteolin-7-O-p-D-glucuronide® C21H15012 45 461.0727 285
11. Isorhamnetin-glucoside ” C22H 2,012 4.6 477.1036 299, 300, 315
12. Quercetin 3-glucuronide® C21H15013 4.7 477.0674 161,301, 315, 359
13. Apigenin-7-0-B-D-glucuronide® C21H18011 4.9 445.0778 269
14. Rosmarinic acid® C1gH160s 5.0 359.0775 161, 179, 197
15. Unknown C2sH30013 5.2 537.1615 133, 135, 161, 179, 295, 359
16. Hydroxybenzoic acid® C7Hs0s 5.3 137.0242 93, 108
17. Unknown Ci1gH2609 5.3 385.1500 137,179
18. Salvianolic acid A° Ca26H22010 5.5 493.1136 135, 185, 295, 313, 461
19. Methyl rosmarinate” Ci1oH150s 5.6 373.0926 135, 175, 179, 197
20. Luteolin® Ci5H1006 5.7 285.0406 133,151, 197, 213
21. 3'4',5,7-Tetrahydroxy-3-methoxyflavone® Ci6H1207 5.8 315.0503 297
22. Apigenin® Ci5H100s 6.2 269.0453 117,151
23. Diosmetin® Ci16H1206 6.4 299.0560 285
24, Unknown Ca2oH 26012 6.4 565.1346 133, 135, 161, 359
25, glr;eioxgﬁlf\gngbﬁ - CrHis07 6.4 331.0822 135, 165, 180, 195, 316
26. Rhamnetin? Ci6H1207 7.3 315.0503 83, 145, 187
217. Genkwanin® Ci16H120s 7.4 283.0611 151, 211, 239, 268
28. Carnosol® Ca20H2604 8.3 329.1759 285
29. Carnosic acid® CaoH2804 8.7 331.1919 244, 287
30. Methyl carnosate” Ca1H3004 9.0 345.2075 283, 286, 301

Abbreviations: RT: retention time, min; nd: not detected.
& Confirmed by a standard.
® Confirmed by the indicated scholarly literature reference
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Fig. 4.3. Selected chromatograms of Salvia spp. extracts obtained by UPLC-Q/TOF: a) SO-
E; b) SAm-E; ¢) SG-E; d) SN-E; €) SSc-E; f) SF-W
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Fig. 4.4. Chemical structures of the identified compounds in Salvia spp. extracts: 1 —
3',4',5,7-tetraxydroxy-3-methoxyflavone; 2 — ethyl gallate; 3 — quercetin 3-glucuronide
(miquelianin); 4 — diosmetin; 5 — rhamnetin; 6 — genkwanin; 7 — salvianolic acid A
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Fig. 4.5. HPLC-UV-DPPH’-scavenging chromatographic profiles of selected Salvia spp.
extracts: a) SO-E; b) SAm-E; ¢) SSc-E; Abs: absorption.
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4.2.3. Quantitative Analysis in Various Salvia spp. Plants by Using TQ-S

Quantification data of the main compounds isolated from various Salvia spp.
plants is evaluated by using the available commercial standards, and the results are
expressed in mg/g extract (DWE) (Fig. 4.6 (a—d)) whereas the concentration of other
compounds is recalculated and expressed in pug of dried plant material (DWP, Table
4.5). In addition, the concentration of the main compounds isolated by all the
solvents is summarised in Fig. 4.6 (e-h).

It may be evidently observed that rosmarinic acid is the major quantitative
constituent (Table 4.5) in various Salvia spp. plants. Its concentration in Salvia spp.
extracts varied from 3.42 to 82.99 mg/g DWE and from 5,024 to 30,017 pg/g DWP.
The highest concentration of this compound was determined in S. officinalis extracts
followed by S. amplexicaulis, S. forsskaolii, S. verticillata and S. nemorosa. The
highest total concentration of rosmarinic acid isolated by CO,, ethanol and water
was also demonstrated by S. officinalis (30.66 mg/g DWP). Rosmarinic acid was
also reported in S. officinalis as the main compound by Farhat, Chaouch-Hamada,
Sotomayor, Landoulsi and Jordan (2014): its concentration was the highest (11,723
ug/g DWP) during the vegetative stage in Soliman. In another study, the content of
rosmarinic acid in S. officinalis samples growing in different habitats was even
higher, reaching up to 18.40 mg/g DW (Farhat, Landoulsi, Chaouch-Hamada,
Sotomayor and Jordan, 2013). According to Cvetkovikj et al. (2013) who examined
three Salvia spp. plants, the highest content of rosmarinic acid was present in S.
officinalis (25.98 mg/g DWP) followed by S. fruticosa (10.72 mg/g DWP) and S.
pomifera (6.74 mg/g DWP). The concentrations of rosmarinic acid in S. sclarea and
S. glutinosa reported by Bandoniene, Murkovic, and Venskutonis (2005) were 41.1
mg/g DWP and 47.3 mg/g DWP, respectively, which is higher than the results
obtained in our study.

The content of caffeic acid was also high in the ten analysed Salvia spp. plants.
Its concentration varied from 0.51 to 3.72 mg/g DWE and from 171 to 1,142 ng/g
DWP. The highest concentrations of caffeic acid were determined in the ethanolic
extract of S. nemorosa followed by S. forsskaolii, S. amplexicaulis, S. verticillata
and S. austriaca. The highest total concentration of this compound isolated by the all
solvents was determined in S. verticillata (1.63 mg/g DWP) followed by S.
forsskaollii (1.52 mg/g DWP) and S. nemorosa (1.47 mg/g DWP). Farhat, Chaouch-
Hamada, Sotomayor, Landoulsi and Jordan (2014) measured the concentration of
caffeic acid in methanolic extracts of S. officinalis isolated in the course of
vegetative, flowering and fruiting phenological stages of the plant: it varied from
251 pg/g DWP to 352 pg/g DWP. The concentration of apigenin-7-O-p-D-
glucuronide in various Salvia spp. extracts ranged from 0.80 to 37.43 mg/g DWE
and from 217 to 6,789 ug/g DWP: the highest concentration of this constituent was
found in the ethanolic extract of S. sclarea followed by the water extract of S.
sclarea, the ethanolic extract of S. pratensis and the ethanolic extract of S.
forsskaolii. The highest total concentration of apigenin-7-O-B-D-glucuronide
isolated by CO,, ethanol and water was also in S. sclarea (9.64 mg/g DWP). Walch,
Tinzoh, Zimmermann, Stihlinger and Lachenmeier (2011) reported that the
concentration of apigenin-glucuronide in S. officinalis tea infusions was from 8.6
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mg/L to 41.1 mg/L. However, previously published results are difficult to compare
due to different extraction methodologies and sample preparation techniques.

Carnosic acid concentration in various Salvia spp. extracts was from 0.97 to
24.24 mg/g DWE and from 193 to 8,294 ug/g DWP. The highest concentrations of
carnosic acid were determined in the ethanolic extract of S. officinalis followed by
the CO, extract of S. officinalis, the water extract of S. nemorosa, the water extract
of S. officinalis and the water extract of S. verticillata. The highest total
concentration of this compound isolated by CO,, ethanol and water was also
demonstrated by S. officinalis (9.15 mg/g DWP). Carnosol was detected only in the
CO, and ethanolic extracts of S. officinalis (53.04 pg/g DWP and 1,155 pg/g DWP,
respectively). The concentration of methyl carnosate was determined by using the
commercial standard of carnosic acid: the highest concentrations of this compound
were found in the CO, and ethanolic extracts of S. officinalis, 371 DWP and 987
ug/g DWP, respectively. Farhat, Chaouch-Hamada, Sotomayor, Landoulsi and
Jordan (2014) studied variations in the content of phenolic diterpenes in S.
officinalis depending on the plant collection site and the phenological stage. The
highest content of carnosic acid (3,906 and 4,149 ug/g DWP), carnosol (8,405 and
7,726 ng/g DWP) and methyl carnosate (7,745 and 6,137 pg/g DWP) was observed
during the flowering period of the plant. Phenolic diterpenes (1,056.90-1,148.42
ug/g DW) was reported as the most represented class of compounds in S. verbenaca
(Farhat, Chaouch-Hamada, Sotomayor, Landoulsi and Jordan, 2015).

The highest concentrations of luteolin-7-O-B-D-glucuronide (in pg/g DWP)
were determined in S. officinalis (ethanolic extracts: 1,479; water extracts: 4,364)
followed by S. forsskaolii, S. sclarea, S. nemorosa and S. verticillata. Martins et al.
(2015) reported the content of luteolin-7-O-glucuronide in aqueous (decoction)
extract of S. officinalis at the level of 130 mg/g DWP. The highest concentrations of
quercetin 3-glucuronide (in pg/g DWP) were observed in the water extracts of S.
officinalis (1,270) followed by the water extracts of S. forsskaolii (649) and the
ethanolic extracts of S. sclarea (297). The traces of 3'4'5,7-tetraxydroxy-3-
methoxyflavone were determined in the ethanolic extracts of S. amplexicaulis, S.
austriaca, S. glutinosa, S. officinalis, S. pratensis, S. sclarea, S. stepposa and S.
verticillata and in the water extracts of S. amplexicaulis, S. pratensis, S. sclarea and
S. stepposa. Ethyl gallate was determined in all the CO, extracts and in the ethanolic
extracts of S. glutinosa, S. officinalis and S. pratensis. The traces of diosmetin were
also determined in the ethanolic extracts of S. glutinosa, S. officinalis and S. sclarea,
whereas rhamnetin was detected in the ethanolic extracts of S. amplexicaulis, S.
forsskaolii, S. glutinosa, S. sclarea, S. stepposa and in the water extracts of S.
amplexicaulis, S. austriaca, S. glutinosa, S. nemorosa, S. pratensis, S. sclarea and S.
stepposa. To the best of our knowledge, quercetin 3-glucuronide, 3'4'5,7-
tetraxydroxy-3-methoxyflavone, diosmetin and rhamnetin have never been reported
previously in Salvia spp. plants.
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Table 4.5. Content of the main phytochemicals isolated from Salvia spp. plants by different solvents, in ug/g DWP
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4.3. Comparison of the Composition of Volatile Compounds in 10 Salvia spp.
Plants Isolated by Using Various Methods

This section presents and discusses the results obtained in our study by using
L-N and SFE-CO, extractions in the light of the previously published data on the
selected Salvia spp. plants. However, it should be noted that such a comparison may
be regarded as rather conditional because the majority of the previously performed
studies reported the content of volatile compounds in GC area percentages
(sometimes by using GC/MS total ion chromatogram data), i.e. these researches
were conducted without using ISTD and without calculating the response factors for
individual compounds. The shortcomings of such data handling as well as the
recommendations for obtaining more reliable data on volatiles were prepared a few
years ago by a group of experts (Cachet et al., 2016). Data handling in our study is
based on the above mentioned recommendations, and the concentration of volatiles
is expressed in mg per kg of DWP.

Volatile constituents of Salvia spp. plants were extracted by using the L-N and
SFE-CO, methods. However, it should be noted that supercritical CO, also dissolves
lipophilic non-volatile constituents, such as waxes, chlorophylls, carotenoids and
others which cannot be directly analysed and quantified by the GC; meanwhile, the
principle of L-N is similar to that of hydrodistillation which is usually applied for
isolating the EOs. The difference is that hydrodistilled volatile compounds in the L-
N apparatus are simultaneously extracted into the organic solvents; therefore, this
method is convenient when a limited amount of botanical material is available for
the analysis and when the amount of volatiles in such a material is low (when
difficulties of collecting in the typical Clevenger apparatus arise).

The composition of volatile constituents in the CO, and L-N extracts of 10
studied Salvia spp. plants is provided in Tables 4.6 and 4.7, respectively. Thus the
total amount of volatiles extracted by SFE-CO, and L-N from 10 different Salvia
spp. plants was in the range of 112-3,992 and 347-21,508 mg/kg, respectively. The
differences between the methods were highly dependent on the plant species. The
amount of volatiles extracted by L-N method from S. amplexicaulis was only 1.44
times higher than the result achieved with SFE-CO,; whereas, in the case of S.
officinalis, L-N gave a 5.66 times higher yield of volatile constituents than SFE-
CO..

It may be observed that L-N was a considerably more efficient method for the
extraction of mono and sesquiterpenes which are typical EO constituents of many
aromatic herbs. The total amount of monoterpenes extracted by using the L-N
method was from 8 (S. glutinosa) to 195 times (S. sclarea) higher than the values
shown by the SFE-CO, method. Moreover, monoterpene hydrocarbons and
oxygenated monoterpenes were found in the CO, extracts of only four and five
studied Salvia spp. plants, respectively. In the extracts of other Salvia spp. plants,
the compounds belonging to these groups were below the threshold of detection at
the applied GC analysis parameters. Monoterpenes were detected and quantified in
all the L-N extracts except for S. pratensis (they were not detected in the extract of
this species). The total amount of sesquiterpenes extracted by L-N was from 3.4 (S.
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nemorosa) to 29.8 times (S. amplexicaulis) higher than extracted by SFE-CO,.
Sesquiterpenes were detected and quantified in all the extracts except for
sesquiterpene hydrocarbons in the CO, extract of S. amplexicaulis.

The compounds belonging to other classes of compounds were present in
remarkably smaller amounts both in CO, and L-N extracts, except for diterpenes
manool and sclareol which were abundant in S. officinalis and S. sclarea,
respectively. However, the main fragrant chemical compound of S. sclarea, sclareol,
was comparatively more effectively isolated when employing SFE-CO, than
manool: L-N delivered a 1.76 and 4 times higher yields of sclareol and manool,
respectively, than SFE-CO,. The ungrouped constituents (‘others’) were also better
extracted by L-N.

Alkanes are the only class of compounds which were better extracted by SFE-
CO, than by L-N; the total amount of alkanes extracted by using the SFE-CO;
method was from 3.5 (S. sclarea) to 40.8 times (S. officinalis) higher than by L-N.
This group consists mainly of longer-chain hydrocarbons (C>16), such as
hexadecane, heptacosane, octacosane and others.

As it was already indicated, remarkably higher amounts of volatile compounds
were extracted from various Salvia spp. plants when employing L-N (Table 4.7)
rather than SFE-CO, (Table 4.6). Most likely, volatile constituents may be partially
lost with the flow of CO, during the collection of extracts after depressurising the
extraction system. It should be noted that, in many previously performed researches,
the extracts isolated from the EO-bearing plants by SFE-CO, have been collected in
some organic solvent, e.g. hexane. In addition, the composition of volatile
compounds in the majority of the previously studied CO, extracts of aromatic herbs
was expressed in the GC area percentage (Reverchon and De Marco, 2006), which is
not reliable for evaluating the efficiency of the method for isolating volatiles. In our
study, one of the objectives was to avoid the use of hazardous organic solvents
which should be necessarily removed from the final product. Such an approach
complies with the principles of green process development for extracting lipophilic
plant constituents, including EO constituents. However, the obtained results
demonstrate that in terms of the yields of volatile constituents, SFE-CO, should be
supplemented with fraction separators or a specially designed trap for the volatiles,
e.g. cooled at low temperature loops.

Among other reasons which may be considered for explaining the differences
between the applied extraction methods are the risks of the formation of thermal
artefacts during hydrodistillation (boiling in water) and the possibilities of
hydrolysis of glycosidically bound EO compounds which afterwards may be
released into the hydrodistilled volatile fraction. However, the formation of such
artefacts is accepted as a result of the traditional process (Sgorbini et al., 2015);
whereas, what regards glycosidically bound compounds, in a recent study by
Sgorbini et al. (2015), it was concluded that glycosidically bound forms which are
not recovered during hydrodistillation may be of considerable strength.
Consequently, it is rather unlikely that these two reasons may play an important role
in the remarkable differences between L-N and SFE-CO, methods.
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Evaluation of the Composition of Volatile Compounds in Different Salvia spp.Plants

S. officinalis yielded the highest amount of volatile compounds when
employing both SFE-CO, and L-N methods. The qualitative and quantitative
composition of the main S. officinalis constituents was completely different
compared with the other investigated species. For instance, the most abundant in S.
officinalis L-N extracts a-thujone and 1,8-cineole were not detected in any of the
other researched Salvia spp. plant, whereas B-thujone, camphor and manool were
found in trace amounts only in one or two other species. In the case of CO, extracts,
the above mentioned as well as many other typical EO compounds were found
solely in S. officinalis (see the footnote of Table 4.6).

In general, regarding the dominating volatiles in S. officinalis, our results are
in agreement with those obtained by Santos-Gomes and Fernandes-Ferreira (2003),
Avato, Fortunato, Ruta and D’Elia (2005) and Pinto, Salgueiro, Cavaleiro, Palmeira
and Gongalves (2007) who reported oxygenated monoterpenes as the most common
compounds in S. officinalis EO. Lima et al. (2004) reported cis-thujone (17.4%), a-
humulene (13.3%), 1,8-cineole (12.7%), S-caryophyllene (8.5%) and borneol (8.3%)
as the quantitatively main EO constituents in S. officinalis cultivated in Portugal.
These findings are also in agreement with the previously reported data by Marino,
Bersani and Comi (2001), except for manool which was not detected in their study,
while in some Salvia plants analysed in our study this compound was present in
reasonable amounts. Thus the amount of manool isolated from S. officinalis by
employing SFE-CO, and L-N was 689 mg/kg and 2,751 mg/kg, respectively; from
S. stepposa and S. sclarea when employing L-N the yields were 96 mg/kg and 44
mg/kg, respectively. Previously, manool was reported in relatively large percentage
rates in S. officinalis originating from Cuba (15%) (Pino, Estarrén and Fuentes,
1997). The amount of sesquiterpenes in S. officinalis analysed in our study was also
high both in SFE-CO, and L-N extracts, 1,101 and 3,773 mg/kg, respectively.

SFE-CO, extracts of S. officinalis were previously studied by Micicé,
Lepojevi¢, Jotanoviae, Tadi¢ and Pejovi¢ (2011) and Occhipinti, Capuzzo, Arceusz
and Maffei (2014); however, in these studies, the content of volatiles was expressed
in the GC area percent without using ISTD. Thus in the article by Mi¢i¢, Lepojevic,
Jotanoviae, Tadi¢ and Pejovi¢ (2011), depending on the CO, pressure which varied
from 8 to 30 MPa, the major components were a-thujone (16-27%), camphor (16—
24%), and y-elemene (7.5-16%), whereas in the latter article (by Occhipinti,
Capuzzo, Arceusz and Maffei, 2014), viridiflorol (22%), camphor (16%) and
borneol (8.4%) were the dominating components in the volatile fraction of S.
officinalis extracted at 25 MPa. As it was already mentioned, it is rather difficult to
compare the results obtained by using SFE-CO, in our study with the previously
published ones mainly due to the essential differences in the analysis procedure and
data handling. It is obvious that the content of volatile compounds in SFE-CO,
extracts expressed in the GC area percentage may provide rather preliminary
information which does not reliably evaluate the process in terms of the
effectiveness of the isolation of volatiles from DWP. Supercritical CO,, particularly
at higher pressures, may extract large amounts of non-volatile compounds, such as
waxes, chlorophylls, fixed oils; therefore, GC analysis of such extracts may give
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somewhat erroneous results regarding the amount of isolated volatile constituents
due to their dilution with high boiling point molecules which may not elute from the
chromatographic column. Therefore, the results were obtained by using the
internationally recognised practice for the quantification of volatiles. Cachet et al.
(2016) provides more comprehensive information both on the composition of
volatiles in Salvia spp. plants and on the method of their isolation.

Many other factors such as the geographical origin, the environmental
conditions and the genotype may also be responsible for high intraspecific
variability within the EOs of Salvia spp. (Miguel, 2010). These factors may exert a
considerable influence on the plant’s biosynthetic pathways and, consequently, on
the produced amounts of the secondary metabolites, including volatile compounds.
However, the reports on the EO’s of the numerous Salvia spp. plants are very scarce.
For instance, only one article was available on the EO composition of S. pratensis:
Anackov (2009) reported that sesquiterpenes were predominant compounds in this
species (55%), whereas monoterpenes (1.4%) were present in remarkably lower
concentrations. E-Caryophyllene and caryophyllene oxide were the most abundant
constituents in S. pratensis analysed in our study; however, these sesquiterpenes are
typical EO compounds in many aromatic plants; they were also present in the other
studied Salvia spp. plants. Askun, Baser, Tumen and Kurkcuoglu (2010) reported
that S. verticillata collected from different geographical regions accumulated
different main constituents, 3-pinene (21.4%) and 1,8-cineole (16.1%). In our study
the major components of S. verticillata L-N extracts were spathulenol (90 mg/kg;
the second highest amount after S. forsskaolii), followed by germacrene D (56
mg/kg; the highest amount compared to other studied Salvia spp. plants) and
germacra-4(15),5,10(14)-trien-1-a-ol (37 mg/kg), while in SFE-CO, extracts, the
dominating constituents were squalene (44 mg/kg) followed by germacrene D (36
mg/kg), phytol (28 mg/kg) and vitamin E (24 mg/kg). Velickovic, Ristic and
Velickovic (2003) investigated the chemical composition of the EOs obtained from
the flower, the leaf and the stem of S. glutinosa originating from the Southeast
region of Serbia and, in agreement with our findings, they determined the same main
constituents: caryophyllene oxide (28.9% in the leaf), humulene epoxide Il (13.8%
in the leaf), B-caryophyllene (9.0% in the flower) and a-humulene (5.9% in the
flower). Velickovi¢ et al. (2012) reported the EO composition of S. austriaca and S.
amplexicaulis from Serbia: spathulenol (17%), hexahydrofarnesyl acetone (14%),
isobornyl acetate (13%), palmitic acid (14%), trans-phytol (7.4%) and
caryophyllene oxide (2.5%) were the main constituents in S. austriaca, whereas
germacrene D (21%), caryophyllene oxide (15%), P-caryophyllene (9.2%), a-
cadinol (6.7%), germacra-4(15),5,10(14)-trien-1a-ol (5.4%) and phytol (5.1%) were
dominant in S. amplexicaulis. 1,8-cineole, a- and B-thujone and camphor, which are
characteristic constituents of several Salvia spp. plants, were not present in the EOs
of S. austriaca and S. amplexicaulis.

The chemical composition of S. sclarea EO has been also reported. In our
study, the main components in L-N extracts of S. sclarea were sclareol (4,241
mg/kg), linalyl acetate (411 mg/kg), linalool (296 mg/kg), caryophyllene oxide (272
mg/kg) and (5E,9E)-farnesyl acetone (234 mg/kg). Sclareol was also the major
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component in the SFE-CO, extract (2,411 mg/kg); however, other volatile
compounds of S. sclarea which were found in reasonable amounts in L-N extracts in
SFE-CO, extracts were present in remarkably lower amounts. It was found that S.
sclarea EO accumulates a high amount of linalool (25%), linalyl acetate (21%),
geranyl acetate (6.3%), (E)-p-ocimene (5.7%), and caryophyllene oxide (5.3%)
(Askun, Baser, Tumen and Kurkcuoglu, 2010). However, Carrubba, la Torre,
Piccaglia and Marotti (2002) reported germacrene D as the main compound (68—
69%) in the S. sclarea leaves, while linalool (26-29%) and linalyl acetate (35-53%)
were major constituents in the inflorescences. Different distribution of the main
constituents in EQOs isolated from various anatomical parts of S. sclarea was
determined by Farakas, Holla, Tekel, Mellen and Stefania (2005): linalool (19%),
sclareol (16%), and linalyl acetate (14%) were most abundant in EO distilled from
inflorescences, whereas gemacrene D (29%), bicyclogermacrene (13%), spathulenol
(10%) and B-caryophyllene (6.2%) and were the main constituents in the EO of the
leaf.

To the best of our knowledge, the chemical composition of volatiles in S.
forsskaolii and S. stepposa has not been reported previously. Our study shows that
E-caryophyllene, spathulenol and caryophyllene oxide are the major volatile
constituents in S. forsskaolii, while caryophyllene oxide is dominating in S.
stepposa.
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Table 4.6. Compounds* isolated from Salvia spp. plant material by SFE-CO,, in mg/kg

th . Samples

Component K Kl —SAmc SAUC  SFC  SGC  SNC S0-C SPC_ S5cC_ SStC_ SVC
a-Thujene 930 921 0.56 - - - - 6.61 - - 0.65 -
Sabinene 975 968 0.71 - - - - 9.23 - - 0.59 -
Thymol 1290 1286 - 13.9 - - - - - - - -
a-Copaene 1376 1374 - - - - - 10.0 - 4.94 - -
Tetradecane 1400 1396 0.59 6.04 - - 0.95 0.77 - 2.00 0.95 0.73
(E)-Caryophyllene 1419 1413 6.14 - 14.7 5.16 5.92 111 14.0 12.3 0.78 5.74
Coumarin 1439* 1437 - - - 5.78 0.66 - - - - -
a-Humulene 1454 1448 - - 7.04 5.61 - 395 - - 0.94 2.48
Germacrene D 1480 1476 3.66 - 9.32 - - 2.18 0.61 9.55 - 35.7
5-Cadinene 1523 1515 - - 4.48 - - 35.6 0.72 - - -
Spathulenol 1578 1574 - - 11.8 - - 3.37 - 1.52 4.80 13.1
Caryophyllene oxide 1583 1581 3.85 - 2.75 6.10 711 10.2 3.84 14.2 24.7 2.46
Hexadecane 1600 1595 2.94 46.0 - - - 7.90 1.66 1.69 - 0.84
Humulene epoxide Il 1608 1605 - - - 4.54 2.90 39.4 - - 1.03 2.01
allo-Aromadendrene epoxide 1641 1648 0.62 8.04 1.45 - - - - - - 0.89
(2)-Coniferyl alcohol 1667 1657 - - 0.63 - - - - - - 5.28
14-hydroxy-(Z)-
Caryophyllene 1667 1668 - - - - 11.2 1.96 - - 422  0.56
Fluorensadiol 1869 1857 - - - - - 5.41 2.20 1.86 - 4,99
Phytol 1943 1943 9.15 7.25 9.12 8.29 7.30 41.6 20.0 - 6.72 28.1
Linoleic acid 2133 2135 - - - 1.57 - 252 - - - -
Linolenic acid 2134* 2140 - - - - 4.63 17.0 - - - -
(E)-phytol acetate 2218 2216 0.71 0.71 8.11 11.8 3.17 - 0.81 - 2.93 -
Sclareol 2223 2227 - - - - - - - 2411 - -
Labd-7,13-dien-15-ol 2292 2287 - - - - - 15.4 - 7.82 - -
(2)-9-Octadecenamide 2397* 2408 15.9 8.00 275 - 18.5 285 - - - 1.23
Glycerol 2-palmitate 2488* 2509 0.68 5.30 - - 4.03 21.4 4.60 0.86 - 1.11
Hexacosane 2600 2590 2.96 24.1 21.3 16.9 11.4 67.7 14.1 6.63 12.9 14.3
Unidentified alkane 2653 10.5 35.5 7.39 - 15.6 - 14.9 5.77 12.6 10.1
Unidentified alkane 2828 27.2 - 54.5 5.17 - - 40.0 - - 3.24
Squalene 2847* 2841 10.6 24.3 - 14.7 32.2 61.5 26.0 10.9 20.1 44.2
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Table 4.6. Continued

th . Samples

Component K KI' —SAmC  SAnC SFC S6C SNC SOC___ SPC__ SScC__ SStC__ SV-C

Unidentified alkane 2943 5.43 3.47 5.54 1.51 - - - 32.7 - 4.39

Triacontane 3000 3006 5.00 571 8.01 - 8.69 12.0 4.96 1.29 8.95 7.02
Unidentified alkane 3123 - 22.9 - 0.90 54.6 36.5 29.5 14.4 62.2 -

Vitamin E 3112* 3126 7.92 18.5 28.4 3.40 - 40.2 - - - 23.9
B-Sitosterol 3200 3164 - 5.14 4.65 3.18 4.17 18.0 5.69 2.23 - -
Monoterpene hydrocarbons 1.27 - - - - 110 - 0.73 1.25 -

Oxygenated monoterpenes - 14.7 - 3.78 - 1067 - 3.99 - 0.88

TOTAL MONOTERPENES 1.27 14.7 - 3.78 - 1177 - 4.73 1.25 0.88

Sesquiterpene hydrocarbons 9.80 - 42,5 12.7 5.92 659 18.5 28.2 1.72 46.2

Oxygenated sesquiterpenes 5.77 8.04 20.0 12.2 88.3 443 6.04 21.4 34.8 27.6

TOTAL SESQUITERPENES 15.6 8.04 62.5 24.9 94.3 1101 24.5 49.6 36.5 73.8

Diterpenes 9.15 7.25 9.12 8.29 7.30 853 20.0 2419 6.72 28.1

Triterpenes 10.5 24.3 - 14.7 32.2 61.5 26.0 10.9 20.1 44.2

Alkanes 56.5 144 97.4 25.2 92.3 127 106 64.5 97.6 40.7

Others 25.9 43.4 74.3 33.3 39.5 673 11.9 6.07 5.13 38.2

Total 119 241 243 110 265 3992 189 2555 167 226

*The following compounds were determined only in S. officinalis extract and are not included in table (mg/kg): a-pinene (17.8), camphene (12.2), B-pinene
(15.8), 6-3-carene (9.73), limonene (12.1), 1,8-cineole (92.9), y-terpinene (12.4), linalool (15.4), a-thujone (351), B-thujone (85.4), camphor (210), borneol
(279), terpinen-4-ol (7.38), a-terpineol (5.78), myrtenol (7.05), neo-iso-3-thujyl acetate (21.0), a-Cubebene (8.90), aromadendrene (16.3), geranyl acetone
(6.52), y-muurolene (23.2), y-amorphene (17.0), a-muurolene (11.8), viridiflorol (357), (E)-sesquilavandulol epoxide (18.2), manool (689), (E)-totarol (19.1),

(E)-ferruginol (55.1), labd-(13E)-8,15-diol (31.3).
** These volatile compounds which were determined in amounts lower than 5.00 mg/kg are not included in table.

not detected; * Kovdtzs retention indices

calculated against C—Cs n-alkanes on nonpolar Elite-5 column; ™ Kovds retention indices on nonpolar DB-5 column reported in scholarly literature (Adams,
2009); * Kovdts retention indices from the database http://www.flavornet.org/; * Kovits retention indices from the database http://webbook.nist.go


http://www.flavornet.org/;
http://webbook.nist.go

Table 4.7. Compounds isolated from various Salvia spp. plant material by simultaneous distillation-solvent extraction in a Likens-
Nickerson apparatus, in mg/kg

th . Samples

Component KT K SAm SAU SF SG SN S0 SP Ss¢ Sst Y
a-Pinene 939 939 - - 8.75 - - 326 - - 1.35 4.75
Camphene 954 943 - - - - - 218 - - - -
Sabinene 975 971 2.95 - 3.60 4.20 - 21.6 - - 3.35 -
1-Octen-3-one 977 972 - - - 4.20 - 173 - - - -
1-Octen-3-ol 979 973 8.68 - - 4.15 41.9 25.1 441 - 25.2 12.6
B-Pinene 979 979 - - 2.24 - - 35.8 - - - 5.40
p-Cymene 1024 1020 1.29 1.56 - - 5.58 67.4 - 6.09 10.5 1.62
1,8-Cineole 1031 1025 - - - - - 1394 - - - -
Benzyl alcohol 1031 1031 8.81 11.2 3.46 3.24 4.33 462 6.53 6.58 5.05 1.56
y-Terpinene 1059 1052 7.35 - - - - 43.7 - - 4.82 -
Linalool 1096 1093 - - 1.28 1.44 - 864 - 296 10.3 5.50
a-Thujone 1102 1104 - - - - - 3391 - - - -
B-Thujone 1114 1115 - - - - 2041 - - 1.54 -
Camphor 1146 1146 - - - - - 2690 - 3.67 2.60 -
3-Terpineol 1166 1166 - - - - - 38.5 - - - -
Borneol 1169 1169 - - - - - 2458 - - - 3.90
Terpinen-4-ol 1177 1170 11.5 - - - 4.77 98.8 - - 8.85 -
a-Terpineol 1188 1183 1.27 - 4.04 - 1.80 48.8 - 105 1.19 2.16
2,3-Dihydrobenzofuran 1224* 1216 - - - - 25.3 - - - - -
Linalyl acetate 1257 1247 - - - - - - - 411 - -
(32)-Hexenyl valerate 1281 1279 - - - - - 179 - - - -
neoiso-3-Thujyl acetate 1283 1281 - 335 1.20 - - - - - - -
Thymol 1290 1286 - 124 2.25 1.14 1.17 3.44 - - 1.19 -
Carvacrol 1299 1294 1.61 8.35 2.56 12.5 1.65 16.4 2.03 56.1 1.76 -
p-Vinylguaiacol 1309 1306 14.4 2.14 1.74 - 52.5 5.46 11.2 3.19 7.58 1.81
4'-Methoxy-acetophenone 1350 1340 22.3 - - - - - - - - -
a-Ylangene 1375 1363 1.18 - - - - 24.9 - 11.3 - 2.56
a-Copaene 1376 1377 10.7 3.77 3.95 - - 64.7 - 84.4 2.47 3.48
(E)-Caryophyllene 1419 1413 151 2.77 50.5 33.2 12.0 588 291 107 4.24 28.0
Aromadendrene 1441 1441 - - 3.79 - - 65.9 1.26 2.83 - 1.23
(2)-p-Farnesene 1442 1442 12.5 - 1.69 - - - 30.5 - - 2.47
o-Humulene 1454 1447 6.94 1.25 23.4 30.2 2.25 2058 11.6 - 1.64 11.6
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Table 4.7. Continued

th . Samples

Component K K SAm SAU SF SG SN SO SP S5¢ Sst SV

Germacrene D 1480 1477 156 2.8 156 5.48 3.62 752 5.62 346 - 56.2
Germacrene A 1509 1509 - - - 113 - 21.9 - 16.4 - -
(E)-Calamenene 1522 1514  4.94 223 5.78 1.20 - 57.4 - - - -
a-Muurolene 1523* 1505 8.60 - 471 - - 31.3 - - - -

5-Cadinene 1523 1520 145 5.45 22.0 1.42 - 159 - 14.6 207 537

spathulenol 1578 1571 179 14.8 100 2.25 - 20.3 40.0 72.6 279 897

Caryophyllene oxide 1583 1579 147 3.04 45.4 56.5 220 60.4 200 272 120 24.1

Humulene epoxide 11 1608 1604 159 - 23.7 49.3 9.47 290 8.36 345 554 218
giae%o_%f_‘g:'a'4(12)'8(13)' 1640 1641 353 - 1.84 1.63 16.6 182 4.73 12.0 7.79 -
a-Cadinol 1654 1650 - - - - - 16.4 - 26.5 - -

14-Hydroxy-(2)- 1667 1666  19.0 : 471 8.08 525 : 21.0 431 237 2.08

caryophyllene

t?g:_‘ffgl‘(15)'5'lo(l4)' 1686 1682 149 1.15 10.0 1.96 291 3.10 1.45 24.7 196 369

(5E,9E)-Farnesyl acetone 1913 1899 5.45 7.28 7.32 7.88 3.81 9.44 10.2 234 - 8.03

Phytol 1943 19043 374 327 9.97 34.0 141 129 72.8 42.2 1.8 137
Manool 2057 2060 - - - - 2751 - 435 95.5 -
Sclareol 2223 2223 - - - - - - - 4241 - -

Monoterpene hydrocarbons 20.5 1.56 19.8 4.20 11.6 764 - 24.1 27.4 17.9

Oxygenated monoterpenes  22.7 138 14.2 26.6 183 13133 7.05 891 568 133

TOTAL MONOTERPENES  43.2 140 33.9 30.8 29.9 13898 7.05 915 843 313

Sesquiterpene hydrocarbons 254 17.7 161 92.6 19.0 3193 353 315 14.3 145

Oxygenated sesquiterpenes 211 19.0 193 142 302 579 277 504 186 175

TOTAL SESQUITERPENES 464 36.8 354 235 321 3773 631 819 201 319

Diterpenes  37.4 34.9 13.4 37.2 141 2880 72.8 4326 109 15.1

Triterpenes  3.84 6.11 9.59 5.39 5.39 - 6.95 3.55 323 512

Alkanes  13.3 19.4 6.19 5.66 7.32 165 24.0 18.2 537 101

Others 137 110 87.1 785 210 941 153 350 123 83.0

Total 699 347 504 392 588 21508 895 6433 526 464

* These volatile compounds which were determined in amounts lower than 20.0 mg/kg are not included in table. “-* not detected; * Kovdcts retention indices
calculated against C—Cs n-alkanes on nonpolar Elite-5 column; " Kovérs retention indices on nonpolar DB-5 column reported in scholarly literature (Adams,
2009); * Kovdts retention indices from the database http://www.flavornet.org/; * Kovdts retention indices from the database http://webbook.nist.go


http://www.flavornet.org/;
http://webbook.nist.go

4.4. Preliminary Evaluation of the Potential of Studied Salvia species in the
Development of Ingredients for Functional Foods and Nutraceuticals

Aromatic plants and spices accumulate various phytochemicals which are an
important source of functional ingredients because they possess a wide range of
beneficial health effects (Lopresti, 2017). The addition of bioactive compounds to
foods is one of the main ways to develop functional foods which can be further
tested as candidates for health claims (Viuda-Martos, Ruiz-Navajas, Fernandez-
Lopez and Pérez-Alvarez, 2011). Therefore, nowadays, the search and valorisation
of new plant sources which would be rich in bioactive compounds has become an
important issue both for scientists as well as food manufacturers.

Salvia extracts contain a large variety of bioactive compounds including
flavonoids and phenolic acids which are potential sources of natural antioxidants and
are widely used commercially at present in various types of food, beverage and
cosmetic applications either as astringents or as flavouring agents (Lopresti, 2017).
These natural antioxidants avoid the toxicity problems which may arise from the use
of synthetic antioxidants such as butylated hydroxy anisole (BHA), butylated
hydroxy toluene (BHT) and propyl gallate.

Rosmarinic acid was found to be the dominating compound (up to 30 mg/g
DWP) in various Salvia spp. plants, particularly in their ethanolic extracts. The
highest concentration of this compound was determined in ethanolic S. officinalis
extracts followed by S. amplexicaulis, S. forsskaolii and S. verticillata. The
antioxidant capacity of rosmarinic acid was shown to be more than 3 times higher
than that of trolox; therefore, it inhibits xanthine oxidase and can be expected to
scavenge the surplus free radicals in the body. In addition, rosmarinic acid reduces
Mo (VI) to Mo (V) and therefore may prevent the production of free radicals caused
by the polyvalent metal catalysts of oxidation (Petersen and Simmonds, 2003). The
content of caffeic acid was also high in the 10 analysed Salvia spp plants. Its
concentration varied from 0.51 to 3.72 mg/g DWE and from 0.17 to 1.14 mg/g
DWP. The highest concentrations of caffeic acid were determined also in the
ethanolic extract of S. nemorosa followed by S. forsskaolii, S. amplexicaulis, and S.
verticillata. The role of caffeic acid in the prevention of cardiovascular diseases and
certain types of cancers is well documented (Chang et al., 2010); therefore such
constituents can also serve as functional food and nutraceutical ingredients. Various
Salvia spp. plants are also a good source of apigenin-7-O-B-D-glucuronide. Its
concentration in different Salvia spp. extracts was found to range from 0.80 to 37.43
mg/g DWE and from 0.22 to 6.79 mg/g DWP: the highest concentration of this
constituent was found in the ethanolic extract of S. sclarea followed by the water
extract of S. sclarea, the ethanolic extract of S. pratensis and the ethanolic extract of
S. forsskaolii. Apigenin-7-O-B-D-glucuronide possesses multiple pharmacological
activities, including antioxidant, anti-complement, and aldose reductase inhibitory
activities (Viuda-Martos, Ruiz-Navajas, Fernandez-Lopez, and Pérez-Alvarez,
2011).

In conclusion, the ethanolic extracts of S. officinalis, S. sclarea, S.
amplexicaulis, S. verticillata, S. nemorosa, S. forsskaolii and S. pratensis are good
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sources of phytochemicals for the valorisation of Salvia spp. plants as raw materials
for the isolation of functional ingredients for human nutrition and nutraceuticals.
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Conclusions

1. From 10 different Salvia spp. plants, three fractions per plant were isolated by
consecutive high pressure extraction with CO,, ethanol (96%) and water. The yields
obtained with water (30.2-43.7%) were higher compared to the extracts isolated
with ethanol (18.1-36.2%) and CO, (1.8-5.2%).

2. The antioxidant potential of 10 Salvia spp. extracts was evaluated by using
TPC, ABTS™ and ORAC assays. Ethanol extracts possessed significantly higher
antioxidant capacity and the total content of phenolics than the extracts obtained
with CO; or water. The antioxidant power of the plant material extraction residues
evaluated by the QUENCHER method was also comparatively high, particularly
after SFE-COy; it suggests that a considerable amount of antioxidatively active
compounds remain in the plant material after extraction. A strong correlation
(r’=0.812-0.942) between TPC and antioxidant activity measured by ABTS™ and
ORAC was also observed.

3. Rosmarinic, caffeic and carnosic acids and apigenin-7-O-B-D-glucuronide
were identified as the main compounds in the selected Salvia spp. extracts. In
addition, ethyl gallate, 3'4',5,7-tetrahydroxy-3-methoxyflavone, hyperoside and
isorhamnetin-glucoside were also identified in the selected Salvia spp. extracts for
the first time.

4. Rosmarinic acid was found to be the dominating compound (up to 30,017 pg/g
DWP) in various Salvia spp. plants, particularly in their ethanolic extracts.
Apigenin-7-O-p-D-glucuronide (up to 6,798 pg/g DWP), caffeic (up to 1,142 pg/g
DWP) and carnosic (up to 8,294 pg/g DWP) acids were quantitatively important
phytochemicals in the majority other Salvia spp. plants. Rosmarinic, caffeic and
carnosic acids were determined to be the most active radical scavengers in the
investigated extracts when employing the on-line HPLC-UV-DPPH" method. In
total, 15 compounds were identified in Salvia spp. extracts by using commercial
standards, 11 of them were quantified, whereas some other compounds were
identified tentatively based on the obtained MS fragments and a comparison with
data provided in scholarly literature.

5. The total yield of tocopherol isomers in the studied Salvia spp. plants varied
from 2,360 to 10,071 pg/g DWE and from 52.64 to 221 ug/g DWP. The highest total
amount of the extracted tocopherols from dry plant material was determined in S.
nemorosa (221 ug/g DWP) followed by S. forsskaolii (193 pg/g DWP) and S.
verticillata (187 ug/g DWP). a-Tocopherol was found to be the dominating vitamin
E isomer in 10 different Salvia species; its concentration in the extracts and plant
material were from 2242 to 8473 pg/g DWE and from 50.01 to 179 pg/g DWP,
respectively. The concentrations of y- and d-tocopherols were remarkably lower. 3
isomer was not detected in any of the extracts.

6. A comparison of simultaneous distillation/extraction in a Likens-Nickerson (L-
N) apparatus and supercritical fluid extraction with carbon dioxide (SFE-CO,)
methods for the isolation of volatile compounds revealed that the amount of volatiles
isolated from 1 kg of dried plant material by SFE-CO, method was remarkably
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lower comparing to the L-N method, most likely, due to the losses of volatiles with
the exhaust from the system CO, after depressurising the extraction equipment.

7. Experimental studies revealed that ethanolic extracts of S. officinalis, S.
sclarea, S. amplexicaulis, S. verticillata, S. nemorosa, S. forsskaolii and S. pratensis
accumulate various valuable phytochemicals such as rosmarinic acid and
tocopherols. Based on the existing knowledge on the health benefits of these
constituents, it is assumed that these investigated Salvia spp. plants are promising
plants which could be cultivated for the development of valuable ingredients for
functional foods and nutraceuticals.
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