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A B S T R A C T

Cardoon (Cynara cardunculus L.; Asteraceae) is a perennial species with several uses, especially in the industry of
energy production, while it is classified as a non-conventional energy crop within the European Union (EU). The
aim of the present study was to evaluate chemical composition and antioxidant properties of cardoon seed oils
extracted with two mechanical pressing methods, while at the same time it further determined composition and
antioxidant properties of the obtained seedcakes. Oil extraction yield did not differ between the tested methods
and growing years, indicating that both heat and cold extraction are efficient methods for oil production (ap-
prox. 75% extraction yield). Oils obtained from heat extraction method had better antioxidant properties than
cold pressed oils, while significant variation between the growing years was also observed. Seedcakes of heat
extraction method had the highest total phenols (405mg Gallic acid equivalents (GAE)/g extract) and the
highest antioxidant properties for all the tested assays (with the exception of reducing power assay). Moreover,
none of the studied materials (seeds, seed oils, and seedcakes) showed toxicity effects against PLP2 non-tumor
cells (GI50 > 400 μg/mL). The main fatty acids were linoleic and oleic acids which were detected in similar
amounts in oils and seedcakes, while significant variation was observed between the tested methods and the
growing years. The results of the present study signified the importance of cardoon as an alternative field crop
under the Mediterranean climate conditions. In addition, seed oil production byproducts (e.g. seedcakes) are a
promising material due to its bioactivities and its fat content and fatty acid composition, that could find al-
ternative uses in the pharmaceutical and cosmetics industry.

1. Introduction

Cardoon (Cynara cardunculus L.; Asteraceae) is a perennial species
native to the Mediterranean basin, which consists of globe artichoke (C.
cardunculus var. scolymus (L.) Fiori), as well as leafy cardoon; the latter
is further divided into two cultivar groups, namely cultivated cardoon
(C. cardunculus var. altilis DC) and wild cardoon (C. cardunculus var.
sylvestris (Lamk) Fiori) (Pagnotta et al., 2017; Raccuia et al., 2011).
Cultivated and wild cardoon have been traditionally used for its edible
leaf stems (Renna et al., 2018), while in many regions of the Medi-
terranean plant immature inflorescences are also consumed in various
gourmet dishes (Christaki et al., 2012; Fernández et al., 2006), or in the
cheese-making industry (Almeida and Simões, 2018). However, during
the last decades there is a great interest for industrial applications of

cultivated cardoon, focusing on energy and biofuel production, with
several studies confirming the great potential of the species for such
purposes (Angelini et al., 2009; Grammelis et al., 2008; Vasilakoglou
and Dhima, 2014). According to Ferreira-Dias et al. (2018), cardoon
seed oil is rich in triacylglycerols, sterols (especially β-sitosterol and Δ7-
stigmastenol), as well as in tocopherols (α- and δ-tocopherols), while
they suggested that chemical fingertip of oils may be used for the
identification of growing site. Moreover, Curt et al. (2002) carried out a
multi-year and multi-location experiment in order to evaluate seed oil
production, and reported a great variation in oil yields between ex-
perimental locations (20.0–31.6%) and the tested populations
(22.0–28.8%), which highlights the pivotal importance of both genetic
material selection and climate conditions for the achievement of higher
oil yields. In the study of Foti et al. (1999), a significant variation
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between two growing years was observed in seed oil content of a wild
cardoon landrace, whereas for two cultivated cardoon genotypes the
variation was less profound. Moreover, Maccarone et al. (1999) sug-
gested that genotype may have a significant effect on fatty acids com-
position of seed oils, while they also reported a variation between two
growing years.

However, apart from pre-harvest factors seed oil yield could be also
affected by the extraction method, where according to recent studies
pretreatment of seeds with microwaves prior to cold extraction has
been reported to increase oil yield in purslane (Delfan-Hosseini et al.,
2017) and rapeseed seeds (Yang et al., 2013). Although solvent ex-
traction is the most efficient method for seed oil extraction, mechanical
pressing of seeds is most commonly used in industrial scale oil pro-
duction due to several drawbacks of solvents extraction technique, in-
cluding high cost of consumables, environmental burden, laborious
processing steps and high production costs (Azadmard-Damirchi et al.,
2010). Depending on the solvent used in each extraction method,
chemical composition of the obtained oils may differ significantly in
terms of phenolic compounds, sterols and fatty acids content
(Kozłowska et al., 2016), while differences in chemical composition of
seed oils have been also observed between cold and heat-pressed oils
attributed to temperature differences during seed processing and oil
extraction (Delfan-Hosseini et al., 2017; Siger et al., 2017).

According to Petropoulos et al. (2017) and Petropoulos et al.
(2018), apart from industrial use for energy production purposes, car-
doon by-products could be used as bioactive compounds sources, thus
increasing the added value of the crop. Oilcakes or seedcakes could also
consist a valuable byproduct, since according to Bochkarev et al. (2016)
seed oil and fat production byproducts of various plants such as
pumpkin, flax, milk thistle, and soy present technological and nutri-
tional properties that may find several alternative uses in the food in-
dustry. Moreover, Genovese et al. (2016) have highlighted the potential
of using cardoon seedcakes as animal fodder which could further in-
crease the overall added value of the crop.

Considering the great variation in cardoon grain yield reported in
the literature (0.6–4.3 t ha−1; (Curt et al., 2002; Foti et al., 1999;
Gominho et al., 2011), the perennial nature of the species and oil ex-
traction yield for mechanical pressing methods (up to 80% of total oil),
the amount of byproducts in the oil production industry raises concerns
regarding its management in an environmental friendly manner.
Therefore, the aim of the present study was to evaluate oil yield of seeds
from cardoon plants grown in the central Greece, with two extraction
methods (heat and cold extraction) and in comparison with oil yield
obtained with Soxhlet extraction. In addition, fatty acids composition of
raw seeds, seed oils and seedcakes in relation to the extraction method
and growing year was examined, while antioxidant activity and cyto-
toxicity were also determined in order to evaluate the potential of in-
creasing the added value of the crop by using the seed oils and by-
products of oil production (seedcakes) as alternative raw materials for
the pharmaceutical and cosmetics industry.

2. Materials and methods

2.1. Plant material

A field experiment was carried out at the experimental farm of the
University of Thessaly in Velestino (22.756E, 39.396N), Greece during
2014–2015. Seeds of cultivated cardoon [Cynara cardunculus L. var.
altilis DC] cv. Bianco Avorio (Fratelli Ingegnoli Spa, Milano, Italy) were
collected from fully mature plants grown from seeds, starting four years
after crop establishment (2014). Seeds were collected at the second
fortnight of June for both the experimental years (2014–2015), as
previously described by Petropoulos et al. (2018). Briefly, 50 cardoon
plants with uniform growth were selected and one mature head from
each plant (the central head of each compound of heads) was collected
at principal growth stage 8 (code stage 89; Archontoulis et al. (2013))

and as soon as the heads were dry and senesced and the seeds fully
ripened (Petropoulos et al., 2018). After the harvest, seeds were sepa-
rated from the heads and batch samples were prepared for oil extraction
with different methods, as described below (Section 2.2). Moisture
content of seeds was recorded by putting ground whole seed samples in
a forced-air oven at 72 °C until constant weight. Moreover, batch
samples of whole seeds were ground with an electric ball mill (PX-MFC
90 D, Kinematica AG, Switzerland), freeze-dried and stored in deep
freezing conditions (−80 °C) for antioxidant activity and cytotoxicity
assays.

2.2. Seed oil extraction methods

For seed oil extraction, two different mechanical methods were
implemented including one heat and one cold extraction method. Heat
extraction was carried out with seeds collected at two consecutive years
(2014–2015), whereas cold extraction was applied only for seeds col-
lected at the last experimental period (2015). More specifically, heat
extraction was carried out with the use of a small type screw oil press
TäbyPressen Type 40 (Skeppsta Maskin AB, Örebro, Sweden). Oil
temperatures during heat extraction ranged between 53–55 °C. Nozzle
diameter was 6mm, while seeds were fed to the screw press at a seed
feeding rate of 5 kg/h and a rotational speed of 78 rpm. Cold extraction
was carried out by Amygdalea S.A. (Volos, Greece) with the use of a
Komet DD 85 G twin screw vegetable oil expreller (IBG Monforts
Oekotec GmbH & Co.KG; Mönchengladbach, Germany). Oil tempera-
tures during cold extraction 2 ranged between 40–44 °C. Nozzle dia-
meter was 6mm, while seeds were fed to the screw presses at a seed
feeding rate of 8 kg/h and a rotational speed of 65 rpm. Oil extraction
was carried out in triplicate for each tested method. For both methods,
samples of oil were collected after 15min of operation in order to allow
the presses to achieve steady operation. After extraction, all seeds oils
were centrifuged twice at 3500× g for 10min. After each centrifuga-
tion, the supernatants were collected in a new dark vial and stored at
room temperature and dark conditions until further analysis.

Oil yield for each extraction method was estimated as the percen-
tage of extracted oil (g of oil) over the total amount of pressed seeds.
For comparison purposes, total seed oil content was estimated with a
Soxhlet apparatus. The samples (10.0 g) were extracted with 200mL of
petroleum ether by refluxing in a Soxhlet apparatus, during 8 h (∼32
cycles, using a Soxhlet extractor with the capacity of 250mL) to assess
oil recovery. Afterwards, the solvent was removed under reduced
pressure (rotary evaporator Büchi R-210, Flawil, Switzerland), in order
to obtain the oil content.

Seed cakes after oil extraction were also collected, freeze-dried
(FeeeZone 4.5, Labconco, Kansas City, MO, USA), put in air sealed bags
and stored at deep freezing conditions (−80 °C) until further analysis.
Moisture content of seedcakes was also recorded by putting ground seed
samples in a forced-air oven at 72 °C until constant weight

2.3. Fatty acids composition analyses

Fatty acids of seeds, seed cakes and seed oils were analyzed with a
DANI 1000 gas chromatographer (GC) coupled to a flame ionization
detector (FID) after a transesterification procedure described by Heleno
et al. (2009) and results were recorded and processed using Clarity
4.0.1.7 Software (DataApex, Podohradska, Czech Republic).

2.4. Antioxidant activity assays

Extracts from freeze-dried samples of seeds and seed cakes were
prepared by stirring the dry sample (1 g) and 30mL of methanol/water
(80:20 v/v, at 25 °C at 150 rpm) for 1 h and afterwards filtered using
Whatman paper No. 4. The residue was then extracted with an addi-
tional portion of (30mL) methanol/water and the combined extracts
were evaporated under reduced pressure, until complete removal of
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methanol. The aqueous phase was frozen and lyophilized.
The seed oils (5 mL) were extracted by liquid-liquid with 10mL of

methanol, this procedure was repeated 3 time. Then the combined
extracts were evaporated under reduced pressure until dryness.

The extracts from seeds and seed cakes, and seed oils were re-dis-
solved in methanol/water (80:20 v/v) and methanol, to a final con-
centration of 10mg/mL and 100mg/mL, respectively. Then they were
further diluted to different concentrations, to be submitted to distinct in
vitro antioxidant activity assays. For the purposes of the study four in
vitro assays were performed as previously described by Sarmento et al.
(2015). In particular, the 2,2-diphenyl-1-picrylhydrazyl (DPPH) ra-
dical-scavenging activity, reducing power assay, inhibition of β-car-
otene bleaching, and lipid peroxidation inhibition using porcine brain
homogenates (TBARS assay). Trolox was used as a positive control.

2.5. Determination of total phenols content (TPC)

The total phenolic content of seeds, seed cakes and seed oils extracts
(mentioned above in 2.4) were determined with the Folin- Ciocalteu
method based on the procedures previously described by Wolfe et al.
(2003), with some modification performed by the authors (Sarmento
et al., 2015). The absorbance was measured at 765 nm (AnalytikJena
200 spectrophotometer, Jena, Germany) and gallic acid (0.8–0.05mM)
was used as a reference compound to obtain the calibration curve
(y=1.8072–0.0211; R2=0.999). The results were expressed as mg of
gallic acid equivalents (GAEs) per gram of extract.

2.6. Hepatotoxicity assays

The extracts were re-dissolved at a concentration of 8mg/mL in
water and DMSO (10%), and then they were further diluted to different
concentrations (400 to 6.25 μg/mL). The hepatotoxicity was evaluated
against non-tumor porcine liver cell line (PLP2), obtained using a cell
culture from freshly harvested porcine liver acquired from certified
slaughterhouses. To monitor the cell culture growth a phase-contrast
microscope was used, and then the cells were sub-cultured and plated in
96 well plates (density of 1.0× 104 cells/well), uaing a DMEM
medium, with 10% of FBS, 100 U/mL of penicillin and 100 μg/mL of
streptomycin. The results were obtained using the Sulphorhodamine
assay, as previously performed by Sobral et al. (2016). Results were
expressed as GI50 (μg/mL) and Ellipticine was used as a positive control.

2.7. Statistical analysis

For chemical composition analyses, antioxidant activity and cyto-
toxicity assays, three samples were analyzed for each treatment,
whereas all the assays were carried out in triplicate. The results were
expressed as mean values and standard deviations (SD), and analyzed
using one-way analysis of variance (ANOVA) followed by Tukey’s HSD
Test with p= 0.05. This analysis was carried out using SPSS v. 23.0
program (IBM Corp., Armonk, NY, USA).

3. Results and discussion

3.1. Oil yield

Seed oil yield, seedcakes fat content and oil extraction yield are
presented in Table 1. Fat content of seeds obtained with Soxhlet ex-
traction ranged between 23.5 and 24.02 g/100 g dw from seeds col-
lected during the growing period of 2015 and 2014, respectively. The
application of mechanical pressing resulted in similar oil yields, re-
gardless of the extraction method (heat or cold extraction), although a
slightly lower yield was observed for cold extraction (75.5% comparing
to 77.8% and 78.3%). Moreover, seedcakes for both years and extrac-
tion methods contained oils in a range between 5.1 and 5.8 g of fat per
100 g dw, suggesting that approximately 25% of total fat of seeds

remain in the seedcake after oil extraction. According to Azadmard-
Damirchi et al. (2010), oil yield was lower for cold pressing in com-
parison with solvent extraction for rapeseed seeds, although the authors
of this study pretreated seeds with microwaves prior to mechanical
pressing. Moreover, Willems et al. (2008) reported that mechanical
pressing has limited extraction yield (up to 80%, depending on the
species), while other more sophisticated methods (gas assisted me-
chanical pressing) may allow higher yields (Venter et al., 2006). Screw
pressing is an efficient method for oil extraction from seeds, while ac-
cording to Willems et al. (2008) increasing temperature and pressure
during extraction procedure increases oil yield. The fact that no great
differences were observed between the two tested methods in our study
could be attributed to the fact that no great differences in temperatures
were detected during oil extraction (53–55 °C and 40–44 °C for heat and
cold extraction, respectively). Therefore, more research is needed re-
garding the comparison between extraction methods with greater
temperature differences, in order to evaluate the effect of extraction
parameters on oil yield.

According to the literature, cardoon seeds are a rich source of oils
with oil yields that depend on growing conditions and genotype (Curt
et al., 2002). Therefore, the perennial nature of the species as well as its
low requirements for chemical inputs due to acclimatization make it a
profitable crop for biofuel and energy production (Gominho et al.,
2011; Zanetti et al., 2013). The results of our study are in accordance
with those previously reported in terms of seed oil yield and further
signify the importance of the crop as an alternative field crop in a cli-
mate change environment.

3.2. Fatty acids composition

The main fatty acids of seed oils, and seeds and seedcakes are pre-
sented in Tables 2 and 3, respectively. Fatty acids profile of seed oils
differed from that of raw seeds and seedcakes, with eighteen individual
fatty acids being detected in seed oils and sixteen compounds in raw
seeds and seedcakes (data not shown). However, the main detected
fatty acids were similar in all the studied materials with slight differ-
ences among them (except for the raw seeds of 2014 which differed
from the other tested materials in fatty acids profile and individual fatty
acids composition). In particular, the main fatty acids detected in seed
oils regardless of the growing year and extraction method were two
unsaturated fatty acids, namely linoleic (63.2%–65.0%) and oleic acid
(21.1%–22.6%), followed by saturated fatty acids (SFA), such as pal-
mitic (9.3%–9.5%) and stearic acid (2.78%–2.94%). Similar fatty acids
composition in oils has been also reported by Curt et al. (2002) who
studied the effect of growing year, location and genetic material on
fatty acid composition of seed oils. In the same study, it was suggested
that variation in fatty acids composition between the tested locations
(inter-location variation) was higher than that between the various
populations (inter-population variation), without however significant
differences being observed for the main fatty acids, meaning that oil
composition of cardoon seeds is fairly stable (Curt et al., 2002).

In our study, polyunsaturated fatty acids (PUFAs) were the most
abundant fatty acids in all the studied samples due to high content of
linoleic acid, which also resulted in high ratios of PUFA/ SFA and n6/n3
fatty acids. Although, values of PUFA/SFA higher than 0.45 are con-
sidered beneficial for human health, the very high values of n6/n3 fatty
acids are not considered a health promoting feature according to the
studies of Guil et al. (1996), Simopoulos (1999) and Liu et al. (2016),
due to the high content of linoleic acid.

The high content of seed oils in linoleic acid along with the high
seed oil content could be valorized for industrial production of linoleic
acid, thus increasing the added value of the crop and reducing en-
vironmental burden due to better byproducts management, especially
in the case of seed oil byproducts such as seedcakes.
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3.3. Antioxidant activities

Antioxidant activities of seed oils, and seeds and seedcakes are
presented in Tables 4 and 5, respectively. Significant differences were
observed between the studied oils, not only between the different ex-
traction methods, but also between the growing years (Table 4). Cold
extracted oils exhibited better antioxidant activity of heat extracted oils
in terms of DPPH and β-carotene/linoleate assays, whereas heat ex-
tracted oils had better antioxidant properties for reducing power and
TBARS assays. Moreover, oils obtained with heat extraction from seeds
collected in 2015 had the higher total phenolic content (5.7 mg GAE/g
extract), followed by cold extraction of seeds from the same year
(4.4 mg GAE/g extract), and heat extracted oils from seeds of 2014
(3.7 mg GAE/g extract).

In the case of seedcakes and raw seeds, total phenols were higher for
seedcakes obtained from heat extraction of 2015 seeds, while raw seed
had the lowest total phenols (Table 5). Moreover, except for reducing
power assay, seedcakes obtained from heat extraction of 2015 pre-
sented the highest antioxidant properties, suggesting that great
amounts of phenolic compounds remain in seedcakes and are re-
sponsible for its bioactivity. The differences in total phenols and anti-
oxidant properties between seedcakes of the same oil extraction
method, as well as between seedcakes of the same growing year, but
from different oil extraction methods, indicate that growing year and
extraction methods may affect bioactive compounds content of seed oil
byproducts. Durazzo et al. (2013) have reported that antioxidant

Table 1
Fat and oil content and extraction yield of the studied cardoon seed cakes and raw seed samples (means ± SD).

2014 2015

Cardoon raw seeds Cardoon seed cake heat extraction Cardoon raw seeds Cardoon seed cake heat extraction Cardoon seed cake
cold extraction

Moisture content (g/100 g dw) 5.98 ± 0.08a 4.38 ± 0.03d 5.38 ± 0.03b 4.17 ± 0.01d 4.99 ± 0.02c
Fat (g/100 g dw)¥ 24.02 ± 0.04a 5.32 ± 0.04c 23.5 ± 0.6a 5.8 ± 0.2b 5.1 ± 0.2b

Cardoon raw seeds Heat extraction
2014

Cardoon raw seeds Heat extraction
2015

Cold extraction 2015

Oil content (g/ 100 g dw)¥¥ 24.02 ± 0.04a 18.7 ± 0.6b 23.5 ± 0.6a 18.4 ± 0.7b 17.74 ± 0.3c
Extraction yield (%)¥¥¥ 100a 77.8 ± 0.3b 100a 78.3 ± 0.4b 75.5 ± 0.8c

Means in the same row followed by different Latin letters are significantly different according to Tukey test (p=0.05).
¥ Fat content was determined with Soxhlet extraction for raw seeds and seed cakes.
¥¥ Seed oil content was determined with screw pressing for heat and cold extraction, while for cardoon seeds we assumed that it was the same as the content

determined with Soxhlet extraction.
¥¥¥ Extraction yield was estimated as the percentage of oil extracted with screw pressing methods in comparison to fat content of raw seeds which is considered as

100%.

Table 2
Composition of the main fatty acids of the studied cardoon seed oils samples (%;
mean ± SD).

2014 2015

Fatty acids¥ Heat extraction Heat extraction Cold extraction

C16:0 9.37 ± 0.07ab 9.3 ± 0.2b 9.54 ± 0.09a
C18:0 2.78 ± 0.01b 2.8 ± 0.1b 2.94 ± 0.01a
C18:1n9 21.11 ± 0.03b 21.1 ± 0.3b 22.6 ± 0.1a
C18:2n6 64.9 ± 0.1a 65.0 ± 0.7a 63.2 ± 0.4b
Total SFA (% of total FA) 13.23 ± 0.07ab 13.1 ± 0.4b 13.5 ± 0.2a
Total MUFA (% of total

FA)
21.34 ± 0.02b 21.3 ± 0.3b 22.9 ± 0.1a

Total PUFA (% of total FA) 65.43 ± 0.08a 65.6 ± 0.7a 63.6 ± 0.3b
PUFA/SFA 4.95 ± 0.03a 5.0 ± 0.2a 4.7 ± 0.1b
n6/n3 114 ± 6b 104 ± 5c 153 ± 7a

Means in the same row followed by different Latin letters are significantly
different according to Tukey test (p= 0.05).
C6:0 caproic acid, C14:0 myristic acid, C15:0 pentadecanoic acid, C16:0 pal-
mitic acid, C16:1 palmitoleic acid, C17:0 heptadecanoic acid, C18:0 stearic
acid, C18:1n9c oleic acid, C18:2n6c linoleic acid, C18:3n3 α-linolenic acid,
C20:0 arachidic acid, C20:1 eicosenoic acid, C20:3n3+C21:0 cis-11,14,17-ei-
cosatrienoic acid and heneicosanoic acid, C20:5n3 eicosapentaenoic acid, C22:0
behenic acid, C22:1n9 erucic acid, C23:0 tricosanoic acid, C24:0 lignoceric
acid, SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA:
polyunsaturated fatty acids; n6/n3: ratio of omega 6/omega 3 fatty acids.

¥ Only the fatty acids detected in percentages higher than 1% are presented.

Table 3
Composition in fatty acids of the studied cardoon seed cakes and raw seed samples (%; mean ± SD).

2014 2015

Fatty acids¥ Cardoon raw seeds Cardoon seed cake
heat extraction

Cardoon raw seeds Cardoon seed cake heat extraction Cardoon seed cake
cold extraction

C16:0 11.90 ± 0.05 9.97 ± 0.03b 10.1 ± 0.2b 9.5 ± 0.1d 10.4 ± 0.3a
C18:0 3.18 ± 0.01 2.82 ± 0.03a 2.75 ± 0.01b 2.59 ± 0.08c 2.76 ± 0.04ab
C18:1n9 12.81 ± 0.01 21.46 ± 0.05c 23.48 ± 0.03a 21.12 ± 0.07d 23.2 ± 0.1b
C18:2n6 70.41 ± 0.06 63.61 ± 0.04b 61.83 ± 0.07c 64.97 ± 0.06a 61.7 ± 0.5c
SFA (% of total FA) 16.28 ± 0.06a 13.76 ± 0.05c 13.7 ± 0.1c 13.14 ± 0.05d 14.3 ± 0.4b
MUFA (% of total FA) 13.08 ± 0.01e 21.75 ± 0.05c 23.77 ± 0.02a 21.42 ± 0.08d 23.5 ± 0.1b
PUFA (% of total FA) 70.64 ± 0.05a 64.49 ± 0.01c 62.5 ± 0.1d 65.44 ± 0.03b 62.2 ± 0.5d
PUFA/SFA 4.34 ± 0.05d 4.70 ± 0.02b 4.55 ± 0.05c 4.98 ± 0.01a 4.3 ± 0.1d
n6/n3 108.8 ± 7b 72 ± 4c 93 ± 6b 139 ± 9a 120 ± 3a

Means in the same column followed by different Latin letters are significantly different according to Tukey test (p= 0.05).
C6:0 caproic acid, C14:0 myristic acid, C15:0 pentadecanoic acid, C16:0 palmitic acid, C16:1 palmitoleic acid, C17:0 heptadecanoic acid, C18:0 stearic acid,
C18:1n9c oleic acid, C18:2n6c linoleic acid, C18:3n3 α-linolenic acid, C20:0 arachidic acid, C20:1 eicosenoic acid, C20:3n3+C21:0 cis-11,14,17-eicosatrienoic acid
and heneicosanoic acid, C20:5n3 eicosapentaenoic acid, C22:0 behenic acid, C22:1n9 erucic acid, C23:0 tricosanoic acid, C24:0 lignoceric acid, SFA: saturated fatty
acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; n6/n3: ratio of omega 6/omega 3 fatty acids.

¥ Only the fatty acids detected in percentages higher than 1% are presented.
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properties of various cardoon seeds may also present a great diversity
depending on the implemented assay, which was also the case in our
study. According to Kollia et al. (2016), who applied different extrac-
tion techniques (ultrasound assisted and classic extraction) for the
evaluation of antioxidant properties of cardoon and artichoke plant
parts, the implement extraction protocol may also affect the efficiency
of bioactive compounds retrieval and consequently the recorded anti-
oxidant activity. Similar results have been reported by Qadir et al.
(2017) where herb extracts from different extraction solvents (me-
thanol, ethanol, acetone, and water) exhibited great differences in an-
tioxidant properties determined via reducing power, and radical
scavenging activity assays (DPPH and lipid peroxidation inhibition via
linoleic acid). Chen et al. (2013) who correlated total phenolic and
flavonoid contents of 43 garlic genotypes with five antioxidant activity
assays suggested that the selection of the proper assay is essential for

obtaining consistent and reliable results regarding antioxidant proper-
ties of natural matrices. Moreover, the higher antioxidant properties of
seedcakes obtained from heat extraction comparing to those obtained
from cold extraction could be attributed to the thermal inactivation of
polyphenol oxidase enzyme (PPO) which is responsible for phenols
oxidization (Llorach et al., 2002). Considering that a great portion of
total phenols remains in seedcakes after mechanical pressing of seeds
(both cold and heat pressing) may further explain the differences in
antioxidant properties of seed oils and seedcakes due to different
bioactive compounds. It seems that in seed oils antioxidant properties
are associated with compounds that are susceptible to thermal oxida-
tion, hence the better antioxidant potential of cold extracted oils. On
the other hand, seedcakes contain greater amounts of total phenols,
therefore increased temperatures during heat extraction method deac-
tivate phenols oxidizing enzymes and contribute to better antioxidant

Table 4
Total phenols, antioxidant properties and hepatotoxicity of the studied cardoon seeds oil samples (mean ± SD).

2014 2015

Antioxidant activity assays¥ Heat extraction Heat extraction Cold extraction

Reducing power Folin-ciocalteu
(mg GAE/g extract)

3.7 ± 0.9c 5.7 ± 0.4a 4.4 ± 0.1b

Ferricyanide/Prussian blue
(EC50; mg/mL)

10 ± 1b 11 ± 1b 14 ± 2a

Radical scavenging activity DPPH scavenging activity
(EC50; mg/mL)

89 ± 6b 96 ± 9a 71 ± 3c

β-carotene/linoleate
(EC50; mg/mL)

22 ± 2a 21 ± 2a 16 ± 1b

Lipid peroxidation inhibition TBARS
(EC50; mg/mL)

7 ± 1b 6.0 ± 0.8c 9 ± 1a

Hepatotoxicity PLP2 (non-tumor cells)
(GI50; μg/mL)

> 400 >400 >400

Mean in the same column followed by different Latin letters are significantly different according to Tukey test (p= 0.05).
Concerning the Folin-Ciocalteu assay, higher values mean higher reducing power; for the other assays, the results are presented in EC50 values, what means that higher
values correspond to lower reducing power or antioxidant potential. EC50: Extract concentration corresponding to 50% of antioxidant activity or 0.5 of absorbance
for the Ferricyanide/Prussian blue assay. EC50 values for Trolox (positive control): 41 μg/mL (reducing power), 42 μg/mL (DPPH scavenging activity), 18 μg/mL (β-
carotene bleaching inhibition) and 23 μg/mL (TBARS inhibition). GI50 values for Ellipticine (positive control): 3.2 ± 0.7 μg/mL.

¥ GAE: Gallic acid equivalents; EC50: Half maximal effective concentration; DPPH: 2,2-diphenyl-1-picrylhydrazyl; TBARS: Thiobarbituric acid reactive substances;
PLP2: non-tumor porcine liver cell line; GI50: corresponds to the sample concentration achieving 50% in liver primary culture PLP2.

Table 5
Total phenols, antioxidant properties and hepatotoxicity of the studied cardoon seed cakes and raw seeds samples (mean ± SD).

2014 2015

Antioxidant activity assays¥ Cardoon raw seeds Cardoon seed cake heat
extraction

Cardoon raw seeds Cardoon seed cake heat
extraction

Cardoon seed cake cold
extraction

Reducing power Folin-ciocalteu
(mg GAE/g extract)

294 ± 8e 332 ± 4c 306 ± 3d 405 ± 3a 346 ± 4b

Ferricyanide/
Prussian blue
(EC50; mg/mL)

0.87 ± 0.01d 0.106 ± 0.003b 0.137 ± 0.002a 0.082 ± 0.008d 0.094 ± 0.003c

Radical scavenging
activity

DPPH scavenging
activity
(EC50; mg/mL)

1.14 ± 0.01a 1.08 ± 0.02b 1.17 ± 0.04a 1.02 ± 0.01c 1.07 ± 0.02b

β-carotene/linoleate
(EC50; mg/mL)

0.055 ± 0.003b 0.045 ± 0.002c 0.062 ± 0.009a 0.038 ± 0.007d 0.054 ± 0.001b

Lipid peroxidation
inhibition

TBARS
(EC50; mg/mL)

0.125 ± 0.002a 0.029 ± 0.001d 0.036 ± 0.001b 0.024 ± 0.001e 0.032 ± 0.001c

Hepatotoxicity PLP2 (non-tumor
cells)
(GI50; μg/mL)

202 ± 17 >400 >400 >400 >400

Means in the same row followed by different Latin letters are significantly different according to Tukey test (p= 0.05).
Concerning the Folin-Ciocalteu assay, higher values mean higher reducing power; for the other assays, the results are presented in EC50 values, what means that higher
values correspond to lower reducing power or antioxidant potential. EC50: Extract concentration corresponding to 50% of antioxidant activity or 0.5 of absorbance
for the Ferricyanide/Prussian blue assay. EC50 values for Trolox (positive control): 41 μg/mL (reducing power), 42 μg/mL (DPPH scavenging activity), 18 μg/mL (β-
carotene bleaching inhibition) and 23 μg/mL (TBARS inhibition). GI50 values for Ellipticine (positive control): 3.2 ± 0.7 μg/mL.

¥ GAE: Gallic acid equivalents; EC50: Half maximal effective concentration; DPPH: 2,2-diphenyl-1-picrylhydrazyl; TBARS: Thiobarbituric acid reactive substances;
PLP2: non-tumor porcine liver cell line; GI50: corresponds to the sample concentration achieving 50% in liver primary culture PLP2.
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properties. According to the study of Xu et al. (2007) reasonable
heating during processing may increase the free fraction of phenolic
acids and enhance antioxidant properties of citrus peels, whereas fla-
vonoid glycosides are destroyed by heat treatment. Considering that
according to Petropoulos et al. (2018), the main detected phenolic
compounds in cardoon seeds were 5-O-caffeoylquinic acid and 3,5-O-
dicaffeoylquinic acid, this could further explain the positive effect of
heat extraction on seedcakes of total phenols and antioxidant proper-
ties.

The results of the present study also indicate that growing year is
essential for bioactive properties of extracted oils, while extraction
method may affect antioxidant potential of oils. The fact that cardoon
seeds are rich in oils, allows the implementation of mechanical pressing
instead of solvents for oil extraction, being an environmental friendly
non-chemical method in an industrial scale (Yang et al., 2013). How-
ever, the use of mechanical pressing has the disadvantage of producing
great amounts of byproducts (seedcakes) that need to be managed
properly in order to alleviate the environmental burden. Therefore, the
fact that seedcakes retain the largest portion of phenolic compounds
after oil extraction, needs to be further valorized for phenolic com-
pounds isolation, especially when heat mechanical pressing is im-
plemented since this extraction method seems to be more beneficial in
terms of bioactive compounds content and antioxidant properties.

All the studied materials show no significant toxicity against non-
tumor cell line PLP2 up to a 400 μg/mL (Tables 4 and 5). Although most
of the studies refer to pharmacological properties of cardoon leaves, the
results of the present study are promising regarding the use of cardoon
byproducts (seed oils and seedcakes) as alternative sources of bioactive
compounds and/or their use in the pharmaceutical industry, since no
cytotoxicity were observed. On the contrary, considering the hepato-
protective effects of artichoke and cardoon leaves (Christaki et al.,
2012; de Falco et al., 2015), similar properties could be suggested for
seed oils and oils byproducts. Seedcakes have been also suggested as
potential animal fodder or fertilizer by Curt et al. (2002) due to its high
nitrogen content. Therefore, the findings of this study can also support
the potential use of seedcakes for animal feedings, since no cytotoxic
symptoms were observed.

4. Conclusion

Cardoon is a perennial species that has been highly suggested as a
multi-purpose crop in the Mediterranean basin during the last three
decades. Although biomass production for energy purposes (e.g. solid,
gas and liquid biofuel) is the primary industrial use, the high amounts
of produced byproducts require their efficient management in order to
alleviate the environmental burden, while at the same time the added
value of the crop will be also increased. Cardoon seed oils are a rich
source of fatty acids, especially linoleic and oleic acid, while seedcakes
which are considered as byproducts have the same composition and
present better antioxidant properties and higher total phenols than oils.
Therefore, finding alternative uses for seedcakes is of major importance
in order to increase cardoon’s added value, especially as alternative
sources of bioactive compounds and fatty acids, as well as organic
fertilizers and animal fodder.

The results of the present study show the importance of cardoon as
an alternative field crop under the Mediterranean climate conditions. In
addition, seed oil production byproducts (e.g. seedcakes) are a pro-
mising material due to its bioactivities and its fat content and fatty acid
composition that could find alternative uses in the pharmaceutical, the
food and the cosmetics industry.
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