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ABSTRACT

Olive leaves (Olea europaea L.; OL), a by-product of olive processing and olive oil production, constitute a signifi-
cant fraction of residual biomass. However, increasing scientific attention has been directed toward their therapeutic
potential, biological activity, and nutraceutical properties, with promising applications in the prevention and support-
ive treatment of chronic diseases. In this study, the bioactive and nutritional profile of OL ('Frantoio' cultivar) was
evaluated in differently processed forms. The antioxidant activity (AA; DPPH method) and total phenolic content
(TPC) were compared among fresh, air-dried, and lyophilized samples prepared using common post-harvest processing
methods. In addition, the mineral composition (ICP-OES) and fatty acid profile (GC-FID) were analyzed directly in lyo-
philized OL. The extract obtained from lyophilized OL exhibited strong AA (70.12%), followed by air-dried OL (69.84%)
and fresh samples of OL (50.72%). The results obtained for TPC varied according to the sample preparation method,
with lyophilized OL exhibiting the highest TPC level (45.75 mg GAE/g). The mineral composition determined directly in
lyophilized OL showed the following order of predominance: Ca > K > Al > Na > Mg > Fe. Notably, a high proportion of
a-linolenic acid was detected in lyophilized OL (22.20%), suggesting that this by-product may represent an interesting
source of n-3 polyunsaturated fatty acids (PUFA). These findings indicate the bioactive potential of lyophilized OL and
support their possible use as a functional supplement for enhancing the nutritional value of food products. Further
studies are required to evaluate the bioavailability and therapeutic effects of OL-derived bioactive compounds using
in vitro/preclinical models.

Keywords: olive leaves, post-harvest processing, antioxidant activity, total phenolic content, mineral composition,
fatty acid profile
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ABSTRAKT

Olivové listy (Olea europaea L.; OL), vedlajsi produkt spracovania oliv a vyroby olivového oleja, predstavuju vyzn-
amnu frakciu rezidudlnej biomasy. Rastuci vedecky zaujem sa vSak zameriava na ich terapeuticky potencial, biologicku
aktivitu a nutraceutické vlastnosti so slubnym vyuzZitim v prevencii a podpornej liecbe chronickych ochoreni. V tejto
studii bol hodnoteny bioaktivny a nutri¢ny profil OL (kultivaru 'Frantoio') v rézne spracovanych formach. Antioxi-
dac¢na aktivita (AA; DPPH metdda) a celkovy obsah polyfenolov (TPC) boli porovnavané medzi ¢erstvymi, na vzduchu
susenymi a lyofilizovovanymi vzorkami pripravovanymi pomocou beznych pozberovych metéd spracovania. Okrem
toho bolo analyzované priamo v lyofilizovanych OL mineralne zloZenie (ICP-OES) a profil mastnych kyselin (GC-FID).
Extrakt ziskany z lyofilizovanych OL vykazoval silni AA (70,12%), nasledovali susené OL (69,84%) a Cerstvé vzorky OL
(50,72%). Vysledky ziskané z TPC sa lisili v zavislosti od spdsobu pripravy vzorky, pricom lyofilizované OL dosahovali
najvyssiu Uroven TPC (45,75 mg GAE/g). Mineralne zloZenie stanovené priamo v lyofilizovanych OL vykazovalo nasle-
dovnu prevahu tychto prvkov: Ca > K > Al > Na > Mg > Fe. Pozoruhodné je, Ze v lyofilizovanych OL bol detegovany
vysoky podiel kyseliny a-linolénovej (22,20%), ¢o naznacuje, Ze tento vedlajsi produkt méZe predstavovat zaujimavy
zdroj n-3 polynenasytenych mastnych kyselin (PUFA). Tieto zistenia poukazuju na bioaktivny potencial lyofilizovanych
OL a podporuju ich mozné vyuzitie ako funkéného doplnku stravy na zvysenie nutri¢nej hodnoty potravinarskych
vyrobkov. Na zhodnotenie biologickej dostupnosti a terapeutickych tG¢€inkov bioaktivnych zli¢enin derivovanych z OL

su potrebné dalsie Studie pomocou in vitro/predklinickych modelov.

Kltucové slova: olivové listy, pozberové spracovanie, antioxida¢na aktivita, celkovy obsah polyfenolov, minerélne

zloZenie, profil mastnych kyselin

INTRODUCTION

The olive tree (Olea europaea L.) is one of the oldest
and most economically important cultivated species
worldwide, originating from the Mediterranean region.
The cultivation of olive trees dates back more than 6,000
years (Besnard et al., 2013). This plant has profoundly in-
fluenced the agriculture, economy, and cultural heritage
of Mediterranean societies (Diez et al., 2015). It serves
not only as the primary source of olive oil, a key compo-
nent of the Mediterranean diet, but also as a source of
valuable by-products, including olive leaves (OL) (Casilla
Garcia et al., 2025). Although olive oil has been exten-
sively studied for its sensory qualities and health-pro-
moting properties, the potential of OL has only recently
received increased scientific attention. Nevertheless, OL
remain underappreciated in the food and pharmaceuti-
cal industries (Markhali et al., 2020).

Olive leaves are generated as a by-product of olive
processing and olive oil production, accounting for about
10% of the total biomass (Palmeri et al., 2022). However,
a large proportion of this material is still underutilized
and is often discarded through unsustainable practic-
es, such as incineration (Talhaoui et al., 2015). From an

agro-environmental perspective, the valorization of OL
may support sustainable olive cultivation by reducing
waste and enhancing resource efficiency, thereby con-
tributing to the development of circular bioeconomy
principles within the olive-growing sector (Donner et al.,
2022). Therefore, OL biomass represents a valuable re-
source with potential relevance for human health, envi-
ronmental protection, and sustainable economic devel-
opment (Markhali et al., 2020).

Extracts obtained from OL have attracted consid-
erable attention due to their high content of bioactive
compounds associated with various health-promoting
properties. Several phytochemical studies have identi-
fied a wide range of compounds in OL, primarily secoir-
idoids, phenolic acids, alcohols, phenols, and flavonoids
(luteolin-7-O-glucoside, rutin, apigenin-7-O-glucoside,
luteolin-4-O-glucoside) (Bouaziz and Sayadi, 2005;
Japén-Lujan and Luque de Castro, 2007; Rahmanian et
al., 2015), as well as triterpenoids and lignan derivatives
(Hashmi et al., 2015). The concentration of the pheno-
lic fraction in OL has been reported to be several times
higher than that found in olive oil or olives themselves
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and may vary depending on the olive cultivar, climate
(Abaza et al., 2005), processing methods, and growing
conditions (Ozcan et al., 2019; Paskovi¢ et al., 2025).
Due to their high levels of polyphenols, antioxidants, and
other phytochemicals, OL extracts may exert synergistic
biological effects, making them promising nutritional and
therapeutic supplements (Mansour et al., 2023). Oleuro-
pein, the main phenolic compound in OL, is particularly
abundant and contributes to various health-promoting
effects (Soldo et al., 2024). Hydroxytyrosol, another key
phenolic compound derived from the hydrolysis of oleu-
ropein, is known for its antioxidant and anti-inflamma-
tory properties, which have been documented in food,
medical, and pharmaceutical research (Jeon and Choi,
2018). Although OL are primarily recognized for their
rich content of phenolic compounds, only a few studies
have investigated other biologically active compounds
present in this material, including fatty acids (FA). Oleic
acid (C18:1cis n-9) is the main unsaturated FA in olive
oil, whereas in OL a predominance of a-linolenic acid
(C18:3 n-3) has been observed (Cavalheiro et al., 2015).
This finding is of particular importance because this FA
can be metabolized through sequential desaturation and
elongation by enzyme systems, leading to the produc-
tion of long-chain polyunsaturated fatty acids (PUFA)
of the n-3 series (Silva et al., 2014). Therefore, the high
a-linolenic acid content found in OL makes this by-prod-
uct a promising additional source of n-3 PUFA.

The mineral composition of OL varies according to
soil and climate conditions. Generally, the most com-
monly determined elements found in OL include sodium
(Na), magnesium (Mg), phosphorus (P), manganese (Mn),
iron (Fe), copper (Cu), zinc (Zn), and lead (Pb), with calci-
um (Ca) and potassium (K) usually being among the most
abundant minerals (Ibrahim et al., 2016; de Oliveira et
al., 2023).

Several biological effects of OL have been reported in
experimental studies. Poudyal et al. (2010) demonstrat-
ed that rats fed a diet rich in carbohydrates and lipids
and supplemented with OL extract showed attenuated
cardiac, hepatic, and metabolic alterations. In addition,

Botsoglou et al. (2010) and Martins et al. (2009) reported
that the inclusion of OL in animal feed improved meat
quality by reducing lipid oxidation. Therefore, OL can be
considered an important raw material with the potential
for use as a natural antioxidant. Moreover, OL have been
associated with a wide range of biological activities, in-
cluding anticancer, anti-inflammatory, antidiabetic, and
antihypertensive effects (Mansour et al., 2023; Al-Dab-
bas et al., 2025; Demirer and Samur, 2025). Due to these
properties, OL may be beneficial in relation to metabolic
disorders, including diabetes mellitus and hypercholester-
olemia (Stevens et al., 2021).

Considering the importance of this crop, the present
study aimed to evaluate the bioactive and nutritional
profile of OL ('Frantoio' cultivar) in differently processed
forms (fresh, air-dried, and lyophilized). The antioxidant
activity (AA) and total phenolic content (TPC) were com-
pared among the prepared samples. In addition, the FA
profile and mineral composition were analyzed directly
in lyophilized OL. The study also aimed to highlight the
potential of OL as a valuable by-product for further ap-
plications, with particular emphasis on their relevance
for future research related to human health and possible
therapeutic applications.

MATERIAL AND METHODS
Plant material and sample preparation

Fresh OL of Olea europaea L. ('Frantoio' cultivar) were
obtained from the Padova region (Italy). The plant mate-
rial was collected from March to May in 2023, 2024, and
2025, corresponding approximately to the early spring
phenological stages of olive trees, as summarized accord-
ing to the BBCH (Biologische Bundesanstalt, Bundes-
sortenamt and Chemical Industry) scale adapted for
Olea europaea L. Branches bearing both young and fully
developed leaves were randomly harvested from acces-
sible heights around the entire tree canopy to minimize
the effects of sun exposure. After harvesting, the sam-
ples were placed in plastic bags and transported to the
laboratory. Olive leaves were divided into three groups
and prepared using common post-harvest processing
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methods. Fresh OL were stored at -20 °C. Drying was
performed by spreading OL at room temperature in the
laboratory (22 - 25 °C). Samples of OL were lyophilized
using a LyoQuest Plus-55 ECO (Telstar, Terrassa, Spain)
under vacuum for 48 h, with the condenser temperature
maintained at -48 + 2 °C. Subsequently, all air-dried and
lyophilized OL samples were finely ground using a Philips
ProBlend 4 blender (model HR2100/40; Amsterdam,
the Netherlands), and the resulting powdered biomass
(particle size < 1.0 mm) was vacuum-stored at room tem-
perature in the laboratory and protected from light and

moisture until extraction.

Extraction process

Extracts from fresh, air-dried, and lyophilized OL
were prepared separately as follows: 20 mg of the
ground sample (in duplicate) was mixed with 1.0 mL of
extraction solvent (MetOH:H,O: acetic acid = 80:18:2;
Centralchem, Ltd., Bratislava, Slovakia). The mixture was
homogenized and sonicated at 50 °C for 5 min. After
centrifugation (15,616 x g, 10 min, 20 °C; Hettich Rotina
380, Tuttlingen, Germany), the supernatant was collect-
ed into clean 2.0 mL microtubes (Eppendorf, Hamburg,
Germany). An additional 1.0 mL of extraction solvent
was added to the pellet, and the extraction procedure

was repeated.

Determination of antioxidant activity

The AA of the OL extracts was evaluated spectro-
photometrically using the DPPH radical scavenging as-
say, as described by Brand-Williams et al. (1995), with
slight modifications for a 96-well microplate protocol
(Kovacikova et al., 2025). Absorbance readings were re-
corded at 515 nm using a DYNARead microplate read-
er (Dynex Technologies s.r.o., Prague, Czech Republic).
((x)-6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid; Sigma-Aldrich, Schnelldorf, Germany;

Trolox

concentration range 0 - 100 mg/L; R? = 0.9946) was used
as the standard reference substance. The power of AA
was categorized as weak (0 - 29%), medium-strong (30 -
59%), or strong (= 60%).

Determination of total polyphenol content

The TPC was determined using the Folin-Ciocal-
teu method with slight modifications according to
Kovacikova et al. (2025). Absorbance was measured at
765 nm using a Glomax Multi+ UV-Vis microplate read-
er (Promega Corp., Madison, WI, USA). Measurements
were calibrated using a standard curve prepared with
gallic acid (Merck KGaA, Darmstadt, Germany; concen-
tration range 0 - 500 mg/L; R? = 0.9849). The TPC values
were calculated based on the calibration curve and ex-
pressed as gallic acid equivalents (GAE).

Determination of fatty acid composition

The FA profile was determined directly in lyophilized
OL, following the procedure described by Knazicka et al.
(2025). Fatty acid methyl esters (FAME) were prepared
from the lyophilized OL matrix using petroleum ether
extraction and subsequently analyzed by gas chroma-
tography (GC) with a flame ionization detector (FID),
performed on an Agilent 6890A system (Agilent Tech-
nologies, Santa Clara, CA, USA) equipped with a multi-
mode injector. The analysis was carried out on a DB-23
capillary column (Agilent Technologies 122-2361; 60 m
x 250 um x 0.15 pm). The system was calibrated using
a 37-component Supelco standard mixture (Supelco
47885-U; Sigma-Aldrich, Laramie, WY, USA). Helium was
used as the carrier gas at a constant flow rate of 2.225
mL/min. A 1.0 uL sample was injected for each analy-
sis. Both the inlet and detector temperatures were set to
280 °C. Fatty acid peaks were identified by comparison
with the retention times of standard methyl esters, and
the results were expressed as a percentage of total FAs
using Agilent OpenLab ChemStation software (OpenLab
CDS ChemStation Edition B.04.01). All samples were an-
alyzed in duplicate.

Determination of mineral composition

Prior to elemental analysis, the lyophilized OL sam-
ples were subjected to a pre-analytical procedure using
a high-performance microwave digestion system, Ethos-
One (Milestone Srl, Sorisole, BG, ltaly). A closed-vessel
microwave acid digestion method was applied, in which
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5.0 mL of nitric acid (HNO3; > 69%; from Lambda Life
s r.o0., Bratislava, Slovakia; producer: Sigma-Aldrich Che-
mie GmbH, Steiheim, Germany), and 1.0 mL of hydrogen
peroxide (H,O,; = 30%; from Lambda Life s r.o., Bratisla-
va, Slovakia; producer: Sigma-Aldrich Chemie GmbH,
Steiheim, Germany) were added directly to PTFE vessels.
The obtained samples, including the blank, were digest-
ed according to the manufacturer’s recommended plant
method to ensure the most reliable results. To minimize
contamination, all chemicals used in this procedure were
of high purity grade for trace analysis.

The determination of macro- and microelement con-
tents directly in lyophilized OL followed the method
described by Arvay et al. (2019). Each sample was mea-
sured in triplicate using Inductively Coupled Plasma Op-
tical Emission Spectrometry (ICP-OES; Agilent ICP-OES
720, Agilent Technologies Inc., Santa Clara, CA, USA),
equipped with an axial plasma configuration and an
SPS-3 autosampler (Agilent Technologies GmbH, Basel,
Switzerland). Calibration standards for each analyzed el-
ement were prepared to match the expected concentra-
tion range in the samples. The selected elements were
determined under standard operating conditions: power
(0.90 kW), replicate read time (3 s), instrument stabiliza-
tion (20 s), sample uptake delay (25 s), pump rate (15 rpm),
rinse time (20 s), and CCD detector temperature (-35
°C). The gas flow parameters of the ICP-OES included
plasma of 15 L/min, auxiliary of 1.50 L/min and nebuliz-
er of 1.0 L/min. The following elements were quantified
in the analyzed solutions: Ag (328.068 nm), Al (167.019
nm), As (188.980 nm), Ba (455.403 nm), Ca (315.887
nm), Cd (226.502 nm), Co (228.615 nm), Cr (267.716 nm),
Cu (324.754 nm), Fe (234.350 nm), K (766.491 nm), Li
(670.783 nm), Mg (383.829 nm), Mn (257.610 nm), Na
(589.592 nm), Ni (231.604 nm), Pb (220.353 nm), Sb
(206.834 nm), Se (196.026 nm), Sr (407.771 nm), and Zn
(206.200 nm). In this study, the Multielement Standard
Solution V for ICP (Sigma-Aldrich GmbH, Buchs, Swit-
zerland) was used for calibration, while argon and car-
bon served as internal standards. The accuracy of the
analytical procedure was verified using certified refer-
ence material ERM-CE278k (muscle tissue; IRMM, Geel,
Belgium).

Statistical analysis

All obtained data were statistically evaluated using
GraphPad Prism 8.0.1 (GraphPad Software Incorporat-
ed, San Diego, CA, USA). One-way analysis of variance
(ANOQVA), followed by Tukey’s multiple comparison test,
was applied to determine significant differences, with
the significance level set at P<0.05.

RESULTS AND DISCUSSION

Evaluation of AA in differently processed OL samples

Post-harvest sample processing is considered a key
factor influencing the bioactive potential of OL. Previous
studies have shown that drying methods and extraction
techniques can significantly affect the stability, extract-
ability, and recovery of antioxidant compounds from ol-
ive-derived materials (Kamran et al., 2015; C6r Andrej¢
et al., 2022; Filgueira-Garro et al., 2022; Castillo-Luna et
al., 2023). In the present study, extracts obtained from
air-dried OL (69.84 + 0.84%) and lyophilized OL (70.12
+ 0.64%) exhibited strong AA (Fig. 1), whereas fresh OL
showed the lowest value (50.72 + 2.74%; P<0.05). These
results emphasize the importance of sample pre-treat-
ment in the preparation of OL extracts. Lyophilization
appeared to be the most effective sample preparation
method for preserving AA in OL, although the difference
between air-dried and lyophilized samples was minimal.
Our findings are consistent with those of Filgueira-Gar-
ro et al. (2022), who reported that freeze-drying and
air-drying were the most effective methods for preserv-
ing total antioxidant capacity in OL. Feng et al. (2021)
showed that air-drying at room temperature (25 °C) was
the most suitable drying method for OL, as it preserved
leaf greenness, enhanced luminosity, and contributed to
a high content of phenolic compounds. The authors also
recommended avoiding high temperatures during the
OL drying process, as elevated temperatures may neg-
atively affect the quality and bioactive composition of
the leaves. The importance of sample pre-treatment was
also reported by Kamran et al. (2015), who observed that
drying markedly influenced the recovery of antioxidant
biophenols from OL. In their study, total antioxidant ca-
pacity measured by ABTS (radical cation decolorization
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assay) and DPPH assays followed the order: oven-dried
(105 °C) > freeze-dried > air-dried > fresh > oven-dried
OL (60 °C). Yancheva et al. (2016) demonstrated the AA
of methanol extracts from OL using a range of in vitro
assays, including DPPH, ABTS, FRAP (ferric reducing
antioxidant power), and CUPRAC (cupric reducing anti-
oxidant capacity assay), in order to capture different rad-
ical-scavenging and reducing mechanisms. The highest
AA values were observed in leaves of the cultivar 'Chon-
drolia Halkidiki'. Moreover, a strong correlation between
TPC and AA was established, supporting the important
contribution of phenolic compounds to the antioxidant
potential of OL extracts.
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Legend: Data are presented as mean * standard deviation; different
small letters indicate statistically significant differences at the level
P<0.05 between samples (One-way ANOVA followed by Tukey’s mul-
tiple comparison test).

Figure 1. Comparison of the antioxidant activity of extracts
from differently processed OL samples

Health properties of polyphenolic antioxidant plant
components and their potential use as natural food addi-
tives have been the subject of considerable scientific and
commercial interest (Lafka et al., 2013). The antioxidant
potential of OL has also been confirmed in several in vitro
studies. Lins et al. (2018) demonstrated that OL extracts
exhibited strong AA against a wide range of reactive ox-
ygen species and protected human erythrocytes from
free radical-induced damage. Lfitat et al. (2020) con-
firmed the antioxidant efficacy of OL and highlighted the
role of secondary metabolites in metal chelation and free
radical scavenging. Similarly, Monteleone et al. (2021)

reported the significant antioxidant capacity of OL ex-
tracts. Pennisi et al. (2023) further demonstrated that
extracts obtained from Olea europaea vars sativa and syl-
vestris prevented lipid peroxidation in human Hela cells
and increased the activity of antioxidant enzymes, in-
cluding catalase, superoxide dismutase, and glutathione

peroxidase.

Evaluation of TPC in differently processed OL samples

The highest phenolic yields were obtained using
high-percentage alcohol solvents (Castillo-Correa et
al., 2025). Methanol appears to be highly efficient for
the extraction of phenolic compounds from OL (Orak
et al., 2019), likely due to its optimal polarity and pen-
etration capacity. The extraction solvent used in the
present study consisted of methanol, water, and acetic
acid. The extract from lyophilized OL samples exhibit-
ed significantly (P<0.05) higher TPC levels (45.75 + 1.14
mg GAE/g) than extracts from air-dried (42.74 + 5.27 mg
GAE/g) or fresh OL samples (37.94 + 4.14 mg GAE/g).
The results are presented in Figure 2. The higher TPC
observed in lyophilized OL may be associated with en-
hanced extractability and recovery of phenolics, possi-
bly due to lyophilization-induced structural changes in
plant tissues. These changes may have promoted the
release of larger amounts of bound phenolics from dis-
rupted cellular constituents; however, this method is
limited by its long processing time and relatively high
cost (Karam et al., 2016). Similar TPC ranges have been
reported for 'Frantoio' OL (21.6 -106.9 mg GAE/g DW)
in the study by Kamran et al. (2015). Zhang et al. (2022)
compared the effects of freeze-drying and hot air-drying
on the phytochemical profiles and biological activities
of OL. Their study suggested that freeze-drying was a
better technique than hot air-drying for enhancing the
flavonoid content and biological activity of dried OL. In
addition, hot air-drying was shown to be a viable alterna-
tive drying method for ensuring the maximal recovery of
iridoids. These findings suggest that the effect of drying
on OL bioactivity depends not only on TPC but also on
the specific groups of compounds preserved or released
during processing.
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Legend: Data are presented as mean * standard deviation; different
small letters indicate statistically significant differences at the level
P<0.05 between samples (One-way ANOVA followed by Tukey's mul-
tiple comparison test).

Figure 2. Comparison of the total phenol content of extracts
from differently processed OL samples

Although the present results indicate an association
between TPC and AA in OL extracts, further studies are
needed to better understand the mechanisms involved.
Future research should focus on the quantification of
individual bioactive compounds (e.g., oleuropein and hy-
droxytyrosol) and on the evaluation of their individual
and potential synergistic effects. This would help clarify
whether the enhanced AA of dried and lyophilized OL
extracts is mainly driven by the concentration of specific
phenolic compounds or by matrix-dependent interac-
tions affecting their extractability, stability, and antiox-
idant effectiveness.

Evaluation of fatty acid profile in lyophilized OL

Studies on the FA profile of lyophilized OL ('Frantoio'
cultivar) are limited; therefore, the present study pro-
vides an overview of the major FA components identi-
fied directly in lyophilized OL, highlighting compounds
of potential nutritional relevance (Table 1). The FA profile
showed a predominance of PUFA > MUFA > SFA. A high
content of a-linolenic acid (C18:3 n-3) was found in lyo-
philized OL (22.20%), indicating that this by-product may
represent an interesting source of n-3 PUFA (29.53%),
which is consistent with the findings of Cavalheiro et al.

(2015). Similar observations were reported by Ferreira et
al. (2023), who confirmed a predominance of this FA in
leaves and leaf sprouts of three olive cultivars: 'Verdeal'
(40.42 and 37.35%) > 'Madural' (37.87 and 26.48%) >
'Cobrancosa' (26.48 and 24.18%). The a-linolenic acid is
a nutritionally important essential FA and a precursor of
eicosanoids with anti-inflammatory and antithrombotic
properties (Ruiz et al., 2002). Numerous studies have as-
sociated its intake with beneficial effects on cardiovas-
cular health (Connor, 2000; Simopoulos, 2002; Schacky
and Harris, 2007). Essential FA may influence lipoprotein
concentrations, the fluidity of biological membranes,
the activity of membrane enzymes and receptors, blood
pressure regulation, and mineral metabolism (Orsavo-
va et al., 2015). According to Dabbou et al. (2010), OL
exhibited higher levels of PUFA than olive oil (18.11%),
which contains about 17.48% linoleic acid (C18:2cis n-6)
and 0.63% a-linolenic acid. The high PUFA content may
increase susceptibility to oxidation; however, this effect
could be counterbalanced by the presence of antioxi-
dants that protect the OL from oxidative damage.

The 'Frantoio' cultivar also showed a considerable
proportion of MUFA (24.82%), with erucic acid (C22:1
n-9) being the predominant component (13.21%). Recent
evidence suggests that, at physiological concentrations,
erucic acid may exert beneficial metabolic and anti-in-
flammatory effects. According to Galanty et al. (2023),
erucic acid contributes to the modulation of lipid metab-
olism, reduction of hepatic fat accumulation, and sup-
port of mitochondrial function. Moreover, it has been
reported to exhibit antioxidant (Goyal et al., 2024) and
neuroprotective activities (Sharma et al., 2023). The sec-
ond major MUFA was oleic acid (11.60%), which is wide-
ly recognized for its protective effects against coronary,
autoimmune, and inflammatory disorders, as well as for
its antithrombotic activity and role in blood pressure
regulation (Jimenez-Lopez et al., 2020). In addition, ole-
ic acid has been investigated for its potential protective
role against tumor cell proliferation in epidemiological
and animal studies (Moon et al., 2014; Lamy et al., 2016;
Jiang et al., 2017; Giulitti et al., 2021).
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Table 1. Fatty acid composition (%) determined directly in lyophilized OL by GC-FID

Notation of tfllr;dli'\:;it?;aAlcids Molecular Mass Lyop?xiliizes%())f oL
C14:.0 Myristic acid 228.37 1.13 £ 0.008
C16:0 Palmitic acid 256.43 12.40 + 0.037
C18:0 Stearic acid 284.48 1.68 +0.027
C18:1cis n-9 Oleic acid 282.47 11.60 + 0.061
C18:2cis n-6 Linoleic acid 280.45 7.33£0.030
C18:3n-3 a-linolenic acid 278.43 22.20 £ 0.069
C20:0 Arachidic acid 312.53 1.21 +£0.001
C22:1n-9 Erucic acid 338.57 13.21 +0.087
> PUFA 29.53
> MUFA 24.82
S SFA 16.43

Legend: PUFA - polyunsaturated fatty acid; MUFA - monounsaturated fatty acid; SFA - saturated fatty acid; OL - olive leaves.

Combined diet-drug therapies incorporating this nutra-
ceutical have shown potential for synergistic protection
against cancer progression (Carrillo et al., 2012). Our re-
sults indicate that lyophilized OL are characterized by a
favorable unsaturated FA profile of potential nutritional

interest.

The present study also showed that the 'Frantoio'
cultivar contained lower levels of SFA (16.43%; Table 1),
which followed the order: palmitic acid (12.40%) > stea-
ric acid (1.68%) > arachidic acid (1.21%) > myristic acid
(1.13%). Palmitic acid, although classified as an SFA, plays
essential physiological roles. It serves as a major com-
ponent of membrane phospholipids, influences the bio-
physical properties of cell membranes, and contributes
to energy metabolism as a key substrate for 3-oxidation
(Carta et al., 2017). Moreover, palmitic acid participates
in the process of protein palmitoylation, which regulates
the localization and function of several signaling proteins
(Linder and Deschenes, 2007). When consumed within
balanced dietary limits, it is also necessary for maintain-
ing normal lipid homeostasis and cellular signaling (Carta
etal., 2017).

Evaluation of mineral composition in lyophilized OL

Olive leaves are considered plant material rich in both
macro- and microelements, as well as bioactive com-
pounds, and represent an alternative source with con-
siderable nutritional and biological potential. Our results
showed that the overall tendency of the analyzed ele-
ments was as follows (mg/kg DW): Ca > K > Al > Na >
Mg > Fe > Sr> Mn > Zn > Ba > Cu > Sb > Pb > Se > Ni >
Cr > Li > Ag (Table 2). The contents of As, Cd, and Co in
the 'Frantoio' cultivar were below the limit of quantifica-
tion (< LOQ) of the ICP-OES method used. The study by
Antunes et al. (2021) observed that the mineral profile of
OL showed higher concentrations of K and Ca, and low-
er concentrations of Fe, Mg, Na, Mn, P, and Zn. Caval-
heiro et al. (2015) analyzed various OL varieties grown
in southern Brazil using ICP-OES and concluded that OL
may represent a source not only of Fe and Cu, but also
of Ca, Mg, K, P, Zn, and Mn, all of which are present in
moderate amounts when 50 g of dried OL are consumed.

In our study, Ca exhibited the highest concentration
among the analyzed elements (7979.203 mg/kg DW).
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Table 2. Mineral composition determined directly in lyo-
philized OL by ICP-OES

Lyophilized OL (mg/kg DW)

Elements (x £ SD)

Ca 7979.203 £ 52.920
K 6022.867 £ 11.981
Al 163.109 + 1.794
Na 150.199 £ 0.224
Mg 77.951+£0.159
Fe 34.589 £0.126
Sr 30.993 £ 0.099
Mn 9.433 £ 0.035
Zn 5.856 + 0.376
Ba 4.365 £ 0.007
Cu 1.731+0.026
Sb 1.356 + 0.397
Pb 0.485 +0.208
Se 0.437 £0.127
Ni 0.130 £ 0.017
Cr 0.114 £ 0.028

Li 0.054 + 0.002
Ag 0.014 + 0.000
As, Cd, Co < LoQ!

Legend: OL - olive leaves; ! < LOQ - below the limit of quantification.

Similar results were reported by Lee et al. (2005) and
Bahloul et al. (2014), who also found high Ca contents in
OL. Antunes et al. (2021) observed that Ca and K were
the dominant macroelements across all analyzed variet-
ies ('Frantoio', 'Koroneike', 'Manzanilha', 'Arbosana’, and
'‘Arbequina’), with 'Frantoio' showing particularly high Ca
accumulation, which is consistent with our findings. Ac-
cording to de Oliveira et al. (2023), OL represent a prom-
ising source of minerals such as Na, K, Mg, Ca, Mn, Fe,
and Cu, supporting their potential role in nutritional sup-
plementation and functional food applications. Calcium
is a key macroelement involved in the development and
maintenance of bones and teeth, while also contribut-

ing to the bioavailability of other nutrients (Bahloul et
al., 2014). Therefore, the dietary inclusion of Ca-rich OL
extracts or powders may contribute to the prevention
and management of Ca deficiency. The K content in OL
was 6022.867 mg/kg DW. Potassium, another important
macronutrient, plays a key role in the regulation of heart-
beat, maintenance of electrolyte balance, and support of
muscle contraction (Terker et al., 2015; Terwoord et al.,
2018; de Oliveira et al., 2023). Antunes et al. (2021) also
confirmed that K is one of the most abundant mineral el-
ements in OL. Adequate intake of both Ca and K has been
associated with the prevention of cardiovascular diseas-
es (McCarron and Reusser, 2001). Thus, the presence of
these elements in lyophilized OL may contribute to the
overall nutritional value of this plant material. Howev-
er, despite their considerable levels, further studies are
needed to verify their bioavailability, as some substanc-
es (e.g., phytates) may interfere with mineral absorption
(Akwaowo et al., 2000; Cavalheiro et al., 2015).

CONCLUSION

Post-harvest sample processing had a significant ef-
fect on the bioactive and nutritional profile of OL. The
present study demonstrated that lyophilized OL exhib-
ited the highest AA and TPC, whereas fresh samples
showed lower values. Lyophilization was the most effec-
tive pre-treatment method for preserving the bioactive
potential of OL from the 'Frantoio’ cultivar. In addition to
their bioactive properties, lyophilized OL also presented
a valuable FA profile, characterized by a predominance
of PUFA, particularly a-linolenic acid, suggesting that OL
may represent a potential source of n-3 FA. The pres-
ence of MUFA, especially erucic and oleic acids, togeth-
er with considerable levels of macroelements such as Ca
and K, further supports the nutritional potential of this
agro-industrial by-product.

Overall, the obtained results highlight OL as a sus-
tainable plant material with promising applications in
functional foods, dietary supplements, and nutraceu-
tical formulations. Since many commercial OL extracts
are commonly prepared from fresh or air-dried leaves,
further systematic research is needed to optimize ex-
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traction and processing conditions, with particular at-
tention to bioavailability, stability, and possible interac-
tions of the identified compounds. These findings may
be relevant for the food, nutraceutical, pharmaceutical,
and cosmetic industries seeking to utilize OL extracts for
their functional properties.
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