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Abstract: Extra virgin olive oil (EVOO) possesses a high-value rank in the food industry, thus making
it a common target for adulteration. Hence, several methods have been essentially made available
over the years. However, the issue of authentication remains unresolved with national and food safety
organizations globally struggling to regulate and control its market. Over the course of this study, the
aim was to determine the origin of EVOOs suggesting a high-throughput, state-of-the-art method that
could be easily adopted. A rapid, NMR-based untargeted metabolite profiling method was applied
and complemented by multivariate analysis (MVA) and statistical total correlation spectroscopy
(STOCSY). STOCSY is a valuable statistical tool contributing to the biomarker identification process
and was employed for the first time in EVOO analysis. Market samples from three Mediterranean
countries of Spain, Italy, and Greece, blended samples from these countries, as well as monocultivar
samples from Greece were analyzed. The NMR spectra were collected, with the help of chemometrics
acting as “fingerprints” leading to the discovery of certain chemical classes and single biomarkers
that were related to the classification of the samples into groups based on their origin.

Keywords: Olea europaea L.; extra virgin olive oil—EVOO; NMR spectroscopy; metabolite profiling;
STOCSY; geographical origin; botanical origin; biomarkers; foodomics

1. Introduction

Extra virgin olive oil (EVOO) is a core element of the Mediterranean diet due to its
nutritional, health, and sensory traits [1,2]. According to the European Commission, there
are eight different types or categories of olive oil, graded based on their quality parameters
related to physicochemical characteristics, such as acidity level, peroxide index, fatty acid
content and sterols composition, and organoleptic (sensory) characteristics, such as the
fruitiness and the absence of organoleptic defects [3]. The highest-rated, EVOO is often
the target of fraudulent practices, such as its adulteration with lower quality olive oils
or inexpensive edible vegetable oils and mislabeling by a false declaration of origin [4].
Based on these grounds, guidelines and standards have been issued by the International
Olive Council (IOC), Codex Alimentarius and European Commission regarding require-
ments of commercial categories and marketing standards, as well as providing analytical

Molecules 2023, 28, 1738. https://doi.org/10.3390/molecules28041738 https://www.mdpi.com/journal/molecules

https://doi.org/10.3390/molecules28041738
https://doi.org/10.3390/molecules28041738
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0003-4937-0822
https://orcid.org/0000-0001-7296-0922
https://orcid.org/0000-0003-3330-2446
https://orcid.org/0000-0002-5984-5169
https://orcid.org/0000-0001-5620-0165
https://doi.org/10.3390/molecules28041738
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules28041738?type=check_update&version=1


Molecules 2023, 28, 1738 2 of 18

methods that would ensure quality and authenticity [5–9]. Particularly in the case of the
European Union (EU), a quality policy, aiming to protect the names of specific products
and promote their unique characteristics linked to their geographical origin, as well as tra-
ditional know-how, has been established [10]. Protected Designation of Origin (PDO) and
Protected Geographical Indication (PGI) are two labels commonly attached to EVOOs. As
of September 2020, almost 140 EVOOs from Spain, Italy, Greece, France, Portugal, Croatia,
and Slovenia have been accepted into the PDO and PGI registry [11].

Aiming to affirm and protect the quality and authenticity of EVOOs, conventional
analysis has been applied to this day. In particular, free acidity, iodine value, sterols,
biophenol content, fatty acid composition, and positional distribution of the glycerol
moiety are analyzed. Additionally, guidelines have been issued regarding their sensory
analysis [12]. Speaking of authenticity concerning EVOO, it is usually associated with
geographical origin, genetic variety, and quality grade [4]. In the case of geographical
origin, numerous studies have been conducted on regional [13,14], national [15,16], Mediter-
ranean/international [17–19], and PDO/PGI scales [20–22] employing NMR spectroscopy
and LC- or GC-MS. Specifically, concerning NMR spectroscopy, different nuclei have been
recruited, with 1H, 13C, and 31P being the most common ones [16,17,22]. Monocultivar
samples have been analyzed with regard to the variety aspect, mainly from Italy and
Greece [23–26].

Nevertheless, investigating the geographical origin of oils from the top three producing
countries worldwide has been the subject of very few studies [27]. The majority of the
time, metabolite fingerprinting with 1H NMR has been utilized for the classification of
EVOOs [28], followed by aroma/volatiles profiling with GC-MS [19]. To our knowledge,
only Olmo-García et al., have searched for geographical discriminative biomarkers between
oils from Spain, Italy, and Greece with PDO and PGI labeling, which was accomplished
both with GC-MS and LC-MS [18].

Furthermore, a typical challenge in such studies regardless of the type of sample
e.g., EVOO, virgin olive oil (VOO), PDO, and/or the goal, e.g., geographical or botanical
origin, is the annotation of any revealed biomarker [29]. Commonly, classification could be
achieved to a certain degree; however, the identification of statistically significant features
remains highly uncertain [30]. Different tools have been suggested depending on the
analytical method using most of the times chemical and/or spectral databases, which are,
however, incomplete, specific, or random, especially in food components or bioactives [31].
In NMR spectroscopy in particular, a tool that could aid in the identification procedure is
statistical total correlation spectroscopy, or STOCSY, which was first introduced in the study
of biological samples. It generates a pseudo-spectrum by correlating peaks with the same
fluctuation across NMR spectra of the respective samples by calculating the correlation
coefficient between a defined “driver” peak and all other signals in the spectrum [32].

Therefore, the aim of the current study was the development and application of an
NMR-based metabolite profiling method that would enable the mapping of commercial
EVOOs from Spain, Italy, and Greece. Chemometrics were then employed for the identifica-
tion of certain marker compounds. STOCSY, a strong statistical tool, was used for the first
time in EVOO analysis to aid in the identification process [33,34]. Additionally, two Greek
cultivars, Koroneiki and Kolovi, obtained directly from producers, were also examined for
the first time with 1H NMR metabolite profiling. Finally, dereplication on the 1H NMR
spectrum of the total extract of olive oil was attempted using STOCSY pseudo-spectra,
2D-recorded spectra of different total extracts, and the available literature.

2. Results and Discussion

The quality of EVOO, aside from its age and sensory and nutritional properties,
encapsulates the concept of authentication and fraudulence. For better differentiation, Dais
and Hatzakis designated three categories, i.e., adulteration with foreign oils and fraud
regarding geographical and botanical origin [35]. A plethora of metabolomics approaches,
both targeted and non-targeted, have been used to investigate these attributes in EVOO by
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measuring classes of chemical components such as organic acids, sterols, TAGs, pigments,
volatiles, and phenols [24,27,36,37]. The current study focused on the latter two aspects,
the topography and cultivar of the tree from which the produced oil originated. Moreover,
it concentrated on NMR-based metabolite profiling of two sets of samples, i.e., EU market
EVOOs and monocultivars from Greece, reaching over 240 samples.

2.1. Sample Selection and Preparation

EVOO samples were carefully selected in a representative way. For the first set com-
prised market samples from Europe, the top three countries in average production for the
period 1993–2014 [38], Spain, Italy, and Greece, were selected. Additionally, several blends
from these countries and the extended European region were included. These samples
were commercial and, in most cases, no cultivar was known, which could translate to
multi-cultivar oils. Therefore, only the geographical origin was examined in this sample set.
Details about the origin of these samples can be found in Table S1 and can be summarized as
follows: 29 from Spain, 29 from Greece, 19 from Italy, 11 blends from these three countries,
and 22 labeled as blends with EU origin.

A different approach was followed for the second set comprised oils from Greece.
Monocultivar EVOOs were collected from producers dispersed all over Greece. Koroneiki,
being the predominant variety cultivated in Greece [39], was selected for this study, along
with Kolovi and other mainly local varieties such as Thiaki, Adramitiani, Manaki, and
Megaritiki. As far as the geographical origin is concerned, Crete and Peloponnese, re-
sponsible for most of the country’s production, were included together with the island of
Lesvos from the North Aegean region. Samples from the Ionian Islands were excluded
from further statistical processing due to their inadequate number and high diversity (four
samples from three different varieties) that could not produce a reliable outcome. Similarly,
the only sample belonging to the Adramitiani variety was from Lesvos, and samples from
Argolida and Lakonia were also excluded either due to a lack of complete metadata or a
lack of an adequate number of samples. Consequently, a total number of 121 samples from
the second set were examined further. Details about the geographical and botanical origin
of the samples can be found in Table S2. It is important to note that special attention was
given to the collection and the quality of metadata accompanying each sample in order
to be qualified for further analysis. The high variability and complexity of such samples
could lead to vague and misleading results if data are incomplete and/or not trustful. All
samples were centrifuged, stored, preserved, and extracted under the same conditions to
minimize any induced variability. Regarding the extraction protocol, the method of the
IOC was adapted based on the sensitivity of the analytical platform selected here, NMR
spectroscopy [40].

2.2. Acquisition, Processing, and Multivariate Analysis

In the course of the last two decades, NMR spectroscopy has earned its place as a
high-throughput, precise, and quantitative approach for the assessment of adulteration and
discrimination of botanical and geographical origin of foods [41]. To that end, this platform
opted to analyze a total of 241 EVOO samples from Europe and Greece. One dimensional
spectra of all samples were acquired at 600 MHz in chloroform-d, preprocessed within
the Topspin environment (phase/baseline correction, referencing to internal standard),
and processed with the MATLAB suite (alignment, binning, normalization) prior to being
subjected to multivariate analysis (MVA).

2.2.1. European Samples

Samples of this group were mainly multicultivar and produced in Spain, Italy, Greece,
and the extended European region. Quantitative variations can be observed in the spectra
of the three countries, but qualitative differences are not that apparent (Figure S1). To
initially detect any potential trends within the data, principal component analysis (PCA),
an unsupervised approach, was selected. The resulting model comprised 10 principal
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components accounting for 90.0% of the total variance in the dataset. Looking at the scores
scatter plot of the first two components (Figure 1a), PC1 and PC2, a reasonable separation of
Greek samples is observed, while samples from Italy and Spain exhibit significant overlap
using this unsupervised approach.
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Partial least squares discriminant analysis (PLS-DA) and orthogonal projections to
latent structures discriminant analysis (OPLS-DA) models were then constructed in a
supervised manner aiming to find potential markers that could differentiate samples
from these countries. The scores scatter plot of the PLS-DA model already presents a
clearer separation, with samples from Italy and Spain still being intertwined (Figure S2a).
Permutation tests verified the validity of the model aside from the R2Y and Q2 values
(Figure S2b–d) to be of good predictive quality. However, the OPLS-DA model constructed
with samples from all three countries allows excellent discrimination of the countries of
origin and was used to assess the composition of the blended European samples. In detail,
clear grouping was observed, with Greek samples being separated from the rest by the first
predictive X-Y component and Italian with Spanish by the second (Figure 1b). The scores
scatter plot of blended samples placed as a prediction set in the aforementioned model
recognized one sample that supposedly contained mainly EVOOs of Italian origin and five
of Spanish (Figure 1c). The remaining samples lay in between and thus could indeed be
confirmed as blends.

Moreover, three OPLS-DA models were constructed with countries taken in pairs
as part of the workflow to detect statistically significant compounds from the different
regions (Figure S3) by examining the variable importance for the projection (VIP) values
and correlation coefficients [p(corr)] of the variables.

2.2.2. Greek Samples

Samples included in this section are dispersed over three regions of Greece, including
Crete, Peloponnese, and Lesvos, with the majority belonging to the Koroneiki variety and
fewer to Kolovi. Initially, the parameter of geographical origin was explored using only
monocultivar samples. Under no supervision, slight trends were detected in the PCA scores
scatter plot defined by the first two components (Figure 2a). Samples from Crete seemed
to differ to a larger extent from the other two classes, which were greatly entangled. The
PLS-DA scores scatter plot of the primary two components presented a tighter grouping of
the classes, with samples from the North Aegean and Peloponnese still being entangled to
a great extent (Figure 2b). Finally, OPLS-DA models offered the possibility of a one-to-one
comparison among regions. To that end, three scores scatter plots were created in order to
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provide visualization of their respective models (Figures 2c and S5). Tight clustering along
with good fitting and predictability values (R2Y and Q2) was observed in all three models,
as also verified by their respective CV scores scatter plots (Figure S5).
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In the study of the variety parameter, only Koroneiki and Kolovi could be examined, as
they were the only ones from which enough samples were collected to provide a statistically
meaningful outcome. Furthermore, samples only from the North Aegean were examined
to ensure that any variation in the samples was due to the different variety and not the
region. These varieties were examined for the first time with 1H NMR metabolite profiling,
as only two previous studies have implemented 31P NMR and LC-MS profiling [25,26].
The built PCA model formed by two principal components with R2X and Q2 at 0.711 and
0.547 respectively, revealed a reasonable trend among the two varieties (Figure 3a). In
the OPLS-DA model, the two classes were separated clearly in the predictive component
(x-axis) (Figure 3b), resulting in a model with great goodness of fit (0.946) and predictability
(0.724). A two-way filtering process, as with samples from Europe, was applied for the
extraction of a tentative biomarkers list. The final list contained features filtered based on
their VIP and p(corr) values (Table S4).

2.3. Statistical Total Correlation Spectroscopy (STOCSY) and Biomarker Identification

Untargeted metabolomics can aid in the mining of spectral features with statistical
significance. The difficulty, however, lies in their correlation with distinct compounds
that have a possible link to certain quality attributes. In NMR spectroscopy, this is often
additionally complicated due to the lack of standardized high-quality databases and the
extended peak overlap. In this study, a three-part approach was invoked in an attempt to
assign as many peaks as possible in the 1D spectrum of an EVOO total extract. STOCSY, a
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very strong statistical tool applied for the first time in olive oil analysis, was combined with
2D spectra (JRES, COSY, HSQC-DEPT, HMBC) of selected extracts and the combination of
an in-house spectral database and the literature.
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As could be easily observed in Figure 4, the protons of olive oil’s polar constituents
(total phenolic fraction or TPF, see Section 3.2) resonate in certain characteristic spectral re-
gions, indicative of different spin systems. Probably, the most characteristic region is at the
low field, where the peaks of aldehydes groups of mainly secoiridoids, such as monoalde-
hydics, form oleuropein aglycon (MFOA), and monoaldehydic forms of ligstroside aglycon
(MFLA), oleacein, and oleocanthal appear. Additionally, typical is the aromatic region
where the protons of tyrosol and hydroxytyrosol, as well as their derivatives, resonate.
It is worth noting that these secoiridoids commonly comprise the major biophenols of
olive oil and have been suggested as authentic and generally quality markers of olive
oil [42,43]. The annotation of the compounds was based on the literature, but also the use
of reference standards.

Along these lines, toward revealing biomarkers and at the same time increasing the
identification confidence, STOCSY was employed. STOCSY takes advantage of collinear
gradients of peaks to generate pseudo-spectra reflecting the actual 1H NMR spectrum of
the targeted compound. Even if it is used in human metabolomics [32], its employment
in food analysis and generally in natural products is limited. To our knowledge, it has
been used in the study of medicinal plants [44–47], whisky [48], and table olives and honey
samples from our group [33,34].

Initially, the focus turned to two doublet peaks at around 2.0 ppm with a high VIP
value of approximately 1.5 in favor of Cretan oils in the Greek sample set. Employing
STOCSY, a series of other peaks were revealed, leading to the final use of the resonance
at 9.173 to obtain a clearer pseudo-spectrum (Figure 5). In that way, two compounds
were discovered, oleacein and oleocanthal, two secoiridoids generally present in high
concentrations in EVOOs [49]. Due to their proportional fluctuation in their concentration
levels among samples, both compounds appear in one pseudo-spectrum with the same
driver peak. Complete assignment of the peaks in the total extract was accomplished with
the aid of 2D spectra (Figures S6 and S7), reference standards, and the literature, i.e., the
recent study by Sarikaki et al. involving the aforementioned compounds [50].
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Furthermore, an analogous behavior was observed in the case of the monoaldehydic
form of oleuropein and ligstroside aglycons, also known as MFOA and MFLA, respectively.
In EVOO, a mixture of two diastereoisomers can be detected, 5S,8R,9S, and 5S,8S,9S,
with the former found usually in higher concentrations [49,51]. A single 1D STOCSY was
generated with the most abundant isomers of the two with the driver peak set at 9.450 ppm
(Figure 6). The research of both isomers of MFOA and MFLA that were successfully
isolated by Angelis et al., in addition to acquired 2D spectra, proved to be a valuable aid in
assigning many of their peaks across the total extract spectrum (Table S5) [49]. Moreover,
in the aromatic regions, the plethora of overlapping peaks, among which the ones of
oleacein, oleocanthal, MFOA, and MFLA, were deciphered by an earlier study [52]. The
multi-suppression pulse sequence used over the lipids allowed the direct measurement of
the phenols contained in olive oil without prior treatment. Peaks resonating in the region
between 6.7 and 7.1 ppm were attributed to tyrosol, hydroxytyrosol, and their derivatives
containing one of the two moieties, respectively. Discrimination between the two groups of
compounds was accomplished through the variability in coupling constants. As for the
group with the tyrosol moiety, it was found at 8.5 Hz for aromatic protons with just an ortho
coupling, whereas the same coupling was found to be 8.0 Hz for the hydroxytyrosol moiety.
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The lignan acetoxypinoresinol was primarily spotted by feature 44 from the OPLS-DA
model for differentiating samples from Spain vs. Greece. The singlet resonating at 3.86 ppm
could be assigned to the protons of one of the two methoxy groups of the molecule. The
pseudo-spectrum created with 6.902 ppm as the driver peak, aside from revealing a clear
representation of acetoxypinoresinol with almost all peaks shown (Figure 7), discovered
several anticorrelations, such as SFAs and unsaturated fatty acids (UFAs) resonating at
around 1.20, 1.95, and 5.30 ppm, as well as phenolic compounds with the tyrosol and
hydroxytyrosol moiety (6.7–7.1 ppm). This observation could also be useful as it indi-
cates the opposite fluctuation of the levels of the anti-correlated compounds between the
examined groups.
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Olive oil is also an important source of another significant class of compounds, triter-
penes. Oleanolic, maslinic, and ursolic acids, along with the alcohols uvaol and erythrodiol,
are among the most common in this chemical category [52,53]. In this case, the resonance at
0.706 ppm, a tentative biomarker in two out of three OPLS-DA plots of the European sample
set in favor of samples from Greece (Table S3), was used as a driver peak. The constructed
STOCSY (Figure S8) turned out to reveal several methyl protons between 0.7 and 1.2 ppm,
all belonging to the above-mentioned compounds. Due to their structural resemblance,
discrimination between them was not possible. Squalene, a non-pentacyclic terpenoid,
was identified with the aid of STOCSY and the literature [54]. A singlet peak at 1.61 ppm
produced a pseudo-spectrum with all signals of the compound being present (Figure S9).
Unfortunately, another compound presented a similar fluctuation in its concentration,
hence appearing in the same spectrum.

Signals of sterols were detected in a region that is free of other resonances, between 0.2
and 0.7 ppm. Specifically, cycloartenol, cyclobranol, and 24-methylenecycloartanol were
responsible for two doublet peaks at 0.26 and 0.49 ppm, while gramisterol, citrostadienol,
∆7-avenasterol, and ∆7-campesterol were detected by a singlet at 0.48 ppm. Resonances
from the former sterols were determined as statistically significant based on their VIP and
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p(corr) values in OPLS-DA models for Italian samples, while the latter were in favor of
samples from Greece. After a literature search, an assignment in this chemical category was
completed for β-sitosterol, ∆5-avenasterol, and ∆5-campesterol, as their methyl protons at
C-18 resonated at 0.61 ppm as a singlet [52,55].

Finally, FAs, the main chemical group in EVOOs, were investigated. Despite the
extraction, a complete removal is impossible with the IOC-suggested method. An indicative
1D pseudo-spectrum was generated with a driver peak at 1.19 ppm. Acyl groups of both
SFA and UFA chains could easily be detected [52,56] (Figure S8). A review by Alexandri
et al. proved critical in identifying peaks that belonged to differently substituted forms of
glycerol, MAG, 1,2 and 1,3-DAG, and TAG [57].

Still, several statistically significant features remain unidentified in particular in the
Greek sample set. To be more precise, using spectral feature 2 listed in Table S4 from the
OPLS-DA model for discriminating the North Aegean and Peloponnese regions of Greece, a
clear pseudo-spectrum was generated (Figure S10). Interestingly enough, the resonances of
all peaks, belonging to most probably two compounds, can be found in the aforementioned
table of tentative biomarkers. Some of them were also extracted from the OPLS-DA plot
between Koroneiki vs. Kolovi varieties from the North Aegean region. Therefore, while
geographical region influences the presence and concentration of said biomarkers, it seems
that they are also affected to some extent by the variety parameter. Hence, it must be
concluded that the classification of geographic origins in part is influenced by the variety,
which may be considered a confounding effect.

2.4. Quality and Authentication Assessment

Olive oil has been extensively investigated over the years regarding its quality at-
tributes. Aside from the established organoleptic assessment through sensory analysis
by a testing panel [58], authenticity falls within the margins of quality. Generally, it en-
velopes genetic variety, geographical origin, and quality grade, including adulteration
with lower-quality olive oils or vegetable oils. In the current study, attention was given
to the identification of specific markers or patterns indicative of different geographical
origins and cultivars. Specifically, through metabolite profiling, traceability from top-
producing countries of Europe, and different regions from Greece, two different cultivars
were examined.

Adhering to the designed workflow, identified and statistically significant biomark-
ers drew attention, as their relative concentration in the different classes was monitored.
Primarily, two major classes of compounds were investigated, secoiridoids and phenols.
As can be seen in the respective box plots, it seems that Greek EVOOs exhibited lower
concentrations in secoiridoids compared to samples from Italy and Spain, while no statis-
tically significant difference was observed when it came to phenols (Figures 8 and S11).
These compounds have not been examined in terms of chemical categories as a whole
and, therefore, no comparisons to the literature are feasible. As far as the Greek sample
set is concerned, samples from the island of Crete outmatch both other regions, the Pelo-
ponnese and North Aegean, in total phenols and secoiridoids, as well as in oleocanthal
content, a secoiridoid indicated as a tentative biomarker revealed by the MVA performed
(Figures 9 and S12). This observation was verified by previously conducted studies [16].

The lignans of EVOO have been reported to possess anti-inflammatory, antitumor, antiox-
idant, and neuroprotective activities [59]. Among the two major ones is acetoxypinoresinol.
Italian samples appeared to be significantly richer in this compound, with Spanish and
Greek samples displaying approximately equal levels. Again, no studies involving this
compound and these countries have been previously conducted to our knowledge. In the
case of the Greek sample set, samples from both the North Aegean and Peloponnese out-
weighed the Cretan ones (Figure 9), contrary to previous research where Crete surpassed
Peloponnese [16].

A different pattern is observed in the case of triterpenes, which are found in various
organs and products of the olive tree [60]. Triterpenic acids and especially maslinic and
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oleanolic acids have important activity profiles such as antitumor, antidiabetic, antioxidant,
cardioprotective, antiparasitic, and neuroprotective [61,62]. The scales were in favor of
Greek EVOOs with an almost double relative concentration when compared to Spain and
Italy (Figure 8). Previous studies, however, cannot seem to come to a firm conclusion. On
one hand, Mannina et al. described the edge of olive oils from the Liguria province of
Italy over oils from other European countries, among them Spain and Greece [63]. Another
study conducted in 2019, exploring the content of commercial PDO and PGI EVOOs, finds
higher contents in Greek samples as compared to Spanish and Italian ones, corroborating
our results [18]. Regarding the Greek sample set, triterpene content for samples from
Peloponnese and North Aegean is underwhelming as opposed to Crete (Figure 9).

An interesting remark can be made when these results are compared with a recent study
of our group concerning metabolite profiling of EVOO using an FIA-MRMS platform [42].
It seems that both studies agreed with regard to the concentration of several compounds
or classes. Specifically, samples from Crete were found to be superior to the ones from the
Peloponnese in secoiridoids, oleocanthal especially, and also triterpenes. On the other hand,
acetoxypinoresinol presented the opposite pattern, corroborating our findings.

While sterols resemble minor compounds in olive oil, they seem to be greatly af-
fected by the geographical coordinates of the cultivation site [64]. This was also ob-
served in the current study. Samples from the Italian peninsula appeared to be rich in
cycloartenol/cyclobranol/24-methylenecycloartanol, followed in order by Greek and Span-
ish ones. Nevertheless, a subversive image is discerned with gramisterol/citrostadienol/∆7-
avenasterol/∆7-campesterol, where Greece outweighed by a great margin the remaining
two countries (Figure 8). These observations are in accordance with past studies [18,55].
No statistical significance was attributed to sterols for any of the classifications in the Greek
set of samples.
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Figure 8. Box plots of a selection of statistically significant markers in the European sample set. Specifi-
cally, Secoiridoids, Acetoxypinoresinol, Terpenoids, Cycloartenol/Cyclobranol/24-methylenecycloartanol,
Gramisterol/Citrostadienol/∆7-Avenasterol/∆7-Campesterol, and UFAs are depicted (vertical axis
expressed in normalized intensity). Horizontal lines between classes indicate a p-value lower than
0.05. SPA: Spain, GRE: Greece, ITA: Italy.
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A very important chapter in olive oil analysis is FAs, both saturated and unsaturated
ones. Among the three European countries investigated in this study, Greece led Spain
and Italy in both categories, as can be seen in the respective box plots (Figures 8 and S11).
Despite the importance of this class of compounds, past research has focused on the study
of geographical origin on a regional scale with no studies conducted to our knowledge
between the three top-producing countries [13,22,24,65]. Moving on to monocultivar
samples from Greek producers, it seems the different regions present a similar profile in
terms of SFA and UFA content, with no statistical significance in any observed variations
(Figure S12). A similar observation has been made for samples from the Peloponnese and
Crete [16].

The tentative biomarker, revealed initially from the statistically significant features
from the OPLS-DA models of the Greek sample set with a peak resonating at 5.90 ppm
(Figure S10), is of great interest. High fluctuation in its concentration was observed depend-
ing on the geographical origin of the samples. Linoleic acid, a tentative biomarker of the
Kolovi variety, was examined and validated for its statistical importance (p-value < 0.05).
One previous study sought markers for the discrimination of EVOOs from Greek cultivars,
among them Kolovi and Koroneiki, but linoleic acid was not among the four that were
detected [26]. Further studies are needed to identify unknown compounds and further
explore the effect of geographical origin and cultivar in the composition of EVOOs.

3. Materials and Methods
3.1. Chemical and Materials
3.1.1. Solvents and Reference Compounds

Solvents used for extraction of the oils, MeOH and H2O, were of HPLC grade (Fisher
Scientific, Loughborough, UK). The deuterated NMR solvent used, chloroform-d (purity
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99.8% D), was acquired from Eurisotop GmbH (Saarbrücken, Germany). Hexamethyldis-
iloxane (HMDSO; NMR grade, ≥99.5%, Sigma-Aldrich Corporation, St. Louis, MO, USA)
was used as a line-shape indicator. NMR tubes (D600-5-7, 5 mm diameter and 7 inches
long) with PTFE caps were obtained by Deutero GmbH (Kastellaun, Germany).

3.1.2. Sample Selection

Two sets of EVOO samples were selected for this study. The first, comprising 110 sam-
ples, was commercially available (processed and bottled) samples obtained from European
cooperatives during the harvesting period 2017–2018. They originated from countries in
Europe. For the second set, obtained directly from producers during the harvesting period
2018–2019, a total of 131 EVOOs were analyzed originating from different areas of Greece
and different cultivars. Upon receipt, samples were stored under a nitrogen atmosphere in
dark glass vials at 20 ◦C to maintain their chemical stability. Details about the samples are
listed in Tables S1 and S2.

3.1.3. Instrumentation

A Bruker AVANCE III 600 NMR spectrometer (Bruker BioSpin GmbH, Rheinstetten,
Germany), operating at the proton frequency of 600.13 MHz (B0 = 14.1 T) and carbon
frequency of 150.91 MHz and equipped with a 5 mm broadband probe with inverse
detection (BBI), and z-axis gradients was used for the recording of the acquisition of the
spectra. A Bruker Cooling Unit (BCU) was used to stabilize the temperature. Spectra
were recorded with the help of a 60-place sample changer (B-ACS-60) using the IconNMR
automation software (version 5.0) by Bruker. Topspin software (version 3.5.7 and 4.0.6) by
Bruker was used for the acquisition and processing of the spectra.

3.2. Sample Extraction

Extraction was carried out by employing a modified version of the IOC protocol [40].
A total of 7.0 g of EVOO were weighed in a 50 mL screw-cap falcon and 21 mL of extractant
solution was added (MeOH/H2O: 80/20 v/v). The mixture was vortexed for 1.5 min and
placed for 15 min in an ultrasonic bath at room temperature. Then, it was centrifuged at
4000× g rpm for 25 min and the supernatant phase was passed through a 0.45 µm PVDF
filter. A total of 15 mL of the recovered phase was transferred in a spherical flask and
evaporated to dryness with a RotaVapor at 40 ◦C under a vacuum (Büchi AG, Flawil,
Switzerland). Reconstitution was accomplished with MeOH in order to transfer the extract
to an Eppendorf tube. Finally, it was evaporated to dryness using a centrifugal evaporator
with a vacuum (Concentrator Plus, Eppendorf AG, Hamburg, Germany) and stored at
−20 ◦C, pending analysis.

3.3. NMR Analysis
3.3.1. Sample Preparation

A stock solution of chloroform-d with 0.02% v/v HMDSO was prepared. Each sample
was dissolved in 650 µL of the stock solution and 600 µL was transferred into an NMR tube.

3.3.2. NMR Experimental Parameters

Spectra were recorded at 305 K with a simple “zg” pulse sequence with the following
conditions: ns, 64; π/2 pulse, ~8 µs; TD, 64 k data points; acquisition time, 3.89 s; relaxation
delay, 2.00 s; and spectral width, 8417.5 Hz. The spectra were obtained by the Fourier
transformation (FT) of the free induction decay (FID) with the application of an exponential
function using a line-broadening factor of 0.3 Hz and zero-filling (size = 128 k). The resulting
spectra were manually phased and baseline-corrected using a polynomial function in the
TopSpin software (version 4.0.6). Chemical shifts were reported based on the IS’s signal,
which was set at 0.0 ppm. Two dimensional spectra (COSY, HSQC-DEPT, HMBC, and JRES)
were acquired based on common pulse sequences containing gradients from the Bruker
library (cosygpqf, hsqcedetgpsisp2.3, hmbcetgpl2nd, and jresgpqf, respectively).
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3.4. Computational Processing and Multivariate Analysis

The MATLAB suite (version R2018b) was used for the alignment of the spectra
with the icoshift tool, and a targeted selection of intervals optimized for these samples
(Version 3.0) [66]. Then, NMR spectra were binned between −0.5 and 12 ppm, with a bin
width of 0.01 ppm, resulting in a total of 1211 bins for MVA or a bin width of 0.001 ppm
giving 12,101 bins for STOCSY analysis, respectively. Data were normalized using an
in-house routine, with the area of the IS’s peak as a reference value.

For MVA, data were imported into SIMCA v. 14.1 (Umetrics, Umea, Sweden), where
they were specifically subjected to PCA, PLS-DA, and OPLS-DA analysis, respectively.
Regions with solvent signals (chloroform, methanol), baseline noise, and the IS signal were
removed, resulting in 798 features. Prior to PCA, data were scaled using Pareto scaling and
subsequently log-transformed.

Sample discrimination was mainly accomplished using the OPLS-DA algorithm and a
binary one-vs.-one testing strategy in order to find statistically important distinguishing
metabolites for the classes investigated. Variable importance for the projection (VIP) lists
generated for each model ranked variables based on their contribution to the model. Vari-
ables with a score greater than 1 were considered statistically significant. Generated models
were evaluated for the goodness of fit and predictability, described by their R2X/R2Y and
Q2 values, respectively. Only models with R2 and Q2 values above 0.5 and close to each
other were accepted. Permutation tests (500 permutations) and CV scores scatter plots
(7 rounds performed) were also employed to further validate the models. Outliers were
excluded using Hotelling’s T2, DModX, and DModY plots.

One dimensional STOCSY analysis by exploiting the data with the 0.001 ppm bin size
was carried out with an in-house routine in the MATLAB suite [33,34]. A threshold of 0.75
for the correlation coefficient was set on the whole dataset and it was kept at the same level
for all generated pseudo-spectra.

4. Conclusions

In the present study, an NMR-based workflow is proposed for the authentication
and quality determination of EVOO. Metabolite profiling and chemometrics together with
STOCSY were applied in two different sets of EVOO samples, one mixed European and
one Greek. This was the first application of this method on commercial samples from the
three highest-ranking countries in olive oil production worldwide focusing on a broader
range of putative marker compounds, including in particular biophenols. In fact, several
biomarker compounds were finally identified for discrimination regarding geographical
origin. Moreover, both geographical origin and cultivar parameters were investigated in
Greek EVOOs from three regions and two varieties. STOCSY, a statistical tool with only
a handful of applications in natural products, was successfully incorporated for the first
time in olive oil analysis as a dereplication and annotation tool, and also in the attempt
to seek statistically significant compounds. The revealing of key peak correlations along
with acquired 2D spectra and a widespread literature search led to the identification of
numerous compounds in the 1H NMR spectrum of EVOO. Finally, certain compounds
were suggested as quality markers for commercial EU countries, as well as for different
geographical areas of Greece.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/molecules28041738/s1, Figure S1: Multiple displays of spectra from
Spain, Italy, and Greece. Quantitative variations are mainly observed across the field; Figure S2:
(a) PLS-DA scores scatter plot of the European sample set with a clear distinction of samples from
Greece; (b) permutation test with 500 permutations performed at the presented PLS-DA model
with samples from Spain; (c) respective permutation test with samples from Italy; (d) respective
permutation test with samples from Greece; Figure S3: (a) OPLS-DA scores scatter plot with samples
from Spain vs. Italy; (b) indicative CV scores scatter plot from the OPLS-DA model of Spain vs.
Italy; (c) indicative S-plot from the OPLS-DA model of Spain vs. Italy; (d) indicative coefficient
plot from OPLS-DA model of Spain vs. Italy; (e) OPLS-DA scores scatter plot with samples from
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Spain vs. Greece; (f) OPLS-DA scores scatter plot with samples from Italy vs. Greece; Figure S4:
(a) permutation test with 500 permutations performed for PLS-DA model in Figure 2 with samples
from Crete; (b) respective permutation test with samples from the North Aegean; (c) respective
permutation test with samples from the Peloponnese; Figure S5: (a) OPLS-DA scores scatter plot
with samples from Crete vs. North Aegean; (b) CV scores scatter plot from the OPLS-DA model of
Crete vs. North Aegean; (c) OPLS-DA scores scatter plot with samples from Crete vs. Peloponnese;
(d) CV scores scatter plot from the OPLS-DA model of Crete vs. Peloponnese; (e) CV scores scatter
plot from the OPLS-DA model of North Aegean vs. Peloponnese; Figure S6: Representative JRES
spectrum of a Greek EVOO; Figure S7: Representative 2D spectra of a Greek EVOO. (a) COSY;
(b) HSQC-DEPT; (c) HMBC; Figure S8: STOCSY 1D pseudo-NMR spectra. Correlation coefficients
to the other signals in the median olive oil NMR spectrum are color-encoded. (a) Triterpenes: the
“driver peak” was at 0.706 ppm; (b) fatty acids: the “driver peak” was at 1.190 ppm; Figure S9:
STOCSY 1D pseudo-NMR spectrum of squalene. Correlation coefficients to the other signals in the
median EVOO NMR spectrum are color-encoded: the “driver peak” was at 1.615 ppm; Figure S10:
STOCSY 1D pseudo-NMR spectrum of an unknown biomarker. Correlation coefficients to the other
signals in the median olive oil NMR spectrum are color-encoded: the “driver peak” was at 5.907 ppm;
Figure S11: Box plots of a selection of statistically significant markers in the European sample set.
Specifically, saturated fatty acids (SFAs), squalene, and total phenols are depicted (vertical axis
expressed in normalized intensity). SPA: Spain, GRE: Greece, ITA: Italy; Figure S12: Box plots of a
selection of statistically significant markers in the Greek sample set. Specifically, oleocanthal, SFAs,
and unsaturated fatty acids (UFAs) are depicted (vertical axis expressed in normalized intensity);
Table S1: Geographical origin of European samples; Table S2: Geographical and botanical origin of
Greek samples; Table S3: Statistically significant markers extracted from the respective OPLS-DA
models of European oils. Variable ID (ppm), multiplicity/functional group, VIP, and p(corr) values
along with the respective class are presented; Table S4: Statistically significant markers extracted from
the respective OPLS-DA models of Greek oils. Variable ID (ppm), multiplicity/functional group, VIP,
and p(corr) values along with the respective class are presented; Table S5: 1H NMR chemical shifts
and assignments for EVOOs’ metabolites identified. Multiplicity (J in Hz) and functional group are
also presented.
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Untargeted and Targeted Metabolomics for Differentiation of Extra Virgin Olive Oils of Different Origin of Purchase Based on
Volatile and Phenolic Composition and Sensory Quality. Molecules 2019, 24, 2896. [CrossRef]

21. Girelli, C.R.; Del Coco, L.; Zelasco, S.; Salimonti, A.; Conforti, F.L.; Biagianti, A.; Barbini, D.; Fanizzi, F.P. Traceability of “Tuscan
PGI” Extra Virgin Olive Oils by 1H NMR Metabolic Profiles Collection and Analysis. Metabolites 2018, 8, 60. [CrossRef]

22. Vlahov, G.; Del Re, P.; Simone, N. Determination of Geographical Origin of Olive Oils Using 13C Nuclear Magnetic Resonance
Spectroscopy. I—Classification of Olive Oils of the Puglia Region with Denomination of Protected Origin. J. Agric. Food Chem.
2003, 51, 5612–5615. [CrossRef]

23. Mannina, L.; Dugo, G.; Salvo, F.; Cicero, L.; Ansanelli, G.; Calcagni, C.; Segre, A.L. Study of the Cultivar-Composition Relationship
in Sicilian Olive Oils by GC, NMR, and Statistical Methods. J. Agric. Food Chem. 2003, 51, 120–127. [CrossRef]

http://doi.org/10.1021/jf103813t
http://www.ncbi.nlm.nih.gov/pubmed/21210703
https://ec.europa.eu/info/food-farming-fisheries/plants-and-plant-products/plant-products/olive-oil_en
https://ec.europa.eu/info/food-farming-fisheries/plants-and-plant-products/plant-products/olive-oil_en
http://doi.org/10.1016/j.aca.2009.04.043
http://www.ncbi.nlm.nih.gov/pubmed/19481631
https://eur-lex.europa.eu/legal-content/GA/TXT/?uri=CELEX:32013R1348
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32011R0061
https://eur-lex.europa.eu/eli/dir/2019/904/oj
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A32002R1019
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A32002R1019
https://ec.europa.eu/info/food-farming-fisheries/food-safety-and-quality/certification/quality-labels/quality-schemes-explained_en
https://ec.europa.eu/info/food-farming-fisheries/food-safety-and-quality/certification/quality-labels/quality-schemes-explained_en
https://ec.europa.eu/info/food-farming-fisheries/food-safety-and-quality/certification/quality-labels/geographical-indications-register/#
https://ec.europa.eu/info/food-farming-fisheries/food-safety-and-quality/certification/quality-labels/geographical-indications-register/#
https://www.internationaloliveoil.org/what-we-do/chemistry-standardisation-unit/standards-and-methods/
https://www.internationaloliveoil.org/what-we-do/chemistry-standardisation-unit/standards-and-methods/
http://doi.org/10.1016/j.foodchem.2007.02.045
http://doi.org/10.1007/s12161-019-01508-5
http://doi.org/10.1016/j.foodres.2018.12.052
http://doi.org/10.1021/jf072957s
http://doi.org/10.3989/gya.2001.v52.i6.348
http://doi.org/10.1002/ejlt.201800336
http://doi.org/10.3390/molecules24081512
http://www.ncbi.nlm.nih.gov/pubmed/30999650
http://doi.org/10.3390/molecules24162896
http://doi.org/10.3390/metabo8040060
http://doi.org/10.1021/jf0207124
http://doi.org/10.1021/jf025656l


Molecules 2023, 28, 1738 17 of 18

24. Culeddu, N.; Chessa, M.; Bandino, G.; Sedda, P.; Zurru, R.; Anedda, R.; Motroni, A.; Molinu, M.G.; Dettori, S.; Santona, M.
Classification of Monovarietal Sardinian Extra Virgin Olive Oils by 1H NMR Metabolomic. Eur. J. Lipid Sci. Technol. 2017,
119, 1700035. [CrossRef]

25. Dais, P.; Spyros, A. 31P NMR Spectroscopy in the Quality Control and Authentication of Extra-Virgin Olive Oil: A Review of
Recent Progress. Magn. Reson. Chem. 2007, 45, 367–377. [CrossRef] [PubMed]

26. Kalogiouri, N.P.; Aalizadeh, R.; Thomaidis, N.S. Application of an Advanced and Wide Scope Non-Target Screening Workflow
with LC-ESI-QTOF-MS and Chemometrics for the Classification of the Greek Olive Oil Varieties. Food Chem. 2018, 256, 53–61.
[CrossRef] [PubMed]

27. Lioupi, A.; Nenadis, N.; Theodoridis, G. Virgin Olive Oil Metabolomics: A Review. J. Chromatogr. B Anal. Technol. Biomed. Life Sci.
2020, 1150, 122161. [CrossRef] [PubMed]

28. Winkelmann, O.; Küchler, T. Reliable Classification of Olive Oil Origin Based on Minor Component Profile Using 1H-NMR and
Multivariate Analysis. Eur. J. Lipid Sci. Technol. 2019, 121, 1900027. [CrossRef]

29. Allard, P.M.; Genta-Jouve, G.; Wolfender, J.L. Deep Metabolome Annotation in Natural Products Research: Towards a Virtuous
Cycle in Metabolite Identification. Curr. Opin. Chem. Biol. 2017, 36, 40–49. [CrossRef] [PubMed]

30. Wishart, D.S. Computational Strategies for Metabolite Identification in Metabolomics. Bioanalysis 2009, 1, 1579–1596. [CrossRef]
31. Sorokina, M.; Steinbeck, C. Review on Natural Products Databases: Where to Find Data in 2020. J. Cheminform. 2020, 12, 20.

[CrossRef] [PubMed]
32. Cloarec, O.; Dumas, M.-E.; Craig, A.; Barton, R.H.; Trygg, J.; Hudson, J.; Blancher, C.; Gauguier, D.; Lindon, J.C.; Holmes, E.; et al.

Statistical Total Correlation Spectroscopy: An Exploratory Approach for Latent Biomarker Identification from Metabolic 1 H
NMR Data Sets. Anal. Chem. 2005, 77, 1282–1289. [CrossRef]

33. Ringele, G.B.L.; Beteinakis, S.; Papachristodoulou, A.; Axiotis, E.; Mikros, E.; Halabalaki, M. NMR Metabolite Profiling in the
Quality and Authentication Assessment of Greek Honey—Exploitation of STOCSY for Markers Identification. Foods 2022, 11, 2853.
[CrossRef] [PubMed]

34. Beteinakis, S.; Papachristodoulou, A.; Gogou, G.; Katsikis, S.; Mikros, E.; Halabalaki, M. NMR-Based Metabolic Profiling of Edible
Olives-Determination of Quality Parameters. Molecules 2020, 25, 3339. [CrossRef]

35. Dais, P.; Hatzakis, E. Quality Assessment and Authentication of Virgin Olive Oil by NMR Spectroscopy: A Critical Review. Anal.
Chim. Acta 2013, 765, 1–27. [CrossRef]

36. Kosma, I.; Badeka, A.; Vatavali, K.; Kontakos, S.; Kontominas, M. Differentiation of Greek Extra Virgin Olive Oils According
to Cultivar Based on Volatile Compound Analysis and Fatty Acid Composition. Eur. J. Lipid Sci. Technol. 2016, 118, 849–861.
[CrossRef]

37. Laincer, F.; Iaccarino, N.; Amato, J.; Pagano, B.; Pagano, A.; Tenore, G.; Tamendjari, A.; Rovellini, P.; Venturini, S.; Bellan, G.; et al.
Characterization of Monovarietal Extra Virgin Olive Oils from the Province of Béjaïa (Algeria). Food Res. Int. 2016, 89, 1123–1133.
[CrossRef]

38. Olive Oil, Food Balance Sheets. Food and Agriculture Organization of the United Nations. FAOSTAT Statistical Database. 2014.
Available online: https://www.fao.org/faostat/en/#search/olive%20oil (accessed on 10 July 2020).

39. Anastasopoulos, E.; Kalogeropoulos, N.; Kaliora, A.C.; Kountouri, A.; Andrikopoulos, N.K. The Influence of Ripening and Crop
Year on Quality Indices, Polyphenols, Terpenic Acids, Squalene, Fatty Acid Profile, and Sterols in Virgin Olive Oil (Koroneiki Cv.)
Produced by Organic versus Non-Organic Cultivation Method. Int. J. Food Sci. Technol. 2011, 46, 170–178. [CrossRef]

40. International Olive Council. Determination of Biophenols in Oive Oils by HPLC; International Olive Council: Madrid, Spain, 2017;
pp. 1–8.

41. Danezis, G.P.; Tsagkaris, A.S.; Camin, F.; Brusic, V.; Georgiou, C.A. Food Authentication: Techniques, Trends & Emerging
Approaches. TrAC Trends Anal. Chem. 2016, 85, 123–132. [CrossRef]

42. Nikou, T.; Witt, M.; Stathopoulos, P.; Barsch, A.; Halabalaki, M. Olive Oil Quality and Authenticity Assessment Aspects Employing
FIA-MRMS and LC-Orbitrap MS Metabolomic Approaches. Front. Public Health 2020, 8, 558226. [CrossRef] [PubMed]

43. Nikou, T.; Liaki, V.; Stathopoulos, P.; Sklirou, A.D.; Tsakiri, E.N.; Jakschitz, T.; Bonn, G.; Trougakos, I.P.; Halabalaki, M.; Skaltsounis,
L.A. Comparison Survey of EVOO Polyphenols and Exploration of Healthy Aging-Promoting Properties of Oleocanthal and
Oleacein. Food Chem. Toxicol. 2019, 125, 403–412. [CrossRef] [PubMed]

44. Boka, V.I.; Stathopoulou, K.; Benaki, D.; Gikas, E.; Aligiannis, N.; Mikros, E.; Skaltsounis, A.L. Could Multivariate Statistics
Exploit HPTLC and NMR Data to Reveal Bioactive Compounds? The Case of Paeonia Mascula. Phytochem. Lett. 2017, 20, 379–385.
[CrossRef]

45. Yilmaz, A.; Nyberg, N.T.; Jaroszewski, J.W. Extraction of Alkaloids for NMR-Based Profiling: Exploratory Analysis of an Archaic
Cinchona Bark Collection. Planta Med. 2012, 78, 1885–1890. [CrossRef] [PubMed]

46. Guldbrandsen, N.; Kostidis, S.; Schäfer, H.; De Mieri, M.; Spraul, M.; Skaltsounis, A.L.; Mikros, E.; Hamburger, M. NMR-Based
Metabolomic Study on Isatis Tinctoria: Comparison of Different Accessions, Harvesting Dates, and the Effect of Repeated
Harvesting. J. Nat. Prod. 2015, 78, 977–986. [CrossRef]

47. Freire, R.T.; Bero, J.; Beaufay, C.; Selegato, D.M.; Coqueiro, A.; Choi, Y.H.; Quetin-Leclercq, J. Identification of Antiplasmodial
Triterpenes from Keetia Species Using NMR-Based Metabolic Profiling. Metabolomics 2019, 15, 41. [CrossRef]

48. Kew, W.; Goodall, I.; Uhrín, D. Analysis of Scotch Whisky by 1H NMR and Chemometrics Yields Insight into Its Complex
Chemistry. Food Chem. 2019, 298, 125052. [CrossRef]

http://doi.org/10.1002/ejlt.201700035
http://doi.org/10.1002/mrc.1985
http://www.ncbi.nlm.nih.gov/pubmed/17372968
http://doi.org/10.1016/j.foodchem.2018.02.101
http://www.ncbi.nlm.nih.gov/pubmed/29606472
http://doi.org/10.1016/j.jchromb.2020.122161
http://www.ncbi.nlm.nih.gov/pubmed/32505112
http://doi.org/10.1002/ejlt.201900027
http://doi.org/10.1016/j.cbpa.2016.12.022
http://www.ncbi.nlm.nih.gov/pubmed/28088695
http://doi.org/10.4155/bio.09.138
http://doi.org/10.1186/s13321-020-00424-9
http://www.ncbi.nlm.nih.gov/pubmed/33431011
http://doi.org/10.1021/ac048630x
http://doi.org/10.3390/foods11182853
http://www.ncbi.nlm.nih.gov/pubmed/36140981
http://doi.org/10.3390/molecules25153339
http://doi.org/10.1016/j.aca.2012.12.003
http://doi.org/10.1002/ejlt.201500293
http://doi.org/10.1016/j.foodres.2016.04.024
https://www.fao.org/faostat/en/#search/olive%20oil
http://doi.org/10.1111/j.1365-2621.2010.02485.x
http://doi.org/10.1016/j.trac.2016.02.026
http://doi.org/10.3389/fpubh.2020.558226
http://www.ncbi.nlm.nih.gov/pubmed/33102421
http://doi.org/10.1016/j.fct.2019.01.016
http://www.ncbi.nlm.nih.gov/pubmed/30677444
http://doi.org/10.1016/j.phytol.2017.03.001
http://doi.org/10.1055/s-0032-1315396
http://www.ncbi.nlm.nih.gov/pubmed/23059630
http://doi.org/10.1021/np5008763
http://doi.org/10.1007/s11306-019-1487-4
http://doi.org/10.1016/j.foodchem.2019.125052


Molecules 2023, 28, 1738 18 of 18

49. Angelis, A.; Hamzaoui, M.; Aligiannis, N.; Nikou, T.; Michailidis, D.; Gerolimatos, P.; Termentzi, A.; Hubert, J.; Halabalaki, M.;
Renault, J.H.; et al. An Integrated Process for the Recovery of High Added-Value Compounds from Olive Oil Using Solid Support
Free Liquid-Liquid Extraction and Chromatography Techniques. J. Chromatogr. A 2017, 1491, 126–136. [CrossRef]

50. Sarikaki, G.; Christoforidou, N.; Gaboriaud-Kolar, N.; Smith, A.B.; Kostakis, I.K.; Skaltsounis, A.L. Biomimetic Synthesis of
Oleocanthal, Oleacein, and Their Analogues Starting from Oleuropein, a Major Compound of Olive Leaves. J. Nat. Prod. 2020, 83,
1735–1739. [CrossRef]

51. Christophoridou, S.; Dais, P.; Tseng, L.I.H.; Spraul, M. Separation and Identification of Phenolic Compounds in Olive Oil by
Coupling High-Performance Liquid Chromatography with Postcolumn Solid-Phase Extraction to Nuclear Magnetic Resonance
Spectroscopy (LC-SPE-NMR). J. Agric. Food Chem. 2005, 53, 4667–4679. [CrossRef]

52. Ruiz-Aracama, A.; Goicoechea, E.; Guillén, M.D. Direct Study of Minor Extra-Virgin Olive Oil Components without Any Sample
Modification. 1H NMR Multisupression Experiment: A Powerful Tool. Food Chem. 2017, 228, 301–314. [CrossRef] [PubMed]

53. Rodriguez-Rodriguez, R.; Simonsen, U. Natural Triterpenoids from Olive Oil: Potential Activities against Cancer. In Natural
Compounds as Inducers of Cell Death: Volume 1; Diederich, M., Noworyta, K., Eds.; Springer: Dordrecht, The Netherlands, 2012;
Volume 1, pp. 447–461. ISBN 9789400745759.

54. Sokeng, A.J.T.; Sobolev, A.P.; Di Lorenzo, A.; Xiao, J.; Mannina, L.; Capitani, D.; Daglia, M. Metabolite Characterization of
Powdered Fruits and Leaves from Adansonia Digitata L. (Baobab): A Multi-Methodological Approach. Food Chem. 2019, 272,
93–108. [CrossRef]

55. Alonso-Salces, R.M.; Héberger, K.; Holland, M.V.; Moreno-Rojas, J.M.; Mariani, C.; Bellan, G.; Reniero, F.; Guillou, C. Multivariate
Analysis of NMR Fingerprint of the Unsaponifiable Fraction of Virgin Olive Oils for Authentication Purposes. Food Chem. 2010,
118, 956–965. [CrossRef]

56. Raffaele, S.; Francesco, A.; Livio, P. 1H and 13C NMR of Virgin Olive Oil. An Overview. Magn. Reson. Chem. 1997, 35, S133–S145.
[CrossRef]

57. Alexandri, E.; Ahmed, R.; Siddiqui, H.; Choudhary, M.I.; Tsiafoulis, C.G.; Gerothanassis, I.P. High Resolution NMR Spectroscopy
as a Structural and Analytical Tool for Unsaturated Lipids in Solution. Molecules 2017, 22, 1663. [CrossRef]

58. International Olive Council COI/T.20/DOC.15/2015. Available online: http://www.internationaloliveoil.org/estaticos/view/22
4-testing-methods (accessed on 15 October 2020).

59. López-Biedma, A.; Sánchez-Quesada, C.; Delgado-Rodríguez, M.; Gaforio, J.J. The Biological Activities of Natural Lignans from
Olives and Virgin Olive Oils: A Review. J. Funct. Foods 2016, 26, 36–47. [CrossRef]

60. Kanakis, P.; Termentzi, A.; Michel, T.; Gikas, E.; Halabalaki, M.; Skaltsounis, A.L. From Olive Drupes to Olive Oil. An HPLC-
Orbitrap-Based Qualitative and Quantitative Exploration of Olive Key Metabolites. Planta Med. 2013, 79, 1576–1587. [CrossRef]

61. Ayeleso, T.B. Oleanolic Acid and Its Derivatives: Biological Chronic Diseases. Molecules 2017, 22, 1915. [CrossRef]
62. Lozano-Mena, G.; Sánchez-González, M.; Juan, M.E.; Planas, J.M. Maslinic Acid, a Natural Phytoalexin-Type Triterpene from

Olives—A Promising Nutraceutical? Molecules 2014, 19, 11538–11559. [CrossRef]
63. Mannina, L.; Marini, F.; Gobbino, M.; Sobolev, A.P.; Capitani, D. NMR and Chemometrics in Tracing European Olive Oils: The

Case Study of Ligurian Samples. Talanta 2010, 80, 2141–2148. [CrossRef]
64. Mohamed, M.B.; Rocchetti, G.; Montesano, D.; Ali, S.B.; Guasmi, F.; Grati-Kamoun, N.; Lucini, L. Discrimination of Tunisian and

Italian Extra-Virgin Olive Oils According to Their Phenolic and Sterolic Fingerprints. Food Res. Int. 2018, 106, 920–927. [CrossRef]
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