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ABSTRACT

Secoiridoids is the prominent chemical class of olive oil polar

constituents and are characterized by significant biological

properties. They are abundant in different chemical forms

and relatively high concentrations compared to other compo-

nents, while prone to oxidation due to their chemical motif. In

recent years, oxidized derivatives of secoiridoids have been re-

ported, either as natural constituents of olive oil or as compo-

nents which are gradually formed in all stages of its produc-

tion and storage. The mono-oxidized forms of oleocanthal

and oleacein named as the respective acids have been re-

cently isolated from olive oil and unambiguously structurally

characterized. Other oxidized forms of elenolic acid or more

complex secoiridoids, such as those of oleuropein and ligstro-

side aglycones are also sporadically mentioned in the litera-

ture. No further information is provided since they have not

been isolated in pure form in order to be accurately identified.

Most of the time, they are generally referred as oxidized forms

of the parent compounds and commonly identified based on

mass spectrometric data. In the current study, the semi-syn-

thesis of the main oxidized olive oil secoiridoids, i.e., oleocan-

thalic acid, oleaceinic acid, EDA acid, carboxylic form of ele-

nolic acid, carboxylic form of ligstroside aglycon, and car-

boxylic form of oleuropein aglycon is described starting from

the corresponding aldehydic derivatives, using SeO2/H2O2 as

oxidative agents. Furthermore, their presence in a number of

Greek olive oils was investigated as well, as possible correla-

tion thereof with quality parameters.

Oxidized Forms of Olive Oil Secoiridoids: Semisynthesis,
Identification and Correlation with Quality Parameters#

# Dedicated to Professor Dr. A. Douglas Kinghorn on the occasion of his

75th birthday.
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Introduction
It is highly acknowledged that olive oil (OO), the main product of
olive (Olea europaea L., Oleaceae) and the key ingredient of Medi-
terranean diet, is characterized by substantial nutritional and
health beneficial value [1]. Its significance is attributed to the high
content of monounsaturated and polyunsaturated fatty acids
(MUFA and PUFA, respectively) [2], as well as minor polar constit-
uents with strong antioxidant profile, which are abusively termed
as polyphenols [3, 4]. The sum of these compounds in OO is also
referred as Total Polyphenols Fraction (TPF) and is composed of
phenolic alcohols, phenolic acids, secoiridoids, lignans, flavonoids
and hydroxy-isochromans [5,6]. The secoiridoids together with
the two phenyl alcohols tyrosol and hydroxytyrosol constitute ap-
proximately the 90% of the TPF of OO [5].

OO polyphenols have a broad spectrum of health beneficial
properties related to positive impact on platelet and cellular func-
tion and bone formation as well as protective effect against cell
oxidative damage, microbial infections and inflammation [1,3,
4]. Based on this profile, and after assessment, the European Food
Safety Agency (EFSA) issued a scientific opinion in 2012. More
specifically, they announced a specific health claim related to pro-
tection of blood lipids from oxidative damage quoting specific
polyphenols and certain concentration levels in OO (Regulation
No 432/2012 of EC) [4, 7,8]. EFSA announcement triggered more
in-depth study of polyphenols regarding their biological proper-
ties but also their chemical features as OO components. Thus,
many analytical methods have been reported, aiming toward the
determination of OO polyphenols qualitatively and/or quantita-
tively [8–12]. Along these lines, the International Olive Council
(IOC) proposed an HPLC‑UV-based method [13] for the determi-
nation of OO polyphenols following the structural requirements
as described in EFSAʼs opinion and satisfying the health claim. In
this IOC-proposed method, 27 single compounds are determined
in total, including simple phenolic acids, phenyl alcohols, flavo-
noids, and secoiridoids. Amongst secoiridoids, several com-
pounds are listed and described generally as oxidized and/or
hydroxylic forms i.e., decarboxymethyl oleuropein aglycone, oxi-
dized dialdehyde form; decarboxymethyl ligstroside aglycone, oxi-
dized dialdehyde form; oleuropein aglycone, oxidized aldehyde
and hydroxylic form; ligstroside aglycone, oxidized aldehyde, and
hydroxylic form. However, their exact structures are not given and
remain unclear [13].

There are only a few studies investigating the oxidized secoiri-
doids of OO and propose structural patterns based only on LC‑MS
or LC-HRMS/MS data without reference standards for verification
purposes [9–12]. This is because they are minor constituents of
OO, and their isolation is challenging. For instance, hydroxylated
forms of elenolic acid and oleuropein aglycone are frequently
mentioned in the literature as minor components of OO and olive
oil byproducts, without further information [13–17]. Most prob-
ably, these compounds correspond to the carboxylic forms of ele-
nolic acid and monoaldehydic form of oleuropein aglycone, result-
ing from the oxidation of the aldehydic group in position 1 as
shown in ▶ Fig. 1.

Apart from the vague description of the oxidized secoiridoids
in literature, another issue further complicates their identification
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– the presence of several similar structures and isomers. Based on
the literature, the oxidized form of ligstroside aglycone is a consti-
tutional isomer of oleuropein aglycone, and further information is
needed to elucidate its structure [10]. Indeed, in a recent study by
Farre M et al., a compound with pseudomolecular ion [M – H]−

identical to oleuropein aglycone at m/z 377.1244 was referred,
showing though a different MS/MS fragmentation pattern and
therefore listed as unknown [18]. Nevertheless, based on the pro-
posed fragmentation pattern, it could possibly correspond to the
oxidized form of ligstroside aglycone.

Based on our knowledge, the only oxidized OO secoiridoid
compounds that have been reported to date, with their structures
unambiguously identified by NMR, are oleocanthalic acid (1), ole-
aceinic acid (2), and EDA acid (3). These compounds are the oxi-
dized forms of oleocanthal (4), oleacein (5), and dialdehydic form
of decarboxymethyl elenolic acid (EDA) (6), and have been iso-
lated and fully characterized in a previous work by our team [19].
These oxidized derivatives are minor constituents of OO, and as
recent studies indicate, their levels seems to increase through
processing from olive fruits to the storage of the final product
[20–22].

Thus, the aim of the present work is the semi-synthesis of the
main oxidized components of OO (▶ Fig. 1), including oleocan-
thalic acid (1), oleaceinic acid (2), EDA acid (3), carboxylic form
of ligstroside aglycon or CFLA (7), carboxylic form of oleuropein
aglycon or CFOA (8) and carboxylic form of elenolic acid (9) start-
ing from the corresponding aldehydic derivatives, 4, 5, 6, 10, 11,
12, using a simple oxidation protocol. Following their purification
and identification, we proceeded with the investigation of their
presence in a representative number of OO samples. Finally, the
possible correlations between oxidized secoiridoids and regulated
quality parameters of extra virgin OO were explored.
Results and Discussion
Secoiridoids constitute a prominent chemical class of OO poly-
phenols and as already mentioned they can be also found in oxi-
dized forms. However, the lack of reference standards and un-
availability of information regarding their accurate structure com-
plicates their investigation. Thus, their semi-synthesis could assist
significantly towards this direction. The target compounds of the
current study are the oxidized analogues of the major secoiridoids
of OO and specifically of oleocanthal (4), oleacein (5), EDA (6),
monoaldehydic form of ligstroside aglycon or MFLA (10), monoal-
dehydic form of oleuropein aglycon or MFOA (11), and elenolic
acid (12). Moreover, an orthogonal separation methodology was
followed for their isolation and purification combining CPC and
preparative HPLC techniques as described in previous works by
our team [23,24]. The application of these techniques allows the
isolation of the main secoiridoid compounds of OO in large quan-
tity and high purity. Despite the efficacy of the methodology, the
two diastereomers in position 8 of monoaldehydic form of secoir-
idoid aglycones 10 and 11 were obtained as an inseparable but
well characterized mixture. Regarding elenolic acid (12), its major
isomer 5S, 8S, 9S was isolated in high purity.

Based on the literature, many oxidation protocols have been
applied to transform aldehydes to carboxylic acids, using organo-
oniadi L et al. Oxidized Forms of… Planta Med 2022; 88: 805–813 | © 2022. The author(s).



▶ Fig. 1 Structures of the main Olive Oil Secoiridoid Compounds (4, 5, 6, 10, 11, and 12) and corresponding oxidized forms (1, 2, 3, 7, 8, and 9).
catalyzed aerobic oxidation [25], metal-free direct oxidation using
TCCA [26], or pyridinium chlorochromate catalyzed oxidation
[27]. To achieve a fast and efficient method, SeO2/H2O2 were
used as oxidative reagents [28,29]. It is worth noting that the re-
action proceeds rapidly in one step, without prior protection of
chemical groups. The overall yield of this approach was deter-
mined between 64 and 71% (▶ Table 1). As shown in ▶ Fig. 2,
the key element of this procedure was the regioselective oxidation
of the aldehyde in position 3 at the open skeleton 4, 5, 6 without
affecting the aldehyde in position 1 and the oxidation of aldehyde
in position 1 of the closed forms 10, 11, 12. For open forms
(▶ Fig. 2a), the transformation of aldehyde to the corresponding
carboxylic acid could be easily detected in 1D NMR spectra by the
absence of one of the two aldehydic protons (≈ 9.5–9.6 ppm) and
carbons (≈ 200 ppm) as well by the HMBC NMR correlations of
protons H-4a, H-4b and H-5 to the carboxylic carbon in C-3
(≈ 175 ppm). Similarly, for closed forms (▶ Fig. 2b), the aldehydic
proton (9.5–9.6 ppm) and carbon (200 ppm) have disappeared
and the allocation of the carboxylic group at C-1 is determined
Antoniadi L et al. Oxidized Forms of… Planta Med 2022; 88: 805–813 |© 2022. The author(s).
by the J2 correlation of H-9 with the carboxylic carbon at
≈ 175 ppm in the corresponding HMBC spectrum. The closed
forms 8 and 9 have been obtained as a mixture of two diaster-
eomers in position 8. NMR and HRMS spectra of oxidized com-
pounds 1, 2, 3, 7, 8 and 9 are available in Supporting Information
(Fig. 1S–30S).

The next step of our study was to use the semi-synthetic oxi-
dized secoiridoids as reference standards and investigate their
presence in different TPF samples. In the context of our continu-
ing work in analysis of OO, a UPLC‑ESI-HRMS and HRMS/MS
methodology was applied in numerous TPF from our in-house
library [11,30].

In general terms, oleocanthalic acid (1), EDA acid (3), CFLA (7)
and CFOA (8), were identified in a high number of the analyzed
samples, while oleaceinic acid (2) and carboxylic form of elenolic
acid (9) were less abundant. In ▶ Fig. 3, a characteristic HRMS full-
scan spectrum obtained from the analysis of a representative TPF
is presented.
807



▶ Table 1 Overall yield of synthesis of open and closed forms of oxidized secoiridoid compounds.

Synthesized Compound Starting Material Yield of Reaction

Oleocanthalic acid Oleocanthal (100mg, 0.41mmol) 64% (68.67mg, 0.21mmol)

Oleaceinic acid Oleacein (100mg, 0.41mmol) 67% (69.81mg, 0.21mmol)

Eda acid Eda (100mg, 0.54mmol) 67% (72.38mg, 0.36mmol)

CFLA MFLA (100mg, 0.28mmol) 71% (75.17mg, 0.2mmol)

CFOA MFOA (100mg, 0.26mmol) 65% (66.61mg, 0.17mmol)

Carboxylic form of elenolic acid Elenolic acid (100mg, 0.41mmol) 66% (70.89mg, 0.27mmol)

▶ Fig. 2 Synthesis of Open (a) and Closed (b) Forms of Oxidized Secoiridoid Compounds. a SeO2/H2O2, THF reflux, 2 h.
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In more detail, an ion was detected at m/z 199.0613 with pro-
posed EC of C9H11O5 and RDBeq. value of 4.5, in negative ion
mode. In HRMS/MS spectrum, two major fragment ions were de-
tected at m/z 155.0713 and 181.0505 indicating the presence of
EDA acid (3). Similarly, an ion at m/z 257.0669 was also detected
(EC: C11H13O7, RDBeq.: 5.5) accompanied by a characteristic
HRMS/MS fragment ion at m/z 137.0606 corresponding to car-
boxylic form of elenolic acid (9). Following the same approach,
oleocanthalic acid (1) ([M – H]− at m/z 319.1189; EC: C17H19O6;
RDBeq.: 8.5 and HRMS/MS major fragment ions: 181.0507 and
199.0612); oleaceinic acid (2) ([M – H]− at m/z 335.1136; EC:
C17H19O7; RDBeq.: 8.5 and HRMS/MS major fragment ion:
199.0612; CFLA (7) ([M – H]− at m/z 377.1239; EC: C19H21O8;
RDBeq.: 9.5 and HRMS/MS major fragment ions: 333.1342 and
301.1081); CFOA (8) ([M – H]− at m/z 393.1186; EC: C19H21O9;
RDBeq. 317.1032 and 349.1295). Special attention should be
given to the identification of CFLA (7) and MFOA (11). Being iso-
mers, only the difference in MS/MS fragmentation pattern could
lead to accurate determination. The pseudomolecular ion of
oleuropein aglucone is detected at m/z 377.1246 with proposed
EC of C19H21O8 and RDBeq. of 9.5, in negative ion mode and
HRMS/MS major fragment ions at m/z 307.0824, 275.0926, and
345.0979. The same motif is observed in the pair of compounds
oleocanthalic acid (1) and oleacein (5). The pseudomolecular ion
of 5 is detected at m/z 319.1121 with proposed EC of C17H19O6
808 Ant
and RDBeq. of 8.5, in negative ion mode and HRMS/MS major
fragment ions at m/z 195.0664, 301.1078, and 165.0560. Spec-
trometric data for the abovementioned compounds are given in
Supporting Information (Fig. 31S–32S).

The acquisition of chromatographic and spectrometric data of
the synthesized oxidized secoiridoid compounds also allowed the
assessment of published data regarding OO constituents, in light
of this new information. We first focused on the elucidation of
compounds proposed in the official HPLC‑UV method of IOC
[13]. Indeed, comparing the chromatographic profile of the IOC
method and oxidized secoiridoid compounds, it was possible to
clearly identify the compounds listed with vague structural de-
scription as follows: oleaceinic acid (2) instead of decarboxymeth-
yl oleuropein aglycone, oxidized dialdehyde form (compound 11);
oleocanthalic acid (1) instead of decarboxymethyl ligstroside agly-
cone, oxidized dialdehyde form (compound 16); carboxylic form of
oleuropein aglycon (8) instead of oleuropein aglycone oxidized
aldehyde and hydroxylic form (compound 21); carboxylic form of
ligstroside aglycone (7) instead of ligstroside aglycone oxidized
aldehyde and hydroxylic form (compound 24). The corresponding
compounds according to IOC method are given in Supporting In-
formation (Table 1S). In ▶ Fig. 4, an HPLC‑UV chromatograph ob-
tained from the analysis of a representative TPF using the IOC
method is shown and the identified compounds are annotated.
oniadi L et al. Oxidized Forms of… Planta Med 2022; 88: 805–813 | © 2022. The author(s).



▶ Fig. 3 Characteristic HRMS full-scan spectrum obtained from the analysis of a representative TPF extract. The oxidized secoiridoids oleocanthalic
acid (1), oleaceinic acid (2), EDA acid (3), CFLA (7), CFOA (8), and carboxylic form of elenolic acid (9) are highlighted.
Finally, we investigated the possibility of any correlation be-
tween the presence of these oxidized secoiridoids and parameters
applied in the assessment of OO quality, which are officially regu-
lated. To this end, a representative number of 40 OO samples col-
lected from various regions of Greece during the olive growing
period 2018–2019 (Table 2S, Supporting Information) were ana-
lyzed by the IOC method and the regulated parameters free
acidity, peroxide values, and constants K were determined. More-
over, these parameters were used for the classification of OO as
extra virgin, virgin, or lamp [31,32]. In parallel, the same samples
were analyzed by the already developed UPLC‑ESI(−)-HRMS &
HRMS/MS methodology for the determination of the oxidized se-
coiridoid compounds (1), (2), (3), (7), (8), and (9) [11].

Evaluating the results of the determination of the quality pa-
rameters as well as of the UPLC-HRMS/MS analysis, it wasnʼt pos-
sible to obtain any clear linear correlation. Nevertheless, a useful
observation was made. Specifically, from the 40 fresh OO samples
studied in total, in 20 of them, at least one of the oxidized secoir-
idoids, oleocanthalic acid (1), oleaceinic acid (2), EDA acid (3),
CFLA (7), CFOA (8), or carboxylic form of elenolic acid (9) was de-
tected in high levels. At the same time, another common feature
of all these 20 samples was the fact that at least one of the quality
parameters values i.e., free acidity, peroxide values, coefficients
K232, K270, and ΔK constant were outside the EU limits for the
classification of OO as extra virgin, and therefore fell in the lower
category of virgin OO (Table 3S, Supporting Information) [31,32].
The features of the 40 fresh OO samples are given in Supporting
Antoniadi L et al. Oxidized Forms of… Planta Med 2022; 88: 805–813 |© 2022. The author(s).
Information (Table 3S). This observation leads to the hypothesis
that these oxidized secoiridoids could contribute as chemical
markers for the quality categorization of OO as extra virgin, virgin,
or lamp and therefore assist in tackling adulteration. Neverthe-
less, further studies are needed to also assess the quantitative as-
pects implicated by these correlations.
Material and Methods

General experimental procedures

Dichloromethane (DCM), Tetrahydrofuran (THF), Ethanol (EtOH),
Ethyl-Acetate (EtOAc), Methanol (MeOH), n-Heptane, and n-Hex-
ane were obtained from Fisher Scientific. All solvents were of ana-
lytical grade, and deionized water was used to prepare all aqueous
solutions. For HPLC and LC‑MS analyses the solvents were of re-
spective grade. Vanillin standard, Selenium Dioxide reagent
(Se2O2) (98% purity), and Hydrogen Peroxide (H2O2) were pur-
chased from Sigma-Aldrich. For 1D and 2D NMR experiments, all
samples were dissolved in 600 µL of deuterated chloroform
(CDCl3) and 1D (1H NMR, 13C‑NMR) and 2D (COSY, NOESY, HMBC,
HSQC -DEPT135) spectrums were acquired on a Bruker Avance III-
600 spectrometer. Chemical shifts (δ) are expressed in ppm while
coupling constants (J) in Hz. The multiplicity of vertices is ex-
pressed as s (singlet), brs (broad singlet), d (doublet), t (triplet),
q (quartet), dd (doublet of doublets), qd (quartet double), and m
(multiple). NOESY experiment was used to determine the R or
809



▶ Fig. 4 Characteristic HPLC‑DAD chromatograph obtained from the analysis of a representative TPF extract, applying the IOC proposed method.
The oxidized secoiridoids oleocanthalic acid (1), oleaceinic acid (2), EDA acid (3), CFLA (7), CFOA (8), and carboxylic form of elenolic acid (9) are
highlighted with red, while the natives (Hydroxytyrosol (HT), Tyrosol (T), Oleacein (5), Oleocanthal (4), MFOA (10) and MFLA (11)) are with blue.
EDA acid and carboxylic form of elenolic acid are not annotated from chromatogram is due to the fact that these molecules do not absorb at
280 nm.

Original Papers
S arrangement of the asymmetric carbon C-8 of the closed forms
of acids. Acquity UPLC system (Waters) coupled to a LTQ-Orbitrap
XL hybrid mass spectrometer (Thermo Scientific) was used. Col-
umn Chromatography was performed over silica gel (por.2) for
Chromatography ultrapure 40–60 µm, 60A. Liquid-liquid extrac-
tion of EVOO was developed in a laboratory scale centrifugal par-
tition extractor FCPE300 (Rousselet-Robatel Kromaton), while TPF
fractionation was carried out on a Fast Centrifugal Partition Chro-
matograph FCPC1000 (Rousselet-Robatel Kromaton), equipped
with a rotor of 955mL total volume capacity (45 circular partition
disks engraved with 32 partition cells), and rotation speed from
200 to 1000 rpm, producing a stable centrifugal force up to
161 g at 1000 rpm. The systems were pumped through the CPC
column with a Prep36 LabAlliance dual piston pump. The sample
was injected via a 50mL sample loop. Fractions were collected
with a Büchi B − 684 fraction collector. The purification of target
compounds was performed on a Preparative HPLC system
equipped with two Prep Lab Alliance pumps, a SUPERCOSIL LC-18
(5 µm; SUPELCO) column (i. d. 21.2 × 250mm), and a FLASH 06S
DAD 600 detector (ECOM). TLC analysis was performed on normal
phase plates (Merck), and the chromatograms were developed
with a mixture of DCM and MeOH in the proportion of 92 :8 v/v
and observed at 254 nm, 366 nm and at visible with a sulfuric va-
nillin solution (5% w/v in MeOH) – H2SO4 (5% v/v in MeOH) and
heated until the pigmentsʼ appearance.
810 Ant
Olive Oil Samples

Olive oil samples were collected during the 2018–2019 harvesting
period from all over Greece. Samples were collected from differ-
ent geographical regions and were kindly donated by olive oil pro-
ducers and olive oil co-operatives. Immediately upon arrival, they
were subjected to centrifugation to avoid sediment accumulation
which results in rapid polyphenols decomposition. Then, samples
were stored in dark, glassy vials, at room temperature and nitro-
gen conditions to keep matrixes stable.

Recovery of the major EVOO secoiridoids in pure form

The purification of the major secoiridoids from EVOO has oc-
curred by following a well-established isolation process of our
group with some modifications [23,24]. For this procedure, an
EVOO rich in all target compounds was selected. The first step of
the process was the liquid-liquid extraction of TPF from EVOO us-
ing a laboratory scale centrifugal partition extractor FCPE300.
equipped with a rotor of 300mL total volume. The experiment
consisted of several “Extraction‑Recovery” cycles (multi dual-
mode method) using the mixture of n‑hexane : EVOO in ratio 3 :2
(v/v) as “mobile phase” and EtOH :H2O in ratio 3 :2 (v/v) as “sta-
tionary phase”. The liquid-liquid extraction was run in ascending
mode with a flow rate of 50mL/min, and after passing 2.5 L of oil
containing mobile phase (corresponds to 1 L of EVOO) the opera-
tion mode was changed to descending and the enriched in poly-
phenols stationary phase was collected. This procedure was re-
oniadi L et al. Oxidized Forms of… Planta Med 2022; 88: 805–813 | © 2022. The author(s).



peated 6 times treating in total 6 L of EVOO and resulting in the
recovery of 6.8 g of TPF. The next step was the fractionation of
TPF carried out on a Fast-Centrifugal Partition Chromatograph
FCPC1000. The received TPF was treated by a step gradient
elution extrusion method using the series of four biphasic systems
(composed of the solvents n-Нept : EtOAc :EtOH :H2O in ratio
4 :1 :3 : 2 (S1), 3 : 2 : 3 : 2 (S2), 2 : 3 : 3 :2 (S3) and 1 :4 :3 : 2 (S4),
v/v/v/v) in ascending mode and setting the flow rate at 15mL/
min, and rotation speed at 900 rpm. All collected fractions (190
fractions of 25mL) were analyzed by TLC and combined based on
their chemical similarity. From this procedure, five enriched frac-
tions containing oleocanthal (4), oleacein (5), EDA (6), monoalde-
hydic form of ligstroside aglycon, MFLA (10), monoaldehydic form
of oleuropein aglycon, or MFOA (11), and elenolic acid (12) were
obtained in high quantity. The enriched fractions were subjected
to Prep-HPLC for further purification of target compound. Each of
the five enriched CPC fractions was analyzed with a slightly modi-
fied elution method using H2O and ACN [23,24]. All analyses were
run on the same chromatographic column at flow rate of 15mL/
min. 150mg was set as the initial quantity of each sample, in 1mL
ACN. The target compounds were collected manually based on
their UV chromatogram and after solvent evaporation the corre-
sponding compounds were obtained in purity > 95%.

Semi-synthesis

For the semisynthetic procedure [29], the same protocol was ap-
plied for all the oxidized compounds, keeping all the parameters
stable. SeO2 (0.5mg) and H2O2 (in equivalent ratio 1 :2) were
added to 100mg of each pure compound diluted in 5mL THF
and the reaction mixture was stirred at 70 °C, for 2 hours, under
reflux, and its progress was monitored by TLC (DCM:MeOH
92 :8 v/v, as eluent). At the completion of the reaction, THF sol-
vent was evaporated under vacuum, the residue was diluted with
CHCl3 and H2O, and the lower phase was received, a procedure
that was repeated three times. After workup and solvent removal,
the crude product was purified by column chromatography using
the modified gradient system DCM: MeOH as follows: 0–100mL
100%, 100–200mL 99,5–0,5, 200–300mL 99 :1, 300–400mL
98 :2, 400–500mL 96 :4, 500–600mL 92 :8 to afford the corre-
sponding oxidized form.

Oleocanthalic acid (1): Yield: 64% (68.67mg, 0.21mmol) from
Oleocanthal (100mg, 0.33mmol, 1eq) using H2O2 (68.11 µL,
0.66mmol, 2eq); UV (MeOH/H2O) λmax: 234, 276 (sh) nm, ESI
(−)-HRMS m/z 319.1185 [M – H]− (calcd. for C17H19O6,
319.1189); This was verified by comparison of the spectral data
based on our previous work [19].

Oleaceinic acid (2): Yield: 67% (69.81mg, 0.21mmol) from
Oleacein (100mg, 0.31mmol, 1eq) using H2O2 (63.98 µL,
0.62mmol, 2eq); UV (MeOH/H2O) λmax: 235, 280 (sh) nm; ESI
(−)-HRMS m/z 335.1132 [M – H]− (calcd. for C17H19O7,
335.1136); this was verified by comparison of the spectral data
based on our previous work [19].

EDA acid (3): Yield: 67% (72.38mg, 0.36mmol) from EDA
(100mg, 0.54mmol, 1eq) using H2O2 (111.45 µL, 1.08mmol,
2eq); UV (MeOH/H2O) λmax: 229 nm; ESI (−)-HRMS m/z 199.0613
[M – H]− (calcd. for C9H11O5, 199.0613); this was verified by com-
parison of the spectral data based on our previous work [19].
Antoniadi L et al. Oxidized Forms of… Planta Med 2022; 88: 805–813 |© 2022. The author(s).
CFLA: Yield: 71% (75.17mg, 0.2mmol) from MFLA (100mg,
0.28mmol, 1eq) using H2O2 (57.79 µL, 0.56mmol, 2eq); UV
(MeOH/H2O) λmax: 248, 271 (sh) nm; ESI (−)-HRMS m/z 377.1248
[M – H]− (calcd for C19H21O8, 377.1239);

5S, 8R, 9S CFLA: 1H NMR (600MHz, CDCl3) δ: 7.58 (brs, 1H, H-
3), 7.04 (d, 2H, J4′,5′ = 8.5 Hz, H-4′, J8′,7′ = 8.5 Hz, H-8′), 6.75 (d,
2H, J5′,4′ = 8.3 Hz, H-5′, J7′,8′ = 8.3 Hz, H-7′), 4.24 (t, 2H,
J1′,2′ = 6.6 Hz, H-1′), 4.13 (m, 1H, H-8), 3.69 (s, 3H, CH3-12), 3.26
(brs, 1H, H-5), 2.83 (t, 2H, J2′,1′ = 6.6 Hz, H-2′), 2.79 (dd, 1H,
J6a,6b = 16.1 Hz, J6a,5 = 6.7 Hz, H-6a), 2.68 (dd, 1H, J6b,6a = 16.1 Hz,
J6b,5 = 3.9 Hz, H-6b), 2.56 (t, 1H, J = 8.8 Hz, H-9), 1.37 (d, 3H,
J10,8 = 6.4 Hz, CH3–10); 13C NMR (600MHz, CDCl3) δ: 175.5 (C-
1), 172.2 (C-7), 167.3 (C-11), 155.3 (C-3), 154 (C-6′), 129.9 (C-
4′, C-8′), 129.8 (C-3′), 115.1 (C-5′, C-7′), 108.1 (C-4), 73.3 (C-8),
64.7 (C-1′), 50.8 (C-12), 50.3 (C-9), 36 (C-6), 33.9 (C-2′), 31.3 (C-
5), 18.7 (C-10).

5S, 8S, 9S CFLA: 1H NMR (600MHz, CDCl3) δ: 7.60 (brs, 1H, H-
3), 7.06 (d, 2H, J4′,5′ = 8.5 Hz, H-4′, J8′,7′ = 8.5 Hz, H-8′), 6.75 (d,
2H, J5′,4′ = 8.3 Hz, H-5′, J7′,8′ = 8.3 Hz, H-7′), 4.31 (t, 2H, J1′,2′ =
6.7 Hz, H-1′), 4.08 (qd, 1H, J8,9 = 6.6 Hz, J8,10 = 2.5 Hz, H-8), 3.72
(s, 3H, CH3-12), 3.28 (brs, 1H, H-5), 2.89 (m, 1H, H-6a), 2.87 (t,
2H, J2′,1′ = 6.6 Hz, H-2′), 2.64 (brs, 1H, H-9), 2.19 (dd, 1H,
J6b,6a = 16.1 Hz, J6b,5 = 11.1 Hz, H-6b), 1.46 (d, 3H, J10,8 = 6.6 Hz,
CH3–10); 13C NMR (600MHz, CDCl3) δ: 173.7 (C-1), 171.8 (C-7),
167.3 (C-11), 156.1 (C-3), 154 (C-6′), 129.9 (C-4′, C-8′), 129.8 (C-
3′), 115.1 (C-5′ C-7′), 106.3 (C-4), 68.8 (C-8), 64.7 (C-1′), 50.8 (C-
12), 44.7 (C-9), 39 (C-6), 33.9 (C-2′), 29.9 (C-5), 17.8 (C-10).

CFOA (8): Yield: 65% (66.61mg, 0.17mmol) from MFOA
(100mg, 0.26mmol, 1eq) using H2O2 (53.66 µL, 0.52mmol,
2eq); UV (MeOH/H2O) λmax: 231, 280 (sh) nm; ESI (−)-HRMS
m/z 393.1193 [M – H]− (calcd. for C19H21O9, 393.1186);

5S, 8R, 9S CFOA: 1H NMR (600MHz, CDCl3) δ: 7.62 (brs, 1H, H-
3), 6.79 (d, 1H, J7′,8′ = 8.1 Hz, H-7′), 6.75 (d, 1H, J4′,8′ = 1.8 Hz, H-
8′), 6.65 (dd, 1H, J8′,7′ = 8.1 Hz, J8′,4′ = 1.8 Hz, H-8′), 4.24 (t, 2H,
J2′,1′ = 6.7 Hz, H-1′), 4.17 (m, 1H, H-8), 3.72 (s, 3H, CH3-12), 3.29
(brs, 1H, H-5), 2.81 (m, 2H, H-2′), 2.73 (m, 1H, H-6b), 2.70 (m,
1H, H-6a), 2.59 (m, 1H, H-9), 1.39 (d, 3H, J10,8 = 6.6 Hz, CH3-10);
13C NMR (600MHz, CDCl3) δ: 175.3 (C-1), 171.9 (C-7), 167.5 (C-
11), 156.4 (C-3), 143.1 (C-5′), 142.8 (C-6′), 130.2 (C-3′), 121.6
(C-8′), 116.1 (C-4′), 115.4 (C-7′), 107.8 (C-4), 73.7 (C-8), 65.2
(C-1′), 50.9 (C-9), 51.3 (C-12), 36.9 (C-6), 34.5 (C-2′), 30.5 (C-5),
19.2 (C-10).

5S, 8S, 9S CFOA: 1H NMR (600MHz, CDCl3) δ: 7.64 (brs, 1H, H-
3), 6.85 (d, 1H, J4′,8′ = 2 Hz, H-4′), 6.78 (d, 1H, J7′,8′ = 8 Hz, H-7′),
6.61 (dd, 1H, J8′,7′ = 8 Hz, J8′,4′ = 2 Hz, H-8′), 4.37/4.20 (m, 2H, H-
1′), 4.10 (qd, 1H, J8,10 = 6.6 Hz, J8,9 = 2.7 Hz, H-8), 3.76 (s, 3H,
CH3-12), 3.31 (brs, 1H, H-5), 2.89 (m, 1H, H-6a), 2.81 (m, 2H, H-
2′), 2.82 (m, 1H, H-6b), 2.75 (m, 1H, H-9), 2.18 (dd, 1H,
J6b,6a = 15.9 Hz, J5,6a = 11.1 Hz, H-6a), 1.48 (d, 3H, J10,8 = 6.6 Hz,
CH3-10); 13C NMR (600MHz, CDCl3) δ: 173.3 (C-1), 171.2 (C-7),
168.4 (C-11), 157.1 (C-3), 143.1 (C-5′), 142.9 (C-6′), 130.2 (C-
3′), 121.6 (C-8′), 116.7 (C-4′), 115.3 (C-7′), 106.7 (C-4), 69.1 (C-
8), 65.2 (C-1′), 51.5 (C-12), 45.1 (C-9), 39.7 (C-6), 34.5 (C-2′),
31.4 (C-5), 18.3 (C-10).

Carboxylic form of elenolic acid (9): Yield: 66% (70.89mg,
0.27mmol) from EA (100mg, 0.41mmol, 1eq) using H2O2

(84.62 µL, 0.82mmol, 2eq); UV (MeOH/H2O) λmax: 239 (sh) nm;
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ESI (−)-HRMS m/z 257.0671 [M – H]− (calcd. for C11H13O7,
257.0669);

5S, 8S, 9S Carboxylic form of elenolic acid: 1H NMR (600MHz,
CDCl3) δ: 7.62 (brs, 1H, H-3), 4.17 (qd, 1H, J10,8 = 6.2 Hz, J9,8 =
2.9 Hz, H-8), 3.73 (s, 3H, CH3-12), 3.34 (ddd, 1H, J6b,5 = 11.0 Hz,
J6a,5 = 2.5 Hz, J9,5 = 2 Hz, H-5), 2.96 (dd, 1H, J6a,6b = 16 Hz, J6a,5 =
2.5 Hz, H-6a), 2.83 (dd, 1H, J9,8 = 2.9 Hz, J9,5 = 2.0 Hz, H-9), 2.25
(dd, 1H, J6b,6a = 16.0 Hz, J6b,5 = 11.0 Hz, H-6b), 1.49 (d, J10,8 =
6.2 Hz, CH3-10); 13C NMR (600MHz, CDCl3) δ: 176.1 (C-7), 174.8
(C-1), 167.5 (C-11), 156.1 (C-3), 106.1 (C-4), 69.1 (C-8), 50.1 (C-
12), 45.5 (C-9), 38.7 (C-6), 34.5 (C-2′), 29.6 (C-5), 17.8 (C-10).

Extraction of OO samples

In a 10mL test tube, 2 g of OO and 1mL of the internal standard
solution (syringic acid) were mixed and vortexed for 30 sec. Next,
5mL of the MeOH:H2O (80 :20, v/v) were added and vortexed for
1min more, after which the mixture was placed in an ultrasonic
bath for 15min at room temperature, and then centrifuged for
25min at 4000 rpm (centrifugal force = 3452.384 g). An aliquot
of the supernatant phase (TPF) was taken, filtered, and forwarded
to HPLC‑DAD analysis.

HPLC‑DAD analysis

The IOC proposed method was performed according to analytical
conditions referred to IOC/T.20/Doc No 29 method (International
Olive Council, 2009) [13]. Specifically, the separation was
achieved on a reversed-phase Spherisorb Discovery HS C18 col-
umn (250 × 4.6mm, 5 µm; Supelco) using a mobile phase consist-
ing of 0.2% aqueous orthophosphoric acid (A) and MeOH:ACN
(50 :50 v/v) (B), at a flow rate of 1.0mL/min and ambient temper-
ature. The injection volume was held constant at 20 µL. The ap-
plied gradient elution was as follows: 0min, 96% A and 4% B;
40min, 50% A and 50% B; 45min, 40% A and 60% B; 60min, 0%
A and 100% B; 70min, 0% A and 100% B; 72min, 96% A and 4% B;
82min, 96% A; and 4% B. Chromatograms were monitored at
280 nm.

UPLC‑ESI (−)-HRMS & HRMS/MS analysis

All native and oxidized secoiridoids as well as the TPF samples
were analyzed using UPLC‑ESI (−)- HRMS as well as HRMS/MS anal-
ysis. Single compounds were prepared in s final concentration of
50 µg/mL diluted in MeOH:H2O (1 :1, v/v) while the TPF in a con-
centration of 500 µg/mL in the same solvent solution. For the sep-
aration, H2O with 0.1% formic acid (FA) was used as solvent A, and
acetonitrile (ACN) as solvent B. The elution method started with
2% of B and in 2min reached 21%. In the next 4min the percent-
age of B increased to 44.5%. Finally, at 9min, B reached 100% and
was maintained for 2min. The next minute, the system returned
to the initial conditions. remainging 3min for system equilibra-
tion. A Thermo Hypersil Gold C-18 (50mm× 2.1mm, 1.9 µm) col-
umn was used, with a stable temperature of 40 °C. The total acqui-
sition time was 15min and a flow rate set at 400 µL/min. The in-
jection volume was 10 µL and the autosampler temperature was
set at 7 °C. Mass spectra were obtained using ES, in negative ion
mode. The capillary temperature was set at 350 °C, capillary volt-
age at − 10 V, and tube lens at − 40 V. Sheath and auxiliary gas
were adjusted at 40 and 10 arb, respectively. Mass spectra were
812 Ant
recorded in full scan mode in the range of m/z 115–1000 with re-
solving power 30000, at m/z 500 and scan rate 1 microscan/sec.
HRMS/MS experiments were obtained in data-depending method
with collision energy 35.0% (q = 0.25). The system was calibrated
externally every 50 injections. Two repetitive measurements were
performed for each sample.

Determination of quality characteristics
of olive oil samples

Free acidity, peroxide values, coefficients K232, K270, and ΔK con-
stant belong to the quality parameters of olive oils, and their val-
ues determine their classification into extra virgin, virgin, and
lamp OO. If at least one quality parameter of OO is outside of the
limits set by the EU for its classification, then olive oil is classified
as non-EVOO. These parameters of the OO samples were mea-
sured using European Official Method of Analysis [32].

Supporting Information

The following are available as supporting information: NMR and
HRMS spectra of compounds 1–3 and 7–9 (Fig. 1S–30S), HRMS/
MS spectra of MFOA, CFLA Oleacein and Oleocanthalic acid (Fig.
31S–32S), identification of biophenols peaks according to T.20/
Doc No 29 method of IOC (Table 1S), meta data of analyzed olive
oil samples (Table 2S), and the comparison data on OO quality pa-
rameters and identification levels of oxidized secoiridoids (Table
3S).
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