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ARTICLE INFO ABSTRACT

Keywords: In this study, the phytochemical profile of fifty olive leaves (OL) extracts from Spain, Italy, Greece, Portugal, and
Cholinergic Morocco was characterized and their anti-cholinergic, anti-inflammatory, and antioxidant activities were eval-
ACHE uated. Luteolin-7-O-glucoside, isoharmnentin, and apigenin were involved in the acetylcholinesterase (AChE)
Icn?l)jlmmation inhibitory activity, while oleuropein and hydroxytyrosol showed noteworthy potential. Secoiridoids contributed
Iron to the cyclooxygenase-2 inhibitory activity and antioxidant capacity. Compounds such as oleuropein, ligstroside
Oxidative stress and luteolin-7-O-glucoside, may exert an important role in the ferric reducing antioxidant capacity. It should be
Olive also highlighted the role of hydroxytyrosol, hydroxycoumarins, and verbascoside concerning the antioxidant
Leaves activity. This research provides valuable insights and confirms that specific compounds within OL extracts

contribute to distinct anti-cholinergic, anti-inflammatory, and anti-oxidative effects.

1. Introduction

Olive leaves (OL), the verdant appendages of the Olea europaea tree,
exhibit distinctive morphology characterized by lanceolate shapes and a
silver-green color palette, contributing to the overall aesthetic appeal of
olive groves (Blazakis et al., 2017). In the lifecycle of olive cultivation,
these leaves become integral components, yet their eventual disposal
results in the generation of agricultural waste in the form of pruning and
fallen foliage. These by-products significantly contribute to the envi-
ronmental footprint of olive oil production, owing to the substantial
water and energy resources required for their disposal, along with the
associated gas emissions and waste generation. On a global scale, the
European Union (EU) stands as the foremost producer of olive by-

products, with Spain, Greece, Italy, and Portugal collectively account-
ing for nearly 99 % of the EU’s production (Espeso etal., 2021).
Although olive leaves are predominantly utilized for purposes such as
animal consumption, biomass production, or incineration, their
comprehensive utilization and sustainable management remain critical
considerations in addressing the environmental impact of the olive
grove industry (C. Zhang et al., 2022). OL are rich reservoirs of diverse
bioactive compounds, including secoiridoids like oleuropein, phenolic
alcohols such as hydroxytyrosol, flavonoids like luteolin and luteolin-7-
O-glucoside, and phenolic acids like verbascoside (Romero-Marquez,
Forbes-Hernandez, et al., 2023). These compounds present potential
applications beyond traditional uses, particularly in the development of
nutraceuticals (Romero-Marquez, Navarro-Hortal, Jiménez-Trigo, Vera-

Abbreviations: Ach, acetylcholine; AChE, acetylcholinesterase; A-DM elenolic acid, aldehydic form of decarboxymethyl elenolic acid; ANOVA, analysis of variance;
COX-2, cyclooxygenase-2; FRAP, ferric reducing antioxidant power; Min, minutes; OL, olive leaves; PLS-DA, Partial least squares-discriminant analysis; SD, standard
deviation; SEM, standard error of the mean; VIP, variable of importance in projection.
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Ramirez, et al.,, 2022). Olive leaves have exhibited noteworthy
biomedical properties, including antiviral, antimicrobial, anti-
inflammatory, antioxidant, and anti-cholinergic activities (Alcantara
et al.,, 2020; Lama-Munoz et al., 2020; Romero-Marquez et al., 2021;
Romero-Marquez, Forbes-Hernandez, et al., 2023).

Recently, the connection between the profile and content of phyto-
chemicals in OL extracts and their antioxidant capacity has been
established (C. Zhang et al., 2022). Consequently, the applications of OL
may be influenced by the composition and concentration of these
compounds. These considerations highlight the multifaceted nature of
OL phytochemistry, emphasizing the need for a comprehensive under-
standing of the role of phytochemical content and, consequently, the
functional properties of OL extracts. Certain in vitro assessments,
including the evaluation of acetylcholinesterase (AChE) and cyclo-
oxygenase (COX)-2 inhibitory capacities, as well as ferric reducing
antioxidant potential (FRAP) enable a comprehensive examination of
the neuroprotective, anti-inflammatory and antioxidants effects of spe-
cific compounds of interest. Hence, the hypothesis of this work postu-
lates that certain compounds present in OL extracts contribute to their
anti-cholinergic, anti-inflammatory, and anti-oxidative effects. To
investigate this, a thorough phytochemical characterization of fifty OL
extracts was carried out, focusing on their anti-AChE, anti-COX-2 and
FRAP. Furthermore, an in-depth examination of the individual contri-
butions of each compound was conducted, aiming to enhance our un-
derstanding of their respective impacts on the observed effects.

2. Material and methods
2.1. Chemicals and reagents

Analytical grade reagents and chemicals were purchased from
Sigma-Aldrich (Missouri, USA), Thermo Fisher (Massachusetts, USA),
Merck (Darmstadt, Germany) or Roche (Basel, Switzerland) and the
water used was Milli-Q type (resistivity 18.2 MQcm) obtained from
Millipore purification equipment (Massachusetts, USA).

2.2. Olive leaves obtaining, classification, and extraction

A total of 49 OL samples were obtained from Spain, Italy, Greece,
Portugal as previously described (Romero-Marquez, Navarro-Hortal,
et al., 2023). Plus, one additional OL sample was obtained from Ouez-
zan, Morocco and provided by Alhouda cooperative. The OL used were
those collected along with the olives during the harvesting procedure in
the olive mill, discarding leaves from the ground or collected directly
from the tree. For the extraction, the 50 OL samples were dried, ground,
and passed through a mesh sieve to obtain a fine powder. Then, the dried
OL powder was mixed with extraction buffer (ethanol/Mili-Q water/
formic acid, 80:20:0.1, v:v:v) and mixed for two hours at room tem-
perature in the dark. Then, OL mixture was centrifuged, and the su-
pernatant was recovered and filtered using a 0.45 pm syringe filter (PBI
International, Italy). Finally, the samples were aliquoted, evaporated
using an Speedvac SC110A (New York, USA), and stored at -80 °C until
analyses (Rivas-Garcia et al., 2021).

2.3. Identification and quantification of the phytochemical compounds
via HPLC-ESI-QTOF-MS/MS analysis

HPLC analyses were performed on an Agilent 1260 HPLC instrument
(California, USA) equipped with a binary pump, an online degasser, an
auto-sampler, a thermostatically controlled column compartment, as
well as a diode array detector (Romero-Marquez, Navarro-Hortal, et al.,
2023). The samples were separated on an Agilent Zorbax Eclipse Plus
C18 column (1.8 pm, 4.6 x 150 mm). The mobile phases consisted of
water with 0.1 % formic acid (A) and methanol with 0.1 % formic acid
(B) using a gradient elution according to the following profile: 0 min
(min), 5% B; 5 min, 75 % B; 10 min, 100 % B; 18 min, 100 % B; 25 min,

Food Chemistry 444 (2024) 138516

5 % B. The initial conditions were maintained for 5 min. The flow rate
was 0.8 mL/min, the column temperature, 30 °C, and the injection
volume, 5 pL.

Detection was performed using an Agilent 6540 Ultra High Defini-
tion (UHD) Accurate-Mass Q-TOF mass spectrometer in negative ion
mode within a mass range of 50-1700 m/z. The operating parameters
were as follows: drying gas flow rate, 10 L/min; drying gas temperature,
325 °C; nebulizer, 60 psi; sheath gas temperature, 400 °C; sheath gas
flow, 12 L/min; capillary, 4000 V; fragmentor, 130 V. The MS/MS an-
alyses were acquired by automatic fragmentation where the two most
intense mass peaks were fragmented with the following collision energy
values: 10, 20, 30 and 40 eV. Continuous infusion of the reference ions
m/z 112.985587 (trifluoroacetate anion) and 1033.988109 (adduct of
hexakis (1H,1H, 3H-tetrafluoropropoxy) phosphazine or HP-921) was
used to correct each mass spectrum. All the operations, acquisition and
analysis of data were controlled by Masshunter workstation software
version B.06.00 (Agilent Technologies, USA).

The 50 samples were resuspended in ethanol/water (50:50, v:v) at a
concentration of 10 mg/mL and filtered through a 0.20 pm PTFE syringe
filter before injection into the chromatographic system. The main
compounds in the sample were detected automatically using a com-
pound extraction algorithm based on the detection of molecular char-
acteristics, and the resulting peaks were filtered with a relative volume
threshold of 0.2 % as well as those appearing in the solvent blank.
Additionally, characteristic compounds of olive leaves were searched in
a targeted way. The compounds detected by this algorithm were tenta-
tively identified whenever possible with the help of compound data-
bases and scientific literature related to Olea europaea, based on the
molecular formula obtained from the exact mass and isotopic distribu-
tion data, at the retention times and fragmentation patterns recorded.

For quantification, the compound concentrations of each OL extract
were determined by using the area under the peak and by interpolation
in the corresponding calibration curve. The HPLC analytical grade (>90
% purity) standards used were: oleuropein (secoridoids), luteolin and
luteolin-7-O-glucoside (flavonoids), hydroxytyrosol (phenolic alcohols
and acids), loganin (iridoids), 6-hydroxycoumarin (hydroxycoumarins),
and verbascoside (hydroxycinnamic acid). Oleuropein and hydroxytyr-
osol were also used for lauroside B and azelaic acid quantification,
respectively, which were included in other compounds section. Oleur-
opein, hydroxytyrosol, luteolin, luteolin-7-O-glucoside, verbascoside,
loganin, and 6-hydroxycoumarin were quantified by the calibration
curves obtained from their respective commercial standards. The
remaining compounds were semi-quantified based on calibration curves
from other compounds with structural similarities (Figure S1, Table S1,
and Table S2). Results are expressed as mean =+ standard deviation (SD).

2.4. ACHhE inhibition assay

The colorimetric method proposed by Ellman was applied to deter-
mine the AChE inhibitory activity of OL extracts (Ellman et al., 1961).
Briefly, OL extracts (1000 pg/mL) were incubated with AChE (10 mU/
mL) and 5,5-dithiobis-(2-nitrobenzoic acid) (150 pM) in a 96-plate wells
for 15 min at 30 °C. Then, the acetylthiocholine iodide was added, and
the AChE activity was determined recording the changes in the absor-
bance at 405 nm in a Synergy 2 Biotek plate reader (Vermont, USA) for
25 min at 30 °C. The AChE inhibitory activities were expressed as the
mean percentage of inhibitory activity with respect to the positive
control + standard error of the mean (SEM).

2.5. COX-2 inhibition assay

COX-2 inhibitory activity was measured using a Biovision COX-2
Inhibitor Screening Kit (California, USA) following the commercial
protocol (Romero-Marquez, Navarro-Hortal, et al., 2023). Briefly, OL
extracts (1 pg/mlL, in the reaction mixture) were incubated with a so-
lution containing arachidonic acid and sodium hydroxide as well as the
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reaction mix in a black 96-plate wells for at 37 °C. The fluorescent signal
was recorded at 535 and 587 nm for extinction and emission, respec-
tively, in Synergy 2 Biotek plate reader (Vermont, USA) for 8 min. The
COX-2 inhibitory activities were expressed as the mean percentage of
inhibitory activity with respect to the positive control + SEM.

2.6. Ferric reducing antioxidant power

The FRAP method was performed following the modified protocol
described by Rivas-Garcia et al. (Rivas-Garcia et al., 2022). FRAP is an
electronic transfer-based method, which analyzes the ability of a specific
antioxidant to reduce the complex formed by ferric iron and 2,4,6-tripyr-
idyl-s-triazine, changing the color during this reaction. The magnitude
of the color change is directly associated with the antioxidant concen-
tration in the sample. The units were expressed as the mean of pM of
Trolox per gram of dry weight of extract + SEM.

2.7. Statistical analysis

The experimental procedures were performed at least three times.
The statistical software IBM SPSS 25 (Illinois, USA) was used for the
analysis of normality, variance homogeneity, analysis of variance
(ANOVA) and Pearson’s correlation analysis. ANOVA was conducted,
and post hoc Duncan’s Multiple Range test was employed under the as-
sumptions of normality and variance homogeneity. In cases where ho-
mogeneity of variances was not assumed, the post hoc Games-Howell test
was applied. All tests were considered statistically significant at a
threshold of p < 0.05. Partial least squares-discriminant analysis (PLS-
DA) was applied using MetaboAnalyst V5.0 software. PLS-DA was used
to analyze the normalized and auto-scaled mean values of the 42 com-
pounds from 50 OL extracts analyzed by HPLC-ESI-QTOF-MS/MS and its
relationship with cholinesterase, inflammatory, and iron-oxidative
inhibitory activity. In the present PLS-DA, the selection criteria of the
variable of importance in projection (VIP) score was values higher than
1, which correspond to p < 0.05.

3. Results and discussion

3.1. Phytochemical profile of olive leaf extracts based on the AChE
inhibitory activity

As far as it’s known, this is the first study describing the optimal
phytochemical composition of OL for AChE inhibition on a large-scale in
vitro. For this purpose, the 50 OL extracts were divided into four sub-
populations based on the activity of the different OL extracts to inhibit
AChE (Table S3) into high (Al, n = 13), medium-high (A2, n = 12),
medium-low (A3, n = 12), and low (A4, n = 13) subpopulations
(Figure S2) determined by quartile distribution. Then, the 42 com-
pounds reported from each OL extract, which included 16 flavonoids, 14
secoiridoids, 3 phenolic alcohols, 3 iridoids, 2 hydroxycoumarins, 2
hydroxycinnamic acids, and 1 phenolic acid and other compound were
clustered in each subpopulation. After that, the mean for each com-
pound was calculated and was used as representative value of each
subpopulation concerning AChE inhibitory activity.

Table 1 shows the phytochemical profile of these subpopulations,
obtained from the individual characterization of all the OL extracts that
compose each of them. The content of secoiridoids seems to influence
the modulatory activity of the AChE inhibitors exhibited by OL since
more than 70 % of the studied secoiridoids were different between Al
and A4 subpopulations. In this context, the OL extracts from Al pre-
sented higher content in oleuropein and its derivatives (oleuropein
diglucoside, oleuropein isomer, and hydroxyoleuropein), oleoside
methyl ester, and ligstroside content compared to OL extracts from A4
subgroup. In fact, oleuropein and its derivatives (oleuropein digluco-
side, oleuropein isomer) as well as ligstroside content were different
between Al and A2 subpopulations, indicating that these secoiridoids
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Table 1
Phytochemical profile (milligram of compound per gram of dry weight) of the
OL extracts based on AChE inhibitory activity.

A4 A3 A2 Al
Secoiridoids
1-p->-Glu-ACD EA I1 0.29 + 0.30 + 0.39 + 0.26 + 0.18
0.26 0.15 0.19
1-B-n-Glu-ACD EA 12 0.51 + 0.78 + 0.79 + 0.49 + 0.30
0.70 0.62 0.54
A-DM EA 0.34 + 0.13 + 0.18 + 0.07 +
0.46° 0.13% 0.18%° 0.11°
D-OH EA 12 0.08 + - - -
0.19
H-DA-DM EA 0.11 + 0.03 + 0.03 + 0.01 +
0.18° 0.04% 0.05°® 0.03%
Hy-DA-DM EA 11 0.07 + 0.13 + 0.13 + 0.09 + 0.14
0.12 0.09 0.11
Hy-DA-DM EA 12 0.43 + 0.16 + 0.14 + 0.05 +
0.54° 0.25% 0.16%° 0.15°
Hydroxyoleuropein 0.04 + 0.19 + 0.17 + 0.53 +
0.10° 0.38% 0.28%° 0.698"
Ligstroside - 0.06 + 0.07 + 0.32 +
0.20° 0.24° 0.44°
Oleoside 0.47 + 0.91 + 0.65 + 1.92 + 2.59
0.97 1.38 1.90
Oleoside methyl ester 0.23 + 0.75 + 0.71 + 1.40 +
0.37° 0.81%° 1.71%° 1.60"
Oleuropein 1.04 + 3.29 + 3.76 + 15.00 +
2.19% 9.25% 10.9% 22.00"
Oleuropein diglu - 0.02 + 0.02 + 0.19 +
0.06° 0.08° 0.30°
Oleuropein I 0.06 + 0.27 + 0.35 + 1.50 +
0.19° 0.92° 1.21° 2.22°
Flavonoids
(+)-Eriodictyol 0.05 + 0.13 + 0.11 + 0.04 + 0.09
0.08 0.12 0.13
Apigenin 0.19 + 0.17 + 0.24 + 0.12 + 0.25
0.15 0.14 0.32
Apigenin-7-0-glu 0.20 + 0.31 + 0.28 + 0.33 £ 0.27
0.21 0.14 0.19
Apigenin-7-O-rut 0.27 + 0.44 + 0.45 + 0.45 +0.23
0.16 0.20 0.26
Chrysoeriol-7-O-glu 0.36 + 0.58 + 0.54 + 0.70 +
0.29° 0.20° 0.21%° 0.17°
Diosmetin 0.26 + 0.19 + 0.25 + 0.20 £ 0.20
0.17 0.09 0.16
1-3-0-B-p-glu 0.01 + 0.01 + 0.02 + 0.07 + 0.08
0.03 0.02 0.02
Luteolin 0.24 + 0.22 + 0.33 + 0.37 + 0.23
0.17 0.14 0.23
Luteolin 7-O-glu 0.47 + 0.88 + 0.96 + 2.00 +
0.35% 0.49% 0.39% 1.76"
Luteolin glu 221 + 412 + 3.94 + 5.01 +
1.74° 2.04% 2.24° 1.98"
Luteolin rut I1 - - 0.01 + 0.00 + 0.01
0.00
Luteolin rut 12 0.01 + 0.01 + 0.02 + 0.04 + 0.06
0.01 0.02 0.04
Luteolin-7,4-O-diglu 0.03 + 0.09 + 0.09 + 0.13 £
0.05° 0.07° 0.08° 0.07°
Oxidized quercetin - - - 0.01 £+ 0.01
Taxifolin 0.01 £ - 0.01 + 0.01 + 0.02
0.01 0.01
Phenolic alcohols
Hydroxytyrosol 0.08 + 0.11 + 0.13 + 0.20 +
0.07° 0.11% 0.09%° 0.19°
Hydroxytyrosol glu 0.15 + 0.18 + 0.41 + 0.68 +
0.18° 0.14° 0.58°" 0.73°
4-Ethylguaiacol 0.4 + 0.09 + 0.08 + 0.06 +
0.11° 0.02% 0.02%° 0.06°
Iridoids
Loganic acid 0.16 + 0.23 + 0.22 + 0.28 + 0.08
0.11 0.09 0.09
7-Epiloganin 0.57 + 0.64 + 0.75 + 0.71 + 0.27
0.35 0.26 0.29
Lamiol 0.61 + 0.82 + 0.91 + 0.79 + 0.48
0.46 0.32 0.54

(continued on next page)
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Table 1 (continued)

A4 A3 A2 Al

Hydroxycoumarins

Esculetin 0.13 + 0.18 + 0.19 + 0.22 £ 0.26
0.20 0.20 0.16

Esculin 0.04 + 0.06 + 0.06 + 0.06 + 0.06
0.05 0.04 0.04

Hydroxycinnamic

acid

Verbascoside 0.15 + 0.27 + 0.28 + 0.51 +
0.12° 0.40%" 0.34% 0.58"

Decaffeoylverbascoside 0.80 + 0.99 + 1.24 + 1.63 +
0.88° 0.42%° 0.86™ 0.94°

Phenolic acids

p-Hydroxybenzoic acid 0.02 + 0.03 + 0.03 + 0.06 + 0.11
0.02 0.01 0.01

Other compounds

Lauroside B 0.37 + 0.31 + 0.30 + 0.39 + 0.25
0.52 0.25 0.24

Azelaic acid 0.34 + 0.65 + 0.89 + 0.46 + 0.49
0.32 0.78 1.23

might contribute substantially to the AChE inhibitory activity.

Results are expressed as mean + SD. For each parameter, columns
with different letters indicate statistically significant differences be-
tween subpopulations (p < 0.05). Abbreviations: 1-p-p-Glu-ACD elenolic
acid I1: 1-B-p-Glucopyranosyl acyclodihydroelenolic acid isomer 1; 1-
f-p-Glu-ACD elenolic acid I2: 1-B-p-Glucopyranosyl acyclodihy-
droelenolic acid isomer 2; A-DM elenolic acid: aldehydic form of
decarboxymethyl elenolic acid; D-OH elenolic acid 12: decarboxylated
form of hydroxy elenolic acid isomer 2; EA: elenolic acid; glu: glucoside;
H-DA-DM elenolic acid: hydrated product of the dialdehydic form of
decarboxymethyl elenolic acid; Hy-DA-DM elenolic acid I1: hydroxyl-
ated product of the dialdehydic form of decarboxymethyl elenolic acid
isomer 1; Hy-DA-DM elenolic acid I2: hydroxylated product of the dia-
ldehydic form of decarboxymethyl elenolic acid isomer 2; m/z: mass to
charge ratio; OL: olive leaves; I: isomer; rut: rutinoside.

A substantial difference was also found for the flavonoid contents
between Al and A4 subpopulations. Specifically, OL extracts from Al
presented higher content in luteolin derivatives (luteolin 7-O-glucoside,
luteolin-7,4-O-diglucoside, luteolin glucoside, and luteolin rutinoside
isomer 1 and 2), chrysoeriol-7-O-glucoside, and isorhamnetin 3-O-f-D-
(6-p-coumaroyl) glucoside compared with those OL from A4 subpopu-
lation. Among flavonoids, the content in luteolin-7-O-glucoside and
isorhamnetin 3-O-p-D-(6-p-coumaroyl) glucoside might also contribute
to the AChE inhibitory activity since their content was two and three
times, respectively higher than the observed in A2 subpopulation. On
the other hand, the phenolic alcohol (hydroxytyrosol and hydroxytyr-
osol glucoside), hydroxycinnamic acid (verbascoside and decaf-
feoylverbascoside), and iridoid (loganic acid) content were higher in OL
from the Al compared with those from A4 but not with A2 sub-
populations. Surprisingly, and in contrast to the aforementioned results,
over 25 % of the examined secoiridoids corresponded to elenolic acid
derivatives, which were found to be more abundant in the OL extracts
from A4 subpopulations. A similar pattern was observed with phenolic
alcohols such as 4-Ethylguaiacol in A4 subpopulations, indicating a
possible negative relation between these compounds and the AChE
inhibitory activity.

3.2. Phytochemical profile of olive leaf extracts based on the COX-2
inhibitory activity

As mentioned with AChE inhibitory activity, this is the first study
describing the optimal phytochemical composition of OL for COX-2 in-
hibition on a large-scale in vitro. For this purpose, the 50 OL extracts
were divided into four subpopulations based on the activity of the
different OL extracts to inhibit COX-2 (Table S3) into high (C1, n = 13),
medium-high (C2, n = 12), medium-low (C3, n = 12), and low (C4,n =
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13) subpopulations (Figure S3) determined by quartile distribution.
Then, the 42 compounds previously reported in OL by HPLC-QTOF MS
analysis, were clustered in each subpopulation. After that, the mean for
each compound was calculated and was used as representative value of
each subpopulation concerning COX-2 inhibitory activity (Table 2).

The content of secoiridoids seems to influence the modulatory ac-
tivity of the COX-2 exhibited by OL since over 55 % of the studied
secoiridoids were different between C1 and C4 subpopulations. In this
context, the OL extracts from C1 presented higher content in oleuropein
and its derivatives (oleuropein diglucoside, oleuropein isomer, and
hydroxyoleuropein), oleoside and its derivatives (oleoside methyl ester),
and ligstroside in comparison with those OL extracts from C4 subgroup.
Oleuropein derivatives (oleuropein diglucoside and hydroxyoleur-
opein), oleoside and its derivatives as well as ligstroside contents seem
to exhibit an important anti-inflammatory role since C1 and C2 sub-
populations were different in these compounds. Similarly, C1 and C3
subpopulations were different in these secoiridoids, indicating that these
compounds might contribute to COX-2 inhibitory activity.

Results are expressed as mean + SD. For each parameter, columns
with different letters indicate statistically significant differences be-
tween subpopulations (p < 0.05). Abbreviations: 1-p-p-Glu-ACD elenolic
acid I1: 1-B-p-Glucopyranosyl acyclodihydroelenolic acid isomer 1; 1-
B-p-Glu-ACD elenolic acid 12: 1-B-p-Glucopyranosyl acyclodihy-
droelenolic acid isomer 2; A-DM elenolic acid: aldehydic form of
decarboxymethyl elenolic acid; D-OH elenolic acid I2: decarboxylated
form of hydroxy elenolic acid isomer 2; EA: elenolic acid; glu: glucoside;
H-DA-DM elenolic acid: hydrated product of the dialdehydic form of
decarboxymethyl elenolic acid; Hy-DA-DM elenolic acid I1: hydroxyl-
ated product of the dialdehydic form of decarboxymethyl elenolic acid
isomer 1; Hy-DA-DM elenolic acid I2: hydroxylated product of the dia-
ldehydic form of decarboxymethyl elenolic acid isomer 2; m/z: mass to
charge ratio; OL: olive leaves; I: isomer; rut: rutinoside.

COX-2 modulatory activity seems to be less influenced by flavonoid
content in comparison with AChE inhibitory activity. In this case, only
the 19 % of the flavonoids studied were statistically different between
C1 and C4 subpopulations, while about 50 % of the flavonoids studied
were different in A1 and A4 subpopulations (AChE inhibitory activity
subgroups). In this context, OL extracts from C1 showed the highest
content in luteolin 7-O-glucoside over the rest, indicating a possible
modulatory effect of this compound on neuroinflammation. Similarly,
the isorhamnetin 3-O-p-D-(6-p-coumaroyl) glucoside content was also
higher, but only compared with those OL extracts from C4 subgroup.
Likewise, as luteolin-7-O-glucoside, the verbascoside content was also
distinguished on C1 over the rest. In contrast to the results, but in the
same line with the results obtained in the previous section, the content of
elenolic acid derivatives such as hydroxylated product of the dia-
ldehydic form of decarboxymethyl elenolic acid isomer 1 as well as the
flavonoid diosmetin were more abundant in the OL extracts from C4
subpopulations, indicating a possible negative relation between these
compounds and the COX-2 inhibitory activity.

3.3. Phytochemical profile of olive leaf extracts based on FRAP

The 50 OL extracts were divided into four subpopulations concerning
their ferric reducing antioxidant power activity (Table S3) into high (F1,
n = 13), medium-high (F2, n = 12), medium-low (F3, n = 12), and low
(F4, n = 13) subpopulations (Figure S4) determined by quartile distri-
bution. Then, the 42 compounds previously reported in OL by HPLC-
QTOF MS analysis, were clustered in each subpopulation. After that,
the mean for each compound was calculated and was used as repre-
sentative value of each subpopulation concerning FRAP (Table 3).

The content of secoiridoids seems to strongly influence the ferric
reducing antioxidant power exhibited by OL since the 50 % of the
studied secoiridoids were more abundant in the OL extracts from F1
subpopulation. Specifically, the OL extracts from F1 had the highest
content in oleuropein and its derivatives, oleoside and its derivatives,
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Table 2

Phytochemical profile (milligram of compound per gram of dry weight) of the
OL extracts based on COX-2 inhibitory activity.

c4 C3 c2 C1
Secoiridoids
1-p-p-Glu-ACD EA 11 0.34 + 0.29 + 0.33 £0.25 0.27 +
0.19 0.16 0.22
1-p-p-Glu-ACD EA 12 0.56 + 0.79 + 0.50 + 0.52 0.70 +
0.55 0.60 0.58
A-DM EA 0.09 + 0.15 + 0.33 + 0.16 +
0.13° 0.21%° 0.44° 0.21%°
D-OH EA 12 - - 0.08 £0.20 -
H-DA-DM EA 0.02 + 0.05 + 0.06 +£0.13 0.04 +
0.05 0.10 0.12
Hy-DA-DM EA I1 0.16 + 0.08 + 0.11 + 0.06 +
0.14° 0.10™ 0.13 0.08°
Hy-DA-DM EA 12 0.14 + 0.20 + 0.39 + 0.08 +
0.26™ 0.19% 0.58" 0.137
Hydroxyoleuropein 0.03 + 0.06 + 0.21 + 0.62 +
0.06" 0.10° 0.29° 0.70°
Ligstroside - - 0.08 + 0.36 +
0.28° 0.42°
Oleoside 0.14 + 0.45 + 0.68 + 2.65 +
0.15° 0.95° 1.80° 2.46°
Oleoside methyl ester 0.29 + 0.36 + 0.52 + 1.88 +
0.31° 0.71° 0.94 1.88"
Oleuropein 0.57 £ 0.98 + 6.47 + 15.00 +
0.56% 2.23% 19.70?® 17.30°
Oleuropein diglu - - 0.04 + 0.19 +
0.14° 0.28"
Oleuropein I 0.01 + 0.06 + 0.57 + 1.55 £
0.01° 0.20° 1.97% 1.79°
Flavonoids
(+)-Eriodictyol 0.09 + 0.04 + 0.12 +£0.14 0.07 +
0.12 0.06 0.09
Apigenin 0.23 + 0.19 + 0.23 £ 0.30 0.07 +
0.23 0.22 0.07
Apigenin-7-0-glu 0.29 + 0.20 + 0.29+0.23 0.328 +
0.14 0.18 0.27
Apigenin-7-O-rut 0.46 + 0.35 + 0.46 £ 0.22 0.33 +
0.19 0.27 0.19
Chrysoeriol-7-O-glu 0.63 + 0.49 + 0.49+0.28 0.56 +
0.11 0.28 0.29
Diosmetin 0.30 £ 0.24 + 0.25 + 0.12 +
0.14° 0.15° 0.19° 0.117
1-3-0-p-p-glu 0.01 + 0.02 + 0.03 £ 0.03 0.05 +
0.01 0.03 0.09
Luteolin 0.30 + 0.33 + 0.31 £0.23 0.23 +
0.20 0.21 0.19
Luteolin 7-O-glu 0.68 + 0.75 + 0.95 + 1.93 +
0.19* 0.37° 0.53% 1.86"
Luteolin glu 4.08 + 3.55+ 3.91 £ 2.58 3.69 £
1.56 2.61 2.21
Luteolin rut I1 0.01 + - 0.01 £ 0.01 -
0.01
Luteolin rut 12 0.01 + 0.02 + 0.02 + 0.04 0.03 +
0.04 0.04 0.05
Luteolin-7,4-0O-diglu 0.09 + 0.08 + 0.10 £ 0.10 0.07 £
0.06 0.09 0.07
Oxidized quercetin - - 0.01 +0.01 -
Taxifolin - - 0.01 £ 0.02 0.01 £
0.01
Phenolic alcohols
Hydroxytyrosol 0.10 + 0.13 + 0.10+0.10 0.19+
0.08 0.11 0.19
Hydroxytyrosol glu 0.21 + 0.42 + 0.23+0.31 0.56 +
0.30 0.58 0.71
4-Ethylguaiacol 0.06 + 0.10 + 0.11+0.10 0.10 +
0.04 0.05 0.07
Iridoids
Loganic acid 0.22 + 0.21 + 0.19+0.08 0.27 +
0.10 0.12 0.11
7-Epiloganin 0.67 + 0.64 + 0.74£0.38 0.62+
0.26 0.31 0.25
Lamiol 0.78 + 0.68 + 0.78 + 0.46 0.88 +
0.50 0.52 0.39
Hydroxycoumarins
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Table 2 (continued)

c4 C3 Cc2 C1

Esculetin 0.19 + 0.19 + 0.15+0.16 0.18 +
0.22 0.22 0.23

Esculin 0.04 = 0.04 + 0.05 £+ 0.06 0.08 +
0.03 0.03 0.06

Hydroxycinnamic

acid

Verbascoside 0.13 + 0.21 + 0.22 + 0.65 +
0.06° 0.16 0.37° 0.59"

Decaffeoylverbascoside 1.37 + 1.17 + 1.16 £0.90 0.96 +
0.92 0.98 0.60

Phenolic acids

p-Hydroxybenzoic acid 0.03 + 0.03 + 0.03 +£0.01 0.06 +
0.01 0.02 0.11

Other compounds

Lauroside B 0.37 + 0.37 + 0.29+0.35 0.34+
0.35 0.38 0.27

Azelaic acid 0.45 + 0.73 + 0.64 +£1.03 0.49 +

0.45 1.07 0.41

and ligstroside over the rest.

Results are expressed as mean + SD. For each parameter, columns
with different letters indicate statistically significant differences be-
tween subpopulations (p < 0.05). Abbreviations: 1-$-p-Glu-ACD elenolic
acid I1: 1-B-p-Glucopyranosyl acyclodihydroelenolic acid isomer 1; 1-
B-p-Glu-ACD elenolic acid 12: 1-B-p-Glucopyranosyl acyclodihy-
droelenolic acid isomer 2; A-DM elenolic acid: aldehydic form of
decarboxymethyl elenolic acid; D-OH elenolic acid 12: decarboxylated
form of hydroxy elenolic acid isomer 2; EA: elenolic acid; glu: glucoside;
H-DA-DM elenolic acid: hydrated product of the dialdehydic form of
decarboxymethyl elenolic acid; Hy-DA-DM elenolic acid I1: hydroxyl-
ated product of the dialdehydic form of decarboxymethyl elenolic acid
isomer 1; Hy-DA-DM elenolic acid I2: hydroxylated product of the dia-
ldehydic form of decarboxymethyl elenolic acid isomer 2; m/z: mass to
charge ratio; OL: olive leaves; I: isomer; rut: rutinoside.

FRAP seems to be more influenced by flavonoid contents in com-
parison with COX inhibitory activity. In this case, the 25 % of the fla-
vonoids studied were statistically different between F1 and F4
subpopulations, while about 19 % and 50 % of the flavonoids studied
were different in COX-2 and AChE on their specific subpopulations,
respectively. Specifically, OL extracts from F1 showed the highest con-
tent in luteolin 7-O-glucoside over the rest. Similarly, the isorhamnetin
3-0-B-D-(6-p-coumaroyl) glucoside, apigenin-7-O-glucoside, azelaic
acid, and chrysoeriol-7-O-glucoside contents were also higher, but only
compared with those OL extracts from F4 subgroup. Likewise, luteolin-
7-0O-glucoside, the hydroxycoumarins, hydroxytyrosol, as well as ver-
bascoside contents were also distinguished on F1 over the rest, indi-
cating a possible modulatory effect of these compounds on ferric
reducing antioxidant capacity.

3.4. Partial least squares-discriminant analysis and correlation analysis

PLS-DA is a useful algorithm that can be used for predictive and
descriptive modelling as well as for discriminative variable selection.
PLS-DA has demonstrated great success in modelling high-dimensional
datasets for diverse purposes such as metabolomics and food analysis
(Lee etal., 2018). In the present study, a value higher than 1 (which
correspond to P < 0.05), was considered as the selection criterion for
the variable of importance in projection (VIP) score of the PLS-DA and
was indicated with a discontinued vertical line in Fig. 1B, 2B, and 3B. In
the same way, Pearson’s correlation analysis was used to corroborate the
results obtained in VIP score (Table S4).

Fig. 1A, provides the PLS-DA analysis based on AChE inhibitory ac-
tivity subpopulations, which showed a different distribution between
subgroup 1 and 4 (high vs. low AChE inhibitory activity). The PLS-DA
analysis revealed an interesting trend in the spatial distribution to-
wards the top-right part of the plot, indicating an increase in AChE
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Table 3 Table 3 (continued)
Phytochemical profile (milligram of compound per gram of dry weight) of the F4 3 2 F1
OL extracts based on FRAP.
Lamiol 0.64 + 1.00 + 0.86 + 0.64 +
F4 F3 F2 F1 0.54 0.25 0.45 0.48
Secoiridoids Hydroxycoumarins
1-B->-Glu-ACD EA 1 0.33 + 0.36 + 0.29 + 0.25 + Esculetin 0.06 = 0.11 + 0.15 = 0.38 =
0.25 0.22 013 0.19 0.05? 0.06° 011% 0.30°
1-p-p-Glu-ACD EA 12 0.38 £ 0.86 + 0.86 + 0.48 £ Esculin 0.02 £ 0.06 £ 0.04 £ 0.09 £
0.40° 0.53 0.63 0.55" 0.03° 0.05% 0.03 0.06°
A-DM EA 032+ 0.20 £ 0.10 £ 0.09 £ Hydroxycinnamic
0.44 0.26 0.12 0.09 acid
D-OH EA 12 0.08 + _ _ _ Verbascoside 0.10 £ 0.13 £ 0.23 + 0.75 £
0.19 0.04° 0.05° 0.20° 0.58"
H-DA-DM EA 0.05 + 0.04 + 0.06 + 0.03 + Decaffeoylverbascoside 1.11 + 1.52 + 1.35 + 0.72 £
0.13 0.13 0.10 0.04 0.95% 0.84° 0.90" 0.48°
Hy-DA-DM EA I1 0.10 + 0.13 + 0.12 + 0.06 + Phenolic acids
0.13 0.11 0.11 0.12 p-Hydroxybenzoic acid 0.03 + 0.03 + 0.02 + 0.07 +
Hy-DA-DM EA 12 0.30 + 0.19 + 0.21 + 0.09 + 0.02 0.02 0.02 0.11
0.56 0.25 0.27 0.17 Other compounds
Hydroxyoleuropein 0.01 & 0.10 + 0.10 + 0.70 + Lauroside B 0.22 + 0.52 + 0.41 + 0.24 +
0.03% 0.112 0.16% 0.67° 0.25% 0.39" 0.34% 0.27%
Ligstroside _ _ _ 0.44 + Azelaic acid 0.21 + 0.32 + 0.61 + 1.13 +
0.44 0.12° 0.31° 0.79% 1.11°
Oleoside 0.23 + 0.69 + 0.22 + 2.70 +
0.48° 1.20 0.45° 2.77°
Oleoside methyl ester 0.27 + 0.50 + 0.26 + 2.00 + inhibitory activity. In the same way, a bigger phytochemical profile
0.47% 0.71° 0.30° 1.92° variation within Al populations than the rest of the groups was also
Oleuropein 0.159 + 0.912 + 1.29 + 203+ identified. The VIP score for AChE inhibitory activity showed that over
0.232° 0.8247 2.31% 22.20 0 . .
ol - 40 % of the studied compounds might exert a modulatory effect on
europein diglu - - - 0.23 + . . X X
0.29 cholinergic function. Among the compounds of interest, over the 35 %
Oleuropein I - 0.01 + 0.06 + 2.07 + corresponded to flavonoids. Luteolin-7-O-glucoside content showed the
) 0.02° 0.20° 2.25" greatest VIP score and Pearson’s correlation value in the inhibition of
Flavonoids AChE activity exerted by OL extracts (Fig. 1B). This result is in accor-
(+)-Eriodictyol 0.04 + 0.12 + 0.08 + 0.08 + . ) i .
0.09 0.13 0.10 011 dance with those in vitro studies that reported a remarkably potent
Apigenin 0.18 + 0.11 + 0.16 + 0.26 + inhibitory activity of luteolin-7-O-glucoside even at lower doses than
0.14 0.08 0.18 0.37 those present in the A1l subpopulation (Rehfeldt etal., 2022; Sezen
Apigenin-7-0-glu 0.15 £ 0.32 & 0.25 & 0.40 & Karaoglan et al., 2023). Similarly, luteolin and its derivatives and iso-
015" 0207 017¢ 0-25 harmnentin derivatives also exhibited a moderate AChE inhibitory ac
Apigenin-7-O-rut 0.40 + 0.50 + 0.45 + 0.27 + ‘armn vatty Xbrt y
0.222 0.21° 0.24> 0.17 tivity in Ellman in vitro assay (Olennikov et al., 2017; Omar et al., 2018).
Chrysoeriol-7-O-glu 0.40 + 0.61 + 0.57 & 0.61 & In the same way, apigenin derivatives also showed a potential AChE
' ) 0.30° 018" 0.22% 0.25 inhibitory activity according to a molecular docking study (Olajide &
Diosmetin 0.29 + 0.19 + 0.23 + 0.20 + Sarker, 2020).
0.14 0.09 0.12 0.23
1-3-0--p-glu 0.01 + 0.01 + 0.03 + 0.06 -+ On the other hand, the VIP score shows that over 40 % of the com-
0.01 0.02 0.03 0.09 pounds of interest were secoiridoids, suggesting that this family was
Luteolin 0.29 + 0.25 + 0.38 + 0.25 + involved in the cholinergic modulatory activity exerted by OL extracts.
Luteolin 7-0-e1 g'z . g'zg N g'zg . 212 . Oleuropein and its derivatives were the compounds with more contri-
uteolin gu 0.37° 0.2 0.2° 1L73b bution in the Al subpopulation. Despite the results obtained in VIP score
Luteolin glu 2.66 + 433 + 4.50 + 3.85 + and the moderate association value, in vitro studies demonstrated that
2.07 2.35 2.34 1.80 isolated oleuropein presents a very low AChE inhibitory activity in Ell-
Luteolin rut I1 - - - 0.01 + man test (Omar et al., 2018). However, oleuropein supplementation has
. 0.01 shown to improve ACh content in brains from rodent models of cerebral
Luteolin rut 12 0.01 + 0.01 + 0.03 + 0.03 £ K 1 his i b L. dinvi
0.04 0.02 0.05 0.05 stroke (Gao et al., 2020). This incongruence between in vitro and in vivo
Luteolin-7,4-O-diglu 0.07 + 0.10 + 0.10 + 0.06 + experiments might be explained by the rapid and partial hydrolysis of
) g y ydroly
0.08 0.08 0.08 0.07 oleuropein in the upper gastrointestinal tract to hydroxytyrosol and its
Oxidized quercetin - - g'gi + - derivatives (Romero-Marquez, Forbes-Hernandez, et al., 2023).
Taxifolin B 0.01 + C 0.0 + Phenolic compounqs Yv1'th multl'pIQe hydroxyl groups are be':he‘ved to
enhance the inhibitory activity due to their stronger binding ca-
0.00 0.02 h the AChE inhibit y 1) ty d to th t g bind g
Phenolic alcohols pacity (Jabir et al., 2018). However, the role of hydroxyoleuropein in
Hydroxytyrosol 0~05ai 0~083i 0~09ai 0~29bi AChE inhibitory activity has not been explored and there is not data
0.04 0.05 0.06 0.15 available to compare. Nonetheless, the phenolic alcohol hydroxytyrosol
Hydroxytyrosol glu 0.16 + 0.38 &+ 0.29 + 0.59 + . . e qers .
0.22 0.53 0.36 0.74 showed a significant VIP score, with demonstrated inhibitory activity of
4-Ethylguaiacol 0.11 + 0.09 + 0.10 + 0.08 + AChE in vitro (Costanzo et al., 2021). Other compounds detected by VIP
0.10 0.06 0.06 0.04 score with null effect in AChE inhibitory activity were loganic acid and
Iridoids verbascoside (Omar et al., 2018; Wang et al., 2021). Nonetheless, the
Loganic acid 0.18 + 0.27 + 0.22 + 0.22 &+ ich £ ith individual d . he inhibi
011 0.07" 0.08" 0,12 enrichment of OL with individual compounds may increase the inhibi-
7-Epiloganin 0.61 + 0.67 + 0.61 + 0.78 + tory activity. In this context, an OL extract with a lower oleuropein
0.37 0.25 0.25 0.29 content than Al but similar with A2 subgroup exerted a remarkable

inhibitory activity of AChE but was 2.7 times lower than OL extract 25 %
enriched in hydroxytyrosol (Omar et al., 2018). Similarly, just as the
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Fig. 1. (A) Partial least squares discriminant analyses (PLS-DA) scores plot obtained from the mean values of the 42 phytochemical compounds present in the OL
from the different subpopulations of inhibitory activity of AChE. (B) Variable importance in projection (VIP) score plots for the top 25 most important phytochemical
compounds by PLS-DA. The heatmap indicates the relative concentration of the specific compound in the different subpopulations and the dashed line means
statistically significant at p < 0.05. Abbreviations: A-DM elenolic acid: aldehydic form of decarboxymethyl elenolic acid; D-OH elenolic acid I2: decarboxylated form
of hydroxy elenolic acid isomer 2; H-DA-DM elenolic acid: hydrated product of the dialdehydic form of decarboxymethyl elenolic acid; Hy-DA-DM elenolic acid 12:
hydroxylated product of the dialdehydic form of decarboxymethyl elenolic acid isomer 2; I: isomer.

enrichment of certain compounds may enhance the inhibitory activity,
evidence indicates that some compounds might diminish the AChE
inhibitory activity of olive leaves. In the present research, A4 subgroup
presented the highest elenolic acid derivatives content over the rest. The
VIP score for these compounds oscillate between 1.2 and 1.4, indicating
a potential role of these compounds in the AChE inhibitory activity.
Pearsons’s correlation analysis demonstrated a moderate and negative

association among these compounds and the AChE inhibitory activity of
OL extracts (Table S4). This inverse association has been previously
reported in OL samples from Greece, which exhibited a very low AChE
inhibitory activity and were strongly and negatively correlated with the
content of the elenolic acid derivatives (Romero-Marquez, Forbes-
Herndndez, et al., 2023). This feature was also observed in a study
evaluating the AChE inhibitory activity of different varieties of extra-
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virgin olive oil (Figueiredo-Gonzalez et al., 2018). These results might
be explained due to the fact that these compounds, are linked to
oleuropein, hydroxytyrosol, and ligstroside structures, and an excess of
these free elenolic acid derivatives might indicate an excessive degra-
dation of oleuropein, hydroxytyrosol, and ligstroside, which may reduce
the AChE inhibitory properties of OL extracts (Granados-Principal et al.,
2010).

Concerning COX-2 inhibitory activity, the PLS-DA analysis showed
that the distribution of the different subpopulations seems to follow the

Food Chemistry 444 (2024) 138516

same trend as AChE inhibitory activity tests but is less obvious between
subgroup 1 and 4 (high vs. low COX-2 inhibitory activity), probably due
to the smaller therapeutic range exerted by OL samples in comparison
with AChE inhibitory activity (Fig. 2A). In the present PLS-DA analysis,
no discernible differences in spatial distribution were observed between
groups 2, 3 and 4, indicating similarities among them. The VIP score for
COX-2 inhibitory activity showed that almost 30 % of the studied
compounds might exert a modulatory effect on inflammatory function.
Among the compounds of interest, less of the 20 % corresponded to
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Fig. 2. (A) Partial least squares discriminant analyses (PLS-DA) scores plot obtained from the mean values of the 42 phytochemical compounds present in the OL
from the different subpopulations of inhibitory activity of COX-2. (B) Variable importance in projection (VIP) score plots for the top 25 most important phyto-
chemical compounds by PLS-DA. The heatmap indicates the relative concentration of the specific compound in the different subpopulations and the dashed line
means statistically significant at p < 0.05. Abbreviations: 1-p-p-Glu-ACD elenolic acid I1: 1-B-p-Glucopyranosyl acyclodihydroelenolic acid isomer 1; A-DM elenolic
acid: aldehydic form of decarboxymethyl elenolic acid; H-DA-DM elenolic acid: hydrated product of the dialdehydic form of decarboxymethyl elenolic acid; I: isomer.
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flavonoids (Fig. 2B). Luteolin-7-O-glucoside content had the greatest VIP
score and Pearson’s correlation value in the flavonoid family regarding
to COX-2 inhibitory activity. This result is in accordance with a study
reporting a remarkably potent COX-2 inhibitory activity of luteolin-7-O-
glucoside in an hepatitis-induced ICR mice (Park & Song, 2019). Simi-
larly, Isorhamnetin 3-O-B-D-(6-p-coumaroyl) glucoside also exhibited a
moderate positive correlation, but the research about the inhibitory
COX-2 activity is null. In contrast, diosmetin was more abundant in the
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OL extracts from C4 subpopulations and exhibited a negative association
with COX-2 inhibitory activity (Table S4). From a biosynthetic point of
view, flavonoids are derived from a limited number of flavanone in-
termediates. The production of diosmetin can occur through two enzy-
matic pathways: via the enzyme flavone O-methyltransferase using
luteolin as a substrate, or by the enzyme flavanone 3'-hydroxylase using
apigenin as a substrate (Grignon-Dubois & Rezzonico, 2012). Luteolin is
a substrate necessary to the formation of luteolin-7-O-glucoside, a
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Fig. 3. (A) Partial least squares discriminant analyses (PLS-DA) scores plot obtained from the mean values of the 42 phytochemical compounds present in the OL
from the different subpopulations of inhibitory activity of FRAP. (B) Variable importance in projection (VIP) score plots for the top 25 most important phytochemical
compounds by PLS-DA. The heatmap indicates the relative concentration of the specific compound in the different subpopulations and the dashed line means
statistically significant at p < 0.05. Abbreviations: A-DM elenolic acid: aldehydic form of decarboxymethyl elenolic acid; D-OH elenolic acid 12: decarboxylated form
of hydroxy elenolic acid isomer 2; Hy-DA-DM elenolic acid I12: hydroxylated product of the dialdehydic form of decarboxymethyl elenolic acid isomer 2; I: isomer.
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flavonoid with a remarkable anti-inflammatory effect. Therefore, the
formation of diosmetin might compromise the formation of luteolin-7-O-
glucoside. Consequently, this process might potentially lead to a
reduction in the COX-2 inhibitory activity due to a reduction in luteolin-
7-0-glucoside.

On the other hand, the VIP score showed that 50 % of the compounds
of interest were secoiridoids, indicating that this family was strongly
involved in the anti-inflammatory activity exerted by OL extracts. In this
context, oleoside content had the greatest VIP score and one of the
higher Pearson’s correlation values in the secoiridoids family regarding
to COX-2 inhibitory activity (Fig. 2B). However, there is no evidence of
the modulatory effect of this compound or its derivatives on COX-2
activity, but it opens the field for further research to test the anti-
inflammatory capacity of oleoside. Despite the limitation, PLS-DA
assigned to oleuropein and its derivatives a significantly high VIP
score and these findings were further supported by Pearson’s correlation
analysis (Table S4). The anti-inflammatory activity of these compound is
well described. For instance, oleuropein consumption has been related
to COX-2 protein levels reduction under pro-inflammatory conditions
such as ulcerative colitis in humans (Larussa etal., 2017). Other
secoiridoid detected by VIP score with high positive correlation values
were ligstroside and the aldehydic form of decarboxymethyl elenolic
acid (A-DM elenolic acid). It has been demonstrated by molecular
docking that verbascoside selectively inhibits COX (Liang et al., 2020),
whereas the role of A-DM elenolic acid has not yet been explored. In the
present research, A4 subgroup had the highest hydroxylated product of
the dialdehydic form of decarboxymethyl elenolic acid isomer 2 content
and was negatively correlated with COX-2 inhibitory activity (Table S4)
in a similar way as previously proposed for the AChE inhibitory activity.
Among hydroxycinnamic acids studied, verbascoside was pointed out by
PLS-DA and Pearson’s analysis. In that sense, C1 subpopulation pre-
sented the highest verbascoside content (Table 2). In fact, verbascoside
has shown to reduce the expression of COX-2 in vitro (Pesce et al., 2015).

Finally, regarding the ferric reducing antioxidant capacity, the PLS-
DA analysis revealed a distinct distribution between groups 1 and 4
(high vs. low FRAP) as shown in Fig. 3A. There was a clear overlap in
spatial distribution of the subpopulation F2 and F3, while group 1
exhibited a significant differentiation, probably attributed to its
remarkable antioxidant capacity. The VIP score for FRAP showed that
among 40 % of the studied compounds might exert a modulatory effect
on antioxidant capacity. In this context, hydroxytyrosol received the
greatest VIP score and Pearsons’s correlation value over the rest. The
antioxidant property of hydroxytyrosol and its derivatives, has been
widely described using FRAP test in vitro (Romero-Marquez, Navarro-
Hortal, Jiménez-Trigo, Munoz-Ollero, et al., 2022). In addition,
hydroxytyrosol supplementation has been shown to increase the ferric
reducing antioxidant capacity of plasma in a mouse model of systemic
inflammation (Fuccelli et al., 2018).

On the other hand, the VIP score showed that 35 % of the compounds
of interest were secoiridoids, suggesting that this family was strongly
involved in the antioxidant activity exerted by OL extracts (Fig. 3B). In
this context, oleuropein, and its derivatives received one of the higher
VIP score and Pearson’s correlation values. F1 subpopulation had the
highest content in oleuropein and its derivatives over the rest. In vitro
studies demonstrated that the FRAP of OL increases with the content of
oleuropein (Ghasemi et al., 2018; Martin-Garcia et al., 2022). PLS-DA
assigned significantly high VIP score to oleoside and its derivatives as
well as ligstroside content, and these findings were further supported by
Pearson’s correlation analysis (Table S4). These results agrees with
those obtained in different in vitro studies, which demonstrated that the
ferric reducing antioxidant capacity of OL increases with the content of
oleoside and ligstroside (Martin-Garcia et al., 2022). In contrast, the
secoiridoid A-DM elenolic acid was negatively correlated with FRAP
(Table S4). This association could be explained similarly to the propo-
sition in the AChE inhibitory activity section (Granados-Principal et al.,
2010).
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Among the compounds of interest, less than 25 % corresponded to
flavonoids (Fig. 3B). Luteolin-7-O-glucoside contents had the greatest
VIP score and Pearson’s correlation within the flavonoid family about
antioxidant activity. This result is in accordance with a study that re-
ported a remarkably potent ferric reducing antioxidant capacity of
luteolin-7-O-glucoside which was able to reduce DNA oxidative markers
in RAW264.7 cells (Rehfeldt et al., 2022). PLS-DA assigned apigenin-7-
O-glucoside a significantly high VIP score and these findings were
further supported by a study that demonstrated that the FRAP of OL
increases with the content of apigenin-7-O-glucoside (Martin-Garcia
etal., 2022).

Other compounds pointed out by VIP score and corroborated with
Pearsons’s correlation analysis were hydroxycoumarins (esculetin and
esculin), verbascoside as well as azelaic acid content. These compounds
were mainly present in F1 subpopulation, indicating a strong contribu-
tion to the antioxidant activity exerted by OL. These results are consis-
tent with those reported in the literature, as esculetin, esculin, and
verbascoside have been identified as potent ferric reducing antioxidant
agents (Leal et al., 2023; Martin-Garcia et al., 2022). Similarly, azelaic
acid also exhibited a moderate positive correlation, with promising re-
sults against paraquat-induced oxidative stress in C. elegans (Bai et al.,
2021). This work underlines the continued significance of bioactive
compounds across various fields, aligning with prior research findings
(Abd-Ella et al., 2022; Liu et al., 2021; Y. Zhang et al., 2023).

4. Conclusions

This study provides a comprehensive characterization of the phyto-
chemical profile of fifty olive leaf extracts and evaluates the role of its
phytochemical composition in the anti-inflammatory, anti-cholinergic,
and antioxidant activities. The investigation into individual compounds
reveals that flavonoids, particularly luteolin-7-O-glucoside, iso-
harmnentin, and apigenin derivatives, significantly contribute to anti-
cholinesterase activity. Secoiridoids, such as oleuropein and ligstro-
side, play a crucial role in COX-2 inhibitory activity, while diosmetin
appears to be negatively associated. Both secoiridoids and flavonoids
contribute equally to the observed antioxidant effect, with specific
compounds like oleuropein, ligstroside, luteolin-7-O-glucoside,
hydroxytyrosol, hydroxycoumarins, and verbascoside playing key roles
in the ferric reducing antioxidant capacity.

The project’s merit lies in providing valuable insights into the
nuanced roles of individual phytochemicals within olive leaf extracts.
On the other hand, a limitation of this study is the use of in vitro tests,
which do not account for biological interactions and the complexity of
physiological systems. Additionally, while multivariate analysis can
identify important variables for sample selection, it does not establish
causal associations. Nevertheless, the application of both VIP scores and
Pearson’s correlation allows for the confirmation that the specific
phytochemical compound is highlighted in various tests, enabling the
assignment of a role in the observed effect. Taken together, this research
provides valuable insights and confirms the initial hypothesis that spe-
cific compounds within OL extracts contribute to distinct anti-
cholinergic, anti-inflammatory, and anti-oxidative effects. Moving for-
ward, the project’s future scope involves expanding investigations to
incorporate in vivo models, thereby advancing our understanding and
potential therapeutic applications of olive leaf extracts.
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