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Olea europaea is an economically significant crop native to Mediterranean countries. Its leaves
exhibit several biological properties associated to their chemical composition. The aqueous ethanolic
extracts of olive leaves from twelve different cultivars were analyzed by high performance liquid
chromatography coupled to photodiode array and electrospray ionization mass spectrometry
(HPLC/PDA/ESI-MS/MS). A total of 49 phytochemicals were identified in both positive and negative
ionization modes. The identified compounds belonged to four classes of secondary metabolites
including secoiridoids, flavonoids, pentacyclic triterpenoids and various phenolic compounds.
Seasonal variation in chemical composition among the studied cultivars was apparent in autumn
and spring. Secologanoside, oleuropein, hydroxy-oleuropein, demethyl oleuropein, gallocatechin,
luteolin-O-hexoside, diosmetin, oleanolic acid and maslinic acid were detected in all cultivars in
both seasons. Oleuropein-O-deoxyhexoside was tentatively identified for the first time in olive

leaf extracts; detected only in the Spanish cultivar Picual (PIC) collected in spring. Also, dihydroxy-
oxooleanenoic acid and hydroxy-oxooleanenoic acid, two bioactive pentacyclic triterpenes, were
identified. Principle component analysis (PCA) showed good discrimination among the studied
cultivars in terms of their botanical origin. This study is considered the first study for non-targeted
metabolic profiling of different olive leaf cultivars cultivated in Egypt.

Traditional Mediterranean diet is associated with low incidence of vascular and heart diseases in addition to
certain cancer types'. These health benefits could be attributed to the diversity of the Mediterranean diet which
is rich in various antioxidants that are important in disease prevention?.

Olive tree (Olea europaea L.) is native to Mediterranean countries. Olive fruits are considered as an economi-
cally significant crop and its oil, rich in unsaturated fatty acids has apparent health benefits®. Moreover, olive leaf
extracts have been recently marketed as dietary product*. Commercial products in the form of herbal teas or food
supplements are available all over the world, as complete dried leaves, powder, extracts or tablets. The leaves have
characteristic profiles of phytochemicals®. They are considered as potential source for various classes of bioactive
compounds such as secoiridoids, flavonoids, phenolic acids, coumarins, and triterpenes’. Among these several
constituents, oleuropein and its hydrolysis derivatives were the main biophenol secoiridoids found in olive tree
which are known for their beneficial properties for health. Besides, the amount and nature of flavonoids in the
olive leaves have also an important impact on their biological properties. In this context, numerous flavonoid
aglycones (luteolin, diosmetin, quercetin, apigenin) were found in olive together with flavonoid glycosides such
as luteolin-O-rutinoside, luteolin-O-glucoside, quercetin-O-rutinoside®.

The phenolic profile of olive leaves can vary significantly based on the variety, the geographical origin, as well
as the sampling time”'°. Plant metabolomics could help to elucidate the complexity of phytochemicals present.
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Recently, development in plant metabolomics techniques, allows the detection of several hundred metabolites
simultaneously and comparing samples reliably to identify differences and similarities in an untargeted manner"'.
Several analytical techniques have been developed for then on-targeted profiling of metabolites in plants. These
include proton nuclear magnetic resonance (‘H-NMR)'?, high performance liquid chromatography-mass spec-
trometry (HPLC-MS)'*!, gas chromatography-mass spectrometry (GC-MS)*®, and direct injection Fourier-
transform ion cyclotron resonance mass spectrometry (FTICR-MS)'¢.

Separations based mass spectrometry approaches, such as LC-MS and GC-MS, are highly sensitive and pro-
vide excellent identifying capacity. A study was conducted on Spanish olive leaf extracts using HPLC coupled to
electrospray time-of-flight mass spectrometry (ESI-TOF-MS) and electrospray ion trap multiple-stage tandem
mass spectrometry (ESI-IT-MS") for the screening of phenolic compounds in the leaf extracts'”. In another
study HPLC-MS was used for phenolic profiling of olive bark and leaves'®, and HPLC-DAD/ESI-MS/MS was
employed to determine the phenolic constituents in Tunisian cultivars extra virgin olive oil and the effect of
adding olive leaves on the oil composition". Recently, several studies focused on combining various analytical
techniques with multivariate analysis, which became of exciting potential for the plant metabolomics field®.
Such an approach was used recently to investigate the effect of genotypes, climate, season variation, and extract
processing, including the drying conditions, temperature, light, and oxygen exposure in phenolic profiles of
olive leaves. Among these, a study was performed on nine different olive leaf extracts showed significant varia-
tion on phenolic concentrations based on genotypes using GGE biplot analysis?'. Another study carried on 15
olive leaf varieties using high-performance liquid chromatography coupled with electrospray ionization and
quadrupole time-of flight mass spectrometry showed that the types and concentrations of phenolic substances
greatly influenced by variety type depending on Pearson’s and Spearman’s rank correlation analyses along with
PCA!°. Besides, a more comprehensive study on 32 olive leaves cultivars grown in China was performed using
PCA as one of multivariate data analysis techniques. This study revealed the discrimination of cultivars based
upon their phytochemical profiles and antioxidant capacities*.

Quality assessment of the leaf extracts of twelve olive cultivars was carried out earlier to emphasize the
impact of seasonal variation on oleuropein content, total flavonoid and total polyphenol content via HPLC and
UV spectroscopy coupled to multivariate data analyses®. In the current study, metabolites fingerprints of olive
leaves were acquired using liquid chromatography coupled to mass spectrometry and successively analyzed to
provide a more comprehensive overview on the phytochemical profile of olive leaves. The processed data were
subjected to multivariate analysis using PCA to highlight compositional differences among twelve different
olive cultivars cultivated in Egypt and to predict the effect of seasonal variation on the leaf extracts collected in
fruiting and flowering seasons. Additionally, LC-MS metabolic fingerprinting of each extract combined with
PCA analysis was used in untargeted manner for genotype classification and identification of the most important
secondary metabolites responsible for such classification. To the best of our knowledge, this metabolomics-based
comparative approach provides the first comprehensive study on the differences between olive leaf different
cultivars grown in Egypt.

Results and discussion

HPLC-PDA-ESI-MS/MS analysis. The chemical composition of olive leaf extracts from twelve cultivars
collected in autumn and spring were analyzed using HPLC coupled to ion trap mass spectrometer with an
ESI source. All extracts were analyzed in both positive and negative modes to cover compounds with diverse
ionization responses. ESI™ has been previously used to determine the structure of flavonoid glycosides***, iri-
doids, and triterpenes; whereas, coumarins, and alkaloids showed better ionization in ESI* positive mode?®?’.
A comprehensive metabolite profiling was performed for all olive leaf extracts. A total of 49 metabolites were
annotated belonging to 4 different classes including secoiridoids, flavonoids, triterpenoids, and various other
phenolic compounds. Table 1 shows the compounds that were tentatively identified in O. europaea leaf extracts.
The elution order is based mainly on their polarity, the more polar the compound the shorter the retention time.
The total ion chromatogram of the twelve cultivars collected in autumn (A) and spring (B), in the negative ioni-
zation mode is presented in Fig. 1. The base peak chromatograms of individual olive leaf extracts analyzed in
negative ionization mode in both seasons are displayed in supplementary figure (Fig. S1). Structures of selected
metabolites identified in O. europaea leave extracts belonging to secoiridoids (A), flavonoids (B) and pentacyclic
triterpenes (C) were illustrated in Fig. 2.

Secoiridoids. ~ Oleaeuropaea is rich in secoiridoids; especially the esterified forms with a phenolic moiety are
known as oleosides®®. Lack of characteristic chromophores for most of secoiridoids renders UV spectra usu-
ally of limited use®. However, secoiridoids are characterized by marked absorption bands at A, 240 nm and
270 nm*. HPLC-MS fragmentation pathways were used to determine the molecular formula and the loss of
characteristic moieties. The fragment ions appeared are corresponding to distinctive losses, such as [M—-H-
CH,;0H]", [M-H-CH,;0H-H,0]", [M-H-CH(O]", and a characteristic fragment usually appears due to
McLafferty rearrangement for the phenyl ester fragment®'.

Oleoside derivatives. Compounds (4) and (5) eluted at R, 10.04 and 14.69 min, respectively, showed a molecu-
lar ion peak [M—H]" at m/z 389 related to oleoside and its isomer secologanoside. Their MS? spectra (Supp.
Figs. S2, §3) exhibited a fragment ion peak at m/z 345 arising from the loss of CO, (44 Da) of a carboxylic group
while the product ion at m/z 277 was related to the loss of a hexose moiety (162 Da). A fragment ion peak at m/z
183 indicated a subsequent loss of CO,. This fragmentation pattern emphasizes the presence of two carboxylic
groups and a hexose moiety. Secologanoside is eluted after oleoside in reversed phase conditions and exhibits a
strong peak at m/z 345*.
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Peak no R, (min) | UV (nm) Molecular formula [M-H]- | [M+H]* | MS"ions (m/z) Metabolite Class References
59
1 1.61 233,326 C,H,,04 191.27 173,127,111, 93, 85 Quinic acid Organic acid 60
2 8.12 250 CyHyO010 374.98 331,213, 169, 151 Loganic acid Iridoid 36
3 10.15 220, 283 CgH,05” 153.02 123 Hydroxytyrosol Simple phenol 3
4 10.46 270 CieH 0, 389.00 345,227,209, 183,165 | Oleoside Secoiridoid 32
5 14.69 270 Ci6H,, 0., 389.00 345,227,209, 183 Secologanoside Secoiridoid 2
6 17.72 277 CoH,05~ 196.90 169, 151, 125 Ethyl gallate Phenolic acid derivative 2
7 2391 275 C,sH,;0,” 305.13 245, 225,97 (Epi) Gallocatechin Flavan-3-ol ol
8 23.97 232,284 Cy3H330,6” 565.09 533,403,241 Elenolic acid dihexoside Secoiridoid glycoside 02
- Elenolic acid hexoside/ s . 3
9 26.07 234,272 C;Hp0p, 403.08 371,241, 223,179 oleoside methyl ester Secoiridoid glycoside
10 31.37 240, 269 C, H;;04 240.95 243 209, 165, 139, 121 Elenolic acid Secoiridoid 3
11 32.8 279, 379 CH;04™ 301.08 257,241, 229, 185 Ellagic acid Phenolic acid 42
12 33.02 224,282 CysH3, 0,4 555.22 537, 393, 323, 291 Hydroxy-oleuropein Secoiridoid 32
13 33.29 271 CyHy0y5” 525.30 363, 319, 249 Demethyl-oleuropein Secoiridoids 7
14 33.99 245,283 C5H,,0,,7 685.16 523,453,421, 385 (Iso)Nuezhenide Iridoid glycoside 3
15 34.85 280, 360 C,;Hp0y5” 625.15 463, 301 Quercetin-di-O-hexoside Flavonol glycoside Massbank
- Quercetin-O-hexoside- . 3
16 34.95 269, 365 C,;H,4046 609.27 447,301, 179 O-deoxyhexoside Flavonol glycoside Massbank
17 3621 269, 370 CyyH,0016 609.20 463,447,301, 271,179 | Quercetin-O-deoxyhexo- | by 0o ) glycoside e
sylhexoside
18 36.86 260, 345 CyH,0,5” 593.26 447, 431, 285 Luteolin-O-robinoside Flavone glycoside ol
19 37.02 260, 345 Cy,H,00,5” 593.14 447,285 Luteolin-O-rutinoside Flavone glycoside 2
20 38.2 246, 283 CyHy 05 701.18 565, 539, 377, 307, 275 Oleuropein-O-hexoside Secoiridoid 03
21 38.43 265,370 C,H,40,,” 463.06 301,271,179 Quercetin-O-hexoside Flavonol glycoside *
22 38.44 249, 345 CyHs0y” 447.11 449 327,285,199, 179, 151 Luteolin-O-hexoside Flavone glycoside 7
23 39.41 255,280 CyH, 0, 685.04 539, 377, 307, 275 Sslieduempe‘“'o'de"xyhex' Secoiridoid -
24 39.48 255, 360 Cy3H, 0457 505.30 463, 301 Unknown Flavonoid -
- Apigenin-O-dideoxyhexo- .
25 41.38 260, 340 C33H300,5 723.30 577, 559, 457, 269 side-hexoside Flavone glycoside -
26 4152 260, 340 CyHy0, 577.13 | 579.01 415,269 Apigenin-O-hexosyldeox- | gy ne otvcoside Pubchem
yhexoside
27 42 249, 284, 330 CyoH340,5” 623.32 461,342,315 Verbascoside Phenylethanoid glycoside 33
28 42.69 235, 345 CyH;3 045" 607.22 299, 284 Diosmin Flavone glycoside o1
N Apigenin-O-deoxyhexo- . 61
29 43.12 260, 337 CyH;,0,4 579.21 433,417,271 side.O-glucoside Flavone glycoside
30 43.58 260, 337 C,H,40,~ 431.31 433.02 269 Apigenin-O-hexoside Flavone glycoside 38
31 43.96 246 CysHypOy5” 569.04 537, 407, 389 Oleuropeinic acid Secoiridoid 3
32 45.14 235, 345 C,,H,, 0y, 461.01 462.98 299, 285 Diosmetin-O-hexoside Flavone glycoside *
33 45.49 230, 281 CysHy 015 539.14 377,307, 275, 223 Oleuropein Secoiridoid 3
34 4547 225,280 CysH330,5” 541.12 378,308, 276 Hydro oleuropein Secoiridoid ol
35 46.53 230, 280 Cy,H;50,,~ 583.09 537,461, 375,273 Lucidumoside C Secoiridoid glycoside 36,60
36 4991 nd CyHp306" 359 341,327,235, 219, 205 Pinoresinol Lignan 3 FooDB
37 50.84 235,280 CysH3,045” 523.17 361, 291, 259, 223 Ligstroside Secoiridoid glycoside 7
38 55.50 265, 370 CysH, 0, 303 285,257, 165, 137 Quercetin Flavonol HMDB
39 55.91 268, 350 C1sH,06 285.23 257,151, 133, 107 Luteolin Flavone 5l
40 61.11 230, 280 CyHs,0,5 925.04 893, 539, 377, 345, 307 Jaspolyoside Secoiridoid glycoside ol
41 62.76 236,282 CoH,,04™ 377.17 345, 307, 275, 241 Oleuropein aglycone Secoiridoid 3
42 64.86 267,337 CyeH,,04 299.03 | 301 285, 151 Diosmetin Flavone 38
36
43 74.30 235 C;0H,905" 489.01 471, 425 Dihydroxyursolic acid Triterpenoid FooDB
44 75.61 234 CyoH,, 05t 487.36 469, 439, 405 ?c ‘i}l‘iydro"y"”‘o"’lea“e“o‘c
- Triterpenoid o4
45 76.68 234 CyoH,, 0,4 471.14 453, 425, 407, 395 ?C’i'gmxy"’xo")lea“e"“m
46 79.75 235 C3H,05" 457.25 439,411, 393, 191 Oleanolic acid/Ursolic acid | Triterpenoid s
47 83.8 234 C;0Hs5,0," 443.15 425, 407, 289 Uvaol/eryrthodiol Triterpenoid HMDB
48 84.29 234 C;0H,905" 457.22 439,393,176 Betulinic acid Triterpenoid
49 86.47 234 C30Hy0," 473.35 455, 427, 409 Maslinic acid Triterpenoid 7, HMDB

Table 1. Metabolites identified in O. europaea leaf extracts by LC/MS in both positive and negative modes.
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Figure 1. Total ion chromatogram of olive leaves from twelve cultivars collected in autumn (A) and spring (B),
in the negative ionization mode.

Elenolic acid derivatives. Compound (9) eluted at R, 26.07 min; showed a deprotonated molecular jion peak
[M-H]" at m/z 403. Its second order spectrum led to the formation of product ions at m/z 371 arising from
the loss of CH;OH [M-H—-CH;0H]", m/z 241 corresponding to the loss of a hexose moiety [M-H-162], and
a fragment ion at m/z 223 related to the formation of dehydrated elenolic acid by subsequent loss of a H,0
molecule. This fragmentation pattern is consistent with that reported for elenolic acid hexoside; a degradation
product of oleuropein®®. The molecular ion peak [M—-H]" of compound (8) (m/z 565.09) was 162 Da more than
compound (9), indicating an additional hexose moiety. Thus compound (8) was identified as elenolic acid dihex-
oside. HPLC-MS data for compound (10), eluted at R,31.37 min, showed a molecular ion peak [M—H]" at m/z
240.95. M$? spectrum (Supp. Fig. S4) revealed fragment ions at m/z 209, 165, 139, and 121 corresponding to the
loss of CH;OH [M-H-32], followed by a subsequent loss of CO, [M—H-32-44]". A base peak appeared at m/z
139 corresponding to the characteristic cleavage in the iridoid ring [M—C,H,O] . This fragmentation pattern
was consistent with the data reported for elenolic acid®*. Elenolic acid is considered as a degradation product of
oleuropein and is used as a marker for olive maturation®. It is worth mentioning that elenolic acid could not be
detected in all leaf extracts during spring.

Oleuropein derivatives. Nine known oleuropein derivatives were identified, exhibiting similar UV absorption
maxima and mass fragmentation pattern®. They all showed fragment peaks corresponding to characteristic
losses of hexose moiety [M-H-162]", followed by subsequent loss of C;H,O [M-H-162-70]", and CH;OH moie-
ties [M—H-162-70-32]".

A major peak at R, 45.49 min was obvious in all the olive leaf extracts. It exhibited a molecular ion peak
[M-H]" at m/z 539.14. MS? fragmentation revealed a base peak at m/z 377 corresponding to the characteristic
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Figure 2. Representative classes of main metabolites tentatively identified in O. europaea leaf extracts: (A)
secoiridoids, (B) flavonoids, (C) pentacyclic triterpenes with selected compounds discussed in the manuscript.

loss of a hexose moiety [M—H-162]-, two additional peaks at m/z 307 and m/z 275 corresponding to subsequent
loss of C;H¢O [M—-H-162-70]", and CH;OH groups [M-H-162-70-32]", respectively. This is consistent with
the fragmentation pattern of oleuropein (33) (Supp. Fig. S5). Oleuropein is an ester of hydroxytyrosol with

B-glucosylated elenolic acid.

Compounds (12, 13, 20, 34, 35, 37and 41) eluted at R, (33.02, 33.29, 38.20, 45.47, 46.53, 51.74 and 62.76),
respectively, were tentatively identified as oleuropein derivatives. They all showed fragment ion peaks correspond-
ing to characteristic losses of hexose moiety [M—H-162]", followed by subsequent losses of C;H,O [M-H-162-

70]~, and CH;OH groups [M-H-162-70-32]".

Compound (12) showed a precursor ion at m/z 555.22, with 16 Da higher than oleuropein, indicating a
hydroxy oleuropein derivative and exhibiting the same fragmentation pattern of oleuropein at (m/z 393, 323,
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291)*. Compound (13) showed a molecular ion peak [M—-H]" at m/z 525.30 relative to demethyl oleuropein. Its
MS? spectrum showed fragment ions at (m/z 363, 293, 261). Compound (20) has a molecular ion peak at m/z
701.23, with 162 Da higher than oleuropein, indicating the presence of one excess hexose moiety. Its MS? showed
a characteristic peak due to the loss of a hexose moiety producing daughter ions relative to oleuropein and its
fragments at (m/z 539, 377, 307, 275). Compound (20) was identified as oleuropein-O-hexoside. Compound
(34) showed a molecular ion peak at m/z 541.12; 2 Da higher than oleuropein and its fragment ions at (m/z 378,
308, 276); thus, it was identified as hydro oleuropein.

Lucidumoside C (35); a secoiridoid glycoside was previously isolated from Ligustrum lucidum®. It has a
structure similar to oleuropein with additional ethoxide moiety (/2 583.09). MS? spectrum showed a fragment
ion peak at m/z 537 relative to the loss of an ethanol moiety [M—-H-46]-, followed by similar fragmentation pat-
tern to oleuropein (m/z 375, 305, 273).

Compound (37) was identified as ligstroside; a deoxy analogue of oleuropein; with a molecular ion peak at
m/z 523.17 and fragment ion peaks at (m/z 361, 291, 259)"7. Compound (31) eluting at R, 43.96 min showed a
molecular ion peak [M—H]"~ at m/z 569.04 with a marked fragment ion at m/z 407 relative to the loss of hexose
moiety [M—H-162]", and another fragment ion at m/z 537 corresponding to [M—H—-CH,;OH]"; suggesting this
molecule to be oleuropeinic acid®.

Compound (23) was traced only in PIC leaf extract in spring. It showed a molecular ion peak [M—H]~ at m/z
685.04. MS? spectrum indicated a base peak at m/z 539 corresponding to oleuropein, marking the loss of deox-
yhexose moiety [M—H-146] and fragment ion peaks at m/z 377, 307 and 275 which is the typical fragmentation
pattern of oleuropein. Thus, compound (23) was tentatively identified as oleuropein-O-deoxyhexoside. To the
best of our knowledge, this is the first report of oleuropein-O-deoxyhexoside in nature. The chemical structure
and ESI-MS/MS spectrum of oleuropein-O-deoxyhexoside is illustrated in Supp. Fig. S6.

Flavonoids.  Various flavonoids were previously reported in olive leaf extract, either in aglycone or glycosylated
forms. In this work flavonoid identifications were based on studying their UV spectra and the mass spectrum of
each identified compound.

Flavones. The UV/Vis spectra of flavones characterized by a A, for band I around 340 nm, as well it pro-
vides valuable information about the degree of hydroxylation as the increase in the number of hydroxyl groups
increased A,,,,*®. Their MS spectra used to determine molecular formula and identify the structure of the agly-
cone for the eluted flavonoid based on its fragmentation pattern.

Compound (39) showed a molecular ion peak at m/z 285.23 identified as luteolin based on the fragmentation
pattern proposed for flavones. Its MS? spectrum showed fragment ions at m/z 257 relative to loss of carbonyl
group [M-H-28]", m/z 151, 133 and 179 corresponding to *A, *B and **B respectively (Supp. Fig. S7). Com-
pounds (18 and 19) showed the same molecular ion peak at m/z 593.26, with similar fragmentation pattern. They
showed a base peak at m/z 285 corresponding to luteolin aglycone. Fragment ions appeared at m/z 447 [M—H-
146]~ and 285 [M—-H-308]" indicates the loss of deoxyhexose followed by hexose moiety (308 Da). Compound
(18) was tentatively identified as luteolin-O-robinoside eluting before its isomer luteolin-O-rutinoside (19);
that was previously isolated from olive leaf extracts®. A peak at R, 38.62 min was obvious in all the examined
cultivars. It showed a UV absorption maximum at 345 nm for band I characteristic for flavones. The EIC at m/z
447.11 with its strong fragment at m/z 285, due to the loss of a hexose residue, indicates luteolin-O-hexoside
(22). Luteolin-7-O-glucoside was previously detected as a major compound in olive leaf extracts as well as in the
fruits”. In parallel, the MS? spectra of compounds 25, 26, 29 and 30 exhibited a fragment ion peak at m/z 269
corresponding to apigenin moiety. Compound (25) showed a molecular ion peak [M—H]" at m/z 723.3 similar to
apigenin-O-dideoxyhexoside-hexoside. This was confirmed by examining its MS?spectrum, where characteristic
ion peaks were observed at m/z 577 and 559, indicating a subsequent loss of deoxyhexose [M—H-146]" followed
by a water molecule [M—H-146-18]". A base peak at m/z 269 was observed corresponding to apigenin aglycone.
Compound (26) showed a molecular ion peak [M—H]~ at m/z 577.13 relative to apigenin-O-hexosyl deoxyhexo-
side. Its MS? showed fragment ions at m/z 415 and 269 corresponding to the loss of hexose [M—-H-162]" followed
by a rhamnose moiety [M—-H-162-146]". Compound (29) showed a molecular ion peak [M+H]" at m/z 579.21
with fragment ions at m/z 433 relative to [M+H-146]", m/z 417 [M+H-162] * and m/z 271 corresponding to
apigenin aglycone. Compound 29 was identified as apigenin-O-deoxyhexoside-O-hexoside. Compound (30)
was identified as apigenin-O-hexoside based on its molecular ion [M—H]~ at m/z 431.31; and fragment ion at
m/z 269 relative to the loss of hexose moiety.

Among the identified flavones: several diosmetin derivatives were tentatively assigned in olives leaves. Com-
pound (42) showed a molecular ion peak [M—H]" at m/z 299.10 and its fragment at m/z 285. Thus compound
(42) was tentatively identified as diosmetin. While compound (28) showed a molecular ion peak [M-H]~ at m/z
607.22; 308 Da higher than diosmetin corresponding to rutinoside moiety. It was identified as diosmin based
on its fragmentation pattern. Compound (32) showed a molecular ion peak [M+H]* at m/z 462.98 with a base
peak at m/z 301 corresponding to the loss of hexose moiety [M+H-162]*, thus compound (32) was identified
as diosmetin-O-hexoside’.

Flavanols. The UV data of compounds 15, 17, 21, 24 and 38 showed two absorption bands at the range of
240-280 nm and 330-380 nm; suggesting these peaks are flavonol derivatives. They all exhibited characteristic
fragment ion peak at m/z 301 corresponding to quercetin aglycone resulting from the subsequent losses of pen-
tose, hexose and acetyl hexose sugars (— 132, — 162, and — 204 Da, respectively).

Compound (15) displayed a deprotonated molecular ion [M—H]"at m/z 625.15 with fragment ions at m/z 463
and 301 relative to the successive loss of two hexose moieties indicating quercetin di-O-hexoside. Compound
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(17) displayed a molecular ion peak [M—H]" at m/z 609.20. The MS* spectrum displayed a fragment ion peak
at m/z 301, indicating the elimination of a rutinosyl residue (308 Da). Furthermore, product ions at m/z 463
and 447 corresponding to loss of deoxyhexose and hexose moieties indicate the elution of quercetin-O-deox-
yhexoside-O-hexoside®**. The MS spectra of peak (21) showed a molecular ion peak [M-H]~ at m/z 463.06;
the MS? spectrum for this ion displayed fragment ion peaks at m/z 301, 271 and 179.The base peak appeared at
m/z 301 corresponding to the loss of a hexose moiety and the mass of the remaining aglycone part (quercetin).
Also, the appearance of two fragment ion peaks at m/z 271 [M-H-CO-H]~ and m/z 179 corresponds to the
cleavage in ring C, thus confirms the structure of quercetin-O-hexoside. Compound (38) displayed a molecular
ion [M+H]* peak at m/z 303 and fragment ions at m/z 165 and 137 corresponding to *?A and ®?B fragments
arise from c ring cleavage. Furthermore, product ions at m/z 257 and 229 corresponding to [M+H-COOH]*
and [M+H-CO,-CO-H]" are characteristic to quercetin.

Additional phenolics and phenolic acids. Compound (3) showed a UV spectrum with two A, at 220 and
283 nm. It exhibited a molecular ion peak [M-H]" at m/z 153 and a fragment ion peak at 1/2z123 corresponding
to the loss of a CH,OH group. This was consistent with hydroxytyrosol, one of the main components of olive
leaves, as previously described*!. Peak 6showed a A, near 280 nm. Its mass spectrum showed a molecular
ion peak [M—H]" at m/z 197.Its MS%revealed fragment ions at m/z 169 corresponds to the loss of C,H, moiety
[M—H-28]" and m/z 123due to subsequent loss of H,O molecule*’. Thus, compound 6 was identified as ethyl
gallate; an ethyl ester of gallic acid. It was previously identified in Chinese olive®.

Peak (11) showed a UV spectrum with A,,,, 276and 376 nm. It displayed a deprotonated molecular ion
[M-H] at m/z 301. Its MS? spectrum showed three characteristic fragments at m/z 257, 229, 185 due to sub-
sequent losses of CO, (44 Da), followed by the loss of CO (28 Da) and another molecule of CO,, thus, this
compound was tentatively identified as ellagic acid*>. Compound (27) showed a molecular ion peak [M—H]" at
m/z 623.25 with its product ions at m/z 461 due to loss of caffeic acid moiety, weak ion at m/z 315 due to loss of
rhamnose unit and a fragment ion at #/z 161 due to proton transfer of the remaining ketene fragment. This is
coincident with that reported for verbascoside fragmentation pattern®. Thus, compound 27 was identified as
verbascoside;a heterosidic ester of caffeic acid and hydroxytyrosol which was previously detected in appreciable
amount in mature olive leaves**.

Pentacyclic triterpenoids. ~ O. europaea fruit and leaf have been reported as a rich source of triterpenic acids and
pentacyclic triterpenols either free or esterified with fatty acids*>. Among these, oleanolic, ursolic, maslinic acids
are the most prominent triterpene acids in the olive leaves, as well as, uvaol, erythrodiol as triterpene alcohols®.

A common fragmentation pattern for all pentacyclic triterpenes priveously isolated from olive leaves is the
dehydration step [M—H,O]*. Peak 47 showed a molecular ion peak at m/z 457 relative to the molecular formula
of C3,H,305. Its fragmentation pattern showed peaks at m/z 439, 393 and 191 corresponding to the mass spectrum
of oleanolic acid charachterized by the loss of H,O moiety [M+H-18]*, followed by CO, [M+H-44]" and the last
fragment is charachtaristic to pentacyclic triterpenoids corresponding to [M+H-C,sH,;]~ moiety.

Although most interests are directed toward the phenolic composition of olive leaf extract; olive leaves have
been reported as a rich source of bioactive pentacyclic triterpenes®. Triterpenes are characterized by diverse
pharmacological properties including hepatoprotective, anti-inflammatory, antimicrobial, anti-hyperlipidemic,
gastro protective and antidiabetic effects*”. Guinda et al. 2010b determined the triterpenoid content of the fruits
and leaves of three Spanish cultivars. Results showed that the levels of triterpenes in the leaf extract were 30 fold
higher than those found in the fruit®.

Herein, the triterpenoid contents studied for different cultivars were shown to be dependent on the variety,
and in all cases oleanolic acid was the major triterpenic compound. Hydroxy-oxooleanenoic acid (45) and
dihydroxy-oxooleanenoic acid (44), are first identified in olive leaf extracts according to our knowledge. They
were identified in all the studied cultivars. Hydroxy-oxooleanenoic acid and its derivatives were shown to pos-
sess antimicrobial and cytotoxic activities against wide tumor cell lines*. Thus, olive leaf extract might serve as
a source for such valuable anti-tumor agent.

Multivariate data analysis of HPLC-MS data. PCA as unsupervised multivariate data analysis tech-
nique was performed to explain metabolite differences and possible discrimination between the studied cultivars
in an untargeted manner. The aligned peak lists obtained from the processing of HPLC-MS data of the nega-
tive ionization mode for autumn and spring extracts were subjected to PCA analysis. The score plot obtained
for autumn extracts (Fig. 3A) showed two orthogonal PCs, accounting for 47% of the variance among the data.
The score plot showed marked segregation among cultivars in relation to their botanical origin, where the three
Spanish cultivars located positive to PC,, while the Egyptian cultivars are clustered in the negative side. The two
Greek cultivars (KAL and KOR) are grouped together in the upper left quadrant. The PCA was able to differenti-
ate between Egyptian cultivars and others that reveal differences in their composition based on their botanical
origin. By examining the loading plot (Fig. 3B) to explain the underlying reasons for such clustering; flavonoids
and secoiridoids were found to contribute the most in species discrimination. They segregate the cultivars into
two groups one positive to PC, for cultivars rich in secoiridoids including MAN, PIC, AOK and ASH. Another
group clustered negative to PC, includes (ABQ, KOR, KAL, COR, TFH, MRK, HMD and WAT) related to their
high flavonoids. Concerning to the identified metabolites, diosmetin was found to be more enriched in KOR,
KAL, ABQ and TFH. On the other hand, the two Spanish cultivars MAN and PIC were found to be rich in
secologanoside, oleoside and oleuropein-O-hexoside; whereas oleuropein, oleuropein aglycone and luteolin-
O-hexoside were found to be more enriched in the Egyptian cultivars ASH and AOK.
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Figure 3. PCA analysis of different cultivars of olive leaves collected in autumn derived from the negative
ionization mode HPLC/ MS data (m/z 100-1000); showing (A) a PCA score plot of metabolites of olive leaves
and (B) a loading plot of metabolites of olive leaves. AOK Agizi Okasi, ASH Agizi Shami, HMD Hamed, MRK
Maraki, TFH Toffahi, WAT Watiken, MAN Manzanillo, PIC Picual, ABQ Arbequina, KAL Kalamata, KOR
Koroneiki, COR Coratina. Where, Egyptian cultivars in red, Spanish cultivars in green, Greek cultivars in blue
and Italian cultivars in yellow.

PCA analysis for spring extracts was performed. The obtained score and loading plots (Fig. 4A,B), showed
the segregation of cultivars based on their metabolites. Here again flavonoids and secoiridoids were found to
contribute the most in species discrimination. Negative ion-mode MS, in which metabolites are deprotonated
has the potential to increase the coverage of phenolic compounds analysis®. In the present study, most of phe-
nolics are more likely to retain a negative charge and thus large amount of data generated in the negative mode.
Therefore, negative ionization data has been chosen for principal component analysis (PCA). Two groups were
observed; one positive to PC, includes MAN, COR, KAL, KOR, HMD, ASH and MRK. The second group clus-
tered negative to PC, includes AOK, ABQ, PIC, WAT and TFH. In terms of the identified metabolites oleuropein
and oleuropein-O-hexoside were found to be more abundant in the first group, while the second group was found
to be richer in apigenin-O-hexoside and luteolin.

Seasonal variation in olive leaf composition. By examining the TIC for all extracts in both seasons
in the phenolic region, it was obvious that spring is characterized by higher oleuropein content for most of the
studied cultivars. This can be correlated with the absence of elenolic acid; a degradation product of oleuropein;
in all leaf extracts during spring. Certain compounds were identified in all the studied olive cultivars leaf extract.
They were present in all cultivars in both seasons but differ quantitatively. They include secologanoside (5), gal-
locatechin (7), elenolic acid hexoside (9), hydroxy-oleuropein (12), demethyl oleuropein (13), luteolin-O-ruti-
noside (19), oleuropein-O-glucoside (20), luteolin-O-hexoside (22), apigenin-O-hexoside (30), oleuropein (33),
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Figure 4. PCA analysis of different cultivars of olive leaves collected in spring derived from the negative
ionization mode HPLC/MS data (m/z 100-1000); showing (A) a PCA score plot of metabolites of olive leaves
and (B) a loading plot of metabolites of olive leaves. AOK Agizi Okasi, ASH Agizi Shami, HMD Hamed, MRK
Maraki, TFH Toffahi, WAT Watiken, MAN Manzanillo, PIC Picual, ABQ Arbequina, KAL Kalamata, KOR
Koroneiki, COR Coratina. Where, Egyptian cultivars in red, Spanish cultivars in green, Greek cultivars in blue
and Italian cultivars in yellow.

jaspolyoside (40), oleuropein aglycone (41), diosmetin (42), dihydroxy-oxo-oleanenoic acid (44), hydroxy-oxo-
oleanenoic acid (45), oleanolic acid (46), and maslinic acid (49). Oleuropeinic acid (31) was present in specific
cultivars in autumn (MAR, WAT, MAN, PIC, KOR) and was not detected in spring except for PIC. Nuezhenide
(14) was known as the major phenolic compound in olive seeds*™. It was detected previously in the leaves of
the unique Australian olive cultivar Hardy’s Mammoth and certain Spanish cultivars®. Herein, nuezhenide was
detected only in the leaf extracts of ASH and PIC in both seasons in addition to the two Greek cultivars (KOR,
KAL) during spring.

To the best of our knowledge, a new compound namely, oleuropein-O-deoxyhexoside (23), was tentatively
identified for the first time in nature. Oleuropein-O-deoxyhexoside (23); was detected only in the Spanish
cultivar PIC during spring with marked decrease in oleuropein peak. Moreover, ethyl gallate (6) was detected
only in ABQ during spring and its activity in the protection against diabetes has been previously reported®. In
contrast to possible expectations, oleuropein was not the major compound detected in all the studied cultivars.
Luteolin-O-hexoside was shown to be more predominant in some extracts. It was the main compound in HMD,
WAT, ABQ, KOR during autumn; and TFH, PIC during spring.
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Sample code | Sampl Origin
AOK AgiziOkasi Egypt
ASH AgiziShami Egypt
HMD Hamed Egypt
MRK Maraki Egypt
TFH Toffahi Egypt
WAT Watiken Egypt
MAN Manzanillo Spain
PIC Picual Spain
ABQ Arbequina Spain
KAL Kalamata Greece
KOR Koroneiki Greece
COR Coratina Italy

Table 2. Name, code, and origin of studied Olea europaea cultivars.

Conclusion

This work is considered the first comprehensive study for non-targeted metabolic profiling of olive leaves from
different cultivars cultivated in Egypt. The study of different cultivars reveals the effect of both seasonal vari-
ation and genotype on the chemical composition of the leaves. HPLC-MS metabolic profiling of each extract
can predict which family or compounds are available in a specific cultivar during the sampling time. In spring
almost all the studied cultivars are characterized by high oleuropein, and various phenolic compounds, while in
autumn the leaf extracts can serve as a rich source for bioactive pentacyclic triterpenes. Multivariate data analysis
for HPLC-MS data showed that flavonoids and secoiridoids are the main contributors for cultivars segregation
in both seasons. In autumn; secologanoside, oleoside, oleuropein-O-hexoside; oleuropein, oleuropein aglycone,
luteolin-O-hexoside and diosmetin are the metabolites responsible for cultivar segregation. The Spanish culti-
vars were shown to be rich in secoirdoids, moreover, oleuropein was abundant in ASH and AOK, the Egyptian
cultivars. PCA analysis of the ESI” mode of autumn extracts, create a model that can discriminate between
cultivars based on their botanical origin. In the future, the construction of cross-validated for further studies
will be a valuable addition to the tool set of the robust PCR model structure. Finally, our data shed the light on
the importance of olive leaves from Egyptian cultivars as an available low-cost byproduct for their utilization as
a source of biologically active compounds.

Materials and methods

Plant material. Olive leaves of twelve different cultivars were collected in two different seasons: autumn
(November 2015; during the full fruit maturation) and spring (April 2016; during the flowering stage) from
the Horticulture Research Institute (HRI) in Giza, Egypt. Collection of plant material was carried out after per-
mission from Prof. Dr. Mohamed El-Sayed, the chief researcher in Olive and Semi-arid Zone Fruits Research
Department, Horticulture Research Institute. The collection and authentication of plant material occurred under
his supervision. The collection complied with the IUCN Policy Statement on Research Involving Species at Risk
of Extinction and collection requirements were carefully followed in the conduct of this research to comply
with institutional, national, and international guidelines and legislation. Voucher specimens were deposited in
the herbarium of Pharmacognosy Department, Faculty of Pharmacy, Ain Shams University with code numbers
PHG-P-OE (169-180). The cultivars included six Egyptian, three Spanish, two Greek and one Italian cultivar.
For this study, a sample of each cultivar was collected from three different trees, (n=3) was obtained. After air
drying, the leaves were grounded in a rotor mill and the dried powders were stored at 4 °C protected from light
and moisture. The code, name and origin of each cultivar are shown in Table 2.

Chemicals and reagents.  Absolute ethanol of HPLC grade was obtained from fisher scientific, UK; Ace-
tonitrile, methanol and formic acid (LC-MS grade) were obtained were obtained from Sigma-Aldrich, Stein-
heim, Germany, milliQ water was used for HPLC analysis. All other chemicals were purchased from Sigma-
Aldrich (Merck, USA).

Extracts preparation for HPLC-MS analysis. Selection of the most appropriate extraction method was
based on previous work, where the highest yield of phenolic compounds was obtained using aqueous alcoholic
solution®~*. The dried powders obtained for each cultivar were percolated in 70% ethanol for one day then
filtered and the process was repeated two times in three consecutive days. The obtained liquid extract for each
cultivar was concentrated with rotary evaporator (Biichi, Switzerland) and completely dried using a lyophilizer
(Christ, Alpha 1-2 LD Plus) to yield a dry powder for each extract. The obtained powders were re-suspended in
methanol for LC/MS analysis.

HPLC-PDA-ESI-MS/MS analysis. HPLC-MS analysis was performed on a Finnigan LCQ-Duo ion trap
mass spectrometer with an electrospray ionization source (ESI) ThermoQuest; coupled to a Finnigan Surveyor
HPLC system. A gradient of water and acetonitrile with 0.1% formic acid (ESI*) and without in case of (ESI")
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from 2 to 100% acetonitrile in 60 min at 30 °C. The flow rate was 0.5 ml/min. The injection volume was about
20 pl. All samples were measured in the positive and negative mode. The MS was operated with a capillary volt-
age of 10 V, source temperature of 240 °C, and high purity nitrogen as a sheath and auxiliary gas at a flow rate of
80 and 40, respectively. The ions were detected in a mass range of 50-2000 m/z. Collision energy of 35% was used
in MS/MS for fragmentation. Data acquisitions and analyses were executed by Xcalibur™ 2.0.7 software (Thermo
Scientific). Olive leaf extracts were analyzed in both positive and negative ionization modes. Metabolites iden-
tification was based on comparing the retention time, UV/Vis and mass spectra of each eluted compound with
those reported in literature and online databases™~>’.

HPLC-ESI-MS data processing and multivariate data analysis. The whole mass profile for each
cultivar was processed using MZmine2 version 2.39, an open-source software that is used for visualization and
analysis of mass spectrometry based molecular profile data®®. Thermo raw files obtained from Xcalibur are con-
verted to NetCDF and then imported to MZmine software. LC/MS data processing based on chromatogram
building and deconvlusion to individual peaks then aligned using RANSAC aligner. The resultant aligned peak
list was further processed for gap filling step then exported to Microsoft Excel software to construct a data
matrix containing all the aligned peaks m/z with their retention time and peak areas. The excel data matrix was
subjected to PCA using the unscramble software to detect possible discrimination between cultivars and also to
determine the main components responsible for the discrimination. All variables were mean centered and scaled
to Pareto variance.

Data availability

Data are available upon request from the first author, Eman M. Kabbash.

Received: 14 September 2022; Accepted: 26 December 2022
Published online: 12 January 2023

References

1. Artajo, L. S., Romero, M. P,, Morell6, J. R. & Motilva, M. J. Enrichment of refined olive oil with phenolic compounds: Evaluation
of their antioxidant activity and their effect on the bitter index. J. Agric. Food Chem. 54, 6079-6088 (2006).

2. Gimeno, E., Castellote, A., Lamuela-Raventés, R., De la Torre, M. & Lopez-Sabater, M. The effects of harvest and extraction methods
on the antioxidant content (phenolics, a-tocopherol, and B-carotene) in virgin olive oil. Food Chem. 78, 207-211 (2002).

3. Uylaser, V. & Yildiz, G. The historical development and nutritional importance of olive and olive oil constituted an important part
of the Mediterranean diet. Crit. Rev. Food Sci. Nutr. 54, 1092-1101 (2014).

4. Briante, R. et al. Olea europaea L. leaf extract and derivatives: antioxidant properties. J. Agric. Food Chem. 50, 4934-4940 (2002).

5. Tsimidou, M. & T. Papoti, V. Bioactive Ingredients in Olive Leaves. (2010).

6. Ben-Amor, I et al. Phytochemical characterization of Olea europea leaf extracts and assessment of their anti-microbial and anti-
HSV-1 activity. Viruses 13, 1085 (2021).

7. Paskovi¢, 1. et al. Temporal variation of phenolic and mineral composition in olive leaves is cultivar dependent. Plants 9, 1099
(2020).

8. Olmo-Garcia, L. et al. Establishing the phenolic composition of Olea europaea L. leaves from cultivars grown in Morocco as a
crucial step towards their subsequent exploitation. Molecules 23, 2524 (2018).

9. Ahmad-Qasem, M. H. et al. Influence of olive leaf processing on the bioaccessibility of bioactive polyphenols. J. Agric. Food Chem.
62,6190-6198 (2014).

10. Nicoli, F et al. Evaluation of phytochemical and antioxidant properties of 15 Italian Olea europaea L. cultivar leaves. Molecules
24,1998 (2019).

11. Farag, M. A. & Wessjohann, L. A. Metabolome classification of commercial Hypericum perforatum (St. John’s Wort) preparations
via UPLC-qTOF-MS and chemometrics. Planta Med. 78, 488-496 (2012).

12. Le Gall, G., Colquhoun, I. ], Davis, A. L., Collins, G. J. & Verhoeyen, M. E. Metabolite profiling of tomato (Lycopersicon esculen-
tum) using 1H NMR spectroscopy as a tool to detect potential unintended effects following a genetic modification. J. Agric. Food
Chem. 51, 2447-2456 (2003).

13. Tolstikov, V. V. & Fiehn, O. Analysis of highly polar compounds of plant origin: combination of hydrophilic interaction chroma-
tography and electrospray ion trap mass spectrometry. Anal. Biochem. 301, 298-307 (2002).

14. von Roepenack-Lahaye, E. et al. Profiling of Arabidopsis secondary metabolites by capillary liquid chromatography coupled to
electrospray ionization quadrupole time-of-flight mass spectrometry. Plant Physiol. 134, 548-559 (2004).

15. Fiehn, O., Kopka, J., Trethewey, R. N. & Willmitzer, L. Identification of uncommon plant metabolites based on calculation of
elemental compositions using gas chromatography and quadrupole mass spectrometry. Anal. Chem. 72, 3573-3580 (2000).

16. Aharoni, A. et al. Nontargeted metabolome analysis by use of Fourier transform ion cyclotron mass spectrometry. Omics J. Integr.
Biol. 6,217-234 (2002).

17. Fu, S. et al. Qualitative screening of phenolic compounds in olive leaf extracts by hyphenated liquid chromatography and prelimi-
nary evaluation of cytotoxic activity against human breast cancer cells. Anal. Bioanal. Chem. 397, 643-654 (2010).

18. Téth, G. et al. Phenolic profiling of various olive bark-types and leaves: HPLC-ESI/MS study. Ind. Crops Prod. 67, 432-438 (2015).

19. Ammar, S. et al. LC-DAD/ESI-MS/MS characterization of phenolic constituents in Tunisian extra-virgin olive oils: Effect of olive
leaves addition on chemical composition. Food Res. Int. 100, 477-485 (2017).

20. Vinay, C. M., Udayamanoharan, S. K., Prabhu Basrur, N., Paul, B. & Rai, P. S. Current analytical technologies and bioinformatic
resources for plant metabolomics data. Plant Biotechnol. Rep. 15, 561-572 (2021).

21. Orak, H. H., Karama¢, M., Amarowicz, R., Orak, A. & Penkacik, K. Genotype-related differences in the phenolic compound profile
and antioxidant activity of extracts from olive (Olea europaea L.) leaves. Molecules 24, 1130 (2019).

22. Zhang, C. et al. Comparative evaluation of the phytochemical profiles and antioxidant potentials of olive leaves from 32 cultivars
grown in China. Molecules 27, 1292 (2022).

23. Kabbash, E. M., Ayoub, I. M., Gad, H. A., Abdel-Shakour, Z. T. & El-Ahmady, S. H. Quality assessment of leaf extracts of 12 olive
cultivars and impact of seasonal variation based on UV spectroscopy and phytochemcial content using multivariate analyses.
Phytochem. Anal. 1, 1-10. https://doi.org/10.1002/pca.3036 (2021).

24. Pitt, ]. ]. Principles and applications of liquid chromatography-mass spectrometry in clinical biochemistry. Clin. Biochem. Rev. 30,
19-34 (2009).

Scientific Reports |

(2023) 13:612 | https://doi.org/10.1038/s41598-022-27119-5 nature portfolio


https://doi.org/10.1002/pca.3036

www.nature.com/scientificreports/

25.

26.

32.

33.

34,

35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Ramakrishnan, P, Kalakandan, S. & Pakkirisamy, M. Studies on Positive and Negative ionization mode of ESI-LC-MS/ MS for
screening of Phytochemicals on Cassia auriculata (Aavaram Poo). Pharmacogn. J. 10, 457-462. https://doi.org/10.5530/p;j.2018.3.
75 (2018).

Gajbhiye, N. A., Makasana, J., Dhanani, T. & Saravanan, R. Development and validation of LC-ESI-MS/MS method for simul-
taneous determination of four coumarin derivatives and an alkaloid from root and stem bark of Aegle marmelos Correa. Acta
Chromatogr. 28, 473-488 (2016).

. Ren, Z. et al. Simultaneous determination of coumarin and its derivatives in tobacco products by liquid chromatography-tandem

mass spectrometry. Molecules (Basel, Switzerland) 21, 1511 (2016).

. Omar, S. H. Oleuropein in olive and its pharmacological effects. Sci. Pharm. 78, 133-154 (2010).
. Tringali, C. Bioactive compounds from natural sources: isolation, Characterization and biological properties. (CRC Press, 2000).
. Wolfender, J.-L., Hamburger, M., Hostettmann, K., Msonthi, J. D. & Mavi, S. Search for bitter principles in Chironia species by

LC-MS and isolation of a new secoiridoid diglycoside from Chironia krebsii. J. Nat. Prod. 56, 682-689 (1993).

. Song, J., Zhao, L., Rui, W,, Guo, J. & Feng, Y. Identification and fragmentation pattern analysis of iridoid glycosides from Fructus

Ligustri Lucidi by UPLC/ESI-QTOF-MS. J. Lig. Chromatogr. Relat. Technol. 37, 1763-1770 (2014).

Kontogianni, V. G. et al. Olive leaf extracts are a natural source of advanced glycation end product inhibitors. J. Med. Food 16,
817-822 (2013).

Savarese, M., De Marco, E. & Sacchi, R. Characterization of phenolic extracts from olives (Olea europaea cv. Pisciottana) by
electrospray ionization mass spectrometry. Food Chem. 105, 761-770. https://doi.org/10.1016/j.foodchem.2007.01.037 (2007).
Yuan, J.-J., Wang, C.-Z., Ye, J.-Z., Tao, R. & Zhang, Y.-S. Enzymatic hydrolysis of oleuropein from Olea europea (olive) leaf extract
and antioxidant activities. Molecules 20, 2903-2921 (2015).

Lee-Huang, S., Huang, P. L., Zhang, D., Zhang, J. & Huang, P. in Open Conf Proc J (in press) Google Scholar.

Li, H. et al. Application of UHPLC-ESI-Q-TOF-MS to identify multiple constituents in processed products of the herbal medicine
Ligustri Lucidi Fructus. Molecules 22, 689 (2017).

Rubio-Senent, F,, Lama-Muioz, A., Rodriguez-Gutiérrez, G. & Fernandez-Bolafios, J. Isolation and identification of phenolic
glucosides from thermally treated olive oil byproducts. J. Agric. Food Chem. 61, 1235-1248. https://doi.org/10.1021/jf303772p
(2013).

Obied, H. K., Bedgood, D. R. Jr., Prenzler, P. D. & Robards, K. Chemical screening of olive biophenol extracts by hyphenated liquid
chromatography. Anal. Chim. Acta 603, 176-189 (2007).

Ryan, D. et al. Identification of phenolic compounds in tissues of the novel olive cultivar hardy’s mammoth. J. Agric. Food Chem.
50, 6716-6724 (2002).

Bouaziz, M., Grayer, R. J., Simmonds, M. S., Damak, M. & Sayadi, S. Identification and antioxidant potential of flavonoids and
low molecular weight phenols in olive cultivar chemlali growing in Tunisia. J. Agric. Food Chem. 53, 236-241. https://doi.org/10.
1021/jf048859d (2005).

Benavente-Garcia, O., Castillo, J., Lorente, J., Ortuno, A. & Del Rio, J. Antioxidant activity of phenolics extracted from Olea euro-
paea L. leaves. Food Chem. 68, 457-462 (2000).

Wyrepkowski, C. C. et al. Characterization and quantification of the compounds of the ethanolic extract from Caesalpinia ferrea
stem bark and evaluation of their mutagenic activity. Molecules (Basel, Switzerland) 19, 16039-16057 (2014).

Kuo, C.-T., Liu, T.-H., Hsu, T.-H., Lin, E-Y. & Chen, H.-Y. Protection of Chinese olive fruit extract and its fractions against advanced
glycation endproduct-induced oxidative stress and pro-inflammatory factors in cultured vascular endothelial and human mono-
cytic cells. J. Funct. Foods 27, 526-536 (2016).

Laguerre, M. et al. Characterization of olive-leaf phenolics by ESI-MS and evaluation of their antioxidant capacities by the CAT
assay. J. Am. Oil. Chem. Soc. 86, 1215-1225 (2009).

Guinda, A. N, Rada, M., Delgado, T., Gutiérrez-Adanez, P. & Castellano, J. M. A. Pentacyclic triterpenoids from olive fruit and
leaf. J. Agric. Food Chem. 58, 9685-9691 (2010).

Sanchez-Quesada, C. et al. Bioactive properties of the main triterpenes found in olives, virgin olive oil, and leaves of Olea europaea.
J. Agric. Food Chem. 61, 12173-12182. https://doi.org/10.1021/jf403154e (2013).

Sanchez-Avila, N., Priego-Capote, E, Ruiz-Jiménez, J. & de Castro, M. L. Fast and selective determination of triterpenic compounds
in olive leaves by liquid chromatography-tandem mass spectrometry with multiple reaction monitoring after microwave-assisted
extraction. Talanta 78, 40-48 (2009).

Emirdag-Oztiirk, S. et al. Synthesis, antimicrobial and cytotoxic activities, and structure-activity relationships of gypsogenin
derivatives against human cancer cells. Eur. J. Med. Chem. 82, 565-573 (2014).

Grati, W. et al. HESI-MS/MS analysis of phenolic compounds from Calendula aegyptiaca fruits extracts and evaluation of their
antioxidant activities. Molecules 27, 2314 (2022).

Servili, M., Baldioli, M., Selvaggini, R., Macchioni, A. & Montedoro, G. Phenolic compounds of olive fruit: One- and two-dimen-
sional nuclear magnetic resonance characterization of Niizhenide and its distribution in the constitutive parts of fruit. J. Agric.
Food Chem. 47, 12-18. https://doi.org/10.1021/jf9806210 (1999).

Brahmi, F, Mechri, B., Dabbou, S., Dhibi, M. & Hammami, M. The efficacy of phenolics compounds with different polarities as
antioxidants from olive leaves depending on seasonal variations. Ind. Crops Prod. 38, 146-152 (2012).

Xie, P.-J., Huang, L.-X., Zhang, C.-H. & Zhang, Y.-L. Phenolic compositions, and antioxidant performance of olive leaf and fruit
(Olea europaea L.) extracts and their structure-activity relationships. J. Funct. Foods 16, 460-471 (2015).

Lafka, T.-I., Lazou, A. E., Sinanoglou, V. J. & Lazos, E. S. Phenolic extracts from wild olive leaves and their potential as edible oils
antioxidants. Foods 2, 18-31 (2013).

Ayoub, I. M. et al. Insights into the neuroprotective effects of Salvia officinalis L. and Salvia microphylla Kunth in the memory
impairment rat model. Food Funct. https://doi.org/10.1039/D1FO02988F (2022).

Ayoub, I. M. et al. Anti-allergic, anti-inflammatory, and anti-hyperglycemic activity of chasmanthe aethiopica leaf extract and its
profiling using LC/MS and GLC/MS. Plants 10, 1118 (2021).

Elshamy, A. I. et al. UPLC-qTOF-MS phytochemical profile and antiulcer potential of Cyperus conglomeratus Rottb. alcoholic
extract. Molecules 25, 4234 (2020).

Elkady, W., Ayoub, ., Abdel-Mottaleb, Y., ElShafie, M. F. & Wink, M. Euryops pectinatus L. flower extract inhibits P-glycoprotein
and reverses multi-drug resistance in cancer cells: A mechanistic study. Molecules 25, 647. https://doi.org/10.3390/molecules2
5030647 (2020).

Pluskal, T., Castillo, S., Villar-Briones, A. & Oresic, M. MZmine 2: Modular framework for processing, visualizing, and analyzing
mass spectrometry-based molecular profile data. BMC Bioinf. 11, 395. https://doi.org/10.1186/1471-2105-11-395 (2010).

Fang, N., Yu, S. & Prior, R. L. LC/MS/MS characterization of phenolic constituents in dried plums. . Agric. Food Chem. 50,
3579-3585 (2002).

Quirantes-Piné, R. et al. HPLC-ESI-QTOF-MS as a powerful analytical tool for characterising phenolic compounds in olive-leaf
extracts. Phytochem. Anal. 24, 213-223 (2013).

Michel, T. et al. UHPLC-DAD-FLD and UHPLC-HRMS/MS based metabolic profiling and characterization of different Olea
europaea organs of Koroneiki and Chetoui varieties. Phytochem. Lett. 11, 424-439 (2015).

Zahran, H. & Soliman, H. UPLC-Q-TOF/MS screening of bio-active compounds extracted from olive mill solid wastes and their
effect on oxidative stability of purslane seed oil.

Scientific Reports |

(2023) 13:612 |

https://doi.org/10.1038/s41598-022-27119-5 nature portfolio


https://doi.org/10.5530/pj.2018.3.75
https://doi.org/10.5530/pj.2018.3.75
https://doi.org/10.1016/j.foodchem.2007.01.037
https://doi.org/10.1021/jf303772p
https://doi.org/10.1021/jf048859d
https://doi.org/10.1021/jf048859d
https://doi.org/10.1021/jf403154e
https://doi.org/10.1021/jf9806210
https://doi.org/10.1039/D1FO02988F
https://doi.org/10.3390/molecules25030647
https://doi.org/10.3390/molecules25030647
https://doi.org/10.1186/1471-2105-11-395

www.nature.com/scientificreports/

63. Quirantes-Piné, R. et al. A metabolite-profiling approach to assess the uptake and metabolism of phenolic compounds from olive
leaves in SKBR3 cells by HPLC-ESI-QTOF-MS. J. Pharm. Biomed. Anal. 72, 121-126 (2013).

64. Mostad, H. B. & Doehl, J. Separation and characterization of oleanene-type pentacyclic triterpenes from Gypsophila arrostii by
liquid chromatography—mass spectrometry. . Chromatogr. A 396, 157-168 (1987).

65. Ayatollahi, A. M. et al. Pentacyclic triterpenes in Euphorbia microsciadia with their T-cell proliferation activity. Iran. J. Pharm.
Res. IJPR 10, 287 (2011).

Author contributions

E.M.K. performed the experiments, data analysis and wrote the manuscript. S.H.E.-A., LM.A. and Z.T.A.-S. con-
tributed to the study design, supervised the work, and reviewed the manuscript. M.W. reviewed the manuscript.
All authors have approved the final manuscript.

Fundin

Open accgss funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB). The authors acknowledge the Science, Technology & Innovation
Funding Authority (STDF) in cooperation with Egyptian Knowledge Bank (EKB) in Egypt for covering open
access publishing fees. Iriny M. Ayoub acknowledges Science and Technology Development Fund in Egypt (STDE,
project ID 25448) for funding the postdoctoral fellowship in Heidelberg, Germany.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-27119-5.

Correspondence and requests for materials should be addressed to S.H.E.-A., M.W. or LM.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:612 | https://doi.org/10.1038/s41598-022-27119-5 nature portfolio


https://doi.org/10.1038/s41598-022-27119-5
https://doi.org/10.1038/s41598-022-27119-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Comparative metabolic profiling of olive leaf extracts from twelve different cultivars collected in both fruiting and flowering seasons
	Results and discussion
	HPLC–PDA-ESI–MSMS analysis. 
	Secoiridoids. 
	Oleoside derivatives. 
	Elenolic acid derivatives. 
	Oleuropein derivatives. 

	Flavonoids. 
	Flavones. 
	Flavanols. 

	Additional phenolics and phenolic acids. 
	Pentacyclic triterpenoids. 

	Multivariate data analysis of HPLC–MS data. 
	Seasonal variation in olive leaf composition. 

	Conclusion
	Materials and methods
	Plant material. 
	Chemicals and reagents. 
	Extracts preparation for HPLC–MS analysis. 
	HPLC–PDA-ESI–MSMS analysis. 
	HPLC–ESI–MS data processing and multivariate data analysis. 

	References


