molecules

Article

New Biological and Chemical Evidences of Two Lamiaceae
Species (Thymbra capitata and Thymus sipyleus subsp.
rosulans): In Vitro, In Silico and Ex Vivo Approaches

Eulogio J. Llorent-Martinez

1

, Antonio Ruiz-Medina !, Gokhan Zengin %*{), Gunes Ak ?, Sharmeen Jugreet 3,

Mohamad Fawzi Mahomoodally 3450, Gizem Emre ", Giustino Orlando 7*, Maria Loreta Libero 7, Nilofar 7,

Alessandra Acquaviva ’

check for
updates

Citation: Llorent-Martinez, E.J.;
Ruiz-Medina, A.; Zengin, G.; Ak, G.;
Jugreet, S.; Mahomoodally, M.E,;
Emre, G.; Orlando, G.; Libero, M.L.;
Nilofar; et al. New Biological and
Chemical Evidences of Two
Lamiaceae Species (Thymbra capitata
and Thymus sipyleus subsp. rosulans):
In Vitro, In Silico and Ex Vivo
Approaches. Molecules 2022, 27, 9029.
https://doi.org/10.3390/
molecules27249029

Academic Editor: Daniel Granato

Received: 1 December 2022
Accepted: 15 December 2022
Published: 18 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Simonetta Cristina Di Simone ” (", Luigi Menghini ”(”, Claudio Ferrante 7, Luigi Brunetti 7,
Lucia Recinella 7, Sheila Leone 7(), Mohamad Ali Shariati 8°©, Abdullahi Ibrahim Uba 1°

and Annalisa Chiavaroli ?

Department of Physical and Analytical Chemistry, Faculty of Experimental Sciences, University of Jaén,
Campus Las Lagunillas S/N, E-23071 Jaén, Spain

Department of Biology, Science Faculty, Selcuk University, Konya 42300, Turkey

Department of Health Sciences, Faculty of Medicine and Health Sciences, University of Mauritius,
Réduit 80837, Mauritius

Center for Transdisciplinary Research, Department of Pharmacology, Saveetha Institute of Medical and
Technical Science, Saveetha Dental College, Chennai 600077, India

Centre of Excellence for Pharmaceutical Sciences (Pharmacen), North-West, Private Bag X6001,
Potchefstroom 2520, South Africa

Department of Pharmaceutical Botany, Faculty of Pharmacy, Marmara University, Istanbul 34854, Turkey
Botanic Garden “Giardino dei Semplici”, Department of Pharmacy, “Gabriele d’Annunzio” University,
Via dei Vestini 31, 66100 Chieti, Italy

Department of Scientific Research, K.G. Razumovsky Moscow State University of Technologies

and Management (The First Cossack University), 73 Zemlyanoy Val, Moscow 109004, Russia
Department of Scientific Research, Russian State Agrarian University—Moscow Timiryazev Agricultural
Academy, 49 Timiryazevskaya Str., Moscow 127550, Russia

Department of Molecular Biology and Genetics, Faculty of Engineering and Natural Sciences,

Kadir Has University, Istanbul 34083, Turkey

Correspondence: gokhanzengin@selcuk.edu.tr (G.Z.); giustino.orlando@unich.it (G.O.)

10

Abstract: In this study, the methanolic and infusion extracts of two species, Thymbra capitata and
Thymus sipyleus subsp. rosulans, were tested for their chemical composition and biological abilities
(antioxidant, enzyme inhibitory and anti-inflammatory effects). The extracts yielded total phenolic
and flavonoid contents in the range of 83.43-127.52 mg GAE/g and 9.41-46.34 mg RE/g, respec-
tively. HPLC analysis revealed rosmarinic acid to be a major component of the studied extracts
(15.85-26.43%). The best ABTS radical scavenging ability was observed in the methanol extract of
T. capitata with 379.11 mg TE/g, followed by in the methanol extract of T. sipylus (360.93 mg TE/g). In
the CUPRAC assay, the highest reducing ability was also found in the methanol extract of T. capitata
with 802.22 mg TE/g. The phosphomolybdenum ability ranged from 2.39 to 3.61 mmol TE/g. In
terms of tyrosinase inhibitory effects, the tested methanol extracts (83.18-89.66 mg KAE/g) were
higher than the tested water extracts (18.74-19.11 mg KAE/g). Regarding the BChE inhibitory effects,
the methanol extracts were active on the enzyme while the water extracts showed no inhibitory effect
on it. Overall, the methanolic extracts showed better enzyme inhibition compared to the infusion
extracts. Molecular docking also showed the selected exhibited potential binding affinities with all
enzymes, with a preference for cholinesterases. Additionally, the extracts were effective in attenuat-
ing the LPS-induced increase in COX-2 and IL-6 gene expression in isolated colon, thus indicating
promising anti-inflammatory effects. The preliminary results of this study suggest that these species
are good natural sources of antioxidants and also provide some scope as enzyme inhibitors, most
likely due to their bioactive contents such as phenolic acids, and thus can be exploited for different
applications related to health promotion and disease prevention.
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1. Introduction

Species of the Lamiaceae family possess exceptional beneficial attributes and have
diverse applications as functional foods, including pharmaceutical and cosmetic ingredients.
It is well known that each species has distinct and complex combinations of bioactive
constituents, with each component contributing to its overall bioactivity. Their value is
due to their capacity to produce a range of secondary metabolites with strong antioxidant,
anti-inflammatory, antimicrobial, antiviral, and anticancer activities, among others. Since
ancient times, a variety of species of the Lamiaceae family have enjoyed a rich tradition
of use as food preservatives, flavors and for curative purposes, because of both their
therapeutic and preventive properties [1-3]. In this context, new studies on the members of
the Lamiaceae family could provide innovative applications.

One famous plant species from this family is thyme, which has been appraised for its
economic value [4]. The essential oils from various aromatic species of the thyme genus
have been studied for their phytochemical composition and possible pharmacological
applications [1-6].

Interestingly, Thymbra and Thymus species are common in the west Mediterranean
area, which is believed to be the center of origin of the genus Thymus, and further extend
westwards into the Iberian Peninsula and northwest Africa, to the Macaronesian area in the
Atlantic Ocean [4]. Indeed, several works have been documented on the representatives of
these genera, which include chemotaxonomy, antimicrobial and antioxidant activities of
their volatile-containing extracts as well as essential oils [1,4]. In the literature, different
yields for essential oils such as 1.78% for Thymus atlanticus [5], 0.06-2.8% for Thymus
algeriensis [6] and 2.4—4.8% for Thymbra capitata [7] were obtained. Regarding extracts, the
extraction yields varied depending on the solvent used. For example, in a recent study
by Yassin et al. [8], the yields ranged from 0.45% (in n-hexane) to methanol (11.54%) for
Thymus vulgaris. The extraction yields for hydroethanolic extracts of Thymus citriodorus and
Thymus vulgaris were 14.05% and 24.34%, respectively [9].

In various parts of the world, these species have also been widely employed in
traditional medicine since historical times. For instance, they have been used to treat
digestive and respiratory system ailments. In ancient Egypt, they were used to make
fragrant balms for embalming and other therapeutic purposes, while in Greece, thyme was
utilized against asthma and to decongest the throat [10]. Thyme is also collectively used
with other herbs to cure a range of illnesses, from sore throat and bronchitis to gastritis
and skin illnesses. Thyme tea, drunk regularly, is even known to relieve arthritis [11]. The
decoction and infusion of thyme’s aerial parts is used as a tonic, digestive, carminative,
antispasmodic, and expectorant and for treating colds [12]. Regarding its pharmacological
properties, scientific investigations have revealed that they possess an array of health
benefits, including antimicrobial, antioxidant, anti-inflammatory, antiviral, antinociceptive
and anti-cancer activities [10,13,14].

Similarly, T. capitate, which also extends over a wide range in the Mediterranean
region, has been used to treat all types of diseases. It is used as a herbal tea, condiment
and food additive and the plant oil is incorporated into soups, salads and pastries. In
folk medicine, it is known to be used for colic, ulcers and hypertension [15]. It also has
the characteristic of eliminating warts, being diuretic and actuating menstrual discharge.
Besides, its leaves have antiseptic and purgative abilities. Thymbra capitata (L) is largely
recognized for its antibacterial, antimycotic, antioxidant and spasmolytic potentials. It is
broadly used in the pharmaceutical, cosmetics and food industries owing to its phenol and
terpene contents [15-17].
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Hence, considering the medicinal benefits of thyme, the main purpose of this study
was to further investigate the chemical compositions and biological activities (antioxidant,
enzyme inhibitory and anti-inflammatory) of two extracts (methanol and water) from two
species, namely T. capitata and T. sipyleus subspecies rosulans.

2. Results and Discussion
2.1. Total Phenolic and Flavonoid Content

Phenolic compounds as well as flavonoids are well-known bioactive agents that have
been extensively reviewed and have attracted considerable attention owing to their versatile
benefits to human health and in curing and averting numerous illnesses [18].

Flavonoids and phenolic compounds are plant secondary metabolites that possess an
aromatic ring having at least one hydroxyl group. They have been reported to be effec-
tive antioxidants, antibacterial, anticancer, cardioprotective, anti-inflammation, immune
system promoting agents, skin protectors, and are therefore outstanding candidates for
pharmaceutical and medical purposes [19,20]. Given their importance to plants and human
health, it is considered useful to have an improved understanding of flavonoid contents
and biological properties, which could be indicative of their potentials as healing agents,
and also for predicting and establishing the quality of medicinal herbs [21]. Hence, the
preliminary investigation of the presence of phenolics and flavonoids for the tested plants
was determined by spectrophotometric assays.

Indeed, along with the extraction techniques used to recover antioxidant compounds
from plants, the type of the solvent used is also important in determining the extraction
yield of bioactive contents. In this regard, polar solvents are frequently used for recovering
polyphenols from plant matrices [22]. Thus, in this study, the polar solvents water and
methanol were used in extraction methods, notably infusion and maceration, respectively.

In this study, total phenolics and flavonoids contents were shown by all extracts
(TPC: 83.43-127.52 mg GAE/g; TFC: 9.41-46.34 mg RE/g). However, the extracts of T.
capitata were shown to be higher in TPC than T. sipyleus extracts. On the other hand, the T.
capitata infusion extract yielded the least TFC compared to the other extracts. As previously
reported, a variety of antioxidant compounds with different chemical characteristics and
polarities may or may not be soluble in a particular solvent [22], therefore suggesting
the lower TFC yield in T. capitata infusion extract compared to the other extracts. In
addition, all the extracts were found to possess potent radical scavenging capacity, as
revealed by the DPPH and ABTS assays (240.73-269.71 mg TE/g and 305.60-379.11 mg
TE/g, respectively) (Table 1).

Table 1. Total bioactive compounds and radical scavenging ability of the tested extracts.

Total Phenolic Total Flavonoid

Extracts Content (mg GAE/g) Content (mg RE/g) DPPH (mg TE/g) ABTS (mg TE/g)
T. capitata-Methanol 12752 + 4322 44.08 + 0.54 P 269.71 + 0.63 2 379.11 + 6.07 2
T. capitata-Infusion 9457 4+ 0.83 P 941+ 1584 259.63 + 0.62 P 305.60 + 7.56 4
T. sipylus-Methanol 83.43 +0.574 4634 +£ 0272 240.73 +3.49 ¢ 36093 +£1.61°P
T. sipylus-Infusion 88.88 & 0.65 € 3411+250¢ 256.66 + 5.12 b 345.10 £ 4.33 ¢

Values are reported as mean + S.D of three parallel measurements. GAE: gallic acid equivalent; RE: rutin
equivalent; TE: trolox equivalent. Different letters indicate significant differences in the tested extracts (p < 0.05).

2.2. Chemical Characterization
2.2.1. Phenolic Acids

Phenolic acids, a subclass of plant phenolics, possess a phenolic moiety and a resonance-
stabilized structure, which makes the H-atom donation responsible for their antioxidant
properties through the radical scavenging mechanism. Other modes, such as radical
quenching by electron donation and singlet oxygen quenching, are also recognized for
the antioxidant activity of phenolic acids. Additionally, phenolic acids are ubiquitous and
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known for their protective health effects, such as anticancer, anti-inflammatory, antimi-
crobial and anti-mutagenic properties [23]. Furthermore, many of the Lamiaceae species,
including thymus species, are reported to be rich in bioactive compounds, particularly
phenolic acids [24], making their characterization important in the present study. Following
is a description of the identification of phenolic acids in the analyzed extracts (Table 2).
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Table 2. Characterization of the compounds found in the analyzed extracts of Thymus sipylus and

Thymbra capitata.
T. sipylus T. capitata
tr [M-H]~ o . ees g
S. No. . m/z (% Base Peak) Assigned Identification MeOH Inf MeOH Inf
(min) mlz
MS2 [377]: 341 (100)
1 1.8 377 MS3 [377—341]: 179 (66), 161 (100), Disaccharide (HCI adduct) v v
143 (23)
MS? [533]: 191 (100)
2 1.8 533 MS3 [533—191]: 191 (100), 173 (28), Quinic acid derivative v v
127 (14), 109 (12)
MS? [191]: 173 (34), 127 (8), o
3 2.1 191 111 (100) Isocitric acid v v v v
4 2.6 191 MS? [191]: 173 (31), 111 (100) Citric acid * v v v v
MS? [315]: 153 (100), 135 (11) Dihydroxybenzoic
> 37 315 MS? [315—153]: 123 (13), 109 (100) acid-O-hexoside v v v v
MS? [395]: 197 (100), 179 (13),
135 (7)
6 3.9 395 MS3 [395—197]: 179 (100), 153 (9), Danshensu (dimer) v v v v
135 (7)
MS4 [395—197—179]: 135 (100)
MS? [353]: 191 (18), 179 (43), 173 L
7 44 353 (100), 135 (10) Caffeolylquinic acid v
MS? [353]: 191 (18), 179 (37), 173 i
8 9.0 353 (100), 135 (8) 4-O-caffeoylquinic acid v v
MS? [367]: 193 (100), 173 (27), 149
9 9.3 367 (5),134 (12) 3-Feruloylquinic acid v v v
MS?3 [367—193]: 149 (55), 134 (100)
MS?2 [305]: 225 (100)
10 97 305 \1S3 [305—225]: 147 (95), 135 (100) Unknown o v
MS? [387]: 207 (100), 163 (33), 119
11 10.6 387 (8), 113 (15) Medioresinol v v v v
MS3 [387—207]: 163 (100), 145 (3)
MS? [489]: 295 (33), 235 (61), 193
(100), 175 (20) T
12 11.3 489 MS? [489—193] 178 (63), 149 (100), Ferulic acid derivative v v
134 (57)
13 11.3 179 MS?2 [179]: 135 (100) Caffeic acid * v v v v
MS? [609]: 447 (100) . . .
14 124 609 MS? [609—447]: 285 (100) Flavonoid-O-dihexoside v v
MS? [593]: 503 (28), 473 (100), 383 o
15 12.9 593 (16), 353 (41) (apigenin- 6V éfzri‘_lgzluwsi o Y
MS3 [593—473]: 383 (17), 353 (100)  F'® ' &
MS? [367]: 173 (100), 193 (6) S
16 13.8 367 MS® [367—173]: 111 (100) 4-Feruloylquinic acid v v
MS? [473]: 295 (20), 235 (13), 193
17 14.1 473 (100), 175 (61) Ferulic acid derivative v v

MS3 [473—193]: 149 (13), 134 (100)
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Table 2. Cont.

T. sipylus T. capitata
tr [M-H]~ o . e e
S. No. . m/z (% Base Peak) Assigned Identification MeOH Inf MeOH Inf
(min) mlz
MS? [449]: 287 (100)
18 14.8 449 MS3 [449—287]: 151 (100), 135 (11), Eriodictyol-O-hexoside v
125 (3), 107 (5)
19 15.0 367 MS? [367]: 191 (100), 173 (13) 5-Feruloylquinic acid v
Apigenin-6-C-
MS? [563]: 545 (45), 503 (75), 473 .
20 15.1 563 ! g pentoside-8-C- v v
(100), 443 (25), 383 (45), 353 (54) hexoside
MS? [593]: 503 (20), 473 (40), 431 o . Lo
21 15.3 593 (100), 353 (36), 311 (40) V“exmjfﬁgzﬁf d(j)p teenin VN N
MS? [593—431]: 341 (9), 311 (100)
2 16.0 739 MS? [739]: 431 (100), 311 (28) Vitexin-rutinoside v
’ MS? [739—431]: 341 (19), 311 (100)  (apigenin-hexoside-rutinoside)
23 17.7 477 MS? [477]: 301 (100) Unknown v v v v
MS? [563]: 545 (15), 503 (8), 473 (47), Apigenin-6-C-
24 17:9 563 443 (100), 383 (22), 353 (30) hexoside-8-C-pentoside v v v
MS? [595]: 287 (100)
25 18.0 595 MS3 [595—287]: 151 (100), 135 (25), Eriodictyol-O-rutinoside v v v v
125 (8), 107 (12)
MS? [377]: 331 (100), 179 (16)
MS3 [377—331]: 179 (100), 161 (18), . N
26 18.2 377 143 (33), 131 (22), 119 (9), 113 (21), Hexoside derivative v v v v
101 (12)
MS? [447]: 285 (100)
27 18.6 447 MS?3 [447—5285]: 243 (45), 241 (27), Luteolin-O-hexoside v v
217 (100), 151 (19)
28 19.2 431 MS? [431]: 341 (6), 311 (100), 283 (6)  Vitexin (8-C-glucosyl apigenin) v v
MS? [303]: 285 (100), 177 (12), -
29 19.8 303 125 (12) Taxifolin v v v
30 20.4 593 MS? [593]: 285 (100) Flavonoid-rutinoside v v v
MS? [463]: 301 (100)
31 21.2 463 MS3 [463—301]: 255 (16), 229 (12), Quercetin-O-hexoside v v
179 (64), 151 (100)
MS? [461]: 285 (100)
32 21.7 461 MS? [461—285]: 285 (100), 243 (6), Luteolin-O-glucuronide v v v v
241 (14)
MS2 [521]: 359 (100)
33 22.1 521 MS?3 [521—359]: 223 (4), 197 (100), Rosmarinic acid-O-hexoside v v v
179 (22), 161 (20), 135 (32)
MS?2 [579]: 271 (100) . . .
34 222 579 MS? [579—271]: 151 (100), 125 (12) Naringenin-O-hexoside v v
MS? [431]: 269 (100)
35 225 431 MS? [431—269]: 225 (100), 183 (88), Apigenin-O-hexoside v v
151 (57)
MS? [579]: 417 (100)
36 22.7 579 MS3 [579—417]: 402 (17), 387 (4), Syringaresinol-O-hexoside v v

181 (100), 166 (34), 151 (12)
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Table 2. Cont.
T. sipylus T. capitata
S. No. ’f1.2 [M-H]~ m/z (% Base Peak) Assigned Identification MeOH Inf MeOH Inf
(min) mlz
MS? [623]: 447 (100)
MS3 [623—447]: 315 (92), 271 (33), . .. .
37 23.0 623 163 (44), 151 (100) Naringenin-di-O-glucuronide v v
MS4 [623—447—271]: 151 (100)
MS2 [461]: 299 (100) Methylated
38 235 461 MS3 [461—299]: 284 (100) flavonoid-O-hexoside v v
39 24.0 577 MS? [577]: 269 (100) Unknown v v
MS? [609]: 301 (100) Hesperidin (hesperetin
40 243 609 MS? [609—301]: 286 (100), 242 (21) 7-O-rutinoside) * v v v v
41 25.6 607 MS? [607]: 299 (100), 284 (42) ﬂavonl\(i‘:;_hg_lfﬁiosi e v v
MS? [359]: 223 (13), 197 (27), 179 L
42 26.1 359 (41, 161 (100), 133 (15) Rosmarinic acid v v v v
MS? [555]: 493 (100), 359 (54)
MS?3 [555—493]: 359 (100) o
43 26.7 555 MS4 [555—>493—359]: 197 (21), 179 Salvianolic acid K v v
(14), 161 (100)
MS? [717]: 555 (18), 519 (100),
357 (62) . . .
44 29.2 717 MS? [ ]: Salvianolic acid B/E isomer v v v
MS4 [——]:
MS? [537]: 493 (100), 359 (24) o .
45 29.6 537 MS? [537-493]: 359 (100), 179 (12), > vianolic zccfl IAglthosPermlc v
161 (10)
MS? [717]: 519 (100) N .
46 30.7 717 MS® [717—519]: 339 (24), 321 (100) Salvianolic acid B/E isomer v v
MS? [505]: 193 (100) L L
47 31.1 505 MS® [505—+193]: 149 (18), 134 (100) Ferulic acid derivative v v
48 32.4 287 MS? [287]: 151 (100) Eriodictyol v v v v
MS? [637]: 591 (100) Methylated
49 335 637 MS?® [637—591]: 283 (100), 268 (12) flavonoid-O-rutinoside v v
50 355 301 MS? [301]: 179 (100), 151 (84) Quercetin * v
MS? [285]: 285 (100), 243 (7), 241 .
51 36.1 285 (46), 151 (11) Luteolin v v
MS? [717]: 519 (100) L .
52 36.3 717 MS? [717—519]: 339 (100) Salvianolic acid B/E isomer v v v
MS? [493]: 359 (100), 313 (10),
161 (23) o
53 36.9 493 MS® [493359]: 223 (12), 197 (23), Salvianolic acid A v v v
179 (26), 161 (100)
MS? [329]: 314 (100) . .
54 38.1 329 MS? [329—314]: 299 (100) Dimethylated flavonoid v v
MS? [551]: 519 (79), 359 (100)
55 38.2 551 MS?® [551—359]: 223 (27), 197 (35), Monomethyl lithospermate v

179 (13), 161 (100)
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Table 2. Cont.

T. sipylus T. capitata

tr

[M-H]~

S. No. . m/z (% Base Peak) Assigned Identification MeOH Inf MeOH Inf
(min) mlz

MS? [327]: 309 (27), 291 (43), 229 Oxo-dihydroxy-octadecenoic
56 39.1 327 (100), 211 (66) acid v v v v
57 39.2 271 MS? [271]: 151 (100) Naringenin v v

MS2 [269]: 269 (100), 225 (36), 197 N
58 40.0 269 (28), 151 (79): Apigenin v v

2 .

59 40.6 329 MS™[329]: 311 (20), 229 (100), 211 Trihydroxy-octadecenoic acid v v v v

(69), 209 (10), 171 (27)

* Compared with standard compound.

Compound 5 suffered the neutral loss of 162 Da (hexoside) to yield the MS? base peak
at m/z 153. The fragmentation of the ion at m/z 153 was consistent with dihydroxybenzoic
acid (an analytical standard of protocatechuic acid, dihydroxybenzoic acid, was used to
compare the fragmentation pattern). Hence, it was characterized as dihydroxybenzoic
acid-O-hexoside.

Compounds 7 and 8 presented the fragmentation pattern typical of caffeoylquinic
acids. Specifically, compound 8 was identified as 4-O-caffeoylquinic acid by comparison
with an analytical standard. The presence of caffeoylquinic acids in Thymus species has been
previously reported [25], although chlorogenic acid was mentioned as the found isomer.

Compounds 9, 16 and 19 were identified as feruloylquinic acids. The corresponding
isomers were assigned according to the hierarchical scheme proposed in [26]. The presence
of feruloylquinic acid has been reported in T. zygis [27]. Compounds 12, 17 and 47 were
tentatively characterized as ferulic acid derivatives due to the presence of ferulic acid at
m/z 193 (fragment ions at m/z 149 and 134).

2.2.2. Flavonoids

Several apigenin C-glycosides were observed in the analyzed extracts. Compound
15 was identified as vicenin-2 (apigenin-6,8-di-C-glucoside) by comparison with an an-
alytical standard. Compounds 20 and 24 were 6,8-di-C-asymmetricglycosyl apigenins.
The differentiation of the isomers was performed by the different abundance of the frag-
ment ion at m/z 545 (more abundant in 6-C-pentoside-8-C-hexoside) and the retention
time [28]. Compound 21 presented fragment ions at m/z 431, 341 and 311, typical of vitexin
(8-C-glucosyl apigenin); with an additional 162 Da, it was tentatively characterized as
vitexin-hexoside. Similarly, compound 22 was characterized as vitexin-rutinoside. Com-
pound 28 was vitexin (8-C-glucosyl apigenin) [21]. Compound 35 suffered the neutral loss
of 162 Da to yield apigenin at m/z 269 (main fragment at m/z 225), so it was identified as
apigenin-O-hexoside. The aglycone apigenin was compound 58.

Compounds 18 and 25 suffered neutral losses of 162 (hexoside) and 308 Da (rutinoside)
to yield the aglycone eriodictyol at m/z 287 (main fragment at m/z 151). The aglycone
eriodictyol was compound 48.

Compounds 27 and 32 displayed neutral losses of 162 and 176 Da to yield the aglycone
luteolin at m/z 285 (fragment ions at m/z 241 and 243), so they were identified as luteolin-
O-hexoside and luteolin-+6-glucuronide, respectively. Compound 51 was luteolin.

Compound 29 was tentatively characterized as taxifolin based on bibliographic infor-
mation [29].

Compound 31 suffered the neutral loss of 162 Da to yield quercetin at m/z 301 (frag-
ment ions at m/z 179 and 151), so it was identified as quercetin-O-hexoside. Compound
50 was quercetin (identified by comparison with an analytical standard).

Compound 34 was identified as naringenin-O-hexoside (loss of 162 Da), whereas
57 was the aglycone naringenin: deprotonated naringenin at 7/z 271 and base peak at m/z
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151. Compound 37, which displayed two consecutive losses of 176 Da (glucuronide) was
characterized as naringenin-di-O-glucuronide.

Compound 40 was identified as hesperidin by comparison with an analytical standard.
Its presence has been previously reported in T. vulgaris [25].

2.2.3. Rosmarinic and Derivatives (Salvianolic Acids)

Compound 42 was characterized as rosmarinic acid, whereas 33 was rosmarinic
acid-O-hexoside. Both compounds have been previously reported in different Thymus
species [25,30,31]. Several salvianolic acids and derivatives were detected, observing the
fragment ion at m/z 359 (rosmarinic acid) in all of them.

Compound 43, with a deprotonated molecular ion at m/z 555, displayed fragment ions
at m/z 493, 359, 197, 179 and 161, characteristic of salvianolic acid K, previously reported
in T. algeriensis [31] and T. mastichina [32]. Here, it was only found in T. sipylus, but not
in T. capitata.

Compounds 44, 46 and 52, with a similar fragmentation pattern, were characterized
as salvianolic acid B/E isomers. Their presence has been reported in T. capitatus [30],
T. algeriensis [31] and T. mastichina [32]

Compound 45 was identified as salvianolic acid I (lithospermic acid A), previously
described in T. mastichina [32] and T. algeriensis [31].

Compound 53 was tentatively characterized as salvianolic acid A due to the fragmen-
tation pattern [33]. It has been reported in T. mastichina [32], although not with the same
fragment ions.

Compound 55 was tentatively characterized as monomethyl lithospermate, reported
in T. alsarensis [34] and also displayed the presence of rosmarinic acid at m/z 359.

2.2.4. Other Compounds

Compound 1 was characterized as a disaccharide (HCI adduct) due to the neutral
loss of 162 Da (341—179) and the characteristic fragments of hexoside moieties from the
fragment ion at m/z 179 [35].

Compound 2 was tentatively characterized as a quinic acid derivative (191/173 frag-
mentation), whereas compounds 3 and 4 were identified as isocitric and citric acid by
comparison with a citric acid analytical standard.

Compound 6 was tentatively characterized as danshensu (dimer) [36]. This compound
has been previously reported in T. zygis subsp. gracilis [27].

Compound 11 presented the same fragmentation pattern as medioresinol [37].

Compound 36 suffered the neutral loss of 162 Da to yield syringaresinol at /z 579 [38].

Compounds 56 and 59 were characterized as the oxylipins oxo-dihydroxy-octadecenoic
acid and trihydroxy-octadecenoic acid based on bibliographic information [39].

2.3. Relative Peak Areas and Heat Map

To verify which compounds were the most abundant in the analyzed extracts, the
peak areas of each compound were obtained in MS mode using the precursor ion [M-H]™
(extracted ion chromatograms). The relative percentage of each compound was calculated
by area normalization and is shown in Table 3, in which the heat map highlights the most
abundant compounds.
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Table 3. Relative peak areas (%) and heat map for Thymus sipylus and Thymbra capitata, obtained by

HPLC-ESI-MS analysis. Hex = hexoside; Pen = pentoside; Rut = rutinoside.

T. capitata
Peak Compound MeOH Infusion Peak Compound
1 Disaccharide 3.43 0.00 0.66 0.00
2 Quinic acid derivative 2.00 8.72 0.00 0.00
3 Isocitric acid 0.09 0.05 0.05 0.05
4 Citric acid 0.01 0.02 0.01 0.14
5 Dihydroxybenzoic acid-O-Hex 0.25 1.04 0.05 0.23
6 Danshensu 0.42 1.47 0.51 1.26
7 Caffeolylquinic acid 0.02 0.00 0.00 0.00
8 4-O-caffeoylquinic acid 0.87 1.21 0.00 0.00
9 3-Feruloylquinic acid 0.30 2.67 0.01 0.00
10 Unknown 0.00 0.00 12.13 [ 3212 |
11 Medioresinol 5.09 6.91 0.56 1.61
12 Ferulic acid derivative 0.12 0.50 0.00 0.00
13 Caffeic acid 0.12 0.50 0.11 0.05
14 Flavonoid-O-di-Hex 0.33 1.10 0.00 0.00
15 Vicenin-2 3.38 11.55 10.85 13.63
16 4-Feruloylquinic acid 3.89 411 0.00 0.00
17 Ferulic acid derivative 0.14 0.30 0.00 0.00
18 Eriodictyol-O-Hex 0.14 0.00 0.00 0.00
19 5-Feruloylquinic acid 0.00 1.78 0.00 0.00
20 Apigenin-6-C-Pen-8-C-Hex 0.10 0.38 0.00 0.00
21 Vitexin Hex 0.16 0.47 0.30 0.59
22 Vitexin-Rut 0.00 0.00 0.08 0.00
23 Unknown 0.74 2.23 0.10 0.32
24 Apigenin-6-C-Hex-8-C-Pen 0.09 0.00 0.17 0.28
25 Eriodictyol-O-Rut 0.58 0.63 2.53 1.55
26 Hexoside derivative 2.33 2.48 0.01 0.39
27 Luteolin-O-Hex 3.34 2.54 0.00 0.00
28 Vitexin 0.00 0.00 0.73 0.56
29 Taxifolin 0.31 0.00 3.67 0.93
30 Flavonoid-Rut 1.04 0.57 427 0.00
31 Quercetin-O-Hex 0.38 0.40 0.00 0.00
32 Luteolin-O-Gluc 6.57 11.15 2.43 5.01
33 Rosmarinic acid-O-Hex 0.22 0.51 0.00 0.58
34 Naringenin-O-Hex 0.24 0.30 0.00 0.00
35 Apigenin-O-Hex 1.08 0.89 0.00 0.00
36 Syringaresinol-O-Hex 0.00 0.00 1.04 1.36
37 Naringenin-di-O-Gluc 1.36 3.13 0.00 0.00
38 Methylated flavonoid-O-Hex 0.85 0.47 0.00 0.00
39 Unknown 1.01 0.00 0.00 0.28
40 Hesperidin 0.18 0.09 10.19 1.87
41 Methylated flavonoid-O-Rut 0.00 0.00 5.85 0.78
42 Rosmarinic acid 14.96 209 2280
43 Salvianolic acid K 4.44 9.31 0.00 0.00
44 Salvianolic acid B/E isomer 0.00 0.78 2.84 5.79
45 Salvianolic acid I 12.24 0.00 0.00 0.00
46 Salvianolic acid B/E isomer 0.00 0.00 1.84 3.38
47 Ferulic acid derivative 0.36 0.00 0.09 0.00
48 Eriodictyol 2.40 0.25 2.79 0.58
49 Methylated flavonoid-O-Rut 0.00 0.00 6.07 0.57
50 Quercetin 0.00 0.00 0.30 0.00
51 Luteolin 1.08 0.00 2.01 0.00
52 Salvianolic acid B/E isomer 1.54 1.97 0.00 0.15
53 Salvianolic acid A 0.64 1.55 0.00 0.50
54 Dimethylated flavonoid 0.00 0.00 2.64 0.42
55 Monomethyl lithospermate 6.21 0.00 0.00 0.00
56 Oxo-dihydroxy-octadecenoic acid 1.47 2.06 1.08 1.36
57 Naringenin 1.43 0.00 0.25 0.00
58 Apigenin 0.61 0.00 211 0.00
59 Trihydroxy-octadecenoic acid 0.86 0.94 0.69 0.85
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In T. sipyleus, the most abundant compound was rosmarinic acid (compound 42),
which accounted for approximately 16% (infusion) and 26% (methanolic) of all compounds.
It was followed by salvianolic acid K (4.6-10%) and salvianolic acid I (13%, but only
found in the MeOH extract). Many other compounds had a similar contribution to the
extract, such as luteolin-O-glucuronide (6-11%), medioresinol (5-7%), vicenin-2 (4-12%)
and 4-feruloylquinic acid (4%). Thus, the main bioactivity of the extracts would be due to
rosmarinic acid and salvianolic acids, but several phenolic acids and flavonoids would also
contribute to the overall bioactivity.

Regarding T. capitata, rosmarinic acid was still abundant (21-23%). However, con-
cerning salvianolic acids, B and E isomers were relatively abundant (compounds 44 and
46; 5-10%), whereas salvianolic acids K and I were not detected. Vicenin-2 had a similar
proportion to that in T. sipyleus (11-14%). However, the main difference was observed in
compound 10, which presented a high percentage and was not detected in T. sipyelus. The
presence of a compound with deprotonated molecular ion at m/z 305 (compound 10) has
been previously reported in T. fontanesii [40] as gallocatechin. However, the fragmentation
pattern observed here differs from that previously described as gallocatechin, so we could
not identify it with confidence.

High-performance liquid chromatography (HPLC) analysis revealed that rosmarinic
acid was the major component of the studied extracts (15.85-26.43%) (Table 3). Rosmarinic
acid, a caffeic acid ester, is a naturally occurring phenolic compound found in a variety of
plants that belong to the Lamiaceae family [24]. It is known to exhibit a range of pharma-
cological attributes, e.g., antioxidant, anti-inflammation, antiviral, antidiabetic, antitumor,
including neuroprotection and hepatoprotection effects, as demonstrated in several in vivo
and in vitro studies [41].

Vicenin-2 was also among the major components of the T. capitata extracts (10.98 and
13.98%) and infusion extract of T. sipyleus (12.23%), whereas salvianolic acid I was present
among the major component in the methanolic extract of T. sipyleus (12.66%) (Table 3).
Remarkably, a growing body of evidence suggests that these Thymus species are rich
sources of bioactive compounds, including phenolic compounds such as rosmarinic and
salvianolic acids and luteolin glycosides, making them attractive candidates for a variety of
industrial applications [42].

In a recent review by Elbouny et al. [43], a Thymus species was found to be rich in
phenolic compounds, both in its volatile oils as well as in its non-volatile extracts, including
phenolic acids such as rosmarinic, salvianolic, caffeic and ferulic acids, and flavonoids
luteolin, gallocatechin, isorhamnetin and quercetin, among others.

2.4. Chromatographic Quantification of the Main Phytochemicals

The quantification of the main compounds was performed by HPLC-DAD, using
320 nm for phenolic acids and 350 nm for flavonoids. Repeatability (n = 9) and interme-
diate precision (n = 9, 3 consecutive days) were lower than 4 and 9%, respectively. The
quantification was performed using analytical standards of the corresponding family in
each case and the results are given in Table 4. It can be observed that the TIPC was in the
following order: T. sipylus (MeOH) > T. sipylus (Inf) > T. capitata (MeOH) > T. capitata (Inf).
These results agree with Table 1 (the sum of TPC and TFC follows the same order). In
addition, the main quantified compounds were rosmarinic acid, salvianolic acids, vicenin-2
and luteolin-O-glucuronide, in line with the findings in the semiquantification (Table 3).
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Table 4. Quantification of the main phytochemicals in the analyzed extract of Thymus sipylus and
Thymbra capitata (mg g~ DE; n = 3).

No. Assigned Identification T. sipylus T. capitata
MeOH Inf MeOH Inf
Phenolic acids
8+9 CQA + FQA 24+02P 55+042 — —
12+ 13 Ferulic + caffeic acids 1.04 £0.072 0.61 4+ 0.04" — —
16 FQA 1.8+£0.12 1.00 £+ 0.07 — —
19 FQA — 0.49 £ 0.03 — —
42 Rosmarinic acid 19+12 123 +0.8b 93+06¢ 61+044d
43 Salvianolic acid K 1.07 £ 0.06 ® 1.8+012 — —
44 Salvianolic acid B/E — 0.29 +£0.02b 031 +£0.02b 0.46 +0.03 2
45 Salvianolic acid I 54+04 — — —
46 Salvianolic acid B/E — — 0.25 +0.02b 0.43 +0.03 2
53 Salvianolic acid A 0.34 +0.022 0.42 +0.032 — 0.35+0.022
55 Monomethyl Lith 1.34 + 0.08 — — —
Total 32+12 2244+09P 9.9 +06°¢ 7.3+044
Flavonoids
15 Vicenin-2 25+01°¢ 68+04P 7.0+04b 9.0+ 052
20+ 21 Apigenin glycosides — 0.29 +0.02° 0.27 +0.02° 0.58 £0.042
25 Eriodictyol-O-rutinoside — — 043 +£0.032 0.46 £0.032
27 Luteolin-O-hexoside 554042 22+401° — —
28 Vitexin — — 0.33 +0.022 0.36 +0.022
29 Taxifolin 0.50 & 0.04 — 1.18 +0.07 2 —
31 Quercetin-O-hexoside — 0.24 4+ 0.02 — —
32 Luteolin-O-glucuronide 1314082 74405° 1.6+014 21401°¢
37 Naringenin-di-O-Gluc 1.14 £0.082 019+ 0.01" — —
40 Hesperidin — — 0.51 £ 0.03 —
48 Eriodictyol 0.414+0.032 — 020 £0.01b 0.44 +0.032
57 Naringenin 0.35 £ 0.02 — — —
58 Apigenin 0.38 £ 0.03b — 22+0.12 —
Total 24412 17.1+0.7b 13.74+04°¢ 129+ 05¢€
TIPC 56 +22 40+ 1P 23.6 £0.7°¢ 202+ 0649

CQA = caffeoylquinic acid; FQA = feruloylquinic acid; Lith = lithospermate; Gluc = glucuronide. Different letters
indicate significant differences in the tested extracts (p < 0.05). TIPC = total individual phenolic compounds (sum
of all the compounds quantified by HPLC).

2.5. Antioxidant Properties

Maintaining the balance between free radicals and antioxidants is indeed an important
condition for remaining healthy. Therefore, controlling oxidative stress processes is crucial
for curing many diseases, such as atherosclerosis, diabetes, cancer, inflammation, liver
and cardiovascular diseases, cataracts, nephrotoxicity and age-related neurodegenerative
developments [44].

Here, in addition to radical scavenging abilities, all extracts also demonstrated antioxidant
potentials as reducing agents (CUPRAC: 622.65-802.22 mg TE/ g; FRAP: 249.33-285.42 mg TE/g)
and metal chelators (14.97-36.72 mg EDTAE/g) (Table 5). In particular, the T. capitata
methanolic extract showed very high reducing activity in CUPRAC assay. Interestingly,
the infusion extracts were found to be better metal chelators compared to the methanolic
extracts. In addition, the total antioxidant capacity of the extracts was determined by the
phosphomolybdenum assay, ranging from 2.39-3.61 mmol TE/g (Table 5).

Findings from various studies have highlighted that Thymus species are powerful nat-
ural antioxidants. For instance, in [45], six Thymus species were tested using six assays. All
were reported to possess DPPH and nitric oxide scavenging activities (ICsp: 3-6 ng/mL and
70-177 ug/mL, respectively), strong reducing properties, ferrous ion chelating activity and
lipid peroxidation inhibition capacity (ICsp: 11-15 pg/mL, 126-389 pug/mL, 34-80 ug/mL,
respectively), including high total antioxidant capacities (238-294 mg AAE/g).



Molecules 2022, 27, 9029

13 of 23

Table 5. Antioxidant properties of the tested extracts.

Extracts CUPRAC FRAP Metal Chelating Phosphomolybdenum
(mg TE/g) (mg TE/g) (mg EDTAE/g) (mmol TE/g)
T. capitata-Methanol 802.22 +34.70 2 270.16 + 6.75° 16.61 £+ 0.96 © 3.61+£0.272
T. capitata-Infusion 622.65 + 15.73 € 285.42 £5.702 28.04 +-2.80P 2.57 +0.08°
T. sipylus-Methanol 657.70 = 3.05 P 24933 £8.21°¢ 14.97 £ 3.00 4 2,52 +0.23"
T. sipylus-Infusion 625.20 4+ 16.29 € 278.37 £5.642 36.72+0.732 239 +0.11°¢

Values are reported as mean + S.D of three parallel measurements. TE: trolox equivalent; EDTAE: EDTA equivalent.
Different letters indicate significant differences in the tested extracts (p < 0.05).

Furthermore, it has been reported that the antioxidant activity of Thymus species is
closely linked with their phenolic abundance and/or specific phenolic contents [43,46].
In fact, the antioxidant properties of phenolic-rich extracts from a wide range of Thymus
species have been documented in a recent review [42]. In addition, the decoction and
infusion extracts of T. sipyleus Boiss. subsp. rosulans have been reported to contain the
highest amount of phenolic content and showed the most potent activity against DPPH
radical [47]. This is in agreement with the present findings given that relatively high TPC
was produced in all extracts, which also showed potent antioxidant activities in the different
assays conducted.

2.6. Enzyme Inhibition Properties

The inhibition of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) en-
zymes, which degrade acetylcholine, is considered a promising strategy for treating
Alzheimer’s disease. A potent source of AChE and BChE inhibitors can be derived from
an abundance of plants. In fact, natural products continue to provide valuable drugs and
templates for the development of other compounds [48].

In the current study, all extracts were found to inhibit AChE (0.35-3.86 mg GALAE/g),
although the methanolic extracts were more potent AChE inhibitors compared to the
infusion extracts, whereas only the methanolic extracts inhibited BChE (T. capitata: 4.36 mg
GALAE/g; T. sipylus: 3.79 mg GALAE/g) (Table 6).

Table 6. Enzyme inhibitory properties of tested extracts.

Extracts AChE BChE Tyrosinase Amylase Glucosidase

(mg GALAE/g) (mg GALAE/g) (mg KAE/g) (mmol ACAE/g) (mmol ACAE/g)
T. capitata-Methanol 3.86+0.352 436+0.372 89.66 + 0.66 2 0.84 +£0.03 2 1.78 +£0.03 2
T. capitata-Infusion 0.73 +£0.02°¢ na 19.11 +3.69° 0.11+0.01°¢ 1.67 +0.03P
T. sipylus-Methanol 3.49 +0.14° 3.79 4 0.12° 83.18 £ 2572 0.61 4+ 0.07° 1.73 +£0.04°
T. sipylus-Infusion 0.35 + 0.054 na 18.74 4224 0.1140.01¢ 1.45+0.03¢

Values are reported as mean £ S.D of three parallel measurements. GALAE: galantamine equivalent; KAE: kojic
acid equivalent; ACAE: acarbose equivalent. na: not active. Different letters indicate significant differences in the
tested extracts (p < 0.05).

The anti-AChE activity of the ethanolic extracts of six Thymus species was also ex-
amined by other authors [45], where all tested extracts showed AChE inhibitory activity
in a dose-dependent way with extract concentrations of 0.25, 0.5 and 1 mg/mL showing
inhibition values of 10-28%, 23-39% and 64-86%, respectively.

Even though melanin has principally a photoprotective role in human skin, the ac-
cumulation of an abnormal quantity of melanin in several parts of the skin can lead to
the formation of more pigmented spots, causing an esthetic problem. On the other hand,
enzymatic browning of fruits and fungi is normally undesirable. Post-harvest browning
is a common phenomenon in crops and mushrooms, which decreases their market value.
Hyperpigmentation of human skin and enzymatic browning of fruits are undesirable.
These phenomena have prompted researchers to seek new potent tyrosinase inhibitors to
combat food browning and skin depigmentation. Even though both natural and synthetic
tyrosinase inhibitors have been found [48], there is still a high demand for more effective
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tyrosinase inhibitors, especially those made from natural sources. In the present study,
all extracts were found to cause tyrosinase inhibition (18.74-89.66 mg KAE/g) (Table 6).
However, methanolic extracts showed more potent tyrosinase inhibition compared to the
infusion extracts.

The strategy of reducing carbohydrate digestibility by regulating the activity of two
hydrolyzing enzymes, c-amylase and «-glucosidase, to control postprandial hyperglycemia
is considered a viable prophylactic treatment for type 2 diabetes mellitus. Thus, the
consumption of foods rich in hydrolyzing enzyme inhibitors is recommended for dietary
therapy of diabetes [49]. Plants are indeed rich sources of these enzyme inhibitors, as
shown in various reports [50-52], and can be implemented in dietary therapy as well as
used for the development of phytomedicines for diabetes management.

In the present study, dual inhibition was demonstrated by all extracts against the
carbohydrate digesting enzymes. All extracts inhibited amylase (0.11-0.84 mmol ACAE/g)
and glucosidase (1.45-1.78 mmol ACE/g) (Table 6). The methanolic extracts showed
relatively higher amylase and glucosidase inhibition compared to the infusion extracts.

Other Thymus species also showed antidiabetic potential through inhibition of amylase
and glucosidase. These were T. quinquecostatus Celak, T. schimperi R., T. vulgaris L. and
T. persicus [50-52].

2.7. Molecular Docking

The docking (binding energy) score of each ligand against each target enzyme is shown
in Figure 1. All compounds studied showed potential binding affinities for all five enzymes,
with a preference, in particular, for AChE and BChE. Thus, the detailed protein-ligand
interactions were visualized for some selected protein-ligand complexes. Salvianolic acid
K is strongly bound to AChE via multiple H-bonds and van der Waals interactions all
over the active site (Figure 2A). Salvianolic acid K is also bound to the rest of the enzymes
with different levels of strength. Lithospermic acid A, a structurally related molecule to
salvianolic acid K, bound BChE in an opposite orientation via a couple of -t stacked, and
a hydrophobic interaction, in addition to multiple H-bonds and van der Waals interactions
that reinforced the binding (Figure 2B).

0

" r, W\F@F 1

-18

o OQN

-]

Binding energy (kcal/mol)
=
o

B AChE m BChE M Tyrosinase Amylase M Glucosidase
-20

Figure 1. Binding energy (docking) scores of the phytochemicals from Thymbra capitata and Thymus
sipyleus subsp. rosulans extracts.
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Figure 2. Protein-ligand interaction: (A) AChE and salvianolic acid K, (B) BChE and lithospermic
acid A, (C) tyrosinase and rosmarinic acid, (D) amylase and vicenin-2, and (E) glucosidase and
salvianolic acid B. The bioactive compounds were extracted from Thymbra capitata and Thymus
sipyleus subsp. rosulans.

Rosmarinic acid occupied the tyrosinase catalytic channel with an interesting binding
mode. Rosmarinic acid formed a metal acceptor interaction with the active site copper
metal ion, a 7-anion, a 7-7r stacked deep inside the tunnel and several van der Waals inter-
actions throughout the active site of the enzyme (Figure 2C). On the other hand, the major
interactions between amylase and vicenin-2 were H-bonds, formed deep in the pocket,
with a couple of van der Waals interactions strengthening the binding (Figure 2D). Finally,
salvianolic acid B was completely buried in the glucosidase catalytic cavity, and the key
interactions formed comprised multiple H-bonds, a few 7-m stacked and hydrophobic
interactions and multiple van der Waals interactions along the entire length of the tunnel
(Figure 2E). Together, these interactions are likely to allow these selected bioactive com-
pounds extracted from Thymbra capitata and Thymus sipyleus subsp. rosulans to inhibit the
biological activity of the target enzymes.

2.8. Ex Vivo Studies

The extracts were also tested in an experimental model of inflammation consisting
of isolated colon specimens exposed to LPS [53]. In this model, scalar concentrations of
the extracts (100-300 ng/mL) were effective in attenuating the LPS-induced upregulation
of both COX-2 and IL-6 gene expression (Figures 3 and 4). These findings are consistent
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with the aforementioned intrinsic properties of the extracts, capable of functioning as both
scavenging/reducing and enzyme inhibition agents. This is partly in agreement with the
content of phenolic compounds [54,55]. The high content of rosmarinic acid, which has been
shown to be an anti-inflammatory agent, is particularly evident; indeed, rosmarinic acid
showed protective effects in in vivo models of ulcerative colitis induced by DSS, where the
phytocompound was able to reduce the gene expression of COX-2 and IL-6 [56], possibly
through the inhibition of NFkB activity.

COX-2 gene expression (R.Q.)

Figure 3. Inhibitory effects of Thymus sipyleus and Thymbra capitata extracts (100-300 pug/mL) on
LPS-induced COX-2 gene expression, in isolated colon (ANOVA, p < 0.0001; *** p < 0.001 vs. LPS).

IL-6 gene expression (R.Q.)

Figure 4. Inhibitory effects of Thymus sipyleus and Thymbra capitata extracts (100-300 pug/mL) on
LPS-induced IL-6 gene expression, in isolated colon (ANOVA, p < 0.0001; *** p < 0.001 vs. LPS).
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Furthermore, it is rational to consider that other phenolic compounds present in the
extracts, including vicenin-2, might play a key role in mediating the anti-inflammatory
observed effects in mouse colon [57].

Collectively, these data indicate protective effects induced by T. capitata and T. sipyleus
against colonic inflammation and partly corroborate the traditional use of these two Lami-
aceae species as remedies for treating digestive disorders.

3. Materials and Methods
3.1. Plant Materials and Extraction

The aerial parts of the plants were collected from different regions of Turkey (T. capitata:
Bozcaada, Canakkale, Turkey and T. sipyleus subsp. rosulans: Karagobek village, Erzurum,
Turkey) during the summer season (at the flowering stage) of 2020. The plant was identified
by one botanist co-author (Dr. Gizem Emre, Marmara University). Voucher specimens
were deposited at the herbarium in the Marmara and Selcuk Universities.

In the preparation of plant extracts, we used two solvents (methanol and water) to
extract compounds of different polarities. The maceration technique was selected for
methanol extracts and for this purpose, plant materials (10 g) were stirred with the 200 mL
of methanol for 24 h at room temperature. After that, the mixtures were filtered through
Whatman filter paper and the solvents were removed using a rotary evaporator. Regarding
water extracts, the extracts were prepared as a traditional infusion and the plant materials
(10 g) were kept in boiled water (200 mL) for 15 min. Then, the mixture was filtered and
lyophilized for 48 h. All extracts were stored at 4 °C until analysis.

3.2. Profile of Bioactive Compounds

The Folin—Ciocalteu and AICl; assays, respectively, were utilized to determine the
total phenolic and flavonoid contents [58]. For the Folin—Ciocalteu assay, the sample
solution (0.25 mL) was mixed with diluted Folin—Ciocalteu reagent (1 mL, ratio of 1:9) and
shaken vigorously. After 3 min, Na,COj solution (1%, 0.75 mL) was added and the sample
absorbance was read at 760 nm after 2 h incubation at room temperature. To determine
the total flavonoid content, the sample solution (1 mL) was briefly mixed with the same
volume of aluminum trichloride (2%) in methanol. Similarly, a blank was prepared by
adding sample solution (1 mL) to methanol (1 mL) without AICl3. The sample and blank
absorbances were read at 415 nm after a 10 min incubation at room temperature. The
absorbance of the blank was subtracted from that of the sample. For the respective assays,
results were expressed as gallic acid equivalents (mg GAEs/g extract) and rutin equivalents
(mg REs/g extract).

3.3. Instrumentation

Chromatographic analyses were performed using an Agilent Series 1100 HPLC system
equipped with a G1315B diode array detector (Agilent Technologies) and an ion trap mass
spectrometer (Esquire 6000, Bruker Daltonics) with an electrospray interface. Separation
was performed in a Luna Omega Polar C;g analytical column (150 x 3.0 mm; 5 pm par-
ticle size) with a Polar Cyg Security Guard cartridge (4 x 3.0 mm), both purchased from
Phenomenex. Detailed chromatographic conditions are available in [59].

3.4. HPLC-ESI-MS" Analysis

The characterization of the phytochemicals was carried out by HPLC-ESI-MS" using
the negative ion mode. Identification was performed using analytical standards as well as
bibliographic information. Compounds were numbered according to their elution order,
keeping the same numbering in all extracts. A brief explanation of the characterization of
the compounds not identified by analytical standards follows.
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3.5. Determination of Antioxidant and Enzyme Inhibitory Effects

The antioxidant and enzyme inhibitory activity of comfrey root extracts was de-
termined according to previously described methods [60,61]. DPPH and ABTS radical
scavenging activity, cupric ion reducing antioxidant capacity (CUPRAC) and ferric ion
reducing antioxidant power (FRAP) were expressed as mg Trolox equivalents (TE)/g ex-
tract. The metal chelating ability (MCA) was reported as mg EDTA equivalents (EDTAE)/g
extract, whereas the total antioxidant activity (phosphomolybdenum assay, PBD) was
expressed as mmol TE/g extract. AChE and BChE inhibitory activities were given in mg
galanthamine equivalents (GALAE)/g extract; tyrosinase inhibitory activity was expressed
in mg kojic acid equivalents (KAE)/g extract; amylase and glucosidase inhibitory activities
were presented in mmol acarbose equivalents (ACAE)/g extract.

3.6. Molecular Modeling

The crystal structures of target enzymes were downloaded from the protein data
bank (PDB) (https:/ /www.rcsb.org/ accessed on 1 June 2022): human AChE (6052) [62],
BChE (6EQP) [63] and human pancreatic alpha-amylase (1B2Y) [64]. Since the crystal
structures of human tyrosinase and glucosidase have not yet been elucidated, those of Pries-
tia megaterium tyrosinase (6QXD) [65] and Mus musculus alpha-glucosidase (7KB]) [66]
were used as templates to build their human models using UniProt sequences P14679 and
PODUBS, respectively.

The details of the model construction has been described elsewhere [67]. The prepared
protein structures were taken from previous work [68]. The 3D structures of selected lig-
ands were downloaded from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/
accessed on 1 June 2022) and their geometry was optimized using Frog2 [69]. The respec-
tive cocrystal ligand of each complex was used to define the docking grid box dimension
and binding coordinates using AutoDockTools 1.5.6, and docking was performed using
AutoDock 4.2.6 (https:/ /autodock.scripts.edu, accessed on 1 June 2022) [70]. The details
of the docking, including the Lamarckian genetic algorithm employed and the number
of runs, have been described previously [71-74]. The docking score of each ligand was
calculated, and the protein-ligand interactions were visualized using Biovia Discovery
Studio Visualizer (Dassault Systemes Biovia Software Inc, 2012).

3.7. Ex Vivo Studies

Adult C57/BL6 male mice (3-month-old, weight 20-25 g) were housed in Plexiglas
cages (2—4 animals per cage; 55 cm x 33 cm X 19 cm) and maintained under standard
laboratory conditions (21 &£ 2 °C; 55 &= 5% humidity) on a 14/10 h light/dark cycle, with
ad libitum access to water and food.

Isolated colon specimens were collected from euthanized mice (Project no. F4738.N.5QP)
and maintained in a humidified incubator with 5% CO; at 37 °C for 4 h (incubation period),
in RPMI buffer with added bacterial LPS (10 pg/mL), as previously described [53]. During
the incubation period, the tissues were subjected to scalar concentrations of the extracts
(100-300 pg/mL).

3.8. RNA Extraction, Reverse Transcription and Real-Time Reverse Transcription Polymerase
Chain Reaction (RT-PCR)

Total RNA was extracted from colon specimens using TRI reagent (Sigma-Aldrich, St.
Louis, MO, USA), according to the manufacturer’s protocol, and reverse transcribed using
a High-Capacity cDNA Reverse Transcription Kit (ThermoFischer Scientific, Waltman,
MA, USA). Gene expression was determined by real-time quantitative PCR using TagMan
probe-based chemistry. PCR primers and TagMan probes were purchased from Thermo
Fisher Scientific Inc. The Assays-on-Demand Gene Expression Products used for gene
expression evaluations in the mouse colon specimens were: Mm00478374_m1 for COX-2
gene, Mm00607939_s1 for 3-actin gene. 3-actin was used as the housekeeping gene. The
elaboration of data was conducted with the Sequence Detection System (SDS) software
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version 2.3 (ThermoFischer Scientific). Relative quantification of gene expression was
performed by the comparative 2~44t method [75].

3.9. Statistical Analysis

In the antioxidant and enzyme inhibitory assays, the values are expressed as mean £ SD
of three parallel experiments. To determine the differences between tested extracts in terms
of antioxidant and enzyme inhibitory capacities, one-way ANOVA with Tukey test was
performed. The statistical analysis was performed using X1Stat 16.0 software.

In ex vivo studies, the software GraphPad Prism version 6.0 (Graphpad Software Inc.,
San Diego, CA, USA) was used to perform data analysis. Means + SEM were determined
for each experimental group and analyzed by one-way analysis of variance (ANOVA),
followed by Newman-Keuls multiple comparison post hoc test. The limit of statistically
significant differences between mean values was set at p value < 0.05. The number of
animals randomized for each experimental group was calculated on the basis of the resource
equation N = (E+ T)/T (10 < E < 20) [76].

4. Conclusions

In this study, the methanolic and infusion extracts of Thymbra capitata and Thymus
sipyleus subsp. rosulans were examined for their chemical composition and biological
properties using in vitro, ex vivo and in silico studies. Spectrophotometric assays showed
the extracts had higher total phenolic and flavonoid contents and high-performance liquid
chromatography analysis revealed that rosmarinic acid was a predominant compound,
which is in fact the characteristic of various Thyme species.

This compound could be the main one responsible for the anti-inflammatory effects
of the tested extracts against LPS-induced toxicity in the mouse colon. While all extracts
showed potent antioxidant capacity, most probably related to their relatively high TPC,
their enzyme inhibition potency varied. For instance, the methanolic extracts were found to
be better enzyme inhibitors compared to infusion extracts. This could be due to the absence
of active components in the infusion extracts that are favorable for enzyme inhibition. The
findings suggest that both species are good natural sources of antioxidants and can be
used as enzymes inhibitors. Moreover, the herein presented chemical characterization and
biological profile of these plants could help stimulate advanced research on their utility.

Author Contributions: Conceptualization, G.Z., EJ.L.-M., AR.-M., G.O.,LM., C.F. and A.C.; method-
ology, E.J.L.-M., A.C. and G.Z; software, G.Z.; validation, G.Z., EJ.L.-M., G.O.,LM., CF. and A.C,;
formal analysis, G.Z., EJ.L.-M., G.O., L.M., C.F. and A.C,; investigation, S.C.D.S,, M.L.L.,,S.L.,, LR.,
G.A,, SJ., MEM,, GEE, N., A.A.,, M.AS. and A.LU,; resources, E.J.L.-M.; data curation, G.Z., E.J.L.-M.,
G.O., LM, C.F and A.C,; writing—original draft preparation, G.Z., E.J.L.-M., AR.-M., G.O.,LM.,,
C.F and A.C,; writing—review and editing, G.Z., EJ.L.-M., G.O., LM, C.F. and A.C.; visualization,
L.B.; supervision, L.B.; project administration, E.J.L.-M.; funding acquisition, E.J.L.-M. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Technical and human support provided by CICT of Universidad de Jaén (UJA,
MINECO, Junta de Andalucia, FEDER) is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2022, 27, 9029 20 of 23

References

1.  Carovi¢-StanKo, K.; PeteK, M.; GrdiSa, M.; Pintar, ]J.; Bedekovi¢, D.; Satovic, Z. Medicinal plants of the family Lamiaceae as
functional foods—A review. Czech |. Food Sci. 2016, 34, 377-390. [CrossRef]

2. Chakrabartty, I.; Mohanta, Y.K.; Nongbet, A.; Mohanta, T.K.; Mahanta, S.; Das, N.; Saravanan, M.; Sharma, N. Exploration of
Lamiaceae in Cardio Vascular Diseases and Functional Foods: Medicine as Food and Food as Medicine. Front. Pharmacol. 2022,
13, 894814. [CrossRef] [PubMed]

3. Uritu, C.M.; Mihai, C.T.; Stanciu, G.-D.; Dodi, G.; Alexa-Stratulat, T.; Luca, A.; Leon-Constantin, M.-M.; Stefanescu, R.; Bild, V;
Melnic, S. Medicinal plants of the family Lamiaceae in pain therapy: A review. Pain Res. Manag. 2018, 2018, 7801543. [CrossRef]
[PubMed]

4. Figueiredo, A.C.; Barroso, ].G.; Pedro’, L.G. Volatiles from Thymbra and Thymus species of the western Mediterranean basin,
Portugal and Macaronesia. Nat. Prod. Commun. 2010, 5, 1465-1476. [CrossRef]

5. Elbouny, H.; Ouahzizi, B.; El-guourrami, O.; Drioua, S.; Mbarek, A.N.; Sellam, K.; Alem, C. Chemical profile and biological
properties of the essential oil of Thymus atlanticus (Ball) Roussine. S. Afr. J. Bot. 2022, 151, 475-480. [CrossRef]

6.  Jaouadi, R.; Boussaid, M.; Zaouali, Y. Variation in essential oil composition within and among Tunisian Thymus algeriensis Boiss et
Reut. (Lamiaceae) populations: Effect of ecological factors and incidence on antiacetylcholinesterase and antioxidant activities.
Biochem. Syst. Ecol. 2023, 106, 104543. [CrossRef]

7.  Stefanaki, A.; Cook, C.M.; Lanaras, T.; Kokkini, S. Essential oil variation of Thymbra spicata L. (Lamiaceae), an East Mediterranean
“oregano” herb. Biochem. Syst. Ecol. 2018, 80, 63-69. [CrossRef]

8.  Yassin, M.T.; Mostafa, A.A.-F,; Al-Askar, A.A_; Sayed, S.R.M. In vitro antimicrobial activity of Thymus vulgaris extracts against
some nosocomial and food poisoning bacterial strains. Process Biochem. 2022, 115, 152-159. [CrossRef]

9.  Taghouti, M.; Martins-Gomes, C.; Félix, L.M.; Schéfer, J.; Santos, ].A.; Bunzel, M.; Nunes, EM.; Silva, A.M. Polyphenol composition
and biological activity of Thymus citriodorus and Thymus vulgaris: Comparison with endemic Iberian Thymus species. Food Chem.
2020, 331, 127362. [CrossRef]

10. Raskovi¢, A.L.; Kvrgi¢, M.P; Tomas, A.D.; Stilinovi¢, N.P,; Cabarkapa, V.S.; Stojsi¢-Milosavljevi¢, A.D.; Kusturica, M.N.P.; Raki¢,
D.B. Antinociceptive activity of Thyme (Thymus vulgaris L.) and interactions with neurotropics and analgesics. Braz. J. Pharm. Sci.
2021, 56, 1-11. [CrossRef]

11. Daugan, EM.; Abdullah, A. Medicinal and functional values of thyme (Thymus vulgaris L.) herb. J. Appl. Biol. Biotechnol. 2017,
5,17-22.

12.  Ghasemi Pirbalouti, A.; Emami Bistghani, Z.; Malekpoor, F. An overview on genus Thymus. ]. Med. Herb. 2015, 6, 93-100.

13. Mseddi, K.; Alimi, F; Noumi, E.; Veettil, VIN.; Deshpande, S.; Adnan, M.; Hamdi, A.; Elkahoui, S.; Alghamdi, A.; Kadri, A.
Thymus musilii Velen. as a promising source of potent bioactive compounds with its pharmacological properties: In vitro and in
silico analysis. Arab. ]. Chem. 2020, 13, 6782-6801. [CrossRef]

14. Patil, S.M.; Ramu, R; Shirahatti, P.S.; Shivamallu, C.; Amachawadi, R.G. A systematic review on ethnopharmacology, phytochem-
istry and pharmacological aspects of Thymus vulgaris Linn. Heliyon 2021, 7, e07054. [CrossRef]

15. Pasa, C. Use of Thymbra species spreading in the Flora of Turkey for medicinal purposes. Res. Med. Eng. Sci. 2022, 9, 1028-1030.

16. Miguel, M.G,; da Silva, C.I; Farah, L.; Castro Braga, F.; Figueiredo, A.C. Effect of essential oils on the release of TNF-« and CCL2
by LPS-stimulated THP-1 cells. Plants 2020, 10, 50. [CrossRef]

17.  Perrino, E.V,; Valerio, F.; Gannouchi, A.; Trani, A.; Mezzapesa, G. Ecological and plant community implication on essential oils
composition in useful wild officinal species: A pilot case study in Apulia (Italy). Plants 2021, 10, 574. [CrossRef]

18. Roy, A.; Khan, A.; Ahmad, I.; Alghamdi, S.; Rajab, B.S.; Babalghith, A.O.; Alshahrani, M.Y.; Islam, S.; Islam, M. Flavonoids a
Bioactive Compound from Medicinal Plants and Its Therapeutic Applications. BioMed Res. Int. 2022, 2022, 5445291. [CrossRef]

19. Ruiz-Cruz, S.; Chaparro-Hernandez, S.; Hernandez-Ruiz, K.L.; Cira-Chavez, L.A.; Estrada-Alvarado, M.L; Ortega, L.E.G.; Mata,
M.L. Flavonoids: Important biocompounds in food. In Flavonoids: From Biosynthesis to Human Health; Justino, J.G., Ed.; IntechOpen:
London, UK, 2017; pp. 353-369.

20. Tungmunnithum, D.; Thongboonyou, A.; Pholboon, A.; Yangsabai, A. Flavonoids and other phenolic compounds from medicinal
plants for pharmaceutical and medical aspects: An overview. Medicines 2018, 5, 93. [CrossRef]

21. Ali, G.; Neda, G. Flavonoids and phenolic acids: Role and biochemical activity in plants and human. J. Med. Plants Res. 2011,
5, 6697-6703.

22. Do, Q.D.; Angkawijaya, A.E.; Tran-Nguyen, P.L.; Huynh, L.H.; Soetaredjo, F.E.; Ismadji, S.; Ju, Y.-H. Effect of extraction solvent on
total phenol content, total flavonoid content, and antioxidant activity of Limnophila aromatica. ]. Food Drug Anal. 2014, 22, 296-302.
[CrossRef] [PubMed]

23.  Kumar, N.; Goel, N. Phenolic acids: Natural versatile molecules with promising therapeutic applications. Biotechnol. Rep. 2019,
24, €00370. [CrossRef] [PubMed]

24. Nadeem, M.; Imran, M.; Aslam Gondal, T.; Imran, A.; Shahbaz, M.; Muhammad Amir, R.; Wasim Sajid, M.; Batool Qaisrani, T.;
Atif, M.; Hussain, G. Therapeutic potential of rosmarinic acid: A comprehensive review. Appl. Sci. 2019, 9, 3139. [CrossRef]

25. Sonmezdag, A.S.; Kelebek, H.; Selli, S. Characterization of bioactive and volatile profiles of thyme (Thymus vulgaris L.) teas as
affected by infusion times. J. Food Meas. Charact. 2018, 12, 2570-2580. [CrossRef]

26. Clifford, M.N.; Johnston, K.L.; Knight, S.; Kuhnert, N. Hierarchical scheme for LC-MS n identification of chlorogenic acids. J.

Agric. Food. Chem. 2003, 51, 2900-2911. [CrossRef]


http://doi.org/10.17221/504/2015-CJFS
http://doi.org/10.3389/fphar.2022.894814
http://www.ncbi.nlm.nih.gov/pubmed/35774598
http://doi.org/10.1155/2018/7801543
http://www.ncbi.nlm.nih.gov/pubmed/29854039
http://doi.org/10.1177/1934578X1000500924
http://doi.org/10.1016/j.sajb.2022.10.028
http://doi.org/10.1016/j.bse.2022.104543
http://doi.org/10.1016/j.bse.2018.06.006
http://doi.org/10.1016/j.procbio.2022.02.002
http://doi.org/10.1016/j.foodchem.2020.127362
http://doi.org/10.1590/s2175-97902020000318819
http://doi.org/10.1016/j.arabjc.2020.06.032
http://doi.org/10.1016/j.heliyon.2021.e07054
http://doi.org/10.3390/plants10010050
http://doi.org/10.3390/plants10030574
http://doi.org/10.1155/2022/5445291
http://doi.org/10.3390/medicines5030093
http://doi.org/10.1016/j.jfda.2013.11.001
http://www.ncbi.nlm.nih.gov/pubmed/28911418
http://doi.org/10.1016/j.btre.2019.e00370
http://www.ncbi.nlm.nih.gov/pubmed/31516850
http://doi.org/10.3390/app9153139
http://doi.org/10.1007/s11694-018-9874-5
http://doi.org/10.1021/jf026187q

Molecules 2022, 27, 9029 21 of 23

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Bouymajane, A.; Filali, ER.; El Majdoub, Y.O.; Ouadik, M.; Abdelilah, R.; Cavo, E.; Miceli, N.; Taviano, M.F.; Mondello, L.;
Cacciola, F. Phenolic compounds, antioxidant and antibacterial activities of extracts from aerial parts of Thymus zygis subsp.
gracilis, Mentha suaveolens and Sideritis incana from Morocco. Chem. Biodivers. 2022, 19, €202101018. [CrossRef]

Ferreres, F; Silva, B.M.; Andrade, P.B.; Seabra, R.M.; Ferreira, M.A. Approach to the study of C-glycosyl flavones by ion trap
HPLC-PAD-ESI/MS/MS: Application to seeds of quince (Cydonia oblonga). Phytochem. Anal. 2003, 14, 352-359. [CrossRef]
Hashim, S.N.; Schwarz, L.J.; Boysen, R.I; Yang, Y.; Danylec, B.; Hearn, M.T. Rapid solid-phase extraction and analysis of
resveratrol and other polyphenols in red wine. . Chromatogr. A 2013, 1313, 284-290. [CrossRef]

Jaouadi, R.; Cardoso, S.M.; Silva, A.M.; Yahia, I.B.H.; Boussaid, M.; Zaouali, Y. Variation of phenolic constituents of Tunisian
Thymus capitatus (L.) Hoff. et Link. populations. Biochem. Syst. Ecol. 2018, 77, 10-15. [CrossRef]

Ziani, B.E.; Heleno, S.A.; Bachari, K.; Dias, M.I.; Alves, M.].; Barros, L.; Ferreira, I.C. Phenolic compounds characterization by
LC-DAD-ESI/MSn and bioactive properties of Thymus algeriensis Boiss. & Reut. and Ephedra alata Decne. Food Res. Int. 2019,
116, 312-319.

Taghouti, M.; Martins-Gomes, C.; Schéfer, J.; Santos, ].A.; Bunzel, M.; Nunes, EM.; Silva, A.M. Chemical characterization and
bioactivity of extracts from Thymus mastichina: A Thymus with a distinct salvianolic acid composition. Antioxidants 2019, 9, 34.
[CrossRef]

Carocho, M.; Barros, L.; Calhelha, R.C.; Ciri¢, A.; Sokovié¢, M.; Santos-Buelga, C.; Morales, P.; Ferreira, I1.C. Melissa officinalis
L. decoctions as functional beverages: A bioactive approach and chemical characterization. Food Funct. 2015, 6, 2240-2248.
[CrossRef]

Stanoeva, J.P; Stefova, M.; Andonovska, K.B.; Stafilov, T. LC/DAD/MS n and ICP-AES Assay and Correlations between Phenolic
Compounds and Toxic Metals in Endemic Thymus alsarensis from the Thallium Enriched Allchar Locality. Nat. Prod. Commun.
2017, 12, 1934578X1701200206.

Brudzynski, K.; Miotto, D. Honey melanoidins: Analysis of the compositions of the high molecular weight melanoidins exhibiting
radical-scavenging activity. Food Chem. 2011, 127, 1023-1030. [CrossRef]

Yang, S.; Wu, X.; UPLC, R.W. Analysis for identification of hydrophilic phenolics and lipophilic diterpenoids from Radix Salviae
Miltiorrhizae. Acta Chromatogr. 2015, 27, 711-728. [CrossRef]

Ozarowski, M.; Mikolajczak, P.L.; Bogacz, A.; Gryszczynska, A.; Kujawska, M.; Jodynis-Liebert, J.; Piasecka, A.; Napieczynska, H.;
Szulc, M.; Kujawski, R. Rosmarinus officinalis L. leaf extract improves memory impairment and affects acetylcholinesterase and
butyrylcholinesterase activities in rat brain. Fitoterapia 2013, 91, 261-271. [CrossRef]

Jiménez-Lopez, J.; Ruiz-Medina, A.; Ortega-Barrales, P.; Llorent-Martinez, E. Rosa rubiginosa and Fraxinus oxycarpa herbal teas:
Characterization of phytochemical profiles by liquid chromatography-mass spectrometry, and evaluation of the antioxidant
activity. New J. Chem. 2017, 41, 7681-7688. [CrossRef]

Van Hoyweghen, L.; De Bosscher, K.; Haegeman, G.; Deforce, D.; Heyerick, A. In vitro inhibition of the transcription factor NF-xB
and cyclooxygenase by Bamboo extracts. Phytother. Res. 2014, 28, 224-230. [CrossRef]

Nabet, N.; Gilbert-Lopez, B.; Madani, K.; Herrero, M.; Ibafiez, E.; Mendiola, J.A. Optimization of microwave-assisted extraction
recovery of bioactive compounds from Origanum glandulosum and Thymus fontanesii. Ind. Crops Prod. 2019, 129, 395-404.
[CrossRef]

Guan, H.; Luo, W.; Bao, B.; Cao, Y.; Cheng, F,; Yu, S.; Fan, Q.; Zhang, L.; Wu, Q.; Shan, M. A Comprehensive Review of Rosmarinic
Acid: From Phytochemistry to Pharmacology and Its New Insight. Molecules 2022, 27, 3292. [CrossRef]

Afonso, A.F; Pereira, O.R.; Cardoso, S.M. Health-promoting effects of Thymus phenolic-rich extracts: Antioxidant, anti-
inflammatory and antitumoral properties. Antioxidants 2020, 9, 814. [CrossRef] [PubMed]

Elbouny, H.; Ouahzizi, B.; Bouhlali, E.D.T.; Sellam, K.; Alem, C. Pharmacological, biological and phytochemical aspects of Thymus
munbyanus Boiss. & Reut.: A review. Plant Sci. Today 2022, 9, 399-404.

Flieger, J.; Flieger, W.; Baj, ].; Maciejewski, R. Antioxidants: Classification, natural sources, activity /capacity measurements, and
usefulness for the synthesis of nanoparticles. Materials 2021, 14, 4135. [CrossRef] [PubMed]

Kindl, M.; Blazekovi¢, B.; Bucar, F.; Vladimir-KneZevi¢, S. Antioxidant and anticholinesterase potential of six Thymus species.
Evid. Based Complement. Altern. Med. 2015, 2015, 403950. [CrossRef]

Meéndez-Tovar, I.; Sponza, S.; Asensio-S-Manzanera, M.; Novak, J. Contribution of the main polyphenols of Thymus mastichina
subsp. mastichina to its antioxidant properties. Ind. Crops Prod. 2015, 66, 291-298. [CrossRef]

Ustuner, O.; Anlas, C.; Bakirel, T.; Ustun-Alkan, F,; Diren Sigirci, B.; Ak, S.; Akpulat, H.A.; Donmez, C.; Koca-Caliskan, U. In vitro
evaluation of antioxidant, anti-inflammatory, antimicrobial and wound healing potential of Thymus sipyleus boiss. subsp. rosulans
(borbas) jalas. Molecules 2019, 24, 3353. [CrossRef]

Adewusi, E.A.; Moodley, N.; Steenkamp, V. Medicinal plants with cholinesterase inhibitory activity: A review. Afr. J. Biotechnol.
2010, 9, 8257-8276.

Gong, L.; Feng, D.; Wang, T.; Ren, Y,; Liu, Y.; Wang, J. Inhibitors of x-amylase and «-glucosidase: Potential linkage for whole
cereal foods on prevention of hyperglycemia. Food Sci. Nutr. 2020, 8, 6320-6337. [CrossRef]

Asghari, B.; Habibzadeh, F.; Ghorbani Nohooji, M. Persian Thyme (Thymus persicus): A plant containing active metabolites with
antioxidant, anti-diabetic and anti-Alzheimer effects. J. Med. Plants 2019, 18, 97-109. [CrossRef]

Dessalegn, E.; Bultosa, G.; Haki, G.D.; Rupasinghe, H.V. Evaluation of in vitro antidiabetic potential of Thymus schimperi R. and
Thymus vulgaris L. Evaluation 2019, 6, 9-16.


http://doi.org/10.1002/cbdv.202101018
http://doi.org/10.1002/pca.727
http://doi.org/10.1016/j.chroma.2013.06.052
http://doi.org/10.1016/j.bse.2017.12.009
http://doi.org/10.3390/antiox9010034
http://doi.org/10.1039/C5FO00309A
http://doi.org/10.1016/j.foodchem.2011.01.075
http://doi.org/10.1556/AChrom.27.2015.4.9
http://doi.org/10.1016/j.fitote.2013.09.012
http://doi.org/10.1039/C7NJ01743J
http://doi.org/10.1002/ptr.4978
http://doi.org/10.1016/j.indcrop.2018.12.032
http://doi.org/10.3390/molecules27103292
http://doi.org/10.3390/antiox9090814
http://www.ncbi.nlm.nih.gov/pubmed/32882987
http://doi.org/10.3390/ma14154135
http://www.ncbi.nlm.nih.gov/pubmed/34361329
http://doi.org/10.1155/2015/403950
http://doi.org/10.1016/j.indcrop.2014.11.029
http://doi.org/10.3390/molecules24183353
http://doi.org/10.1002/fsn3.1987
http://doi.org/10.29252/jmp.2.70.97

Molecules 2022, 27, 9029 22 of 23

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Hyun, TK.; Kim, H.-C.; Kim, J.-S. Antioxidant and antidiabetic activity of Thymus quinquecostatus Celak. Ind. Crops Prod. 2014,
52, 611-616. [CrossRef]

Recinella, L.; Chiavaroli, A.; Veschi, S.; Cama, A.; Acquaviva, A.; Libero, M.L.; Leone, S.; Di Simone, S.C.; Pagano, E.; Zengin, G. A
grape (Vitis vinifera L.) pomace water extract modulates inflammatory and immune response in SW-480 cells and isolated mouse
colon. Phytother. Res. 2022, 36, 4620—-4630. [CrossRef]

Chatatikun, M.; Supjaroen, P; Promlat, P.; Chantarangkul, C.; Waranuntakul, S.; Nawarat, J.; Tangpong, J. Antioxidant and
tyrosinase inhibitory properties of an aqueous extract of Garcinia atroviridis griff. ex. T. Anderson fruit pericarps. Pharmacogn. J.
2020, 12, 71-78. [CrossRef]

Meserole, L. Health foods in anti-aging therapy: Reducers of physiological decline and degenerative diseases. In Advances in
Phytomedicine; Elsevier: Amsterdam, The Netherlands, 2002; Volume 1, pp. 173-180.

Jin, B.-R.; Chung, K.-S.; Cheon, S.-Y.; Lee, M.; Hwang, S.; Noh Hwang, S.; Rhee, K.-J.; An, H.-]. Rosmarinic acid suppresses colonic
inflammation in dextran sulphate sodium (DSS)-induced mice via dual inhibition of NF-kB and STAT3 activation. Sci. Rep. 2017,
7,46252. [CrossRef]

Tan, W.S.; Arulselvan, P; Ng, S.-F.; Mat Taib, C.N.; Sarian, M.N.; Fakurazi, S. Improvement of diabetic wound healing by topical
application of Vicenin-2 hydrocolloid film on Sprague Dawley rats. BMC Complement. Altern. Med. 2019, 19, 20. [CrossRef]
Zengin, G.; Aktumsek, A. Investigation of antioxidant potentials of solvent extracts from different anatomical parts of Asphodeline
anatolica E. Tuzlaci: An endemic plant to Turkey. Afr. J. Tradit. Complement. Altern. Med. 2014, 11, 481-488. [CrossRef]
Fernandez-Poyatos, M.D.P,; Ruiz-Medina, A.; Zengin, G.; Llorent-Martinez, E.J. Phenolic characterization, antioxidant activity,
and enzyme inhibitory properties of Berberis thunbergii DC. leaves: A valuable source of phenolic acids. Molecules 2019, 24, 4171.
[CrossRef]

Grochowski, D.M.; Uysal, S.; Aktumsek, A.; Granica, S.; Zengin, G.; Ceylan, R.; Locatelli, M.; Tomczyk, M. In vitro enzyme
inhibitory properties, antioxidant activities, and phytochemical profile of Potentilla thuringiaca. Phytochem. Lett. 2017, 20, 365-372.
[CrossRef]

Uysal, S.; Zengin, G.; Locatelli, M.; Bahadori, M.B.; Mocan, A.; Bellagamba, G.; De Luca, E.; Mollica, A.; Aktumsek, A. Cytotoxic
and enzyme inhibitory potential of two Potentilla species (P. speciosa L. and P. reptans Willd.) and their chemical composition.
Front. Pharmacol. 2017, 8, 290. [CrossRef]

Gerlits, O.; Ho, K.-Y.; Cheng, X.; Blumenthal, D.; Taylor, P.; Kovalevsky, A.; Radi¢, Z. A new crystal form of human acetyl-
cholinesterase for exploratory room-temperature crystallography studies. Chemico-Biol. Interact. 2019, 309, 108698. [CrossRef]
Rosenberry, T.; Brazzolotto, X.; Macdonald, I.; Wandhammer, M.; Trovaslet-Leroy, M.; Darvesh, S.; Nachon, F. Comparison of
the Binding of Reversible Inhibitors to Human Butyrylcholinesterase and Acetylcholinesterase: A Crystallographic, Kinetic and
Calorimetric Study. Molecules 2017, 22, 2098. [CrossRef] [PubMed]

Maurus, R.; Begum, A.; Williams, L.K.; Fredriksen, ].R.; Zhang, R.; Withers, S.G.; Brayer, G.D. Alternative Catalytic Anions
Differentially Modulate Human «-Amylase Activity and Specificity. Biochemistry 2008, 47, 3332-3344. [CrossRef] [PubMed]
Ielo, L.; Deri, B.; Germano, M.P,; Vittorio, S.; Mirabile, S.; Gitto, R.; Rapisarda, A.; Ronsisvalle, S.; Floris, S.; Pazy, Y.; et al.
Exploiting the 1-(4-fluorobenzyl)piperazine fragment for the development of novel tyrosinase inhibitors as anti-melanogenic
agents: Design, synthesis, structural insights and biological profile. Eur. ]. Med. Chem. 2019, 178, 380-389. [CrossRef] [PubMed]
Karade, S.S.; Hill, M.L.; Kiappes, J.L.; Manne, R.; Aakula, B.; Zitzmann, N.; Warfield, K.L.; Treston, A.M.; Mariuzza, R.A.
N-Substituted Valiolamine Derivatives as Potent Inhibitors of Endoplasmic Reticulum a-Glucosidases I and II with Antiviral
Activity. J. Med. Chem. 2021, 64, 18010-18024. [CrossRef]

Omer, H.A.A;; Caprioli, G.; Abouelenein, D.; Mustafa, A.M.; Uba, A.L; Ak, G.; Ozturk, R.B.; Zengin, G.; Yagi, S. Phenolic Profile,
Antioxidant and Enzyme Inhibitory Activities of Leaves from Two Cassia and Two Senna Species. Molecules 2022, 27, 5590.
[CrossRef]

Uba, A.L; Zengin, G.; Montesano, D.; Cakilcioglu, U.; Selvi, S.; Ulusan, M.D.; Caprioli, G.; Sagratini, G.; Angeloni, S.; Jugreet, S.; et al.
Antioxidant and Enzyme Inhibitory Properties, and HPLC-MS/MS Profiles of Different Extracts of Arabis carduchorum Boiss.: An
Endemic Plant to Turkey. Appl. Sci. 2022, 12, 6561. [CrossRef]

Miteva, M.A.; Guyon, F; Tuffery, P. Frog?2: Efficient 3D conformation ensemble generator for small compounds. Nucleic Acids Res.
2010, 38, W622-W627. [CrossRef]

Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.]. AutoDock4 and AutoDockTools4:
Automated docking with selective receptor flexibility. J. Comput. Chem. 2009, 30, 2785-2791. [CrossRef]

Uba, A.L; Yelekgi, K. Pharmacophore-based virtual screening for identification of potential selective inhibitors of human histone
deacetylase 6. Comput. Biol. Chem. 2018, 77, 318-330. [CrossRef]

Uba, A.1; YelekCl, K. Exploration of the binding pocket of histone deacetylases: The design of potent and isoform-selective
inhibitors. Turk. J. Biol. 2017, 41, 901-918. [CrossRef]

Zengin, G.; Dall’Acqua, S.; Sinan, K.I; Uba, A.L; Sut, S.; Peron, G.; Etienne, O.K.; Kumar, M.; Cespedes-Acuria, C.L.; Alarcon-Enos,
J.; et al. Gathering scientific evidence for a new bioactive natural ingredient: The combination between chemical profiles and
biological activities of Flueggea virosa extracts. Food Biosci. 2022, 49, 101967. [CrossRef]


http://doi.org/10.1016/j.indcrop.2013.11.039
http://doi.org/10.1002/ptr.7581
http://doi.org/10.5530/pj.2020.12.12
http://doi.org/10.1038/srep46252
http://doi.org/10.1186/s12906-018-2427-y
http://doi.org/10.4314/ajtcam.v11i2.37
http://doi.org/10.3390/molecules24224171
http://doi.org/10.1016/j.phytol.2017.03.005
http://doi.org/10.3389/fphar.2017.00290
http://doi.org/10.1016/j.cbi.2019.06.011
http://doi.org/10.3390/molecules22122098
http://www.ncbi.nlm.nih.gov/pubmed/29186056
http://doi.org/10.1021/bi701652t
http://www.ncbi.nlm.nih.gov/pubmed/18284212
http://doi.org/10.1016/j.ejmech.2019.06.019
http://www.ncbi.nlm.nih.gov/pubmed/31202126
http://doi.org/10.1021/acs.jmedchem.1c01377
http://doi.org/10.3390/molecules27175590
http://doi.org/10.3390/app12136561
http://doi.org/10.1093/nar/gkq325
http://doi.org/10.1002/jcc.21256
http://doi.org/10.1016/j.compbiolchem.2018.10.016
http://doi.org/10.3906/biy-1701-26
http://doi.org/10.1016/j.fbio.2022.101967

Molecules 2022, 27, 9029 23 of 23

74. Zengin, G.; Fahmy, N.M,; Sinan, K.I.; Uba, A.L; Bouyahya, A.; Lorenzo, ].M.; Yildiztugay, E.; Eldahshan, O.A.; Fayez, S. Differential
Metabolomic Fingerprinting of the Crude Extracts of Three Asteraceae Species with Assessment of Their In Vitro Antioxidant
and Enzyme-Inhibitory Activities Supported by In Silico Investigations. Processes 2022, 10, 1911. [CrossRef]

75.  Livak, KJ.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2~22CT method.
Methods 2001, 25, 402-408. [CrossRef] [PubMed]

76. Charan, J.; Kantharia, N. How to calculate sample size in animal studies? J. Pharmacol. Pharmacother. 2013, 4, 303-306. [CrossRef]


http://doi.org/10.3390/pr10101911
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://doi.org/10.4103/0976-500X.119726

	Introduction 
	Results and Discussion 
	Total Phenolic and Flavonoid Content 
	Chemical Characterization 
	Phenolic Acids 
	Flavonoids 
	Rosmarinic and Derivatives (Salvianolic Acids) 
	Other Compounds 

	Relative Peak Areas and Heat Map 
	Chromatographic Quantification of the Main Phytochemicals 
	Antioxidant Properties 
	Enzyme Inhibition Properties 
	Molecular Docking 
	Ex Vivo Studies 

	Materials and Methods 
	Plant Materials and Extraction 
	Profile of Bioactive Compounds 
	Instrumentation 
	HPLC-ESI-MSn Analysis 
	Determination of Antioxidant and Enzyme Inhibitory Effects 
	Molecular Modeling 
	Ex Vivo Studies 
	RNA Extraction, Reverse Transcription and Real-Time Reverse Transcription Polymerase Chain Reaction (RT-PCR) 
	Statistical Analysis 

	Conclusions 
	References

