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KEYWORDS Abstract Thymbra linearifolia, a Green Mountain endemic Libyan plant species belonging to the
Thymbra linearifolia; family Lamiaceae, was investigated as the plant’s first documented phytochemical and biological
Anthocyanins: evaluation report. The plant is used for bronchitis, cough, asthma, and gastrointestinal ailments,
Cytotoxicity; including dyspepsia, colic pain, and diarrhea. The phenolic and flavonoid contents of 7. linearifolia
Antioxidant; were analyzed qualitatively and quantitatively by LC-MS analysis and spectrophotometric assays.
Antimicrobial; These analyses revealed the presence of 60.67 mg/g of GAE (Gallic Acid Equivalents) and 26.79 mg/
Molecular structure ¢ of RE (Rutin Equivalents) of the phenolics and flavonoids, respectively, in the aerial parts of the

plants’ ethanolic extract. Cyanidin-3-O-rutinoside (2.26 %), pelargonidin-3-O-rutinoside (2.36 %),
gallocatechin (2.94 %), taxifolin (1.22 %), kaempferol-3-O-rutinoside (0.81 %), quercetin-3-O-
retinosie (1.20 %), luteolin (0.99 %), apigenin (2.0 %), dimethoxy luteolin (2.97 %), and
pinobanksin-3-O-acetate (2.56 %) were detected to be the major flavonoids, whereas the syringic
acid hexoside (1.38 %), and rosmarinic acid (2.54 %) were among the most abundant phenolic acids
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in the plant’s extract. The DPPH scavenging activity was measured at an ICsq value of 34.48 pg/mL.
In addition, potential reducing, metal chelating, and free radical scavenging potentials were exhib-
ited in the in vitro assays, i.e., ABST, ORAC, FRAP, and MC. The remarkable antioxidant activity
of the plant was attributed to its phenolic and flavonoid contents. The plant extract had strong cyto-
toxic effects on three types of cancer cell lines, i.e., MCF-7, HepG2, and Panc-1, with ICs, values of
24.023, 22.94, and 33.30 pg/mL, respectively. Furthermore, the plant extract also exhibited cyto-
toxic effects greater than the standard anticancer drug, doxorubicin, against all the tested cell lines.
The in-silico binding studies also demonstrated that the phytochemical constituents of 7. linearifolia
have a high binding affinity against the epidermal growth factor receptor (EGFR) protein, which
supported the anticancer potentials of the plant. The antimicrobial assay conducted with the
well-diffusion method revealed the moderate effects of the plant’s extract against Bacillus subtilis,
Staphylococcus aureus, Saccharomyces cerevisiae, and Candida albicans. However, weak antimicro-
bial effects were recorded against the Gram-negative bacteria, Escherichia coli, and Salmonella
typhimurium. These findings corroborated the immense health benefits of the plant, and substanti-
ated the medicinal value claims of the plant, which is currently under use in different forms as part
of the locals’ folk-medicinal chest.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Significant numbers of medicinal plants are concurrently used all over
the world for their antibacterial, anticancer, and antioxidant proper-
ties. Plants are also in use as part of traditional and complementary
medicine, including for finding new structural leads, developing new
molecular templates, and subsequently discovering new drug candi-
dates (Mohammed and Khan, 2022; Shanaida et al., 2020; Upton
et al., 2016). A detailed phytochemical screening is an essential prereq-
uisite to exploring, establishing, and comprehending the therapeutic
significance of the natural extracts and their active constituents. The
analysis is also a must for standardizing the crude extracts from the
plant that hold a plethora of active ingredient(s), synergistic chemical
entities, and perhaps the much-sought-after pharmaceutical agent(s) to
be obtained from different plant species (Falzon and Balabanova,
2017). The biological activities, therapeutic potential, medicinal prop-
erties, and probable toxicity, as well as, the perceived and observed
side effects of medicinal plants, are all directly connected to their phy-
toconstituents, particularly the secondary metabolites, e.g., essential
oils, alkaloids, saponins, flavonoids, and phenolic acids, and their
doses and duration of usage (Hussein and El-Anssary, 2019). The
structural variations in the natural products, their abundance, concen-
tration, and enrichments in the plant’s extract are affected by the
plant’s environmental conditions, and abiotic stress factors, which
are among the key components affecting the biological activities of
medicinal plants (Mohammed, 2009; Mohammed et al., 2019; Ncube
et al., 2012). For instance, the presence, frequency, and positional
attachments of the hydroxyl group(s) in phenolic compounds, an
essential structural feature for antioxidant and antibacterial properties,
interact differently with the bacterial cell-wall, and in multiple ways
towards different mechanistic pathways to produce anti-bacterial
activity at different response levels as the bio-effects of the structure-
led outcome (Lai and Roy, 2004).

Thymbra linearifolia belongs to the family Lamiaceae, which is
abundant in herbs, shrubs, and trees, and comprises several economi-
cally valuable plant species producing essential oils, spices, and crude
medicines, which comprise using leaves, flowers, seeds, roots, and other
aerial parts as cold-water extracts, decoctions, oils, and plant parts’
powders to be taken orally and used topically. Several plant species
of the Lamiaceae family are planted for edible, nutritional, ornamental,
and lumber purposes (Figueiredo et al., 2010). Phytochemically, the
volatile oils, and phenolics and flavonoids-based structures are com-
mon, and at times, major constituents. The bioactive oils are mainly
comprised of several ingredients, including cineol, carvacrol, and thy-
mol with potent antioxidant capabilities (Mohammed et al., 2020). T.

linearifolia, abundant and exclusively found in the Green Mountain
regions, is locally called “Zahter” in the vernacular language. The
plant’s occurrence, and geographic distributions have been described
in 2018 by Christian BrduChler as endemic to Libya. The three growing
locations of the plant are between Jebel Al-Akhdar, Benghazi and Tau-
cheira (BrduChler, 2018). Furthermore, Christian BrduChler has
recently reclassified the plant from genus Satureja to Thymbra, as the
phylogenetic analyses have made it to be placed in Thymbra, a lineage
well distant from the genus Satureja. The shape of the calyx and the ori-
entation of the lobes are two other important morphological features
differences between the Satureja and Thymbra (BrauChler, 2018). The
plants from genus Thymbra have been reported for their abundance
of phenolic compounds, e.g., benzoic acid and its derivatives, and car-
vacrol (Celik et al., 2021; Delgado-Adamez et al., 2017; Sengun et al.,
2021). Earlier investigations have found significant antibacterial and
antioxidant activities in Thymbra species plants, other than 7. linearifo-
lia (Celik et al., 2021; Erci et al., 2018; Sengun et al., 2021). To the best
of our knowledge, currently there is no reported work on the phyto-
chemical investigations and bioactivity property evaluations of the
plant, T. linearifolia.

The current work is an attempt to explore the phytochemical con-
stituents and evaluate the bioactivity profile of T. linearifolia, the first
report for the exclusively distributed plant. Given the plant’s prevalent,
but localized, use for managing physiological symptoms of many hor-
monal and non-hormonal disorders, diseases of the respiratory system,
gastrointestinal tract, and wound healing, together with the plant’s use
for enhancing the overall activity of the body as a vigor enhancer,
blood purifier, and tonic, the plant’s chemo-pharmacological tests were
necessary steps. In this context, the plant’s qualitative and quantitative
phytochemical profiling through colorimetric assays, and LC-MS anal-
ysis, in addition to its antioxidant, antimicrobial, and cytotoxic activity
evaluations on different cell lines, were carried out.

2. Materials and methods

2.1. Chemicals and reagents

All chemicals and reagents were of analytical grade; aq. etha-
nol 95 %, Folin-Ciocalteu’s reagent, gallic acid, rutin, Tro-
lox, ethylene diamine tetra acetic acid (EDTA), aluminum
chloride (AICl;), potassium persulfate, Ferric chloride
(FeCl;), sodium carbonate (Na,COs;), dimethyl sulfoxide
(DMSO), trichloro acetic acid (TCA), 2,2-diphenyl-1-picryl-
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hydrazine-hydrate (DPPH), 2,2'-Azino-bis(3-ethylbenzothiazo
line-6-sulfonic acid) (ABTS), fluorescein, 2,2’-Azobis(2-amidi
nopropane) dihydrochloride (AAPH), 2,4,6-Tris(2-pyridyl)-s-
triazine (TPTZ) were purchased from Sigma-Aldrich, USA.
Sulforhodamine B (SRB) was obtained from Invitrogen,
Thermo Fisher Company, USA.

2.2. Collection, identification, and extraction of the plant
material

Thymbra linearifolia L aerial parts were collected from the
Green Mountain (Jabel Al-Akhdar) in 2021, and identified
by Dr. Christian BrduChler, Head of the Botany Department,
Natural History Museum, Vienna, Austria. The voucher spec-
imen was kept at the herbarium of the Benghazi University,
Faculty of Science, Botany Department, with the herbarium
record number ’1-20581". The collected plant materials were
subjected to shade-drying at room temperature (RT), reduced
in size through a mill-cutter, and stored in tight plastic con-
tainers for further investigations. Dried, homogenized aerial
parts of the plant material (250 g) was extracted with aq. etha-
nol 95 % (analytical grade, Solveco company, 3x500 mL, three
successive extractions) for 24 h in a water bath fixed at 40 °C
temperature. The extract was filtrated, and dried under vac-
uum at 40 °C using rotatory evaporator.

2.3. Total phenolic contents (TPC)

Accurately, 0.5 mL of the herbal extract (1 mg/mL) was trea-
ted with 2 mL of Folin-Ciocalteu’s reagent to estimate the total
polyphenols content (TPC). The extract and reagent were thor-
oughly mixed with 2.5 mL of 7.5 % Na,CO3, and the final mix-
ture was set aside for 30 min in dark. The absorbance of the
mixture was recorded at 760 nm wavelength using a spec-
trophotometer (Jasco V-630, Japan). Another mixture consist-
ing of the Folin-Ciocalteu’s reagent, distilled water (instead of
the plant’s extract), and Na,CO; were used as a negative
blank. Gallic acid was employed as the standard, and a 6-
point standard curve (0-50 mg/L) was created (supplementary
file). The TPC of T. linearifolia extract was quantified as gallic
acid equivalents (mg GA/g) for the dried extract weight. The
sample was examined twice (Attard, 2013; Singleton and
Rossi, 1965).

2.4. Total flavonoid contents (TFC)

To evaluate the TFC, 1 mL of diluted plant extract (1 mg/mL)
was mixed with 1 mL of 2 % AICl;. After 15 min at RT incu-
bation, the absorbance of the mixture was recorded at 430 nm
wavelength using Jasco V-630 spectrophotometer. Standard
calibration curve of the rutin was plotted (0-50 mg/L) (supple-
mentary file). The TFC of the plant was expressed as rutin
equivalents/g (RE) of the dried extract. All samples were ana-
lyzed twice under identical experimental conditions (Djeridane
et al., 2006; Elshibani et al., 2020).

2.5. LC-MS analysis

All solvents used in the LC-MS analysis were of analytical
grade. Shimadzu ExionLC (Shimadzu, Kyoto, Japan)

equipped with a TurbolonSpray, SCIEX X500R QTOF
(SCIEX, Framingham, MA, USA) was used for the extract’s
scanning. Accurately, 1 mg of the extract was dissolved in
2 mL of DMSO and centrifuged at 5000 rpm for 2.0 min.
Accurately, 1.0 mL of the extract solution was transferred to
auto-sampler, and the injection volume was adjusted to
3.0 pL. The instrument was operated using ion-source-gas-1,
50 psi, ion-source-gas-2, 50 psi, and ion-funnel-clectrospray-
source. The instrument parameters were adjusted as capillary
voltage (Negative, —4000 V), nebulizer gas (2.0 bar), nitrogen
flow (8 L/min), and dry temperature (200 °C). The mass accu-
racy was less than 1 ppm, the mass resolution was 50,000 FSR
(Full Sensitivity Resolution), and the TOF repetition rate was
up to 20 kHz. The chromatographic separation was performed
on InertSustain® C18 reverse-phase (RP) column, 100 x 2.1
mm, 3.0 pm (GL-Science, Japan) at 50 °C, auto-sampler tem-
perature 8.0 °C, with a flow rate of 0.35 mL/min and a total
run time of 40 min using the gradient elution. The eluents con-
sisted of mobile phase A as 0.1% formic acid in water, and
mobile phase B as 100 % acetonitrile.

2.6. Antioxidant assays

2.6.1. DPPH assay

A free radical, DPPH assay, was conducted according to the
method described earlier (Faso, 2016), with certain modifica-
tions to suit the 96-well plate assay. Briefly, 150 uL. of DPPH
reagent solution (2 mg DPPH in 50 mL methanol) was thor-
oughly mixed with 5 pL of the plant’s extract solution in a
96-well plate (n = 3), and incubated for 30 min at RT. The
color fading of the DPPH was measured at 517 nm wavelength
using a microplate reader (FluoStar Omega, Ortenberg, Ger-
many), and the 1Csy values were calculated using GraphPad
Prism-5® software (GraphPad Prism®, USA ). Data are rep-
resented as mean + SD, as according. Percentage (%) inhibi-
tion equals to [(Average absorbance of blank) - (average
absorbance of the test)] (divided by) [(Average absorbance of
the blank)] x 100.

2.6.2. ABTS assay

The ABTS radical cation decolorization analysis was used to
investigate the free radicals scavenging capacity of the extract.
The analysis was performed in microplates following the tech-
nique outlined by Arnao et al (Arnao et al., 2001), with few
modifications. Briefly, 192 mg of ABTS was dissolved in deion-
ized water, and transferred to a 50 mL volumetric flask. The
final volume was made with the addition of distilled water.
Accurately, 1 mL of the previously prepared ABTS solution
was mixed with 17 pL of 140 mM potassium persulfate, and
stored for 24 hr in dark. The mixture was then diluted to
50 mL using methanol to attain the final ABTS dilution. In
a 96-well plate (n = 6), 190 uL of the freshly produced ABTS
reagent was combined with 10 pL of the sample, and standard
separately, and the preparation was placed in an incubator for
30 min in dark at RT. At the end of incubation, the drop in the
intensity of ABTS color was observed at 734 nm wavelength
using a microplate reader (FluoStar Omega, Ortenberg, Ger-
many). The scavenging activity of the plant extract was calcu-
lated as Trolox equivalent/g (TE) of the plant’s extract using
the generated calibration curve of the standard antioxidant
compound, Trolox (supplementary file).
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2.6.3. ORAC assay

The Oxygen Radical Absorbance Capacity (ORAC) assay was
performed using the technique of Liang et a/ (Liang et al.,
2014), with some modifications. Briefly, 10 pL of the pre-
pared plant’s extract sample was incubated with 30 pL of fluo-
rescein (100 nM) for 10 min at 37 °C. For background
detection, the measurements of fluorescence (485 EX, 520
EM, nm) were conducted for three rounds (90 sec each). Fol-
lowing that, 70 pL of newly prepared 2,2’-Azobis(2-amidino
propane) dihydrochloride (AAPH) (300 mM) reagent was
immediately added to each well. The measurements of flores-
cence (485 EX, 520 EM, nm) were carried out for 60 min (40
cycles, each 90 sec). The anti-ORAC activity of the plant
extract was calculated as Trolox equivalent/g (TE) of the
plant’s extract using the linear regression curve of Trolox stan-
dard as the antioxidant compound, Trolox (supplementary
file).

2.6.4. FRAP assay

The FRAP test was carried out in microplates according to the
technique described by Benzie er al with certain modifications
(Benzie and Strain, 1996). A freshly prepared TPTZ reagent
(300 mM, acetate buffer pH 3.6), 10 mM TPTZ in 40 mM
HCI, and 20 mM FeCls, in a ratio of 10:1:1 v/v/v, respectively).
In a 96-well plate, 190 pL of freshly prepared TPTZ reagent
was combined with 10 pL of the test sample, and the mixture
was kept at RT for 30 min in dark. At the end of the incuba-
tion, the resultant blue color was detected at 593 nm wave-
length using a microplate reader (FluoStar Omega,
Ortenberg, Germany). The activity of the extract was calcu-
lated as mg Trolox equivalent per gram (TE) of the plant’s
dried extract using the FRAP-Trolox calibration curve (sup-
plementary file).

2.7. Antiproliferative assay

The SRB assay was used to investigate cancer cells viability
in presence of the plant’s extract. An aliquot of 100 pL sus-
pension of the cells (5x10° cells) were seeded into 96-well
plates, and were keptincubated for 24 hr. Another aliquot
of 100 pL media comprising 7. linearifolia extract at various
concentrations were delivered to the cells. Following 72 hr
of exposure to the plant’s extract, the cells were maintained
by substituting the media with 150 pL of 10 % TCA, and
kept in an incubator at 4 °C for an hr. After discarding
the TCA, the cells were rinsed five times with deionized
water. Aliquots of 70 puL SRB solution (0.4 %, w/v) were
added, and allowed to stand at RT for 10 min in dark,
and plates washed with 1 9% acetic acid. Afterwards,
150 pL of TRIS (10 mM) was added to dissolve the
protein-bound SRB stain. A BMG LABTECH®- FLUOstar
Omega microplate reader (Ortenberg, Germany) was used to
measure the absorbance at 540 nm wavelength (Skehan
et al., 1990).

2.8. Antimicrobial assay

2.8.1. Disk diffusion assay

Antibacterial potentials were measured using a modified
Kirby-Bauer disk diffusion susceptibility test (Hudzicki,

2009). Disks containing the plant’s extract (50 uL) were pre-
pared, and attached to the surface of the agar plates, inocu-
lated with the test bacterium (Escherichia coli ATCC 8739,
Bacillus subtilis ATCC 6633, Staphylococcus aureus ATCC
29213,

Salmonella typhimurium ATCC 14028, Candida albicans
ATCC 10231, and Saccharomyces cerevisiae ATCC 9763).
The negative control was made of the same volume of DMSO,
while the positive control was standard disks of the standard
antibacterial agent(s). The plates were keptinverted in the
incubator for one day at 37 °C. After incubation, the plates
were inspected to measure the zones of inhibition. Diameters
less than 5 mm were considered as having no effects. All the
experiment was triplicated.

2.8.2. Broth microdilution method

The broth microdilution assay was used to determine the
plant’s extract minimal inhibitory concentration (MIC)
required for the growth inhibition of the microorganisms
under test. Serial dilutions of the plant’s extract (10 mg/mL)
were prepared in 96-well plates using 100 uL of the extract,
and 100 pL of the Muller Hinton Broth (MHB). Afterwards,
100 pL of the microbial inoculums were added to each well
with final concentration of 5.0 X 10° CFU/mL. In addition,
another 100 pL. from each microbial organism suspensions
were diluted, and cultured externally to confirm inoculum den-
sity. A growth control well containing inoculated broth, with-
out extract, and a negative control well containing only the
broth without extract and microbial organism were added to
each sample plate. The plates were incubated at 37.0 + 1.0 °
C for 24.0 £ 2.0 hr, except for Bacillus subtilis, which was
incubated at 30.0 £ 1.0 °C for 24 hr. After incubation, the
plates were removed from the incubator, and placed in dark
to check the microbial growths, wherein the turbidity of the
solution was an indication of the microbial growth, thereby
confirming the validity of the test.

2.9. Docking method

Molecular dockings of the secondary metabolite compounds
identified from the plant’s extract were run by the molecular
operating environment (MOE) 2019.012 suite against epider-
mal growth factor receptor (EGFR). X-rays diffraction
(XRD) data-domains of the EGFR complexed with
BDBM 50432373 ligand was obtained from the Protein Data
Bank  (https://www.rcsb.org/structure/3W33)  (Kawakita
et al., 2013), and protein and ligands preparations were per-
formed by MOE, including gas tier charges through the
MMFF 94x force-field, by adding hydrogen atoms, removing
the water molecules, 3D-protonation of the structure, and min-
imizing of the protein structure. The screened metabolites were
subjected to partial charges addition, and energy minimiza-
tions (El-Shershaby et al., 2021a; Ma et al., 2021). The docking
site was chosen to be the co-crystallized ligand site. Triangle
matcher, and London dG were selected as the placement,
and the scoring methodology, respectively, which was able to
create 100 poses. Moreover, the rigid receptor, and GBVI/
WSA dG were selected as the placement, and the scoring
methodology to extract the best 10 poses were produced from
100 poses for each docked molecule (EI-Shershaby et al.,
2021b). The output from MOE software was further visualized
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by Discovery Studio® 4.0 software for ligand—protein interac-
tions. ligand (W19).

2.10. Statistical analysis

Results were presented as mean = SD (standard deviation).
Statistical analysis was conducted by applying Student’s ¢-
test and P-values less than 0.05 were recorded as significant.
Correlations between acquired data were analyzed using the
correlation coefficient statistical tool in the MS Excel software.

3. Results and discussion

3.1. Total phenolics and flavonoids contents in T. Linearifolia

The quantitative analysis results of the phenolics and flavonoid
contents in the plant extract are presented in Table 1, which
revealed the presence of 60.67 mg/g GAE, and 26.79 mg/g
RE, of the phenolics, and the flavonoid contents, respectively.
The results were consistent with the LC-MS analysis findings
(Table 2), showed 5.19 %, and 23.5 % of the phenolic acids,
and flavonoids, respectively, which were calculated relative to
the total peaks area in the LC chromatogram. The results pre-
sented in Table 2 exhibited considerable numbers of phenolic
acids and flavonoid contents, which may have contributed to
the tested and confirmed biological activities of the plant’s
extract as antimicrobial, cytotoxic, and antioxidant nature.
There are no published information on the presence of pheno-
lics and flavonoid contents in T. linearifolia. Nonetheless,
compared to other Thymbra species, the current findings
showed lesser quantities of the TFC. Another Thymbra species,
Thymbra spicata, is reported to contain 201.4-250 mg/g GAE
as the phenolics content equivalent, which is much higher than
the current findings at 60 mg/g GAE for the phenolic contents
from T. linearifolia (Diab et al., 2022; Eruygur et al., 2017;
Khalil et al., 2019). The current findings on the flavonoid con-
tents also revealed that T. linearifolia has lower quantities of
flavonoid compounds in comparison to other well-known
and well investigated Thymbra species, T. spicata. The T. spi-
cata was shown to possess 78.17 mg QE as the flavonoid con-
tents’ equivalent quantity in the plant species growing in
Turkey. However, the contents of the flavonoids were higher
in the current study compared to the contents in T. spicata
growing in Lebanon at 9.04 mg QE (Khalil et al., 2019) as
against 26.76 mg RE in the current study for 7. linearifolia,
which reflected the inter-species variations, owing to the
genetic makeup, and probably also due to the environmental
factors of the geographical significance as well as other biotic

and abiotic factors. However, the compared standards of the
QE (Quercetin Equivalents) and the RE (Rutin Equivalents)
can have qualitative measurements effects owing to the struc-
tural resemblance of the nearest types (both with 3'.4)5,7-
tetra hydroxy substitutions), and presence of glycosidal (rutin,
3-O-di-glycoside), and non-glycosidal (quercetin) entities
between the two flavonoids, and for which no conclusive data
on quantitation difference is available.

3.2. LC-MS profiling of the plant’s ethanolic extract

The LC-MS analysis was performed to identify the phenolic
acids and flavonoids present in the plant’s extract. Out of hun-
dreds of the peaks in the negative and positive modes chro-
matograms of the plant’s extract, only thirty-three
compounds were identified based on the known MS (mass)
spectral data and the mass fragmentation patterns. The molec-
ular ion peak of the each identified constituent, its mass frag-
mentation pattern, and the MS/MS fragments were compared
to the literature data. The analysis showed the presence of both
the phenolic acids, and flavonoids in considerable quantities
with a relative percentages (RP) of 28.75 %, as calculated
for a total of 32 phenolics and flavonoid compounds. The anal-
ysis revealed the presence of nine phenolic acids, i.e., quinic
acid, protocatechuic acid glucoside, 4-hydroxybenzoic acid,
syringic acid hexoside, rosmarinic acid, syringic acid, caffeic
acid, salvianolic acid, and hydroxy benzoic acid-O-hexoside,
with a total relative percentage of these acids calculated at
5.19 %, when calculated based on the total peaks’ areas in
the negative ion mode chromatogram of the plant’s extract.
These phenolic acids were identified based on their character-
istic mass fragments in the mass spectrum. For example, the
quinic acid was identified based on the presence of the molec-
ular ion peak at m/z 191.0246 [M—H], and fragment ions mass
peaks at m/z 162, 111, 85, and 34, which were reported as char-
acteristic fragments for the compound (El-Shazly et al., 2022).
Similarly, the presence of fragment ions masses at m/z 108, 94,
and 93, with peak at m/z 137.0277 [M—H] for the molecular
ion peak led to the identification of 4-hydroxy benzoic acid
(Hossain et al., 2010). In addition, the most abundant phenolic
acid in the extract, rosmarinic acid, being one of the most
abundant phenolic compounds in the Lamiaceae family, was
identified through the presence of the molecular ion peak at
m/z 359.0841, and fragment masses at m/z 198, 197, 179,
161, and 135 (Hossain et al., 2010). The phenolic acid glyco-
sides, syringic acid hexoside (RP, 1.38 %), and hydroxy ben-
zoic acid-O-hexoside (RP, 0.37 %) were identified through
the presence of the de-hexoside fragments mass at m/z 197 [sy-

Table 1 Quantitative analysis of phenolics, flavonoids, and antioxidant activity of T. linearifolia*.

Test TPC TFC DPPH ABTS ORAC FRAP MC

Units mg/g, GAE mg/g, RE 1Csp, pg/mL uM, TE M, EE

Results 60.67 + 2.4 26.79 + 1.53 34.48 + 1.23 2328.35 £ 103.20 3824.13 + 210.48 479.69 19.47 +
+ 43.85 1.79

* TE (Trolox Equivalent) per gram of the extract; EE (EDTA Equivalent) per gram of the extract; TPC (Total Phenolic Contents); TEC
(Total Flavonoid Contents); ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); ORAC (Oxygen Radical Absorbance Capacity);
FRAP(Ferric Reducing Antioxidant Power); MC(Metal Chelating) activity. Standards antioxidant, Trolox was used as an internal standard in
the ABTS, ORAC, and FRAP assays. Standard iron chelator, EDTA, was used as an internal standard in the MC assay.
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Table 2 LC-MS-MS analysis of T. linearifolia aq. ethanolic extract.

Serial Rt Constituent Identity MS: (m/z):  Abundance MS/MS (m/z)
(minutes) [M—H]/ (%)
(MT

1. 0.99 Quinic acids 191.0246 0.07 162, 111, 85, 34 (El-Shazly et al., 2022)

2. 2.36 Protocatechuic acid glucoside 315.0798 0.13 153, 152, 109, 108 (El-Shazly et al., 2022)

3. 3.75 4-Hydroxy benzoic acid 137.0277 0.06 108, 94, 93 (Hossain et al., 2010)

4. 9.06 Gallocatechin isomer 305.0764 2.94 225 (Taamalli et al., 2015)

5. 9.65 Vicenin-2 (apigenin-6,8-di-C-f-D-gluco- 593.1633 0.34 503, 473, 383, 353 (Pontes et al., 2022)

pyranoside)

6. 10.40 Cyanidin-3-O-rutinoside 595.1782 2.62 287 (Ross et al., 2007)

7. 10.49 Unknown, Cyanidin derivative 658.1761 0.71 595, 287

8. 10.59 Cyanidin-3-O-glucoside 449.1196 0.09 287 (Ross et al., 2007)

9. 10.72 Taxifolin 303.0572 1.22 285, 217, 151, 125 (El-Shazly et al., 2022)

10. 10.92 Keampferol-3-O-rutinoside 593.1630 0.81 284, 285 (Wojdyto and Nowicka, 2019)

11. 11.04 Keampferol-3-O-glucoside 447.1038 0.14 284, 285 (Wojdyto and Nowicka, 2019)

12. 11.09 luteolin-3-O-glucuronide 461.0840 0.11 285 (Hossain et al., 2010)

13. 11.11 Pelargonidin-3-O- rutinoside 579.1828 2.36 272, 271 (Kajdzanoska et al., 2010)

14. 11.34 Pelargonidin-3-O-glucoside 433.1247 0.04 271 (Kajdzanoska et al., 2010)

15. 11.44 Apigenin-7-O-rutinoside 577.1688 0.28 269 (Hossain et al., 2010)

16. 11.45 Isomeric to pelargonidin-3-O- rutinoside 580.1891 1.47 579, 271

17. 11.49 Quercetin-3-O-rutinoside 609.1939 1.20 301, 302, 303 (Wojdyto and Nowicka,
2019)

18. 11.56 Syringic acid hexoside 360.0877 1.38 198, 197, 161, 135, 133, 123 (Fang et al.,
2002)

19. 11.64 Rosmarinic acid 359.0841 2.54 198, 197, 179, 161, 135 (Hossain et al.,
2010)

20. 11.66 Syringic acid 197.0507 0.20 179, 135 (Hossain et al., 2010)

21. 11.69 Caffeic acid 179.0397 0.08 161, 135 (Hossain et al., 2010)

22. 12.45 Salvianolic acid 718.1662 0.36 519 (Irakli et al., 2021)

23. 12.50 Luteolin di hexoside 609.1386 0.11 447, 285 (Choi et al., 2018)

24. 12.63 Cyanidin-3-O-sophoroside 611.1541 0.07 287 [M—H], 449 [M—glu] (Ross et al.,
2007b)

25. 13.27 Luteolin 285.0466 0.99 133, 175, 217 (Mohammed et al., 2022)

26. 13.64 Hydroxy benzoic acid-O-hexoside 299.0629 0.37 137, 119 (Hossain et al., 2010)

27. 13.94 Kaempferol 285.0480 0.23 271, 119 (Mohammed et al., 2022)

28. 14.22 Apigenin 269.0510 2.00 225, 151, 171 (Taamalli et al., 2015)

29. 15.28 Thymol 149.0645 0.06 150, 135 (Hossain et al., 2010)

30. 16.52 Methyl apigenin 283.0681 0.24 269, 268 (Hossain et al., 2010)

31. 18.26 Dimethoxy luteolin 313.1867 2.97 299, 284, 283, 254 (Fathoni et al., 2017)

32. 21.31 Pinobanksin-3-O-acetate 313.1865 2.56 181, 180, 165, 151 (Pellati et al., 2011)

33. 23.00 Ursolic acid 455.3614 2.63

Total relative percentage 31.38

*Compounds identification is based on their mass fragmentation patterns and the literature mass spectral data.

ringic acid-(H + hexose)], and mass at m/z 137 [hydroxy ben-
zoic acid-(H + hexose)], respectively (Fang et al., 2002;
Hossain et al., 2010). These phenolic glycosides were also iden-
tified based on their mass fragmentation patterns of their
respective glycoses (Fang et al., 2002; Hossain et al., 2010).
The mass-based identification was well supported from the
known mass spectral data of these compounds and ruled out
the possibilities of other similar mass compounds based on
their decimal four place HR-MS (high resolution mass) molec-
ular ion spectra. Besides the phenolic acids, twenty-two flavo-
noids of different classes, 1i.e., flavonol, flavone,
dihydroflavonol, catechins, and anthocyanins were identified.
Among all the identified flavonoids, the gallocatechin isomer
(2.94 %), cyanidin-3-O-rutinoside (2.62 %), taxifolin (1.22
%), keampferol-3-O-rutinoside (0.81 %), pelargonidin-3-O-
rutinoside (2.36 %), pelargonidin-3-O-rutinoside (isomeric)
(1.47 %), quercetin-3-O-rutinoside (1.20 %), luteolin (0.99

%), apigenin (2.00 %), dimethoxy luteolin (2.97 %), and
pinobanksin-3-O-acetate (2.56 %) were found as the major fla-
vonoids in the plant extract (Table 2). A total percentage of the
identified flavonoids of the identified compounds from the
plant extract was calculated at 23.5 %, wherein the antho-
cyanins were the most abundant flavonoids, with a relative
percentage of 7.36 %. All the identifications of the T. lineari-
folia flavonoids were based on the observations of the molec-
ular ions and fragmentation ions peaks for each constituent
compounds, and which were consistent with the reported mass
values of the fragments of the corresponding compounds in
their mass spectra. The anthocyanins, for example, were iden-
tified based on the mass values of the aglycones fragments
presence for each compound. The presence of a molecular
ion peak at m/z 595.1782 [M—H], and the fragment’s mass
peak at m/z 287 [M-(H + rutinoside)]” revealed the detach-
ment of the rutinoside moiety [308 atomic mass units (amu),
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and led to the identification of the compound as cyanidin-3-O-
rutinoside (Fig. 1, LC, Rt 10.40 min). However, cyanidin-3-O-
glucoside (Rt 10.59 min) showed the molecular ion peak at m/z
449.1196 [M—H] and a fragment peak at m/z 287 [M-
(H + glu)]" after the removal of 162 amu, which revealed

the detaching of the glucoside moiety, and supported the iden-
tification of the compound (Ross et al., 2007). The keampferol-
3-O-rutinoside (Fig. 1, Rt 10.92) showed a molecular ion peak
at m/z 593.1630 [M—H] and mass fragments at m/z 285, after
removal of 308 amu, which revealed the detachment of the
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Fig. 1

MS-MS based parent and daughter mass ions for the major identified glycosides, cyanidin-3-O-rutinoside (A), keampferol-3-O-

rutinoside (B), pelargonidin-3-O-rutinoside (C), quercetin-3-O-rutinosid (D), apigenin-7-O-rutinoside (E), syringic acid hexoside (F).
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rutinoside moiety, and the identity of the compound (Wojdyto
and Nowicka, 2019). The pelargonidin-3-O- rutinoside (Fig. 1,
Rt 11.11) was identified by the presence of m/z 579.1828
[M—H] and mass fragments at m/z 271, thereby indicating
the aglycone part of the compound, and detachment of the
rutinoside glycosidal part (Kajdzanoska et al., 2010). The
quercetin-3-O-rutinoside was identified by the presence of
molecular ion peak at m/z 609.1939 [M—H], and mass frag-
ments at m/z 301 (Fig. 1), also indicating the presence of the
aglycone part of the glycoside compound, together with the
detachment of the rutinoside, the glycone moiety (Wojdyto
and Nowicka, 2019). The identified flavonoid aglycones, i.e.,
taxifolin, luteolin, kaempferol, apigenin, methyl apigenin,
and dimethoxy luteolin, were identified based on the presence
of their corresponding molecular ion peaks, and MS/MS frag-
mentations of each compound as compared with the literature
(El-Shazly et al., 2022; Fathoni et al., 2017; Hossain et al.,
2010; Mohammed et al., 2022; Taamalli et al., 2015).

Some of these major identified compounds have also been
detected in other Thymbra species plants’ extracts as well.
For example, rosmarinic acid, syringic acid, rutin, quercetin,
luteolin, gallocatechin, and apigenin were identified in Thym-
bra spicata (Bener, 2019; Diab et al., 2022). In addition, gly-
cosidal flavonoids, which were identified as the major class
of compounds present in 7. /inearifolia, have also been found
in several other Thymbra species (Mohammadi, et al., 2019).
The quantitative analysis by the colorometric assays, and
LC-MS based identification has fewer points in common with
respect to the identification of the types of the products, i.e.,
phenolics and flavonoids, and the relative percentages and
structural identity of the constituents’ in the plant’s extract.
However, it substantiated the presence of these classes of com-
pounds in both the analyses, and confirmed the presence of
these compounds in the plant’s extract for the purpose of phy-
tochemical profiling, and comparative studies with the plants
in the Thymbra genus.
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3.3. Antioxidant activity of T. linearifolia

The antioxidant activity of T. linearifolia was assessed by dif-
ferent assay methods. The in vitro assay methods were selected
to evaluate the free radicals capturing activity of the plant
extract, which included DPPH, ABTS, and ORAC. The addi-
tional methods were the ferric-reducing (FRAP), and metal
chelating (MC) activities of the plant’s ethanolic extract. The
results shown in Table 1 exhibited marked antioxidant activity
of the plant, which is consistent with the findings of the LC-
MS and TPC and TFC phytochemical analysis. It revealed
the presence of considerable quantities and different con-
stituents from the phenolics and flavonoids class of products
in the plant extract. A higher proportion of the known antiox-
idant compounds were detected by the LC-MS analysis. The
encountered anthocyanins have been reported to exert antiox-
idant activity with several mechanisms, including free radical
capturing (Abdellatif et al., 2021; Miguel, 2011), reducing
(Garcia-Alonso et al., 2004), and metal chelating potentials
(Zhao and Yuan, 2021). Certain other Thymbra species have
also been reported for their potential antioxidant activity,
and the presence of different types of phenolics and flavonoids
(Bower et al., 2014; Gedikoglu et al., 2019). The DPPH scav-
enging activity of T. spicata has been reported (Gumus et al.,
2011), and it revealed higher DPPH scavenging activity (ICs,
value at10.52 pg/mL), as compared to the currently studied,
T. linearifolia (ICs, at 34.48 ug/mL).

3.4. Cytotoxic activity of T. Linearifolia extract

The ethanolic extract of T. linearifolia showed substantial anti-
proliferative activity against all tested cancerous cell lines,
MCF-7, HepG2, and Panc-1 with ICs, values at 24.023,
22.94, and 33.3 ug/mL, respectively. The antiproliferative
effects of the plant extract was compared with the standard,
DOX (doxorubicin), at the highest dose-level concentration
of 100 pg/mL (Table 3). The results revealed a substantial
reduction in cell proliferations when treated with the plant’s
extract, i.e., the breast cancer (MCF-7), and hepatic cellular
carcinomas (HepG2) cell lines’ viabilities were reduced by
98.29 % by the plant extract, as compared to 73.05 %, and
76.98 % reductions of cell viability, respectively, when treated
with the same dose of the DOX. These marked findings of 7.
linearifolia cytotoxicity is of immense potential for further
studies, and holds promise for development of the anticancer
activity constituent(s) from the plant.

Assumptively, the plant’s potential cytotoxicity can be
attributed to the presence of phenolic acids and flavonoids,
which are well-known for their anticancer activity (Ali and

Table 3 The viability percentages of MCF-7, HepG2, and
Panc-1 cell lines after treatment with 7. linearifolia extract
(100 pg/mL).

Cell lines MCF-7 HepG2 PANC-1

T. linearifolia 1.71 £ 0.57 1.71 £ 093 6.92 + 2.57
extract

DOX 2695 + 0.72 23.02 + 0.31 18.93 £ 0.36
(Doxorubicin)

Neda, 2011; Bonta, 2020; Mohammed, 2020). Some of the
major identified phenolics, such as rosmarinic acid, and syrin-
gic acid, have previously been reported to have anticancer
activity (Gheena and Ezhilarasan, 2019; Hossan et al., 2014).
The latter has been linked to specific mechanisms of apoptosis
in HepG?2 cells, including downregulation of Bcl-2 gene expres-
sions, and upregulation of caspases-3 and caspase-9, cyto-
chrome ¢, Apaf-1, Bax, and p53 related pathways and
components (Gheena and Ezhilarasan, 2019). Anthocyanins,
as one of the major classes of compounds in the extract, have
been reported for their potential anticancer activity through
different mechanisms, including controlling the viability and
proliferation of cancerous cells, thereupon arresting the cell
cycle, and inducing the apoptosis (de Arruda Nascimento
et al., 2022). Anthocyanins have also been reported for their
specific, and critical roles in supporting liver cells, and sup-
pressing the proliferation of hepatocellular carcinoma, and
HepG2 cells (Mohammed and Khan, 2022). Compared to
the other Thymbra species, the T. spicata, the current findings
amply indicated that the T. linearifolia possessed better cyto-
toxic effects against the breast cancer cell line, MCF-7, with
an ICs, value of 24.02 ng/mL, as compared with the 340 pg/
mL for the T. spicata (Eruygur et al., 2017). These activities
may have resulted from individual compounds, or may have
been an end outcome of the synergistic actions of these known,
together with unknown/unidentified compounds.

3.5. Antimicrobial activity of T. linearifolia

The results in Table 4 indicated moderate to weak antibacterial
activity of T. linearifolia against all tested microbial strains.
The extract showed very weak activity against Gram-
negative bacteria, E. coli ATCC 8739, and S. typhimurium
ATCC 14028, with 1ZD values equaling to 5 and 6 mm, and
MIC values at 1.25 and 2.74 pg/mL, respectively. However,
a moderate antimicrobial effect was exhibited by the plant’s
extract against Gram-positive, B. subtilis ATCC 6633, and Sta-
phylococcus aureus ATCC 29213, as well as against the Gram-
negative S. cerevisiae ATCC 9763, which showed 1ZD values
near to 15 mm, and MIC values at 0.59, 0.50, and 0.86 g/
mL, respectively. The antimicrobial results also indicated sub-
stantial antifungal activity for the T. [inearifolia ethanolic
extract, that showed 17 mm IZD, and MIC value at 0.63 ng/
mL against C. albicans ATCC 10231.

As compared with reported antimicrobial activity of 7. spi-
cata, which showed relatively higher activity against E. coli
(IZD 13 mm, as compared to 5 mm of the current findings),

Table 4 Antimicrobial activity of T. linearifolia.
IZD (mm)  MIC

Microbial Organism

(ng/mL)
Escherichia coli ATCC 8739 5 mm 1.25
Bacillus subtilis ATCC 6633 15 mm 0.59
Staphylococcus aureus ATCC 29213 15 mm 0.50
Salmonella typhimurium ATCC 14028 6 mm 2.74
Saccharomyces cerevisiae ATCC 9763 15 mm 0.86
Candida albicans ATCC 10231 17 mm 0.63

1ZD, inhibition zone diameter in millimeters; MIC, minimal inhi-
bitory concentration.
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Staphylococcus aureus (IZD 35 mm, as compared to 15 mm of
current findings), S. typhimurium (IZD 11 mm, as compared to
6 mm of the current investigation). The significant variations
in the antimicrobial activity can also be attributed to the
extraction methods used for the extraction of 7. spicata by
microwave-assisted extraction (Gedikoglu et al., 2019). This
notion of method of extraction based differences could be sup-
ported by reported antimicrobial data obtained by Sengun,
et al. for T. spicata that showed lower IZD value for the plant
extract against Staphylococcus aureus at 15 £ 7 mm (Sengun
et al., 2021).

3.6. Docking study for cytotoxicity

To predict the cytotoxicity levels of the constituent com-
pounds, an in-silico modeling study was run against EGFR
target ligand, wherein the inhibition of EGFR ultimately led
to the blockade of the growth pathways, indicating the promis-
ing anti-cancer potentials of the compounds (Kawakita et al.,
2013). The lower binding energy was an indication of a higher
binding efficiency. The docking scores of the screened products
are listed in Table 5. The BDBM 50432373 was used as a refer-
ence compound for EGFR inhibitions comparisons. It was
found that the flavonoid glycosides, i.e., cyanidin-3-O-
rutinoside, keampferol-3-O-rutinoside, pelargonidin-3-O- ruti-
noside, and quercetin-3-O-rutinoside showed higher binding
affinities with docking scores ranging between —9.9 kcal/mol
to —10.5 kcal/mol, which were very close to the referral ligand,
BDBM50432373. In addition, the flavonoids. i.e., gallocate-

Table S5 Binding scores and interactions of compounds
against EGFR (PDB ID: 3 W33).

Compound Binding Interacting Amino Acid
Scores Residues
(kcal/mol)
Gallocatechin —-8.2 Leu718, Val726, Ala743, Lys745,
Leu844, Asp855,
Cyanidin 3-O- —10.5 Val726, Ala743, Lys745, Thr790,
rutinoside Met793, Arg841, Asn842,
Thr854
Taxifolin —8.6 Ala743, Lys745, Leu788, Met793
Keampferol-3- —10.1 Leu718, Val726, Lys745,
O-rutinoside Met793, Gly796, Asn842,
Leu844, Thr854, Asp855
Pelargonidin-3-  —10.0 Leu718, Phe723, Val726, Ala743,
O- rutinoside Thr790, Asp837, Arg841, leu844,
Thr854
Quercetin-3-O- -9.9 Leu718, Ala743, Lys745,
rutinoside Thr790, Met793, Arg841,
Leu844, Thr854, Lys875
Luteolin —8.9 Leu718, Val726, Ala743, Lys745,
Met793
Apigenin —8.8 Leu718, Val726, Ala743, Lys745,
Met793, Gly796
Dimethoxy -9.0 Lys745, Met766, Cys775,
luteolin Thr854, Leu858
Pinobanksin-3- -84 Leu718, Val726, Ala743, Lys745,
O-acetate Met793, Leu844
BDBM50432373 —10.5 Ser720, Val726, Ala743, Lys745,

Leu788, Met793, Leu844,
Phe856

chin, taxifolin, luteolin, apigenin, dimethoxy luteolin, and
pinobanksin-3-O-acetate showed favorable binding affinity
against the EGFR, and the docking scores were between
—8.2 kcal/mol to —8.9 kcal/mol. The in-silico ligand - protein
interactions also showed that the screened compounds which
all are of secondary metabolic origins in the plant, participated
in the formation of H (hydrogen)-bonds with the amino acids
of the EGFR protein, which included Lys745, Met793,
Asn842, and Asp855. The compounds that were involved in
the hydrophobic interactions with the amino acids Leu718,
Phe723, Val726, Ala743, Thr790, Gly796, Leu844, Thr854)
through pi- alkyl interactions, and/or pi-sigma interactions,
were also found out (Fig. 2). These predictive findings sug-
gested the strong anticancer activities of the individual com-
pounds, as well as combined effects of different other
compounds of phenolics and flavonoids nature from the
extract, which has been currently in silico modeled, to be of
synergistic nature, or otherwise in their activity elicitations.
However, possibility of unidentified constituent(s) participat-
ing in the experimentally observed anticancer activities cannot
be ruled out.

4. Conclusion

The current findings are the first report for the Lamiaceae species
plant, Thymbra linearifolia, especially native to the Mediterranean
region of North African nation, Libya, and confined to its specific
location in the Jabel Al-Akhdar area. The current investigations, up
to larger extent, revealed the importance of the plant, and also com-
pared the plant’s profile with the other abundant species, 7. spicata,
in other geographic locations of the world, in both the phytochemical
constituents’ presence, and biological activity aspects of the antimicro-
bial and antioxidant activities, and the strong cytotoxic properties. The
phytochemical investigations of the plant’s ethanolic extract con-
stituents, achieved through the LC-MS and color-based assays,
revealed the presence of considerable quantities of the phenolic acids
and flavonoids, and thereby indicated the abundance of flavonoids
aglycones and their glycosides, as the major identified constituents.
The abundant presence of phenolic acids, of which syringic and ros-
marinic acids were major products, were also confirmed. The docking
scores of T. linearifolia constituents were at a minimum against the
EGFR ligand, which indicated the strong binding affinities and least
energy requirements. In the light of the strong cytotoxic properties
observed, detailed chemical analysis, and further biological activity
of the crude extract at pre-clinical stages, and cytotoxic bioactivity
evaluations of the individual compounds isolated from the plant’s
extract are recommended and planned.
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