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Medicinal plants are effective in treating many infections. Pistacia lentiscus L., whose oil is recognized
for its biological properties, is attracting growing interest in medical research. These biological
properties are due to their chemical composition (CC), which various conditions, like climate, can
affect. P. lentiscus EOs biological properties from December, May, and August were investigated in
vitro; gas chromatography-mass spectrometry (GC-MS) helped analyse their CC. Autodock Vina was
used for molecular docking and SwissADME was used for ADMET analysis. The Eos of P. lentiscus leaves
collected in December showed a remarkable presence of B-caryophyllene and B-myrcene. May Eos,
a-pinene dominated, while August Eos, B-pinene, and D-limonene were predominant. The biological
activity of Eos from P. lentiscus collected in August was highest compared to other periods. During this
time (August), the leave’s Eos showed significant antibacterial, antioxidant, and anti-inflammatory
activity. The computational molecular docking and ADMET results align with experimental evidence,
lending scientific validation to the traditional medicinal uses of the plants from which these
compounds were derived. These results provide valuable information on the seasonal dynamics of the
CC of P. lentiscus Eos and underline the importance of taking environmental factors into account in
studies of metabolite biosynthesis.

Medicinal plants (MP) have been used for hundreds of years in different regions, particularly in Asia, with a
notable focus on China and India. These regions have considerably proved their expertise, facilitating knowledge
through generations"2. With the efficiency of MP, many countries have seen a renewal in their interest in using
them to prevent and treat infectious diseases®™.

Because of its efficacy, doctors and health organizations have been convinced and recognized for a long time
that medicinal plants are important in treating diseases and their use in the composition of many medicines®.

Today, as modern medicine grapples with the escalating issue of antibiotic resistance, there is a growing
interest in medicinal plants and their active compounds, such as essential oils. Antibiotic resistance has emerged
as a significant global public health challenge, jeopardizing the effectiveness of existing treatments and posing

serious risks to human, animal, and environmental health’. In response to this urgent situation, research is
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increasingly focusing on natural alternatives, particularly essential oils and extracts from medicinal plants,
which show promising potential in combating resistant infections®°.

These natural compounds are not only recognized for their antimicrobial properties but also exhibit a range
of biological activities, including antioxidant and anti-inflammatory effects, influenced by environmental and
seasonal factors. Understanding this variability is crucial for optimizing their application in various therapeutic
contexts and for identifying effective alternatives to current treatment regimens.

Among the numerous plants investigated for their therapeutic properties, P. lentiscus is one of the medicinal
plants whose efficacy has been acknowledged throughout history and is esteemed for its diverse therapeutic
applicationslo’“. Native to Mediterranean regions, P. lentiscus, or lentisk, derives its medicinal potential from its
various parts, particularly its leaves and twigs'>13. Its essential oil (Eos), attracting growing interest in medical
research, is recognized for its antimicrobial, antioxidant, and anti-inflammatory properties'*. Previous scientific
research has explored various aspects of the chemical composition (CC) of P. lentiscus Eos in different regions,
notably Tunisia and Morocco. A study carried out in Tunisia revealed significant variations in the Eos CC
according to locality, highlighting three different chemotypes of P. lentiscus Eos!!. Moreover, distinct research
has investigated the variation in CC, phenolic compound content, and antioxidant activity of different aerial
parts of P. lentiscus, considering factors such as sex and harvesting periods!'®. Additionally, a study conducted
in Morocco observed seasonal variations in the CC of P, lentiscus Eos, underscoring the importance of seasonal
effects on oil production and composition'®!”. However, despite these advances, these studies have yet to
exhaustively examine the correlation between its composition and its biological activities in the specific context
of Morocco’s Rif region.

We aim to analyse the seasonal variability of this Eos, harvested in the Al-Hoceima region, located in the Rif
region (Northern Morocco), characterized by a Mediterranean climate. By exploring this correlation, our study
will better understand seasonal variations in P. lentiscus Eos and its impact on its biological activities in specific
climatic contexts, thus enriching the scientific knowledge base in this field.

Materials and methods

Eos samples

P, lentiscus was harvested in the early morning hours in Morocco, AL-Hoceima province (commune of Ajdir),
(35.2097449°N, 3.9174927°W) during the rainy (December), intermediate (May) and dry (August) seasons.
Taxonomic identification of the plant material was performed by Prof. C. Alaoui Jamali, Ecole Normale
Supérieure, Tetouan, Morocco. A voucher specimen has been deposited in the Herbarium of the Faculty of
Sciences and Techniques of Al Hoceima (FSTH) under the reference number PL022.After harvesting, the leaves
were kept at dark for five days to dry. They were then hydrodistilled for 4 h using a Clevenger apparatus to extract
the Eos from the plant. The Eos obtained was then stored at -4 °C in a refrigerator until use.

Gas chromatography-mass spectrometry (GC-MS)

The identification of P. lentiscus oil compounds were achieved by comparing their retention times with those of
established standards and by analysing their mass spectral fragmentation patterns against the National Institute
of Standards and Technology (NIST147) database. A BPX25 capillary column (30 m x 0.25 mm internal diameter
x 0.25 pm film thickness) with 5% diphenyl and 95% dimethylpolysiloxane was used in a Shimadzu GC system
(Kyoto, Japan) coupled to a QP2010 MS. Pure helium gas (99.99%) was used as the carrier gas at a flow rate of
3 mL/min. The injection, ion source, and interface were set to 250 °C. The column oven temperature program
began at 50 °C (maintained for one minute), then the temperature rose to 250 °C at a speed of 10 °C/min and
stayed for one min. The P. lentiscus Eos components were ionized using electron ionization (EI) mode at 70 eV
and examined within a 40 to 300 m/z mass range'®.

Antioxidant capacity in vitro (AC)

The DPPH assay estimated the AC of P. lentiscus Eos. 1 mL of P. lentiscus Eos at concentrations ranging from
600 pg to 2000 pg was mixed with 1 mL of DPPH solution (0.5 mM) and incubated for 20 min in the dark. Under
the same conditions, ascorbic acid was used as a positive control. The DPPH inhibition (DI) percentage was
calculated using the following formula!®2°.

DI% = {(Ac — Ac) /As} * 100
With Ac-absorbance of control, As-Absorbance of samples.

Antibacterial activity

Bacterial strains

Four bacteria strains were used to evaluate the antibacterial activity of P. lentiscus essential oils. The bacterial cells
assayed included two Gram-positive: Methicillin-resistant Staphylococcus aureus ATCC 43,300 and Micrococcus
luteus ATCC 381, and two Gram-negative bacteria, namely Escherichia coli ATCC 25,922, and Pseudomonas
aeruginosa ATCC 27,853.

Antibacterial screening
The antibacterial activity of P. lentiscus Eos was tested with the agar diffusion method and the determination of
the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC).

The agar diffusion method was described by Alaoui Jamali et al. (2018). Briefly, bacterial strains (0.1 mL)
were suspended on Mueller-Hinton agar (MHA). Next, 10 uL of Pistacia oils was impregnated onto 6 mm filter
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paper discs. Incubation lasted two hours at 4 °C and then at 37 °C for 24 h. Ciprofloxacin (10 pg/disc) were
utilized as reference antibiotic. All tests were performed in triplicate®2!,

Determination of the minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC)

MIC determination for P. lentiscus Eos was carried out by NCCLS guidelines M7-A4%2 Pistacia lentiscus Eos
were dissolved in 4% dimethylsulfoxide (DMSO). Mueller-Hinton Broth (MHB) was used to perform log-phase
testing of the microorganism under test, with a cell suspension adjusted to 10° CFU/mL in MHB, and 100 pL
was added to each well of 96-well plates, followed by 100 L of each dilution of the EOs. Negative controls were
prepared using the DMSO solvent, and positive controls contained the DMSO and bacteria. The plates were then
incubated at 37 °C under normal atmospheric conditions for 24 h.

The MIC is defined as the lower concentration of the Eos at which the microorganism does not show visible
growth. The turbidity of the culture indicates microorganism growth?. To determine the MBC, 100 pL of each
case in which microbial growth was not observed was spread on Mueller Hinton Agar (MHA) and incubated at
37°C for 24 h. The MBC was defined as the lower concentration of the Eos at which the incubated microorganism
was killed entirely. Each test was performed in triplicate. Ciprofloxacin served as positive antibacterial control®.

Anti-inflammatory activity by inhibition of albumin denaturation
The denaturation method using BSA was employed to study the anti-inflammatory capacity of the Eos of P
lentiscus Samples were prepared at concentrations of 50 pug/mL to 500 pg/mL and mixed with a 0.2% BSA
(Bovine Serum Albumin) solution prepared in PBS (Phosphate Buffered Saline) with a pH of 6.4. Each mixture
contained a volume of 500 uL. Samples were incubated at 37 °C for 20 min and then in a water bath at 72 °C for
five minutes?»%°.

Percentage protein denaturation (%I) was estimated according to the following equation:

%I = (C — (S — White))C x 100
With C-control, W-white, S-sample.

Statistical analysis

GraphPad Prism version 8 software (GraphPad Inc.) was used to analyse the results of P. lentiscus Eos samples,
which were tested in triplicate. The data were analyzed by one-way ANOVA followed by Dunnett’s multiple
comparisons test (comparing all test groups to the positive controls), with statistical significance set at p <0.05.
Results are expressed as mean+SD (n=3). To analyse variations in the CC of Eos according to tree period, a
principal component analysis (PCA) was performed using OriginPro 2024b software.

Molecular docking methodology

In silico molecular docking study was conducted to evaluate the anti-inflammatory, antioxidant and antibacterial
potential of bioactive compounds from P. Lentiscus L. Essential Oil. The p38-MAP kinase (PDB ID: 3UVQ)%,
cytochrome P450-CYP2C9 (PDB ID: 10G5)*”and DNA gyrase (PDB ID: 6KZV)?® were retrieved from the
RCSB Protein Data Bank. The p38-MAPK plays a crucial role in controlling pro-inflammatory cytokines like
TNF-q, IL-1pB, and IL-6, making it a strategic target for effective anti-inflammatory therapies?. The proteins were
prepared for docking analysis through a sequence of optimization steps: water molecules and heteroatoms were
removed, missing atoms were added, and Kollman charges were applied using MGL tools 1.5.6%. The optimized
structures were then saved in PDBQT format. The ChemOffice Suite 2020 was employed to draw 2D and 3D
structures of investigated ligands and energetically minimized with the MM2 force field, applying 200 iterations
to ensure stability. These minimized structures were converted to PDBQT format via AutoDock tools, facilitating
compatibility with docking software. Molecular docking simulations were carried out using AutoDock Vina
v.1.2.0%1. A grid box was configured around respective crystalized ligand within the active binding sites to ensure
accurate interaction predictions. For each ligand, up to ten possible conformations were analyzed to identify
the optimal docking pose. Visualization of the docking interactions and binding affinities was achieved using
Biovia Discovery Studio®*3. Furthermore, SwissADME is employed for evaluating pharmacokinetic properties,
including absorption, metabolism, and drug-likeness, to assess compound viability in drug discovery>*.

Results and discussion

Chemical composition of P. lentiscus eos

Oils’ CC and yield vary under the influence of multiple factors, such as harvest time, soil composition, plant age,
and weather conditions®®. These external elements can alter the biosynthesis of volatile compounds, resulting
in significant variations in the chemical profile of Eos, which in turn impacts their biological activity®>. Despite
their importance, research into the effect of seasonality on these oils remains limited.

The results presented in Table 1 show that the extraction of Eos from P. lentiscus in May, which yielded 0.3%,
stands out as the highest compared to August (0.22%) and December (0.15%), the latter period having the lowest
yield of the three. This significant finding underscores the importance of the flowering period in Eos production.
Studies carried out in the province of Taounate revealed a high yield in May (0.32%) and lower values for the
December (0.2%) and August (0.24%) periods®.

Furthermore, research carried out in Algeria during the flowering season indicated a yield of 0.27%, which
is close to our result of 0.3% in May”’; these findings align with the results of our study but contrast with those
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% composition

Nombre | Compound name RT May | August | December

1 Tricyclene (MH) 4951 (0.7

2 a-Pinene (MH) 5.135 | 13.65 |4.13 5.97

3 Camphene (MH) 5.388 | 3.27 1.44

4 Sabinene (MH) 5.774 | 5.25 1.42 1.44

5 B-Pinene (MH) 5.848 | 3.17 | 18.68

6 B-Myrcene (MH) 6.015 | - - 18.1

7 a-Phellandrene (MH) 6.277 | 1.48 2.79

8 4-Carene (MH) 6.477 | 1.9 - -

9 B-cymene (MH) 6.61 |2.16 - 1.9

10 D-Limonene (MH) 6.684 | 5.51 37.25

11 y-Terpinen (MH) 7.174 | 338 | 0.89 -

12 2-Carene (MH) 7.672 | 2.66

13 4-Terpineol (MO) 9.152 [ 15.48 |2 4.31

14 p-menth-1-en-8-ol (MO) 9.353 | 7.07 - -

15 Borneol (MO) 10.801 | 7.18 1.75

16 p-Caryophyllen (SH) 12.981 | 11.51 |9.61 19.55

17 a-Caryophyllene (SH) 13.425 | 1.72 | 1.61 3.05

18 y-Muurolene (SH) 13.657 | - 1.62

19 Copaene (SH) 13.658 | - - 2.11

20 Germacrene D (SH) 13.748 | 8.06 8.61 8.82

21 Germacrene B (SH) 13.926 | - 2.8

22 §-Cadinene (SH) 14172 | - 2.76 4.52

23 Caryophyllene oxide (SO) 14.873 | 112 |- 5.53

24 Spathulenol (SO) 15.242 - 6.58

25 7-Cadinol (SO) 15.358 | 2.29 - 6.8

26 7-Muurolol (SO) 15.359 | - 1.51

27 a-Cadinol (SO) 15.471 | - 1.13 9.15

28 Hexahydropseudoionone (SH) 16.701 | - - 2.17
Hydrocarbon monoterpenes (MH) 43.13 | 66.6 27.41
Oxygenated monoterpenes (MO) 29.73 | 3.75 4.31
Hydrocarbon sesquiterpenes (SH) 2129 |27.01 38.05
Oxygenated sesquiterpenes (SO) 3.41 2.64 28.06
Total identified (%) 97.56 | 100 100
Yield (%) 0.30% | 0.25% | 0.15%

Table 1. Chemical composition of essential oils from Pistacia lentiscus L. Leaves. RT: retention time.

from the Fez-Meknes (0.22% in December) and Tunisia (0.009-0.02% in May)!":*. These results underscore the
combined importance of phenological stage and geographical factors in Eos production.

The high yield in May can be attributed to the flowering period of P. lentiscus. Indeed, the concentration of
volatile compounds responsible for Eos production is often at its highest during flowering, leading to better
extraction®.

Significant seasonal variations in compound group percentages are also apparent. Sesquiterpene hydrocarbons
show a notable increase in Eos collected in December (38.05%), while monoterpene hydrocarbons are more
abundant in May Eos (43.16%) and August Eos (66.6%). This variation could be attributed to the influence of
elevated temperatures and summer photoperiods on monoterpene biosynthesis*.

Furthermore, the chromatographic profiles of the Eos, presented in Fig. 1, illustrate the composition of P.
lentiscus across the three harvest periods (Fig. 1). The Venn diagram analysis reveals six compounds common
to all seasons, including B-caryophyllene, a-pinene, and germacrene D, indicating stable metabolic constituents
in Plentiscus Eos regardless of seasonal variations. Notably, season-specific patterns emerge: December oils
contain four exclusive compounds, such as f-myrcene (18.1%), while May oils feature four distinct compounds,
including 2-carene and 4-carene. August samples show three unique components (y-muurolene, germacrene B,
and d-cadinene).These compositional differences highlight the environmental and phenological influences on
the production of secondary metabolites (Fig. 2).

Table 1 shows that Eos collected in December, the majority of the compounds identified were §-caryophyllene
(19.55%), B-myrcene (18.1%), a-cadinol (9.15%), and germacrene D (8.82%).

Studies in other regions show interesting variations: in eastern Morocco, 3-myrcene (39.2%) and limonene
(10.3%) dominate®!, while in Algeria, leaves show a wide range of concentrations of myrcene (0.1-33.1%),
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Fig. 1. Chromatogram of E O from Pistacia lentiscus L. Leaves; (a) EO December; (b) Eos May; (c) Eos August.

germacrene D (2.7-13.5%), and S-caryophyllene (0.7-2.4%)*2. In Sicily, Italy, germacrene D (18.61%) and f3-
caryophyllene (14.68%) are also present, with a lower concentration of a-cadinol (5.36%) than observed in our
study®.

In May EOs, the CC was predominantly a-pinene (13.65%), significantly lower in December (5.97%).
Similarly, 4-terpineol (15.48%) shows a much higher concentration than December Eos (4.31%). On the other
hand, S-caryophyllene (11.51%) and germacrene D (8.06%) levels were lower in December EOs, and a-cadinol,
a major compound during this collection period, was absent in May EOs.

Studies in Italy (Sardinia) and Tunisia (Siliana) show similar concentrations of terpinene-4-ol (14.17% and
23.32%, respectively) and f-caryophyllene (5.03% in Algeria and 22.62% in Tunisia®**. In Algeria (Bouira),
levels of a-pinene (15.47%) and f-pinene (7.31%) were observed, confirming the seasonal variation of these
compounds*.

Analysis of the August EOs revealed a dominance of $-pinene (18.68%) and a strong presence of D-limonene
(37.25%), which were much less abundant in the essential oils collected in May (5.51%). f3-Caryophyllene
(9.61%) continued to decrease compared to May Eos, while D-germacrene (8.61%) in August EOs remained at
a concentration similar to that observed in May (8.06%).

In Greece (Zakynthos), the primary compounds during summer include a-pinene at 17.1%, limonene at
13.9%, and terpinene-4-ol at 10.6%*”. In Morocco (Chaouen), the concentration of 3-pinene is notably lower, at
1%, D-limonene (8%), and germacrene D (0.1%), showing significant geographical differences!®.

Intersecting areas: Count of shared compounds between seasons.

Non-overlapping areas: Count of season-exclusive compounds.

- Central intersection (6): Compounds present in all three seasons (core profile).
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December Eos May Eos

August Eos

Fig. 2. Venn diagram of Eos composition of Pistacia lentiscus L. leaves cross harvest periods :December
(green), May (blue), August (red).

- December-only (4), May-only (4), August-only (3): Unique seasonal markers.
- December-May overlap (3), May-August (6), December-August (2): Pairwise shared.

The PCA biplot (Fig. 3), a powerful tool in our research, vividly illustrates the distribution of CC in P. lentiscus
Eos over two principal components (PC1 and PC2), which collectively account for a substantial 78.22% of the
total variance.

Axis PC1 (44.20%) represents the principal component explaining the most considerable proportion of the
data’s variance. This component strongly influences compounds on the far right of this axis, such as D-limonene.
The PC2 axis (34.02%) represents the second principal component, explaining a considerable proportion of the
remaining variance. This component influences compounds at the top of this axis, such as -myrcene.

In December Eos, the dominant compounds are located at the top right of the biplot, including -myrcene,
B-caryophyllene, a-cardinal, and germacrene D. This indicates that these compounds score high on PC2 and are
characteristic of P. lentiscus Eos collected in December.
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Fig. 3. Biplot of PCA identified in the Pistacia lentiscus Eos leaves. Dec-December; PCA-principal
components analysis.

The characteristic May Eos compounds are located near the center, slightly to the right. Notable compounds
include a-pinene, 4-terpineol, and germacrene D. This central position suggests that these compounds have
intermediate values on PC1 and PC2, indicating a moderate CC compared to other periods.

In August Eos, the dominant compounds are located on the lower right, notably p-pinene (MH) and
D-limonene (MH).

The position of D-limonene on the far right indicates a strong influence from PC1, characterizing the essential
oils of this period by a high concentration of this compound.

The PCA biplot illustrates the seasonal variation in the CC of P. lentiscus Eos. Each season has a distinct
profile influenced by environmental conditions, with specific compounds predominating in winter, spring, and
summer.

Anti-inflammatory activity using BSA

The P lentiscus Eos extracted in August shows high anti-inflammatory activity (IC,,=0.07 £0.01 mg/ml), close
to the sodium diclofenac standard (IC,,=0.035+0.01 mg/ml). This period is characterized by the dominance
of B-pinene (18.68%) and D-limonene (37.25%) (Fig. 4). The strong anti-inflammatory activity observed could
be attributed to the high concentration of D-limonene, a compound well known for its anti-inflammatory
properties. It suppresses key inflammatory mediators, including TNFa (tumor necrosis factor-alpha), IL-18
(interleukin 1 beta), and COX-2 (cyclooxygenase-2), which play an essential role in the inflammatory process,
enabling this compound to reduce inflammation and its symptoms®®. The significant presence of 3-pinene,
another compound with anti-inflammatory properties, could also contribute to this high activity®.

The December Eos of P. lentiscus shows moderate anti-inflammatory activity (IC;,=0.19+0.11 mg/ml).
The moderate anti-inflammatory activity in December Eos is linked to the high presence of S-caryophyllene,
known for its anti-inflammatory effects®’. However, the absence or low concentration of compounds such as
D-limonene could explain the lower activity compared to August Eos.
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Fig. 5. Antioxidant activity of Pistacia lentiscus Eos leaves by DPPH assay. The results are presented as
mean+S.D (n=3). Values not sharing a common letter (a to c) differ significantly at p <0.05.

The May Eos of P. lentiscus shows a slightly different anti-inflammatory activity to December, with an
(IC;,=0.14£0.01 mg/ml). The anti-inflammatory activity in May Eos may be because of 4-terpineol, which
suppresses superoxide production and pro-inflammatory cytokines, and to the presence of a-pinene. One
study showed that a dose-dependent response (0.50 mL/kg) of alpha-pinene led to a significant decrease in
inflammation, indicating its anti-inflammatory activity’"*%. Nevertheless, the absence of a highly active
compound such as D-limonene, observed in August, could explain why the anti-inflammatory activity is less
pronounced.

Antioxidant capacity (AC)

Figure 5 reveals high antioxidant capacity (AC) in August Eos of P, lentiscus (ICso = 0.72+0.05 mg/ml), which,
although significantly higher than the standard ascorbic acid (ICso = 0.05+0.01 mg/ml), remains the best result
among the tested periods. This was followed by the May period (0.83+£0.09 mg/ml). The lowest activity was
observed in December Eos (1.88 £0.36 mg/ml) compared to the other two periods.

Studies carried out in Algeria in winter showed IC, values between 8.8 and 27.48 mg/ml, significantly higher
than those observed in our study for December Eos (1.88 mg/ml)**. In Tunisia, at four sites studied in spring,
IC,, values ranged from 60+0.01 pg/ml to 110.8+0.004 ug/ml, comparable to those observed in May in our
study (0.83 mg/ml)!%.

The high AC observed in August Eos of P. lentiscus can be attributed to the elevated concentrations of
monoterpene Hydrocarbon compounds (66%) such as D-limonene and B-pinene®. D-limonene is recognized
for its antioxidant properties, which can reduce lipid oxidation and promote the functions of antioxidant
enzymes like superoxide dismutase and heme oxygenase-1%°. Studies have also shown that D-limonene reduces
mitochondrial oxidation and preserves mitochondrial dehydrogenase activity in brain cells exposed to Af1-42
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Test microorganisms Inhibition zone diameter (mm)

Plentiscus Eos Antibiotic

May Eos August Eos | December Eos | Ciprofloxacin

Gram positive bacteria
M.RS.A 23.63 +0.57 | 25.11 £ 1.05 | 10.33+0.57 43.33+1.52
M.luteus 26.00+0.00 | 30.00+1.00 |24.66 + 1.52 50.00+0.00

Gram negative bacteria
E.coli 25.82+1.00 | 35.00 +1.00 | 12.00 + 1.00 30.66+0.57
Paeruginosa 11.00£1.16 |12.00 +£1.52 | 11.33 £0.57 42.66+2.08

Table 2. Antibacterial activity of Eos from leaves of Pistacia lentiscus L. in different seasons of the year using
disc diffusion assay.

Antibiotic
P.lentiscus Eos (mg/ml) (mg/mL)
December
May Eos August Eos | Eos Ciprofloxacin

MIC | MBC | MIC | MBC | MIC | MBC | MIC | MBC

Gram positive bacteria
M.RS.A 4.00 |4.00 |1.76 |3.52 |45.42 | 4542 |0.03 0.03
M.luteus 2.00 |2.00 |0.88 |0.88 |4542 |4542 |0.01 0.01

Gram negative bacteria
E.coli 1.00 | 1.00 |0.22 |0.22 |4542 | 4542 |0.07 0.07
Paeruginosa 4.00 |8.00 |1.76 |3.52 |4542 |45.42 |1.00 1.00

Table 3. Antibacterial activity of essential oil of Pistacia lentiscus L. leaves in different seasons of the year
using the minimum inhibitory concentration method. The results are presented as mean+S.D. (n=3) MIC-
minimum inhibitory concentration; MBC-minimum bactericidal concentration.

oligomers®®. Furthermore, the antioxidant activity of -pinene and D-limonene is attributed to their ability to
inhibit NADPH oxidase subunit activity and increase antioxidant enzyme levels®’.

Antibacterial activity

The antibacterial activity of P. lentiscus Eos, collected during three different periods (December, May, and
August), was assessed through disk diffusion and the MIC tests against two Gram-positive bacteria (M.R.S.A
and M. luteus) and two Gram-negative bacteria (E. coli and P. aeruginosa).

The results obtained from the disk diffusion method indicated that the Eos revealed significant variations in
antibacterial activity depending on the collection period (Table 2). Maximum activity was observed with August
Eos against different tested bacteria with zones of inhibition greater than 30 mm, followed by May Eos and
December Eos which demonstrated moderate antibacterial activity with an inhibition zone ranging from 11.00
to 26.00 mm, and from 10.33 to 24.66 mm, respectively. Ciprofloxacin demonstrates remarkable antibacterial
activity that is close to that of P. lentiscus oil in August. This equivalence highlights the potential of P. lentiscus
Eos as a natural or complementary alternative to conventional antibiotics.

This result was confirmed by studying the MIC and MBC values using the micro-dilution method (Table 3).
The data show that P. lentiscus Eos is active against all tested bacteria depending on the collection period. In
August, P. lentiscus oil showed significant antibacterial activity, with an MIC from 0.22 mg/ml to 1.76 mg/ml.

In May, the antibacterial activity of P. lentiscus Eos remained remarkable, with a MIC of 1 mg/ml against
E. coli and 2 mg/ml against M. luteus. Although the activity is lower than in August, it remains significant.
Eos collected in December exhibited reduced activity against all strains, demonstrating a MIC of 45.42 mg/ml
against all tested bacteria, indicating a marked decrease in antibacterial efficacy. However, the MIC and MBC
differed among the tested microorganisms; in most instances, the MIC was equal to the MBC, suggesting that
the Eos exhibited bactericidal properties. A study in the Fez region during May also revealed a significant MIC
against various strains. This study also showed a strong zone of inhibition against E. coli (34 mm), which is
almost similar to our results®®. Furthermore, a recent investigation in the Zinat and Fnideq regions of northern
Morocco, conducted during the summer months, confirmed the potent antibacterial properties of P. lentiscus
Eos, demonstrating efficacy against clinically relevant strains, including Escherichia coli.>®.

The high antibacterial activity of P. lentiscus Eos in August may be justified by the presence of S-pinene
at a high concentration (18%), even though the concentration of a-pinene is low (4%). Studies have shown
that the antibacterial properties of 3-pinene are 2 to 12 times greater than those of a-pinene against Gram-
positive and Gram-negative strains. Therefore, this high f-pinene concentration may contribute significantly to
the observed activity®®. Additionally, the increased presence of compounds such as D-limonene in August Eos
may contribute to the high antibacterial activity, particularly against M. luteus. D-limonene is recognized for its
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efficacy in antibacterial applications®!. The high antibacterial activity of P. lentiscus Eos in May can be attributed
to the significant presence of both a-pinene and f-pinene. These compounds exhibit strong antibacterial
activity against M.R.S.A. Further studies have revealed that combining the two compounds with commercial
antibacterial, ciprofloxacin plus a-pinene or B-pinene showed synergistic activity against M.R.S.A%.

The results are presented as mean+S.D (n=3). values in the same row not sharing a common letter (a-b)
differ significantly at p <0.05.

Molecular docking

The docking analysis revealed the binding patterns of bioactive compounds targeting anti-inflammatory,
antioxidant, and antibacterial proteins. Table 4 outlined detailed results, including binding affinities, hydrogen
bonding, hydrophobic interactions, and bond distances (measured in angstroms), for ligands with binding
energies (AG) exceeding — 5.0 kcal/mol against the target proteins 3UVQ, 10G5, and 6KZV. The ligands displayed
binding energies ranging from —7.6 to -4.2 kcal/mol. Among them, ligand-01 achieved the most favorable score
of -7.3 kcal/mol with 3UVQ, while ligands 03 and 04 demonstrated significant affinities of -6.7 and — 6.8 kcal/
mol, respectively, highlighting their anti-inflammatory potential. Key interactions such as hydrophobic contacts
with residues such as VAL38, ALA51, and SER154, as well as hydrogen bonding with SER154 were observed.
These findings were comparable to the co-crystallized ligand (AG = -10.7 kcal/mol). Figure 6 showcased the 2D
and 3D interactions of ligand-01 and the co-crystallized ligand (RMSD <2.0) with 3UVQ.

For antioxidant activity, ligands 01 and 04 displayed strong affinities, with AG values of -7.2 and —7.4 kcal/
mol, respectively, against 10G5. Residues ARG97, ILE99, ALA103, PHE114, and PRO367 emerged as key
interaction points within the binding pocket. Figure 7 provided visualizations of the 2D and 3D interactions for
ligands exhibiting binding energies greater than — 7.0 kcal/mol with 10G5.

The bioactive compounds also showed notable antibacterial potential, with all ligands achieving AG values
> -5.0 kcal/mol when interacting with DNA gyrase (6KZV). Ligand-04 displayed the strongest binding affinity
(-7.6 kcal/mol), forming hydrophobic interactions with ILE78. Ligands 01 and 03 also exhibited significant
binding scores of -6.3 and —6.6 kcal/mol, respectively. These binding affinities were consistent with the
crystallized ligand (AG = -7.9 kcal/mol). Figure 8 illustrated the detailed hydrophobic interactions for these
compounds.

Comprehensive 2D and 3D interaction diagrams for ligands with AG values greater than —5.0 kcal/mol
against 3UVQ, 10G5, and 6KZV are provided in the supplementary file (Figure S1 - Figure S16).

ADMET analysis

The investigated ligands exhibited notable physicochemical properties that are crucial for evaluating their
potential as drug candidates. They exhibited significant lipid solubility, with XLOGP3 values up to 4.57and
moderate to low polarity, reflected by a total polar surface area (TPSA) of approximately 20.23 A* with
most ligands having TPSA values close to zero. Ligands with TPSA values ranged from 60 A* to 140 A? are
generally well-absorbed following oral administration, indicating low absorption profiles for these compounds.
In terms of drug-likeness, the four ligands (02, 03, 05 and 08) adhered to Lipinskis Rule of Five without any
violations. Ligands 03 and 08 displayed a high likelihood of passive gastrointestinal absorption, supported by a
bioavailability score of 0.55 and their ablility to cross the blood-brain barrier (BBB). Interestingly, none of the
ligands were identified as substrates for P-glycoprotein (P-gp), a protein known to influence drug efflux and
reduce intracellular drug concentrations.

The most ligands exhibited interactions with drug-metabolizing enzymes, particularly cytochrome P450-
CYP2C9 except ligand 02 and 03. This suggested the potential for these compounds to interact with metabolic
pathways, which could influence drug clearance and lead to drug-drug interactions. However minimal
interactions were observed with other metabolizing enzymes such as CYP2C19 and CYP2D6. Additionally, these
ligands demonstrated high synthetic accessibility with scores below 5, suggesting relatively easy to synthesize. A
detailed summary of these interactions is presented in Table 5, emphasizing the pharmacokinetic considerations
that must be addressed during further drug development.

Conclusion

In summary, our research aims to understand the CC of P. lentiscus Eos and its impact on various biological
activities. The results show notable differences between the three periods of the year, with a particularly high level
of biological activity observed in August Eos. In summer, P, lentiscus Eos demonstrated significant antibacterial,
antioxidant, and anti-inflammatory activity. This increased efficacy can be explained by the oil’s specific CC
during this period, characterized by a high concentration of bioactive compounds. These results highlight the
promise of P. lentiscus Eos as an effective antibacterial, antioxidant, and anti-inflammatory agent. They underline
the importance of seasonal variation in assessing its biological properties. The knowledge gained on this seasonal
variation could also guide harvesting practices to maximize the efficacy of P. lentiscus Eos.

Molecular docking simulations serve as a crucial tool in understanding ligand-protein interactions, offering
predictive insights into the biological activity of potential therapeutic compounds. Among the studied ligands,
ligand-01 (B-Caryophyllene) and ligand-04 (Germacrene D) emerged as promising candidates, demonstrating
notable antioxidant and anti-inflammatory activity and anti-bacterial activity. The computational results align
with experimental evidence, lending scientific validation to the traditional medicinal uses of the plants from
which these compounds were derived. This research not only bridges the gap between traditional medicine and
modern drug discovery but also opens avenues for utilizing plant-based compounds to develop safer and more
effective treatments for oxidative and inflammatory disorders as well as to combat infections.
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Sr. No.

Ligands

Binding Affinity, AG (kcal/mol)

H.B.I,
Residue (Distance A)

Hydrophobic Interaction,
Residue (Distance A)

3U0VQ

B-Caryophyllene

-7.3

VAL38 (5.3), ALA51 (5.4)
ALA157 (4.9), LEU167 (5.4)

B-Myrcene

-5.0

VAL38 (5.0), ALA51 (4.7)
LYS53 (3.9), LEU75 (5.1)
ILE84 (5.2), ALA157 (3.7)
LEU167 (4.3), MET109 (5.3)

a-Cadinol

-6.7

SER154 (2.5)

VAL38 (4.8), ALA51 (3.8)
ILE84 (5.2), ALA157 (5.1)
LEU167 (4.8)

Germacrene D

-6.8

VAL38 (5.0), ALA51 (3.9)
LYS53 (4.0), ALA157 (5.1)

Limonene

-5.6

VAL38 (4.6), ALA51 (5.0)
LYS53 (4.1), LEU75 (4.7)
ILES4 (5.4), LEU104 (4.5)

4-Terpineol

-5.9

HIS107 (2.7)
MET109 (2.1)

VAL30 (5.0), ALA51 (4.7)
LEU108 (5.2), ALA157 (5.3)

C.L

Dibenzosuberone derivative

-10.7

GLU71 (2.2)
MET109 (2.2)
GLY110 (2.4)
ASP168 (2.5)

VAL30 (4.2), VAL38 (4.5)
ALA51 (4.9), LYS53 (4.0)
LEU74 (5.4), LEU75 (4.4)
ILE84 (5.2)

10G5

B-Caryophyllene

-7.2

ALA103 (3.7)

B-Myrcene

-5.2

LEU66 (4.6), ARG97 (4.9)

PHE100 (4.2), VAL113 (4.6)
PHE114 (3.7), ALA103 (4.4)
PRO367 (4.4), PHEA76 (4.6)

a-Cadinol

ALA103 (4.5), PHE114 (4.4)
LEU208 (5.2), LEU366 (5.2)
PRO367 (5.3)

Germacrene D

-7.4

ARG97 (5.1), ILE99 (3.8)
ALA103 (4.5), PHE114 (3.8)
PRO367 (5.2)

Limonene

-5.9

ARGY7 (5.1), PHE100 (5.2)
ALA103 (4.2), VAL113 (5.1)
PHE114 (3.8), LEU366 (5.2)
PRO367 (4.2)

a-Pinene

-5.6

LEU102 (5.1), ALA103 (4.0)
ALA106 (3.7), PHE114 (4.7)
LEU208 (5.3), LEU233 (4.4)
VAL237 (5.4)

B-Pinene

-5.6

PHE114 (4.7), ALA106 (4.7)
LEU208 (5.3), LEU233 (4.4)
VAL237 (5.3)

4-Terpineol

-5.6

PHE100 (4.3), ALA103 (4.3)
PRO367 (4.0), PHE476 (4.9)

C.L

S-Warfarin

-8.0

ASN204 (1.9)

ALA106 (4.6), LEU208 (5.3)
LEU233 (4.6)

6KZV

-Caryophyllene

-6.3

ILE78 (4.7)

B-Myrcene

-5.4

VAL43 (4.3), ALA47 (4.7)
VAL71 (4.5), ILE78 (4.5)
VAL120 (4.1), VAL167 (4.2)

a-Cadinol

-6.6

ILE78 (4.7)

Germacrene D

-7.6

ILE78 (4.1)

Limonene

-5.8

VALA43 (4.9), ILE78 (4.9)
MET95 (5.4), VAL120 (3.6)
VALI67 (4.2)

4-Terpineol

-5.7

ILE78 (4.2), VAL120 (3.7)
VAL167 (4.8)

C.L

2-Oxo0-1,2-dihydroquinoline derivative

7.9

PRO79 (3.0)

ILE78 (4.8), VAL120 (5.0)
VAL167 (5.2)

Table 4. Molecular Docking score, hydrogen binding, hydrophobic and electrostatic interactions with
distances in Angstrom for investigated ligands with 3UVQ, 10G5, 6KZV. C.L: Crystalized Ligand H.B.I:

Hydrogen Bonding Interaction.
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Fig. 6. The putative 2D and 3D binding mode of investigated compounds with 3UVQ.
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