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ARTICLE INFO ABSTRACT

Keywords: Type 2 diabetes mellitus (T2DM) is a metabolic syndrome known to contribute to impaired
Tetraclinis articulata wound healing. This condition can be further worsened by excessive melanin production, elastin
a»a;‘nylas‘e degradation, and chronic infections at the wound site, potentially leading to melasma and dia-
i—grglsciziliase betic dermopathy. The purpose of this study was to investigate the phytochemical profile and
Efastase inhibitory effects of Tetraclinis articulata essential oil (TAEO) on target enzymes involved in
Type 2 diabetes diabetes pathogenesis and chronic wound remodeling, namely a-amylase, a-glucosidase, tyrosi-
Wound healing nase, and elastase, as well as its in vitro antibacterial activity. Gas chromatography and mass

spectrometry (GC-MS) analysis of TAEO led to the identification of 46 volatile compounds, rep-
resenting 96.61 % of TAEO. The major metabolites were bornyl acetate (29.48 %), a-pinene (8.96
%), germacrene D (7.70 %), and p-limonene (5.90 %). TAEO exhibited limited scavenging activity
against DPPH free radicals, whereas the FRAP and ABTS assays indicated a relatively higher
antioxidant activity. Remarkably, TAEO disclosed a promising in vitro antidiabetic activity against
a-glucosidase with an ICs value of 178 + 1.6 pg/mL, which is comparable to the standard in-
hibitor acarbose (ICso = 143 + 1.1 pg/mlL). In silico, molecular docking analysis against
a-glucosidase identified 15 compounds that interacted with the enzyme’s active site, whereas skin
permeability and sensitization assessments indicated that 26 out of the 44 identified volatile
compounds were predicted to be free from any skin sensitivity risk. On the other hand, moderate
inhibitory activity was recorded against a-amylase, tyrosinase, and elastase. Notably, TAEO at 5
% significantly suppressed biofilm formation by P. aeruginosa, S. aureus, and E. faecalis, common
skin pathogens associated with wound infections, and reduced their swarming motility. Our
findings suggest that TAEO may hold the potential as a natural remedy for type 2 diabetes and its
associated co-morbidities, especially chronic wounds.

* Corresponding author.
** Corresponding author.
E-mail addresses: 1.bouissane@usms.ma (L. Bouissane), mansour.sobeh@um6p.ma (M. Sobeh).

https://doi.org/10.1016/j.heliyon.2024.e24563

Received 19 July 2023; Received in revised form 16 December 2023; Accepted 10 January 2024

Available online 17 January 2024

2405-8440/© 2024 The Authors.  Published by Elsevier Ltd.  This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:l.bouissane@usms.ma
mailto:mansour.sobeh@um6p.ma
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e24563
https://doi.org/10.1016/j.heliyon.2024.e24563
https://doi.org/10.1016/j.heliyon.2024.e24563
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Khatib et al. Heliyon 10 (2024) 24563
1. Introduction

According to the World Health Organization (WHO), non-communicable chronic diseases (NCDs) pose a serious public health
burden due to their high morbidity and mortality rates, accounting for 74 % of all deaths worldwide. Globally, type II diabetes mellitus
(T2DM) ranks third among the leading causes of premature mortality [1]. It is a multifactorial complex disease characterized by
persistent hyperglycemia, taking place when the pancreas fails to produce enough insulin (insulin secretion deficiency), or when the
body ceases to utilize insulin efficiently (insulin resistance), or both [2]. T2DM occurs due to the strong influence of socio-economic
inequalities and unhealthy lifestyle-related behaviors such as high Body Mass Index (BMI), obesity, smoking, and physical inactivity
[31.

The inhibition of key carbohydrate-hydrolyzing enzymes such as a-glucosidase and a-amylase has been suggested as one of the
therapeutic approaches to control postprandial hyperglycemia by preventing glucose absorption. The use of several synthetic anti-
diabetic agents has been associated with severe adverse effects, including flatulence, vomiting, diarrhea, and abdominal cramps [4,5].
Consequently, the search for new naturally based a-amylase and a-glucosidase inhibitors devoid of hazardous side effects has been
intensified during the last years.

In T2DM, poor wound healing, or diabetic wounds, is a serious complication. It affects the healing physiological phases (ho-
meostasis, inflammation, proliferation, and remodeling), resulting in chronic wounds and higher risks of amputation and death [6,7].
These lesions are marked by excessive inflammation, with a persistent neutrophil and macrophage infiltration accompanied by
increased release of pro-inflammatory cytokines, including interleukin 1p (IL-1f), interleukin 6 (IL-6), tissue necrosis factor alpha
(TNF-a), and matrix metalloproteinases (MMPs). These cytokines negatively impact fibroblast migration and proliferation, extracel-
lular matrix, collagen and elastin synthesis, and increase susceptibility to infections [8,9]. Moreover, the increased activity of
tyrosinase and melanocyte leads to excessive melanin production and abnormal pigmentation at the wound site. Melanin accumulation
interferes with collagen synthesis and angiogenesis, which are crucial for wound healing, leading to retarded healing and compromised
tissue regeneration [10]. Elastase, an enzyme involved in elastin breakdown, leads to excessive elastin degradation within the wound
area. This degradation compromises the structural integrity of the extracellular matrix, resulting in a higher susceptibility to chronic
wounds [11,12].

Tetraclinis articulata (Vahl) Mast. (Fig. 1), commonly known as the Araar tree, Berber thuja, and Sandarac gum tree, is a monoecious
species of coniferous trees in the Cupressaceae family. It is native to the mountainous regions of North Africa, mainly Morocco, Algeria,
and Tunisia, with relict populations occurring in Malta and near Cartagena, Spain [13-15]. Morocco boasts the largest distribution
area, covering 607,900 ha spreading across the Rif Mountains, eastern Middle Atlas, eastern Morocco, western Middle Atlas and High
Atlas, valleys of the central plateau and eastern Meseta, and Anti-Atlas [13,16].

Traditionally, the leaves and aerial parts are consumed orally as a decoction and/or infusion to treat diabetes mellitus, hyper-
tension, cough, asthma, and digestive disorders [17-19]. Moreover, several ethnopharmacological reports claimed that the infusion,
decoction, and cataplasm of the aerial parts are efficacious against tuberculosis, diarrhea and infection of the urinary tract, migraine,
nausea, anxiety and colon diseases [20,21]. Externally, the aerial parts of the tree are crushed and mixed with honey to create a topical
ointment used for rheumatism, sciatic nerve pain, foot pain, burns, inflamed wounds, sprains, pimples, and skin problems [22,23].
Phytochemical studies revealed that the Aarar tree is rich in phenolic acids, flavonoids, phytosterols, terpenes, and fatty acids, among
others [24-26]. These secondary metabolites are responsible for the reported antioxidant [27], antimicrobial [28], cytotoxic [24],
anti-inflammatory [24], antidiabetic [29,30], antiurolithiatic [31], and neuroprotective activities [32].

The current study aimed to depict the chemical profile and the antioxidant activity of TAEO from Beni Mellal-Khenifra region. We
also corroborated for the first time the ethnomedicinal usage of TAEO as an antidiabetic agent against target enzymes engaged in
diabetes pathogenesis, namely a-amylase and a-glucosidase. Additionally, we explored the inhibitory activity of TAEO against target
enzymes involved in chronic wounds, namely tyrosinase and elastase, as well as the antibacterial, antibiofilm and anti-swarming
motility effects of TAEO against Staphylococcus aureus, Pseudomonas aeruginosa, and Enterococcus faecalis.

Fig. 1. Representative photos of Tetraclinis articulata (Vahl) Mast. 20230©.
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2. Materials and methods
2.1. Plant material, essential oil extraction and GC-MS identification

Tetraclinis articulata (Vahl) Mast. leafy twigs were harvested from the Commune of Bni-Bataou (32°54'26.9"N 6°16'51.5"W), Beni
Mellal-Khenifra region, Morocco, during the flowering season (April 2022). The plant’s botanical name was confirmed by plant
taxonomist Dr.Abdelmonaim Homrani Bakali from the regional Center of Agricultural Research of Errachidia, and a voucher number
P5-501-2023 was assigned, and a sample was deposited at our lab entity. In the current study, the leafy twigs of T. articulata (300 g)
were subjected to hydrodistillation using a Clevenger-type apparatus for 3 h, yielding 0.34 % (V/W) of the essential oil distinguished
by its balsamic aroma and slightly pale yellowish color. The chemical composition of TAEO was analyzed using gas chromatography
coupled to the mass spectrometer GCMS-TQ8040 from SHIMADZU, Japan as previously described [33].

2.2. In vitro antioxidant activity

The antioxidant potential of TAEO was evaluated using three in vitro methods, namely the 1,1-diphenyl-2-picrylhydrazyl (DPPH)
free radicals, 2, 2’-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and ferric reducing antioxidant power (FRAP) assays
according to the previously described protocols [34]. The results were expressed as ICsp (pg/mL) (DPPH and ABTS) and as mM
FeSO4/g sample (FRAP).

2.3. Engzyme inhibitory activity

2.3.1. a-Glucosidase inhibitory activity

The in vitro a-glucosidase inhibitory activity of TAEO was carried out according to a previously described method [35], with minor
modifications. The reaction mixture containing 50 pL of the diluted TAEO (500-62.5 pg/mL) and 50 pL of a-glucosidase (1.0 U/mL)
dissolved in PBS (0.02 M, pH 6.9) was added to an eppendorf tube and pre-incubated for 15 min at 37 °C. Afterward, the reaction was
initiated by adding 100 pL of p-NPG (5 mM) as a substrate and the mixtures were incubated for 20 min at 37°C. Subsequently, 300 pL of
NayCOs3 (0.2 M) was added to terminate the reaction. The absorbance of the released p-nitrophenol was monitored at 405 nm (A405)
using a microplate reader (FLUOstar Omega). PBS and acarbose served as the negative and positive control, respectively. Triplicates
were performed for each reaction. Result values are expressed as mean and standard deviation (SD). The inhibition rate (%) was
determined using formula (1):

AAc — AA
Inhibition rate (%) = K%) x 100}

Where AAs: (A Sample+ Enzyme — A Samp]e), AAc: (A psy Enzyme™ A pgs)

2.3.2. a-Amylase inhibitory activity

The in vitro inhibitory activity of TAEO against a-amylase was measured according to the standard method [36], with some
modifications. First, 100 pL of TAEO or acarbose (0.125-2 mg/mL) in 20 mM potassium phosphate buffer (pH, 6.9) were premixed
with 100 pL of a-amylase solution (1 U/mL in the PBS buffer) and pre-incubated at 37 °C for 20 min. Next, 100 pL of the soluble starch
solution (1.0 %, w/v) was introduced into each tube as the substrate and incubated at 37 °C for 30 min. Then, 200 pL of the color
reagent (DNS) (96 mM 3,5-dinitrosalicylic acid and 5.3 M sodium potassium tartrate solution in 2 M NaOH) was added to terminate the
reaction. The test tubes were immersed in a boiling water bath (95 °C) for 5 min and then cooled down to room temperature. Finally,
1.5 mL of distilled water was added to the reaction mixture, and the absorbance was monitored at 540 nm using a microplate reader
(FLUOstar Omega). The rate of a-amylase inhibition was calculated using formula (1).

2.3.3. Anti-tyrosinase activity

The tyrosinase inhibitory activity was performed as previously described [37]. First, 30 pL of mushroom tyrosinase solution (210
U/mL) and 70 pL of the diluted sample (0.012-3 mg/mL) were mixed in a 96-well microplate and pre-incubated for 10 min at 37 °C.
Then, 110 pL of t-DOPA (1 mmol/L, for the diphenolase activity) or r-Tyrosine (0.5 mmol/L, for the monophenolase activity) was
added to the mixture and incubated for 25 min at 37 °C. Kojic acid served as the positive control in the experiment, and each reaction
was carried out in triplicate. The tyrosinase inhibitory activity was determined using the following formula:

A trol — A 1
nhibition (%) — [(—mp) x loo]

A control
Where, As: (A Sample+ Enzyme — A Sample)y Ac: (APBS+ Enzyme— Apps)

2.3.4. Anti-elastase activity

The elastase inhibition assay was conducted following a slightly modified version of the method described [38]. Porcine pancreatic
elastase enzyme was prepared as a stock solution with a concentration of 3.33 mg/mL in sterile water. The substrate N-Succinyl-A-
la-Ala-Ala-p-nitroanilide (AAAPVN) was dissolved in 0.2 mM Tris-HCI buffer (pH = 8) to obtain a 1.6 mM solution. Then, 50 pL of the
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sample solution (3-0.046 mg/mL), Tris—HCl buffer, and enzyme were pre-incubated for 15 min. Subsequently, 50 pL of the substrate
was added to make up a final volume of 200 pL, and the reaction mixtures were incubated for 20 min at 37 °C. The absorbance values
were immediately measured at 400 nm using a microplate reader (FLUOstar Omega). EGCG was used as the positive control in the
experiment. The percentage of elastase inhibition (%) was calculated according to the following formula:

A 1—A 1
nhibition (%) = [(%) « loo]

Where, As: The corrected absorbance of the samples (A sample+ Enzyme — A sample), Ac: The corrected absorbance of controls (A pys.
fer4+Enzyme— A Buffer)

2.4. Antibacterial activity

2.4.1. Determination of the minimum inhibitory concentration (MIC)

The minimum inhibitory concentration (MIC) of TAEO towards Staphylococcus aureus, Pseudomonas aeruginosa, and Enterococcus
faecalis was evaluated using the broth microdilution assay in a 96-well microtiter microplate [39,40]. Initially, the sample was sol-
ubilized in Muller-Hinton (MH) broth supplemented with 5 % dimethyl sulfoxide (DMSO) to achieve a final concentration of 20 %.
Subsequently, the sample underwent sterilization using 0.22 pm sterile syringe filters and was then subjected to two-fold serial dilution
in triplicate into the wells of the microplate (20 %-1.25 %). Next, fresh overnight suspensions of P. aeruginosa, S. aureus, and E. faecalis
adjusted to achieve a turbidity level of ODggonm = 0.6 were added to each well (2 pL per well). Negative control was established in wells
without bacterial inoculation, and growth controls were included by using media without extract amendment. Ampicillin at con-
centrations ranging from 10 to 0.078125 mg/mL served as the standard antibiotic. The plate was placed in an incubator set at 37 °C
with continuous shaking at 150 rpm under an aerobic environment. After incubation for 18 h, the bacterial growth was monitored
visually and spectrophotometrically. The minimum inhibitory concentration was determined as the lowest concentration that pre-
vented the bacterium’s visible growth.

2.4.2. Biofilm inhibition activity using the crystal violet assay

Biofilm inhibition activity of TAEO at sub-MIC concentrations was investigated using a crystal violet (CV) colorimetric assay as
previously reported [41,42]. The sample was prepared following the procedure outlined in the MIC assay. Following incubation, the
bacterial suspensions were discarded, and each well was gently washed 3 times with phosphate-buffered saline (PBS, pH = 7.4) to
eliminate unbound bacterial cells. Next, the bound bacteria were stained with a 1 % crystal violet (CV) solution (200 pL per well) and
incubated at room temperature for 15 min. The CV solutions were disposed of, and the wells were rinsed with sterile distilled water to
eliminate the excess dye. After air-drying the plate, 200 pL of 95 % ethanol was added to each well to dissolve the attached biofilm.
Finally, a multimode plate reader was used to measure the biofilm amount spectrophotometrically at ODggonm-

2.4.3. Swarming motility assay

The effects of TAEO at sub-MIC concentrations (1/4 and 1/8) were assessed on the P. aeruginosa, S. aureus, and E. faecalis swarming
motility [41]. First, the swarming plate media (LB medium, 0.6 % agar) was prepared and autoclaved [43,44]. After the media had
cooled to a temperature below 50 °C, they were mixed with the previously filtered EO to obtain final concentrations equivalent to 1/8
and 1/4 MIC. The plates were then allowed to dry in a laminar flow hood. Afterward, 10 pL of a fresh suspension of S. aureus,
P. aeruginosa, and E. faecalis adjusted to ODggonm = 0.6, was placed in the center of the agar plates and incubated at 37 °C for 24 h. The
diameters of the motility zones were measured in cm.

2.5. Molecular docking and skin application

Virtual screening analyses were carried out as reportedly described [38]. Briefly, the identified volatile secondary metabolites in
TAEO were docked into the binding active sites of a-Glucosidase (PDB id: 3WY1). Skin permeability, also known as log Kp, is a
parameter used to measure the rate of a chemical penetrating across the stratum corneum (SC), which is the outermost layer of the
epidermis [45]. Therefore, we used the SwissADME database to determine the log Kp values for all identified volatile compounds.
Additionally, we evaluated the potential for skin sensitization among the identified compounds using the human skin sensitizer score
from the SkinSens database (https://cwtung.kmu.edu.tw/skinsensdb/, accessed on June 19, 2023). This scoring system operates on a
scale ranging from O to 1, where volatile compounds with a score of 0 are least likely to cause skin sensitization, while those with a
score of 1 are most likely to induce skin sensitization. Compounds that score above a certain threshold (>0.5) are classified as skin
sensitizers [46].

2.6. Statistical analysis

The experiments were carried out in triplicate, and the values are presented as means + standard deviation (SD). To determine
significant differences between group means, the Tukey’s post hoc test was performed using IBM SPSS software. A p-value of less than
0.05 was considered statistically significant.
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3. Results and discussion
3.1. Chemical composition of TAEO

The essential oil was analyzed and quantified using GC-MS analysis. Altogether, 46 compounds were identified, accounting for
96.61 % of the essential oil composition (Table 1). The oxygenated monoterpene bornyl acetate (29.48 %) was the most abundant
volatile compound in the EO, followed by a-pinene (8.96 %), germacrene D (7.70 %), p-limonene (5.90 %), and (E)-caryophyllene
(5.44 %) (Fig. 2). As shown in Table 1, oxygenated monoterpenes were the most prevalent class of volatile metabolites (33.83 %),
followed by sesquiterpene hydrocarbons (27.39 %), monoterpene hydrocarbons (18.72 %), and oxygenated sesquiterpenes (9.93 %).

Our results are consistent with those of El Jemili et al. (2016), who reported bornyl acetate (26.81 %), camphor (22.40 %), a-pinene
(7.16 %), and limonene (3.82 %) as the prevailing compounds in the essential oil of T. articulata aerial parts, gathered from the

Table 1

Chemical composition of the aerial parts of TAEO.
N° Compounds Retention index Relative abundance (%) Log Kp* (cm/s)

R, RIf.

1. Tricyclene 916 926 0.50 —4.83
2. a-Pinene 927 932 8.96 —3.95
3. Camphene 944 954 0.55 —4.13
4. Sabinene 965 975 0.08 —4.94
5. p-Pinene 978 979 0.27 —4.18
6. p-Myrcene 983 990 1.90 —4.17
7. p-Cymene 1018 1024 0.27 —4.21
8. p-Limonene 1024 1029 5.90 -3.89
9. y-Terpinene 1054 1053 0.39 —-3.94
10. Terpinolene 1091 1089 0.40 —3.96
11. a-Campholenal 1123 1126 0.12 -5.91
12. trans-Pinocarveol 1138 1139 0.15 —5.96
13. Camphor 1144 1146 3.46 —5.67
14. Camphene hydrate 1148 1149 0.39 —5.61
15. Borneol 1167 1169 1.85 —5.31
16. Terpinen-4-ol 1179 1177 0.40 —4.93
17. a-Terpineol 1191 1188 0.19 —4.83
18. (—)-Myrtenol 1199 1195 0.10 —4.94
19. Fenchyl acetate 1223 1220 0.11 —4.84
20. Cumin aldehyde 1245 1241 0.15 —5.52
21. (—)-Carvone 1249 1243 0.10 -5.29
22. 2,6,11-Trimethyl-dodecane 1281 1280 0.14 —-2.29
23. Bornyl acetate 1288 1285 29.48 —4.44
24. a-Terpinyl acetate 1352 1349 2.33 —4.69
25. Copaene 1379 1376 2.10 —4.37
26. p-Bourbonene 1388 1388 0.13 —4.20
27. Isoledene 1396 1376 3.38 —4.66
28. (E)-Caryophyllene 1421 1419 5.44 —4.44
29. a-Humulene 1453 1454 1.63 —4.32
30. y-Muurolene 1472 1479 1.79 —4.49
31. Germacrene D 1477 1481 7.70 —4.18
32. y-Cadinene 1509 1513 1.42 —4.49
33. 8-Cadinene 1518 1523 3.60 —4.85
34. Zonarene 1521 1529 0.20 —4.69
35. Caryophyllene oxide 1589 1583 1.19 —5.12
36. Salvial-4(14)-en-1-one 1598 1594 0.20 —5.10
37. Aromadendrene oxide-(2) 1613 1602 0.81 —5.03
38. 1,10-di-epi-Cubenol 1621 1619 0.10 —5.03
39. 1-epi-cubenol 1636 1628 4.16 —5.03
40. Cedrelanol 1649 1640 1.67 —5.29
41. a-Cadinol 1661 1654 1.19 -5.29
42. (6Z)-6-Pentadecen-2-one 1675 1668 0.35 -3.93
43. Cadalin 1684 1676 0.19 —3.55
44. Eudesma-4(15),7-dien-1-ol 1696 1688 0.61 —5.51
45. n-Eicosane 1712 - 0.61 —0.60
46. n-Octadecane 1721 1800 0.14 -1.20
Monoterpene hydrocarbons 18.72
Oxygenated monoterpenes 38.83
Sesquiterpene hydrocarbons 27.39
Oxygenated Sesquiterpenes 9.93
Others 1.74
Total identified components 96.61

RI..i: Retention indices relative to C;—Cy4 n-alkanes calculated on Rtx®-5MS fused-bond column; RIy;: Literature retention indices [54].
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Fig. 2. GC-MS chromatogram of TAEO.

Marrakech region. Similarly, the EO of T. articulata leaves harvested from the Moroccan eastern region was found to be rich in
monoterpene hydrocarbons and oxygenated monoterpenes, representing 47.0 % and 41.5 %, respectively. The study annotated
a-pinene (22.6 %), bornyl acetate (16.8 %), camphor (14.5 %), and limonene (7.3 %) as the dominant volatile compounds, which is in
accordance with our findings [32]. Similarly, the GC-MS analysis of the EO of T. articulata leaves from Khemisset region of Morocco
afforded 34 volatile secondary metabolites dominated by bornyl acetate (30.74 %), a-pinene (23.54 %), camphor (17.27 %), and
limonene (23.31 %) [47]. It should be noted, however, that our sample contained some volatile compounds that were not detected in
the previous studies, especially germacrene D (7.20 %), (E)-caryophyllene (5.44 %), and 1-epi-cubenol (4.16 %). The occurrence of
these compounds was highlighted in a study conducted in Algeria by Boussaid et al. (2015), who asserted the presence of (E)-car-
yophyllene (4.7 %), germacrene D (1.1 %), and epi-cubenol (0.4 %) in the leaves and flowers EOs, using GC-MS and '3C NMR analysis,
along with the main volatile constituents a-pinene (23.6 %), bornyl acetate (20.7 %), camphor (17.3 %), and limonene (9.5 %) [48].

On the other hand, we observed that geographical provenance of the samples and the extracted organs drastically influenced the
EO’s chemical composition (The Moroccan and Algerian samples differ greatly from the Tunisian samples). For instance, a-pinene
(56.21 %), 1,8-cineole (9.91 %), isobronyl acetate (7.46 %) were recognized as the major compounds of leaves EO from Nabeul,
Tunisia [49]. Additionally, a-pinene (24.9 %), linalool acetate (21.44 %) and (E)-caryophyllene oxide (4.24 %) were highlighted as the
most representative compounds of leaves EO from the region of Cap Bon, Tunisia [50].

While most of the previously cited studies claimed a-pinene, bornyl acetate, camphor, and limonene to be the leaves and flowers
chemotaxonomic markers, El Moussaouiti et al. (2010) observed that the EO of wood burl harvested from Oulmes province of Morocco
displayed a different chemical pattern with a-cedrene (22.69 %), thymol (21.59 %), and cedrenol (9.64 %) being the major constit-
uents, whereas a-pinene, bornyl acetate, camphor, and limonene were not detected [51]. Other factors could accentuate the chemical

154 0.8
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Class of T. articulata secondary metabolites Class of T. articulata secondary metabolites
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Fig. 3. Distribution of Log Kp (Left) and human sensitizer score (HSS) (Right) according to each class of TAEO phytochemicals; abbreviation, MH:
Monoterpene hydrocarbons, OM: Oxygenated monoterpenes, SH: Sesquiterpene hydrocarbons, OS: Oxygenated sesquiterpenes, Others: Include
sesquiterpenes and alkanes, HSS: Human sensitizer score, Log Kp: skin permeability in cm/s.
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composition differences, including genetic factors, harvesting times, drying and extraction methods, and soil nutrients and their
storage in the plant organs. As a result of these factors, numerous metabolic processes can take place, resulting in the synthesis of
various bio-products and volatile components [52,53]. Therefore, further studies are needed to explore the relationship between these
environmental and genetic factors and the chemical polymorphism within the genus.

3.2. Allergic contact dermatitis (ACD) and human sensitizer scores (HSS) of TAEO volatile metabolites

The pleasant aroma and potential therapeutic effects of TAEO render it popular to be used in topical preparations, such as oint-
ments, creams, and perfumes, where it comes into direct contact with the skin [51]. Therefore, understanding the potential risks
associated with the volatile secondary metabolites present in TAEO is crucial for ensuring the safety and efficacy of these topical
products. In this context, we used the online Web tool SwissADME (http://www.swissadme.ch, accessed on May 10th, 2023) to predict
the permeability of TAEO volatile metabolites through the mammalian epidermis (Table 1). Molecules with a more negative log Kp are
less likely to permeate the skin. We have also used the online tool (https://cwtung.nhri.edu.tw/skinsensdb/predict, accessed on May
10th, 2023) to quantitatively predict the capacity of these metabolites to induce allergic contact dermatitis (ACD) (Higher scores
indicating an increased potential to cause ACD).

Altogether, the EO constituents exhibited good skin permeation, with Log Kp values (cm/s) ranging from —0.60 to —5.96 (Fig. 3).
Moreover, 18 volatile metabolites were identified as potentially sensitizer compounds representing 36.39 % of the EO chemical
composition. The HSS scores varied from 0.190 to 1.00, with the highest scores achieved by (—)-carvone, a-campholenal, and cumin
aldehyde, displaying HSS values of 1.00, 0.950, and 0.825, respectively, indicating, hence, a higher potential for allergenicity. The
major volatile compound bornyl acetate has a hypoallergenic HSS score of 0.34. Other predominant VOCs, such as p-limonene, (E)-
caryophyllene, and germacrene D, appear to be potential skin sensitizers, with HSS scores in the range of 0.525-0.625. Previous studies
showed that some volatile metabolites such as a-pinene, -pinene, g-phellandrene, and myrcene may trigger ACD through disturbing
skin barrier homeostasis, increasing ROS levels, pro-inflammatory mediators such as IL-6, IL-143, TNF-a, and NO production, and
transcription factors [55-57]. However, it should be noted that the risk of developing ACD is influenced by several factors, including
the individual’s genetic predisposition, compound concentrations, and the route of exposure [45]. Consequently, further research is
needed to draw a comprehensive insight into the potential ACD risk associated with the use of TAEO.

3.3. In vitro antioxidant activity

In the present study, the antioxidant activity of TAEO was evaluated using three in vitro assays, namely DPPH, ABTS, and FRAP. As
shown in Table 2, the EO exhibited weak DPPH reduction activity and relatively moderate scavenging potency in the ABTS and FRAP
assays. However, the obtained values remain considerably lower than those of standards, ascorbic acid and quercetin (Table 2).

The moderate antioxidant activity of TAEO could be partially attributed to the high content of bornyl acetate, a-pinene, germacrene
D, and (E)-caryophyllene in the sample. The antioxidant activity of these mono- and sesquiterpenes has been reported by several
previous reports [58-61]. On the other hand, the stereoselectivity of reactive species and/or the sample’s solubility in various testing
methods have been suggested as plausible factors altering the capacity of essential oils in quenching various radicals. Therefore, mono-
and sesquiterpenes often failed to donate hydrogen atoms or are not easily soluble in the DPPH assay’s reaction medium. In contrast,
the ABTS and FRAP assays rely on electron transfer and are more adept at detecting the antioxidant capacity of hydrophilic, lipophilic,
and highly pigmented antioxidant compounds than the DPPH assay [59,62,63].

Our findings comply with those of El Jemili et al. (2016) who used three in vitro assays to evaluate the antioxidant potential of the
aerial parts EO of T. articulata collected from the Marrakech region, Morocco. The authors noticed that the EO had a poor scavenging
activity towards DPPH free radicals with an ICsq of 12.05 x 10° + 0.24 pg/mL. Superior results were recorded in the ABTS and FRAP
assays with ICsq values of 8.90 x 10 + 0.17 and 0.15 x 10° + 0.01 pg/mL, respectively [64].

In contrast to the earlier investigation, Djouahri et al. (2015) reported significant DPPH scavenging activity of the essential oil
extracted from the wood and leaves collected from various locations in Algeria. The ICsp values varied from 88.44 + 3.27 t0 119.44 +
5.25 pg/mL and 113.47 + 4.19 pg/mlL, respectively. The obtained values were comparable to those of BHA and BHT, with ICs( values
of 24.73 £+ 0.11 pg/mL and 33.89 + 0.16 pg/mlL, respectively [27]. The strong antioxidant could be potentially ascribed to the
presence of carvacrol and thymol in the samples, which have been reported to exhibit substantial antioxidant properties [65-67].
Noteworthy, these two compounds were not detected in our sample.

Table 2
Antioxidant capacities of TAEO.
Sample/compounds DPPH ABTS FRAP
ICso (pg/mL) mM of FeSO,/g Extract
TAEO 19.8 x 10°+ 0.54 1.67 x 10°+ 3,1 6.25 + 0.09

Quercetin 5.36 £ 0.25 - 16.60 + 0.64
Ascorbic acid - 21.7 £ 0.29 -
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3.4. Enzyme inhibitory activity

As far as we know, there have been no scientific studies dealing with the antidiabetic effects of TAEO in vitro. Therefore, the present
study was designed to investigate the in vitro antidiabetic effects of TAEO on a-amylase and a-glucosidase, among others. As
demonstrated in Table 3, TAEO potently inhibited a-glucosidase and moderately inhibited a-amylase in a dose dependent manner,
compared to acarbose, the reference drug. In the T2DM context, the increased activity of both tyrosinase and elastase at the wound site
can potentially impede the wound healing process. Therefore, we also explored the inhibitory effects of TAEO towards these target
enzymes. TAEO showed moderate activity against both the monophenolase and diphenolase activities of tyrosinase. A slightly higher
activity was shown against elastase; however, the obtained values remained lower than standard inhibitors Kojic acid and epi-
gallocatechin gallate (EGCG).

The enzyme inhibitory activities could be attributed to T. articulata terpene-rich essential oil, especially germacrene D, terpinen-4-
ol, a-pinene, 1-epi-cubenol, and (E)-caryophyllene. These metabolites have been suggested as potential inhibitors of these target en-
zymes [68,69]. The current study supports the ethnomedicinal usage of TAEO as an antidiabetic agent, suggesting that the Aarar tree
might be a promising source for new antidiabetic agents targeting the carbohydrate metabolizing enzymes, especially a-glucosidase.
Hence, this could subsequently prevent diabetic chronic wounds as one of the co-morbidities associated with T2DM.

3.5. Minimum inhibitory concentration, anti-biofilm, and anti-swarming effects of TAEO

As illustrated in Fig. 4, TAEO demonstrated a dose-dependent inhibition of P. aeruginosa, S. aureus, and E. faecalis growth in MH
media. By monitoring the reduction of the bacterial turbidity at ODggo, a significant decline in bacterial growth of P. aeruginosa and
S. aureus was observed starting from the concentration 1.25 % (12.5 pL/mL), with inhibition rates of 33.56 % and 23.77 %, respec-
tively. However, the MICs values of TAEO against P. aeruginosa, S. aureus, and E. faecalis exceeded 20 %, indicating that complete
inhibition of bacterial growth was not attained (86.48 %, 77.23 %, and 84.61 %, respectively). At a concentration of 0.3125 mg/mL,
the standard antibiotic ampicillin completely inhibited the bacterial growth.

Moreover, biofilms not only enable bacterial cells to withstand antibiotics, antiseptics, and host immune responses but also
contribute to the persistence of infections in chronic wounds. Therefore, we assessed the biofilm formation by P. aeruginosa, S. aureus,
and E. faecalis in MH media supplemented with increased concentrations of TAEO. As depicted in Fig. 5, TAEO dose-dependently
reduced biofilm formation by P. aeruginosa, S. aureus, and E. faecalis. Notably, at a concentration equivalent to 1/4 MIC (5 %),
TAEO effectively decreased the amount of biofilm produced by P. aeruginosa and E. faecalis by 72.29 % and 77.26 % respectively, while
S. aureus showed a reduction of 27.22 %.

The observed anti-biofilm activity of TAEO against these target bacteria could be potentially attributed to the permeation capacity
of oxygenated monoterpenes (38.83 %) to disrupt crucial stages in the biofilm formation process, including the production of adhesion
proteins and the disruption of the exopolysaccharide matrix (EPS) of the bacterial biofilm [70]. Previous studies have attributed
similar antibiofilm effects to the significant presence of oxygenated monoterpenes in essential oils, such as those derived from
Backhousia citriodora [71], Thymus vulgaris L. [72], and Cymbopogon flexuosus [73].

The swarming motility of P. aeruginosa, S. aureus, and E. faecalis, which is one of the critical mechanisms that enable pathogens to
glide over surfaces during infections, was observed on agar plates supplemented with 1/8 and 1/4 MICs. As demonstrated in Fig. 6,
TAEO showed no significant inhibition on the swarming motility of P. aeruginosa at the concentration equivalent to 2.5 %. However, at
5 %, TAEO decreased the swarming motility of P. aeruginosa by 48 %. On the other hand, S. aureus and E. faecalis were the most
susceptible to TAEO, which significantly reduced their swarming motility at both 1/8 and 1/4 MICs in a dose-dependent manner.

3.6. Molecular docking

In the current study, we evaluated the in vitro antidiabetic and wound healing activities of TAEO against target enzymes known to
be involved in diabetes pathogenesis and chronic wound healing, namely a-amylase, a-glucosidase, tyrosinase, and elastase (Table 3).
The best inhibitory activity was shown on a-glucosidase with an ICsq value of 178 + 1.6 pg/mL, which is comparable to the reference
drug acarbose (ICsg = 143 + 1.1 pg/mL). Therefore, we relied on molecular docking to gain further insight into the binding affinity of
the identified volatile compounds from TAEO against a-glucosidase. Results from molecular docking revealed that fifteen out of the

Table 3
In vitro enzyme activities of the aerial parts of TAEO.
Sample/compounds ICso (pg/mL)
a-Amylase a-Glucosidase Tyrosinase Elastase
1-Dopa L-Tyrosine
TAEO 858 + 2.67 178 + 1.6 9449 + 3.11 991.5 £ 1.16 860 + 2.7
Acarbose 267 + 0.47 143+ 1.1 - - -
Kojic acid - - 18.07 + 1.08 12,52 +1.13 -
Quercetin - - - - -
EGCG® - - - - 92.00 + 3.1

& EGCG: epigallocatechin gallate.
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Fig. 4. The effect of TAEO on the bacterial growth of P. aeruginosa, S. aureus, and E. faecalis.
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Fig. 5. Biofilm formation by P. aeruginosa, S. aureus, and E. faecalis cultured in the absence (0 %) and in the presence of varying concentrations of
TAEO. Different superscripts indicate a statistically significant difference at 95 %.

7 6 B P. aeruginosa
\:J K 2 g B S aureus
& BEm E. faecalis
£ 41
<
£
Qo
2 e b
2 :
§ b b
)

0_

5 2.5 0

TAEO concentration (%)

Fig. 6. Impact of TAEO sub-MICs on the swarming motility of P. aeruginosa, S. aureus, and E. faecalis. Different superscripts indicate a statistically
significant difference at 95 %.

forty-six docked metabolites were able to interact with the active site of the enzyme, displaying scoring functions ranging from —4.97
to —8.22 kcal/mol (Table 4). These metabolites represent 16.01 % of TAEO composition, suggesting that the in vitro antidiabetic
activity of TAEO may be mediated by these minor compounds.

The co-crystallized ligand, a-terpineol, exhibited the strongest binding at the active site, forming hydrogen bond interactions with
the amino acid residues Asp 62, Arg 400 (Fig. 7). Additionally, the a-terpinyl acetate (—6.75 kcal/mol) and (6Z)-6-pentadecen-2-one
(—8.22 kcal/mol) demonstrated the best docking scores, surpassing the inhibitor acarbose (—6.80 kcal/mol). Notably, (6Z)-6-pen-
tadecen-2-one afforded hydrogen bond interactions with the amino acid residues Arg 400, as well as noncovalent pi interactions with
Phe 166, whereas a-terpinyl acetate exhibited hydrophobic interactions with the amino acid residues Arg 400 and noncovalent pi
interactions with Phe 166.

4. Conclusion and perspectives
The current study provides insights into the phytochemical profile and inhibitory activity of TAEO against enzymes involved in

diabetes and wound healing, namely a-amylase, a-glucosidase, tyrosinase, and elastase and its antibacterial activity against
P. aeruginosa, S. aureus, and E. faecalis, common skin pathogens associated with chronic wounds. GC-MS analysis identified 46 volatile



S. Khatib et al. Heliyon 10 (2024) e24563

Table 4
Docking of the volatile compounds identified in TAEO against a-Glucosidase (3WY1).
Compounds a-Glucosidase (3WY1)
Docking score (Kcal/mol) Interactions
trans-Pinocarveol —5.30 Gly 228 (Backbone donor interaction)
Camphene hydrate -5.13 Glu 271 (H-bond)
Terpinen-4-ol —-5.97 Glu 271 (H-bond)
(—)-Myrtenol —5.83 Asp 202 (H-bond)
Fenchyl acetate —5.74 Arg 200 (H-bond), Asp 333 (H-bond)
Cumin aldehyde —5.54 Arg 400 (H-bond)
(—)-Carvone —5.72 Arg 400 (H-bond)
a-Terpinyl acetate —6.75 Arg 400 (H-bond), Phe 166 (Hydrophobic interaction)
(E)-Caryophyllene —4.97 Tyr 65 (Hydrophobic interaction)
y-Cadinene —5.28 Phe 166 (Hydrophobic interaction)
Aromadendrene oxide-(2) —5.53 Arg 400 (H-bond)
1,10-di-epi-Cubenol —5.01 Glu 271 (H-bond)
1-epi-Cubenol —6.15 Gly 228 (Backbone donor interaction)
(6Z)-6-Pentadecen-2-one —8.22 Phe 166 (Hydrophobic interaction), Arg 400 (H-bond)
a-Terpineol —5.94 Asp 62 (H-bond), Arg 400 (H-bond)
Acarbose —6.60 Arg 400 (H-bond), Glu 271 (H-bond), Glu 272 (Hydrophobic interaction), Asp 62 (H-bond)

Acarbose

(6Z)-6-Pentadecen-2-one a-Terpineol

Fig. 7. 2D-interaction of some TAEO volatile compounds and the standard acarbose with amino acid residues of a-glucosidase.

compounds, representing 96.61 % of the total oil, with the main metabolites being bornyl acetate, a-pinene, germacrene D, p-limo-
nene, and (E)-caryophyllene. TAEO had poor scavenging activity against DPPH free radicals but exhibited moderate antioxidant ac-
tivity in FRAP and ABTS assays. Notably, TAEO showed promising in vitro antidiabetic activity against a-glucosidase. Molecular
docking analysis against a-glucosidase identified 15 compounds that interact with the enzyme’s active site through hydrogen bonds
and noncovalent pi interactions. This suggests that these minor compounds may play a significant role in the in vitro antidiabetic
activity of TAEO. Moreover, at 5 %, TAEO significantly decreased biofilm formation and swarming motility of P. aeruginosa, S. aureus,
and E. faecalis. Our findings suggest that TAEO may hold versatile potential against both type 2 diabetes and chronic wounds by
targeting the aforementioned enzymes and wound pathogenic bacteria. Considering these findings, further studies are needed to
investigate the allergenicity of TAEO and evaluate its potential wound healing via in vivo models, as well as against other target
enzymes involved in diabetes pathogenesis, such as DPP-4 and PTP1B.
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