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ARTICLE INFO ABSTRACT

Keywords: This study investigated the wound-healing effect of the essential oil of Lobularia maritima (LmEO) in a rat model.
Essential oil The animals were divided into three groups (n = 8): control (physiological saline), positive control (Centella
Collagen ) cream), and LmEO cream treatment. The wound closure rates were measured over 14 days, and the healed
Inﬂammano‘n wounds were histologically analyzed. The hydroxyproline and C-reactive protein (CRP) levels were analyzed in
Wound healing . . - L . .

In vivo the blood and tissue. The topical application of LmEO significantly improved wound healing and reduced the

inflammatory process compared to the negative and positive control groups. On day 14, the LmEO-treated group
achieved a wound contraction of 97 % =+ 0.74 %, which was significantly higher than the control group (78.24 %
+ 2.44 %) and the Centella cream group (85.62 % + 1.68 %) (p < 0.05). The inflammatory protein content CRP
was significantly lower in the group treated with LmEO, namely by 51.96 % compared to the negative control
group and by 34.28 % compared to the Centella cream group (p < 0.0001). Histopathological analysis further
supported improved re-epithelialization, organized collagen and fibroblasts, and reduced inflammatory cell
infiltration with LmEO treatment. In conclusion, LmEO, rich in bioactive oxygenated monoterpenes (>74.40 %),
an effective agent for wound healing of the skin.

Topical application

1. Introduction

The skin, as the body’s largest organ, fulfills vital functions such as
hydration, protection from external influences, synthesizing vitamin D,
excretion, and regulating temperature. Serious skin injuries can be life-
threatening and underline the crucial importance of effective wound
healing [1,2]. Wound healing involves a series of phases including he-
mostasis, inflammation, proliferation, and remodeling [1]. Histological
evaluation helps identify cellular changes specific to each stage. The
skin, composed of the epidermis, dermis, and hypodermis, responds to
injury with keratinocytes in the basal layer playing a key role in
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epidermal repair. The proliferative phase is characterized by granula-
tion tissue formation, reepithelialization, and neovascularization and
can last for several weeks. Oxygen plays a significant role in wound
healing, impacting inflammation, bactericidal activity, angiogenesis,
and epithelization. The process involves a complex interplay of cyto-
kines and various cell types [3]. Hemostasis, the initial phase, typically
occurs within minutes. Histological grading of wounds is important for
assessing the different parameters of each healing phase [4,5] However,
therapeutic constraints, particularly in treating chronic wounds, often
present challenges in restoring tissue integrity. Consequently, research
efforts are increasingly focused on developing more effective wound
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therapies to minimize healthcare costs and promote scarless healing
[1,2,6].

In this context, the use of natural products has shown promise in
preventing and treating wounds. Plants offer a broad spectrum of
bioactive phytochemicals, including terpenes, which have been exten-
sively studied for their diverse effects, such as antibacterial, anti-
inflammatory, and analgesic properties, playing a central role in
wound healing [7-11]. Lobularia maritima (L. maritima), a widespread
halophytic ornamental plant on the Tunisian coast, is still relatively
unexplored regarding its phytochemical composition. Studies have
focused on characterizing the chemical composition of the different
parts of the plant [8,12,13]. However, recent evidence suggests that L.
maritima has potential iron-chelating properties and may protect against
oxidative liver damage [13-15]. This protective property is thought to
be due to the synergistic or individual action of tannins and flavonoids,
known for their antioxidant properties. Phenolic compounds, which are
widely present in L. maritima due to their high content of polyphenols,
polysaccharides, and essential oils, have attracted attention due to their
multiple biological effects [16,17]. The phytochemical composition of
Lobularia maritima aerial part investigation showed the existence of
some important flavonoids [18]. Moreover, the aerial parts’ essential oil
composition evidenced the presence of numerous oxygenated mono-
terpenes and monoterpene hydrocarbons such as linalool, terpinene,
a-terpineol and o-pinene [16,19].

Despite its potential health benefits, L. maritima essential oil (LmEO)
has not yet been extensively researched for wound healing applications.
Therefore, this work constitutes the first investigation dealing with the
chemical identification of the bioactive compounds from L. maritima
essential oil using gas chromatography—mass spectrometry (GC-MS) and
proving its healing activity on a rat model.

2. Materials and methods
2.1. Chemicals and reagents

All chemicals and reagents such as ethanol, NaOH, CuSO4, H202,
and Ketamine /xylazine hydrochloride solution were purchased from
Sigma Aldrich. CYTOL CENTELLA Cream from Cytolnat Laboratory
(dermatological cream with centella asiatica extract to soothe and repair
the skin) is used as a positive control for the wound healing study. An
ELISA kit for CRP was purchased from (CRP LATEX, Biomaghreb).

2.2. Plant collection and authentication

L. maritima was collected from the Chebba region (Mahdia, North:
35.14° and East: 11.07°) in February 2021 and underwent recent studies
to confirm its identity and authenticity, according to the Tunisian Flora.
Post-harvesting, the aerial parts were dried at room temperature for two
days in darkness.

2.3. Extraction of L. maritima essential oil (LmEQ)

The essential oil (EO) extraction began with 1.2 kg of finely
powdered plant components and 4 L of distilled water. The hydro-
distillation took four hours and was carried out on a Clevenger appa-
ratus. The aqueous phase was extracted with hexane (6 x 50 mL) and
dried with anhydrous sodium sulfate to eliminate any remaining mois-
ture. The solvent was subsequently removed by distillation at decreased
pressure with a rotary evaporator. The pure oil was then properly kept at
4 °C in the dark until the analysis began. The yield of the extracted
essential oil was determined according to the method previously
described by Ben Akacha et al. (2022).
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2.4. Preparation of L. maritima essential oil ointment and selection of
positive control

The ointment of LmEO was prepared according to Andji¢’s et al.
(2021) protocol. The ointment was prepared by mixing 5 g of LmEO with
Eucerin ointment base until a homogenized sample was obtained. The
Eucerin base contained a mixture of cholesterol (5 g), lanolin (15 g),
paraffinum liquidum (15 g) and vaselinum album (65 g). The 0.5 %
concentration of essential oil in gel and ointment was chosen based on
literature data and relevant recommendations. Studies suggest that a
dose of 5 % (w/w) appears suitable for topical application, while
increasing the dose is not recommended due to the potential for skin
irritation.

A commercially available Centella cream was used as the positive
control. This product contains active compounds from Centella asiatica
(asiaticoside, madecassic acid, and asiatic acid), which are widely
recognized for their wound healing properties, including collagen syn-
thesis stimulation, angiogenesis promotion, and enhanced re-
epithelialization [20]. The full formulation also includes several plant-
derived oils (grape seed oil, avocado oil, soybean oil, peanut oil) and
skin-repairing agents like allantoin, tocopherol, and retinyl palmitate,
making it comparable to other commercial phytotherapy-based wound
healing products and suitable for comparison with our essential oil-
based formulation [20].

2.5. Test no. 404: Acute dermal irritation/corrosion

The study was conducted following the Organization for Economic
Co-operation and Development (OECD) guideline No. 404 of April 24,
2002. The principle of the test consists of applying the product to the
epidermis of laboratory animals to evaluate its ability to cause skin
irritation. The ointment was applied in a single dose to the shaved skin of
rats; untreated skin areas of the test animal serve as the control. The
degree of irritation/corrosion is read and scored at specified intervals
and further described to provide a complete evaluation of the effects.
Skin irritation was marked and recorded according to a scale of values
described in OECD guideline No. 404 (2002) (from 0 to 4) (Table 1). The
duration of the study should be sufficient to evaluate the reversibility or
irreversibility of the effects observed.

2.6. Animals and study design

Eighteen Wistar male rats weighing between 200 and 220 g were
obtained from the Tunisian Central Pharmacy (SIPHAT, Tunisia). The
experiment followed the guidelines of the Medical Ethics Committee for
the Care and Use of Laboratory Animals at the Pasteur Institute in Tunis,
Tunisia (approval number: FST/LNFP/Pro 152012), ensuring compli-
ance with the European Convention for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific Purposes (Council
of Europe No. 123, Strasbourg, 1985). The rats were given a 15-day
acclimatization period in their new environment with free access to
food and water [21]. Surgical procedures were performed after anes-
thesia with ketamine (100 mg/kg) and xylazine (10 mg/kg i.p.), making
an oval incision (1.5 x 1 cm) in the cervical area. The resulting wound
was left untreated with antimicrobial drugs. To avoid any contact, each

Table 1
The skin irritation scale described in OECD Guideline No. 404
(2002).

Scores Erythema

0 Complete absence of redness

1 Slight redness, just visible

2 Light red

3 Dark red, by zone

4 Dark red, very large
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rat was individually kept in separate cages following surgery. The rats
were then randomly separated into three groups, each with eight ani-
mals (Fig. 1). For 14 days, one daily topical application of 0.5 g of
centella cream and LmEO formulated cream. Following the methodology
outlined by Demilew et al. (2018), the percentage of wound contraction
was calculated on days 0, 2, 4, 6, 8, 10, 12 and 14.
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0.3 mL of hydrolysate, 1 mL of 2.5 N NaOH, 1 mL of 0.01 M CuSO4, and
1 mL of 6 % of HyO, were mixed and hooted at 80 °C. After 5 min, the
samples were cooled for 10 min. Then, 0.6 mL of 5 % para-dimethyl
amino-benzaldehyde and 1.2 mL of 3 N HySO4 were added. The
mixture was put in a bain-marie at 75 °C for 5 min. Finally, the optical
density of the samples was measured at 540 nm. The hydroxyproline
content of cutaneous wound samples was expressed as mg/g of dry

Wound closure (%) = [Wound area day (0) — Wound area day (n) |/Wound area day (0) x 100.

2.6.1. Sample processing

Blood was taken from the brachial artery using heparin tubes and
centrifuged at 2300 xg for 15 min to get plasma. At the same time, full-
thickness skin samples from the wound area’s dermal, epidermal, and
subcutaneous layers were collected and delicately dissected. Preserva-
tion of both plasma and wound skin samples was carefully performed at
—80 °C to ensure their integrity for future analytical studies [22,23].

2.6.2. Measurement of C-reactive protein (CRP)

The CRP value was determined according to the method described by
Wu et al. (2002), Serum samples were analyzed using the CRP-LATEX
ELISA kit (Biomaghreb) according to the manufacturer’s guidelines for
direct ELISA. Serum dilutions were prepared using a NaCl solution with
a concentration of 8.5 g/L. Each serum dilution (50 pL) was mixed with
well-homogenized anti-CRP latex (50 pL) on the card, stirred, and
spread evenly. The card was rotated, and a possible appearance of
agglutination was observed after 3 min. To estimate the CRP concen-
tration in serum, the concentration of the last dilution that showed
agglutination was multiplied by the sensitivity threshold of the test,
which is 6 mg/mL.

2.6.3. Assessment of hydroxyproline

The collagen content in cutaneous wound samples was quantitatively
estimated using a biochemical hydroxyproline assay, adapted from the
method by Caetano et al. (2016) with specific modifications. The cuta-
neous wound samples were dried at 60 °C for 15 h. Then, 80 mg of dry
samples were hydrolyzed using 8 ml of 6 N HCI at 130 °C for 4 h. Briefly,

= -
&y &y
v 2
Group 1: Group 2:

Group treated with
physiological serum

Group treated with
Centella cream

tissue.

2.6.4. Histological assessment

To conduct histopathological analysis, fresh wound tissues were
fixed in formalin solution (10 %) for 24 h, dehydrated in toluene and
alcohol, embedded in paraffin, and sectioned at a thickness of 5 pm.
Hematoxylin and eosin were then used to stain the sections. Micro-
morphological changes were examined using an Olympus BX51TF mi-
croscope [23] and graded with respect to epidermal regeneration,
granulation tissue formation, inflammatory cell infiltration, angiogen-
esis and migration of fibroblast cells [24].

2.7. Statistical evaluation

The data was presented as the average (n = 6) + standard deviation
(SD). Statistical assessments were conducted using one-way ANOVA,
followed by Tukey’s post hoc examination for multiple comparisons.
Significance among mean values was established at p-values of <0.05,
<0.01, <0.001, and <0.0001.

3. Results
3.1. Safety assessment: Non-irritating profile of LmEO cream
According to the scale of values described in OECD Guideline No.

404 (2002), LmEO formulated cream did not cause skin irritation on
rats’ dorsal part following application (Fig. 2).

a

Groupe 3:
Groupe treated with
cream based on LmEO
at 5% cream

Fig. 1. Effect of various treatments on experimental groups: (1) control, (2) centella cream, and (3) LmEO at 5 %.
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Fig. 2. Photographs of rats’ dorsal areas following topical application of LmEO formulated cream.
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Fig. 3. Effect of LmEO on wound healing expressed as a percentage of wound
closure. Control (negative control) and Centella cream (positive control).
Values are figured as mean + SD (n = 6).

3.2. Accelerated wound contraction facilitated by LmEO cream

Wound contraction is described as the natural process by which the
wound edges move closer throughout the healing process, whereas
wound contraction is the shrinking of the scar itself. In this investiga-
tion, the percentage of wound contraction was measured throughout a
14-day trial period to assess the possible influence of LmEO (5 %) on
wound healing. Figs. 3 and 4 show the wound closure percentage and a
photomicrograph of the wound scars. In fact, on day 14, the wound
contraction in the control group was 78.24 + 2.44 %, associated with a
relatively large scar. However, for centella cream, we have obtained a
significantly higher reduction in the wound area with 85.62 + 1.68 %,
whereas LmEO formulated cream attends 97 + 0.74 % (p < 0.05). From
the 2nd day following the injury, which coincides with the beginning of
the inflammatory phase in the healing process, a reduction in swelling of
wounds treated with Centella cream and LmEO was marked. By the end
of the experiment, the whole area of the wound regained its original
structure following the regular application of centella cream and LmEO.
Indeed, the best healing outcome was observed in the group treated with
LmEO, as shown by the wound closure percentages and the photographic
representation of wound healing (Fig. 3 and Fig. 4). (See Fig. 5.)

3.3. Anti-inflammatory effects of LmEO: Reduction in CRP levels

C-reactive protein (CRP) is typically found in small amounts in serum
under normal conditions, but it rises sharply in response to different
infectious or inflammatory situations. In the present study, we have
observed a reduction in the CRP levels in the group treated with Centella
cream by 26.9 % and LmEO by 51.96 % as compared to the negative
control group (p < 0.0001). More interestingly, the topical application of

LmEO caused a significant reduction (p < 0.0001) in CRP levels by
34.28 % as compared to the centella cream application, indicating
potent anti-inflammatory properties.

3.4. Enhanced collagen synthesis indicated by increased hydroxyproline

Hydroxyproline, an amino acid that is crucial for collagen synthesis,
plays a vital role in wound healing. The hydroxyproline levels after
treatment with LmEO and Centella cream are shown in Fig. 6. The results
clearly indicate a marked increase in hydroxyproline synthesis upon
treatment with LmEO at a concentration of 5 %, which was statistically
significant (p < 0.0001) compared to the negative control and the
centella cream-treated groups. It is particularly noteworthy that hy-
droxyproline synthesis was stimulated approximately twice as much as
in the negative control group.

3.5. LmEO promotes improved re-epithelialization, collagen organization,
and reduced inflammation

In this study, epidermal regeneration, collagen formation, revascu-
larization, fibroblast organization, and inflammatory cell infiltration in
wound tissues were assessed using hematoxylin and eosin-stained sec-
tions. The micrographic sections of the wound on day 14 after the injury
are shown in Fig. 7, and their histopathological data are summarized in
Table 2. Histopathological results of the negative control group indi-
cated that the incision site had not yet been completely restored, and the
re-epithelization was imperfect. In addition, immature fibroblasts have
developed in the dermis of these rats. The collagen fibers recently
formed were unarranged with the presence of inflammatory cell infil-
tration. On the other hand, the centella cream-treated group (positive
control) showed an essential rise in the re-epithelization of the wound
site and the deposition of oriented collagen fibers. This finding confirms
that the remodeling phase has been completed. Besides, in the group
treated with LmEO, lesions were perfectly re-epithelized, the epidermis
was effectively regenerated, and the boundary layer between the
epidermis and the dermis was clearly marked. Compared to the negative
control group, collagen fibers (p < 0.01) and fibroblasts (p < 0.0001)
were greatly organized. Additionally, vasodilation, which was observed
in the negative control group, was extensively corrected. Furthermore,
reduced inflammatory cells and dense connective tissue were observed.

4. Discussion

The process of wound healing is a highly orchestrated physiological
response crucial for restoring tissue integrity after injury, involving a
precise cascade of biochemical and cellular events. The growing interest
in natural products for wound prevention and treatment stems from
their diverse bioactive phytochemicals, including alkaloids, carotenoids,
phenolic compounds, steroids, flavonoids, saponins, tannins, and ter-
penoids [25]. Among these, terpenes are particularly noteworthy. Ter-
penes, extensively studied for their diverse effects, encompassing
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Day9
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Cytol Centella
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LmEO

Fig. 4. Visual progression of healing: photographic documentation on days 0, 3, 7, 9, and 14 following wounding comparative evaluation of negative control
(physiological serum), positive control (cytol centella cream), and LmEO treatments.

bactericidal, fungicidal, insecticidal, anticarcinogenic, antioxidant, anti-
inflammatory, analgesic, and sedative properties [26], play a central
role in wound healing, often by acting as potent antibacterial and anti-
inflammatory agents. For this reason, we sought to evaluate the poten-
tial of LmEO to promote wound healing in a rat model. The chemical
composition of LmEO was characterized by GC-MS/MS analysis. LmEO
revealed 40 constituents with the main components included linalool

(22.43 %), benzyl alcohol (8.65 %), 1-phenylbutanone (7.33 %),
a-cadinol (4.91 %), globulol (4.32 %), a-terpineol (3.9 %), ledol (3.59
%), a-pinene (3.51 %), and pulegone (3.33 %). Similarly, a study con-
ducted in China on L. maritima essential oil revealed about 40 com-
pounds, with azeleonitrile (39.7 %), trans-3-pentenenitrile (36.3 %) and
4-isothiocyanato-1-butene (10.9 %) being the most abundant [27].
The wound healing test was performed using a formulated cream
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CRP (mgiL)

Fig. 5. Effect of LmEO on CRP plasma levels. Values are represented as mean +
SD (n = 6). Data were analyzed by one-way ANOVA, followed by Tukey’s post
hoc test. *: p < 0.05, ****: p < 0.0001; significantly different compared to the
negative control group. ++: p < 0.001; significantly different compared to the
positive control group.

based on LmEO. The ointment was tested first for acute dermal irritation.
Our results unequivocally demonstrated that the LmEO-formulated
cream did not induce any skin irritation on the dorsal part of rats
following application, thereby confirming its suitability and safety for
subsequent in vivo wound healing evaluation. In this way, we ensured
the quality of the cream that was subsequently used for the wound-
healing test. The effects of the samples on skin healing were evaluated
by physicochemical parameters (percentage of wound closure),
biochemical changes (C-reactive protein and hydroxyproline concen-
tration), and histopathological examination. This study showed that the
groups treated with LmEO-formulated cream (5 %) and centella cream
had faster wound contraction than the negative control group. The best
wound closure was observed in the LmEO-treated group. Previous
studies have shown that the rapid reduction in wound area is related to
fibroblast proliferation and collagen regeneration, leading to re-
epithelialization of the wound site [28].

In the current study, the collagen amount in the wound site was
evaluated in all groups. A healing tissue synthesizes collagen, which is a
constituent of growing cells. The concentration of hydroxyproline is a
measure of the concentration of collagen [29,30]. Therefore, a higher
concentration of hydroxyproline indicates a faster rate of healing
wounds. Our findings highlighted that LmEO topical application accel-
erates hydroxyproline accumulation and, therefore, collagen synthesis
in wound tissue, leading to a swift recovery of wounds. In vivo tests
showed that terpenes such as a-pinene and a-phellandrene can accel-
erate wound contraction due to collagen deposition from the early stages
in wounds [31]. Similarly, several studies have shown that the increased
collagen synthesis may be because of the presence of large amounts of
terpenes in the essential oils of several plants [10,32,33]. Some essential
oils have generated significant interest in wound treatment due to their
anti-inflammatory activity [34,35]. Therefore, the application of anti-
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Fig. 6. Effect of LmEO on hydroxyproline levels. Values are represented as
mean + SD (n = 6). Data were analyzed by one-way ANOVA, followed by
Tukey’s post hoc test. ****: p < 0.0001; significantly different compared to the
negative control group. ++: p < 0.001; significantly different compared to the
positive control group.

inflammatory agents could be a valuable approach to accelerate the
wound healing process [36,37]. Our results showed a potential reduc-
tion of the inflammatory marker CRP by topical application of LmEO.
According to Ben Akacha et al. (2022), the composition of LmEO consists
of 74.40 % oxygenated monoterpenes and 24.13 % monoterpene hy-
drocarbons. This composition makes LmEO suitable for cosmetic appli-
cations and provides various benefits to the skin, including anti-acne,
anti-ageing, and skin-whitening effects, making it a valuable active
ingredient in the cosmetics industry [38]. These results are in line with
previous research on Rosmarinus officinalis and Populus alba EOs, which
have shown anti-inflammatory effects in both acute and chronic
inflammation models. In particular, the treatments led to a progressive
decrease in inflammation, with C-reactive protein levels decreasing to
28. Many commercial creams used to treat wounds have anti-
inflammatory and antiseptic properties. These properties are well
studied in our previous data showing the antibacterial and anti-
inflammatory activities of LmEO [39,40].

The observed anti-inflammatory and collagen-promoting effects of
LmEO are consistent with and build on the mechanistic understanding of
other well-documented essential oils used in wound healing. For
example, camomile oil (Matricaria recutita), a widely recognized thera-
peutic agent, has shown significant anti-inflammatory properties due to
its main constituents, particularly chamazulene and a-bisabolol [41,42].
These constituents are known to modulate inflammatory pathways by
reducing the synthesis and release of pro-inflammatory mediators and
attenuating oxidative stress in the wound microenvironment [43]. In
addition, studies investigating the effects of camomile oil on tissue



B. Ben Akacha et al.

TATE
LIS

SR 1Y

BEZoARE

e Y P v /5 ' 7% ,I/
At RSN N

Fitoterapia 185 (2025) 106758

LN ATH LT

)
oS A
% 5‘/‘1 L 7

7

7 }L”/",

L

U
v

O ‘ o,
N
/Z”@u

Fig. 7. Photomicrographs of the histological dermal section stained with hematoxylin-eosin dye at x40 and x100 magnifications, on day 12 post-wounding. Control

(negative control), Centella cream (positive control), LmEO formulated cream. EP: epidermis, DER: dermis. Z> Inflammatory cells; . Collagen fiber;

Incision area

Table 2
Histopathologic scores evaluating of wound.

Feature graded Grade  Description

Profound (>50 %)

Scanty (10-50 %)

A few (<10 %)

Absen

Mild

Moderate

Marked

Mild

Moderate

Marked

Mild

Moderate

Marked

Epithelial necrosis

Epithelial proliferation on the edges of the
ulcer

Partial re-epithelialization

Complete re-epithelialization

Basal cells

Spinous epidermal differentiation (early)
Granular epidermal differentiation (late)
Complete

Inflammatory infiltrate

Fibroblast proliferation

Collagen formation

New vessels

Epithelium

N = WNFWNDFWNRBNWN =

Epidermal
differentiation

A WN - D W

regeneration have consistently reported its ability to promote the for-
mation of robust granulation tissue, accelerate re-epithelialization, and
enhance collagen deposition, which overall contributes to more efficient

and faster wound closure [44]. While both LmEO and camomile oil
exhibit potent healing properties through their anti-inflammatory and
regenerative effects, the unique and diverse monoterpene profile of
LmEO, particularly the high concentrations of specific oxygenated
monoterpenes such as linalool and a-terpineol, may offer distinct ben-
efits or synergistic effects. This suggests that LmEO is a valuable and
potentially novel natural compound that enriches the therapeutic op-
tions for complex wound treatment, warranting further investigation of
its precise molecular targets and comparative efficacy.

The histopathological study strongly corroborates our physico-
chemical and biochemical analyses, providing crucial morphological
evidence. It indicates that LmEO significantly improves wound closure
by promoting complete re-epithelialization, facilitating the restoration
of an organized dermal and epidermal structure, encouraging optimal
rearrangement of collagen fibers and fibroblasts, and effectively
reducing inflammatory cell infiltration. These comprehensive findings
suggest the ability of LmEO-formulated cream to actively stimulate
healthy cells near the wound site, promoting their proliferation and the
production of essential growth factors necessary for efficient healing and
comprehensive skin regeneration.

5. Conclusions
Our study is the first to report on the wound-healing activities of

L. maritima essential oil. Our findings showed that this EO contributed to
the healing process by creating scars with high tensile strength and
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accelerated wound closure through stimulating collagen deposition. The
findings also revealed that L. maritima essential oil had a role in the
healing process by promoting fibroblast migration to the wound site,
which resulted in collagen formation. Furthermore, due to its anti-
inflammatory and antibacterial properties, LmEO could be recom-
mended for treating small wounds, making it an essential active ingre-
dient in the cosmetics industry.

CRediT authorship contribution statement

Boutheina Ben Akacha: Writing — original draft, Software, Re-
sources, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. Asma Mahmoudi: Writing — original draft, Visuali-
zation, Validation, Supervision, Resources, Methodology, Formal anal-
ysis, Data curation, Conceptualization. Miroslava Kacaniova: Writing —
review & editing, Validation, Supervision, Software, Investigation,
Funding acquisition, Data curation. Wirginia Kukula-Koch: Writing —
review & editing, Visualization, Supervision, Software, Investigation,
Data curation. Wojciech Koch: Writing — review & editing, Visualiza-
tion, Supervision, Software, Investigation, Data curation. Rim Mar-
rekchi: Writing — original draft, Validation, Resources, Methodology,
Investigation, Formal analysis, Data curation. Mohamed Chamkha:
Writing - review & editing, Visualization, Validation, Supervision, Re-
sources, Investigation, Formal analysis, Data curation. Rania Ben Saad:
Writing — original draft, Visualization, Validation, Supervision, Re-
sources, Investigation, Formal analysis, Data curation, Conceptualiza-
tion. Faical Brini: Writing — review & editing, Visualization, Validation,
Supervision, Resources, Project administration, Investigation, Formal
analysis, Data curation. Wissem Mnif: Writing — review & editing,
Visualization, Validation, Supervision, Investigation, Data curation.
Stefania Garzoli: Writing — review & editing, Visualization, Supervi-
sion, Software, Investigation, Data curation. Anis Ben Hsouna: Writing
- review & editing, Writing — original draft, Validation, Supervision,
Software, Resources, Project administration, Methodology, Investiga-
tion, Funding acquisition, Formal analysis, Data curation,
Conceptualization.

Institutional Review Board Statement

The experiment followed the guidelines of the Medical Ethics Com-
mittee for the Care and Use of Laboratory Animals at the Pasteur Insti-
tute in Tunis, Tunisia (approval number: FST/LNFP/Pro 152012),
ensuring compliance with the European Convention for the Protection of
Vertebrate Animals Used for Experimental and Other Scientific Purposes
(Council of Europe No. 123, Strasbourg, 1985).

Funding

This study was supported by a grant from the Tunisian Ministry of
Higher Education and Scientific Research — Center of Biotechnology of
Sfax by Ministry of Health. (Program Contract 2022-2026).

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors are thankful to the Deanship of Graduate Studies and
Scientific Research at University of Bisha for supporting this work
through the Fast-Track Research Support Program. The authors are
grateful to the Ministry of Higher Education and Scientific Research-
Tunisia (LRO1CBS2015).

Fitoterapia 185 (2025) 106758
Data availability

The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

References

[1] E.M. Tottoli, R. Dorati, I. Genta, E. Chiesa, S. Pisani, B. Conti, Skin wound healing
process and new emerging technologies for skin wound care and regeneration,
Pharmaceutics 12 (2020) 735, https://doi.org/10.3390/pharmaceutics12080735.

[2] W. Xiaojie, J. Banda, H. Qi, A.K. Chang, C. Bwalya, L. Chao, X. Li, Scarless wound
healing: current insights from the perspectives of TGF-f, KGF-1, and KGF-2,
Cytokine Growth Factor Rev. 66 (2022) 26-37, https://doi.org/10.1016/.
cytogfr.2022.03.001.

[3] S. Agarwal, K. Krishnamurthy, Histology, Skin, in: StatPearls, StatPearls
Publishing, Treasure Island (FL), 2025. http://www.ncbi.nlm.nih.gov/books/N
BK537325/ (accessed June 29, 2025).

[4] E.E. Gardiner, Proteolytic processing of platelet receptors, Res. Pract. Thrombosis
Haemostasis 2 (2018) 240-250, https://doi.org/10.1002/rth2.12096.

[5] S. Massberg, M. Gawaz, S. Griiner, V. Schulte, I. Konrad, D. Zohlnhofer,

U. Heinzmann, B. Nieswandt, A crucial role of glycoprotein VI for platelet
recruitment to the injured arterial wall in vivo, J. Exp. Med. 197 (2003) 41-49,
https://doi.org/10.1084/jem.20020945.

[6] S. Zhou, M. Xie, J. Su, B. Cai, J. Li, K. Zhang, New insights into balancing wound
healing and scarless skin repair, J. Tissue Eng. 14 (2023), https://doi.org/10.1177/
20417314231185848, 20417314231185848.

[7] B. Ben Akacha, M. Kacdaniova, I. Generali¢ Mekini¢, W. Kukula-Koch, W. Koch,

L. Erdogan Orhan, N. Cmikovd, L. Taglieri, F. Venturi, C. Samartin, M. Taieb
Bouteraa, R. Ben Saad, W. Mnif, S. Garzoli, A. Ben Hsouna, Sage (Salvia officinalis
L.): a botanical marvel with versatile pharmacological properties and sustainable
applications in functional foods, S. Afr. J. Bot. 169 (2024) 361-382, https://doi.
0rg/10.1016/j.sajb.2024.04.044.

[8] B. Ben Akacha, S. Garzoli, R. Ben Saad, F. Brini, W. Mnif, M. Kac¢aniova, A. Ben
Hsouna, Biopreservative effect of the Tunisian halophyte Lobularia maritima
flavonoid fraction, used alone and in combination with linalool in stored minced
beef meat, Metabolites 13 (2023) 371, https://doi.org/10.3390/metabo13030371.

[9]1 A. Ben Hsouna, C. Sadaka, I. Generali¢ Mekinié, S. Garzoli, J. Svarc-Gajié,

F. Rodrigues, S. Morais, M.M. Moreira, E. Ferreira, G. Spigno, T. Brezo-Borjan, B.
B. Akacha, R.B. Saad, C. Delerue-Matos, W. Mnif, The chemical variability,
nutraceutical value, and food-industry and cosmetic applications of citrus plants: a
critical review, Antioxidants 12 (2023) 481, https://doi.org/10.3390/
antiox12020481.

[10] A. Masyita, R. Mustika Sari, A. Dwi Astuti, B. Yasir, N. Rahma Rumata, T.B. Emran,
F. Nainu, J. Simal-Gandara, Terpenes and terpenoids as main bioactive compounds
of essential oils, their roles in human health and potential application as natural
food preservatives, Food Chem. X 13 (2022) 100217, https://doi.org/10.1016/j.
fochx.2022.100217.

[11] A. Scridon, Platelets and their role in hemostasis and thrombosis—from physiology
to pathophysiology and therapeutic implications, IJMS 23 (2022) 12772, https://
doi.org/10.3390/ijms232112772.

[12] B.Ben Akacha, J. Svarc-Gaji¢, K. Elhadef, R. Ben Saad, F. Brini, W. Mnif, S. Smaoui,
A. Ben Hsouna, The essential oil of Tunisian halophyte Lobularia maritima: a
natural food preservative agent of ground beef meat, Life 12 (2022) 1571, https://
doi.org/10.3390/1ife12101571.

[13] A. Ben Hsouna, M. Michalak, B. Ben Akacha, W. Dhifi, R. Ben Saad, F. Brini,

W. Mnif, Assessment of the phytochemical composition, antimicrobial activity and
anti-inflammatory effects of Lobularia maritima extracts on lipopolysaccharide-
stimulated RAW 264.7 cells and their capacity to extend the shelf life of raw
minced beef, J. Funct. Foods 99 (2022) 105327, https://doi.org/10.1016/j.
jff.2022.105327.

[14] A. Ben Hsouna, M. Hfaiedh, S. Ben Slima, W.B. Romdhane, B.B. Akacha, M.

T. Bouterra, W. Dhifi, W. Mnif, F. Brini, R. Ben Saad, R. Ben Salah, Antioxidant and
hepatoprotective effects of novel heteropolysaccharide isolated from Lobularia
maritima on CCl4-induced liver injury in rats, Food Sci. Nutr. 10 (2022)
2271-2284, https://doi.org/10.1002/fsn3.2836.

[15] M. Taieb Bouteraa, B. Ben Akacha, M. Kacaniova, N. Cmikovd, W. Ben Romdhane,
N. Baazaoui, N. Soltani, Y. Chouaibi, A. Ben Hsouna, S. Garzoli, R. Ben Saad,
Exploring the antimicrobial and antioxidant properties of TAGASA2 protein: from
molecular insights to a promising natural preservative for Tunisian cheese shelf-life
enhancement, Food Biosci. 61 (2024) 104884, https://doi.org/10.1016/j.
fbio.2024.104884.

[16] B. Ben Akacha, M. Michalak, I. Generali¢ Mekini¢, M. Kac¢aniova, M. Chaari,

F. Brini, R. Ben Saad, W. Mnif, S. Garzoli, A. Ben Hsouna, Mixture design of
a-pinene, a-terpineol, and 1,8-cineole: a multiobjective response followed by
chemometric approaches to optimize the antibacterial effect against various
bacteria and antioxidant activity, Food Sci. Nutr. 12 (2024) 574-589, https://doi.
org/10.1002/fsn3.3780.

[17] A. Ben Hsouna, M. Michalak, W. Kukula-Koch, R. Ben Saad, W. ben Romdhane,
S.C. Zeljkovi¢, W. Mnif, Evaluation of halophyte biopotential as an unused natural
resource: the case of Lobularia maritima, Biomolecules 12 (2022) 1583, https://doi.
org/10.3390/biom12111583.

[18] A. Fiorentino, A. Ricci, B. D’Abrosca, A. Golino, A. 1zzo, M.T. Pascarella,

S. Piccolella, A. Esposito, Kaempferol glycosides from Lobularia maritima and their


https://doi.org/10.3390/pharmaceutics12080735
https://doi.org/10.1016/j.cytogfr.2022.03.001
https://doi.org/10.1016/j.cytogfr.2022.03.001
http://www.ncbi.nlm.nih.gov/books/NBK537325/
http://www.ncbi.nlm.nih.gov/books/NBK537325/
https://doi.org/10.1002/rth2.12096
https://doi.org/10.1084/jem.20020945
https://doi.org/10.1177/20417314231185848
https://doi.org/10.1177/20417314231185848
https://doi.org/10.1016/j.sajb.2024.04.044
https://doi.org/10.1016/j.sajb.2024.04.044
https://doi.org/10.3390/metabo13030371
https://doi.org/10.3390/antiox12020481
https://doi.org/10.3390/antiox12020481
https://doi.org/10.1016/j.fochx.2022.100217
https://doi.org/10.1016/j.fochx.2022.100217
https://doi.org/10.3390/ijms232112772
https://doi.org/10.3390/ijms232112772
https://doi.org/10.3390/life12101571
https://doi.org/10.3390/life12101571
https://doi.org/10.1016/j.jff.2022.105327
https://doi.org/10.1016/j.jff.2022.105327
https://doi.org/10.1002/fsn3.2836
https://doi.org/10.1016/j.fbio.2024.104884
https://doi.org/10.1016/j.fbio.2024.104884
https://doi.org/10.1002/fsn3.3780
https://doi.org/10.1002/fsn3.3780
https://doi.org/10.3390/biom12111583
https://doi.org/10.3390/biom12111583

B. Ben Akacha et al.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[271

[28]

[29]

[30]

potential role in plant interactions, Chem. Biodivers. 6 (2009) 204-217, https://
doi.org/10.1002/cbdv.200800097.

A.B. Hsouna, S. Dhibi, W. Dhifi, R.B. Saad, F. Brini, N. Hfaidh, W. Mnif, Essential
oil from halophyte Lobularia maritima : protective effects against CCly -induced
hepatic oxidative damage in rats and inhibition of the production of
proinflammatory gene expression by lipopolysaccharide-stimulated RAW 264.7
macrophages, RSC Adv. 9 (2019) 36758-36770, https://doi.org/10.1039/
C9RA05885K.

K. Witkowska, M. Paczkowska-Walendowska, E. Garbiec, J. Cielecka-Piontek,
Topical application of Centella asiatica in wound healing: recent insights into
mechanisms and clinical efficacy, Pharmaceutics 16 (2024) 1252, https://doi.org/
10.3390/pharmaceutics16101252.

L. Chen, R. Mirza, Y. Kwon, L.A. DiPietro, T.J. Koh, The murine excisional wound
model: contraction revisited, Wound Repair Regen. 23 (2015) 874-877, https://
doi.org/10.1111/wrr.12338.

C.S. Keenan, L. Cooper, K. Nuutila, J. Chapa, S. Christy, R.K. Chan, A.H. Carlsson,
Full-thickness skin columns: a method to reduce healing time and donor site
morbidity in deep partial-thickness burns, Wound Repair Regen. 31 (2023)
586-596, https://doi.org/10.1111/wrr.13114.

A. Mahmoudji, F. Hadrich, Z. Bouallagui, I. Feki, H. Ghorbel, L. Ayadi, M. Chamkha,
S. Sayadi, Comparative study of the effect of oleuropein and hydroxytyrosol rich
extracts on the reproductive toxicity induced by bisphenol A in male rats:
biochemical, histopathological, and molecular analyses, Environ. Sci. Pollut. Res.
30 (2023) 78735-78749, https://doi.org/10.1007/s11356-023-27836-y.

A. Amali Muhammad, S. Fakurazi, P. Arulselvan, C.P. See, F. Abas, Evaluation of
wound healing properties of bioactive aqueous fraction from Moringa oleifera Lam
on experimentally induced diabetic animal model, DDDT (2016) 1715, https://doi.
org/10.2147/DDDT.S96968.

M. Cedillo-Cortezano, L.R. Martinez-Cuevas, J.A.M. Lépez, I.L. Barrera Lopez,

S. Escutia-Perez, V.L. Petricevich, Use of medicinal plants in the process of wound
healing: a literature review, Pharmaceuticals 17 (2024) 303, https://doi.org/
10.3390/ph17030303.

F. Cappiello, M.R. Loffredo, C. Del Plato, S. Cammarone, B. Casciaro, D. Quaglio,
M.L. Mangoni, B. Botta, F. Ghirga, The revaluation of plant-derived terpenes to
fight antibiotic-resistant infections, Antibiotics 9 (2020) 325, https://doi.org/
10.3390/antibiotics9060325.

H.Y. Wang, M.Z. Zhang, X. Han, J. Cong, S.Q. Wang, S.L. He, D.S. Wei, Y.B. Zhang,
J. Qin, D.A. Sampietro, Insecticidal and repellent efficacy of the essential oil from
Lobularia maritima and trans —3-pentenenitrile against insect pests of stored grains,
Int. J. Food Prop. 23 (2020) 1125-1135, https://doi.org/10.1080/
10942912.2020.1778723.

W. Elloumi, A. Mahmoudi, S. Ortiz, S. Boutefnouchet, M. Chamkha, S. Sayadi,
Wound healing potential of quercetin-3-O-rhamnoside and myricetin-3-O-
rhamnoside isolated from Pistacia lentiscus distilled leaves in rats model, Biomed.
Pharmacother. 146 (2022) 112574, https://doi.org/10.1016/j.
biopha.2021.112574.

D. Dwivedi, M. Dwivedi, S. Malviya, V. Singh, Evaluation of wound healing, anti-
microbial and antioxidant potential of Pongamia pinnata in wistar rats, J. Tradit.
Complement. Med. 7 (2016) 79-85, https://doi.org/10.1016/j.jtcme.2015.12.002.
M. Wu, K. Cronin, J.S. Crane, Biochemistry, collagen synthesis, in: StatPearls,
StatPearls Publishing, Treasure Island (FL), 2025. http://www.ncbi.nlm.nih.
gov/books/NBK507709/ (accessed June 29, 2025).

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Fitoterapia 185 (2025) 106758

J. Salas-Oropeza, M. Jimenez-Estrada, A. Perez-Torres, A.E. Castell-Rodriguez,

R. Becerril-Millan, M.A. Rodriguez-Monroy, K. Jarquin-Yanez, M.M. Canales-
Martinez, Wound healing activity of a-pinene and a-phellandrene, Molecules 26
(2021) 2488, https://doi.org/10.3390/molecules26092488.

R. Barreto, R. Albuquerque-Jtnior, A. Aradjo, J. Almeida, M. Santos, A. Barreto,
J. DeSantana, P. Siqueira-Lima, J. Quintans, L. Quintans-Jtnior, A systematic
review of the wound-healing effects of monoterpenes and iridoid derivatives,
Molecules 19 (2014) 846-862, https://doi.org/10.3390/molecules19010846.
M.R. Ghasemi, A. Ranjbar, P. Tamri, S. Pourmoslemi, A. Nourian, D. Dastan, In
vitro antibacterial activity and wound healing effects of Achillea millefolium
essential oil in rat, Aust. J. Pharm. 26 (2023) 167-174, https://doi.org/10.3831/
KPI1.2023.26.2.167.

R. Avola, G. Granata, C. Geraci, E. Napoli, A.C.E. Graziano, V. Cardile, Oregano
(Origanum vulgare L.) essential oil provides anti-inflammatory activity and
facilitates wound healing in a human keratinocytes cell model, Food Chem.
Toxicol. 144 (2020) 111586, https://doi.org/10.1016/j.fct.2020.111586.

K. Banerjee, H. Madhyastha, R. Sandur, V., M. N.T., T. N, P. Thiagarajan, Anti-
inflammatory and wound healing potential of a clove oil emulsion, Colloids Surf. B
Biointerfaces 193 (2020) 111102, https://doi.org/10.1016/j.
colsurfb.2020.111102.

L. Brockmann, A. Giannou, N. Gagliani, S. Huber, Regulation of TH17 cells and
associated cytokines in wound healing, tissue regeneration, and carcinogenesis,
1IJMS 18 (2017) 1033, https://doi.org/10.3390/ijms18051033.

W.M. Yuniarti, B.S. Lukiswanto, Effects of herbal ointment containing the leaf
extracts of Madeira vine (Anredera cordifolia (Ten.) Steenis) for burn wound healing
process on albino rats, Vet. World 10 (2017) 808-813, https://doi.org/10.14202/
vetworld.2017.808-813.

E. Guzman, A. Lucia, Essential oils and their individual components in cosmetic
products, Cosmetics 8 (2021) 114, https://doi.org/10.3390/cosmetics8040114.
H. Belkhodja, B. Meddah, S. Gezici, Anti-inflammatory effects of essential oils from
Rosmarinus officinalis and Populus alba on experimental models of acute and chronic
inflammation in rats, IJPER 51 (2017) s180-s184, https://doi.org/10.5530/
ijper.51.3s.8.

R.S. Borges, B.L.S. Ortiz, A.C.M. Pereira, H. Keita, J.C.T. Carvalho, Rosmarinus
officinalis essential oil: a review of its phytochemistry, anti-inflammatory activity,
and mechanisms of action involved, J. Ethnopharmacol. 229 (2019) 29-45,
https://doi.org/10.1016/j.jep.2018.09.038.

N. Bhaskaran, S. Shukla, J.K. Srivastava, S. Gupta, Chamomile, an anti-
inflammatory agent inhibits inducible nitric oxide synthase expression by blocking
RelA/p65 activity, Int. J. Mol. Med. 26 (2010) 935-940, https://doi.org/10.3892/
ijmm_00000545.

D. Fabian, S. Juhds, A. Bukovskd, D. Bujnakova, L. Gresakova, J. Koppel, Anti-
inflammatory effects of chamomile essential oil in mice, Slovak J. Anim. Sci. 44
(2011) 111-116.

K. Ukaegbu, E. Allen, K.K.H. Svoboda, Reactive oxygen species and antioxidants in
wound healing: mechanisms and therapeutic potential, Int. Wound J. 22 (2025)
€70330, https://doi.org/10.1111/iwj.70330.

A. Sah, P.P. Naseef, M.S. Kuruniyan, G.K. Jain, F. Zakir, G. Aggarwal,

A comprehensive study of therapeutic applications of chamomile, Pharmaceuticals
(Basel) 15 (2022) 1284, https://doi.org/10.3390/ph15101284.


https://doi.org/10.1002/cbdv.200800097
https://doi.org/10.1002/cbdv.200800097
https://doi.org/10.1039/C9RA05885K
https://doi.org/10.1039/C9RA05885K
https://doi.org/10.3390/pharmaceutics16101252
https://doi.org/10.3390/pharmaceutics16101252
https://doi.org/10.1111/wrr.12338
https://doi.org/10.1111/wrr.12338
https://doi.org/10.1111/wrr.13114
https://doi.org/10.1007/s11356-023-27836-y
https://doi.org/10.2147/DDDT.S96968
https://doi.org/10.2147/DDDT.S96968
https://doi.org/10.3390/ph17030303
https://doi.org/10.3390/ph17030303
https://doi.org/10.3390/antibiotics9060325
https://doi.org/10.3390/antibiotics9060325
https://doi.org/10.1080/10942912.2020.1778723
https://doi.org/10.1080/10942912.2020.1778723
https://doi.org/10.1016/j.biopha.2021.112574
https://doi.org/10.1016/j.biopha.2021.112574
https://doi.org/10.1016/j.jtcme.2015.12.002
http://www.ncbi.nlm.nih.gov/books/NBK507709/
http://www.ncbi.nlm.nih.gov/books/NBK507709/
https://doi.org/10.3390/molecules26092488
https://doi.org/10.3390/molecules19010846
https://doi.org/10.3831/KPI.2023.26.2.167
https://doi.org/10.3831/KPI.2023.26.2.167
https://doi.org/10.1016/j.fct.2020.111586
https://doi.org/10.1016/j.colsurfb.2020.111102
https://doi.org/10.1016/j.colsurfb.2020.111102
https://doi.org/10.3390/ijms18051033
https://doi.org/10.14202/vetworld.2017.808-813
https://doi.org/10.14202/vetworld.2017.808-813
https://doi.org/10.3390/cosmetics8040114
https://doi.org/10.5530/ijper.51.3s.8
https://doi.org/10.5530/ijper.51.3s.8
https://doi.org/10.1016/j.jep.2018.09.038
https://doi.org/10.3892/ijmm_00000545
https://doi.org/10.3892/ijmm_00000545
http://refhub.elsevier.com/S0367-326X(25)00384-3/rf0230
http://refhub.elsevier.com/S0367-326X(25)00384-3/rf0230
http://refhub.elsevier.com/S0367-326X(25)00384-3/rf0230
https://doi.org/10.1111/iwj.70330
https://doi.org/10.3390/ph15101284

	Accelerated wound healing with topical formulation based on Lobularia maritima essential oil: A rat model study
	1 Introduction
	2 Materials and methods
	2.1 Chemicals and reagents
	2.2 Plant collection and authentication
	2.3 Extraction of L. maritima essential oil (LmEO)
	2.4 Preparation of L. maritima essential oil ointment and selection of positive control
	2.5 Test no. 404: Acute dermal irritation/corrosion
	2.6 Animals and study design
	2.6.1 Sample processing
	2.6.2 Measurement of C-reactive protein (CRP)
	2.6.3 Assessment of hydroxyproline
	2.6.4 Histological assessment

	2.7 Statistical evaluation

	3 Results
	3.1 Safety assessment: Non-irritating profile of LmEO cream
	3.2 Accelerated wound contraction facilitated by LmEO cream
	3.3 Anti-inflammatory effects of LmEO: Reduction in CRP levels
	3.4 Enhanced collagen synthesis indicated by increased hydroxyproline
	3.5 LmEO promotes improved re-epithelialization, collagen organization, and reduced inflammation

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Institutional Review Board Statement
	Funding
	Declaration of Competing Interest
	Acknowledgments
	Data availability
	References


