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Received: 16 March 2023

Revised: 25 May 2023

Accepted: 28 May 2023

Published: 1 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Physicochemical Analysis and Wound Healing Activity of
Azadirachta indica (A. Juss) Fruits
Ahmed Boukeloua 1,2, Mostefa Kouadria 3, Hamdi Bendif 4,5,* , Gabriel Plavan 6 , Sulaiman A. Alsalamah 7,
Mohammed I. Alghonaim 7, Fehmi Boufahja 7 and Omar H. Abd-Elkader 8

1 Process Engineering Laboratory for Sustainable Development and Health Products, University Constantine 3
Salah Boubnider, Constantine 25000, Algeria; ahmed.boukeloua@univ-oeb.dz

2 Institute of Applied Sciences and Techniques, Faculty of Sciences, University of Oum EL Bouaghi, Oum EL
Bouaghi 04000, Algeria

3 Departement NTAA, Faculty of Nature and Life Sciences, Agrobiotechnology and Nutrition Laboratory in
Semi-Arid and Arid Zones, Ibn Khaldoun University of Tiaret, Tiaret 14000, Algeria;
kouadria_mostefa@univ-tiaret.dz

4 Department of Natural and Life Sciences, Faculty of Sciences, University of M’sila, M’sila 28000, Algeria
5 Laboratory of Ethnobotany and Natural Substances, Department of Natural Sciences, Ecole Normale

Superieure (ENS), Algiers 16000, Algeria
6 Department of Biology, Faculty of Biology, “Alexandru Ioan Cuza” University, Bvd. Carol I, No. 20A,

700505 Iasi, Romania
7 Biology Department, College of Science, Imam Mohammad Ibn Saud Islamic University (IMSIU),

Riyadh 11623, Saudi Arabia; saalsalamah@imamu.edu.sa (S.A.A.); mialghonaim@imamu.edu.sa (M.I.A.);
faboufahja@imamu.edu.sa (F.B.)

8 Physics & Astronomy Department, Science College, King Saud University, Riyadh 11451, Saudi Arabia
* Correspondence: hamdi.bendif@univ-msila.dz; Tel.: +213-662397062

Abstract: (1) Background: The neem tree, Azadirachta indica (A. Juss), is a well-known species used
in traditional medicine for the treatment of skin conditions such as irritation, eczema, burns, and
wounds. The objective of the current study was to investigate the physicochemical and wound-healing
properties of A. indica fruits. (2) Methods: Gas chromatography coupled with mass spectrometry
(GC-MS) was used to determine the content of fatty acids and phytosterols, and high-performance
liquid chromatography (HPLC) was used to determine the tocopherol content. The wound-healing
activity was observed on the backs of six adult male rabbits. (3) Results: The results showed that the
plant contained fatty acids, as well as oleic (46.05%), palmitic (23.94%), linoleic (11.39%), and stearic
(7.87%) acids. The phytosterols were three major compounds; in decreasing order of importance, they
were β-sitosterol (97.26 mg/100 g), campesterol (18.94 mg/100 g), and stigmasterol (12.05 mg/100 g).
There were also traces of cholesterol. The neem was a moderate source of vitamin E (α-tocopherol,
14.86 mg/100 g). The hexane extracts showed no acute toxicity and low eye and skin irritability and
had reasonable safety and important wound-healing activity. (4) Conclusions: The results confirmed
that A. indica is a valuable source of fatty acids, phytosterols, and vitamin E and is efficient in the
process of wound healing.

Keywords: Azadirachta indica (A. Juss); physicochemical properties; GC-MS; fatty acids; phytosterols;
HPLC; tocopherols; excised wound healing; rabbits

1. Introduction

Despite the accelerated advances made in modern medicine worldwide, an important
demographic sector, comprising the population from developing countries, still relies
on traditional medicine and herbal remedies for their basic care. There is also interest
from the general public in industrialized countries in natural therapies, mainly herbal
medicines [1]. As a result, the potential for new drugs extracted from plants is very
promising [2]. Nowadays, traditional therapies still rely on plants and plant products,
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usually for the treatment of minor problems [3]. Minor wounds and burns are the main
focus of herbal medicines such as Madecassol.

The Algerian phytopharmacopeia has underexplored therapeutic potential. Several
plants were traditionally used in the local treatment of uninfected wounds or burns [4]. This
is the case for the neem tree, Azadirachta indica (A. Juss; family Meliaceae); its roots, stems,
bark, leaves, seeds, flowers, and fruits have chemically bioactive substances, and among
these, the seeds are listed as one of the most important sources of bioactive compounds [5].
These compounds are well known in traditional medicine for their fast and efficient heal-
ing of wounds, burns, and other skin conditions such as irritation, inflammation, and
eczema [6,7]. A. indica (A. Juss) is an evergreen tree native to India but now is widely found
in tropical, subtropical, semi-arid, and wet-tropical regions of the world [8–10]. It is esti-
mated that 60% of the world’s neem trees are found in India, and the rest are found in Africa,
Central America, Malaysia, Thailand, Sri Lanka, Indonesia, Singapore, the Philippines, and
the Caribbean islands [11].

The Algerian Aurès massif, located between the high plains of Constantine and
the Sahara, is one important exotic region in which the neem tree is found, and from it,
several biologically active compounds are extracted [9]. All parts of the tree have practical
applications for various illnesses, such as throat inflammation and digestive upsets, and
they also have analgesic, anthelminthic, antibacterial, antifungal, antiviral, insecticidal,
diuretic, antipyretic, antitumor, and immunomodulating properties. The extracts are also
used to heal wounds and burns, skin inflammation, and scorpion and snake bites [6], as
well as in the pharmaceutical and cosmetic industries [7]. Their fatty acids, phytosterols,
and tocopherols are involved in the metabolic and physiological functions of the human
body [12]; they were previously reported to be major components of the Meliaceae family
and play a crucial role in human health [13].

According to Kaushik [14], neem oil contains four important fatty acids. They are
palmitic acid and stearic acid, which are saturated acids; oleic acid, which is a monounsatu-
rated acid; and linoleic acid, which is a polyunsaturated acid.

These compounds differ significantly in their chemical composition, physiological
action, and nutritional importance in the human diet [15]. Despite the wide recognition of
the effectiveness of this plant in traditional medicine, scientific information on its healing
properties is scarce. Controlled preclinical and clinical studies are needed to study these
compounds. The current study aimed to characterize this medicinal plant from a physico-
chemical, pharmacological, and toxicological point of view, given its large-scale use as a
healing agent for wounds in animals.

2. Materials and Methods
2.1. Plant Materials and Their Preparation

The fruits of A. indica were collected in June 2014 from trees in the Aurès massif in
the northeast region of Biskra, Algeria. The samples were dried in shadow shade at room
temperature (19 ± 3 ◦C) for 14 days before being stored in paper bags for detailed chemical
and biological analyses.

2.2. Extractions
2.2.1. Chemicals and Instruments

The chemical compositions of the fatty acids were determined using gas-chromatography–
mass-spectrometry (GC-MS) and gas chromatography–flame-ionization-detector (GC-FID) in-
struments (Shimadzu, Kyoto, Japan). A Shimadzu UV spectrophotometer and high-performance
liquid-chromatography (HPLC) apparatus (analytical instrument 908) equipped with two de-
tectors, one with diode arrays (diode array detector 280, 325, and 365 nm), was used for
α-tocopherol analysis. Hexane, hydrochloric acid, ethyl ether, potassium hydroxide, anhy-
drous sodium sulfate, diethyl oxide, ethanol, potassium hydroxide, phenolphthalein solution,
hydrochloric acid, and α-tocopherol (Sigma-Aldrich, Schnelldorf, Germany, ≥97%) were also
used. Sterols were identified based on their retention times relative to those of commer-
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cially available sterols (Stigmast-5-en-3β-ol 95%, Campest-5-en-3β-ol, Campest-5-en-3β-ol 98%,
(22 E)-stigmasta-5,22-dien-3β-ol 95 %, and Cholest-5-en-3β-ol 99% provided by Sigma-Aldrich,
Burghausen, Germany).

2.2.2. Animals

Healthy adult male rabbits (i.e., albinos from New Zealand) were used in the current
experiment. Animals 7 to 12 months old and weighing between 1.85 and 2.3 kg were
selected. The rabbits were acclimatized in the standard environment (i.e., room temperature
20 ± 2 ◦C, 12 h light–dark cycle) for 2 weeks prior to testing. The nimals had access to
water and were fed ad libitum with pellets. The animals were transferred to cages for
72 h before the start of the experiment, and groups of 6 animals were considered. White
mice of Swiss strain Mus musculus, aged 8 to 13 weeks and weighing 20 to 32 g, were
also used for testing. All experimental procedures were adopted in accordance with the
international guidelines for the protection of animals. Animal studies were authorized by
the Institutional Ethics Committee (registration number PRFU D00L05UN280120220001),
and all procedures were performed according to the International Council for Laboratory
Animal Science.

2.2.3. Herbal-Extraction Methods

The fruits were treated with hexane for the extraction of lipophilic components. The
dried fruits were crushed using a blender until a fine homogeneous powder was obtained.
The extraction operation was carried out immediately with hexane in a Soxhlet-type
extractor until exhaustion (3 × 8 h). The obtained hexane extract of A. indica (known
hereafter as HEAI) was filtered and then evaporated completely under vacuum conditions
using a HeidolphG3 rotary evaporator (Heidolph Instruments, Schwabach, Germany). The
goal was to obtain yellow residues with an oily consistency. The extracted oil was stored in
brown bottles at approximately 6 ◦C until further analysis. The physicochemical properties
of the oily products were analyzed, as well as the concentrations of fatty acids, phytosterols,
and tocopherols. The biological activity was assessed based on the healing activity and
safety (i.e., lethal dose (LD50) shown on eye and skin irritation tests) for animals.

2.2.4. Preparation of the Free-Fatty-Acid Fraction

The determination of fatty acids in HEAI was done following their acidification and
esterification according to the French Association of Normalization [16]. In practice, HEAI
was acidified to pH = 1 by the addition of a dilute aqueous solution of hydrochloric acid.
The released fatty acids were then extracted with an aliquot (3 × 100 mL) of ethyl ether in
a separating funnel. After filtration and evaporation under a vacuum of the solvent in a
rotary evaporator at a low temperature (<40 ◦C), a pasty residue was obtained. The fraction
containing the free fatty acids was designated below by FFA.

2.2.5. Preparation of the Non-Saponifiable Fraction

The saponification of HEAI was done based on Lagarda [17]. A mass of 20 g of the
oily product was poured into a 500 mL flask containing 250 mL of an alcoholic solution
of potassium hydroxide (1 N). The reaction was carried out under reflux for 2 h. After
cooling, the reaction mixture was concentrated in a vacuum to remove the alcohol, then
extracted with an aliquot (3 × 100 mL) of ethyl ether in a separating funnel. The three ether
extracts were combined, and the final ethereal solution was treated with anhydrous sodium
sulfate (anhydrous Na2SO4). Following filtration, the filtrate was concentrated to dryness
under a vacuum in a rotary evaporator to provide a dry residue, hereafter referred to as
unsaponifiable (UNSAP).
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2.3. Analysis Methods
2.3.1. Physicochemical Analyses

The herbal drug (HD) and its oily product (HEAI) were measured for the following
parameters:

For the herbal drug (HD), the parameters measured were as follows:

• Water content:

Five test samples with a mass between 1 and 2 g as powder were introduced into five
weighed crucibles and placed in an oven at 105 ◦C for 24 h. After cooling in a desiccator,
the samples were weighed and the mass loss observed corresponded to the mass of water
loss was noted. The mean was calculated afterward and related to 100 g [18].

• Dosage of ash rate:

The ash-rate test samples were moved to a furnace and calcinated at 600 ◦C for 6 h.
After cooling in a desiccator, the quantity of ash obtained was weighed and the mean was
reported to be 100 g of the test sample [19].

• Total protein content:

The total protein content was measured as per Sosulski and Imafidonx [18]. The rate of
total protein in fruits was measured as nitrogen content and corrected with the conversion
coefficient multiplied by 5.68 ± 0.3 [18]. The total nitrogen (N total) was measured based
on the Kjeldahl method. In practice, a subsample of 5 µg of dry and crushed vegetable
matter was combusted in an elemental analyzer.

• Determination of relative density:

The determination of the relative density of the oily preparation (HEAI) was done as
per Boukeloua and Belkhiri [20] with slight modifications. A pycnometer with a capacity of
at least 25 mL was calibrated as follows: the pycnometer was weighed, filled with recently
boiled and cooled distilled water, and immersed in a water bath at room temperature.
Afterward, the pycnometer was removed from the bath, wiped carefully, left to dry, and
weighed again. Then, the pycnometer was emptied, dried, and filled with the oil test
sample previously brought to room temperature. The pycnometer was kept in a bath set
at 20 ◦C until it reached the targeted temperature. The oil level was adjusted to the mark.
The apparatus was removed from the bath, dried, and weighed again. The density was
calculated based on the following formula:

d =
M2 − M0

M1 − M0

where:
M0: the mass in grams of the empty pycnometer;
M1: the mass in grams of the pycnometer filled with water;
M2: the mass in grams of the pycnometer filled with oil.

• Determination of the refractive index:

The refractive index was measured in a refractometer, with a sodium D line at a tem-
perature close to the reference: 20 ◦C for the oils. First, the setting of the refractometer was
checked by measuring the refractive index of the glass slide according to the manufacturer’s
instructions. The constant value was required for complete-liquid fatty substances, using
a water ring provided by the water bath adjusted to 0.1 ◦C. Before the measurement, the
mobile part of the prism was lowered to a horizontal position, the surface was wiped off,
and the prism was cleaned with a soft cloth and then with a pad moistened with a few
drops of solvent. The refractive-index reading was calculated to the nearest 0.0002, and
the absolute value and the temperature of the prism was noted. After the measurement,
the surface of the prism was wiped with a soft cloth and then with a wet swab after the
addition of a few drops of solvent. The refractive index was measured two more times and
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calculated as a mean. The determined induction of the refractive index was calculated by
direct reading on the refractometer at 20 ◦C [21].

• Determination of acid index:

The test was performed as per Lecoq [22]. The free-fatty-acid content was expressed
in two ways: acidity and acid number, which are measured experimentally in the same
way—just the mode of expression is different. The acid index is the number of mg of potash
necessary to neutralize the free fatty acids of one gram of fatty substance. A test sample
was dissolved in a mixture of solvents, then titrated with free fatty acids with a solution of
potassium hydroxides. The free fatty acids were neutralized by potash to yield soaps (salts)
and water. A test sample was taken according to the presumed index and the indications in
Table 1.

Table 1. The mass of the test portion and its precision according to the presumed acid value.

Presumed Acid Value Mass of Test Portion (g) Accuracy of Test Portion (g)

Below 1 20 0.05
1 to 4 10 0.02

4 to 15 2.5 0.01
15 to 75 0.5 0.001
Up to 75 0.1 0.0002

The mastic oil obtained was estimated from 2.5 g to 0.01 press in two masses; then,
the test samples were dissolved in 50 to 150 mL of a previously neutralized diethyl
ether/ethanol (v/v) mixture. The titrate was shaken with 0.1 mol/L potassium-hydroxide
solution until the phenolphthalein indicator turned pink and persisted for at least 10 s.

• Determination of saponification index:

The saponification index of a fatty substance is the number of potassium hydroxide
mg necessary to saponify 1 g of fatty matter under the specified conditions. It is based
on the reflux boiling of a sample with an ethanolic solution of potassium hydroxide,
and the titration of the excess potassium hydroxide is done with a titrated hydrochloric-
acid solution.

The saponification index value was measured based on the standard protocol [23]
and determined experimentally by treatment with alcoholic potassium-hydroxide solution,
followed by titration of the potassium-hydroxide excess with HCl. A volume of 25 mL
of ethanolic solution of potassium hydroxide was added to the test sample and boiling
regulators. The reflux condenser was connected to the flask, which was placed on the heater
and boiled for 60 min, with occasional swirling. Then, 0.5 to 1 mL of phenolphthalein
solution was added to the hot solution and titrated with the hydrochloric-acid solution
until the pink color of the index disappeared.

• Iodine value:

The iodine value was determined based on AOAC [23].

2.3.2. Analyses of Fatty Acids by GC-MS

The fatty-acid analysis was carried out by gas chromatography (PerkinEl®, Waltam,
MA, USA) coupled with a Jeol-MS electron-ionization mass-spectrometry detector (Depart-
ment of Pharmaceutical Chemistry, Dicle University, Dicle, Turkey). The GC was equipped
with a Restek® DB-5 silica capillary column (L 30 m × ID 0.25 mm, EP 0.25 µm). Nitrogen
gas (N2) was used as a carrier gas in constant-pressure mode, with a 1 mL/min flow rate.
The transfer-line injector and MS detector were maintained at temperatures of 220 and
290 ◦C, respectively. An injection volume of 2.0 µL of the sample dissolved in hexane was
used. The ionization energy of GC-MS was 70 eV. The GC oven was programmed at a
temperature of 60 ◦C for the first five minutes and then increased gradually with 4 ◦C/min
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up to 240 ◦C. The final temperature was maintained for the last 10 min. The CT-scan time
was 0.5 s with a delay of 0.1 s.

The fractions of free fatty acids (FFA) were obtained from the oily preparation (HEAI),
and the free fatty acids (4 g) were esterified with 10 mL of a 2% solution of sulfuric acid
(H2SO4) in absolute methanol (v/v) under reflux for 6 h. Then, 20 mL of saturated aqueous
sodium-chloride (NaCl) solution was added to the reaction medium. The solution was
extracted with an aliquot (3 × 15 mL) of hexane, and the organic fraction was first dried
with anhydrous sodium sulfate and then filtered before the evaporation to dryness under
reduced pressure and temperature. The residue containing the methyl esters of fatty acids is
referred to as MEFA. The identification of MEFA was based on the comparison of retention
times and mass spectra with standards from an internal database LabSolutions software
(Shimadzu, Kyoto, Japan). The content of MEFA was expressed as a percentage of the total
fatty acids [24].

2.3.3. Analyses of Phytosterols by GC-MS

The phytosterol analysis was carried out with a gas-chromatography apparatus (GC)
Shimadzu, Kyoto, Japan) coupled to a mass-spectrometer detector (MS) (Thermo Electron®

DSQ-MS) (Department of Pharmaceutical Chemistry, Dicle University, Dicle, Turkey).
The ionization energy of GC-MS was 70 eV. The injector and transfer-line temperatures

of the instrument were held at 240 ◦C. A Phenomenex® DB-5 nanopolarcapillary column
(L30 m × ID 0.32 mm, EP 0.25 µm) was used. Helium was the carrier gas at a flow rate
of 1 mL/min. The GC oven was programmed with a temperature gradient of 60 ◦C for
the first 10 min, then increased in increments of 4 ◦C/min to 280 ◦C. For the last 10 min.
0,1 µL of the sample was used as the injection volume in split mode. The scan time was
0.5 s with 0.1 s inter-scan delays. The UNSAP fractions of the oily preparation obtained
previously were treated with N, O-bis(trimethylsilyl) trifluoroacetamide (BSTFA, 99% + 1%
trimethylchlorosilane (TMCS) in the presence of pyridine [25]. The derivatized samples
were analyzed directly by GC-MS. The identification of phytosterols-TMS derivatives of the
INSAP fraction of oily preparations was based on comparing the relative retention times
and the mass spectra with those obtained from standards using an internal database (Wiley
Online Library) (Table 2).

Table 2. Standard phytosterols (Sigma-Aldrich, Germany) used in the chromatographic analysis
(GC-MS) by TMS derivatives.

RT min Common Name Systematic Name

0.77 Cholesterol Cholest-5-en-3β-ol

0.89 Campesterol Campest-5-en-3β-ol

0.95 Stigmasterol (22 E)-stigmasta-5,22-dien-3β-ol

1.04 β-Sitosterol Stigmast-5-en-3β-ol

2.3.4. α-Tocopherol Analysis by HPLC

An HPLC method was used for the quantitative determination of α-tocopherol in the
oily extract of HEAI based on Amin et al. [26], with slight modification. HPLC 10A VP
(Shimadzu, Kyoto, Japan) equipped with two detectors, a diode-array detector ((DAD),
280, 325, and 365 nm) and a fluorescence-spectrophotometer detector at 295 nm excitation
and 330 nm emission, temp: 40 ◦C, was used to analyze tocopherols. A volume of 250 µL
of each of the oily preparations (HEAI) was diluted in 250 µL of chloroform (HPLC grade).
A reverse-phase column C-18 ODS-M80 (L 100 mm, ID 25 mm) was used with degassed
HPLC-grade methanol as a phase with two pumps (Table 3). The injection volume was
10 µL, the flow rate was 1 mL/min, and the oven temperature was maintained at 40 ◦C. α-
tocopherol was identified by comparing it with the retention time of the authentic standard
(α-tocopherol) and quantified by comparing the peak area of the standard.
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Table 3. Composition of the mobile phases of α-tocopherol analysis by HPLC.

Time (min) Mobile Phase B (%) Mobile Phase A (%)

0.01 0 100

9.01 4 96

30.01 8 92

45.01 22 78

50.01 28 72

65.01 45 55

66.01 0 100

108.00 0 100
Mobile phase A: solvent A = water, acetic acid, acetonitrile (94.5/0.5/5); mobile phase B: solvent B = acetonitrile (100%).

2.3.5. Biological Analyses
Skin-Safety Assessment

In this assessment, two tests were performed: the eye-irritation test and the primary
skin-irritation test.

Eye-Irritation Test

This method is used to assess the degree of eye irritation caused by substances follow-
ing contact with the eye of rabbits (Official Journal of France (OJF) of 24/10/84 [27]). The
eye is observed by direct examination, following a numerical quantitative scale from 0 to 4.
The eye test in the current study was completed for the conjunctiva as follows: chemosis (A),
assessed by swelling; tearing (B), assessed by humidification; and reddening (C), assessed
by the condition and color of the blood vessels. The assessment of the conjunctiva was
measured with a maximum of 20 according to the following equation:

(A + B + C) × 2

For the iris (D), the test showed congestion and swelling, as well as a reaction to light.
The scores obtained (scaled from 0 to 4) and designated by (D) were multiplied by 5, with a
maximum value of 10. For the cornea, the degree (E) and surface (F) of opacification were
changed. The product of the scores E and F was multiplied by 5, with a maximum value of
80. The calculation of the individual eye-irritation index (IOI) was carried out as follows:

IOI index = [(A + B + C) × 2] + [D × 5] + [(E × F) × 5]

The mean eye-irritation index (IOM) represents the mean of the sum of the IOI (n = 6).
The maximum eye-irritation index corresponds to the highest IOI value.

Primary Skin-Irritation Test

This method is applicable to products that do not permanently color the skin, and it
assesses the skin reactions caused by a single application (OJF of 01/21/82 [27]).

The observations were carried out on two areas, scarified and non-scarified, on a
numerical scale from 0 to 4. These following observations were made in the following order:

- Erythema and pressure ulcer formation;
- Edema formation.

The figures obtained on the six rabbits were added for erythema and edema after 24 h and
72 h on non-scarified and scarified areas. The figures were gathered (i.e., Ery + Oed), and the
mean was calculated by dividing the total by 24. This mean represents the cutaneous primary
index (CPI); its value provides information on the degree of irritation in the following order:

CPI ≤ 0.5: not irritating
0.5 ≤ CPI ≤ 2: slightly irritating
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2 ≤ CPI ≤ 5: irritating
5 ≤ CPI ≤ 8: very irritating

Acute-Toxicity Test

The acute-toxicity test study was carried out on oily preparations administered via
oral and intraperitoneal pathways. The aim was to assess the potential toxicity on mice
as a function of the dose administered and expressed in mL/kg. The acute toxicity was
calculated as the lethal dose (LD50), which corresponds to the dose that caused 50%
mortality of treated mice.

The mice were divided into 15 groups of 10 individuals, distributed in plastic cages
with free access to water and food (standard mixture of granules for mice). The animals
were deprived of food for 24 h before the experiment. The mice were treated with a single
dose of oily preparation by oral and intraperitoneal routes, with dosages of 10, 20, 30,
40, 50, 60, and 70 mL/kg (per OS) and 0.5, 1, 2, 3, 4, 5, and 6 mL/kg intraperitonial (IP),
respectively, according to Zaoui et al. [28]. The control group was similar and did not
receive any treatment.

Following the administration of oil, the mice were observed on the first day every
60 min for the first 8 h and afterward once a day for 14 days. During this period, the
number of deaths and additional disorders (i.e., diarrhea, vomiting, and immobility) were
noted. The monitoring of clinical signs of toxicity also included the observation of mass
changes in mice from different experimental groups throughout the experiment [29].

The method of Kabber and Berhens [29] was adopted for the calculation of the LD50.

LD50 = LD 100 − ((Σa × b)/n)

where LD50 is the dose inducing 50% deaths, LD100 is the dose inducing 100% mortality, a
is the mean number of deaths between two successive doses, b is the difference between
two successive doses, and n is the mean number of animals used.

Assessment of Healing Activity

The healing activity was evaluated on excisional wounds on albino rabbits, as per
Boulebda et al. [30]. This test evaluated the healing potential in vivo of the oily preparation
(HEAI). The rabbits were randomly selected for this evaluation and were pre-shorn over
the entire dorsal surface using an electric tensioner. At the beginning of the experiment,
small hairs remaining on the animal’s back were shaved with a sterilized razor blade. The
rabbits were anesthetized with ketamine hydrochloride at a dosage of 20 mg/kg combined
with 2 mg/kg of acepromazine and injected intramuscularly (IM). Rectangular excision
wounds of 2 cm × 1 cm dimension were performed at the level of the dorsolumbar spine.

Regarding wound treatment, the different groups, each comprising six animals, re-
ceived the following treatments:

- Cont (−): untreated operated animals;
- CONT (+): operated animals receiving MADECASOL®;
- HEAI: operated animals receiving the oily preparation.

Topical treatment was applied at a rate of 0.5 mL/24 h per wound until complete
epithelialization.

The progress of wound regression was followed during the period until the end of
the experiment (D = 1, 4, 8, 12, 16, and 20 days). This progress was photographed with
a camera (Canon EOS 1000D) followed by the treatment of the surface with computer
software (AUTOCAD®). The excision was determined at D1 (100% of the excised surface).
The percent of wound regression on day x was determined with the following equation [31]:

% of wound contraction = ((surface day 1 − surface day x)/surface day 1) × 100

where day x: chosen day.
The body-mass gain of animals was measured weekly with an animal scale.
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2.4. Statistical Analysis

The results were expressed as mean ± SD of various analyses in three replicates.
One-way analysis of variance (ANOVA) was carried out, followed by Tukey’s HSD test for
multiple comparisons, with a significance level set at p < 0.05.

3. Results and Discussion
3.1. Preliminary Organoleptic Characterization of the Herbal Drug

To better characterize the material, the organoleptic parameters of size, mass, and
color were measured. The mean values (n = 100) are reported in Table 4 and Figure 1.

Table 4. Physicochemical properties of the plant material (seeds) of A. indica.

Parameters
Sample

AI (Seed) (n = 100)

Dimension (diam./long, mm) 2.16 ± 0.5/1.25 ± 0.3

Mass (g) 4.95 ± 0.86

Color Yellowish or light brown

Form Oval in shape, elongated to a rounded shape
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The measured organoleptic parameters, as well as the botanical descriptions of the
three samples, were consistent with those reported by previous authors [32–35].

3.2. Determination of Protein, Ash, and Water Levels in DV

The plant material (PL and AS fruit, OFI seed) was tested for levels of water, protein,
and ash. The values found are given in Table 5.

Table 5. Protein, ash, and water levels of plant material.

Rate (%) of Physicochemical Properties HEAI (Hexane Extract of A. indica)

Water 8.02 ± 0.35

Total proteins 27.45 ± 0.84

Ash 5.89 ± 0.13
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Several observations were made for the protein levels. Overall, the samples of the
HEAI showed a substantial total protein value and were considered rich in protein mat-
ter [34,36].

3.3. Physicochemical Characterizations of Oily Preparations
3.3.1. Hexane-Extraction Yield

The hexane-extraction yield (combining lipophilic materials) of the studied sample
was 21.34 ± 1.05% wt/dry wt of plant material. The HEAI yielded a highly extractable
residue in fruits.

3.3.2. Organoleptic and Physicochemical Analyses of HEAI

The measurements of the organoleptic parameters (i.e., color, physical state, odor,
and flavor) and overall physicochemical properties (i.e., density, acid index, and refractive
index) are given in Table 6.

Table 6. Organoleptic properties and physicochemical parameters of hexane extract of A. indica.

Parameters Hexane Extract of A. indica

Color Green

Liquide state Viscous

Flavor Aromatic

Smell Odorless

Density 20 ◦C (g/mL) * 0.924 ± 0.1

Refraction index (20 ◦C) * 1.471 ± 0.4

Acid index (mg KOH/g) * 1.01 ± 0.13

Saponification index (mg KOH/g) * 195.06 ± 0.1

Iodine value (I2 g/100 g) * 90.78 ± 0.2
* Mean value ± SD (n = 3).

The density values of the HEAI were compared with those of other studies of unsatu-
rated and saturated fatty oils. The density was highly dependent on the temperature and
chemical composition of the oil and indicated the nature of the fatty-acid components—in
particular, the length of the chains, the unsaturation, and the functionality of the carbon
chains [3]. In addition, the fatty oils with a high proportion of unsaturated acids had high
densities, above 0.900 [36]. However, oils with high proportions of saturated fatty acids
had relatively lower densities, less than 0.9 [37–39]. The value obtained for the oily prepa-
ration of HEAI was 0.924 ± 0.1, showing that this product was dominated by unsaturated
fatty oils. The refractive index depended, like the density, on the chemical composition of
the oil and the temperature, as well as on the unsaturation and length of fatty chains of
secondary functions [3]. The acid index indicated that the level of free fat was low for the
HEAI, showing the importance of fruit preservation before oil extraction, as well as of the
harvesting period in which the fruit ripened [3,40].

3.4. Characterizations by GC-MS of Fatty Acids and Phytosterols in the Oily Preparation

The oily preparation was analyzed by GC-MS for its content of fatty acids and phytos-
terols. The results are presented in the following section.

3.4.1. Chromatographic Characterization of Fatty Acids by GC-MS

The results of the analysis of the oily preparation of HEAI are reported in Table 7 and
the chromatogram in Figure 2.
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Table 7. Composition of the oily preparation (HEAI) in terms of fatty acids.

Peack RT Peack Report Area Hight Fatty Acid Hexane Extract of A. indica (%)

1 17.65 85,920 23,912 Myristic Acid (C14:0) 0.77

2 19.82 13,734 6257 Pentadecanoic A. (C15:0) 0.32

3 21.95 8,442,934 2,009,236 Palmitic A. (C16:0) 23.94

4 22.56 53,682 17,029 Palmitoleic A. (C16:1) 1.28

5 23.85 39,313 13,628 Stearic A. (C18:0) 7.87

6 25.86 4,601,634 957,939 Elaidic A. (C18:1n9t) 5.11

7 26.36 33,537,271 4,729,576 Oleic A. (C18:1n9c) 46.05

8 28.48 27,710,269 4,631,303 γ-linolenic A. (C18:3n6) 2.27

9 27.35 84,416 27,068 Linoleic A. (C18:2n6c) 11.39

10 28.48 316,874 101,678 Linolenic A. (C18:3n6) 0.30

11 29.23 301,162 96,745 Arachidic A. (C20:0) 0.51

12 29.68 90,046 27,936 Cis-11-eicosenoic A. (C20:1) 0.11

13 34.10 179,371 49,466 Cis-13,16-docosadienoic (C22:2) 0.06

14 35.46 26,698 10,159 Lignoceric A. (C24:0) 0.02

75,527,146 12,716,469
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Figure 2. Chromatogram of the oily preparation (HEAI) related to composition in methyl esters of
fatty acids.

For the HEAI (see Table 7), the main fatty acids were oleic acid (46.05%), palmitic acid
(23.94%), linoleic acid (11.39%), and stearic acid (7.87%). Other fatty acids were present in
lower concentrations, and some were unidentified. The variable compositions of the fatty
acids could explain fluctuations during the development of the plants [24].
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At the current stage, the results showed that the unsaturated fatty acids (i.e., the
monounsaturated and polyunsaturated fatty acids), oleic acid (46.05%), and linoleic acid
(11.39%) were dominant in the composition of the oily HEAI (see Table 7). The ratio
of polyunsaturated to saturated (PUFA/SFA) was 1.8, which indicated good nutritional
quality. According to the recognized dietary recommendations, a ratio of PUFA/SFA higher
than 1.5 indicates good nutritional value [41].

3.4.2. Chromatographic Characterization of Phytosterols by GC-MS

The results of the GC/MS analysis of the phytosterol fraction of the three samples are
given in Table 8 and Figure 3.

Table 8. Composition of the A. indica hexane extract in phytosterols.

Peak Sterols RT (min) Hexane Extract of A. indica (mg/100 g)

1 Cholesterol 0.78 0.31 ± 0.02

2 Campesterol 0.85 18.94 ± 0.63

3 Stigmasterol 0.92 12.05 ± 0. 98

4 β-sitosterol 1.03 97.26 ± 0.77

Total 128.56 ± 2.40
Mean value ± SD (n = 3).
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(1) cholesterol, (2) campesterol, (3) stigmasterol, (4) β-sitosterol.

The total phytosterol content was 128.56 ± 2.40 mg/100 g in the HEAI, reflecting a
high concentration of dietary phytosterols that could efficiently reduce the cholesterol level
in the blood [25,42]. The sterol fraction contained three major compounds; in decreasing
order of importance, they were β-sitosterol, campesterol, and stigmasterol. Cholesterol
was observed in trace amounts (i.e., 0.31 ± 0.02 mg/100 g). Beta-sitosterol was the most
important sterol in the oil, and it is known to be involved in the reduction of cholesterol
levels. This sterol also plays an important role in reducing swelling in the prostate, heart
disease, rheumatoid arthritis, and male-pattern baldness [43].

The differences between phytosterol components can be explained by fluctuations
in their quality or quantity, a phenomenon often occurring during the development of
fruits [24]. It was reported that by the end of ripening, the enzymatic activity of phytosterol
biosynthesis stops in fruits. During this period, the phytosterols are no longer synthesized
but are converted into other compounds [44].
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3.5. Determination of α-Tocopherols by HPLC in Oily Preparations

The chromatographic traces of α-tocopherol (Figure 4) were obtained by HPLC in the
oily HEAI. At an absorbance of 460 nm, the concentration of α-tocopherol was calculated
with the following equation:

Absorbance: Y = 0.223 X (mg) + 0.061 (R2: 0.981) (1)

where the absorbance was A = 09.11% or 14.86 mg/100 g extract of HEAI.
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The difference in the concentration of α-tocopherol (i.e., 14.86 mg/100 g extract) can be
explained by the use of Soxhlet for extraction instead of a simple maceration in hexane. It is
known that the heat generated during Soxhlet extraction can alter the status of tocopherols,
which are thermo-fragile. This result suggests that the species A. indica could be a moderate
source of vitamin E (α-tocopherol).

3.6. Biological Analyses
3.6.1. Toxicological Studies

The acute-toxicity tests were performed on adult mice. The percentages of mortality
were observed according to the dose and route of administration (i.e., oral or intraperitoneal)
for the oily preparations (HEAI, EHPL, and HAS) in mice during the two stages of the
experiment (i.e., every hour on day 1 and once per day on days 2 to 14).

The results for the two observation stages D1 and D2–14 in all groups of treated and
control mice were the following:

The groups of control mice that received physiological water orally or intraperitoneally
showed no clinical signs or mortality during the 14 days of the experiment.

The groups of mice treated with HEAI (at different doses) and by the two routes of
administration showed no mortality during the 14 days. However, the usual reversible
clinical signs and nonserious symptoms (i.e., hypoactivity, asthenia, and anorexia) occurred
during the first 3 days following the treatments. The two LD50s of HEAI oil (oral and
peritoneal) were not calculated given the lack of mortality, indicating the relatively good
tolerance of the HEAI treatments administered orally and intraperitoneally at maximum
doses of 70 mL/kg and 6 mL/kg, respectively. The conclusion was that the HEAI oil
showed weak toxicity [26].

3.6.2. Safety Studies

A safety study was carried out on the rabbits for eye and skin irritation, the cutaneous
primary index, and rectal aggressiveness.
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Eye Irritation

The eye-irritation index at the level of the iris and cornea was null regardless of
the period. For the conjunctiva, the index of irritation was 4 during the first hour after
instillation and then fell to zero within 24 h. Thus, it could be deduced that the application
of the oil in the eye did not generate any macroscopically visible irritation, either for the
iris or for the cornea. The value of the IOI was 4, measured at the level of the conjunctiva,
and this was considered a low impact (Official Journal of France (OJF): 10/24/84, [27]).

Skin Irritation

The primary skin-irritation index evaluated by the action of the tested oil on scarified
and non-scarified skin of rabbits was initially 0.079, but it dropped to zero within 48 h. In
addition to the previous evaluation, the rectal-mucosa application of the HEAI in rabbits
for 15 days, followed by macroscopic observation of the rectum, revealed the absence of
any hemorrhage or ulceration, redness, or diarrhea. In conclusion, the three oily products
tested on rabbits could be considered non-irritating at the ocular, cutaneous, and anal-
mucous-membrane levels according to the norms specified by the OJF of 21/01/82 [27].

The treatment with HEAI showed significant healing progression compared with the
negative control (CONT (−)) depending on the recovery time (see Table 9). After 4 days, all
wounds of the HEAI group had comparable areas, as well as similar signs of inflammation
and bleeding, but the healing was significantly accelerated (p < 0.01) compared with
the CONT (−). On day 8, the oily HEAI led to a significantly accelerated healing process
(p < 0.01) compared with the CONT (−); this pattern was observed consistently also on days
12 and 16 (p < 0.05). Overall, a gradual reduction in the wound area over time was observed
in the different groups. The highest percentage of contraction was noticed for the wounds
treated with HEAI oil, followed by the negative control group. The results observed in
rabbits for the regression path of excised wounds treated with the oily preparation showed
that at the end of the 20 days, treatment with HEAI at a rate of 0.5 mL oil/wound/day
significantly accelerated the wound closure (p < 0.05) compared with the control group.
Such a finding was discernibly supported by the comparable (p ≥ 0.05) healing potentials
for HEAI oil and MADECASOL® (Table 9). A previous study on the evolution of the
healing process of wounds of surgical excision in rats indicated that contraction of the
wounds occurred following HEAI treatment [30]. The current study showed the potential
for the hexane extract of neem fruits to provide healing at 0.5 mL oil/wound/day, with a
significant positive effect (p < 0.01) compared with the control.

The current report on the cicatricial process induced by the oily HEAI extracted from
Algerian neem almonds may be the first in this field of research. Previous studies showed
that aqueous and alcoholic extracts of rackets extracted from the same species led to the
contraction of treated wounds. The results of this work showed the following patterns:

The HEAI treatment significantly increased the healing process (contraction percent-
age) of surgical wounds in rabbits (p < 0.01 and p < 0.05) throughout the treatment period.

The presence of a potentiating effect that accelerated the healing significantly (p < 0.01
and p < 0.05) in rabbits treated with the oily preparation based on the seeds of A. indica was
observable during the first half of the treatment period.

3.6.3. Assessment of Healing Activity

The results of the evaluation of the healing process (expressed as a percentage of
contraction) of wounds surgically excised and treated with the oily preparation HEAI are
reported in Table 9.
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Table 9. Wound-contraction rate % for 20 days following the neem oil treatment.

Wound Contraction (%) *

Treatment Day 4 Day 8 Day 12 Day 16 Day 20

Cont (−) 16.08 ± 1.71 29.87 ± 2.36 36.24 ± 1.75 69.17 ± 4.05 91.66 ± 1.87 Analysis of
Variance

Cont (−)
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The treatment with HEAI showed significant healing progression compared with the 
negative control (CONT (−)) depending on the recovery time (see Table 9). After 4 days, 
all wounds of the HEAI group had comparable areas, as well as similar signs of inflam-
mation and bleeding, but the healing was significantly accelerated (p < 0.01) compared 
with the CONT (−). On day 8, the oily HEAI led to a significantly accelerated healing pro-
cess (p < 0.01) compared with the CONT (−); this pattern was observed consistently also 
on days 12 and 16 (p < 0.05). Overall, a gradual reduction in the wound area over time was 
observed in the different groups. The highest percentage of contraction was noticed for 
the wounds treated with HEAI oil, followed by the negative control group. The results 
observed in rabbits for the regression path of excised wounds treated with the oily prep-
aration showed that at the end of the 20 days, treatment with HEAI at a rate of 0.5 mL 
oil/wound/day significantly accelerated the wound closure (p < 0.05) compared with the 
control group. Such a finding was discernibly supported by the comparable (p ≥ 0.05) heal-
ing potentials for HEAI oil and MADECASOL® (Table 9). A previous study on the evolu-
tion of the healing process of wounds of surgical excision in rats indicated that contraction 
of the wounds occurred following HEAI treatment [30]. The current study showed the 
potential for the hexane extract of neem fruits to provide healing at 0.5 mL oil/wound/day, 
with a significant positive effect (p < 0.01) compared with the control. 

The current report on the cicatricial process induced by the oily HEAI extracted from 
Algerian neem almonds may be the first in this field of research. Previous studies showed 
that aqueous and alcoholic extracts of rackets extracted from the same species led to the 
contraction of treated wounds. The results of this work showed the following patterns: 

The HEAI treatment significantly increased the healing process (contraction percent-
age) of surgical wounds in rabbits (p < 0.01 and p < 0.05) throughout the treatment period. 

The presence of a potentiating effect that accelerated the healing significantly (p < 0.01 
and p < 0.05) in rabbits treated with the oily preparation based on the seeds of A. indica 
was observable during the first half of the treatment period. 

4. Conclusions 
The Algerian and North African pharmacopeia has used semi-solid preparations for 

skin applications since antiquity. Some are based on oil extracts from fruits of the neem 
tree, A. indica. However, few previous scientific studies had focused on the evaluation of 
the healing properties of the extracts for wounds. Given the high nutritional value of these 
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4. Conclusions

The Algerian and North African pharmacopeia has used semi-solid preparations for
skin applications since antiquity. Some are based on oil extracts from fruits of the neem tree,
A. indica. However, few previous scientific studies had focused on the evaluation of the
healing properties of the extracts for wounds. Given the high nutritional value of these plant
constituents, such as proteins, fatty acids, phytosterols, and tocopherols, as well as their
overall beneficial effects on the skin, their physicochemical and phytochemical properties
were characterized in the current study. High levels of tocopherols and phytosterols were
also found in the hexane and fruits, respectively. From a toxicological perspective, the
oily product HEAI tested on rabbits can be considered a nonirritant for the eyes, skin, and
anal mucous membranes. The acute-toxicity study in mice also showed an absence of or
weak toxicity of the oily HEAI when it was administered orally or intraperitoneally. These
results indicated the relatively good tolerance of treatments with HEAI under experimental
conditions. Because of the diversity of its active compounds, oily HEAI has important
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healing properties. This study’s results comprise the first scientific indication of the presence
of healing properties of the hexane extract of A. indica seeds.
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